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Abstract

In this thesis, two families of stochastic interacting particle systems, the
interacting Brownian motions and the interacting Bessel processes, are de-
fined as extensions of Dyson’s Brownian motion models and the eigenvalue
processes of the Wishart and Laguerre processes. This is achieved by consid-
ering the parameter § from random matrix theory as a real positive number.
These systems consist of several particles which evolve as individual Brow-
nian motions and Bessel processes, and that repel mutually through a log-
arithmic potential. The interacting Brownian motions and Bessel processes
are realized as special cases of Dunkl processes, which are a broad family of
multivariate stochastic processes defined by using the differential-difference
operators known as Dunkl operators. One of the tools provided by Dunkl
operator theory, the intertwining operator, relates spatial partial derivatives
with Dunkl operators. It also maps multidimensional Brownian motions into
Dunkl processes, but its explicit form is unknown in general. Therefore, the
properties of all types of Dunkl processes can be examined by studying the
characteristics of the intertwining operator. In this thesis, the steady state
under an appropriate scaling and and the freezing (5 — 00) regime of the in-
teracting Brownian motions and Bessel processes are studied, and it is proved
that the scaled steady-state distributions of these processes converge in finite
time to the eigenvalue distributions of the S-Hermite and -Laguerre ensem-
bles of random matrices. Moreover, it is shown that the scaled final positions
of the particles in these processes become fixed at the zeroes of the Hermite
and Laguerre polynomials in the freezing limit. These results are obtained as
the consequence of two more general results proved in this thesis. The first
is that Dunkl processes in general converge in finite time to a scaled steady-
state distribution that only depends on the type of Dunkl process considered.
The second is that in the freezing limit, their scaled final position is fixed to
a set of points called the peak set, which is the set of points which maximizes
their steady-state distribution. In order to obtain these results, previously
unknown relations involving the intertwining operator are derived for Dunkl
processes in general, and in the case of the interacting Brownian motions
and Bessel processes, the effect of the intertwining operator on symmetric
polynomials is derived.
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Chapter 1

Introduction

1.1 Motivation from random matrix theory
in physics

The topic of random matrix theory pioneered in nuclear physics by Wigner
[1] is a widely studied subject that has seen great growth in the last decades
(see, e.g., [2] for a historical review). The applications in physics of this
theory have expanded to areas such as 2D quantum gravity [3], string the-
ory [4, 5, 6], quantum chromodynamics (QCD) [7, 8, 9], quantum wires and
quantum dots [10, 11, 12, 13, 14], resonance scattering [15], quantum and
classical optics [16, 17], quantum entanglement [18], topological insulators
[19], directed polymers [20, 21, 22|, random growth models [23, 24, 25, 26],
and quantum chaos and graphs [27, 28, 29] among many others. Random
matrix theory has also been applied in several fields outside of physics, such
as wireless communications [30], mathematical finance [31] and RNA folding
[32]. While most of the applications of random matrix theory are theoretical,
there have been observations of the statistical properties of random matrices
in the interface growth of liquid crystals undergoing a phase transition [33].

By definition, random matrices are matrices whose components are ran-
dom variables and which obey certain symmetries depending of the physical
situation in which they are to be applied [34]. The main idea is that if a
quantum system is sufficiently complex, its Hamiltonian may be replaced by
a series of random matrices placed in a diagonal block form. Each block
represents a set of conserved quantum numbers, and the type of random ma-
trix chosen for each block depends on whether the system has time-reversal
invariance and whether the system is in an integer or half-odd integer spin
state.

When the block under consideration corresponds to a time-reversal in-



variant system with integer spin, one chooses an orthogonal random matrix
ensemble, labeled by the parameter 8 = 1, which is defined to be statisti-
cally invariant under orthogonal transformations. These matrices are real
and symmetric. Similarly, for a time-reversal invariant system with half-
odd integer spin, one chooses a symplectic random matrix ensemble, labeled
by the parameter 5 = 4. In this case, the ensemble is statistically invari-
ant under symplectic transformations and the matrices in the ensemble have
quaternionic entries and are quaternion self-dual. Finally, when the system
has no time-reversal symmetry, the corresponding ensemble is a unitary en-
semble, a set of Hermitian matrices with complex entries, with statistical
invariance under unitary transformations. This ensemble is given the pa-
rameter § = 2. It must be noted that the labels § = 1,2, 4 are not arbitrary,
and they arise naturally in the study of the eigenvalue statistics of their
corresponding ensembles.

The most famous ensembles of random matrices are the Gaussian ensem-
bles [35] and the Wishart ensembles [36]. The Gaussian ensembles of random
matrices are the sets of real symmetric, complex Hermitian or quaternion
self-dual matrices H of size N x N whose entries are random variables that
obey the normal distribution. That is, their entries {h;;}1<ij<n satisfy the
symmetry requirement

hiy = hj;, i <,
where * denotes complex or quaternion conjugation for complex or quaternion
entries, and h;; = h;; for real entries. These ensembles are called the Gaus-
sian orthogonal, unitary and symmetric ensembles (GOE, GUE and GSE,
respectively). Similarly, the Wishart ensembles are the sets of matrices L of
the form
L=Q'Q,

where QT is the conjugate transpose of @, and @ itself is a matrix of size
N x M with real, complex or quaternion random variable entries which obey
the normal distribution. There are many other ensembles of random matri-
ces that exhibit properties which make them suitable for particular physical
applications, and they have been classified by Altland and Zirnbauer [37, 38].

From this point of view, random matrices can basically be applied to any
physical system with sufficient complexity, and the ensemble must be chosen
taking into account the symmetries of the system. While their properties
make random matrices applicable in a wide variety of fields, this applicability
can be extended by considering matrix-valued stochastic processes. That is,
instead of random-variable entries, one may formulate random matrices with
stochastic processes as entries, and consider the corresponding eigenvalue
processes.



Perhaps the most well-known example of this idea is Dyson’s Brownian
motion model (henceforth called Dyson model) [39], where the entries of the
Gaussian ensembles of random matrices are replaced by independent one-
dimensional Brownian motions up to symmetry constraints. The particular
case 8 = 2 of this model has found applications in many branches of physics
and mathematics due to its relationship with the vicious walker model in-
troduced by Fisher [40]. Specifically, the vicious walker model is a discrete
model where multiple random walkers move in a one-dimensional lattice, an-
nihilating each other if they meet at the same lattice point. This model has
been useful for the description of interface walls and melting transitions in
two dimensions [41]. It was proved by Katori and Tanemura that the Dyson
model is the scaling limit of the vicious walker model [42], in the sense that
the eigenvalue process of the Dyson model corresponds to a series of Brow-
nian motions in one dimension constrained to never collide. For this reason,
this particular case of the Dyson model is called the non-colliding Brownian
motion [43]. This problem had been considered also by de Gennes [20] in
the context of lipid-water systems where non-crossing chain-like structures
appear, and the properties of these systems were modeled as a fermionic gas
in one dimension evolving in time. In addition, the Dyson model for § = 2
has found applications in polymer physics [21], the polynuclear growth model
[44], and traffic flow problems [45].

The Wishart [46] (for the 8 = 1) and Laguerre [47] (for 8 = 2) processes
are also examples of matrix-valued processes of interest in physics. These
are the processes obtained by putting independent Brownian motions in the
entries of the matrix () used to define the Wishart ensemble, and the main
object of study in this case is the resulting eigenvalue process. These pro-
cesses are related to the chiral ensembles of random matrices [48], which
themselves are used in QCD [49, 50]. Much like the Dyson model, the case
[ = 2 also has a non-colliding interpretation [51] for which it is called the
non-colliding Bessel process.

The objective of this work is to investigate the nature of these multivari-
ate stochastic processes (the Dyson model and the Laguerre and Wishart
processes) beyond the discrete values of the parameter 5 = 1,2,4. To moti-
vate this extension of these matrix-valued processes to § > 0 continuous, let
us introduce some details of random matrix theory. It is a well-known fact
[34] that the eigenvalues {\;}Y, of the Gaussian ensembles obey the joint
distribution

N

Ziﬁexp [—5<Zi— 3 10g|/\i—)\j|)},

i=1 1<i<j<N

Rdl )



where Zg is a partition function. Similarly, the eigenvalues {)\; > 0}, of
the Wishart ensembles obey the joint distribution

Zzeo - <Z———ZlogA— > gl - o),

1<i<j<N

where a = N — M +1—2/8, and Zj is the corresponding partition function.

Because the joint eigenvalue densities for the Gaussian and Wishart en-
sembles have the form of Boltzmann factors, it is common to identify the
eigenvalues of these ensembles of random matrices as systems of charged
particles of unit charge in a two-dimensional universe that are restricted to
move in one dimension. In the case of the Gaussian ensembles, these particles
repel each other while being confined by a harmonic background potential,
while in the case of the Wishart ensembles there are two background po-
tentials, a linear confinement potential and a logarithmic repulsion potential
from the origin. In this electrostatic analogy, both systems of charged par-
ticles are in contact with a heat reservoir of inverse temperature 3, meaning
that the mathematical parameter 5 can be understood physically as the in-
verse temperature. Therefore, the matrix ensembles are realizations of these
charged particle systems at the inverse temperatures § = 1,2 and 4.

This physical interpretation motivates the extension of these models to
continuous values of § > 0. This was achieved by Dumitriu and Edelman
[52], who defined a series of ensembles of real tridiagonal random matrices
whose eigenvalues obey the joint eigenvalue densities of the Gaussian and
Wishart ensembles for 5 > 0. These ensembles are called the S-Hermite and
p-Laguerre ensembles. Furthermore, Forrester [53, Chap. 13] has succeeded
in calculating the correlation functions for these [-ensembles for the case
where [ is an even integer.

In the case of this work, the extension of these systems of charged parti-
cles to interacting-particle stochastic processes for § > 0 is considered. It is
known that the dynamics of the eigenvalues of the Dyson model is derived us-
ing Bru’s theorem [48]. Denoting a vector of N independent one-dimensional
Brownian motions by By, the eigenvalue process of the Dyson model is given
by the following stochastic differential equations (SDEs) for i =1,..., N:

AL dt
4B, L =
A\ = dBis + 5 ;:1. .

In the case § = 2, this is a system of independent Brownian motions con-
ditioned never to collide. As a consequence of this, their joint probability

10



density is given by the Karlin-McGregor determinant [54]. Therefore, this
process is determinantal in the sense that its joint probabilities and cor-
relation functions are given by determinants of a single function called a
correlation kernel, as shown by Katori and Tanemura [43].

For the case of the Wishart and Laguerre processes, the dynamics of the
eigenvalues of the real symmetric or complex Hermitian matrix L is given by

the SDE [48]

’L

N
A\, —2\/_dB”+/B[N+M Z

Like in the case of the Dyson model for § = 2, the eigenvalue dynamics of
the Laguerre processes ( = 2) is a determinantal process in which several
independent one-dimensional processes are conditioned never to collide [51].
However, the component processes are not Brownian motions, but squared
Bessel processes. The SDE of a squared Bessel process Y of dimension D is
given by [55]

dY =2VY dB, + Ddt,

and it represents the stochastic process realized by the squared distance to
the origin of a Brownian motion in D dimensions. These are called Bessel
processes because their transition density (probability of arriving at the po-
sition y after a time ¢ starting from the position x) is given by the function
[51]

i(gyﬂ ()2 <@)

€ v Y

2t \x t
where I,(z) is the modified Bessel function of the first kind, and v = D/2—1
is the Bessel index. Therefore, the Laguerre eigenvalue processes are realized
as N squared Bessel processes of index v = N + M — 1 conditioned never to
collide.

In the SDEs given above, there is no constraint that should force the
parameter 3 to be discrete, save for their matrix-valued nature. As a matter
of fact, these processes have no known matrix-valued representation except
for the cases § = 1,2 and 4, so the tradeoff for extending 5 to a continuous
parameter is that many of the techniques from random matrix theory cannot
be used in this case. Because of this fundamental difference, the interacting
particle systems considered in this work will be referred to as the interacting
Brownian motions and the interacting (squared) Bessel processes.

11



B discrete B > 0 continuous
Static Gaussian and Wishart en- — [-Hermite and -Laguerre
random sembles ensembles
variables
+
Stochastic | Dyson’s Brownian mo- — Interacting Brownian mo-
processes tions, Wishart and tions and Bessel processes
Laguerre processes

Figure 1.1.1: Dynamical and continuous-temperature extensions of the Gaus-
sian and Wishart ensembles. The bottom right corner has no known matrix-
valued formulation.

1.2 Dunkl processes

An alternative way to formulate this extension is achieved by considering
a broad family of stochastic processes that includes the interacting Brownian
motions and Bessel processes as particular cases. These are called Dunkl
processes due to the fact that they are defined using the differential-difference
operators known as Dunkl operators [56]. Dunkl defined these operators for
the study of symmetric polynomials of multiple variables, and they have been
used in physics in the context of the Calogero-Moser systems [57, 58, 59]. The
definition of Dunkl operators depends on the choice of a finite set of vectors
called root system, which generates a reflection group W, and the root system
is invariant under the action of the elements of W. Within the context of
the Calogero-Moser systems, Forrester has used Dunkl operators to prove the
integrability of these systems [53, Secs. 11.4.2-11.5.5].

The definition of Dunkl processes is rooted in the work of Rosler, who
considered and found a Green function solution of the Dunkl heat equation
[60]. This is the generalization of the heat equation in which the spatial
partial derivatives are replaced by Dunkl operators. Subsequently, Rosler
and Voit [61] considered the Dunkl heat equation as a Markov semigroup, and
gave the first formal definition of the Dunkl processes. Intuitively speaking,
Dunkl processes are defined as a generalization of multidimensional Brownian
motion as follows. It is well known [62] that the transition probability density
of a Brownian motion obeys the heat equation. Then, if spatial partial
derivatives are replaced by the Dunkl operators {T;},, then one can define

12



the Dunkl generalization of the heat equation [60] as follows,

0 EER
af(t>w)_§z if(taw)v

=1

where f(t,x) is a continuous function and @ is a vector in N-dimensional
space. Then, Dunkl processes are defined as the stochastic processes whose
transition probability densities obey the Dunkl heat equation [61]. It must
be noted, however, that because the Dunkl operators are differential differ-
ence operators, there are difference terms in the Dunkl heat equation that
represent jumps in the trajectory of Dunkl processes. This means that, in
general, Dunkl processes are discontinuous.

However, it is possible to take the continuous part of Dunkl processes,
defining what are called the radial Dunkl processes, introduced by Gallardo
and Yor [63]. Radial Dunkl processes, then, are diffusion processes with a
drift that is determined by the root system considered. In this work, two
particular root systems will be considered, the root system of type A and the
root system of type B. These root systems generate the symmetric group
Sy of permutations of the components of vectors of N dimensions, and the
group composed of all permutations and sign changes of the components of
vectors, respectively. The reason for the choice of these two root systems is
that the interacting Brownian motions and Bessel processes are realized as
the radial Dunkl processes of type A and the radial Dunkl processes of type B
respectively. This is a fact first pointed out by Demni [64]. Therefore, Dunkl
processes can be viewed as a large family of processes which can be reduced to
multivariate stochastic processes known in physics and random matrix theory
by choosing a particular root system and taking their continuous part. They
provide a natural formulation of the interacting Brownian motions and Bessel
processes, and they have the advantage of not being bound to any particular
set of values of 3, but they have the disadvantage of not having a matrix-
valued representation in general. Without being aware of their relationship
to Dunkl processes and Dunkl operator theory, Baker and Forrester [65]
introduced a series of functions, called generalized hypergeometric functions
which make part of the transition probability density of the radial Dunkl
processes. These functions are the basis for some of the results in Chapter 6
of this work.

Perhaps the greatest merit of using Dunkl processes to study the inter-
acting Brownian motions and Bessel processes is that Dunkl operator theory
provides a powerful tool to analyze their properties, called the intertwining
operator (introduced by Dunkl in [66]). This operator, denoted by V3, is a
functional that is defined by the following relation between partial derivatives

13



in space and Dunkl operators

T3l @) = Vi (@),

where the function f(a) is assumed to be analytical and bounded for finite x.
As a consequence, the intertwining operator maps the heat equation into the
Dunkl heat equation, which in turn means that Vs provides a great part of
the information about the behavior of Dunkl processes. However, the general
explicit form of Vj is still unknown in spite of recent development in the topic

[67].

1.3 Main results

The objective of this work is to derive previously unknown expressions
for V3 and make use of these expressions as novel tools for the study of
Dunkl processes in general, and the interacting Brownian motions and Bessel
processes in particular. The results are the following:

o Previously unknown explicit expressions for the effect of the intertwin-
ing operator on particular functions such as linear functions at finite
temperature and the exponential function in the freezing (5 — o0)
limit are calculated.

o The convergence to the steady state of Dunkl processes on an arbitrary
root system for arbitrary initial conditions is considered, and a finite
lower bound for the time required for relaxation to occur is given for
finite non-zero temperatures. Note that the stochastic processes con-
sidered are diffusion processes, and therefore do not have a steady state
in the strict sense. Therefore, in the context of this work, the phrase
steady state refers to the steady state achieved by these processes after
being transformed by a suitable time scaling. The detailed definition
of the steady state will be given in Chapter 4.

o The behavior of Dunkl processes in the freezing limit is calculated,
and the freezing positions of these processes are shown to be given
by the peak sets of reflection groups [68]. In the particular case of
the interacting Brownian motions and Bessel processes, the freezing
positions [69, 70] are shown to be given by the Fekete points [71, 72].

o The steady-state regime of the interacting Brownian motions and Bessel
processes is shown to coincide with the eigenvalue density of the -
Hermite and (§-Laguerre ensembles of random matrices [70].

14



» Using previous knowledge about the interacting Brownian motions and
Bessel processes, expressions for the effect of V3 on symmetric polyno-
mials are derived.

o The fact that any Dunkl process can be mapped to a Calogero-Moser
system evolving in imaginary time by using a variable substitution in
both space and time followed by a similarity transformation is proved
[70]. This mapping provides an indirect derivation of some of the main
results of this thesis.

This thesis is arranged as follows: in Chapter 2, the basic notations and
mathematical objects required for the derivation of the main result are intro-
duced. In particular, Dunkl operators, Dunkl processes and their relationship
with the interacting Brownian motions and Bessel processes are presented in
concrete mathematical terms. In Chapter 3, the general correspondence be-
tween Dunkl processes and Calogero-Moser systems is proved and used to give
an intuitive derivation of the relaxation to the steady state and the freezing
limit of Dunkl processes. In Chapter 4, the precise definition of the steady
state of Dunkl processes is given, and the fact that Dunkl processes that
have been properly scaled in space relax to their steady state in finite time
is proved for arbitrary initial distributions. In Chapter 5, the freezing limit
of Dunkl processes is calculated. In Chapter 6, the steady-state and freezing
regime results for the particular cases of the interacting Brownian motions
and Bessel processes are addressed. Several numerical results are presented
as evidence of the validity of the results from Chapters 4 and 5, and the
explicit form of the intertwining operator for symmetrical polynomials is de-
rived and studied. The derivation of the freezing limit and the steady-state
regime at low temperature for the interacting Brownian motions and Bessel
processes is given in the final part of the Chapter. Finally, the main results
of this work and some future prospects are discussed in Chapter 7.
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Chapter 2

Dunkl operator theory and
Dunkl processes

The multivariate stochastic processes considered here are defined through
the use of Dunkl operators, which in turn depend on several mathematical
objects. In this chapter, the definition of those objects and Dunkl processes
themselves will be reviewed, and some of their general properties will be
listed. The contents of this chapter are based on [73, 74].

2.1 Root systems

Consider two column vectors € = (z1,...,zy)" and a = (ay,...,ay)’ €
RY, and their dot product - = 7 ax = Zfil x;a;. The reflection operator
through the hyperplane defined by « is given by

a-x
T =T — 2——au. (2.1.1)
a-o
In matrix notation, assuming that a is a column vector, denoting its trans-
pose by a’ and denoting the identity matrix by I, one may write

aal

O =1-2 (2.1.2)

ala’

For simplicity, the norm of a vector will be denoted by /& - = x in the
case where the notation does not cause confusion. A property of o, is that,
for © € O(N) (the group of orthogonal matrices of size V), it satisfies the

equation
060 = O0,0Tz = 00,07 . (2.1.3)

16



A root system, denoted by R, is defined as a set of vectors (called roots)
that is closed under reflections along its elements. That is, R satisfies the
relation

ool ={0a§:§€ER} =R (2.1.4)
for all &« € R. In particular, oo = —a € R, meaning that every root
has its negative in R. For this reason, R can be divided into the positive
and negative subsystems as follows: choose an arbitrary vector, say m, such
that for any root a, m # ca with ¢ € R and a - m # 0; then, construct
the positive subsystem as R, = {@ € R : m - a > 0} and the negative
subsystem R_ in the same manner. A root system is called reduced if, for
every o € R, ra € R implies that » = +1. It will be assumed that every
root system considered here is reduced.

The reflections along the roots of R with composition as group operation
generate a Weyl group, denoted by W, of orthogonal operators. By definition,
applying the elements of W to any root a € R produces a subset of R. This
set is denoted by

Wa = {pa:peW}. (2.1.5)
A multiplicity function is a function k : R — C that assigns a unique complex
parameter to all the roots that belong to the subset Wa for some root a.
That is, if for &, {, @ € R the equation 0,¢ = & holds, then k(¢) = k(&). In
general, it will be assumed that the multiplicity function is real and positive.

In general, the action of an orthogonal operator © € O(NV) on a function
f(x) is given by

Of(xz) = f(0Tx), and O f(x) "L OT f(x) = f(Ox). (2.1.6)

In particular, the action of a succession of reflections o4, ...04, on f(x),
with a; € RY for 1 < j < n is given by

Oay - O (@) = f(Oay - - Oy T), (2.1.7)

because o, is represented by a symmetric matrix. A function is called W-
invariant if it satisfies the equation

of (@) = f(o"x) = f(x) (2.18)
for all p e W.

2.2 Dunkl operators

The tth Dunkl operator T;, i = 1,..., N, is written as

T, f(x) = aiif(a:) + Z k(a)mai. (2.2.1)

(8 20
acRy
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More generally, using the gradient vector V = (9/0z1,...,0/0zn)T, the
Dunkl operator in the direction & € RY is defined as

Tef(e) =Y T =€ Vi@ + Y k)22 B e o 209)

T
acRy

Note that, if f(x) is a polynomial of degree n, then (1 — o4)f(x)/ax-x is a
polynomial of degree n — 1. To see this, consider without loss of generality a
particular monomial of f(x), and assume that the coordinate system of the
Euclidean space is set up so that o = ey, where e; is the ith canonical base
vector. Then the expression becomes

A N
(1 —0e,)c H]\il o = (=) v
=1t — | | . 2.2.3

xl T cz:2 Tio ( )

and this is 0 for p; even and 222" ¢ sz\iQ 2P for p; odd. In both cases,

this ratio yields a monomial, and if the same strategy is followed for every
monomial, the ratio on the r.h.s. of (2.2.1) becomes a polynomial of degree
n — 1. This means that T; is a homogeneous operator of degree —1, like a
partial derivative. In addition, for a fixed multiplicity function the operators
{T;}Y., commute. Also, when at least one of the functions f, g is W-invariant,

the Dunkl operators obey the product rule,

Tilf (x)g(x)] = g(x)Ti f (x) + f(x)Tig(). (2.2.4)

The Dunkl Laplacian is a generalization of the Laplacian in which every
partial derivative is replaced by a Dunkl operator,

N g2 N ,
A=) 5 > 17 (2.2.5)
=1 ? =1

Dunkl [73] proved that the explicit form of the Dunkl Laplacian is

a- Vi@ o?(l-o.)f()

a-x 2 (a-x)?

> T(@) = Af(@)+2 ) kla)| | 220

acRy

Consider an arbitrary orthonormal base of RY, {6;})¥,. Denote the jth
component of ; by 0;;, and the matrix formed by the basis vectors as columns
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by ©. Then, one has

N
ZTéf(:v)Z Z 0;:0uTiTif(x) = Z 076, T;T,f(x)
i=1 1<i jI<N 1<jI<N
N
= T’f(zx). (22.7)
j=1

Therefore, the Dunkl Laplacian is independent of the orthonormal basis cho-
sen to calculate it.

2.3 Dunkl processes

Dunkl processes are defined [61] as the Markov processes which obey the
Dunkl heat equation

———ZTQ—O (2.3.1)

as their backward Kolmogorov equation (BKE). Denoting the transition den-
sity of a Dunkl process going from the position « to the position y in a time
t by p(t,y|x), the BKE is given explicitly by

9 2
5Pt ylr) = ZT t,ylz)

= 5Ap(yle) + 3 k) S pttyle) - o plt )] (232

acRy

All the operands act on the variable @ in this equation. Some of the general
properties of these processes can be read off from each of the terms in this
equation: the first term is a simple diffusion term, while the second term is a
drift term which drives the process in the directions given by the roots of R.
The third term is a difference term which generates a probability flow from
the point @ to the points {o4&}acrs. This means that Dunkl processes are
discontinuous, and that they jump to any one of the reflected positions gen-
erated by the root system. The corresponding forward Kolmogorov equation
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(FKE) is given by

0 1
oL yle) = SAYp(t yla) — > k(a)

a€R+
1,04
ol (a-y)?

Though there is lack of physical intuition or interpretation for the jumps
in Dunkl processes, there are some well-known facts about them [75]. The
most important is the fact that at every infinitesimal time increment, the
process jumps at most once, and if the positions of the process before and
after the jump are & and y, respectively, one can always find a root a such
that y = o4x. This means that the jumps of the Dunkl processes can be
eliminated by considering the “radial” part of the trajectory of the process

[63].

Figure 2.3.1: Example path of a Dunkl process on the root system A;. On
the left part of the figure, the process completes the blue path before making
a jump, and continues moving along the red path in a different region of
space. On the right part of the figure, the radial or continuous part of the
process is obtained by applying the same reflection that provoked the jump
(04 in this case), bringing the process back to the end of the blue curve and
forcing it to describe a continuous curve. The wedge on the left side of both
sides of the figure is the Weyl chamber C' in this case.

Intuitively, radial Dunkl processes are obtained by projecting the path of
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a Dunkl process onto a subset of RY called the Weyl chamber, defined by
C={xcR":z-a>0Vac R} (2.3.4)

The procedure is as follows: the Dunkl process is started from a point within
C, and its path is followed until a jump occurs. After the jump, the process
is projected back to the Weyl chamber by reflecting the path using the cor-
rect operator o, (see Fig. 2.3.1). Repeating this procedure for every jump
gives a trajectory that is continuous and contained in C'. Consequently,
the transition probability density of a radial Dunkl process is W-invariant.
That is, the transition probability density of a radial Dunkl process, denoted
by P(t,y|x), is related to the transition probability density of a non-radial
Dunkl process by the equation

P(t,ylo) = plt,ylpz). (2.3.5)

peEW

The reason for this relation is that the jumps generate a probability flow from
a point x to the set of points W, and the sum on the r.h.s. balances the flow
of probability into and out of C'. One way to see this is that p(t, y|x) is defined
to be normalized over RY, and by construction, P(t,y|z) is normalized over
C.

The BKE of a radial Dunkl process is obtained from Egs. (2.3.2) and
(2.3.5). Using the operator »_ .y p on Eq. (2.3.2), and making it act on @,
one obtains

0,
o Pt yle) = Zp (t, ylpz) = ZZ [T7p(t, ylz)]

pEW =1 peW

:—ZTQZp t,y|px) ——AP (t,y|x) + Z k(o) ——P(t, y|x).

peEW acR4

(2.3.6)

The third equality follows from Eq. (2.2.7) and the last equality follows from
the W-invariance of P(t,y|x).

It is a known fact [64] that the interacting Brownian motions and the
interacting Bessel processes are realized as the radial Dunkl processes of
type A and B respectively, provided that the multiplicity function k(a) is
chosen appropriately. Consider first the interacting Brownian motions. The
root system of type A is given by

A={o=e;—ej:1<i#j<N} (2.3.7)
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The positive subsystem is chosen as
A+:{aij:e¢—e]~:1§j<i§]\f} (238)

where e; denotes the ith unit base vector. Let us use the notation o,,, = 0;;
for this particular root system. Note that the effect of 0;; on an arbitrary
vector x is that of exchanging its ith and jth components. To see this,
compute the {th component of o;;x:

(o) = 21 — (2 — x;)(0a — dj1)- (2.3.9)

It is easy to see that z; remains unchanged for [ # i, j, that (o;;&); = =; and
that (0;;x); = ;. Therefore, the group generated by the reflections along
the elements of A with composition as the group operation is the symmetric
group Sy .

In view of this property of A, it follows that any root can be obtained from
at most two reflections of any other root, a fact that is proved as follows.
Consider an arbitrary root oy; and apply to it the reflection o,,;, with m
arbitrary. This reflection exchanges the jth and the mth components of «;;,
giving a,,. One more reflection using o, with [ arbitrary gives «y,,, as
desired. Since k(a) is invariant under any of these reflections, one obtains

k(ouj) = k(omjoaou;) = k(aum)

in general, and therefore it can be concluded that k(a) is independent of its
argument, so it is a single parameter.
Therefore, the Dunkl operators of type A are given by

N
ATif(x) = ai, fl@)+ k> f(mlf_f;‘fijm), (2.3.10)
K2 ]:1 7 7
J#i

and the corresponding BKE of the radial Dunkl process of type A is given
by

0 1

ot 1<iAj<N ©

1 0

i — L 0T;

Pu(t,ylx). (2.3.11)

Comparing this equation with the BKE of the interacting Brownian motions
[43],

0 1 B 1 0
2 (b, yl®) = = Apuu (¢ Ly ¢
athBM( ,ylx) 5 pem(t, ylz) + 2 24 -, 8xipIBM( L y|T),

1<i#j<N

(2.3.12)
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it follows that the radial Dunkl processes of type A are equivalent (in dis-
tribution) to the interacting Brownian motions, provided one sets k = 5/2.
Henceforth, the transition probability density of the interacting Brownian
motions will be denoted by Pa(t, y|x) while assuming that k = §/2.

Let us consider now the interacting Bessel processes. The root system of
type B is given by

B={te;:1<i<N}U{£(e;—ej), t(e;+e;):1<j<i<N} (23.13)
The positive subsystem is chosen as
By={e;:1<i<N}U{ei—ej,e;+e;:1<j<i<N} (2.3.14)

The reflections defined by the roots of B are given by

Ote, L = (31317-~-7$¢717—$i,$€i+1>---71¢N)7
Ot(e;—e;) L = (3:17"'axi—laxjami-‘rl?'"7xj—17$i7xj+1a"'7$1\7)7
J
O-:I:(ei—i—ej)m = (Il, ey L1y, TGy L 1y - o - 3 L1y —Liy Tjgdy e ,IN>. (2315)

The first reflection changes the sign of the ith component, the second reflec-
tion exchanges the ith and jth components and the third reflection exchanges
the ith and jth components and changes their signs. Let us set the notations

Ote;, = 0,
O-:t(ei—ej)w = Uij?
J:t(ei+ej)w = 6i§jaij~ (2316)

Therefore, the reflection group Wpg contains all the permutations and sign
changes that can be applied to a vector in RY.

There are two multiplicities associated with B because the roots {4-e;} Y
and the roots {+e;te;}1<;zj<n belong to different orbits. Let us set k(e;) =
ko and k(+e; = e;) = ki. Then, the Dunkl operator of type B is given by

sLif(x) = 8i~f(w) I kof(iv) _xf(cf@zc)
N
f(x) — floyx) flx)— f(0i0:0;x)
2 ; et (2:3.17)
JFi
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and the BKE of the radial Dunkl process of type B reads

N

0 1 1
N
1 1 0
k P 2.3.18
+ 1;[xi—xj+xz+x]}8x st yl@). )
J#i

Comparing this equation with the BKE of the interacting Bessel processes
[51]

—1—1(9

(t, ylx)

0 5 al
athBP( ,y|w) = —APIBP ,y\:c 5[;

+ Z ( ; xzi%)@i

1<i#j<N s

(t ,y|w)] (2.3.19)

it follows that for ky = B(r+1/2)/2 and ky; = /2 the radial Dunkl processes
of type B and the interacting Bessel processes are equivalent in distribution.
Unless otherwise noted, the transition probability density of the interacting
Bessel processes will be denoted Pg(t, y|x) with the multiplicities chosen as
indicated here.

Note that for both the interacting Brownian motions and Bessel pro-
cesses, the multiplicities k(a) are proportional to 5/2. Because the freezing
limit consists of taking the limit  — o0, it is necessary to redefine the mul-
tiplicities so that they may be proportional to the inverse temperature. This
is accomplished in two steps. First, choose one particular root a and set

k(o) = g > 0. (2.3.20)
Second, define a new multiplicity function x(a), using the equation
k(a)
> 0. 2.3.21
(@) = f (2321)
With this, one obtains the equation
kla) = gﬁz(a). (2.3.22)

A quantity that appears repeatedly in calculations that involve Dunkl oper-
ators is the sum of the multiplicities over R,

> k(o). (2.3.23)

acRy
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The parameter v is given by

vi= Y Kla), (2.3.24)

which gives

> k(a) = gy. (2.3.25)

acRy

2.4 Dunkl’s intertwining operator

Dunkl operators are related to partial derivatives by the intertwining
operator V, which is a linear operator that conserves the degree of homoge-
neous polynomials. It is defined by the relation

0
8wi

TVsf(@) = V|- —f(®)]. (2.4.1)
and it is normalized by the relation V31 = 1. This operator was introduced by
Dunkl in [66] (see also [73]), and it is a powerful tool which allows one to treat
Dunkl operators in almost the same way as partial derivatives. However, the
explicit general form of the intertwining operator is unknown. Its form is
known, e.g., in the one-dimensional case [66] and for the root system of type
A in three dimensions (Ay) [76]. While some progress has been achieved
in recent years [67], the general explicit effect of V3 on arbitrary functions

remains an open question.
The most important properties of Vj are listed as follows. V3 commutes

with the action of p € W,
Vs = p" Vsp. (2.4.2)

This follows from the fact that the operator on the r.h.s. satisfies Eq. (2.4.1).
In addition, a theorem by Résler [77] gives bounds for functions deformed by
the intertwining operator. The space of functions considered for this property
is denoted by A,, and it is defined using several mathematical objects. Denote
by PX the set of homogeneous polynomials on & € RY of degree n. Define
by K, = {x € RY : || < r} the N-dimensional ball of radius r, and denote
by 19|k, the maximum value of |g(x)| within K,. Then, A, is defined as
the set of all functions g : K, — C such that

g(x) =) gal(x), with g,(z) € P (2.4.3)
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and

Z ||gn||oo,KT < 0. (2.4.4)
n=0

The theorem is stated as follows.

Proposition 2.4.1. (Thm. 1.2 and Cor. 5.8 in [77]) for 5,k > 0 and for
every x € RY, there is a unique probability measure pi,, on the Borel o-algebra
of RN such that

Vigla) = [ o(€) dualé) (245

for all functions g(x) € Ajz|. This measure satisfies
tra(B) = p1z(r™' B) and pipe(B) = piz(p™' B) (2.4.6)

forallr >0 and p € W, and its support is given by
supp(pz) = co(We). (2.4.7)
Here, co(Wx) denotes the convex hull of the set Wx = {z : 3p € W,z = px}.

The fact that Vzg(x) is bounded, as remarked in [73, p. 166], is a conse-
quence of this theorem.

Vig(a)| < / 006 dua(€) < sup |9(E)]. (2.4.8)

RN geco(We)

for all g(x) € A,. This bound does not depend on > 0, which means that
the limit limg_,o Vag(x) = Vaog() is well-defined whenever g(z) is bounded
for finite .

In the context of Dunkl processes, V3 is of great importance because it
deforms the BKE of a multidimensional free Brownian motion (the heat equa-
tion) into the BKE of a Dunkl process (the Dunkl heat equation) as follows.
The transition probability density of a Brownian motion in N dimensions is
given by the heat kernel

e~ (y—x)?/2t
pem(t, ylz) = NI (2.4.9)
which in turn obeys the heat equation,
<a 1A) (t,ylz) =0 (2.4.10)
— —=A, ,yle) = 0. 4.
9 9 peMm(L, Y
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Applying Vj from the Lh.s. gives

V(5 Late) = (2 - IS TVt yle) =0, (2411
ﬁ(at_Q x)pBM(7y|w)—(at_QZ z) ﬁpBM(,y‘fB)— . ( )

i—
This means that Vj contains information on the distinctive features of Dunkl
processes. Therefore, to understand the nature of Dunkl processes it is nec-
essary to understand the behavior of Vz. Of particular importance is the
effect of V3 on the exponential function, also called the Dunkl kernel.

2.5 The Dunkl kernel

Define the Dunkl kernel by
Es(x,y) = Vze™ Y. (2.5.1)

The Dunkl kernel is the analog of the exponential function for Dunkl opera-
tors in the following sense. By Eq. (2.4.1),

. 0 . .
LiBs(@,y) = TiVpe™ = Vi —e™) = Va(yie™) = y:Bs(w,y).  (25.2)

Therefore, the action of a Dunkl operator on the Dunkl kernel is the same
as the action of a partial derivative on the exponential of « - y. Note that
Es(iz,y) is bounded as

Vo= < [ 1697 dpal) = 1. (253)

where 114(€) is the measure specified in Prop. 2.4.1. Other useful properties
of the Dunkl kernel are listed as follows; for ¢ € C and p € W,

Es(x,y) = Es(y, x), (2.5.4)
Eg(ca,y) = Eg(x, cy), (2.5.5)
Es(px, py) = Eg(z,y), (2.5.6)
Es(z,y)' = Es(z', y), (2.5.7)

where T indicates complex conjugation. Finally, the following relation due to
Dunkl (see [74]) is listed here for use in later chapters,

1

— | Va[e®¥Vs[e®*]e ™ Pwy(x) da = W H 2007, (2.5.8)
Cs JRN

This expression is in no way trivial, and it is also of great use in later chapters,

particularly Chapter 4. The proof of Eq. (2.5.8) is given in Appendix A.

Because the Dunkl kernel with one imaginary argument is bounded, it is

useful for the definition of the Dunkl generalization of the Fourier transform.
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2.6 The Dunkl transform

The Dunkl transform is a generalization of the Fourier transform given
by the equation
£ 1 —ig-x
f€) =~ [ fl@Vie = uy(@) da. (2.61)

Cﬂ RN

where the weight function wg and the normalization constant cg are given

by

wp(x) = [] |- | (2.6.2)
acRy
and
ca ::/ e_xQ/Qwﬁ(az) de, (2.6.3)
RN

respectively. This integral is known for many different cases, and it is known
as a Selberg integral [34]. The inverse Dunkl transform is given almost ev-
erywhere by

a.e. r oY 1 r i€
fl@) = [f] (@)= — [ f(€)Vse*Tws(€)dE (2.6.4)
Cﬁ RN
and this equality holds for all points if f(x) is continuous. The Dunkl trans-
form is very similar to the Fourier transform in many respects, and it is
particularly useful for solving the Dunkl heat equation.

2.7 Representations of the transition proba-
bility density
A short derivation of the transition probability density of a Dunkl process

will be given here. A more detailed and rigorous derivation is given in [77]
and [74]. Consider the Fourier representation of the heat kernel,

1 —t£2/2 iy-€  —ix-
pem(t, ylx) = 2~ /RNe 15/ 261y 8o g (2.7.1)

This representation is, essentially, the inverse Fourier transform of the func-
tion e %*/2¢~€  In analogy with this formula, consider the function

L(t,xz,y) = %/RN e_t§2/QVB[eiy'g]Vg[e_iw'E]wg(E) dg. (2.7.2)
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By construction, this function solves the Dunkl heat equation,

0 1 e
Rl S
il (@) 2 Jun 2

1 2 . 1,
= [ A [ ae = s (e) de
RN

2
s

V[V Vlem ™ S Jwg (€) dé

N
1 1 42 ‘- i
= 32T [ VLT ) ag

=1
1 N
:§Zn2r(t,m,y). (2.7.3)
=1

Using Eq. (2.5.8) one obtains

e_(y2+z2)/2t

In general, I'(¢, x, y) is not normalized when it is integrated with respect
to y. However, wg(y)I'(t, ,y) is normalized,

.2
e:):/Qt

— —y? /2ty oyt
/RN wa(y)T(t,x,y)dy = AT /RNG Ve ¥ wg(y) dy
— e VAT — 1 (2.7.5)
Equation (2.5.8) was used to obtain the first equality in the second line.
Thus, one obtains

o= (v +a?) /2t

plt.vle) = ws )T () = s (2 Voo (T2). (@70

CﬁtN/Q
Equivalently, from Eq. (2.7.2) one has
wg(y B . .
p(t,yle) = % / e 121, €] [Vae @€ g (£) dE. (2.7.7)
53 JR

Therefore, the transition probability density of a radial Dunkl process is given
by
e_(92+x2)/2t T Y

P(t,y|x) = wp (%> W Z Vg exp ('OT> : (2.7.8)

The mathematical objects required to write down the transition proba-
bility densities of the interacting Brownian motions and Bessel processes are
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summarized in the following table. Care must be taken with the domain of
definition of P(t,y|x), as this density is normalized to one if it is integrated

over the Weyl chamber C, but it is normalized to |WW| when integrated over
RV,

Inter. Brownian Motions Interacting Bessel processes

N
wa(@) = [ lo; —al”  wsl@) =[] |l I] ] - a3
=1

ISIISN 1<i<j<N
7a=N(N-1)/2 ve = N(N +v—1/2)
cA:ﬂm”“ng) B:QWIN—[FOH%)F[%@H—%H%}

o Fa+3) ey r(%+1)

Ca={x:m<...<zazy} Cp={x:0<x;<...<ay}

Table 2.1: Weight function wg(x), the sum of multiplicities -, normalization
constant cg and Weyl chamber C for the interacting Brownian motions and
Bessel processes. Here, z € RY, and c; is given by the Selberg integrals [34,
p. 321].
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Chapter 3

Correspondence with the
Calogero-Moser systems

The purpose of this chapter is to prove that there exists a correspondence
between Dunkl processes and the Calogero-Moser (CM) systems on a given
root system, and use that correspondence to obtain information concerning
Dunkl processes in both the steady state and the freezing regime.

3.1 Proof of the correspondence

Under an arbitrary root system R, the CM systems on a line with a
harmonic background potential and an inverse-square repulsion potential are
given by the Hamiltonian (see, e.g., [78])

acRy
where all the particles have unit mass, and h= 1.

Dunkl operators have been used as a tool to prove the integrability of the
CM systems [53]. It has been shown under several root systems [60] that
after applying a similarity transformation (using the ground state eigenfunc-
tion), the Hamiltonian of the CM system is expressed as a Dunkl Laplacian
plus a restoring term of the form « - V. One can then find the polynomial
eigenfunctions for the transformed Hamiltonian as stated in [59] and shown
in [65]. The objective is to transform the FKE of a Dunkl process into the
Schrodinger equation of the CM systems.

The diffusion-scaling transformation is defined as follows. In view of the
transformation of a simple Brownian motion into a one-dimensional quan-
tum harmonic oscillator in imaginary time proposed in [43], consider the
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substitution given by

(ty) = (1.¢) = (b—gt L) (3.1.2)

2w V2wt

Note that the spatial variable ¥y is scaled by a factor of v/t. Denote the
density of the Dunkl process at a time ¢ for a given initial distribution by
f(t,y). The diffusion-scaling transformation consists of performing the vari-
able substitution

[t ¢ w), y(7, ¢ w)] = f(7,C), (3.1.3)
and applying the similarity transformation
f(T7 C) = eXp[—W(T, C)]U<7-7 C) (314)
with W(r, ¢) given by
W(r C)—lwi@—é > k(o) loglor- ¢ + wNT (3.1.5)
) - 9 - i ) Rl g2 . .

Because the scaling is isotropic, it is independent of the root system R.

Proposition 3.1.1. The diffusion-scaling transformation given by (3.1.2),
(3.1.4), and (3.1.5) transforms the Dunkl process on the root system R into
the CM system with harmonic confinement on the same root system evolving
m 1maginary time.

Proof. Let us transform the KFE (2.3.3). The derivatives in time and space
in terms of the new variables are given by

0 1 0 1

A P R v (9]
ot 2wt Ot 2t V=
0 1 0

W = T (3.1.6)

The differential operators that result from inserting the above in (2.3.3) are
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transformed by (3.1.4) as follows:

0 0
eWaTe W= 7 — wN,
wo w _ 0 e
gt T oag et a; a- c e
VAW — A L9 (g ag}% Z(_'aéa — WC) VO 4 w22
(/@7+Nw+—z Z I TEP:
acRy §€R+ ( C)
_g 3 —(2(-02))2a2' (3.1.7)
acR
Therefore, inserting (3.1.6) and (3.1.7) successively in (2.3.3) yields
0 1
+5 Z MY (7, 0a)
aeR
i > Z a-& KQ?E(S)C) (r,¢). (3.1.8)
a€R+ EeERy

The double sum in the bottom term of the equation above can be simplified
because all the terms where a # & cancel each other (see Lemma 4.4.6 of
[73]). By denoting the ground-state energy by Ef' = w(8vy+ N)/2 and using
HE,; with ¢ instead of @, we finally obtain

0
—5-U(7,¢) = [Men — EfU(T,€), (3.1.9)
as desired. n

Remark: this proof involves only straightforward calculations, with the
notable exception of the step required to simplify the double sum in (3.1.8).
This is perhaps the most important part of the proof, and it is not trivial.
The simplest case is when R is the root system of type A (see, e.g., [53],
Proposition 11.3.1). Note also that Proposition 3.1.1 only requires that w >
0. If w = 0, there is no need to use the diffusion scaling (3.1.2), and one may
simply apply a similarity transformation on the Dunkl process to obtain the
unconfined CM system on the same root system.
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3.2 The steady state

Having established Prop. 3.1.1, the time evolution of the function U(r, ¢)
given by Eq. (3.1.9) implies that after a long time, only the ground-state
eigenfunction survives. This means that f(7,¢), as defined in Eq. (3.1.4),
must converge to a non-trivial form as 7 — oo; as detailed in Chapter 4, this
is the sense in which the steady state is defined in the present context. More
precisely, suppose that the eigenfunctions of H&, are denoted by {1,,(¢)},,
and that their corresponding eigenvalues are denoted by {Eff}n, where 7 is
a discrete multi-index (see [78]). Furthermore, assume that the set of eigen-
functions {¢,({)}, is a complete basis of the Hilbert space of this system.
Therefore, the following expression holds in general:

= S eIER-Efly, (), (3.2.1)
n

Because Eff > Ef, after a sufficiently long time 7 the function U(7,¢) re-
duces to the ground-state wavefunction ¢y(¢), given by

Yo(¢) = age /2 [T lev- ¢|@/2, (3.2.2)

acR

where aq is a normalization constant. In Chapter 4, the scaled distribution

F(t,\/Bto)(Bt)N2 (3.2.3)

will be considered. This is equivalent to the diffusion-scaling transformation
with w = 8, 7 = (logt)/28 and ¢ = v//2. It follows that

Fit. /B (3t = 0 (S5 )

xexp[———i——z a)log|a - 'U/\/_@

acRy

torog BN/2 oxp [_ il _|_ = Z a)log|a - v/\/_q%(’v/\/_)

OLGR+
2

e[ =05 - 2 seosla-v)] 620

acRy

This means that the final distribution of a Dunkl process converges to a
steady-state form if the final position y is rescaled as /ftv. Henceforth,
the phrase steady state of a Dunkl process (or interacting Brownian motion
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or Bessel process) will refer to the steady state of the scaled process. The
convergence to the steady state in finite time will be proved rigorously in
Chapter 4 without the help of the quantum mechanics of the Calogero-Moser
systems, and using Dunkl operator theory.

3.3 The freezing regime, peak sets and Fekete
points

It is known that the Calogero-Moser systems form spin chains at very low
temperatures [79, 80, 81, 82]. These spin chains consist of a series of particles
that are fixed in space and that interact through exchange operators that are
defined using the reflection operators o,. The main idea is to consider the
Hamiltonian H&, in the limit where 3 — oco. As in the previous section,
setting w = 8 gives the following leading-order terms in :

1 o w(a) 1 al
Veu(@) =7 >, 7T 52 (3.3.1)
=1

acRy

As 8 — oo, the kinetic energy term of the Hamiltonian becomes negligible,
and the particles of the Calogero-Moser system freeze at the minima of the
potential (3.3.1), which is clearly positive and convex. Consider now the
argument of the exponential in the last line of Eq. (3.2.4),

Fpp(v) = v Z k(o) log|a - v|. (3.3.2)
2

acRy

A straightforward calculation yields
a?k?
VO Fop? = v? = 2y + Z = 4Vou(v/V2) — 27. (3.3.3)
acRy

This expression is obtained through the use of Lemma 4.4.6 in [73]. Taking
the gradient gives

(V(U)FDP . V(U))V(U)FDP = QV(U) [VCM(’U/\/g)] (334)

From this relation it is deduced that, if Fpp(v) achieves a minimum at v = z,
then Voy(v) achieves a minimum at v = z/v/2 (the fact that Fpp(v) is a
convex function will be proved in Chapter 5.) In view of Eq. (3.2.4), it is
expected that as § — oo the steady state distribution of a Dunkl process
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converges to a series of delta functions located at the minima of Fpp(v).
In particular, it is known that the Calogero-Moser system of type A (resp.
type B) freezes to the roots of the Hermite polynomials [81] (resp. Laguerre
polynomials [82]). Consequently, the interacting Brownian motions (resp.
interacting Bessel processes) must freeze at these points as well.

The location at which Dunkl processes freeze is determined, then, by the
solutions of the equation

v= Z @a. (3.3.5)

The set of vectors {s;}; which satisfy this equation is known as the peak set
of the root system R [68]. Originally, the peak set was defined as the set of
vectors of unit norm that maximizes the function

I] e~ sl (3.3.6)

acRy

In the case of Eq. (3.3.5), the norm of the vectors of the peak set is /7.
Intuitively, the peak set represents the set of directions in the N-dimensional
space where the Dunkl process is most likely to be found. More concretely, for
the root systems of types A and B the peak sets are known as Fekete points
[72, p. 132]. These represent the set of points on the real line where a system
of N charged particles must be located in order to minimize its potential
energy. The particles interact with each other through a logarithmic potential
and with a background potential, (N —1)Q(x). Concretely, the Fekete points
maximize the function

H (z; — ;)2 V=D XL Q). (3.3.7)

1<i<j<N

where (N —1)Q(x) = x? for the interacting Brownian motions. In the case of
the interacting Bessel processes, (N —1)Q(y) =y — (v + %) Iny with y; = z?
for every i. This electrostatic analogy is well-known, and it gives a physically
meaningful interpretation to the peak set of R (see [83, p. 366-369] and [71]).

Note that the derivations in this chapter are not rigorous, but they provide
information on the behavior of Dunkl processes in the steady state and in the
freezing limit. In particular, taking the freezing limit of the final expression
in Eq. (3.2.4) gives rise to inconsistencies in the time scale of the process,
because the time 7 = (logt)/28 should not reach infinity if [ is infinitely
large. However, the results are correct, and they will be proved for Dunkl
processes in general in Chapters 4 and 5.
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Chapter 4

Steady-state in an arbitrary
root system

The objective of this chapter is to derive one of the main results of this
work, which is the convergence of Dunkl processes in finite time to a steady
state. For this purpose, the precise definition of the steady state of Dunkl
processes is given as the steady state of their corresponding time-scaled pro-
cesses. Next, the precise statement of the result is given in Theorem 4.2.1,
and the proof of the theorem is given in the final two sections.

4.1 Definition of the steady state

Dunkl processes in general, and interacting Brownian motions and Bessel
processes in particular, are diffusion processes without restoring forces. This
means that their evolution is such that their probability density spreads out in
space without stopping. Consequently, these processes do not have a steady
state in the strict sense. However, as mentioned in the previous chapter, if
the distribution function of the Dunkl process is scaled suitably, then it has
a limit form (in time) given by Eq. (3.2.4), and the underlying scaled process
has a steady state.

The concrete form of these statements is as follows. The SDE of a radial
Dunkl process is given by [84]

B B k(oo
X, = dB; + 3 > o x, (4.1.1)

acRy

This is a semi-martingale in N dimensions with a drift term that forces
the process away from the origin in the directions a € R. Clearly, this
process does not achieve a steady state, as it diffuses without bounds. Its
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corresponding time-scaled process is defined by Y; = X;/+/Bt. Using Itd’s
formula [85], the SDE for Y; is

dB;, 1 kla)a Y,
75 + 5 > dt — — dt. (4.1.2)

oY, 2t
The last term is a restoring force term, which restrains the diffusion of the
process. If, furthermore, the time variable is redefined as 7 = (logt)/3, then
dt = ptdr and

dY; =

acity

g Kla)a
1y, = dBT+§[ > oy -V, |dr (4.1.3)
acRy
This is a process with a harmonic restoring force, which is very similar to an
Ornstein-Uhlenbeck processes. It is known that these generalized Ornstein-
Uhlenbeck processes are stationary [61, Sec. 10], so it is clear that a properly
scaled radial Dunkl process achieves a steady state. Furthermore, because
the jumps of non-radial Dunkl processes preserve the distance of the process
to the origin just before and after the jump (because o is an isometry), then

non-radial Dunkl processes scaled by a factor /3t are stationary as well.

From the point of view of the process distribution f(¢,vy), the procedure
is as follows. According to Eq. (3.2.4), if the probability distribution f(¢,y)
of a Dunkl process is scaled as

filw) = f(t,V/Bro) (BON, (4.1.4)
then the steady-state distribution is proportional to
2
v
fss(v) :==exp [— B(E — Z k(o) log | - v[)] (4.1.5)

acRy

Let us verify this claim. Because the Dunkl process density f(t,y) obeys the
FKE (2.3.3), then the scaled distribution obeys the following FKE:

0. 1 & Vi) o (1+0u)filv)
Zt@ft@) B EAft(v) a a§+ () [ a-v 9 (a-v)? }

+v-Vfi(v)+ Nfi(v). (4.1.6)

This is because Dunkl operators behave like partial derivatives under uniform
scalings, i.e., if an arbitrary function g(y) is scaled as g(v) = g(+/ftv), then

TVg(y) = —=T"§(v), (4.1.7)



and also because the time derivative of f;(v) is given by

9wy = 70, /B (51

N 0
= S h@) B S )|t e VAw), (419
meaning that
0 N al
aft(v)zgft<v)+%U'Vft(’l}) zgtz T2 fi(v). (4.1.9)

Inserting the explicit form of the Dunkl Laplacian into the r.h.s. and moving
the factor 2t to the Lh.s. gives Eq. (4.1.6).

Let us show that fs(v) is the steady-state solution of Eq. (4.1.6), which
amounts to showing that the r.h.s. of Eq. (4.1.6) vanishes when f;(v) is
replaced by fs(v). A series of straightforward calculations yield the following
expressions:

’U'sts(v) = _B(UQ_V)JCSS( ) (4'1'10)
- Vfi.(v) = —5[(1.@ -y (?CU a}fss( ), (4.1.11)
CeRy
0? fus 9 k(o)a;72
k(o)
5 [1 + a%% W] fulv). (4.1.12)

Then, the r.h.s. of Eq. (4.1.6) for fi(v) is equal to

5[U2_2y+ 3 (( a)k({)a C]fss B [N+ ﬁ(a)a

o,(ER L o 'U)(C ) acR

S el MOCa ot
P e <a-v>2}fss()

— B(v* =) fs(v) + Nfs(v). (4.1.13)

A close inspection of this expression reveals that, indeed, all terms cancel,
meaning that the steady-state distribution of the process is obtained from
normalizing fi(v).
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4.2 Setting

With the initial condition p(x), the probability distribution of a Dunkl
process using the Dunkl transform representation (2.7.7) is given by

ft,y)dy = wﬂ—gy) /R N e—t52/2[vﬁeiyf][ / [Vee™ ™ p(a) da| wp(€) A€ dy.

Cﬁ RN
(4.2.1)
The main advantage of this expression is that all the integrals are well be-
haved due to the fact that Vze'®¥ is bounded (see Eq. (2.5.3)). Recall the

function ,

v
Fr(v,k) = 5 Z k(a)log|a - v|, (4.2.2)
acRy
so that
2
fs(v) = e AFR(WK) — o=Bv /zwg(v) (4.2.3)
and
aa=t/“fﬁFﬁ“ﬁ’dcz= fu(€) dC. (4.2.4)
RN RN
With these expressions, we define the steady-state distribution by
1 1
fR(v) = _fss(v) = _ei/BFR(Uﬁ)- (425)
<B <B

Also, assume that p(x) is a probability distribution with finite second-order
moments, i.e.,

‘ / z;xjp(x) dw‘ < 00. (4.2.6)
RN
The mean and variance of p(x) are defined by
x, ::/ zp(x) de, (4.2.7)
RN
s = / |z — z,°u(z) dz (4.2.8)
RN

respectively. In this chapter, the main goal is to prove the following.
Theorem 4.2.1. Dunkl processes relax to the scaled steady state distribution
F(t, V/Bo)(BON? dv = fr(v, B) dv[L + O(V/B) + O()]  (4.2.9)

whenever
t>> (s) +z,) max|1, f] (4.2.10)

with positive numbers 1 and € such that

et>1 and n*tmin[l,B] > 1. (4.2.11)
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In Sec. 4.4 we prove Thm. 4.2.1, in which the evaluation of the integrals
in Eq. (4.2.1) is important. The derivations given in Sec. 4.3 are used for the
calculations in the proof.

4.3 Setup for the proof of Theorem 4.2.1

With the substitutions y = +/Btv, &€ = /vt and x = u\/t, Eq. (4.2.1)

reads

el AR i
ZBCp RN

X [ /R Ve () du] ws(¢)d¢ dv.  (4.3.1)

The first quantity that must be considered is the integral over u, which is
given the following notation,

Z(t,¢) = /RN [Vee ™ C)tN/2 u(vtu) du. (4.3.2)

By the mean value theorem, there exist vectors u, and w; such that

Z(t,¢) = Vg[cos(u, - ¢) — isin(u; - )] (4.3.3)
In general, u, and w; are functions of {. From the relations
/ wt" 2 u(Viw) du = 2,/ V1, (4.3.4)
RN
/ (u— 2, ]V (Vi) du = 521, (4.3.5)
RN
it follows that Z(t, {) satisfies the following equations when ¢ = 0,
i' .
TI(t,0) = —itd 43.6
al 1
> TPI(t,0) = —Z(si +22). (4.3.7)
j=1

Inserting Eq. (4.3.3) in these two equations gives
T3Vslcos(u, - €) —isin(u; - ()]f¢=0 = —i(ui)jl¢=0,  (4.3.8)

N
> TPVjlcos(u, - §) — isin(w; - ¢)]|¢=0 = —uZ]¢=o. (4.3.9)

Jj=1
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Therefore, one has

u ‘= ’U,i|<:0 = jﬂ/\/%’ (4310)
up = ule—o = (s, + T.,) /1. (4.3.11)

Thus, for * < t/(s7, + Z,), the integral Z(t, ¢) is approximated by
Vs[cos(ug - ¢) — isin(uy - €)] + O(¢?/). (4.3.12)

The term of O[¢?/t] is included because this approximation is obtained from
the behavior of Z(¢, ) near ¢ = 0, and only the action of first-order Dunkl
operators is reproduced exactly (only the norm of ug is specified).

For the estimation of the relaxation time ., it will be necessary to consider
the linear approximation of the function Vzsinh(x - y). The effect of the
intertwining operator on linear functions is given in the following lemma.
Here, an orthonormal basis {¢;}Y; of RY is defined such that the first dg
vectors belong to the linear envelope of R and the last N — dg vectors are
orthogonal to it.

Lemma 4.3.1. For linear polynomials, Vs is given by

1

R 1= dR+1

Proof. Let V3 be represented in the linear case by a matrix, [Mgl;; = mij,
such that

Vaz-y= > zmiyy; (4.3.14)

1<ij<N

By the defining property of Vi, Eq. (2.4.1), the relationship

meyj 5 Z wa) (1—04q) Z My Y; (4.3.15)

a€R+ 1<i,j<N

holds. Rewritten in terms of vector and matrices, this equation is equivalent

to
. T .
(1 —0a)x" May = <2%a> Mgy = Q%aTMBy, (4.3.16)

which yields

T

=|1+8 > &

acRy

y=DMgy+8 > Kl

acR

]Mﬁy. (4.3.17)
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The problem is reduced, then to calculating

—1
aaT

Mg=|I+8> & (4.3.18)

acRy

o?

To calculate Mg, we need to calculate the sum over «, a task that can be
accomplished easily once the sum is rewritten as a sum over a group. If y is
orthogonal to Span(R), then the sum over e is equal to zero and the result is
trivial; therefore, we assume that y € Span(R). First, we separate terms with
different multiplicities: let np denote the number of different multiplicities
assigned to the root system R, and denote by {&;};%, a collection of roots

such that x(§;) # k(&) for i # j. Then, the followmg holds:
aa < k(&)
Z ri(ex) - Z BE

i=1 '™

acRy

Here, W&, = {p€&; : p € W} denotes the orbit of & on W. To obtain this
equality it suffices to note that the terms in the sum with equal multiplicities
must belong to the same orbit in W. Because W is a reflection group, all
of its elements are isometries, meaning that the roots of R in the orbit of &;
must have the same norm. Then, the squared norm of o can be taken out of
the second sum as the term |&;]?. Because the vectors a in the second sum
are elements of W§;, we can rewrite the sum as

> Z | LORERLLES > (&) ()", (4.3.20)

2
acRy € | W peEW

> aad (4.3.19)

acR NWE;

where the coefficient |R; NWE;|/|W] is included to account for double count-
ing in the sum over p. Denote by [p];; the ijth component of a faithful and
reduced representation of the reflection group W. Then, the jith component
of the matrix representation of the sum over p is

dr
Z /)€z pﬁz = Z Z Plin €z n ln [fz]n’ = Z [él]n' [fz]n Z[p]jn[p]ln’
peW pEW nn'=1 n,n'=1 peW
(4.3.21)
By the great orthogonality theorem [86], the sum over p is given by
44
Z [p]]n[p]ln’ = u(Sjlé‘nn’a (4322)

dr

peEW
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which in turn yields

dr

Z[péi]j[péi]l = Z &ilw [El}n

peW n,n/=1

!W\ Wli&l” s

s = 01 (4.3.23)
R

Inserting in (4.3.20) gives

Z H(a)aa

acRy

- Z/{(&)ml _ L 3 k()= 1. (4.3.24)

dR dR acRy
This result implies that, for y € Span(R),
Mg = 1/(14 pv/dr). (4.3.25)

The complete form of M3 is obtained by noticing that all vectors can be
decomposed into the component that belongs to Span(R) and its orthogonal
component:

y=ly— X (b)) Y (6v)on (43.26)

Then, one has

[I+6 > k(

"l S Gewe)+ Y (6]

C\LER+ 1= dR+1 Z:dR+1
[(1+?)[—— Z (;blqu}y M (4.3.27)
R
1= R+1

and Mg is given by

1
Mg = m[ | %;H Di¢p ] (4.3.28)
because
ﬁV - 1 57 .
I__ v [ - , ..
[( dR> leﬂl(]bqb}l_i_ﬁ Jdn [ zdzﬂfﬁ(ﬁ} (4.3.29)
which completes the proof. 0
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Denoting by @, the component of  that is orthogonal to Span(R) and
by x| the component of & which belongs to Span(R), one may write

L)Y
1+ Bvy/dr

Unless otherwise noted, the subscripts L and || in this equation will carry the
meaning described here for the rest of the text. This last equation implies
that the intertwining operator has no effect on linear functions of vectors
that are orthogonal to the root system.

Vex -y = +x -y, (4.3.30)

4.4 Proof of Theorem 4.2.1

The first objective is to calculate the approximate value of the integral

I(t,0) =+ / e PI( OV s g, (441
Cs JRN

for large values of t. This expression is the inverse Dunkl transform of
e~C2T(t,¢) evaluated at /v (see Eq. (2.6.4)). In order to use the approx-
imated form of Z(¢, {), the positive variable € is chosen with the assumption
that v/te > 1. Then, J(t,v) is divided into two integrals. The first one,
denoted 74, is taken over ¢ < v/te, while the second one, denoted 7, is taken
over ¢ > Vte. For Jo, one has the following behavior:

1 9 C o0 )
|j2| < —/ e ¢ /Qwﬁ((j') d¢ = _J/ e ¢ /2C57+N—1dc
CB J¢>ite 3 Jie

By+N—2)/2) oo
_ Cq20ntN-2/2) / o= LBIEN=D/2 4, L Ot 2(1e2) Br+N-D/2)
Cs te2/2

(4.4.2)

Here, C7 denotes the angular part of the integral, the substitution z =
(?/2 was carried out in the second line, and the final step is obtained from
integration by parts. Note that the first inequality follows from the fact that
Z(t,¢) is bounded,

Z(t,¢)] < /

Ve SN2 u(vtu) du < / u(x)de = 1. (4.4.3)
RN

RN

Integrals of this form appear repeatedly in this derivation. Thus, it is
convenient to have the general expression
1 2 te2 r_
— [ e g(Qup(Q) d¢ = O(eT" 2 (1e) AR - (44.4)
€8 J¢>vte
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provided that g(¢{) ~ (" for large ¢, which is derived using the procedure
that leads to Eq. (4.4.2).

Using Eq. (4.3.12), one may separate the integral over the region ¢ <
evt, Ji, into the part that corresponds to the cosine (J.os), the part that
corresponds to the sine (Jiy,), and the part that corresponds to the lower-
order terms (7,). After extending the domain of integration to R at the
expense of the error term from Eq. (4.4.4) with r = 0, the first integral reads

1 . . .
cos — E RN e_Cg/QVB(emR( + e_IUR.C)Vﬁel\/Bv.Cw/B(C) d¢
+ O(e 712 (1e2)BHN=2/2) - (4.4.5)
Using Eq. (2.5.8), this integral can be evaluated immediately, yielding
Teos = € WRHI20 cosh(y/Bug - v) + O(e 72 (te2) P HN=2/2) " (4.4.6)
The integral Jg, can be evaluated in a similar manner as
Tain = ¢~ @2y sinh(v/Buy - v) + O(e 2 (te2) D HN=2/2) - (4.4.7)
The final integral 7, is also calculated using Eq. (4.4.4):
O[é?]
Cs
1

sl /RN e YV Gy () A + O (162) N -272)

o= 2 [ ey () dg
¢<te
= O[]/ + O(e "2 (1e%) TN =2/2)] - (4.4.8)

For a very large value of te?, the term O(e'’/2(te?)(#+N=2)/2) can be
neglected. For this regime, the result is

J(t,v) = e P2 {e/2V; cosh(y/Bug - v)
+ e_“%/2V5 sinh(y/Bur - v) + O[]} (4.4.9)

Let us recall from Eq. (4.3.12) that this result holds only when the conditions
te? > 1 and tuge’ =€(s) +7.) < 1 (4.4.10)

are satisfied. From Eqs. (4.3.10), (4.3.11), and (4.4.9), it is clear that
I (t,v) = e /2, (4.4.11)
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as expected.

The second objective of this derivation is, then, to find a lower bound
on the time required to reach the steady state. Because t is required to be
large in the previous result, additional approximations can be made. The
expression Vg cosh(ug - v) for ugv < 1 is approximated by noticing that the

function
2.2

g(v,uR) = exp [ﬁ] (4.4.12)

behaves roughly like Vs cosh(ug - v) in the following sense. Consider the

expression
N

Z T?Vj cosh(ug - v)|c=o = ug, (4.4.13)

J=1

where the Dunkl operators act on v. A straightforward calculation gives

Mg, ur) = "2 [”2“21‘ + N|g(¢, ur) (4.4.14)
vg,R_N‘i‘B’YN‘i‘ﬁ’Y g\§, UR -E.
and V.4 ) B
- Vg U, UuUg TUR
= 4.4.1
B Y la)——" N 59 un) (4.4.15)
acR
which yields
N
S T2g(0, un)lom = - (4.4.16)
j=1

It follows that g(v,ur) reproduces the isotropic part of the second-order
term of Vj cosh(ug - v) at v = 0. Consequently, the combination of ¢(¢, ug)
and Eq. (4.3.30) gives an approximation of the hyperbolic sine and cosine
terms that is only accurate up to first order, but which is still better than a
simple first-order approximation:

e5”2/2j(t, v)—0(?) = e_“i/ZVB cosh(\/BuR ‘v)+ e_“?/QVB sinh(\/Bul ‘)

B u? Bv’ w2 [VBwy - v
=ew |5 (g g )|t Ty g, VP v rouin,
(4.4.17)

The choice of the function g(v,ug) is motivated by the fact that if the
approximation is carried out up to first order, the information concerning the
second moments of p(x) is lost. Approximating the function Vj cosh(ug - v)
using an isotropic function such as g(v,ugr) neglects the anisotropies that
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correspond to the vector ur as well as those that correspond to the inter-
twining operator, but it also allows one to have an approximate form of the
hyperbolic functions which carries additional information about the initial
distribution.

To estimate the relaxation time, consider a test function h(v) with a
power-law asymptotic behavior h(v) ~ v" when v is very large. Define the
expectation of h over the steady-state distribution by

(h) = / () fa(B.0) do (4.4.18)
R
Then, the expectation of h before the steady-state is achieved is given by
1
)y = / h(v)ws(0) T (£, v) dv. (4.4.19)
Zﬁ RN

Equation (4.4.17) can only be used if the inequality

(s + Z2) fv? <
t
is satisfied. Therefore, the integral (4.4.19) can be divided into the region
where v < nﬁ and the region where v > 77\/%, where it is assumed that
n\/f > 1.
Denote the integral over the former region by Ky and the latter by KCs.
After making the substitution v’ = v/Bv, the integral over the outer region
is given by

1 (4.4.20)

1 /
< [ (o) e Y o )
v'>n
+ ¢ U2V, sinh(u; - v) + O[]} dv’

C © ! !
< K (U/)ﬁ'erNfl(U//\/B)r{ef(v —uR)2/2/2 + ef(v 7u1)2/2/2

¢ JnvBt
+ e RO} do'. (4.4.21)

For the final expression, the asymptotic form of hA(v) was used, as well as the
bounds and asymptotic forms for v > 1

|V cosh(ug - v')| < cosh(ugv') ~ exp(ugv’)/2, (4.4.22)
|V sinh(uy - v')| < sinh(upo’) ~ exp(uv’) /2. (4.4.23)

The coefficient C represents the value of the angular integral. By Eq. (4.4.4),
one obtains

Ky = Ol 02 (12 gty r+N+1=2)/2g=r/2(1 4 2)], (4.4.24)
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Therefore, one must assume that ny/Ft > 1 in order to neglect the terms
with exponential decay.

The inner integral is divided into the lower-order (/C,), sine (Kgn) and
cosine (ICeosn) terms. Unless otherwise noted, exponentially decreasing cor-
rection terms (e.g., the correction in Eq. (4.4.24)) will be implicit in each of
the expressions that follow. The lower-order integral is immediate,

O(€) + O(Bn*)
Cg

K, = [ b vBus(e)e v
v <n\/Bt
— WO + (AR (44.25)

The sine term becomes, assuming that n < 1/,/ ﬂ:fi,

1 p
,Csinh == h<vl/\/g)wﬁ(vl)e_(v )2/2
C8 Jov'<n/BE
/
7u2/2[ U - Yy _ ,} ,
Xe | ——— 4+ u v | dv'. (4.4.26
T Gy U] dv (4:420)

Within this region of integration, the bound

Uy - v|,| / 77\//B ‘%ill _9
—_— . < + 4.4.27
Lt Byjde = g, [1 + By /dg ] (4.4.27)
is satisfied. This means that

where the correction term comes from Eq. (4.4.27), and (h) comes from
Eq. (4.4.26) after taking uy — 0 due to the inequality (4.4.10). The cosine
term becomes, after using Eq. (4.4.12),
1 (v')? §2 4 12
Keosh = — h(v' A/ B)ws(v') exp [— (1 — u)] dov’
CB Jov'<n/BE g 2 t<ﬁ7 + N)
x e Lt/ — (p). (4.4.29)

For the last equality, Eq. (4.4.10) has been used. Finally, adding all the terms
and discarding higher orders of ¢ and 7 yields

(h)y = (W1 +O(n\/B) + O()], (4.4.30)

provided that all of the following assumptions are satisfied,

t> s +7, E€t>1, 2> 41,
?pt> 1, nt>1, n > B(s,+1.). (44.31)
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Therefore, the distribution must be relaxed to the steady state for ¢ > (si +
z7,) max|[1, 5]. The statement follows. O

While the time bound in Theorem 4.2.1 guarantees the relaxation of the
system to the steady state, it is not a true estimation of the relaxation time.
The time bound estimated here implies that as 5 grows, a longer time is
required for the system to relax in general. This is not true at least in the
freezing limit, where the system achieves the steady state instantaneously.
This property of Dunkl processes in the freezing limit will be proved in Chap-
ter 5. If one assumes a smooth change of behavior from a Dunkl process as (8
changes, then it seems reasonable to believe that Dunkl processes reach the
steady state in a small time for large values of 8. This means that there exists
an estimation of the relaxation time that can be achieved by making some
assumptions on the initial distribution, e.g. compact support, exponential
decay at large @, etc. The result presented here, however, only requires ()
to have finite second moments, and in consequence gives a time bound that
seems to exceed the actual relaxation time of the system.

It is also worth noting that Eq. (4.4.27) is responsible for the highest-
order correction. Because 1+ 3v/dg > 1, the largest correction is caused by
the component of &, that is orthogonal to the root system. This means that
if the mean of u(x) has a large component in the space that is orthogonal to
Span(R), the Dunkl process will take a long time to reach the steady state.
This fact will be illustrated using numerical simulations of the interacting
Brownian motions in Chapter 6. In addition, if &,; = 0, the correction
due to Eq. (4.4.27) decreases in magnitude as J grows. Therefore, Dunkl
processes on a root system of full rank converge more rapidly to the steady
state at large § than on a root system with dg < N in general.
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Chapter 5

Freezing regime in an arbitrary
root system

The discussion from the previous chapter was focused on how Dunkl pro-
cesses behave after a long time, in which case their distribution functions do
not depend on the initial distribution. Here, the focus is shifted to the situ-
ation in which the inverse temperature tends to infinity (the freezing limit).
In this case, Dunkl processes attain their steady state instantly, and their
distribution is given by a sum of delta functions localized in the peak set
of R in general [68]. In some particular cases, such as the root systems A
and B, these sets of points are identified as the solution of certain log-Fekete
problems as mentioned in Chapter 3 [72].

5.1 Setting

In this case, it is convenient to use Eq. (2.7.6) to express the probability
distribution of the Dunkl process with the initial distribution (),

_ Yy e_y2/2t —x2 /2t -y
f(t,y)dy = wg (\7) A o e Vs exp <T> p(x) de dy.
(5.1.1)
The objective in this chapter is to calculate how the scaled distribution

—pv2/2 )
b /Bro) (30 dw = 2 [ ey ) o
B RN

:fR('v)/ e_x2/2tvgem'”\/ﬁ_/tu(w)dwdv (5.1.2)
RN

behaves as f — co. As mentioned in Chap. 3, the peak set of the root system
R is defined as the set of vectors {sl}‘l‘ﬂ where the function Fg(v, ) attains
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its minima [68]. Assume that the mean and variance of the distribution p(x)
are given by &, and s> (Egs. (4.2.7) and (4.2.8) respectively). The freezing
limit of a Dunkl process is given by the following.

Theorem 5.1.1. In the limit where § — oo, the scaled probability distribu-
tion of a Dunkl process for t > 0 is given by

W]
T f(t,v/Br0)(50)12 do = |—V1V| 36 (v — 5,) do. (5.1.3)
i=1

Two remarks are required to give adequate meaning to the statement
in Theorem 5.1.1. The first remark is that the freezing limit depicted in
Eq. (5.1.3) is derived from the scaled distribution f(t,/Btv)(8t)N/? and
not from the steady-state distribution fr(v). In fact, due to Eq. (5.1.2)
the freezing limit of f(t,/Btv)(Bt)N/? is obtained from the freezing limit of
fr(v) and of the integral over u(x)

/ e VI () da. (5.1.4)
RN

It will be shown in Lemma 5.3.1 that the freezing limit of fr(v) is the sum
of delta functions on the r.h.s. of Eq. (5.1.3), while this integral tends to one
when v = s; as f — oo.

The second remark is that, because f(t, v/Btv)(5t)N/? and fr(v) are equal
in the freezing limit for ¢ > 0, it follows that scaled Dunkl processes relax
to the steady state instantaneously when f — oo. This statement is given
a physical meaning as follows. Recalling the SDE of radial Dunkl processes,
Eq. (4.1.1), the SDE of the scaled process Y; = X;/+/B can be easily found
to be

_dB, 1 Kla)a
1Y, = 73 +5 > Wdt. (5.1.5)

acRy
From the Smoluchowski-Kramers approximation [87, 88], this process can
be interpreted as a particle of negligible mass inside a viscous fluid in N
dimensions. The particle interacts with an external force —V ® with potential

d(v) = —log [ H o - v|K@/2] (5.1.6)

acRy

and with the component particles of the background fluid through thermal
(probabilistic) collisions. The second interaction is represented here by the
term dB;/+/3. From this point of view, the freezing limit corresponds to the
situation in which the thermal vibration of the particles of the background
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fluid is negligible. Because Y; = X;/y/3, the initial condition X, = x is
translated to Yy = x/+/B, and it follows that in the freezing limit Yy = 0
for any « finite. This means that when 8 — oo the process Y; always starts
from the origin, and because in this regime the motion of Y; is deterministic,
its trajectory is independent of the initial condition on X;. To see this in
Eq. (5.1.3), it suffices to make u = v/tv to obtain

W]

T f(t,v/Bu)(5) du = |—Ml/’ S 60 (w — Vis;) du. (5.1.7)
i=1

Therefore, the path of the process Y; in the freezing limit is reduced to a
deterministic set of curves that are independent of the initial distribution.
This is because in the scale of Y;, the initial condition p(x) is reduced to
a delta function at the origin as f — oo. The mathematical basis for this
assertion is given by the procedure in Section 5.4 using the variable substitu-
tions u = v/v/t and = /B€, and it is omitted for brevity. After this long
consideration, it can be concluded that Dunkl processes in the freezing limit
relax instantaneously because at times ¢ > 0 an initial distribution pu(x) is
localized close to the origin when viewed from the scale of v = y/1/Bt. Con-
sequently, the drift terms of the process are significantly stronger than the
thermal fluctuations, which in turn allows the system to achieve the steady
state faster as [ grows to infinity.

5.2 The Dunkl kernel in the freezing regime

Before tackling the proof of Thm. (5.1.1), it is necessary to investigate the
behavior of the integral in Eq. (5.1.2), which in turn involves the behavior
of the Dunkl kernel as 3 tends to infinity. The objective of this section is to
derive the form of the Dunkl kernel in this regime. Define the limit

Voo f(x) = Bh_)rglo Vaf(x) (5.2.1)

for functions f(x) € Ay, where the set A, is defined in Egs. (2.4.3) and
(2.4.4).

Lemma 5.2.1. The function V. f(x) is W -invariant.

Proof. Consider Eq. (2.4.1) divided by . Arranging terms, one obtains

% Vﬁaif(w) = angf(a:)} :% > ozm(a)(l — ‘Z‘?‘fﬂm) (5.2.2)

acRy
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for i = 1,...,N. Due to the boundedness of V5 (Eq. (2.4.8)), which is
independent of 3, the term on the Lh.s. tends to 0 when  — oco. Therefore,
in the freezing limit the term on the r.h.s. must vanish for any multiplicity
function k() and any f(x) € Ajy. This means that Vo f(x) = Vi f(0a)
for any a, which implies that V., f(2) must be W-invariant. O

As a consequence of Lemma 5.2.1, it is necessary to find first- and second-
order combinations of Dunkl operators that preserve the W-invariance. These
operators will be the main tools in the derivation of the Dunkl kernel in the
freezing regime. For the first-order case, one has the following.

Lemma 5.2.2. Full-rank root systems do not have first-order operators which
preserve the W-invariance. For root systems that are not of full rank, any
operator of the form ZZ]\LI &T; with € = (&1,...,&n)T orthogonal to Span(R)
preserves the W -invariance.

Proof. Suppose that the function f(x) is W-invariant. The objective is to
find out whether

Tef@) =€ Vi@ + 0 Y (€ anie) =724

acR

is W-invariant. The sum on the r.h.s. vanishes because f(x) = f(oqx) for
a € R, and thus

Tef(x) = € V(). (5.2.4)
From Eq. (2.1.8), for p € W,
p[aiif(w)} - %’E;L%“;j. (5.2.5)

Then, with p; denoting the ¢th column of the matrix representation of p, one
has the equation

p[aiif(w)} =pi-Vpf(@)] = pi- V[(z). (5.2.6)

For the r.h.s. of Eq. (5.2.4) to be W-invariant, it is required that

£ V@) =g Vi Z@p[ (2)| = lo€] - Vf@)  (5.27)

for any p € W. This means that & preserves the W-invariance of f only when
p€ = £, That is, 0,&€ = & (Yo € R), which means that & must be orthogonal
to all the roots in R. The result follows. O]
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Out of all the second-order combinations of Dunkl operators, the Dunkl
Laplacian is the only one which has the following property.

Lemma 5.2.3. The Dunkl Laplacian preserves the W -invariance for any
root system.

Proof. For f(x) W-invariant and an arbitrary real symmetric matrix [A];; =
a;j, the following expression holds,

82
> aTTif (@) = > a“[m

1<ij<N 1<ij<N

+ = Z Oéi/i(a)l _.Ua i] f(x). (5.2.8)

The other terms vanish due to the W-invariance of f. The objective is to find
conditions on the matrix A which make the Lh.s. of Eq. (5.2.8) W-invariant.
Each term in the r.h.s. must preserve the W-invariance of f. Therefore, one
may examine each term separately.

Consider the first term in the expression. Suppose that p € W. Using
Eq. (5.2.6) and the W-invariance of f, one obtains:

0? 0?
3 aij—axiaxjﬂm):p[ 3 a,-j—amiaxjﬂw)}

1<ij<N

1<4,j<N
o 0
_ a2 Y
= 2 " Ay 5 /(@) (5:29)
1<i,j<N
Then, for any p € W,
A= plAp. (5.2.10)

Consider now the second term. In general,

| 3 et S G = 3 st ey (@)

ol o - Oz ol (pa) - x
’ 1-— Oq/
= Y [pi-afr(c) o P V(@) (5.2.11)
o’eR

Here, Eq. (5.2.6) has been used, and in the last line the roots &’ = pa have
been defined. The second term transformed by p, including the sum over ¢

95



and j, becomes

— 040
0 ] X a2 g”(‘?”)]
1<i,j<N a€ER, o T3
— O A

a€R+

pAp al-Vf(x). (5.2.12)

Thus, if the second term is W-invariant, the following condition must hold:
A 0] W f(x) = 0 3 nle) [ Aa] -V f(a)
K . )
ol T

8
7 2 Al 3 o

OLER+ acR4

(5.2.13)

This means that for both terms in Eq. (5.2.8) to be W-invariant, the
condition given by Eq. (5.2.10) must hold. For root systems with dg = N
this condition is only satisfied by A = ¢l with ¢ € R. When dg < N, one
requires A = (cly,) ® A’. That is, A must behave like an identity matrix in
the subspace Span(R) and like an arbitrary symmetric matrix in the subspace
that is orthogonal to Span(R). Setting A = I in Eq. (5.2.8) yields the Dunkl
Laplacian, which satisfies Eq. (5.2.10) for all root systems. ]

From the previous two lemmas, it is clear that the behavior of the Dunkl
kernel depends on the rank of the root system. Consider a root system of
rank less than N. Then, one may consider the basis used for Lemma 4.3.1,
{&:}Y,. In this case, the Dunkl kernel in the freezing limit is given by the
following simple form.

Lemma 5.2.4. For root systems with dg < N, the freezing limit of the Dunkl
kernel is given by

Voo €™ = lim V3e®¥ = exp [ Z (- ;) - y)] (5.2.14)

B—o0
dr<i<N

Proof. For this derivation, denote V,.e®¥ by g(x,y). By Lemma 5.2.1, the
function g(,y) must be W-invariant. At the same time, by definition,

TgVﬁem'y = f . yVBGm'y (5215)

for all 3 > 0 and & € RY. However, by Lemma 5.2.2, the operator T¢ does
not preserve W-invariance unless &€ is orthogonal to Span(R). Therefore,
Eq. (5.2.15) only holds in the limit 5 — oo when £ is a linear combination
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of {¢p;}ap<i<n, otherwise it must be zero because W-invariant and non-W-
invariant quantities cannot be identically equal.
For dr < 7 < N, one has

1— o0,

acRy

a-x
because ¢; - a =0 Vo € R, dp < j < N. Then, when 8 — oo,

¢;-Vy(x,y) = (¢, ylg(z,y) (5.2.17)

for every dp < j < N. Consider the orthogonal map Z such that [Z];; =
Cij = [¢;]; and define u,v € RY such that

x=7u <= u=27"z, (5.2.18)
y=7v <= v=27"y. (5.2.19)

Define gz(u,v) = g(x,y). Then, Eq. (5.2.17) becomes

a—ujgz(u,'v) = (5.2.20)

0 vigz(uw,v) ifdgr <j <N,
0 otherwise.

Keeping in mind the condition ¢(0,y) = 1, the solution is
gz(u,v) = exp [ Z uivi], (5.2.21)
dp<i<N
and the proof is completed by transforming « and v back into  and y. [

The freezing limit of the Dunkl kernel for root systems of full rank takes
a different form, and it is non-trivial only when its arguments are scaled by

a factor of v/B.

Lemma 5.2.5. For root systems with dg = N, Voo €®Y = 1. Furthermore,

\/B 3:2?/2
lim V,eVPey — [ ] 5.2.22
51—{20 pe P 2y ( )

Proof. The first part of the statement follows from Lemma 5.2.2 and the nor-
malization of the intertwining operator (V31 = 1 Y/3). Thus, in the expansion

Vae™ = 3V (@ f’) , (5.2.23)

n=0
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all terms vanish as  — oo except for the zeroth order term which is equal
to one.

To prove the second part of the statement, the decay with 3 of each of
the terms in this expansion is derived. By Lemma 4.3.1, the first order term
is

-y flage Nz -y Nl

Ve -y TN 5 5 (5.2.24)
By Lemma 5.2.1, the freezing limit eliminates the non-WW-invariant part of
Vgexp(x - y) faster than its W-invariant part. Consequently, the slowest
decay for each of the terms in Eq. (5.2.23) is obtained by using the Dunkl
Laplacian, which relates higher-order terms with lower-order terms while
conserving their W-invariance (Lemma 5.2.3).

In general, each term in the expansion (5.2.23) satisfies

= A+ Y sle(SY - Gty et

a-x 2 (a-x)? n!

v (x-y

EVB (n —2)!

)n—2

acRy

(5.2.25)

for n > 1. Here, the mathematical induction method is used. Assume that

. 2m 1 2m—+1 1
Vgﬂ ~— and Vj

emy " m

and note that these assumptions hold for m = 0. Because spatial partial
derivatives and o, do not have an effect on 3, one may write

> w5y ) A

acRy

(z-y)

@m+ 1) pmit (5.2.26)

n—2

= sl gy - av

arge 1 Sy ;1 fi =2 +1 ,

ey, (@y) NS S (m+1) (5.2.27)

By induction, Eq. (5.2.26) holds for m > 0. Then, it follows that

B ()"
Vi————— 5.2.28
converges to a non-zero value as § — oo and that
m+1/2 . 2m+1 1 o
y, ey L s (5.2.29)
(2m + 1)! Vi3
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In other words, the terms of odd orders vanish in the limit.
Define the freezing limit of the scaled even terms of the expansion (5.2.23)
by

(5.2.30)

These functions, by Lemma 5.2.1, are W-invariant. Multiplying Eq. (5.2.25)
by ™ with n = 2m gives

Bm—l<w . y)Q(m—l)
VG m = 1)

[ S (5 - T I g G231

acRy

Taking the freezing limit of this equation yields

P Lna(zy) = Y wle) ™ ij;(””y). (5.2.32)
aERy
This equation has the boundary condition
L, (0,y) = do.m. (5.2.33)
Let us assume the following solution,
Lon(2,y) = % (x;f)m (5.2.34)

It satisfies the boundary condition (5.2.33), and inserting it into Eq. (5.2.32)
gives

2

Y w(e) 2 V@Y ) S se) = v L(@y)

a-x
acR acR
(5.2.35)
for all m > 0. Thus, summing up over m the Lemma is proved, i.e.,
00 22y
B—00 s 2’}/ ]

In addition to this lemma, it is possible to consider Eq. (5.2.22) when [ is
large but finite. By Lemma 5.2.1, the non-W-invariant part of Vs exp[y/Bz-y]
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can be neglected. The result of applying the Dunkl Laplacian to the scaled
Dunkl kernel yields the equation

Y2 VeVPry — [%A—i— Z m(a)(iiZ)]Vge‘/E”y (5.2.37)

acRy

after dividing by 8. In view of Eq. (5.2.22), the form exp[z?y?/2n] with
n > 0 is a reasonable approximation to the solution of this equation for large
B. Inserting this form in Eq. (5.2.37) gives the following equation for 7,

1 3 large 2 292
n=—[N+8y+ N+ B2+ 4822~ 1 [T+ T (5238
203 2 4 6]
From this relation, it follows that
limn = 7, (5.2.39)

B—00

B,x large

n'"w~ ay/\/B. (5.2.40)

Thus, for a finite

B large :L‘zyz
V. y] "R S — 5.2.41
sesplv/a -y & e |5 | (5.2.41)
where 3 is given by
2,,2 h
N (5.2.42)
zy/\/ B when z > /f.

The arguments of the Dunkl kernel that appears inside the integral in
Eq. (5.1.2) are scaled as v(3/t)"/2. Thus, it is necessary to estimate an
expression for this scaled Dunkl kernel to prove Thm. 5.1.1. To estimate
this limit one must be careful when replacing & by +/fz in Eq. (5.2.14).
Equation (5.2.22) results from such a scaling, and it contains §-independent
terms. Therefore, it is expected that replacing & by v/Bzx in Eq. (5.2.14)
produces additional terms which correspond to @) and y.

Lemma 5.2.6. The Dunkl kernel in the freezing regime is given by the ex-
pression

large

Vi e [ s e+

i) (5.2.43)
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Proof. Consider the scaled Dunkl kernel
E(x,y) = VgeVP=y, (5.2.44)
By definition, E(x,y) must satisfy the following two equations:
TeE(x.y) = V/BE - yE(z.y), (5.2.45)
ﬁ:TfE@:,y) = By’ E(z, y). (5.2.46)
i=1
Let us transform the vectors  and y into w and v by using Egs. (5.2.18)
and (5.2.19). Define the transformed Dunkl kernel by
Ez(u,v) = E(x,y). (5.2.47)

The various operators that appear in the Dunkl operators are transformed
as follows: the directional derivative becomes

£-VE(x,y) = (Z27¢) - V,Ez(u,v), (5.2.48)

and the reflection operator turns into

oaB(z,y) = E(cax,y) = Ez(Z" 00 Zu, v)
= Ez(0zrqu,v) = 0zrq Ez(u,v). (5.2.49)

Using these transformations, the Dunkl operator T¢ becomes

LeE(@,y) = (27€)- VuEsu,v) + 5 3 € alr(@) 22" B (u,v)

2 (ZTa) -
acRy
11— [6
= (Z27¢) - VuEz(u,v) + g Z [(Z7€) - azlrz(az) aZ?uZ Ez(u,v).
azERz+
(5.2.50)
In the last line, the root system R is given by

Ry ={az=7"a:ac R}, (5.2.51)

and its corresponding multiplicity function is defined so that kz(az) = k().
Because the last N — dp vectors of the basis {¢;}¥, are orthogonal to
Span(R), [az]; =0 for dg < j < N:

N N

laz]; =27 a); = Z[Z]ij@i = Z[¢j]iai =¢;-a=0. (5.2.52)

i=1 i=1
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Thus, if £ = ¢;, then ZT¢ = e; and the Dunkl operator becomes

T¢iE(m7 y) =
0 1-—
TZ’Z‘Ez(’U,,’U) = |:8ul Z Oézlliz(az) g -u Ez(’u, ’U) (5 2. 53)
azeRz+
when 1 <14 < dp, and the variables ug,41,...,uy do not appear in the dot

products az - u.
When dr < i < N, the Dunkl operators become partial derivatives,

9 Bylu,v). (5.2.54)

)

TZ,iEZ(u7 ’U) =

Because of the property (5.2.52), the Dunkl operators T, act only on the
space Span(R) for 1 <1i < dg. Thus, one may use the method of separation
of variables.

Define Fz(uy,v)) and Gz(u,,v ) with the vectors uj = (w1, ..., uq,)",
U = (Udpit,--- ,uN)T and similar expressions for v) and v, , such that
Ez(u,v) = Fz(u),v))Gz(uy,v,). (5.2.55)

Then, for dgp <i < N, Eq. (5.2.45) reads,

0
0ui

GZ('U/J_, 'UJ_) = \/B(ﬁz . (ZT'UJ_)GZ(’U,J_, 'UJ_) = \/E/UiGZ('UIJ_, 'UJ_). (5256)
This is nothing but Eq. (5.2.20) scaled up by a factor of v/f,

Gz(u,,v,) =exp [\/E Z uivz} = exp[/Bu. - v,]. (5.2.57)

dr<i<N

The corresponding solution for Fz(w,v)) is obtained as in Lemma 5.2.5.
Because the Dunkl Laplacian is independent of the orthogonal basis (see
Eq. (2.2.7)), one may write Eq. (5.2.46) as

N N
BV’ Ez(u,v) = By’ E(w,y) = > Ty, =Y T3,Es(u,v)
=1 =1
N 92

= ZTZlEZ u,v) Z (u,v). (5.2.58)

=1
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Because v* = vf + v7,

dr
1
D T2 Fz(wy,v)) — fuf =
FZ(“IIv”Il); zifz(wy,v) = B
N
! & -
puL Gz(u,,v)) Z aUQGZ(uJ_a'UJ_)—C, (5.2.59)

i=dr+1 @

where ¢ is a constant. From Eq. (5.2.57) it is found that ¢ = 0, so the
equation for Fy(u,v) is

dr
> T5iFs(uy,v)) = Buf Fa(uy,v)). (5.2.60)

1=1

By Eq. (5.2.41), for large values of 3,

Fylup,vp) "~ exp [ﬂ] (5.2.61)
’ 2(v+ep)d’
where limg_,o, €5 = 0. Reassembling E(x,y) yields the result. ]

With the asymptotic form in Eq. (5.2.43) and using Egs. (4.2.2) and
(4.2.4), one may rewrite Eq. (5.1.2) as follows,

F(t, /Bto) (BN dv

lar *BFR('UW”) $2U2
B8 ége e / e—x2/2t exp [\/ij‘ o + ¢} M(a’:) dx dv.
2, o t 2(y +ep)t

(5.2.62)

5.3 Steady-state distribution as § — oo

In this section, the objective will be to examine the behavior of the steady-

state distribution
efﬁFR (U,f{)

fr(v, ) = ——— (5.3.1)
<8
in the freezing regime. Intuitively, it is clear that as § grows, this distri-
bution will take large values near the minima of Fg(v, ) and small values
everywhere else. Denote any vector where Fr(v, k) attains a minimum by s.
Then, one has the following result.
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Lemma 5.3.1. In the freezing regime, the distribution fr(v, ) has the form

ﬁN/Q det H _ T B%oo 1 (N
fr(v B)%N—E ¢ Blv—ps)” H(v—ps) § ¢ )v—ps
Y /2
TN2|W| fpere 1w e

(5.3.2)
Proof. When  takes on sufficiently large values, one may use a saddle-point

approximation to calculate zz. This, of course, requires knowledge of the
extrema of Fg(v, k) which occur at the solutions of

0 k(o) ,
anFR(v,rﬁ):vi—a;{%a'vaizo, 1<i<N. (5.3.3)

Denote one solution vector of these equations by s,
s = Z @a (5.3.4)
L 3.

Therefore, the vector s belongs to the linear envelope of the root system.
Note that s* = 7 because of Eq. (2.3.24),

SQZS-S:ZQ . ca= ) (5.3.5)

acR acRy

The elements of the Hessian matrix H(v) of Fg(v, k) are given by

[H(v)];; = a;javiFR(v,n) =0+ Y (Z(i‘))yamj. (5.3.6)

H(v) is a positive definite matrix for v - a # 0, because for £ € RV,

3 xixj%FR(v,/i):x2+ 3 MY o m2>0.  (5.37)

. 2
acRy <a v)

Therefore, all the extrema of Fr(v, k) are minima.
Taking p € W, one has

ps= > %pa: >

acR a’cR

= o 5.3.8
1a P Z o ps ( )

o’'eRy

P

Here, the substitution @’ = pa has been carried out. This means that ps
is also a solution of Eq. (5.3.3), and consequently, its solutions are related
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with each other by an element of the reflection group W. Therefore, there
are || solutions of Eq. (5.3.3). This set of solutions is called the peak set
of the reflection group W. Because Fg(v, k) is W-invariant, all the minima
have the same value.

One can approximate zg for large values of 3 as follows.

2 = / e PR qy |W|e_BFR(s’”)/
RN

- exp[—prTH(s)r/2]dr, (5.3.9)

where » = v — s. Because the Hessian matrix is positive definite and sym-
metric, all of its eigenvalues at the minima are positive. Therefore, one can
use an orthogonal coordinate transformation to solve this Gaussian integral.
The result is

2m
Zﬁ ~ | |e_6FR(s7H) H ,
" L1y3x

1=

where the {\;}¥, are the eigenvalues of H(s). Then, the steady-state distri-
bution is approximated as a sum of Gaussians as shown below,

(5.3.10)

N/2
~ @ Z efﬁ(v*ps)TH(Ufps)/Q.

fr(v,B) ~ VAT (5.3.11)

peEW

Note that the approximate distribution is normalized.

Finally, as § — oo each of the Gaussians tends to a delta function in
the sense of distributions. Therefore, the steady-state distribution tends to
a sum of delta functions centered at the peak set of W. ]

In order to prove Thm. 5.1.1, it is necessary to take into account the value
of the integral in Eq. (5.1.2) for § — oco. This value can be estimated by
investigating the variance of the steady-state distribution before taking the
freezing limit. From Eq. (5.3.11),

N
1 Ié] 2

2 dr ~ — 4/ = )\./ 26=BNT5/2 Qp.

/IR{NT fr(r+s,B)dr |W|\/2W;\/ i [ e r)

1 N
=— > X' (5312
pIwW] ="

which means that the typical deviation from any of the elements of the peak
set of W is of the order of 53~1/2.
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5.4 Proof of Theorem 5.1.1

First, the large-8 asymptotics of the scaled distribution are considered.
From Lemmas 5.2.6 and 5.3.1, one may write Eq. (5.1.2) in the approximated
form

detH )T
N/2 (v—ps)* H(v—ps)/2
Ft, /Bo) (BN dv ~ N/2|W| Z

—a? /2t B, . Gl A1
x/]RNe exp [\/Zau vl+2(7+€ﬁ)t}u(w)dwdv. (5.4.1)

If the root system is of full rank, then x;, = v, =0, ) = x, v = v, and the
integral over & tends to

2

/RN P [_ %25(1 Ty :}L 55)}#(:1:) de =3 1. (5.4.2)

The reason for this is that the approximating Gaussians of fr(v, ) have a
variance of order 37!, so v? = v+ O(B871), as given by Eq. (5.3.12), while
eg &~ xv/\/B at large values of x, which guarantees the convergence of the
integral.

On the other hand, if the root system is not of full rank, all vectors orthog-
onal to Span(R) are eigenvectors of H with eigenvalue one. Consequently,

(v +vi —ps) H(v+ v, —ps) =v] + (v — ps) H(v — ps), (5.4.3)

and
dr
Br/2 1/2 — B(v)—ps)T _
PO 0 % i T 3 et o
peEW
/B(N_dR)/z / 7&( _ 2 JZ” H

« vy -z [V/Bt)?/2 [__<1 ﬂ dx dv.

RN R RSTA I I (@) dz dv

(5.4.4)

The part of the integral that depends on x| and v behaves like Eq. (5.4.2).
This means that the only part that needs to be calculated is the part that
depends on x; and v, .

Consider a test function ¢(v ) and the integral

ﬁ(N dr)/2

— —B(vi—z1 /VBT)?/2
(2m)(N—=dr)/2 / dluL)e T dv,. (5.4.5)
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By choosing X > 1 such that X //8 < 1, the integral becomes (after setting

Yy =+/pPuL — a:L/\/f)

Wldmm [/MX + /y>X } Ol 5y +aL VeV dy. (5.4.6)

The inner region integral becomes ¢(0) as 8 — oo. The outer region in-
tegral tends to zero in the freezing regime as long as ¢(y) does not grow
exponentially when |y| is large,

1 —02
W/WX ¢[\/%(y+:m/\/£)]e y?/2 dy’

_ 2/4
s e e Y VB>X —00
< Sg}% ‘¢[\/B(y + wJ_/\/E)]e ‘ > X (271-)(N—dR)/2 dy — 0. (547)
Thus, in the sense of distributions,
N—dg)/2
p—an)/ —Blvi—w./VBD?/2 B0 §(N_dR)(va)' (5.4.8)

2mE-dn/2®
Finally, one obtains

Ld(N_dR)(,UL) Z (S(dR)(fu” — ps)dv (5.4.9)

£t /Bro) ey do =5
peEW

in the sense of distributions. Because (ps); = (ps) and (ps), = 0, this com-
pletes the proof. O
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Chapter 6

Limiting regimes for the
interacting Brownian motions
and Bessel processes

Keeping in line with the main motivation of this work, it is of interest
to investigate the results discussed in the previous chapter in the case of the
root systems of type A and B. The radial Dunkl processes in these two cases
correspond to the Dyson model and to the Wishart and Laguerre processes,
respectively.

6.1 Statement of results and numerical evi-
dence

Denote by hy = (hn1,- .., hn ) the vector of zeroes (in ascending order)
of the Nth Hermite polynomial Hy(z) defined by (see, e.g., [83])

H o N $2 dN —$2
v(z)=(-1)"e da:N(e ). (6.1.1)
Similarly, denote by lg\?‘) = (lg\%)p e ,lg\?i)N) the vector of zeroes of the associ-
ated Laguerre polynomial of parameter a, Lg\c;)(x), defined by

—z _ar7(a) _i i N —z,.N+a

e “xLy’(x) = N!(dx) (e Tz ™) (6.1.2)
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in ascending order. In addition, recall the function Fg, Eq. (4.2.2), for R = A
and B,

2
v
Fa(v) = 5 Z log |v; — vy, (6.1.3)
1<i<j<N
2wl &
Fp(v,v) = 5 g Zlog|vi| - Z log[v? — 7|, (6.1.4)
i=1 1<i<j<N

and an additional function for the interacting Bessel processes,

1

v?
Fg(v :3—§;logv - — (6.1.5)

which will be used for the limit ¥ — o0o. Define also the constants K4 and
KB by

N

N 1 o
Ka= Z(N—l)(l—i—logQ) b ;1 ilogi, (6.1.6)
N
N 1 o
Kp = E(N+V—1/2)—§§1210g2
L N
—3 g (v+i—1/2)log(v+1i—1/2). (6.1.7)

For the following statements, it is assumed that the processes start from
the arbitrary initial distributions p4(«) and pg(x), which have finite second
moments.

Proposition 6.1.1. For large values of B, the interacting Brownian motions
follow the steady-state distribution

N/2
Al(t, \/ﬁlf’v)(ﬁt)N/2 dv = N/ (;) e BlFa(v)—Ka] dv, (6.1.8)
T
and in the freezing limit B — oo,

4t /Bto) (BN dv =3 6™ (v — hy) dv. (6.1.9)

Proposition 6.1.2. For large values of 3, the interacting Bessel processes
follow the steady-state distribution

5(t, /Bto) (Bt)N* dv = NI(28)N/2 e AlFE@=KE] gy (6.1.10)
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and in the freezing limit f — oo,
5(t,/Bto) (BN dv =5 5N (v — v,y o x) d, (6.1.11)

with (ry_1/2,8)* = l,_1ja.n. In addition, as v — oo,

F(t, /Brtv) (Brt)N? dv =5 T 6(vi (6.1.12)

=1

These results follow from Thms. 4.2.1 and 5.1.1 with the exception of
the limit ¥ — oo for the interacting Bessel processes. Through numerical
simulations one may find evidence to support these claims.

Note that the limit ¥ — oo for the interacting Bessel processes corre-
sponds to the physical case of a QCD Dirac operator where the topological
charge is very large [48, 50].

6.1.1 Simulations of the interacting Brownian motions

First, consider the interacting Brownian motions. Denoting the positions
of the particles in this system by {X;;}Y |, and denoting by {B;;}Y, a set of
N independent one-dimensional Brownian motions, the SDEs for {X;,}¥,
are given by

B dt
dX;; = dB; — 1.1
2, 2,t + 2 Z X (6 3)

o it T Xt

J#
for 5 > 0 [89]. In the case where 8 = 0, there are collisions between particles
and there are local times associated with them which are not included in
Eq. (6.1.13). Keeping this in mind, the Euler method can be used to integrate
these SDEs and find the particle density (or one-point correlation function).
The results are as follows.

Consider the relaxation process that leads to Eq. (6.1.8). Figure 6.1.1
depicts the particle densities obtained by integrating the SDEs (6.1.13) for
a system of three particles starting from the positions &, = (0,1,2)” with
a time step of 2 x 107% and 8 = 2, at a resolution of 1072. Here, the final
positions were scaled down by a factor of \/Bt = v/2t. One can observe that
as the time duration t grows, the densities calculated from the simulation
data tend toward the exact particle density

A
o\ (y,t) =

2
—y2/2t
e |: 2

V(N — 1)IV2nt HN(%> B HN“(%> HN*I(

AE‘@
o
. N——
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Density of an interacting Brownian motion of 3 particles, beta=2
0.9

T
Simulation, t=1 ——
Simulation, t=10 ——
Simulation, t=100
Exact

0.8 |

0.7

0.6 |

0.5 |

Density

04

03

0.2 |

0.1

Scaled final positions

Figure 6.1.1: Simulated density of three interacting Brownian motions for
£ = 2 at varying time durations ¢, with final positions scaled down by a
factor of \/Bt = v/2t. The black solid line represents the exact density when
all particles start at the origin.

obtained from setting x = y/+/Bt = y/v/2t in Eq. (6.2.10) of [34] (see also [48,
p. 3063], fourth line) and from using the Christoffel-Darboux formula [83].
This density corresponds to the case where all particles start at the origin.
At t = 1, the general shape of the simulated density function is close to the
exact curve, but it is displaced because the initial position of the particles
still has an effect on the state of the system. As the time duration grows,
the density function converges slowly to 0](\’,4) (y,t); at t = 100, the density
function shows a good agreement with the exact curve.

In this case, Eq. (4.2.10) is interpreted as follows. The initial condition
considered here gives &, = (0,1,2)" and s, = 0. Because A is a root system
of rank N — 1, one has &, = (-1,0,1)" and @,, = (1,1,1)". For this
situation, Eq. (4.2.10) requires the condition ¢ > 10 to guarantee that the
system has reached the steady state.

However, it is necessary to consider the order of magnitude of the largest
correction, which is given by Eq. (4.4.27). Assuming the worst-case scenario
where ¢ = 10, the condition for n in Eq. (4.2.11) reads 1 > /0.1 ~ 0.32.
With these estimations, the leading-order correction given by Eq. (4.4.27) is
of order larger than 0.7, which is comparable to 1. This estimation of the
leading-order correction is quite large, and while the curves for ¢t = 10 and
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for the exact steady-state in Fig. 6.1.1 seem somewhat close, there is still
a visible difference between them. By comparison, taking ¢ = 100 gives a
best-case estimation of 7 = 0.1 and the correction becomes of order larger
than 7n/v/10 ~ 0.22, a much smaller correction. This means that Eq. (4.2.10)
gives a very rough estimation for the relaxation time, and that the relaxation
time for a given precision may surpass the value (s?, 4+ 77.) max][1, 3] greatly.

Interacting Brownian Motions with 7 Particles

9 T
beta=0.5
gl beta=2 i
beta=8 ——
beta=32 ———
7r beta=128 —— 1
6 - .
Z 5 1
(%]
qCJ
a 4r E
I N
3t I\ U
2 I 4 b M ™ B
N ™ ™ |
. | |
-3 -2 -1 0 1 2 3

Final positions/beta”2

Figure 6.1.2: Density of seven interacting Brownian motions for various val-
ues of 8 at t = 1, with final positions scaled down by a factor of /5t = /5.
The vertical lines represent the zeroes of Hr(x).

Consider now the freezing limit 5 — oo from Eq. (6.1.9). Figure 6.1.2 de-
picts the particle density of a series of interacting Brownian motions of seven
particles for various values of 5. To obtain these curves, the SDEs (6.1.13)
were integrated a total of 10° times for each curve, with a step size of 5x 107°
at a resolution of 1072 and a final time of ¢+ = 1; the final positions were scaled
down by a factor of \/3t = v/B. In order to guarantee a fast convergence to
the steady state, the initial positions were chosen as 0, 41072, 42 x 1072 and
+3 x 1072, Under these conditions, Z,, = 0, fi =28x%x107% and s, = 0,
which means that the interacting Brownian motions should reach the steady
state for ¢ > 2.8 x 1072 max[1, 8], which means that for 8 ~ 300 or less,
the distribution at ¢ = 1 must coincide with the steady-state distribution.
This assertion is supported by the simulations performed, as the curves in
Fig. 6.1.2 preserve this shape at ¢t = 2 (not shown).

These curves are consistent with the large-f asymptotics considered in
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[90] after multiplying the scaled final positions by a factor of 1/v/2N. This
fact is further evidence indicating the validity of the claim in Eq. (6.1.8).
Furthermore, it is clear that as § grows, the peaks in the density curves
become narrower and remain centered to the vertical lines, which represent
the location of the zeroes of the Hermite polynomial H7(x), h7. This supports
the claim in Eq. (6.1.9).

6.1.2 Simulations of the interacting Bessel processes

Similarly, one may consider the SDEs for the interacting Bessel processes,
denoted here by {V;;}Y,, for > 1,

N
Brov+1 1 1 1
d¥;s = dBy + 5| ( )|a. 6115
! ’t+2 2 }/it+z }/;t_Y}t+}/;t+}/;’t ( )
) j=1 ) ) ) )
J#i

Note that the two terms in the sum represent a repulsive interaction between
particles and their “mirror images” with respect to the origin, and that if the
particle-particle interaction terms were absent, these SDEs would reduce to
N independent Bessel processes [91]. Note also that the processes {V;3}X,
obey the SDEs that define the interacting squared Bessel processes which
result as the eigenvalue processes of the Wishart and Laguerre processes.
Therefore, the interacting Bessel processes are, for the purposes of this work,
equivalent to the interacting squared Bessel processes.

As with the interacting Brownian motions, let us consider the relax-
ation of the interacting Bessel processes to their steady state. To investigate
this regime, the SDEs (6.1.15) were integrated numerically using the Euler
method. The time evolution of a system of three particles starting at the
positions &, = (1,2,3)”7 was simulated a total number of 10° times, with
B = 2, a time step of 2 x 10~* and various final times; the final positions
were scaled down by a factor of /At = v/2t. The resulting particle density
functions (with a resolution of 1072) are depicted in Fig. 6.1.3. In the figure,
the solid black line represents the exact particle density in the case where all
particles start at the origin. The curve corresponds to the function

t)= ——ANILY(L)] + 2 (L), (L
N WD) = p i WV ()] I (G v (5

2 2 2 y2 v 9
_(N+1)LY (y—)L(”> (y—>}—(—> /2 (611
( + ) N+1 2t N—-1 2t y 2t € ) (6 6)
which is obtained from Eq. (31) of [48] and Eq. (5.13) of [53] applied to the
Laguerre case, while making the substitution z = y*/(8t) = y?/(2t).

73



As in Fig. 6.1.1, the density curves obtained from the simulation data
converge to the exact density as the time duration of the process grows, but
they do so faster than the interacting Brownian motions. Indeed, at t = 1
the effect of the initial positions of the particles is visible, but at t = 14 the
resulting curve is already very close to the exact density. This is in spite
of the fact that Eq. (4.2.10) requires t > 3(Z; + s7) = 28. The leading-
order correction from Eq. (4.4.27) for this system and the initial condition
considered is of order 217/+/7, and because n > t~'/2 = (14)~/2 ~ 0.27, this
correction is of order larger than 0.2. Note that ¢ = 100 was needed in the
case of the interacting Brownian motions in Fig. 6.1.1 to obtain a similar
correction. Therefore, it seems clear that the bound in Eq. (4.2.10) may not
work very well to estimate the time needed to reach the steady state in some
cases. In practice, a proper estimation of the relaxation time must depend on
the characteristics of the initial distribution and on the properties of the root
system, because of the form of the leading-order correction from Eq. (4.4.27).

Density of an interacting Bessel process of 3 particles, beta=2, nu+1/2=1

1.4 w
Simulation, t=1 ——
Simulation, t=14 ——
12 L Exact i

0.8 | i

Density

0.6 h

0.2 i

O 1 1 1
0 1 2 3 4 5

Scaled final positions

Figure 6.1.3: Density of three interacting Bessel processes for ¢ = 1 and 14 at
f =2 and v = 1/2, with final positions scaled down by a factor /St = V2t
The solid black line depicts the exact density when all particles start at the
origin.

Next, the freezing limit where § — oo is considered. As in Fig. 6.1.2,
the initial configuration of the system is chosen so that the relaxation time is
short. In this case, the initial configuration is &, = (1,2,3,4,5,6,7)7 x 1072,
and the SDEs (6.1.15) were integrated up to t = 1 with a step size of 2x 1074
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and v = 1/2 a total of 10° times, producing a plot with a resolution of
1072. Here, the final positions were scaled down by a factor of /Bt = /8.
The result is given in Fig. 6.1.4. From Eq. (4.2.10), it follows that the
system relaxes to the steady state at ¢ = B(EZ + si) =28x10?% <1
for this particular initial configuration. Therefore, the curves depicted in the
figure represent the steady-state particle density, and they are consistent with
the eigenvalue density of the S-Laguerre ensembles of random matrices [90],
after the variable substitution y; = v/A;t and the parameter transformation
a=PB(N+v—1/2+41/5)/2. Much like in Fig. 6.1.2, one can observe that
as [ grows, the peaks become narrower while staying centered around the
vertical lines, which represent the square root of the zeroes of the Laguerre
polynomial Lgo)(:v), lyo7. This evidence is clearly in favor of the claim in
Eq. (6.1.11).

Interacting Bessel Process with 7 Particles
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beta=0.5
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Figure 6.1.4: Density of seven interacting Bessel processes for various values
of fat t =1 and v = 1/2, with final positions scaled down by a factor of

VBt = /B. The vertical lines represent the zeroes of L;O) ().

In the same way, one can investigate the limit v — oo of the interacting
Bessel processes. As before, integrating the SDEs (6.1.15) a total of 10° times,
up to a time ¢ = 1/2 with 8 = 2 and initial configuration z,; = i x 1072, with
time increments of 2 x 107%, Fig. 6.1.5 can be produced. The final positions
were scaled down by a factor of \/Bvt = y/v. This time, it is clear that as v
grows, all particles tend to group up at the same scaled position. This is a
consequence of the fact that the interaction between particles (the two terms

5



in the sum in Eq. (6.1.15)) is rendered negligible due to the large value of v,
and the only part that remains is a set of independent Bessel processes with
a large Bessel index.

Interacting Bessel Process with 7 Particles
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Figure 6.1.5: Density of seven interacting Bessel processes for various values
of vat t = 1/2 and f = 2, with final positions scaled down by a factor of

B = /7.

With the result of these simulations, the claims from Props. 6.1.1 and 6.1.2
are illustrated and supported. An alternative derivation of these propositions
will be tackled in the rest of this chapter.

6.2 The intertwining operator for symmetric
polynomials

As stated in Chapter 4, the intertwining operator plays an important
role in the relaxation process that leads to the steady-state distributions of
the interacting Brownian motions and Bessel processes, as well as in their
behavior in the freezing regime. Here, the expressions for the intertwining
operators of type A and B for the case where they are applied on symmetric
polynomials are derived. In addition, simple examples of their effect on
symmetric polynomials are studied, and their form in the freezing limit § —
oo is calculated. Finally, the forms of the generalized Bessel functions of
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type A and B are calculated and shown to be consistent with the results
from Chapter 5.

6.2.1 Derivation

Using the fact that the interacting Brownian motions and Bessel processes
are equivalent to the radial Dunkl processes of type A and B, one may equate
their respective transition densities to deduce that [60, 63, 65]

Z Vael*Y = N!O]-"éz/ﬂ) (x,y), (6.2.1)
PESN
1 2 2
2 2" 2 2
pPEWEB
(6.2.2)
Here, the symbol (x)? denotes the vector (z%,...,2%)7, and the functions

oF? (@, y) and oF Y (b; x, y) are the generalized hypergeometric functions,
which are defined in terms of several quantities.

Consider the integer partitions, A, 7 and u, and the real parameter o > 0;
also, denote by |A| and [(\) the total sum and the length of the partition A,
respectively. The monomial symmetric functions are given by

mo(x) =Y [, (6.2.3)

o j=1

where the sum is taken over all permutations ¢ such that each monomial
N Tol) o Jiati
[[;=, 2,7 is distinct.
The Jack polynomials [92, p. 379] are denoted by

Py (@) = > usula)my (@), (6.2.4)

pz|pl=| Al
(<N

where uy, () is a triangular matrix, in the sense that u,,(a) is nonzero only
when p < A in the sense of the partial ordering of partitions defined in [92,
p. 7). In particular, w,, (o) = 1 for all @ > 0. It is known that the Jack
functions are part of the eigenfunctions of the periodic type-A Calogero-
Moser-Sutherland model [93]. They are also used to calculate the symmetric
eigenfunctions of the type-A Calogero-Moser system. The Jack function of
parameter o > 0, Pﬁa)(m), is defined as the polynomial eigenfunction of the
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operator [94]

N
2 4= _ T 9 ) ple)(g) — ()
(Zx DD S ,)PT () = E-o P\ (x)  (6.2.5)

2
i=1 Oz;  «

with eigenvalue

N

Ero=Y 7lrj—1-2(j —1)/o] + |7|(N —1). (6.2.6)

j=1

For an integer 0 < n < N, the elementary symmetric polynomial e, (x)

is given by
en(x) = Z H:L‘ZJ (6.2.7)
1<i1 <e<in <N j=1
For example, eg(x) = 1, e1(x) = Eiil Ti, e(x) = Yooy Tir; and

en(z) = [, ;. When the subscript of e is a partition, it is given by

I(7)
e-(x) = H e (). (6.2.8)

The Schur polynomial s, () is given by the Jacobi-Trudi formula [95, 92]

dety<; j<n[z] ]

(x) = ;- 6.2.9
S ( ) detlgi,jSN[af;‘v_Z] ( )

Depending on the value of the parameter o, the Jack polynomials become

the Schur, monomial and elementary symmetric polynomials as summarized
in Table 6.1.

Parameter Function Matrix Function name

« P(x)  um(e) Jack

0 e (x) A Elementary symmetric
1 s-(x) K\ Schur

00 m,(x) O Monomial symmetric

Table 6.1: Some special cases of the Jack polynomials. The matrices in the
third column relate the polynomials of the second column with the monomial
symmetric polynomials as in Eq. (6.2.4).
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If 7 is an integer partition, then the expression (i,7) € 7 implies that
1 <i<lI(r) and 1 < j < 7;. The functions ¢, («), ¢ («) are given by

co()= [] (aln—5)+7—i+1), (6.2.10)
(i,9)€T

c(a)= J] (aln—j+1)+7—1i), (6.2.11)
(3,9)€T

and the generalized Pochhammer symbol (b)(Ta) (with b > 0) is defined by
(b)(a)_ﬁf(b—(i—l)/antn) 621
T T-(-1)/a) o

With this, one can write the generalized hypergeometric functions as follows.

(@) (1 pl)
oF D (b2, y) Z > - CT a) Pr Cf)mﬂ)’ (v >, (6.2.13)
n= OTZ(T)<N T Oé ( (N/Oé)

|7[=n

F(g Z Z cT a) P (z )Pﬁa)(y)' (6.2.14)
n= OTZ(T)<N T Oé N/a)S_a)

|7[=n

The form of the intertwining operator is given in terms of the quantities
defined above as follows:

Proposition 6.2.1. The intertwining operators V4 and Vi have the following
explicit forms when they act on symmetric polynomials:

Vamy(x) = NXIM (A, N E e P x),(6.2.15

0 (2A)IM (A, N) ¢ (2/B)
Vmy[(2)7] = 22| T:I(TZKN o (2/B)
Ir1=IAl
un(2/8) P ()]
" (N2, o (Bl + N —1/2)/2 +1/2)%/%" (6.2.16)

Proof. Expanding both sides of Eqs. (6.2.1) and (6.2.2) in terms of symmet-
ric polynomials, and using the orthogonality relations obeyed by the Jack
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polynomials [92, p. 379] one may extract an explicit form for both V4 and
Vp.

Consider Vy first. Using the notation u! = Hé(ﬁ% f;!, the expansion of the
Lh.s. of Eq. (6.2.1) reads

Zepw_zz Z | Z HxP(JyJHT

pPESN pESN N= Oul(u <N TESN:
|u|=n 7(p) dlstlnct
1 N
— _ /"‘T(J) Hr(5)
SPOED o POl | E5N
wl(p) <N TESN: peSN j=1 =1
7(p) distinct
N
_ “p (3" K (j)
=2 { I } > H (6.2.17)
pl(p) <N peESN j'=1 T€SN:  j=1

7(p) distinct

The last line results from the substitutions j' = p(j) and p'(j’) = 7[p~*(j")].
The last term on the right is, by definition, m,(y). The term inside the braces
is equal to m,(x) multiplied by the number of non-distinct permutations of
L.

Let lé»‘ represent the multiplicity of the jth (distinct) part of u, where
the subscript P in [} refers to the number of distinct parts of . In the
cases where () < N, there are N — [(u) zero parts in p and therefore
I, = N — l(u) accounts for the multiplicity of zero parts in the first NV parts
of u. For example, if N =6 and = (5,3,2,2) = (5,3,2,2,0,0), then P =4
and I = 1,15 =1, 1§ =2 and I = 2. Using this notation one may define
the followmg multmomlal coefficient:

NI

M(/%N):m-

(6.2.18)
This function represents the number of distinct permutations of 1 when it is
considered as an N-dimensional vector.

Using (6.2.18), the Lh.s. of Eq. (6.2.1) becomes

D Vaetv =y N!m—“(y)VAmu(w). (6.2.19)

|
= ey M (1, N)

The next step is to eliminate the variable y using the orthogonality of
Jack polynomials. Insertion of the inverse of (6.2.4) in (6.2.19) after applying
V4 yields

S = Y A:,[AZA(—M S W) (28PN (). (62.20)
pESN pl(w)<N - ’

viv<p
v]=]ul
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Equating Eq. (6.2.20) and the r.h.s. of Eq. (6.2.1) gives

Vam, (@) -1 (2
,u(%:ﬁvm > (W w(2/8)PPP (y)

viv<p
v]=|pl

cr(2/5) P ()PP (y)

<NT

From the orthogonality of Jack functions [92] and the linearity of V4, which
acts only on «, we can equate the coefficients of the same Jack functions of
y to obtain

@™ur@/8), o e(2/) PP ()
u:l(%:SN M (i, N) Varm, ) = - (2/P) (ﬁN/Q)Q/B)' (6.2.22)
|pe|=]7]

This relation is solved for Vam, () if we apply the sum ) _u.,(2//5) on both
sides. The result is Eq. (6.2.15).

Similarly, an expression for Vz may be extracted from Eq. (6.2.2). The
first step is to expand »_ ., exp(x - py) in terms of symmetric polyno-
mials. All the elements of Wp can be written as compositions of variable
permutations and sign changes. Therefore,

Yere ¥ S LS T e 022

peWp PESN wil(p TESN: j=1s;=
7(p) distinct

The product over j vanishes when at least one of the parts of u is odd, so it
suffices to consider partitions with even parts. Then,

N N - N -
D=y ) > {ZH(%(J’)) ”T(”}H% v

pEWR wl(p) <N TESN: pESN j=1 j=1
7(p) distinct

_ 2V NI my,[(2)*]my[(y)°]
= > T M) (6.2.24)

wl(W) <N

Applying Vi on this result and inserting into (6.2.2) yields

2
(6.2.25)

my[(z)*m,[(y)?] , 3
VBN:Z(MZKN (QIU“)!M(,U,]\y[) :0‘/—:1( w <§(V—|—N—1/2)+

N —
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From (6.2.13) and the fact that the Jack polynomial P (x) is homogeneous
of degree |7|, one obtains

mu y)2] - 67(2/6)
VH%;N 'M 0, ) ‘%;N < (2/5)

9 PE [Py )]
2278y + N — 1/2)/2 + 1/2) ¥ (N g/2)@/7)

(6.2.26)

Next, using the inverse of the expansion of Jack polynomials into mono-
mial symmetric polynomials, Eq. (6.2.4), on the Lh.s. and equating the coef-
ficients of P [(y)?] gives

> L,

N 2u)!M (p, N)
||=|7|
¢, (2/5) 0 () /4]

)*
c(2/8) (g[u +N—-1/21+ %)(Z/B)(N’B)@/’B) (6.2.27)

Multiplying by > u-1(2/5) on both sides yields, finally, Eq. (6.2.16). H

Equations (6.2.15) and (6.2.16) can be used to obtain a clearer idea of
the action of the intertwining operators on symmetric polynomials. In the
simplest non-trivial case, one can consider the case where the partition A
is equal to (2,0,...) and study the effect of V4 on the equation mg(w) =
Zjv 7 =1 and the effect of Vg on the equation my[(x)?] = Z;V vz =1
In Chap. 5, the variables considered were often scaled up by a factor of /5.
The same scaling will be taken into account here. The transformed equations

are

N

1= VyBma(x) = fgﬁiz 2x§+6N+ 1 ZNZL‘ T, (6.2.28)
J <z<]<

352[(6 + 2) Zz 1 Z; + 26 Zl<z<y<N 2]
Blv+N—-1/2|+1)(Blv+ N —1/2] + 3)(BN +2)
(6.2.29)

1 = Vpfimol(z)?] =

The change in the surfaces defined by the lLh.s. of Egs. (6.2.28) and
(6.2.29) is depicted in Fig. 6.2.1. From the figure, two observations can
be made.

The first is that the intertwining operators stretch the surfaces in the fig-
ure in the directions covered by the span of the related Weyl group. Clearly,
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0

e

(d) ma(z)?] = 1 (c) Type By, =2 (f) Type By, B — o0

Figure 6.2.1: First row: effect of the intertwining operator of type As on the
equation fmy(x) = B30 2? = 1. Second row: effect of the intertwining
operator of type Bz on the equation 3?ms[(x)?] = 5° Z?:ﬂ?? = 1 with
v=1/2.

Wg is of full rank, and consequently, Vg stretches the cube-like surface de-
fined by the equation Zle r} = 1 into a sphere, as shown in Fig. 6.2.1(f).
At the same time, because W, = Sy is not of full rank, it only stretches
the sphere in Fig. 6.2.1(a) in the plane orthogonal to the diagonal line in
Figs. 6.2.1(a), (b) and (c). This line represents all the points (a, a,a), a € R,
which are orthogonal to the span of Ss.

The second observation is that this stretching action becomes symmetric
as 8 grows to infinity. In Figs. 6.2.1(c) and (f), the resulting surfaces are a
circle and a sphere, respectively, meaning that the space within the span of
the root system is mapped to a dg-dimensional ball, while the space that is
orthogonal to the root system remains unchanged. These observations are
true in general, and they will have an effect on the form of the generalized
Bessel functions as f — oo.
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6.2.2 Intertwining operators in the limiting regimes

The intertwining operators V4 and Vg show the following limiting behav-
ior.

Proposition 6.2.2. As f — oo, V4 and Vg become
[Al
Jim Vi, (@) = NIM (Z x]> : (6.2.30)

N 1Al
lim Vi mal()) = St s (fo)

B 00 2NN (v + N — 1/2)

20!
DY

lim Vamy(u), (6.2.31)
B—00

with w = (x)?/[2(v + N — 1/2)] on the r.h.s. Furthermore, as v — oo,

lim VerMmy[(x)?] = (2)\)!VAm>\(u), (6.2.32)

V—r00 )\!

with uw = (x)?/(24).

Proof. The most important part of the proof consists of evaluating the prod-
uct

c;(2/B) _

c.(2/B)(BN /2)¢/7)

1 (i —j+B(r)—i+1)/2)
(BIN—i+1)/2+j—1)(ri—j+1+ (7] —i)/2)

(6.2.33)

(4,9)€T

in the freezing limit # — oo. In general, this quantity tends to zero, and
the only case in which it does not vanish is when 7; = i for any (i,j) € 7
Now, if one considers the representation of the integer partition 7 as a Young
diagram (see, e.g., [95]), 7] indicates the number of boxes on the jth column
of the diagram. This is equlvalent to counting the number of rows in the
diagram that have at least j boxes. It follows that 77 is the number of parts
greater than or equal to j in 7. Thus, one can conclude that the condition
7, = i Y(i,j) € 7 is satisfied only when 7 = 1, ie. 7 = (|7[,0,...). In
other words, only partitions of length equal to one satisfy this condition.

Therefore, 2/8)
Cr 2 ﬂ B—o0
S@IB)ENDTD (023
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whenever (1) > 1 and

I7|

LTI o SR (S KX/
¢ (2/B)(BN/2)¥P 2L (BN/2+j —1)(|7] = j+1)

I7|

B—o0 1 1
— , = 6.2.35
jl;[lN(M—j—i—l) Nltlr|! ( )

when (1) = 1.
Consider first Eq. (6.2.15). As f — 0o, V4 becomes

B—ro0 )\'M()\,N)
Vamy(x) =3 N

a,\*A(el(iU))w’

where A* = (|A[,0,...). This is due to the fact that if I[(7) = 1, then 7/ =
(1,1,...,1), a partition composed of ones with |A| parts. The calculation for
V4 is completed by giving an explicit form of the matrix components ay-, by
expanding (e;(x))* in terms of m.,(x):

N [Al
(ar:))"\‘: (Za:]) = Z ‘j_\—“mT Z ay—-m-(x). (6.2.36)

()N TU(T)<N
I7[=IAl ITI=IAl

Therefore,
|A!
Ax+)\ — T, (6237)
which yields Eq. (6.2.30).
Consider now Eq. (6.2.16) with the variables @ scaled up by a factor of
V3. In view of Eqgs. (6.2.34) and (6.2.35), it suffices to consider the limit

B|T| L 6
lim E N lim H 3
o G+ N— 12+ )PP oo L B b 124 N i) + -
= 1] 2 . (6.2.38)
AL v+ 1/24+ N —i
(i,9)er

However, because only the term where [(7) = 1 survives as § — oo, the only
term required is

" ol
lim b _ L (6.2.39)

o (Bl + N —1/2/2+ D/l | (v E N —1/2)
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Using Eqgs. (6.2.35), (6.2.37) and (6.2.39) on Eq. (6.2.16) yields Eq. (6.2.31).

To complete the proof, it only remains to compute the limit v — oo of
Eq. (6.2.16) after scaling the vector @ by a factor of y/v. The parameter v
only occurs in the ratio (recall that |[A| = |7]),

(Bl + N —1/2] + )PP

lim

V—00 (2y)|7'|
Bv+1/2+N—i)+2j—1 B Il
1 (—) . (6.2.40
i 1 % y) - (6240)
1,7)ET

This yields

lim Vzrmy[(x)?] =

cr(2/8) unn(2/8) PE7|(x)?)
POV D S e O
=1l
as desired. ]

6.2.3 Limiting regimes of the Generalized Bessel func-
tions

After calculating the limiting behavior of V4 and Vg, the results can be
reassembled to obtain the limiting behavior of Egs. (6.2.1) and (6.2.2).

Proposition 6.2.3. The limiting regime of the generalized Bessel function
of type A without scaling is given by

lim Z Vae’*¥ = Nlexp (%) , (6.2.42)

—00
g pPESN

and the two scaled limiting regimes of the generalized Bessel function of type
B are given by

2,..2
i ViaeVBurz _ 9N p| yr 6.2.43
BEEOZ ze exp INw+N—1/2)) ( )
peWp
2 2
Jim 2 Vie S\ ves) O
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Proof. The proof of this proposition is fairly straightforward. First, each
of the generalized Bessel functions is expanded in terms of symmetric poly-
nomials. Then, the corresponding intertwining operator is applied and the
parameter limit is taken using Proposition 6.2.2. Finally, the resulting sums
are reassembled into exponential functions.

The freezing limit § — oo of Eq. (6.2.1) is as follows.

N!
lim Z Vaef*Y = Z Nl (y). lim Vym,(x)

o0 ' o0
B— e Ll <N M.M(,LL,N) B—
|l
N‘m# N
- > B (s
u:l(u)SN Jj=1
(w Dy
= D Ml m“
pl(p) <N
-1 -1
= Nlexp (%) : (6.2.45)

Here, 1 denotes the vector (1,...,1).
The freezing limit of Eq. (6.2.2) is taken similarly,

N Il
. VBy-px _ 9N | m“[( ) ;
/315[;0 Z Vge 27 N! Z 2|“|M'N|M|(V+N_1/2 lul ]le]

pEWR wil(p)<N
1 (y)*a? ]
—ovn Y L, {
1M _
il 1! 2N(v+ N —1/2)
2,.2
y-x
=2V NI : 6.2.46
xp (2N(V+N—1/2)) (6.2.46)

The limit v — oo of Eq. (6.2.2) is taken below:

lim Z VgeVryre

V—00
pEWEB

_ Z 2V N m,u[( ])V] lim VBV|y|m#[(w)2]

pil(p)<N (2p)! M (1, N) v—o0
= M c(2/B) uqu(2/8) 52/5)[(33)2]
= Z Z c (2/5) (ﬁN/Q)S_Q/ﬁ) (ﬂ/2)|ﬂ

22|p|
wl(p) <N ()N T
7=l

o c-(2/8) P2 [(y)2 1P P (a)?)
P> (2/B)  amgir(BN /)P (0240

T:(T)<N Cr
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This last calculation completes the proof. O]

From the first of the three limiting regimes proved above, it follows that
the scaled low-temperature behavior of the generalized Bessel function of
type A is given by

S Vye Py S Nlexp (ﬂw) (6.2.48)

pESN N
to leading order in 3. The next-order terms could be calculated using the
procedure from the proof of Proposition 6.2.2. However, because there are
a large number of integer partitions that produce terms of order greater
than or equal to O(8°) from the product in Eq. (6.2.33), the resulting sum
over partitions becomes difficult to calculate. With this in mind, the correct
expression is obtained by using Lemma 5.2.6, that is,

2,,2
arge -1 -1 x
S VieVPrey TR Nlexp <\/E<w Ny 1) ¥ ) (6.2.49)

ey N 2(7a +€5)

6.3 Derivation of propositions 6.1.1 and 6.1.2

Here, an alternate derivation is proposed for the steady-state distribu-
tion and freezing limit of the interacting Brownian motions and interacting
Bessel processes. These derivations use the additional assumption that the
parameter (3 is large but finite unless otherwise noted.

6.3.1 Steady-state part

Consider the interacting Brownian motions. Using the expression for the
transition density pa(t,y|x) given in Eq. (2.7.8) as well as the first column
of Table 2.1, Eq. (6.2.49) and Stirling’s approximation [96], for large 5 one
may write the following approximation for the scaled transition probability
density,

loglpa(t. v/Brol)(50)""
~ -

1 N
Fav) + 5 ;Mogi — (N =1)(1 +1log2)

/3 I‘ﬁvﬁ N [; N :EQ
€T L L + _1 — l N' - —1(; m— — 631
-+ \/’ . ( ) og 2 + og 9 g 2 ) ( )
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where 7,4 is given in Table 2.1 and 2, = (z-1)/V/N, v, = (v-1)/V/N.

Similarly, the large-5 behavior of the scaled transition probability density
pa(t,v/Bv|z)(Bt)N/? of the interacting Bessel processes can be written as
follows,

log[ps(t, \/Btv|x)(Bt)N/?] ~ =B | Fg(v,v) — g([\f—i— v—1/2)

N
+ = g zlogz—l— E (v+i—1/2)log(v+i—1/2) +510g,6’
=1

x> N v2a?

— —+ —log2 + log N! +

—, (6.3.2
2t 2 2t(73+53)’( )

where g is given in Table 2.1.

Consider the initial distributions pu4(x) and pp(x), defined in the Weyl
chambers Cy and Cp respectively, which are assumed to have finite second-
order moments. Then, the relations

(/) (BN 2 vweﬁ[FA(v)KA}(Qﬁ)N/QN!
m

X / exp [— i + _ A + \/Ea:ﬂu} pa(x)dedv (6.3.3)
Ca 2t 2t(ya+ep) t

and

5(t, /Blo) (BN dv ~ o~ FF@0)=Ksl(95)N/2 )

2

X /CB exp [— g—j(l - 782_65>}/LB(CB) dedv (6.3.4)

give the scaled probability distributions of the interacting Brownian motions
and Bessel processes. The constants K 4 and Kp are given by Egs. (6.1.6) and
(6.1.7) respectively, and they arise naturally when one considers the leading
order terms in 3 of the constants ¢4 and cp (see Table 2.1).

Let us consider the expectation of a test function h(v) under the distri-
butions (6.3.3) and (6.3.4),

(W) as = /C h(w) fa(t, A/ Btw) () N2 do, (6.3.5)
() e = /C h(v) fu(t, /Blo) (B2 dv. (6.3.6)
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The objective is to show that after a suitably long time, these expectations
converge to

—BFa(v) N/2
(h) 4 :/ h(v)® dv ~ (;) N!/ h(v)e A ~Kal qu, (6.3.7)
Ca

Ca ~B,A &
efﬁFB(U)
(h)p = / h(v) dv = (26)N/2N! / h(v)e PEeM=KEl 4y (6.3.8)
Cp %8,B Cp

It is assumed that h(v) has, at most, polynomial growth as v — oo.
The expectation (h)p, will be examined first, as it is simpler than (h) 4.
Making the substitution u = x/+/t yields the integral

(hyp: = (28t)N/*N! / / BlFp(v,v)—Kp]
Cp
o—u?/2 u2vz/[2(73+55)] (\/iu) dudv. (6.3.9)

Recalling the asymptotic behavior of the function ez from Eq. (5.2.42),
when uv/+y/B > 1 the product of exponentials becomes

Bo?

exp [— B[Fp(v,v) — Kp| + =~ (u \/_U> /2] (6.3.10)

Then, because

2 3 Wl
Fp(v,v) — = =2 — ”; S loglo — > logle? — 2|, (6.3.11)

8 8 , —
i=1 1<i<j<N

the argument of the exponential is dominated by the terms —38v?/8, —u?/2
and —(u — v/Bv/2)?/2. This means that in the region where uv/\/B > 1,
the integrand is exponentially decreasing and this part of the integral can be
neglected.

When uv/+/B < 1, the expectation (h)p, is approximated by

(h) g ~ (26t)N/2N! / o BB (v,v)-Kg]
Cp:u<M; JCg:v<Ma

% e—u2/2€u2v2/[2(73+65)}uB (\/Zu) dudv, (6.3.12)

where the positive real constants M, M, are chosen so that M; M, < /B.
Because €3 > 0, the following bound holds in the region of integration in
Eq. (6.3.12),

1 < exp{u*v?/[2(vp +e5)]} < exp{M{ M /2y5}. (6.3.13)
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Thus, (h)g; is bounded by the following expressions,

/ e (Viu) du/ h(v)e PEBOV=Kz] qq
Cp:u<M; Cpw<Ma
{h)p.c
~ (2Bt)N/2NI ™
M3 —u2/2 —BIF. -K
e 2B / e up(Viu) du/ h(v)e PFB-Ksl 4y (6.3.14)
Cp:u<M; Cpv<Ma

Also, the integral over u is bounded as follows,

e_Mlz/Q/ ps(Viw) du <
Cp:u<M;
/ e pp(vViu) du <
Cp:u<M;y
/ MB(\/E'U,) du, (6.3.15)
Cp:u<M;y

and because pp(x) is a probability measure with finite second moments,

/ pp(Viw) du = tN%{l + O[(M V)~ =N+ (6.3.16)
Cpu<M

where r > N — 2.
In addition, due to Eq. (4.4.4) one has (neglecting the polynomial-growing
coefficient of the exponential in the correction term)

/ h(v)e PN Ksl qyy — (hY 414+ O(ePM3/2)],  (6.3.17)
Cpwv<Ms

where (h)p is the steady-state expectation of h(v).
Inserting Eqs. (6.3.15), (6.3.16) and (6.3.17) into Eq. (6.3.9) gives

(h)pe™M2[1 + O(e™™M2/)|{1 + O[(My V1)~V 2]}
S (hpe S
(h) geMIME275[1 4 O (e PME/2) {1 + O[(MVE) "N+ (6.3.18)

From this expression, it follows that

(R = () {1+ O[(M V)" U"=N+2] L O[M?] + O[M?MZ]},  (6.3.19)

91



by assuming that the conditions
M1, tM?>1, BMZ>1, and MIMZ < 1 (6.3.20)

are satisfied. Setting M; o< t~* and My o 7% with 0 < a < 1/2, one can
always find sufficiently large values of t and [ such that all the conditions
(6.3.20) are satisfied. With this choice of M; and Ms, Eq. (6.3.19) becomes

(s = (h)p{1 + Ot~ /2~ C=NI] 4 O[max(t~2*, (8t)"2*)]}, (6.3.21)

where 0 < a < 1/2, 7> N — 2 and (ft)“ < 1.

The expectation (h)a, can be treated similarly. First, it must be noted
that the particle-particle interaction term in Eq. (6.1.3) does not depend
on the component of v that is perpendicular to the root system of type A,
namely v; = v -1/v/N. Recall also that vj = v — (v -1)1/N. Then, one
may write

il v vi
== > logloy — vyl + - = Falv) + =, (6.3.22)

1<i<j<N

FA(’U)

because v? = v + v7.
The argument of the exponentials in Eq. (6.3.3) is transformed as follows,

)~ K~ e
— - -t —T v
A A0 T 2 (s + ) T

BlFa(v)) — Ka] il + " ! (\/E ‘“)2 (6.3.23)
= — — -t = vy ——=) . (6.3
A Aot T ot(yates) 2 Vi

With the variable substitution u = x/v/t, (h)4; becomes

(h)as = (25—t>N/2N!/ / h(v)e—ﬁ[FA(vu)—KA]—uﬁ/2+uﬁvﬁ/2(vA+aﬂ)
™ ca o

X exp [— %(ﬂz@ — uL>2} pa(vVtu)dudo. (6.3.24)

Let us focus on the integral over u, first. For this purpose, consider a
positive and integrable function f(x) with polynomial decay at infinity,

|z| large C'

flz) ~ —, (6.3.25)
:L-'f‘
where C' is a positive constant and r > 0. Consider now the integral
/Lf(\/h)e_(*/ﬁy_”w2 dz (6.3.26)
R
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as a simple representation of the integral over u; in Eq. (6.3.24). Using the
variable substitution z = 1/fu and setting 0 < € < 1 gives

/f(ﬂx>e(\/3yx)2/2 de = \/B[/| —i—/| ]f(\/Eu)e’[’)(y’“)Q/2 du.

(6.3.27)
Because f(x) is a positive function, the outer integral can be bounded as
follows,

~By—w?/2 ¢ _ )21
/|u|26f(\//3tu)e du < /Iulze (/) du = O[(pt) "= "].
(6.3.28)

By the mean value theorem, there exists a number u, such that |u.| < €
and

/6 f(\/Eu)efﬁ(y*“)Q/2 du = e Py—u)*/2 /6 F(+/Btu) du. (6.3.29)

Then, by making # and ¢ large enough that /Ste > 1 while keeping
€ < 1, one obtains

VB
I

/ F(Vin)e~ VB2 2 4y _ =Bl—u.)?/2 / Vi) da
R

—e/B
+ O[t72(Be2)~=1/2]. (6.3.30)

Setting € oc (ft)~* with 0 < a < 1/2 satisfies the assumptions /fte > 1
and € < 1 for # and ¢ sufficiently large.
Finally, the integral (6.3.26) gives

(B2 g, € N o —1/2( gy —(1/2-a)(r—1)
| 1ige do = [ ) s+ 03 |
(6.3.31)

after making u, ~ 0, extending the domain of integration over x to R at the
expense of a correction term of order O[(3t)~"/2¢77*!] and using the variable
substitution v/tz = 2. With this, the integral over u, in Eq. (6.3.24) can
be evaluated directly, and the integral over u is evaluated in the same way
as in the derivation of Eq. (6.3.21). The only difference is that the integral
over u is an (N — 1)-dimensional integral, so N must be replaced by N — 1
in Eq. (6.3.21).

Combining the integrals over w| and u,; through the use of Eq. (6.3.21)
with N — N — 1 and Eq. (6.3.31) gives

<h>A,t — <h>A{1 + O[t—(1/2—a)(r—N+3)] + O[t_l/2(ﬂt)_(l/Q_a)(”_l)]}, (6.3.32)
With this, the derivation is complete. 0
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6.3.2 [ — oo and v — oo regimes

Let us focus first on the freezing distribution for the interacting Brownian
motions. The extrema of the function F4(v) are located at v = hy or any of
its permutations, and all extrema are local minima. This is proved as follows.
The first-order partial derivatives of F4(v) relative to v are

N

0 1

9 FA('U) =V; —
vi Ji#
J=1

(6.3.33)

i’UZ‘—’Uj

Hence, the extrema of F4(v) occur at points v which obey the relation

RS

. Vi — Uj

JiF

7=1

The second order derivatives of F4(v) are
9* rv? 0 1
P S gl = 2 [ |
Bv,00; E 2 togly—ul] = golu= D o
1<i<j<N l:l#4
1+ ifi =7,
= 2 s Tear | (6.3.35)
(vl—vJ)Z if 1 # j.

The Hessian matrix formed by the N x N second order derivatives above
is positive definite for all vectors v such that v; # v; for @ # j. To show
this, we consider an arbitrary real vector w and calculate the quadratic form
associated to (6.3.35).

> 88112%% Z“ +— > % >0 (6.3.36)

1<ij<N 1<i<j§N

Here, the equality holds only when all the u; are equal to zero. Hence,
all extrema given by (6.3.34) are minima. Suppose that there exists a vec-
tor z which satisfies Eq. (6.3.34). Given z, any of its permutations solve
Eq. (6.3.34):

1
i) = Y, ————— (6.3.37)
Giii Zp(z) Zp(])
7j=1

for any p € Sy.
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Equation (6.3.34) implies that {z;};,—1__n must be the roots of the Nth
Hermite polynomial, a fact that is shown as follows. Multiply Eq. (6.3.34)
by [Tri(zi — 2;). The result is

=1

N N N
z [ [z — =) Z H — ). (6.3.38)
L:l#£ ]

F“}I

1,J
=1 1

Now, define the polynomial whose roots are {z;};—1

-----

pi(x) = [J (@ = 2), (6.3.39)

n=1

with ¢; a non-zero constant. The first two derivatives of this polynomial are:
Ph(z) = —p1 = Z H T = z) (6.3.40)

and

d2
P(2) = T5mle) =2c ) H T = ). (6.3.41)

1<j<I<N n:n#j,l
n=1

At any of the values z;, p{(z) behaves as follows.

pi(z) = 2¢1 Z H (6.3.42)

JijFi nini,j
j=1 n=1
We insert (6.3.38) to obtain
N
P1(2) = 2¢12; H (2i — 2n) = 22071 (2). (6.3.43)
nnF£i
n=1

It is known [83] that the differential relation on the zeros of the polynomial
p1(z) is only fulfilled by the Nth Hermite polynomial. Indeed, it solves the
differential equation

HY(x) — 22 Hy(z) + 2N Hy(z) = 0, (6.3.44)

which reduces to (6.3.43) when © = h; n, with ¢ = 1,..., N and h; y is the
ith root of Hy(z). Hence, pi(z) o« Hy(x), and z = hy, as desired.
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The value of the function Fa(v) — K4 at its minima is

h2
FA(hN) KA— 2N Z log]hjw—hi,]v]
1<i<j<N
N 1
— (V= 1)(1 +1log2) + 5 ;ilogi. (6.3.45)

From Eq. (6.3.34), the squared norm of hy can be calculated as follows,

hi N 1 hin —hjn N
h?\[: Z ez Z SN N (N — 1) = .
|<iZj<N hin — hjn L<iZj<N hin — hj N 2
(6.3.46)
The term ), ;cnlog|hjn — hin| is calculated following Szego [83].
Using -

Hy(x) .
/ T N __ 9N
Hy(hiy) = lim ——=—— =2 |#| (hiy = D), (6.3.47)
’ Y E:)
=1

one may write

H (hj,N - hz’,N)Q = (_1)N(N_1)/2 H (hj,N — h@]\[)

1<i<j<N 1<i#j<N

_Nv-n/2 N
- | RS

oN?
i=1

_1)N(N=1/2 N N
_ =1 [T Hy-1(hin). (6.3.48)

9N (N-1)
i=1

The last equality follows from the derivative relation

Let us focus on the last product:

N
HHN lth _2N H ]Nfl)
=1
N—
HH iN-1—hin) H hin-1). (6.3.50)



From the recurrence relation
HN(J?) = 2$HN_1(.T) - 2(N — 1)HN—2(-77)7 (6351)

it follows that Hy(hjn_1) = —2(N—1)Hy_2(hjn_1). Therefore, the product
above becomes

N-1

HHN_lmi,N):[ NN Hy—olhyn-1). (6.3.52)

Jj=1

Mathematical induction on the last relation gives

N N-1
[[HN A (hin) = (2N D2 5 (6.3.53)
i=1 j=1

Therefore,

(_1)N(N 1/2NN N

HHN 1(zin)

IT (w —hin)* =
1<i<j<N
1 N
7=1

Taking the logarithm of the above expression gives

N

N
2 > loglhjn —hin| = ilogi— S (N =1)log2. (6.3.55)

1<i<j<N i=1
Inserting Eqs. (6.3.46) and (6.3.55) into Eq. (6.3.45) finally yields
Falhy) — K4 = 0. (6.3.56)

Using all of the previous information about F4(v), one may take the
freezing limit 8 — oo from the low-temperature approximation of the scaled
distribution f(t, v/Btv)(8t)N/? given in Eq. (6.3.3), which starts from the
arbitrary probability distribution u(x) defined on Cy. Because Fy(v) — K4
has its minima at any possible permutation of the vector hy (which we
assume is arranged in increasing order), the following limit is obtained,

N/2
lim e PIPa(v)= KA1< ) = 3" 6™ (v — phy). (6.3.57)

B—00
PESN
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The only calculation that remains is the freezing limit 8 — oo of the
integral over « in Eq. (6.3.3). The integral is given by the expression

/ exp [— x—Q + m + \/E:mm] pa(x) de. (6.3.58)
Ca 2t 2t(ya +ep) t

Note that Ax, = hy - 1/v/N = 0 because the roots of the Hermite poly-
nomials are distributed symmetrically with respect to the origin, meaning
that

> hiy =0. (6.3.59)

Using Eq. (6.3.22), one may take a term —(v? /2 from the function Fi4(v) to
rewrite the integral as follows,

| ool LN Y ue)de. (03.00)
S P L N Y (N ) PO TS
o LT 2 T 2t(yates) 2 L) Ha
From Eqgs. (6.3.46) and (5.2.39), it follows that
2 2,2
o LY

2t 2t(ya +ep)

B—o00

=30, (6.3.61)

because Eq. (6.3.57) forces v to be equal to hy| = hy in the freezing limit
b — 0.

Consequently, only the freezing limit of the terms involving v, and x
remains to be calculated. From Eq. (5.4.8) it follows that, in the sense of
distributions,

%e—am—mmm 2% 5(vy). (6.3.62)

Therefore, the scaled distribution becomes

Falt./Bio) (Bt)V2 =5 > M = phy) =d(vr) > 6V V(v — phy).
PESN PESN

(6.3.63)
However, f4(t,y) is normalized in C4, meaning that only the delta function
located at hy needs to be taken into account and all the other terms can be
neglected. Therefore,

Falt, /Bto)(BHN2 23 W) (v — hy), (6.3.64)

and the calculation is complete.
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The freezing distribution for the interacting Bessel processes is given in a
similar manner. The extrema of Fp(v,v) are located at r,_1/5 v, its permu-
tations and sign changes, where (r,,_l/lN)Q = l,_1/2,n. Furthermore, all its
extrema are local minima. To prove this, one must first consider the extrema
of Fg(v,v), which are given by

vP=v+1/2+ Z (6.3.65)

J,J#z
]:

vl—v

The second derivatives of Fg(v,v) are given by

82
0v;0v;

2v+1
2“@ )
N U +Ul QUZ‘U]'
+2[dy Z (L= 0) 02)2]. (6.3.66)
i J

U — Ul
Ll
1=1

Fy(v,v) = 6;; (1 +

The Hessian of Fg(v,v) is positive definite, because for an arbitrary vector
u € RY the following expression is non-negative,

) N wd
v-@mFB(rv’V) - Zul (1 + 202 )

1<i,j<N J i=1 @

(uivi — ujvj)2 + (Ui’Uj — ujvi)Q
- Cr >0. (6.3.67)
1<i#j<N P

Therefore, all extrema are minima.
Now, setting s = (u)? in (6.3.65) yields

N
28i
si=v+1/2+ Z s ( )
JiyF
7=1
Let us define the following polynomial,
N
pa(x) =2 [ [(x = ), (6.3.69)
j=1

and denote by ph(x) and pi(z) its first and second derivatives, respectively.
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Evaluating them at z = s;, they become

N

Phy(si) = co H (s; — s,) and (6.3.70)
nn;éz

Py (55) = 2, Z H (6.3.71)

JiyFL vinEi,j
j=1 n=1

Multiplying (6.3.68) by p/y(s;) yields
sipy(si) + (v +1/2 —s)ph(s;) =0, i=1,...,N. (6.3.72)

Comparing this equation with the differential equation obeyed by the La-
guerre polynomials [83],

2L (@) + (o +1—2) L (2) + NL (z) = 0, (6.3.73)

it follows that ps(x) must be proportlonal to L(” 1/2)( ), and the set {s;}¥,

must be the set of roots of L - 1/2)( ), {lip—1/2,v}1. This, in turn, means

that the minima of Fp(v,a + 1/2) lie at v = (\/l1.an, -+, /INan) With
a=v-—1/2.
Let us define r,_; 5 x such that

(TV,1/27N)2 = lufl/QyN. (6374)

At its minima, the function Fp(v,r) — Kp takes the value

2 w4l
Fg(ry-1jon,v) — Kp= — — 1 Zlogrf— Z log |r? — 77|
i=1

2 —
1<i<j<N

N N
N 1 o1 _ .
— E(N—l—u —1/2) + 5;210g2+ 5;(1/4—@ —1/2)log(v +i—1/2).
(6.3.75)

In this expression, the subindices N and v — 1/2 have been omitted for the
sake of brevity, and they will be omitted henceforth except for the cases in
which confusion may arise. Because r obeys Eq. (6.3.65), it follows that its
squared norm is

N

To_1jaN = Z (V +1/2+ Z

i=1 J J?él ’

):N(y+1/2)+N(N—1)=’VB-

(6.3.76)
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The second term can be calculated from
N N
> logr? =Y " loglian = log(NIL(0)), (6.3.77)
i=1 i=1

where « = v — 1/2 and LE\?)(O) = % [T, (o + 1) [83]. This gives

N N
Z logr? = Z log(av + 7). (6.3.78)
i=1 i=1

Finally, the third term is calculated following [83] and in a manner similar
to the case of the function F4(v). Consider the expression

N
[T Ganw —lian)? = ()NED2NONTT LY (lan)- (6.3.79)
1<i<j<N i=1

Using the derivative relation xLS?)/(:v) = NLE?)( ) — (N + a)L§V) (x) com-
bined with Eq. (6.3.78), one obtains

N
(VRN ot NP
H (lj,a,N - li,a,N>2 = H LS\/'),l(li,a,N)-

1<i<j<N H] (o +7) i1
(6.3.80)
The product of Laguerre polynomials can be rewritten as
NN N-1
HL (o) = 57 T L8 (i), (6.3.81)

i=1
and using the recursion relation NLE\?) () =(—z+2N +a — 1)L§\C;)_1($) —
(N+a-— 1)L§?)_2(x) on the expression above yields
N N-1
N (—DN YN =1+ )V ! N
[T 28 e = (N = 1) [T 260 1 i Gian). (6.382)

=1

Mathematical induction on the last equation gives

N-1 SN
_ o+
HL (lian) = (DN T] (N_Z,) . (6.3.83)

i=1

Inserting this expression into Eq. (6.3.80) and taking logarithms on both
sides gives
N
2 > logllian —lianl =Y [(i—1)log(a+i) +ilogi].  (6.3.84)

1<i<j<N i=1
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Finally, substituting Eqgs. (6.3.76), (6.3.78) and (6.3.84) into Eq. (6.3.75)
gives
FB(TV—1/2,NaV) =0. (6385)

Because the root system of type B spans R, the calculation of the freez-
ing limit 8 — oo of the scaled distribution fz(t,+/Btv)(Bt)N/? is simpler
than the case of the root system of type A. In this case, the steady state
distribution follows the freezing limit

/311_{208 BlFp(v)— KB (28)N2NI = Z oM (v — Pry_1/2N), (6.3.86)
pEWB
because Fp(v) — Kp > 0 whenever v # 7,_1/o n or its orbit in Wp. It is
assumed that all the components of r,_; /5 x are positive and that they are
arranged in increasing order so that r,_; x € Cp.
By Eq. (6.2.43), the integral over @ is given by

2

/CB P [_ ;C—j<1 - VBZ%)}MB(@ de, (6.3.87)

and as 8 — oo, eg — 0 and v? — 7’12,_1/27]\, = ~vg. Therefore,

B(t, \/_’v )(Bt) N/2_e BlF5(v)—Kp] (26)1\//2]\”

2

X /CB exp [— Z—j(l - VBUJF%HNB(:B) dax

sy Z 5(N)(v—p'ry_1/27N)/ pp(x)de

pEWR Cs

= Z §(N)('v — pry_1j2n). (6.3.88)

pEWE

However, f5(t,/Btv)(Bt)N/? is only defined and normalized in C, meaning
that the delta functions that are outside of C'z can be neglected. Therefore,

Jim fut, VBto) (BN = 6N (v — 1,1 o n), (6.3.89)

as desired.
In the limit v — oo of the distribution fz(t,/Briv)(Brt)N/?, one must
consider the behavior of the expression Fp(y/vv,v) — Kp when v is much
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larger than N — 1/2. The expression

F K=V L (NS loga? log [v?—1?
B(VVv,v)— B=Vo—— ( 0gV+Z Ogvi>_ Z og |vj—vj|
i=1 1<i<j<N
N
N N 1
—E(N—l)logy—5(N+1/—1/2)+§;ilogi
N

+ % Z(V +i—1/2)log(v+i—1/2) (6.3.90)

=1

can be approximated by

2 g N
Fp(v/vv,v) — Kp ~ y[% - aizllogvf - ?] - Z log v|v} — v7]

1<i<j<N

(6.3.91)

when v > N — 1/2. The expression in parentheses is the function Fig(v)
defined in Eq. (6.1.5). Therefore, using Eq. (6.2.44), the scaled distribution
in this case is given by

To(tv/Brto)(But) 2 = =2t T oo = of)(280) V2N,

1<i<j<N
2
% / 6—12/2150}‘(52/6) (%7 (’v)2> ILLB(J,') da',' (6392)
Cp

The function F 5(v) has the following first- and second-order derivatives,

OFp 1
0 Fp 1
— =01+ ). .3.94
81@01}1- ”( * ’U?) (6 3.9 )

Consequently, the Hessian of F p(v) is positive definite and all extrema are
minima. In addition, the minima lie on all vectors v such that v; = +£1,
and the minimum value of F(v) is zero. Then, for large values of fv the
following approximation holds,

N
e ArFp() o H Z exp [ — Bv(v; — )| (6.3.95)

i=1 z;==*1
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Consider now the integral

H > et TT 0 (el — o) (28v)N/2N!

i=1 z;==+1 1<i<j<N
2
X / e_“”2/2’50]-"(2/ﬁ)<<22 ,(v)2)u3(ac)dmdv, (6.3.96)
Cp

where h(v) is a test function with polynomial growth at infinity. Define the
following subset of the closure of Cp, D, ={y € Cp: 1 —e <y; < ... <
ynv < 1+ €}, where 0 < € < 1. At very large values of Sv, one has

[ HTL S e Tt P2
CB\De

=1 z;= 1<i<yj<N

% /CB 7x2/2t F@/ﬂ ((2227 (’1))2> ,uB(a:) da dv

= Ole "], (6.3.97)

because the Gaussian term dominates the integrand away from (v)? = 1.
Therefore, if € is chosen small while keeping Bve? very large, this part of the
integral can be neglected. For this purpose, set € o« v~* with 0 < a < 1/2.
Then, the integral over D, is simplified using the mean value theorem as

/ HZ e T ) = o)) (260) YN

i=1 z;==1 1<i<j<N

2
X/ ex2/2tof(2/5)<( z) ,(’v)2>u3(fb‘)d$d”
5 2

= (26v)N/2N! H lv(v3, — / H Z e A (vi=z)?

1<i<j<N i=1 z;==+1
a2y 8 [ (@)
X e 0Fo ——, (v)* |up(x)dedv, (6.3.98)
Ch 2t

where v, € D.. Then, the components of v, have the property that
Vi = 14 O(e), (6.3.99)
and consequently

v, — v =20(e) + O(*) = O(e). (6.3.100)
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Thus, the order of magnitude of the product of differences is given by

I v =o)P= ] 10wl =0 =sNN=0/2) " (6.3.101)

J* 1%
1<i<j<N 1<i<j<N

This means that as v — o0, the product of differences tends to infinity.
Therefore, it makes sense to write

Vlggoeoc/ HZ& v; — %)

i=1 z;=

—x2 2t 2 ( )2 2
X/cB /20 FLP) ( o (@) >,uB(:1:)dmdv

2
/ H Z 5 v — 2 d’l)/ e—x2/2t0F(2/3)<<2) ,1>,MB(£L')dCL'
Cs t

i=1 z;==%1

:h(l)/c e_x2/2t0]-"(2/ﬂ)<( >2,1)g3(a¢)dm. (6.3.102)

2t

From Egs. (2.8) and (3.2b) in [65], it is known that
@ (@) 1\ z?
o F L <_2t ,1) — exp <2t , (6.3.103)

lim € x h(l)/ e~ T 2 2 b (@) dae = h(1), (6.3.104)
Cp

v—00

which finally gives

or, in the sense of distributions,
lim fp(t,\/frtv)(Brt)N?dv < 6™ (v — 1) dw. (6.3.105)
V—r 00

The proportionality constant is one because both members of the expression
are normalized to one in Cp. Ul
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Chapter 7

Summary of results and future
prospects

In the present thesis, the behavior of the interacting Brownian motions
and Bessel processes in the steady state and freezing regimes was investigated
through the use of Dunkl operator theory. After the brief review of Dunkl
theory given in Chapter 2, the correspondence between the Calogero-Moser
systems and Dunkl processes was proved in Chapter 3 (Prop. 3.1.1). This
correspondence served as motivation for the fact that Dunkl processes, after
given an appropriate scaling, converge to a steady state and have a well-
defined freezing limit.

In Chapters 4 and 5, the main results of this thesis were proved. The
first result is that the scaled final distribution of a Dunkl process that starts
from an initial distribution with finite second moments will converge to a
specific steady-state distribution (Thm. 4.2.1). The second result is that
the scaled final distribution of a Dunkl process that starts from an arbitrary
initial distribution freezes to a configuration that is given by the peak set
of the root system R instantanecously (Thm. 5.1.1). The proof of these re-
sults depended on several calculations involving the intertwining operator,
in particular the action of V3 on linear polynomials (Lemma 4.3.1), and on
the exponential function in the freezing limit (Lemma 5.2.6) as well as other
approximations. While a finite lower bound was given for the time required
for Dunkl processes to converge to the steady state, it seems that there must
be a better estimation of the relaxation time in view of the fact that the
freezing configuration is achieved instantaneously. This fact suggests that
the relaxation time should be inversely proportional to the inverse temper-
ature. This improvement on the estimation of the relaxation time is left as
an open problem.

Because both the interacting Brownian motions and Bessel processes are
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particular cases of Dunkl processes, it follows from Thms. 4.2.1 and 5.1.1
that these two systems of interacting particles have well-defined steady-state
and freezing regimes. Chapter 6 was devoted to these particular cases. The
interacting Brownian motions converge to a steady state in which their scaled
distribution coincides with the [-Hermite ensembles of random matrices,
and freeze to a scaled distribution given by delta functions centered at the
zeroes of the Hermite polynomials (Prop. 6.1.1). Similarly, the interacting
Bessel processes converge to a steady state in which their scaled distribution
coincides with the g-Laguerre ensembles of random matrices, and freeze to
a scaled distribution given by delta functions centered at the zeroes of the
Laguerre polynomials; in addition, in the limit where the Bessel index tends
to infinity (which, translated to the Dirac field of QCD corresponds to the
case where the topological charge tends to infinity), all the particles converge
to the same scaled position (Prop. 6.1.2).

Prior to the derivation of Props. 6.1.1 and 6.1.2, the behavior of the
interacting Brownian motions and Bessel processes in the steady-state and
freezing regimes was studied using numerical simulations. As setup for the
proof of these propositions, the action of V3 on symmetric polynomials was
derived in Prop. 6.2.1, and the freezing limit of the generalized Bessel func-
tions of type A and B was obtained in Prop. 6.2.3. Because the expressions
for the action of V3 found in Chapter 6 only apply to symmetric polynomials,
it is of interest to examine its action on non-symmetric polynomials. This is
a problem that should be tackled in the near future.

The general results in Thms. 4.2.1 and 5.1.1 correspond to two regimes
where the probability distribution of the process is balanced in such a way
that the probability that the Dunkl process is in one particular Weyl chamber
is evenly distributed among the chambers. This means that the process
density is invariant under reflections along o € R, and the information about
the jumps is lost. It is of great interest to study the physical nature of the
jumps performed by Dunkl processes and their effect on the relaxation to the
steady state, which is a problem that has not been solved yet. In particular,
it is of interest to see if the behavior of the jumps in Dunkl processes has a
relationship with a physical phenomenon.

In addition, the numerical results from Chapter 6 (Figs. 6.1.2 and 6.1.4
in particular) seem to suggest the existence of a transition from a disordered
to an ordered phase as § — oo. However, in order to verify the existence
of a phase transition the calculation of other physically relevant quantities
(e.g., correlation functions) is required. Because the intertwining operator
is responsible for the time evolution of Dunkl processes, the calculation of
correlations in equilibrium should require different techniques from the ones
used in this work. However, the results related to the intertwining opera-
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tor obtained here open the possibility of studying dynamical and multi-time
correlations for these processes. As a consequence, further study of the inter-
twining operator is essential to investigate whether these processes undergo
phase transitions out of equilibrium. This is another topic that has not been
addressed and that we would like to study as a continuation of this work.

Finally, it is worth noting that the interacting particle systems studied
here seem to have little relationship with actual experiments. Because in
the present most of the applications of random matrix theory correspond to
ensembles where § = 2, it is not unlikely that many other possible applica-
tions have been overlooked because the necessary tools for the study of cases
where § > 0 are incomplete. Hopefully, this work will be a stepping stone
towards a better understanding of the models treated here for § > 0, and
towards finding out what makes the cases § = 2 so special both in terms of
their applications in physics and of their mathematical properties.
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Appendix A

Proof of the kernel-reproducing
formula

The objective of this appendix is to give a proof of the integral (2.5.8),
following [66], [74] and [97]. This formula requires the proof of several facts,
so the first section is concerned with the tools necessary for the proof. The
actual proof of the formula is given in the second section.

A.1 Preparations

The first tool required for the proof is the inner product between poly-
nomials known as the Fischer product, which is defined as follows. Consider
two polynomials of N variables, p(x) and g(x). The expression p(V) de-
notes the operator that is obtained by replacing the coordinates {z;}1<i<n
with their partial derivatives {0/0x;}1<i<n. The Fischer product is defined
as

(1, 0o = p(V)q(2)]2=o0- (A1.1)

Note that monomials are orthogonal under this product, because the expres-

sion
N

A
12
At
ox;

i=1

(A.1.2)

=0

vanishes unless the multi-indices A and u are equal. Therefore, this product
is symmetric, i.e.,

(P, @)o = (¢ p)o- (A.1.3)

It follows that the Fischer product of homogeneous polynomials of different
degrees is equal to zero.
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Denote the Dunkl gradient by T' = (711, ...,Tx)T. The Dunkl generaliza-
tion of the Fischer product is given by

(p:@)s = P(T)q(x)|z=0- (A.1.4)

Like the Fischer product of Eq. (A.1.1), this Fischer product is symmetric,
and homogeneous polynomials of different degrees are orthogonal under it.

An important property of this product is that, denoting the jth term of
the Taylor expansion of the exponential exp(x - y) by

EY)(z,y) = “";’)j, (A.1.5)

one has that for any homogeneous polynomial p(x) of degree n, the expression
(VsE™ (,-),p)s = p(x) (A.1.6)

holds. To prove this, V3 must be shown to be one-to-one. This fact follows
from the existence of its inverse, which is given by

Usf (@) = expla - T) f(y)],—o (A.LT)

for an arbitrary analytical function f(ax). The superscript (y) indicates the
variable acted upon whenever confusions may arise. To prove that Uj is the
inverse of V3, it suffices to verify that Up satisfies the equation

0

0
oz, exp(z - TV)f(y)ly-0 = exp(a - T)T f(y)]y-0

ox;
_UTf (). (A1)

Usf(x) =

This is the inverse of Eq. (2.4.1), meaning that

UsVpf(z) = VpUsf(x) = f(). (A.1.9)

Consequently, Vj is one-to-one, and Us is linear and preserves the degree of
homogeneous polynomials.

Now, the Taylor expansion of a function f(x) at the point y can be
written as follows:

f(x) = explx - V(y)]f(y). (A.1.10)

For the homogeneous polynomial p(x), this becomes

p(a) = B (2, VW)p(y). (A.1.11)
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Applying Vﬁ(y) and then Vﬁz) on both sides gives
Vi p(a) = ViV B (2, TW)V Y p(y). (A.1.12)

Because Vj is one-to-one, one may replace Vsp(x) with an arbitrary homoge-
neous polynomial, say, g(x). Also, this equation is valid for any y, so taking
y = 0 gives

g(x) = ViV EW (2, TV)q(y)|yo = (V;E™ (2, -), q)s, (A.1.13)

as claimed.
The second tool required for the proof of Eq. (2.5.8) is the following the-
orem due to Dunkl ([66], Thm. 3.10). Here, Az denotes the Dunkl Laplacian

ST
Proposition A.1.1. For arbitrary polynomials p(x) and q(x), the Fischer
product (A.1.4) can be written as

wa = [ [ @l > oo Pup(e) do. (A1)
Cs JRN

Proof. The proof of this proposition is not at all trivial, and the first proof
given by Dunkl is rather long and technical. The simpler and shorter proof
due to de Jeu ([97], pages 4230-4231) will be followed here. The content
from this point until Eq. (A.1.30) concerns several relationships that will be

necessary for the proof.
First, let us show that, for f(x) a rapidly decreasing function at infinity
and g(x) a continuous, bounded and differentiable function, and for all ¢ =
1 N

g e ey

/RN [T f (®)lg(z)ws(x) de = — » f(@)[Tig(®)jws(x) de.  (A.1.15)

The integral on the Lh.s. gives

Y

[ mi@ls@ue) dz
_ / {a(? f(w)+§ > ozm(a)f(w)—'f(aaw)} g(x)ws(x)dz. (A.1.16)
RY i acRy a-x

The derivative term can be treated by integrating by parts:

L [ t@]s@us@iae = - [ @) -ls@us@)] do

—— [ 1@ [uae)5 @) + us(elgla)s 3 )

} dz, (A.1.17)
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where

%wﬁ(m) = wg(x)s Z a(f.(g). (A.1.18)

Using the substitution @’ = o4, the difference term becomes

g Z k() /RN [f(m);.fzéaaw)}g(w)wg(a:) o —
53 e B f<w>i<f;vﬂ<w> o [ f(wf(‘?wﬁ(w) a] -
; > awte)| [ @) o, | ! felloatus(@) o,

(A.1.19)

In the last line, &’ has been written as @ for simplicity. Also, the fact
that wg(oax) = wg(x) has been used, and the Jacobian for this variable
substitution is equal to 1 because the reflection operator o, is represented
by an orthogonal matrix. Adding the derivative and the difference terms,
yields the desired result.

The second step is to prove the following commutation relation:

[0 580 @) = S 8uf (@) = SAslwf @) = ~Tifw)  (A120)
for+=1,..., N. From simple calculations one can obtain the following rela-
tions:

o Vi f(x)] —ozzf(:zz)—l—xza Vf(x), (A.1.21)
Al f ()] = o fla) + DA S (), (A122)

o (1 —oa)rif(z)] _ a2 (1- ) f@) floax)
5 o o) — 7 (@ 2) + oy P (A.1.23)

Equation (2.2.6) combined with the three previous expressions gives

Sl @) = - fla) + DA S ()

0277;
B flw) a- Vi@ o?(1-oca)f(x)  floa®)
+§a§+ﬁ(a)[&ia~w+$i (a-z) "2 (a-x)? Y a

— Tif(x) + %Aﬁf(m), (A.1.24)
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which is the desired result.
A consequence of this commutation relation is that

i, 6728/ = Te™28/2, (A.1.25)
This is because, using the relation [x;, Ag/2] = —T; and the mathematical
induction method on n, it can be proved that
AR L As\n—1
L))

Taking the sum Y - (—1)"(n!)~! on both sides yields

[""”’ni%(_%)n] :Tii(n—l1)1<_%>nl’ (A-127)

which gives the claimed result.
Using Eq. (A.1.25), the following useful relationship can be derived:

Tje (e p(@))] = Ty(e ™ 2)e™ 2 2p(w)] + o~ T o™ 2p(w)]
— e o012 (@)] 4 o T oA ()]
= e e 2 p(a)] + T2 p(a)) + o T e )
— — 222 [gp(2)]. (A.1.28)
The first line follows from Eq. (2.2.4) and the fact that e=**/2 is W-invariant,
and the third line follows from Eq. (A.1.25). As a final preparation, let
us consider the case where ¢(x) is homogeneous and p(x) is an arbitrary

polynomial. Then, replacing @ for T in ¢(x) and using Eq. (A.1.28), it
follows that

g(T)[e (e p())] = (—1)*5 %e ™ Pe 22 p(x)g(x)],  (A.1.29)
and in particular, when p(x) = 1,
g(T)e ™% = (—1)Ede=" 220 2g(x). (A.1.30)

The actual proof is as follows. Consider now the following integral for
two arbitrary polynomials p(x) and g(z):

1

Ms(p, q) = % /RN [e_AB/Qp(:B)][e‘AB/Qq(m)]e_m2/Qw5(m) dex. (A.1.31)
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Let us show that its value coincides with (p,q)s when p(xz) = 1. On one
hand, by definition,
(1,9)s = 4(0). (A.1.32)

On the other hand, for ¢(x) homogeneous,

1 2
M) = = [ e g(@)e " () o
= Ci (—1)ds q[q(T(I))e_IQ/Q}w/g(a:) dz, (A.1.33)
B JRN

due to Eq. (A.1.30). This integral can be expressed as a Dunkl transform,

£() = iﬁ/ [Vae @8] (~1) 8 1fg(T@)e " luwg(a) dw,  (A134)

evaluated at & = 0. This function can be transformed as follows:

£e = é\/IRN [q(T) Ve ™ e Pwy (@) da
= L [Q<_i€)Vﬁe’iw'£]e"’”2/2wg(sc) de. (A.1.35)
s JrN

The first equality follows from Eq. (A.1.15), and the second follows from the
definition of the Dunkl kernel. Setting & = 0 gives

M;(1,q) = €(0) = %2) /RN ¢ Py (x) dz = ¢(0). (A.1.36)

The last equality is due to the definition of cg. This equation can be extended
to non-homogeneous polynomials because Mg(p, ) is bilinear. Therefore, for
arbitrary q(z),

M;s(1.q) = (1,q)5 = q(0). (A.1.37)

The product (p,q)s has the following property by definition: setting
ri(x) = x;p(x), one has

(ri @) = 1i(TD)q(y)ly—0 = TNV q(y)ly—0 = (0, Tiq)s.  (A.1.38)

This means that, because (p, q)s is bilinear,

(p,a)s = (L,p(T)q)s (A.1.39)
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for arbitrary polynomials p(x) and g(x). The integral Mg(p, q) shares this
property:

MB(EA Q) = é RN{efAﬂ/Q[%p(w)]}[e—AB/Qq(wﬂe,xQ/zwﬁ(w) da
:é RN{_Ti[e_gcz/z(e_Aﬁ/Qp(w))]}[G_Aﬁ/Qq(m)]wﬁ(m) da

== | @ Tl @) () da

= My(p, Tig). (A.1.40)

The second line requires Eq. (A.1.28), while the third line follows from
Eq. (A.1.15). Once more, due to the bilinearity of Mz(p, q), one can write

M (p,q) = Ms(1,p(T)q), (A.1.41)

for any polynomials p(x) and ¢(x). Then, it follows that

Ms(p,q) = Ms(L,p(T)q) = (1,p(T)q)s = (. q)s (A.1.42)
due to Eq. (A.1.37), proving the statement. O]
A.2 Proof

Consider now the expansion to nth order of the Dunkl kernel Vze®¥:
. oy A
LY (z,y) = Zﬁvﬁ(m-y)f. (A2.1)
=0

For an arbitrary polynomial p(x) of degree m < n, Prop. A.1.1 gives

(L )0 = [P @ e p(a))e () de
—p(y) (A22)
by Eq. (A.1.13). Then, one has
—%L(ﬁ")(w, y) = —y;Lg“’(m, y). (A.2.3)
Taking the limit n — oo yields
lim e_Aﬁ/QL(ﬁn)(a:,y) = e_y2/2V5ew'y, (A.2.4)

n—oo
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which in turn gives
1
py) = — [ e Ve e S @) (@) da
C3 JRN
Setting p(x) = L(ﬁm)(az7 z) and taking the limit m — oo gives

1
Viel® = — [ [e7 V" PVpemY][e " Vg™ e Pug(a) da.
Cs JRN

Moving the Gaussians of y and z to the Lh.s. yields Eq. (2.5.8).
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