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We consider a multivariate version of the so-called Lancaster problem of characterizing canonical correla-
tion coefficients of symmetric bivariate distributions with identical marginals and orthogonal polynomial
expansions. The marginal distributions examined in this paper are the Dirichlet and the Dirichlet multino-
mial distribution, respectively, on the continuous and the N-discrete d-dimensional simplex. Their infinite-
dimensional limit distributions, respectively, the Poisson—Dirichlet distribution and Ewens’s sampling for-
mula, are considered as well. We study, in particular, the possibility of mapping canonical correlations on
the d-dimensional continuous simplex (i) to canonical correlation sequences on the d + 1-dimensional sim-
plex and/or (ii) to canonical correlations on the discrete simplex, and vice versa. Driven by this motivation,
the first half of the paper is devoted to providing a full characterization and probabilistic interpretation
of n-orthogonal polynomial kernels (i.e., sums of products of orthogonal polynomials of the same degree
n) with respect to the mentioned marginal distributions. We establish several identities and some integral
representations which are multivariate extensions of important results known for the case d = 2 since the
1970s. These results, along with a common interpretation of the mentioned kernels in terms of dependent
Pélya urns, are shown to be key features leading to several non-trivial solutions to Lancaster’s problem,
many of which can be extended naturally to the limit as d — oo.

Keywords: canonical correlations; Dirichlet distribution; Dirichlet-multinomial distribution; Ewens’s
sampling formula; Hahn; Jacobi; Lancaster’s problem; multivariate orthogonal polynomials; orthogonal
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1. Introduction

Let 7w be a probability measure on some Borel space (E, £) with E C R. Consider an exchange-
able pair (X, Y) of random variables with given marginal law 7. Modeling tractable joint distri-
butions for (X, Y), with 7 as given marginals, is a classical problem in mathematical statistics.
One possible approach, introduced by Henry Oliver Lancaster [22] is in terms of so-called canon-
ical correlations. Let { P, }7° , be a family of orthogonal polynomials with weight measure 7, that
is, such that

1
Ex (Po(X) P (X)) = —Oum n,méeZy

m

for a sequence of positive constants {c,, }. Here §,,, = 1 if n = m and 0 otherwise, and [E,; denotes
the expectation taken with respect to .
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A sequence p = {p,} is the sequence of canonical correlation coefficients for the pair (X, Y),
if it is possible to write the joint law of (X, Y) as

gp(dx,dy) = ﬂ(dX)n(dy){Z Pncn Pn(x) P (y) } (1.1)

n=0

where pg = 1. Suppose that the system {P,} is complete with respect to Ly (); that is, every
function f with finite & -variance admits a representation

F@) =) Fn)cn Pa(x), (12)
n=0
where
f(n):IEln[f(X)Pn(X)], n=0,1,2,.... (1.3)

Define the conditional expectation operator by
T, f(x):=E(f(Y)|X =x).

If (X, Y) have canonical correlations {p,}, then, for every f with finite variance,

Ty f ()= puf(m)cy Pa(x).

n=0
In particular,
Tan=,0nPn, n=0,1,...;

that is, the polynomials {P,} are the eigenfunctions, and p is the sequence of eigenvalues of T),.
Lancaster’s problem is therefore a spectral problem, whereby conditional expectation operators
with given eigenfunctions are uniquely characterized by their eigenvalues. Because 7}, maps pos-
itive functions to positive functions, the problem of identifying canonical correlation sequences p
is strictly related to the problem of characterizing so-called positive-definite sequences.

In this paper we consider a multivariate version of Lancaster’s problem, when 7 is taken to
be either the Dirichlet or the Dirichlet multinomial distribution (notation: D, and DM, y, with
o€ R1 and N € Z4) on the (d — 1)-dimensional continuous and N-discrete simplex, respec-
tively. The eigenfunctions will be the multivariate Jacobi or Hahn polynomials, respectively.
One difficulty arising when d > 2 is that the orthogonal polynomials Py = Py, p,...n, are multi-
indexed. The degree of every polynomial P, is |n| :=n; + --- + ng (throughout the paper, for
every vector X = (X1, ...,Xxq) € R?, we will denote its length by |x|). There are

n+d—1
d—1
polynomials with degree n, so, when d > 2, there is no unique way to introduce a total order

in the space of all polynomials. Orthogonal polynomial kernels are instead uniquely defined and
totally ordered.
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By orthogonal polynomial kernels of degree n, with respect to 7, we mean functions of the
form

P,y)= Y cmPm®Pm(y), n=0,12,..., (1.4)
meZi:|m|:n

where {Py: n € Zi} is a system of orthogonal polynomials with weight measure 7.
It is easy to check that

Er[Py(X,Y)Pp(z,Y)] = Py (X, Z)81.

A representation equivalent to (1.2) in term of polynomial kernels is

f®) =) Ex(f(Y)Py(x, Y)). (1.5)

n=0

If f is a polynomial of order m, the series terminates at m. Consequently, for general d > 2, the
individual orthogonal polynomials Py (x) are uniquely determined by their leading coefficients
of degree n and P,(x,y). If a leading term is

d
Z bnk l_[xfi s

{k:|k|=n} 1

then

d
INGEEDY bnk]E|:1_[ Y} Py (x, Y)], (1.6)
1

{k:[k|=n}

where Y has distribution 7.

P, (x,y) also has an expansion in terms of any complete sets of biorthogonal polynomials of
degree n. That is, if { Py (x)} and { PJ(x)} are polynomials orthogonal to polynomials of degree
less that » and

[Py (X) Py (X)] = S,
then
Pax,y)= ) PRIPR(Y). (1.7)

{n:|n|=n}

Similar expressions to (1.6) hold for PJ(x) and Pg(x), using their respective leading coeffi-
cients. This can be shown by using their expansions in an orthonormal polynomial set and ap-
plying (1.6).

The polynomial kernels with respect to D, and DM, y will be denoted by Q%(x,y) and
H(r,s), and called Jacobi and Hahn kernels, respectively.

This paper is divided in two parts. The goal of the first part is to describe Jacobi and Hahn
kernels under a unified view: we will first provide a probabilistic description of their structure
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and mutual relationship, then we will investigate their symmetrized and infinite-dimensional
versions.

We will show that all the kernels under study can be constructed via systems of bivariate
Pélya urns with random samples in common. This remarkable property assimilates the Dirichlet
“world” to other distributions, within the so-called Meixner class, whose orthogonal polynomial
kernels admit a representation in terms of bivariate sums with random elements in common,
a fact known since the 1960s (see [6,7]. See also [4] for a modern Bayesian approach).

In the second part of the paper we will turn our attention to the problem of identifying
canonical correlation sequences with respect to D, and DM, . We will restrict our focus
on sequences p such that, for every n € fo_, pn depends on n only through its total length

d
Inf =37 ni:
Pn = Pn VneZi: In| =n.

For these sequences, Jacobi or Hahn polynomial kernels will be used to find out conditions for a
sequence {p,} to satisfy the inequality

o
Y onPa(u,v) 0. (1.8)
n=0

Since T, is required to map constant functions to constant functions, a straightforward necessary
condition is always that

po=1.

Foreveryd =2,3, ... andevery o € R?, we will call any solution to (1.8) an «-Jacobi positive-
definite sequence (a-JPDS), if 1 = Dy, and an («, N)-Hahn positive-definite sequence ((o, N)-
HPDS), if 1 =DM, y.

We are interested, in particular, in studying if and when one or both the following statements
are true.

(P1) Forevery d and @ € R, p is a-JPDS < p is @-JPDS for every @ € Rﬁf’l: || = |el;
(P2) Forevery d and o € Rf{_ p is a-JPDS < p is («, N)-HPDS for some N.

Regarding (P1), it will be clear in Section 7 that the sufficiency part (<) always holds. To find
conditions for the necessity part (=) of (P1), we will use two alternative approaches. The first one
is based on a multivariate extension of a powerful product formula for the Jacobi polynomials,
due to Koornwinder and finalized by Gasper in the early 1970s: for «, 8 in a “certain region”
(see Theorem 5.1 further on), the integral representation

pxpP pxp 1 p*.p
n’ (X) Py (y) _/ n (Z)mx,y(dZ), x,ye(0,1),n€eN,
0

PePay PPy Jo PPy

holds for a probability measure my y on [0, 1]. Our extension for multivariate polynomial kernels,
of non-easy derivation, is found in Proposition 5.4 to be

0%(x,y) =E[Qe¢ =% (Z4, DIx,y],  In|=0,1,... (1.9)
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for every d € N, every « in a “certain region” of Rﬁ, and for a particular [0, 1]-valued random
variable Z,. Here, for every j=1,...,d, ¢; =(0,0,...,1,0,...,0) € R4 is the vector with
all zero components, except for the ]th coordinate which is equal to 1. Integral representations
such as (1.9) are useful in that they map immediately univariate positive functions to the type of
bivariate distribution we are looking for,

f020 = > Fm)Q0ux.y) =E[f(Zs)Ix.¥] > 0.

In fact, whenever (1.9) holds true, we will be able to conclude that (P1) is true.

Identity (1.9), however, holds only with particular choices of the parameter . At best, one
needs one of the a;s to be greater than 2. This makes it hard to use (P1) to build, in the limit
as d — oo, canonical correlations with respect to Poisson—Dirichlet marginals on the infinite
simplex. The latter would be a desirable aspect for modeling dependent measures on the infinite
symmetric group or for applications, for example, in nonparametric Bayesian statistics.

On the other hand, there are several examples in the literature of positive-definite sequences
satisfying (P1) for every choice of ¢, even in the limit case of |«| = 0. Two notable and well-
known instances are

@

on(t) = e~ (1/2nrtlal=Dr n=0,1,..., (1.10)

arising as the eigenvalues of the transition semigroup of the so-called d-type, neutral
Wright—Fisher diffusion process in population genetics, see, for example, [11,14,27]. The
generator of the diffusion process {X(#), r > 0} describing the relative frequencies of genes
with type space {1, ...,d}is

ZZ&(&, Dawan T2 Z(al |a|x,)i

11]1 i

In this model, mutation is parent-independent from type i to j atrate /2, j € {1, ..., d}.
Assuming that « > 0, the stationary distribution of the process is Dy, and the transition
density has an expansion

Y0 =Da(M{1+ Y o) O (X,y)

n=1

The limit model as d — oo with @ = |«|/d is the infinitely-many-alleles-model, where
mutation is always to a novel type. The stationary distribution is Poisson—Dirichlet(c).
The same sequence (1.10) is also a HPDS playing a role in population genetics [17]:
it is the eigenvalue sequence of the so-called Moran model with type space {1, ...,d}.
In a population of N individuals, {Z(z), ¢t > 0} denotes the number of individuals of each
type at ¢, |Z(t)| = N. In reproduction events, an individual is chosen at random to repro-
duce with one child, and another is chosen at random to die. The offspring of a parent of
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type i does not mutate with probability 1 — u, or mutates in a parent independent way to
type j with probability up;, j € {1,...,d}, where |p| = 1. The generator of the process
is described by

d d
A
Ef(Z)=E E m(Nz,-Jrupj)[f(z—ei+e,,')—f(Z)].
i=1j=1

Setting o« = Mup/A, . = N /2, the stationary distribution of the process is DM, y, the
eigenvalues are (1.10), and the transition density is

N
P(Z(t)=5/Z(0)=r) = DMa,N(s){l + > pu() Hy (r, s)}.
n=1

Thus (1.10) is an example of positive-definite sequence satisfying both (P1) and (P2).
(i1)

on(2) =7", n=0,1,...;

that is, the eigenvalues of the so-called Poisson kernel, whose positivity is a well-known
result in special functions theory (see, e.g., [5,16]).

An interpretation of Poisson kernels as Markov transition semigroups is in [ 14], where it is shown
that (ii) can be obtained via an appropriate subordination of the genetic model (i).

It is therefore natural to ask when (P1) holds with no constraints on the parameter «.

Our second approach to Lancaster’s problem will answer, in part, this question. This approach
is heavily based on the probabilistic interpretation (Pélya urns with random draws in common)
of the Jacobi and Hahn polynomial kernels shown in the first part of the paper. We will prove in
Proposition 8.1 that, if {d,,: m =0, 1,2, ...} is a probability mass function (p.m.f.) on Z, then

every positive-definite sequence {p,},~, of the form

i m!T (|| + m)
m—-—n)T'(la| +m+n)

on = dn, m=0,1,..., (1.11)

m=n

satisfies (P1) for every choice of «; therefore (P1) can be used to model canonical correlations
with respect to the Poisson—Dirichlet distribution.

In Section 9 we investigate the possibility of a converse result, that is, will find a set of condi-
tions on a JPD sequence p to be of the form (1.11) for a p.m.f. {d,,}.

As for Hahn positive-definite sequences and (P2), our results will be mostly a consequence of
Proposition 3.1, where we establish the following representation of Hahn kernels as mixtures of
Jacobi kernels:

(N —-n)!T'(Jla| + N +n)
NIT(ja| + N)

HY(r,s) = E[Q2 (X, Y)|r, s], n=0,1,...

forevery N € Z, andr,s € NAy—_1), where the expectation on the right-hand side is taken with
respect to Dy 4r @ Dy s, that is, a product of posterior Dirichlet probability measures. A similar
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result was proven by [15] to hold for individual Hahn polynomials as well. The interpretation is
again in terms of dependent Pélya sequences with random elements in common.

We will also show (Proposition 6.1) that a discrete version of (1.9) (but with the appearance
of an extra coefficient) holds for Hahn polynomial kernels.

Based on these findings, we will be able to prove in Section 10 some results “close to” (P2):
that JPDSs can indeed be viewed as a map from HPDSs, and vice versa, but such mappings, in
general, are not the inverse of each other.

On the other hand, we will show (Proposition 10.4) that every JPDS is in fact the limit of a
sequence of (P2)-positive-definite sequences.

Our final result on HPDSs is in Proposition 10.8, where we prove that if, for fixed N, dV) =
{d\ ez, is a probability distribution such that ") = 0 for > N, then (P2) holds properly for
the JPDS p of the form (1.11). Such sequences also satisfy (P1) and admit infinite-dimensional
Poisson—Dirichlet (and Ewens’s sampling distribution) limits.

The key for the proof of Proposition 10.8 is provided by Proposition 3.5, where we show the
connection between our representation of Hahn kernels and a kernel generalization of a product
formula for Hahn polynomials, proved by Gasper [9] in 1973. Proposition 3.5 is, in our opinion,
of some interest, even independently of its application.

1.1. Outline of the paper

The paper is organized as follows. Section 1.2 will conclude this Introduction by recalling some
basic properties and definitions of the probability distribution we are going to deal with. In Sec-
tion 2 an explicit description of Qf is given in terms of mixtures of products of multinomial
probability distributions arising from dependent Pdlya urns with random elements in common.
We will next obtain (Section 3) an explicit representation for H as posterior mixtures of Qf,. In
the same section we will generalize Gasper’s product formula to an alternative representation of
H¥ and will describe the connection coefficients in the two representations. In Sections 4-4.2,
we will then show that similar structure and probabilistic descriptions also hold for kernels with
respect to the ranked versions of D, and DMy, x, and to their infinite-dimensional limits, known
as the Poisson—Dirichlet and Ewens’s sampling distribution, respectively. This will conclude the
first part.

Sections 5-6 will be the bridge between the first and the second part of the paper. We will
prove identity (1.9) for the Jacobi product formula and its Hahn equivalent. We will point out the
connection between (1.9) and another multivariate Jacobi product formula due to Koornwinder
and Schwartz [21].

In Section 7 we will focus more closely on positive-definite sequences (canonical correlations).
We will use results of Section 5 (first approach) to characterize sequences obeying to (P1), with
constraints on .

In Section 8 we will use a second probabilistic approach to find sufficient conditions for (P1) to
hold with no constraints on the parameters, when a JPDS can be expressed as a linear functional
of a probability distribution on Z,. Every such sequence will be determined by a probability
mass function on the integers. We will discuss the possibility of a converse mapping from JPDSs
to probability mass functions in Section 9.
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In the remaining sections we will investigate the existence of sequences satisfying (P2). In par-
ticular, in Section 10.1 we will make a similar use of probability mass functions to find sufficient
conditions for a proper version of (P2).

1.2. Elements from distribution theory

We briefly list the main definitions and properties of the probability distributions that will be used
in the paper. We also refer to [15] for further properties and related distributions. For o, x € R?
andn e Zi, denote

d
X“:x‘f'-‘-xj", F(ot):l_[F(oe,-)
i=1
and
(8)-1
n 1_[?:1 n,'!.
Also, we will use
@ I'a+x)
Ay = —,
(x) T(a)
'a+1
@x=—""7T"7
'a+1—x)
whenever the ratios are well defined. Here 1 := (1,1, ..., 1).

If xeZy,then (a)x)y =ala+1)---(a+x—1)and (@)y)=a(@—1)---(a—x+1). E, will
denote the expectation under the probability distribution p. The subscript will be omitted when
there is no risk of confusion.

Definition 1.1.

(i) The Dirichlet(«) distribution, « € R, on the d-dimensional simplex
Ag—n :i=1{xe[0,11% |x| =1}

is given by

o—1
Dy (dx) := %H(X S A(dfl)) dx.

(i) The Dirichlet multinomial (a, N) distribution, a € Ri,N € Z4+ on the (d — 1)-
dimensional discrete simplex

NA@-1):={meZ: jm| =N}
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is given by the probability mass function

_(N\ @
DM,y (r) = ( r > T’ re NAgy—n. (1.12)

1.2.1. Polya sampling distribution

DM, v can be thought as the moment formula (sampling distribution) of Dy,

W)

so DM,y can be interpreted as the probability distribution of a sample of N random variables in
{1,...,d}, which are conditionally independent and identically distributed with common law X,
the latter being a random distribution with distribution D,. The probability distribution of X,
conditional on a sample of N such individuals, is, by Bayes’s theorem, again Dirichlet with
different parameters

()X

Dy yr(dx) = m Dy (dx). (1.13)
As N — oo, the measure DM,y tends to D,. The Dirichlet multinomial distribution can also be
thought as the distribution of color frequencies arising in a sample of size N from a d-color Pdlya
urn. This sampling scheme can be described as follows: in an urn there are || balls of which
a; are of color i, i =1,...,d (for this interpretation one may assume, without loss of generality,
that o € Zf{_). Pick a ball uniformly at random, note its color, then return the ball in the urn and
add another ball of the same color. The probability of the first sample to be of color i is «; /||.
After simple combinatorics one sees that the distribution of the color frequencies after M draws
is DMy, pr. Conditional on having observed r as frequencies in the first M draws, the probability
distribution of observing s in the next N — M draws is

Dy ys.m (r)

. 1.14
Da,M(r) ( )

DMy e, N—m(8) = Do, N—m(S)

1.2.2. Ranked frequencies and limit distributions

Define the ranking function ¥ :R? — R? as the function reordering the elements of any vector
y € R in decreasing order. Denote its image by

Y@ =y =Gl

The ranked continuous and discrete simplex will be denoted by Ajfl =y (Ag—1)and N Ajfl =
W (N Ag4—1), respectively.
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Definition 1.2. The Ranked Dirichlet distribution with parameter a € Rﬂlr, is one with density,
with respect to the d-dimensional Lebesgue measure

_ 1
DY) =Dyoy™ ()= 3" Duloxh).  xeAj .

‘oeSy

where Sy is the group of all permutations on {1, ...,d} and oX = (X5(1), - - -, X5 () -
Similarly,

DM,  :=DM, y oty !

defines the ranked Dirichlet multinomial distribution.

With a slight abuse of notation, we will use D' to indicate both the ranked Dirichlet measure
and its density. Ranked symmetric Dirichlet and Dirichlet multinomial measures can be inter-
preted as distributions on random partitions. For every r € NAy_1) let 8; = 8;(r) be the num-
ber of elements in r equal to j and k(r) = ) B;(r) the number of strictly positive components
of r. Thus ) ;_,iBi(r) = N.

For each x € A(4_1) denote the monomial symmetric polynomials by

k
[x,r]y = Z 1_[ x,.rjj,

i1#ie{l,...,d}k j=1

where the sum is over all dj] subsequences of k distinct integers, and let [X, r] be its extension to
X € A . Take a collection (&1, ..., &y) of independent, identically distributed random variables,
with values in a space of d “colors” (d < c0), and assume that x; is the common probability of
any &; of being of color j. The function [x, r]; can be interpreted as the probability distribution
of any such sample realization giving rise to k(r) distinct values whose unordered frequencies
count B1(r) singletons, B> (r) doubletons and so on.

There is a bijection between rf = Y (r) and B(r) = (B1(r), ..., Bn(r)), both maximal invari-
ant functions with respect to permutations of coordinates, both representing partitions of N in
k(r) parts. Note that [x, r]; is invariant too, for every d < oo. It is well known that, for every
X € Ai,

N 1 |
Z (N)—Hizlﬂi(ri)![x’r la=1, (1.15)

{
rieNA(dfl)

that is, for every X,

N I .
(ri) o iy el

represents a probability distribution on the space of random partitions of N.
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For || > 0, let D|y|,q, DMjq|,n,q denote the Dirichlet and Dirichlet multinomial distributions
with symmetric parameter (|«|/d, ..., |¢|/d). Then

!
DMla"N’d(ri)

_ N 1 L
=Eos A () rr et ) (1.16)

i TGal/a)
=d =y 5"
[Ty gt (abav

r! o |K
— - ./3‘ .
d—o00 l_[1] J,Bj! (lO{D(r)

:= ESFjq(1). (1.17)

Definition 1.3. The limit distribution ESF o |(r) in (1.17) is called the Ewens sampling formula
with parameter |o|.

Poisson—Dirichlet point process [19]. Let Y*° = (Y1, Y2, ...) be the sequence of points of a
non-homogeneous point process with intensity measure

Nig/(y) = leely~te™.

The probability generating functional is
Fla(§) = Ejo (exp{/logé(y)N|a|(dy)})

=exp{|a|/0 (EG) - 1)y‘1e‘ydy}

(1.18)

for suitable functions & : R — [0, 1]. Then |Y°°| is a Gamma(|c|) random variable and is inde-
pendent of the sequence of ranked, normalized points

hoo _ V™)
yee|

Definition 1.4. The distribution of X‘°°, is called the Poisson—Dirichlet distribution with pa-
rameter |o|.

Proposition 1.5.

(i) The Poisson—Dirichlet(|a|) distribution on A is the limit

: \
PDjy = dlirgo Dlﬂtlsd'
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(i1) The relationship between D, and DMy, y is replicated by ESF, which arises as the (sym-
metric) moment formula for the PD distribution,

1
ESFo{|,N(r)=]EPDa{(rr¢> m[x, ri]}, I’ENAi. (119)

Proof. If Y = (Y1,...,Yy) is a collection of d independent random variables with identical
distribution Gamma(|«|/d, 1), then their sum |Y| is a Gamma(|«|) random variable independent
of Y/|Y|, which has distribution Dy 4. The probability generating functional of Y is ([10])

_ ~ o] Yl N
Foa® = <1+/0 Wy)‘”?W‘”)

(1.20)
= Fl®).

which, by continuity of the ordering function v, implies that if X¥¢ has distribution D|l0|, 4 then

x4 B xioo,

This proves (i). For the proof of (ii) we refer to [10]. U

2. Polynomial kernels in the Dirichlet distribution

The aim of this section is to show that, for every fixed d € N and o € R?, the orthogonal poly-
nomial kernels with respect to D, can be constructed from systems of two dependent Pdlya urns
sharing a fixed number of random elements in common.

Consider two Pélya urns U; and U, with identical initial composition ¢, and impose on them
the constraint that the first m draws from U; are identical to the first m draws from U,. For
M < N sample M + m balls from U; and N + m balls from U,. At the end of the experiment,
the probability of having observed frequencies r and s, respectively, in the M unconstrained balls
sampled from U; and in the N ones from U, is, by (1.14),

> DMa (1) DMy 41, (r) DMy 11,8 (5)

j=m

2.1
= DM,y () DM,y (9)E7%(x, 5),

where

DMoc+s m (l) DMa+r m (l)
£ (r,s) = : o
" Z DMy, m (D)

2.2)

N=m

As N, M — oo, if we assume N~ ls > x, M~ lr — y, we find that this probability distribution
tends to

D, (dx) Dy (dy)é,, (X, y),
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where

o |O(|(m) l;
En(X,y) = < ) (xiyi)" (2.3)
|1|2_,:,, [Tf @ia, H
m\ 1 /m\l1
(Dx'(D)y (2.4)

l/=m DMa,\ml () .

Notice that, because Pdlya sequences are exchangeable (i.e., their law is invariant under permu-
tations of the sample coordinates), the same formula (2.4) would hold even if we only assumed
that the sequences sampled from U; and U, have in common any m (and not necessarily the
first m) coordinates.

2.1. Polynomial kernels for d > 2
We shall now prove the following:

Proposition 2.1. For every o € Rf{_ and every integer n, the nth orthogonal polynomial kernel,
with respect to Dy, is given by

Q%(x.y) = Z ayEn(x,y), 2.5)
m=0
where

\a\ | = (ja| +2n — 1)(_1)”—’"% (2.6)

m!(n —m)!

form a lower-triangular, invertible system. An inverse relationship is

(m)n) o

Erxy) =1+ Z 0% (X, y). 2.7)

(lee| + [m )

Remark 2.2. A first construction of the Kernel polynomials was given by [11]. We provide here
a revised proof. Operators with a role analogous to the function &,, have, later on, appeared in
different contexts, but with little emphasis on Pélya urns or on the probabilistic aspects ([25,26]
are some examples). A closer, recent result is offered in [24] where a multiple integral repre-
sentation for square-integrable functions with respect to Ferguson—Dirichlet random measures is
derived in terms of Pélya urns.

Proof of Proposition 2.1. Let {Q;} be a system of orthonormal polynomials with respect to
Dy, (i.e., such E(Qflz) = 1). We need to show that, for independent Dirichlet distributed vectors
X,Y,ifn,k <m, then

(m)y

E(£%(X, Y)0°(X) 0°(Y)) = Sy ——21 2.8
& )On(X) 0 (Y)) k(|oz|—|—m)(,,) (2.8)
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If this is true, an expansion is therefore

m
(m)n)
ey =1+) ——"— Y 0r(x)0h(Y)

o el mae (Ao

(m)n) o
1+ X,Y).
Z Gal s my 2 0eY)
Inverting the triangular matrix with (m, n)th element
(m)[n]
(Ja] + m)(n)

gives (2.5) from (2.7). The inverse matrix is triangular with (m, n)th element

(| +2n — 1)(—1

and the proof will be complete.
Proof of (2.8). Write

d—1
E(l—[ XMEY (X, Y)’Y) _
1

Expressing the last product in (2.10) as

m)n—1)

i (ol +
m!(n

{L:]1|=

9 an7
—m)!

d —
3 <m>1—[Yg[nf SURRND
i 0 (el

H(l +Otz)(n)—l_[ln]+ > bnkl_[l

for constants byk, shows that

d—1
(mes“(X V)

Thusifn <k <m,

E¢, X, Y)0rX)|Y) =

{k:[k|<[nf} 1

(m)[n] n
Y T ————— Y;" + Ro(Y
) (|a|+m><n>n * -

(m) [n]

(la| +m) )

(M) )

~ (lee] +m)m

d—1

Y aw [V R

{k:|k|=n} 1

On(Y) + Ra(Y),

561

(2.9)

(2.10)

@2.11)

2.12)
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where
d—1
ki
> a[]X;
{k:|k|=n} 1

are terms of leading degree n in Qp(X) and R;(Y), j =0, 1,2, are polynomials of degree less
thann in Y. Thusifn <k <m,

E, X, Y)0,(X)0p(Y)) = IE‘3<Q§(Y) { _mm On(Y) + R2(Y) })
(la| +m) )
(2.13)
_ (M) ) .
(al+m)e
By symmetry, (2.13) holds for all n, k such that n, k < m. O

2.2. Some properties of the kernel polynomials
Particular cases

05 =1,
f=(al+DE -1

d
= (jo| + 1)<|a| D o xivi/ei — 1>,
1

05 = 3(al +3)((la| +2)& — 2(la| + D& + |a]),

where

d
& =la|(lo| + 1><Z<xiy,->2/ai<a,» +1h+ 2inx,»yiy,-/a,-a,->.
1

i<j
The jth coordinate kernel

A well-known property of Dirichlet measures is that, if Y is a Dirichlet(a) vector in Ay_y),
then its jth coordinate Y; has distribution Dy; |a|—q;- Such a property is reflected in the Jacobi
polynomial kernels. For every d, let e; be the vector in R with every ith coordinate equal &; s
i,j=1,...,d. Then

(le)
EX(y.e)) = (a.)(“")’ ", meZyyeAqu . (2.14)
j m
In particular,
£%(e;, e) = D) 5 (2.15)

k-
©@)m
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Therefore, for every d and o € R4 , (2.14) implies

n
,,l |7 .
Q%(y.e)) =Y allex(e;, y)=0u" " (y;, 1)
m=0

ol ol (2.16)
o al—a; o |al—a; .
=0’ 'Ry’ (i) Jj=1,....d,ye Ay,
where
a,p
1
Ry = 00D
O, (1,1)
01 2.17)
:2F1<_”’”; - ‘l—x>, n=0,1,2,....0 =a+8,

are univariate Jacobi polynomials (« > 0, 8 > 0) normalized by their value at 1 and

jﬁ =E[R*P(X)]%.
2

n

In (2.18), , F;, p,q € N, denotes the Hypergeometric function (see [1] for basic properties).

Remark 2.3. Fora, B € Ry, let 0 =« + B. Itis known (e.g., [15], (3.25)) that

L ! @ (2.18)
fd O +2n— 1)) (—1) B
On the other hand, for every o = (a1, ..., oq),
; ; . (lee])
T = 0 (ej ey = Y all =, (2.19)

(O‘j)(m)

m=0

Addition of variables in x

Let A be ad’ x d (d" < d) 0-1 matrix whose rows are orthogonal. A known property of the
Dirichlet distribution is that, if X has distribution Dy, then AX has a D 44 distribution. Similarly,
with some easy computation

E(£2 (X, y)|AX = ax) = £, (AX, Ay).
One has therefore the following:
Proposition 2.4. A representation for Polynomial kernels in D 44 is

Q,’:‘“ (Ax, Ay) =E[0 (X, y)|AX = Ax]. (2.20)
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Example 2.5. For any « € R and k <d, suppose AX = (X1 +-++Xp, Xpr1+--+Xg)=X'.

Then, denoting o’ = a| + -+ +ag and B’ = a1 + - - - + @y, one has

04 (', y'y = &P RV (x)RY P () = BLQY (X, y)| X' = x'1.

3. Kernel polynomials on the Dirichlet multinomial distribution

For the Dirichlet multinomial distribution, it is possible to derive an explicit formula for the
kernel polynomials by considering that Hahn polynomials can be expressed as posterior mixtures
of Jacobi polynomials; cf. [15], Proposition 5.2. Let {Q;(x)} be a orthonormal polynomial set

on the Dirichlet, considered as functions of (x1, ..., x4—1). Define, forr e NAy—1),

e ) = [ 0300 Durav,

3.1

then {h,} is a system of multivariate orthogonal polynomials with respect to DM,y with con-

stant of orthogonality

o (N)
Eo n[hGR; N)JP = ——1
(lel + Ny
Note also that if N — oo withr; /N — x;,i =1,...,d, then

lim Ay(r; N) = Qp(x).
N—oo
Proposition 3.1. The Hahn kernel polynomials with respect to DM, y are

W//Qg(st)Da+r(dX)Da+s(dY)

H)(r,s) =
forr=(r1,...,74),s=(s1,...,54), |[r| =8| = N fixed,andn=0,1,...,N.
An explicit expression is

He(r,5) = 1T N S alelg B, s),

nm
! m=0

where (a,llo,t,l,) is as in (2.6) and E,f’a (r,s) is given by (2.2).

Proof. The kernel sum is, by definition,

_ (le| + N) @y

HY(r,s)
" Nin)

> hyr N)hg(s: N).

{n:In|=n}

(3.2)

(3.3)

34

(3.5)

and from (3.3), (3.4) follows. The form of E,,il "“ is obtained by taking the expectation of £2(X,Y),
appearing in the representation (2.5) of Q%, with respect to the product measure DgyyrDg+s. [
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The first polynomial kernel is

d
(| + D(Jer| +7) lo| (i +1i
- (>
1

o Nai +5i)
Hn9 =) (ol + N - 1)'

(&7
Projections on one coordinate
As in the Jacobi case, the connection with Hahn polynomials on {0, ..., N} is given by marginal-

ization on one coordinate.

Proposition 3.2. For N e N and d € N, denote rj| = Ne; € N4, where e; =(0,...,0,1,0,
..., 0) with 1 only at the jth coordinate.
For every a € N4,

| TR, o | —as
HE(s. Nej) = ——hn ™ s mpy @ TNy, =N (G6)
N,n
where
N
el _ M =E[h P (R; N)?],
’ (Il + N) )
and {hz(aj'la‘_aj)} are orthogonal polynomials with respect to DM(a; |a|—a;),N -

Proof. Because for every d and o € Rﬁ

1 n
Hy(s.1) = o > ai &% (xr.s)

cN,n m=0

ford=2and o, 8 > 0 with @ 4+ 8 = ||,

n
@D (e NP (i Ny =) alil P j), ki j=0.....N.

m=0

Now, forr, s € N A—1), rewrite g1 a5

gl =3 DMy ¢5,m () DMg.r,m (1)

" DM, m (D)
l=m :
. (3.7)
1N (T
- DMg . (1) B2
|]|§m a+s,m DMa,N(I‘)

Consider, without loss of generality, the case j = 1. Since, for every o,

DMa,m(l) = DM(al,\al—al),m (ll) DM(az ..... ag),m—I; (l2a ey ld),
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then

DM(Oll-‘rll,|a\—a1+m—ll),N(N)
DM(q, o[ ap).N (N)

DMy +1,0(0)
DM,,0(0)

m
%-rlr'l-l,a(& Ney) = Z DM(a]+sl,\a\—a1+m—s1),m(ll)
11=0

Y DMyygm iy (W)
[u|=m—I;
DMO!|+I| N (N)

= Z DM +5,m (I1) )

=0

Z DMa’+s/,m—11 (u)
la|=m—1I
DMOtrH],N(N)

=2 DMoyom(D—5p; T

I=0
R I\

Then (3.6) follows immediately.

(3.8)

(3.9

3.1. Generalization of Gasper’s product formula for Hahn polynomials

For d =2 and «, 8 > 0 the Hahn polynomials

—n,n+6—1,—r

hz’ﬁ(";N)=3F2< v —N

1), n=0,1,...,N

with 6 = « 4 B, have constant of orthogonality

! 1 O+N) 1 (8)
= Eq glh2P (R: NP = - o
% plh P (R N)] ™) @)ty 42— 1 (@)

The following product formula was found by Gasper [8]:
hP (r; NYR%P (s; N)

_ ED"B i"zl (=D nppg @ +n — Dgyrmsm (N — Ppg (N = $)gg
@Dw 1S DNk Nt (@) ) (B) 1)

Thus
uSy P (r NYRSP (55 N)

_ N[n] i (_l)n—”’(Q)(n—l)(e +n— 1)(,,")(9 +2n—1) Hot ﬂ(r 5)
O+ Ny 2= mi(n—m)NO) )

n
Nin) 0

= HwP(r,s),
@+ Ny 2 omon ™20

(3.10)

@3.11)

(3.12)

(3.13)
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where

(3.14)

! [('}?)r[ﬂ(’v = )im—j] ] [ (7)sij1(N = S)[m—j]:|
[m]

m
H,a,B .
X (ra S) L .
" ]Z:(:) DM e, g),m (J) N Nim)

By uniqueness of polynomial kernels, we can identify the connection coefficients between the
functions & and yx:

Proposition 3.3. Foreverym,n € Z,., and everyr,s € {0, ..., N},
m
1B 5y =3 bux P rs), (3.15)
=0
where
m 2
Nin) ) M) g
bt = ( ab. (3.16)
" 2:; @+Nw) @+mm "

Proof. From (3.4),

BB (s NYRSH (s; ap O+ N g Hoap
uNn (r; N)hy,"(s; N) = H,, (r,s)ziza & (r,s). (3.17)

Since the array A = (af,,) has inverse C = A~! with entries

b= (7’”["] ) (3.18)
O +m)m)

then equating (3.17) and (3.13) leads to

N,
H a,f _ § : [n] a,B
CWH’Z (9 +N)( )Hl’l
n=|

2 n
_ 6  HopB
-3 () >

m
Z le]
=0

The following corollary is then straightforward.

Corollary 3.4.

mAl

l
EjgH-op H.,a,p E H,a, ﬂ H a,B mintn) .
oI = R 1= ZO @+ M) @ + Diny
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For every r € NA(y—1) and m € Z4, define

d
pm@® =] [¢)ma.

i=1

Gasper’s product formula (3.12), or, rather, the representation (3.13), has a multivariate extension
in the following.

Proposition 3.5. For every d, a € Rf{_ and N € Z, the Hahn polynomial kernels admit the
following representation:

n

Nin)
H*(r,8) = ————— E lof o Hoer () r,seNAy_1, n=0,1,..., 3.19
n( ) (|05|+N)(n) Aym Xm (r,s) d-1,n ( )

m=0

where

s =Y 1 <(T)Pl(r)><(7)p'(s)>_ (3.20)

L:[lj=m DMa,m (l) N[m] N[m]

Proof. If we prove that, for every m and n,
m |e|

C,
X s) =Y T HY(x,s),

Jet]
n=0"“Nn

where cll.o.“ are given by (3.18) (independent of d!), then the proof follows by inversion.

Consider the orthonormal multivariate Jacobi polynomials Q; (x). The functions
BN = [ 0Dy
Aw-1)
satisfy the identity

IE|:hf,(R; N) (T)pl(R):| = Npnihg(1; m) DMy (D), IEmA(d,l),neZi (3.21)

([141, (5.71)).
Then for every fixed s,

Elxi (R, s)hg(R; N)] =Y ("f) fv'[—(sjh;(l; m), (3.22)
I=m m

so, iterating the argument, we can write

Elx,; (R, $)hg(R: N)hg(S: N)I = conn. (3.23)
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Now, by uniqueness of the polynomial kernel,

o0
1 o o
Hy(t,8) = —orha(rs Ny (s: N),
n=0 CN,n
therefore
m C\al
Ko (x,8) = ) L HY (),

n=0 *Nn

and the proof is complete. (]

The connection coefficients between E,,If “ and &% are, for every d, the same as for the two-
dimensional case:

Corollary 3.6. For everyd and o € RY,

€
“ H
gHeP e s) =" bux " x.5), (3.24)
=0
where (b)) are given by (3.16).
(ii)
mAl my; i
Elg, 1 1= BIE™ 1= ) T m1=0,1,2,....

= (el +m)e (el + Dy’

3.2. Polynomial kernels on the hypergeometric distribution

Note that there is a direct alternative proof of orthogonality of HJ(r,s) similar to that for
Q% (x,y). In the Hahn analogous proof, orthogonality does not depend on the fact that || > 0.
In particular, we obtain kernels on the hypergeometric distribution,

G-
@

by replacing o by —c in (3.4) and (2.2). Again a direct proof similar to that for Q% (x,y) would
be possible.

(3.25)

4. Symmetric kernels on ranked Dirichlet and Poisson—Dirichlet
measures

From Dirichlet—Jacobi polynomial kernels we can also derive polynomial kernels orthogonal
with respect to symmetrized Dirichlet measures. Let D|q| 4 be the Dirichlet distribution on d
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points with symmetric parameters (|«|/d, ..., |«|/d), and Dlt‘ 4 its ranked version. Denote with

,(Jal’d) and Q,(,lo”’d)i the corresponding n-kernels.

Proposition 4.1.

Qe = (@)=' 3" 0l (0 (x). y).

where summation is over all permutations o of 1, ..., d. The kernel polynomials have a similar
form to inal ) , but with é(‘al 9 replaced by

glaldl _ Z m!|0|my(d — WY B MHIx; N[y; 1]

4.1)
lema? d'TTTLj e/ d) (1P O
MA -1
Dx; gM[y; 1
_ Z ﬁ()[xi]ﬂ()[y ]7 42)
lEmA(id_l) DMlal m, a’(l)
where
20y = (’ ) _
T\ [Ti= DY
Proof. Note that
QN (x,y) = Z 01 (ox, y)
d! oeGy
=2 2 Y ase O oxy
‘oeGym=n
(GX)
_ \al
_d!mz;n ‘)2 {gg: mZ: DM, m,a M)
) (ex)(y)!
=3 gl
- 2 '>2 Zg Z DM m (1)
m=n o,7€Gy |l|=
(GX) Iy
_ Z o] Z Z AY Vi (4.3)
m=<n ')2 0.7€Gy Ij= DMlal m, a()
(d')2 > ol ox, Ty). (4.4)

0,7€Gy
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Now,

1
,d) .d — ,d)
JEDW[QS,'“‘ Fx VO @ V] = §gj 0“9 (0X, 2)8um
oeyy

(4.5)
= 0D (x, 2)8,,,

and hence Q(lot| DV is the n polynomial kernel with respect to D(ﬁ al.d)’ The second part of the
theorem, involving identity (4.2), is just another way of rewriting (4.3). (]

Remark 4.2. The first polynomial is Q(‘O[| DV

4.1. Infinite-dimensional limit

Asd — o0, Eﬂal’d“ — Eﬂal’oo)i, with

al.oo)| _ m!([T7" b:)[x; 1ly; 1]
S(H LT |(m)2| |k[011;l1;1 = D (4.6)

Z tMx; 1(7)eMLy: 1
ESF|a|(l) ’

A7)

Proposition 4.3. The n-polynomial kernel with respect to the Poisson—Dirichlet point process is
given by

Q(Ial ,00)| _ Z a\lalg;-(\al ) 4.8)

m=0
The first polynomial is zero, and the second polynomial is
0% = (Fi — W)(F — w)/o?,

where

o0 o0
2 2
Fi=) xt,  F2=) ¥,
1 1

and
1 , 2ol
=, o = .
1+ |af (el +3) (| +2) (x| 4+ 1)?
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4.2. Kernel polynomials on the Ewens sampling distribution

The Ewens sampling distribution can be obtained as a limit distribution from the unordered
Dirichlet multinomial distribution DMltL ~.g @8 d — 00. The proof of the following proposition
can be obtained by the same arguments used to prove Proposition 4.1.

Proposition 4.4.

(i) The polynomial kernels with respect to DM/ are of the same form as (3.4), but with
la|,N.d

gD voplaced by

Enils(ld\,d)i = (d)~! Zéﬁ»(lal,d) ((r),s). 4.9)

(ii) The kernel polynomials with respect to ESF|y| are derived by considering the limit form

g,,ﬁ’"“” of snfl]’(‘al’d)i. This has the same form as S,‘fu (4.7) with [x; b][y; b] replaced by
[r; b]'[s; b], where

;b1 = (ol + XD D iy Ty

and summation is over 2'1" Jjbj=m, Z'I" bj=k,k=1,...,m. The kernel polynomials
have the same form as (3.4) with é‘,{l{’(la"d) replaced by E,,I,“au. The first polynomial is

identically zero under this symmetrization.

5. Integral representation for Jacobi polynomial kernels

This section and Section 6 are a bridge between the first and the second part of the paper. We
provide an integral representation for Jacobi and Hahn polynomial kernels, extending to d > 2
the well-known Jacobi and Hahn product formulae found by Koornwinder and Gasper for d =2
([8,20] and [9]). It will be a key tool to identify, under certain conditions on the parameters,
positive-definite sequences on the discrete and continuous multi-dimensional simplex. The rela-
tionship between our integral representation and a d-dimensional Jacobi product formula due to
Koornwinder and Schwartz [21] is also explained (Section 5.3).

5.1. Product formula for Jacobi polynomials when d = 2
For d = 2, consider the shifted Jacobi polynomials normalized by their value at 1,

02 (x, 1)
orfa,

They can also be obtained from the ordinary Jacobi polynomials P, b (a,b > —1) with Beta
weight measure

R*P(x) = (5.1)

wap = (1 —x)*(1 +x)’dx, xe[-1,1]
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via the transformation

B—la—1
ReP (1) = P 2x =1
n X B—Ta—1 :

Py (D

(5.2)

The constant of orthogonality g'n(a’ﬁ ) is given by (2.18).

A crucial property of Jacobi polynomials is that, under certain conditions on the parameters,
products of Jacobi polynomials have an integral representation with respect to a positive (proba-
bility) measure. The following theorem is part of a more general result of Gasper [8].

Theorem 5.1 (Gasper [8]). A necessary and sufficient condition for the equality

ab ab 1 pa,b

Pn (x) P” (y) — Pn (Z) ﬁx )ia b(dZ)7 (53)
a,b a,b b e

O AR (VIR A()

to hold for a positive measure dﬁix,y, is that a > b > —1, and either b>1/2 ora+ b > 0. If
a+b>—lorifa>—1/2anda+b=—1withx # —y, then iy y.qp is absolutely continuous
with respect to wq p, with density of the form

ity yia,b P B () PP ()
= n 5.4
dwa ( ) Z¢ ah(l) Pab(l) Pab(l) ( )

with ¢, = PP (1)2/E[ PP (X1

An explicit formula for the density (5.4) is possible whena > b > —1/2.

a,b a,b ab
M il b(y) f / ,,W)ma p(du, dw), (5.5)
P71 PP (1) Py 7 (1)

where

Y, ysu,0) ={(1+x)(1+y)+ 1 —x)1 —y)}/2+ucoswy/ (1 —x2)(1 —y?) —1

and

~ 2'(a+1 .
Mia.p(du, do) = @+l (1 — w2124 (5in ) du dw. (5.6)
J/Tl(a—b)T(b+1/2)
See [20] for an analytic proof of this formula. Note that ¢ (1, 1; u, ) = 1, so diig p(u, ) is a
probability measure.
Gasper’s theorem can be rewritten in an obvious way, in terms of the shifted Jacobi polynomi-

als R%P (x) on [0, 1]:

Corollary 5.2. For a, 8 > 0 the product formula

1
R¥P(x)R¥P(y) = / REP(2)my y:q.p(d2) (5.7)
0
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holds for a positive measure my. y.q g, if and only if B > «, and either a > 1/2 ora + f > 2. In

this case m)(ff’yﬂ) = ﬁ2x71,2y71;ﬂ71,a71 where dm is defined by (5.4). The measure is absolutely

continuous ifa + 8 >2orif B > 1/2 and a 4+ B > 1 with x # y. In this case
m %P (dz) = K (x, y,2) Dy, (d2),

where

o0
K,y =) (P ROPORIP(MRYF (2) = 0. (5.8)
n=0

Remark 5.3. When «, 8 satisfy the constraints of Corollary 5.2, we will say that «, 8 satisfy
Gasper’s conditions.

When o > 1/2, an explicit integral identity follows from (5.5)—-(5.6). Let mqg(du, dw) =
ﬁﬂ—l,a—l (du, da)). Then

1 b1
REP(x)R™F (y) = / / REP (0)mep (du, dw), (5.9)
0 0

where for x, y € [0, 1]

ox,yv;u,0)=xy+ ({1 —x)(1 —y)+2ucoswy/x(1 —x)y(l —y). (5.10)
Ing¢setx < 2x — 1,y <2y — 1 to obtain (5.10).

5.2. Integral representation for d > 2

An extension of the product formula (5.7) is possible for the kernel Q% for the bivariate Dirichlet
of any dimension d.

Prqposition 54. Leto € Ri such that, for every j=1,...,d,a; < Z{:—ll a; and 1/2 < aj, or
Z{:] a; > 2. Then, for every X,y € A—1) and every integer n,

“(x,y) = E[Qa 1= (7, 1)|x,y], (5.11)

where, for every X,y € Ag_1y, Zq is the [0, 1] random variable defined by the recursion

ZlEl; Zj:CDijijl, j=2,...,d, (512)
with
L U=mxpd =y Xj .
Ta-xpa-ynT T ex,a-VZ)
. (5.13)
E Vi

Y= ,
/ I—Yj(l—ﬁj—l)
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where ®; is a random variable in [0, 1], with distribution

dm

* k. J=1
XY i e

where dmy y.o g is defined as in Corollary 5.2.

The proposition makes it natural to order the parameters of the Dirichlet in a decreasing way,
so that it is sufficient to assume that oy + «(2) > 2 to obtain the representation (5.11).

Since the matrix A = {a,,,} is invertible, the proof of Proposition 5.4 only depends on the
properties of the function &. The following lemma is in fact all we need.

Lemma 5.5. For everym € N,d =2,3, ... and a € R? satisfying the assumptions of Proposi-
tion 5.4,

En(X,y) = |OlllIE[Z;”lx, yl, (5.14)
" (@q) m)

where Zg4 is defined as in Proposition 5.4.

Let 6 = o + B. Assume the lemma is true. From (5.9) and (5.16) we know that, for every
n=0,1,...andevery s € [0, 1],

055, 1) = 3 af), D

m<n &(m)

Thus from (5.14)

(o))
0ix.y =] 3 a0 7 o
&d (m)

m=<n
=E[Q 1~ (Z,, 1)Ix,y],

which is what is claimed in Proposition 5.4.
Now we proceed with the proof of the lemma.

Proof of Lemma 5.5. The proof is by induction.
Ifd=2,x,ye[0,1],

@.B) :m m\ (@4 B)m) JEL = ) (] — yYm—d 515
£ (x,y) ;(1>(a>(j)(ﬂ)<mj)(”) [(1—x)(1— 1" (5.15)

Setting y = 1, the only positive addend in (5.15) is the one with j = m, so

_ (05 +:3)(m) Zm.

@B) (y 1
Ep 7 (x, 1) @om

(5.16)
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Therefore, if § = o + B, from (5.9) and (5.16), we conclude

”’ ) im ) .
£2P(x,y) = Z <m> L(w)’[(l —x)(1 ="/

NI @B -
©) (5.17)
(m) m
= — Z m v, (dZ)
() (m) f[o,l] niel
Thus the proposition is true for d = 2.
To prove the result for any general d > 2, consider
ey= Y ( " ) (v ™11 — x0)(1 = y )" (oD
mg—=0 mq (ad)(md)(|05| - O[d)(m—md)
(5.18)
m—mg\ (ol — Old)(m_md) o <~ i
X Z i W H(Xz)’z) )
meNd—1:|i|=m—my i=1 \Fi)(m;) =1
where X; = 1j—fxd,yi = lf"yd i=1,...,d—1).

Now assume the proposition is true for d — 1. Then the inner sum of (5.18) has a representation
like (5.14), and we can write

m

o _ m m _ _ m—m
EXxy) =Y (md) (aya)™ [(1 = xa)(1 = y)I" ™
mg=0
(lee]) (5.19)
(d) mg) (et| — ad) gn—my)
y (la| = @) m—my) E[Z""" K],
(0d—1) m=my)
where the distribution of Z;_1, given X, ¥, depends only on & = (a1, ..., a4—1). Now, set

X; _ X4 )

1-X;  (I—x))VZa1

Yy Yd

1-Y) (= y)NZa1

and define the random variable

py= 4= xi)(l - yd*) . (5.20)
(I—XH(1—15)
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Then simple algebra leads to rewriting equation (5.19) as

ot my(DaZa—1)™ [ ~~ [ m (Cg—1+ &) o)
En(x,y) = E[ ( < )
Zo

(5.21)
* (XEXEYma[(1 — X*)(1 — Yj)]'"—”’d> )x y].

Now the sum in (5.21) is of the form (5.15), with @ = «g_1, B = oy, with m replaced by m —my
and the pair (x, y) replaced by (x, 7). Therefore we can use equality (5.17) to obtain

(lal)
EX(X.y) = E[ oy DaZa-)"E@IX, Y
o o (5.22)
S gz, y)
(ad)(m)
(the inner conditional expectation being a function of Z;_1) so the proof is complete. [

5.3. Connection with a multivariate product formula by Koornwinder and
Schwartz

For the individual, multivariate Jacobi polynomials orthogonal with respect to Dy: o € RY,
a product formula is proved in [21]. For every X € Ay—1), o € Ri andn= (ny,...,n4_1): In| =
n, these polynomials can be written as

d—1

L ) ) . Nj
RO (%) = l—[[Rz;,E/+2NJ<x—J])i|<1 x—) i (5.23)
iy 1= x 1= xi

where £ = |a| — le:l a;jand N =n — sz:l n;. The normalization is such that RS (es) =1,
where e := (0,0, ..., 1) € R?. For an account of such polynomials see also [15].

Theorem 5.6 (Koornwinder and Schwartz). Let o € R? satisfy ag > 1/2 and, for every
j=1...,d a;j > Zf-l:jH ;. Then, for every X,y € Ay—1) there exists a positive probabil-
ity measure dm;; via such that, for everyn € N%,

R%(X)R(y) = / RS (2ym}, ., (dz). (5.24)
A@-1)

Note that Theorem 5.6 holds for conditions on « which are stronger than our Proposition 5.4.
This is the price to pay for the measure m} oy of Koornwinder and Schwartz to have an explicit
descrlptlon (we omit it here), extending (5.6). It is possible to establish a relation between the
measure mx’y;a (z) of Theorem 5.6 and the distribution of Z,; of Proposition 5.4.
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Proposition 5.7. Let o obey the conditions of Theorem 5.6. Denote with my y., the probability
distribution of Z4 of Proposition 5.4 and m;y,a the mixing measure in Theorem 5.6. Then

* [—
mx,y;a - meY;Ol'

Proof. From Proposition 5.4,
05 (x, y) = g IIm MR (RAC 10 (Z,) g 3o (Za)).
Now, by uniqueness,

QU Y) = Y Qm(®)0%(Y)

|m|=n

(5.25)
= D mRRORLWY),
|m|=n
where ¢ :=E(R%) 2.
So, by Theorem 5.6 and because Ry(eg) =1,
Qu(x,y) = / ( > ;&Rﬁ,(z)) dm} ., (2)
Im|=n
(5.26)
= / 0, (2, eq)dmy ;. (2),
where Qf are orthonormal polynomials. But we know that
O (2, eq) = grlelmea Rualel=a (7,
SO
05 (x,y) = L BRI (Z ) 3o (Za)
(5.27)

= g IR (R (Zg) 00 (Za))-

Thus both j4y y:¢(z) and u} v »(2) have the same Riesz-Fourier expansion

Y 0N YR (),

n=0

and this completes the proof. ]
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6. Integral representations for Hahn polynomial kernels

Intuitively it is easy now to guess that a discrete integral representation for Hahn polynomial
kernels, similar to that shown by Proposition 5.4 for Jacobi kernels, should hold for any d > 2.
We can indeed use Proposition 5.4 to derive such a representation. We need to reconsider for-
mula (3.1) for Hahn polynomial in the following version:

- hy(r; N)
h3(r; N) = / Rg(X)DoH_r(dX) = DW, re NAy-n, 6.1
n
with the new coefficient of orthogonality
~ N 1
—— =ERR NP = — (6.2)
wn,N (|a|+r)(n) Eﬁ‘

Formula (6.1) is equivalent to

(lal + Ny

Ra ) = Nin)
n

> R (m; N)(I]:’l)xm, aeRy xe Ay (6.3)
m|=N

(see [15], Section 5.2.1 for a proof).

Proposition 6.1. For « € RY satisfying the same conditions as in Proposition 5.4, a representa-
tion for the Hahn polynomial kernels is

og,lo|—ag (|05| + N)(n)

HY (r,s) = o,y ~ E, s[h% 1= (K N)],
"l 6.4)
n<rj=Is|=N,aeR’
where the expectation is taken with respect to the measure
r —
Ur.s:0 (k) = / f E[( k) Zy(1 = Za) ™" |x, y} Dotr(dX) Days(dy).  (6.5)
Aw-n Y Aw@-1

where Zg4, for every X, y, is the random variable defined recursively as in Proposition 5.4.

Proof. From (3.3),

(laf + N)@)

H%(r,s) =
" Nin)

X / / 0 (X, ¥) Do 4r(dX) Dy 45 (dy).
A@-1) Y Aw-1
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Then (5.11) implies

LX T (o + N
Ninj

HX(r,s) =

1
x / / / R4 (7 iy v (d24) Do-tr (%) Dt (dy),
Ag-1) Y A@-1) JO

so, by (6.3),

(lex| +N)(n)>2
Nin

1
~ _ N _
x § parlel—ed i N)f f f < >z§(1—m)’v k
" Ag-1) Y A@-1) /O k

k<N
X My y.« (dzq) Dy 1r(dx) Dy y5(dy),

HY(r,s) = goalel=ea <

and the proof is complete. (]

7. Positive-definite sequences and polynomial kernels

We can now turn our attention to the problem of identifying and possibly characterizing positive-
definite sequences with respect to the Dirichlet or Dirichlet multinomial probability distribution.
We will agree with the following definition which restricts the attention to multivariate positive-
definite sequences {pp: n € Zi}, which depend on n only via |n|.
Definition 7.1. For every d > 2 and a € R%, call a sequence {on}2 an a-Jacobi positive-
definite sequence (a-JPDS) if po = 1 and, for every X,y € Ay—1),

PX,Y) =) pn0s(x,y) =0. (7.1)
n=0

Foreveryd >2, a € Ri and N € Z., call a sequence {p,};> , an (&, N)-Hahn positive-definite

sequence ((a, N)-HPDS) if po = 1 and, for everyr,s € NAy_1,

i) =" ouH(r.s) = 0. (72)
n=0

7.1. Jacobi positivity from the integral representation

A consequence of the product formulae (5.7) and (5.9) is a characterization of positive-definite
sequences for the Beta distribution.
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The following is a [0, 1]-version of a theorem proved by Gasper with respect to Beta measures
on[—1,1].

Theorem 7.2 (Bochner [3], Gasper [8]). Let Dy g be the Beta distribution on [0, 1] witha < B.
If either 1/2 < a or o + B > 2, then a sequence py is positive-definite for Dy g if and only if

pn = f R (2)va(2) (73)

for a positive measure v with support on [0, 1]. Moreover, if

u(x) =Y 0P pyRy(x) > 0

n=0
with
o
Z(f’ﬁlpnl < 00,
n=0
then
\)(A):/ u(x) Dy, g(dx) (7.4)
A

for every Borel set A C [0, 1].

We refer to [3,8] for the technicalities of the proof. To emphasize the key role played by (5.7),
just observe that the positivity of v and (7.3) entails the representation

o 1
PE.Y) =Y tupnREP(ORYP (y) = fo () y.q,5(dz) =0,
n=0

and u(z) = p(z, 1), whenever u(1) is absolutely convergent.

To see the full extent of the characterization, we recall, in a lemma, an important property of
Jacobi polynomials, namely, that two different systems of Jacobi polynomials are connected by
an integral formula if their parameters share the same total sum.

Lemma 7.3. For u >0,

1
f R&P(1 = (1 — x)z) Dp u(dz) = R PH(x) (73)
0

and

atu, f—p

1
/0 RP(x2) Dy (d2) = HCTRZWJJ_M(X)' (7.6)

n
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Proof. We provide here a probabilistic proof in terms of polynomial kernels Qg’ﬂ (x,y), even
though the two integrals can also be view as a reformulation, in terms of the shifted polynomials
R,‘f’ﬂ , of known integral representations for the Jacobi polynomials {P; ’b} on [—1,1] (a,b >
—1) (see, e.g., [2] ff. formulae 7.392.3 and formulae 7.392.4).

Let us start with (7.6). The moments of a Beta(w, 8) distribution on [0, 1] are, for every integer

m<n=0,1,...

A (m) ,B(n—m)

E[X"(1-X)"""]= .
A S @+ B

Now, for every n € N,
1 1
/ ¢ P RYP (x2) Dy, (dz) = / 0%F (x7,1) Dq,, (dz)
0 0

+B)n
L) )/< 2)" Doy (d2)

m=n (a)(m)
(7.7
@+Bm @Dwm
- T :
s @y (@4 1Wom
= Ly TPTRRITIIT (x),
and this proves (7.6).
To prove (7.5), simply remember (see, e.g., [15], Section 3.1) that
o
R%P(0) = (—1)" =
ﬂ(n)
and that
B,a
R 11—
Rg’ﬂ(x) _ B ‘3(0[ x)
Ry (0)
So we can use (7.6) to see that
1 Rf’a((l _x)Z)D ) = (1" ) Cﬁﬂux MRﬂ+Msa7M(1 y
B.a B.u\dz) = B.a n X
0 R,“(0) Bmy ¢
(7.8)
= go ),
and the proof is complete. ]

Lemma 7.3 completes Theorem 7.2:

Corollary 7.4. Let a < B with a + B > 2. If a sequence py, is positive-definite for Dy g, then it
is positive-definite for Doy g—yu, for any 0 < pu < B.
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Proof. By Theorem 7.2 p, is positive-definite for Dy g if and only if
> 2P puREP (x) 2 0.
n

So (7.6) implies also

é_rtlxﬂtsﬁ—ﬂ
> P py e — RYTF T (x) > 0.
n {n’
The case for Dy, g+, is proved similarly, but using (7.5) instead of (7.6). (]

For d > 2, Proposition 5.4 leads to a similar characterization of all positive-definite sequences,
for the Dirichlet distribution, which are indexed only by their total degree, that is, all sequences

Pn = Pln|-

Proposition 7.5. Let o € R? satisfy the same conditions as in Proposition 5.4. A sequence {p, =
pn: n € N} is positive-definite for the Dirichlet(«) distribution if and only if it is positive-definite
Jor Dejg),(1—c)ja|, for every c € (0, 1).

Proof. Sufficiency. First notice that, since

%P (x,y) = 01 —x,1—y), (7.9)

then a sequence is positive-definite for Dy g if and only if it is positive definite for Dg ¢, so that
we can assume, without loss of generality, that c|la| < (1 —¢)|a|. Leta = (01 = ap > -+ > ay)
satisfy the conditions of Proposition 5.4 (again, the decreasing order is assumed for simplicity)
and let

o
> pn Qi vy =0, w,vel0,1].
n=0

If g > || then Corollary 7.4, applied with © = ag — || implies that

o0
Y on QI v) = 0

n=0

so by Proposition 5.4

o o
0< / |:Z Pn de,\al—ad(za,’ 1):|mx,y;oz(dzd) = an fo(x, y), x,y€Ay_n. (7.10)

n=0 n=0

If ag < c|q|, then apply Corollary 7.4 with = |a|(1 — ¢) — ctg to obtain

o8] o0
D QT vy =) T pn QT (L — w1 = 0) 20,

n=0 n=0



584 R.C. Griffiths and D. Spano

which implies again (7.10), thus {p,} is positive-definite for Dy.

Necessity. For I C {1, ...,d}, the random variables
X]:ZXJ'; Y[:ZYJ'
jel jel

have a Beta(ay, |o| — ay) distribution, where oy = Zjel aj. Since

E(Q, X, V)|Y; =2z) = 0/ (2),

then for arbitrary x, y € A¢,—1),

o
> Q5 (x.y) =0
n=0
implies
05 (x, y) = QT (1~ 2,1 = y) 2 0.

Now we can apply once again Corollary 7.4 with u = £(c|a| — ;) (whichever is positive) to
obtain, with the possible help of (7.9),

o0
Y w0kl vy >0, wovelo,1].
n=0

8. A probabilistic derivation of Jacobi positive-definite
sequences

In the previous sections we have found characterizations of Dirichlet positive-definite sequences
holding only if the parameters satisfied a particular set of constraints. Here we show some suffi-
cient conditions for a sequence to be «-JPDS, not requiring any constraints on «. Thus we will
identify a convex set of Jacobi positive-definite sequences satisfying the property (P1), as shown
in Proposition 8.1. This is done by exploiting the probabilistic interpretation of the orthogonal
polynomial kernels. Let us reconsider the function & . The bivariate measure

BDa,m(dx, dy) := &, (X, ¥) Do (dX) D (dy), 8.1)

so £2(x,y) has the interpretation as a (exchangeable) copula for the joint law of two vectors
(X, Y), with identical Dirichlet marginal distribution, arising as the limit distribution of colors
in two Pélya urns with m random draws in common. Such a joint law can be simulated via the
following Gibbs sampling scheme:

(1) Generate a vector X of Dirichlet(«) random frequencies on d points.
(i) Conditional on the observed X = X, sample m i.i.d. observations with common law X.
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(iii) Given the vector 1 € mA_1), which counts how many observations in the sample at
step (i) are equal to 1, ...,d, take Y as conditionally independent of X and with distribution
Dy 11(dy).

The bivariate measure BD,, », and its infinite-dimensional extension has found several applica-
tions in Bayesian statistics (e.g., by [23]), but no connections were made with orthogonal kernel
and canonical correlation sequences. A recent important development of this direction is in [4].

Now, let us allow the number m of random draws in common to be a random number M, say,
assume that the probability that the two Pdlya urns have M = m draws in common is d,,, for
any probability distribution {d,,: m =0, 1,2, ...} on N. Then we obtain a new joint distribution,
with identical Dirichlet marginals and copula given by

BDy.4(dx, dy) = BIBDy.m (dx, dy)] = Y d&st (X, ¥) Do (dX) Dy (dy). (8.2)

m=0

The probabilistic construction has just led us to prove the following:

Proposition 8.1. Let {d,: m =0, 1, ...} be a probability measure on {0,1,2,...}. For every
|6 > 0, the sequence

Mn]
Pn = ——dn, n=0,1,2,..., (8.3)
" Z(|@|+m)<n> "

m>n

is a-JPDS for every d and every o € R such that |a| = |6].

Proof. Note that

00
PO = de =1
m=0

is always true for every probability measure {d,,}.
Now reconsider the form (2.7) for the (positive) function & : we can rewrite (8.2) as

o
0< ) dnép(x.y)
m=0

dn Y "0 (xy)

M0

= o (e m)e

o (8.4)
- z[z &dm]gmx, v

L= (01 +m)

Pn Q% x,y),

e

3
Il
=}
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and since (8.4) does not depend on the dimension of «, then the proposition is proved for D,. [J

Example 8.2. Take d,, = 3,,;, the probability assigning full mass to /. The corresponding
positive-definite sequence is

Mip] Iin)
pon(m) = Oml = I( > n). (8.5)
" ,,;uewm)(m "= 1+ D

and by Proposition 2.1,

[

= o l[n] o o
n s = T ) = , _0. 8.6
nzzop ooy ,,Z=0<|9|+1)<n> RO A = oo

Thus p,(m) forms the sequences of canonical correlations induced by the bivariate probability
distribution & (X, y) Dy (X) Dg (y).

Example 8.3. Consider, for every ¢ > 0, the probability distribution

dp (1) =Y altle™1/Pmetlel=bl oy =0,1,2. (8.7)

n>n

where (a,'ﬁ,l,) is the invertible triangular system (2.6) defining the polynomial kernels Qf in
Proposition 2.1. Since the coefficients of the inverse system are exactly of the form

Mn]

—_—, m,n=0,1,2,...,
101+ m)

then
on(t) = ef(l/z)n(nJrlozlfl)z

is, for every ¢, a positive-definite sequence. In particular, it is the one characterizing the neutral
Wright-Fisher diffusion in population genetics, mentioned in Section 1.1, whose generator has
eigenvalues —%n(n + || — 1) and orthogonal polynomial eigenfunctions.

The distribution (8.7) is the so-called coalescent lineage distribution (see [12,13]), that is, the
probability distribution of the number of lineages surviving up to time ¢ back in the past, when
the total mutation rate is ||, and the allele frequencies of d phenotypes in the whole population
are governed by A\q| 4. More details on the connection between coalescent lineage distributions
and Jacobi polynomials can be found in [14].

Example 8.4 (Perfect independence and dependence). Extreme cases of perfect dependence
or perfect independence can be obtained from Example 8.3, when we take the limit as t — 0
or t — 00, respectively. In the former case, d,;,(0) = §,,00 so that p,(0) = 1 for every n. The
corresponding bivariate distribution is such that

Eo(Qn(Y)IX =x) = On(x)
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so that, for every square-integrable function
/= Z ¢nOn,
n

we have

Eo(f(V)IX=x) =) cnQn(x) = f(%);

that is, BDy o} is, in fact, the Dirac measure §(y — X).
In the latter case, dy, (00) = 8,0 so that p,(c0) = 0 for every n > 1 and Eo(Q,(Y)|X =x) =
E[Q,(Y)], implying that

Exo(f (V)X =x)=E[f(Y)],
that is, X, Y are stochastically independent.

8.1. The infinite-dimensional case

Proposition 8.1 also extends to Poisson—Dirichlet measures. The argument and construction are

the same, once one replaces &% with E,ﬁ‘g"oo. We only need to observe that because the functions

(”f) 2Mx. 11,
101,00

forming the terms in &, (see (4.2)), are probability measures on mAgo, then the kernel
£49M>°(x, y) Djyy o (dy)

defines, for every x, a proper transition probability function on Aéo, allowing for the Gibbs
sampling interpretation as in Section 8, but are modified as follows:

(i) Generate a point X in Aio with distribution PD(|0]).

(i1) Conditional on the observed X = X, sample a partition of m with distribution function
(1)zMIx. 1.

(iii) Conditionally on the vector 1, counting the cardinalities of the blocks in the partition
obtained at step (ii), take Y as stochastically independent of X and with distribution

(7)£MIx, 11 PDy (dy)
ESFjg (1)

Thus the proof of the following statement is now obvious.

Proposition 8.5. Let {d,,;: m =0,1,...} be a probability measure on {0, 1,2,...}. For every
|6] > 0, the sequence

Mn]
Pn = — " d,, n=0,1,2,..., (8.8)
" Z(|9|+m><n> "

m>n
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is a positive-definite sequence for the Poisson—Dirichlet point process with parameter |0|.

9. From positive-definite sequences to probability measures

In the previous section we have seen that it is possible to map probability distributions on Z. to
Jacobi positive-definite sequences. It is natural to ask if, on the other way around, JPDSs {p,}

can be mapped to probability distributions {d,,} on Z., forevery m =0, 1, ..., via the inversion
(0.¢]
dn(p) = alpn- 0.1)
n=m

For this to happen we only need d,,(p) to be non-negative for every m as it is easy to check

that )", din(p) = 1 always. In this section we give some sufficient conditions on p for dy, () to

be non-negative for every m =0, 1, ..., and an important counterexample showing that not all

JPDSs can be associated to probabilities. We restrict our attention to the Beta case (d = 2) as we

now know that, if associated to a probability on Z_, any JPDS for d = 2 is also JPDS for d > 2.
Suppose p = {p,}2, satisfies

o0
Pp(x,y) :=anQ‘,’,"ﬂ(x,y) >0 9.2)
n=0
and, in particular,
Pp(x) == pp(x,1) > 0. 9.3)

Proposition 9.1. If all the derivatives of p,(x) exist, then d,,(p) = 0 for every m € Z if and
only if all derivatives of p,(x) are non-negative.

Proof. Rewrite d,,(p) as

o]
0
dm (p) = Zallj—}l-m’;npvﬁ‘m
v=0

- (9.4)
(18] + m) o) 01+2
ZTZGUO m,Ov+m, m=0,1,....
v=0
This follows from the general identity
. !
16| _101+2) : AN
Ay s = o, —(u+j)!(|9|+u+1)(j). 9.5)
Now consider the expansion of Jacobi polynomials. We know that
P RYPOORYP () = 0P (e )
(9.6)

n
= Z alfl g%B(x ).
m=0
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Since R“? (1) = 1 and £27(0, 1) = 8,n0, then
g P R (0) = Q2P (0. 1) = aly.

Therefore (9.4) becomes

(01 +m)m) 5
() = =m0y R R 0y,

v=0
Now apply, for example, [16], (4.3.2), to deduce

m

dym [Da+m,ﬁ+n1 (y)Rferm’ﬁH" (62]

0
= (- am) Rﬁf,n(y)na,,g(y).

Form =1,

1
por1 = /O Po()REL () Dy g (x) dx

m=0,1,....

o 1 d
=— /0 pp(x>[aRﬁ‘“’ﬁ“(mDaﬂ,ﬁH(x)}dx

1912
o

I

The last equality is obtained after integrating by parts. Similarly, denote

dm
P (x) = TP, m=0.1....

It is easy to prove that

m!a(m)

Putm =
T 101 am)

SO We can write

_ Y%m) _(m)
d, =— 0).
m(p) |9|(m)pp 0)

Thus if p(m) > 0, then d, (p) is, for every m, non-negative and this proves the sufficiency.

Lrq
/0 ( = pp(x>> RETVEH () Dy 1 g (x) dx.

1
/ PV @RS P () Dy pgm () dx,
0

589

9.7)

9.8)

(9.9)

(9.10)

For the necessity, assume, without loss of generality, that {d,(p): m € Z4} is a probability
mass function on Z . Then its probability generating function (p.g.f.) must have all derivatives
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non-negative. For every 0 < y < |#], the p.g.f. has the representation

o(s) =Y dn(p)s"
m=0

=Ey 01—y [Z dn ()& (52, 1)}

m=0

o0
=By jo1-y [Z pnCﬁ"e_VRZ’Q_V(sZ)}

m=0

= Ey,\G\fy[P,o(SZ)]a

9.11)

where Z is a Beta(y, |#| — ) random variable. Here the second equality follows from the identity

0
Hﬂxmzér%’ﬁ(x,l)’ Ol,ﬁ>07
X (m)

and the third equality comes from (9.6).
So, forevery k =0, 1, ...,

dk
0< @w(s) =Ey.01—y[Z" P (s2)]

for every y € (0, |0]). Now, if we take the limit as y — |6|, Z —41 so, by continuity,

B o [k ® (o7 ® (5).
yiol—y [ZE P3O (s )]y—_>>|0|p ()

preserving the positivity, which completes the proof.

9.1. A counterexample

(9.12)

9.13)

In Gasper’s representation (Theorem 7.2), every positive-definite sequence is a mixture of Ja-
cobi polynomials, normalized with respect to their value at 1. It is natural to ask whether these
extreme points lend themselves to probability measures on Z.. A positive answer would imply
that all positive-definite sequences, under Gasper’s conditions, are coupled with probabilities on

the integers. Rather surprisingly, the answer is negative.
Proposition 9.2. Let o, B > 0 satisfy Gasper’s conditions. The function

dy= Y alflRPx).,  m=0.12 ..,

n>|m|

is not a probability measure.
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Proof. Rewrite

¢ue(s) =) RYP(x) Y alfs™
n=0 m=0 (914)

o0
=E) ¢ PRYP()RIP (W),
n=0

where W is a Beta(a, §) random variable. This also shows that, for every x,

dDy g (y) —
i LG R @R 0) =5:0),
n=0

that is, the Dirac measure putting all its unit mass on x (see also Example 8.4).
Now, if ¢, (s) is a probability generating function, then, for every positive L, function g, any
mixture of the form

X1 —x)f !
B(a, )

= /1 (ws)—ww_l(l _ w)ﬁ_l dw
) ¢ B(a, B)

must be a probability generating function; that is, it must have all derivatives positive. However,
if we choose g(x) = e~ then we know that, g being completely monotone, the derivatives of
g will have alternating sign, which proves the claim. O

1
q(s) = / g(X)x(s)
0 (9.15)

10. Positive-definite sequences in the Dirichlet multinomial
distribution

In this section we aim to investigate the relationship existing between JPDS and HPDS. In par-
ticular, we wish to understand when (P2) is true, that is, when a sequence is both HPDS and
JPDS for a given «. It turns out that, by using the results in Sections 3 and 6, it is possible to
define several (sometimes striking) mappings from JPDS and HPDS and vice versa, but we could
prove (P2) only for particular subclasses of positive-definite sequences. In Proposition 10.4 we
prove that every JPDS is a limit of (P2) sequences. Later, in Proposition 10.8, we will identify
another (P2) family of positive-definite sequences, as a proper subfamily of the JPDSs, derived
in Section 8 as the image, under a specific bijection, of a probability on Z .
The first proposition holds with no constraints on « or d.

Proposition 10.1. For every d and o € ]Rﬁ, let p ={pn} be a a-JPDS. Then

Nin

P —————, n=0,1,2,..., (10.1)
" (el + Ny
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is a positive-definite sequence for DMy v, for every N =1,2,....

Proof. From Proposition 3.1, if

oo
> Qi (x,y) =0,
n=0

then for every r,s € N: |r| =|s| = N,

o0 o0
Nin
%(x,y)D dx)D, dy) = ——— H%(r,s) >0.
nEZOpn//Qn( ¥) Dy 4 (dx) Dy 15(dy) n§=opn(|“| Mo (I, 8)

Example 10.2. Consider the JPDS given in Example 8.3 from population genetics; p,(t) =
e~ (I/Din(ntlel=1) ¢ > 0. The HPDS

N
on(t|N) = #e—(lﬂ)m(nﬂal—l) 10.2)
(laf + N)(n)

describes the survival function of the number of non-mutant surviving lineages at time ¢ in the
past, in a coalescent process with neutral mutation, starting with N surviving lineages at time 0
(see [13] for more details and references).

Two important HPDSs are given in the following lemma.

Lemma 10.3. For every d, every m < N and every a € Ri, both sequences

{ Min] (|0l|+N)(n)} (10.3)
(le| + m)(n) N[ﬂ] nely

and

{&} (10.4)
(|C(| + m)(n) neZ+

are a-HPDSs for DMy n .

Proof. From Proposition 3.5, by inverting (3.19) we know that, form =0, ..., N

’

0< e :i m (214 Ny o
- =0 (loe] +m) N "

SO

{ mpy (ol + N }
(laf+m)uy N

is a HPDS.
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Now let 0, be a JPDS. By Proposition 10.1, the sequence

e |
Pn———
(lee] + N)(n)
is a-HPDS. By multiplication,
{5 Ning Min] (|O‘|+N)(n>}_{5 Mn] }
(el + Ny (el +m)gy  Nia " el +m)
is HPDS as well. This also implies that

i
(lee] + m)

is HPDS (to convince oneself, take (5,,) as in Example 8.3 or in Example 8.4, and take the limit
ast — 0 or z — 1, respectively). ([

We are now ready for our first result on (P2)-sequences.

Proposition 10.4. For every d and o € Ri, let p = {pn} be a a-JPDS. Then there exists a
sequence {p,]lv i n € Ly}, such that:

(i) for every n,
n = Jim o
(ii) for every N, the sequence {p,llv } is both HPDS and JPDS.

Proof. We show the proof for d = 2. For d > 2 the proof is essentially the same, with all distri-
butions obviously replaced by their multivariate versions. Take I, J two independent DMy g), ¥
and DM, g), ¥ random variables. As a result of de Finetti’s representation theorem, conditionally
on the event {lim NHOO(% %) = (x, y)}, the (I, J) are independent binomial r.v.s with parameter
(N, x) and (M, y), respectively.

Let f:[0, 17> — R be a positive continuous function. The function

1 J
By, f(x,y) 3=E|:f( —>

VR X, ¥ | N,M=O,1,...,
N M
is positive, as well, and, as N, M — oo,

BN,Mf(x»)’)—>f(x, y)

Now take

Po(x, ) =Y pnQeP(x,y)>0
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for every x, y € [0, 1]. Then, for X, Y independent Dy g,
pn =E[Q%F (X, Y)pp(X. )]
:E[Qﬁ’ﬁ(x, Y) lim By.ypp(X. Y)]
N—o0
= lim E[Q¥?(X,Y)By npp(X.Y)]
N—>oo
= lim pY,

where

o :=E[Q%P (X, Y)BNn npo(X, V)].

But By n p, is positive, so (i) is proved.
Now rewrite

1 1 N N . . - ‘
= [ [ (et (Y )sta o
i=1 j=1

x (’]V) ¥/ (1 = )V Dy (dx) Dy (dy)
(10.5)

N N . .
. . rJ ..
=Y > DM, (i) DMy v (j)p (—, —)JE[QZ"S(X, Y)li, j
i=1 j=1 P\NTN

T e
S —) P A VT
@t Bt P\aw ) D)

for I, J are independent DMy, g), v Tandom variables. The last equality follows from (3.3).
Since p,, is positive, from (10.5), it follows that

" Nin)

is, for every N, o-HPDS. But by Lemma 10.3, we can multiply every term of the sequence by
the HPDS (10.4), where we set m = N, to obtain (ii). O

The next proposition shows some mappings from Hahn to Jacobi PDSs. It is, in some sense,
a converse of Proposition 10.1 under the usual (extended) Gasper constraints on .

Proposition 10.5. If « satisfies the conditions of Proposition 5.4, let {p,} be a-HPDS for some
integer N. Then both {p,} and (10.1) are positive definite for D,.
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Proof. If

oo
> onH(r,) >0
n=0

for every r,s € N A(z—1), then Proposition 3.2 implies that

o
D onHY 7 (1, N) > 0.
n=0

Now consider the Hahn polynomials re-normalized so that

1 Hoslel—a;
~ 1
Bonlol—e (r;N)= MD&—&-r(dx)'
n 0 le,\d\—al(l )
n )

Then it is easy to prove that

Rl (N Ny =1
and
Nin 1

e+ Nygy g "0

E[hdl o] — “(R; N)]

(see also [15], (5.65)). Hence

oo
Zp Hy = (g )

I/\

as o+ N ~
Z (1 IN[ : )(n) é.,;x],la\falhzl,lalfal(rl; N) =: fn ().
— n

So, for every n,

pn =E[ fu (R (R; N)]
(10.6)

1
:/0 én(x)R, (x) Dy (dx),

where
N

Py =) <1:,>xr(1 — )N i) =0,
r=0

and hence, by Gasper’s theorem (Theorem 7.2), p, is («1, |o| — oe1)-JPDS. Therefore, by Propo-
sition 7.5, it is also «-JPDS. Finally, from the form of &7, we know that

rin/ (] + 1)y = E ()
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is «-JPDS; thus (10.1) is JPDS. O

Remark 10.6. Notice that
T'[n]
(leel + 1))
is itself a positive-definite sequence for D,. This is easy to see directly from the representa-
tion (2.7) of &7 (we will consider more of it in Section 8).
Since products of positive-definite sequences are positive definite-sequences, then we have, as
a completion to all previous results,

Corollary 10.7. If {p,} is positive-definite for Dy, then (10.1) is positive-definite for both D,
and DM,,.

10.1. From Jacobi to Hahn positive-definite sequences via discrete
distributions

We have seen in Proposition 10.5 that Jacobi positive-definite sequences {p,} can always be
mapped to Hahn positive-definite sequences of the form {in‘[i%}- We now show that a
JPDS {p, } is also HPDS when it is the image, via (8.3), of a particular class of discrete probability
measures.

Proposition 10.8. For every N and |0| > 0, let p™V) = {,o,(LN): n € 7.} be of the same form (8.3)
for a probability mass function dN) = {d,,: m € Z}, such that d = 0 for every | > N. Then
o) is @-JPDS if and only if it is G-HPDS for every d and o € RE., such that |a| = |6)|.

Proof. By Lemma 10.3, the sequence

(o |
(] +m) )

is HPDS (to convince oneself, take p as in Example 8.3 or in Example 8.4, and take the limit as
t —> 0orz—1,resp.).
Now replace m with a random M with distribution given by d"). Then

0<E iiM[’” H?
- (loe| + M)y "

n=0

N N
N O
n=0 \m=n " (IO[|+M)(n) "

which proves the “Hahn” part of the claim. The “Jacobi” part is obviously proved by Proposi-
tion 8.3. ]
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