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Abstract

The g-Pdlya urn is a g-analog of the Pdélya urn and is a model of ball extraction from
an urn with balls of two colors, A and B. Balls of color B have priority to be picked
over those of color A. We prove that, in an infinite sequence of extractions, almost
surely, the number of balls of color A that are picked has a finite limit and we identify
its distribution. Then we prove functional limit theorems for the number of balls of
color A extracted. The limit is either a pure birth process or a diffusion, depending on
the initial composition of the urn. Finally, we discuss basic results for the g-Pdlya urn
with more than two colors.
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1 Introduction and results

The Pélya urn This is the model where in an urn that has initially a finite number
of white and black balls we draw, successively and uniformly at random, a ball from
it and then we return the ball back together with k balls of the same color as the one
drawn. The number k € N is fixed.
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Standard references for the theory and the applications of Pélya urn and related
models are [14,17].

The g-Pélya urn This is a g-analog of the Pélya urn (see [10,15] for more on
g-analogs) introduced in [16] and studied further in [4] (see also [5]).

A g-analog of a mathematical object A is another object A(g) so that when g — 1,
A(q) “tends” to A. Take ¢ € (0, 0c0)\{1}. The g-analog of any x € C is defined as

g —1
g—1"

ey

[x]g :=

Note that lim,_,1[x], = x.

Now consider an urn that contains a finite number of white and black balls. We
perform a sequence of additions of balls to the urn according to the following rule. If at
a given time the urn contains A1 white and A black balls (A1, Ay € N, A1+ A, > 0),
then we add k white balls with probability

[Al]q

P, (white) = ———. )
7 [A1 + Asly
Otherwise, we add k black balls, and this has probability
. [A2]4
P, (black) = 1 — P, (white) = g ——=—1 (3)
‘ ‘ A T A,

This stochastic process we call g-Pdlya urn. To understand how it works, it helps to
realize the probabilities P, (white), P, (black) through the following experiment.

If g € (0, 1), then we put the balls in a line with the A; white coming first and the
A» black following. To pick a ball, we go through the line, starting from the beginning
and picking each ball with probability 1 — g independently of what happened with the
previous balls. If we finish the line without picking a ball, we start from the beginning.
Once we pick a ball, we return it to its position together with k balls of the same color.
Given these rules, the probability of picking a white ball is

00 A
- 1 —q™ [Ai]

1 — g™t A1+Azyj — — q 4

(I-gq )]E:O(q ) (=A% (A + Al 4)

which is (2), because before picking a white ball, we will go through the entire list a
random number of times, say j, without picking any ball and then, going through the
white balls, we pick one (probability 1 — g41).

If ¢ > 1, we place in the line first the black balls and we go through the list
picking each ball with probability 1 — ¢ ~'. According to the above computation, the
probability of picking a black ball is
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[A2], W LAl

[A+ A2l 1 [AL+ Al

which is (3).

We extend the notion of drawing a ball from a g-Pdlya urn to the case where
exactly one of Aj, A, is infinity. Then the probability to pick a white (resp. black)
ball is determined again by (2) (resp. (3)), where this is understood as the limit of the
right hand side as A; or A, goes to co. For example, assuming that A; = oo and
Ay € N, we have P, (white) = 1 if ¢ < 1 and P, (white) = g " if ¢ > 1. Again
these probabilities are realized through the experiment described above. Thus, we can
run the process even if we start with an infinite number of balls from one color and
finite from the other.

Consider now a g-Pélya urn having A;(0), A2(0) white and black balls, respec-
tively, and start an infinite sequence of drawings. Forn € N*, denote by A (n), A»(n)
the numbers of white and black balls, respectively, after n drawings.

We want to study two aspects of the asymptotic behavior of the sequence {A (1) },eN-

(1) The first concerns the limit, in any sense, of Aj(n) properly normalized. In the
Pélya urn, if we keep the same notation, the following convergence in distribution

is a well-known fact: % 4 Beta (A1(0)/k, A2(0)/k) as n — oo. For
the g—P6lya urn, things are less exciting. If ¢ > 1, after some point, we will be
drawing only black balls, and consequently A (n) becomes eventually (a random)
constant A1 (0co). We identify the distribution of A (c0). By the above discussion,
this answers the case ¢ € (0, 1) too. Then, it is A (n) that becomes eventually
constant.

(2) The second concerns the entire path {A(n)},<N. Is it possible, by applying appro-
priate, natural transformations, to get convergence to a stochastic process? That
is, an analogous result to Donsker’s theorem for simple symmetric random walk
in Z. For the P6lya urn, this question has been investigated in the works [3,7] .

The results concerning these two points are exhibited in the following two subsec-
tions.

1.1 Basic results for the g-Pélya urn

We recall some notation from g-calculus (see [5,15]). For g € (0, co)\{1},x € C, k €
N*, we define

q*—1
[x]y == T the g-number of x, 5)
[kly! = [klylk — 114 - - [1]4 the g-factorial, (6)
[X]k,q == [x]glx = 1]g - - [x —k + 1], the g-factorial of order k, 7
x = kg the g-binomial coefficient, ®)
k q [k]4!
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72 D. Cheliotis, D. Kouloumpou

o0
x;:q9)oo = l_[(l - xqi) when g € [0, 1) the g-Pochhammer symbol. )
i=0

We extend these definitions in the case k = 0 by letting [0],! =1, [x]o4 = 1.

Now consider a g-P6lya urn that has initially A; white and A; black balls, where
A1 € NU {oo} and A, € N. Call H{(n) the number of drawings that give white ball
in the first n drawings. Its distribution is specified by the following.

Fact1 Let A; := Ay /k and Ay := A /k.

(i) If A1 € N, then the probability mass function of Hj(n) is

P e

P(H1 (n) — X) — qk(n—x)(z&1+x) 4 _ (10)
4]
n q*
o [Al—;x—l]q_k [Az—;ni—xx—l]qik (11)
- [A1+Az+n71]
n gk
—A —A
— qka(fi2+nfx)[ x I]qk [”_;]qk (12)

[~AA

forallx € {0,1,...,n}.
(i1) If Ay = oo and g > 1, then the probability mass function of Hj(n) is

P (H\(n) = x) = [’;] a P [la—-g@™h (13)
-

j=1

forall x € {0, 1, ..., n}. This is the probability mass function of the g-binomial
distribution of the second kind with parameters 7, q’AZ, q’k (see Theorem 3.2
in [5]). If Ay = oo and g € (0, 1), then P(H|(n) = n) = 1 obviously.

Relation (10) is (3.2) in [4], where it is proved through recursion. In Sect. 2 we give
an alternative proof.

According to the experiment described in Sect. 1, the balls that are placed first in
the line have an advantage to be picked (the white if g € (0, 1), the blackifg > 1).In
fact, this leads to the extinction of drawings from the balls of the other color; there is
a point after which the number of balls in the urn of that color stays fixed to a random
number. In the next theorem, we identify the distribution of this number. We treat the
case g > 1.

Theorem 1 (Extinction of the second color) Assume thatq > 1, A| € NU{o0o}, Ay €
N. With probability one, as n — oo, {H(n)},>1 converges to a random variable
H (00) with values in N and probability mass function
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Limit behavior of the g-Pélya urn 73

@
A —A>. —k
T tx—1 - (7" 9 Noo
=|* A2x 14
f(x) |: X :|qkq (q—A]—Az; q—k)oo ( )
for all x € Nin the case A; € N and
(ii)
_A2 X 1
= (-2 A2 gk 15
f(x) (1 _q_k) [X]q—k!(q ,CI )OO ( )

forall x € Nin the case A1 = 0.

When A € N, the random variable Hj(0co) has the negative ¢-binomial distribution
of the second kind with parameters A1/k, =42, g=*. We recall here that for v €
(0,0),0 € (0,1),and g € (0, 1), the function f : R — [0, oo) with

v+x—1] . 0;9)
= Py — = 16
7 [ x L 64" o (10

for x € Nand f(x) = 0 for x € R\N defines the probability mass function of
a distribution with support N (f sums to 1 due to the g-binomial theorem, relation
(1.3.2) in [10]). We call this distribution negative g-binomial of the second kind with
parameters v, 0, g (see §3.1 of [5]). When v € NV, formula (16) simplifies to

Fo) = [” e 1} 6" [](1— 647" (17)
q

Jj=1

When A; = oo, Hj(oco) has the Euler distribution with parameters ¢~42/(1 —
g7, g7 (see §3.3 in [5] again).

1.2 Functional scaling limits

Consider a g-Pélya urn whose initial composition depends on m € NT. That is, it
has A(lm) (0), A(2m) (0) white and black balls, respectively. Start an infinite sequence of
drawings and forn € N, denote by Aim) (n), Aém) (n) the numbers of white and black
balls, respectively, after n drawings.

To see a new process arising out of the path of {Agm)(n)}nzo, we start with an initial
number of balls that tends to infinity as m — oo. We assume that Aém)(O) grows

linearly with m. Regarding A{"™ (0), we study three regimes:

(a) Agm)(O) stays fixed with m.
(b) AY”)(O) grows to infinity but sublinearly with m.
() Agm)(O) grows linearly with .
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74 D. Cheliotis, D. Kouloumpou

The regime where Aﬁm)(O) grows superlinearly with m follows from regime b) by
changing the roles of the two colors. We remark on this after Theorem 3.
The other parameter that we have to tune is g. If g is kept fixed, then:

(i) if ¢ > 1, then nothing interesting happens because the assumption
limy, s o0 Aém)(O) = oo implies that the process {Aim)(n)}nzo converges (as
m — 00) to the one that never increases (we always pick a black ball) and

(ii) if g < 1, then in the scenario lim,— co Agm)(O) = o0 the situation is analogous to
(i) while in the scenario that Agm) (0) stays fixed with m the process {Aim) (n)}n>0
converges (as m — 00) to the g-Polya urn with A» = oco.

Interesting limits appear once we take ¢ = g, to depend on m and approach 1 as
m — oco. We study the case that g, > 1 and the distance of ¢, from 1 is ®(1/m)
and remark on the case that the distance is o(1/m).

In the regimes (a) and (b), the scarcity of white balls has as a result that the time
between two consecutive drawings of a white ball is large. We expect then that speeding
up time by an appropriate factor we will see a birth process. And indeed this is the
case as our first two theorems show.

All processes appearing in this work with index set [0, co) and values in some
Euclidean space R? are elements of Dral0, 00), the space of functions f : [0, 00) —
R that are right continuous and have limits from the left at each point of [0, 00). This
space is endowed with the Skorokhod topology (defined in §5 of Chapter 3 of [9]), and
convergence in distribution of processes with values on that space is defined through
that topology.

We remind the reader that the negative binomial distribution with parameters v €
(0,00) and p € (0, 1) is the distribution with support in N and probability mass
function

—1
Foo) = (”i )p”(l — (18)

for all x € N. When v € N1, this is the distribution of the number of failures until we
obtain the v-th success in a sequence of independent trials, each having probability of
success p. For a random variable X with this distribution, we write X ~ N B(v, p).

In all results of this subsection we assume that the parameter of the urn is ¢, = ¢!/”
with ¢ > 1.

Theorem2 Fix wy € N* and b > 0. IfAEm)(O) = wg for all m € NT and
limy, s 0 Ag")(O)/m = b, then, as m — 00, the process (k’l{Agm)([mt]) —

A(lm) (0)})s=>0 converges in distribution to an inhomogeneous in time pure birth process
Z with Z(0) = 0 and such that for all0 < t| < tp, j € N, the random variable

1— C—b—ktl

Z(ty) — Z(t1)|Z(t1) = J has distribution NB(@ +J, —>
k 1 _ C*b*kﬂ
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Limit behavior of the g-Pélya urn 75

In particular, Z has rates

wo + jk

A= ——
»J ch+kt _ 1

logc (19)

forall (t, j) € [0,00) x N.
Theorem 3 Assume that A(lm)(O) = gm and lim,,;_, « A(zm)(O)/m = b, where b €

(0, 0) and g,, € N*, g,, — 00, g, = o(m) as m — oo. Then, as m — oo, the
process

AT ([tm/gnD) — AT (D)2
converges in distribution to the Poisson process on [0, 00) with rate

logc
ch—1

(20)

We return to the discussion at the beginning of the subsection. The regime where
limy— o0 Ag’") (0)/m = b > 0 and Ai’") (0)/m — oo is covered by the previous
theorem. We need to change the roles of the colors and remark that the role of m as a

scaling parameter is played now by a,, = AY") (0). The result that we obtain is that
in the ¢g-Pélya urn with g, := ¢!/ and ¢ > 1, the process

1
P (Ag”)([tam /(bm)]) — A(Q’”)(O))

t>0

converges in distribution, as m — 00, to the Poisson process on [0, co) with rate

(logc)/(c — 1.

Theorem 4 Assume that Aim)(O), Aém)(O) are such that lim,,_, A(lm)(O)/m = a,

lim,;, - 00 A;m) (0)/m = b, wherea, b € [0, 00) are not both zero. Then, asm — +00,

the process (Aim) ([mt])/ m) o converges in distribution to the unique solution of the
1=

differential equation

Xo =a, (21)
1—cXe
dX; ka dz, (22)
which is
1 b _ 1 —kt ] —c @
X, i=a— log (c +bc (d=e )> (23)
logc ¢l —c@
forallt > 0.
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76 D. Cheliotis, D. Kouloumpou

Next, we determine the fluctuations of the process (A(lm) ([mt])/m);>0 around its
m — oo limit, X. Let

m)
c™ = Jm <—A1 (tmtD) X,) (24)

m

forallm e Nt andt > 0.

Theorem 5 Letra, b € [0, 00), not both zero, 01, 6> € R, and assume that Aﬁm)(O) =
[am —}—91\/_] A(m) (0) = [bm + 024/m] for all large m € N. Then, as m — +00, the

process (C p ))zzo converges in distribution to the unique solution of the stochastic
differential equation

Yo =01,
2y — klog ¢ (ca+b 1)Y — (e = 1)(0) + 65)
P catbtki — 14 c k(1 —cm9) (25)
: c(a+kt)/2
@ =D =) W
which is
ca+b+kt —1 Ca—i—b(ca _ 1) th -1
Y = catbrki _ catkt 4 ca _ 01 — (61 +02) cathb _ | catbtkt _ |
clatkn/2 (26)
+ kv (@ —1D(c? —1) / e dWS>
forallt > 0. W is a standard Brownian motion
Remark If we assume that ¢ = g(m) := ¢®»/™ where ¢ > 1 and &, — 0% as

m — 0o, then g = 1 4+ o(m™"). With computations analogous to those of the results
of the previous subsection, it is easy to see that the limits of the processes considered
in all theorems of this subsection coincide with those in the case of the plain Pdlya
urn (i.e., when ¢ = 1), which are described in the work [7]. Of course, in (24), the
role of X; will be played by the limit one gets from the analogous to Theorem 4.

1.3 g-Pélya urn with many colors

In this paragraph, we give a g-analog for the Pélya urn with more than two colors. The
way to do the generalization is inspired by the experiment we used in order to explain
relation (2).

Letl € N,I > 2,and g € (0, 1). Assume that we have an urn containing A; balls
of colori foreachi € {1, 2, ...,1}. To draw a ball from the urn, we do the following.
We order the balls in a line, first those of color 1, then those of color 2, and so on.
Then we visit the balls, one after the other, in the order that they have been placed,
and we select each with probability 1 — ¢ independently of what happened with the
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Limit behavior of the g-Pélya urn 77

previous balls. If we go through all balls without picking any, we repeat the same
procedure starting from the beginning of the line. Once a ball is selected, the drawing
is completed. We return the ball to its position together with another k of the same
color. Foreachi =0,1,...,1,lets; = Zlfjsl- A . Notice that s; is the total number
of balls in the urn. Then, working as for (4), we see that

1= qgAi Si—1 _ gSi A;
P(color i is drawn) = g%~ 4 _1 7 _ gt LAilg (27)

1—g" =g [s1]g

Call p; the number in the last display foralli = 1, 2, ..., [. Note that when g — 1,
pi converges to A;/s;, which is the probability for the usual Pélya urn with / colors.
It is clear that for any given g € (0, co)\{l}, the numbers p1, p2, ..., p; are non-
negative and add to 1 (the second fraction in (27) shows this). We define then for this
q the g-Pdlya urn with colors 1,2, ...,/ to be the sequential procedure in which, at
each step, we add k balls of a color picked randomly among {1, 2, ..., [} so that the
probability that this color is i is p; .

When g > 1, these probabilities come out of the experiment described above but
in which we place the balls in reverse order (that is, first those of color /, then those of
color ! — 1, and so on) and we go through the list selecting each ball with probability
1 — g~ Tt is then easy to see that the probability to pick a ball of color i is p;.

Theorem 6 Assume that q € (0, 1) and that we start with Ay, Aa, ..., A; balls from
colors 1, 2, ..., respectively, where A1, Ay, ..., A; € Nare not all zero. Call H; (n)
the number of times in the first n drawings that we picked color i. The probability
mass function for the vector (H»(n), Hz(n), ..., H(n)) is

Aj

Hﬁ:l [ic,—T] —k

S (A
P (Hy(n) = xa. ... Hi(n) = x) = gi= " 2im (ko) 2 m TS0 (o)
[ nk qk
Yo xi LGy (Aj+kx ) i [_ﬁ]
n q ! [Tici | =% o
= 29)
XI5 X2, .y X] ] gk [_ A1+A2+...+A1:|
k n,qg—*k
forall xa,...,x; € {0,1,2,...,n}withxy + -+ x; < n, where x; :=n — Zi:zxi
[n] —&!
n e g _ . . .
and [X1,Xz,.-.,)q]qfk = T e, is the g-multinomial coefficient.

This theorem has also been derived in [6] (Theorem 3.1 of that work) with a different
proof than ours, based on a recursion relation.

It follows from Theorem 1 that when g € (0, 1), after some random time, we will
be picking only balls of color 1. So that the number of times, say H;, that we pick color
i,wherei =2,3,...,1,1is finite. The next theorem identifies the joint distribution of
H>, H3, ..., H.

Theorem 7 Under the assumptions of Theorem 6, with probability one, as n — 400,
the vector (Hx(n), Hz(n), ..., Hj(n)) converges to a random vector (H>(00), H3(00),
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78 D. Cheliotis, D. Kouloumpou

..., H;(00)) with values in N*~' and probability mass function

. l A; Ar. k
Lo yilgs xi+ 7 —1 ("9 )oo
f@xs, ) = g = A [ ¢ } (30)
[.:l_! Xio g (@httAL gF)o
forall xp,...,x; € N.
Note that the random variables H>(00), ..., Hj(co) are independent although

(Hy(n), H3(n), ..., H(n)) are dependent.

Next, we look for a scaling limit for the path of the process. For each m € N*, we
consider a ¢-Pélya urn with initial composition (4" (0), AY(0), ..., A" (0)) and
gm that will be specified below. Let Algm)( J) be the number of balls of color i in this
urn after j drawings.

Theorem 8 Assume that c € (0, 1), g = cl/m forallm € N*, and

i .
— (4770, AL, A O) S (@ a ),

where ay, . ..,a; € [0, 00) are not all zero. Set o9 = 0 and o; = ngi aj for all
i = 1,2,...,1. Then the process %(Aﬁ’")([mz]), A ([m)), ...,Al(m)([mt])) .
1>
converges in distribution, as m — 400, to (X; 1, X:.2, ..., Xt.1)i>0 with
(1- Cal+kt) _ C(Ii,l(l _ th)
Xii=a; 1 31
L= g e 08 (T oty — cor (1 = ok ©h

foralli =1,2,...,1.

Theorem 9 Assumethatc € (0, 1), g = cam/mforallm e Nt withlimy,— o0 &m = 0,
and

1 m—00
Z(Ag7l>,A37;,...,Ag3>) 3* (anar.....ap),

where ay, ...,a; € [0, 00) are not all zero. Then the process %(Afzz] I Agzt)] Yreens
Aézz],l)zzo converges in distribution, as m — 400, to (X;);>0 with
X <1 + ki ) ( ) (32)
= —— |, a2, ..., q
! aj + e + aj

forallt > 0.

Remark Discussing this preprint with Prof. Ch. Charalambides, we were informed that
he considered this g-Pdlya urn with many colors in a work that was then in progress
and now has appeared [6]. That work studies other aspects of the urn, and the only
common result with the present work is Theorem 6.
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Limit behavior of the g-Pélya urn 79

Orientation. In Sect. 2, we prove Fact 1 and Theorem 1, which are basic results for
the g-Pdlya urn. Section 3 (Sect. 4) contains the proofs of the theorems that give
convergence to a jump process (to a continuous process). Finally, Sect. 5 contains
the proofs for the results that refer to the g-Pdélya urn with arbitrary, finite number of
colors.

2 Prevalence of a single color

In this section, we prove the claims of Sect. 1.1. Before doing so, we mention three
properties of the g-binomial coefficient. For all ¢ € (0, c0)\{1}, x € C, n, k € N with
k < n it holds

[—x]y = —q " [x]g, (33)
—x _ _ x+k—1
[ L — (—l)kq k(k+2x l)/2|: L :| , (34)
q q
Tlo=gheT (35)
K, k],
Yo gttErt= qmm ' (36)
1<i|<ip<--<iy<n k q

The first is trivial, the second follows from the first, the third is easily shown, while
the last is Theorem 6.1 in [15].

Proofof Fact 1 (i) The probability to get black balls exactly at the drawings i| < iy <
C<lp_yx 1S

x—1 . n—x—1 .
Hj:O[A] + JKly Hj:O [A2 + jklg 2 AT+ =)k}
[Tj2olA1 + Az + k],

gli, iz, ... ip—y) =

(37)

To see this, note that, due to (2) and (3), the required probability would be equal to
the above fraction if in (3) the term ¢! were absent. This term appears whenever we
draw a black ball. Now, when we draw the v-th black ball, there are A + (i, — v)k

white balls in the urn, and this explains the exponent of ¢ in (37).
x+jk

Since [x + jk]; = =" 7 _

= [—% — jly«[—k]4 forall x, j € R, the fraction in
(37) equals

[—A1], -+ [—A2l,_,
[—A; — Aj), 4

(38)
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80 D. Cheliotis, D. Kouloumpou

Then
Z qZﬁ;’{ Ap+Gy—v)k 39
I1<iyi<ip<-<ip—x<n
_ q(n—x)Al—k(n—x)(n—x+1)/2 Z (qk)il+i2+-~-+l'n7x (40)
1<ij<iz<--<ip—x=<n
n—x+1\ | n

= g OAI—k =0 (x4 D/2 K 2+)|: } 41)

X |k

q
_ q(n_x)Alqu(n—x) I:n:| _ qk(n—X)(AH-x) |:I’l:| ) (42)

X q—k X q*k

The second equality follows from (36) and the equality [i]qk = [nfx]qk. The third,
from (35). Thus, employing (8) too, we obtain that the sum
Zlgil<i2<--~<in,x§n g(iy,i2, ..., in—y) equals the right hand side of (10). Then (11)
and (12) follow by using (34) and (35) respectively.

(ii) In this scenario, we take A; — oo in (11). We will explain shortly why this gives
the probability we want. Since ¢ % € (0, 1), we have lim,  o[t], -+ = (1 — g1
and thus, for each v € N, it holds

. t+v—1 1 1
lim = . 43)
=00 v P L PRARC qg*v

Applying this twice in (11) (there Al = A /k — 00), we get as limit

AA Cx—1 nl (1 = g~ kyn—x
q‘A2X|: 2+n—x ] [n],-+!(1 —g™) 44)
n—=x gt [X]q—k!
n N
= |:x] kquzx(] — qik)nfx[Az +n—x— 1]n_x’q—k, 45)
P

which equals the right hand side of (13).

Now, to justify that passage to the limit A| — ooin(11) gives the required result, we
argue as follows. For clarity, denote the probability P, (white) when there are w white
and b black balls in the urn by qu’b (white). And when there are A white and A, black
balls in the urn in the beginning of the procedure, denote the probability of the event
Hi(n) = x by PA42(H|(n) = x). Itis clear that the probability PAU42(H| (n) = x)
is a continuous function (in fact, a polynomial) of the quantities

PR (hite) 1 i = 0,1,...,x =1, j=0,1,...,n—x—1,

for all values of A; € NU {00}, A> € N. In P®41(H|(n) = x), each such quantity,
P2 (white), equals lim 4, oo P41 (white).

Thus P42 (H| (n) = x) = lima, 0o PAVA2(H (n) = x). O
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Before proving Theorem 1, we give a simple argument that shows that eventually
we will be picking only black balls. That is, the number H;(c0) := lim,— oo Hi(n) of
white balls drawn in an infinite sequence of drawings is finite. It is enough to show it
in the case that A} = oo and A, = 1 since, by the experiment that realizes the g-Pélya
urn, we have (using the notation from the proof of Fact 1 (ii))

PAI’AZ(Hl(OO) =00) < Poo’l(Hl(OO) = 00).

For each n € N1, call E, the event that at the n-th drawing we pick a white ball, B,
the number of black balls present in the urn after that drawing (also, By := 1), and
write g := 1/g. Then P(E,) = E(P(E,|B,—1)) = E(§?"1). We will show that this
decays exponentially with n. Indeed, since at every drawing there is probability at least
1 — g to pick a black ball, we can construct in a common probability space the random
variables (By,),>1 and (¥;);>1 so that the ¥; are i.i.d. with ¥; ~ Bernoulli(1 — §¢) and
B, >1+k(¥,+ ---+7Y,) foralln € NT. Consequently,

P(E,) < E@@' 0 HXu-0) = GIE@G )y .

This implies that > >, P(E,) < oo, and the first Borel-Cantelli lemma gives that

n=1

Pl (H|(00) = c0) = 0.

Proof of Theorem 1 Since {Hj(n)},>1 is increasing, it converges to a random variable
Hj (00) with values in NU{oo}. In particular, it converges to this variable in distribution.
Our aim is to take the limit as n — oo in (11) and in (13) in order to determine the
distribution of H;. Note that for a € R and € € [0, 1) it is immediate that (recall (9)
for the notation)

(46)

n—o00

. [a + n} ©“t1; 0)oo
lim = —
no g (0:0)o0

(i) Taking n — oo in (11) and using (46), we get the required expression, (14), for
f. Then relation (2.2) in [4] (or (8.1) in [15]) shows that ), .y f(x) = 1, so that
it is a probability mass function of a random variable H; with values in N.

(i) This follows after taking limit in (13) and using (46) and lim,_ (1 —
a7l = (@7 ¢ o O

3 Jump process limits. Proof of Theorems 2, 3

In the case of Theorem 2, we let g,,, := 1 forallm € N*, and for both theorems we let
v = vy, := m/gy. Our interest is in the sequence of the processes (Z (”’))mz 1 with

1
2@ = - A7 @) - 41" 0)) 7)
forall ¢+ > 0.
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To show convergence in distribution, according to Theorem 7.8 of Chapter 3 of [9],
it is enough to show that the sequence (Z (’”))mzl is tight and its finite dimensional
distributions converge. The description of the limiting process is obtained on the way.

An easy argument shows that tightness follows from the convergence of the finite

dimensional distributions because each Z™ has non decreasing paths. It thus remains
to establish the convergence of the finite dimensional distributions.
Notation For sequences (ay),eN, (bn)nen With values in R, we will say that they are
asymptotically equivalent, and will write a,, ~ b, as n — oo, if lim,_, 5 a, /b, = 1.
We use the same expressions for functions f, g defined in a neighborhood of co and
satisfy lim,_, » f(x)/g(x) = 1.

3.1 Convergence of finite dimensional distributions

By definition, Z" (0) = 0 = Z(0) for all m € N*.
Since for each m > 1 the process Z" is Markov taking values in N and non
decreasing in time, it is enough to show that the conditional probability

P(Z™(12) = kol Z™ (1)) = k1) (48)

converges as m — oo for each 0 < #; < 1, and non-negative integers k; < k.
Define

n = [vta] — [vt1], (49)
x :=ky — ki, (50)
A
o= M (51)
k
k[vti] — kky + A ©
7= [vr1] ;dl_ 2 (), (52)
ri=gk=ckm (53)

Then, the probability in (48), with the help of (11), is computed as

o [a +x 1} [,
r

x [o+r+n71]
n r
_rrx|:6+x_1:| ﬁ (l—ri) 1 [t +n—1],,
. T Ni=n—x+1 H7;111—x(1 - rr+i) lo+z+n— l]n,r.

(54)

The last ratio is
n—1

| _ prH n—1 i
j— o T
[[—=1I (1 L mm) - (55)

i=0 i=0
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Denote by 1 — ay, ; the i-th term of the product. The logarithm of the product equals

n—1 i

A=ty “:ﬁ +o(1) (56)
i=0

as m — oo. To justify this, note that 1 — r% ~ LAY 4 kk;)loge and r™+ /(1 —
ro+THy < 1/(1 — ¢7) for all i € N. Thus, for all large m, |ay. ;| < 1/2 for all
i =0,1,...,n—1,and the error in approximating the logarithm of 1 —a,, ; by —a,, ;
is at most |apy, i |> (by Taylor’s expansion, we have |log(l1 — y) + y| < |y|? for all y
with |y| < 1/2). The sum of all errors is at most # maXp<; <y, |am,i|2, which goes to
zero as m — oo because 1 — r® ~ C/n for some appropriate constant C > 0.

We will compute the limit of (54) as m — oo under the assumptions of Theo-
rems 2, 3.

Proof (The computation for Theorem 2) As m — o0, the first term of the product

in (54) converges to ¢ ~*»+*1)_The ¢-binomial coefficient converges to (k _I;gojcklz_ 1).
The third term converges to (1 — c‘k(tz_“))x, while the denominator of the fourth
term converges to (1 — py)*, where we set p; := ¢~k forj =1,2. The expression

preceding o(1) in (56) is asymptotically equivalent to

k n—l C*ki/m
— —ollogp Y+ (57)
i=0
1= —kim

= —piko (loge) — Z(; =TT + o(1) (58)

h—1 1 1 o1
= —piko logc/ k—dy +o0(1) =0 log + o(1). 59)
0 Y —p1 1 —p2

The first equality is true because lim,, .00 7°"° = p; and the function x >

cki/m /(1 — xc=ki/m) has derivative bounded uniformly in i, m when x is confined
to a compact subset of [0, 1). Thus, the limit of (54), as m — 00, is

+x—1 — o\ (1=p1\°
<U x ) <,01 pz) ( Pl) ’ 60)
x 1—p2 11—
which means that, as m — 00, the distribution of {Z™ () — Z™ (1)} Z"™ (1) = ky

converges to the negative binomial distribution with parameters o, (1 — p1)/(1 — p2).
O

Proof (The computation for Theorem 3) Now the term r** converges to ¢ 7, while

i=n—x+1 i=n—x+1
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~ Hf;()l (o +1) ((t — 1)k logc)*
[T= i &m

1
~ — (2 — 1) loge)*. (62)
x!

The denominator of the fourth term in (54) converges to (1 — c~b)* . The expression
in (56) is asymptotically equivalent to

T ° _p8m n
—r (- ) Z rO’-’r‘L’-’rl ~¢ Z logcl —cb

( — 11). (63)

In the first ~, we used the fact that the terms of the sum, as m — oo, converge
uniformly in 7 to (1 — c’b)*]. Thus, the limit of (54), as m — 00, is

1 1 X logc _
( ogc (tz_tl)) aCa (64)

.X'

which means that, as m — o0, the distribution of{Z(’”)(tz) ZM DN Z (1) = ky
converges to the Poisson distribution with parameter =i — loge. O

3.2 Conclusion

It is clear from the form of the finite dimensional distributions that in both Theorems 2,
3 the limiting process Z is a pure birth process that does not explode in finite time. Its
rate at the point (¢, j) € [0, 00) x Nis

1
Aj= lim —P(Z(t +h)=j+1|Z(t) = j)
h—0+ h

and is found as stated in the statement of each theorem.

4 Deterministic and diffusion limits. Proof of Theorems 4, 5

These theorems are proved with the use of Theorem 7.1 in Chapter 8 of [8], which
is concerned with convergence of time-homogeneous Markov chains to diffusions.
The chains whose convergence is of interest to us are time inhomogeneous, but we
reduce their study to the time-homogeneous setting by considering for each such chain
{Z,}nen the time-homogeneous chain {(Z,, n)},en. The following consequence of
the aforementioned theorem suffices for our purposes.

Corollary 1 Assume that for each m € NT, (Z,(lm))nEN is a Markov chain in R. For
eachm € Nt andn e N, let AZ\™ = Z,(Z'i)l z™ and

w™ (x, n) == mE(AZ!™1 zZm = x), (65)

azim <1l
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. 2
a"™ (x,n) := mE(AZ™) 1, 1Z0 = x) (66)

forall x € R with P(Z,gm) = x) > 0. Also, for R > 0 and for the same m, n as above,
let A(m,n, R) = {(x,n) : |x| < R,n/m < R,P(Z"™ =x) > 0}.
Assume that there are continuous functions jt,a : R x [0,00) — R and xg € R
so that:
For every R, ¢ > 0, it holds
(1) SUP(y yeAn.n.R) |1 (x, n) — u(x,n/m)| — 0asm — oo.
(i1) SUP(x myeA@m.n, R) la"™ (x,n) —a(x,n/m)| — 0asm — oo.
(iii) sup(x’n)eA(m’n’R)mP(|AZ,(lm)| > ¢|Z™ =x) > 0asm — oo.
And also
@iv) Z(()m) — xo as m — 0o with probability 1.
(v) Foreach x € R, the stochastic differential equation

dZt = /,L(Zt,t) dt +\/a(Z,,t) dBt,

Zy = x,

(67)

where B is a one dimensional Brownian motion, has a weak solution which is
unique in distribution.

Then, as m — oo, the process (Z, [(:;

of (67) with x = x.

t)])tZo converges in distribution to the weak solution

Proof Foreachm € N, we consider the process Y,Em) = (Z,(f"), n/m),n € N, which
is a time-homogeneous Markov chain with values in R%, and we apply Theorem 7.1
in Chapter 8 of [8] Conditions (i), (ii), (iii) of that theorem follow from our conditions
(i), (i), (iii), respectively, while condition (A) there translates to the requirement that
the martingale problem for the functions u and \/a is well posed, and this follows
from condition (v). O

The tool we will use in checking that condition (v) of the corollary is satisfied
is the well known existence and uniqueness theorem for strong solutions of SDEs
which requires that for all 7 > 0, the coefficients u(x, 1), v/a(x, t) are Lipschitz in x
uniformly for 7 € [0, 7] and sup, o 71{|1(0, )| + a(0, 1)} < oo (e.g., Theorem 2.9
of Chapter 5 or [8]). The same conditions imply uniqueness in distribution.

4.1 Proof of Theorem 4

We will apply Corollary 1. For each m € N*, consider the Markov chain Z,(,m) =
(m)
# , n € N.From any given state x of Z,(Lm) , the chain moves to either of x +km !, x

with corresponding probabilities p(x, n, m), 1 — p(x, n, m), where

1—gn"

A (0)+A (0)+kn
dm

p(x,n,m) =
1_
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In particular, for any ¢ > 0, is holds |AZ,2'")| < 1 A & for m large enough. Thus,
condition (ii7) of the corollary is satisfied trivially. Also, for large m, with the notation
of the corollary, we have

,u(m)(x,n) = kp(x,n, m), (63)

k
a™ (x,n) = —p(x,n, m). (69)
m

And it is easy to see that conditions (i), (ii) are satisfied by the functions a, u with
a(x,t) =0and u(x,t) = kp(x, t) where

X

—c
px,t) = T catbiia (70)
Now, for each x € R, the equation
dZ, = kp(Z,,t)dt,
t p(Z;,1) 1)

Zo=2Xx
has a unique solution. Thus, Corollary 1 applies. In fact, (71) is a separable ordinary

differential equation and its unique solution is the one given in the statement of the
theorem.

4.2 Proof of Theorem 5
For each m € N, consider the Markov chain

A ()

z}lm>=ﬂ( —Xn/m>, neN.
From any given state x of Z,(["), the chain moves to either of
x A km ™V 4 S (X ym — Xt 1) ym)s (72)
x+ \/%(Xn/m - X(n+1)/m) (73)

with corresponding probabilities p(x, n, m), 1 — p(x, n, m), where

(m)
p(x, n,m) = - [A; ((”))]qm (74)
[Alm 0) + Azm 0) + kn]qm
and
A () = mXpm + x/m, (75)
A () = AT ©0) + AV (0) + kn — A (). (76)
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For convenience, let AX,/m = X(i4-1)/m — Xn/m. We compute

E [Azf['” 1Zm = x] - — JmAX . 77

k
ﬁp(x,n,m)

k2
E [(AZ,(lm))2|Z,§m) - x] - (; — ZkAX,,/m> PG, n,m) +m(AXum)?*.  (78)

The asymptotics of these expectations are as follows.
CLAIM Fix R > 0. For n such that t :=n/m < R and as m — oo, we have

(a) E[Azf,m>|z};"> :x]
1 kloge x, . (KT —1)cathti 1
= btk g\ Y T T =1+ |+ O 5
(79)

®) E[az{")2iz{" =x] = k2g(r>{1—g<r>}+0< §/2> (80)

where g(t) := U,fj,f;—z,lil forallt > 0.

Proof of the claim We examine the asymptotics of p(x,n, m) and AX,/,,. As T < R
and m — o0, we have

p(x,n,m) (81)
It B (82)
- CAY”’@);AQ’“(O) e o Ca+b+kr+glj;z+0(%) 1
=8@m+ C-i—l:)-% (CX’X - (Ci;iicfbf Con+ 02>) %
+ 0(1).
m
The third equality follows from a Taylor’s development. Also
AXpjm = X;Z/m% +0m™?) = kg(t)% +0(m™). (83)

For X’ we used the differential equation, (22), that X satisfies instead of the explicit
expression for it. Substituting these expressions in (77), (78), we get the claim. O

Relation (23) implies that ¢X* = (¢*t? — 1)/{c? — 1 4+ ¢ ¥7(1 — ¢~%)}, and this

gives that the parenthesis following % in equation (a) of the claim above equals

(@t — Dx — b (c® — 1)1 + 62)
ch—14ckt (1 —c9)

(84)
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and also that

(ca _ 1)(Cb _ l)ca+kr

g(‘L’){] o g(‘L’)} = (Ca+b+kr — catkt 4+t — 1)2'

(85)

Thus, the claim implies that conditions (i), (ii) of Corollary 1 are satisfied by the
functions

_ kloge (@t — Dx — P (c® — 1) (6 + 62)
px, 1) = catbtkt _ { e —1 + c_kt(l — ¢4 }’ (86)
Ca+kt
a(x, ) = k> —D(” = 1) (87)

(ca+b+kt — catkt + ¢ — 1)2 .

As in the proof of Theorem 4, condition (iii) of the corollary holds trivially, while

limy, 00 Z™ = 6; (condition (iv)). Finally, for each x € R and for the choice of
W, a above, Eq. (67) has a strong solution and uniqueness in distribution holds. Thus,

the process (Z [(:n"t)]) >0 converges, as m — 00, to the unique solution of the stochastic
differential equation (25).

The same is true for the process (C,"),>0 because sup,- |Z[(,'Z[)] —C™| <k/)ym

for all m € NT (we use the fact that 0 < X; < k for all + > 0). To solve (25), we
remark that a solution of an equation of the form

dY; = ()Y + (1)) dt + y (1) dW; (88)

with a, B, v : [0, 00) — R continuous functions is given by
13 t 'S t S
Yt — efo Ot(S)dS <Y0 +/ ﬂ(s)e—fo a(r)dr dS +/ ]/(S)e_jo ot(r)dr de) . (89)
0 0

[To discover the formula, we apply 1td’s rule to Y; exp{— fot a(s)ds} and use (88).]
Applying this formula for the values of «, §, y dictated by (25) we arrive at (26).

5 Proofs for the g-Pélya urn with many colors

Proof of Theorem 6 First, the equality of the expressions in (28), (29) follows from the
definition of the g-multinomial coefficient.

We will prove (28) by induction on /. When [ = 2, (28) holds because of (10). In
that relation, we have x| = x, xp = n — x. Assuming that (28) holds for/ > 2 we will
prove the case [ + 1. The probability

P((Hy(n) =x2, ..., H1(n) = x141)
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equals

P(H3(n) = x3,..., Hi41(n) = x141) P(H2(n) = x2 | H3(n) (90)
=x3,..., H41(n) = x141)
7wl+u,'2 1+1 _%
= quiéxi ¥ (wj+’<x/)[ xihx2 ]‘fk M= i ]q_k
7w1+mw1+1

o]
[ n qk
v _n

7,07

x2(wi+kxy)

X q _w1+w2
[ X1+x2 ]q—k
I+1 =L
_ QZE xi 2 (wjtex ;) M

_ wt.wigq

5

This finishes the induction provided that we can justify these two equalities. The
second is obvious, so we turn to the first. The first probability in (90) is specified by
the inductive hypothesis. That is, given the description of the experiment, in computing
this probability it is as if we merge colors 1 and 2 into one color which is placed in the
line before the remaining / — 1 colors. This color has initially a; + a; balls and we
require that in the first n drawings we choose it x| + x; times. The second probability
in (90) is specified by the / = 2 case of (28), which we know. More specifically, since
the number of drawings from colors 3,4, ...,7 4+ 1 is given, it is as if we have an
urn with just two colors 1, 2 that have initially w; and w, balls, respectively. We do
x1 + x2 drawings with the usual rules for a g-Pdlya urn, placing in a line all balls of
color 1 before all balls of color 2, and we want to pick x; times color 1 and x; times
color 2. O

Proof of Theorem 7 The components of (H»(n), H3(n), ..., H;(n)) are increasing in
n, and from Theorem 1 we have that each of them has finite limit (we treat all colors
2,...,1 as one color). Thus the convergence of the vector with probability one to a
random vector with values in N'~! follows. In particular, we also have convergence
in distribution, and it remains to compute the distribution of the limit. Let x| :=
n — (x2 + - - - 4+ x7). Then the probability in (28) equals

w; L
L,

_ L X Xi
P(Hy(n) = %2, Hin) = x)) = g~ 2o Mt — ©1)
[ i:kl l+n_1]
n qk
% %-in—l
— Zl<'<i<l"iwil—[l:1[ i ]qk
= gFrsis —— ©2)
[n+ i=kl l_l
n q*

@ Springer



90 D. Cheliotis, D. Kouloumpou

l

A
Yigx—1 [
AR [ S
i=2 q [n+T_l]qk

R >RICH =R {

In the first equality, we used (34) while in the second we used (35). When we take
n — oo in (93), the only terms involving n are those of the last fraction, and (46)
determines their limit. Thus, the limit of (93) is found to be the function f(x2, ..., x;)
in the statement of the theorem. O

Proof of Theorem 8 For each m € N, we consider the discrete time-homogeneous
Markov chain

(m) (m) (m)
Z,(lm) = (ﬁ, Ay () A (n)’. A4 (n)) , neN.
m

.oy

m  om m

From any given state (¢, x) := (¢, x3, x3, ..., x7) that Z (M) finds itself it moves to one
of

1 1
(t+—,xz,...,xi+—,...,x1), i=2,...,1,
m m

1
(t—l——,xz,...,xi,...,xl)
m

with corresponding probabilities

msi_1(t) _LM%ilq

(X2, ... Xt m) = L i=2,...1, 94
pi(x2 X, t,m) =gq st (01, i 94
[mx1()]y
oo X tym) = ———4 95
p1(x2 xp, t,m) st (0], 935)
where
si) =x1()+ ) (96)
l<j<i
fori € {1,2,...,1} and
l
X)) =m= Y AN O) +ke— Y xi 97)
Jj=1 2<j=l

These follow from (27) once we count the number of balls of each color present at

the state (¢, x). To do this, we note that Z,(lm) = (¢, x) implies that n = mt drawings

m)

have taken place so far, the total number of balls is A(()’1 +--- 4 Ag”? + kmt, and the
number of balls of color i, for 2 < i <, is mx;. Thus, the number of balls of color 1
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is Agm)(O) +-+ Al(m) (0) + kmt —m Y 5 ;o xi = mx(r). The required relations
follow.

Let x1 := lim—ooXx1(t) = o7 + kt — 225/‘51 xi and §; = lim,,—00 5;(f) =
lejfl- x; foralli € {1,2,...,1}. Then, since ¢ = cm for fixed (t,x2,...,x1) €
[0, 00)! with (xa, ..., x;) # 0, we have

lim p;(x2,...,x5,t,m) =cs"*1% (98)
m—>00 [si1e
foralli =2,...,1. We also note the following.
g _ ] 99
n+1,1 — “n1 — ;’ 99)
(m) (m) | —~(m) k
EI:ZH+1,1 _Zn,i |Zn = (ta-x27'-'a-xl):| = Zpi('xZa"'axlvt’m)5 (100)
(m) ()2 K2
E [(ZHU — My zm = (t,xz,...,xl)] = S piCea o tm), (101)
E [(Zﬁ)l,i - Z%))(Zﬁ)u - Z,if’;))lz,(gm) =(t,x2,..., xl)] =0 (102)

fori, j =2,3,...,l withi # j.
Therefore, with similar arguments as in the proof of Theorem 4, as m —
400, (Z[(;:?Z])IZO converges in distribution to Y, the solution of the ordinary differ-

ential equation

dYt == b(Yt)dt,

(103)
YO = (()7a2’ AR 7a1)’

where b(t, x2, ..., x;) = (1, 6@ (t,x), 69 (1, x), ..., bD(t, x)) with

B (1, x) = ket ke

[s/]c

fori =2,3,...,1. Note that s; = o7 + kt does not depend on x.
Since A" (Imt]) + AYY (Imt]) +- - -+ A" (Imt]) = kmz + A (0) + AV (0) +

N Al(m)(O), we get that the process (A&?]’]/m, AEZ?LZ/m + -+ AEZ:?]J/m),zo

converges in distribution to a process (X; 1, X;2,..., X;.1)r>0 so that X; 1 + --- +
Xiy=a+ay+---+a +kt,while the X; ;,i =2, ...,1, satisfy the system

X' =k 01+kf—2é:i Xri 1 -t for all 0 104
L= c w orallf > 0, ( )
XO,[ = dj, (105)
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X logr .
withi = 2,3,..., 1 Letting Z,; = ¢ Foee’ forall 7 € (0, 1]andi € {1,2,...,1},
we have forthe Z, ;,i € {2, 3, ...,[} the system
z . 1
ri o _ o] ’ (106)
1-2,; 1—or Hi<j§l Zj
Zl,,' =%, (107)

In the case i = [, the empty product equals 1. It is now easy to prove by induction
(starting from i = [ and going down to i = 2) that

01=0i-1(1 — Oy} — % (] —
Zoi = c . ( clr)y — c%( r) (108)
col=% (1 —c%r) —coi(1 — 1)

forall » € (0, 1]. Since Z, 1Z,2--- Z,; = c°r, we can check that (108) holds for
i = 1 too. The fraction in (108) equals

g (L =c%r) = c?-1(1 —r)

(1 —cotr)y —coi(l —r) (109)

Recalling that X, ; = (log c)"'log Z.u,weget(3l)foralli € {1,2,...,1}. O

Proof of Theorem 9 This is proved in the same way as Theorem 8. We keep the same
notation as there. The only difference now is that lim,,_, o p; (£, X2, ..., X1, m) = X;/s].
As a consequence, the system of ordinary differential equations for the limit process
Y, :=(, X2, ..., X;1) is (103) but with

b(i)(t,x) — k_x’

St

Recall that s; = o7 + kt. Thus, fori = 2,3, ..., 1, the process X; ; satisfies X; i =
kX;i/(op+kt), Xo,i = ai, which give immediately the last/ — 1 coordinates of (32).
The formula for the first coordinate follows from X; | + X; 2+ --- + X;; = kt + 0.
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