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Abstract.

We consider a one-dimensional system of Brownian particles that repel each other
through a logarithmic potential. We study two formulations for the system and the
relation between them. The first, Dyson’s Brownian motion model, has an interaction
coupling constant determined by the parameter 5 > 0. When f = 1,2 and 4,
this model can be regarded as a stochastic realization of the eigenvalue statistics of
Gaussian random matrices. The second system comes from Dunkl processes, which are
defined using differential-difference operators (Dunkl operators) associated with finite
abstract vector sets called root systems. When the type-A root system is specified,
Dunkl processes constitute a one-parameter system similar to Dyson’s model, with
the difference that its particles interchange positions spontaneously. We prove that
the type-A Dunkl processes with parameter k£ > 0 starting from any symmetric initial
configuration are equivalent to Dyson’s model with the parameter 8 = 2k. We focus
on the intertwining operators, since they play a central role in the mathematical
theory of Dunkl operators, but their general closed form is not yet known. Using
the equivalence between symmetric Dunkl processes and Dyson’s model, we extract
the effect of the intertwining operator of type A on symmetric polynomials from these
processes’ transition probability densities. In the strong coupling limit, the intertwining
operator maps all symmetric polynomials onto a function of the sum of their variables.
In this limit, Dyson’s model freezes, and it becomes a deterministic process with a final
configuration proportional to the roots of the Hermite polynomials multiplied by the
square root of the process time, while being independent of the initial configuration.
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1. Introduction

Our object of study is a multivariate stochastic process that describes the Brownian
motion of N particles on the line. These particles interact repulsively with a magnitude
given by the inverse of their relative distances. There are two formulations for this
stochastic process. The first of the two, Dyson’s Brownian motion model, was introduced
as the stochastic process that the eigenvalues of a Gaussian random matrix undergo
when its entries are independent Brownian motions [1]. In this sense, Dyson’s model is
a dynamic version of Gaussian random matrices [2], and therefore both models share the
same parameter (3 for each of the three Gaussian ensembles of random matrices, 1, 2 and
4 for the Gaussian orthogonal, unitary and symplectic ensembles, respectively [2, 3, 4].
While  is usually considered as a discrete parameter, here we will treat it as a real
positive parameter. In that case, the interaction in Dyson’s model is characterized by
the coupling constant /2 [5]. Additionally, in view of the fact that the joint probability
density function of the eigenvalues of Gaussian random matrices has the form of the
partition function of a one-dimensional log-gas [3], # also carries the meaning of inverse
temperature. The vicious walker model formulated by Fisher [6] consists of N random
walkers who annihilate each other if they make contact; one of the most particular
properties of Dyson’s model is that for 8 = 2, Dyson’s model is a diffusion scaling limit
of the vicious walker model with the restriction that no walkers annihilate [7]. This
restriction is equivalent to conditioning the N particles never to collide, and therefore
this process is also known as the non-colliding Brownian motion [8, 9]. Due to this
connection, Dyson’s model has found applications in polymer networks [10, 11], traffic
models [12], gauge fields and nuclear physics [13, 14, 15, 16, 17], and random growth
models [18, 19], among others. In particular, Dyson’s model has been applied extensively
in the Kardar-Parisi-Zhang universality class [20, 21, 22, 23, 24, 25, 26], and there
have been recent experimental observations of phenomena pertaining to it that confirm
theoretical predictions [27, 28]. Also, because of its relationship with the vicious walker
model, Dyson’s model is intimately related to the mathematical areas of combinatorics,
group theory and representation theory [29, 30, 31, 32].

The second system we consider, the type-A Dunkl processes, is a particular case
of Dunkl processes. In general, these processes are defined using Dunkl operators,
{T;}1<i<n, a set of differential-difference operators [33] that depend on a series of
parameters and a finite set of vectors. This set of vectors is called root system (see
Appendix A). In this paper, we will focus on the root system of type A and its
corresponding Dunkl operators given by [34]

J;_];l 4 J

where £ > 0 is a real scalar parameter, « is a vector in R, o;;x denotes the vector
x with its ¢-th and j-th components interchanged and the function f is an arbitrary
differentiable scalar function. These operators are related to spatial partial derivatives
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by Dunk!’s intertwining operator Vj [35]. Consider a function f(z) as in (1). Then, Vj
is defined by the following equation:

T (@) = Vi f(e). )

Also, Vj, is defined to have no effect on constants (i.e. V31 = 1) and when it is applied

on a monomial of a given degree, it produces a homogeneous polynomial of the same
total degree. Note that Vj is different for each type of Dunkl operator. Through the
use of Vi, many calculations are simplified, as it allows Dunkl operators to be treated
as partial derivatives. However, no general closed form for it has been found. We will
show how Vj, transforms the heat equation to obtain Dunkl processes as follows [36].
Let us denote the Laplacian operator by

N
92
AD =N 3
2 52 (3)
The N-dimensional heat equation is given by
o 1
— — —A@ ) po(t =0 4
(5~ 32 ) mit.vla) =0, (@)

where pg is the N-dimensional heat kernel. When regarded as a Kolmogorov backward
equation with a given initial condition, the heat equation defines an N-dimensional
Brownian motion, as it produces the transition probability density (TPD) that describes
its evolution (the heat kernel). Let us apply Vi on (4):

o 1 0 1w
0="V (E - §A(x)) po(t, ylz) = (& 3 ZTZQ> Vipo(t, y|z), (5)

i=1
where we have used (2) and the fact that V; has no effect on the time variable.
Note that (5) has the form of a heat equation in which Dunkl operators appear
instead of spatial partial derivatives. This is called the Dunkl heat equation, and
it depends on the type of Dunkl operators chosen. As before, we can regard the
Dunkl heat equation as a Kolmogorov backward equation and use it to define Dunkl
processes. The associated TPD describes Dunkl processes’ evolution. Hence, different
root systems define different kinds of Dunkl processes. In the case of the type-A
Dunkl operators (1), the corresponding type-A Dunkl processes are a one-parameter
family of stochastic processes, representing N particles undergoing Brownian motion
and interacting repulsively through a logarithmic potential with the coupling constant
k > 0 [36]. However, these particles do not only repel each other, but they exchange
places due to the operator o;; in (1), which is different from Dyson’s model. Dunkl
processes subject to symmetric initial conditions with respect to their respective root
systems are called radial Dunkl processes [37, 38|, and their properties have been an
active topic of research in recent years [39, 40]. In order to emphasize their variable
exchange symmetry, we will refer to the type-A radial Dunkl processes as symmetric
Dunkl processes.
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While initially defined as a tool to study multivariate orthogonal polynomials [33],
Dunkl operators have also been used in harmonic analysis [41] and stochastic processes
[42]. In mathematical physics, they have been used for the study of the Calogero-Moser
(CM) systems [43, 44, 4]. These are quantum many-body integrable systems in which
N particles constrained to move in one dimension are confined by an external harmonic
potential and interact with each other through a potential proportional to the square
of the inverse of their relative distance. There are several versions of these systems,
e.g. instead of the real line, the N particles can be confined to the unit circle (the
Calogero-Sutherland model [45, 46, 47]) and can be given spin-like internal degrees of
freedom [48]. Within our context, the most natural example is the CM system with
particle exchange interaction considered by Polychronakos in [49], which is described by
the Hamiltonian

1 k& k(k — o))
Hxem = —= AW + = fo + Z — (6)
2 2 i=1 1<i<j<N (2 — ;)

Here, k and o;; are the same as in definition (1). Dunkl operators are used in this case

to simplify the Hamiltonian (6) after transforming it using the function e *" where
W(z) =Y, a2/2 =Y, log |z — a;:

Y 1 kW _

Hxem = _Ee " (Hxom — Eo)e % Z Z Tjq— 8:17] (7)

Here, Ey = [kN + k*N(N — 1)]/2. Using this simplified form, one can show that this
system is integrable (see [4]).

After reviewing Dyson’s model briefly in Section 2.1, we will show in Section 2.2
that the TPD of symmetric Dunkl processes obeys a Kolmogorov backward equation
that is identical to that of Dyson’s model (Theorem 1). Therefore, their TPDs are
equivalent and a relationship between the Dunkl parameter k and the parameter 3 in
Dyson’s model is established. This relationship provides a physical meaning to the
abstract Dunkl parameter k, that is, £ can be understood as a parameter proportional
to the inverse temperature. In Section 3, we will review the intertwining operator and
its defining properties. In Section 4.1, we will extract the effect of the intertwining
operator on symmetric polynomials from the TPDs of Dyson’s model and symmetric
Dunkl processes using Theorem 1. This is the result of Theorem 2. In order to gain a
better understanding of this result, we will make observations on the particular case of
quadratic symmetric polynomials in Section 4.2. We will find that in the £ — oo limit,
Vi turns all symmetric functions into a function of the sum of their variables. We will
prove this fact in Section 4.3 as Theorem 3. Finally, in Section 5 we will make use of
the behaviour of Vj_,,, to investigate the limit £ = /2 — oo (strong coupling limit)
of the TPD of the symmetric Dunkl process (or its equivalent Dyson’s model). We will
prove in Theorem 4 that in this limit, which we call the freezing regime, this process
becomes deterministic and its final configuration is proportional to a vector composed
of the roots of the N-th Hermite polynomial multiplied by the square root of the process
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time. We will also find that the form of V,_,, causes the symmetric Dunkl process to

be independent of its initial condition in the freezing regime.

2. Dyson’s Brownian Motion Model and Dunkl Processes

2.1. Dyson’s Brownian Motion Model

Dyson’s Brownian motion model [1] is a stochastic process in which N particles undergo
Brownian motion in one dimension while interacting repulsively with each other with a
strength proportional to the inverse of the distances between them. Dyson’s model is
described by the Kolmogorov backward equation (see e.g. Remark 1 in [5])

0 1
—P —A@ Py(t P
ot B( ay|w) 9 B >y|$ ;jz T — 8:61 B(t>y|w)a (8)
J#i

where Ps(t, y|x) is the TPD that the particles reach the positions y = (yi, ..., yn) after
a time ¢, given that they started from & = (x1,...,xy). While we denote vectors in

R using boldface symbols, we will use the notation z?

= x - x to denote their squared
norm.

Note that when 8 — 0, the interaction term in (8) vanishes leaving an N-
dimensional Brownian motion, which means that the fluctuations in the system are
much larger in magnitude than the interaction between particles. On the other hand,
when 8 — oo, the diffusion term is negligible compared to the interaction term, and so
the randomness in the system disappears. In other words, the system freezes.

A consequence of the results in [50] and [42] (see, e.g. [37]) is that, for N-
dimensional vectors & and y ordered so that y; < y; and z; < z; for ¢ < j, the
TPD of Dyson’s model is given by

Nle=@*+v)/2t X [F(l+ﬁ/2)}
(

Yy @emp T Y
Poltvle) == L [v5 75 7) hN(%) A h) o

where I'(z) is the gamma function, hn(y) = [] i ;<n(y; — ¥i) is the Vandermonde

determinant and (F (2/8) {5 the generalized hypergeometric function (see Appendix B).
In the case 8 = 2, the non-colliding Brownian motion, Dyson’s model has the following
TPD as shown by Grabiner [8]:

() i
Pss(t, ylx) = hy () 1§(}§2N Vet ) "

2.2. Dunkl Processes

Within our present setting, we are interested in the type-A Dunkl operators given by
(1) (see Appendix A and Appendix C). Using these operators, one can define Dunkl
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processes as follows [42]: consider the TPD, p(¢,y|x), that solves the Dunkl heat
equation with the parameter k

9

as its Kolmogorov backward equatlon. Then the stochastic process that obeys py(t, y|x)
as its TPD is defined as the Dunkl process of type A. Direct insertion of (1) into (11)
yields [34]

8

=1 j=1:
J#i

k pk 7y|33 pk( 7y|0-]lw)
_ 522 ol (12)

=1 j=1:
J#i

Reading off the terms of this Kolmogorov backward equation gives us information about

Dunkl processes: the first term, a Laplacian acting on @, is a diffusion term, while the
second term is a drift term that drives the process away from the surfaces defined by
the equations x; = x; for any 7 # j. The third term is a spontaneous jump term, which
makes the process jump from x to o;;& for some i # j so long as pi(t, y|x) is not
symmetric under permutations of .

With the observation about the jump term in mind, comparing (8) and (12) reveals
a clear similarity between the two Kolmogorov backward equations. Let us define the
symmetric group Sy as the set of all the permutations of N objects with composition
as its group operation. The permutation p € Sy of the vector x is given by

pT = (Zp(1), -+ Tp() ) (13)
We will consider the TPD of a Dunkl process with a symmetric initial condition. As

mentioned in Section 1, we will call such processes symmetric Dunkl processes. Given
the symmetric distribution

=Y "z - pm), (14)

pESN
where we define 6" (z — y) = H;VZI 6(z; — y;), we write
pittylo) = [ ntylens ) ds = Y nltylpe) (15)
RY PESN
with dVz = H;V:1 dz;. In the following theorem, we show that the Kolmogorov

backward equation obeyed by the TPD of the symmetric Dunkl process, pi(t,y|x),
is identical to that of the TPD of Dyson’s model, as noted by Demni [37].

Theorem 1. The TPD of a symmetric Dunkl process, p;, solves the Kolmogorov
backward equation of Dyson’s model with parameter

8 = 2k. (16)
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That is, the equivalence

pi(t,yle) = Poai(t, ylz) (17)

18 established.

Proof. Comparing (12) and (8), we see that the only difference between the two is the
third term on the RHS of (12). Because none of the sums on the RHS of (12) change
if the order of the summands is permuted, it follows that pi(¢,y|x) is also a solution
of (12). In particular, since p; (¢, y|x) is symmetric in @, the third term on the RHS of
(12) vanishes, leaving us with (8) provided we set k = /2. O

Note that, because pi(t,y|x) is a probability density function on y, its integral
with respect to y over RY is equal to one, and so p;(t, y|x) integrates to N!. We will
exploit the equivalence between Ps and pj in Section 4.

3. The Intertwining Operator

In the previous section we obtained some information about the TPD of Dunkl processes
and how it is related to Dyson’s model. However, this TPD can also be calculated using
the intertwining operator Vi, (2) [34, 35] (see Appendix C for details).

Dunkl originally defined Vj, for the case in which the function f(x) in (2) is a
polynomial, and proved its existence for k£ > 0 using a recursive construction. However,
its explicit form is unknown in general, and known only in a few particular cases. From
(1), one can note that when k = 0, the intertwining operator is the identity operator.

The intertwining operator relates N-dimensional Brownian motion to Dunkl
processes as follows. Let us consider the N-dimensional heat equation (4) with its
solution

o~ (@?+y?)/2t syt
po(t, ylz) = Ve (18)

given the initial condition py(0,y|x) = 6" (x — y). This solution is both the Green
function of the diffusion equation and the TPD of the N-dimensional Brownian motion.
When we apply Vi on (4), we obtain the Dunkl heat equation. From this, we deduce
that the Green function for the Dunkl heat equation, which we denote by T'x(¢, y|x), is
given by

Li(t ylz) = Vipo(t, y|o). (19)

On the other hand, the Green function for the Dunkl heat equation can be calculated
directly using the Dunkl transform [41], a generalization of the Fourier transform, in
the same way that the Fourier transform can be used to derive (18), see [42]. In order
to define the Dunkl transform, one needs to calculate the eigenfunction Ej(x,&) of
the Dunkl operators {7;};,—1 . n of parameter k with eigenvalues & = (£1,...,&n), also
known as the Dunkl kernel [35]:

T‘zEk(waé) :SZEk(w7€)7 Z:1a277N7 (20)
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under the condition Fj(0,&) =1 with 0 = (0,...,0). It can be expressed as
Ey(®,§) = Vpe*®. (21)

One can prove that this function solves Equation (20) as follows:

TEy(x, &) = T;Vjet® = Vkaa

et = Vet = GE(x, §). (22)

Here the second equality follows from the definition of the intertwining operator and
the third equality follows from the fact that Vj is linear. In addition, when FEj(x, &) is
written as a power series, each term is a homogeneous polynomial of &, whose degree
is conserved by Vi. When the limit  — 0 is taken, all homogeneous polynomials of
degree larger than zero vanish and the only remaining term (the zero-order polynomial)
is equal to one. Ej(x, &) is sufficiently well behaved to be used as the kernel for the
aforementioned Dunkl transform [36] by replacing & with —ix.

With this transform, one can calculate I'y(¢, y|x) and the TPD of Dunkl processes
in general (see Appendix C, (C.10) for the explicit relationship between I';, and py).
However, because the Dunkl kernel is contained in it, and the intertwining operator is
unknown in general, this TPD is not explicitly specified. In our case, pi(t, y|x) is given

by
hn ( ) i e_(xﬂz+y2)/2tﬁk ( ) (23)

The last factor on the right is the only unknown part of this TPD. Let us note that
in order to obtain p,, we need the Dunkl kernel, which in turn requires us to calculate

NI+ k)

pi(tylz) =[] T+ jk)

J=1

the effect of the intertwining operator on the exponential e*¥. Conversely, if we have
P, we can obtain the Dunkl kernel, and by expanding it into sums of suitably chosen
polynomials, we can extract the effect of the intertwining operator on any polynomial.

4. Extraction of V; from Dyson’s model

4.1. Theorem

Here, we will obtain an expression for the effect of Vj on symmetric polynomials. Using
Theorem 1, we combine (15) and (23), equate the result to (9), and rescale  and y by
a factor of v/t to obtain

> Eilpz,y) = NoF Y (2.y). (24)
PESN
From (24), we extract the effect of the intertwining operator when applied to a symmetric
polynomial.

As preparation for the sequel, let us introduce the following definitions [32]: a
partition 7 of an integer n is a non-negative integer vector such that its components
are arranged in decreasing order while adding up to n. The components of 7 are called
parts, and its length, [(7), is the number of non-zero parts in it. The sum of its parts
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is called the modulus of the partition and is denoted by |7|. In other words, 7 is an
integer partition of n if 7; > 7; for ¢ < j, and

I(7)

|7| = T = Mn. (25)

i=1
For example, 7 = (11, 7,...) = (4,4,2,0,...) is an integer partition of n = 10 and has
length 3. Additionally, the symbol 7! denotes the product Hé(;)l 7;. We will also use
the natural ordering for partitions of the same integer defined by

A< & M+ +N<T+...+1 75 =1,...,N, (26)

where A and 7 are assumed to be different partitions.

We say that the ordered pair (i,7) is in the partition 7 (i.e. (i,j) € 7) when
1<i<lI(r)and 1 <j <7;. The number 7; is the number of parts 7 such that 7, > j.
Finally, the partition formed by the 7; is denoted by 7/, and it is called the conjugate
partition of 7.

We will make immediate use of two particular families of symmetric polynomials,
the monomial symmetric functions and the Jack functions. Given an integer partition
7, the monomial symmetric functions are given by

me(x) =Y [[7"?, (27)

o j=1

N To(j)
=125
is distinct. It is known that the Jack functions are part of the eigenfunctions of the

where the sum is taken over all permutations o such that each monomial []

periodic type-A Calogero-Moser-Sutherland model [51]. They are also used to calculate
the symmetric eigenfunctions of the type-A Calogero-Moser system described by the
Hamiltonian (6). Within our context, they are useful to describe the action of V. The
Jack function of parameter 1/k > 0, P/ (x), is defined as the polynomial eigenfunction
of the operator [52]

XL, xi 9\ Lam (1/k)

i=1 i 1<izj<N TP T O

with eigenvalue
N
o= 3 mjlry — 1= 2k(j — 1) +|7|(N = 1). (29)
j=1

Let [}’ represent the multiplicity of the j-th (distinct) part of y1, where the subscript
P in 1% refers to the number of distinct parts of p. In the cases where I(u) < N,
there are N — [(u) zero parts in p and therefore I, = N — [(u) accounts for the
multiplicity of zero parts in the first N parts of pu. For example, if N = 6 and
pw=(573,22)=(53,2,2,0,0), then P=4and I = 1,15 =1,1§ =2 and I} = 2.
Using this notation we define the following multinomial coefficient:
N!

0 wy
RN

M(u, N) = (30)
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This function represents the number of distinct permutations of p when it is considered
as an /N-dimensional vector.

See Appendix B for the representation of Jack functions in terms of the monomial
symmetric functions and the definitions of the matrix {u,)(1/k)}, the generalized
Pochhammer symbol (kN); (/M) and the constants c-(1/k) and . (1/k).

Theorem 2. The action of the intertwining operator on a symmetric polynomial is
gien by the equation

o~ e (/) un(/K) iy
Viema(x) )\!M()\aN)T:l(TZKNC/T(l/k) ()7 PP ().

|7I=IAl

(31)

That is, the intertwining operator of type A maps the monomial symmetric functions

my(x) onto a linear combination of Jack functions of parameter 1/k, Pr (1/k) (x).

Proof. We first expand the LHS of (24) in terms of symmetric polynomials. For this
purpose, we expand the symmetrized exponential ) e exp(px - y) in terms of the
monomial symmetric functions m,,(x).

e Ty Y 4% e

pESN peSN n=0 u:l(p TESN:
\,u\ ) dlstmct
N
1 Hr Hr
— § - E E Hl. @ H ©)
wl(p) <N ’ TESN: peSN j=1 j=1

7(u) distinct

SO EDN | TN ol | (I

wl(p) <N peSy j'=1 TESN:
7(p) distinct

In the last line we have used the substitutions j' = p(j) and p'(j') = 7[p~'(5")]. 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 . Using (30), we write the

oy Nlmy,(x)m,(y)
2= 0 i) %)

PESN wil(p)<N

above as

Applying V}. on the above yields the LHS of (24) expanded in terms of a sum of monomial
symmetric functions. The next step is to eliminate the variable y using the orthogonality
of Jack functions. Insertion of the inverse of (B.4) in (33) after applying Vj yields

S Bpy) =V 3 el ST o umP ). (3

|
= ey HM (i N)

viv<p
[vl=lul
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Using (34) and (B.10), (24) becomes

D S S eV )

pil(p) <N viv<p
[v|=]ul

c, (1/k) P2 () PP (y)
(Z (k) (kN)ER

and from the orthogonality of Jack functions [32] and the linearity of Vj, which acts
only on @, we can equate the coefficients of the same Jack functions of y to obtain

, (35)

3 @ u1/8) e-(1/k) P (x)
Vim,(x) = (36)
| H (1/k
iy WM, N) ch(1/k) (kNP
ul=I7|
This relation is solved for Viym,(x) if we apply the sum ) _wu,5(1/k) on both sides.

From this last operation, the theorem follows. O

Theorem 2 is consistent with the expected results at particular values of k. For
k =0, V} is reduced to the identity operator, for £ = 1 one obtains the known TPD of
the non-colliding Brownian motion (10) [8], and in the case where all components of «
are equal, one recovers the known TPD of Dyson’s model when all particles start from
the same position [4, 7].

4.2. Effect of Vi, on symmetric quadratic equations

Although Theorem 2 is consistent with known results, it does not give an immediate
understanding of the effect of Vi on symmetric polynomials. The purpose of this
subsection is to consider a simple case of Theorem 2 and make observations of the
general properties of V}, in order to obtain insights on the behaviour of symmetric Dunkl
processes and Dyson’s model. Let us consider the effect of the intertwining operator on
the quadratic equations my(x) = SN 22 = 1 and my, (z) = Y icicjen Titj = 1.

N N

kE+1
2 _
szxj_kNleZx k‘N+ Z vir; =1 (37a)
j=1 = 1<i<j<N
2
Z Tij = 5oy k:N+1 Z k:N+ Z x;x; = 1(370)
1<i<j<N 1<i<j<N

From the coefficients of the sums above, it is clear that when k£ = 0 the polynomials on
the LHS are unchanged. When k£ = 1, these equations become

N N
Vi=1 Z:L’? = NL—I—l (Z 2 + Z SL’ixj) =1, (38a)
= —

1<i<j<N

LY may = N+11))Zx§+N > omzyj=1.  (38b)
7j=1

1<z<]<N 1<7,<j<N
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(d) Vk:() Zl§i<j§3 T;Tj = 1 (e) Vk:1 Zl§i<j§3 T;Tj = 1 (f) Vki}oo Zl§i<j§3 T;Tj = 1

Figure 1: Effect of the intertwining operator on the equations mo(x) = 1 and
mu(m) =1.

If we take the limit k& — oo, the two quadratic equations become
2

N N
2 k—oo 1 o

szxj N ij =1, (39a)

j=1 j=1

No1 (LY
k—o0 -
1<i<j<N Jj=1
These equations represent two pairs of planes, namely
N N N
=+VN d =4 —. 40

; x; VN an ; x; N1 (40)

We plot (37a) and (37b) for the particular case N = 3 in Figure 1. The line defined
by the vector (1,1, 1) is represented by the diagonal line in each of the subfigures. From
the figure, we can see that as the value of k increases, the surfaces get stretched equally
in all directions orthogonal to the line. In the limit k& — oo, the surfaces become planes,
and there are two of them because we have chosen quadratic polynomials, i.e. || = 2.
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From these observations, we expect that the effect of V,_,. on the monomial

symmetric functions my is to reduce them to the |A|-th power of e;(x) = Z;VZI ;.

The power must be |A| because Vj, conserves the degree of all homogeneous polynomials
by definition. We prove this fact in the following theorem.

4.83. The k — oo limit of Theorem 2
Theorem 3. When k — oo, (31) becomes

Al
kh—{glo Vkmx(w) = Nw (Z :L'j) . (41)

Proof. The quantity

cr(1/k) _ H (ri—J+k(rj—i+1))
< (1/k)(kN)&) (k(N —i+1)+j—1)(r—j+ 1+ k(7] — 1))

(¢,9)eT
tends to zero as k — oo in general. The only case in which this quantity does not vanish
is when 77 =i for any (i,j) € 7. Now, 7} represents the number of parts greater than
or equal to j in 7 (see Appendix B), so we can conclude that this condition is satisfied
only when 77 =1, i.e. 7= (71,0,...). In other words, only partitions of length equal to
one satisfy this condition. Therefore,

cr(I/k) koo
& (1/k) (kN

whenever (1) > 1 and

cr(1/k) ﬁ (1 —J+k)
(1) (kNN LS (BN 4+ = 1) —j+1)

k—o0 1
H N(n —j+1 Nﬁﬁ!

when [(7) = 1. Then, Vj; becomes
k—so0 )\!M()\, N)
Vkm)\(w) l) WQA*A(el(w))IA‘a (42)
where \* = (|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 (see (B.1) and Table B1 for the definitions
of e;(x) and a,y). We finish our calculation giving an explicit form of the matrix
components ay-y by expanding (e;(x)) in terms of m,(x). We write

N Al
w>>'A=<ij) - > M@= Y semte)

rl(r)<N T(T)<N
|TI=IAl I7I=[Al

and deduce that

Al
s — % (43)
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which proves the statement. O

Note that the equation

N
Nw (Z ‘”ﬂ) =1 (44)

clearly represents one (for |A| odd) or two (for |A| even) planes with normal vector equal
to

1=(1,...,1). (45)
This is consistent with Figures 1(c) and (f).

5. The Freezing Regime

The physical implications of the observations in the previous section involve the
behaviour of the symmetric Dunkl process when k tends to infinity. This limit is
equivalent to the strong coupling limit (§ — oo) of Dyson’s model. Although the
observations in the previous section suggest that the limit limy o0 ) cq Er(pT,y)
exists, one must be careful when taking this limit in (9). In particular, the fact that
k = (/2 is the coupling constant of the interaction between particles in Dyson’s model
implies that this interaction separates the particles infinitely fast when & — oco. In
order to obtain an intuitive picture of what occurs, we consider the Kolmogorov forward
equation associated to (8) with the parameter k in accordance with Theorem 1:

8 S 1 S
apk(ta ylz) = §A(y)pk(tv y|z)

ey b

=D (
SV Y 0yz
j#i

& p y|w
,y|w)+krz pi(t, yl) (46)
?i

We will now apply the scaling y — v/kv. Under this scaling, (46) becomes

pk(t Viv|z) = M s (t, VEv|x)

N N N N
1 d pi(t, Vkolz)
_ Z 3 — a—vipk(t, Viv|z) + Z Z T (47)
i=1 j=1 i=1 j=1
J#i J#i

Furthermore, if we assume that limy_,o pi (¢, vVkv|2)k™/? = p2_(t, v|x), taking the limit
k — oo transforms (47) into

t
Z poo 'v|:,lj ’ (48)
J?ﬁz

a Kolmogorov forward equation with a drift term but without a diffusion term. This

P N
Pt vl) = —2;

equation suggests that the scaled process on v is actually deterministic. Physically
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speaking, this is a natural consequence of taking the & — oo limit, since the randomness
of Dyson’s model is removed in the freezing regime. Therefore, the argument above
implies that pj (t, VEv|x)k™N/? should converge to a function of the form

lim pi (¢, Viv|z)k? = Vo — F(t,2)), (49)

where F'(t,x) denotes the vector solution of a deterministic equation of motion.
Interestingly, the evolution of the scaled process considered above is related to the
Hermite polynomials defined by (see e.g. [53])

Hy(r) = (~1)%e™ (o), (50)

More specifically, the process described by (48) depends on the N roots of Hy(x), here
denoted by

ZN = (ZI,N7"'7ZN,N)7 (51)

and their permutations pzy, p € Sy, where z; 5 is the i-th root and 2,y < z;y for
i < j. These N roots are known to be real [54]. Also, because Hy(z) obeys the relation

Hy(—x) = (=1)"Hy(), (52)
its roots add up to zero, i.e.
N
> zw =0 (53)
j=1

We address the freezing regime in the following theorem.

Theorem 4. The k — oo limit of the TPD pi(t, Vkv|x)kN/? is independent of x and
15 given by

Pt vlz) = pi(tv) = Y 6V [v — V2tpzy]. (54)
PESN
Proof. We first calculate the limit
lim By (pa,y). (55)
pESN
Using Theorems 2 and 3 and the expansion in (33), we obtain

. B Nlim,(y) ..
lim 0 Ey(p,y) = ) AV, NY A Vierny, ()
PESN pl(p)<N

N |1l
-y (Y.
o M'N|H| - J
pl(p)<N J=1

_ ¥ N ((m;)y)

IR
i< H

e (1)

(56)
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We now turn our attention to pi(t,y|x). The probability that the symmetric
Dunkl process reaches an infinitesimal volume d¥y around y from x after a time ¢
is p;(t,y|x) dVy. This probability, after the scaling y — v/kv equals

pit, ylz) ANy = pi(t, Viola) kN2 dVo
= exp { log (pi.(t, Vkv|z)kN/?)} dVv. 57
When £ is sufficiently large one can use Stirling’s approximation [55] combined with

(15), (23) and (56) to approximate the probability density in (57) as the exponential of
N

N , , v?
b (V= 1)1 = logt) —;jlogj+210g|h]v(v) -5
k N N 2
+ %(w 1)(v-1) + 5 log k + log(N!) — 5 log(27t) — % (58)

Let us denote the term in the square brackets by Fiy(v,t). According to this expression,
in the limit £ — oo the probability density goes to infinity whenever Fy (v, t) is positive,
and vanishes when it is negative. However, this distinction is difficult to make due to
the presence of the Vandermonde determinant of v in Fy(v,t). We show in Appendix
D that Fiy(v,t) is negative except in the points

v =V2tpzy. (59)
The consequence of this is that the probability density (57) vanishes at v # v/2tzy or
its permutations. On the other hand, when v = \/2tzy or its permutations, kFy (v, )
vanishes (see Appendix D) along with the term proportional to v/k, because the roots
of Hy(z) add up to zero. That is,

VR VIRL S
W(a: 1) (V2tzy 1) = T(w 1) ; ziv = 0. (60)

The only k-dependent term that remains is £ log(k), which tends to infinity with k.
Therefore, we can write
lim pj (¢, VEv|2)k"? dVo oc Y S — V2tpzy]. (61)
k—o0 e
However, we know that pg (¢, vVkv|z)k™/?dVv is equal to N! when integrated over R,

for any value of k. Similarly, the integral over R of the sum of delta functions on the
RHS is also equal to N!. Therefore, the two quantities above are equal. O

Note that the effect of limy oo Y eSn Ex(px,y) on the final result is that it makes
the TPD p?_(t,v|x) independent of . When Fy(v,t) attains its maximum value, the
symmetric Dunkl kernel is equal to one for all values of &, which leaves k™/? as the
dominating term in the limit. Therefore, the form of the intertwining operator and
the properties of the Hermite polynomials are ultimately responsible for removing the
dependence of p; on x in the freezing regime.
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6. Concluding Remarks

We established the equivalence between Dyson’s model and symmetric Dunkl processes
under the parameter relation (16) in Theorem 1. This correspondence yields a physical
interpretation of the abstract parameter k, i.e. one can regard k as a coupling constant
or a parameter proportional to the inverse temperature. We have also extracted the
effect of the intertwining operator on symmetric polynomials in Theorem 2. It is of
interest to note that the functions involved, which are commonly found in combinatorics
and representation theory [32, 31] and in the Calogero-Moser systems [45, 46, 56|, are
found here through the comparison of two multivariate stochastic processes. This result
stresses that symmetric polynomials play an important role in the setting of stochastic
processes. While it is known that Schur functions are essential in the study of the non-
colliding Brownian motion (/2 =k = 1) [7, 9, 29, 30], their role in the general k case
is played by Jack functions [50, 4], which makes them equally essential for the study of
Dyson’s model.

We showed in Theorem 3 that the limit k& — oo of V} for symmetric polynomials
exists and that it has a simple form. This fact allowed us to calculate the strong
coupling limit of the symmetrized Dunkl kernel, and in turn obtain the TPD of the
symmetric Dunkl process, which is the result of Theorem 4. The positions of the
Brownian particles are locked to a deterministic path, which is a natural consequence of
the small scale of the Brownian vibrations in this regime. Moreover, we pointed out two
non-trivial properties of the symmetric Dunkl process in the freezing regime. The first
of them is that the final configuration of the Brownian particles depends on the roots of
the Hermite polynomials rather than being an equally-spaced or simpler configuration.
This is a consequence of the form of the interaction between particles: the Vandermonde
determinant of v appears in pg (¢, Vkv|x) as a death factor that makes the TPD vanish
whenever v; = v;, i # j, pushing the particles away from each other. Furthermore, the
partial derivatives of the Vandermonde determinant are responsible for the form of the
drift term in (8) and (12). Therefore, a different interaction would lead to a different
form for the function Fiy(v,t), which would in turn have its maxima in points different
from zy or its permutations. The second property is that limy . pi(t, Vkv|z)kN/?
is independent of the initial configuration @. Because the process is deterministic in
this limit, one expects it to depend on the initial conditions from which it has evolved.
Contrary to this expectation, the nature of the intertwining operator at k — oo and the
symmetry that the roots of Hy(z) obey take away that dependence.

We find that there is a similarity between the strong coupling limits of the
symmetric Dunkl processes and the Calogero-Moser system described by (6). When
k — oo, the particles freeze at the minima of the potential in the leading (k?) term

N
1 9 1
z E , E S 62
2 i=1 e (i _zj)z’ (62)

1<i<j<N

which are known to be the roots of Hy(z), zy [57]. As the particles freeze, the kinetic
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term becomes negligible, and the only remaining variable term in (6) is the term of order
k. This is called the “freezing trick” [58]. What remains is known as the Polychronakos-
Frahm (PF) spin chain Hamiltonian [49, 57], and it is given by

T w

1<i<j<N (2in = 2jn)

In this case as well as in the symmetric Dunkl processes, the particles freeze in positions
related to the roots of the Hermite polynomials. This fact seems to stem from the
mathematical structure of the two models, because the expressions that define them,
equations (5) and (7), depend on the Dunkl operators 7;. We suspect that there must
be an underlying physical reason for this similarity, but this is a conjecture that we leave
for future study.

While Theorem 2 allowed us to carry out the analysis of the strong coupling limit
of symmetric Dunkl processes, the expression in (31) should yield more information if it
is simplified, e.g. by considering the eigenfunctions and eigenvalues of Vj. For instance,
if we define the quantities

BTUf):\//( s and  QW(x) = B, (k)P (x),  (64)

1/k)(kN)&/P
we can rewrite (31) in two ways in matrix form as
Vim=DAA™m and V,Q = ATDAQ, (65)

where (m), = my(x) and (Q), = ng)(a:) are vectors with polynomial components,
and the matrices that relate them are given by (A),, = u,,(1/k)B.(k) and (D)), =
MM (X, N)dy,. With these expressions, it should be possible to find a more revealing
form for V.

The non-symmetric case of type-A Dunkl processes is of interest due to the richness
brought on by the spontaneous jump term (the third term on the RHS of (12)). In
analogy with (31), we expect to be able to express Vj in terms of non-symmetric Jack
functions [4]. Brute-force calculations in particular cases yield

Vix; = I NE (66)

in the linear case for general N and
o 227+ k(x- 1)

2 _ N =2
2x;(z; + kx - 1) + k(2 + k(x - 1)?)
Vi = N =3 67b
ki (2 + 3k)(1 + 3k) (V' =3) (675)
for the quadratic case. All these equations point toward a relation of the form
lim Vix™ o (x- 1)1, (68)
k—00

If it is correct, the above relationship could yield a Dunkl kernel of a form similar to (56)
in the strong coupling limit. These two statements for the non-symmetric case remain
to be tested.
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Dumitriu and Edelman [59] have carried out a freezing regime analysis of the
eigenvalues of the tridiagonal random matrix (-ensembles. Their study includes not
only the eigenvalue behaviour at f — oo, but also the first-order corrections at large
finite values of 8 (Theorem 3.1). It can be shown, using (31) combined with (23), that
the statistics of the final positions of symmetric Dunkl processes starting from the initial
condition & = 0 at ¢t = 0 coincides with the eigenvalue statistics of the g ensembles with
[ = 2k. Therefore, we expect to obtain the first-order correction for large finite values
of k for the present symmetric Dunkl processes as well. However, due to the nature of
our formulation, we will have to investigate the first order (O(1/k)) correction of V.
We intend to address this calculation in the near future.

Finally, the existence of explicit forms for the symmetrized Dunkl kernel for the
type-B and type-D root systems, as given in [50, 60], should allow for an analysis similar
to that in this work on other types of Dunkl processes. In particular, we expect the
radial type-B Dunkl process to be related with the type-B PF spin chain [61] in a
manner similar to the symmetric Dunkl processes and the PF spin chain described by
(63).
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Appendix A. Root Systems and Multiplicity Functions

The definition of a root system depends on the reflection operator [36], which is given
by
T =X — 2201, (A.1)
a-a
where o, & € RY, and 0,2 denotes the vector obtained by reflecting @ across the plane
normal to the vector a.

A root system is defined as a finite set of vectors R which is invariant under
reflections along its own elements, called roots. That is, 0,§ € R for all o, & € R.
We will assume that R is reduced, i.e. for any one of its elements &, b§ € R implies
b= +1. It is assumed that none of the roots is a zero vector.

For every root system, a base can be chosen such that all roots are a linear
combination of the base vectors with either all coefficients negative or all coefficients
positive. The elements of such a base are called simple roots, and they divide the root
system into the positive and negative subsystems, here denoted as R, and R_. The
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choice of simple roots is not unique, but the positive and negative subsystems they define
always divide the root system into two disjoint parts of the same size (cardinality).

The multiplicity function k is a function of a root in R that returns a real value
and that is invariant under reflections along elements of R. That is,

k(a) = k(owa) Yo, € R. (A.2)

The multiplicity function can be understood as a set of parameters (or multiplicities)
which are assigned to each subset of R formed by roots that are related by a reflection
(or composition of reflections) along some other root(s).

It is a well-known fact [36] that the multiplicity function reduces to a single
parameter for the Ay_; root system. For simplicity, we will denote this root system by
A. Let us prove this fact as follows. A is given by

We will choose the positive subsystem
Ay ={ay; = (e;—€;)/V2:1<j <i <N}, (A.4)

where e; denotes the i-th unit base vector. This positive subsystem is generated by the
simple roots

Qi1 = (€ir1 — ez‘)/\/i i=1,...,N—1 (A.5)

Hereafter, we will write o,,, = 0;;. We must note that the effect of o;; on an
arbitrary vector « is that of exchanging its i-th and j-th components. To see this, we
will compute the [-th component of o;;x:

(Uijm>l =X — (IZ - ZL’J)((SZ - 5]' ) (A6)

It is easy to see that x; remains unchanged for [ # i, j, that (o;;&); = x; and that
(0ijx); = ;. 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, we see that we can obtain any root from at most two
reflections of any other root, as shown below. Consider an arbitrary root «;; and apply
to it the reflection o,,;, with m arbitrary. This reflection exchanges the j-th and the
m-th components of a;;, leaving us with ay,. If we reflect once more using o, with {
arbitrary, we obtain «, as desired. Since k is invariant under any of these reflections,
one obtains

k(o) = k(omjoaou;) = k(aum)

in general, and therefore it can be concluded that £ is independent of its argument, so
it is a single parameter.
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Appendix B. Multivariate Special Functions

Let us summarize four common families of symmetric polynomials, keeping in mind
that we will consider polynomials of N variables. Apart from the monomial symmetric
functions and the Jack functions (introduced in Section 4.1), we introduce the
elementary symmetric and Schur functions.

For an integer 0 < n < N, the elementary symmetric function e,(x) is given by

(@)= > []=- (B.1)
1<i1 << <N j=1

For example, eg(x) =1, ey(x) = S, x4, ea(x) = Y i<icj<n Titj and en(x) = 1Y, .
When the subscript of e is a partition, it is given by

U(r)
= H er (). (B.2)

The Schur function s,(x) is given by the Jacobi-Trudi formula [31, 32]

det ; TZ—I—N %
s(x) = — = d<nl; — 3 (B.3)
deti<; j<n[r; ']

There is one Jack function for each partition 7, which is unique up to a
normalization constant. We will use the following two normalizations: the P
normalization, which is defined by the following linear combination of the monomial
symmetric functions my(x),

PE() = > un(a)my(w), (B.4)

AT
[Al=I7]

and the C normalization, which is defined so that

=1
Z; > @) = exp(z + a2+ ...+ 2y) (B.5)
n=0

IT|=n

for all . The partition-indexed matrix u,(«), as shown in [32], is an upper triangular
matrix whose diagonal entries are equal to one, and its non-diagonal entries are sums
of ratios of the form (aa + b)/(car + d), where a, b, ¢ and d are non-negative integers.
The Jack functions reduce to the monomial, elementary or Schur functions depending
on the the parameter «, and they are expressed in terms of m,(x) in the form of (B.4)
as per Table B1 [32].

Using Jack functions, one can define the generalized hypergeometric function
oF (x, y) as follows [50, 4],

=1
oFo( Z—u
=0 "rl <

I7|=n

) ()
(2)Cr " (y)
%:N R (B.6)
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Table B1: The Jack function Pﬁa)(w) and its particular cases. Note that the partition
indexing e,/(x) is a conjugate partition. All matrices are upper triangular with diagonal
entries equal to one. The matrix K, is called the Kostka matrix.

Parameter Function Matrix Function name

(@) ()  upa(a) Jack

o
0 e (x) arx Elementary symmetric
1 s () K\ Schur

0 m.(x) Orx Monomial symmetric

with 1 as given in (45). For the general definition of the generalized hypergeometric
function p]:éa), see [50]. It is desirable to express the above in terms of the P-normalized
Jack functions so that we can use the content of Table B1. For this purpose, we require
the generalized Pochhammer symbol (a )T , which is defined as the product

s, IlNa—(G—1)/a+7
(a)!®) = E (F(a (_ (i _){)/a) )’ (B.7)

as well as the functions
(o) = ] (alm—j)+7)—i+1),
(i,9)€T
dla)= ][ (a(r—j+1)+7—9). (B.8)
(i,9)€T

With these definitions, one can write [62]

al(N/a)

cr (@)

a7

).’E
C/(Oé) T ( )7

T

Ci(x) = Pi(1) = (B.9)

Insertion of the above in (B.6) yields with a =1 / k,

(1/k) (1/k)
n=0 7:l(T)<N T T

IT\

Appendix C. Dunkl Operators, Dunkl Heat Equation and TPD

Dunkl operators are given by [33],

Tef(@) = ef(@)+ 3 k(e ) = I%®) ¢ (1)

-
acR,

The first term is a derivative along the vector &. Each of the summands in the second
term is proportional to the odd part of f along the vector a.

Dunkl defined this operator in order to study multivariate orthogonal polynomials
and special functions related to reflection groups. Once a root system and multiplicity
function are chosen, the operator 7, commutes with 7, and therefore has many of the
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characteristics of partial derivatives. Hereafter we will use the notation 7; = T, as in
Section 2.

In [42], Rosler found the TPD pg(t,y|x) that solves (11) as its Kolmogorov
backward equation, with T; given by (C.1). The generalized heat equation (11), or
Dunkl heat equation, is given explicitly by [33]

0 1 aapk(tay|w)

9 NG Galr(l, Y|T)

g et yle) = S ATt ylz) + EGR ko) =—_—
ach

= 3 ke a pk tylz) — pu(t,yloaz) (C.2)

. 2
acRy (a $>

The calculation of pg(t, y|x) can be accomplished using the Dunkl transform, which
requires both the Dunkl kernel defined in Section 3 and the weight function
x) = H o - x|, (C.3)
acR
For fixed R and k and functions f € L'(RY™ wy), the set of integrable functions with

respect to the weight function wy(x), the Dunkl transform is defined by the equation
[41]

ﬁ(é)—i F (@) B (~i€, @)wy(x) AV, (C.4)
and
"= /R e 2wy (€) Ve (C.5)

is a normalization constant obtained from a Selberg integral [3]. This transform has
many of the properties of the Fourier transform, and it can be used to solve equations
involving Dunkl operators in the same way the Fourier transform is used to solve
differential equations.

The generalized Dunkl translation 7, is defined as

nf@) = [ Fl&)Bulie. &) Buliv, ©un(€)a". (o)
which reduces to a regular translation when & = 0. Because (C.6) does not change when
x and y are exchanged, we see that 7, f(x) = 7. f(y).

Using the Dunkl transform on (C.2), one obtains its Green function centred at the
origin. Using the translation (C.6) yields the complete Green function. Let us define
the sum of k(a) over the positive subsystem as

y=> kla). (C.7)

acRy
Then, the Green function of (C.2) is given by

o (22t
Lh(t, yla) = WE (

%) (C.8)

x\a
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It is known that this Green function is normalized with respect to wy(x). That is,

[ ittty aty =1 (©9)
R
Therefore, we recognize the TPD of the Dunkl process to be

pr(t, ylz) = wp(Y)Ti(t, ylz) = wie(y) Vipo(t, ylx)

y e~ (@ +y?)/2t r vy
_ (%) 2! (%’ %) | (C.10)
The details of the calculation leading to this TPD can be found in [42]. The factor
W (y / \/f) can be interpreted as follows: in (C.2), the denominators in the second and
third terms on the RHS denote a repulsion from the planes defined by a- @ = 0, a € R,
and therefore, the probability of any process finishing at any point such that o -y =0
should be zero. Indeed, wy(y) = [[,cp | - y[He
a € R, which reflects this fact.
For the purposes of this work, we are interested in py (¢, y|x) for the root system of
type A. In this case, the Dunkl operator in the direction £ is given by

Tef(e) = 0cf(@) + k3 LD IO6D) 0 oy (C.11)

— T; — I
1<i<j<N

cancels whenever ¢ - y = 0 for any

from which (1) follows. Let us calculate the quantities that form py in this particular
case. First, the weight function w; becomes proportional to the Vandermonde
determinant hy(x),

1 (@)
wi(z) = ] ﬁ(el —e) T = (C.12)
1<j<I<N
The normalization constant ¢ is then
L a? (2m)? 77 D(1+ jk)
. /2 2k 1N .
= S /R @ e = o T ey (C.13)
j:

where we have used a particular case of the Selberg integral (equation (17.6.7) in [3]).
Inserting the above in (C.10) yields (23).

Appendix D. Extema and Maximum value of Fy(v,t)

Here, we prove two lemmas necessary to complete the proof of Theorem 4. The first
concerns the location of the extrema of Fi(v,t).

Lemma 5. The extrema of the function
N al v?
Fy(v,t) = —(N = 1)1 —logt) = > jlogj+ 2log|hy(v)| — = (D.1)

2 o ot

are located at v = /2tzy or any of its permutations, where zy is the vector of roots

of the Hermite polynomial Hy(z), given by (51) and (50) respectively. Furthermore, all
extrema are local mazima.
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Proof. We first calculate the first-order partial derivatives of Fiy(v,t) relative to v and
equate them to zero.

0 2 v
8viFN(U’t) = ——=0 (D.2)

— V; —V; t
gg#i Y
J=1

Hence, the extrema of Fy(v,t) must obey the relation

(D.3)

The second order derivatives of Fiy(v,t) are

2

0 v? 0 2 v;
Fu,0 {2 log | (v)] - 5] = o, LZ# o 7]

) X — v =, D4
- 2 if i £ j (D-4)
(vi—v;)? J-

The matrix formed by the N x N second order derivatives above is negative definite for
all vectors v with non-repeating components. To show this, we consider an arbitrary
real vector u and calculate the quadratic form associated to (D.4).

PFy(v,t) 1
> uiWuj_——Z 2 _ 9 Z '_U] go (D.5)

1<i,j<N i=1 1<i<j<N
Here, the equality holds only when all the u; are equal to zero. Hence, all extrema given
by (D.3) are maxima.
Let us focus on the location of the extrema. Applying the scaling v = v/2tz to
(D.3) we obtain

P = E ) D.6
- T kT & ( )
JiyFi
J=1
for all : = 1..., N. Therefore, it suffices to solve the above equation for z to find the

location of the extrema of Fiy(v,t). Note that, given z, any of its permutations solve
(D.6):

(D.7)

Zp(z Zp(4)

QMZ

for any p € Sy. Now we prove that (D.6) implies that {z;};—; .y must be the roots of
the N-th Hermite polynomial. Let us multiply (D.6) by [[i.i(z — 2;).
=1

N N N
Zi H — Zl H - Zl (DS)
I:1#i JuyFLll#Lg
=1 j=1 I=1
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Now, we consider a polynomial whose roots are {z;}i—1 -

plx) =c H(x — Zn), (D.9)

with ¢ a non-zero constant. The first two derivatives of this polynomial are:
N N

P = ple) =Y T = =) (D.10)

and

p'(z) = %p(m) =2c > ] @-z). (D.11)

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

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

N N
plz)=2¢> ] (zi—z) (D.12)
jigAinni
j=1 n=1
We insert (D.8) to obtain
N
p"(z) = 2cz; H (2i — 2zn) = 227 (). (D.13)
n:n#i
n=1

It is known [54] that the differential relation on the zeros of the polynomial p(z) is only
fulfilled by the N-th Hermite polynomial. Indeed, it solves the differential equation

HY () — 2xHy(x) + 2N Hy(z) = 0, (D.14)
which reduces to (D.13) when © = z; 5, with ¢ = 1,..., N and z; y is the i-th root of
Hy(z). Hence, p(z) x Hy(z), and z; = 2z; n. O

In the second lemma, we find the maximum value of Fix(v,t).

Lemma 6. The mazimum value of Fy(v,t) is zero.

Proof. By Lemma 5, the maximum value of Fy(v,t) is located at v = v/2tzy. This
yields

N
N N
En(V2tzy,t) = 5(]\7 — 1) — 2% + 2log |hn(zn)| + E(N —1)log2 — Zjlogj, (D.15)
j=2
which is independent of ¢. Let us focus first on the term
N
2y = szN (D.16)
j=1

The derivative property of the Hermite polynomials [53] allows us to write

Hy(z) = 2NHy_1(2), (D.17)



Interacting Particles on the Line and Dunkl Intertwining Operator of Type A 27

and using the product representation from Lemma 5 we obtain

Z H (x—zjn)=N 1__[(:5 — ZjN-1) (D.18)

i=1 jij=1
J#i

Since the above equation holds for all z, we can expand in powers of x and equate the
coefficients of the same order. In particular, the coefficients of V=3 form the equation

(N - 2) Z Zi,NZj,N = N Z Zi,N—1%j,N—1; (Dlg)
1<i<j<N 1<i<j<N-1
and if we denote the double sum on the LHS by sy, we obtain

N

SN = N_QSN_l. (D20)
Using mathematical induction on this relation we find that
N(N —1

Now, since the Hermite polynomials have either odd or even symmetry, the sum of their
roots equals zero. Therefore,

= i _ N(N-1)
2% = <Z zw) — 25y = ——— (D.22)

i=1

Now, let us calculate
2log|hn(zN)|- (D.23)

The main quantity we wish to find is the square of the Vandermonde determinant of
the roots of the N-th Hermite polynomial. This quantity is known as the discriminant
of the Hermite polynomials, and we calculate it here following Szegé [54]. Using

o () 1

/ _ _ 9N

Hy(mn) = lm =t =2 H(zi,N — 2j), (D.24)
Jjajz

we can write

(hN(ZN))2 - H (zjn — Zi,N)2 = (—1)N(N_1)/2 H (zj,n — 2i,n)
1<i<j<N 1<i#j<N
N
(_I)N(N—l)/2
= Hy (zn)
i=1
(_1>N(N—1)/2NN N

- 9N(N-1) H Hy-1(zi,n)- (D.25)
i=1
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The last equality follows from (D.17). Let us focus on the last product:

N N-1
H Hy_1(zin) — gNN-1) (zin — ZjN-1)
i=1 j=1
N-1 N N-1
= 2N(N_1) H(Zj,N—l - Zi,N H HN ZyN 1 (D26)
j=1 i=1 j=1
From the recurrence relation
Hy(x) =2xHyn_1(z) —2(N — 1)Hy_2(x) (D.27)
we obtain that Hy(zj y—1) = —2(N — 1)Hy_2(zj,n-1), so the product above becomes
N N-1
[T Hv-1(zin) = [=2(N = DN [ Hy—-2(21v-1)- (D.28)
- i
Mathematical induction on the above yields
N N-1
[ Hv-1(zin) = (2)VD2 T 5. (D.29)
i=1 j=1
Therefore,
N
(_I)N(N—l)/zNN
(h'N(zN))2 = 2N(N—1) HHN—I(zi,N) 2N(N )/2 H] D 30
i=1

The logarithm of the above is

N
L. N
2log |hy(zy)| = D jlogj — (N = 1)log2, (D.31)
j=1
and thus the maximum value of Fy(v,t) is zero for all its extrema, due to the fact that
(D.16) and (D.23) do not change when the roots zy are permuted. O
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