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Abstract: In this article we survey properties of mixed Poisson distri-
butions and probabilistic aspects of the Stirling transform: given a non-
negative random variable X with moment sequence (us)seny we determine
a discrete random variable Y, whose moment sequence is given by the Stir-
ling transform of the sequence (us)sen, and identify the distribution as a
mixed Poisson distribution. We discuss properties of this family of distri-
butions and present a new simple limit theorem based on expansions of
factorial moments instead of power moments. Moreover, we present several
examples of mixed Poisson distributions in the analysis of random discrete
structures, unifying and extending earlier results. We also add several en-
tirely new results: we analyse triangular urn models, where the initial con-
figuration or the dimension of the urn is not fixed, but may depend on the
discrete time n. We discuss the branching structure of plane recursive trees
and its relation to table sizes in the Chinese restaurant process. Further-
more, we discuss root isolation procedures in Cayley trees, a parameter in
parking functions, zero contacts in lattice paths consisting of bridges, and a
parameter related to cyclic points and trees in graphs of random mappings,
all leading to mixed Poisson-Rayleigh distributions. Finally, we indicate
how mixed Poisson distributions naturally arise in the critical composition
scheme of Analytic Combinatorics.

MSC 2010 subject classifications: 60C05.

Keywords and phrases: Mixed Poisson distribution, factorial moments,
Stirling transform, limiting distributions, urn models, parking functions,
record-subtrees.

Received September 2014.

*AP was supported by the Austrian Science Foundation FWF| grant P25337-N23.
89


http://www.i-journals.org/ps
http://dx.doi.org/10.1214/14-PS244
mailto:kuba@technikum-wien.at
mailto:Alois.Panholzer@tuwien.ac.at

90 M. Kuba and A. Panholzer

Contents
1 Introduction. . . . . . . .. . .. L 90
1.1 Motivation . . . . .. ... 91
1.2 Notation and terminology . . . . .. .. ... ... ... ..., 92
1.3 Planofthepaper . . . . . . . . . ... ... ... ... 92
2 Moment sequences and mixed Poisson distributions . . . . . . ... .. 93
2.1 Discrete distributions and factorial moments. . . . . . . . . . .. 93
2.2 Properties of mixed Poisson distributions . . . . ... ... ... 93
2.3 The method of moments and basic limit laws . . . . . ... ... 98
3 Examples and applications. . . . . . . ... .. ... L. 103
3.1 Block sizes in k-Stirling permutations . . . . .. ... ... ... 103
3.2 Diminishing Pélya-Eggenberger urn models . . . . . .. ... .. 106
3.3 Descendants in increasing trees. . . . . . . ... ..o 109
3.4 Node-degrees in plane recursive trees. . . . . . .. .. ... ... 113
3.5 Branching structures in plane recursive trees . . . .. ... ... 115
3.6 Distribution of table sizes in the Chinese restaurant process . . . 117
4 Triangular urn models . . . . . . . . ... Lo 121
5 Mixed Poisson-Rayleigh laws . . . . . ... .. .. ... ... .. ... 125
5.1 The number of inversions in labelled tree families . . . . . . . .. 125
5.2 Record-subtrees in Cayley trees . . . . . ... ... ... ... .. 127
5.3 Edge-cutting in Cayley trees . . . . . . . ... ... ... ... .. 132
5.4 Parking functions and growth of the initial cluster . . ... . .. 138
5.5 Zero contacts in bridges . . . . ... ... oo 143
5.6 Cyclic points and trees in graphs of random mappings . . . . . . 146
6 Multivariate mixed Poisson distributions . . . . . . . . ... ... ... 148
7 Outlook and extensions . . . . . . . ... ... ... .. 149
7.1 Mixed Poisson distributions in Analytic Combinatorics - compo-
SItIONS . . .. L 149
7.2 Extensions and open problems . . .. ... ... ... ... ... 150
Acknowledgements . . . . ... oL oL 151
References . . . . . . . . . . . . e 151

1. Introduction
In combinatorics the Stirling transform of a given sequence (as)sen, see [12, 75],
is the sequence (bs)sen, with elements given by

S

=Y {Z}ak, s> 1. (1.1)

k=1

The inverse Stirling transform of the sequence (bs)sen is obtained as follows:

s = i(—l)s—’c [’j be, s> 1. (1.2)

k=1
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Here {;} denote the Stirling numbers of the second kind, counting the number
of ways to partition a set of s objects into k non-empty subsets, see [73] or [30],
and [Z] denotes the unsigned Stirling numbers of the first kind, counting the
number of permutations of s elements with & cycles [30]. These numbers appear
as coefficients in the expansions

S

ot = Z {Z}xﬁ 2t =3 (-1 m ok, (1.3)

k=0 k=0

relating ordinary powers z° to the so-called falling factorials 2 = z(x—1) ... (z—
(s — 1)), s € Ny. On the level of exponential generating functions A(z) =
Yooy @s2°/s! and B(z) = > o bsz®/s!, the Stirling transform and the rela-
tions (1.1) and (1.2) turn into

B(z) = A(e* = 1), A(z) = B(log(1+2)). (1.4)

This definition is readily generalized: given a sequence (as)sen the generalized
Stirling transform with parameter p > 0 is the sequence (bs)sen with

bs = ;pk{z}akn such that a, = %Z(—l)s_k L‘j b, s=>1. (15)

k=1

On the level of exponential generating functions: B(z) = A(p(e* — 1)) and
A(z) = B(log(1+ 2)). The aim of this work is to discuss several probabilistic
aspects of a generaﬁzed Stirling transform with parameter p > 0 in connection
with moment sequences and mized Poisson distributions, pointing out applica-
tions in the analysis of random discrete structures. Given a non-negative random
variable X with power moments E(X®) = u; € Rt s > 1, we study the prop-
erties of another random variable Y, given its sequence of factorial moments
E(Y®) =E(Y(Y —1)...(Y — (s — 1))), which are determined by the moments
of X,

E(Y2) = p'E(X*) = p'iy, 52 1, (1.6)

where p > 0 denotes an auxiliary scale parameter. Moreover, we discuss relations
between the moment generating functions ¥(z) = E(e*¥) and ¢(z) = E(e*Y) of
X and Y, respectively.

1.1. Motivation

Our main motivation to study random variables with a given sequence of facto-
rial moments (1.6) stems from the analysis of combinatorial structures. In many
cases, amongst others the analysis of inversions in labelled tree families [64],
stopping times in urn models [51, 53], node degrees in increasing trees [49], block
sizes in k-Stirling permutations [51], descendants in increasing trees [47], ances-
tors and descendants in evolving k-tree models [65], pairs of random variables X
and Y arise as limiting distributions for certain parameters of interest associated
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to the combinatorial structures. The random variable X can usually be deter-
mined via its (power) moment sequence (is)sen, and the random variable Y in
terms of the sequence of factorial moments satisfying relation (1.6). An open
problem was to understand in more detail the nature of the random variable Y.
In [53, 64] a few results in this direction were obtained. The goal of this work is
twofold: first, to survey the properties of mixed Poisson distributions, and sec-
ond to discuss their appearances in combinatorics and the analysis of random
discrete structures, complementing existing results; in fact, we will add several
entirely new results. It will turn out that the identification of the distribution
of Y can be directly solved using mixed Poisson distributions, which are widely
used in applied probability theory, see for example [20, 42, 59, 60, 77]. In the
analysis of random discrete structures, mixed Poisson distributions have been
used mainly in the context of Poisson approximation, see e.g. [31]. In this work
we point out the appearance of mixed Poisson distributions as a genuine limiting
distribution, and also present closely related phase transitions. In particular, we
discuss natural occurrences of mixed Poisson distributions in urn models of a
non-standard nature — either the size of the urn, or the initial conditions are
allowed to depend on the discrete time.

1.2. Notation and terminology

We denote with R™ the non-negative real numbers. Here and throughout this
work we use the notation 22 = z(z —1)...(z — (s — 1)) for the falling factorials,
and 2° = x(x + 1) ... (x + s — 1) for the rising factorials.! Moreover, we denote

with {;} the Stirling numbers of the second kind. We use the notation U £y

for the equality in distribution of random variables U and V, and U, L v
denotes the convergence in distribution of a sequence of random variables U,
to V. The indicator variable of the event A is denoted by 14. Throughout this
work the term “convergence of all moments” of a sequence of random variables
refers exclusively to the convergence of all non-negative integer moments. Given
a formal power series f(z) = >, -, an2" we denote with [2"] the extraction
of coefficients operator: [2"]f(z) = a,. Furthermore, we denote with E, the
evaluation operator of the variable v at the value v = 1, and with D, the
differential operator with respect to v.

1.3. Plan of the paper

In the next section we state the definition of mixed Poisson distributions and dis-
cuss its properties. In Section 3 we collect several examples from the literature,
unifying and extending earlier results. Furthermore, in Section 4 we present a
novel approach to balanced triangular urn models and its relation to mixed Pois-
son distributions. Section 5 is devoted to new results concerning mixed Poisson

1The notation z£ and z° was introduced and popularized by Knuth; alternative nota-
tions for the falling factorials include the Pochhammer symbol (z)s, which is unfortunately
sometimes also used for the rising factorials.
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distributions with Rayleigh mixing distribution; in particular, we discuss node
isolation in Cayley trees, zero contacts in directed lattice paths, and also cyclic
points in random mappings. Finally, in Section 6 we discuss multivariate mixed
Poisson distributions.

2. Moment sequences and mixed Poisson distributions
2.1. Discrete distributions and factorial moments

In order to obtain a random variable Y with a prescribed sequence of factorial
moments, given according to Equation (1.6) by E(Y2) = p*us, a first ansatz
would be the following. Let Y denote a discrete random variable with support
the non-negative integers, and p(v) its probability generating function,

p(v) =E@") =) Py = )",
>0

The factorial moments of Y can be obtained from the probability generating
function by repeated differentiation,

=Y P{Y =(} = E,Djp(v), s>0. (2.1)
>0

Consequently, we can describe the probability mass function of the random

variable Y as follows:
=S Y (5) o
T

v) = ZE(YE)(U;—'DS S w1y

>0 ’ 5>0 020 s>/

This implies that

P{Y =0} = [v :Z:() sty s, (2.2)

s!

Up to now the calculations have been purely symbolic, no convergence issues
have been addressed. In order to put the calculations above on solid grounds,
and to identify the distribution, we discuss mixed Poisson distributions and their
properties in the next subsection.

2.2. Properties of mired Poisson distributions

Definition 1. Let X denote a non-negative random variable, with cumulative
distribution function A(.), then the discrete random variable Y with probability
mass function given by

1
Py =t} =5 /]R+ XleXdA, €30,

has a mixed Poisson distribution with mizing distribution X, in symbol Y £

MPo(X).
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The boundary case X £ 0 leads to a degenerate distribution with all mass
concentrated at zero. A more compact notation for the probability mass function
of Y is sometimes used instead of the one given above, namely P{Y = (¢} =
FE(X%e=X). One often encounters a slightly different definition, which includes
a scale parameter p > 0:

i
P{Y = (} = % /]R+ XlePXdA, >0,

or P{Y = ¢} = %E(Xfe*px). This corresponds to a scaling of the mixing dis-

tribution, Y’ £ MPo(pX). Here and throughout this work we call Y £ MPo(pX)
a mixed Poisson distributed random variable with mixing distribution X and
scale parameter p.

Example 1. The ordinary Poisson distribution Y’ £ Po(p) with parameter

p>0,
pf
]P){YZE}:Ee_p, 620,

arises as a mixed Poisson distribution with degenerate mixing distribution X £
1.

Example 2. The negative binomial distribution Y £ NegBin(r, p) with param-
eters p € [0,1) and r > 0,

P{Y =/(} = (”; 1>p£(1 —p), £>0,

arises as a mixed Poisson distribution with a Gamma mixing distribution X £
Gamma(r, 8) scaled by p > 0, such that the parameters 6 and p satisfy 6 - p =
p/(1 — p). In particular, for § = 1 the parameter p is given by p = p/(1 + p).
A special instance of this class of distributions is the geometric distribution
Geom(p) = NegBin(1,p).

Note that a Gamma distributed r.v. X £ Gamma(r, §) has the probability
density function

1 —=z
.’L‘Tlef?

7 0) = ——— 0.
f(l',T, ) GTF(T) , T >
Example 3. A Rayleigh distributed r.v. X £ Rayleigh(o) with parameter o
has the probability density function

22

flz;0) = %6720727 x>0,

and is fully characterized by its (power) moment sequence:

E(X®) = 0® 23 T (% +1).
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A discrete random variable Y with probability mass function
P 2
P{Y = ¢} = ﬁ/ e Hle=re=Tdx, £>0,
“Jo

arises as a mixed Poisson distribution ¥ £ MPo(pX) with mixing distribution

X £ Rayleigh(1) and scale parameter p. We call Y a Poisson-Rayleigh distri-
bution with parameter p. Note that for p < 1 we can expand e™#* and obtain a
series representation of P{Y = ¢}. Another representation valid for all p > 0 can

be stated in terms of the incomplete gamma function I'(s, x) = f;o s Le~tdt:

¢ 5 1 v ) .
po 02 +1 izt 4+ 1 p
MY—”—2W$§:<¢)“””122F(277>
’ i=0

Example 4. The Neyman Type A Distribution is a discrete probability dis-
tribution often used in biology and ecology [59, 60]. It is a mixed Poisson dis-

tribution with mixing distribution X £ Po()\) given by an (ordinary) Poisson
distribution with parameter A, scaled by p:

pé L _—pm —)\)‘m pé —A+Ae™* : 14 —p J
P{Yzﬁ}:EZme (e W):Ee Z{‘}()\e ).

m>0 =0

For a very comprehensive list of examples of mixed Poisson distributions
we refer the reader to the article of Willmot [77]. Since by (1.3) the factorial
moments E(Y%) are related to the ordinary moments in terms of the Stirling
numbers of the second kind, the moment sequence of Y is the (scaled) Stirling
transform of the moment sequence of X. Next we collect similar basic properties
of mixed Poisson distributions.

Proposition 1. LetY £ MPo(pX) denote a mized Poisson distributed random
variable with mixing distribution X and scale parameter p > 0.

(a) The factorial moments of Y are given by the scaled power moments of its
mizing distribution, E(Y2) = p°E(X?®), s > 1.
(b) The power moments of Y and X are related by the generalized Stirling
transform with parameter p, and its inverse, respectively:
S S
E(Y®) = S,}pi]EXj, E(X*) = = —15j[5,]IEYj.
) g;t o0 B = 53y fe)
Similarly, the cumulants of Y and X are related by the generalized Stirling
transform with parameter p, and its inverse, respectively.
(c) The moment generating functions p(z) = E(e*Y) and 1(z) = E(e*X) are
related by the (generalized) Stirling transform of functions and its inverse,
respectively:

o2 =v(p(e =), v =p(ls(142)).  (23)
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(d) Let Yy £ MPo(p1X1) and Y £ MPo(p2X2) denote two independent mized
Poisson distributed random variables. Then, the sumY =Y, &Ys is again
mized Poisson distributed,

L
Y = MPO(p]_X]_ D pQXQ).

Proof. (a) First we derive the factorial moments E(Y*) = E(Y (Y —1)...(Y —
s+ 1)) of Y by a direct computation:

=Y Py =0} =) es - Xfe*PXdA

£>0 1>s

XE —pX) _pqE(Xe —pXZp ) :pSE(XS).
£>0

(b) By converting Y into ordinary powers (1.3) the sequence of ordinary power
moments (E(Y#®))sen of a mixed Poisson distributed random variable Y is given
by the Stirling transform of the moments of the mixing distribution in the
following way:

S

E(Y®) = E(Z {j}w) - Z {;}]E(Yj) -y {;}ij(Xj), s>1. (2.4)

Jj=0 J=0 Jj=0

The result concerning the moment generating function in (¢) can be shown
similar to (1.4) by directly computing E(e*Y), interchanging integration and
summation:

) => Py =1} = /Z ‘deA: e/ TDXGA,

>0 >0 RF

By definition, the latter expression is exactly v (p(ez - 1)) , where ¢(2) = E(e*X)

denotes the moment generating function of the mixing distribution X. If the
cumulative distribution function of X is not known, we can compute the moment
generating function ¢(z) of Y utilizing only the moment sequences:

p(z) =E(e*) = ZMY)—' = ZE {g}” s ;)” " Z{ }

Using the bivariate generating function identity of the Stirling numbers of the
second kind (see Wilf [76])

ZZ{ }—uj— eule™=b), (2.5)

s>0372>0
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we obtain further
(e* — 1)

Z T 5!

§>0
The latter expression is exactly the Stirling transform of ¢(2) = >, ‘;—], -in
other words, of the moment generating function of X evaluated at p(e*—1). The
relation for the cumulants now follows readily from (c), since the cumulant gen-
erating functions kyx (z) and ky (z) of X and Y are given by kx(z) = log(¥(2))
and ky (z) = log(y(z)). For a proof of part (d) we refer the reader to Johnson,
Kotz and Kemp [41]. O

In the applied probability literature, see [42, 77|, given Y £ MPo(pX) it is
usually assumed that the cumulative distribution function of the mixing dis-
tribution of X is known. However, in many cases in the analysis of random
discrete structures the mixing distribution X is solely determined by the se-
quence of moments E(X®) = u, € R*, s > 1. Hence, it is beneficial to express
the probability mass function of a mixed Poisson distributed random variable
solely in terms of the moments of X, justifying (2.2). Note that for specific
mixed Poisson distributions different simpler formulas may exist (compare with
Corollary 2).

Proposition 2. Let X denote a random variable with moment sequence given by
(us)sen such that (z) = E(e*X) exists in a neighbourhood of zero, including the
value z = —p. A random variable Y with factorial moments given by E(Y2) =

p°us has a mized Poisson distribution Y £ MPo(pX) with mizing distribution
X and scale parameter p > 0, and the sequence of power moments of Y is
the Stirling transform of the moment sequence (us)sen- The probability mass
function of Y 1is given by

P{Y =0} =Y (-1)"" (2) MS%?, 0>0.

s>/

Proof. By our assumption on the existence of ¢(z) in a neighbourhood of zero,
it follows that ¢(z) is also analytic around z = 0, and the random variable Y is
uniquely determined by its (factorial) moments. Consequently, Y has a mixed
Poisson distribution. Moreover, the probability mass function of Y is obtained
by

E

Z
B{Y = £} = ZE(x"e) = 5 (Dly(2))

i
= Z 1 e)! =2 (-1 (Z)’“‘%

s>l

(2.6)

Alternatively, the formula for the probability mass function can formally be
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obtained directly from the definition

pX s+£
P{Y =/} = ﬂ/ X'e *PXdA_E'/ D (—1) = —dA.

s>0

Interchanging summation and integration also leads to the stated result. O

2.3. The method of moments and basic limit laws

The method of moments is a classical way of deriving limit laws (see for example
Hwang and Neininger [33] and the references therein). Given a sequence of
random variables (X,,),en one first derives asymptotic expansions of the power
moments; assume that the moments satisfy the asymptotic expansion

E(X3) = Xy pis - (1+0(1), 521, (2.7)

with A, denoting non negative scale parameters. Then, one considers the scaled
random variables & S , and tries to prove convergence in distribution of 2y us-
mg the Fréchet- Shohat moment convergence theorem [55]: if the power moments
of o converge to the moments (is)sen, and the moment sequence (ps)sen de-

termmes a unique non-degenerate distribution, then the random variable —"
converges in distribution to X. A well-known sufficient criterion for the umque—
ness of the distribution of X is Carleman’s condition: the distribution of X is
uniquely determined if

z:(,UQS)_i = 0. (2.8)

s>1

Note that (2.8) is satisfied, whenever E(e*¥) exists in a neighbourhood of zero.
We obtain the following new result concerning mixed Poisson distributions.

Lemma 1 (Uniqueness of mixed Poisson distributions). The moments of a

mized Poisson distributed random variable Y = MPo(pX), with p > 0 and non-
negative mizing distribution X, satisfy Carleman’s criterion if and only if the
moments of X do so. Moreover, the moment generating function v(z) = E(e*X)
exists in a neighbourhood of zero, if and only if o(z) = E(e*Y) ewists in a
neighbourhood of zero.

Proof. Note first that the second part follows directly from Proposition 1 part
(c). Assume now that the moments of Y satisfy Carleman’s condition. We ob-
serve that the moments (us)sen of X are bounded by the scaled power moments
of Y, us < /}TE(YS) = E;:o {;}ps_j,uj. Consequently, the distribution of X is
also uniquely determined by its moment sequence:

D (p2s) 7 = p Y (E(Y®)) T = oo

s>1 s>1

Conversely, assume that the moments of X satisfy Carleman’s condition:

D (u2e) "% = oo

s>1
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The s** power moment of Y can be estimated using the s factorial moment
of Y in the following way

E(Y®) =Y Py =1} = Z_: CP{Y =6+ ) Py =10}
>0 =0 0>2s
<(25)" 14 Y 2°PY = £} < (25)° + 2°B(Y?).

£>2s
This implies that
E(Y®) <2°(s* + E(Y2)) < 2°(s® + p°us) < 4°(1+ p)® - max{s®, u,}.
Consequently,

() # > s - min{, () )

such that

> () F 2 s gmm{%, (120) "% .

s>1

By Holder’s inequality, the moments of X > 0 satisfy for 0 < r < s the inequality

r
8

E(X") < (E(X"))

Hence, for integers 0 < r < s we have
Ea a
Py < o s

_ 1
and sequence (my)sen, defined by m, := p, 2, is monotonically decreasing. It
remains to show that

Zmin{é,ms} = 00, (2.9)

s>1

which immediately implies the required result; note that we omitted the addi-
tional factor % for the sake of simplicity. If mg is bounded away from zero this
is immediately true. Hence, in the following we assume that (ms)sen is a null
sequence. Let N = I; U I, with I; N I, = (), such that for all s € I; we have
% < my, and for s € Iy we have % > mg. We obtain

Zmin{%,ms} = Z é + Z ms.
s>1 s€ly s€la

By our initial assumption ) ., ms = 0o, equation (2.9) is directly satisfied if
either I; or I, is finite. Hence, we assume that both sets are infinite. Assume
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further that > 1 is finite. We can write the set I; as the disjoint union of

infinitely many finite length intervals

L= |Jlae. be),

>1

with [ag,bs] := {ag,a¢ + 1,...,b} and ap,by € N for all £ € N. If all but
finitely many intervals are of length one, such that ay = by, the values s with
min{1,m,} = 1 are essentially isolated. In this case we note that ¢ € I and
{ —1 € Iy and use for ¢ > 2 the inequality

1
WSCM—1S€TS

Nl[\?

This implies that also } ., ms is finite too, such that ) ., m, is infinite.
Finally, we assume that infinitely many intervals are of length greater or equal
two. By our earlier assumption ) 1 is finite and satisfies

sel;
Yy y ey po =3 () >0
9611 LeN s€[ag,be] £eN

Furthermore, In (Z—i) < € for all sufficiently large ¢, such that b, < eay. This
implies that for k € [as, bs] and sufficiently large ¢

m m Me,—1 _
ayg < 11113 S ale Seeae 1 < 2¢€.

1 1
by efayp efay ayp

£ <

=] 3

Hence, mj, < 2% Combining this with our previous argument for the essentially

isolated values we deduce that ) ., m is finite too, such that >, ms =
00.

Concerning random discrete structures one usually encounters non-negative
discrete random variables X,,. As mentioned before in (2.1) the factorial mo-
ments are readily obtained from the probability generating function p(z) =
E(zX") by repeated differentiation:

E(X2) = E. D] p(z), s> 1.

In contrast, the ordinary moments require the usage of the so-called theta dif-
ferential operator O, = zD,: E(X$) = E, ©% p(z). Mixed Poisson distributions
and a related phase transition naturally occur if the factorial moments sat-
isfy asymptotic expansions similar to (2.7) instead of the power moments. We
present a new characterization based on factorial moments.

Lemma 2 (Factorial moments and limit laws of mixed Poisson type). Let
(Xn)nen denote a sequence of random variables, whose factorial moments are
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asymptotically of mizred Poisson type satisfying for n tending to infinity the
asymptotic expansion

E(X3) =A% - ps - (1+0(1)),  s=1,

with ps > 0, and X\, > 0. Furthermore assume that the moment sequence (ps)sen
determines a unique distribution X satisfying Carleman’s condition. Then, the
following limit distribution results hold:

(i) if A\, — 00, for n — oo, the random variable % converges in distribution,
with convergence of all moments, to X. '

(i) if A\n — p € (0,00), for n — oo, the random variable X,, converges in dis-
tribution, with convergence of all moments, to a mized Poisson distributed
random variable Y = MPo(pX).

Moreover, the random wvariable Y £ MPo(pX) converges for p — oo, after

scaling, to its mizring distribution X : % £ X, with convergence of all moments.

Remark 1. It may be possible to unify cases (i) and (ii) to arbitrary sequences
An by a suitable result for the distance between random variables X,, and Y,, =
MPo (), X).

Remark 2. The results above complement the standard case when the distribu-
tion of X degenerates, X = 1. The random variables X, are then asymptotically
Poisson distributed with parameter \,. Thus, the distribution of )A(" degener-

n

ates for \,, — oo, since we expect a central limit theorem for (X, — \,,)/vAn.
It might also be necessary for non-degenerate X to consider centered random
variables similar to X¥ = X,, — \,,, and its (factorial) moments, instead of X,.

Remark 3. The result above can be strengthened to also include the degenerate

case A\, — 0, such that X, 0. By Markov’s inequality it suffices to prove
that E(X,) — 0. In order to obtain additional moment convergence one has to
show E(X7) — 0 for every s € N.

Remark 4 (Moment generating functions and limit laws of mixed Poisson
type). Let ¢(z) = E(e*X) denote the moment generating function of X. If the
moment generating function o(z) = E(e**Xn) satisfies for n — oo the asymptotic
expansion

p(2) =9 (An(e” = 1)) - (1 +0(1)),

then the conclusion of the lemma above - convergence in distribution - still holds,
but a priori without moment convergence. On the other hand, if the moments of
(1s)sen do not determine a unique distribution, one still obtains by the Lemma
above convergence of integer moments, but one cannot deduce convergence in
distribution.

Remark 5. In the analysis of random discrete structures the random variables
X, often depend on an additional parameter describing or measuring a certain
local aspect of the combinatorial structure, such that X,, = X, ;. Moreover, the
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expansion of the factorial moments often depend on this parameter in a crucial
way. A quite common situation (see [47, 49, 53, 65] and also [21, 37]) is the
following dichotomy for the asymptotic expansion of the factorial moments:

E(X2) = {/\fw s (o), 521, fixed

A s - (T+0(1), s =1, j = oo,
where A, ¢ is independent of j, but A, 1 = A, 1(j) also depends on the growth
of this additional parameter j compared to n. Consequently, one encounters
one additional family of limit laws when j is fixed, determined by the moment
sequence (L5 j)sen. Note that in all presented examples the following additional
property holds for s > 1:

Aj'/jfs,j — Hs, ] — 00,

where A; denotes an additional scale parameter; compare with the Remarks 6,
7, and 13.

Proof of Lemma 2. By (1.3) the power moments of X,, satisfy the following
asymptotic expansion

poe =3 {*Jee = 3 (o) = (3 ) avowy,

j=0 J j=0 =0

If \,, = oo for n — 0o, we obtain further the expansion

L (s) . S
506 = (3 { )+ o) = (S + o) @+ o)
j=0
= A5 is + OO +o(A)).
Consequently, the moments of ))\{" converge to the moments pu, of the mixing dis-
tribution. Since the moments of X satisfy Carleman’s condition, this proves by
the Fréchet-Shohat moment convergence theorem convergence in distribution.

Furthermore, for \,, — p for n — oo, we directly obtain

206 = ({3 b ) +otn = - (3o + ot

=0 =0

Consequently, the moments of X, converge to the moments of a mixed Poisson

distributed random variable Y = MPo(pX), which is uniquely determined by its
moment sequence, according to Lemma 1, and our assumption on the moments
of X. Finally, an identical argument proves that a mixed Poisson distributed

random variable Y £ MPo(pX) converges to its mixing distribution for p —
00. |
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3. Examples and applications

We present several appearances of mixed Poisson distributions in the analysis
of random discrete structures, in particular various families of random trees,
k-Stirling permutations, and urn models. We discuss several families of random
trees where a mixed Poisson law arises as the limit law of a discrete random
variable X, ;. The parameter n € N usually measures the size of the investigated
trees, and j denotes an additional parameter measuring or marking a certain
aspect of the combinatorial structure, i.e., a node with a certain label j of
interest, often satisfying a natural constraint of the type 1 < j < n, see [47,
49, 51, 64]. In the limit n — oo, with j = j(n), phase transitions were observed
according to the relative growth of j with respect ton, e.g., 7 =1,2,... being a
constant independent of n, j — oo but with j = o(n), or j ~ p-n, for fixed p. As
mentioned in the introduction, in this section we will unify and simplify earlier
arguments by starting from explicit formulas for the factorial moments occurring
in various works. These explicit formulas directly lead to mixed Poisson laws,
using Lemmas 1 and 2, and Stirling’s formula for the Gamma function

I(z) =2" 2 *V2r (1+0(z™)), for © — oo. (3.1)

Besides that, whenever possible we give an interpretation of the random vari-
ables occurring in terms of urn models.

3.1. Block sizes in k-Stirling permutations

Stirling permutations were defined by Gessel and Stanley [29]. A Stirling per-
mutation is a permutation of the multiset {1,1,2,2,...,n,n} such that, for each
i, 1 <1 < n, the elements occurring between the two occurrences of i are larger
than 4. E.g., 1122, 1221 and 2211 are Stirling permutations, whereas the per-
mutations 1212 and 2112 of {1,1,2,2} aren’t. The name of these combinatorial
objects is due to relations with the Stirling numbers, see [29] for details and
[44] for bijections with certain tree families. A straightforward generalization
of Stirling permutations is to consider permutations of a more general multiset
{1k 2k ... nF}, with k € N (we use in this context j¢ := j,..., 7, for £ > 1),
¢
such that for each i, 1 < i < n, the elements occurring between two occurrences
of i are at least i. Such restricted permutations on the multiset {1¥,2% ... nk}
are called k-Stirling permutations of order n; they have already been considered
by Brenti [13, 14], Park [66, 67, 68], and Janson et al. [38, 40]. These k-Stirling
permutations can be generated in a sequential manner: we start with 1F =1...1
and insert the string (n 4 1)* at any position (anywhere, including first or last)
in a given k-Stirling permutation of {1¥,2% ... n¥} n > 1. In the case k = 3,
we have for example one permutation of order 1: 111; four permutations of order
2: 111222, 112221, 122211, 222111; etc.

A block in a k-Stirling permutation ¢ = o1 ---05 is a substring o, - - - op,
with o, = o, that is maximal, i.e., which is not contained in any larger such
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substring. There is obviously at most one block for every j € {1,2,...,n},
extending from the first occurrence of j to the last one; we say that j forms
a block if this substring is indeed a block, i.e., when it is not contained in a
string j'--- 4, for some j° < j. It can be shown easily by induction that any
k-Stirling permutation has a unique decomposition as a sequence of its blocks.
For example, the 3-Stirling permutation o = 112233321445554777666, has block
decomposition

[112233321][445554][777][666].

Of course, the size of a block in a k-Stirling permutation is always a multiple
of k. The number of blocks of size k - £ in a random k-Stirling permutation of
order n was studied in [51]. There, a simple exact expression for the factorial
moments was derived:

n,l) (kﬁ)s /-1 (n_ij_%) .

Depending on the growth of £ = £(n) as n — oo, two random variables X and
Y arose as limiting distributions of X, ;. The random variable X with moment
sequence

INOE
I+ 1)
could be characterized using observations by Janson et al. [40], and Janson [37].
It has a density function f(z) that can be written as

E(X*) = (s + 1)! (3.2)

Ly & 1 sin 47
fla) = ¥ Z(—w—l—r(’“ . ]1') :

Jj=1

o/, forx>0. (3.3)

However, the characterization of the random variable Y was incomplete, only
the (factorial) moments were known:

E(v) = (s + 1) lf)pi s> 1. (3.4)

Tk
L1+ 5=
Using Lemma 2, we can fill this gap, extending the results of [51].

Corollary 1. The factorial moments of the random variable X, ¢, counting the
number of blocks of size k - ¢ in a random k-Stirling permutation of order n,
are for n — oo asymptotically of mized Poisson type, with mizing distribution
X, determined by its moments and density given by (3.2) and (3.3) and scale

_1-1 1
parameter A, = ﬁ(é Z*lk)nk :

I(l+ )
E(XS,) = AP D& (1 4 o(1)),
(X5 = Mol Dy 5 (0 o)
(i) for £ = £(n), such that A, ¢ — o0, the random variable ))\(": converges in

distribution, with convergence of all moments, to X.
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(i1) for £ = L(n), such that A\,; — p € (0,00), the random variable X, ¢
converges in distribution, with convergence of all moments, to a mized

Poisson distributed random variable Y £ MPo(pX). Its probability mass
function is given by

1
P{Y =i} = Z (j) (—1)S—ipsr(17+sj3 i>0.

Moreover, for p — oo, the random variable Y/p converges in distribution to X,
with convergence of all moments.

The result above can also be interpreted in terms of a suitable urn model.
First we recall the definition of Pélya-Eggenberger urn models. We start with
an urn containing n white balls and m black balls. The evolution of the urn
occurs in discrete time steps. At every step a ball is drawn at random from
the urn. The color of the ball is inspected and then the ball is returned to the
urn. According to the observed color of the ball there are added/removed balls
due to the following rules. If a white ball has been drawn, we put into the urn
« white balls and § black balls, but if a black ball has been drawn, we put
into the urn « white balls and § black balls. The values «, 3,7,d € Z are fixed
integer values and the urn model is specified by the 2 x 2 ball replacement matrix
M = (‘;‘ g ) This definition readily extends to higher dimensions, leading to r xr
ball replacement matrices, if balls of r different colours are involved. Note that
we may consider a, 3,7,d € R, defining the urn process as a Markov process; see
Remark 1.11 of Janson [37]. One usually assumes that the urns are tenable: the
process of drawing and adding/removing balls can be continued ad infinitum,
never having to remove balls which are not present in the urn. Starting with
Wy = wo white balls and By = bg black balls, one is then interested in the
composition (W, B,,) of the urn after n draws. For a few recent results we refer
the reader to [10, 21, 22, 34, 37, 70].

In order to describe the growth of the r.v. X,,;, 1 < ¢ < ¢, by means of a
Pélya-Eggenberger urn model, we consider the simple growth process of random
k-Stirling permutations: in order to generate a random k-Stirling permutation
of order n + 1, we select uniformly at random a k-Stirling permutation of order
n and insert the substring (n + 1) uniformly at random at one of the kn + 1
insertion positions. In the urn model description, each ball in the urn will cor-
respond to an insertion position in the k-Stirling permutation. We will require
¢ + 2 different colours of balls. Balls of colours i, with 1 < i </, correspond to
insertion positions within blocks of size ki, balls of colour £ + 1 correspond to
insertion positions within blocks of size > k(¢ + 1), and balls of colour 0 corre-
spond to insertion positions between two consecutive blocks, or before the first
or after the last block. When inserting a new substring the following situations
can occur, which then describe the evolution of the urn:

(i) When inserting the string (n + 1)* into a block of size ki, 1 <i < ¢, then
this block changes to a block of size k(i + 1). In the urn model this means
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that if a ball of colour 7 is drawn, ki— 1 balls of colour 7 have to be removed
and k(i + 1) — 1 balls of colour i + 1 have to be added.

(41) When inserting the string (n + 1)* into a block of size > k(¢ + 1), then it
remains a block of size > k(¢ + 1), but its size increases by k. In the urn
model this means that if a ball of colour £ + 1 is drawn, k balls of colour
£+ 1 have to be added.

(iii) When inserting the string (n + 1)* between two consecutive blocks, or be-
fore the first or after the last block, then a new block of size k appears; fur-
thermore an additional insertion position between two consecutive blocks
occurs. In the urn model this means that if a ball of colour 0 is drawn,
k — 1 balls of colour 1 and one ball of colour 0 have to be added.

The initial k-Stirling permutation 1* contains one block of size k - 1 with k — 1
insertion positions; furthermore there are one insertion position before the first
and one insertion position after the last block, which describes the initial configu-
ration of the urn. Thus the following urn model description follows immediately.

Urn I. Counsider a balanced urn (i.e., each row of the ball replacement matrix
has the same row sum) with balls of £ + 2 colours and let the random vector
(Un,0,- -, Ungy1) count the number of balls of each colour at time n with the
(€ +2) x (£ + 2) ball replacement matrix M given by

1 k-1 0 0 0 0 0
0—(k=1) 2k—1 "= . 0 0
0 0 —(2k—1) 3k—1 . 0 0
o | . L. . . .
: 0
0o . o Tl 0 —((e=Dk—1) k-1 0
0o . R ) 0 —(tk—1) (L+1)k—1
0 0 0 .0 0 0 k

The initial configuration of the urn (it is here convenient to start at time 1)
is given by (U1,...,U1e+1) = (2,k —1,0,...,0). It holds that the random
variables U, ;, with 1 < ¢ </, described by the urn model are related to the
random variables X, ;, 1 <4 < /£, which count the number of blocks of size k:
in a random k-Stirling permutation of order n, as follows:

Upi=(ki—1)X,,;, 1<i<t.

By Theorem 1 and the results of [51] this implies that the random variables
U, occurring in the urn model undergo a phase transition according to the
growth of £ with respect to n, from continuous to discrete, where the moments
of the appearing random variables X and Y are related by the Stirling transform.

3.2. Dwimanishing Polya-Eggenberger urn models

A classical example of a non-tenable urn model is the sampling without replace-
ment urn with ball replacement matrix given by ( 51 _01 ) The process of drawing
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and replacing balls ends after n + m steps, starting with n white and m black
balls. Here, one is interested in the number of white balls remaining in the urn,
after all black balls have been drawn. Several urn models of a similar non-tenable
nature have recently received some attention under the name diminishing urn
models, see [53] and the references therein.

Urn II. Consider a possibly unbalanced generalized sampling without replace-
ment urn model with ball replacement matrix

—a 0
M—<0 _5>, a,d € N.

The initial configuration of the urn consists of « - n white balls and § - m black
balls. The random variable X5, o, counts the number of white balls remaining
in the urn, after all black balls have been drawn.

It was shown in [53] that the factorial moments of the random variable
Xsm.an = Xsm,an/« are given by

f e ns
E(Xgm,om> = Wa s> 1.

Moreover, a random variable Y arises in the limit, whose factorial moments are
given by

E(Y®) = p*T(1+ ?), s> 1. (3.5)
Using a special case of Theorem 2 it was shown that Y has a discrete distribution.
However, the result of [53] contains a small gap: the moments (I'(1 + %*))sen
only determine a unique distribution for a/d < 2, see [32]. Hence, only in this
case the (factorial) moments of ¥ determine a unique distribution. Since a

Weibull distributed random variable X = W5 /a,1, with shape parameter %,

S
scale parameter 1, and density f(t) = gtgfle’t" ,t >0, has moments E(X?®) =

I'(1 + <), we obtain the following characterization of Y, extending the result
of [53].

Corollary 2. The random variable )A((;m,an, counting the number of white balls
remaining in the urn, after all black balls have been drawn in a generalized
sampling without replacement urn, starting with o -n white balls and § - m black

balls, has for min{n,m} — oo factorial moments of mixzed Poisson type with a

n_ .
o .
5

Weibull mizing distribution X £ Ws /a1, and scale parameter Ap m =

oS s as
E(Xman) = Al (14 551+ 0(1)).
Assume that a/d < 2:
(1) for Apm — o0, the random variable % converges in distribution, with

convergence of all moments, to X.
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(i) for Apm — p € (0,00), the random variable )A((;m,(m converges in distri-
bution, with convergence of all moments, to a mized Poisson distributed

random variable Y = MPo(pX). Its probability mass function is given as

follows:
(7 T4+
S () for g <1
. / B
1 P a _
Py =0 = m(m% 5 Jor§ =1,
1+1
—Z JM TR G sl P
5>0 G+or 7’ o '

Remark 6. As shown in [53], for fixed m the random variable Xgmwam /m con-
verges to the power B4 of a beta-distributed random variable B , with moments
E(B*) = 1/(™ ). The Weibull mixing distribution X £W;s Ja,1 can be recov-
ered by considering the limit m — oo of B = B,,

fe3
ms B,, —» X, for m — oo,

with convergence of all moments. Note that the results above can be extended
to all a, 0 € N; however, for a/é > 2 the method of moments cannot be used
anymore. Instead, has to directly analyse the probability generating function
P,m (v), which can be derived using stochastic processes [52].

Proof of Corollary 2. According to the definition of a mixed Poisson distributed

random variable Y £ MPo(pX), it has factorial moments given by (3.5). In order
to derive the integral-free series representation we proceed as follows. In the
first case /0 < 1 we can directly use Theorem 2, since the moment generating
function of the mixing Weibull distribution X exists at —p. In the remaining
cases a/d > 1 we use the definition and the density function of the Weibull
distribution to get first

4 00 )
P{Y =/¢} = %/0 at%”_l exp (—t% - pt) dt.

The case /6 = 1 readily leads to the stated geometric distribution after using
the obvious simplification

9 pate-1 exp (ft% - pt) = tle D),
(0%

is

=Y ,50(—1)7 5 and obtain

_ (J+1)5_‘_£ 1 —t
P{Y = ¢} = glz ]'/O P,

7>0

s
@

Finally, for a/d > 1 we expand e~ *

The Gamma-function type integrals are readily evaluated and the stated result
follows. O
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3.3. Descendants in increasing trees.

Increasing trees are labelled trees, where the nodes of a tree of size n are labelled
by distinct integers of the set {1,...,n} in such a way that each sequence of
labels along any branch starting at the root is increasing. They have been intro-
duced by Bergeron et al. [11], and can be described combinatorially as follows.
Given a so-called degree-weight sequence (yg)r>0, the corresponding degree-
weight generating function ¢(t) is defined by p(t) := Y, ¢xt". The simple
family of increasing trees 7 associated with a degree-weight generating function
©(t), can be described by the formal recursive equation

T=®x (po{e} UprT Ua THT Uy T+T+T U -+ ) = Ox(T), (3.6)

where (I) denotes the node labelled by 1, x the Cartesian product, U the disjoint
union, * the partition product for labelled objects, and ¢(7) the substituted
structure (see, e.g., the books [24, 28]). Note that the elements of T are increas-
ing plane trees, and that such a tree of size n, whose nodes have outdegrees
di,...,dy,, has the weight []}"_, ©a,. When speaking about a random tree of size
n from the family 7, we always use the random tree model for weighted trees,
i.e., we assume that each tree of size n from 7 can be chosen with a probability
proportional to its weight.

Let T, be the total weight of all trees from 7 of size n. It follows from
(3.6) that the exponential generating function T'(z) := 3_, 5, T, %7 of the total
weights satisfies the autonomous first order differential equation

T'(z) = ¢(T(2)), T(0)=0. (3.7

From now on we consider tree families 7 having degree-weights of one of
the following three forms, as studied by [63], where we use the abbreviations
RECT for recursive trees, GPORT for generalized plane recursive trees (also called
generalized plane-oriented recursive trees), and d-INCT for d-ary increasing trees.

et for ¢; > 0, for RECT,
— %0 for >0,0< —c2 <y, for GPORT,
o(t) = <1+%;>’5’1d . o
©o (1 + %Ot) ;. for g,02>0, d:= 2 +1€N\ {1}, for d-INcT.
(3.8)

Consequently, by solving (3.7), we obtain the exponential generating function
T(z),

log (1_1clz>, for RECT,
vof__ 1
T(2) = { o ((1—clz)% 1), for GPORT, (3.9)
0 — 1 - 1), for d-IncT,
2 \(1=(d—1)cpz)d—T
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and the total weights T,,,

c2
T, = goct (n — 1)! (” - a), (3.10)
n—1
Note that changing ¢, to ab® ;. for some positive constants a and b will affect
the weights of all trees of a given size n by the same factor ¢™b"~!, which
does not affect the distribution of a random tree from the family. Hence, when
considering random trees from these three classes, g is irrelevant and ¢; and
co are relevant only through the ratio ¢; /ca. (We may thus, if we like, normalize
wo = 1 and either ¢; or |ca|, but not both.) It is convenient to set ¢; = 1 for
(random) recursive trees, to use the parameter a := —1 — £ > 0 for (random)
generalized plane recursive trees, and d := % +1 € 2,3,... for (random) d-
ary increasing trees, i.e., it suffices to consider the degree-weight generating
functions

et, for RECT,
¢(t) =14 @ops,  witha >0, for GPoRT, (3.11)
(1+t)4,  withd=2,3,4,..., for d-INCT.

Gl

Fi1c 1. Two recursive trees of size three - o(t) = e (no left-to-right order); three plane
recursive trees of size three - ¢(t) = ﬁ; siz binary increasing trees - o(t) = (14 t)2.

As shown by Panholzer and Prodinger [63], random trees in the three classes
of families given in (3.11) can be generated by an evolution process in the fol-
lowing way. The process, evolving in discrete time, starts with the root labelled
by 1. At step ¢ 4+ 1 the node with label i + 1 is attached to any previous node v
(with outdegree d(v)) of the already grown tree of size ¢ with probabilities p(v)
given by

., for RECT,
p(v) = 4(;15;’1));;1, for GPORT, (3.12)
d—d
m, for d-INCT.

Moreover, it has been shown in [63] that only random trees from simple families
of trees T given in (3.8) can be generated by such a tree evolution process, i.e.,
only for these tree families exist suitable attachment probabilities p(v).
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Let D, ; denote the random variable, counting the number of descendants,
i.e., the size of the subtree rooted at node j, of a specific node j, with 1 < j < n,
in a tree of size n. In [47] this random variable has been studied for the three
tree families mentioned beforehand using a generating functions approach. In
the following we collect and somewhat simplify these earlier results. One obtains
a simple exact formula for the factorial moments of ZA)n,j = D, ; — 1 directly
from the results of [47]:

5 (") ()

E(Dn,j) = S!(j_?ﬁ*'s)y

with ¢1,co as given in (3.8). Hence, by using Stirling’s formula for the Gamma

function (3.1), for n — oo and j = j(n) — oo, the factorial moments of D,
are of mixed Poisson type and Lemma 2 can be applied.

Corollary 3. The random wvariable ﬁn,j: counting the number of descendants

minus one of node j in a random increasing tree of size n, has for n — oo and

Jj = j(n) = oo, factorial moments of mixzed Poisson type with a Gamma mizing
n—j

distribution X £ Y(1,1+ 2), and scale parameter A, ; = ==+

BDE,) = Ay ) (1 o)
= ) = . - o .
n,j n,j F(1+Z_f)
(1) for A\, ; — oo, the random variable % converges in distribution, with
n,j
convergence of all moments, to X. R
(i1) for Anj — p € (0,00), the random variable D,, ; converges in distribution,
with convergence of all moments, to a mized Poisson distributed random

variable Y £ MPo(pX), which has a negative binomial distribution.

Remark 7. Note that for fixed n the random variable D,, ;/n N Bj, where
B, £ B(1+ &, j— 1), is asymptotically beta-distributed (see [47]). One readily
recovers the mixing distribution X from B; by taking the limit j — oo, using a
well known result for beta-distributed random variables:

iB; =+ X, for j — oo,
with convergence of all moments.

Remark 8. Panholzer and Seitz [65] studied labelled families of evolving k-
tree models, generalizing simple families of increasing trees. An identical phase
change and factorial moments of mixed Poisson type with a Gamma mixing dis-
tribution can be observed when studying the number of descendants of specific
nodes in labelled families of evolving k-tree models.

The parameter “descendants of node j” can be modelled also via urn models:
we encounter classical Pélya urns with non-standard initial values, depending
on the number of draws. Note that Mahmoud and Smythe [56] used a similar
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approach to study the descendants of node j in recursive trees, for j fixed and
n — 00.

In order to get an urn model description of the number of descendants of node
j one considers the tree evolution process generating random trees of the tree
families studied. The probabilities p(v) given in (3.12) can then be translated
into the ball replacement matrix of a two-colour urn model. Alternatively, for
this task one can use combinatorial descriptions of these tree families, which
we will here only figure out for the case d-INCT, i.e., d-ary increasing trees; the
other cases can be treated similarly.

Consider such a d-ary increasing tree of size j: there are 14 (d — 1)j possible
attachment positions (often drawn as external nodes), where a new node can
be attached. Exactly d such attachment positions are contained in the subtree
rooted j, whereas the other (d — 1)(j — 1) are not. In the urn model description
we will use balls of two colours, black and white. Each white ball will correspond
to an attachment position contained in the subtree rooted j, whereas each black
ball will correspond to an attachment position that is not contained in the
subtree rooted j, which we call here “remaining tree”. This already describes
the initial conditions of the urn.

Moreover, during the tree evolution process, when attaching a new node to a
position in the subtree of j, then there appear d — 1 new attachment positions in
this subtree, whereas when attaching a new node to a position in the remaining
tree, then there appear d — 1 new attachment positions in the remaining tree.
In the urn model description this simply means that when drawing a white ball
one adds d — 1 white balls and when drawing a black ball one adds d — 1 black
balls to the urn. After n — j draws, which correspond to the n — j attachments
of nodes in the tree, the number of white balls in the urn is linearly related to
the size of the subtree rooted j in a tree of size n. Thus, the following urn model
description follows immediately.

Urn III. Consider a Pélya urn with ball replacement matrix

1, REcCT,

M = (g 2), K=<¢1+4+«a, GPORT,
d—1, d-INncT,
and initial conditions
1, j—1, REcCT,
Wy =1 a, By=4(j—1)(1+«), GPORT,
d, (j—1)(d-1), d-INcT,

for 1 < j < n. The number D, ; of descendants of node j in an increasing tree
of size n has the same distribution as the (shifted and scaled) number of white
balls W, _; in the Pélya urn after n — j draws,

Whn—j, RECT,
n,j £ (Wn—; +1)/k, GPORT,
(Wn—; —1)/k, d-INCT.

D
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This implies that the number of white balls in the standard Pélya urn model
exhibit a phase transition according to the growth of the initial number of black
balls present in the urn compared to the discrete time.

3.4. Node-degrees in plane recursive trees.

Let X, ; denote the random variable counting the outdegree of node j in a
generalized plane recursive tree of size n, i.e., a size-n tree from the increasing
tree family GPORT defined in Section 3.3.

Fic 2. A size 15 plane recursive tree, where the root node j = 1 has outdegree five.

It has been shown in [49] using a generating functions approach that the
factorial moments of the random variable X, ; are given by

E(X:

n,J

s a s s T(n s;l—kr~7ﬁ

() k=0 k INVES SLlr;k)F(n - 1-%0)’

for 7 > 2, with « given in definition (3.11) of the degree-weight generating
function ¢(t). Lemma 2 and an application of Stirling’s formula for the Gamma
function (3.1) leads to the following result.

Corollary 4. The random variable X,, ;, counting the outdegree of node j in a
random generalized plane recursive tree of sizen, 2 < j < n, has forn — oo and
Jj =jn) — oo, falling factorial moments of mized Poisson type with a Gamma

" o c 1/(a+1)
mazing distribution X = (1, «), and scale parameter A\, ; = (%) —
s I'(s+ a)
E(X:.)=XA  ———=(1 1)).
(X2) = Xy (0 +0(1)

(i) for An; — 00, the random variable ™% converges in distribution, with
n,j

convergence of all moments, to X.
(i1) for Anj — p € (0,00), the random variable X,, ; converges in distribution,
with convergence of all moments, to a mized Poisson distributed random

variable Y £ MPo(pX), which has a negative binomial distribution.
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Remark 9. For fixed j, independent of n, a different limit law arises (compare
with Remark 5): the random variable X, ;/n!/(®*1) converges for n — oo in
distribution to a random variable Z; characterized by its moments or by its
density function; see [49] and also Corollary 5 for details.

The random variable X, ; also allows an urn model description. To get it we
where p(v) gives the probability that the new node 7 + 1 will be attached to
node v in a tree of size i, depending on the outdegree d(v) of v. We see that
the probability p(v) is proportional to d(v) + «. Thus let us think about the
quantity d(v) + « as the affinity of node v attracting a new node. The total
affinity of all nodes vy, in a tree T of size i is then given by >, ., -, (d(vi) + ) =
i—1+ai= (a+1)i—1 giving an interpretation of the denominator of p(v). In
the two-colour urn model we use white balls describing the affinity of node j to
attract new nodes, whereas the black balls describe the affinity of all remaining
nodes in the tree to attract new nodes. When considering a tree of size j, it
holds d(j) = 0 and thus that node j has affinity «, whereas all remaining nodes
have total affinity (¢ +1)j —1—a = (a4 1)(j — 1) to attract a new node. This
already yields the initial conditions of the urn.

consider the tree evolution process for the family GPORT, with p(v) =

Each time a new node is attached during the tree evolution process the total
affinity of all nodes increases by a + 1: « is the affinity of the new node (which
has outdegree 0) and by attaching this node the outdegree and thus affinity of
one node increases by one. In particular, when a new node is attached to node
j the affinity of j increases by one, whereas the total affinity of the remaining
nodes increases by «, but if a new node is attached to another node the affinity
of j remains unchanged. Thus in the urn model description, when drawing a
white ball, one white ball and « black balls are added, and when drawing a
black ball, a4+ 1 black balls are added to the urn. The following description is
then immediate.

Urn IV. Consider a balanced triangular urn with ball replacement matrix

1 o .
M(o 1+C¥>’ W()—Oé, BO*(a+1)(]71)7
for 1 < j < n. The outdegree X, ; of node j in a generalized plane recursive tree
of size n has the same distribution as the shifted number of white balls W,,_;
in the Pélya urn after n — j draws,

L
Xn,j = Wn_j — Q.

This implies that the number of white balls in the standard Pélya urn model
exhibit several phase transitions according to the growth of the initial number
of black balls present in the urn with respect to the total number of draws; this
will be discussed in detail in a more general setting in Section 4.
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3.5. Branching structures in plane recursive trees

Let X, ;i denote the random variable, which counts the number of size-k
branches (= subtrees of size k) attached to the node labelled j in a random
increasing tree of size n. The random variables X, ;5 are thus related to the
random variable X, ; studied in Section 3.4, counting the outdegree of node
labelled j, via

n—j
Xnj = E Xnjik-
k=1

Fia 3. A size 15 plane recursive tree, where the root node has one size-one, one size-two, one
size three and two size-four branches.

This parameter was studied in Su et al. [74] for the particular case of the
root node j = 1 and the instance of random recursive trees: they derived the
distribution of X, 1 1 and a limit law for it. Furthermore they stated results for
joint distributions. The analysis was extended in [48] to increasing tree families
generated by a natural growth process (see Section 3.3). In particular, for the
family GPORT of generalized plane recursive trees with parameter a given in
(3.11), the following result for the factorial moments of X, ; ;, was obtained:

1

)~ ( () ) Ts+a) (5T (TN

R IS

E(X:

n,5.k

n—1

In [48] only the case of fixed k was considered. We can easily use Lemma 2
and Stirling’s formula for the Gamma function (3.1) to extend the studies given
there and to obtain the following result.

Corollary 5. The random variable X, j1, counting the number of size-k
branches attached to node j in a random generalized plane recursive tree of size
n, has for j fixed, n — oo and 1 < k < n—j, falling factorial moments of mized
Poisson type with mizing distribution Z; supported on [0, 00), uniquely defined
L(s+a)(i—z37)

D(a)T(+ 557

by its moment sequence (is)sen = (
a+1

) , and scale parameter
seN
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1 1
na T (VAT
Anjk = ~GFik

E(XG k) = Xk

n7

X gk
An‘j,k

(i) for Ay jr — 00, the random variable converges in distribution, with
convergence of all moments, to Z;.

(it) for A jr — p € (0,00), the random variable X, ;1 converges in distri-
bution, with convergence of all moments, to a mized Poisson distributed

random variable Y £ MPo(pZj).

Remark 10. The results above can be generalized to growing j = j(n), leading
to results similar to our earlier findings for the ordinary outdegree X, ;. The
random variable Z; is exactly the limit law of X, ; /nt/ (@t for fixed j as
discussed in Remark 9. The density functions f;(x) of the Z;, j € N, are known
explicitly, see [49].

We can interpret our findings in terms of an urn model reminiscent to the
urn model for block sizes in k-Stirling permutations. To do this we can extend
the description given in Section 3.4 leading to Urn IV. Namely, we require a
refinement of describing the affinities of the nodes in a tree to attract new
nodes during the tree evolution process.

For doing that we use balls of k42 different colours. Balls of colour 0 describe
the affinity of node labelled j attracting a new node to become attached at j.
Furthermore, balls of colour ¢, with 1 < i < k, describe the affinity of attracting
a new node of nodes that are contained in branches of size ¢ attached to node
7, whereas balls of colour k£ + 1 describe the affinity of attracting a new node of
all remaining nodes, i.e., of nodes that are not contained in the subtree rooted
j or nodes contained in a branch of size > k + 1 attached to j. Consider a
generalized plane recursive tree of size j: node j has affinity « to attract a new
node, whereas the total affinity of all remaining nodes is (a 4 1)(j — 1); this
characterizes the initial configuration of the urn.

The ball replacement matrix of the urn can be obtained as follows. When
drawing a ball of colour 0, i.e., when attaching a new node to j, the node degree
of j increases by one and there appears a new branch of size 1 attached to node
j, which means that we add one ball of colour 0 and « balls of colour 1. When
drawing a ball of colour i, with 1 < ¢ < k, i.e., when attaching a new node to
a size-i branch attached to j, this branch transforms into a size-(i + 1) branch
attached to j, which means that we remove (o + 1)i — 1 balls of colour ¢ (which
corresponds to the affinity of a size-i branch) and add (o + 1)(i + 1) — 1 balls
of colour ¢ + 1 (which thus correspond to the affinity of a size-(i + 1) branch).
Furthermore, when drawing a ball of colour k£ + 1, i.e., when attaching a new
node to node not contained in the subtree rooted j or when attaching a new
node to a node contained in a branch of size > k-+1 attached to node j, this does
neither affect the affinity of node j nor of its branches of sizes < k, which means
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that we add « + 1 balls of colour k£ + 1. The following urn model description
immediately follows.

Urn V. Consider a balanced urn with balls of k + 2 colors and let the random
vector (Up,0,Un1,- -, Unk+1) count the number of balls of each color at time
n with (k + 2) x (k + 2) ball replacement matrix M given by

1 a 0 0 0 0 0
0—a 2(a+1)—1 0 0
0 0 —(2(at1)—=1) 3(a+1)—1 - 0 0
e . . . . . . .
: . . . 0
0’ 0 —((a+1)(k=1)=1) (a+1)k—1 0
0o " . . 0 0 —((a+1)k=1) (a+1)(k+1)—1
00 0 0 0 0 Ita

The initial configuration of the urn (it is convenient to start here at time 0)
is given by (Uo,0,Uo.1,---,U0k+1) = («,0,...,0,(a + 1)(j — 1)). The random
variables U, ;, with 1 <4 < k, described by the urn model are related to the
random variables X, ;;, 1 < ¢ < k, which count the number of size-i branches
attached to the node labelled j in a random generalized plane recursive tree of
size n, as follows:

Un—ji= ((a + 1)i — 1)Xn,j,i7 1<i<k.

Moreover, U,_j; ¢ is related to the outdegree X, ; via Up—j0 = X5 ; + a.

This implies that the random variables U, ; occurring in the urn model un-
dergo a phase transition according to the growth of k with respect to n, from
continuous to discrete.

3.6. Distribution of table sizes in the Chinese restaurant process

The Chinese restaurant process with parameters a and 6 is a discrete-time
stochastic process, whose value at any positive integer time n is one of the
B,, partitions of the set [n] = {1,2,3,...,n} (see Pitman [69]). The parameters
a and 0 satisfy 0 < a < 1 and 6§ > —a. Here B,, denotes the Bell number count-
ing the number of partitions of an n-element set By = By =1, Bo = 2, B3 = 5,
etc.? One imagines a Chinese restaurant with an infinite number of tables, and
each table has an infinite number of seats. In the beginning the first customer
takes place at the first table. At each discrete time step a new customer arrives
and either joins one of the existing tables, or he takes place at the next empty
table in line. Each table corresponds to a block of a random partition. In the
beginning at time n = 1, the trivial partition {{1}} is obtained with probability
1. Given a partition T of [n] with |T'| = k parts t;, 1 < i < k <n, of sizes |t;|. At

2See sequence A000110 in OEIS.
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time n + 1 the element n + 1 is either added to one of the existing parts t; € T'
with probability

|tz| —a
n+6’

P{n+1<ct;} = 1<i<k,

or added to the partition 7" as a new singleton block with probability

0+k-a

Plnt+1<ctimn}l=—

This model thus assigns a probability to any particular partition 7" of [n]. We are
interested in the distribution of the random variable C), ;, counting the number
of parts of size j in a partition of [n] generated by the Chinese restaurant process.

We will not directly study the Chinese restaurant process, but in order to
analyse the number of tables of a certain size we study instead a variant of the
growth rule for generalized plane recursive trees as introduced in Section 3.3.
Combinatorially, we consider a family 7, g of generalized plane recursive trees,
where the degree-weight generating function 9(t) = ﬁ, B > 0, associated
to the root of the tree, is different to the one for non-root nodes in the tree,
p(t) = ﬁ, a > 0. Then, the family 7, s is closely related to the correspond-
ing family T of generalized plane recursive trees with degree-weight generating
p(t) = ﬁ, a > 0, via the following formal recursive equations:

Tas=OxIT), T=0OxeT). (3.13)

The weight w(T') of a tree T € T, g is then defined as

w(T) = ﬁd(root) H Pd(v)»
veT\{root}

where d(v) denotes the outdegree of node v. Thus, the generating functions
Top(2z) = 51 Tapniy and T(2) = 32, 5 Ty %7 of the total weight of size-n
trees in 74,8 and T, respectively, satisfies the differential equations

Tip(2) =9(T(2),  T'(2) = o(T(2)).

Moreover, the tree evolution process to generate a random tree of arbitrary
given size in the family 7 described in Section 3.3 can be extended in the
following way to generate a random tree in the family 7, g. The process, evolving
in discrete time, starts with the root labelled by zero. At step n+ 1, with n > 0,
the node with label n+1 is attached to any previous node v with outdegree d(v)
of the already grown tree with probabilities p(v), which are given for non-root
nodes v by
d(v) + «

P{n+1<cv}=7ﬁ+(a+1)n,
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and for the root by

d(root) 4+ 8

B+ (a+1)n

This growth process is similar to the Chinese restaurant process considered

before. Indeed, if we remove the root labelled zero, the remaining branches
contain the nodes with labels given by [n] = {1,...,n}.

P{n +1 <. root} =

@ © &)
® ® ®® ©
ONONOXO ©

Fic 4. A size 15 plane recursive tree, where the root node labelled zero has one size-one, one
size-two, one size three, two size-four branches and the corresponding table structure in the
Chinese restaurant model.

Proposition 3 (Chinese restaurant process and generalized plane recursive
trees). A random partition of {1,...,n} generated by the Chinese restaurant
process with parameters a and 6 can be generated equivalently by the growth
process of the family of generalized plane recursive trees To,3 when generating
such a tree of size n + 1. The parameters a,0 and o, > 0, respectively, are
related via

1 B

“Cire Tira

Remark 11. In above relation, # cannot be negative, since (3 is assumed to
be positive. The above correspondence can be extended to the full range 5 >
—1 using a different degree-weight generating function 9(¢) for the root node.
Assume that —1 < 8 < 0. Then, we cannot directly use 9(t) = (1 — )% =
1+ Bt + ... due to the negative or zero weight. Since the root connectivity is
similar to the choice 8+ 1+ 3 for an outdegree of the root larger than one, we
use a shifted connectivity of the root node:

19(t)1+/0t(1_i)1+ﬁdx1+;<(1_1t)ﬁl)1+Z(£tf)t]:,

k>1

for —1 < 8 < 0, and
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for g =0.

Proof of Proposition 3. Assume that a size-n tree T' of the family 7, g with la-
bels {0,1,...,n} has k branches ¢;, 1 <1 < k, of sizes |t;|. By the considerations
of [63], at time n + 1 the element n + 1 is either attached to one of the existing
non-root nodes v with probability

d(v) + «
P 1 ="
{n+ <C U} ﬁ"‘(a‘f'l)n’
or to the root of the tree with probability
B 1
d(root) + 8 kE+ 53 a1tk T
P{in+1 <, t} = = = .
tn oot = et n Bt Dn . ng Z

a+1

Consequently, element n + 1 is attached to one of the branches t; € T with
probability

d(v) + «
Pln+l<ctib= Pnt+l<cvt=) ——t
vet; veEt; 5 + (a + 1)n
T 1 Lol e

C Bttt L7

Thus, setting a = IJ%Q and 0 = Hia proves the stated result. O

Theorem 3.1. The random wvariable C,, ;, counting the number of parts of
size j in a partition of {1,...,n} generated by the Chinese restaurant process
with parameters a and 0, is distributed as X1, which counts the number of
branches of size j attached to the root of a random size-(n+1) generalized plane

recursive tree of the family To, 5, with a = ﬁ and 0 = Hia
c
Cn,j = Xn+1,j~

Assume that 8 > 0. Then, Xy,41,; has falling factorial moments of mized Pois-
son type with mizing distribution Z supported on [0,00), and scale parameter
T (I k)

_~ 9=1 7.

An,j = (a+1)j

E(Xf7+1,j) =i

(i) for A j — 00, the random variable ==L converges in distribution, with
n,J

convergence of all moments, to Z.
(ii) for An; — p € (0,00), the random variable X, 1 ; converges in distri-
bution, with convergence of all moments, to a mized Poisson distributed

random variable Y £ MPo(pZ).
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Remark 12. A similar result holds true for —1 < g < 0. The analysis is
identical, but one has to use the adapted degree-weight generating functions
stated in Remark 11.

Proof of Theorem 3.1. We can study X,41;, which counts the number of
branches of size j attached to the root of a size-(n + 1) tree using the vari-
able v as a marker and the generating function

Top(2,0) = 3 To B 7).
n.
n>1

We have

T! (2 0) = 9(T(2) - %zj(l ), T2) = o(T(2)).

Solving the differential equation for T'(z) leads to

g(z,0) = (—T0)+ ;Zj(l —’U))B’ T(z)=1-(1-(a+ 1)2)%,

TI

a?

We can access the s moment of X,,;1 ; as follows:

s [z"w]T7, 5(z,v)
E(Xﬁ+1,j) = sl T Tapm

n!

where we set w = v — 1. Consequently, an expansion of T}, 5(z,v) at w = 0 gives
, nls! TiNs(B—1+s » 1
E(X%,,,) = (=) LA
Foo) =g GO U s ) e
Since % = (a+ 1)"((*[_112”71), we obtain the explicit result

j-1-5 ; . s
IE(X§ )= ( j_1+1> 6. s! . B—1+s n—j5—1—|—§il .
n+1,j (a+1)j (aiﬂ+n_1) s n—js
n

An application of Stirling’s formula for the Gamma function yields then the
stated result. O

4. Triangular urn models

During the study of node-degree in generalized plane recursive trees in Sec-
tion 3.4 we encountered a triangular urn model leading to factorial moments of
mixed Poisson type. Here we study a more general triangular urn.
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Urn VI. Consider a balanced triangular urn model with ball replacement ma-
trix

M:(g 5), a,B,v7 €N, y=a+peN.

The initial configuration of the urn consists of wy white balls and by black balls,
and the random variable W,, counts the number of white balls in the urn after
n draws.

This urn model has been studied by Puyhaubert [21, 72] who derived the
probability mass function of W,, and a limit law for n — oco. The results
of [21, 72] were extended by Janson [37] to unbalanced triangular urn mod-
els. Here, using a simple closed formula for the rising factorial moments of W,,,
we point out several phase transitions, involving amongst others moments of
mixed Poisson type, for non-standard initial values by = bp(n), which may de-
pend on the discrete time n. Due to the balanced nature of the urn the total
number 7;, of balls after n draws is a deterministic quantity:

Tn:T0+’n‘% nZO, T0:w0+b0'

Our starting point is the analysis of the normalized number of white balls
X, = W, /a, such that Xy = wo/a. Let F,, denote the o-field generated by the
first n steps. Moreover, denote by A, = X,, — X,,_1 € {0, 1} the increment at
step n. We have

E(Xn ‘ ]:n—l) - E(Xn—l + An ‘ ]:n—l) - Xn—l +E(An | ]:n—l)-

Since the probability that a new white ball is generated at step n is proportional
to the number W,,_; = X,,_1 -« of existing white balls (at step n—1), we obtain
further

X1« Th—1+a

E(Xn | ]:n—l) =Xn-1+ T = T Wyp-1, n>1.
n—1 n—1
Hence, let
n—1 n71+ﬂ
T, ( i)
Xn:XnH =Xn- nT+u'
o Teba ™ B
Then
n,1+ﬂ
n Y T 1 + «
E(X | 1) = (5_1+T0+2) ’ nTn,1 Wy-1=X—1, n=>1

Consequently, X, is a positive martingale. By taking the unconditional expec-
tation, this implies that the expected value of X, is given by

(n—1+M) (n—1+@)
E(X,)=—"7—" E(Xo) = —"7""
(n—l-i—i,yl) (n—l-‘r%)
n n
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More generally, we similarly have for any positive integer s
o X,+s—1 Fo) = Xn1+s—1 n Xn1+s—1\aX, 1
S S s—1 Tnfl
B (an +5— 1) Th_1+ sa
Tn—l '

S

Hence, this implies that the s binomial moment is given by

To+sa
E Xn+s—1 _(”_Hnov ) (Xo+s—1
s N (n—H%) s
F(n—I— w0+f’7yo+sa)l“(wo+bo) (a _|_3)
P(eeEs )T (4 )T ()0 (s + 1)

Theorem 4.1. The s** rising factorial moment of the random variable X,, =
W, /o, where Wy, counts the number of white ball in a balanced triangular uwrn

with ball replacement matriz given by (g‘ g), a,B,vy€EN, vy=a+ 8, is given
by the exact formula
I'(n+ w””ﬂ;""‘m)F(“"’ij JL(52 + 5)

Pty + 2l (2)

E(X;) =

[e3

where wo, by denote the initial number of white and black balls, respectively. The
factorial moments of X,, = X,, — 22 are for min{n, by} —> oo asymptotically of

mized Poisson type with a gamma mizing distribution X = 'y( , 1), and scale

parameter Ay p, = (n;” ) -1,

5

E(X2) = (Anbo)® - F(F(;’:r)s) (1+o(1)).

(i) for App, — 00, the random variable AX’; converges in distribution, with
n,00
convergence of all moments, to X. R
(i1) for Anp, — p € (0,00), the random variable X,, converges in distribution,

with convergence of all moments, to'Y £ MPo(pX).

Remark 13. It is well known from the works of Puyhaubert [21, 72] and Jan-
son [37], that for fixed by the random variable X,,/n~ tends to a random variable
7, depending on the initial condition wy, by and also a and ~y. Its power moments
are given by

P(thp(e 4 )

s\ .
E<Z ) - l—w(w0+bo+sa)rl(m)’ s> 1
Y

[e%

for more details about the nature of this random variable we refer the reader
o [21, 37]. This result can easily be re-obtained using the explicit expression
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for the rising factorial moments of X,, and the method of moments. We obtain

the gamma mixing distribution X £ (%2, 1) from Z = Zy, as follows:

b Zy, = X, for by — oo,
with convergence of all moments.

Proof of Theorem 4.1. Let Y denote a random variable with rising factorial
moments E(Y*) = E(Y(Y +1)...(Y +s—1)) satisfying an expansion of mixed
Poisson type, E(Y?®) = p® - g, for s > 1, with us > 0. We obtain the (falling)
factorial moments using the binomial theorem for rising factorials (see [30]):

xsz(x—sﬂ)?:i(;).xf.(_sﬂ)s_e

B ; @ xe(l;_z(s —)= s>

Moreover, we can obtain the rising factorial moments of the shifted random
variable X,, = X, — “¢ by using again the binomial theorem

14

(x—i—c)K:Z(é) cal T >
J

Jj=0

This implies that we can express the factorial moments of X,, in terms of the
rising factorial moments of X,, by combining the two identities above in the
following way.

Next we use the asymptotic expansion of the rising factorial moments of X,

5 (= + s
E(X5) = (Anpo + 1)5%(1 +o(l), s>1,
«
nt 0 © . . .
where A, 5, = | =5~ | — 1. Interchanging summations, and collecting powers

o
of Ap, leads to the expansion

E(X2) = s i%)\;’bo {Z (‘Z) (-1 <% +jj - 1> X

J=1

ECE o
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Next, using the hypergeometric form of the Vandermonde convolution, see [30,
p. 212], we obtain for the inner sum

SV (AT e

We get further

where 0, ; denotes the Kronecker-delta function. This proves the stated result.
O

5. Mixed Poisson-Rayleigh laws

In the analysis of various combinatorial objects as, e.g., lattice paths, trees and
mappings, the Rayleigh distribution occurs frequently. In this section we give
several examples, where during the study of such objects, a mixed Poisson dis-
tribution with Rayleigh mixing distribution occurs in a natural way. Apart from
the first example, the occurrence and proof of the mixed Poisson distribution is
novel, best to our knowledge.

5.1. The number of inversions in labelled tree famailies

Consider a rooted labelled tree T', where the nodes of T" are labelled with distinct
integers (usually of the set {1,2,...,|T|}, with |T| the size, i.e., the number of
vertices, of T'). An inversion in T is a pair (4,7) of vertices (we may always
identify a vertex with its label), such that ¢ > j and 7 lies on the unique path
from the root node of T to j (thus ¢ is an ascendant of j or, equivalently, j
is a descendant of i). Given a tree family, we introduce the r.v. I, ;, which
counts, for a random tree of size n, the number of inversions induced by the
node labelled 7, 1 < j < n, i.e., it counts the number of inversions of the kind
(,7), with ¢ > j an ancestor of j. See Figure 5 for an illustration of the quantity
considered.

Panholzer and Seitz [64] studied the r.v. I,, ; for random trees of so-called
labelled simply generated tree families (see, e.g., [24]; note that in the proba-
bilistic literature such tree models are more commonly called Galton-Watson
trees), which contain many important tree families as, e.g., ordered, unordered,
binary and cyclic labelled trees as special instances.

Formally, a class T of labelled simply generated trees is defined in the follow-
ing way: One chooses a sequence (¢¢) >0 (the so-called degree-weight sequence)
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Fic 5. A binary labelled tree of size T with a total number of 6 inversions, namely (3,1),
(6,1), (3,2), (6,2), (6,4), (7,5). Thus two inversions each are induced by the nodes 1 and 2,
whereas one inversion each is induced by the nodes 4 and 5.

of nonnegative real numbers with ¢y > 0. Using this sequence, the weight w(T')
of each labelled ordered tree (i.e., each labelled rooted tree, in which the children
of each node are ordered from left to right) is defined by w(7T) := [],cp @d(w)
where by v € T we mean that v is a vertex of T and d(v) denotes the num-
ber of children of v (i.e., the outdegree of v). The family 7 associated to the
degree-weight sequence (¢¢)e>o then consists of all trees T' (or all trees T with
w(T) # 0) together with their weights. We let T, := Zm:n w(T') denote the
the total weight of all trees of size n in T; for many important simply gener-
ated tree families, (T},)n>1 is a sequence of natural numbers, and then the total
weight 7T, can be interpreted simply as the number of trees of size n in 7.

When analysing parameters in a simply generated tree family 7 it is common
to assume the random tree model for weighted trees, i.e., when speaking about a
random tree of size n one assumes that each tree 7" in T of size n is chosen with
a probability proportional to its weight w(T), i.e., is chosen with probability
"’%—T). Under mild conditions on the degree-weight sequence (p¢)¢>0 of a family
T of labelled simply generated trees and assuming the random tree model, in
[64] the following asymptotic formula for the factorial moments of I, ; has been
obtained:

s s 2\3(n—j)%
E(I; ;) = F(5 +1) (;> (ni?) “(140(1)),

where the constant k depends on the particular tree family, i.e., on the degree-
weight sequence, and is given in [64]. Consequently, an application of Lemma 2
and taking into account Example 3 yields the following result, which adds to
the results of [64] the characterization of the limiting distribution as a mixed
Poisson distribution.

Corollary 6. The random variable I, j, which counts the number of inversions
induced by node j in a random labelled simply generated tree of size n has for
n — oo and arbitrary 1 < j = j(n) < n asymptotically factorial moments of

mixed Poisson type with a Rayleigh mizing distribution X and scale parameter
Anjj = \/%% (with constant k given in [64]),

E(I2,) = Aj ;25 F(g +1) - (14 0(1)).
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ogs - 1

Fic 6. A labelled tree of size 7 with three min-records: nodes 1, 3, and 4. This decomposes the
original tree into three record subtrees, one of them is of size 3 and two of them are of size 2.

. . In j
(i) for Anj — oo, the random variable 3™~
n,j

converges in distribution, with
convergence of all moments, to X.

(it) for \n; — p € (0,00), the random variable I, ; converges in distribution,
with convergence of all moments, to a mized Poisson distributed random

variable Y £ MPo(pX).

Moreover, the random variable Y £ MPo(pX) converges for p — oo, after

scaling, to its mizring distribution X : % £ X, with convergence of all moments.

Remark 14. Considering X, j, the critical phase occurs at j = n — ©(y/n):
E(1, ;) — oo, for n — j > \/n, whereas E(I,, ;) — 0, for n — j < \/n.

5.2. Record-subtrees in Cayley trees

Given a rooted labelled tree T, a min-record (or simply record, for short) is a
node z € T, which has the smallest label amongst all nodes on the (unique)
path from the root-node of T' to x. Let us assume that {ry,...,r;} is the set
of records of T'; then this set naturally induces a decomposition of the tree
T into what is called here record-subtrees {Si,...,Sp}: S;, 1 < i < k, is the
largest subtree rooted at the record r; not containing any of the remaining
records 71, ..., 7—1,Ti+1,-- -, Tk. In other words, a record-subtree S is a maximal
subtree (i.e., it is not properly contained in another such subtree) of T with the
property that the root-node of S has the smallest label amongst all nodes of S.
See Figure 6 for an illustration of these quantities.

In the following we will study the occurrence of record-subtrees of a given size
for one of the most natural random tree models, namely random rooted labelled
unordered trees, often called random Cayley trees. A Cayley tree is a rooted
tree T', where the nodes of T' are labelled with distinct integers of {1,2,...,|T|}
and where the children of any node x € T are not equipped with any left-to-
right ordering (i.e., we may think that each node in T has a possibly empty
set of children). Combinatorially, the family 7 of Cayley trees can be described
formally via the SET construction as

T = O * SET(T). (5.1)

Note that Cayley trees are a particular family of labelled simply generated trees
as described in Section 5.1, where the degree-weight sequence (¢¢)e>0 is given
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by @¢ = % It is well-known that there are exactly T, = n" ! different Cayley
trees of size n (see, e.g., [24, 73]) and in the random tree model, which we will
always assume here, each of these trees may occur with the same probability
when considering a size-n tree.

The r.v. R, counting the number of records in a random size-n Galton-
Watson tree (i.e., in a simply generated tree), has been studied by Janson [36]
showing (after a suitable scaling by ﬁ) a Rayleigh limiting distribution result;

in particular, for Cayley trees it holds % £ Rayleigh(1). Here we introduce
the r.v. R, ;, which counts the number of record-subtrees of size j in a random
Cayley tree of size n. Of course, the random variables R, ;, 1 < j < n, are a
refinement of R,, and are related by the identity

Ry =Y Rnj;.

Jj=1

As has been pointed out already in [36], records in trees are closely related to
a certain node removal procedure for trees. Starting with a tree T one chooses
a node x € T at random and cuts off the subtree 7" of T rooted at z, and
iterates this cutting procedure with the remaining subtree 7" until only the
empty subtree remains. The r.v. Cy[f] counting the number of (vertex) cuts
required to cut-down the whole tree by this cutting procedure when starting

with a random Cayley tree of size n is then distributed as R,, i.e., R, £ C’r[f].

We can extend this relation by considering the r.v. C}lv]j counting the number

of subtrees of size j, which are cut-off during the (vertex) cutting procedure

when starting with a random Cayley tree of size n, where it holds R, ; £ 07[:)],_

This can be seen easily by means of coupling arguments given in [36]: consider
the node-removal procedure, where, starting with a tree T, in each step the
node with smallest label amongst all nodes in the remaining tree is selected and
together with all its descendants detached from the tree. Then it holds that
node x is a min-record in the tree 7" if and only if node z is selected as a vertex
cut during this node-removal procedure and in this case the record-subtree (and
thus its size) rooted at x corresponds to the subtree (with its respective size),
which is removed in this cut.

We will show that R, ; and thus also C’LU]J has factorial moments of mixed
Poisson type yielding the following theorem.

Theorem 5.1. The random variable R, ;, counting the number of record-sub-
trees of size j in a random Cayley tree of size n, has, for n — oo and arbitrary
1 < j=j(n) <mn, asymptotically factorial moments of mixzed Poisson type with

a Rayleigh mizing distribution X and scale parameter A, ; = \/?,J;_l :

B(R,) =X, 28 D(5 +1) - (1+0(1), forj=o(n), E(R;))=0(X,)-

n,j :hj

(i) for A\,; — oo, the random variable % converges in distribution, with
n,j
convergence of all moments, to X.
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(it) for A, ; = p € [0,00), the random variable R, ; converges in distribution,
with convergence of all moments, to a mized Poisson distributed random

variable Y £ MPo(pX).

Moreover, the random wvariable Y £ MPo(pX) converges, for p — oo, after

scaling, to its mizing distribution X : % £ X, with convergence of all moments.

Remark 15. Stirling’s formula for the Gamma function gives A, ; = ‘/ff—;;l ~

for j,n — 0o, thus the critical phase occurs at j = ©(n3): E(R, ;) — oo,

_n_
27537

for j < n%, whereas E(R,, ;) — 0, for j > ns. In all succeeding examples in
this section the critical phase behaviour also occurs at j = ©(n3).

Proof of Theorem 5.1. We consider the description of the problem via the node
removal procedure. This immediately yields the following stochastic recurrence

for the r.v. Ry, ; = C[lj]j:

Rn,j é RKn,j + l{n—Kn:j}a for 1 S] S n, (52)

with R,; = 0, for 0 < n < j, and where the r.v. K, measures the size of
the subtree remaining after selecting a random node and removing the subtree
rooted at it from a randomly selected size-n Cayley tree.

In the following we will compute the splitting probabilities p,, ; := P{K, =
k}, with 0 < k < n—1, and by doing this we also show that the recurrence (5.2)
is indeed valid, i.e., that the subtree T” (let us assume of size k > 1) remaining
after removing the subtree containing the selected node = of a random size-
n Cayley tree T is (after an order-preserving relabelling of the nodes) again a
random Cayley tree of size k (the so-called random preservation property holds).

This can be done by simple combinatorial reasoning. Consider a pair (T, x)
of a size-n Cayley tree T" and a node x € T. When detaching the subtree
rooted at x from T, we obtain a pair (T”,T") of subtrees with 7" containing
2z and T” the possibly empty remaining subtree. Of course, 7" is the empty
subtree exactly if x is the root-node of T and thus there are exactly T,, pairs
(T, x) yielding |T'| = k = 0. Let us now assume that 1 < [T'| =k < n — 1.
After an order-preserving relabelling of 7" and T” with labels {1,...,k} and
{1,...,n — k}, respectively, both subtrees are Cayley trees of size k and n — k,
respectively. Consider now a particular pair (I7,T") of Cayley trees of size
|T'| = k and |T”| = n — k, respectively, and let us count the number of pairs
(T,z), with T a size-n Cayley tree and x € T, yielding the pair (1”,T") of
subtrees after cutting. By constructing such pairs (T, x), one obtains that there
are exactly k() possibilities (k possible ways of attaching T” to a node in T”
and (7}) possibilities of distributing the labels {1,...,n} order-preserving to the
subtrees), independent of the chosen pair of trees; thus the random preservation
property holds.

Moreover, one obtains that there are exactly k:(Z) Ty T,k pairs (T, x) splitting
after a cut into a pair (77, T") of subtrees with respective sizes k and n — k, for
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1 <k <n—1. Of course, in total there are nT,, pairs (T,z) and thus we get
the following result for the splitting probabilities py, :

kT Thp_r
Milok | <p<p—1,
pn,k]P){Knk}{lnT" =0

n’

where we use throughout this section the abbreviation

T, =" = . (5.3)

In order to treat the stochastic recurrence (5.2) and to compute the asymp-
totic behaviour of the (factorial) moments of R, ; we find it appropriate to
introduce the generating function

F(z,v) := Fj(z,v) = Z T,E(vfni)2" = Z Z T,P{R, ; = m}z"v™

n>1 n>1m>0

Starting with (5.2), straightforward computations (which are omitted here) yield
then the following differential equation

T . .

F.(z,v) = T(2)F.(z,v) + Tz) + T2~ v — 1) + Tj27 F,(2,v) (v — 1),
z

where the so-called tree function (the exponential generating function of the

number of size-n Cayley trees) appears:

n—1

T(z) = Z Tp2" = Z L (5.4)

n!
n>1 n>1

Simple manipulations and using the well-known functional equation of the tree
function (which is thus closely related to the Lambert-W function),

T(z) = zeT®),
give then the following explicit formula for the derivative of F'(z,v) w.r.t. z:

T 4 (v - DTyt
1-T(2) = (v—1)Tjz0

F.(z,v) (5.5)
To get the (factorial) moments of R, ; we use the substitution w = v —1
and introduce F(z,w) := F(z,w + 1). Extracting coefficients [w®], s > 1, from

~ eT() 4 wszj*1 1

1
F.(z,w) = 1 T(2) — wiyzd 2(1 —T(2)

_ —— 1),
—wT;z
easily gives
- T;zjsfl
[wilF2(zw) = = py
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We further obtain

1

2w F(z,w zlz”_lws (2. w :Ez"—js—
[ ]F(, ) [ ]FZ(7 ) n[ ](1—T(Z))S+1.

- (5.6)

It is not difficult to extract coefficients from (5.6) and stating an explicit for-
mula for [2"w*|F(z,w) and the factorial moments of R, j; however, for asymp-
totic considerations it is easier to use well-known analytic properties of the tree
function T'(z) and deduce from it the desired asymptotic growth behaviour of
E(R,, ;)- Namely, we use standard applications of so-called singularity analy-
sis, see [24], to transfer the local behaviour of a generating function in a com-
plex neighbourhood of the dominant singularity (i.e., the singularity of smallest
modulus; we are here only concerned with functions with a unique dominant
singularity) to the asymptotic behaviour of its coefficients. It holds (see, e.g.,
[24]) that the tree function T'(z) has a unique dominant singularity (a branch
point) at z = e~ !, where the function evaluates to T'(e”!) = 1 and where it

admits the following local expansion:
T(z) =1—-V2V1—ez+ O(1 — e2). (5.7)

Thus the function (1 — T'(2))™*"! also has a unique dominant singularity at
z = e~ ! with the following local bound:

1 1
Q—HQWJZOQLw@%)

Singularity analysis yields then

[2"] W = O(e"n%l).

Therefore, (5.6) yields

n, s\i T S n, =28
[2"w ]F(Z7w):0((j) e"n 2 )
This, together with Stirling’s formula for the Gamma function (3.1), shows the
following bound for the s-th moments of R, ;, which holds uniformly for all
I<j<mn

E(Ry ;) = ;—i[z”ws]ﬁ’(z,w) = O((g)en%%) - O((\/Z—]fj)“’). (5.8)

To get the mixed Poisson behaviour for j = o(n) we use the refined expansion

1 1 1
T~ e (o)
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locally around z = e~!, which can be obtained from (5.7). Singularity analysis
gives then the expansion

s—1

n ! __eanz Y
" =y = T () (1+(’)(\/ﬁ)). (5.9)

2

Thus we get for j = o(n) the stated behaviour of the the s-th factorial moments
of Rn’ji

s sl an
E(Rr_z,j): T_[Z w®]F (z,w) = T nos (s—l)[

- (‘/E_Tj)sz VT (1 4o(1) = (‘/ﬁ ) 251 (2 1) (1+0(1)),

m

el 32 eJ 2
(5.10)
where we used in the final step the duplication formula of the factorials:
s—1 V(s —=1)!
= . 5.11
( 2 ) 23—1(§ 1)! ( )

2 -
The mixed Poisson limit law with Rayleigh mixing distribution as stated in
Theorem 5.1 follows then from (5.8) and (5.10) by applying Lemma 2. |

5.3. Edge-cutting in Cayley trees

The following prominent edge-cutting procedure for trees is closely related to
the node removal procedure considered in Section 5.2. Starting with a tree T' one
chooses an edge e € T and removes it from T'. After that T" decomposes into two
subtrees T” and T"”, where we assume that 7" contains the original root of T'. We
discard the subtree 7" and continue the edge-cutting procedure with 7" until we
have isolated the root-node of the original tree T'. This cutting-down procedure
has been introduced in [57], where the number of random cuts C,, to isolate the
root-node of a random Cayley tree of size n, where in each cutting-step an edge
from the remaining tree is chosen uniformly at random, has been studied yielding
asymptotic formulee for the first two moments of C),. The Rayleigh limiting
distribution of C,, for Cayley trees and other families of simply generated trees
has been obtained in [61, 62] and in a more general setting by Janson [36]; in

particular, for Cayley trees one obtains 3% =N Rayleigh(1). Moreover, in [36]
it was shown in general that for Galton-Watson tree families (thus containing
Cayley trees) the random variables C,, and cl (as introduced in Section 5.2) for
the edge-cutting procedure and the node-removal procedure, respectively, have
the same limiting distribution behaviour. A number of works have analysed
the edge-cutting procedure and related processes using the connection between
Cayley trees and the so-called continuum random tree, in particular see the
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.
= @ = @

Fic 7. Cutting-down a tree of size 7 with three edge-cuts. The respective sizes of the subtrees
cut-off during this procedure are 3, 2, and 1.

work of Addagio-Berry, Broutin and Holmgren [1], and the recent works of
Bertoin [5, 9].

In this section we consider a refinement of the r.v. C,, for Cayley trees, namely
we study the behaviour of the r.v. ), ;, counting the number of subtrees of size j
cut-off during the random edge-cutting procedure when starting with a random
size-n Cayley tree until the root-node is isolated. Of course, it holds

n—1
Co=> Cn;.
j=1

Before continuing we want to remark that an alternative description of the
problem can be given via edge-records in edge-labelled trees: given a size-n tree
T we first distribute the labels {1,...,|T| — 1} randomly to the edges of T. An
edge-record in T is then an edge e = (x,y), where y is a child of z, with smallest
label amongst all edges on the path from the root-node of 7" to y. Analogous
to Section 5.2 (and stated already in [36]) one gets that the r.v. Rf] counting
the number of edge-records in a random size-n Cayley tree is distributed as C,,

ie., RLQ] £ C,. Moreover, the edge-records e, ..., e, of an edge-labelled tree T’
naturally decompose T into the root-node and k edge-record subtrees Si,. .., Sk,
obtained from T' by removing the root-node of T" and all edges e, ..., ex. Again
we can introduce the r.v. Rgf ]j, which counts the number of edge-record subtrees

of size j in a random edge—fabelled Cayley tree of size n. It is then immediate

to see that Rf]j £ Ch,j-

In Figure 7 we illustrate the edge-cutting procedure for a particular tree.

In the following theorem we state that C, ; (and thus also Rf’]j) has facto-
rial moments of mixed Poisson type with a Rayleigh mixing distribution. The
method of proof is analogous to the one presented in Section 5.2, but due to the
less explicit nature of the formulae occurring, the proof steps are more technical
and a bit lengthy.

Theorem 5.2. The random variable C,, ;, counting the number of subtrees of

size 7, which are cut-off during the edge-cutting procedure starting with a random

Cayley tree of size m, has, for n — oo and arbitrary 1 < j = j(n) < n -1,

asymptotically factorial moments of mized Poiss?n type with a Rayleigh mixing
_ Vi

distribution X and scale parameter An j = ¥

E(C;,) = X, 28 D(5+1) - (1+0(1), forj=o(m), E(C;,)=O0(X,).
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(i) for A\, ; — oo, the random variable S“ converges in distribution, with
n,J

convergence of all moments, to X.
(it) for A, ; — p € [0,00), the random variable C,, ; converges in distribution,
with convergence of all moments, to a mired Poisson distributed random

variable Y £ MPo(pX).
Remark 16. According to Theorems 5.1 and 5.2 the r.v. C,, ; and Cr[zj]j (and

thus also RE}]‘) and R, ;, for the edge- and vertex-versions of the cutting pro-
cedures as considered in Section 5.2-5.3, have the same limiting distribution
behaviour. Janson [36] was able to bound the difference between the random

variables I, and R,[f ) (i.e., between the number of node- and edge-records) in a
suitable metric and thus to show directly the same limiting behaviour of these
r.v. It would be interesting to extend his proof technique to the refined quantities
studied here.

Proof of Theorem 5.2. Decomposing a tree according to the first cut of the edge-
cutting procedure immediately yields the following stochastic recurrence for the

r.v. Cy, j:

£¢o

Cn,j Kl + 1{n—K,,[f]:j}’ for 1 <j <n, (5.12)

with Cy,; = 0, for 1 < n < j, and where the r.v. K,[f] measures the size of
the subtree containing the root of the original tree after cutting a random edge
from a randomly selected size-n Cayley tree. It is well-known [57] (and can be
shown completely analogous to the computations in the proof of Theorem 5.1)
that the random preservation property of Cayley trees also holds for the edge-
cutting procedure (thus implying correctness of (5.12)) and that the splitting

probabilities pEi]k (i.e., the distribution of KT[f]) are given as follows (we recall

the definition 7T}, = ”:Jl given in (5.3)):
¢ ET}.T,
p[]::P{K[e}:k}:kifg, for 1<k<n-—1and n>2.
n,k n (TL - 1)Tn

Again, in order to treat the stochastic recurrence (5.12) we introduce suitable
generating functions:

Gj(z,v) := ZTnE(vcﬂ’*j)z" = Z Z T,P{C, ; = m}z"v™
n>1 n>1m>0
Straightforward computations give then the differential equation
0 0 - ., 0
z&Gj(z,v) - Gj(z,v) = zT(z)&Gj(z,v) + (v— 1)szj+1&Gj(z, v),

where again the tree function T'(2) = 3, o, T,,2" as defined in (5.4) appears.
Solving this linear differential equation yields the following solution satisfying
the initial condition G;(0,v) = 0:

(s v) = T(2) - ox i (v —1)T;t~!
it =102 ( || =016 —mmmm ) Y
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To study the moments of C), ; we apply in (5.13) the substitution w := v — 1
and introduce the function G(z,w) := G;(z,w + 1), which yields the following
expansion w.r.t. w:

Gj(z,w) = T(2) - exp (Zweam(z)) =T(z)- (1 + Z %(Zweajx(z))r),

>1 r>1 " >1

where we use the abbreviation
tjéfl

a;o(z) == Tf ~/0 Wdt.

This leads to the following explicit formula for the generating function of the
s-th integer moments of C), ;, which will be the starting point of the asymptotic
considerations:
s ~ T”]E(C;iz )
Gg- ](z) = [w’]G,(z,w) = Z —— I n

s!
n>1

:T(z)~Z% Y e ), fors>1 (5.14)

r=1"" li4-+Ll.=s, q=1
£y>1,1<q<r

The following bounds on the growth of the coefficients of the functions ap-
pearing, which all can be obtained in a straightforward way by applying standard
techniques as singularity analysis or approximating sums by integrals (we omit
here some of the details), will play a key role in the asymptotic evaluation of the
moments. First, it holds, for ¢ arbitrary but fixed and uniformly for 1 < j <n
and n — oo:

1 Tfe"nT
(1 —T(z))tH? o O( eit )

L
2oy elz) = [

This implies

T»Se" T £q =3
_ J 2
—o(Zr X INT) 6w
L+ t+lyp=s, ki+-+kr=n, q=1

£g>1,1<q<r ke>1,1<q<r

12" T] e, (2)

The sum occurring in the latter bound (5.15) can itself be bounded as follows:

0g—3 @) n%—g—l(logn)Q), for s > r,

Z Hkq 2 = o (logn)sil>’

ki+-+kr=n, g=1 n for s = r,
kq>1,1<q<r
with @ = |{¢ : £, = 1}|, thus yielding
~ s_r_q
T?e"n2" 2 logn
T (’)(J 6]5( ) . for s>,
(2] [T siea (2) = ) .
e Tfe”(logn)"
a=1 Ot +lp=s, O +————), for s = 7.
£g>1,1<q<r ern
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Therefore, when considering the coefficients of the expression

S 1 K
LY e

r=1"" fi4-4L.=s, q=1
€,>1,1<q<r

the summand «; (%) gives the main contribution and implies the following
bound, which holds uniformly for 1 < j < n (with s arbitrary but fixed and
n — 00):

~ s—3
.1 - TSe"n =
[2"] Z ol Z H je,(2) = O(JT>. (5.16)
=1 Gt ly=s, =1
fl«z;ljﬁqﬁi !

Now we are in a position to derive the stated bound on the s-th integer
moments of C,, ;. First, by using (5.14) and (5.16) we get for s > 1:

E(C2,) = eV 0 = 2 Y n Y [

Tn T r=1"" f4etl=s, g=1
g>1,1<q<r
| 2ol Psen—k(p — k)T Ton3 =1 (h — k)
So(g S alT 0T oS uon )
eJs els k2
n k=1 k=1
Splitting the remaining sum easily gives
n—1 53 L3] 53 n—1 5-3
(n—Fk)—= (n—Fk)= (n—k)=
R D
k=1 : k=1 : k=[2]+1 :
a3 O(ng’z), s> 2, s—3
:0(77, 2 )—"_{(9(10%71)7 s—1 20(77, 2 )7 (517)
n2

thus showing the bound (which holds uniformly for 1 < j <n)
s\ _ \/ET] s
E(C;,) =0((*52))- (5.18)

To give the refined asymptotic expansion of ]E(C’fl j), yielding factorial mo-
ments of mixed Poisson type, one has to spot and evaluate the main contribution
of the coefficients of (5.14) in more detail and to bound the remaining contri-
butions. In order to do this we split

SETED SN | CYTNCETINEES SESND SN | PYNE)

r=1 b1+ +Ll.=s, g=1 r=2 l1++Ll.=s, g=1
£q>1,1<q<r £q>1,1<q<r

=:Qj,s(2)
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such that |
s st o,
E(C;’j) = T—[z 1T(2) - (am(z) + Qj7s(2’)). (5.19)
Completely analogous to the previous computations one shows for s > 2 (of
course, @;.1(z) =0):
S N, S —2
T7e"n> logn>

[2"1Qj.(2) = O

and furthermore (uniformly for 1 < j < n) the following bound for the contri-
bution of the remainder:

;ﬁwwu»Qwuw=o«1§9f~%%) (5.20)

Now we consider the term in (5.18) yielding the main contribution, where we
assume from now on that j = o(n). We get

eJs

n—sj

2T () (2) = ’; m;ﬁ[zn—’f—sqm. (5.21)

We split the summation interval of (5.21) at k = | %] and consider the contribu-
tions separately. Additionally, we only require the already computed asymptotic
bounds (5.9) and (5.17). The first part yields

T s 1 n—k—sj 1
N (= e
L%J —k—si N 5=
- -1 e P (n—k—sj)2 1
=T (1 -
et "n—k 2% (251)! ( +O( n—k—sj))
 Trews EHA LT N
_Ziﬁ?égﬁKJET(‘+ ()0t +o(7)

@:i@f i %—T(el)+(9( i i):uo(i),

e e k3 n
k=1 k=1 k=|2]+1 E=|2]41
whereas N N
2Ty k 1< 1 1
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The second part yields

~ ~ 1 . 1
T.T n—k—sj
Z Man = k[z ](1 —T(z))st+!
k=1%]+1
o n=sg k n—k—sj( —k—si =1 Tgen [51-1 ==
ee n s7) (k — s7)
=0T Z :O( it Z
J 3 g 3
( k:L%JﬁLl k2(n7k) ) elSn2 fi—sj k )
~ "ﬂ"_l Tsevln%72>
Tse™ '3 . O(~+——), fors>2
:0( 2C N 23) _ o 5.23)
e’*nz k=sj @ %), for s = 1.
eln2

Starting with (5.21) and combining the contributions (5.22) and (5.23) finally
yields

i) = (Y1) iy (troh - o(M5)),

(5.24)
with § ; the Kronecker-delta function. Together with Stirling’s formula for the
Gamma function we thus obtain from (5.19), (5.20) and (5.24)

B(C2 ) = 2 e z) - Qﬁi)! _ (\/zjfj>s , (1 +O(%) +(9<1<\)/g;)).

Finally, applying the duplication formula of the factorials (5.11), we get the
stated result for the asymptotic expansion of the factorial moments:

S T'LT S.s S .
E(Cg,j) = ( " ]) 22 F(§ +1) - (140(1)), forj=o(n). (5.25)
The mixed Poisson limit law with Rayleigh mixing distribution as stated in
Theorem 5.2 follows then from (5.18) and (5.25) by applying Lemma 2. O

5.4. Parking functions and growth of the initial cluster

Parking functions are objects introduced by Konheim and Weiss [45], which are
of interest in combinatorics (e.g., due to connections to various other combina-
torial structures as forests, acyclic functions or hyperplane arrangements), see,
e.g., [73], and computer science (e.g., due to close relations to hashing variants),
see, e.g., [43]. A vivid description of parking functions is as follows: consider
a one-way street with n parking spaces numbered from 1 to n and a sequence
of n drivers (we will here exclusively deal with the case that the number of
parking spaces is equal to the number of drivers) with preferred parking spaces
S1,892,-..,8,. The drivers arrive sequentially and driver k tries to park at its
preferred parking space sg. If it is free he parks, otherwise he moves further in
the allowed direction (thus examining parking spaces s + 1, s + 2,...) until
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Fic 8. The parking function (4,1,8,1,3,4,3,1) with the respective parking positions when
carrying out the parking procedure.

he finds a free parking space, where he parks; if there is no such parking space
he leaves the street without parking. A parking function is then a sequence
(81,.-.,8n) € {1,...,n}"™ such that all drivers are able to park. It has been
shown already in [45] that there are exactly P, = (n + 1)"~! parking functions
of size n. Figure 8 gives an example of a parking function.

We note that there are many alternative ways of defining parking functions
(s1,...,8n) € {1,...,n}", e.g., via the characterization |{j : s; < k}| > k, for
all 1 < k£ < n; however, in what follows the description given above is more
intuitive and seems to be advantageous. Namely, we may start with a parking
function (s1,...,s,) and consider the filling of the parking spaces during the
parking procedure, where at the beginning (step 0) we have an empty street, and
where in step k the k-th driver arrives and successfully parks, until (after step
n) eventually all parking spaces are occupied. When carrying out the parking
procedure, at each time step we may define the initial cluster as the maximum
sequence of consecutive occupied parking spaces starting with parking space 1; if
parking space 1 is empty we say that the initial cluster is empty. The size of the
initial cluster is then simply the number of consecutive occupied parking spaces
containing parking space 1. In this section we are interested in the growth of
the initial cluster during the parking procedure starting with a random parking
function: let the r.v. X,, denote the number of increments of the initial cluster
and the refinement X, ; measure the number of increments of amount j of the
initial cluster during the parking procedure of a random parking function of size
n; of course X,, = E;:ll X, ;. It turns out that the r.v. X,, and X, ; are closely
related to Cy, and C, j, respectively, studied in Section 5.3 during the analysis
of the edge-cutting procedure of Cayley trees. Figure 9 illustrates the parking
procedure and the growth of the initial cluster.

It is well-known [73] that the number P, of parking functions of size n coin-
cides with the number of rooted labelled forests, i.e., forests of rooted labelled
unordered trees, of size n. There are various known bijections between these ob-
jects; however, it seems that the following bijective relation between the growth
of the initial cluster during the parking procedure and records in forests of rooted
labelled trees has not been observed earlier. We mention that a similar bijection
has been used by Chassaing and Louchard in [16], where they related the growth
of clusters in parking functions with the additive coalescent model for particle
coagulation. Analogous to the definition in Section 5.2 a max-record in a forest
F of labelled trees is a node z € F, which has the largest label amongst all
nodes on the unique path from the root-node of the tree component containing
T to x.
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Fic 9. The parking procedure for the parking function (4,1,8,1,3,4,3,1). There are 6 in-
crements of the initial cluster, 4 increments of amount one, and 2 increments of amount
two.

Proposition 4. There is a bijection, which maps parking functions of size n to
forests of rooted labelled unordered trees of size n, such that the number of in-
crements of the initial cluster during the parking procedure of a parking function
corresponds to the number of maz-records in the forest. Moreover, the number
of increments of amount j of the initial cluster during the parking procedure
corresponds to the number of maz-record subtrees of size j in the forests.

Proof. Given a parking function (si,...,$,) € {1,...,n}" of size n we describe
the mapping, i.e., the construction of the corresponding rooted labelled forest
F of size n, in an iterative way, which reflects the parking procedure of the n
drivers. In order to describe the construction we assume that after step k the
first k drivers are parked; then the “parking street” consists of a set of clusters
of parking spaces (a cluster is here a maximal sequence of consecutive occupied
parking spaces) separated by empty parking spaces. In the construction the k-
th driver of the parking function will correspond to the node labelled k& in the
forest and after step k we will obtain a rooted labelled forest F'*) of size k (with
nodes labelled by {1,...,k}). Moreover, the forest F() has the property, that
each cluster of parking spaces occurring in the parking procedure after step k
corresponds to a subset of rooted labelled trees in F*)_ It follows the description
of the construction of the forest F := F(™):

Step 0 We start with the empty forest F(©) = ().
Step k£ According to the parking of driver k we distinguish between two cases.

e Driver k parks at his preferred parking space s := sg: let us consider
the parking procedure after Step (k — 1) and the cluster of parking
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Fic 10. Constructing a forest of labelled rooted trees from a parking function during the
parking procedure illustrating the cases, where the preferred parking space of a driver is free
(first picture) or occupied (second picture).

spaces starting with parking space s + 1 (i.e., the cluster of parking
spaces right to the parking space of driver k); if parking space s + 1
is empty the cluster is (). According to the construction this cluster
corresponds to a subset G of trees of the forest F(*~1) Let T be the
tree rooted at the new node labelled k with G its subtrees. Then the
forest F(¥) is defined by F*) .= (F=D\ G)UT.

e Driver k cannot park at his preferred parking space si, since it is
occupied by the ¢-th driver (¢ < k), but parks at the first empty
space s > si: let us consider the parking procedure after Step (k—1)
and the cluster of parking spaces starting with parking space s + 1
(i.e., the cluster of parking spaces right to the parking space of driver
k); if parking space s + 1 is empty the cluster is (). According to the
construction this cluster corresponds to a subset G of trees of the
forest F(*=1)_ Furthermore, let 7" be the tree of the forest F(*—1)
containing label ¢ (by construction 77 ¢ G). Then, construct the
rooted tree T' by letting G be the subtrees of the (new) node labelled
k and attaching node k to node ¢ € T'. Then the forest F'*) is defined
by F*) .= (FE-D\ (GUT))UT.

Figure 10 illustrates both cases of the bijection.

It follows from the construction that node k is a max-record in the forest F' iff
the first k—1 drivers occupy all parking spaces left to the parking space s, where
the k-th driver has parked, which is equivalent to the event that Step k£ was an
increment of the initial cluster. Moreover, in this case the subtree rooted at node
k in F®) corresponds to a record subtree in the forest F, whose size corresponds
then to the amount of increment of the initial cluster. It is not difficult to see
that this construction is indeed a bijection from the set of parking functions of
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F1c 11. The parking function (4,1,8,1,3,4,3,1) and the forest of labelled rooted trees obtained
by the mapping described in the proof of Proposition 4 as well as the edge-labelled rooted tree
described in the proof of Theorem 5.3. The increments of the initial cluster of the parking
function correspond to the mazx-records in the respective forest as well as to the cuts in the
respective edge-labelled rooted tree (visualized as dotted lines).

size n to the set of rooted labelled forests of size n, but we omit here to state
the inverse mapping (which could be formulated also in an iterative way). O

In Figure 11 we give a parking function and the corresponding forest of
labelled rooted trees under this bijection.

Proposition 4 yields thus a coupling between records in forests of rooted
labelled unordered trees and increments in parking functions. This coupling can
be extended easily to one between increments in parking functions and edge-cuts
to isolate the root-node in Cayley trees.

Theorem 5.3. The random variable X,,, counting the number of increments of
the initial cluster in a random parking function of size n, is equally distributed
as the random wvariable Cy,, counting the number of edge-cuts to isolate the root-

node in a random Cayley tree of size n, i.e., X, £ Cy. Moreover, the number
of increments of amount j in a random parking function of size n is equally

distributed as the number of subtrees of size j cut-off during the edge-cutting

procedure when starting with a random size-n Cayley tree, i.e., X, ; £ Ch,j
1<j<n—-1.
After suitable normalization X,, is asymptotically, for n — oo, Rayleigh dis-

tributed with parameter 1:

b

n £, Rayleigh(1).

Bl

Xn; has, for n — oo and arbitrary 1 < j = j(n) < n — 1, asymptotically
factorial moments of mixed Poisson type with a Rayleigh mixing distribution X



Moment sequences and mized Poisson distributions 143

1
and scale parameter A\, ; = ‘/?,Jej :

B(X5,) = My 28 DG +1) - (1 o(D). ford =ofn). E(X;,)=O(¥,,).

n,j n,j

(1) for A\, ; — oo, the random variable ))\(”’7 converges in distribution, with
n,j

convergence of all moments, to X.
(i1) for An; — p € [0,00), the random variable X,, ; converges in distribution,
with convergence of all moments, to a mized Poisson distributed random

variable Y £ MPo(pX).

Proof. Starting with a labelled forest F' of size n we get a rooted labelled tree
T of size n+ 1 by attaching the trees in F' as subtrees of the root-node labelled
0. Next we label the edges of T by labels {1,...,n}, where each edge e = (z,y),
with = the parent of y, gets the label of the child y. When applying the edge-
cutting procedure to the edge-labelled tree T" in a way that at each step the edge
with largest label is chosen and cut-off, each max-record of the original forest
F corresponds to a cut in T and furthermore a record-subtree of size j in F
corresponds in T to a cut-off of a branch of size j. Together with Proposition 4
this yields

X,£C, and X,;2C,,;, 1<j<n-—1.

The limiting distribution results for X,, and X,, ; follow thus from the corre-
sponding results for C,, and C, ; given in [36, 62] and Theorem 5.2, respec-
tively. O

5.5. Zero contacts in bridges

We consider directed lattice paths from left to right starting at (0,0) and ending
at (2n,0). At each horizontal unit step we can either go one unit up (step (1, 1))
or down (step (1, —1)). Such lattice paths are called bridges of length 2n starting
and ending at height zero, and the steps are stemming from so-called Dyck paths.
Of course, such lattice paths are in bijection with lattice paths on a square grid,
starting at (0,0) and ending at (n, n), with allowed steps (1,0) (right) and (0, 1)
(up). Apparently, there are B, = (2:) such lattice paths and thus bridges of
length 2n.

Flajolet and Sedgewick [24, Example IX.40, page 707] considered the random
variable X,,, counting the number of visits of the x-axis in a random bridge of
size 2n, i.e., the number of k, 1 < k < n, with (2k,0) contained in the bridge,
by selecting one of the B,, bridges of length 2n uniformly at random. By using
a combinatorial decomposition of bridges (the so-called arch decomposition),
they have shown that X, follows asymptotically a Rayleigh distribution, i.e.,

c .
% = Rayleigh(v/2).
We consider here a refinement of the r.v. X, by introducing the r.v. X, ;
counting the number of j-visits of the x-axis, where a j-visit is simply a visit
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(0,0) (22,0)

Fic 12. A bridge of length 22 with 6 wvisits of the x-axis: three 1-visits, two 2-visits, and one
4-visit.

after an excursion of length 27, i.e., a return to the z-axis after exactly 27, 7 > 1,
steps. Of course, X,, = Z;-L:l Xn,;. Figure 12 illustrates these quantities.

In order to examine the limiting behaviour of X, ; we start with a combinato-
rial description of the problem using the before mentioned arch decomposition.
Let B be the combinatorial family of bridges of length > 0 and D be the fam-
ily of positive Dyck path excursions of length > 2, i.e., Dyck paths of positive
length starting and ending on the z-axis, where all points in between are above
the z-axis. Analogous, let D be the family of negative Dyck path excursions
of length > 2, i.e., Dyck paths of positive length starting and ending on the
z-axis, where all points in between are below the z-axis. Then, B consists of a
sequence of positive and negative Dyck path excursions, i.e., it can be described
combinatorially by the SEQ construction:

B = SEQ(D UD). (5.26)
Furthermore, the family D can be described formally as

p = 58D) (5.27)
Let D, be the number of positive Dyck path excursions of length 2n and
D(z) :=}",~; Dpz™ its generating function; of course, due to symmetry, they
coincide with the corresponding quantities for negative Dyck path excursions.
Furthermore, let B(z) := ) ., Bn2" be the generating function of the num-
ber of bridges B,, of length 2n. Equations (5.26)-(5.27) immediately yield the
following equations for the generating functions,

1 z
B(z) = =300 and D(z) = =D
with solutions
D) = 1oV AE 4 B = 2

2 V1—4z

Of course, by extracting coefficients we reobtain B, = (27:1), whereas the se-

quence D,, = 1 (") is enumerated by the (shifted) Catalan numbers. But

more interestingly, the above combinatorial description (5.26)-(5.27) can be ex-
tended easily to enumerate a suitably introduced bivariate generating function
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of the distribution of X, ;:
Bj(z,v) = Z Z B,P{X,, ; = m}z"v™
n>0m>0
We get then for j > 1 the solution
B 1 B 1
1-2(D(2) + (v —1)D;zd)  VT—4z—2(v—1)D;zi

In order to obtain the factorial moments of X, ; we set w := v—1 and introduce
the function B;(z,w) := B,(z,w + 1), thus yielding

Bj(Z,’U)

(5.28)

- 1
B; = -
J(Z’ w) V1—4z—2wD;z

Extracting coefficients by using standard singularity analysis easily gives

]E(X§j> _ S—'[ansléj (z,w) = i[zn]%
" Ba B, (1-42)%
LA TR S 5125 D3An =% (n — )T
By, (1—4z2)"F B, T(=5)

If j = o(n) we further get

§125 Dsgn—isp 5
E(X2 J

n,j ~ Bn F(s-gl) )

and, together with B,, ~ % and the duplication formula of the factorials
(5.11), this gives
s125D3473% /mns
L(*H)
———) 22T'(=+1).
(5=57) G+

= 2'Dj(47) nE2T (3 + 1)

Thus, by an application of Lemma 2, we get the following characterization of
the limit law of X, ;.

Theorem 5.4. The random variable X,, ;, counting the number of j-visits of the
x-axis in a random bridge of length 2n, has, for n — oo and arbitrary 1 < j =
Jj(n) < n with j = o(n), asymptotically factorial moments of mized Poisson type

: . U 22V )
with a Rayleigh mizing distribution X and scale parameter \,, ; = —

E(X, ;) = (An;)° 22 F(% +1) - (1+0(1)).
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. . X s . C g .
(i) for An,j — 00, the random variable 3™% converges in distribution, with
n,j
convergence of all moments, to X.

(it) for Ay ; — p € (0,00), the random variable X, ; converges in distribution,

with convergence of all moments, to'Y £ MPo(pX).

Moreover, the random wvariable Y £ MPo(pX) converges, for p — oo, after

scaling, to its mixing distribution X : % £ X, with convergence of all moments.

Of course, the result above can be readily adapted to obtain joint distribu-
tions for the number of j-visits and the total number of visits of the z-axis
as considered by Flajolet and Sedgewick [24]; see also Section 7.1. Our results
can be extended to other bridges with different families of steps (see [3]). One
can also study this parameter for modified excursions, as considered in [4], and
obtain similar results.

5.6. Cyclic points and trees in graphs of random mappings

We call a function f : [n] — [n] from the finite set [n] := {1,2,...,n} into
itself an n-mapping (or an n-mapping function); let us denote by F,, the set of
n-mappings. When selecting one of the n™ n-mappings at random (i.e., if we
assume that each of the n™ n-mappings can occur equally likely) one speaks
about a random n-mapping. There exists a vast literature (see, e.g., [18, 19, 23]
and references therein) devoted to reveal the typical behaviour of important
quantities (as, e.g., the number of components, the number of cyclic nodes, etc.)
of random n-mappings and the corresponding mapping graphs, respectively.

The mapping graph, i.e., the functional digraph, of an n-mapping f € F,, is the
directed graph Gy = (V, E) with set of vertices V = [n] and set of directed edges
E ={(3, f(¢)),1 € [n]}. The structure of the mapping graph G of an arbitrary
mapping function f is well known [18, 23]: the weakly connected components
of Gy are cycles of rooted labelled trees, i.e., Cayley trees, which means that
each connected component consists of rooted labelled trees (with edges oriented
towards the root nodes) whose root nodes are connected by directed edges such
that they are forming a cycle.

This description allows to interpret a mapping f as a set of cycles of labelled
trees. Hence, in order to describe the family F = |J,,~Fn of all mappings,
we can apply the combinatorial constructions SET and CYCLE to the family of
rooted labelled trees T, as introduced and discussed in Section 5.2. This yields
the following combinatorial description of the family of mappings F:

F = SET(CYCLE(T)).

Hence, the exponential generating function
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s

FiG 13. The mapping graph Gy of a 19-mapping function f has 6 cyclic points, i.e., decom-
poses into 6 trees, one tree of size 1, one tree of size 2, two trees of size 3 and two trees of
size 5.

©@ o
& @«
M\t-

with F), := "n—T, of the number of n-mappings satisfies

1 1
17T(z))) T1-T(z)

F(z) =exp (1og ( (5.29)

where the tree function T'(z) is defined in (5.4). Equation (5.29) suggests the
alternative combinatorial description of mappings as sequences of rooted labelled
trees: F = SEQ(T). This can be justified easily by using an analogue of the
canonical cycle representation of permutations: for each cycle of trees order
the cycle by starting with the tree having the largest root-label amongst all
these trees (let us call it the cycle leader) and then rank the different cycles in
descending order of the cycle leaders.

The random variable X,, counting the number of cyclic points in a random n-
mapping f (i.e., elements k € [n], such that there exists a £ > 0 with k = f(k)),
which of course coincides with the number of rooted labelled trees in the decom-
position of the mapping graph G given above, has been analysed by Drmota

and Soria [18]. They have shown a Rayleigh limit law: % £ Rayleigh(1). We
are considering here a refinement of X,,, namely, we introduce the random vari-
ables X, j, counting the number of trees of size j occurring in the decomposition
of the mapping graph G of a random n-mapping f € F,; of course, it holds
X, = 2?21 Xn,;. The quantities considered are visualized in Figure 13.

When introducing a suitable generating function of the distribution of X, ;
via Fj(2,0) 1= 3,50 Somso FnP{ X, j = m}2z"v™, the combinatorial decompo-
sition of the family of mappings F as given above immediately yields an explicit
formula for F;(z,v), j > 1:

1 1

F — — = =
1= (T(2) = Tjz7 +vTj27) 1 —=T(2) — (v—1)T;27

j(Z’U) =

Introducing w := v — 1 and Fj(z,w) := F(z,w + 1) gives

Fy(z0) 1
(z,w) = —
! 1-T(z) —wTjzl
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from which the factorial moments of X, ; can be obtained easily by extracting
coefficients. This can be done completely analogous to the computations in
Section 5.2 leading for j = o(n) to the following result:

E(X2 ) = ;—![z"wﬂﬁj(z,w) ~ (Tj\/ﬁ)szé (S +1).

n,j
n e’

which, together with Lemma 2, shows the theorem stated below.

Theorem 5.5. The random variable X,, ;, counting the number of trees of size
j occurring in the decomposition of the mapping graph of a random n-mapping,
has, for n — oo and arbitrary 1 < j = j(n) < n with j = o(n), asymptotically
factorial moments of mized Poz;sson type with a Rayleigh mizing distribution X
P,

jled

and scale parameter A\, ; =
s sos S
E(X5) = (Any) 28 (5 +1) - (1+0(1)).

(i) for An; — oo, the random variable i\(”’? converges in distribution, with
n,j

convergence of all moments, to X.
(i) for Anj — p € (0,00), the random variable X,, ; converges in distribution,

with convergence of all moments, to'Y £ MPo(pX).

Moreover, the random wvariable Y £ MPo(pX) converges, for p — oo, after

scaling, to its mizing distribution X : % £, X, with convergence of all moments.

6. Multivariate mixed Poisson distributions

Definition 1 readily extends to multivariate distributions, compare with [20].

Definition 2. Let (X1,...,X,,) denote a random vector with non-negative com-
ponents and cumulative distribution function A(.) and p1,...pm > 0 scale pa-
rameters. The discrete random vector (Y1,...,Yy,) with joint probability mass
function given by

‘1 L m
[p{ylzgl’_._ym:gm}zu/ X0 X S pi XA,
®H)™

0.0,
ly,.... 0y >0, has a multivariate mized Poisson distribution with mizing dis-
tribution (X1,...,X,,) and scale parameters p1, ..., pm.

Relation (1.6) for the moments of X and Y given there extends to the mul-
tivariate case in the following way:

E(Yih. . Ya™) = pi o o5 s s (6.1)

where s, .5, = E(Xj*--- X2m), for s1,...,8, > 0; this can readily be seen
by a direct computation.

Similar to Proposition 2 we obtain the following result, if the distribution of
the random vector (Xi,...,X,,) is uniquely determined by the sequence of its
(mixed) moments.
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Proposition 5. Let X = (X1,...,X,,) denote a random vector determined by
its sequence of mized moments (fis, ... s, )s1,....smeNg; @SSUMING that the moment
generating function ¥(z) = E(e*X) of X exists in a neighbourhood of 0 including
—p. Then, the random vector Y = (Y1,...,Y,,) with mized factorial moments
given by (6.1) has a multivariate mized Poisson distribution with mixing distri-
bution X and scale parameters p1,...pm > 0. The moment generating function
o(z) = E(e2Y) is given by the Stirling transform of 1(z),

Z) = VA )
<P( ) (w( ))‘Zl = pl(ez1 - 1)a sy Bm = pm(ezm - 1)
and the probability mass function of Y satisfies
i Ji T Pji
]P){Yl 2613"'7Ym :Em} = Z Mjl,.quH (6) (_1)‘71_ 1%,?
G2 2 i=1 N Ji
forty, ... 0y >0.
Proof. We proceed similarly to the proof of Proposition 2. Using
v =30y (11
£6,=0  £,=0 “i=1

and (2.5), the moment generating function of Y is readily computed:

Zfl Z5m
_ S1 Sm fm
p(z)= > EQ. Y )751!“.57”!
814.038m >0
m 0
= Z uel7"')[7n H (pl(ez1 - 1)) N
L1yl >0 i=1

Moreover, it coincides with the Stirling transform of ¥ (z). This proves that
the random vector has a multivariate mixed Poisson law, since p(z) is analytic
in a neighbourhood of 0. Moreover, the probability mass function is obtained
according to

01 Lo, >kt bk
pLt P 0% k=1
P =iV = b} = 5 7 (8%1 925 w(z))
ey 1 - m

z=—p

|

Moreover, we note that the basic limit theorem for the univariate case given
in Lemma 2 can be readily extended to limit laws for random vectors.

7. Outlook and extensions

7.1. Mixed Poisson distributions in Analytic Combinatorics -
compositions

Looking at the examples in Sections 5.2 and 5.5 leading to mixed Poisson laws
with Rayleigh mixing distribution, and the example in Section 3.1 from [51], it
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is desirable to find a unifying combinatorial scheme leading to mixed Poisson
distributions. The generating functions appearing in the examples mentioned
aforehand indicate how to do so: we can use the critical compositions (see Fla-
jolet and Sedgewick [24, Proposition 1X.24, page 712], based on the pioneering
works of Soria et al. [2, 18, 19, 25, 26, 27]. Assumed that generating functions
G(z) and H(z) are the counting series of certain combinatorial families. We
are interested in compositions of generating functions of the form G(H(z)).
Combinatorially, this amounts to a substitution between structures of the form
F = GoH, We measure the size of the so-called core X,,, and additionally taking
into account the contribution of parts of size j to the core:

F(z,u,v) = G(u(H(2) — (v — 1)H;2")).
Here the variable u marks as usual the total size of the so-called core X,,,

B B [z"u¥|F(z,u,1)
A e

and the new variable v marks the contribution of parts of size j measured by
the random variable X, ; to the core,

[2"0I]F(2,1,v)
P{Xn’ = m} = — )
! [2"]G(H (2))
such that X,, = 2?21 X,,;. Using the semi-large power theorem stated in [24,
Theorem IX.16, page 709], one can study this j-part core X,, ;. More generally,
it is desirable to study the joint distributions (X,,; X, X ) Via

7]'17...

k
F(z,u,v) = G(u(H(z) — Z(W —1)H;,27)).

(=1

We will report on our findings on this refined analysis of compositions else-
where [46].

7.2. Extensions and open problems

Several of the results presented in this work can be extended to a multivariate
analysis involving a random vector X,, ; = (Xy j,,...,Xn,,.) by its mixed mo-
ments. It should be possible, at least for some of the examples presented, to use
mixed Poisson approximation techniques to derive distances, i.e., the total vari-
ation distance, between the random variables of interest and the corresponding
mixed Poisson distributions, refining the results stated in this work.

A natural question is to ask for a direct explanation of the critical growth
rates of the second parameter, say j, when the limit laws of the random variables
Xn,; change from the law of the mixing distribution X to the mixed Poisson
distributions MPo(pX).
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