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Summary

This paper explores characterizations of Bivariate Binomial distributions of the
Lancaster form with Krawtchouk polynomial eigenfunctions which are equivalent
to a characterization by Eagleson (1969). Generalized Ehrenfest urns with Bino-
mial stationary distributions have transition functions which are equivalent to the
Lancaster distributions. There is a partial extension to d-colour ball Ehrenfest urns.
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1. Introduction

A classical problem, which has become known as the Lancaster problem
(Lancaster, 1969; Koudou, 1996) is to characterize bivariate distributions
with given marginals and orthogonal polynomial eigenfunctions. Let (X,Y")
have a bivariate distribution with marginal distributions f(x), f(y) and let
{P,(x) }nen be a complete orthogonal polynomial set on f(z), such that for
m,n € N

E[Pm(X)Pn(X) = Sl
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Exchangeable Lancaster bivariate distributions have the form
oo
F@F {1+ Y puhnPa(@) Pa(w) }, (1)
n=1

where {pn}nen is a sequence of constants with pg = 1. The expansion
holds in mean square, assuming that > >, p2 < oco. The sequence is a
correlation sequence between the orthogonal polynomial sets { P, (X)}men

and {P,,(Y)}nen because
E[Pm(X)Pn(Y) = Sl pn.

A characterization of which sequences are correlation sequences amounts to
finding necessary and sufficient conditions such that (1) is non-negative and
thus a bivariate distribution. The set of correlation sequences S is a con-
vex set so that if {pp}tnen, {wn}tnen € S then for A € [0,1] Mpntnen +
(1 = M){wn}neny € S. There is also closure under direct products with
{pnwn}neny € S. Since S is a convex set it is characterized by its extreme
points. A more general problem is to characterize correlation sequences when
the marginal distributions and orthogonal polynomial sets are not identical.

The bivariate distribution leads to transition functions for a reversible
Markov chain with stationary distribution f of

i) = F{1+ D puhnPale) Paly) }- (2)
n=1

For such Markov chains { P, },cn are the right eigenfunctions of the transi-
tion distribution f with eigenvalues {py, }nen such that

E[Pn(Y) | X} — puPa(X).

We call these Markov chains with orthogonal polynomial eigenfunctions.
Conversely if a reversible Markov chain has stationary distribution f(z) and
transition distributions f(y; x), then f(y;x)f(z) is an exchangeable bivariate
distribution with marginals f(x), f(y). The k-step transition functions from
the single step transition function (2) are

IO wa) = F@) {1+ phhnPal@) Paly) }- (3)
n=1



From the representation (3), the L? or chi-square distance to stationarity
can be bounded via

®) (42
Y2(k) = Z (f (y,f() Zp%h P2(z

Now, analytic estimates using knowledge of p,, and P, (z) are used to bound
the right-hand side, determining how large k must be to make it suitably
small. For many examples, see Diaconis, Khare and Saloff-Coste (2008).

If {Xk}ren is a reversible Markov chain with transition functions (2)
started in stationarity, then the joint distribution of (X,Y) = (Xo, Xj) is
exchangeable with marginal distributions f(z), f(y). Embedding the process
into continuous time by taking {Z(t) = Xy }e>0 with {N(t)}+>0 a Poisson
process of rate A independent of {Xj}ren, then {Z(t)}i>0 has transition
functions

— nADF
e Py )
= f@){1+ Y e Pu@) Pal) |- (4)
n=1

Bochner (1954) studied the general form of the eigenvalues of a continuous
time Markov process with given stationary distribution and eigenfunctions.
Eigenvalues have the form in (4) or can be obtained as a limit

)\lim 6—(1—pn(>\)))\t _ et
—00

from sequences depending on A such that p,(A) — 1 and (1 — p,(A))A —
¢n- Characterizations of {py,}nen are known for most distributions in the
Meixner class. For the Normal distribution the sequence is a moment se-
quence of a random variable on [—1,1] and for the Gamma, Poisson and
Negative Binomial distributions the sequence is a moment sequence of a
random variable on [0, 1]. Characterizations for distributions which do not
have an infinite support interval are more difficult, though characterizations
for Beta distributions and Binomial distributions are known. A good gen-
eral reference is Koudou (1996). Griffiths (2009) obtains characterizations of
reversible continuous time stochastic processes with polynomial eigenfunc-
tions related to the bivariate distribution characterizations. In this paper



we study bivariate distributions when the marginals have Binomial distri-
butions b(x; N, p) and b(y; N, p), where

N
b(x; N,p) = <x>p$(1—p)N_$, x=0,1,...,N.

The Lancaster distributions are then, for x,y =0,1,..., N,

N
p(iy) = blas Np)b(ys Nop) {14 pha@u(@Qu(v) ), (5)
n=1

where {Qn(2)}2_, are the Krawtchouk polynomials scaled so that Q,,(0) =
1,n=0,1,...,N. We also study reversible Markov chains and processes
which have Binomial stationary distributions and Kratchouk polynomial
eigenfunctions.

Examples of Bivariate Binomial distributions which have orthogonal
polynomial eigenfunctions are the following.

Aitken and Gonin’s 2 x 2 contingency table marginals

Let {pfn} £nel01} be an exchangeable probability distribution and suppose
that IV independent observations form a contingency table from this under-
lying distribution. Aitken and Gonin (1935) show that (X,Y’), the marginal
row and column counts of the number of entries 1,1, has a joint distribution
(5) with p, = 7", where 7 = correlation(&, n).

Figure 1: The set of exchangeable binary joint distributions

(0,1/2,1/2,0)

(1.0.0,0 (0.0.0.1)



A general bivariate binary distribution (pgo, po1, P10, p11) is exchangeable
if and only if pg; = p1g. These can be pictured as the convex set of Figure
1. The three extreme points (1,0,0,0), (0, %, %,0), (0,0,0,1) correspond to
drawing from an urn without replacement. For urns containing two balls
{0,0} or {0,1} or {1,1} respectively, the quadratic curve ((1 — p)?, p(1 —
p),p(1 —p), p?) represents the independent Bernoulli measures. The shaded
regions below the curve represents mixtures of Bernoulli measures. These
can be characterized as measures with non-negative correlations (Suppes
and Zanotti, 1980,1981). They apply this to show the impossibility of hid-
den variables in quantum mechanics. Further details on the geometry of ex-
changeability and connections to deFinetti’s theorem are in Diaconis (1977).

Random elements in common

Let X =U+V,Y =V + W, where U,V,W are independent Binomial
random variables with respective parameters N — M,p; M,p; N — M, p,
M < N. Then (X,Y) has a joint distribution (5) with p, = M, /Ny,
where aj,) = a(a —1)---(a —n + 1). This example is related to a Markov
chain in Diaconis, Khare and Saloff-Coste (2008). Exchangeability of the
marginal distributions can be relaxed in both the last two examples to have
non-identical Binomial distributions.

Cumulative Bernoulli trials

Hoare and Rahman (1983) consider a Markov chain with a fixed total num-
ber of N balls which are either red or blank coloured. If X is the number
of red balls then in the first stage of a transition, independently each red
ball remains red with probability «, or changes to blank with probability
1 — . Let K be the number of red balls after this first stage. In the second
stage the N — K blank balls independently change to red with probability
B or remain blank with probability 1 — 5. The conditional pgf (probability
generating function) for a transition from X to Y is

Ex [s™(1— B+ Bs)N

where K has a Binomial (X, «a) distribution. Let X; be the number of
red balls after ¢ transitions. {X;}:en is a reversible Markov Chain with a
Binomial (V,7) stationary distribution, where v = /(1 — a + af). In a
stationary process (X, X¢+1) has a joint distribution (5) with p, = (1 —
Bl



An Ehrenfest Urn

An urn has N balls coloured red or blue. Transitions in a Markov chain
are made by selecting a ball at random and changing its colour. Xj is the
number of red balls after ¢ transitions. {X;}sen is a reversible Markov Chain
with a Binomial (I, §) stationary distribution.

An Ehrenfest (p) Urn

Let ¢ < p, p+ q = 1. In a transition choose a ball at random and change
the colour of a ball drawn according to the transition matrix

P:[o 1 } (©)

q/p 1—q/p

That is, if a blue ball is selected it is changed to red with probability 1,
whereas a red ball is changed to blue with probability ¢/p. {X;}ien is a
reversible Markov Chain with a Binomial (NN, p) stationary distribution.

This process is an example of applying the Metropolis algorithm to the
original Ehrenfest urn. For discussion and a complete analysis, see Bassetti
and Diaconis (2006).

A Generalized Ehrenfest (p) Urn

At a single transition choose z € {0,1,...,N} balls at random without
replacement according to a probability distribution {a(z) iV:o and indepen-
dently change the colours of the balls drawn according to the transition
matrix (6). {X:}ien is a reversible Markov Chain with a Binomial (N, p)
stationary distribution.

This generalization will be used extensively in what follows.

Eagleson (1969) characterizes correlation sequences of bivariate Binomial
distributions (X,Y") with distribution (5) as having a representation

N
Pn = Za(z)Qn(z)7 (7)
z=0

where {a(2)}), is an arbitary probability distribution. Extreme point cor-
relation sequences are the actual polynomials themselves, {p, = Qn(2)}_,
obtained for fixed z when a(w) = 4, w = 0,..., N. The characterization
holds when p > ¢(=1—p). (If p < ¢ the roles of ;, N — z; and p,q are



interchanged.) If a(z) = b(z; N,p) then pgp = 1, p, =0, n = 1,..., N and
X,Y are independent. If a(z) = §,9, then p, =1, n=0,...,Nand X =Y.

Eagleson’s work is connected to Bochner’s characterization of the Fourier
transform on a group in terms of a positive definiteness condition. In a series
of papers, Bochner extended this to characterize the transform of a probabil-
ity using eigenfunctions. Let K be a self-adjoint operator on a compact space
with eigenfunctions f;(z) (so Kf;j(z) = A;jfj(x)). If P(x) is a probability
measure, define ]5(]) = [ f;dP. Roughly put, for the cases he considered,
Bochner shows that a sequence t; can be represented as t; = ]3(]) if and
only if for all sequences {a;} with ) a;jPj(x) > 0 for all z, it holds that
Y- a;t;Pj(x) > 0 for all z. Eagleson treated the case of general finite state
space and applied his results to the Krawtchouck polynomials. There have
been some extensions; Vere-Jones (1971) shows that the Krawtchouck poly-
nomials are the spherical functions for the hyperoctahedral group and thus
relates Eagleson’s theorem to Bochner’s theorem for groups. For extensions
using the language of hypergroups, see the excellent surveys of Bakry and
Huet (2008) and their references.

In this paper we prove the equivalence of three characterizations of bi-
variate Binomial random variables (X,Y’) which have distributions of the
form (5) with Krawtchouk polynomial eigenfunctions. The first is the Ea-
gleson (1969) characterization that correlation sequences have the repre-
sentation (7). The second characterization is that (X,Y) = Zf\; 1(&,mi),
where {(&;,7:)}¥., are Bernoulli (p) pairs, independent within the marginal
sequences, and with a random distribution of correlations in the two-point
set {—¢/p, 1}. The third characterization is that the conditional distributon
of Y given X can be identified with transition functions in the generalized
Ehrenfest urn model. The distribution {a(2)}), in Eagleson’s characteri-
zation (7) is the same as the distribution of the number of balls drawn in the
urn model. There is also a characterization when the distributions have Bi-
nomial (N, p;) and Binomial (V, p2) marginals; and another with Binomial
(N, p) and Binomial (M, p) marginals.

Section 5 compares the Lancaster distributions with the Frechét bounds.
Section 6 treats Markov chains with binomial stationary distributions; pass-
ing to various limits gives results for Gaussian processes and M /M /oo
queues. In Section 7 we consider d-dimensional generalized Ehrenfest urn
processes, extending the 2-dimensional case. The eigenvector, eigenvalue
structure is generally not clear in these higher dimensional processes.



2. The Krawtchouk Polynomials

The Krawtchouk polynomials {Kn(x, N, p)}gzo are orthogonal on the Bi-
nomial (N, p) distribution. A comprehensive treatment is in Ishmail (2005).
MacWilliams and Sloane (1997) list many properties and identities with
applications in coding theory. The polynomials have a generating function

= KalriNop) o = (1427 (10— )" (8)

The scaling is such that

n

1, 05,p) =t ) (s B (XN = 02 ) .
Defining Qy(x) = K, (x; N, p)/K,(0; N,p), so that @, (0) = 1,

=E[Qn(X)?] ' = (Z) (p/a)" 9)

and

The generating function for {Q, ()}, is

N
3 (g) Qu(x)2" = (1— (¢/p)2)"(1+2)" " (12)

n=0

There is the self-dual relationship that Q,(z) = Q.(n), seen directly from
the hypergeometric identity of terms in (10) and (11). We use the notation
Qn(z; N,p) and h,(N,p) when it is important to distinguish parameters,
otherwise we suppress N, p.

If X is Binomial (N, p) then X = Zl 1 & where {fz} is a sequence of
independent Bernoulli (p) trials. Orthogonal polynomlals on the Bernoulli
distribution taking values 0 or 1 with probabilities ¢,p are {1, K1(&;1,p)},
where K1(&;1,p) =& — p, with £ = 0, 1. Denote the first polynomial in this



special case of the Binomial with N = 1 by u(§) = £ — p. The generating
function for the Krawtchouk polynomials (8) can be expressed as

N
H +u(&j)z (13)

because if X of the entries in {&}Y, are 0 and N — X are 1, then there are
X terms in the product of 14+u(0)z = 1—pz and N—X of 14+u(1)z = 1+¢z,
showing the identity with (8). Let Sy be the symmetric groupon {1,..., N},
then from the generating function (13)

Kn(X;N,p) =n! ) u() - ullogm); (14)

oESN

and similarly

—1
Qu(X) = (N ) S 0l Eniuy): (15)

n
geESN

where v(§) = (p—¢&)/p. The sums are the nth symmetric products in the in-
dependent, 1dent1cally distributed, sequences of random variables {u(&;)}2 =1
and {v(&)}Y j=1- This is an interesting important representation for the
Krawtchouk polynomials which is not well known. It is applied in the next

section.

3. Eagleson’s characterization of Bivariate Binomial distributions

Eagleson (1969) shows that his characterization (7) of {p, }_, is equivalent
to the non-negativity of the triple product sum

K(x,y,z Zh"Q” (y)Qn(z) >0, z,y,z=0,1,...N, (16)

where h,, is defined in (9). Following Eagleson’s introduction such triple
product sums have been widely used for other families, (Bakry and Huet,
2008). The property (16) actually follows from the representation (15).



Using duality

N
K(x7 Y, Z) = Z thn(x)Qn(y)Qn(z)
n=0

N
= ¢V Z (Z)pnq]v_n@x(n)@y(n)@z(m
n=0

= ¢ E[Q:(WNn)Qy(WN)Q:(Wn)] (17)

where Wy is Binomial (N,p). The positivity of (17) follows using (15)
because of independence of variables and that ]E[v(f)"] >0forr=1,23.
When r = 3,

E[v(€)?®] = p ?lap® + p(—0)*] = p%a(»* — ¢*) > 0.

The non-negativity of K(z,y, z) implies that

N _
Pay(2) = <Z>pz(1 ~p)NK(2,y,2),2=0,1,...,N

is a probability distribution for fixed x,y. The duplication formula

N
Qn(x)Qn(y) = Z Qn(z)pl‘y(z) (18)
z=0

holds because of the way K(x,y, z) is defined in (16). Using duality, the
duplication formula (18) shows that the product of two different orthogonal
polynomials can be expressed as a linear combination of polynomials in the
same family with positive coefficients.

4. Characterizations of Bivariate Binomial distributions

We build a set of characterizations from the very simplest bivariate distri-
bution when N = 1 and P is a 2 X 2 transition matrix with stationary
distribution (pp = ¢, p1 = p). Then

Pry = py{1+p1h1Q1(x)Q1(y)}
= py{1+p1(ﬂf—p)(y—p)/(pQ)}7 z,y =0,1. (19)

p1 is the usual correlation coefficient in the bivariate distribution pgpgy.
Clearly with p > ¢, pyy > 0 for z,y = 0,1 if and only if pp1 > 0 and

10



poo > 0. That is —¢/p < p1 < 1. The extreme points of the possible
correlation coefficient are —q/p, 1. In Eagleson’s characterization p; = a(0)+

a(1)Q1(1) = a(0) —a(1)q/p, so a(l) = p(1 — p1) and a(0) = 1 —a(1).

Theorem 1. Three equivalent characterizations of bivariate Binomial (N, p)
random variables (X,Y) with Krawtchouk polynomial eigenfunctions are the
following.

(i) The distribution of (X,Y) has a Lancaster expansion

N
p(iy) = blas Np)b(ys N p) {1+ pha@u(@)Quv) }, (20)
n=1

for x,y =0,1,...,N. The correlation sequence {Pn}ﬁ:o has a representa-
tion
N
Pn = Za(z)Qn('z)a (21)
z=0

where {a(2)}_, is a probability distribution (Eagleson, 1969).

(ii) There is a representation

N

(XY) = 3 (€, (22)

=1

where {(&,n:)}Y., are Bernoulli (p) pairs of random variables, independent
within marginal sequences {&}Y, and {n;}Y,, with random correlations
{7}, such that random variables within and between the pairs {(&;,m;)}¥,
are conditionally independent given {7;}I\.,. The distribution of {r;}}*., can
be always be taken to be exchangeable with correlations in the two-point set

{—a/p,1}.

(iii) (X,Y) is distributed as (X¢, Xi41) for allt € N in a stationary general-
ized Ehrenfest (p) urn process, where Xo has a Binomial (N, p) distribution.

The distribution {a(z)}\_, has an intrepretation in the three characteriza-
tions of:

N

pr = D a(5Quz) n=0.1.....N (23)
z=0

a(z) = PY=2|X=0),2=0,1,...,N. (24)



(i3) {a(2)}, is the distribution of the number of correlation coefficients
{7}, in the two-point set {—q/p,1} equal to —q/p;

(iii) {a(2)}, is the distribution of the number of balls drawn in each
transition in a stationary generalized Ehrenfest (p) urn process.

Proof.

(i) This is Eagleson’s (1969) characterization.

(ii) Take {7;}}¥; to be an exchangeable sequence, because if not it could
be replaced by {Tg(i)}f\il, where 6 is a random permutation on Sy. This
leaves the distribution of (X, Y) invariant. Each pair (&, 7;) has the property

E[m — p|£i] = 7;,(& — p), and therefore

B[(V)@u) 1 %] (%)
—E[E( Y w0 v0mem) | (&) 753 1 X]

oeSN
—E[ 3 1) Totmyonm) - 0(aim) yX}
“oESN
:E:n...Tn}E[ S 0oy v (En) | X]

oeSN

n

—E[r 7] <N ) Qn(X), (26)
showing that
pn=E[11 - 7] (27)

and
E[Qm(X)Qn(Y)] = dmnhnpn, m,n=0,1,...,N.

In general 7; € [—q/p,1], i = 1,...,N. There is a decomposition into
extreme points which are endpoints of the interval

Ti =X x (=q/p)+ (1= X) x1, A, €[0,1],i=1,...,N.

The correlation coefficients can always be taken to be in the two-point set
{—q/p, 1}. Define

5 {—q/p with probability \; (28)

' 1 with probability 1 — ;.

12



Then the distribution of (X,Y) is invariant under the change in correlations
because

To complete the proof in (ii) we show that the extreme points in the repre-
sentation (27) are {Q,(2)}_y, 2 =0,1,..., N, the same as in (i). Choose a
sequence of correlations {TJZ §V:1 to have a uniform permutation distribution
on a sequence with z entries —¢/p, and N — z entries 1. The number of
entries in a collection of n correlations equal to —g/p has a hypergeometric

distribution so

- $ g
= Qn(2). (29)

The condition that K (z,y,z) > 0 is not explicitly used in the proof of (7).
Effectively it is replaced by the fact that the correlations are mixtures of
extreme point Bernoulli correlations —¢/p and 1.

(i4i) In the generalized Ehrenfest (p) urn, label the balls 1,..., N. Before a
given transition let & be the indicator function as to whether the ith ball
is red. Let n; be a similar indicator function for red balls after a transition
is made. Balls change colour according to the transition matrix P given by
(6). Under P the regression of n; on &; is

E[ni | &) =Pmi=1]&) =p—(¢/p)(& —p),

in agreement with the second column in P when & = 0 or 1. If z balls are
chosen to change colour then it follows that the transition distribution is
identical to the distribution described by (i) with an extreme point corre-
lation sequence (29). O

The examples of bivariate Binomial distributions in the Introduction
have correlation sequences and mixing distributions shown in Table 1. Mix-
ing distributions are straightforward to calculate by taking the joint pgf of
(X,Y), E[s¥t¥], setting s = 0, then rescaling E[t¥ I{X = 0}] to be a pgf.

Table 1: Correlation sequences and mixing distributions.

13



Model ‘ Pn ‘ a(z)
Contingency table corr(X,Y)" b(z; N,po1/q)
Random elements in common | M,/ Ny b(z; N — M, p)
Cumulative Binomial trials (1=8/y)" b(z; N, )
Ehrenfest (p) urn Qn(l)=—n/N —p)/p | 6x

In the next two theorems we relax the assumption of exchangeability of
(X,Y) by considering different trial parameters N, M in Theorem 2, and
different Bernoulli probabilities pi, p2 in Theorem 3. The non-negativity of
three triple product sums with non-identical Krawtchouk polynomials (33),
(45) and (48) is of independent interest.

Theorem 2. Two equivalent characterizations of bivariate random vari-

ables (X,Y) with Binomial (N,p) and Binomial (M,p) (M < N ) marginal
distributions and Krawtchouk polynomial eigenfunctions are the following.

(i) The distribution of (X,Y) has a Lancaster expansion

M
b(z; N, p)b(y; M, p){l + Y o0V Ten(N, p) (M, p)Qu (5 N, p) Qu (y; M, p)}~
n=1
(30)
forx=0,1,...,N,y=0,1,..., M. The correlation sequence {p,} ., has
a representation

M
pn = /My /Ny > a(2)Qn(2; M, p) (31)
2=0
M

where {a(z)},~, is a probability distribution.

(ii) There is a representation

N M
X:qu YZZ% (32)
=1 =1

where {(&;,1;)}M, are Bernoulli (p) pairs of random variables, independent
within marginal sequences {&}M, and {n;}M,, with random correlations
{7 3M . such that random variables within and between the pairs {(&;,m;)}M,
are conditionally independent given {r;}M,. The distribution of {r;}M, can
be always be taken to be exchangeable with correlations in the two-point set

14



{—q/p,1}. {fi}ﬁiMH is a Bernoulli (p) sequence of random variables inde-
pendent of {(éz,m)}fﬁ

Proof. (i) A triple product sum is again important in the proof.

K(x,y,2;N,p, M,p)

M
= ) ha(M, p)Qn(w; N, p)Qu(y; M, p)Qn(z; M, p) (33)

n=0

M
= ¢ MY b(n; M, p)Qx(n; N, p)Qy(n; M, p)Q-(n; M, p)
n=0

= q*ME{(Qx(W; N, p)Qy(W; M,p)Q.(W; M, p)], (34)

forx =0,1,...,N,y,2=0,1,..., M, where W has a Binomial (M, p) dis-
tribution. In the symmetric function representation for the Krawtchouk
polynomials choose W = Ziﬂilfi and {; = 0 for j = M +1,...,N.
Q.(W; N,p) is then proportional to the zth symmetric product in the N
variables {v(&)}Y,, and Q,(W; M, p),Q.(W; M,p) are symmetric products
in the first M variables. Then K(x,y,z; N,p, M,p) > 0 from a similar
argument to that used in (17) and by noting v(0) = 1 > 0. Mixing
K(z,y,2; N,p, M, p) over z with a distribution {a(2)}!£, completes the suf-
ficiency of (i) and the necessity follows by identifying {a(z)}!L, as the
distribution of Y given X = 0.

To show the equivalence of (i) and (i) note that with X, = S°M ¢

E[v/ha(N.p)Qn(X: N.p) | Xar| = /Mgy /N v/ M. ) Qu(Xar: M, ),

SO

pn = E[V/ha(N,p)ha(M,p)Qu(X: M, p)Qu(Y: M, p)]

h
= /Mg /N E (v (N, p) (M, ) Qu( Xt M, p)Qu (V3 N, ) )

M
= My /Npy 3 a(2)Qu(z: M, p).

2=0

O]

In a Bernoulli pair (£,n) with non-identical marginal distributions the
joint distribution of the pair is

§—p P

VP1q1 \/DP2Gq2

15
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with pi¢, p2, marginal Bernoulli py,pe distributions, and 7 the correlation
coefficient. Arrange indexing so that without loss of generality

P1 > q1, p2 > q2, and py > po.

Then fe, >0, &, n € {0,1} if and only if
9192 <r< /Q1P2' (36)
b1p2 pP1q2

Theorem 3. Three equivalent characterizations of random variables (X,Y)
with Binomial (N,p1) and Binomial (N, ps) marginal distributions (p1 >
q1, p2 > q2 and p1 > p2) and Krawtchouk polynomial eigenfunctions are the
following.

(i) The distribution of (X,Y) has a Lancaster expansion

p(z;y) = b(a; N, p1)b(y; N, p2)

N
X{l + nz::l pn\/hn(Nv p1)hn (N, p2)Qn (x5 N, p1))Qn(y; N,pz)}, (37)

forx,y =0,1,... N. The correlation sequence {pn}szo has a representa-
tion
Do\ /2
o= (Z8)773 a(2)Qu(z: N o), (38)
q2p1 —o

where {a(2)}2, is a probability distribution.

(i) There is a representation

N

(X,Y) = (& m), (39)

i=1

where {(&,n:) Y, are Bernoulli (p1,p2) pairs of random variables, inde-
pendent within marginal sequences {& YN, and {n;}},, with random cor-
relations {T;}X, such that random variables within and between the pairs
{(&,m:) Y, are conditionally independent given {r;}.,. The distribution of
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{mi}X, can be always be taken to be exchangeable with correlations in the

two-point set
_ /Q1Q2’ [ 41P2 } (40)
bip2 Y P1q2

(111) Y given X = x is distributed as the transition function in a generalized
Ehrenfest (p1,p2) urn with blue and red balls. z balls are chosen and colour
changes are made according to a transition matriz Py, and in the remaining
N — z balls colour changes are made according to a transition matriz Ps.

0 1 1 0
Pl:<qz 1_q2> P2:(1_p2 p2> (41)
p1 p1 p1 p1

The distribution {a(2)}_, has an interpretation in the three characteriza-
tions of:

(1)

N
n/2
= <%) Za(z)Qn(z§N,P2), n=0,...,N, (42)
42p1 por
(I(Z) = P(Y:Z|X:0),Z:O,l,,N, (43)

(i4) {a(2)}Y, is the distribution of the number of correlation coefficients
{ri}N, in the two-point set (40) equal to the first co-ordinate.

(iii) {a(2)}, is the distribution of the number of balls drawn in each
transition in a stationary generalized Ehrenfest (p1,p2) urn process.

Proof. We omit most of the proof since it is similar to the proof of Theorems
1 and 2. The extreme point sequences are shown to be

P2q1\ /2
n — \ T n Z7N7 ) 44
P (Q2p1> @ ( P2) ( )

by a similar conditional expectation as (26). Take independent Bernoulli

pairs {(¢;, nj)}j»vzl such that z pairs have correlation —+/q1q2/p1p2 and N —z

have correlation \/q1p2/p1g2. Qn(z; N, p2) is an average of the n-th products
of N variables with z values —g2/p2 and N — z values 1, and

p2Q1{ 492 1 /4192 /Q1p2
q2p1 p1p2 pqu
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giving the first factor in (44). Although it is not needed for the proof, the
form of the extreme point correlation sequences implies a non-negative triple
product sum

K(x7y>Z;N7p17N7p2)

N
= ha(p2)Qn(; N, p1)Qu(y; N, p2)Qn(2; N,p2) > 0. (45)
n=0

There is another direct proof of (45) using a similar formula to (17) and the
symmetric function representation of the polynomials. Calculations needed
are to show that if £ is a Bernoulli (p2) random variable then

D1 — P2

Elv(&p)] = o 20 and

E[v(&p)o(&pe)?] = ]%[Pipz - Q1Q1i > 0. (46)

We remark that if X is Binomial (N, p;1) and Y is Binomial (M, p2) then if
(X,Y) has Krawtchouk polynomial eigenfunction

pn %ﬁf; (Qu(Y; M, p2) | X =0
= <]\]§[[:]]>1/2(§j32>n/2E[Qn(Z;M’p2)i’ (47)

for a random variable Z on 0,1,...,M. Under the conditions p; > ¢,
p2 > g2 and p; > p2, M < N as in Theorems 2 and 3,

K(x,y,2;N,p1, M, p2)
M

= (N, p2)Qu(w; N, p1)Qu(y; M, p2)Qn(2: M, ps) > 0 (48)
n=0

because of the calculations (46). Therefore a characterization of correla-
tion sequences of bivariate Binomial distributions with the conditions on
p1,p2, M, N is (47). This is not completely general however, because of the
assumption that M < N.

Theorems 1 and 3 characterize distributions for which there is a finite

exchangeability of Bernoulli pairs {(&;,7;)}Y;. If there is an infinite ex-
changeable sequence of Bernoulli pairs the distribution structure is much
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easier. Then {7;}2°, is an infinite exchangeable sequence with entries in
(40) and there exists a de Finetti representation with a measure p on [0, 1]
such that

pn = E[m- 7]

- / [— MH\/MQ—A)] dp(N). (49)
[0,1] p1p2 P1q2

That is, with infinite exchangeability of Bernoulli pairs the distribution of
(X,Y) is the distribution of marginal 1,1 counts in a contingency table of
N observations where the probability of an observation falling in cell (£, )
is fen in (35) where 7 has a random distribution in a continuous interval
with endpoints in (40). If 7 is fixed then (37) is the joint distribution of
counts 1,1 in a usual contingency table. O

5. Fréchet bounds

A general bivariate distribution function F(z,y) with marginal distribu-
tion functions G(x), H(y) is bounded by Frechét’s distribution functions,
(Fréchet, 1951)

F.z,y) = max {G(:c) +H(y) — 1,0} (50)

Fi(e,y) = min{G(x), H(y)}, (51)
so that

F*(x7y) SF(xay) SF*(I‘,y), x??/eR' (52)

The covariance of (X,Y’) can be expressed as

Cov(X,Y) = / / [F(x,y)—a(z)ﬂ(y)}da:dy, (53)

provided the covariance is finite (Fréchet, 1951; Hoeffding, 1940). Frechét’s
bounds (51) and the identity (53) provide bounds for the correlation coeffi-
cient for a general (X,Y") of

pr. < pr < pp=. (54)

In the Binomial distribution P(X < k) =1—1,(k+1; N — k), where I(a,b)
is the incomplete Beta function. Much smaller correlations are achievable
with the minimal bound than in distributions (5) which have a minimal
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possible correlation of —g/p when p > ¢q. We plot examples of the negative
of the minimal correlation with p > 1/2 in Figure 2 together with a curve of
¢/p. The minimal correlation as a function of p is symmetric about p = 1/2,
so a graph for p < 1/2 would be a reflection about p = 1/2 of the graph for
p > 1/2. The non-monotonicity in p is of interest. Griffiths, Milne and Wood
(1979) plot the minimal Frechét correlation in bivariate Poisson distributions
with repect to the mean A which has a similar property. Presumably the
non-monotonicity occurs because of discreteness as it does for confidence
intervals for p from the Binomial distribution, Brown, Cai and DasGupta
(2001).

Figure 2: Minimal Correlation plots in a Bivariate Binomal (p, —pF, )
N = 20,100
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6. Continuous time Markov processes with Binomial stationary
distributions

A reversible Markov process {X (t)}+>0 with Binomial stationary distribu-
tion has Krawtchouk polynomial eigenfunctions if and only if the transition
functions, for y = 0,1,..., N have the form

N
[ yit) = by Nop) {14 Y e hQu@)Quly)}  (55)
n=1

with

=302 (1 - Qu(2) (56)
z=0

20

1.0




where b(z) > 0,z = 0,1,...,N. We have not seen this result previously,
but it is similar to a characterization in Bochner (1954) and follows the
construction (4) in the Introduction. {X(¢)}+>0 can be constructed from a
subordinated Ehrenfest urn process. Let { X} }ren be a generalized Ehrenfest
urn model with a mixing distribution for z, the number of balls chosen to
change, of b(z)/ Z;VZI b(j) and {N(¢)}+>0 an independent Poisson process of
rate A = Zjvzl b(7). Then

{X(H)}iz0 =" {X R H=0

has transition functions (55).

Limit distributions

Normal limit

Let X(N) be Binomial (N, p). Then (XN) — Np)//Npq converges in distri-
bution to a N(0,1) distribution. Let W) = (W) /Npg + Np be a sequence
such that v(™) — v € (—00,00) as N — oo. It is a standard result that

120, ™) - S0 g )

where {H,,(v) }nen are the Hermite-Chebycheff polynomials with generating
function

ZHn(’U)Cﬁ — oCv—5¢%
=0 n:

In the generalized Ehrenfest urn models the extreme processes have transi-
tion functions

P(Xy =y | Xo =) = ("; )pqu_y{l n i@ﬁ(z)hnczmwn(y)}-
n=1

Let (V) = w(N)\/Npq + Np, y¥) = vN)\/Npq + Np, k™) = [Nt], so that
as N — oo, 2™ — 2, y™) — y. Since

QN () ~ (1 _ %) N ~Gafpmat,

then
{En(t) izo =



converges in distribution to the Ornstein-Uhlenbeck process {£(t)}+>0 with
transition density

1 —é = —(gq/p)nzt -1
v SOV
where £(0) = u, &(t) = v.

Poisson limit

Let X)) be Binomial (N,p). Take N — oo, with ¢ =0, N¢V) — ),
xn — x € [0,00). We suppose that p > ¢, so we need to take ¢ — 0. Then

@Z) Qn(N — 2™ N 1 - A/N) — (_?j!)nc*n(x; \),

where {C),(z; A) }nen are the Poisson-Charlier orthogonal polynomials with
generating function

oo Zn

ZCn(x; )\)—' = (1—2z/\)%e".

= n!
To obtain a limit in the generalized Ehrenfest urn model extreme points
measure time in units of N2. Let X| = N — X}, k) = [N?t]. Then

2 n)\z [N2t} )z
L{Vt](Z)N(l—W> — € )\t.

The transition distribution of X [’ n2g Converges to

AY AT
- —nAzt . . _
e {1+ E e n!Cn(u,)\)Cn(v,/\)},U—O,l,....

!
n>1

The limit transition functions are those of a M/M /oo Queue, with arrival
and service rates A, 1 and a time change ¢ — tz. See, for example, Schoutens
(2000). Griffiths (2009) shows that every reversible Markov process with sta-
tionary Poisson distribution and Poisson-Charlier polynomial eigenfunctions
has the distribution of a subordinated M /M /oo queue.
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Eigenvalue characterizations of Markov processes

Eagleson’s characterization of eigenvalues of bivariate Binomial distributions
with Krawtchouk polynomial eigenfunctions is that they are of the form
(7). The eigenvalues {c,(t)}\_, of the transition functions in a reversible
continuous time Markov chain with Binomial stationary distribution and
Krawtchouk polynomial eigenfunctions have a Bochner style characteriza-
tion as being of the form (56), which can be written as

cn(t):exp{ t—th (1—Qnl( ))} (57)

where {b,}N_, are non-negative constants. Sarmanov and Bratoeva (1967)
prove that {p,}nen is a correlation sequence in a bivariate distribution (1)
with standard normal marginal distributions and {P,} the orthonormal
Hermite-Chebycheff polynomials if and only if

pn =E[27], (58)

where Z is a random variable on [—1,1]. A characterization of the eigen-
values {c,(t)}nen of a reversible Markov process with Normal stationary
distribution and Hermite-Chebycheff eigenfunctions is that

cn(t) = exp{ - t/ll 11__'0:G(dp)}, (59)

where G is a finite measure on [—1,1]. If G has an atom of a at 1, then the
point at 1 contributes an in the integral. The proof again follows Bochner
(1954). Griffiths (2009) shows that when G has support only on [0, 1] then
such reversible Markov process with stationary Normal distribution and
Hermite-Chebycheff polynomial eigenfunctions have the distribution of a
subordinated Ornstein-Uhlenbeck process. Our interest is in a limit con-
struction from the Binomial sequences (7), (57), to the Normal sequences
(58), (59). We take p = g = 1/2. The construction is straightforward by
noting that as N - co with p=¢=1/2, -1 < ¢ <1,

¢

(L

o

Sequences {a’¥(x)} and {b"(z)} can now be chosen, depending on N, so
that (7) and (57) converge to (58) and (59). The Poisson case is quite
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similar, with distributions on [0, 1] instead of [-1,1]. As ¢ — 0, N — oo
and Ng — A\, with 0 < ¢ <1

Qn([N(l - ¢)],N,p) - an

The construction is then similar to the Normal case.

7. An Ehrenfest Urn with N balls of d colours

An analogy of the 2-colour ball generalized Ehrenfest urn scheme to d > 2
colours is to recolour balls in a transition according to permutation matri-
ces. In the 2-colour ball urn, changing colours of z balls in a transition
amounts to a transposition of colours for z balls and an identity permuta-
tion of colours on the remaining N — z balls. Denote the d! 0-1 permutation
matrices by {PZ};‘”:1 and let the permutations represented by the matrices
be {o;}%,, so that in the ith permutation matrix Py, = 1 is equivalent to
oi(k) = 1. Choose o4 as the identity permutation. The extreme points of
d x d transition matrices which are doubly stochastic are the d! 0-1 permu-
tation matrices. In the urn model transitions are made by choosing balls
in groups j = (j1,...,ja), where |j| = N (with notation |j| = >, j;), then
changing their colours within groups in a deterministic way according to
the permutations so that a ball of colour ¢ in group ¢ is mapped to colour
0;(c). The mapping in the last group is the identity. A general transition
distribution is found by mixing over the group numbers j with probability
distribution {a(j)};.jj=n}- Let Zic be the number of balls of colour ¢ drawn
in group 7. The pgf of the transition distribution is

d! d
>~ o) [TE[TT s, 15 ). (60)
lil=N i=1 c=1

where if there are totals of {x.}%_; numbers of balls of different colours in
the urn before change, then {Z;.} has distribution

ngl (Zlc,.a:‘.c,zdgc)

N b
(j17-~~7jd!)

with z. = 2. and z;. = j;, c=1,...,d, i =1,...,d!. After a transition the
number of balls of colour cis Y, = Z?IZI Z i1 ()" The chain is not necessarily

(61)

reversible. If balls are labelled and a single ball followed through transitions
is clear that it will have a uniform stationary distribution on the d colours. It
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is thus intuitive that the stationary distribution of ball colours in the urn is
Multinomial. This is seen formally by showing that the expected value of the
pgf (60) when {x.}%_; has a Multinomial distribution is again Multinomial.
If {x.}%_, has a Multinomial (N,d",...,d™!) distribution then {Z;.} given
J has an independent Multinomial distribution within groups

d! .
Ji i
H( z.d)d (62)

i=1
and therefore the unconditional pgf (60) is

1
d! d . d N

S a I [ d o] = [ sl (63)

ljl=N =1 c=1 c=1

since for each 1, Zgzl Soi(c) = Zle Sc. This shows that there is a Multino-
mial stationary distribution. The joint pgf of (X,Y") is similarly

d! d )
= 8 [l
{4:lj|=N} i=1 c=1

< d Ji
— Z a(j)H[Z;dltail(c)sc}. (64)

{g:l1=N} =1

The form of (64) implies that

d
E|:H'Y'CTC ’ X}
c=1

is a polynomial of degree |r| in X, and similarly for the conditional moments
of X given Y. This implies that the eigenfunctions of (X,Y’) are orthog-
onal polynomials in X and Y, however their form and the corresponding
eigenvectors are generally not clear.

In the special case where permutations {Ui};ﬂ:l are chosen independently
with probabilities {a;}% |, and {a(j)}(j:1j1=ny has a Multinomial (N, a) dis-
tribution then (64) becomes

d! N N
[Z > O‘id_ltcsai(c)} = [Z > d_lpcktcsk} : (65)

d d
c=1 i=1 c=1 k=1
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where
P= Z oy, Py, (66)

the extreme point representation of a doubly stochastic transition matrix.
We know that the distribution (65) has eigenfunctions which are orthogo-
nal polynomials on the Multinomial (N,d~!, ..., d~!) distribution (Griffiths,
1971; Zhou and Lange, 2009). If {a;}% | has a random distribution it is
still not clear what the eigenvector, eigenvalue structure is.

The eigenstructure for a collection of generalized Ehrenfest urns has
recently been calculated by Mizukawa (2010). He works things out in three
scenarios. In the first, a ball is selected uniformly at random and placed
into a uniformly chosen different urn. In the second and third, the urns are
arranged cyclically. A randomly chosen ball is dropped into the following urn
or into an adjacent urn. In each case, there is a group-theoretic symmetry
so that the machinery of Gelfand pairs can be used. One interesting feature
is the appearance of complex reflection groups.

The next theorem connects d-colour ball generalized Ehrenfest urns with
bivariate Multinomial random variables (X,Y") which are the sum of pairs
of indicator random variables in N trials, each with a random bivariate dis-
tribution. This structure can be regarded as an extension of the 2-colour
case where the Bernoulli random variables in the sum have random corre-
lations, because in a 2 x 2 distribution knowing the correlation and fixed
marginal distributions is equivalent to knowing the bivariate distribution.
The extreme points have a pgf of the form (64) when {a(j)};.j=n} puts
weight on a single j.

Theorem 4. Let (X,Y) have a bivariate d-dimensional Multinomial dis-
tribution such that

N\ 1
P(X =z)= (;v)dN z e N |z| = N,

and similarly for Y. Two equivalent classes of bivariate distributions with
these marginal distributions are the following.

(i)

N

(X,Y) = (& m),

=1

where {(&,m:)}Y., are d-dimensional pairs of random vectors, independent
within marginal sequences {& YN, and {n;}Y, which are uniformly dis-
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tributed on the unit vectors {ek}gzl. The pairs have random bivariate dis-
tributions expressed as matrices {Ql}f\il, such that they are conditionally
independent given {Q;}N.,. The distribution of {Q;}¥., can always be taken
to be exchangeable in the set of permutation distributions {d_le};u:l.

(i) (X,Y) is distributed as (X, Xit1) for all t € N in a stationary d-
dimensional generalized Ehrenfest urn process with pgf (64).

Proof.
(ii) = (i). If (X,Y) has a pgf (64) then take the random matrices {Q;} Y,
to have a permutation distribution on j; copies of d~'P;, i = 1,...,d! where

j has the distribution {a(j)};:/j=n}-
(i) = (ii). The pgf of (X,Y) in (i) is

E [ﬁ t’Qis} , (67)
=1

where t and s are d-dimensional and prime denotes transpose. Expectation
is over the random matrices. There is a decomposition

d
Qi =) bixd P,
k=1

where B is a non-negative random N X d! matrix with row sums unity. The

pgf (67) is therefore
d!

<[IT;

Let {V;}¥, be random variables, conditionally independent given B such
that fori=1,... N

bikd_lt’Pks] : (68)
1

PVi=k|B)=by, k=1,...,d.

Let My be the number of entries in {V;}¥; equal to k and M = (M}). Then
we can identify the distribution

and (68) is equal to (64). O

If there is an infinite exchangeable sequence {(;,7;)}72; with fixed
marginal distributions within each pair, then there is a de Finetti repre-
sentation such that the counts (N;;) in cells (i,7) are distributed as in a
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contingency table with random probabilities of falling into cells. That is,
there is a random d x d doubly stochastic matrix ® with

P((ni;)) = <(Ti\;)>E{1—[[d] @Zij]d—fv.
i,j€

The joint pgf of (X,Y) is then

d d N
[ oysity| (69)

i=1 j=1

As we expect a characterization of the distribution of (X,Y’) by (69) under
infinite exchangeability of {({;,7;)}72; is much easier than the characteri-
zation in Theorem 4 under finite exchangeability.

We briefly consider exchangeability of (X,Y") with joint pgf (64), corre-
sponding to a reversible urn process. Label the d! permutations so that the
last L, (say) m,...,nr are idempotent and the 1st 2M are arranged as

-1 -1
01,017 5o s OMOpp Ty, TL,

where M, L are determined constants, with 2M + L = d!. Then indexing
the ordered sequence j = (j1,...,Jq) by permutations instead of 1,...,d!
as

Jj= (jolajg;h-">jUMajg;/[1>.j7r17- . -ajWL)a

the distribution of (X,Y’) is exchangeable if and only if {a(j)};j=n} only
depends on unordered pairs and the idempotent permutations

{jalajgfl}v'"7{j01y17j01;11}7j7r17"‘7j7TL'

This is seen by writing the pgf G(t,s) (64) as

M d o d j o1 L d .
Z a(]) H [ diltcsai(c):| ' [Zdiltai(c)sc} % H [Zdiltcsm(c)] 17
lil=N i=1 =1 =1 i=1 c=1

(70)
and noting that G(¢,s) = G(s,t) if and only if {(jo—i,ja_v—l)}‘é\il is exchange-
ably distributed within pairs. Also in the idempotent permutation terms

d d
Z ZL/csm(c) = Z tm(c)sc-
c=1 c=1
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The easiest case is when {a(j)};:j|=n} just has weight on idempotent per-
mutations.
As an example, if d = 3 and the 3! = 6 permutations are ordered as

(231,312), 321,213,132, 123

then a(j1,...,je) has to be exchangeable in j, jo.

7.1. Joint Multinomial distributions and Markov chains

Let (X,Y) be two R and C dimensional random vectors with a pgf of

R C N
(3o piCsity) (71)

i=1 j=1

which is the pgf of the joint marginal counts in a R x S contingency table

with IV observations, where the probability of an observation falling in cell

(1,7) is pf}’c. The distribution of (X,Y’) has a Lancaster expansion in or-

thogonal polynomials on the Multinomial distribution (Griffiths, 1971; Zhou
and Lange, 2009) that we now describe briefly.

Let {ug-l)};i:_ol be a complete set of orthonormal functions on a probability

distribution {pj};lzl with u}o) =1 for all j such that for k,1 =0,1,...,d—1

d
k) (1
j=1

Define a collection of orthogonal polynomials on the Multinomial distribu-

tion
m(z, {p;}) = (N) To

) -
J=1

{On(X; {u(l)})}, with n = (ny,...n4-1), and |n| < N, as the coefficients of
wt -+ w,;*]" in the generating function

d d—1 ,
Gz, w; {u®}) = H (1 + Zwluy))gcj. (72)
1 =1

j=

It is straightfoward to show, by using the generating function, that

E[Qu (6 (D@ (s )] o () (M) 7

Id

29



The transform of Q,(X; {u(}) is equal to

E[ﬁ 6 Qn(X; {u})]

J=1

_ (N) <|n|>T0(¢)N”T1(¢)”1 CTaa(g), (T4)

Inl/ \'n

where
d .
:ijquuy), iZO,...,d—l.
j=1

Let Z1, ..., Zn be independent identically distributed random variables such
that
P(Z=k)=p, k=1,...,d.

Then with
N
G(xwifu®)) = I (1 +Zwluzk> (75)
k=1

We also have from (75) that

Q=3 TLw - I 5" 9

{A;} kF1€A1 kg_1€A4_1

where summation is over all partitions of subsets of {1,..., N}, {4;} such
that |4;| =n;, L = 1,...,d. This is an analogue of the symmetric function
representation (15) for the Krawtchouck polynomials. Q,(z;{u)}) is a
polynomial of degree n in (S1(z),...,Sq—1(z)), with

d
:Zu§k)xj, k=1,...,d—
j=1

whose only term of maximal degree |n| is Hcll_l Sy*. Another form is

N
:Zu;’?, k=1,...,d—1.
j=1

Let



be a Lancaster expansion in orthonormal functions {u®}, {v®} on the
respective marginal distributions {p;.}, {p.;}. Then the joint distribution of
(X,Y) has a Lancaster expansion

P(‘Tay) - m(l.a {pz}>m(y7{pj})
{14 > @ (O v} ()

{n:1<|n|<N}
where v, = Hi;% p.*, and {Q; } are the polynomials scaled to be orthonor-
mal, that is
@n

Q= ———.
() ()

7.2. d-urn Ehrenfest urn models

Mizukawa (2010) finds the eigenfunctions for several multivariate Ehrenfest
models. In his models there are d urns and N balls. For a correspondence
with our model, numbers of balls in the d urns are thought of as numbers of
d distinctly coloured balls. Three different transition schemes are considered
where a ball is selected at random, then in the different models the ball is
moved into: (a) a randomly chosen different urn; (b) the next urn right
(mod d); or (¢) one of the two adjacent urns (mod d) with equal probability.

An extended model where transitions of a single ball from colour ¢ to
colour j are given in a d X d transition probability matrix P with stationary
distribution {p;} is now considered. Denoting x as the d-dimensional colour
configuration in the urns before a transition and Y after a transition, Y has

a conditional pgf
d

d
x; 5
2 Npijtj Htfl l. (78)
7,7=1 =1

If X has a Multinomial (N, {p;}) distribution then the joint pgf of (X,Y),
from (78), is

d d N1
(Z Sipipijtj> (Z pksktk> : (79)
ij=1 k=1

The d-dimensional chain is seen to have a Multinomial stationary distribu-
tion from (79) by setting s; = 1, ¢ = 1,...,d producing an unconditional

N
Multinomial pgf for Y of (Zgzl pktk> . Transition matrices in Mizukawa’s
schemes are:
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(a) P = ((1—6;)/(d—1))), with a representatlon (66) of P = N Zivd P,

where {P}} is the set of Ny = d! ZT:O( 1)"4 permutation matrices with

diagonal entries zero.

( b) P =Pt a permutation matrix of a complete directed cycle through
,d where pZ i+1(mod §) = =1 and p;; = 0 otherwise.

(c) P = (Pt + P7)/2, where PT is the matrix in (b), and P~ is a similar

permutation matrix of a directed cycle in the opposite direction.

The transition matrices in (a) and (¢) are reversible, being symmetric, but

the transition matrix in () is not reversible.

The joint pgf of (X,Y), (79), is

N-1

(ZakZd 1t -1 ><Zd 1tlsl> , (80)

which is of the form (64) where the distribution {a(j)}(;:/j=n} has support
only on

{j:jk:Ljd!:N—l,ji:(),i#k,d!;k:1,...,d!—1}
U{j:jd!:N,jiZO,i#d!}.

Let P have a Lancaster expansion
pj{l—l-Zpku v](- },i,jzl,...,d (81)

where {u(®)} and {v(*)} are orthonormal function sets on {p;}. Then working
with the generating functions of the orthogonal polynomials on X and Y,

d—1 d—1 N_1
E|G(X, {u®} w)G(V, o}, )] = (143 prwna ) (14 D wezr )
k=1 k=1

(82)
The eigenvalues of (X,Y') are the coefficients of Hg;} (wpzg)™ in (82) di-
vided by the normalizing constant (73), (IJX\) ('Z');

a’Yn Zpk

with corresponding orthonormal functions in a Lancaster expansion (89) of
Qn (; {u}), @0 (y; {v).
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If instead of one ball being chosen initially, s balls are chosen and indepen-
dently reallocated to urns according to a transition probability matrix P,
then the eigenvalues are

() = Coim ()
s ~\ s —|j] a)

J =1
where summation is over d — 1 dimensional vectors {j : 0 < jx < ng, k =
1,...,d — 1}. The corresponding orthonormal functions in the Lancaster
expansion are the same as with one ball being chosen.

The Lancaster expansions (81) for Mizukawa’s transition matrices P have

the following correlation sequences and orthogonal functions.
(a) pp = —1/(d—1),k=1,...,d—1; {u(k)}z;é is any complete orthonormal

set of functions with u§0) =1,7=1,...,d and {fu(k)}z;(l) is the same set of
functions.

) pp =1, k=1,...,d —1; {u(k)}g;é is any complete orthonormal set of
func‘;‘ions v;ith ugo) =1,7=1,...,dand v](.k) = ug.ki)l(mod d) k=1,....,d—1,
j=1,...,d.

(¢) The two orthonormal sets of functions are identical and equal to

{\@cos (27k(j — 1)/d) }Zzl U {\@sm (2mk(j — 1)/d) }Z_l (83)

j=1,...,d whered, = dy = (d—1)/2if dis odd, and d, = d/2, d, = d/2—1

if d is even. The correlation sequence is { cos(2wk/d)}, _, /o0 repeated with
the two cos and sin sets of functions in (83) for £ = 1,...,d. and k =
1,...,ds. The classical eigenfunction complex variable expansion
d—1
Dij = d—l Z COS(27T]{3/d)EQWLk(i_1)/d€_27rkL(j_l)/d, (84)
k=0

where ¢+ = y/—1, gives rise to the Lancaster expansion by taking real parts
of the right side and identifying identical circular functions for & < d/2 and
k>dj2.

Extending the definition of the orthogonal polynomials to a biorthogonal
system is useful in expressing one-step transition function expansions as
eigenfunction expansions. The k-step transition functions then have the
same form with the eigenvalues raised to the k-th power. In a Lancaster
expansion this does not hold if the transition functions are not reversible.
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Let {a(l)}fl:_ol and {f (l)}fz_ol be biorthogonal functions, which are possibly
complex, on {p;} with a(®) = 50 =1 such that

d
Zpioék)ﬂi(” = Ol (85)
1=1
Define
{Qn(X; {0}, {Qn(X:{BV})} (86)

in a similar way to previously by generating functions (72) with {u®} re-
placed respectively by {a¥} and {8)}. Then (86) are biorthogonal poly-
nomial systems on the Multinomial (N, {p;}) distribution.

For example consider N particles in states 1,...,d making independent
transitions according to a transition matrix P with stationary distribution
{pi}¢_, such that the eigenfunction expansion of P is

d—1
pij = pj{l + Zpka§k)ﬁ§k)}, i,j=1,....d. (87)
k=1

P is not necessarily reversible and the eigenvalues and eigenfunctions are
possibly complex. The left eigenvectors of P are {piﬁi(k)}g;é; the right

eigenvectors are {agk)}z;(l) and the eigenvalues are {pk}i;(l), with pg = 1.
Let X; be the number of particles in state ¢, ¢ = 1,...,d. X has a
Multinomial (N, {p;}) stationary distribution and the pgf for transitions

from x to Y is i
H (Z pijtj>xi- (88)

i=1 j=1
In a similar way to the contingency table example the eigenfunction expan-
sion for the transition functions from z to y is

miy {1+ Y wQi@{a"NQw 80N}, (89)

{n:1<|n|<N}
where

d—1
w=1]r} (90)
j=1

In the k-step transition functions v, is replaced by ~*.
Mizukawa’s examples all have transition matrices for a single ball change
which are circulant matrices. Let P be a general d x d circulant transition
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matrix with first row {g; }?:1 and the other rows rotated successively from
the first so that the ith row is {g(j—)(mod d)+1};-l:1. P is doubly stochas-
tic, with a uniform stationary distribution on 1,...,d. An eigenfunction
expansion of P is

d—1
pij = d-1 Z Tke2ﬂwk(i71)/d€727rLk(j71)/d7 i,j=1,....,d, (91)
k=0
where
d—1
e = Z qr+1€27ru“k/d' (92)
r=0

P is reversible if and only if it is symmetric, because it has a uniform sta-
tionary distribution, then ¢; = ¢_(;_1)(mod @)+1, and

d|_
@+ (—1)qugJ+1 + 22},31 ! Gr+1 cos(2mkr/d) if d is even
2
d—1

Tk =
q1+2 z,&zj Gr+1 cos(2mkr/d) if d is odd.

A Lancaster expansion can be constructed with orthogonal functions (83)
and correlation sequence {7;}1<4 /2, repeated in the two sets of functions.

We now consider a biorthogonal expansion for the transition functions
of the urn configuration, rather than the Lancaster expansion. Construct
the functions (89) by taking the biorthogonal systems

afl) = 2mdi=D/d gO) — o=2mlG=D/d | =0, d—1,i,j=1,....d.

It is straightforward, but detailed, to verify that the pgf of (89) when

d—1
TYn = Z Tlnl/N (93)
=0

is the correct pgf (78). The eigenfunction expansion for the transition func-
tions of Y | x is therefore (89) with eigenvalues (93). The eigenfunctions
have a particularly nice form, expressed as monomial symmetric polynomi-
als in the d-th roots of unity, as recognized by Mizukawa. If the balls are
ordered so that Z; = k if ball j is in urn k, then from (76),

On(X; {u(z)})zz H p(2me1/d)(Zyy =1) H e(?m(dfl)/d)(de_fl)j

{A;} kFieAr kqg_1€Aq_1
(94)
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where summation is over all partitions of subsets of {1,..., N}, {4;} such
that |A4;] =n;, 1 =1,...,d. Let ng = N — |n|, then (nj)?;é is an ordered
partition of N. Regard A = (Z; — 1) as a partition (071172 ... (d —1)*2).
Let & = 2™/ be the d-th root of unity, and = = ((1)"0(&)™ - - (€4~ 1)ma-1).
Then directly from (94),

Qn(X;{aV}) = my(2), (95)

where m)(Z) is a monomial symmetric polynomial.
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