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Preface

Trees are a fundamental object in graph theory and combinatorics as well as
a basic object for data structures and algorithms in computer science. During
the last years research related to (random) trees has been constantly increasing
and several asymptotic and probabilistic techniques have been developed in
order to describe characteristics of interest of large trees in different settings.

The purpose of this book is to provide a thorough introduction into various
aspects of trees in random settings and a systematic treatment of the involved
mathematical techniques. It should serve as a reference book as well as a basis
for future research. One major conceptual aspect is to connect combinatorial
and probabilistic methods that range from counting techniques (generating
functions, bijections) over asymptotic methods (singularity analysis, saddle
point techniques) to various sophisticated techniques in asymptotic probabil-
ity (convergence of stochastic processes, martingales). However, the reading
of the book requires just basic knowledge in combinatorics, complex analysis,
functional analysis and probability theory of master degree level. It is also
part of concept of the book to provide full proofs of the major results even if
they are technically involved and lengthy.

Due to the diversity of the topic of the book it is impossible to present an
exhaustive treatment of all known models of random trees and of all important
aspects that have been considered so far. For example, we do not deal with the
simulation of random trees. The choice of the topics reflects the author’s taste
and experience. It is slightly leaning on the combinatorial side and analytic
methods based on generating functions play a dominant role in most of the
parts of the book. Nevertheless, the general goal is to describe the limiting
behaviour of large trees in terms of continuous random objects. This ranges
from central (or other) limit theorems for simple tree statistics to functional
limit theorems for the shape of trees, for example, encoded by the horizontal
or vertical profile. The majority of the results that we present in this book is
very recent.

There are several excellent books and survey articles dealing with some
aspects on combinatorics on trees and graphs resp. with probabilistic meth-
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ods in these topics which complement the present book. One of the first ones
was Harary and Palmer book Graphical enumeration [98]. Around the same
time Knuth published the first three volumes of The Art of Computer Pro-
gramming [128, 129, 130] where several classes of trees related to algorithms
from computer science are systematically investigated. His books with Green
Mathematics for the analysis of algorithms [96] and the one with Graham and
Patashnik Concrete Mathematics [95] complement this programme. In parallel
asymptotic methods in combinatorics, many of them based on generating func-
tions, became more and more important. The articles by Bender Asymptotic
methods in enumeration [7] and Odlyzko Asymptotic enumeration methods
[165] are excellent surveys on this topic. This development is highlighted by
Flajolet and Sedgewick’s recent (monumental) monograph Analytic Combina-
torics [84]. Computer science and in particular the mathematical analysis of
algorithms was always a driving force for developing concepts for the asymp-
totic analysis of trees (see also the books by Kemp [122], Hofri [102], Sedgewick
and Flajolet [191], and by Szpankowski [197]). Moreover, several concepts of
random trees arose naturally in this scientific process (see for example Mah-
moud’s book Ewvolution of random search trees [146], and Pittel’s, Devroye’s
or Janson’s work).

However, combinatorics and problems of computer science, though impor-
tant, are not the only origin of random tree concepts. There was at least
a second (and almost independent) line of research concerning conditioned
Galton-Watson trees. Here one starts with a Galton-Watson branching process
and conditions on the size of the resulting trees. For example, Kolchin’s book
Random Mappings [132] summarises many results from the Russian school.
This work is complemented by the American school represented by Aldous
[3, 5] and Pitman [171] where stochastic processes related to the Brownian
motion play an important role. The invention of the continuum random tree
as well as the ISE (integrated super-Brownian excursion) by Aldous are break-
throughs. Actually these continuous limit objects are quite universal concepts.
It seems that they also appear as limit objects for several kinds of random
planar maps and other related discrete objects. There are even more general
settings where Lévy processes are used (see the recent survey articles Random
Trees and Applications [135] and Random Real Trees [136] by Le Gall and the
book Probability and Real Trees [75] by Evans). By the way, the study of ran-
dom graphs is completely different from that of random trees (compare with
the books by Bollobds [21], Janson, Euczak and Ruciriski [116], and Kolchin
[133]). Nevertheless, there is a very interesting paper The Birth of the Gi-
ant Component [115] which uses analytic methods that are very close to tree
methods.

This book is divided into nine chapters. The first two of them are providing
some background whereas the remaining chapters 3-9 are devoted to more
specific and (more or less) self contained topics on random trees and on related
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subjects. Of course, they will use basic notions from Chapter 1 and some of
the methods from Chapter 2.

In Chapter 1 we survey several classes of random trees that are considered
here: combinatorial tree classes like planted plane trees, Galton-Watson trees,
recursive trees, and search trees including binary search trees and digital trees.

Chapter 2 is a second introductory chapter. It collects some basic facts on
combinatorics with generating functions and provides an analytic treatment
of generating functions that satisfy a functional equation (or a system of
functional equations) leading to asymptotics and central limit theorems. It is
probably not necessary to study all parts of this chapter in a first reading but
to use it as a reference chapter.

The first purpose of Chapter 3 is tree counting, to obtain explicit for-
mulas for the numbers of trees of given size with possible and asymptotic
information on these numbers in those cases, where no or no simple explicit
formula is available. The analysis of several combinatorial classes of trees and
also of Galton-Watson trees is based on generating functions and their analytic
properties that are discussed in Chapter 2. The recursive structure of (rooted)
trees usually leads to a functional equation for the corresponding generating
functions. By extending these counting procedures with the help of bivariate
generating functions one can also study (so-called) additive statistics on these
tree classes like the number of nodes of given degree or more generally the
number of occurrences of a given pattern. In all these cases we derive a central
limit theorem.

The general topic of Chapters 4-7 is the limiting behaviour of the profile
and related statistics of different classes of random trees. Starting from a
natural (vertex) labelling on a discrete object, for example the distance to a
root vertex in a tree, the profile is the value distribution of the labels. More
precisely, if a random discrete object has size n then the profile (X, x) is
given by the numbers X, ;, of vertices with label k. The idea behind is that
the profile (X, ) describes the shape of the random object. It is therefore
natural to search for a proper limiting object of the profile after a proper
scaling.

In Chapter 4 we discuss the depth profile (induced by the distance to
the root) of Galton-Watson trees with bounded offspring variance which can
be approximated by the local time of the Brownian excursion of duration
1. This property is closely related to the convergence of normalised Galton-
Watson trees to the continuum random tree introduced by Aldous [2, 3, 4].
The proof method that we use here follows the same principles as those of
the previous chapters. We use multivariate generating functions and analytic
methods. Interestingly these methods can be applied to unlabelled rooted
trees, too, where we obtain the same approximation result. And the only
successful approach to the latter class of trees — also called Pélya trees — is
based on generating functions in combination with Pélya’s theory of counting.
Thus, Pdlya trees look like Galton-Watson trees although they are definitely
not of that kind.
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Chapter 5 considers again Galton-Watson trees but a different kind of pro-
file that is induced by a random walk on the tree. We fix an integer valued
distribution 7 with zero mean. Then, given a tree T, every edge e of T is en-
dowed with an independent copy 7. of 1. The label of a node is then defined
as the sum of 7. over all edges e on the path to the root. There are several
motivations to study such random models. For example, if  has only values
41 or 0 and £1 then the resulting trees are closely related to random trian-
gulations and quadrangulations. Furthermore, the random variables 7. can be
seen as random increments in an embedding of the tree in the space. This idea
is originally due to Aldous [5] and gave rise of the ISE, the integrated super-
Brownian excursion, which acts as the limiting occupation measure of the
induced label distribution. The final result is that the corresponding profile
can be approximated by the (random) density of the ISE. This result reaches
very far and is out of scope of this book but, nevertheless, there are special
cases which are of particular interest and capable for the framework of the
present book. By the use of explicit generating functions of unexpected form
the analysis recovers one-dimensional versions of the functional limit theorem
and also leads to integral representations for several parameters of the ISE.
These observations are due to Bousquet-Mélou [23].

Chapter 6 deals with recursive trees and their variants (plane oriented
recursive trees, binary and m-ary search trees). The interesting feature of
these kinds of trees is that they can be seen from different points of views:
They can be seen as a combinatorial object (where usual counting procedures
apply) as well as the result of a (stochastic) growth process. Interestingly their
asymptotic structure is completely different from that of Galton-Watson trees.
They are so-called logn trees which means that their expected height is of
order logn (in contrast to Galton-Watson trees with expected height of order
v/n). We provide a unified approach to several basic statistics like the degree
distribution. However, the main focus is again the profile. Here one observes
that most vertices are concentrated around few levels so that a (possible)
limiting object of the normalised project is not related to some functional of
the Brownian motion. Nevertheless, the normalised profile X, x/E X, 1, can be
approximated by X (k/logn), where X (¢) is now a random analytic function.
We also deal with the height and its concentration properties.

Tries and digital search trees are two other classes of logn trees which are
discussed in Chapter 7. Their construction is based on digital keys and not
on the order structure of the keys as in the case of binary search trees. Again,
most vertices are concentrated around few levels of order logn but the profile
behaves differently. It is even more concentrated around its mean value than
the profile of binary search trees or recursive trees. The normalised profile
Xn.k/E Xp 1 (of tries) converges to 1 and we observe a central limit theorem.

Chapter 8 is devoted to the so-called contraction method which was devel-
oped to handle stochastic recurrence relations which naturally appear in the
stochastic analysis of recursive algorithms like Quicksort. Such recurrences
also appear in the analysis of the profile of recursive trees and binary search
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trees (and their variants). The idea is that after normalisation the recur-
rence relation stabilises to a (stochastic) fixed point equation that can be
solved uniquely by Banach’s fixed point theorem in a properly chosen Banach
space setting. Here we restrict ourselves to an Ly setting with the Wasser-
stein metric. We mainly follow the work by Résler, Riischendorf, Neininger
[158, 161, 162, 186, 187].

The final Chapter 9 deals with planar graphs. At first sight planar graphs
and trees have nothing in common but there are strong similarities in the com-
binatorial and asymptotic analysis. For example the 2-connected parts of a
connected (planar) graph have a tree structure which is reflected by the struc-
ture of the corresponding generating functions. In particular in the asymptotic
analysis one can use the same techniques from Chapter 2 as for combinatorial
tree classes in Chapter 3. Besides the asymptotic counting problem the ma-
jor goal of this chapter is to study the degree distribution of random planar
graphs or equivalently the expected number of vertices of given degree where
we can again use asymptotic tree counting techniques. This chapter is based
on recent work by Giménez, Noy and the author [63, 64].

Of course, such a book project cannot be completed without help and
support from many colleagues and friends. In particular I am grateful to
Mireille Bousquet-Mélou, Luc Devroye, Philippe Flajolet, Bernhard Gitten-
berger, Alexander Iksanov, Svante Janson, Christian Krattenthaler, Jean-
Francois Marckert, Marc Noy, Ralph Neininger, Alois Panholzer, and Wojciech
Szpankowski. I also thank Frank Emmert-Streib for helping me to design the
book cover.

Finally T want to thank Veronika Kraus, Johannes Morgenbesser, and
Christoph Strolz for their careful reading of the manuscript and for several
hints to improve the presentation and Barbara Dolezal-Rainer for her support
in type setting. I also want to thank Stephen Soehnlen from Springer Verlag
for his constant support in this book project and his patience.

I am especially indebted to my family to whom this book is dedicated.

Vienna, November 2008 Michael Drmota
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1

Classes of Random Trees

In this first chapter we survey several types of random trees. We start with
basic notions on trees and the description of several concepts of tree counting
problems. In particular we distinguish between rooted and unrooted, plane
and non-plane, and labelled and unlabelled trees. It is also possible to modify
the counting procedure by putting certain weights on trees, for example, by
using the degree distribution.

We consider classical combinatorial tree classes like planted plane trees or
labelled rooted trees. Furthermore we discuss simply generated trees which
can be also considered as conditioned Galton-Watson trees and cover sev-
eral classes of the classical (rooted) trees. We introduce unlabelled trees (also
called Pélya trees) that do not fall into this class but behave similarly to
simply generated trees. Recursive trees (and more generally increasing trees)
are labelled rooted trees where each path starting at the root has increasing
labels. All these kinds of trees give rise to a natural probability distribution
based on combinatorics by assuming that every tree of size n (of a certain
class) is equally likely.

Trees occur also in the context of algorithms from computer science, for
example, as data structures. Here the structure of the tree is determined by
the input data of the algorithm. Prominent examples are binary search trees,
digital search trees or tries. From a combinatorial point of view these kinds of
trees are just binary trees. However, if we assume some probability distribution
on the input data this induces a probability distribution on the corresponding
trees. Moreover, one usually has a tree evolution process by inserting more
and more data.
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1.1 Basic Notions

Trees are defined as connected graphs without cycles, and their properties are
basics of graph theory. For example, a connected graph is a tree, if and only if
the number of edges equals the number of nodes minus 1. Furthermore, each
pair of nodes is connected by a unique path.

The degree d(v) of a node v in a tree is the number of nodes that are
adjacent to v or the number of neighbours of v.

Nodes of degree < 1 are usually called leaves or external nodes and the
remaining ones internal nodes.

1.1.1 Rooted Versus Unrooted trees

Fig. 1.1. Tree and rooted tree

If we mark a specific node r in a tree T', which we denote the root of T', we
call the tree itself rooted tree. A rooted tree may be described easily in terms
of generations or levels. The root is the 0-th generation. The neighbours of
the root constitute the first generation, and in general the nodes at distance
k from the root form the k-th generation (or level). If a node of level k has
neighbours of level k41 then these neighbours are also called successors. The
number of successors of a node v is also called the out-degree d*(v). For all
nodes v different from the root we have d(v) = d*(v) + 1.

Furthermore, if v is a node in a rooted tree T then v may be considered
as the root of a subtree T, of T that consists of all iterated successors of v.
This means that rooted trees can be constructed in a recursive way. Due to
that property counting problems on rooted trees are usually easier than on
unrooted trees.

Remark 1.1 Rooted trees also have various applications in computer science.
They naturally appear as data structures, e.q. the recursive structure of folders
i any computer is just a rooted tree. Furthermore, fundamental algorithms
such as Quicksort or the Lempel-Ziv data compression algorithm are closely
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related to rooted trees, namely to binary and digital search trees which are also
used to store (and search for) data. Rooted trees even occur in information
theory. For example, prefix free codes on an alphabet of order m are encoded
as the set of leaves in m-ary trees.

1.1.2 Plane Versus Non-Plane trees

Trees are planar graphs since they can be embedded into the plane without
crossings. Nevertheless, a tree may have different embeddings (compare with
Figure 1.2). This makes a difference in counting problems. When we say that
we are counting planar trees we mean that we are counting all possible different
embeddings into the plane.

T i

O

Fig. 1.2. Two different embeddings of a tree

In the context of rooted trees it is common to use the term plane tree
or ordered tree when successors of the root and recursively the successors of
each node are equipped with a left-to-right-order. Alternatively one can give
the successors a rank so that one can speak of the j-th successor (j > 1). Of
course, this induces a natural embedding into the half-plane (compare with
Figure 1.3). Note that this notion is different from considering all embed-
dings into the plane, since it is not allowed to rotate the subtrees of the root
cyclically around the root.

1.1.3 Labelled Versus Unlabelled Trees

We also distinguish between labelled trees, where the nodes are labelled by
different numbers, and unlabelled trees, where nodes are indistinguishable.
This is particularly important for the counting problem. For example, there
is only one unlabelled tree with three nodes whereas there are three different
labelled trees of size 3 with labels 1,2, 3 (see Figure 1.4).

There is much latitude in choosing labels on trees. The simplest model
is to assume that the nodes of a trees of size n are labelled by the numbers
1,2,...,n, but there are many other ways to do so. For so-called embedded
trees one only assumes that the labels of adjacent vertices differ (at most) by
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ONONE

Fig. 1.3. Plane rooted tree

Fig. 1.4. Unlabelled versus labelled trees

1. Another possibility is to put labels consistently with the structure of the
tree. For example, recursive trees have the property that the root is labelled
by 1 and the labels on all paths away from the root are strictly increasing.

1.2 Combinatorial Trees

Let 7 be a class of finite trees which is defined by a structural condition (for
example that the trees are binary). We then consider the subclasses 7, of T
that consist of trees of size n and introduce a probability model on 7,, by
assuming that every tree T in 7, is equally likely. By this construction we get
special kinds of random trees. Moreover, every parameter on trees (such as
the number of leaves or the diameter) is then a random variable.

For simplicity we start with rooted trees since they have a recursive
description.
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1.2.1 Binary Trees

Binary trees are rooted trees, where each node is either a leaf (that is, it
has no successor) or it has two successors. Usually these two successors are
distinguishable: the left successor and the right successor, that is, we are
dealing with plane trees. The leaves of a binary tree are also called ezternal
nodes and those nodes with two successors internal nodes. It is clear that a
binary tree with n internal nodes has n + 1 external nodes. Thus, the total
number of nodes is always odd.

Fig. 1.5. Binary tree

A very important issue is that binary trees (and many other kinds of rooted
trees) have a recursive structure. More precisely we can use the following
recursive definition of binary trees:

A binary tree B is either just an external node or an internal node
(the root) with two subtrees that are again binary trees.

Formally we can write this in the form
B=0O+o0xBx B, (1.1)

where B denotes the system of binary trees; O represents an external and o
an internal node.

In fact, this recursive description is the key for the analysis of many proper-
ties of binary (and similarly defined) trees. In particular, this formal equation
has a direct translation into an equation for the corresponding generating
(or counting) function b(z) of the form b(z) = 1 + zb(x)?. We discuss this
translation in detail in Chapter 2.

A direct generalisation of binary trees is m-ary rooted trees, where m > 2
is a fixed integer. As in the binary case (m = 2) we just take into account the
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number n of internal nodes. The number of leaves is then given by (m—1)n+1
and the total number of nodes by mn + 1.

Interestingly it is relatively easy to find explicit formulas for the numbers
(m) i : : .
b’ of m-ary trees with n internal nodes:

poy — L (mn
" (m—1n+1\n /)

The set 7, of m-ary trees with n internal nodes then constitutes a set of
random trees if we assume that every m-ary tree in 7,, is equally likely, namely
of probability 1/ b

Note that in the binary case the number of trees is precisely the n-th

Catalan number
c, - 1 (2n>
n+1\n

It is also possible to consider binary and more generally m-ary trees, where
the left-to-right-order of the successors is not taken into account. However,
the counting problem of these classes of trees is much more involved (compare
with Sections 1.2.5 and 3.1.5).

1.2.2 Planted Plane Trees

Another interesting class of trees are planted plane trees. Sometimes they are
also called Catalan trees. Planted plane trees are again rooted trees, where each
node has an arbitrary number of successors with a natural left-to-right-order
(this again means that we are considering plane trees). The term planted comes
from the interpretation that the root is connected (or planted) to an additional
phantom node that is not taken into account (see Figure 1.6). Usually we will
not even depict this additional node when we deal with planted trees. However,
it is quite useful to define the degree of the root r by d(r) = d¥(r) + 1
which means that the additional (planted) node is considered a neighbour
node. This has the advantage that in this case all nodes have the property
d(v) =d*(v) + 1.
The numbers p,, of planted plane trees with n > 1 nodes are given by

1 (2n — 2)
Pn = — .
n\n—1
This is precisely the (n — 1)-st Catalan number C,,_; which explains the term

Catalan tree. By the way, the relation p,4+1 = b, has a natural interpretation
(see Section 3.1.2).
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Fig. 1.6. Planted plane tree

1.2.3 Labelled Trees

We recall that a tree T of size n is labelled if the n nodes are labelled by
1,2,...,n.! The counting problem of labelled trees is different from that of
unlabelled trees. There is, however, an easy connection between rooted and un-
rooted labelled trees. There are exactly n different ways to make an unrooted
tree to a rooted one by choosing one of the labelled nodes. Thus, the number
of rooted labelled trees of size n equals the number of unrooted labelled trees
exactly n times. Consequently it is sufficient to consider rooted labelled trees
which has the advantage that one can use the recursive structure.

Note that if we do not care about the embedding in the plane or about
the left to right order of the successors, an unrooted labelled tree can be
interpreted as a spanning tree of the complete graph K,, with nodes 1,2,...,n
(see Figure 1.7).

Fig. 1.7. 2 of 16 possible spanning trees of K4

L Other kinds of labelled trees like recursive trees or well-labelled trees will be
discussed in the sequel.
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It is a well known fact that the number of unrooted labelled trees of size n
equals n"~? (usually called Cayley’s formula). Hence, there are n™~1 different
rooted labelled trees of size n. Sometimes these trees are called Cayley trees
(but this term is also used for infinite regular trees).

1.2.4 Labelled Plane Trees

It is also of interest to count the number of different planar embeddings of
labelled trees. There is even an explicit formula, namely for n > 2 there are

(2n — 3)!
(n—1)!

different planar embeddings of labelled trees of size n (and n(2n —3)!/(n—1)!
different planar embeddings of rooted labelled trees of size n). For example,
for n = 4 there are 42 = 16 different labelled trees but 5!/3! = 20 different
planar embeddings.

1.2.5 Unlabelled Trees

Let 7 denote the set of unlabelled unrooted trees and 7" be the set of unla-
belled rooted trees. Here we do not care about the possible embeddings into
the plane. We just think of trees in the graph-theoretical sense.

These kinds of trees are relatively difficult to count. Let us denote by ¢,
and t, the corresponding numbers of those trees of size n, for example we
have

ti=1,to=11t3=11t,=2 and t; =1, ta=1, t3=2, t4 =4.

However, if there is no direct recursive relation one has to take into account
all symmetries. Nevertheless, this problem can be solved by using generating
functions and Pdlya’s theory of counting [176] (see Section 3.1.5). For that
reason these trees are also called Pdlya trees.

In order to give an impression of the kind of problems one has to face we
just state that the generating functions

t(x) = Z tpx™ and t(z) = Z tox™
n>1 n>1

satisfy the relations

t(z) = zexp (t(x) + %t(mz) + %t(m3) + - ) (1.2)
and i o1,
t(z) = t(x) — 575(37) + Et(x ). (1.3)

It seems that there is no proper explicit formula for ¢,, and t,,. However, there
are asymptotic expansions for them and by using extensions of the mentioned
counting procedure it is also possible to study several shape characteristics of
these kinds of trees.
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1.2.6 Unlabelled Plane Trees

We already mentioned that a tree usually has several different embeddings
into the plane. Planted plane trees are, in particular, designed to take into
account all possible planar embeddings of planted rooted trees.

It is, however, another non-trivial step to count all embeddings of unla-
belled rooted trees and all embeddings of unlabelled trees. Again we have
to take into account symmetries. Fortunately Pélya’s theory can be applied
here, too. As in the case of unlabelled trees we do not get explicit formulas
but asymptotic expansions (see Section 3.1.6).

1.2.7 Simply Generated Trees — Galton-Watson Trees

Simply generated trees are weighted versions of rooted trees and have been
introduced by Meir and Moon [151]. The idea is to put a weight to a rooted
tree according to its degree distribution.

Let ¢;, j > 0, be a sequence of non-negative real numbers, called the
weight sequence. Usually one assumes that ¢g > 0 and ¢; > 0 for some j > 2.
We then define the weight w(T) of a finite rooted ordered tree T' by

w@= ][I dar =11 ¢fj(T)7

veV(T) Jj=0

where d T (v) denotes the out-degree of the vertex v (or the number of succes-
sors) and D;(T') the number of nodes in T with j successors. The numbers

Yn = Z W(T)

|T|=n

are then the weighted numbers of trees of size n. It is natural to define a
probability distribution on the set 7, by

7(T) = (T € Ty). (1.4)

It is convenient to introduce the generating series

B(x) = Go+ P17+ Por” + - =Y s

Jj=0

In Section 3.1.4 we will show that the generating function y(z) = ", <, yn2”
satisfies the equation B

y(z) = 2 P(y(x)).
This equation is the key for the asymptotic analysis of these kinds of trees.
If we replace ¢; by ¢; = ab’¢;, which is the same as replacing &(z) by
&(z) = a®(bx) for two numbers a,b > 0, then w(T') is replaced by
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o(1) =[] (b g;) ™ = o™i T1=1(T).
Jj=0

Note that Zj jD;(T) = |T| — 1. Hence, §,, = a™b" 'y, and the probability
distribution 7, on 7y, is the same for &(z) and &(z) (for every n). Usually
only these distributions are important, and we may then freely make this type
of modification of ¢;.

Simply generated trees generalise several of the above examples of combi-
natorial trees.

Example 1.2 If ¢; = 1 for all j > 0, that is, P(x) = 1/(1 — x), then all
planted plane trees have weight w(T) = 1 and y,, is the number of planted
plane trees. Thus, m, is the uniform distribution on planted plane trees of
size n.

Example 1.3 Binary trees (counted according to their internal nodes) are
also covered by this approach. If we set g9 =1, p1 =2, po =1, and ¢; =0
for j > 3, that is, ®(z) = (1+x)?, then nodes with one successor get weight 2.
This takes into account that binary trees (where external nodes are disregarded)
have two kinds of nodes with one successor, namely those with a left branch
but no right branch and those with a right branch but no left branch. Thus,
Ty, 48 the uniform distribution on all binary trees with n internal nodes.

Similarly, m-ary trees are covered with the help of the weights ¢; = (Tj”)
or with ®(x) = (1 +x)™.

Example 1.4 If¢o = ¢1 =¢2 =1 and ¢p; =0 for j > 3 or &(z) = 1+z+22,
then we get so-called Motzkin trees. Here only rooted trees, where all nodes
have less than 3 successors, get (a mon-zero) weight w(T) = 1: y, is the
number of Motzkin trees with n nodes and m, is the uniform distribution on
Motzkin trees of size n.

Example 1.5 If we set ¢; = 1/;! then

nl -y, =n""t

denotes precisely the number of labelled rooted non-plane trees. The weight
¢; = 1/4! disregards all possible orderings of the successors of a vertex of
out-degree j and the factor n! corresponds to all possible labellings of n nodes.
Hence, m, yields the uniform distribution on labelled rooted trees.

Interestingly there is an intimate relation to Galton- Watson branching pro-
cesses. Let £ be a non-negative integer-valued random variable, the so-called
offspring distribution. The Galton-Watson branching process starts with a
single individual (generation 0); each individual has a number of children dis-
tributed as independent copies of £. If Zj denotes the size of the generation
k., then a formal description of the process (Zj)k>0 is Zo =1, and for k > 1
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Zy—1

Zy = Z gj('k)a

j=1

where the (gj(,’“))k,j are i.i.d.2 random variables distributed as £.

It is clear that Galton-Watson branching processes can be represented by
ordered (finite or infinite) rooted trees T such that the sequence Zj, is just the
number of nodes at level k and ), ., Z, (which is called the total progeny)
is the number of nodes |T'| of T. We denote by v(T') the probability that a
specific tree T occurs. If P{¢ = 0} = 0 then the total progeny is infinite with
probability 1. Thus we always assume that P{¢ = 0} > 0.

The generating function y(z) = >, ~; yna" of the numbers

g =P{T| =n} = ) v(T)

|T|=n

satisfies the functional equation

y(z) = zP(y(z)),

where

D(t) =Et* =) ot/

Jj=0

with ¢; = P{¢ = j}. Observe that

v(T) = [[ o™ = w(1).

Jj=0

The weight of T' is now the probability of T.

If we condition the Galton-Watson tree T on |T'| = n, we thus get the
probability distribution (1.4) on 7,,. Hence, the conditioned Galton-Watson
trees are simply generated trees with ¢; = P{{ = j} as above. We have
here #(1) = 37, ¢; = 1, but this is no real restriction. In fact, if (¢;);>0
is any sequence of non-negative weights satisfying the very weak condition
D(z) =3 50 ¢;x? < oo for some x > 0, then we can replace (as above) ¢; by
abl¢; with b = x and @ = 1/®(z) and thus the simply generated tree is the
same as the conditioned Galton-Watson tree with offspring distribution P{¢ =
j} = ¢;27 /®(x). Consequently, for all practical purposes, simply generated
trees are the same as conditioned Galton-Watson trees.

The argument above also shows that the distribution of a conditioned
Galton-Watson tree is not changed if we replace the offspring distribution §
by € with P{¢ = j} = P{¢ = j} = 77 /®(7) and thus &(z) = &(7x)/P(T) for
any 7 > 0 with (1) < oo. (Such modifications are called conjugate or tilted
distributions.)

2 The letters “i.i.d.” abbreviate “independent and identically distributed”.
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Note that
j= (1) =Eé

is the expected value of the offspring distribution. If ;1 < 1, the Galton-Watson
branching process is called sub-critical, if 4 = 1, then it is critical, and if u > 1,
then it is supercritical. From a combinatorial point of view we do not have
to distinguish between these three cases. Namely, if we replace the offspring
distribution by a conjugate distribution as above, the new expected value is

P'(1) = ng).

We can thus always assume that the Galton-Watson process is critical, pro-
vided only that there exists 7 > 0 with

¢ (1) = &(1) < 00,

a weak condition that is satisfied for all interesting classes of Galton-Watson
trees.

It is usually convenient to choose a critical version, which explains why
the equation 7¢’(1) = &(7) appears in most asymptotic results. A heuristic
reason is that the probability of the event |T| = n that we condition on
typically decays exponentially in the subcritical and supercritical cases but
only as n~/2 in the critical case, and it seems advantageous to condition on
an event of not too small probability.

Example 1.6 For planted plane trees (as in Ezxample 1.2) we start with
&(x) = 1/(1 — x). The equation 7¢' (1) = &(7) is 7(1 —7)72 = (1 — 1)L,
which is solved by T = % Random planted plane trees are thus conditioned
Galton-Watson trees with the critical offspring distribution given by @(x) =
(1—z/2)71/2 =1/(2 —x), or P{¢ = j} = 27971 (for j > 0), a geometric
distribution.

Example 1.7 Similarly random binary trees are obtained with a binomial
offspring distribution Bi(2,1/2) with ®(x) = (1 + x)%/4, and more generally
random m-ary trees are obtained with offspring law Bi(m, 1/m) with &(x) =
((m—1+=)/m)".

Example 1.8 For Motzkin trees the critical offspring distribution £ is uni-
form on {0,1,2} with &(x) = (1 +x + 22)/3.

Example 1.9 For uniform rooted labelled trees the critical £ has a Poisson
distribution Po(1) with &(x) = e*~1.

Finally we remark that for a critical offspring distribution &, its variance
is given by
o? =Varé =E& —1=E(£(¢ - 1)) =2"(1).
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Starting with an arbitrary sequence (¢;);>0 and modifying it as above the get
a critical probability distribution, we obtain the variance

20" (7)

o = #'(1) = T,

where 7 > 0 is such that 7¢'(7) = &(7) < oo (assuming this is possible). We
will see that this quantity appears in several asymptotic results.

1.3 Recursive Trees

Recursive trees are rooted labelled trees, where the root is labelled by 1 and
the labels of all successors of any node v are larger than the label of v (see
Figure 1.8).

Fig. 1.8. Recursive tree

1.3.1 Non-Plane Recursive Trees

Usually one does not take care of the possible embeddings of a recursive
tree into the plane. In this sense recursive trees can be seen as the result of
the following evolution process. Suppose that the process starts with a node
carrying the label 1. This node will be the root of the tree. Then attach a
node with label 2 to the root. The next step is to attach a node with label 3.
However, there are two possibilities: either to attach it to the root or to the
node with label 2. Similarly one proceeds further. After having attached the
nodes with labels 1,2,... k&, attach the node with label k£ 4+ 1 to one of the
existing nodes.

Obviously, every recursive tree of size n is obtained in a unique way. More-
over, the labels represent something like the history of the evolution process.
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Since there are exactly k ways to attach the node with label k + 1, there are
exactly (n — 1)! possible trees of size n.

The natural probability distribution on recursive trees of size n is to assume
that each of these (n — 1)! trees is equally likely. This probability distribution
is also obtained from the evolution process by attaching successively each new
node to one of the already existing nodes with equal probability.

Remark 1.10 Historically, recursive trees appear in various contexts. They
are used to model the spread of epidemics (see [155]) or to investigate and
construct family trees of preserved copies of ancient manuscripts (see [157]).
Other applications are the study of the schemes of chain letters or pyramid
games (see [88]).

1.3.2 Plane Oriented Recursive Trees

Note that the left-to-right-order of the successors of the nodes in a recursive
tree was not relevant in the above counting procedure. It is, however, relatively
easy to consider all possible embeddings as plane rooted trees. These kind of
trees are usually called plane oriented recursive trees (PORTS).

(1) (1
ONENONE ® (2

© ® 0O © O O
© ©)

Fig. 1.9. Two different plane oriented trees

They can again be seen as the result of an evolution process, where the
left-to-right-order of the successors is taken into account. More precisely, if a
node v has out-degree d, then there are d 4+ 1 possible ways to attach a new
node to v. Hence, the number of different plane oriented recursive trees with
n nodes equals

1 (2(n— 1)
21 (n— 1)

1-3-...-(2n—3)=(2n—3)!l =

As above, the natural probability distribution on plane oriented recursive
trees of size n is to assume that each of these (2n — 3)!! trees is equally likely.
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This probability distribution is also obtained from the evolution process by
attaching each node with probability proportional to the out-degree plus 1 to
the already existing nodes.

1.3.3 Increasing Trees

The probabilistic model of simply generated trees was to define a weight that
reflects the degree distribution of rooted trees. The same idea can be applied
to recursive and to plane oriented recursive trees. The resulting classes of
trees are called increasing trees. They have been first introduced by Bergeron,
Flajolet, and Salvy [12].

As above we define the weight w(T") of a recursive or a plane oriented
recursive tree T' by

w@) = [ e+ =]] ;" @

veV(T) Jj=0

where d¥(v) denotes the out-degree of the vertex v (or the number of suc-
cessors) and D;(T") the number of nodes in T with j successors. Then we

set
Yn = Z W(T)a

TeTn

where J,, denotes the set of recursive or plane oriented recursive trees of size
n. The natural probability distribution on the set 7, of increasing trees is

then given by
@ =25 e gy,

Yn

As in the case of simply generated trees it is also possible to introduce
generating series. We set

2 3

¢($)2¢0+¢1x+¢2%+¢2%+...

in the case of recursive trees and
D(x) = do + 1o + $ox” + f3a’ + -
in the case of plane oriented recursive trees. The generating function
Zn
y(z) =Y Yn oy
n>0

satisfies the differential equation

In the interest of clarity we state how the general concept specialises.
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1. Recursive trees (that is, every non-planar recursive tree gets weight 1) are
given by @(x) = e”. Here y, = (n — 1)! and y(z) = log(1/(1 — 2)).

2. Plane oriented recursive trees are given by ®(z) = 1/(1 — ). This means
that every planar recursive tree gets weight 1. Here y,, = (2n — 3)!l =
1-3-5---(2n—3) and y(2) =1 — /1 —2z.

3. Binary recursive trees are defined by @(x) = (1 + z)?. We have y,, = n!
and y(z) = 1/(1 — z). The probability model that is induced by this
(planar) binary increasing trees is exactly the standard permutation model
of binary search trees that is discussed in Section 1.4.1.

Note that the probability distribution on 7, is not automatically given by
an evolution process as it is definitely the case for recursive trees and plane
oriented recursive trees. It is interesting that there are precisely three families
of increasing trees, where the probability distribution , is also induced by a
(natural) tree evolution process.

¢

1. &(z) = doe® with ¢g > 0, ¢1 > 0.

o) 1—%3:) for some 7 > 0 and ¢g > 0, ¢1 > 0.
0

3. P(x) =¢o (14 (¢1/(d¢0))x)d for some d € {2,3,...} and ¢o > 0, ¢1 > 0.

2. &(x)

The corresponding tree evolution process runs as follows:® The starting point
is (again) a node (the root) with label 1. Now assume that a tree T of size n is
present. We attach to every node v of T' a local weight p(v) = (k+1)prr100/ Ok
when v has k successors and set p(T') = > cv(r)p(v). Observe that in a
planar tree there are k 4+ 1 different ways to attach a new (labelled) node
to an (already existing) node with k successors. Now choose a node v in T
according to the probability distribution p(v)/p(T") and then independently
and uniformly one of the k + 1 possibilities to attach a new node there (when
v has k successors). This construction ensures that in these three particular
cases a tree T of size n, which occurs with probability proportional to w(T),
generates a tree T’ of size n + 1 with probability that is proportional to
W(T)Pr+100/ bk, which equals w(T”). Thus, this procedure induces the same
probability distribution on J,, as the one mentioned above, where a tree T €
Jn has probability w(T')/yn.

Note that if we are only interested in the distributions m,,, then we can
work (without loss of generality) with some special values for ¢g and ¢;. It is
sufficient to consider the generating functions

1. §(x) =€”,
2. §(x) = (1 —x)™" for some r > 0,
3. &(z) = (1 4+ 2)? for some d € {2,3,...}.

The first class is just the class of recursive trees. The second class can be
interpreted as generalised plane oriented recursive trees, since the probability

3 In the interest of brevity we only discuss the plane version.
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of choosing a node with out-degree j is proportional to j + r. For r = 1 we
get (usually) plane oriented recursive trees. The trees in the third class are
so-called d-ary recursive trees; they correspond to an interesting tree evolution
process that we shortly describe for d = 3.

1l —
L O

Fig. 1.10. Substitution in 3-ary recursive trees

We consider 3-ary trees and distinguish (as in the case of binary trees)
between internal and external nodes. We define the size of the tree by the
number of internal nodes. The evolution process starts with an empty tree,
that is, with just an external node. The first step in the growth process is
to replace this external node by an internal one with three successors that
are external ones (see Figure 1.10). Then with probability 1/3 one of these
three external nodes is selected and again replaced by an internal node with
3 successors. In this way one continues. In each step one of the external nodes
is replaced (with equal probability) by an internal node with 3 successors.

) 5T

Fig. 1.11. Evolution process of 3-ary recursive trees

1.4 Search Trees

Search trees are used in computer science for storing and searching data. There
are several concepts (compare with [146]). We just mention a few standard
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probabilistic models that are used to analyse these kinds of trees and the
algorithms that are related with them.

1.4.1 Binary Search Trees

The origin of binary search trees dates to a fundamental problem in computer
science: the dictionary problem. In this problem a set of records is given where
each can be addressed by a key. The binary search tree is a data structure
used for storing the records. Basic operations include insert and search.

Binary search trees are plane binary trees generated by a random permu-
tation (or list) 7 of the numbers {1,2,...,n}. The elements of {1,2,...,n}
serve as keys. The keys are stored in the internal nodes of the tree. Starting
with one of the keys (for example with 7(1)) one first compares (1) with
m(2). If w(2) < 7(1), then 7(2) becomes root of the left subtree; otherwise,
7(2) becomes root of the right subtree. When having constructed a tree with
nodes 7(1),...,7(k), the next node 7(k + 1) is inserted by comparison with
the existing nodes in the following way: start with the root as current node.
If 7(k + 1) is less than the current node, then descend into the left subtree,
otherwise into the right subtree. Now continue with the root of the chosen
subtree as current, according to the same rule. Finally, attach n 4+ 1 exter-
nal nodes (= leaves) at the possible places. Figure 1.12 shows an example
of a binary search tree (without and with external nodes) for the input keys
(4,6,3,5,1,8,2,7).

Fig. 1.12. Binary search tree

Alternatively one can describe the construction of the binary search tree
recursively in the following way. If n > 1, we select (as above) a pivot (for
example 7(1)) and subdivide the remaining keys into two sublists Iy, I5:
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L =(xe{n2),...,7m(n)}:z<7(1)) and
Iy =(x € {n(2),...,71(n)} : x> 7w(1)).

The pivot (1) is put to the root and by recursively applying the same proce-
dure, the elements of I; constitute the left subtree of the root and the elements
of Iy the right subtree. This is precisely the standard Quicksort algorithm.

At the moment there is no randomness involved. Every input sequence
induces uniquely and deterministically a binary search tree. However, if we
assume that the input data follow some probabilistic rule, then this induces
a probability distribution on the corresponding binary search trees. The most
common probabilistic model is the random permutation model, where one
assumes that every permutation of the input data 1,2,...,n is equally likely.

By assuming this standard probability model, there is, however, a com-
pletely different point of view to binary search trees, namely the tree evolution
process of 2-ary recursive trees (compare with the description of 3-ary recur-
sive trees in Section 1.3.3). Here one starts with the empty tree (just consisting
of an external vertex). Then in a first step this external node is replaced by an
internal one with two attached external nodes. In a second step one of these
two external nodes is again replaced by an internal one with two attached
external nodes. In this way one continues. In each step one of the existing
external nodes is replaced by an internal one (plus two externals) with equal
probability.

It is easy to explain that these two models actually produce the same kinds
of random trees. Suppose that the keys 1, ..., n are replaced by n real numbers
ri,...,T, that are ordered, that is, x1 < x2 < --- < x,,. Suppose that we have
already constructed a binary search tree T according to some permutation 7
of x1,...,2,. The choice of an external node of T' and replacing it by an
internal one corresponds to the choice of one of the n + 1 intervals (—oo, x1),
(x1,22), ..., (zn,0) and choosing a number z* of one of these intervals and
working out the binary search tree algorithm to the list of n + 1 elements,
where z* is appended to the list 7 (compare with Figure 1.12). However, this
procedure also produces equally likely random permutations of n+ 1 elements
from a random permutation of n elements.

1.4.2 Fringe Balanced m-Ary Search Trees

There are several generalisations of binary search trees. The search trees that
we consider here, are characterised by two integer parameters m > 2 and
t > 0. As binary search trees they are built from a set of n distinct keys
taken from some totally ordered sets such as real numbers or integers. For our
purposes we again assume that the keys are the integers 1,...,n. The search
tree is an m-ary tree where each node has at most m successors; moreover,
each node stores one or several of the keys, up to at most m — 1 keys in each
node. The parameter t affects the structure of the trees; higher values of ¢
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tend to make the tree more balanced. The special case m = 2 and t = 0
corresponds to binary search trees.

To describe the construction of the search tree, we begin with the simplest
case t = 0. If n = 0, the tree is empty. If 1 <n < m — 1 the tree consists of a
root only, with all keys stored in the root. If n > m we select m — 1 keys that
are called pivots. The pivots are stored in the root. The m — 1 pivots split the
set of the remaining n —m+ 1 keys into m sublists I, ..., I,,: if the pivots are
X1 < Xg < -+ < Ty, then 1 = (x5 1 2 < x1), 2 := (2 21 < 1 < x2),

coy I = (x; : ©pm—1 < x;). We then recursively construct a search tree for
each of the sets I; of keys (ignoring it if I; is empty), and attach the roots of
these trees as children of the root in the search tree from left to right.

In the case t > 1, the only difference is that the pivots are selected in
a different way. We now select mt +m — 1 keys at random, order them as
Y1 <+ < Ymitm—1, and let the pivots be yii1,Y2(t41)s- -+ Ym-1)(t+1)- In
the case m < n < mt+m—1, when this procedure is impossible, we select the
pivots by some supplementary rule (depending only on the order properties of
the keys). Usually one aims that the corresponding subtree that is generated
here is as balanced as possible. This explains the notion fringe balanced tree.
In particular, in the case m = 2, we let the pivot be the median of 2¢ + 1
selected keys (when n > 2t + 1).

The standard probability model is again to assume that every permutation
of the keys 1,...,n is equally likely. The choice of the pivots can then be
deterministic. For example, one always chooses the first mt +m — 1 keys. It
is then easy to describe the splitting at the root of the tree by the random
vector Vi, = (V1, Vi, - -+, Vum), where V,, p := |Ii;| is the number of keys
in the k-th subset, and thus the number of nodes in the k-th subtree of the
root (including empty subtrees).

We thus always have, provided n > m,

Voi1+ Voo +- 4+ Vam=n—(m—-1)=n+1-m

and elementary combinatorics, counting the number of possible choices of the
mt + m — 1 selected keys, showing that the probability distribution is, for
n>mt+m—1landn;+ns+---+n, =n—m-+1,
(%) (")
P{V, = (ni,...,ny)} = ~——12 (1.5)

(mt+m—1)
(The distribution of V,, for m < n < mt +m — 1 is not specified.)

In particular, for n > mt + m — 1, the components V,, ; are identically
distributed, and another simple counting argument yields, for n > mt+m—1
and 0 </ <n-—1,

(1) (on "yt m o)

mt+m—1

(1.6)

For usual binary search tree with m = 2 and ¢ = 0 we have V,, 1 and V}, 2 =
n — 1 —V,_1 which are uniformly distributed on {0,...,n — 1}.
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1.4.3 Digital Search Trees

Digital search trees are intended for the same kind of problems as binary
search trees. However, they are not constructed from the total order structure
of the keys for the data stored in the internal nodes of the tree but from digital
representations (or binary sequences) which serve as keys.

Consider a set of records, numbered from 1 to n and let x1,...,z, be
binary sequences for each item (that represent the keys). We construct a
binary tree — the digital search tree — from such a sequence as follows. First,
the root is left empty, we can say that it stores the empty word.* Then the
first item occupies the right or left child of the root depending whether its
first symbol is 1 or 0. After having inserted the first k items, we insert item
k + 1: Choose the root as current node and look at the binary key zgyq. If
the first digit is 1, descend into the right subtree, otherwise into the left one.
If the root of the subtree is occupied, continue by looking at the next digit
of the key. This procedure terminates at the first unoccupied node where the
(k 4+ 1)-st item is stored.

For example, consider the items

z1 = 110011 - -
29 = 100110 - - -
z3 = 010010 - - -
24 = 101110 - -
x5 = 000110 - -
z6 = 010111 - - -
27 = 000100 - - -
zs = 100101 - - - .

If we apply the above described procedure we end up with the binary tree
depicted in Figure 1.13. As in the case of binary search trees we can append
external nodes to make it a complete binary tree.

The standard probabilistic model — the Bernoulli model — is to assume
that the keys z1,...,z, are binary sequences, where the digits 0 and 1 are
drawn independently and identically distributed with probability p for 1 and
probability ¢ = 1 — p for 0. The case p = ¢ = % is called symmetric.

There are several natural generalisations of this basic model. Instead of
a binary alphabet one can use an m-ary one leading to m-ary digital search
trees. One can also change the probabilistic model by using, for example,
discrete Markov processes to generate the key sequences or so-called dynamic
sources that are based on dynamical systems 7" : [0,1] — [0,1] (compare with
[41, 206]).

4 Sometimes the first item is stored to the root. The resulting tree is slightly differ-
ent but (in a proper probabilistic model) both variants have the same asymptotic
behaviour.
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Fig. 1.13. Digital search tree

1.4.4 Tries

The construction idea of Tries® is similar to that of digital search trees except
that the records are stored in the leaves rather than in the internal nodes.
Again a 1 indicates a descent into the right subtree, and 0 indicates a descent
into the left subtree. Insertion causes some rearrangement of the tree, since a
leaf becomes an internal node. In contrast to binary search trees and digital
search trees, the shape of the trie is independent of the actual order of inser-
tion. The position of each item is determined by the shortest unique prefix of
its key. If we use the same input data as for the example of a digital search
tree, then we obtain the trie that is depicted in the left part of Figure 1.14.

An alternative description runs: Given a set X' of strings, we partition X
into two parts, X7, and Xg, such that x; € X, (respectively x; € Xr) if the
first symbol of x; is 0 (respectively 1). The rest of the trie is defined recursively
in the same way, except that the splitting at the k-th level depends on the
k-th symbol of each string. The first time that a branch contains exactly one
string, a leaf is placed in the trie at that location (denoting the placement
of the string into the trie), and no further branching takes place from such a
portion of the trie.

This description implies also a recursive definition of tries. As above con-
sider a sequence of n binary strings. If n = 0, then the trie is empty. If n =1,
then a single (external) node holding this item is allocated. If n > 1, then
the trie consists of a root (internal) node directing strings to the 2 subtrees
according to the first letter of each string, and string directed to the same
subtree are themselves tries, however, constructed from the second letter on.

Patricia tries are a slight modification of tries. Consider the case when
several keys share the same prefix, but all other keys differ from this prefix
already in their first position. Then the edges corresponding to this prefix may

® The notion trie was suggested by Fredkin [86] as it being part of retrieval.
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Fig. 1.14. Trie and Patricia trie

be contracted to one single edge. This method of construction leads to a more
efficient structure (compare with Figure 1.14).

As in the case of digital search trees we can construct m-ary tries by using
strings over an m-ary alphabet leading to m-ary trees.

Finally, if the input strings follow some probabilistic rule (coming, for
example, from a Bernoulli or Markov source) then we obtain random tries
and random Patricia tries.
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Generating Functions

Generating functions are not only a useful tool to count combinatorial objects
but also an analytic object that can be used to obtain asymptotics. They can
be used to encode the distribution of random variables that are related to
counting problems and, hence, asymptotic methods can be applied to obtain
probabilistic limit theorems like central limit theorems.

In this chapter we survey some properties of generating functions following
the mentioned categories above. First we collect some useful facts on gener-
ating functions in relation to counting problems, in particular, how certain
combinatorial constructions have their counterparts in relations for generat-
ing functions. Next we provide a short introduction into singularity analysis
of generating functions and its applications to asymptotics.

One major goal is to provide analytic and asymptotic properties of a gen-
erating function when it satisfies a functional equation and more generally
when it is related to the solution of a system of functional equations. This sit-
uation occurs naturally in combinatorial problems with a recursive structure
(as in tree counting problems) because a recursive relation usually translates
into a functional equation for the corresponding generating function.

It turns out that solutions of functional equations typically have a finite
radius of convergence R and — what is even more remarkable — that the kind
of singularity at * = R is of so-called square root type. This means that
the generating function can be represented as a power series in /R — x. This
explains that square root type singularities are omnipresent in the asymptotics
of tree enumeration problems.
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2.1 Counting with Generating Functions

Generating functions are quite natural in the context of tree counting since
(rooted) trees have a recursive structure that usually translates to recurrence
relations for corresponding counting problems. Besides generating functions
are a proper tool for solving recurrence equations.

In order to give an idea how generating functions can be used to count trees
we consider binary trees. Recall that binary trees are rooted trees, where each
node is either a leaf or it has two distinguishable successors: the left successor
and the right successor. The leaves of a binary tree are called external nodes
and those nodes with two successors internal nodes. As already mentioned a
binary tree with n internal nodes has n + 1 external nodes. Thus, the total
number of nodes is always odd.

Fig. 2.1. Binary tree

We prove an explicit formula for the number of binary trees with the help
of generating functions.

Theorem 2.1. The number b,, of binary trees with n internal nodes is given

by the Catalan number
1 2n
b, = .
n+1(n)

Proof. Suppose that a binary tree has n + 1 internal nodes. Then the left and
right subtrees are also binary trees (with k and n — k internal nodes, where
0 < k < n). Thus, one gets directly the recurrence for the corresponding
numbers:

bnp1 =Y bkbnk. (2.1)
k=0

The initial value is by = 1 (where the tree consists just of the root).
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This recurrence can be solved using the generating function

b(z) = Z bpz™.

n>0
By (2.1) we find the relation
b(z) = 1+ xb(x)? (2.2)
and consequently an explicit representation of the form

1—+v1—4x

bla) = 2z

(2.3)
Hence (by using the notation [2"]a(z) = a,, for the n-th coefficient of a power
series a(r) =), 5 anr™) we obtain

1—+v1—4x
2z

= 51 - 4a)?
1
- _% (n i 1) (_4)n+1
1

- 2n
T n+1\n )

By inspecting the proof of Theorem 2.1 one observes that the recurrence
relation (2.1) — together with its initial condition — is exactly a translation
of a recursive description of binary trees (that was given in Section 1.2.1: a
binary tree B is either just an external node or an internal node (the root)
with two subtrees that are again binary trees.

It is also worth mentioning that the formal restatement of this recursive
definition,

by, = [2"]

B=0O+oxBxB=0O+o0xB? (2.4)
leads to a corresponding relation (2.2) for the generating function:
b(z) = 14 zb(x)?,

compare also with the schematic Figure 2.2.

2.1.1 Generating Functions and Combinatorial Constructions

We will now provide a more systematic treatment of combinatorial construc-
tions and generating functions. The presentation is inspired by the work of
Flajolet and his co-authors (see in particular the monograph [84] where this
concept is described in much more detail).
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I
[
+

Fig. 2.2. Binary tree

Definition 2.2. The ordinary generating function (ogf) of a sequence (an)n>0
(of complex numbers) is the formal power series

a(z) = Z anz". (2.5)

n>0

Similarly the exponential generating function (egf) of the sequence (an)n>0 S
given by
. z"
a(x) = Z an—- (2.6)
n>0
We use the notation
[z"]a(z) = ap

to extract the coefficient of ™ in a generating function.

It is clear that certain algebraic operations on the sequence a, have their
counterpart on the level of generating functions. The two tables in Figure 2.3
collect some of them.

A generating function a(x) represents an analytic function for |z| < R,

where L
R = <limsup|an i)
n—oo

denotes the radius of convergence. Thus, if R > 0 then we can either use a
differentiation to represent the sequence

(n)
ap = 2 (0)7
n!
or we use Cauchy’s formula
1 () dx
an =— [ a(x) —
"o ), et

where 7 is a closed curve inside the region of analyticity of a(x) with winding
number +1 around the origin.



2.1 Counting with Generating Functions 29

| |sequence |0gf |
sum Cn = an + by c(z) = a(z) + b(x)
product cn = agbn—r  |c(z) = a(z)b(x)
k=0
partial sums |c, = > ak c(x) = a(x)
k=0
marking Cn = NGn c(z) = za'(x)
scaling cn = an c(z) = alyx
| |sequence |egf |
sum Cn = an + bn é(z) = a(z) + b(z)
product cn =Y (§arbn_k|é(z) = a(z)b(x)
binomial sums|c, = Y (})ax é(z) = e®a(x)
k=0
marking Cn = NGy é(x) = zd (x)
scaling cn =7"an é(z) = a(yx

Fig. 2.3. Basic relations between sequences and their generating functions

Another point of view of generating functions is that they can be consid-
ered as a power series generated by certain combinatorial objects.
Let C be a (countable) set of objects, for example, a set of graphs and

|-]:C—N

a weight function that assigns to every element ¢ € C' a weight or size |c|. We
assume that the sets

Coi=|-""(n})={ceC:lel=n} (neN)

are all finite. Set ¢, = |C,|. Then the ordinary generating function ¢(x) of the
pair (C,|-|) that we also call combinatorial structure is given by

c(x) = Zx‘c‘ = chx”,
ceC n>0
and the exponential generating function é(z) by
le] n
. T T
@) =D T = 2
ceC n>0

The choice of ordinary generating functions or exponential generating func-
tions depends on the kind of problem. As a rule unlabelled (or unordered)
structures should be counted with the help of ordinary generating functions
and labelled (or ordered) structures with exponential generating functions.

Example 2.3 The ogf of binary trees, where the weight is the number of
internal nodes, is given by
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1—-+v1—-4zx

bz) = 2z

Example 2.4 The egf of permutations of finite sets, where the weight is the
size of the finite set, is given by

One major aspect in the use of generating functions is that certain combi-
natorial constructions have their counterparts in relations of the corresponding
generating functions. The recursive description of binary trees (2.4) is a nice
example to support this statement.

We again use the notation A, B,C, ... for sets of combinatorial objects
with corresponding size functions | - |. First suppose that the objects that we
consider are (in some sense) unlabelled or unordered. We have the following
basic operations:

1. If A and B are disjoint then C = A+ B = AU B denotes the union of A
and B.

2. C' = A x B denotes the Cartesian product. The size function of a pair
¢ = (a,b) is given by |c| = |a| + |b].

3. Suppose that A contains no object of size 0 and that the sets A, A x A,
Ax AXxA,...are disjoint. Then

C=A"={e}+ A+ AX A+ AXAXx A+ -

is the set of (finite) sequences of elements of A (& denotes the empty object
of size zero).

4. Let C = Psn(A) denote the set of all finite subsets of A. The size of a
subset {a1,az,...,ar} C A is given by [{a1,a9,...,ar}| = |ai| + |az| +
o [, -

5. Let C'= Mgn(A) denote the set of all finite multisets {ai',ad’,...,a}"
of A, that is, the element a; is taken j; times (1 < i < k). Its size is given
by {a1',a3’, ... a3} = jilai] + jalaz| + - - - + jila|.

6. Suppose that B has no object of zero size. Then the composition C' =
A(B) of A and B is given by

C=AB)=Ay+A xB+AyxBxB+---,

where A, = {a € A||a|] = n}. Thesize of (a,b1,ba,...,by) € Ay x Bx BX
-+-x Bis defined by |b1|+|b2|+ - -+ |bn|- The combinatorial interpretation
of this construction is that an element a € A of size |a| = n is substituted
by an n-tuple of elements of B.

As already indicated these combinatorial constructions have counterparts
in relations of generating functions:
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|combinat. constr. |ogf

C=A+B c(x) = a(x) + b(x)
C=AxB c(z) = ()bx)
C=A4A" c

(z)
a(z)——a(x1)+ a(@®)F-

) =
)
(z) =
C= Pﬁn(A) C(ZL’)
C=Msn(4)  |e(z) = e?@+ze@+ze@+
C=AB) c(z) = a(b(@))
We just indicate the proofs. For example, the ogf of the Cartesian product
C = A x B is given by

o(z) = Z (@b — Z e+l — Zx\a\ . leb\ = a(x) - bz).

(a,b)eAXB (a,b)eAxB acA beB

This implies that 1/(1 — a(x)) represents the ogf of A*.
The generating function of the finite subsets of A is given by

o) = T (1+24) = T+ a7y

acA n>1

By taking logarithms and expanding the series log(1 + 2™) one obtains the
proposed representation c(z) = et(@—3a(@)+3a(@)F Similarly the ogf of
finite multisets is given by

o) =TT (7= ) - 11 ()"

acA

There are similar constructions of so-called labelled or ordered combina-
torial objects with corresponding relations for their exponential generating
functions. We call a combinatorial object ¢ of size n labelled if it is formally
of the form ¢ = ¢ x 7, where ™ € G,, is a permutation. For example, we can
think of a graph ¢ of n vertices and the permutation 7 represents a labelling
of its nodes. We list some of the combinatorial constructions where we have
to take care of the permutations involved.

1. If A and B are disjoint then C = A+ B = AU B denotes the union of A
and B.

2. The labelled product C = A x B of two labelled structures is defined as
follows. Suppose that a = @ x 7 € A has size |a| = k and b=bx 0 € B
has size |b| = m. Then we define a*b as the set of objects ((a, b), 7), where
T € Gkym runs over all permutations that are consistent with 7 and o in
the following way: there is a partition {j1,ja,...,7k}, {f1,€2,...,¢m} of
{1,2,...,k+m} with j; < jo < -+ < jp and €1 < ly < -+ < £y, such
that
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(1) = jr1ys T(2) = Jn(2)s--->T(k) = jray and
T(k+1) :€a(1); T(k+2) :60(2),...,T(k+m) :Ea(m)~

Finally we set

AxB= U ax*b.

acA, beB
The size of ((a@,b),) is given by |((@,b),7)| = |a| + [b].
3. Suppose that A contains no object of size 0 and that the sets A, A x A,
AxAxA,...are disjoint. Then
C=A"={c}+ A+ Ax A+ AxAx+---

is the set of (finite labelled) sequences of elements of A.
4. Similarly we define unordered labelled sequences by

C:eA:{e}+A+%A*A+%A*A*A+-~,

where the short hand notation 1 - A% Ax---x A means that we do not take
care of the order of the n elements in the sequence A x Ax---x A.

5. Suppose that B has no object of size zero. Then the composition C =
A(B) of A and B is given by

C=AB)=Ay+ A xB+Ay xBxB+---,
where A, = {a € A||a|] =n}.

The corresponding relations for the exponential generating functions are
listed in the following table:

|combinat. constr. |egf |

C=A+B é(x) = &(iﬁ):i’ b(x)
C=AxB é(x) = a(x)b(x)
C=A* é(x) = 1_(;(96)
C=el é(x) = e2®)

C = A(B) é(z) = a(b(z))

The only case that has to be explained is the labelled product C' = A *x B.
If |a| = k and |b] = m then there are exactly (k+m) possible ways to partition

{1,2,...,k+m} into two sets of size k and m. Thus a * b has size (ktm) and
consequently

oy la| +[b]\ !t zlal T/Ib\_A
o= % (0" ) arem 2T e T ) )

acA,beB beB
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2.1.2 Pélya’s Theory of Counting

Counting problems on more involved unlabelled or unordered structures are
usually much more difficult to handle than those on labelled structures. For
example, it is possible to count labelled planar graphs (using generating func-
tions), but the corresponding counting problem for unlabelled planar graphs
has not been solved so far. The problem arises from symmetries which are
difficult to deal with. Nevertheless, Pdlya’s theory of counting gives a method
to handle such situations. We adopt the notation of [138].

Definition 2.5. Let D be a finite set (of size n) and & < Sp a sub-
group of the group &p of permutations of the set D. Then the cycle index
Pg(x1,22,...,2n) of G is defined by

1 T T T
Pg(x1,22,...,2n) i= @ in\l( )xé\Q( ). :vﬁ"( ),
Ted

where \;(m) denotes the number of cycles of length j in the canonical cycle
decomposition of the permutation .

Example 2.6 The cycle index of the trivial subgroup €, = {id} of &, is
given by
Pe, (x1,29,...,2,) = a7,

n

whereas the cycle index of &,, has the following representation:

Ps, (x1,22,...,2,)
|
:l n xklku...xkn
nl Z kylks! - Kyl - 1k19k2 oo gk 1 72 n

" k1+2ka++nkn=n

Note that the ogf of the cycle indices of &,, has a nice representation:

2 3
E Ps, (x1,z2,...,2,)t" = etritatieatgtiost
n>0

The term %thk can be considered as the egf of the cycle index of a cyclic
permutation of length k. Hence, the generating function

t +1t2 +1t3 +
x —t°x —t’x3+---
Thgh g s

describes all possible cyclic permutations. Since permutations can be seen as
an unordered sequence of cyclic permutations, the generating function

etm1+%tzzg+%tszg+---

represents all cycle indices of permutations. Due to the factor 1/n! in the
definition of the cycle index we finally have a ogf of the cycle indices of &,,.
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Example 2.7 The cycle index of the cyclic group €, (of order n, considered
as a subgroup of &) is given by

1
Pe, (21,22, ..,Tpn) = ~ Z o(d) x;/d’
d|n

where ¢ denotes Fuler’s totient function.

Also consider the set M = RP, that is, the set of all functions f : D — R.
Let & be a subgroup of & p.

We call two functions f, g € M equivalent with respect to & (and denote
this by f ~ g) if there is a permutation 7 € & with f(w(x)) = g(z) for all
z e D.

We consider a weight function w : R — W and define the weight of
feM=RP by

w(f) = [[ w(f(@)).

xeD

It is clear that f ~ g implies w(f) = w(g), that is, the weight w(c) can be
defined for an equivalence class ¢ € M/~, too.

Pélya’s theorem now gives an explicit representation of the sum of all
weights of equivalence classes (a proof based on Burnside’s lemma can be
found in [138]).

Theorem 2.8. Suppose that R and D are finite sets and let & be a subgroup
of 6p, and set M = RP. Then we have

> w(e) = Pe (Z w(r), Zw(rﬂ--,Zme) ,

ceEM [~ r€ER reR reR

where this equality is interpreted in the ring R[W].

For example, it follows that the number of equivalence classes is given by
|M/N| = P®(|R|v |R|a LR |R|)

However, we now want to apply this concept to combinatorial construc-
tions and generating functions. Let (A, |- |) be a combinatorial structure and
let £ > 1 be a fixed integer. Consider the set of k-tuples A*, where the size
|(a1,az,...,ax)| is defined by the sum of the sizes |a1| + |az| + - - + |ag|. Let
® be a subgroup of &, and define (a1, a2, ...,ar) ~ (a},as, ..., a}) if there is
T € B} with a; = a;(j) (1 < j < k). This is the same construction as above
by setting D = {1,2,...,k} and R = A with the only difference that R is now
a countable set. Furthermore, we define the weight function w : A — R[z] by
w(a) =zl

If we set C' = A¥/~, then (C,| - |) is again a combinatorial structure and
Pélya’s theorem shows how the ordinary generating function ¢(x) is related
to a(z).
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Theorem 2.9. Let (A, |- |) be a combinatorial structure and C = A*/~ be
defined as above. Then the ordinary generating function c(x) is given by

c(z) = Pg(a(z), a<x2)a s aa(xk))' (2.7)

Proof. The proof is immediate. We only have to note that Theorem 2.8 for-
mally extends to countable sets R. For example, we first apply Theorem 2.8
for Ry ={a€ A:|a| < N} and My = Rﬁ,. This leads to a corresponding
formula
en(x) = Pg(an(z),an(2?),. .. an(z¥)),
)

where ay(x) and cy () are the ogf’s of Ay and Cy = R /~. Obviously we
have [z"]an(z) = [z"]a(z) and [z"]en(z) = [2™]c(z) for all n < N. Thus, we
can formally let N — oo and obtain (2.7).

In particular, we can apply this construction to the cyclic group €; and
the symmetric group Sy:

C(iL’) = P¢k (a(x), a($2), s aa(xk))a (28)

c(x) = Ps, (a(x), a(:vQ), cee a(xk)). (2.9)

If we use the cyclic group then C can be interpreted as the set of cycles of
length k of elements of A and if we use the whole group & then C can be
seen as the set of multisets (of total size k) of elements of A. Note that the
representation (2.9) can also be deduced from the multiset construction of

unlabelled structures: .
eo(@)+gra(@®)+gra@®)+

If we introduce another variable ¢ then the k-th coefficient
[tF]eta(@)+t Fra() + Fra(e®) 4+

1 k!

=7 > AN AR N T
by 4202+- -+l =k

= Ps, (a(2),a(z?),...,a(z"))

collects all multisets of size k.

It is also of interest to consider k-tuples (a1, as,...,ax) of different ele-
ments ag, as,...,ar € A. There is no general result here as for the unrestricted
case. Nevertheless there are some particular cases that can be treated simi-
larly. For example, if C' denotes the set of k-tuples (a1, az,...,ar) with the
property that all a; are different we have

k
ola) = aa)* = (-1} )alo)t~“ata")
—

2
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This is just a direct application of the principle of inclusion and exclusion.

Finally, if C' denotes the sets of size k of elements of A (that is, we consider
k-tuples (a1, a9, ..., ax) with the property that all a; are different and the full
group &y ) we obtain

C(l‘) = ng(a(l‘), _a'(xQ)v SR (_1)k_1a(xk))'

Here we just have to observe that this generating function is given by the k-th

coefficient
[tF]ete(@) " 3ra(@)+t2 ra(@®)F -

2.1.3 Lagrange Inversion Formula

Let a(z) = >,>0anx™ be a power series with ag = 0 and a; # 0. The
Lagrange inversion formula provides an explicit representation of the coeffi-
cients of the inverse power series al='(z) which is defined by a(al="(z)) =
al=Y(a(z)) = z.

Theorem 2.10. Let a(z) = > anz™ be a formal power series with ag = 0
n>0

and a1 # 0. Let al="(z) be the inverse power series and g(x) an arbitrary
power series. Then the n-th coefficient of g(al="(x)) is given by

ol o) = 100 () )

n (u
In tree enumeration problems the following variant is more appropriate.

Theorem 2.11. Let &(x) be a power series with $(0) # 0 and y(z) the
(unique) power series solution of the equation

y(r) = 2P(y(z)).

Then y(x) is invertible and the n-th coefficient of g(y(x)) (where g(x) is an
arbitrary power series) is given by

oy () = g )" (0> 1)
Theorems 2.10 and 2.11 are equivalent. If a(z) = x/®(x) then al~(z) = y(z),
where y(z) satisfies the equation y(z) = 2@(y(z)).
We give an immediate application of Theorem 2.11. We have already ob-
served that the generating function b(z) of binary trees satisfies the functional
equation (2.2). If we set b(z) = b(z) — 1 then

b(z) = (1 + b(z))%.

By Theorem 2.11 with &(z) = (1 + x)? we obtain (for n > 1)
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bu = ["Be) = =011+ )"

_l 2n - 1 2n
T n\n—=1) n+1\n)/’

Proof. Since Theorems 2.10 and 2.11 are equivalent, we only have to prove
Theorem 2.10. We just present an analytic proof for complex coefficients. The
resulting analytic identities are formal ones, too.

We start with Cauchy’s formula and use the substitution u = al='(2).
Note that if v is a contour with winding number 1 around the origin then
7" = al='(5) has the same property:

a=(z
o) = o [ 2

2mi
1 a’(u)
=5 5 g(u)ia(u)”“ du.

Since

it follows that

and consequently

2.2 Asymptotics with Generating Functions

Generating functions a(z) = Y, ., anaz™ can be considered, too, as power
series in a complex variable x. If the radius of convergence is positive then
one can apply Cauchy’s formula

1 dx
an =5~ va(x) PO

where the contour 7 is contained in the region of analyticity of a(x) and
encircles the = 0 once. Thus, the analytic behaviour of a(x) can be used
to obtain information on the order of magnitude of a,. In what follows we
follow this idea by showing that certain kinds of singularities of a(x) induce



38 2 Generating Functions

corresponding asymptotics for the coefficients a,. This singularity analysis
was introduced in a systematic way by Flajolet and Odlyzko [83] and will be
the starting point of the following treatment. However, the main focus will be
the analysis of functions y(z) that satisfy a functional equation of the form
y(x) = F(z,y(x)). We determine the kind of singularity (that will be of square
root type) and extend this concept to a combinatorial central limit theorem
(Theorem 2.23).

Note that Lagrange’s inversion formula can be used to obtain explicit
representations for the coefficients of the solution of the functional equation
y = ®(y). The functional equation y = F(z,y) mentioned above is therefore
a natural generalisation that occurs frequently in tree enumeration problems,
too.

2.2.1 Asymptotic Transfers

The basic property that allows an asymptotic transfer between the analytic
behaviour of a generating function a(z) and to its coefficients is the so-called
Transfer Lemma by Flajolet and Odlyzko [83]. Note that an essential assump-
tion is that a(z) has an analytic continuation to a so-called Delta-domain A
that is depicted in Figure 2.4.

a(z) = Z anx"

n>0

Lemma 2.12. Let

be analytic in a region
A= Awo,n,6) =A{x: x| <zo +n, [arg(z/zo — 1)| > &},

in which xo and n are positive real numbers and 0 < § < w/2. Furthermore
suppose that there exists a real number o such that

a(z) =0 ((1 — z/z0)~?) (x € A).
Then

an = O (zg"n").

Proof. One uses Cauchy’s formula

1
Q= —/ a(z) dx,
2mi /., gntl

where ~y is a suitable chosen path of integration around the origin. In partic-
ular, one can use v = 1 U2 U~3 U4, where (see also Figure 2.4)
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Fig. 2.4. Delta-domain and path of integration

" —t
’71_{$_CE0 (1—1—6_“5%) :Ogtﬁnn},
n

el T T
Ye=qrz=z0(l——):i—5+d<p<-4d;,
n 2 2

it
73={x:xo(1+€’5%>:OSténn}’

and 74 is a circular arc centred at the origin and making + a closed curve.
It is easy to show that the bound |a(z)| < C|1 — x/xo|”* implies

0o _—tcosd
/ 45) 4ol < Cagrnet. (w +2 / ‘ dt)
Y1Uy2U7s "t 0 L+t

=0 (zg"n*1)
whereas the integral over 4 is exponentially smaller:

| =2 ] = Ol(aola + )™

Remark 2.13 A slight modification of the proof Lemma 2.12 also shows that
a(z) = o ((1 —x/x9)™%) (z — x0, T € A)

implies
(n — 0).

—Q

Next we discuss the case a(z) = (1 — z)™%, where the n-th coefficient

equals the binomial coefficient (—1)"(7%).

Lemma 2.14. For any compact set C in the complex plane C we have
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(—1)" <0‘> Lo (e (2.10)

uniformly for o € C' as n — oo.

Proof. By Cauchy’s formula we have

(_1)n<_no‘) - % A(1 )l gy,

where ~ is a suitable closed curve around the origin. Note that the function
a(xz) = (1 —z)~* has an analytic continuation to C\ (1,00). Thus, we have
more flexibility as in the proof of Lemma 2.12. We use v = 1 U 72 U y3 U 74,
where

and 74 is a circular arc centred at the origin and making v a closed curve.
The easiest part is to estimate the integral over ~4:

]. 1 1 1
I /(1 —2) % " tdz| < (14n72) " max (nE%a, (2 + n*a)*“ﬂ) e2mlel
i
Y4

On the remaining part 71 Uy U~y we use the Substitution x =1+ %, where
t varies on a corresponding curve Hi U Hy U H3 that can be considered as a
finite part of a so-called Hankel contour H (see Figure 2.5). The notion Hankel
contour is adopted from the path of integration that is used for Hankel’s
integral representation for

1 1 —s —t

that we use in a moment.
We approximate z~"~1 by e~*(1 + O(¢?/n)). Now the integral over y; U
Y2 U y3 is asymptotically given by

1 —a,,—n—1 nail —oa ,—t
— (1—2)"% dx = - (—t)"%e " dt
2mi Y1Ur2U7s 2mi ) HyUH,UH;

na72

, —t)" e~ - Ot?) dt
27TZ /I{1UH2UH3< ) ( )

= ’I’La_lll + ’I’La_QIQ.
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o g
N

Fig. 2.5. Hankel contour of integration

Now I; approximates 1/I"(«) b,

1 > 1
L =——+0 (/ e?mlel (1 4 ¢2 2§Raetdt>
1 F(Oz) o ( )

Finally, I5 can be estimated by

I,=0 (/ e2mlal (] 4 ¢2)1-aRe gy 4 0(1)) .
0

Thus, for any compact set C' in C we have

() roue

uniformly for a € C' as n — co.

This transfer lemma has two direct corollaries:

Corollary 2.15 Suppose that a function is analytic in a region of the form
A and that it has an expansion of the form

a(x)—c<1—%>a+o<<1xio)ﬁ> (z € A),

where B < R(a). Then we have

nozl

an, = [z"]a(z) =C m "+ 0 ( e {R(a)=2,6— 1}) (2.11)

Proof. We just have to use Lemma 2.14 for the leading term and to apply
Lemma 2.12 for the remainder term.
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Corollary 2.16 Suppose that a(x) is analytic in a Delta-region A such that

a(z) ~ C (1 - xﬁ())_a

for © — xo with x € A, where a is a complexr number different from
{0,—-1,-2,...}. Then, as n — o©

nafl

[z"]a(x) ~ CF(a)

-n
Ty -

Proof. Instead of Lemma 2.12 we now use the properties mentioned in Re-
mark 2.13 for estimating the remainder term.

Remark 2.17 Transfer principles like the one presented in Corollary 2.16
are not only valid for functions that behave like C(1 — x/x0)~%. For example
one can add slowly varying factors (compare with [83]). In particular, if it is
a purely logarithmic behaviour of the form

a(z) ~ C log (1 - 3)

Lo

for x € A then we have
C
2"a(x) ~ —axg"
(e"lal) ~ 5
Another important issue is that in fact all estimates in the proof of
Lemma 2.12 are explicit and, thus, we obtain uniform estimates if we have an

additional parameter.

Lemma 2.18. Suppose that a(z;w) is a power series in x and a parameter
w € W such that there is an expansion of the form

that is uniform for w € W and xz € A(zo(w)) with functions C(w), zo(w),
a(w), and B(w) that remain bounded and satisfy f(w) < R(a(w)) for all
w € W. Then we get

na(w)fl

[z"]a(z;w) = C(w)m

xo((w),n +0 (xo(w)7nnmax{§)?(a(w))*2ﬂ(w)*1})
(2.12)

uniformly forw € W as n — oo.

Proof. We just have to use two facts. First, the expansion (2.10) holds uni-
formly if « varies in some compact subset of the complex plane. Second, the
estimates of Lemma 2.12 are explicit and also uniform.
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2.2.2 Functional Equations

We already mentioned that functional equations of the form y = F'(x,y) occur
naturally in tree enumeration problems. Informally they reflect the recursive
nature of trees when one considers the subtrees of the root.

The next theorem shows that solutions of functional equations of that
type (usually) have a square root singularity. The history of this theorem
goes back to Bender [7], Canfield [31] and Meir and Moon [152]. It will have
several applications within this book, in particular in Chapters 3, 4 and 9.

Theorem 2.19. Suppose that F(x,y) is an analytic function in x,y around
x =y =0 such that F(0,y) = 0 and that all Taylor coefficients of F around
0 are real and non-negative. Then there exists a unique analytic solution y =
y(z) of the functional equation

y=F(z,y) (2.13)

with y(0) = 0 that has non-negative Taylor coefficients around 0.
If the region of convergence of F(x,y) is large enough such that there exist
positive solutions x = xg and y = yo of the system of equations

y = F(z,y),

with Fy(x0,Y0) # 0 and Fyy(zo,y0) # 0, then y(z) is analytic for |z| < zo
and there exist functions g(x), h(x) that are analytic around x = xq such that
y(z) has a representation of the form

y(x) = gr) — i)y /1~ = (2.14)

locally around x = xo. We have g(z¢) = y(xo) and

220 Fy (20, y0)

h(ﬂfo) - Fyy(CUanO) .

Moreover, (2.14) provides a local analytic continuation of y(x) (for arg(z —

If we assume that [x"]y(x) > 0 for n > ng, then x = xg s the only sin-
gularity of y(x) on the circle |x| = xo and we obtain an asymptotic expansion
for [™]y(x) of the form
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Note that the assumptions Fy(zo,yo) # 0 and Fy,(zo,y0) # 0 are really
necessary to obtain a representation of the form (2.14). If F,(z,y) = 0 then
F(z,y) (and y(z)) would not depend on z. If Fy,(z,y) = 0 then F is linear
in y:

F(z,y) = yFi(z) + F2(z), (2.16)
and consequently -
y(z) = 1_27% (2.17)

is explicit and surely not of the form (2.14). However, a representation of
the form (2.17) (where Fy(z) # 0) usually leads to almost the asymptotic
expansions for the coefficients of y(x) in the case covered by Theorem 2.19.
Suppose that the radius r of convergence of Fj(x) is large enough that there
is 0 < zg < r with Fy(z9) = 1 and that [z"]y(z) > 0 for n > ng. Then zq is
the only singularity on the circle of convergence |z| = x¢ of y(z) and one gets

F(zo)

W) = s F'{wo)

25"+ O((xo +1)™")

for some 7 > 0.

Remark 2.20 Theorem 2.19 is designed for combinatorial applications, where
the non-negativity of the coefficients is automatically satisfied. However, as we
will see in the subsequent proof, in order to obtain a local representation of
the form (2.14) it is sufficient to check analyticity of F and the conditions

Yo = F(z0,0),
1= Fy(ffo,yo)7
0 # Fu(z0,%0),
0# Fyy($07y0)~

Proof. Firstly we show that there exists a unique (analytic) solution y = y(x)
of y = F(z,y) with y(0) = 0. Since F(0,y) = 0, it follows that the functional
mapping

y(z) — F(z,y(x))

is a contraction for small z. Thus the iteratively defined functions yo(z) = 0
and

ym+1(x) = F(:L',ym(l’)) (TL 2 0)

converge uniformly to a limit function y(x) which is the unique solution of
(2.13). By definition it is clear that y,,(x) is an analytic function around 0
and has real and non-negative Taylor coefficients. Consequently, the uniform
limit y(z) is analytic, too, with non-negative Taylor coefficients.

It is also possible to use the implicit function theorem. Since

F,(0,0) =01,
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there exists a solution y = y(z) of (2.13) which is analytic around 0.
However, it is useful to know that all Taylor coefficients of y(z) are non-
negative. Namely, it follows that if y(z) is regular at «’ (which is real and
positive) then y(x) is regular for all z with |z| < a'.
Let zp denote the radius of convergence of y(x). Then x¢ is a singularity
of y(z). The mapping
2 Fy (2, ()

is strictly increasing for real and non-negative z as long as y(z) is regular.

Note that F,(0,y(0)) = 0. As long as F,(z,y(z)) < 1 it follows from the

implicit function theorem that y(z) is regular even in a neighbourhood of z.

Hence there exists a finite limit point x; such that . lién y(x) =y is finite
Sz

and satisfies Fy(z1,y1) = 1. If y(z) was regular at « = z1, then

Y (x1) = Fr(z1,y(x1)) + Fy (o1, y(21))y (1)

would imply Fy(z1,y(z1)) = 0 which is surely not true. Thus, y(x) is singular
at = x7 which implies that x; = xg. Moreover yo = y(x¢) = y1 is finite.

Now let us consider the equation y — F(z,y) = 0 around z = ¢ and
y = yo. We have 1 — Fy(zo,y0) = 0, but —F,(x,y0) # 0. Hence by the
Weierstrass preparation theorem!® there exist functions H(z,y), p(z), q(z)
which are analytic around x = z¢ and y = yo and satisfy H(zo,y0) # 1,
p(zo) = q(x0) = 0 and

y— F(z,y) = H(z,y)((y — 0)* + p(2)(y — yo) + q(z))

locally around = = g and y = yg. Since Fy(xo, yo) # 0, we also have g, (xg) #
0. This means that any analytic function y = y(z) which satisfies y(z) =
F(z,y(z)) in a subset of a neighbourhood of = ¢ with z( on its boundary
is given by
p(x p(x)?
y@) =y - 2 [Py,
2 4
Since p(zg) = 0 and ¢, (x¢) # 0, we have

a (”?2 - q(”)>mo 40

too. Thus there exists an analytic function K (x) such that K(xg) # 0 and

p(x)?

4

! The Weierstrass preparation theorem (see [121] or [84, Theorem B.5))
says that every non-zero function F(z1,...,2z4) with F(0,...,0) = 0
that is analytic at (0,...,0) has a unique factorisation F(z1,...,24) =
K(z1,...,24)W(z1; 22, ..., 24) into analytic factors, where K(0,...,0) # 0 and
W(z1;22,...,2a) = 28 + 287 g1(22,...,24) + -+ + ga(z2, ..., 2q4) is a so-called
Weierstrass polynomial, that is, all g; are analytic and satisfy g;(0,...,0) = 0.

—q(z) = K(z)(z — z0)
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locally around x = xg. This finally leads to a local representation of y = y(x)

of the kind
y(@) = g(x) = h(z)/1- i (2.18)

in which g(z) and h(x) are analytic around x = z( and satisfy g(zg) = yo and
h(l‘o) < 0.
In order to calculate h(zg) we use Taylor’s theorem

0= F(z,y(z))
= Fu0,90) (& — 70) + 5 Fyy (0, 50)(y(@) — 30)? + -+ (219)
= Fy(wo,y0)(x — x0) + %Fyy(xoayo)h(fo)Q(l —z/x0) + O(|x — $0|3/2)~
By comparing the coefficients of (x — xy) we immediately obtain

220 F; (20, Yo)

hlao) = Fyy(xmyo) .

We now want to apply the transfer lemma (Lemma 2.12). For this purpose
we have to show that y(z) can be continued analytically to a region of the
form A. The representation (2.18) provides such an analytic continuation for
z in a neighbourhood of zy. Now suppose that |z2| = xo and |arg(z2)| > 9.
Then the assumption y, > 0 for n > ng implies that |y(z2)| < y(|z2]) = y(zo)
and consequently

[Fy (22, y(22))| < Fy(|2], [y(z2)]) < Fy(|z2l y(22])) = Fy (20, yo) = 1.

Thus, Fy(z2,y(x2)) # 1 and the implicit function theorem shows that there
exists an analytic solution y = y(x) in a neighbourhood of x5. For || < x¢ this
solution equals the power series y(z) and for |z| > x it provides an analytic
continuation to a region of the form A (by compactness it is sufficient to
consider finitely many xo with |ze| = 2o and |arg(ze)| > 0). So finally we
can apply Lemma 2.12 (or (2.11) with a = —1/2 and § = —3/2; the analytic
part of g(z) provides exponentially smaller contributions.) This completes the
proof of (2.15).

2.2.3 Asymptotic Normality and Functional Equations

We start with a slight extension of Theorem 2.19, where we add an additional
k-dimensional parameter u = (uy,...,ux) (compare also with [59]). This con-
cept turns out to be useful for studying the distribution of tree parameters
like the number of leaves. However, it has many other applications.

The reader might skip most parts of this section in a first reading, since it
is quite technical, and should focus on Theorem 2.23 which is the main result
of Section 2.2.3.
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Theorem 2.21. Suppose that F(z,y,u) = Zn’m Fo m(0)z™y™ is an analytic
function in x, y around 0 and u around O such that F(0,y,u) = 0, that
F(z,0,u) # 0, and that all coefficients F, (1) of F(x,y,1) are real and
non-negative. Then the unique solution y = y(x,u) = > yn(u)z™ of the
functional equation
y = F(z,y,u) (2.20)

with y(0,u) = 0 is analytic around O and has non-negative coefficients y,(1)
foru=1=(1,...,1).

If the region of convergence of F(x,y,u) is large enough such that there
exist mon-negative solutions x = xg and y = yo of the system of equations

y=F(z,y,1),
1 = Fy(ﬂ%yal)

with Fy(xo,y0,1) # 0 and Fyy(x0, Yo, 1) # 0 then there exist functions f(u),
g(x,u), h(z,u) which are analytic around x = x9, w =1 such that y(z,u) is
analytic for |x| < zo and |u; — 1| < € (for some e >0 and 1 < j < k) and has
a representation of the form

y(z,u) = g(z,u) — h(z,u), /1 — — (2.21)

locally around x = xg, u=1.
If yn(1) > 0 for n > ng, then we also get

) = \/J;T}Fff(g)f((f&)l;)l;)f (e (1 00™) - (2:22)

uniformly for ju; — 1| <e, 1 < j <k.

Proof. The proof is completely the same as that of Theorem 2.19. We just
have to be aware of the additional analytic parameter u, in particular we
have to apply Lemma 2.18 for w = u.

Interestingly there is a strong relation to random variables that are asymp-
totically Gaussian. A random variable Z is called Gaussian or normal with
law N (u,0?), if its distribution function is of the form

P{ng}—qs(x_“),

g

where p is real, o is positive and real, and

1 * 142
@(ZL‘) = \/—2_71_/ e_5t dt.

We have EZ = p and Var Z = ¢%. Equivalently, its characteristic function is
given by
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EitZ — gint—350°t°

A random vector Z = (Z1,...,Z) is normally distributed with mean p and
covariance matrix ¥ (with law N (u, X)), if and only if all linear forms aTZ =
a1Z,+- - -+ayZy, are normally distributed with mean aT p and variance a™ Xa.
The Gaussian distribution is important because it is a universal law that
appears as a limiting distribution for sums of independent and weakly depen-
dent random variables.
We say, that a sequence of random variables X,, satisfies a central limit

theorem with (scaling) mean p, and (scaling) variance o2, if

P{X, < pn+z- -0} =P(x)+o0(1)
as n — 00. In terms of weak convergence® this is equivalent to

Xn - Mn
An " ln 4 N(0,1). (2.23)
On

For example, if X, is the sum & + & + - - - + &, of i.i.d. random variables ;
(with finite second moment) we have (2.23) with y =E¢; and 0 = /Var¢;.
This can be checked easily by Lévy’s criterion. Note that the characteristic
function of X, is just the n-th power of the characteristic function of ¢;:

EeitXn = | ¢t tet+6) — (R ¢ite)"

We state (and prove) a multivariate version of the so-called Quasi Power
Theorem by H.-K. Hwang [104] (see also [84], similar theorems can be found
in [6, 10]), which is very useful to prove a central limit theorem. The idea
is that if the characteristic function of a sequence of random variables X,
behaves almost like powers of a function, then the distribution of X,, should
be approximated by a corresponding sum of i.i.d. random variables and, thus,
one can expect a central limit theorem. Note that the so-called probability
generating function EuX is related to the characteristic function by setting
u = e,

We also include simple tail estimates. (There exists a more precise large
deviation result for the univariate case [105].)

Theorem 2.22. Let X, be a k-dimensional random vector with the property
that®

2 A sequence of random variables X, converges weakly to a random variable
X, if limp—oo P{X, < 2} = P{X < 2} holds for all points of continuity of
Fx(z) = P{X < z}. This is denoted by X, —%, X. Another possible definition
is that limp,—o EF(Xy,) = EF(X,) for all bounded continuous functions F. It
is sufficient to check this condition for exponential functions F(x) = ¢**. Hence,
Xn e, X, if and only if lim, o Ee®Xr = EeX (for all real numbers ¢) which
is Lévy’s criterion. Corresponding properties hold for random vectors.

5Ifu= (u1,...,un) and x = (x1,...,xN) are vectors of real (or complex) numbers
then u* abbreviates ujlus? - - uiN.
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1
EuXr = M A+Bw) (1 +0 (¢—)> (2.24)
holds uniformly in a complex neighbourhood of u = 1, where \,, and ¢, are
sequences of positive real numbers with A, — oo and ¢, — o0, and A(u)
and B(u) are analytic functions in this neighbourhood of u = 1 with A(1) =
B(1) = 0. Then X,, satisfies a central limit theorem of the form

1

o (X, —EX,) -5 N (0,%) (2.25)

and we have
EX, =Xp+ 01+ \,/dn)

and
CovX, =M\IZ+0 ((1 + An/én)Q) :
where
= Au(1) = (Ay; (1))1<i<k
and

Y= (Auqzuj (1) + 5ijAuJ (1))1§i,j§k-

Finally if we additionally assume that \, = ¢y, there exist positive constants
c1,Co,c3 such that

P {||Xn —EX,| > e\/)\n} < cree (2.26)

uniformly for e < c3vAp.

Proof. We first consider the univariate case k = 1, that is, we have

Ean — e/\'rt'a(u)+b(u) (]_ —+ O ((ﬁi)) . (227)

n
By assumption, we obtain for ¢ in a neighbourhood of ¢t =0

E eitXn — pitAnn—3t*Xn0®+O(Ant®)+0(t) <1 10 <¢i>> ,

n
where p = a/(1) and 02 = a/(1) + a”(1). Set Y,, = (X, — Anpt)/v/An. Then,
replacing ¢ by t/+/ A, one gets

| eftYn — e—ff;t2+0(t3/m)+o(t/m) (1 +0 (L .
¢

n

Thus, Y,, is asymptotically normal with mean zero and variance o2.

Next set f,(u) = Eu”». Then f/(1) = EX,. On the other hand, by
Cauchy’s formula, we have
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, 1 n(u
fn() = 9 / %du.

lu—1]=p

In particular, we use the circle |u — 1| = 1/A,, as the path of integration and
get

EX, =
=\d (1) + 0O (1 + %) .

We can manage the variance similarly. Set g, (u) = f,,(u)u=*»e M=),
Then Var X,, = g/'(1) + O (1 + )\%/(bi). By using the approximation

exp (An(a(u) —a'(1)logu) + (b(u) — b'(1) logu)
(u1)°
2

=1+ (M\a(a"(1) +d'(1)) + (0" (1) +b'(1)))
+ O (u—1)*) + O(N2 (u — 1))
and a similar calculation as above one obtains

gL(1) = M@’ (1) + /(1)) + O (1 4 2—>

and consequently
Var X, = A(a”(1) + /(1)) + O ((1 + )\n/gf)n)2) .

If 02 > 0, then Y, /o and (X, — EX,)/v/Var X,, have the same limiting
distribution. Hence, the central limit theorem follows.

In order to obtain tail estimates we proceed as follows. Suppose that \,, =
¢n. Then we get (similarly as above)

E et (Xn—EXn)/VA0 _ e“—ft2+o(t3/m)+0(t/M) (1 +0 (i)) .
An
Hence, there exist positive constants ¢/, c¢”, ¢ with

E et (Xn—EXn)/Vin < Joc't?

for real ¢ with |¢t| < ¢”v/A,. By a Chernov type argument we get for every
t > 0 the inequality

P{IY|> e} < (Ee™ +Ee ™) e .
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We also get (2.26) (for k = 1) by choosing ¢; = 2¢, t = €/(2¢”), ca = 1/(4c"),
and c3 = 2" .

Now recall that a random vector Y is normally distributed with mean zero
and covariance matrix 3, if and only if a’Y = a1Y7 + - - - 4+ a4 Y}, is normally
distributed with mean zero and variance a™ Xa.

Hence, if we assume that a sequence of random vectors X,, satisfies
(2.24) then the random variable X,(a) = a™X,, satisfies (2.27) with a(u) =
A(u®, ..., u®) and b(u) = B(u®,...,u%). Consequently X, (a) is asymp-
totically normal with EX,(a) = Ay + O (14 A\, /¢,) and Var X, (a) =
Ano? + O (14 N\, /¢n), where

p=d(1)=aTy and o®>=d(1)+d’(1)=aTZa.

The tail estimate (2.26) can also be derived from the one-dimensional case
k=1

If || X, — EX,|| > ev/An, then there exists j with | X — EX| >
ev/ A /Vk. Hence

]P’{HXn —EX,| > ey )\n} < keyem e /k,

Thus, we also get (2.26) in the multidimensional case. We just have to adjust
c1 and cs.

By combining Theorems 2.21 and 2.22 we immediately obtain the following
combinatorial central limit theorem. (For simplicity we just state a univariate
version and discuss the multivariate version afterwards.)

Theorem 2.23. Suppose that X, is a sequence of random variables such that

2" y(@,u)
(7] y(x, 1)

where y(x,u) is a power series, that is the (analytic) solution of the func-
tional equation y = F(x,y,u), where F(x,y,u) satisfies the assumptions of
Theorem 2.21. In particular, let x = o >0 and y = yo > 0 be the (minimal)
solution of the system of equations

EuXr =

y = F(x,y,1),
1 = Fy(xa y7 1)
and set
— Fu
n=
o =t P+ T (Fg(Fnyuu — F2,) = 2F, Fy(Fyy Fou — FyuFy)

+ F2(FyyFoz — F))
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where all partial derivatives are evaluated at the point (xo,Yyo,1). Then we
have
EX, =un+0O(1) and VarX, =o’n+0(1)

and if 0® > 0 then
X, —EX, 4
—_— N(0,1).
vVar X, — NGO
Proof. By Theorem 2.21 we have uniformly for u in a complex neighbourhood
of 1

. [w”] x,u)
EuX )

(
" Ty D)
_ ¢ ) Fy (f (), y(f (u), ), w) Fyy (0, Yo, 1) ( zo

ON T (“)’“Sv“;JTOFx(Qfoyyo,l) f(u)> (1+0@™).

Thus, we can apply Theorem 2.22 with A(u) = —log(f(u)/xo), where f(u) =
z(u) and y(u) are the solutions of the system

y = F(x,y,u),
1=Fy(z,y,u).

In particular the constants 1 and o2 are given by

/1 //1
A G R S A O}
T Zo

By implicit differentiation one gets (with some algebra)

Fu(any()vl) Fu

()= """/’ __=
( ) Fz(l'O,yOal) Fr
and
1
2" (1) = - (Frod'(1)? + Fpya’ 1)y (1) + 2Fu02’ (1) + Fuyy' (1) + Fuu)
where )
(1) = - LW o,

vy

The explicit representations for x4 and o? follow immediately.

Remark 2.24 If we have several variables (uy,...,u) =: u and a sequence
of random vectors X,, with

[z"] y(z,u)

EuXr = 2222 7
[z"]y(x,1)
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where y(z,u) is a power series, which is the solution of the function equation
y = F(x,y,u), then we get

EX,=pun+0(1) and CovX, =3Xn+0(1),
where p = (p1, ..., p) and X = (045)1<i,j<k can be calculated by

Fy,
xoly ’

Tij = Miflj + 14035

Hi =

1
+ m(FxQ(Fnyuzuj - waFyuj) - FxFui(Fnyxuj - Fyszug‘)

_FxFuj(Fnyﬂﬂui 7Fy$Fyui) JrFuiFuj(FnyII 7Fy2x)>’

and we also have a central limit theorem of the form

1
Vn
We finally state a useful variant of a central limit theorem for random
variables which are defined with the help of generating functions.

(X, -EX,) -5 N(0,%).

Theorem 2.25. Suppose that a sequence of k-dimensional random vectors
X, satisfies

cn ()

cn(1)’

where ¢, () is the coefficient of ™ of an analytic function

flz,u) = Z cn(u)x™

n>0

EuX" =

that has a local singular representation of the form

x
) = gla) + bl (1= -2
for some real o € R\ N and functions g(z,u), h(x,u) # 0 and p(u) # 0 that
are analytic around © = x¢ > 0 and u = 1. Suppose also that x = p(u) is the
only singularity of f(x,u) on the disc |z| < |p(u)], if u is sufficiently close
to 1 and that there exists an analytic continuation of f(xz,u) to the region
|z| < |p(u)| + 6, |arg(x — p(u))| > € for some 6 >0 and € > 0.
Then X,, satisfies a central limit theorem
1

NG (X, ~EX,) -5 N(0,%)

with
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EX,=pun+0(1) and CovX, =3In+ O(1),

where 1)
_ _Pu
SEEY
and 1)
Puu T .
Y=—-7--—-+ + dia, .
) e g(m)

Furthermore there exist positive constants cy,ca,c3 such that
P{|X, —EX,| >e/n} < cre =
uniformly for e < cg\/n.

Proof. By Lemma 2.18 we get the asymptotic expansion

enlu) = %)a’)u)”“lp(u)” (1 +0 (%))

that is uniform for u in a complex neighbourhood of u = 1. Hence,

uXn — (W)
E cn(1)

=~ () (00 (3)

and consequently the result follows from Theorem 2.22.

2.2.4 Transfer of Singularities

The main objective of this section is to consider analytic functions f(x,u)
that have a local representation®

fzyu) = g(z,u) — h(z,u), /1 o) (2.28)

that holds in a (complex) neighbourhood U € C? of (zg,ug) with xo # 0,

ug # 0 and with p(ug) = x¢ (we only have to cut off the half lines {z € C :

arg(z — p(u)) = 0} in order to have an unambiguous value of the square root).

We derive certain closure properties which will be mainly used in Chapter 9

for the asymptotic analysis of planar graphs. It might be skipped in a first
reading.

The functions g(z,u) and h(x,u) are analytic in U and p(u) is analytic

in a neighbourhood of ug. In our context we can usually assume that zo and

4 The reason for the negative sign in front of h(x,u) is that the coefficients of
1 —z/p(u) are negative (if p(u) > 0) so that the coefficients of f(z,u) in x are
non-negative (provided that h(z,u) > 0, too).
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ug are positive real numbers. In Section 2.2.2 we have shown that solutions
f(x,u) of functional equations (usually) have a local expansion of this form.
Note that a function f(z,u) of the form (2.28) can also be represented as

02
flaw =S (1-55) =Y awxt, @2
£>0 p(u) £>0
where X = /1 — z/p(u). The analytic function g(x,u) and h(z,u) are given

by

g(@,u) =Y an(u) (1 - i) =Y (D) an(w)p(u)* (z — p(u))",

k>0 p(u) k>0
and
z \* & k k
o) = 3 a0 (1-55) - S (1 ot (o)~ o ()

In particular, the coefficients as(u) are analytic in u (for u close to ug) and

the power series
Z ag(u)X*
£>0

converges uniformly and absolutely, if w is close to ug and |X| < r (for some
properly chosen r > 0). It also represents an analytic function of v and X (in
that range).

In the following passage we analyse some properties of functions that have
a singular expansion of the form (2.28).

Lemma 2.26. Suppose that f(x,u) has a singular expansion of the form
(2.28) and that H(z,u,z) is a function that is analytic at (xg,uo, f(xo,uo))
such that

H. (20, v0, f(z0,u0)) # 0.
Then

fu(z,u) = H(z,u, f(x,u))

has the same kind of singular expansion, that is
fru(z,u) =g(z,u) — h(z,u), [1 — ——

for certain analytic functions g(x,u) and h(z,u).

If p(u) # 0 and f(x,u) has an analytic continuation to the region |x| <
lp(u)|+e€, arg(x/p(u)—1) # 0 for some € > 0, and if H(z,u, z) is also analytic
for|z] < zo+e, Ju| <uo+e and |z| < f(zo,uo)+e, then f(x,u) and fu(z,u)
have power series erpansions
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flz,u) = Z an(w)z”™  and  fp(z,u) = Z by (u)z™,
n>0 n>0
where an(u) and by (u) satisfy

tim 2 g (o), u, £(p(). (2.30)

n—oc an(u)

Proof. We use the Taylor series expansion of H(z,u,z) at z = g(z,u),

H(w,y,2) =Y He(w,u)(z - g(w,u))",
(=0

and substitute z = f(z,u):

fH(JJ,U) = H(m,y,f(x,u))

= g;Hg(x, w) (—h(m, w), [1— i))é

p(u
o 2k
= kZ:OHgk(:v, w) <h(:c,u) 1-— m)
oo ——\ 2k+1
+ kZ:OHQkH(x,u) (h(x, w), /1 — m)
=g(z,u) — h(z,u), /1 — M,

where g(z,u) and h(x,u) are analytic at (xo,uo). (Note that all Hy(x,u) are
analytic in (z,u) and all appearing series are absolutely convergent.)

Finally we can use Lemma 2.18 in order to obtain asymptotic results for
an(u) and b, (uw) which implies (2.30).

Lemma 2.27. Suppose that f(x,u) has a singular expansion of the form
(2.28) such that |p(u)| is the radius of convergence of the function v — f(z,u),
if u is sufficiently close to ug. Then the partial derivative fy(x,u) and the in-
tegral fox f(t,u)dt have local singular expansions of the form
T, U
folz,u) = gly) + ha(z, u) (2.31)

€T

p(u)

and
m o \3/2
/ f(t,u)dt = gs(x,u) + hg(z,u) <1 - —> , (2.32)
0 p(u)
where ga(x,u), g3(x,u), ha(x,u), and hs(z,u) are analytic at (zo,uo).>
5 We decide the signs in front of g2(x, 1) and hs(x,u) to be positive, since 1/y/1 — x

and (1 — z)%/2 have positive coefficients (with one exception: the linear term of
(1—2)*?).
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Proof. First, from (2.28) one derives

h
fm(m’u):gl’(xau)*hz(xau) 1— v + (x,u)
Plu)  2p(u), 1 - £
h(zu) hz(x u) 1_ o
_ 2p(u) z( p(u) + gu(m, 1)
L O
e M + hQ(x,u).
1_ =
p(u)

The proof of the representation of the integral is a bit more complicated.
We represent f(z,u) in the form

F(z,u) = g)aj(u) (1 - ﬁ)m . (2.33)

Recall that the power series

> a;(u)x*
=0

converges absolutely and uniformly in a complex neighbourhood of ug: |u —
ug| < r and for | X| < r (for some r > 0). Hence, there exists 7 > 0 such that
n|p(u)| < r for all u with |[u—wug| < r. By assumption there are no singularities
of f(z,u) in the range |z| < |p(u)|(1 — 7).

We now assume that x is close to xo such that |1 — z/p(u)| < . Then we
split the integral fox f(t,u) dt into three parts:

© p(u)(1—n) p(w) z
/ f(t,u)dt:/ f(t,u)dt+/ f(t,u)dt+/ £t ) dt
0 0 p(u)(1—n) p(u)

=L (u) + Iy(u) + Is(x,u).

Since 7 is properly chosen, there are no singularities of f(¢,u) in the range
[t| < |p(w)](1 —n). Hence, I (u) is an analytic function in w.
Next, by using the series representation (2.33) we obtain

p(w) i ¢ Jl2
Ir(u) = / a;(u) (1 - —) dt
p(u)(1-n) =5 p(u)
itz | t=p(u)
d 2p(u) t T
=-2 a7 (17 5w
J=0 t=p(u)(1-n)
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which represents an analytic function, too.
Finally, the third integral evaluates to

This can be represented as

~ L \3/2
h@wﬂ-é@w)+M%m<1R@)

with analytic functions §(z, u) and h(z, ). Putting these three representations
together, we get (2.32).

Another important feature is that we can switch between local expansions
in terms of = and u.

Lemma 2.28. Suppose that f(x,u) has a local representation of the form
(2.28) such that
plug) 0 and p'(uo) #0.

Then the singular expansion (2.28) can be rewritten as

f(x,u)zg(x,u)—h(x,u) 1- R((E)’

where R(x) is the (analytic) inverse function of p(u).

Proof. Since p'(ug) # 0, it follows from the Weierstrass preparation theorem
(in our context we use a shifted version and apply it for d = 1 which actually is
a refined version of the implicit function theorem) that there exists an analytic
function K (z,u) with K (xg,ug) # 0 such that

p(u) — 2 = K(z,u)(R(x) — u),

where R(x) is the (analytic) inverse function of p(u) in a neighbourhood of
xo. This is because near (zg,ug) we have R(x) = u, if and only if p(u) = x.
Consequently

1_$:K(x,w% (1_%)’
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Fl,u) = gla,u) — hiz, u)y | K( 5,/

= glx,u) — h(z,u), /1 -

and hence

%'

Remark 2.29 Note that Lemma 2.28 has some flexibility. For example, if
f(x,u) has a singular expansion of the form

Fx,u) = g(a,u) + h(z, u) (1 - ﬁ)w :

then we also get a singular expansion of the form

Fx,u) = §lz,u) + h(z, u) (1 - %) .

Similarly, if f(x,u) is of the form

flou) = 2O e
1- R?x)

If we combine Lemma 2.27 and Lemma 2.28 we thus get the following
result.

Theorem 2.30. Suppose that f(x,u) has a singular expansion of the form
(2.28) such that |p(w)| is the radius of convergence of the function x — f(z,u),
if u is sufficiently close to ug and p(u) satisfies p(ug) # 0 and p'(ug) # 0.
Then the partial derivative f,(x,u) and the integral fou f(x,t)dt have local
singular expansions of the form

fulz,u) = 7’96 + ha(z,u) (2.34)

and

/ F,t) dt = ga(w,u) + ha(w, 1) (1 _ ﬁ) (2.35)

where ga(x,u), gs(x,u), ha(z,u), and hs(x,u) are analytic at (xq,ug).



60 2 Generating Functions

Proof. For the proof of (2.34) and (2.35), we first apply Lemma 2.28 and
switch to a singular expansion in terms of /1 —u/R(x). Then we apply
Lemma 2.27 in order to get an expansion for the derivative or the integral,
and finally we apply Lemma 2.28 again in order to get back to an expansion

in terms of /1 — z/p(u).

We terminate this section by proving a variant of Theorem 2.21 where
the right hand side of the equation y = F(z,y,u) is not regular but has a
square-root like singular behaviour of specific type. We also provide a variant
of Lemma 2.26. These properties will be quite useful for enumerating planar
graphs asymptotically (see Chapter 9).

Theorem 2.31. Suppose that F(x,y,u) has a local representation of the form

3/2
F(z,y,u) = g(x,y,u) + h(z,y,u) <1 — r(xy u)) (2.36)

with functions g(z,y,u), h(z,y,u), r(x,u) that are analytic around (o, yo, o)

and satisfy g, (o, Yo, uo) # 1, h(wo, Yo, uo) # 0, r(wo,uo) # 0 and 4 (w0, uo) #
92 (Z0, Yo, uo). Furthermore, suppose that y = y(z,u) is a solution of the func-
tional equation

y=F(z,y,u)

with y(xo,uo) = yo. Then y(x,u) has a local representation of the form

xT

3/2
y(z,u) = g1(z,u) + hi(z,u) (1 — m) , (2.37)

where g1(z,u), hi(x,u) and p(u) are analytic at (xo,uo) and satisfy hi(xg, up) #
0 and p(up) = xo.

Proof. Set Y = (1 —y/r(x,u))"/?. Then F(z,y,u) can be represented as
F(.’ﬂ, y,u) = AO(:E,U) + A’42(5E,U‘)Y—2 + Ad(xvu)y3 + A4(1’,U)Y4 +oee

where Aj(z,u) are analytic functions (compare with (2.29)). If we now
consider the equation y = F(x,y,u) and replace the left hand side by
y=r(z,u)(1 —Y?), we get

r(x,u) - A0($,u) = (’)"(:L',U) —+ AQ(ZL’,U))YQ + Ad(m,u)Y3 —+ A4(£L’,U)Y4 4.

Since 7(xo,u0) = Ao(xo, uo) = g(xo, Yo, uo) and rz(xo, uo) # Ao,z(zo,u0) =
gz (Z0, Yo, up), we can again apply the Weierstrass preparation theorem. There
exist analytic functions K (x,u) and p(u) with K (xo,uo) # 0 and p(uo) = o,
such that locally around (z, ug)

r(a,u) — Ao(a,w) = K (2, u) (@ — p(u).
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Hence, if we set X = (1 —x/p(u))*/? and L(z,u) = (=K (z,u)p(u))/?, we get
L(z,u)’X? = Y? (r(z,u) + Ao (z,u) + Az(z,0)Y + Asg(z,0)Y? )

or

L(z,u)X = Bi(z,u)Y + Bo(z,u)Y? + Bs(z,u)Y> +---,

where By (z,u) = (r(z,u) + Aa(x, u))l/2 and By(x,u) are suitably chosen an-
alytic functions. Since L(z,u) # 0 and Bj(x,u) # 0 are in a neighbourhood
of (zg,up), we can invert this relation and get

L(z,u)

y = 20
Bl(x’u)

X + Cy(z,u) X2 + Cs(z,u) X3+ .

By squaring this equation and substituting Y2 = 1 — y/r(x,u), we finally
obtain the representation
y L(z,u)?

1— = X? 4+ D. X*+D X4
r(x,u)  Bi(z,u)?  Dsf@, u) X7+ Dalz, u) X7+

which can be rewritten in the form (2.37). Since hi(xg,ug) = 7(zo,uo):
Ds(xg,u0), we only need to check that D3(zg,uq) # 0. But D3 = 2ByL?/B?
and By = As/(2y/r + A3), and thus, it is sufficient to recall that L(zg,ug) # 0
and As(zo,uo) # 0.

Lemma 2.32. Let f(x) = ), ~,an2" denote the generating function of a
sequence a, of non-negative real numbers and suppose that f(x) has exactly
one dominant singularity at x = p of the form

f(@) = fo+ faX?+ f3X° + O(X?),

where X = /1 —x/p has an analytic continuation to the region {xr € C :
|z] < p+e}\{z € R: x> p} for some e > 0. Let H(z,z,w) denote a function
that has a dominant singularity at z = f(p) > 0 of the form

H(z,z,w) = ho(z,w) + hQ(x,w)Zz + hg,(av,w)Z3 + (’)(Z4),

where w is considered as a parameter, Z = \/1—z/f(p), the functions
hj(z,w) are analytic in x and H(x,z,w) has an analytic continuation in a
suitable region.

Then the function

fu(z) = H(z, f(z), w)

has a power series expansion fr(x) =Y., <bn(w)z™ and the coefficients by,
satisfy B

i (@) ha(pw) n hs(p, w) (_E)S/Q_ (2.38)

- fo

n—oo  anp fO f&
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Proof. The proof is similar to that of Lemma 2.26 and is based on composing
the singular expansion of H(z,z,w) with that of f(x). Indeed, taking into
account that f(p) = fo, we have near z = p

2 3 3
fr () = ho(z, w) + ha(x, w) <M>

fo
X2 X3 3/2
_w) L

+ hs (@, w) ( i

Now note that = p — pX 2. Thus, if we expand and extract the coefficient of
X3 and apply the transfer lemma, we have

f3 —-5/2 —n
R EEY5)

and

1 hQ(p,w)f f2 82 —-5/2 —n
balw) ~ T3 (‘ fo ot helew) (_) )” e

so the result follows.

2.2.5 Systems of Functional Equations

In Section 2.1 we have discussed analytic solutions y = y(z,u) of equations
of the form y = F(x,y,u). The main observation was that (under suitable
assumptions on F') there is a local singular representation of y(x,u) of the

form
T

y(z,u) = g(x,u) — h(z,u), /1 o)’ (2.39)

The purpose of this section is to present a generalisation to a system of
equations. This concept will be applied in Chapter 3 for the analysis of pattern
occurrences in trees (see Section 3.3) and in Chapter 9 for the analysis of
number of vertices of given degree in some classed of planar graphs.

Let F(z,y,u) = (Fi(z,y,u),...,Fy(x,y,u)) be a vector of functions
Fi(z,y,u), 1 < j < N with complex variables z, y = (y1,...,yn), U =
(u1,...,u) which are analytic around 0 and satisfy F;(0,0,0) = 0 for
1 < j < N. We are interested in the analytic solution y = y(z,u) =
(y1(z,u),...,yn(z,u)) of the functional equation

y =F(z,y,u) (2.40)

with y(0,0) = 0, i.e., we demand that the (unknown) functions y; = y;(z, u),
1 < j < N, satisfy the system of functional equations
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Y1 :Fl(xaylayQa---ayN7u)7
yZZFQ(xaylay%"'avau)v

yN:FN(x;ylva;"')yNﬂu)'

If the functions Fj(z,y,u) have non-negative Taylor coefficients then it
is easy to see that the solutions y,(x,u) have the same property. (One only
has to solve the system iteratively by setting yo(z,u) = 0 and y;1(z,u) =
F(z,yi(z,u),u) for ¢ > 0. The limit y(z, u) = lim; . yi(z, u) is the (unique)
solution of the system above.)

It is convenient to define the notion of a dependency (di)graph Gy = (V, E)
for such a system of functional equations y = F(z,y,u). The vertices V =
{Y1,¥2,...,yn} are just the unknown functions and an ordered pair (y;,y;)
is contained in the edge set E, if and only if F;(x,y,u) really depends on y;,

that is, if the partial derivative 8F #0.

In the following Theorem 2.33 we will use the assumption that the depen-
dency graph is strongly connected, which means that every pair of vertices
can be linked by a directed path in the graph. Informally this says that no
subsystem can be solved prior to the whole system of equations. An equivalent

condition is that the corresponding adjacency matrix and, thus, the Jacobian

matrix A = (?)TF) is irreducible, that is, there is no common reordering of
J

the columns and rows of A such that the resulting matrix has the form (see

[154])
(on)

The most important property of irreducible matrices A with non-negative
entries is the Perron-Frobenius theorem (see [154]) saying that there is a
unique positive and simple eigenvalue r = r(A) with the property that all
other eigenvalues A satisfy |A| < r. This unique positive eigenvalue is a strictly
increasing function of the entries of the non-negative matrix. More precisely if
A = (a;;) and A" = (aj;) are different irreducible non-negative matrices with

< aj; (for all 4, j) then r(A) < r(A’). Moreover, every principal submatrix
has a smaller dominant eigenvalue.

Theorem 2.33. Let F(z,y,u) = (Fi(z,y,u),...,Fn(z,y,u)) be a non-
linear system of functions analytic around x = 0, y = (y1,...,yn) = O,
u = (u1,...,ur) = 0, whose Taylor coefficients are all non-negative, such
that F(0,y,u) = 0, F(x,0,u) # 0, F,(z,y,u) # 0. Furthermore assume
that the dependency graph of F is strongly connected and that the region of
convergence of F is large enough that there exists a complex neighbourhood U
ofu=1=(1,...,1), where the system

y=F(z,y,u), (2.41)
0 =det(I - Fy(z,y,u)), (2.42)
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has solutions © = xg(u) and y = yo(u) that are real, positive and minimal
for positive real u € U.
Let
y = Y(xv u) = (yl(xa u)a s 7yN(xa u))

denote the analytic solutions of the system
y =F(z,y,u) (2.43)

with y(0,u) = 0.
Then there exists € > 0 such that y;(x,u) admit a representation of the

form
T

i(r,u) =g;(x,u) — hj(z,u), /1 — —— 2.44
y;( ) =9;( ) 1 ) zo(u) ( )
forue U, |z —xzo(u)] < € and |arg(x — zo(u)| # 0, where gj(z,u) # 0 and
hj(z,u) # 0 are analytic functions with (g;(xo(u),u)); = (y;j(zo(u),u)); =
yo(u).

Furthermore, if [z"]y;(x,1) > 0 for 1 < j < N and for sufficiently large
n > nq, then there exists 0 < 6 < € such that y;(x,u) is analytic in (z,u) for
uc U and |z —xo(u)| > € but |z| < |xo(u)|+ 3 (this condition guarantees that
y(x,u) has a unique smallest singularity with |z| = |xo(u)]).

Proof. In order to simplify the proof we first assume that u is real, positive
and fixed, and we also suppress the dependency on u in the notation. Thus,
we will work with z¢ and y¢ that satisfy yo = F(x0,yo0) and det(I — A) =0,
where A = Fy(x¢,yo) abbreviates the Jacobian matrix of F with respect to
y. Note that the condition det(I—A) = 0 says that 1 is eigenvalue of A. If the
Jacobian matrix A had no eigenvalue 1, then the implicit function theorem
could be applied and it would follow that the system of functional equations
y = F(z,y) has locally an analytic solution y = y(z) with y(x¢) = yo.

Recall that the assumption that the dependency graph is strongly con-
nected can be rephrased in A is a non-negative irreducible matrix. Hence,
there is a unique (dominant) positive real simple eigenvalue. It is easy to ob-
serve that this dominating eigenvalue is actually 1. Set A(z) = Fy(z,y(z)) for
0 <z < zg. Then by assumption A(0) = 0 and A(z) is (again) an irreducible
positive matrix for z > 0 with the property that all non-zero entries of A(x)
are strictly increasing in . Thus, by the properties of irreducible non-negative
matrices the dominant positive eigenvalue of A(z) is an increasing function,
too. Since (2o, yo) is the minimal solution of (2.41) and (2.42), the eigenvalue
1 appears first for z = xg.

Next we divide the system into the first equation and into the system of
the remaining equations:

Y1 = F1($7y17y)5 (245)
y = F((E, ylvy)ﬂ (246)
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where ¥ = (y2,...,yn) and F = (Fy,...,Fn). Observe that the Jacobian ma-
trix Fy (20, yo) of F can be also obtained by deleting the first row and column
of A. Hence, all eigenvalues of B are strictly smaller than 1. Consequently, the
matrix I — B is invertible and, thus, by the implicit function theorem, there is
a local solution y = y(x, y1) of (2.46), where y; is considered as an additional
variable. As in the proof of Theorem 2.19 it follows that this solution is pre-
cisely the unique solution of (2.46) that has a power series expansion in 2 and
y1 at 0. Note, too, that due to the positivity assumptions on the coefficients
of F this solution has non-negative coefficients as a power series in x and y;.
We now insert this function into the first equation (2.45) and obtain a

single equation
Y1 = Fl(m,yl,?(x,m)) (247)

for y1 = y1(x). Again, the coefficients of

G(xvyl) = Fl(xvylvy(xvyl))

as a power series in z and y; are non-negative. At this point we can safely
apply the methods of Theorem 2.19 (and 2.21). Actually, equation (2.47) is an
equation of the form y; = G(x,y1) with the property that Gy, (zo,y1,0) = 1.
Thus, it follows from Theorem 2.19 that y; (z) has a local representation of the
form y1(z) = g(z) — h(z)y/1 — x/x0. Consequently there are corresponding
local representations for (yi(x),...,yn(x)) = ya2(z,y1(z)). Of course, z¢ is
the common radius of convergence of y1(x),...,yn(x).

This proves (2.44) for fixed real and positive u. However, it is easy to
adapt the above proof for u close to the real axis. In particular, by continuity
it follows that 1 will stay a simple eigenvalue of the Jacobian matrix.

Furthermore, if [z"]y1 (x,1) > 0 for sufficiently large n > nq, then as in the
proof of Theorem 2.19 it follows that xg is the only singularity on the circle of
convergence of y1(z), and there is an analytic continuation to |z| < zo+d and
|z — 29| > €. This also applies for y; for 2 < j < N, and finally by continuity
this is also true for u sufficiently close to the positive real axis.

With the help of a variation of Lemma 2.26 we derive the following

Corollary 2.34 Let y = y(z,u) = (y1(z,u),...,yn(z,u)) be the solution
of the system of equations (2.43) and assume that all assumptions of The-
orem 2.38 are satisfied. Suppose that G(x,y,u) is a power series such that
the point (zo(1),yo(x0(1),1),1) is contained in the interior of the region of
convergence of G(z,y,u) and that Gy(xo(1),y0(1),1) # 0.

Then G(x,y(x,u),u) has a representation of the form

T

G(x,y(m,u),u) :g(m’u)ih(xvu) 1-
xo(u)

(2.48)

foru € U and |z — zo(u)| < €, where g(xz,u) # 0 and h(x,u) # 0 are
analytic functions. Moreover, G(z,y(xz,u),u) is analytic in (x,u) foru e U
and |z — xo(u)| > €, but |z| < |xo(u)| + 6.
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Let G(z,y,u) be also a power series with non-negative Taylor coefficients
at (0,0,0) such that (x0(1),y0(1),1) is an inner point of the region of con-
vergence of G(z,y,u). Then (with y(z,u), the solution of (2.43) from Theo-
rem 2.33)

G(z,y(z,u),u) = Z Cpmz"u™

has non-negative coeflicients ¢,, m, too. In fact, for sufficiently large n > ng
there exists m with ¢, ; > 0. In particular it follows that

cn(u) = Z Cnmu™
m

is non-zero for n > ng.
Let X,, = (X,(Ll)7 ... 7X,(LN)), (n > no) denote an N-dimensional discrete
random vector with

P{X, = m} = -2 (2.49)
Cn
(1) ()
Then the expectation EuX» = Euf e uﬁ" is given by
EuX" = Elt (u)
cn(1)

Putting these preliminaries together we finally get a central limit theorem
for random variables that are related to systems of functional equations. For
convenience we set

_ _$07u(1)
zo(1)
and define a matrix X by
To,uu(1) T .
Y=———"+4 + dia , 2.50
o) TP (k) (2.50)

where = zp(u) and y = yo(u) are the solutions of the system (2.41) and
(2.42).

Theorem 2.35. Suppose that X,, is a sequence of N -dimensional random
vectors that are defined by (2.49), where >_, . cnm2"u™ = G(z,y(z,u),u)
and the generating functions y(z,u) = (y;(z,u))i<;j<n satisfy a system of
functional equations of the form (2.43), in which F satisfies the assumptions
of Theorem 2.33.

Then X, satisfies a central limit theorem of the form

— (X, —EX,) -5 N(0,%). (2.51)

vn

Furthermore there exist positive constants cy,ca, c3 such that
P{|X, —EX,| > e/n} < cre (2.52)

uniformly for e < cgy/n.



2.2 Asymptotics with Generating Functions 67

Finally we comment the evaluation of g and 3. The problem is to extract
the derivatives of xg(u). The function xg(u) is the solution of the system
(2.41)—(2.42) and is exactly the location of the singularity of the mapping
z — y(x,u) when u is fixed (and close to 1).

Let zp(u) and yo(u) = y(zo(u),u) denote the solutions of (2.41-2.42).
Then we have

yo(u) = Fao(u), yo(u), w). (2.53)

Taking derivatives with respect to u we get

You(u) = Fq(zo(u), yo(u), w)zo,.u(u) + Fy(zo(u), yo(u), u)you(u) (2.54)
+ Fu(zo(u),yo(u),u),

where the three terms in F denote evaluations at (xzg(u),yo(u),u) of the
partial derivatives of F, and not the (total) derivative of the composite func-
tion F(zo(u), yo(u), u), and where z¢ , and yo denote the Jacobian matrices
of zy and yo with respect to u. In particular, for u = 1 we have z¢(1) =
and yo(1) = yo and

det(I — Fy(zo,y0,1)) =0.

Since Fy is a non-negative matrix and the dependency graph is strongly con-
nected, there is a unique Perron-Frobenius eigenvalue of multiplicity 1. Here
this eigenvalue equals 1. Thus, I — Fy has rank N —1 and (up to scaling) has
a unique positive left eigenvector b:

b* (I - Fy(z0,y0,1)) = 0.
From (2.54) we obtain
(I —Fy(20,y0,1))yu(1l) = Fa(zo,y0, 1)zu(1) + Fu(zo,yo, 1).
By multiplying b from the left we thus get
b"Fy(20,y0, 1)z + b Fy(zo,y0,1) =0, (2.55)

and consequently
1 bTFu(x(% Yo, 1)

x_ObTFx(x()vyOa 1) (256)

N:

The derivation of X is more involved. We first define b(z,y,u) as the
(generalised) vector product® of the N — 1 last columns of the matrix I —
Fy(z,y,u). We define D(z,y,u) as

D(z,y,u) = (b (z,y,u) (I~ Fy(z,y,u))), = det (I - Fy(z,y,u)),
where the subindex denotes the first coordinate. In particular we have

6 More precisely, this is the wedge product combined with the Hodge duality.
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D(a(u), y(u),u) = 0.
Then from

(I - Fy)yu =F,z, +Fy,
—Dyyu = Dyzy + Dy (2.57)

we can calculate y,, (the first system has rank N — 1; this means that we can
skip the first equation. This reduced system is then completed to a regular
system by appending the second equation (2.57)).

We now set

di(u) = di(z(u),y(u),u) = b(z(u),y(u), W)F, (z(u),y(u), u)
dg(il,'(ll), Y(u)v u) = b(x(u), y(u)v u)Fu (:c(u), y(u)a ll).

o

[ V)
£
Il

By differentiating equation (2.55) we get

xuu(u) — _ (dlzcxu + dlyYu + dlu)mud+ (dexu + d2yYu + d2u) ’ (258)
1

where diz, diy, diu, d2z, d2y, d2y denote the respective partial derivatives, and
where we have omitted the dependence on u. With the knowledge of x¢,yq
and yyu(1) we can now evaluate 2y, at u =1 and compute X from (2.50).
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Advanced Tree Counting

In this third chapter we will present methods for counting trees that are based
on the concept of generating functions. First we derive explicit formulas for
basic tree classes and asymptotic formulas for simply generated trees and
Pélya trees. However, the main goal is to show that certain tree parameters
that behave additively (in a proper sense) satisfy a central limit theorem in a
natural probabilistic setting.

For instance, if we consider certain trees 7,, of size n it is natural to assume
that every tree in 7, is equally likely. Every tree parameter then induces a
sequence of random variables X,, (depending on the size n). A prominent
example of tree parameters is the number of leaves or the number of nodes
of degree k. We call a parameter additive if it is also obtained (up to some
small correction term) by splitting the tree into subtrees and adding up. The
number of leaves is additive in this sense. Another additive parameter is the
number of occurrences of a certain pattern that we will discuss in Section 3.3.

Intuitively we can expect a central limit theorem for additive tree parame-
ters, since they can be seen as the approximate sum of random variables if we
split the tree into small subtrees. Nevertheless, it seems not to be possible to
apply a direct probabilistic approach. The dependence structure is not easy to
cover and there is no direct evolution process that recovers the combinatorial
probability model.

Instead we use the method of generating functions that directly extends to
the counting problem of additive parameters. Depending on the complexity of
the parameter the recursive structure of trees leads to a functional equation or
to a system of functional equations for the corresponding generating functions,
and the result of Chapter 2 can be applied.
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3.1 Generating Functions and Combinatorial Trees

Generating functions are quite natural in the context of tree counting, since
(rooted) trees have a recursive structure that usually translates to recurrence
relations in corresponding counting problems. And generating functions are a
proper tool for solving recurrence equations.

3.1.1 Binary and m-ary Trees

We recall the explicit formula for the number b,, of binary trees with n in-
ternal nodes that was obtained by a proper use of generating functions (see

Theorem 2.1):
1 2
by = C, = ( ”)
n+1\n

Another kind of rooted trees where we can solve the counting problem by
using generating functions is the class of m-ary rooted trees, where m > 2 is
a fixed integer. As in the binary case (m = 2) we just take into account the
number n of internal nodes. The number of leaves is then given by (m—1)n+1
and the total number of nodes by mn + 1.

Theorem 3.1. The number b%m) of m-ary trees with n internal nodes is given

by
poy — L (mn
" (m—=1n+1\n /)

Proof. As in the binary case, m-ary trees B,, can be described formally by
B, =040x B,

compare also with the schematic Figure 3.1.

Fig. 3.1. Recursive structure of an m-ary tree

Thus, the generating function

b () = Z b g

n>0
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satisfies the relation
b () = 14+ x by ()™

Setting by () = by (x) — 1 we get

and by Lagrange’s inversion formula (for n > 1)

B = (2" b (@) = ~ [ (1 + )™
- %<nnin1> - m (n;n>

3.1.2 Planted Plane Trees

We recall that planted plane trees (or Catalan trees) are also rooted trees,
where each node has an arbitrary number of successors with a natural left-to-
right-order (similarly as for binary trees). There is a similar formula for the
number p,, of planted plane trees of size n.

Theorem 3.2. The number p, of planted plane trees with n > 1 nodes is
given by
1 <2n — 2>
Pn = — .
n\n—1

Proof. We directly proceed in a formal way. Let P denote the set of planted
plane trees. Then from the above description we obtain the recursive relation

P=o+oxP+oxP>+oxPi+...,

see also the schematic Figure 3.2.

T

Fig. 3.2. Recursive structure of a planted plane tree

With
plx) = pa”

n>1
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this translates to

p(z) =z +zp(x)+xp)’ +ap(@)’ +--- = %M.
Hence
p(e) = 0T ), (3.1)

2
where b(x) is the generating function of binary trees (compare with Theo-

rem 2.1). Consequently
1/2n—-2
Pn = bnfl = _< >
n\n-—1

Remark 3.3 As in the case of binary trees we can also use Lagrange’s in-
version formula (with &(x) =1/(1 — x) to obtain p, explicitly:

pnzlmnﬂu_u)n:l<n)04y/H:1€n2)

n n\n—1 n\n—1

The relation p, = b,_1 has a deeper meaning. First there is a natural
bijection between planted plane trees with n nodes and binary trees with
n — 1 internal nodes, the so-called rotation correspondence. Let us start with
a planted plane tree with n nodes and apply the following procedure:

1. Delete the root and all edges going to the root.

2. If a node has successors delete all edges to these successors despite one
edge to the most left one.

3. Join all these (previous) successors with a path (by horizontal edges).

4. Rotate all these new (horizontal) edges by the angle m/4 below.

5. The remaining n—1 nodes are now considered as internal nodes of a binary
tree. Append the (missing) n + 1 external leaves.

The result is a binary tree with n — 1 internal nodes. It is easy to verify that
this procedure is bijective (compare with the example given in Figure 3.3).

A second interpretation of the relation p,, = b,_1 comes from an alternate
recursive description of planted plane trees. If a planted plane tree has more
than one node then we can delete the left-most edge of the root and obtain
two planted plane trees, the original one minus the left-most subtree of the
root and the left-most subtree of the root (see Figure 3.4). Obviously this
description leads to the recursive description

P =o+P?

which gives

ple) =z +p(x)*.
This is equivalent to p(z) = /(1 — p(z)). Setting p(z) = xb(z), this is equiv-
alent to b(x) = 1 + xb(x)?, and consequently we have p, = b,_1. Note that
the recursive description (depicted in Figure 3.4) also leads to the rotation
correspondence.
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O

Fig. 3.3. Rotation correspondence

= O +

Fig. 3.4. Alternative recurrence for planted plane trees

3.1.3 Labelled Trees

A similar counting procedure applies to labelled (rooted and unrooted) trees,
also called Cayley trees, and lead to Cayley’s formula.

Theorem 3.4. The number l,, of rooted labelled trees of size n is given by

ln=n
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Consequently the number of unrooted labelled trees of size n equals n™ 2.

Proof. Let L denote the set of labelled rooted trees. Then £ can be recursively
described as a root followed by an unordered k-tuple of labelled rooted trees
for some k > 0:

1 1
L:o+o*£+§o*£*£+§O*£*£*£+~-~.

Thus, it is appropriate to use the exponential generating function

l7L
l(x) = Z Em"

n>0

of l,. The above recursive description is then translated into

@? )

2! 3! o= e,

l(e)=z+zl(z)+z

Finally, by Lagrange’s inversion formula

l, = n!l[u”_l]e“" =n""L
n
There is also an explicit formula for the number of different planar em-

beddings.
Theorem 3.5. The number L, of different planar embeddings of rooted la-

belled trees of size n is given by

- (2n — 3)!

=1 =ne—— > 92).
I and 1 n(nfl)! (n>2)

Consequently the number of different planar embeddings of unrooted labelled
trees of size n equals (2n — 3)!/(n — 1)! (forn > 2).

Proof. Let p(z) denote the exponential generating function of labelled rooted
plane trees. Then due to the recursive structure of these kinds of trees we
have (compare with the proof of Theorem 3.2)

p(z)

=150

Consequently, the exponential generating function [ (z) for the numbers Iy of
different embeddings for labelled rooted trees is given by

. 1 1
= — D = 1 _ .
I(x) a:—l—xkEZl kp(x) x + xlog =@

Hence, by Lagrange’s inversion formula we obtain (for n > 2)
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Zn =nllz" 1] log ———
o 7 —p(x)

1 1
1—u (1 —u)rt

1
zn!n_l[u 2
(2n — 3)!

(n—1)!"

=N

3.1.4 Simply Generated Trees — Galton-Watson Trees

We recall that simply generated trees can be considered as weighted planted
plane trees (introduced by Meir and Moon [151]) and are proper generalisa-
tions of several types of rooted trees (compare with Section 1.2.7). Let

D(x) = do + $r + poa® + -

be the generating function of the weight sequence ¢;, j > 0. Furthermore, we
introduce the generating function y(z) = > <, yn2™ of the weighted numbers

of trees of size n:
Yn = Z W(T)'
|T|=n

Recall also that the weight of a rooted tree T is given by w(T") = Hj>0 ¢ij (T)’

where D;(T") denotes the number of nodes in T' with j successors. Due to the
recursive structure of planted plane trees and the multiplicative structure of
the weights w(T') the generating function y(x) satisfies the functional equation

y(x) = 2do + xd1y(x) + vdoy(x)* + - -+ = z B(y(x)).

In view of this observation it is convenient to think of simply generated trees
T as a weighted recursive structure of the form

T=¢go-0o4+¢-oxT+da-oxT?+---.

Equivalently we can consider the resulting trees of a Galton-Watson branching
process (see Section 1.2.7). The numbers y,, are then the probabilities that a
Galton-Watson trees has size n.

By Lagrange’s inversion formula we get for all simply generated trees (and
for all Galton-Watson trees)

Yn = —[u"il] D(u)". (3.2)

But there are only few cases where we can use this formula to obtain nice
explicit expressions for y,. Nevertheless, there is a quite general asymptotic
result which relies on the fact that (under certain conditions) the generating
function y(z) has a finite radius of convergence r and that y(z) has a singu-
larity of square root type at xo = r, that is, y(«) has a representation of the
form
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y(@) = gla) — h(w), /1 - fo

=co+ VT —x0 + c2(x — x0) + O (|:U —x0|3/2) ,

where g(z) and h(z) are analytic at x¢ (compare with Theorem 2.19). For
binary and planted plane trees this has been made explicit, see (2.3) and
(3.1). Such representations can be used to derive asymptotic expansions for
the coefficients y,.

Theorem 3.6. Let R denote the radius of convergence of ®(x) and suppose
that there exists T with 0 < 7 < R that satisfies 79’ (1) = P(1). Set d =
ged{j > 0:¢; >0}. Then

= %% (1+0(m™")  (n=1modd) (3.3)

and yp, =0 if n Z 1 mod d.

Proof. We apply Theorem 2.19 for F'(z,y) = z®(y) and assume first for sim-
plicity that d = 1. Then all assumptions are satisfied. In particular we have
xo=1/P'(7) and yo = 7.

If d > 1 then it is easy to see that y,, = 0 if n # 1 mod d. Consequently we
have y(z) = §(x?) /% and (of course) ®(z) = $(x?) for analytic functions
§(x) and @(z). They satisfy §j(x) = 2®(g(x)) and the corresponding ged d = 1.
Thus, Theorem 2.19 can be applied to this equation and we obtain (3.3) in
general.

Note that for m-ary trees and for planted plane trees this asymptotic

formula also follows from the explicit formula for b%m) and p, via Stirling’s
formula.

Remark 3.7 Theorem 3.6 remains true in a slightly more general situation.
Suppose that T > 0 is the radius of convergence of ®(x) for which we have
7P (1) = D(7) and D" (1) < 0. Then y, is asymptotically given by

o(r) P'(1)"
Yn ~ d 279" (1) n3/2

(n =1 mod d). (34)

The proof of (3.4) is in principle very similar to the proof of (3.3). One also
observes that the generating function y(x) analytically extends to a A-region
such that y(x) = co + cav/x —x0 (1 + 0(1)) as ¢ — xg (in A). Thus, the
Transfer Lemma 2.12, or its variant mentioned in Remark 2.13, leads to (3.4)

(for detail see [114]).
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3.1.5 Unrooted Trees

Let 7 denote the set of unlabelled unrooted trees and 7 the set of unla-
belled rooted trees (we do not distinguish between different embeddings in
the plane). Sometimes these kinds of trees are called Pdélya trees. The corre-
sponding cardinalities of these trees (of size n) are denoted by ,, and t,,, and
the generating functions by

t(z) = ana:" and t(x) = Ztnm".
n>1 n>1

The structure of these trees is much more complex than that of rooted trees,
where the successors have a left-to-right-order. We have to apply Pélya’s the-
ory of counting and an amazing observation (3.6) by Otter [168].

Theorem 3.8. The generating functions t(x) and t(z) satisfy the functional
equations

t(z) = zexp (t(x) + %t(xQ) + %t(ﬁ) + - ) (3.5)
and i 1,
t(z) =t(x) — 575(3:) + 51&(37 ). (3.6)

They have a common radius of convergence p ~ 0.338219 which is given by
t(p) = 1, that is, t(zx) is convergent at x = p. They have a local expansion of
the form

Ho) = 1—blp—2)/2 + clp—a) +d(p—2)"2 + O(p—2)2)  (3.7)
and
ooy LHt(p?) P —pt'(p?)
t(z) = 5 + >
where b ~ 2.6811266 and ¢ = b?/3 ~ 2.3961466 and x = p is the only singular-

ity on the circle of convergence |x| = p. Finally, t, and t,, are asymptotically
given by

(p— ) +be(p —2)** + O((p —)%), (38)

th = ;)i\/;n_?’mp_” (1+0(mn™) (3.9)

5 b3p3/2

tn = ——

4w

Remark 3.9 In 1937, Pdlya [176] already discussed the generating function
t(z) and showed that the radius of convergence p satisfies 0 < p < 1 and
that © = p is the only singularity on the circle of convergence |x| = p. Later
Otter [168] showed that t(p) = 1 and used the representation (3.7) to deduce
the asymptotics for t,. He also calculated p ~ 0.338219 and b =~ 2.6811266.

However, his main contribution was to show (3.6). Consequently he derived
(3.8) and (3.10).

and

n=%2pn (1+0(n™). (3.10)
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Proof. Firt we derive (3.5). As in the previous cases we can think of rooted
trees in a recursive way, that is, 7 is a root followed by an unordered sequence
of rooted trees:

T =o0x Mﬁn(T)

Thus, we obtain (3.5).

The radius of convergence p of t(z) surely satisfies § < p < 1 (this follows
from t, < p, and t, — o0). Next we show that t(p) is finite (although
x = p is a singularity of ¢(z)) and that p < 1. From (3.5) it follows that
log(t(x)/x) > t(x) for 0 < = < p. Hence,

t(zx)/x

1
— e <
x

log(t(x)/x)

and consequently #(p) has to be finite. If p = 1 then t(p*) = t(p) for all k > 1
and it would follow that
t(x)+3t(x®)+3t(®)+ _

lim e
T—p—

o0,

which is impossible. Thus, p < 1 and consequently the functions ¢(z?), t(x3), . ..
are regular at = p. Moreover, they are analytic for |z| < p + € (for some
sufficiently small ¢ > 0) and are also bounded by |t(z*)] < C|2*| in this
range. Hence, ¢(x) may be considered as the solution of the functional equa-
tion y = F(x,y), where

F(z,y) = xexp (y + %t(xQ) + %t(ﬁ) 4. > .

This function satisfies the assumptions of Theorem 2.19. In particular, the
singularity = p and n = t(p) satisfy the system of equations

1 1
1= pexp (n + §t(p2) + gt(pg) + - > ;

1=pexp (n + %t(pQ) + %t(p?’) +-- >
that directly gives n = t(p) = 1. Now, by using the expansion (3.7) and (3.5)
we also get ¢ = b%/3 by comparing coefficients. In this way we get (3.8) and
(3.9). Note also that Theorem 2.19 implies that = p is the only singularity
on the circle of convergence of t(z).

Next, observe that (3.7) and (3.6) imply (3.8) and (with the help of the
Transfer Lemma 2.12 or its corollary) (3.10). Therefore it remains to prove
(3.6).

We consider three sets of trees, the set 7 of rooted trees, the set 7 of
unrooted trees and the set 7®) of (unordered) pairs {71, T>} of rooted trees
of T with Ty # T5. (It will be convenient to consider the pair {71,752} as a
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tree that is rooted by an additional edge joining the roots of T and T5.) Let
t%p ) denote the number of pairs of that kind with a total number of n nodes,

and let t(P) (x) denote the generating function of ") Then we have

t®) () = %t(m)Q - %t(ﬁ). (3.11)

We will now show that there is a bijection between 7 and 7 U7 ®). In view
of (3.11) such a bijection implies (3.6).

Recall that an arbitrary (finite) tree has either a central node or a central
edge. The central edge e = (v, w) is called symmetry line, if the two subtrees
rooted at the endpoints v and w are equal.

We first divide the set 7 into 6 subsets:

1. Let 77 denote those rooted trees that are rooted at the central node.

2. Let 73 denote those rooted trees that have a central node that is different
from the root.

3. Let 73 denote those rooted trees that have a central edge which is not a
symmetry line and where one of the two endpoints of the central edge is
the root.

4. Let 74 denote those rooted trees that have a central edge which is not a
symmetry line and where the root is not one of the two endpoints of the
central edge.

5. Let 75 denote those rooted trees that have a central edge which is a
symmetry line and where one of the two endpoints of the central edge is
the root.

6. Let 7g denote those rooted trees that have a central edge which is a
symmetry line and where the root is not one of the two endpoints of the
central edge.

In a similar way we divide the unrooted trees T

1. Let ’fl denote those unrooted trees that have a central node.

2. Let T3 denote those unrooted trees that have a central edge, that is not a
symmetry line.

3. Let 75 denote those unrooted trees that have a symmetry line as a central
edge.

Finally we partition 7 that we consider as trees rooted at an edge.

1. Let ,]—1(10) be the set of pairs {T1,T>} with 77 # T, with the property that,
if we join the roots of 77 and 75 by an edge then the resulting tree has a
central node.

2. Let T;p) be the set of pairs {T1, T} with T7 # Ts, such that the tree that
results from T} and 75 by joining the roots by an edge has a central edge
that is not a symmetry line and that is different from the edge joining T3
and T5.
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3. Let 7},(’)) be the set of pairs {T1,To} with Ty # T5, such that the tree that
results from 77 and T by joining the roots by an edge has this edge as
the central one, but it is not a symmetry line.

4. Let ﬂ(p) be the set of pairs {T1,To} with Ty # T5, such that the tree that
results from 77 and T» by joining the roots by an edge has a symmetry
line as a central edge that is different from the edge joining 77 and T5.

There is a natural bijection between 7; and 7;. We only have to take the
central node as the root.

Next, there is a bijection between 75 and Tl(p ). We identify the first edge
from the path connecting the root and the central node with the edge joining
Tlandib.

Next, there is a trivial bijection between the sets 75 and Tz(p ). By marking
one of the two endpoints of the central edge in the trees of 75 we obtain 73.
This can be rewritten as a bijection between 73 and 7~’2 U TQ(p).

Next, there is a bijection between 74 and ’T3(p ). We identify the first edge
from the path connecting the root and the central edge with the edge joining
Ty and T5. Similarly there is a bijection between 75 and 7:1(’) ). Finally, there
is a natural bijection between 75 and ’j},

Putting these parts together provides the proposed bijection between 7T
and 7 UT®,

In a similar way we can deal with unlabelled binary trees B, where we do
not care about the embedding in the plane. In particular this means that with
the only exception of the root (that has degree 2) all nodes have either degree
1 or 3. The corresponding unrooted version B is the set of unlabelled trees,
where every node has either degree 1 or 3. Let the corresponding cardinalities
of these trees (of size n) be denoted by b,, and b,,, and the generating functions
by

b(z) = Z bpz" and b(z) = Z bpa™.

n>1 n>1
Then we have (similarly to the above, compare also with [28]):

Theorem 3.10. The generating functions b(x) and l;(x) satisfy the functional
equations

b(z) =z + g (b(z)2 + b(22)) (3.12)

and

b(z) = =

5 (b(x)? + 3b(x)b(z?) + 2b(z?)) — %b(x)Q + %b(:ﬁ). (3.13)

They have a common radius of convergence ps =~ 0.6345845127 which is given
by p2b(p2) = 1 and singular expansions corresponding to (3.7) and (3.8).
Furthermore, b, and b, are asymptotically given by

by = cin~32py" (1+0(n™") (n=1mod?2) (3.14)
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and

by = con™22p;" (1+0(n™) (3.15)

with certain positive constants c1,Ca.

Proof. We just comment on the combinatorial part, that is, on (3.12) and
(3.13). The first equation can be rewritten as

b(x) = = + xPs, (b(x), b(x?))

and is just a rewriting of the definition. Recall that the root vertex is the
only exceptional node that has degree 2. Nevertheless with the help of b(x)
we obtain the generating function r(z) of rooted (unlabelled) trees, where all
vertices (including the root) have either degree 1 or 3:

r(z) = 2Ps, (b(x), b(z?), b(z*)).

Finally, we can adapt the above bijection between rooted trees and unrooted
trees plus pairs of rooted trees to the binary case which leads to

~ 1 1
r(z) = b(x) + 56(3:)2 - 56(3:2).
This completes the proof of (3.13).
The proof of the analytic part runs along the same lines as in the proof of
Theorem 3.8. It is even easier.

3.1.6 Trees Embedded in the Plane

In a similar (but easier) way one can also consider all possible embeddings
P of trees in the plane. We already discussed planted plane trees P and
their generating function p(z) which satisfies p(x) = x/(1 — p(z)). Let p(x)
denote the generating function of the numbers p,, of different embeddings of
(unrooted) trees of size n. Then the following relations hold.

Theorem 3.11. The generating function p(x) is given by

§a) = o3 Pe, (pla),pla?), .. p(a*) — 2p(@) + 3p(a®),  (3.16)
k>0

where Pg, (21,%2,...,T) = %Zdlk @(d)xs/d denotes the cycle index of the
cyclic group €y, of k elements. The numbers p,, of different embedding of (un-
rooted) trees of size n are asymptotically given by

1

Dn 8\/%4"7175/2 (1+0(mn™). (3.17)
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Proof. First, the generating function r(z) of different embeddings of rooted
trees is given by

r(z) =2 Pe,(p(z),p(a?),....p(")).

k>0

This is due to the fact that the subtrees of the root in planted plane trees have
a left-to-right-order, but rotations around the root are not allowed. Second,
as in the proof of Theorem 3.8 one has

Pla) = r(a) — 3p() + gp(a?).

Consequently p(z) has a local expansion of the form
1
Br) = S (1 42)"% 4

which gives (3.17) by applying Corollary 2.15 of the transfer lemma (Lemma 2.12).

3.2 Additive Parameters in Trees

In this section we will treat more involved enumeration problems. As an in-
troductory example we consider the numbers p, ; of planted plane trees of
size n with exactly k leaves. Again the concept of generating functions is a
valuable tool for deriving explicit and asymptotic results.

Theorem 3.12. The numbers p, i, of planted plane trees of size n with exactly

k leaves are given by
- l n\(n—1
Prk=2\&)\ & )

Proof. Let p(z,u) =Y, ; pnrz"u” denote the bivariate generating function
of the numbers p,, ;. Then, following the recursive description of planted plane
trees one gets

& xp(x,u)

p(z,u) :xu+x2p(x,u) =zu+ T (o)’

k>1
For an instance, let « be considered as a parameter. Then we have

ux

p(z,u) = ; (3.18)
(

1- =)

and consequently

1 . x *
[u"]p(z, u) = E[Uk ](ﬁ) :

1—v
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Finally this implies

P = [2"u"]p(, u)

1. ey x ’
S

I (R
G0
)

By using Stirling’s formula we directly obtain bivariate asymptotic expan-
sions for p,, j of the form

o @ (G2 (o) o)
=) () (ro() o)

(3.19)

In particular, if we fix n then p,, 1, is maximal if k ~ n/2 and we locally get a
behaviour of the kind

4n (n — 2k)?
Prk ™ —5 eXp (T) : (3.20)

This approximation has several implications. First, it shows that it is most
likely that a typical tree of size n has approximately n/2 leaves and the distri-
bution of the number of leaves around n/2 looks like a Gaussian distribution.

We can make this observation more precise. Let n be given and assume
that each of the p, planted plane trees of size n is equally likely. Then the
number of leaves is a random variable on this set of trees which we will denote
by X,,. More precisely, we have

P{X, = k} = 2ok
n
Then E X,, ~ n/2 and Var X,, ~ n/8, and (3.20) can be restated as a weak
limit theorem:

Xn —EXn 4, N(0,1).
v/Var X,
In view of Theorem 2.23 this result is not unexpected. The generating func-
tion p(z,w) is the solution of the functional equation (3.18) that satisfies all
assumptions of Theorem 2.23. Thus, we directly obtain a central limit theo-
rem.
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3.2.1 Simply Generated Trees — Galton-Watson Trees

In what follows we show that several parameters on trees that have a certain
additive structure satisfy a central limit theorem. The general philosophy is to
find a functional equation for the corresponding bivariate generating function
and then to apply the combinatorial central limit theorem (Theorem 2.23).

We first consider the number of leaves of simply generated trees. This
covers m-ary trees, planted plane trees and labelled rooted trees.

Theorem 3.13. Let R denote the radius of convergence of ®(t) and suppose
that there exists T with 0 < 7 < R that satisfies 7®'(1) = &(7). Let X,, be the
random variable describing the number of leaves in trees of size n, that is

P{X, = k} = Lk

n

where Yn = > w(T). Then EX,, = pn+ O(1) and Var X,, =
|T|=n,Do(T)=k
o?n+ O(1), where = ¢o/®(7) and

o b0 _ &b ¢

T B(r) ()2 T2H(r)P (1)
Furthermore, X,, satisfies a central limit theorem of the form
X,—EX, 4
Zn—2n 4 N(0,1).
v/ Var X, — NO.1)

Proof. Set
y(m, u) = Z yn,k-rnuk~

n,k

Then y(z,u) satisfies the functional equation
y(@,u) = gox(u — 1) + z(y(z, u)).
Thus, we just have to apply Theorem 2.21 and 2.22.

It is easy to extend the above Theorem 3.13 to the numbers of nodes of

given out-degree. Let X denote the number of nodes of out-degree k in a
random simply generated tree of size n. Then the corresponding generating
function yg(x,u) satisfies the function equation

yr(z,u) = 2(u — 1)ég yr(x, u)* + 2D(yp (z,u)).
Hence, it follows that X,(lk) satisfies a central limit theorem with

orT"

EX® =
()

n+O0(1).
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In particular the probability d,, that a random node in a random simply
generated tree of size n has out-degree d satisfies

EXL et
— = —
L)

dizn, = (n — o).

Recall that dj, = ¢, 7% /®(7) is exactly the offspring distribution of the critical

Galton-Watson branching process that is associated to simply generated trees.

Thus, we can recover this process just by looking at certain tree statistics.
The limiting probabilities di,k > 0 constitute a probability distribution

that we will call the out-degree distribution of the simply generated tree family.

The generating function

_ _ P(Tw)
p(w) = kzzodkwk =30

where 7 > 0 satisfies 7®'(7) = &(7), characterises this distribution.
For example, for planted plane trees and planar embeddings of (labelled
or unlabelled) trees we have

1 . 1
p(w):ZQk_HU/ 9 _w
k>0

whereas for labelled trees (where we do not distinguish between different
planar embeddings) we have

Remark 3.14 [t is also interesting to consider the mazimum degree A,,. As a
(heuristic) rule one can say that A, is concentrated around a value ko = ko(n)
for which

E{> x| =1 (3.21)
k>ko

(compare also with Section 6.2.4, in particular the discussion of Theorem 6.12).
Since E X ~ dyn, where dy = ¢p7"/®(7), one is led to consider the value

d(n) = max{k >0: ng > l}

n
0>k

Actually, if ¢rp+1/0k — 0 as k — oo then we have very strong concentration
(see Meir and Moon [153]):

P{|A, —d(n)] <1} =1+ 0(1).
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In the remaining cases there is probably no such general theorem. Only some
special cases are known. For example, for planted plane trees we have (see
Carr, Goh and Schmutz [32])

P{A, < k} = exp (-2t} 4 (1),
All these results are in accordance with the above mentioned heuristics (3.21).

Next we generalise the method used above to so-called additive parameters.
Let v(T) denote the value of a parameter of a rooted tree T'. We call it additive,
if

U(T):'U(OXTlXTQX“'XTk):Ck+’U(T1)+U(T2)+~“+”U(Tk),

where T7, ..., T denote the subtrees of the root of T' that are rooted at the
successors of the root and ¢, is a given sequence of real numbers. Equivalently

o(T) = Z ¢;D;(T).
i>0

For example, if ¢, = 1 and ¢; = 0 for j # k then v(T) is just the number of
nodes of out-degree k. For n > 1 we now set

yn(u) = Z w(T)u“(T)
|T|=n

and
y(z,u) = Z yn(u)z™.
n>1
The definition of v(T") and the recursive structure of simply generated trees
implies that y(x,u) satisfies the functional equation

y(ou) =23 druy(z,u),

k>0

If ¢, are non-negative integers then y(u) may be interpreted as

Yn(u) = Z yn,kukv

k>0

where y,, 1 denotes the (weighted) number of trees T' of size n with v(T") = k.

Let X,, denote the random parameter v, assuming the usual probability
model on trees of size n, that is, X, describes the distribution of v(T') on
the set of trees of size n, where these trees are distributed according to their
weights w(T). In particular we have

Eo¥e = 908 (3.22)

Yn

As above, the distribution of X, is (usually) Gaussian with mean value and
variance of order n.
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Theorem 3.15. Let R denote the radius of convergence of ®(t) and suppose
that there exists T with 0 < 7 < R that satisfies 7®'(1) = ®(7). Furthermore,
let ¢, (k> 0) be a sequence of real numbers such that the function

F(z,y,u) =x Z druryt

k>0

is analytic at x = x9 = 1/P' (1), y = yo = 7, w = 1. Then the random variable
Xy, defined by (3.22) has expected value EX, = pn + O(1) and variance
Var X, = o?n+ O(1), where p = Y ;<o ckdr7"/P(1) and 0> > 0. If 0? > 0
then X, satisfies a (weak) central limit theorem of the form

Xn—EX, 4
Zn—on 4L N(0,1).
v Var X, 0,1)
Proof. We just have to apply Theorems 2.21 and 2.22.

Remark 3.16 By using Theorem 2.23 it would have been possible to provide
an explicit formula for o2 that is not really elegant. Note that there are also
cases with o = 0. For example, if cx, = 1 for all k > 0 then v(T) = |T| and
consequently X, is concentrated at n.

3.2.2 Unrooted Trees

If we do not have a recursive structure, for example unrooted trees, it is
still possible to define parameters that are additive with respect to the degree
distribution. Let us consider the class 7 of unrooted trees and define a additive
parameter v by

o(T) = ¢;Dy(T), (3.23)

Jj=1

where DJ(T) denotes the number of nodes in T of degree j. For example, if
cr, = 1 for some k > 1 and ¢; = 0 for j # k then v(T) is just the number of
nodes of degree k.

In order to analyse v(T ) we also have to consider the class 7 of planted
rooted trees and use the two generating functions

tau) = 3 @M@ =37 [ 30 '™ | on

TeT n>1 \|T|=n
and
t(z,u) = Z z Tl @) = Z Z TRSRN I
Tet n>1 \|F|=n

where v’ is the proper version of v for rooted trees T
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V(T) = e Dy(T).

=0

Note that both definitions are consistent since the degree of any node in a
planted rooted tree equals the out-degree plus 1 (see Section 1.2.2).

Following the combinatorial constructions of Section 3.1.5 we obtain the
following system of functional equations. In order to make the equations more
transparent we include, too, a function r(z,u) that corresponds to rooted
trees, where the degree of the root equals the out-degree.

t(z,u) =z Z u 1 Pe, (t(z,u), t(x?, u?), ... (", ub)), (3.24)
k>0
r(z,u) =z +zx Z u* Ps, (t(z,u), t(z?,u?), ... tz* u")), (3.25)
k>1
t(z,u) = r(zr,u) — %t(m, u)? + %t(mQ, u?). (3.26)

Finally, we introduce the random variable X,, (describing the distribution of
v on trees of size n) in the usual way:

1 ~
EuXr = = > wr®, (3.27)

" | T|=n

Theorem 3.17. Let (cx)r>1 be a bounded sequence of real numbers, and let
v(T) and X,, be defined by (3.23) and (3.27). Then there exist p and o® > 0
with E X, = pn+0(1) and Var X,, = 02 n+0(1). If 0 > 0 then X,, satisfies
a (weak) central limit theorem of the form

X, —EX, 4
W — N(0,1).

Proof. The proof runs as follows. First, we apply Theorem 2.21 to (3.24) which
implies that t(z,u) has a square root singularity of the kind (2.~21). Second,
we use this representation and (3.26) to get an expansion for t(x,u) of the
form

L \3/2
t(x,u) = g(z,u) — h(z,u) (1 - W) . (3.28)

Then we apply Theorem 2.25 to obtain a central limit theorem. The last step
is a direct application. So we just have to look at the first two steps.

In order to apply Theorem 2.21 we just have to ensure that the functions
t(x?,u?), t(x®,u?),... are analytic if z is close to p and u is close to 1. Since
the sequence ¢ is bounded we have |cx| < M for some M > 0 and thus
|v'(T)| < M |T|. Hence, if |u| > 1 and |zu™| < p then we have

[tz )| <Y talu M 2| = t(|eu™], 1).
n>1



3.2 Additive Parameters in Trees 89

In particular if [z| < p+ 7 and |u| < (\/p/(p+ n))"/M (where n > 0 is small
enough that (y/p/(p + )M > 1) we get for k > 2

[t(2",u?)| < t(|lzu™|F 1) < 4(p"/2,1) < CpM2
Thus, we can apply Theorem 2.21 with

F(J,‘, yvu) =T ZuCkJrlPGk(yvt(vauQ)v ) t(xka uk))
k>0

and obtain a representation of the form
t(z,u) = g(z,u) — h(z,u), /1 — — (3.29)

where g1 = g(f(u),u) satisfies the relation
g1 = f(u) Y u P, (g1, 1(f(w)?, ), . t(f(w)*, uF)).

k>0

Consequently, from (3.26) and (3.29) we obtain a representation for £(x,u) of
the form

{({E, u) = g2(x,u) — ha(z,u), /1 - %a (3.30)
where
ha(z,u) = h(z,u < Zuc’“ PGk (g(z,u), t(z?,u?),. .. t(z" ub))
k>1

—g(z,u) + (z = f(u)H(z, U)>

in which H(x,u) denotes an analytic function in z and u. Note that

0
a—xlpgk(l‘l, . ,Ik-) = P6k71 (1‘1, . ,xk_l).
This implies that

ho(f(u),u) = h(f( Zu% PGk (91,---) = > _u™ " Ps,(g1,...)

E>1 k>0

=0.

Hence, ha(z,u) can be represented as

ho(z, 1) = R(z,u) (1 - %) .

This implies (3.28) and completes the proof of Theorem 3.17.
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3.3 Patterns in Trees

In the Section 3.2.1 we have shown that a typical tree in the set of unrooted
labelled trees of size n has about puin nodes of degree k, where

_ 1
Pe =k — 1)U

(Note that we are now considering the degree and not the out-degree.) More-
over, for any fixed k the total number of nodes of degree k over all trees in
7, satisfies a central limit theorem with mean and variance asymptotically
equivalent to uin and Uzn, where

2 _ 2 (k —2)?
Tk =T T e Ik — D)

A node of degree k can be interpreted as an occurrence of a star with
k edges. Thus, the number of nodes of degree k is exactly the number of oc-
currences of a star pattern of fixed size. Our aim is to generalise this problem
to general patterns. More precisely we consider a given finite tree, a pattern
M, and want to compute the limiting distribution of the number of occur-
rences of M in 7,, as n — oo (we follow [40]).

In order to make our considerations more transparent, let us consider the
example pattern in Figure 3.5 that can be seen as a chain of three nodes of
degree 3.

Fig. 3.5. Example pattern

We distinguish between internal (filled) nodes and external (empty) ones
and say that a specific pattern M occurs in a tree T if M occurs in T as a
substructure in the sense that the node degrees for the internal (filled) nodes
in the pattern match the degrees of the corresponding nodes in 7', while the
external (empty) nodes match nodes of arbitrary degree. For instance, the
example pattern occurs exactly three times in the tree depicted in Figure 3.6.
Note also that there can be overlaps of two or more copies of M, which we
intend to count as separate occurrences.

The goal of this section is to prove the following general theorem that
extends the result of nodes of given degree to pattern occurrences in labelled
(unrooted) trees (see [40]).
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Fig. 3.6. Pattern occurrence

W

Theorem 3.18. Let M be a given finite tree. Then the limiting distribution
of the number of occurrences of M in a labelled tree of size n is asymptoti-
cally normal with mean and variance asymptotically equivalent to un and o°n,
respectively, where i > 0 and 0% > 0 depend on the pattern M, are polyno-
mials in 1/e (with rational coefficients) and can be computed explicitly and
algorithmically for each given M.

3.3.1 Planted, Rooted and Unrooted Trees

The counting procedure we use is recursive and based on rooted trees. How-
ever, we have to take care of several node degrees. Therefore it is more trans-
parent to use the following three-step-program that we have already used,
for example, for the proof of Theorem 3.17. We first consider planted rooted
trees, then rooted trees and finally unrooted ones. We recall that a rooted
tree is planted if the root is connected (or planted) to an additional phantom
node that is not taken into account (compare with Section 1.2.2). This has the
advantage that in this case all nodes have the property d(v) = d*(v) + 1. The
only but essential difference between planted rooted trees and rooted trees is
that the degree of the root node is different.

In order to demonstrate the usefulness of the three-step-procedure above
we consider (again) the problem of counting nodes of given degree k (which
is equivalent to count stars with k edges). Let ay ., denote the number of
planted rooted (and labelled) trees of size n with exactly m nodes of degree
k. Furthermore, let {, ,, and ¢, , be the corresponding numbers for rooted
and unrooted (labelled) trees and set
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0 ™ 0 ™
a(z,u) = n;(} = l(z,u) = n;(}ln,m TR and
= x"u™
t(x,u) = Z tn,mT~
n,m=0
Then we have (compare also with (3.24)—(3.26)):
1. Planted Rooted Trees:
B = za(z,u)”  zua(z,u)t! o az) r(u— 1)a(z,u)r!
alz, u) = nz::O B (P Y (A b
n#k—1
2. Rooted Trees:
oo . .
ra(z,u)"  zua(z,u)r () T(u— Da(z,u)*
l(m,u)zz " + x = ge®®H +T.
nk

3. Unrooted Trees: Since we are considering labelled trees, we simply have
tn,m = ln,m/m. Thus, the statistics on the number of nodes of degree k
are precisely the same. However, it is also possible to express t(z, u) by

t(z,u) = l(z,u) — %a(m,u)Q.

This follows from a natural bijection between rooted trees on the one hand
and unrooted trees and pairs of planted rooted trees (that are joined by
identifying the additional edges at their planted roots and discarding the
phantom nodes) on the other hand.!

We now generalise the counting procedure of Section 3.3.1 to more com-
plicated patterns. For our purpose, a pattern is a given (finite unrooted unla-
belled) tree M. For M we will use the example graph in Figure 3.5 in order
to make the arguments more transparent.

3.3.2 Generating Functions for Planted Rooted Trees

Let ay,, denote the number of planted rooted (and labelled) trees with
n nodes and exactly m occurrences of the pattern M, where the additional
(phantom) node is taken into account in the matching procedure. Further-
more, let

! Consider the class of rooted (labelled) trees. If the root is labelled by 1 then
consider the tree as an unrooted tree. If the root is not labelled by 1 then consider
the first edge of the path between the root and 1 and cut the tree into two planted
rooted trees at this edge.
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0o

( ) " u™
a=alr,u)= E a e
) n,m nl

n,m=0

be the corresponding generating function.

Lemma 3.19. Let M be a pattern. Then there exists a certain number of
auziliary functions aj(z,uw) (0 < j < L) with

L
a(z,u) = Z a;(z,u)
=0

and polynomials P;j(yo,...,yr,u) (1 < j < L) with non-negative coefficients
such that

L
a()(CC, u) = xeaO(x’U)erJraL(x’U) - Z Pj (a()({E, ’U,), ceey (IL({E, ’U,), 1)
j=1
a1 (z,u) = x Py(ag(z, u),...,an(x,u),u) (3.31)
aL(xa u) = Z'PL((Z()((E, ’U,), cee ,aL(l',U), u)
Furthermore,
L
> Pi(yo,- - yyn,1) <o ettt
j=1

where [ <. g means that all Taylor coefficients of the left-hand side are smaller
than or equal to the corresponding coefficients of the right-hand-side. More-
over, the dependency graph of the system (3.31) is strongly connected.

The proof of this lemma is in fact the core of the proof of Theorem 3.18.
As already mentioned we will demonstrate all steps of the proof using the
example pattern in Figure 3.5. At each step we will also indicate how to
make all constructions explicit so that it is possible to generate System (3.31)

effectively.
SRR s B () €

Fig. 3.7. Planted pattern matching
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We introduce the notion of a planted pattern . A planted pattern M, is
just a planted rooted tree where we again distinguish between internal (filled)
and external (empty) nodes. It matches a planted rooted tree from 7,, if M,
occurs starting from the (planted) root, that is, the branch structure and node
degrees of the filled nodes match. Two occurrences may overlap. For example,
in Figure 3.7 the planted pattern M, on the left matches the planted tree A
twice (following the left or the right edge from the root), but B not at all.
Also remark that, notwithstanding the symmetry of C, the pattern M, really
matches C' twice.

Fig. 3.8. Planted patterns for the pattern in Figure 3.5

We now construct a planted pattern for each internal (filled) node of our
pattern M which is adjacent to an external (empty) node. The internal (filled)
node is considered as the planted root and one of the free attached leaves as
the plant. In our example we obtain the two graphs in Figure 3.8.

The next step is to partition all planted trees according to their degree
distribution up to some adequate level. To this end, let D denote the set of
out-degrees of the internal nodes in the planted patterns introduced above and
h be the maximal height of these patterns. In our example we have D = {2}
and h = 3. For obtaining a partition, we more precisely consider all trees of
height less than or equal to h with out-degrees in D. We distinguish two types
of leaves in these trees, depending on the depth at which they appear: leaves
in level h, denoted “o”, and leaves at levels less than h, denoted “[0”. For our
example we get 11 different trees ag, a1, ..., a9, depicted on Figure 3.9.

These trees induce a natural partition of all planted trees for the following
interpretation of the two types of leaves: We say that a tree T' is contained
in class® a; if it matches the finite tree (or pattern) a; in such a way that a
node of type O has degree not in D, while a node of type o has any degree.
For example, ag corresponds to those planted trees where the out-degree of
the root is not in D.

2 By abuse of notation the tree class corresponding to the finite tree a; is denoted
by the same symbol a;.
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dggb%%£ a“ azt
% : j;( )R aﬁgs g % i
4 : dq ? g : %0 i
Fig. 3.9. Tree partition

It is easy to observe that these (obviously disjoint) classes of trees form
a partition. Indeed, take any rooted tree. For any path from the root to a
leaf, consider the first node with out-degree not in D, and replace the whole
subtree at it with [J. Then replace any node at depth h with o. The tree
obtained in this way is one in the list.

The above classes can be described recursively. Here it seems to be conve-
nient to introduce a formal notation to describe operations between classes of
trees: @ denotes the disjoint union of classes; \ denotes set difference; recursive
descriptions of tree classes are given in the form a; = xa?ll e a;f , to express
that the class a; is constructed by attaching e; subtrees from the class a;,,
ez subtrees from the class a;,, etc, to a root node that we denote by .

In our example we get the following relations:

10 oo 10 n
ao—x@x@ai@x@<@ai> ’
i=0

n=3 =0
ay = wa?,
as = rapay,
as = zap(az ® az D aq),
aq = xag(as O ag B ar © ag D ag D ayp),
as = xa?,
ag = zai(az ® az D aq),

a7 = za1(as @ ag B ar © ag D ag @ ayp),
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ag = x(az ® az ® a4)2,

ag = x(az ® a3 ® as)(as & as & a7 ® ag ® ag ® aip),

aip = x(as ® ag ® ay B ag D ag @ a10)2-

This is to be interpreted as follows. First, trees in ag consist of a (planted)
root that is denoted by z and has out-degree j which is not contained in
D = {2}. The successors of the root are arbitrary trees. Next, trees in a;
consist of a root that has out-degree 2, and two successors that are of out-
degree distinct from 2, that is, in ag. Similarly, trees in as consist of a root x
with out-degree 2 and subject to the following additional constraints: one
subtree at the root is exactly of type ag; the other subtree, call it T, is of
out-degree 2, either with both subtrees of degree other than 2 (leading to
T in a9), or with one subtree of degree 2 and the other of degree other than 2
(leading to T in ag), or with both of its subtrees of degree 2 (leading to T in
class a4). Summarising: ag = zag(az @ az @ aq). Of course this can also be
interpreted as az = xagas @ ragaz ® ragas. Another more involved example
corresponds to ag; here both subtrees are of the form as ® a3z ® ay4.

To show that the recursive description can be obtained in general, consider
a tree a; obtained from some planted pattern M,. Let s1, ..., sq denote its
subtrees at the root. Then, in each s;, leaves of type o can appear only at
level h — 1. Substitute for all such o either [J or a node of out-degree chosen
from D and having o for all its subtrees. Do this substitution in all possible
ways. The collection of trees obtained are some of the a;’s, say CRORCAOR ete.

Thus, we obtain the recursive relation a; = x(ak(l) Gam S T (akm &)
1 2 1
ak;@ D -- ) for a;-
In general, we obtain a partition of L 4+ 1 classes ag,...,ar and corre-
sponding recursive descriptions, where each tree type a; can be expressed as
a disjoint union of tree classes of the kind

—— I
xTaj, - =xag - ar, (3.32)

ks

where r denotes the degree of the root of a; and the non-negative integer I;
is the number of repetitions of the tree type a;.

We proceed to show that this directly leads to a system of equations of the
form (3.31), where each polynomial relation stems from a recursive equation
between combinatorial classes.

Let A; be the set of tuples (lo, ..., lr) with the property that (lo,...,lr) €
Aj, if and only if the term of type (3.32) is involved in the recursive description
of a; (in expanded form). Further, let k = K(lo,...,{1) denote the number
of additional occurrences of the pattern M in (3.32) in the following sense: if
b==xaj, ---aj and T is a labelled tree of b with subtrees 11 € a;,, 1> € aj,,
etc, and M occurs my times in Ty, mo times in 15, etc, then T contains M
exactly my+ms+- - -+mg+k times. The number k corresponds to the number
of occurrences of M in T in which the root of T' occurs as internal node of
the pattern. By construction of the classes a; this number only depends on
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b and not on the particular tree T € b. Let us clarify the calculation of & =
K(lg,...,lr) with an example. Consider the class ag of the partition for the
example pattern. Now we have to match the planted patterns of Figure 3.8 at
the root of an arbitrary tree of class ag. The left planted pattern of Figure 3.8
matches three times, the right one matches once. Thus we find that in this case
k = 4. For the other classes we find the following values of k = K(l,...,l):

Terms of class||a0|a1|a2|a3|a4|a5|a6|a7|a8|a9|a10
Valueof & [[0[0[0[1]2][1[2[3[3[4]5 "

Now define series P; by

1
Pj(yo,_._,yL’u) = Z my(l)o...ylLLuK(lo ..... lL)_

(lo,--lL)€EA;

These are in fact polynomials for 1 < j < L by the finiteness of the cor-
responding A;. All matches of the planted patterns are handled in the Pj,
1< j <L, thus

L

PO(y07 - YL, ’LL) = ey0+m+yL - Z P](yO, YL, 1)
j=1

does not depend on u.
In our pattern we get for example

1 . . 1 . 1
Ps(yo,---,y10,u) = §my§u3 + zyoysu® + zyoyau® + §xy§u‘3 + zysysu® + Exyfu?’
1 )
= 533(:112 + y3 + ya)*u’.

Finally, let a;.n, ,» denote the number of planted rooted trees of type a; with
n nodes and m occurrences of the pattern M and set

0 n,,m
x"u
aj(z,u) = Z Ajsmm = 1
n,m=0
By this definition it is clear that
aj(z,u) =z Pj (ao(a:, w),...,ar(z,u), u),

because the number of labelled trees is counted by = (exponential generating
function) and the number of patterns is additive and counted by u. Hence, we
explicitly obtain the proposed structure of the system of functional equations
(3.31).

Concerning the example pattern we reach the following system of equa-
tions, where we denote the generating function of the class a; by the same
symbol a;:
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10 > 4 10 n
ao—ao(x,u)_er:UZaierZﬁ(Z%‘) ;
i=0 n=3 " \i=0

L 5
= —zxag,
2 0

a; = a1(r,u

as = zapai,

az = = zao(ag + a3 + as)u,

2
as = as(z,u) = zag(as + ag + a7 + ag + ag + a1p)u”,
2
T

ag = ag ay(az + a3 + a4)u2,

3
ar = ag = za1(as + as + a7 + ag + ag + aip)u’,

(z,u)
(z,u)
(z,u)
(z,u)
as = as(z,u) = lJt:a%u,
(z,u)
(z,u)
1 2,3
( ) §$(a2+a3+a4) u°,
( ) x(a2 + a3+ aq)(as +a6+a7+a8+ag+a10)u4,

a19 = aro(z,u) = %x(as + ag + a7 + ag + ag + a10)*u’.

In order to complete the proof of Lemma 3.19 we just have to show that
the dependency graph is strongly connected. By construction, ag = ag(z, u)
depends on all functions a; = a;(x,u). Thus, it is sufficient to prove that
every a; (1 < i < L) eventually depends on ag in the sense that there exists
a sequence of indices 41,19, ...,4, such that a; = zP;(ao,...,ax) directly
depends on a;, , a;, directly depends on a;, etc, and finally a;,. directly depends
on ag. For this purpose consider the subtree of M that was labelled by a;
and consider a path from its root to an empty node. Each edge of this path
corresponds to another subtree of M corresponding to a;,, as,, - .., a;,. Then,
by construction of the system of functional equations above, a; depends on
ai,, a;, depends on a,,, etc. Finally the root of a;, is adjacent to an empty
node and thus (the corresponding generating function) depends on ag. This
completes the proof of Lemma 3.19.

Note that we obtain a relatively more compact form of this system by
introducing

bo = bo(z,u) = ag(x, u)

b1 = b1(z,u) = a1(x, u) (3.33)
by = ba(z,u) = az(z,u) + as(x,u) + as(z,u)

bs = bs(x,u) = as(z,u) + ag(x,u) + ar(z,u) + ag(x,u) + ag(z, u) + a1o(x, u),

together with the recursive relations
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1
by = zebotbithaths (b0 + b1+ b2 + bs)?

1
by = §xb(2)

by = zboby + zbobau + wbobsu?

1 . 1 f 1
by = Sabtu+ abibou® + abibyu® + Jabju® + +abobsu’ + Sabiu’.

The combinatorial classes corresponding to the b; (which we will also denote
by b;) have the interpretation as shown in Figure 3.10. We could have obtained
the classes b; directly by restraining the construction to a maximal depth h —
1 instead of h. In principle, we could then apply the analytic treatment of
Section 3.3.4 to the system of the b;. However we feel that the existence of
a recursive structure of the system of the b; with a well-defined K(lo, ..,11)
for each term in the recursive description is slightly less clear. Therefore we
preferred to work with the a; which has a well-defined K (a;).

by b, b, b,

=

Fig. 3.10. The classes corresponding to the b; of the equations (3.33)

3.3.3 Rooted and Unrooted Trees

The next step is to find equations for the exponential generating function of
rooted trees (where occurrences of the pattern are marked with u). As above

we set
o0
xnum
l(z,u) = g l"’m—n! ,

n,m=0

where [, ,, denotes the number of rooted trees of size n with exactly m oc-
currences of the pattern M. (That is, occurrences of the rooted patterns M,
deducible from M. Here, a rooted pattern is defined in a very similar way as
a planted pattern.)
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Lemma 3.20. Let M be a pattern and let
ao(z,u), ..., ar(z,u)

denote the auziliary functions introduced in Lemma 3.19. Then there ex-
ists a polynomial Q(yo,...,yr,u) with non-negative coefficients satisfying
Q(y()a -5 YL, 1) <c 6y0+m+yL; such that

l(x,u) :G(xaanO(xvu)w“aafL(xvu)) (334)
for
G(x,u, Yo, - - - 7yL) =T (6y0+m+yL - Q(y07 - YL, 1) + Q(y()a s ayLvu)) .
(3.35)

Proof. In principle the proof is a direct continuation of the proof of Lemma
3.19. We recall that a rooted tree is just a root with zero, one, two, ... planted
subtrees, i.e., the class of rooted trees can be described as a disjoint union of
classes c of rooted trees of the form za;, ---a;,. Let I; denote the number of
classes a; in this term such that ¢ = xaf)o e alLL, and set K(lg,...,Ir) to be
the number of additional occurrences of the pattern M. This number again
corresponds to the number of occurrences of M in a tree T' € ¢ in which the

root of T occurs as internal node of the pattern. Set

1 _
Quyos -y w) = Y g ey,
ol -1z
lot+--+lL=d

Then by construction

l(m,u) = £EZ Qd(aO(xvu)v R aL(m,u),u).

d>0

Note that Zdzo Qa(vo, - --,yr, 1) = e¥ot+YL Let D denote the set of degrees

of the internal (filled) nodes of the pattern, that is, D = {d+1:d € D}; then
Qa(yo, .- .,yr,u) does not depend on w if d ¢ D. With

Q(y()) e 7yLau) = Z Qd(yO, .. 'ayLau)

deD

we obtain (3.34) and (3.35). The number K(lo,...,l;) is well-defined for a
similar reason as was K (lg,...,l1), and can be calculated similarly.

We again illustrate the proof with our example. In Figure 3.11 the corre-
sponding rooted patterns are shown. For convenience let Iy = lg(x,u) denote
the function

1’&3

. a T
lg = xe TR
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Fig. 3.11. Rooted patterns for the pattern in Figure 3.5

where a = ag + - -- 4+ a19- The function ry might also be interpreted as a
catch-all function for the “uninteresting” subtrees — just a root = with an
unspecified number of planted trees attached, except the ones we handle dif-
ferently, namely the cases d € D = {3}. The generating function r = r(x, u)
for rooted trees is then given by

1 1 1 o
l=l0+6xbg+§x Z babsu' 1+§x Z bobibjuiti~1
1<4i<3 1<4,5<3

z Y bibj, bputtITE

1<4,5,k<3

+

[N

where the b; are defined in (3.33).

As above we have t,, y, = I, m/n, where t,, , denotes the number of un-
rooted trees with n nodes and exactly m occurrences of the pattern M. This
relation is sufficient for our purposes. It is also possible to express the corre-
sponding generating function ¢(x,u). In a way similar as before, we can define
the number of additional occurrences K (i,4) of the pattern M that appear
by constructing an unrooted tree from two planted trees of the class a; and
a; by identifying the additional edges at their planted roots and discarding
the phantom nodes. For our example we get

la’(xvu)2 - % Z bi(x,u)bj(x,u)(u”j*? _ 1)

t(z,u) =l(z,u) — 5
1<i,j<3

3.3.4 Asymptotic Behaviour

In order to complete the proof of Theorem 3.18 we want to apply Theo-
rem 2.35. Several assumptions have already been checked. The only missing
point is the existence of a non-negative solution (zg,ap) of the system

a=F(z,a,1), (3.36)
0 = det(I — Fa(z,a,1)), (3.37)
where (3.36) is the system of functional equations of Lemma 3.19 and F, is

the Jacobian matrix of F. Since the sum of all unknown functions a(z,u) is
known for u = 1:
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a(z,1) = Zn” 1—_1—\/_\/176$+

n>1
it is not unexpected that xo = 1/e.

Lemma 3.21. There exists a unique non-negative solution (xg,ag) of Sys-
tem (3.36)—(3.37), xo = 1/e and the components of ag are polynomials (with
rational coefficients) in 1/e.

Proof. For a proof, set w = 1 and consider the solution a(z,1) = (ap(z,1),...,
ar,—1(x,1)). Since the dependency graph is strongly connected, it follows that
all functions a;(z, 1) have the same radius of convergence which has to be z¢ =
1/e, and all functions are singular at = = xg. Since 0 < a;(z,1) < p(x,1) < 00
for 0 < = < xo, it also follows that a;(x¢, 1) is finite, and we have a(zo,1) =
F(zo,a(xo,1),1). If we had the inequality det(I — Fa(zo,a(zo,1),1)) # 0
then the implicit function theorem would imply the existence of an analytic
continuation for a;(x,1) around = = ¢, which is, of course, a contradiction.
Thus, the system above has a unique solution.

To see that the components ao,...a; (with a; = a;(1/e,1)) of ay are
polynomials in 1/e we will construct the partition A = {ag,as,...,ar} on
which the system of equations (3.36)—(3.37) is based by refining the trivial
partition consisting of only one class p step by step. The recursive description
of this trivial partition is given by the formal equation p = xzpopi and
the solution of the corresponding equation p = zexp(p) for the generating
function p (denoted by the same symbol p) is given by (xg,p) = (1/e, 1), with
P clearly a (constant) polynomial in 1/e. Now let D = {dy,...,ds} (s € N)
again denote the set of out-degrees that occur in the planted patterns. We
will refine p by introducing for each d; € D a class a; consisting of all trees
of root out-degree d; together with the class ag of trees with root out-degree
not in D. The partition {ag,a1,...,as} has the recursive description

ap=2x Z (a0 ®a1 - D a,)
JEN\D

a; =z(ap Da; O ®as)® (t=1,...,s) (3.38)

and the solution of the corresponding system of equations is given by

1
To = —,
e
_ 1 .
a; = Tl (t=1,...,9), (3.39)

ap=1—(ay +---+as),

thus again polynomials in 1/e. We continue by refining this last partition by

introducing classes ¢y, ..., ¢, (u € N) for each term at the right hand side of
G) ) )

(3.38) after expanding. Such a class ¢; is of the form ¢; = xaé all cea
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with natural numbers lgj), i=0,...,s. We get a new partition {ag,c1,..., ¢y}
which has a recursive description by construction (because we can replace the
a; by disjoint unions of certain c;). The solution of the corresponding system
of equations for the generating functions is given by

Tro —

1
6
1 1 l(J) Z(J) 1@ .

- - .Gk -1 .

o l(])'l l( )' ag ay as (j ) ),

50:17(a1+0~+a5)

with the @; of (3.39). Thus the ¢&; are again polynomials in 1/e. By continuing
this procedure until level h (i.e. performing the refinement step h times) we
end up with the partition .4 and we see that the solution for the corresponding
system of equations consists of polynomials in 1/e, which ends the proof of
Lemma 3.21.

Note that there is a close link to Galton-Watson branching processes. Let
Pr = k, denote the offspring distribution. Now we interpret a class a; as the
class of branching processes for which the (non-plane) branching structure
at the start of the process is the same as the tree structure at the root of
the trees in a;. By arguments of probabilistic independence it follows that
the solution a;, i =0,..., L from the system of equations (3.36) corresponds
to the probabilities ¢;, ¢ = 0,..., L that a branching process is in the class
a;, 1=0,..., L. To see this, let the equation of class a; be given by

x n!

a; =x af)o- -alt, (n=lo+---+1p).

lo!.. .1z Tl 1)

Now the probability that a branching process is in class a; is the probability
o= 1 : that the first node has degree n, and that [; of the branching processes
startlng at the chlldren of this first node are in the class a; (0 <¢ < L). This
yields a factor a . . Since the left to-right-order of this child-processes is
not relevant, we also get a factor W to discount different embeddings into
the plane. However we can also calculate the q; by elementary probabilistic
considerations. Therefore we consider the probabilities pq,, . .., pa, of the out-
degrees dy, ..., ds of the pattern nodes and r = 1 —pq, —- - - — pq, for the other
out-degrees. Now we get the probabilities ¢; (= @;) by multiplication of the pg,
and r corresponding to the branching degrees of the processes in each class a;
and discounting different embeddings into the plane by some multiplicative
factors which follow from symmetry considerations. So again we see that ag
consists of polynomials in 1/e.

Consequently, it follows from Theorem 2.35 that the numbers [,, ,,, have a
Gaussian limiting distribution with mean and variance which are proportional
to n. Since ty, m = ln,m /N, We get exactly the same rule for unrooted trees.
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We now solve the system of equations (3.36)—(3.37) for the example pat-
tern, where we apply the relation to Galton-Watson processes as described
above. Recall that zyp = 1/e. We only have to consider the probabilities
p = 1/(2e) for nodes with out-degree 2 and ¢ = 1 — 1/(2e) for the other
nodes. For example we get a4 = a4(1/e, 1) = 2qp> = 2166601 The factor 2 comes
from the fact that the two subtrees of the root may be exchanged (see Figure

3.9). The other classes can be treated similarly and we find:

a(l/e,1) =1, as(1/e,1) = (2e — 1)*/(128¢"),
ao(1/e,1) = (2¢ — 1)/(2e) ag(1/e,1) = (2e — 1)%/(32¢7),
ar(1/e,1) = (2e —1)%/(8¢%)  ar(1/e,1) = (2e — 1)?/(64€"),
) (3.40)
az(1/e,1) = (2 —1)3/(16€%)  ag(1/e,1) = (2e — 1)?/(32¢"),
az(1/e,1) = (2¢ = 1)?/(8¢°)  ag(1/e,1) = (2¢ — 1)/(3267)7
(1/e,1) =( )/( (1/e,1) =

We now give a formula for the mean value p.

Lemma 3.22. Let g = 1/e and ay be given by Lemma 3.21 and let P;j(y, u)
(1 <7 <L) be the polynomials of Lemma 3.19, with'y = (yo,...,yr). Then u
(of Theorem 3.18) is a polynomial in 1/e with rational coefficients and given
by

—_

L
oF;
- ; % a(), . (341)

@

Proof. Let a = F(x,a, u) be the system of functional equations of Lemma 3.19.
We recall that (2.56) provides a formula for the mean constant:

1 bTFu(xo, ap, 1)

1'_0 bTF:v (1'07 ap, 1) - (342)

M =
Here b denotes a positive left eigenvector of I — Fy, which is unique up to
scaling.
Since
T (eao+...+aL — Zf:l Pj (a’ 1))
xPy(a,u)
F(m,a, u) = mPg(a,u) )

xPr(a, u)

we get, after denotlng L with P aps
J

ao+---+a . ... paot+-tarn _ L .
e b= ijl Pjao e P == Piar
Pl,ao e Pl ar,

PL,CLO PLaL
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Since ag(xg, 1)+ - -4ar(xo,1) = a(zg, 1) = 1, we have xge (o)t -ar(@o.) —
1. Consequently the sum of all rows of F, equals (1,1,...,1) forx =29 = 1/e.
Thus, denoting the transpose of a vector v by vT, the vector bT = (1,1,...,1)
is the unique positive left eigenvector of I — F',, up to scaling.

It is now easy to check that

xObTF;c(l‘O;aO; 1) = leao(ﬂcml)-i----aL(iCo,l) -1
e

and that
L

1
b F,(x0,a0,1) = - > Pju(ao, 1).

Jj=1

The fact that p is a polynomial in 1/e is now a direct consequence from
the observation that ag consists of polynomials in 1/e, and the fact that the
coefficients are rational follows from the property that F(z,a, u) has rational
coefficients.

This completes the proof of Theorem 3.18. We point out here that it is also
possible to prove that the constant o2 can be represented as a polynomial in
1/e with rational coefficients. However, the proof is very involved (see [40]).






4

The Shape of Galton-Watson Trees and Pélya
Trees

Galton-Watson trees or simply generated trees are random trees that are
obtained by Galton-Watson branching processes conditioned on the total
progeny.! This is in fact a very natural and general concept of random trees
that includes several kinds of combinatorial tree models like binary trees,
planted plane trees, labelled rooted trees, etc. (compare with Section 1.2.7).

One important point is that Galton-Watson trees have a continuous lim-
iting object, the so-called continuum random tree, by scaling the distances to
the root by 1/y/n. This concept has been introduced by Aldous [2, 3, 4] and
further developed by Duquesne and Le Gall [72, 73, 74].

First we present an introduction to these limiting objects (for more details
we refer to the recent surveys by Le Gall [135, 136]).

The main focus of this chapter is to characterise the so-called profile of
Galton-Watson trees, that is, the number of nodes of given distance to the
root. It is a very natural measure of the shape of a tree. Interestingly, the
profile process can be approximated by the total local time of a Brownian
excursion of duration 1. Since the profile is not a continuous functional of
a random tree (more precisely of its depth-first search process), its limiting
behaviour cannot be deduced from the structure of the continuum random
tree.

The approach that we present here — that is based on combinatorics with
the help of generating functions — is probably not the most elegant one, since
it is quite technical. However, it can be generalised to unlabelled rooted trees
(Pdlya trees) that cannot be represented as conditioned Galton-Watson trees.

We also comment on the height of conditioned Galton-Watson trees and
Pdélya trees that are of order y/n.

! The notion Galton-Watson tree (or more precisely, conditioned Galton-Watson
tree) has become standard in the literature. Therefore we restrict ourselves to this
notion throughout this chapter and do not use the equivalent notion of simply
generated trees.
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4.1 The Continuum Random Tree

4.1.1 Depth-First Search of a Rooted Tree

In order to analyse a plane rooted tree T we consider the so-called depth-first
search. It can be described as a walk (v(¢),0 < i < 2n) around the vertices
V(T). For convenience we add a planted node where we start and terminate:
v(0) = v(2n). Next let v(1) be the root. Now we proceed inductively. Given
v(2) choose (if possible) the first edge at v(i) (in the ordering) leading away
from the root which has not already been traversed, and let (v(i),v(i + 1))
be that edge. If this is not possible, let (v(i),v(i + 1)) be the edge from v(%)
leading towards the root. This walk terminates with v(2n — 1), that equals
(again) the root, and with v(2n), that is the planted node.

The search depth z(¢) is now defined as the distance of v(i) to the planted
node which is precisely the distance to the root plus 1, 2(0) = z(2n) = 0. For
non-integer ¢ we use linear interpolation and thus z(t), 0 < t < 2n, can be
considered as a continuous excursion (see Figure 4.1).

x(i)

P

~~-

Fig. 4.1. Depth-first search of a rooted tree

Note that the height h and the path length I (that is the sum of all
distances to the root) can be expressed with help of x(7):

2n

) 1 N n
h = ng&cﬂx(z) -1 and I= 5 Z;x(z) — 5 (4.1)

Observe that the above procedure provides also a bijection between planted
plane trees and so-called Dyck paths, that is, discrete excursions starting and
terminating at 0 and being positive in-between, where each step is either up
or down. In particular, trees of size n correspond to paths of length 2n.

In the uniform random model every tree of size n and also every Dyck path
of length 2n is equally likely. This also corresponds to the standard random
walk with probability % going one step up resp. one step down conditioned on
2(0) =x(2n) =0 and z(j) >0 for 1 <j <2n-—1.
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4.1.2 Real Trees

Suppose that a (rooted or unrooted) tree T is embedded into the plane such
that the edges are straight lines (or rectifiable curves) that only intersect at
their incident vertices. Let 7 C R? denote the actually embedded set. Then
7T can be considered as a (compact) metric space (7,d), where the distance
d(z,y) between two points x,y € 7 is defined as the shortest length of a curve
v C 7T that connects x and y. Actually, the range of every curve of length
d(x,y) that connects 2 and y coincides with .
These properties motivate the definition of an (abstract) real tree.

Definition 4.1. A metric space (T,d) is a real tree if the following two prop-
erties hold for every x,y € T.

1. There is a unique isometric map hy ,, : [0,d(x,y)] — 7T such that hy ,(0) =
z and hy u(d(z,y)) =y.
2. If q is a continuous injective map from [0,1] into T with ¢(0) = z and
q(1) =y then
q([0,1]) = hay([0, d(z, y)]).
A rooted real tree (T,d) is a real tree with a distinguished vertex r = r(7T)
called the root.

Of course, the embedded tree from above is a real tree in this sense. If
we interpret combinatorial trees as real trees it is convenient to choose the
embedding in a way that adjacent vertices are connected by lines of length 1
so that the usual distance of nodes is preserved.

Next we deal with the problem of equivalent real trees resp. with the
problem of measuring the difference between real trees. For simplicity we
assume now that all real trees that we consider are compact and rooted.

We say that two real trees (71,d;1), (72,ds2) are equivalent if there is a
root-preserving isometry that maps 73 onto 7. We denote by T the set of all
equivalence classes of rooted compact real trees.

It is easy to measure the difference of two real trees (if they are both
contained in the same metric space) by using the Hausdorff distance

OHaus (X, Y) = max { sup Jnf. d(z,y), sup Inf d(z, y)} :
Thus, it is natural to define the so-called Gromov-Hausdorff distance dgu (71, 72)
of two real trees (71,d1), (72,dz2) by

don (11, Te) = inf (max{Oians (61 (T1), 62(T2)), 3(61(r(T1)), 62 ()} ),

where the infimum is taken over all isometric embeddings ¢, : 737 — E and
¢2 : To — E of T; and 73 into a common metric space (E, §). It is immediately
clear that this distance only depends on the equivalence classes of 77 resp. 7s.
Moreover, dgy defines a metric on T and we have the following important
properties (see [76]):
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Theorem 4.2. The metric space (T,dgmu) is complete and separable, that is,
it is a Polish space.

Real trees are closely related to continuous functions that represent excur-
sions. Let g : [0, 00) — [0, 00) be a non-zero continuous function with compact
support such that ¢g(0) = 0. For every s,t > 0 set

dg(s,t) =g(s) +g(t) — 2 inf g(u)

min{s,t} <u<max{s,t}

(compare with Figure 4.2). Then d, is non-negative, symmetric and satisfies
the triangle inequality. If we define an equivalence relation by

s~t = dy(s,t) =0
and if 7; = [0, 00)/ ~ denotes the system of equivalence classes then the space
(T, dg)

is a metric space.

dg(s,t)=1+2-2=1

Fig. 4.2. Distance d

Actually we have the following property (see [74]):
Theorem 4.3. The metric space (14,dg) is a compact real tree.

Usually the equivalence class corresponding to ¢ = 0 is considered as the
root so that 7, becomes a rooted real tree.

For example, let g be the excursion z(t) given in Figure 4.1. Then this
identification process can be seen as the inverse process of the depth-first
search (compare with Figure 4.3).

Intuitively it is clear that the real trees 7,4, and 7, are close if g1 and go
are close. This is actually true in a strong sense (see [135]).

Lemma 4.4. The mapping g — 1y is continuous. More precisely, if g1, g2 are
two functions from [0,00) — [0,00) with compact support and ¢g1(0) = g2(0)
then

dGH(,TgN,Z?D) < Hgl - 92”00;

where || - ||loo denotes the supremum norm.
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Fig. 4.3. Construction of a real tree 7,

4.1.3 Galton-Watson Trees and the Continuum Random Tree

The space (74,dy) is a Polish space, that is, a complete separable metric space
and therefore perfectly equipped for applying standard probability theory, in
particular, weak convergence of measures (see [17, 18]).

Suppose that (S, d) is a Polish space and let X, : 2 — S be a sequence of
S-valued random variables. Then X,, converges weakly to a random variable
X : 2 — S, if and only if

lim EF(X,)=EF(X) (4.2)
n—oo
holds for all continuous bounded functions F' : S — R. As usual we will denote
. d
this by X,, — X.
Using this definition it is immediately clear that if G : § — S’ is a con-

tinuous function between Polish spaces and if we know that X, 4 X for
d

S-valued random variables then we automatically obtain G(X,,) — G(X).

We now introduce special random real trees. First we use the standard
Brownian excursion (e(¢),0 < ¢ < 1) of duration 1 that is a stochastic process
on non-negative continuous functions of support [0, 1] and zeros at t = 0 and
t =1 (see Figure 4.42).

There are several possibilities to define the Brownian excursion. For ex-
ample, it can be seen as a (rescaled) Brownian motion between two zeros.
Alternatively it can be defined as a Markov process with P{e(0) = 0} =
P{e(1) = 0} = 1 that is uniquely given by the densities of the one- and
two-dimensional distributions:

2 This figure was produced by Jean-Francois Marckert.
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Fig. 4.4. Brownian excursion

222 x?

Ty 22 o2
Ple(t) =, elt2) =9} = e (-5 - ant) @

Anyway it is a probability distribution on non-negative continuous functions
g of compact support. Hence, the mapping g — 7, induces a corresponding
probability distribution on real trees.

Definition 4.5. Let (e(t),0 < t < 1) denote the standard Brownian excursion
of duration 1. Then the random real tree T3 is called Continuum Random
Tree.3

Next we consider Galton-Watson trees defined by their offspring distribu-
tion & and let T}, denote a random Galton-Watson tree of size n. For simplicity
we assume that the offspring distribution is aperiodic, that is

ged{j i P{E = j} > 0} = 1

or equivalently, the distribution is not concentrated on dZ for some d > 1.
This condition assures that trees of arbitrary size will evolve. By using the
depth-first search procedure these random trees induce random excursions
(Xn(t),0 <t < 2n) of length 2n. These excursions are again non-negative
continuous functions g with compact support. Thus, the mapping g — 7,
induces a class of random real trees that we denote by 7x, . If we assume
that the variance o2 := Var¢ of the offspring distribution is finite then the

3 The factor 2 in the 2e is just a convenient scaling factor.
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expected height of a Galton-Watson tree is of order /n (see Section 4.4).

Hence it is natural to scale X, (t) and consequently the corresponding real

trees by the factor 1/4/n so that the resulting trees are of comparable size.
The main result in this context is an invariance principle by Aldous [4].

Theorem 4.6. Suppose that the offspring distribution £ of a Galton- Watson
branching process is aperiodic and critical with finite variance 0? = Varé.

Then the scaled real trees -

T
corresponding to Galton-Watson trees of size n converge weakly to the contin-
uum random tree To,.

Tx

n

There are also several extensions of Theorem 4.6, for example by Duquesne
and Le Gall [72, 73, 74] if the variance Var¢ is infinite but £ is in the domain
of attraction of a stable law. However, for this purpose one has to introduce
random real trees based on a stable Lévy process.

A natural way to prove Theorem 4.6 is to consider the depth-first search
process X,,(t) corresponding to Galton-Watson trees and to prove the follow-
ing property that is also due to Aldous [4].

Theorem 4.7. Suppose that the offspring distribution & of a Galton- Watson
branching process is aperiodic and critical with finite variance 02 = Varé.
Then the depth-first search process X, (t) satisfies

<%Xn(2nt),0 <t< 1> L (e(t),0 < t < 1). (4.5)
In other words, the normalised depth-first search process is approximated by
the Brownian excursion Obviously, Theorem 4.7 implies Theorem 4.6, since
the mapping g — 7, is continuous.

We do not supply the original proof of this theorem here. There are several
recent surveys on this subject (see [135, 136]). Nevertheless, in Section 4.2.8
we comment on an alternative approach that is based on generating functions
and analytic methods.

One important issue of Theorems 4.6 and 4.7 is that they can be used to
derive the limiting distribution of several parameters of trees. For example,
let us consider the height H,,, the maximal distance between a node and the
root.

Theorem 4.8. Suppose that the offspring distribution & of a Galton- Watson
branching process satisfies the assumptions of Theorem 4.6 and let H,, denote
the height of the corresponding Galton-Watson trees. Then we have
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This theorem was first proved by Flajolet and Odlyzko [82]. A local version
is due to Flajolet, Gao, Odlyzko, and Richmond [80].

It is well known that the distribution function of M = Jnax e(t) is given
by o

oo

P{M <z}=1-2) (422> — 1)e 2"¥
k=1

and the moments by
E(M") =27"r(r = )I'(r/2)¢(r),

where ((s) denotes the Riemann (-function (and where we make the conven-
tion (r — 1){(r) =1 for r = 1).
Thus, one might expect that

E(H?) ~ <z>TE(M’")n’“/2

g

for » > 0. In fact this is true if we additionally assume that the exponential
moment Ee” is finite for some 7 > 0. One possible way is to apply The-
orem 4.15 (the assumptions can be verified by Proposition 4.41) or to use
analytic methods (see Theorem 4.29).

Another corollary concerns the path length I, of Galton-Watson trees,
that is the sum of all distances to the root. Here the limiting relation (4.5)
and the second part of (4.1) provide the following result.

Theorem 4.9. Suppose that the offspring distribution £ of a Galton- Watson
branching process satisfies the assumptions of Theorem 4.6 and let I,, denote
the path length of the corresponding Galton- Watson trees. Then we have

1 a 2 !
—1, — — t) dt.
- U/O e(t)

The moments of I = fol e(t) dt are determined by

4\/ET'
Ty
B = Ko wty s

where K. is recursively given by

with initial values Ko = f% and K1 = %. The convergence of moments was

first proved by Takécs [200]. Louchard [140] identified then the relation of the
limiting distribution to the Brownian excursion area.
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4.2 The Profile of Galton-Watson Trees

Let T be a rooted tree. We denote by Lz (k) the number of nodes at distance
k from the root. The sequence (Lr(k))r>o is called the profile of T. If T is
a random tree of size n, for example a conditioned Galton-Watson tree (or
equivalently a simply generated tree) then we denote the profile by (L., (k))x>0,
which is now a sequence of random variables (see Figure 4.5, where y-axis is
used as the time aris).

L(k)

P

~~7

Fig. 4.5. Profile of a rooted tree

It is convenient to view this random sequence as a stochastic process. For
non-integer arguments we define the values by linear interpolation, that is, we
have

L,(t)=([t] +1=t)Lo([t]) + (t = [t])Ln([t] +1), t=>0.

(Ln(t),t > 0) is then a stochastic process and is called the profile process of
a random tree. By definition, the sample paths of the profile are continuous
functions on [0, 00).

There is a close relation between the profile L, (¢) and the depth first
search process X, (t). For integers k we have by definition

1 2n
3] toa(Xaw) - > Ln(®)

Moreover, suppose that f is (uniformly) continuous and bounded on [0, c0),
then (4.5) implies
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1 2n

%gf (%) Lnl®) =55 0 f (%Xn(to dt + o(1)
/01 d (%X"@”@ dt +o(1) (4.6)
o /lf(e(t))dt.
0

In other words, the occupation measure of the scaled depth-first search con-
verges to the occupation measure of e(t).

It is natural to ask whether the occupation measure of e(t) has a (random)
density. Actually such a density

1

1
(1) = lim © / 1011q(e(s) ds

0

exists (almost surely) and constitutes a continuous stochastic process (I(t), t >
0) that is also called local time local time of a stochastic process of the Brow-
nian excursion (of duration 1).

One also expects that the (normalised) profile process is approximated
by I(t). Since the mapping that assigns the local time [ to an excursion e is
not continuous, we cannot apply (4.5) resp. Theorem 4.6 to obtain a weak
limit theorem for the profile process. Nevertheless, such a property still holds
(compare also with the discussion following Theorem 4.17).

Theorem 4.10. Suppose that the offspring distribution £ of a Galton- Watson
branching process is aperiodic and critical with finite variance 02 = Varé.
Then we have (in C[0,00))

o

(1), t > 0) - (§l (§t) > 0) :

where
_ 1

NG

denotes the profile process scaled by \/n.

In(t) La(tv/n), t>0,

Theorem 4.10 was conjectured by Aldous [3, Conjecture 4], and then proved
by Drmota and Gittenberger [66], by Kersting [124] and Pitman [170]. In
what follows we present a detailed proof of Theorem 4.10 that is based on the
methods of [66]. The proof is analytically very involved and not as elegant
as, for example, Pitman’s approach that is based on stochastic differential
equations. However, it seems that this analytic approach is, at the moment,
the only way to generalise to Pélya trees that we discuss in Section 4.3.

By the way, originally Aldous [3] formulated his conjecture in terms of the
step function process \}—Ln(Lt\/ﬁJ) (in the space D[0, 00)). However, it is not

n
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difficult to show that both properties are equivalent. The setting in C[0, c0)
is technically easier. Therefore we will only work with continuous processes.

Historically the first investigations of the profile of random trees seem to
go back to [193], who derived explicit formulas for the distribution of the
size of one level. Further papers mainly deal with simply generated trees as
defined by [151]. Kolchin (see [131, 132]) related the level size distributions to
distributions occurring in particle allocation schemes.

Another interesting tree parameter is the width

W = max L(k) = max L(t),
k>0 t>0
that is the maximal number of nodes in a level. Since the maximum is a

continuous functional, Theorem 4.10 provides a distributional result for the
width W, of Galton-Watson trees.

Theorem 4.11. Under the assumption of Theorem 4.10 we have

1
— W, L g sup (t).

NG 2 o<t<1

A corresponding result for convergence of moments seems to be more difficult
to obtain. Nevertheless first results on the expected width are due Odlyzko
and Wilf [166], later Chassaing and Marckert [34, 33] and Drmota and Git-
tenberger [67] settled the general case.

Note that the distribution of sup,~q {(¢) is the same as that of 2 supg<,<; €(t)
(see [15] or [3]). - o

There are several extensions of Theorem 4.10. We just state one that is
related to the leaves of Galton-Watson trees. Let Ly (k) denote the number of
leaves at distance k from the root and f/n(k) the random variable we get, if T is
a random Galton-Watson tree. As above L, (t) denotes the linear interpolated
function of the sequence Ly, (k). Then we have in C[0, c0)

(a(t),t > 0) -% (%%l (%t) > 0> ,

where )
I(t) = —
o)==
Interestingly, a limiting result of the form given in Theorem 4.10 seems
to be quite universal. The property for L, (t) is only a first indication in the
framework of Galton-Watson trees. However, there are also other kinds of trees
that have such a limiting shape. In what follows we will in particular discuss
unlabelled rooted trees (Pdlya trees). The natural approach to unlabelled
rooted trees is to use generating functions; and the proof that the profile of
unlabelled rooted trees is approximated by I(t) is based on the analysis of

Ln(v/nt).
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properly defined generating functions. Therefore we have decided to present
also a generating function proof of Theorem 4.10, although it is not the most
general one. In particular, we assume here that the offspring distribution has
finite exponential moments (which makes the analysis easier, compare with
Remark 3.7). Nevertheless, we need a proper probabilistic framework in order
to prove weak convergence of stochastic processes (see Theorem 4.14).

4.2.1 The Distribution of the Local Time

There are several interesting integral representations of densities and distri-
bution functions of the local time [(t) that we collect here. Some of them will
be actually used in the proof of Theorem 4.10.

The one dimensional density of (I(¢);t > 0) at ¢ = p is well studied. There
are several representations available in the literature: Using the theory of
branching processes Kennedy [123] and Kolchin [132, Theorem 2.5.6] obtained

%lR

1
/175 e 8?1;)*)92,, (g,s) ds, (4.7)
0

where g¢,.(z, s) is the density of a distribution given by its characteristic func-
tion:

Go(01,05) = |SIROV200) <nh<—¢T2/2>>

LY, —2i0, 7“\/—7;192/2

Takdcs [200] calculated this density by means of a generating function ap-
proach

J . , )k
z) =2 (é) e (@F205) /QﬁHHg(x +2pj).  (4.8)

§>1 k=1

Hy(z) are the Hermite polynomials defined by

2 dk _,2
Hi(z) = (=1)ke? ﬂﬁe =/2,

Knight [127] worked with the Brownian excursion and obtained

folw) = 27Y/275/278 / Iz (1—)> (s, 2) ds (49)

with
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and

i—1 2
h(qu;) = Ld < ; d e2f72(9£+i)2/s>7

2p /27'('5 Z 2! dl"‘ 1 de
where d‘i_ll = (i !

Getoor and Sharpe [90] also used a direct approach and derived a double
Laplace transform of the density:

e

S

ﬁl(p/ﬁ)‘ﬁ) drdsdt = p,(a,5)  (4.10)

where

1V2a+ B(1L e V2 BV2
a2a+ 6(1 —6—2/)\/5) (1+2pB)asd/2’
This formula was also shown by Louchard [141] who found a considerably
shorter proof via Kac’s formula for Brownian functionals.

When studying M /M /1-queues Cohen and Hooghiemstra [42] got an in-
tegral representation for the above density:

epla, B) =

1 —se”*® ol = /—sePV=2s .
folz) = i@/sinhQ(pM)e p( \/iisinh(pmﬂ ds,  (4.11)

where v is the straight line {z € C : Rz = —1}. They also derived the
Laplace transform of the two dimensional densities of local and occupation
time (compare also with the general result in Theorem 4.13).

Finally it should be mentioned that Hooghiemstra [103] found a direct
proof for the equivalence of (4.9) and (4.11).

Remark 4.12 Note that the expressions (4.7)-(4.11) are only representa-
tions of the continuous part of the local density. Obviously the local time den-
sity has a jump of magnitude P{sup0<t<1 e(t) < p} at 0. This quantity is
given by

IP’{ sup e(t) < p} =1-2) (4> — 1)e ¥, (4.12)

0<t<1 =1

The proof of Theorem 4.10 is based on a precise analysis of finite di-
mensional projections (and on tightness estimates). For this purpose we need
proper representations of the characteristic function of finite dimensional pro-
jections of I(t) (compare with [66]).

Theorem 4.13. Suppose that 0 < k1 < Ko < --- < Kq are positive real
number and let fy, . ., be defined by
fﬁl,...,fﬁd(satla"')td) = (413)

Wm (57 ity + Wﬁz*m ( . Wﬁd—l*fid—2 (57 itg—1 + wﬁcﬁﬁdﬂ (57 itd)) T )
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with ;
ty/—25 ="V 2
U, (s,1) = 5C . (4.14)
V=25 e"V=25 — 2¢sinh (ky/—2s)
Then the characteristic function of the random wvector (I(k1),...,l(kad)) s
given by

K K \/§ —s
Een l(k1)++ta l(Kka) =1+ m/yfnhm,,id(s,tl, .. .,td)e dS7 (415)

where vy is the straight line {s € C: Rs = —1}.

4.2.2 Weak Convergence of Continuous Stochastic Processes

Let S = CJ0, 1] be the Polish space of continuous functions on [0,1]. An S-
valued random variable X (where the measure on S is defined on the Borel
sets of S) is just a stochastic process (X (¢),0 <t < 1). It is well known that
the distribution of (X (t),0 < ¢ < 1) is characterised by the finite dimensional
distributions of the random vectors

(X(K1)y-.., X(Ka)),

where d > 1 and 0 < k1 < kg < -+ < Kq.

However, weak convergence X, 4, X ofa sequence of stochastic processes
cannot be characterised just by finite dimensional convergence. In particular,
if

d
(Xn(’%l)v s 7Xn(/€d)) - (X(FU); s 7X(/€d))
foralld > 1and 0 < k1 < ko < -++ < Kq then this does not guarantee that

X, ~%, X. One has to assume additionally that X, is tight. Recall that a
sequence (X,,) of random variables in a metric space S is tight if for every
€ > 0, there exists a compact subset K C S such that P{X,, € K} >1—¢
for every m. In a Polish space, a complete separable metric space, tightness
is equivalent to relative compactness (of the corresponding distributions) by
Prohorov’s theorem [18, Theorems 6.1 and 6.2], [119, Theorem 16.3].

In our special case of S = CJ[0,1] (with the supremum norm) tightness
means that

lim lim sup P{|X,,(0)| > a} =0 (4.16)
=0 pn_co
and
lim limsupP < sup |X,(s) — Xn(t)|>e€p =0 (4.17)
—0 n—oo |s—t|<6

for all € > 0. Informally, this says that, with high probability, X,,(s) and X, (¢)
do not differ too much if s and ¢ are close.

Property (4.17) cannot be checked easily in a direct way. However, there
are sufficient moment conditions (4.19) so that we have the following theorem
(compare with [18]).
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Theorem 4.14. Suppose that (X, (t),0 < t < 1) is a sequence of stochastic
processes and (X (t),0 < t < 1) a stochastic process on C[0,1] that satisfies
the following conditions.

1. For everyd>1 and 0 < k1 < kg < -+ < kg we have
(Xn(K1),- ., Xnlra)) 2 (X (K1), - .., X (ka)).
2. There exists a constant C > 0 and an exponent [ > 0 such that
E (|X.(0)]%) <C (4.18)

for all n.
3. There exists a constant C > 0 and exponents a > 1 and 8 > 0 such that

E (|Xn(t) — Xn(s)]?) < Clt —s|*  for all 5,t € [0,1]. (4.19)

Then
(Xa(H),0<t<1) -5 (X(8),0 <t < 1),

By Markov’s inequality it is clear that (4.18) implies (4.16). However, it is
a non-trivial task to show that (4.19) is sufficient to prove (4.17). Actually,
(4.19) implies

IP’{ sup | Xn(t) — Xn(s)| > e} < K(;a,;l (4.20)

lt—s|<s €

for some constant K (see [18]). Note that the condition av > 1 is essential for
deducing (4.17).

Theorem 4.14 does not apply directly to processes in C[0, c0). However,
weak convergence in C[0, co) holds, if and only if we have weak convergence of
the restrictions to the compact interval [0, 7] for all T' < oo (see [18]). Hence,
we can work with Theorem 4.14 in both cases.

Finally we want to mention that a condition of the kind (4.19) is actually
quite strong. It is sufficient (but not necessary) to prove tightness, and it
can also be used to prove convergence of moments. The problem is that the

function F(x) = z" is unbounded so that X, %, X not necessarily implies
E X, — E X" even if the expected values exist.

Theorem 4.15. Suppose that a sequence of stochastic processes X, = X, (t),
defined on C[0,1], converges weakly to X = X(t). Furthermore suppose that
there exists so € [0,1] such that for all ¥ >0

sup E (| X (s0)|") < o0, (4.21)
n>0

and that for every a > 1 there are > 0 and C' > 0 with (4.19).
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Let F : C[0,1] — R be a continuous functional of polynomial growth, that
is, there exists r > 0 with

[E(y)] < (T+lylle)”
for all y € C[0,1]. Then

lim EF(X,)=EF(X). (4.22)
n—oo
For example, Theorem 4.15 implies that all finite dimensional moments of
Xn(t) converge to that of X (¢), that is, for all fixed 0 < k1 < Ko < -++ < Kp
and ri,7r2,...,17p >0
lim E (X (k)" X (k2)"™ - Xn(kp)™) = E (X (k1) X (52)" - X (kp)™) -

n—oo

Furthermore, we have

lim E (max Xn(t)>r =E (max X(t)>r

n—oo 0<t<1 0<t<L1
and similarly for the integral fol X, (t) dt.
We present a short proof of Theorem 4.15 since it also sheds some light on

the tightness condition (4.19).
The key of the proof of Theorem 4.15 is the following observation.

Lemma 4.16. Suppose that X,,(t) and X (t) are stochastic processes satisfying
the assumptions of Theorem 4.15. Then for every a > 1 there exists a constant
K > 0 such that fore >0 and 0 < <1

a—1
P{ sup |Xn<s>Xn<t>|ze}g<‘S . (4.23)
|s—t] <8 €

and consequently

|s—t|<s

E ( sup | Xn(s) — Xn(t)|’"> =0 (5#) (4.24)

for every fized r < 3.

Note that if (4.19) holds for all @ > 1, then § = (B(a) is unbounded as a
function in «. Thus, the restriction r < 3 is not that serious. Actually we
necessarily have 5 > a, except in the trivial case X, (t) = X,,(0) for all ¢ and
n.

Proof. We already mentioned that (4.20) follows from (4.19) by using the
methods of Billingsley [18, pp. 95]. Finally, (4.24) is an easy consequence of
(4.20).
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Using these preliminaries it is easy to complete the proof of Theorem 4.15.

Proof. By combining (4.21) and (4.19) it follows that for every so € [0, 1]

sup E (| X, (s0)|") < 0.
n>0

Next, by a direct combination of (4.21) with s = 1 and (4.24) with § = £ we
obtain (for all r > 0)

E X, "
sure g (0 ) <

and consequently (for any € > 0)

supE (F(X,)'1) < oco.
n>0

By weak convergence we also have F(X,,) 4, F(X). Thus, by [17, p. 348]
the expected value E F(X) exists and

lim EF(X,)=EF(X).
n—oo
Again this theorem does not apply to stochastic processes X,, in C[0, c0).
However, it is easy to adapt the above theorem to cover this case, too.
For example, suppose that for any choice of fixed positive integers r and
« there exist positive constants cg, ¢1, ca, cg such that

sup E (| X, (¢)]") < fi(t) for all £ > 0, (4.25)
n>0
and
sup E (| Xn(t +5) — Xn(t)[**) < fo(t)s* for all s,t > 0, (4.26)

n>0

where f1(t) and fa(t) are bounded functions with f1(¢t) — 0 and fo(¢t) — 0
as t — oo. Then for all continuous functions F' : C[0,00) — R of polynomial
growth (in Co([0,0))) we have
lim EF(X,)=EF(X),
(compare with [67]).
For example, Theorem 4.15 (and its adaption to C[0,00)) can be applied
to the height and width of Galton-Watson trees (compare with [67, 69]).

We finally give another useful application of tightness that could lead to a
shortcut in the proof of Theorem 4.10 provided that Theorem 4.7 is already
known. The basis is the following observation due to Bousquet-Mélou and
Janson [24].
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Theorem 4.17. Let S; and Sy be two Polish spaces, and let ¢ : S1 — S be
an injective continuous map. If (W,,) is a tight sequence of random elements

of S1 such that (W,,) 4, Z i Sy for some random Z € Sy then W, LN 7 7

in Sy for some W with (W) 4z

Proof. By Prohorov’s theorem, each subsequence of (W,,) has a subsequence
that converges in distribution to some limit. Let W’ and W be limits in
distribution of two such subsequences Wy, and Wy Since ¢ is continuous,

(W) = (W) and (W) <5 o(W"). Hence, o(W') £ Z < (W),

Let A be a (Borel) measurable subset of S;. By the Souslin—Lusin theorem
[45, Theorem III1.21, see also II1.16-17], ¢(A) C S5 is measurable. Thus, using
the injectivity of ¢,

P{W’ € A} = P{p(W') € p(A)} = P{p(W") € p(A)} = P{W" € A}.

Consequently, W’ 4y,
In other words, there is a unique distribution of the subsequence limits.
Thus, if W is one such limit, then every subsequence of (W,,) has a subsequence

that converges in distribution to W; this is equivalent to W, AW (recall
that by (4.2), weak convergence can be reduced to convergence of sequences
of real numbers).

This theorem applies in the following situation. Let S1 = {f € Co(R) :
f > 0}, with the uniform topology inherited from Cy(R); let So be the space
of locally finite measures on R with the vague topology (see Kallenberg [119,
Appendix A2]) and let ¢ map a function f to the corresponding measure
fdz, that is, ¢(f) is the measure with density f. Then S; is a closed subset
of the separable Banach space Co(R), and is thus Polish, and so is S2 by [119,
Theorem A2.3]. Further, ¢ is continuous and injective.

In particular, let
1
=—L,(t S
\/ﬁ ( \/ﬁ) €01

be the normalised profile of Galton-Watson trees. Then ¢(l,,) is precisely the
measure

In(t)

1 .
ﬁ ZLn(])anflﬂ,n*l/%
=0

where v, 5, denotes the measure with (triangular) density function

flz) = %max{l— |xhy|’0}

that is centred at y and has support [y — h, y+ h]. Note that v, , approximates
the delta distribution §,, if h — co. It also follows easily that the difference
of ¢(I,) and the normalised occupation measure
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1 )

720

converge to 0 in probability.
It follows from Theorem 4.7 that u, converges weakly to the occupation
measure p of Ze(t). Hence, the same is true for ¢(I,). Thus, in order to prove

Theorem 4.10, that is, 1,,(¢) 4, gl (%t), it is sufficient to prove Theorem 4.7
and tightness of [,,(t).

4.2.3 Combinatorics on the Profile of Galton-Watson Trees

In Sections 4.2.3—4.2.6 we present a proof of Theorem 4.10 that deals with the
limiting behaviour of the profile of Galton-Watson trees. We start with some
combinatorics.

Recall that the generating function y(z) = > -, yna™ for the weighted
numbers y, = 35—, w(T') of Galton-Watson trees of size n satisfies the
functional equation

y(x) = 2®(y(x)),
where &(x) = Ex¢ = ¢g + ¢1o + ¢o2? + --- is the probability generating
function of the offspring distribution £ (or equivalently the generating function
of the weights ¢;).

In order to compute the distribution of the number of nodes in some given
levels in a tree of size n we have to calculate the weighted number

Yk1,m1,ka,ma,-ka,main = E W(T)
|T|=n, Lt (k1)=m1,..., LT (ka)=ma

of trees of size n with m; nodes in level k;, i = 1,...,d. Then the finite
dimensional distribution of the profile of Galton-Watson trees of size n is
given by

B{Lo(k1) =1, L(ha) = g} = Hadatioctumnn,
n

For this purpose we introduce the generating functions

— mi mq .n
ykl,...,k'd(x7ul7"'aud) — E yk1,ml,kg,m2,~~~kd,md;nu1 "'ud x

miy...,Mg,MN

S B (et ket gn

n>1

These functions can be recursively calculated.
Lemma 4.18. For d =1 we have

yo(z,u) = uy(x) (4.27)
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and for d > 1 with integers 0 < k1 < ko < ks < --- < kg

Y0,ka,....kq (iC, Uy .-y Ud) = U1Yk,,...,kq (1’, U, . .. 7ud) (429)
Ykr+1,ka 41, ka1 (T, U5 - Ua) = TP (Yiy ko ko (2, UL, U2, - uq)) - (4.30)
Proof. The initial equation (4.27) is obvious, since there is always one node
at level 0. Next, if we want to count the nodes at level k + 1 this is equivalent

to counting the nodes at level k of all subtrees of the root. This gives (4.28).
Similarly we obtain (4.29) and (4.30).

Remark 4.19 In order to make the structure of the gemerating functions
Yk, kg (T, U1, . .., ug) more transparent we introduce the functions Yi(x,u)
by the recurrence

Yo(z,u) = u,
Yit1(z,u) = 2P (Yi(z,u)), k>0. (4.31)
For example, the function Yi(x,0) is the generating function of Galton-
Watson trees of height < k. However, their main property is that
yklf“wkd(x7u17"'7ud) (432)
=Y, ({E, U1 Yy, — ey (LL', 2 Yy, (:L’, oy ud—1Yk kg, (l’, Uy(x)) T ))

Hence, all generating functions of interest can be expressed in terms of Yy (x, u)
and y(x).

4.2.4 Asymptotic Analysis of the Main Recurrence

In order to get an impression of our problem we first consider a special
case, namely planted plane trees that are determined by the generating se-
ries @(x) = 1/(1 — x). The corresponding generating function that satisfies
y(z) = z®(y(x)) is explicitly given by

1-+1—-4x

y(z) = 5

In this special case the recurrence (4.31) can be explicitly solved. Here we

have
(u —y(z))a(x)"

1= 2 (e

Yi(z,u) = y(z) +

where a(x) abbreviates

T _1—23:—\/1—433

) = Ty ) %
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In fact, this kind of property is generally true, at least from an asymptotic
point of view (compare with Lemma 4.20). However, here and in what follows
we assume that there exists 7 > 0 such that E e is finite, where ¢ denotes
the offspring distribution of the underlying Galton-Watson branching process.
Equivalently there exists 7 > 0 that is strictly smaller than the radius of
convergence of ®(z) with 7¢'(7) = &(7).4

We recall that — under this technical assumption — the generating function
y(x) has a local expansion of the form

y(ac)—T—i 1—£+O(‘1—£
o

Zo

) (4.33)

around its singularity o = 1/&'(7). The assumption d = ged{j > 0: ¢; >
0} = 1 ensures that |z¢'(y(z))| < 1 for |x| = zo,  # xo (compare with the
proof of Theorems 2.19 and 3.6). Hence, by the implicit function theorem y(x)
has an analytic continuation to the region |z| < xg + J, arg(x — ) # 0 for
some § > 0. It also follows that @ = a(z) = z®'(y(x)) has similar analytic
properties, especially it has the local expansion

Zo

afr)=1-0V2 1—%4-0(‘1_2
0

) . (4.34)

In what follows we also use the abbreviation 8 = (z) = 2®" (y(z))/2.

Lemma 4.20. There exists a constant ¢ > 0 such that we uniformly have

Yi(w,u) = y(x) (4.35)
(u — y(fﬂ))ak
1= (u = (@) grigy + (0= (@) ariayat + O (Ju— y(@) PS5 )

as long as

+

klu—y(z)| <e, |x—x0| <e¢, and |arg(z —xzo)| > c.

Proof. Set wy, = wg(z,u) = Yi(z,u) —y(x). In a first step we show that there
exists a constant C' > 0 such that

Jwol |a® |wol |a®

_ . _ 4.36
T+ Chjwo] = 1“1 = T=Crjug) (4:36)

as long as klwg| < 1/(20).

4 This technical assumption makes the analysis easier but it is not necessary. It
would be sufficient to assume that the second moment E £ is finite or equivalently
that @"(7) is finite. We would have y(z) = 7 — T‘/_ 1—z/xo (1 + o(1)) and
a(z) =1—0v2y/1—2/x0 (1 + 0(1)) instead of (4.33) and (4.34) and would not
get error terms (compare again with Remark 3.7).
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We proceed by induction. Note that we always assume that wy is suf-
ficiently small, say |wx| < ¢o so that the estimates in the following local
expansions are uniform and that we are within the region of convergence of
b(x).

By using the local expansions we obtain

Vi1 (z,u) = 20(Yi(z,u)) = 2P(y(z) + wr)
= y(@) + 2@ (y(a))wy, + 29" (y(x) + i )wi, /2
= y(z) + awg + O(Jwk[?).

Hence, there exists a constant C' such that

laf B lwks1] < o I
L+ Clwg| = 7 =T — Clwy ]
and consequently
1 C 1 1 C
—_— = — < < + —_
lal fwe]  fal ™ |wega| 7 o fwk] e

Inductively this leads to

1 C < 1 ) 1 1 C ( 1 )
- -l < —< + 1
|a¥Jwo| 1 —lal \|al* wi  lafFlwo| © 1 — |af \|ol®

which is equivalent to

|wo |ex[* |wo |ef*
1—|af* < ‘wk| < 1 JalF
1+C|’wo| T—[a] 1—C|’U)0| T—[a]

Observe that |z — xg| < ¢ and |arg(x — x0)| > ¢ imply that |« < 1. Hence
(1—lal®)/(1 = |al) < k and we get (4.36).

Note that the condition k|wg| < 1/(2C') ensures that all estimates remain
non-negative and also that the a priori assumption |wg| < ¢o can be verified
step by step, where we have to choose cg appropriately.

The asymptotic relation (4.35) follows now from a slightly more precise
derivation. Similarly to the above we have

Wil = QW + 511)% + 0 (\wk|3) .

This can be rewritten to

1 1 1
Wkr1  awg 1+ pwg/a+ O (Jwg|?)

1
__£_|_O M X
oaw,  a? ||
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If we set g = o /wy, then
Qi1 = qx — B + O (Jwi||a]*)

which, with help of the a priori estimate, provides wy = O(woa*)

1 1—ak
R S C;+O<|wo| )

wg o 1—

1_a2k'

1—a?

and consequently (4.35).

4.2.5 Finite Dimensional Limiting Distributions

We will use the results of the previous section to prove finite dimensional
convergence. For simplicity we only discuss the cases d = 1 and d = 2 in
detail. It will then be clear how to deal with the general case.

Let us start with d = 1. Recall that the characteristic function of the local
time [ at level k is given by

—1+ico
Ee itl(k) _ =14+ 22 / by —QSeXp( _28) e % ds.
V—=2sexp(kv/—2s) — 2itsinh (kv/—2s )
—1 100
(4.37)
Proposition 4.21. Let k > 0 be given. Then we have for |t| < ¢/(Tk)
lim Eetvaln(V) — geit§ U(5n), (4.38)

n—oo

Consequently

%Ln(n\/ﬁ) 4, %l (%H) .

Proof. Recall that the generating function yi(z,u) = Yi(x,uy(x)) can be

interpreted as
= Z Yn E uln (k) gn
n>1

and is, thus, related to the characteristic function of L, (k). In particular, we
have
EeitL”(k)/ﬁ _ i[xn]yk (x’eit/\/ﬁ) )
n
In order to get asymptotics for this characteristic function we will use the local
representation of Y (z,u) from Lemma 4.20 and a properly chosen contour
integration applied to Cauchy’s formula.
Let I' =~ U I consist of a line

y = {x =z (1 + %) (R(s) = —1, |3(s)| < Clog? n}
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with an arbitrarily chosen fixed constant C' > 0, and I’ be a circular arc
centred at the origin and making I" a closed curve. Then

- . 1 dx
Eeitln(B)/ v — y 2 yk (x e”/‘f) prng (4.39)
n

The contribution of I is exponentially small, since for x € I we have
Yk ((E, €

If x € 4/ then the local expansion (4.35) is valid for a proper range for k.
In particular, we replace k by |kv/n], u by e*/V™y(x) and z by xg (1+2).
If we assume that x > 0 is given then the assumptions of Lemma 4.20 are
satisfied provided that |t| < ¢/(kT), where ¢ is the constant from Lemma 4.20:

2 .
ne—Clog™n is bounded.

|7 ~ g , whereas

kl(u = 1Dy()| < svn

ett/vm _ 1‘ ly(x)] < klt]T <c.

Next we use the local expansions

y() =7 = 22 =21 0(lsi/m)

a=1-0V2 f%+0(|s\/n),
0'2 S
o= E*O( 5)

of = exp (—orv=2s) (1 + O(ks/v/n))

to get asymptotically for z € v/

(u —y(z)a*
a2k
1= (= Do) grigy + (u = Dy(@) grya + 0 (Ju— 1122255
1 itre” 7"V ~25(1 + O(s/\/n))
Vil = 5 4 5 exp (—ony/=2s) + 02/ Vi)
1 itv/=2s 7 exp (—okv/=2s) (1 + O(s/\/n))
G V=25 — L2 4 12 oxp (—or/—2s) + O(y/|s]/n)
1 Zt\/—QSTeXp (——0’/-6 —2s) (1+ O(s/y/n))
/=25 exp (2orv/=25) (1 + O(1/y/n)) — itosinh (30kv/~25)
Finally, by applying the substitution = 2¢(1 + s/n) and the approximation
7" =z5"e *(1 4+ O(]s|*/n)) we notice that the integral

and

1 (u = Dy(x)a* da
2mi : 1—|a|2k n+1
27”7, 1_(U—1)y(l‘)ﬁ(1—ak)+ (|u—1|2 1\‘(le )x
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is approximated by

1+10g2n t
Tzy" ﬁ / 1o \/=2sexp(— Ko/ —2s) o= ds.
27 n3/2 /T \/—QSGXP(% —2s) — 2itsinh (5 KO —25)
—1—log?n

Since the integral is absolutely convergent, we can safely replace the integral

f_lltlg)gg : f 1+Oo . We recall that y,, ~ (7/(c 27r))xa”n’3/2. Hence,

lim E e t=Ln(lsvn]) _ — Feit3U5R)

n—oo
follows. However, in view of (4.41) (that we will prove independently of the

present proposition)

E@ \ﬁLn(L’i\/_J) and EeitﬁLn(’i\/ﬁ)

have the same limit. This completes the proof of (4.38) for a small open
interval for ¢ (that contains ¢ = 0).
Since the characteristic function E etz U5K) represents an analytic function

in t, we thus get weak convergence of —= = Ln(ky/n) — 51 (%k) (compare with
[139, pp. 224-225)).

With the help of the same techniques it is also possible to obtain asymp-
totics for moments (compare with [199, 93]). We just demonstrate this for the
expected profile E L,, (k).

By definition the partial derivative

Oy (z, u
() = [%} = ynE L
U
u= n>1
encodes the first moment. By induction it follows that
() = y(x)a(e)".

Thus if k£ = |ky/n| (with some x > 0) we obtain (by using exactly the same
kind of contour integration as above)

—n 1 14700
YnE Ly, (k) ~ 2o —/ exp (—okvV—2s) e * ds.

n o 2m )1 i

In view of Lemma 4.22 we immediately derive

Ln(lrv/n]) ~ 0?ke™37 % /.
Lemma 4.22. Let r > 0. Then the following formula holds:
1 —14ic0

r 1,.2
— exp (—rv/—2s) e ®ds = e 2",
27TZ —1—ico p( ) V 27T
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Proof. We first show that the integral over the line from —1 —ioco to —1 +ioo
can be replaced by the contour that surrounds the positive real axis as a so-
called Hankel contour H (see Figure 2.5). For this purpose we have to show
that the integrals

exp (—r\/ —25) e ds

|s|=R,0<| arg(s)|<m/2

are negligible (as R — oo) which is actually true since

/2 )
/ ‘efr\/wfRe“"
0

{efr\/ﬁ’ efR/\/i} )

After that we use the substitution s = %t2, where t goes from i — 0o to ¢ + oo,
and the resulting integral can be finally calculated. Summing up we have

1 —1+i00

— exp (—7“\/—25) “Pds = —/ eXp —25) “ds

2 J_ 1—ioco

= e"t__t tdt
27 Ji— oo
—gr?  pitoo )
= 62 - / 6_%(’5_")2(75 —ir4ir)dt
™ i—00
1.2 oo
= Te2 : / e_%wZ dw
™ — 0o
= " 7%T2

Next consider the two dimensional case. The characteristic function of
(I(k1),l(k2)) with 0 < K1 < K2 is given by
1+ico
ity 1 ito
[E eit1 t(ra)+ita (k) _ Z\/_/ 7, S Vit + Wy, m(s th)) =5 ds,

1—ico

with

LZ/,.“ (S, Ztl + wﬁ,g—fil (87 Zt?)) =
T ityy/ T o~ (2= VI
2se” (Ztl T V—2se(r2—r1)V =25 _24¢, sinh((hﬁ‘z—fil)\/_2s)

/=25 em1vV=2s _ [ jt,4 ityy/Z2se (2 _r1)v 720 inh (k1v/—2
2se (Ztllme(”@_”'l)\/__%2itzsinh((/{2Kl)m) sinh (1v/~23)

Proposition 4.23. Let 0 < k1 < kg be given. Then we have for real t1 and
to with sufficiently small absolute value
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lim Eeitt v=ln(mivn)tite JoLn(rav/n) _ p it1§ UG 1) +it2§ U(Gra) (4.40)
Consequently

1 1 d o, (0 o, /0
(%M“W)’ %Ln(’”ﬁ)) = (5(5m) 5 (5m))-
Proof. By definition we have for k1 < ko

E eitlL'rt(kl)/\/ﬁ+7;t2Ln(k2)/\/ﬁ

1 . .
_ _[xn]ykl (x7ezt1/\/ﬁYk2_kl (x,em/*/ﬁy(x)))

Yn
1 1 ity /\/n ity / /1 dx
yn 2mi Ykl (a: € RCE (x,e y(m))) gntl

with the same path of integration I' = I'" U+’ as in the proof of Proposi-
tion 4.21.

If z € 4/ then substitute z = ¢ (1 + £) and set o = x¢/(y(z)). We also
use the abbreviations u; = e®/V" uy = ¢®/V" and h = ky — kq resp.
n = Ky — K1 where k1 = |k14/n| and k2 = |k1y/n]. Now, applying Lemma
4.20 yields

Vi (2, uz2y(2)) = y(x) + wn(uz, )

where
(uz — Dy(z)a”
1~ (uz — Dy(2) sty + (2 — Dy() szga®
tov/—2s5 T exp (f Lony 725)
n \/—2s exp ( an\/—2s) — itgo sinh ( ony —28)

2T itoo
2y Che
pu no/2 (Sa 2 )

Yie, (@, ur Ya (2, u2y(z))) = y(x) + Wy, (u1, uz, )

wp, (ug, ) ~

S5l

and

where (wp, = wp (ug, x))

W, (U1, U2, T)
((u1 — D)y(z) + ugwy)aM
1= (w1 = Dy(2) + wwn) sy + (w1 = Dy(@) + wiwp) gz 0™
| (it + 20, 5 (5, 122)) v/ Fs 7 exp (— Lowy v/ 25)
\/_ V/—2s exp ( 0/@1\/——23) — (itla +2¥,5/2 (s, it;”)) smh( 0&1\/——28)

1 27 ztla itoo
= —v v — .
i o (1 57 s (57 )

~
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Consequently, the integral

1 ~ dx

i wkl(ulaUan)W

~

’

is approximated by

Tx(;n Zth’ it20' s
oo n3/2 /T \/_ / P02 ( +¥o/2 (57 T)) e *ds.

—1-log?n

Since the integral on I is negligible (as in the proof of Proposition 4.21),
we obtain (4.40) and, thus, weak convergence of the corresponding random
vectors.

By inspecting the proofs of Propositions 4.21 and 4.23 it is clear that finite
dimensional convergence follows by iterating the procedure. Thus, for every
d-tuple x; with 0 < k1 < K2 < -+ < Kq We get

(Gt etatim) £ (81(30). 51 (300)

4.2.6 Tightness

In this section we will show that the sequence of random variables [,,(t) =
n~2L,(tyn), t > 0, is tight in C[0,00) by checking the second and
third assumption of Theorem 4.14. Since a sequence of stochastic processes
(Xn(t),t > 0) is tight in C[0, 00), if and only if (X, (¢), 0 <t < T) is tight in
C[0,T] for all T > 0 (see [120, p. 63]) we may restrict ourselves to finite in-
tervals. Note that Theorem 4.14 is only formulated for the unit interval [0, 1].
But this extends to arbitrary intervals [0, 7] by scaling.

The second condition of Theorem 4.14 is trivially true, since L(0) = 0.
The third condition will be verified for « = 2 > 1 and § = 4. In particular we
show the following property.

Theorem 4.24. There exists a constant C > 0 such that
E (L (k) — Lo (k +h))* < Ch?n (4.41)

holds for all non-negative integers n, k, h.

Obviously (4.41) proves (4.19) (for « = 2 and § = 4), if K = k1y/n and
h = ny/n = (kg — k2)4/n are non-negative integers, since it rewrites to

E |- L (k1v/1) — —= L (k2v/n) <C|/<527/<;1|2. (4.42)

1
V" Vi
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However, in the case of linear interpolation it is an easy exercise to extend
(4.41) to arbitrary k1, k2 > 0 (compare with [92]). Namely if k < s <t < k+1
for some non-negative integer k then
E (Ln(t) = Ln(s)* = (t = 8)* E (L(r) = La(r £1))°
<C(t—s)'n
<C(t—s)n

Also with help of this upper bound we get for the remaining case, where
s < k <t (for some non-negative integer k)

E (Ln(t) = Lu(s))" < 3'E (Lu(t) — La([1]))"
+3'E (La([t]) - La([s])"
+3'E (Lu([s]) = Ln(s))"
<310 ((t— (1) + (8]
<30 (t - s)*n.

[t)? + (s = [s])) n

This proves (4.42) for general 1 and ks.

Remark 4.25 It should be mentioned that it is not sufficient to consider the
second moment E (Ln(r) — Ly (r + h))*. The optimal upper bound is given by
E (Ly(r) — Ln(r + h))> < Chy/n

which provides (4.19) just for a = 1.
By using the combinatorial approach we get
1
P{L,(k) — L,(k+h) =m} = ; — [2"u™ Vi (2, uYy (2, u" y(2)))
and consequently

E (Ln(k) — Lu(k + h)* = — 2" Hi (x), (4.43)

n

in which

0 0? 3 o
Hi(2) = [(8— T S .. ) Vi (o @)|

(4.44)
In order to prove Theorem 4.24 we have to estimate Hyp, () in a proper way.

For this purpose we use the following representation.
Proposition 4.26. Set o = x®'(y(x)) and

A= {z:|z| <xo+n, |arg(x —zo)| > 0}, (4.45)
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in which n > 0 is sufficiently small and 0 < 6 < 7/2. Then Hyp(x) can be
represented as

% + G pn () Lo + Gy pn(z),
(4.46)

in which Gjrn(x), 1 < j < 4, are functions that are uniformly bounded for
r €A andk,h>0.

Hin(x) = Gy gn(z)

5 +G3kn ()

(1-a) 11—«

The proof of Proposition 4.26 requires the following formulas.

Lemma 4.27. Let o = 29’ (y(z)), 8 = 2®" (y(x)), v = @' (y(z)), and § =
2@ (y(x)). Then we have

oY .
(1) =

(1) = ok,

0%y, B L 1—a*
Ou? (x’”*Ea 1—a’

0*Yy (1) = N a?k N 35—204% (1—a*)(1—ak1h
oud a 1-—a? e (1-a)(1—a?) ’
64Yk ) kl—oz?’k

k1= 2

du* (z,1) ot 1-a8

- 1
+(267(2 + 5o+ 5a” + 3aM1) + 3% /a) o” : (1-a?)(1-ad)

p(1=aF)(1 =" (1 - a*?)
1-a)(1—-a?)(1—a3)

+383(1 + 5a)a

Proof. From Yj41(z,u) = 2®(Y)(z,u)) we obtain the recurrence relations

a?;“ _ mqs'(yk)%,
34@’”;;1 — 2" (V) (%)4 + 620" (¥) (%)2 (i:;k

oYy,
out

Y \” oYy, 03Yy,
/! /! /
+ 329" (V) ( ” > + 42 (Yk)—au e + 2®' (Yy)

Since Yy (x,1) = y(z) for all k > 0, this system of recurrence relations has the
explicit solutions stated in Lemma 4.27 for u = 1.
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Proof. (Proposition 4.26) First we can use Lemma 4.27 to make (4.44) more
explicit. Since

Y Vi () = ¥ y(0))

ou
(Vi (o) — o) SR o y(2))) .
we obtain
e ey @)| =yt o)
Similarly

[aa—;Yk(x, uYy (x, u_ly(x)))]

u=1
%Y} 0%Y)
= y(@)* 55 (@ 1)1~ a")? +y(@)*ar g (. 1),

it (e (o)

u=1
3 2 2
=y S 1)1 - o) 4 3y S e ) DT 0 1)1~ ),
0%Y) 23Y)
= 3y(a)f o (1) — y() o g (1, 1),
and
4
St y(o)
u=1
84Y %Y, 0%Y,
= y(a)! S (@ D = o)+ Ty(a)' 5 (2, 1) g (2. 1)(1 — a”)?
8 02Yy,
—12y(e)' S5 (@, )y (@ (A~ o)
9%, %Y, ?
4
#au Gt ) (G )
0%Y;, %Yy, L 0%Y,

- 4y(@)' S o )G @ (L - o) + 12y ()Pt St 1)

9% oY,
+8y(a)’ 0’ g (@, 1) + y(@) ek (1),

ou?
yielding an explicit expression of Hyp, () in terms of y(x).
Now notice that

sup o =1, (4.47)
T€EA
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since & = z®’(y(z)) has the local expansion (4.34). Hence, a representation
of the form (4.46) follows immediately with functions G, gn(x), 1 < j < 4,
which are uniformly bounded for z € A.

The final step of the proof of Theorem 4.24 is to use (4.46) and the Transfer
Lemma 2.12.

Proof. (Theorem 4.24) Since y, ~ (7/V2m02)xy"n~3/2, Theorem 4.24 is
equivalent to
h2
") = O (57 =) (1.48)
uniformly for all k,h > 0. Note that Hyo(x) = 0. So we may assume that
h>1.
First, let us consider the first term of Hyp, () (in the representation (4.46)):

(1 —ah)? SRS
Gl,kh(x)m Gk ( Z Zoﬂ

H—J 1
Z G =0 (h? :
1 -af

,7=0

Since
1

l1—«

=0 ((1=a/w0)1?),

we can apply Lemma 2.12 (with § = 1/2) and obtain

AL
G1,kh(x)H —-0 (manhzn’l/z) _

The coefficient of the second term is even smaller:

— ah S .
[m"]szh(x)ﬁ = [x”]Gz,kh($)1 i o ; ot

=0 (m&”hnﬂp) =0 (xa”h2n71/2> .
Similarly we can handle the remaining terms:

[2"]G3 kn () - ia -0 (mannﬂm) -0 (manhznq/z)

and

()G pn(x) = O (55"~ = O (2g"h%n112).
Thus we have proved (4.48) which is equivalent to (4.41).

This also completes the proof of Theorem 4.10 in the case that the offspring
distribution £ has finite exponential moments.
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4.2.7 The Height of Galton-Watson Trees

We have already mentioned that the limiting distribution of the height H,, of
Galton-Watson trees is asymptotically given by
1 2
Tt = max e(t)
where e(t) denotes the Brownian excursion of duration 1 (compare with The-
orem 4.8).

In what follows we will shortly present a combinatorial proof of this lim-
iting relation that goes back to Flajolet and Odlyko [82] who derived asymp-
totics for all moments E H in the binary case.

The generating functions yi(z,u) that describe the profile of Galton-
Watson trees are closely related to the height distribution. Let y(z) denote
the generating function of trees with height < k, that is,

@ =" ¥ wm]an

n>1 \|T|=n, h(T)<k
Then we have
= yk(‘ra O)a

< k. In particular we have

In the case of planted plane trees, that is &(z) = 1/(1 —z), this recurrence
can be explicitly solved and is given by

k

y(x)a(zx

) = yla) - —— A

1+ m(l —a(z)k)

where y(z) = (1 — /1 —42)/2 and a(z) = z/(1 — y(x))?. As we did in the

case of the profile we will show that such a relation holds asymptotically in
the general case. For convenience we set

)

ex(r) = y(@) — yr(@),

which is the generating function of the (weighted) numbers of trees of size n
of height > k.
We will also make use of a properly chosen A-region

A= A(xo,n,0) = {x: [z <zo +n, |arg(z/zo — 1)| > 0},

where 77 > 0 and 0 < § < 7. In particular we will choose 7 sufficiently small
and ¢ very close to 3.
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Proposition 4.28. We have uniformly for x € A and k>0

a(z)k

% % +0 (min{log k,log %}) 7

er(x) =

where a(z) = 2@ (y(z)) and B(z) = J2d" (y(z)).

With the help of these representations it is relatively easy to derive the
corresponding limiting result for the height.

Theorem 4.29. For every k > 0 we have

i /ggems
Z\/27T/1 ico €XP (0/{ —23)—

Furthermore, for all integers r > 1

P{H, > kyn} = N ds + o(1). (4.49)

B~ (2) 2770 = D200 w7, (450)

o
(where we make the convention (r —1)¢(r) =1 forr=1).

The integral representation (4.49) of the distribution of M = maxo<i<1 e(t)
is unusual; however, it perfectly fits into our asymptotic frame.
The proof of Proposition 4.28 relies on a precise analysis of the recurrence

er1() = y(x) — 2P(y(z) — ex(x)). (4.51)
We start with some preliminary properties.

Lemma 4.30. Let h(x,v) be defined by

a(z)v B
(@) —20@) —v) T al)

where o) = z®'(y(z)) and B(z) = 229" (y(x)). Then the functions ex(x)
satisfy the recurrence

v+ v2h(z,v),

eo(z)o(x)* (452
L eI =T o)y s a@)

er(z) =

Note that h(x,v) is actually an analytic function in v, since the Taylor series
expansion of y(z) — z®(y(xz) — v) is given by

a(z)v
v+ O(w?)

y(x) — aP(y(z) — v) = a(x)v + fla)v? + O(v°) = i@

a(x)
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Proof. By definition we have

el

epr1 =y —2Py—er) = ————
1=y (y ) 5 Bep v eth

or equivalently

1 1
a ——<1+éek+eih>——+é+ekh.
€Lk+1 €k « €L «

By multiplying by o we obtain

k+1 k
« « 3

= — + Za¥ + aPerh,
€Lk+1 €L «

which gives
ok 1 p1- aF

—=—+ + Zo/egh(x,eg).

e e al—«
k 0 <k

This proves the lemma.

Lemma 4.31. For |z| < z¢ we have

1
ex(z)| < ek(xog) ~ —.
lex(z)] < ex (o) i
Proof. The inequality |eg(x)] < ex(zg) is obvious, since the coefficients of
e are non-negative. Since y(x) is convergent at x = =z, it follows that

limg o0 €x(xo) = 0. This implies that

> eelo)h(o, ex(z0)) = o(k)

1<k

as k — oo. Hence, since a(zg) = 1, by (4.52) we obtain

1 1
ex(#0) = o~ B

Lemma 4.32. There exists a constant C' with the property that if x € A and

1 1
@< & (g~ 1) (4.59)

then we have
lent1(2)] < [ex(z)]-

In particular, if there exists some k with (4.53) then ex(x) = O(a()*) as
k — oo.
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Proof. By Taylor’s expansion we have
y(r) — 2d(y(z) —v) = a(z)v(l + O(v))
and consequently
ly(z) — 2@(y(z) — v)| < |a(z)|[v] (1 + Clv])
for a properly chosen constant C' > 0. Hence, if (4.53) is satisfied then

lexs1(z)| = [y(z) — 2P(y(x) — er(z))]
<|a(@)|lex(z)| (1 + Clex(x)])
< lex(x)].
Finally, if (4.53) is satisfied for some k = ko then we can apply (4.53) recur-

sively and consequently ey (z) stays bounded. We now use a shifted variant of
(4.52), namely

az)kko
ex(x) = - R - , (4.54)
o T aTtoa T Xeck—ky @ Choteh (s o t0)
in order to prove that e, = O(a*). We only have to check that
B1—ak 1 Claf
= <= , 4.55
al-a|” 41— (4:55)
and that
L—|al1—a* 1 Cla]
¢
h <||h < - 4.56
2 aehoreh(@tosa)| Sl Gpr Ty S3Tofay 49)
— RO

so that (4.54) implies e, = O(a*). However, (4.55) and (4.56) are certainly
satisfied, if C is chosen sufficiently large, since x € A implies |1—a| > ¢(1—|«a|)
for some constant ¢ > 0.

Remark 4.33 The value of the constant C' can be made more precise, if we
assume, for example, that we already know that ey(x) is sufficiently small. In
this case we can assume that C is arbitrarily close to B(x¢).

With the help of these preliminaries we obtain a first approximation for
er(x), if x is far-off from the singularity.

Lemma 4.34. For every € > 0 there exists § > 0 such that
ex(z) = E(z)a(z)* + O(a(x)?*) (4.57)

uniformly for |x| < xo+4 and |x—xo| > €, where E(x) = a(z)(1—a(x))/6(x).
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Proof. If |z — x¢| > € and |z| < 29 + ¢ then we have uniformly |a(z)| <1-—1n
for some 1 > 0. Now fix kg such that
n

e (x)<i—
FAM0I =901

where C is the constant given in Lemma 4.32. By continuity there exists § > 0

such that

1 7
km(ﬂ<01_

uniformly for | — 2| > € and |z| < zg + 6. Without loss of generality we can
assume that § < e. Hence, we also get

1 n 1 /1
<1 < (= _1).
|‘W")'c>1n—0<|oz| )
Thus, the assumptions of Lemma 4.32 are satisfied and we have ex(x) =

O(a(z)¥). Now with help of this a priori bound and (4.52) it follows that
er(x) can be represented in the form (4.57).

It is also quite easy to discuss the case |z — xg| < € but |z| < zg.
Lemma 4.35. Suppose that |z —1xo| < € but |x| < xo. Then we have uniformly
in this range

a(z)”

= k
B(z) 1— a((x) +0 (mm{logk log = \a(fr |})

a(z)

er(x)

Proof. Since we know a priori, that |eg(z)| < ex(zo) ~ a/(Bk),

Zalegh(x, e¢) = O (min{logk, log1/(1 — |a])}),
1<k

as k — oo. Hence, a direct application of (4.52) completes the proof of the
lemma.

It remains to discuss the asymptotic behaviour of eg(z), if x € A but
|z| > x¢. The problem is that it is not immediately clear that ex(xz) — 0.
Note, however, that ex(xg) ~ 1/(8k). Thus, by continuity for every fixed kg
there is definitely € > 0 such that |eg, (z)| < (2a)/(Bko) for |z — zo| < € and
x € A. However, this does not guarantee that Lemma 4.32 can be applied.
We have to use a different argument.

Lemma 4.36. There exists € > 0 and a constant ¢1 > 0 such that for all
x € A with |x — 20| < € we have

0l = 7 (e 1)
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for
C1
k= K(z) = {7J
|arg(a(z))] |

where C is the constant from Lemma 4.32.

Proof. The idea of the proof is to use formula (4.54), where kg is chosen in
a way that ey, (x) is sufficiently small and k is approximately c¢; /| arg(a(z))|,
where ¢; has to be chosen in a proper way. Suppose that we already know
that

lekore(2)] < ek, (x)] for £ <k — ko, (4.58)

then
1 _ |a|]€—ko

D aleneh(,ery )| < lero (@) 1hlloe— 1

L<k—ko

Since |1 — a| < ¢(1 — |a|) for z € A (with a suitable constant ¢ > 0) and
|1 — ak=ko| > 1 — |a|F=*o it follows that this term can be made arbitrarily
small compared to (3/a)(1 —a*~*0)/(1 — a). Furthermore, if we assume that
arg(zo—x) =V € [-% — €/, 5 + €] (for some €' > 0 that has to be sufficiently

small) and 7 = 0v/2|\/1 — x/xo|, then
v 2
o] =1 —reos g + O(r9),
v 2
log |a| = —r cos 5 + O(r9),
.Y 2
arg(a) = —rsin 5 + O(r9).
Hence with k = K(z) = |c1/| arg(a)|] we have
|ak—ko‘ ~ e—C1Cot(9/2)+0(r?) <e @ cot(Z+5)+0(r?) < emer(i=¢)
for some arbitrarily small ¢’ > 0 (depending on €’). Consequently

S |8

e

/8 1 _ ak‘*ko

a 1—«

1— efcl(lfe”)

r

Thus, if r is sufficiently small (that we can assume without loss of generality)
then this term is actually much larger than 1/eg,.
In other words, if (4.58) holds then for k = K (z) = |c1/|arg(a)|] we have

‘k*ko

1 _ k*ko
e < 8 «

(1 _ 6///)7

lek] a l—-a

where €” > 0 can be chosen arbitrarily small, provided that kg and € are

properly chosen. Hence, if we want to conclude that |ex| < (1/C)(1/|a| — 1),
or equivalently, that
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|a|k'—k0 C|a|k—kg+1

lex| 1=l

then we just have to show that

81— aF ko

= (1—¢") > Claff—kott
a l-—«a

> 1—7@4 (4.59)

for some €¢”" > 0. Note that C' is a constant that can be chosen arbitrarily

close to . Hence, if k = K(z) = |c1/| arg(a)|] then (4.59) is implied by the
relation

1
et < ——. 4.60
1+1/v2 (4.60)

Namely, if (4.60) is satisfied then there exists ¢’ > 0, €’/ > 0 and some C' > 3/«
such that

Bl1—e cot(%—&-e—;) (1 ///) - e—c1 cot(%-‘re—;)
= —M>0—
a r rcos(§ + %)

which is asymptotically equivalent to (4.59).

It remains to be shown that (4.58) is satisfied for k = K (z) = |1 /| arg(a)]|]
with ¢; > log(1 + 1/4/2) = 0.534799...

For this purpose we show that the argument of e(x) can be controlled.
In particular, we show that |arg(e;)] < § = 0.78539... for £ < k. If this
condition is satisfied, it is clear that for x € A and |z — x| < € we have (if ey
is sufficiently small, too)

‘1 - geg +0(ed)| <1,

and consequently

8
lect1| = | |ee] |1 — e +0(e7)| < ledl-

Moreover, the argument of ey41 is given by

arg(er) = arg(a) + argler) + ang (1 - Ze + Ofer)) )
— arg(e) + arg(er)

Zey
« 2

Y
sin (c"rsin— + O(r?) + arg(es) + O(er )
> €

for some real number ¢”” and ¥ = arg(xzo — x). Suppose that arg(ey) >0

is large enough so that

d'r sing + O(r?) + arg(eg) + O(eg) > 0.
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Then it follows that
arg(cei1) < arg(a) + arg(er).
In particular, it follows by induction
arg(ep) < arg(eg,) + (£ — ko) arg(a) + €.

We can adapt € such that |arg(ey, )| < €””. Hence, if we apply this inequality
for k — ko = [c1/| arg(a)|| with ¢; = § — 2€"” then it follows that

s
|arg(er)] < 7

=~

for ko < ¢ < k. Consequently we actually have |est1| < |es| and the induction
works.
This also completes the proof of the lemma.

It is now easy to complete the proof of Proposition 4.28. Lemma 4.34 and
Lemma 4.35 cover the range || < zg 4+ 7 and |z — x¢| > € resp. the range
|z| < ¢ and |x — xo| < e. In the remaining range x € A, x > xq, | — x| < €
we use Lemma 4.36 and Lemma 4.32 to show that ex(z) — 0. From that it

follows that
1—laf*
Za ech(x,ep)
1—laf
<k

and consequently (by applying Lemma 4.30)

This implies the upper bound

1
e, =0 (min {E’ (1- |a|)ak}> ,
and consequently

1
Zo/egh(x,eg) =0 (min {log k, log —}) .
1— o

1<k

Hence a second application of Lemma 4.30 completes the proof of Proposi-
tion 4.28.

The proof of Theorem 4.29 is based on the asymptotic formula for ey (x)
that is given in Proposition 4.28. Recall that

1 1 1 dx
>k} =— L
B{H, 2 Ky =~ [a"len(s) = 5= | enla) o5
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where we use the same contour I" = 7’ UI" as in the proof of Proposition 4.21.
Again it is sufficient to concentrate on the integral over

v = {a: =z (1 + %) (R(s) = -1, [S(s)] < Cloan}.

For x € I'" the functions e () are uniformly bounded and hence the integral
over I is bounded above by O(wa”e*CIOgQ"). On the other hand, if k¥ =
[ky/n| the integral over v/ is asymptotically given by

1 dx ) 1 —1+io oxp (—ok/—25
o= | en(®) ooy ~ zg"n 2 — / p ) e “ds
27 o T 211 C1—ico Bl—exp(—anx/—Qs)
o/ —2s

144 —
7”n_3/2l/ o —2se ds.

— %o 210 J_1_ioo exp (0K —25) — 1

Note that 3(z¢) = o /7. Since y,, ~ 7/(0\/2m)x5"n~3/2, we obtain the pro-
posed asymptotic representation (4.49).

In order to obtain the asymptotics for the moments (4.50) we observe that
the generating function of the r-th moment E H] is given by

S EH,ypa" = (k"= (k—1)") ex(x).

n>1 E>1

Since k" — (k —1)" ~ k"% and e, ~ (a/B)(1 — @)k /(1 — a¥), we have (as
x — xo in A)

N EH] ya” ~ r%(l —a)Y k! of

1—ak’
n>1 k>1
This kind of sum can be analysed with help of the following lemma.

Lemma 4.37. Let R > 0 be a fized real number. Then the function

Dr(z) =Y k" Gl

1— 2k
k>1

has radius of convergence 1 and we have, as z — 1 with |arg(l — 2)| < ¢ (for
some ¢ < m/2),

L1og 1 for R=0,
Da(2) 1—-2 1-=2
R ~J

RIC(R+1)

m fOTR>0.

Proof. We use the substitution z = e~*. Then the Mellin transform of the
function
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—kx

Fr(a) = Yk

1 —e ke
E>1

is given by
Fi(s) = /OOO Fr(x)z*tdr = I'(s)¢(s)¢(s — R), (R(s) > R+1).

Hence, a standard inversion by using a shift of the line of integration in the

inversion formula '
1 o+ico . s
Fr(x) = 57 /U_ioo Ffi(s)x® ds

to 0 < R+ 1 and collecting the contributions of the polar singularity at
s = R+ 1 leads to the asymptotic leading term for the behaviour x — 0+.
For R = 0 we have a double pole corresponding to (1/x)log(1/x), whereas for
R > 0 there is a single pole with residue I'(R + 1)((R + 1)z®*! (for details
see [81]).

Note further that this procedure also works, if z — 0 in the complex plane,
provided that |arg(z)| < ¢ with ¢ < 7/2.

This implies that for »r = 1 we obtain

1 1
ZEHnynx" ~ —log——
= 203 1—az/xg

and consequently

zy" 1

28 n’

Since 8 = ¢2/(27) and y,, ~ 7/(ov/27m) 2z "n"3/2 we get

EH, ~ —”2”\/5
g

ynE Hy ~

as proposed.
Finally, for » > 1 we have

oo () ( x>—71
EH ypa" ~ —— 2 (1~
nzz:l T Byt o

which leads to
2r!¢(r)v 2r /2
O—r2(r71)/21"(7‘;_1) :
In view of the duplication formula for the Gamma function this is equivalent
to (4.50).

EH] ~

Remark 4.38 With slightly more case it is also possible to derive a local
version of Theorem 4.29, that is, an asymptotic expansion for P{H, = k} if
k is of order \/n (see [80]).
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4.2.8 Depth-First Search

Aldous’ result on the normalised depth-first search process of Galton-Watson
trees (Theorem 4.7), saying that

X, (2nt),0< 1< t) L (e(t),0<t < 1)

o
(a7
is a fundamental observation in the framework of Galton-Watson trees. It
implies convergence to the continuum random tree (Theorem 4.6) and also
proves that the normalised occupation measure p,, converges to the occupation
measure of the Brownian excursion. Recall that Theorem 4.10 is a local version
of the latter observation.

Theorem 4.7 was first proved in the framework of the continuum random
tree [4]. One major step in Aldous’ method is to consider, for every fixed
integer £ > 1, random subtrees of Galton-Watson trees of size n that are
spanned by k£ random vertices and the root and to show that there is a proper
limiting object Ry.5 These limiting objects characterise then the limit of the
depth-first search process. Aldous shows that (up to a scaling factor 1/0) all
Galton-Watson trees have the same limiting object Ry. Since the normalised
depth-first search process for planted plane trees (P(z) = 1/(2 — z)) is known
to be the Brownian excursion, we obtain the same result for all Galton-Watson
trees. However, in order to check the existence of the limiting objects R one
has to invest several precise asymptotic properties of Galton-Watson trees,
in particular of the height distribution (compare with [4] and [132]). The
advantage of that approach is its universality, since it is not restricted to
Galton-Watson trees.

In what follows we indicate an alternative proof with the help of combina-
torial and analytic methods. As in the case of the profile we first prove finite
dimensional convergence and then tightness (compare with [92]).

Lemma 4.39. Let x(-) denote the depth-first search process of a rooted tree
and set
Whmn = Y, w(T) =y P{X,(m) = k}.
|T|=n,z(m)=k

Then the generating function Ag(z,u) =  agmnz"uf is given by

Ap(z,u) = Az, u)d; (z,u, 1)1, (4.61)
where
_ o Ye)®(y(eu?)) — y(@)@(y(x))
Al = Yo — (@)
and

D(y(zu?)) — P(y(xv®))
y(eu?) —y(zv?)

b (z,u,v) = UV

® We do not give a precise definition of these objects. For detail we refer to [4]).
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Proof. Suppose that k = 1, that is, the depth-first search process passes the
root. Recall that a Galton-Watson tree can be described as a root with ¢ > 0
subtrees. Thus, there exists j with 0 < j < i such that the first j subtrees
have been already traversed but not the (j + 1)-st one. The corresponding
generating function is then given by

Ar(ew) =20 Y 65 > ylau) ()~

i>0  j=0
= A(z,u).

If £ > 1 then there exists a subtree of the root, in which the depth-first search
process passes a corresponding node at level k — 1. Hence, we get

Ag(z,u) = zu Z i z_: y(xu?) A1 (2, u)y(x) =1

i>0 =0
= Ap_1(z,u)P1(x,u,1).

By induction this completes the proof of the lemma.

The explicit representation of Ay (z,u) leads to an asymptotic expansion
for ak.m.n

Proposition 4.40. Suppose that k > 0 and 0 <t < 1 are fized real numbers.
Then for k = |k\/n| and m = |2tn| we have, as n — oo,
. 1 3,2 2,2
Lemn T exp <L> (4.62)
Yn 427 (E(1 —t))3/ 8t(1 —t)

Proof. By Cauchy’s formula

1 A du dz
ak,m,n—m s k(xvu)WW7

where I" and I a properly chosen contours around the origin. Here we use (as
in the proof of Proposition 4.21) I' = 4" U I", where

v = {x =20 (1 + %) :R(s) = —1, |3(s)| < Clog® n}

with an arbitrarily chosen fixed constant C' > 0 and I"' is a circular arc centred
at the origin and making I" a closed curve. Similarly, I' = 4’ U I with

5= {u =142 Rs1) = —1, [3(s1)] < Clog?m}

with a properly chosen constant C' and a circular arc I"" making I” a closed
curve.
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We will only concentrate on 7’ resp. on 4’. The remaining parts of the
integral are negligible (similarly to the proof of Proposition 4.21).
For x € 4/ and u € 4’ we use the approximations

<
—~
&
I
\‘
\
13
30:
T
~

g n m
A(x,u):27'—|—0< Lj+\/%>7
o ([5, [s 2 sl , s
Pileu ) =1 s\ ol )

We fix k > 0and 0 < ¢t < 1 and set k = |ky/n] and m = |2¢tn]. Thus, we
obtain the integral approximation

du
27.” / / Ak JJ u n+1 um+1
—1+4iClog? n —1+iC log? m
mn (27”) —1—iClog2n J—1—iClog®m
oK 2n e
27exp [ ——= | V—=5+4/—8— —s1 e 7% dsy ds
V2 m
—n 1+ic0 1+ico
27” /1 100 /1 100

1
2T exp <f/—g (x/s +4/—5— ?91)) e~ ds, ds.

By using the substitution s; = w — ts, a proper shift of integration and by
Lemma 4.22 we can evaluate the double integral:

14i00 1+ioco
= 1
27” /1 100 /1 100 P <—% < St/ s~ ?51)> e 7% dsy ds

/1+zoo Jli\/— e(1-1)
1 o~
<2m> e PRV

—14ts+ico ok
X exp| ———=+v—w | e Vdwds
/ P ( Vot )

—14ts—ioco
1 —14100 oK (1t
e R G B

— 14700 ok
X exp | ——=Vv—w | e Ydwds
/7171'00 P ( \/2_t )
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1 o2k? o2k? o?K?

T am2(1— )32 P <8(1 1 ?) '
Hence, (4.62) follows.

Note that (4.62) is in accordance with the density of the one dimensional
density of Ze(t) (compare with (4.3)). By inspecting the above proof it is
clear that all estimates are also uniform, if x varies in a compact interval
(contained in the positive real line). Hence, we also get weak convergence for
every 0 <t < 1:

X, (2nt) - e(t).
2vn
Similarly one can work out the finite dimensional case. For example, set

bky,mi ko ma,n = Z w(T)

|T|=n, z(m1)=k1, x(m2)=ko

=y, P{Xn(m1) = k1, Xpn(m2) = ka}.

Then we have
. n, mi, ma
Bkl,kz (xaulaUQ) = E bk17m1gk27m2gnx Uy Uy
mi,m2,n>0

= A(x(uluQ)Q, 1) A(z, u) Pa(z, uiug, ug)
min{kq,k2}—1
X Z @l(xvu1u27u2)k1_1_T@1(x;u2;1)k2_1_T@1(x;u1u271)Ta

r=0
where
y(z,uv) =z Y ¢i Y yleud)y(z?)ry(a).
122 Jitj2tiz=i—2

With the help of these explicit representations one obtains two dimensional
convergence for 0 < t; < to < 1:

(%Xn(ml), %Xn(zm)) L (e(tr), elta)) -

The general case is even more involved (compare with [58, 92]).
Finally, with the help of By, x, (z, u1,us2) it is also possible to prove tight-
ness (see [92]).

Proposition 4.41. Set
o
n(t) = —=X,,(2nt).
en(t) 1= 5 7 Xon(201)
Then there exist constants C, D > 0 such that for all s,t € [0,1] and € > 0,

P{len(s) —en(t)] > €} < (4.63)

\/%exp <Dﬁ> .
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Hence it follows that

s — ¢l

€2a

P{len(s) —en(t)] 2 €} <C

for every o > 3/2. Thus, by [18, Theorem 12.3] the sequence of processes e, (t)
is tight.

Proof. The proof of Proposition 4.41 uses the explicit representation for

Cg(xvulaUQ) = Z Bklkz(xauhUQ)
[k1—ka|>£

Az (urug)?, 1) Az, ug) Po(, urug, ug)
(1 — Dy (z, urug, us) Py (z, ug, 1)) (1 — &1 (z, ugus, 1))
D1 (0, uyuzg, us)* & (x,us, 1)
(1@1(x,u1u2,"uz) 1(151(x,u2,1)) '

Since uf" uy"? = (uiug)™ uy™” ™" and we are interested in the dependence of

the difference d = mo — my, it is appropriate to use the substitution u = ujus
and to estimate the coefficient of z"u™1ug.

For this purpose one uses Cauchy’s formula for each variable, where we
use the same kind of integration as in the proof of Proposition 4.40, that is

x € I' and u,us € I''. By using the local expansion of

o ru? Tv2? zu 202
@(E,U,U:l*— 1*—4’ 1-—— +O 17—+1——
1( ) \/§ \/ Zo \/ o <‘ ty) ‘ X0 >
one obtains for x € I' and u,us € I the bounds
C
(1= @,y u2) s (2, uz, 1) (1 — By, 1)) (1 — By, 2))| = —
ml\/a
C
(1 = &y (2, 1w, u2) By (3, u2, 1)) (1 — By (2, u, 1)) (1 — D (2, ug,1))| > ———=,
ml\/a

and
max{|®1 (z, u, uz)|, |P1(z, up, 1)} < e~V Iual/d

for some constants C7,Cy > 0. Hence it follows that

o
[ u™ u?) Cy(x, u/uz, uz) = O (:co ﬁlde C3£/‘/3>

for some constant C's > 0. Consequently

[:v"u"“ug] Co(x,u/ug,usz)
yTL

=0 (\/n—/de_cﬂ/‘/g) .

P{| X (m1) — X (my + d)| > £} =
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This proves (4.63), if m; = 2t;n and mg = 2tan are integers. However, it is
an easy exercise to extend this estimate for the interpolated process for all
0 < t1 < t2 <1 (compare with the comments following Theorem 4.24). This
completes the proof of Proposition 4.41.

4.3 The Profile of Pdlya Trees

We analyse next the profile of unlabelled rooted random trees, also called
Pélya trees. In Section 3.1.5 we have already shown that the analysis of this
kind of trees is quite similar to that of Galton-Watson trees. Moreover, the
shape of Pdlya trees has the same asymptotic behaviour as that of Galton-
Watson trees. The height is of order \/n and — this is the main focus of this
section — the profile L,, (k) can be approximated by the local time of Brownian
excursion, too, although the uniform probability model cannot be realised on
Pélya trees as Galton-Watson trees. (We follow Drmota and Gittenberger
[65].)

Theorem 4.42. Let L, (k) denote the number of nodes at distance k to the
root in random Pdlya trees of size n and l(t) the local time of a Brownian
excursion of duration 1. Then

(oem20) < (5 4(3 )29

in C[0,00), as n — oo, where b ~ 2.6811266 is the constant and p ~ 0.3383219
the singularity appearing in equation (3.7).

The structure of the proof of Theorem 4.42 is very similar to that of Theo-
rem 4.10. Following Theorem 4.14 we prove convergence of finite dimensional
distributions and tightness. We start with the combinatorial setup that is
based on an involved recurrence; then we asymptotically solve this recurrence
which leads to the proof of weak convergence of the finite dimensional dis-
tributions. Finally, we check tightness according to the moment conditions of
Theorem 4.14.
We will also consider the height of Pdlya trees in Section 4.3.5.

4.3.1 Combinatorial Setup

First we recall some facts on unlabelled rooted trees 7. Let ¢,, denote the
number of these trees of size n. Then the generating function

t(x) = Z tpaz"

n>1

satisfies the functional equation
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t(x) = zexp (t(x) + %t(xQ) + %t(aﬁ) +-- ) . (4.64)

It has radius of convergence p =~ 0.3383219 and a local singular expansion of
the form t(z) = 1 —b(p — 2)"/2 + ¢(p — ) + - - -, where b ~ 2.6811266, and
c = b?/3 ~ 2.3961466. Recall, too, that this singular expansion can be used
to obtain an asymptotic formula for ¢,, (compare with (3.9)).

In order to compute the distribution of the number of nodes in some given
levels k1 < ko < --+ < kg in a tree of size n we have to calculate the number
iy i ko mea,--kg,main Of trees of size n with m; nodes in level k;, i =1,...,d
and normalise by ¢,,. As in the case of Galton-Watson trees we introduce the
generating functions

— mi, m2 mq .n
tk17k'27~~,kd (l‘, Uy .- aud) = E tk17m11k27m2a"'kd7md?n Uy Uy ™ r e Uy X
mi,...,mq,N

They can be recursively calculated. However, the procedure is more involved
than that of Galton-Watson trees.

Lemma 4.43. For d = 1 we have
to(z,u) = ut(x) (4.65)
tpt1(z,u) = Tex ZM (k>0) (4.66)
k+1\L, - b - i ) = ) .
i>1
and for d > 1 with integers 0 < k1 < ko < kg < -+ < kq

L0,kn o dog (T UL, oy Uq) = Unthy, gy (T, U2, .., UQ) (4.67)

2 : Uiy ko, kg (CB y U, Ug,y -+« vud)

by 1 ko1, kg1 (2T, UL, - .o, Ug) = T XD ;

i>1

(4.68)

Proof. The proof is principally the same as that of Lemma 4.18. The only
difference is that one has to apply the multiset construction for ordinary
generating functions (compare with Section 2.1.1), now applied for several
variables, if we proceed from one level to the next.

There is, however, a slight difference to the Galton-Watson case. There we
could define a function Yy (x,u) (see (4.31)) so that

Yky,...,kq (J:, Uy .- aud)

= Ykl (m,ulYkz,k,l(x, ’U,QY']%,]€2 ((E, I ,ud,lka,kd_l ((E, uy(x)) e )))

Such a representation is not present for Pdlya trees. Therefore we have to be
more precise in the asymptotic analysis. Even the case d = 1 requires much
more care than in the Galton-Watson case.
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4.3.2 Asymptotic Analysis of the Main Recurrence

The asymptotic structure of ¢y (z, ) is very similar to that of yx(z,u) (in the
context of Galton-Watson trees).

Proposition 4.44. Let x = p (1 + %), where 3(s) = —1, u = /Y and

k = |kv/n|. Moreover, assume that, as n — oo, we have s = O (log2 n)
whereas T and Kk are fived. Then we have, as n — oo,
b2p 1T/ —5€exp (—%Iib\/—ps)

tp(z,u) — t(x)

T sexp (5aby =) — 5% sinh (3rby/ )

b\/2p ith\/p

As in the case of Galton-Watson trees we introduce the quantity
wi(x,u) = tg(zr,u) — t(z). (4.70)

Obviously, wg(z,1) = 0. Hence, we expect that wy(z,u) — 0 as k — oo, if u
is sufficiently close to 1 and z is in the analyticity range of t(z).
We start with a useful property of ¢(z).

Lemma 4.45. The generating function t(x) has the following properties:

1. For |z| < p we have |t(x)| < 1. Equality holds only for x = p.
2. Letx = p (14 2) with $(s) = —1 and |s| < C'log? n for some fized C' > 0.
Then there is a ¢ > 0 such that

lt(z)] <1 - C\/g-

Proof. The first statement follows from the fact that ¢(x) has only positive
coefficients (except tg = 0), t(p) = 1 and there are no periodicities. The second
statement is an immediate consequence of the singular expansion (3.7) of t(z).

Next let us consider the derivative
0
) =t ) .
Vi (7, u) 5u k(7 u)

Lemma 4.46. For || < p+mn and arg(z — p) # 0 (where n > 0 is sufficiently
small) the functions vy (x,1) can be represented as

Yi(z,1) = C’k(x)t(x)kﬂ, (4.71)

where Cy(x) are analytic and converge uniformly to an analytic limit function
C(z) (for |z| < p+n and arg(z — p) # 0) with convergence rate

Ci(z) = C(z) + O(LY),
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for some L with 0 < L < 1. Furthermore we have C(p) = $bp.
There also exist constants cy,ca,c3 > 0 with cz < % such that

e (z,u)| = O(Jt(x)[*) (4.72)
uniformly for |u| <1, klu —1| < ec1, |z — p| < c2 and |arg(x — p)| > cs.

Proof. A tree that has nodes at level £ must have a size larger than k. Thus
[tk (2, u) does not depend on u for r < k. Consequently, the lowest order
non-vanishing term in the power series expansion of yi(x) = vr(z,1) is of
order k + 1. The power series expansion of ¢(z) starts with z. Hence Cy(z) =
Y (2)t(z)7F~1 is analytic for |z| < p+ 7 and arg(z — p) # 0. We will show
that the sequence (Ck(x))g>0 has a uniform limit C(z) which has the required
properties.
Using the recurrence relation of ¢x(z,u) we get

3] (2, u?
Vi1 (2, u) = %xexp Z %

i>1
tr( .
= xexp ka u Z—th u uit
i>1 i>1
= tk-+1(l‘,’u) Z’Yk(xi7ui) ’u’i_l' (473)
i>1

Setting u = 1 this rewrites to

Chop1 (2)H(@)+2 = Cy(@)t(2)F+2+1(x) (@)t + Cr(e®) (@) + ..,
(4.74)

resp. to
’L)k+1

Crr1(z) =D Crlx T (4.75)

i>1

Set
Ol

Ly = sup Z M)l )

lz|<p+n, arg(z—p)7#0 ;55

If n > 0 is sufficiently small then

t 7
vy L)

<1
2| <ptn, arg(z—p)0 |1(@)]

for all 7 > 2 and

sup
|zl <ptn, arg(z—p)£0 [¢(T)]

for some L with 0 < L < 1. Consequently we also get



158 4 The Shape of Galton-Watson Trees and Pélya Trees
Ly = O(L%)
for some L with 0 < L < 1. Thus, if we use the notation

1l = sup |f (@)
|z|<p+n, arg(z—p)#0
then (4.75) implies
[Chsall < ICkII(1 + L) (4.76)

and also
[Crt1 = Ckll < [|Ckl| L. (4.77)

Now (4.76) implies that the functions Cx(x) are uniformly bounded in A by

ICkll < co:= H(l + Ly).

>1

Furthermore, (4.77) implies that there exists a limit limg_,o. Ck(2) = C(x)
that is analytic for |z| < p+n, arg(x—p) # 0; and we have uniform exponential
convergence rate
||Ck — CH S Co ZL@ = O(Lk)
>k
Hence, we get (4.71).
Finally, note that (for |z| < p)

Z'yk(x, 1) = Z nt,a”.

k>0 n>1

However, if we use (4.71) we get uniformly for |z| < p+n and arg(z —p) # 0

> (1) =Y (Cl) + Lo)t(2)*+

k>0 k>0

- C(m)% + o)

which leads to an asymptotic expansion of the n-th coefficient of the form

C(p) -1 —n
~ n"z2p "
by/mp

Note that here we have used the fact that C(z) is a continuous function
as the uniform limit of continuous functions Cy(z), where = p is also a
point of continuity. By comparing this with the (known) expansion for ¢, ~
2b\/p/mn=3/2p=" we obtain C(p) = $b2p.

In order to obtain the upper bound (4.72) we set for £ < k

nty,

Cy = sup |[ye(x, u)t(z) =1,
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where the supremum is over (z,u) with |u| < 1, klu — 1] < ¢1, |z — p| < c2
and |arg(x — p)| > c3, where the constants ci, ¢z, c3 > 0 (with c3 < ) will be
chosen in the sequel. From (4.73) we get (as above) the inequality

Cri1 < Cre /% (14 0(LY)), (4.78)

where we have implicitly used the inequality

we(zt, ul
o] < ) exp | 3 122
i>1

< [t(a)]e O,

Set

Co = H(l +O(L7))

=0

and choose ¢; > 0 such that e2%°1 < 2. We also choose ¢y < nand 0 <c3 < 3
such that |t(z)] < 1 for |z — p| < ¢2 and |arg(z — p)| > ¢3. Now if k > 0 is
fixed, it follows by induction that if ju — 1| < ¢ /k

Co <[ +0))-e*ot’% <2¢y (€ <k).
j<t
This completes the proof of the lemma.

The representation (4.71) from Lemma 4.46 gives us a first indication of
the behaviour of wy (z,u) for u close to 1. We expect that

wi(z,u) = (u— )ye(z, 1) ~ (u—1)C(x)t(x)". (4.79)

This actually holds (up to constants) in a proper range for u and z, although
it is only partially true in the range of interest (see Proposition 4.44).
In order to make this more precise we derive estimates for the second

derivative )

2
% (,0) = Fgth(, ).

Lemma 4.47. Suppose that |z| < p —n for some n > 0 and |u| < 1. Then
uniformly

W@, u) = O(t(|z])*+). (4.80)

There also exist constants c1,cz,c3 > 0 with c3 < 5 such that
2
1w, u) = Ok [t() 1) (4.81)

uniformly for |u| <1, klu —1| < e¢1, |z — p| < c2 and |arg(x — p)| > cs.
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Proof. By definition we have the recurrence

2 @2y, 2
Wy () =ty () D il (i u? =2
i>1
2
+ tpr1(x,u) nyk ' u (4.82)
i>1
+ tiga(z, u) Z(Z — Dy (e, u')u'~?
i>2

with initial condition 'y[ ]( ) =0.

First suppose that |z| < p — n for some n > 0 and |u| < 1. Then we have
|'y[2] (z,u)] < 7[2](|x|, 1). Thus, in this case it is sufficient to consider non-
negative real x < p — n. We proceed by induction. Suppose that we already
know that 'y[ ]( )= ’y,[f] (z,1) < Dyt(z)**1 (where Dy = 0). Then we get from
(4.82) and the already known bound v (z,1) < Ct(z)* the upper bound

z k+1
2
ﬁLMSDwm“ﬁuvtkﬂzj kH
i>2
7 k+1
2 2k—1 k+2 t(z")
+ CP () 4 Ct(a) 2 (i - T
1>2

< H(@)"*2 (Dy(1+ O(LH)) + C2(p — )" + O(L")).
Consequently we can set
Diy1 = Di(1+ O(LF)) + C?t(p — )" + O(L*)

and obtain that Dy = O (1) as k — oo which proves (4.80).
Next set (for £ < k)

Dy = sup [ (@, w)t(x) =71,

where the supremum is taken over |u| < 1, klu — 1] < ¢4, | — p| < ¢2 and
|arg(x — p)| > c3 and where ¢1,c2,¢3 > 0 are chosen as in the proof of
Lemma 4.46. By the same reasoning as in the proof of Lemma 4.46, where we
use the already proved bound |vy,(z,u) < C|t(z)[*T! we obtain

5“_1 Sb@@clc/k(l—l—O(Le))—l—CQ eclc/k—i-O(Le),

that is, we have . .
Doy <aeDe+ Be

with oy = e1¢/k(1 4 O(L*)) and By = C2 e1¢/k 1 O(L*). Hence we get
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k—1

k=1
D<)y B [[

7=0  i=j+1

< k max g; e T[(1+0(L)
J >0

= O(k).
This completes the proof of (4.81).
Using the estimates for v (z,u) and ’y,[f] (z,u) we derive the following rep-
resentations (4.83) for wy and Xy (z,u), where

Sefr,u) = 30 L),
i>2 v
Lemma 4.48. There exist c1,c2,c3 > 0 with c3 < 5 such that
w(z,u) = Cp(z)(u — Dt(x)* (1 + O(klu — 1|)) (4.83)

uniformly for |u] <1, klu—1| <e¢1, |z —p| < c2 and | arg(x — p)| > c2, where
Cr(z) = v (z,1)/t(z)*+1 is given in Lemma 4.46.
Furthermore we have for |z| < p+mn (for somen >0) and |u| <1

Zi(w,u) = Cr(x)(u — V@) + 0 (Ju — 17t(|lz*)¥), (4.84)

where the analytic functions Cy(z) are given by

i k1
C‘k(x)—ZCk(xi)<t(x)> . (4.85)

2 HN\iw)

They have a uniform limit C’(;U) with convergence rate
C’k(x) = C’(m) + O(LF)
for some constant L with 0 < L < 1.

Proof. The first relation (4.83) follows from Lemma 4.46, Lemma 4.47 and
Taylor’s theorem.

In order to prove (4.84) we first note that |z¢| < p —n for i > 2 and
|z| < p+n (if n > 0 is sufficiently small). Hence, by a second use of Taylor’s
theorem we get uniformly

wi (2, u') = Ci(a") (u' = t(a) + O (Ju’ = 1P¢(|2")* )

and consequently
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Skl ) = 37 Culal)(at = Vi) +0 (ju— 1P f))

i>2

= (u—1)Cy(z)t(x*)* T + O (Ju — 1]%(|z|*)¥).
Here we have used the property that the sum

sout =1 t(zt)kHL
Z Cile )z(u -1) t((x%k*l

i>2

represents an analytic function in z and w. Finally, since Cy(z) = C(z) +
O(L*), it also follows that Ck(z) has a limit C(x) and the same order of
convergence.

With these auxiliary results we are able to get a precise result for wy(z, u).
Lemma 4.49. There exists positive constants c1,cz, c3 with cg < 3 such that

Cr(z)wo(z,u) t(z)k

1= 1Ck(@)wo (@, w) =52 4+ O (|u — 1)

wi (T, u) =

as long as |u| <1, klu— 1] < c1, |z — p| < c2, and |arg(z — p)| > c3.

Proof. Since Xy(x,u) = O(wy(z,u)L*) = O(w(x,u)) (see Lemma 4.48), we
observe that wy (z, u) satisfies the recurrence relation (we omit the arguments
now)

Wi41 = t (ewarZ’“ — 1)

2
=t (wk- + % + X 4+ O(w}) + O(E;%))

= twy, (1+%+O(w§)+0(2k)) <1+i—:>.

Equivalently we have

t tEk ]_ wk 9
+7:_(1*—+0w +OE)
WEk+1 WEWE+1 Wy 2 ( k) ( k)

and consequently

tk‘-‘rl tk Ektk-i-l 1

Wk+1 Wk WEWg1 2

Thus we get
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k—1
tk 1 x 11—tk 1—LF 1 —¢2k
=— iy +0( )+O(w0—2)-
wo eowgwgﬂ 21—t 1-L 1-—t¢

Now we use again Lemma 4.48 to obtain

k—1 k— A 041 U — x
WSt B EI £)Ha) ! 40 (ju = (o))

2 oy El e Sl = )

x 41
Z Hat)™ +O(ju—1))

—=C Ce+1 ) ()t
= cp(x )+O(U—1)

with a proper function cx(x). Observe, too, that wO% =0(1),if klu—1| <
c1. Hence we obtain the representation

’wotk

I~ ci(n) — 2 TE 0 (u— 1))

W = (486)

Thus, it remains to verify that 1 — ¢x(z) = 1/Ck(x). By using (4.75) and
(4.85) it follows that

-y G (“xOM1=muum—@@»(mﬂfﬂ (4.87)

i ’) Hz?)

and consequently by telescoping

@Hm ~ Cox)  Ci(w) Cr(x)’

Z Cg+1 (LL') 1 1 -1 1

Alternatively we can compare (4.86) with (4.83) for u — 1 which also shows
1 —cx(x) = 1/Ck(x). This completes the proof of the lemma.

The proof of Proposition 4.44 is now immediate. We substitute x =
p(1+ £) (where S(s) = —1), u = e’™/Vn and set k = ry/n. We also use
the local expansion t(x) = 1 — b\/py/1 —x/p + O(|z — p|). That leads to

t(x)* = exp (—rby/=ps) <1 +0 <%)> :

Finally, since the functions Cy(z) are continuous and uniformly convergent to
C(z), they are also uniformly continuous and, thus, Cj(z) ~ C(p) = 1b%p.

Altogether this leads to
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wo(z, u) t(x)*

) 1
o — My + O (ju=1))

) Cula) (1 — (1 = t(z)) t(2)*+!
1—ﬂ@—CM@@%EU—K@W+OUu—HWL%@m
b%p iT\/—sexp (—3kby/—ps)

2\/_ V—sexp (3 /ib\/——ps) ”b‘/_ £ sinh (3Kby/—ps )

as proposed.

4.3.3 Finite Dimensional Limiting Distributions

We will use the results of the previous section to prove finite dimensional
convergence. We only discuss the cases d = 1 and d = 2 in detail. As above,
(I(t),t > 0) denotes the local time of the Brownian excursion.

Proposition 4.50. Let k > 0 and T be given with |k7| < c. Then we have

lim Ee'™ Jrlnlsvm) Ee”%fl( ) (4.88)

n—oo
and consequently

\/— Ln(/m) == 21? (2\?)

Proof. By definition the generating function ¢ (z,w) can be interpreted as

u) = Z tn Buln(F) gn

n>1

and consequently

EeimLn(k)/vn — ti[x”]tk (x, e”/ﬁ) .

n

In order to get asymptotics for this characteristic function we will use the
local representation for ti(x,u) of Proposition 4.44 and the same contour
integration as in the proof of Proposition 4.21.

Let I' = v U I'" consist of a line

vy = {x =p (1 + %) (R(s) = —1, |S(s)| < Clog® n}

with an arbitrarily chosen fixed constant C' > 0 and of I/, a circular arc
centred at the origin and making I" a closed curve. Then
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- 1 1 dx
Feimlnk)/vA — 2 L1 t ( n/f) 4.
€ tn 27 LA $n+1 ( 89)
1 1 - dx
_ - . irt//m\
1+ el wg, (a:, e ) pru g (4.90)

The contribution of I'” is exponentially small, since for z € I we have

2 .
—Clog™n is bounded.

|z~ ~ pe , whereas ‘yk (x,e

If x € 4 then the local expansion (4.69) is valid for a proper range for
k. In particular, we replace k by |kv/n], u by e/”/vV™ and x by z (1 + %) It
we assume that x > 0 is given then the assumptions of Proposition 4.44 are
satisfied, if k7 < ¢. Finally, by applying the approximation x =" = z5 e *(1+
O(|s|?/n)) we observe that the integral

1 - d
— | w (x,ew/\/ﬁ) _ar
2mi ). gntl

is approximated by

1+4+ioc0

bypp™ / Zb/=ps exp(—ikby/—ps)
2732 \/_ ; V—=2sexp(irby/—ps) — ”b‘f £ sinh (27by/=ps)

e *ds.

Since t, ~ 3by/p/mp~"n"3/2 we thus obtain (4.88) for 7 < ¢/k. But this
is sufficient to prove weak convergence (compare with the proof of Proposi-
tion 4.21).

The corresponding property in the two dimensional case is the following
one.

Proposition 4.51. Let k2 > k1 > 0 and 71,72 be given with |kem1| < ¢ and
|koT2| < ¢. Then we have

1T ﬁLn(fﬁl \/ﬁ)-‘riTQ \/lﬁ n ]E 67,7'1 2f l( H1)+’L7'2 l( 52)

lim Ee
n—oo

(4.91)
and consequently

(%L”(’“m’f Wﬂ) (mi (mi ) in (mi ))

Proof. In order to prove two dimensional convergence we need precise asymp-
totic properties of tg, k, (¢, u1,u2) for k1 = k1/n, ko = koy/n, up = eim/vn
and ug = ™/V"_ Similarly to the above we define

Wy ,kz ((E, uy, u2) = tkl,kz (:L’, Ui, u2) - t(SU)

so that wg, k,(z,1,1) = 0. We further have wy, k,(z,u1,1) = wg, (x,u1) and
Wy ko (T, 1, u2) = W, (2, u2). Thus, the first derivatives are given by
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0
|:8—wk1,k2 (@, u1, U2):| = Y, (z,1),
ul ’U,1:’U,2:1
[8 ( ﬂ (e.1)
—w T, U1, U = x,1).
au2 k1,ko 1 2 R ’Ykz

It is also possible to get bounds for the second derivatives of the form
O(kat(z)¥), if k1uyr — 1] < ¢, kalug — 1| < ¢, |z — p| < ¢, and | arg(z — p)| > ¢
. Hence, we can approximate wg, &, (, u1,u2) by
Wk ko (J), U, ’U,g) = Ck‘l (x)(ul - 1)t(x)kl+1 + CkQ (m)(UQ - 1)t(x)k2+1 (492)
+ O (kgt(x)kl (|u1 — 1|2 + |u2 — 1|2)) .

Similarly (and even more easily) we obtain a representation for

Z Wk ko (xia uzi, ué)

7

EklakQ (xvula u2) =

= G (@) (s — D)5 1 Gy (@) — (a2
L0 (b2 fur — 112 + (2 lus —1P)) . (4.93)

Since ka —k1 ~ (k2 —r1)yv/n and t(x?) < 1 for |x| < p+mn, the term ¢(z2)*2F1 is
significantly smaller than ¢(x?)*1*1. Thus, in what follows it will be sufficient
to consider just the first term Cy, (x)(u; — 1)t(z2)F+1,

We also assume that u; = ei™/V™ and uy = em/\/ﬁ, that is, u; — 1 and
uz — 1 are (asymptotically) proportional. Since we have for z = p(1 + s/n)

t(z)F2 =R~ exp (— (k2 — K1)by/—ps)

and since we can shift the line (s) = —1 of integration to any parallel line
R(s) = op with o¢ < 0, we can always assure that the leading terms of wy, ,,
that is, C, (z)(u; — 1)t(z)" ! and Cy, (x)(uz — 1)t(z)*2*!, do not cancel to
lower order terms.

By using the same reasoning as in the proof of Lemma 4.49 we get the
representation

Wy ky = W0 ks —ky ™!
Ty — e I 4 O(fuy — 1]+ [up — 1))

where

Jro = fro (@, u1,u2)
k-1

- wo,kg—kl (.7/'7 Uy, Ug) Z

£=0

20 gy (2, u1, ug) t(x)
wzﬁszkﬁrf(xa Uy, u2)w5+1,k2*k1+4+1(x7 Ui, u2)

Note that
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Wo,ky—ky = Uilky—ky (J?, U'Q) - t(LL‘)
= (u1 = 1)t(x) + urwp,—r, (2, uz)
=U+W,
where U and W abbreviate U = (u1 — 1)t(z) and W = wjwi,—k, (x,uz). By
the above assumption we can assume that |W| < 1|U| so that there is no
cancellation.

Next by (4.92) and Lemma 4.49 it follows that wg k,—k,+¢ can be repre-
sented by

Wekamta st = (Co(@)U + W) (@) (1+ O(hur — 1] + (£ + kz — kp)luz — 1]))

Hence, fi can be approximated by (for simplicity we omit the error terms)

N Culw) (#?)/ta)
oo ~UU+W) 2 G0 + W) o010 7 )
k1—1
_ L (Con(@)U + W) — (Col@)U + W)
=U+w ; (Ce@)U + W) (Cor (@)U + W)
1 1
=U+w) (U+W - CkU+W>
L, U+w
T GU+ W

where we have used the formula (4.87) and telescoping. Consequently, it fol-
lows that

(U + W)tk
Whike ™ Ty w1k
CR U+W 21—t
(CU + W)tkl
- 1 _ CpU+W 1tk *
2 -t
Now if we use the approximations
b2p
C ~—
k(l‘) 2 B
iTl
U=tu—1)~—
( 1 ) \/ﬁv
bv/2p 1Tob\/p
W = uiwy, &, (v, uz) ~ n W(w—;};b\/ﬁ (87 2\/\5/_ ;
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we finally get

b\/2p ile\/ﬁ ( Z’Tgb\/ﬁ>>
w ~——We | S, F+ Wy —ny s, .
VTR~ ( 202 | SR T 22

(Recall, that ¥,(s,t) is defined in (4.14).)
Using this approximation it follows that the characteristic function of the

random vector (ﬁLn(lﬁ), ﬁ[/n(kg)) where k; = |k1y/n] and ko = |Kk2y/1]
is asymptotically given by

E eitlL'rt(kl)/\/ﬁ+7;t2Ln(k2)/\/ﬁ

= ti[xn]tk'hké (l‘, eitl/\/ﬁv eit2/\/ﬁ)
11 it /v ita/ dx
:1+g2—m kal’kz (x,e 1 ,€ 2 )W
2 [ootiee iTib iTob
=1+ i Yeivyp (S, n \/ﬁ 4 VU (ho—r1)byp (S, 2 \/ﬁ)> e %ds
T Joy—ivo 2V 22 = 2v/2

+o(1).
This completes the proof of the two dimensional case.

The general finite dimensional case now follows from an iterative use of
the above techniques.
4.3.4 Tightness

In this section we will show that the sequence of random variables [,,(t) =
n~Y2L,(ty/n), t > 01is tight in C[0, 00). As in the case of Galton-Watson trees
it is sufficient to prove the following property (compare with Theorem 4.24).

Theorem 4.52. There exists a constant C > 0 such that
E (Ly(k) — Ln(k +h))* < Ch*n (4.94)
holds for all non-negative integers n, k, h.

The fourth moment in the above equation can be expressed as the coeffi-
cient of a suitable generating function. We have

_Lem[(o S0t 99, 1
=57 \ga T e T T o ) ke (B )|

where tg p+n(x, u1, u2) is recursively given in Lemma 4.43. Thus, (4.94) is
equivalent to
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0 0? 0? o 1 h?
1 (24T + 0 + g ) traen (2 )| <ol
ou  Ou? oud  out 8 - Vn
Hence, it is sufficient to show that
[<8+782+683+a4>t ( ulﬂ

o a3 a3 k,k-+h y
0 ou? oud  Out u) |,

0 <$:(x)|) (4.96)

(4.95)

()

for x € A and h > 1. Recall that we have 1 — [t(x)| > ¢y/|1 —x/p| for z € A
(for some constant ¢ > 0).
For convenience we use the notation®

Wy _ |9tk u) [ Dty oin (z,u, 1)
W= [Fpe] L me o - | 3

The main part of the proof of Theorem 4.52 is to provide upper bounds for
these derivatives. We have already derived upper bounds for y[*!(z) and v (z)
(compare with Lemma 4.46 and Lemma 4.47). However, we have to be more
precise. On the other hand we use the convexity bound |t(z)| < t(|z|) < |x/p]
for |z| < p in order to simplify the calculations.

Lemma 4.53. We have

i, JO(1) uniformly for x € A,
Y (@) = {o (I2/o1*) wniformly for |a] < p, (4.97)
and
_h_ ;
%[:]h(x) _ 0] <k+h )k um.formly forx e A, (4.98)
0 (2/pl*) uniformly for || < p,

where L is constant with 0 < L < 1.

Proof. We already know that ’y,& (z) = Ci(z)t(z)*, where Ci(z) = O (1) and
|t(x)] < 1forz € A (see Lemma 4.46). By convexity we also have |t(z)| < |x/p]
for || < p. Hence, we obtain 'y[ ]( ) =0 (|z/p[¥) for |z] < p.

The functions ’y[ ] , () are given by the recurrence
(1] [1]
Vit 1,n( Z Tk
i>1

6 In Section 4.3.3 we already used the notation ~y(x,u) for the first derivative and
7[2] (z,u) for the second derivative. There will be no confusion, the only difference
is that we now always have u = 1.
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with initial value ’y([)lll(a:) = t(x) — yn(z). Hence, the representation 7,&1’] (x) =
'y,[:] (z) — 'yg_k (x) follows by induction. Since ’y,[:] (z) = (C(x) + O(LF))t(z)k,
we thus get that

W@ =0 (sup (@) (1 — t(x)")| + Lk) .

z€EA

However, it is an easy exercise to show that

: h
jgg [t(x)*(1 —t(z)")| =0 (m> . (4.99)

For this purpose observe that if © € A then we either have |t(x) — 1] < 1 and
[t(x)] <1, or [t(x)] < 1 —n for some n > 0. In the second case we surely have

[H(a)* (1 — t(2)")] < 21— )" = O (LF).
For the first case we set t = 1 — pe’® and observe that
[1—(1—pe)"| < (1+p)" —1.

Hence, if £ > 3h we thus obtain that

ki1 hy| < Y h_ 1) < _
@) (1= t@)")] < s (1= ) (1) = 1) < 1 < o
If k < 3h,we obviously have

4h
ta) (1= o)) <2 < =

which completes the proof of (4.99). Of course, we also have L*¥ = O (ﬁ)

This completes the proof of the upper bound of 'y,[ﬁl]h(:n) for x € A.
Finally, the upper bound 'y,[cl]h (z) = O (|z/p[¥) follows from (4.97).

Lemma 4.54. We have

. 1 .
%[cg] (z) = 0] (mln ik, =@ }) um.formly forx e A, (4.100)
0 (Jo/ol") uniformly for la] < p— 1.
and
. 1 .
VJEQ]h(x) _J)o (mm ih, —h@)] }) um.formly forxz e A, (4.101)
0 (12/pl") uniformly for |a| < p—n,

for every n > 0.
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Proof. The bound 'y,[f] (x) = O(|lz/p|F) (for |z| < p —n) and the bound
'y,[f]( ) = O(k) follow from Lemma 4.47. In order to complete the analysis

for fy[ e ) we recall the recurrence

VA (@)Y i @) + tx) | Do) | @) Y- 1)y @)

i>1 i>1 i>2

that we rewrite to
W (@) = @ (@) + bi (),
where
2

2) Y iy @) ) [ Yo @) |+ @) Y- D).

i>2 i>1 i>2

Since 7[2]( ) = 0, the solution of this recurrence can be written as

YW (@) = by (@) + t@)br_a(x) + - - + t(@)* bo ().

Hence by (z) = O (1) uniformly for z € A and consequently

jz:u(xw -0 <m) -

This completes the proof of (4.100).

The recurrence for 'y}[?]k( ) is similar to that of 'y[ ]( ):

2

Y@ = @) Y iy @) @) | Yo @) | @) D6 - Dy )

i>1 i>1 i>2

(4.103)
with initial value 'y[ ] n(@) = 'yf[?] (). We again use induction. Assume that we

already know that |’y[2] (z)| < Dg.pl|z/p|* for |z| < p—n and for some constant
Dy, 1. By (4.101) we can set Dg j, = Dj, which is bounded as h — co. We also

assume that |’y,[€1]h(x)| < Clx/p|F for |z| < p —n. Then by (4.103) we get

2|2 / ph
|71[c24]rl,h(x)| < Dy plz/pl**" + Dyplz/p| (1|| z]F)2
X 2
pl* 20>/ p*
4 (' z/ ) + Ol 2
P\ T 0 a2

Thus, we can set



172 4 The Shape of Galton-Watson Trees and Pélya Trees

2(p —n)* >+Cz (p=m* 2o =n)t
(1—pk)? (1=p*)> (1 =ph)?
which shows that the constants Dy, j are uniformly bounded. Consequently
Yin(#) = O |/ pl¥) for |z < p—n.
Next we assume that |'y,[€2]h (z)| < Dy for z € A. We already know that
|fy[1] (2)] < Ch+k for z € A. Hence,

|’y,[j]rl7h(x)| < Dip + D ZZW/PVC

Dyy1,n = Dip (1 +

i>2
2
+C? +Z|x’/pl'“ +C (=1 /pl*
k+h
i>2 i>2

< Dip +8Dgn(p+n)*/pF

h 2
0 (g 2o ket ) o AC(

Thus, we can set
_ _ h ?
Dit1,h = Dy + 8D n(p +n)*F /pF + C? (m +2(p+ Tl)%/Pk)
+4C(p +n)* /p*

with initial value Do,h = Dj, = O (h) and obtain a uniform upper bound of
the form

Din=0(h).

Consequently 7[ ] n(@) =0 (h) for x € A.
Thus, in order to complete the proof of (4.101) it remains to prove

'y,[f]h(x) = O (1/(1 — |t(x)])) for x € A. Similarly to the above we represent
Yion (@) as
W (@) = 104 @) + et (@) + H@)erzn (@) + -+ @) eon(a), (4.104)

where
2

(@) =t(2) Y il @) @) | Yo Ah@) | +t@) Y- 1)yl

i>2 i>1 i>2

Observe that there exists n > 0 such that || < p—nfori > 2 and x € A.
Hence it follows that ¢;n(x) = O (1) for x € A. Since 'y([fll(:v) = 7[2]( ) =
O (1/(1 — |t(x)])), we consequently get

) =220 +0 (=) =0 (1= )
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Remark 4.55 Note that the estimates of Lemma 4.54 already prove that
E (L, (k) — Ly(k + h))* = O (hy/n).

Unfortunately, this estimate is not sufficient to prove tightness. We have to
deal with the 4-th moments.

Before we start with bounds for 7,[63]( ) and 7[4]( ) we need an auxiliary
bound.
Lemma 4.56. We have uniformly for x € A
2
ST @i (@) = 0 (h?). (4.105)

k>0

Proof. We use the representation (4.104), where we can approximate c¢; ()
by

) 2
caala) =t e + 0 (1) = 0 (e )

uniformly for x € A with some constant L that satisfies 0 < L < 1. Further-
more, we use the approximation

Wb (@) = C@)t(@)* (1 = t(2)") + O (L*)

that is uniform for x € A. This shows

~t(a)h
> ke ) = le@ T2 o).

~Je)]

Now observe that for x € A there exists a constant ¢ > 0 with |1 — ¢(z)| >
¢(1 — [t(x)]). Hence it follows that

L t@] (1@
@) O(l—t(aa))()“‘)’

S k@) =0 (h).

k>0

and consequently

Similarly we get

SR @] St @) < X le @ @) Y [t

k>1 j<k j=>0 k>j

xr h . .
= S fsato - (e e >|23+2M+0(|t<x>|f“v))

()P

v
=0 —_—
S G+ h)?

=0 (h?).
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Hence, we finally obtain

S @@ <3 @l @1+ Y @) |3 )t e @)

k>0 k>0 E>1 j<k
=0 (h?).
Lemma 4.57. We have
[3] 0] (min{k‘Q, #}) uniformly for x € A,
yB(z) = NESC] . (4.106)
O (|=/pl*) uniformly for |x| < p—n,
and
7123]11( ) = (0] (mm{h T ‘t(x)l}) uniformly for x € A, (4.107)
O (|lz/pl*) uniformly for |z| < p—mn,

for every n > 0.

Proof. The recurrence for fy,[f] (x) is given by
3
'7k+1 Z ¢ ’Yk + t(z) Z '71[c1] (z*
i>1 1>
+ 3t(z Z’ym 4 Z Z’}/m (4.108)
i>1 i>1
+3t@) [ @) | | 6 - 1)
i>1 i>1
+3t(2) i — Dy (@) + t(2) Y (i — 1) — 2)p ().
i>1 i>1

By inspecting the proof of Lemmas 4.53 and 4.54 one expects that the only
important part of this recurrence is given by

(@) = t@) (@) + @) (@) + 3t (@) (@) + Re  (4.10)

and Ry, collects the less important remainder terms that only contribute expo-
nentially small terms. Thus, in order to shorten our presentation we will not

focus on Ry. In particular, it is easy to show the bound 7[3]( ) =0 (|lz/p|")
for |z| < p —n. (We omit the details.)

Next, since t(x)’y,[j] (z)3 + 3t(:r)'y,[€1] (x)'y,[f] (x) + Ry, = O (k), it follows that
(z) =0 (k).
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Now we proceed by induction and observe that a bound of the form
¥ (@) < Ep/(1 = [t(z)]) leads to

3] < Ey 1
Lo < 1+ 0 () + 10
(3]

and consequently to Ejy1 < Ej + O (1). Hence, Ey = O (k) and v, (x) =
O (k/(1 = [t()]))- "

Similarly, the leading part of the recurrence for v, () is given by

W2 n@) = t@)r, (@) + (@) (@) + Bt(@) i, ()77 (2) + R (4.110)
= t(z)7 ", (2) + din (),
where
dip(x) = t(x)y ) (@) + 3t(@)rf, (@) (2) + R = O (h),

and the initial value is given by

Yo(@) = =) = 3y (@) = 0 (min {h2, %}) .

Note that we also assume that ’y,[:’]h(a:) = O (|z/p[*) for |z| < p — n (which
can be proved easily). Consequently it follows that

12 (@) = A (@) + diern (@) + H@)dion (@) + -+ (@) o (2)

)

° (=)

Next observe that Lemmas 4.53-4.56 ensure that

> ldjn(@)| =0 (h)

j=0

uniformly for € A. Hence, we finally get
3
(@) =0 (n?),

which completes the proof of Lemma 4.57.
Lemma 4.58. We have

o .

7][64] (&) = 0 (lf\t(m)|) uniformly for x € A, (4.111)
O (ja/pl*) " uniformiy for |z < p— 1,

and

h? :

7][64]h(x) _JO (17\t(:£)|) um'formly forxz e A, (4.112)
O (lz/p|*)  uniformly for |z| < p -1,

for every n > 0.
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Proof. The proof is very similar to that of Lemma 4.57. First, the recurrence
for 'y[ ]( ) is essentially of the form

e (@) = @)y (@) + ey @)+t @ @) (@)
+6t(z)y) (2)°%) (2) + Bt(2))) ()% + Ry,

where Ry, collects all exponentially small terms. We assume that we have al-

ready proved the upper bound 7[4]( ) = O (|z/p|*) for |z| < p —n. Now,

by assuming that |vk (x)] < Fi/(1 — |t(z)]) and by using the known esti-

mates 71 (z) = 0 (1), v(z) = O (min{k,1/(1 - |t(x)])}), and v (z) =
O (k/(1 = [t(z)])), we get
4 k
Frs1
1 — [t(z)|
with Fy41 = Fi + O(k). Consequently Fy, = O (k‘2)
[4]

Finally, the essential part of the recurrence for v, () is given by

(@) =t @) + @) + @l @@ @
+6t(@)yh ) (2)292 (@) + 3t(2) P ()% + Rio
= t(x))], (@) + enn(2),

where
ern(x) = Ha) (o) + 4t(@)r, (@) (@)
6t (2)7, (2) 7, () + 3t(@)7 7, (2)° + R
As above, Ry j, collects all exponentially small terms. Thus,
71[64]h( )= ’Y([ﬁl(@ + ep—1,0(7) + t(@)er—1n(x) + - + tH(z) Leg u().
By applying the known estimates ’y,[cl]h(x) = 0(1), 'yk]h( ) = O(h) and

'y,[:’]h () =0 (h2) we obtain ey, = O (h2) By combining that with the initial

condition

h2
Y (@) = 1292 (@) + 89 @) + 4/ (2) = 0 (7) ,

’ 1= [t(z)]
4] () — h
4= (=)

which completes the proof of Lemma 4.58.

we finally get

The proof of (4.96) is now immediate. As already noted this implies (4.95)
and proves Theorem 4.52.
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4.3.5 The Height of Pdlya Trees

Since the profile of Pélya trees behaves similarly to the profile of conditioned
Galton-Watson trees, there is no doubt that there is a similar correspondence
for the height (compare with [65]).

Theorem 4.59. Let H,, denote the height of an unlabelled rooted random tree
with n vertices. Then we have

1 4 2V2

%Hn — m Org%xl €<t)

and

o
~1£

EH! ~ ) r(r — D) (r/2)¢(r) n™/?

for every integer r > 1.

A similar theorem was proved by Broutin and Flajolet [28] for binary unla-
belled trees who also provide a local version, that is, asymptotic expansion
for P{H,, = k} (compare with [80]). For the sake of brevity we will not make
this explicit but a local version of Theorem 4.59 still holds.

Let ¢, » denote the number of trees with n nodes and height at most k.
Then the generating function ty(x) = >, -, t,xx™ satisfies the recurrence
relation B

to(x) =0

trt1(z) = zexp Z @ . (k> 0).

i>1

Obviously tx(z) = tg(z,0) where the function on the right-hand-side is the
generating function of (4.28) which we used to analyse the profile in the
previous sections.

Set
er(x) = t(x) — tr(2),
that is ex(x) = —wg(z,0). Then ey, satisfies the recurrence
erpt+1(z) = t(x) (1 - e_e’“(x)_Ek(x)) , (4.115)
where

AOESY @) _ 5 20).

The proof follows the same principles as the proof of the corresponding
properties of the height of Galton-Watson trees (see Section 4.2.7). However,



178 4 The Shape of Galton-Watson Trees and Pélya Trees

the term Ej(x) needs some additional considerations. In particular we will
always have to verify that in the range of interest, that is z € A and |x—p| < e,
we have an estimate of the kind

| B (2)]
lex ()2

for some L < 1. Suppose for a moment that (4.116) is satisfied and that we
also know that e, = O(1). Then (4.115) rewrites to

e E
ek+1 = teg (1——k+0(€i+—k>>a
2 ek

t 1 1 E
=— 4+ +O( -%)
€Lk+1 €k €r

This leads to the representation

e_k- = a + 51— + 0 <Z leet > (Z [t°] (4.117)

<k 1<k le Z‘

=O0(L") (4.116)

resp. to

Now, if (4.116) is satisfied then it follows that
tk
(Xeck leet’]) +0(1)
which can be handled as in Section 4.2.7 to obtain
t(x)k
1 11 tt((x)’“ +0 (mm {logk log — \t(w)l }) .

ek:l
2

er(x) =

(4.118)

If ey () has this kind of asymptotic representation Theorem 4.59 follows. We
just have to repeat the corresponding steps from Section 4.2.7.
Note that (4.117) and (4.118) can be made more precise. Set

ei (e‘Ek — 1)
(eer — 1) (1 — e—er—Er)’

Sk =

and define a function h(v) by

v
=1+ = +v*h(v).
ppp= +2+v h(v)

Then the recurrence ey = t(1 — e~ ~F*r) rewrites to

t 1 1 S
= _+_+€kh(€k>+_§
€k+1 €L 2 €k
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and leads to the explicit representations

o1 117tk+2 h( tMZ (4.119)
- = e .
o eo oh(es
€<k
and
tk
e = (4.120)

1, 11-¢ Set”
w2 ljt + 2 eck ech(eo)t! + Dok e_gzte
Note also that if we just assume e, — 0 and Ejy = o(ex) as k — oo then
Sy ~ —E}.

We start our precise analysis with an a priori bound for eg(x).
Lemma 4.60. Let |x| < p. Then there is a C > 0 such that

k

<
vk

X

lex ()] < P

Proof. Obviously, we have

|€k(l‘)| = Z(tn - tkn)|x|n < Ztn|x|"

n>k n>k
The assertion follows now from t,, ~ ¢p~"n=3/2 for some constant ¢ > 0.

Lemma 4.60 applies to Ei(x).
Corollary 4.61 Suppose that |x| < \/p. Then there exists a constant Co > 0
with
C() {E

VE|p

The next lemma shows that ey (2) behaves as expected if z is on the positive
real axis.

|Ex ()] <

Lemma 4.62. Suppose that 0 < x < p is real. Then (4.118) holds.

1)1~ =)
t € (z) behaves

Proof. Let é,(x) be defined by ép(z) = t(z) and by éx41(z) =
(for k > 0). Then it follows by the methods of Section 4.2.7 tha
like (4.118), even in a proper A-domain.

However, if 0 < z < p then we obtain by induction that ex(z) > ép(x).
Hence, by combining (4.118) with the upper bound from Lemma 4.60 we have

Ey(x) _ Ex(z)
ep(x)? = ép(x)?

for some L with 0 < L < 1. Thus, (4.116) is satisfied and we are done.

= O(LY)

<
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The analysis of ey (z) for complex x with |z| < p is also not too difficult.
The next two lemmas consider the case || < p and |z — p| < € and the case
[z <p—e

Lemma 4.63. There exists € > 0 such that (4.118) holds for all x with |z| < p
and |z — p| < e.

Proof. Recall that |ex(z)] < C/v/k. Suppose that we can show that |Ej/e2| <
1. Then it follows that

E
lext+1] > || |ex| exp (_Cllek| (1 + M))

lex|?
> [t |enle=C2k . (4.121)
with Cy = 2C1C.

We now choose kg sufficiently large that

e 202V < % and Cgpk/26400\/g <1

hold for all k& > kq. We already know that e (p) ~ 2/k. Hence, by continuity
there exists € > 0 with |eg,(z)] > k—lo and [t(z)] > p'/* for |z| < p and
|z — p| < e. These assumptions imply

1 : .
ek (@)] 2 1o 2 €72V 2 [t e

and (by Corollary 4.61)

||E2ko|| < Copk|t|72ke402\/ﬁ < Copk/2e402\/E <1
%o

The goal is to show by induction that for k¥ > ko and for |z| < p and
lx—p| <e€

lex| > |t|Fe—2C2VE <1 (4.122)

E
and ‘—Qk
€k
By assumption (4.122) is satisfied for k = ko. Now suppose that (4.122) holds
for some k > kg. Then (4.121) implies
lerst] > [t exle R
> |t|k+1e—2cgfe—cgk*1/2

Z |t|k+16,2C2vk+1.

Furthermore

||E2k+1|| < Copk|t|72kf2e402\/k+1 < Cop(k+1)/2e4cm/k+1 <1
€1




4.3 The Profile of Pélya Trees 181

Hence, we have proved (4.122) for all k& > k.
In the last step of the induction proof we also obtained the upper bound

||E2k|| S Copk/26402\/E
€k

which is sufficient to obtain the asymptotic representation (4.118).

Lemma 4.64. Suppose that |z| < p — € for some € > 0. Then we have uni-
formly
er(z) = Cr(2)t(2)" = (C(x) + o(1)t(x)"

for some analytic function C(x). Consequently we have uniformly for |z| <

Vp—e€ ) N
Ej(z) = Cr(2)t(z*)" = (C(x) + o(1))t(a*)"*

with an analytic function C(z).

Proof. 1f |z| < p — € then we have |ex ()| < ex(p — €) = O(t(p — €)*). Thus,
we can replace the upper bound |ex(z)| < C/vk in the proof of Lemma 4.63
by an exponential bound which leads to a lower bound for e (z) of the form

lex(2)| = colt(2)]".
Hence, by using (4.120) the result follows with straightforward calculations.

The disadvantage of the previous two lemmas is that they only work for
|z| < p. In order to obtain some progress for |z| > p we have to find a proper
analogue to Lemma 4.32. We fix a constant C' > 0 such that

=z ()

for all £ > 1 and for all [z| < /p. Furthermore we choose a proper A-domain
A(p,n,6) with p+n < /p such that [t(x)| < 1 for all z € A.

Lemma 4.65. Suppose that x € A such that |t(x)| > |2?/p| and that there
exist real numbers Dy and Dy with 0 < D1,Ds < 1 and some integer K > 1
with

Dy _ 1

(&
lexc(z)l < D1, [t(z)—5-

o 2\ K
< DQ, D1D5 + eDlﬁ <ﬁ) < D;.

p
(4.123)
Then we have |ex(x)| < Dy for all k > K and

as k — oo, where the implicit constant might depend on x.
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Proof. By definition we have exyq = t(1 — e *5~FK). Hence, if we write
e~ Pk =1+ R;, we obtain

-1

elex
lex+1] < lex| [t|———— + el Rg.
lex|

If (4.123) is satisfied then it follows that
c (lz2\"
lex+1| < D1Ds + eDl\/—? (%) < D;.

Now we can proceed by induction and obtain |eg| < D; for all k¥ > K. Note
that Dy < 1 and ), R = O(1) also imply that

ex = O(D5).
If we set ap, = t(1 — e~ °*)/er and by, = —e~°* Rj, we obtain the recurrence
€kt+1 = €0 + by
with an explicit solution of the form
er = €K H a; + Z b; H a;.
K<i<k K<j<k j<i<k
Since ej, = O(D¥), we have
H a; = t(w)k_jeo(l)
j<i<k
and consequently
bj [ ai=0 @) 712?/pl?) = O (t(z)" L)
j<i<k
for some L with 0 < L < 1. Hence,
er = ext(x)"KePW 1+ O (t(x)" LK) = O (t(x)*) . (4.124)

Recall that eg(z) — 0 for |z| < p. Using Lemma 4.65 we deduce that
er — 0 in a certain region that extends the circle |z| < p.

Lemma 4.66. For every e > 0 there exists 6 > 0 such that ex(x) — 0,if
|| < p+9d and |x — p| > €.

Proof. The same arguments as in the proof of Lemma 4.34 show that we can
apply Lemma 4.65.

For the most interesting range, namely for € A and |z — p| < €, we need
a proper variant of Lemma 4.36.
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Lemma 4.67. There exists € > 0 and a constant ¢ > 0 such that for all
x € A with x > p and |z — p| < € and arg(x) # 0 the conditions (4.123) are

satisfied for
o) - |t

and properly chosen real numbers Dy, Da. Consequently, e (z) — 0.

Proof. The arguments are about the same as in Lemma 4.36, but there are
some essential differences.

Suppose that arg(z) and arg(f(xz)) are positive and that K(z) =
lc1/| arg(t(z))]], where ¢; = arccos(1/4) — €1 and €; > 0 is arbitrarily small.

The first step is to prove that |ex(x)| < ez and arg(ei(z)) < karg(t(z))+es3
for kg < k < K(x), where e > 0 and €3 > 0 can be chosen arbitrarily
small and ko is sufficiently large. Here we use the recurrence (4.115) and
proceed inductively as in the proof of Lemma 4.36. Note that 0 < arg(ex(x)) <
arccos(1/4) ensures that |ex+1| < |ex|+|E%| and consequently, by Lemma 4.64
and the property ey, (p) ~ ¢/ko it follows that

le(@)] < lexs| + D |Eel < e
ko<t<k

provided that kg is chosen sufficiently large. (We do not repeat the details.)
The second step is to prove a lower bound for ey (x) for kg < k < K(x) of
the form |e(z)| > ¢|t(z)|* /k for some ¢ > 0. By Lemma 4.64 E,(z) = (C(z)+
0(1))t(z?)* behaves nicely, if |z —p| < €. Suppose that |z| > p and z € A. Since
arg(t(z?)) is of order arg(t(x))? we deduce that arg(Ey(x)) = O(arg(t(x))) for

ko < k < K(z). In particular, it follows that (for kg < k < K(x))
ler1(@)] = [ta)(1 — e EE@) > i(2)|(1 — eler @),

Hence, by applying the methods of Section 4.2.7 it follows that |eg(z)| >
c|t(x)|* /k for some ¢ > 0.

Finally we have to check that the conditions (4.123) are satisfied for k =
K(z). First we use the formula

tkfko

1 1 1—tk—ko ¢ Seqe’
oo P aaT + Dkocean (et + 3k, ey,

er = (4.125)

to show (as in the proof of Lemma 4.36) that the term

11— thko
2 1t

dominates the denominator on the right-hand-side of the equation. The first
and the third term can be handled as in Lemma 4.36. Finally, due to the
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already obtained bounds |ex(z)| > c|t(x)|*/k, Er(z) = O(t(z*)*) and the
property Sy ~ —Fy the last term

S
S St=o0q)
e
ko<t<k ¢
and does not contribute to the main term, either. Summing up we have
t k—ko
| | (1 _|_€4)

11—tk—ko
27 1t

lex| < ‘

for an arbitrarily small ¢4 > 0.

We set arg(p — ) = ¥, where we assume that ¥ € [—Z — €5, Z + ¢5] (for
some €5 > 0 that has to be sufficiently small), and 7 = b|p — 2|'/2, where
b ~ 2.6811266 is the constant appearing in Theorem 3.8. Then we have (as in
the proof of Lemma 4.36)

[t|]=1-— rcosg +0(r?),
v 2
log [t| = —rcos ) +O(r<),
arg(t) = —r sing +0(r?).

Hence with k = K(x) = |c1/|arg(t)|] we have

|tk—k0| ~ e Cl cot(9/2)4+0(r?) <e cot(Z+5)+0(r?) < e—cl(l _ 66)

for some arbitrarily small eg > 0 (depending on €5). Consequently

e~ arccos(1/4)

lexl < D= 20— —m

r(l+e7) =cr,

where €7 > 0 can be chosen arbitrarily small. Moreover

|t] zl—rcosg—l—O(rQ) <1- L(l—ﬁg)

S

for some (small) es > 0 and consequently

eD1 _ 1 ( 1 e~ arccos(1/4)

— L« B 2
|t| Dy =1 \/5 1— e—arccos(1/4)) 7“(1 69) + O(T’ )

Thus, we are led to set

1 1 e~ arccos(1/4) "
DQ::1—§<E—W>T:1—C r
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and the first two conditions of (4.123) are satisfied if r is sufficiently small.
Since D1 — D1 Dy = ¢/¢’r? we just have to check whether

2

k
< dd'r?

el —C

vk

However, since k = K(z) > c1v27~ ! the left hand side of this inequality is
definitely smaller than ¢/¢”’r? if r is sufficiently small. Hence all conditions of
(4.123) are satisfied for k = K(x).

Lemma 4.68. There exists € > 0 such that (4.118) holds for all x with x € A
with x| > p and |z — p| < e.

Proof. We recall that the properties e = O(1) and (4.116) imply (4.118).
By Lemma 4.67 we already know that ey — 0. Furthermore, we have upper
bounds for Ej (see Lemma 4.64). Hence, it remains to provide proper lower
bounds for ey.

Since we already know that e, — 0 and |Ex| = O(L*) (for some L < 1),
the recurrence (4.115) implies

lext1| = (1= 96) (lex| — | Ek])

for some 0 > 0 provided that € A and |z — p| < e. Without loss of generality
we can assume that L < (1 — §)2. Hence

lex] = (1= 8% = S Bal(1 = 8/ = co(1 - 0)"
<k

for some constant ¢y > 0. Consequently

~o((i))

As noted above, this upper bound is sufficient to deduce (4.118).

Ey

2
€k

As already mentioned the proof of Theorem 4.59 is now a direct copy of
the corresponding parts of the proof of Theorem 4.29 (compare with Sec-
tion 4.2.7).






5

The Vertical Profile of Trees

Chapter 4 was devoted to the horizontal profile of certain classes of trees and
we have observed that this kind of profile can be approximated by the local
time of the Brownian excursion.

However, it is also possible to introduce a vertical profile of trees. For a
binary tree, for example, we can define the vertical position of a vertex by the
difference between the number of steps to the right and to the left on the path
from the root. Then the vertical profile counts the number of nodes of a given
vertical position. Interestingly, this new kind of profile can be approximated
in terms of the ISE, the Integrated Super-Brownian Excursion.

The study of the vertical profile of binary trees is not only interesting
from a probabilistic point of view. The generating functions related to these
problem are interesting by themselves, since they have an explicit form that
is not understood from a combinatorial point of view.

Similar phenomena appear for embedded trees and so-called well balanced
trees. The latter kind of trees is of specific interest, since there is a bijection to
quadrangulations — due to Schaeffer [188] — that transfers the (usual) profile
of a quadrangulation to the profile of the labels of well balanced trees.

After a description of the Schaeffer bijection we survey the relations be-
tween general (vertical) profiles in random trees and the ISE that turns out
to be a universal limiting object. However, the main part of this chapter is
devoted to some special cases of this limit relation which can be worked out
explicitly and lead to integral representations for distribution of certain func-
tionals of the ISE. These results are due to Bousquet-Mélou [23] who extended
previous work of Bouttier, Di Francesco and Guitter [25] considerably. The
general convergence theorem to the ISE is based on the work of Aldous [5],
Janson and Marckert [117], Bousquet-Mélou and Janson [24], and Devroye
and Janson [52].
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5.1 Quadrangulations and Embedded Trees

We (again) consider quadrangulations @ that are embedded in the plane. We
recall that a quadrangulation is a planar map, where each face has valency
4 and where one of the edges on the external face is rooted and directed
(so that the external face is on the left of this edge). We will also consider
quadrangulations, where we additionally mark one vertex vg (see Figure 5.11).
If we assume that @ has n faces then there are exactly 2n edges and n + 2
vertices (by Euler’s formula).

Fig. 5.1. Quadrangulations

We now define the profile of a quadrangulation to be the sequence (Hy)x>1,
where H;, denotes the number of vertices with distance k to the first vertex of
the root edge. Similarly, if we additionally mark a vertex vg then the profile
(H,°)k>1 is the sequence of numbers H,° of vertices with distance k from v
(compare with Figure 5.2)

Our main objective in this introductory section is to present a bijection
between quadrangulations and certain classes of trees that transfers the pro-
file. For this purpose we introduce well-labelled and so-called embedded trees
with increments 0 and +£1.

A well-labelled tree is planted plane tree, where the vertices are labelled by
positive integers such that the root has label 1 and labels of adjacent vertices
differ at most by 1. Similarly, an embedded tree with increments 0 and £1 is
a planted plane tree, where the vertices are labelled by integers such that the
root has label 0 and, again, labels of adjacent vertices differ by 0 or by +1
(see Figure 5.3).

! The example used here is adopted from [26]
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Fig. 5.2. Distances in quadrangulations

Fig. 5.3. Well-labelled and embedded trees

The label distribution (Ax)g>1 of a well-labelled tree T consists of the
numbers A of nodes in T with label k. Similarly, the label distribution (A )kez
of embedded trees is defined by the numbers Ay of nodes in T" with label k.

We start with a bijection between these quadrangulations and well-labelled
trees that is due to Schaeffer [188].

Theorem 5.1. There exists a bijection between edge-rooted quadrangulations
with n faces and well-labelled trees with n edges, such that the profile (Hg)r>1
of a quadrangulation is mapped onto the label distribution (A\g)r>1 of the cor-
responding well-labelled tree.

Instead of giving a formal proof of this statement we will work out an
explicit example. The first step is to label the vertices of the quadrangulation
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by the distance from the root vertex (the first vertex of the root edge, see
Figure 5.2). By this definition it is clear that there are only two possible
configurations of labels on the boundary of a face, since the labels of adjacent
vertices can only differ by 1 (see Figure 5.4). We will call a face of type 1,if
there are three different labels k, k + 1,k + 2 and of type 2, if there are only
two different labels k, k 4 1.

Fig. 5.4. Two types of faces

We now apply to each face (also to the external one where we have to
interchange the orientation) the following rule. If a face is of type 1 we include
a fat edge between k + 1 and k + 2 in counterclockwise direction and if the
face is of type 2 then we connect the two vertices labelled by k + 1 by a fat
edge (see Figure 5.5).

Fig. 5.5. Modifications for the two types of faces

If we apply this rule to all faces of the quadrangulation we obtain the
figure that is depicted on the left-hand-side of Figure 5.6. Finally, we delete
all non-fat edges; however, we keep track of the second vertex of the rooted
edge (that is always labelled by 1).

The observation now is that the resulting figure that contains all vertices
different from the first vertex of the root edge (of the original quadrangulation)
and all remaining fat edges is in fact a well-labelled tree with the second vertex
of the root edge as the root. In this particular example we actually get the well-
labelled tree depicted in Figure 5.3. Note that we have two kinds of fat edges.
The first kind are edges that are also edges of the original quadrangulation.
They connect vertices with different labels. The other kind of fat edges are
new edges and can be recognised easily, since they connect vertices with the
same label.
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Fig. 5.6. Quadrangulations and well-labelled trees

Next we modify the above procedure to obtain a bijection to embedded
trees with increments 0 and +1 (that is due to Chassaing and Schaeffer [35]).

Theorem 5.2. There exists a bijection between edge-rooted quadrangulations
with n faces, where one of the n + 2 wertices is marked, and two copies®
of the set of embedded trees (with increments 0 and +1) with n edges, such
that the profile (H,° )i>1 of a quadrangulation is mapped onto the shifted label
distribution of the corresponding embedded tree with increments 0 and +1. (By
shifted label distribution we mean the label distribution obtained by translating
all labels so that the minimum label is 0.)

Again we present just an example. We start with the quadrangulation
depicted in Figure 5.1 and label the vertices by the distance from vg. Then we
apply the same procedure as above in order to get fat edges that form a tree
(compare with Figure 5.7). There is, however, a slight modification that has
to be made at the fat edge e that corresponds to the external face. We have
to keep track that the root edge of the quadrangulation can be recovered in
the inverse procedure. Since there are exactly 4 possible cases, we can encode
them by choosing a direction to e and adding a + or — to the resulting tree
(by any rule). The first vertex of the directed edge e will be now the root of
an embedded tree and the second vertex of e the left-most successor of root
in this tree. Finally, we also shift all labels so that the new root gets label 0.
In our example we get precisely the embedded tree of Figure 5.3 with a +.

We can use these bijections to obtain explicit formulas for the number of
quadrangulations and for the number of well-labelled trees. Let u,, denote the
number of embedded trees (with increments 0 and +1) with n edges and gy,
the number of well-labelled trees (with increments 0 and +1). Then the above

2 Formally, the notion two copies of a set A means the union (A x {1})U (A x {2}).
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Fig. 5.7. Quadrangulations and embedded trees

two bijections show that
2uy = (TL + 2)Qna

since there are precisely n + 2 ways to root a quadrangulation with n + 2
vertices. On the other hand it is immediately clear that

3" [2n
un:3"pn+1:n+1(n))

where p, 1 = n_lH (2:) denotes the number of planted plane trees with n edges

(or with n 4 1 vertices). Namely, there are precisely 3™ different ways to label
a given planted plane tree with n edges to make it an embedded tree. Starting
from the root that gets label 0 we have 3 ways to label an adjacent vertex and
so on. Hence, we get the following remarkable formula.

Theorem 5.3. The number q, of different edge-rooted quadrangulations with
n faces, or the number of well-labelled trees (with increments 0 and £1) with
n edges, is given by the formula

N 1) )

We also present an alternative proof for this formula by a generating func-
tion approach that counts well-labelled trees.

Proof. We consider variants of well-labelled trees, where the root has a label
not necessarily equal to 1 but again all vertices are labelled by positive integers
and labels of adjacent vertices differ at most by 1. Let T (), j > 1, denote the
(ordinary) generating function of those generalised well-balanced trees where
the root has label j and where the exponent of ¢ counts the number of edges.
Then, by using the convention Ty(t) = 0, we immediately get the relation
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1
T UT— () + Ty(t) + Ty (1)

This relation comes from the usual decomposition of a planted plane tree into
the root and its subtrees. If the root has label j then the successors of the root
must have a label in the set {j — 1, 7,7 4+ 1} and the subtrees are again well-
balanced trees. This justifies (5.2). Note also that the infinite system (5.2)
uniquely determines the functions T}(t). In particular, the equations (5.2)
provide a recurrence for the coefficients [t"] T} (¢) that can be solved by using
the initial condition Ty(¢) = 0. For example we have indeed [t°] Ty(¢) = 0 and
[t9) T;(t) = 1 for j > 1. Hence, it follows that [t!] T (t) = 2 and [t}] T}(t) = 3
for j > 2. In the same way we can proceed further. If we already know [t*] T} (t)
for all k < n and all j > 0 then [t"*!]T}(¢) can be computed for all j > 1.
Since [t"T1] Ty(t) = 0 the induction works.
Let T(t) = (1 — /1 — 12t)/(6t) be the solution of the equation

1
T =3z 3T (1)’

T;(t)

(G =1). (5.2)

(5.3)

and let Z(t) be defined by

Z(t) + 7o+ 1= T (5.4)

Note that one of the two possible choices of Z(t) represents a power series in ¢
with constant term 0 (and non-negative coefficients) which we will use in the
sequel.

By using the ansatz

UiUi43
T () = T(#) —2 243
() = T(0)

with unknown functions w;, the recurrence (5.2) is equivalent to

1
UjUjp1Ujs2Uj43 = WU?HU?H (5.5)

() (w5105 9uj s + UGUT4 5 + UG )
By using (5.3) and (5.4) it is easy to check that
uj=1-Z(t)
satisfies (5.5) which is kind of a mystery. Hence, the functions

(1- 2@ = Z(t)*?)
(1= 2Z()+H) (1 = Z(t)7+2)

T;(t) = T(1) (5.6)
satisfy the system of equations (5.2) and we also have Ty(t) = 0. Since all these
functions Tj(t) are power series in ¢, we have found the solution of interest of
the system (5.2).
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In particular, we have

1-Zz@)A-2z®)")
(1=2@)*)1 - Z()*)
B 1+ Z(t)?

=T 1+ Z(t)+ Z(t)?

— (1)1~ T (1)?),

Ti(t) = T(t)

and it is an easy exercise (by using Lagrange’s inversion formula) to show that

" 2.3 2n
=0 = G ()

This completes the proof of the theorem.

Interestingly enough, there is a similar correspondence between Eulerian
triangulations and well-labelled trees with increments +1. An Eulerian trian-
gulation is a planar map (with a root edge), where all faces are triangles (that
is, they have valency 3) and with an even number of triangles around each
vertex. These triangulations are characterised by the property that their faces
are bicolourable or that their vertices are tricolourable (compare with [26]).
They can also be seen as the dual maps of the bicubic (that is, bipartite and
trivalent) maps, which were first enumerated by Tutte [204].

Fig. 5.8. Eulerian triangulation

We will describe the bijection by using the example depicted in Figure 5.8.
First, the orientation of the root edge (that is situated at the infinite face and
oriented clockwise) induces uniquely an orientation of all other edges by re-
quiring that the orientations alternate around each vertex. We (uniquely)
distinguish between black and white faces, with the convention that the infi-
nite face is white. In particular, black faces are then oriented clockwise and
white ones counterclockwise. Then we define a distance between the first root
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vertex and any other vertex by the minimal number of edges in the shortest
oriented path between them. This defines a labelling of the vertices such that
the sequence of labels around all black faces is of the form k, k + 1, k 4+ 2
(see Figure 5.9). This follows from the fact that neighbouring vertices have
labels which differ by at most 2 while the tricolorability of the vertices fixes
the residue modulo 3. We now build a well-labelled tree by a rule which is
similar to that for quadrangulations. We replace the edge in such a black tri-
angle from k + 1 to k + 2 by a fat edge (see Figure 5.9). Now the vertices
(different from the first root vertex of the triangulation) together with the
fat edges form a well-labelled tree (rooted at the second root vertex of the
triangulation) with increments +1 and root label 1 (see Figure 5.10).

Fig. 5.10. Eulerian triangulation and well-labelled tree

It is an nice exercise to show that this procedure is actually a bijection
between Eulerian triangulations and well-labelled trees with increments +1.
This bijection and a procedure that is similar to proof of Theorem 5.3 yields
an explicit formula for the number ¢,, of Eulerian triangulations with n black

faces:
. 3.2n"1 <2n>
" n+)m+2)\n /)

We will come back to this enumeration problem in Section 5.3.1.
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5.2 Profiles of Trees and Random Measures

5.2.1 General Profiles

The profile of a rooted tree T was defined as the sequence (L7 (k))r>0, where
L1 (k) denotes the number of nodes of T at distance k from the root. Simi-
larly we have defined the profile (Hy)r>0 of a quadrangulation and the label
distribution (Ag)g>o of a well-labelled tree.

All these examples can be seen from a more general point of view. Let T
be a tree with n nodes, where the nodes v are labelled by integers ¢(v). Let
Xr(k) denote the number of nodes v in T with ¢(v) = k, that is,

Xr(k)=#{veV(T):l(v) =k}

Then the sequence (Xr(k))rez that encodes the label distribution will be
called the profile of T corresponding to the labelling £.

This comprises all previous notions. For example, if £ denotes the distance
from the root then we get the usual profile. The vertical position of vertices
in binary trees induces the vertical profile.

The distribution of the labels gives rise to a probability distribution on
the integers3

1
> oy = VD > Xp(k) b

pr =
VDI, &y =

If either the tree is random or the labelling is random then the corresponding
profiles induce random measures and it is a natural problem to describe or to
approximate these random measures in a proper way. For example, (4.6) says
that the occupation time of the Brownian excursion e(t) is (after scaling) the
limiting random measure. The corresponding local version is Theorem 4.10,
the local time [(¢) is the corresponding random density.

5.2.2 Space Embedded Trees and ISE

In many instances labels encode topological properties like positions or — as
above — the distance from the root. This idea was further developed by Aldous
[5] by using several-dimensional labels. Fix a dimension d > 1 and embed a
rooted tree into the d-dimensional space R? in the following way. Put the root
at the origin and regard each edge as a step of the form (0,...,0,+1,0,...,0)
so that each vertex is sent to a vertex of the lattice Z<. Figure 5.11 shows an
easy example of this procedure. Note that different points of the tree may be
sent to the same point in R

By putting mass 1/|V(T)| on each vertex of the embedded tree we get
an induced measure in R?. Formally we can do this by using a d-dimensional

3 8§, denotes the d-distribution concentrated at .
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T T

LT

Fig. 5.11. Space embedded tree in dimension d = 2

label £(v) that encodes the position of v in the lattice Z¢. Then this measure
is given by

1
pp = ——— Soe- 5.7
el UE%(:T) o) (5.7)

Note that our previous examples fit into this scheme for d = 1. For example, if
we just use unit steps to the positive direction then this measure corresponds
to the usual profile. Other examples are the tree classes discussed above,
well-labelled and embedded trees (with increments 0 and +1), where both
directions appear.

This procedure gets more interesting in a probabilistic framework. Suppose
that we have random trees T}, of size n and a d-dimensional random (integer)
vector 77 with zero mean and finite covariance matrix. Then, if we embed T3,
by using an independent copy 7. of n for each edge e, we obtain random
(mass) distributions p, in RZ. Of course, they have to be scaled properly.
If the average distance from the root in T, is of order y/n then the average
distance of an embedded point from the origin will be of order \/ﬁ =nl/4,
since 4/n random steps of  will be of that order. After such a scaling one can
expect to observe a limiting distribution.

Actually, such a limit exists in many instances and is in fact an universal
law, the so-called Integrated Super-Brownian Ezcursion (ISE) (see Aldous [5]).

Formally, the ISE can be defined in the following way with help of the
continuum random tree. For simplicity we just consider the one dimensional
case here. Let us start (again) with a continuous function g : [0, 00) — [0, c0)
of compact support with g(0) = 0 and consider the corresponding real tree 7,
that is given by 7, = [0, 00)/ ~, where the equivalence relation ~ is defined
by

st = dg (87 t) - g(S) + g<t) -2 min{s,t}flgimax{s,t} g(U) =0
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We next introduce a Gaussian process® (W, (t), t > 0) with W,(0) = 0, mean
value E(W,(t)) = 0, and covariance

Cov(Wy (s), Wy (1) = E(W, (s)W, (1)) = inf glu).

min{s,t} <u<max{s,t}
In particular this implies
Var(Wy(s) — Wy(t)) = dy(s, 1).

Consequently dg4(s,t) = 0 provides Wy(s) = Wy(t) a.s. and, thus, Wy(s) can
also be interpreted as a stochastic process on 7. Let us have a closer look at
this construction, if g represents the depth-first search on a planted plane tree
(compare with Figure 4.1). The process starts at the planted vertex and is just
a Brownian motion where the path on the edge joining the planted vertex and
the original root acts as the time axis. Then at the original root the process
splits into several processes (depending on the number of successors of the
root and so on); of course, if we consider a path away from the root then
this is just Brownian motion with this path as time axis. Suppose that we
approximate the Brownian motion on an edge by a discrete step of size 0 or
+1 (say with equal probability). Then any realisation of this discrete process
is just an embedded tree with increments 0, +1. Hence, the process Wy (t) can
be considered as a continuous analogue of an embedded tree.

Suppose that g is supported on [0, 1]. Then the process Wy (t) defines an
occupation measure

1
11g(A) = / 14(Wy(s)) ds,

where A is any Borel set. The measure pg can be considered as the value
distribution of W, and is, thus, a continuous analogue of the value distribution
of the labels of an embedded tree.

Finally, the continuum random tree enters the scene. Let W (s) be defined
by Wae(s), where e denotes Brownian excursion of duration 1 (this means two
random elements are combined). This process is also called head of Brownian
snake and by construction it can be seen as a process on the continuum random
tree, too.

The (one dimensional) ISE is now defined by the (random) occupation
measure

js(A) = / 14(T(s)) ds

of the head of Brownian snake. If we replace the one dimensional Gaussian
process by a d-dimensional one then we can define the d-dimensional ISE in
the same way but we will not stay on this point.

4 A Gaussian process (X(t),t € I) (with zero mean) is completely determined
by a positive definite covariance function B(s,t). All finite dimensional ran-
dom vectors (X(t1),..., X (tx)) are normally distributed with covariance matrix
(B(ti; t5))1<i,5<k-
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By Aldous’ result (Theorem 4.6) we know that properly scaled Galton-
Watson trees converge to the continuum random tree (where we assume that
the offspring distribution £ satisfies E€ = 1 and 0 < Var{ = ag < 00). Let
7 be a random variable with En = 0 and variance 0 < Varn = 03] < o0
that embeds the tree into the line (as described above). The displacements
are now interpreted as labels: the root r has label £(r) = 0 and if v/ is a
successor of v that is linked by an edge e, then set ¢(v') = £(v) + 5., where
7e is an independent copy of 7. For example, if we consider planted plane
trees (Ez® = 1/(2 — z)) and 7 is the uniform distribution on {—1,0,1} then
this construction leads to the embedded trees with increments 0 and +1 (also
discussed above).

Then we have the following limit theorem (see Aldous [5] and Janson and
Marckert [117]).

Theorem 5.4. Let the labels £(v) on Galton-Watson trees T, be defined as

1/2

above. Then with v = o Ué we have

n

Z (57,,171/44(@) i> HISE, (58)
veV(Ty)

with convergence in the space of probability measures on R.5

The left hand side of (5.8) is just a scaled version of the (random) displace-
ment distribution (5.7) of the (random) labels ¢(v). Thus, one dimensional
embedded Galton-Watson trees are actually approximated by the ISE (as it
should be).

This result is also an analogue to (4.6). We just have to replace the la-
bels £(v) by the distances from the root and psg by the occupation time of
Brownian excursion; of course, the scaling is different.

It is natural to ask whether there is a local version of Theorem 5.4, that
is, an analogue to Theorem 4.10. Here one has to verify first whether the
(random) measures uigg has a proper (random) density. Actually, there is a
corresponding local time of W,

1 —
213(1) E [t t+e](W( ))
0

and thus there exists a continuous stochastic process

(fISE(t); —n<t< OO)

with duisg = fisg dt, the density of the ISE (see [24]). In fact, a local result
on these (vertical) profiles has been recently proved by Bousquet-Mélou and
Janson [24] and by Devroye and Janson [52].

5 The space of probability measures on R with the weak topology is a Polish space.
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Theorem 5.5. Additionally to the assumptions of Theorem 5.4 we assume
that n is integer valued and aperiodic, that is, it is not concentrated on dZ for
some d > 1. Let (X, (j))jez the corresponding profile, that is, X,(j) is the
number of vertices in Ty, with £(v) = j, and (X, (t), —00 <t < 00) the linearly
interpolated process. Then we have

(n‘3/4Xn(n1/4t), —c0<t< oo) —5 (vhise(yt), —00 <t < o0)

—1 _1/2

in the space Co(R), where v =0, 0,

Interestingly, Theorems 5.4 and 5.5 appear in other settings, too. We just
mention an example, namely the vertical profile of (incomplete) binary trees,
where we have precisely the same result although the labels are not random.

We recall that a (complete) binary tree is a plane rooted tree where each
node has either two or no successors. In particular we can distinguish between
internal nodes that have two successors and external ones. If we disregard the
external nodes then the resulting object is a rooted tree, a so-called incomplete
binary tree, where each node has either no successor, a right successor, a left
successor or a left and a right successor.® There is a natural labelling of the
nodes, namely the number of right steps minus the number of left steps on
the path from the root to this node (see Figure 5.12). This labelling induces
a natural embedding of these binary trees and also explains why we call the
sequence (X, (j));jez, where X, (j) denotes the number of nodes of label j,
vertical profile.

Theorem 5.6. Let X,,(j) denote the number of nodes of label j in naturally
embedded reduced binary trees with n nodes and (X, (t), —0o < t < o0) the
corresponding linearly interpolated process. Then we have

1 d
~ > Semr/iew) — sk
veV(Ty)

and

(n73/4Xn(n1/4t), —o0 <t < oo) <, (271/4f13E(271/4t), —o0 <t < oo) )

In view of the bijections between quadrangulations (together with their
profile) and well-labelled and embedded trees (with increments 0 and £1) the
following theorem on quadrangulations is not unexpected (see [35] for details).

For convenience let [L, N] = [Lisg, Nisg] denote the (random) support
of pisg and fisg the shifted ISE that is supported by [0, N — L], that is,
firse((—00, A]) = pse((—o0, A + L])

5 Reduced binary trees of this kind are easier to handle; for example, the counting

problem for binary trees is based on the number of internal nodes. Therefore we
have decided to formulate the following results in terms of this notion.
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Fig. 5.12. Naturally embedded binary tree

Theorem 5.7. Let (A, 1) denote the height profile and ry, the mazimum dis-
tance from the root vertex in random quadrangulations with n vertices. Then

1 d .
- E Ak Oyp—1/4), — [UISE
k>0

and

1/4

_ d
n rn — Nisg — Lisg,

where v = 2~1/4,

In what follows we will draw a brief glance on these general theorems.
Due to the complexity of the topic we will not present a complete proof
of these results but give some comments. Nevertheless we will discuss some
special cases (embedded trees, binary trees) in detail in Sections 5.3 and
5.4. There are very interesting combinatorial aspects in relation to gener-
ating function. By using these generating function we prove, for example,

n=3/1 X, (n/4)N) N ~vfise(yA) for every fixed real number A (see Theo-
rem 5.24).

The proofs of Theorems 5.4 and 5.5 that rely on the work by Aldous [4, 5],
Chassaing and Schaeffer [35], Janson and Marckert [117], Bousquet-Mélou
and Janson [24], and Devroye and Janson [52] are based on the following
principles. First one observes that a Galton-Watson tree together with the
labels that are induced by random increments 7. can be interpreted as a
discrete version of the Brownian snake. One applies the depth-first search but
instead of interpolating the distance from the root x(i), one considers the
labels £(i), that is the sum of the increments 7, on the path from the root.
By applying the (known) convergence of the scaled depth-first search to the
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Brownian excursion, the central limit theorem and proper tightness estimates
it follows that the discrete snake process converges to the Brownian snake (see,
for example [117]). Theorem 5.4 is a direct consequence of this convergence
result (recall that the ISE is the occupation measure of the Brownian snake).

Theorem 5.7 is deduced by similar arguments, however, one has to use some
additional properties of the relation between quadrangulations and embedded
trees (see [35]).

Now suppose that the distribution of the increments 7 is discrete (and
aperiodic). Let X,,(j) denote the number of nodes with label j in a random
Galton-Watson tree of size n and let X,,(t) be the corresponding linear inter-
polated process. Then the scaled process n=3/4X,, (n1/4t) can be seen as the
(random) density of a measure

1 ,
E ZXn(j) Vip=1/4 p-1/4,

720

that is close to the (scaled) occupation measure

1 )

- ;)Xn(j) 8pm1/a
of the label distribution (recall that vy, ,, is the measure with triangular density
f(x) = h~*max{1 — |z —y|/h, 0}, compare with Theorem 4.17 and its discus-
sion). Thus, in order to prove Theorem 5.5 it is sufficient to prove tightness
of n=3/4X,,(n'/*t).

Bousquet-Mélou and Janson [24] have formulated an interesting sufficient

condition for tightness (in this context).

Lemma 5.8. Suppose that there exists a constant C such that for allmn > 1
and u € [—m, 7],

E (|nflf(n(u)|2) < ¢ (5.9)

~ 1+ nut’
where . ‘
Xn(u) = Xn(j)e?"
J
denotes the Fourier transform of the occupations measure Zj Xn(4)d; and
that there exists a random variable W with

V4 sup{|j| : Xn(j) # 0} -5 W. (5.10)
Then n=3/* X, (n/*t) is tight in Co(R).

We sketch the proof of Lemma 5.8. First, by basic Fourier analytic tools
it follows that (for 0 < a < 3)

00 . 2
E(/ It n’3/4Xn(n1/4t)‘ dy>

— 00
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is finite so that with high probability

o0 2
/ It n_3/4Xn(n1/4t)‘ <A

—00

for some A > 0. The condition (5.10) ensures that again with high probability
‘n*3/4Xn(n1/4t)‘ =0

for |t| > M, if M is chosen sufficiently large. Let Kz, 4 denote the set of all
functions in Co(R) with f(¢) =0 for |¢| > M and

| e

Then K, 4 is a relative compact subset of C([—M, M]), and thus of Cy(R),
too (compare with [24]). Since n=3/4X,,(n'/4t) is contained in Ky 4 with high
probability, this proves tightness.

Note that (5.10) is related to Theorems 5.7 and 5.22 and can be deduced
from the convergence of the (scaled) discrete snake process to the Brownian
snake. Actually, W = v~ ! max{Nisg, —Lisg}

It remains to verify (5.9). For this purpose we introduce the following
notions. For each pair of vertices v,w in a random Galton-Watson tree T}, of
size n, the path from v to w consists of two (possibly empty) parts, one going
from v towards the root, ending at the last common ancestor v A w of v and
w, and another part going from v A w to w in the direction away from the
root. We will also prove a more general result, where we consider separately
the lengths of these two parts. Define

ha(zr,a2) =E [ Y a0 gglona ) (5.11)

v,weTy

where d(v, w) denotes the distance between v and w, and

Z xl,l‘g E yn .131,.132 ,
n>1

where y, = > 7 _, w(T). It can be shown (see [52]) that H(z,z1,22) can be
explicitly represented as

H(z,x1,22) =

212" (y(2))G (2, 21) G (2, 02) + 20 (y(2)) (201G (2, 21) + 22G (2, 22)) +y(2)
1= 20(y(2)) ’

where
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y(2)
Glzyz)= — 2
G0 = T )

On the other hand, there is a direct relation to X, (u). Let £(v) denote the
random label of the vertex v, that is, the sum of the increments on the path
from the root to v and let p(t) = Ee®" the characteristic function of the
distribution of the increment 1. Then from

E (eiu(e(u)—e(w)) \Tn) ) <eiu(£(v)—é(v/\w))|Tn) E (e—iu(é(w)—é(v/\w)) \Tn)

d(v,v/\w)—d(w’v/\w)

= p(u) p(u)

we obtain

]E(|n*1Xn(u)|2):i]E S (et

n2
v,weTy,
1 vouAw) T d(w,vAw)
=SE| D e )
v,weT,
1

This means that we have almost direct access to E|n~X,,(u)|?> with help of
analytic tools. In particular, by singularity analysis it follows that

C
171’1|‘175L‘2|

| (21, 22)] < l

uniformly for z1, z3 in a A-domain (compare with [52]). We also have |¢(u) —
1| > cu? for u € [—m, 7] and consequently

(+ ) E (o Xn(@]?) <140ty

C
<1+ .
&

Thus, Lemma 5.8 can be applied and Theorem 5.5 follows.
The proof of Theorem 5.6 can be worked out in a similar way.

5.2.3 The Distribution of the ISE

The definition of the ISE does not provide directly analytic expressions for
the distribution of the ISE. Nevertheless there are integral representations for
several statistics of the ISE. In this section we list some of them, however, they
are derived an indirect way. More precisely, they will appear in the proofs of
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the Theorems 5.22-5.26 (in Section 5.4) where we analyse limiting distribu-
tional properties of the profile of embedded trees. However, by Theorems 5.4
and 5.5 it follows that these limiting distributions have to be corresponding
functionals of the ISE (see also [23] and [24]).

We start with the distribution of usg. Let GT(\) = wse((A, 00)) =
1 — pse((—o0, A]) denote the (random) tail distribution function. Then the
Laplace transform (for |a| < 1) is given by

B e?Gt () _ 1+ﬁ Bla/v*)e e dv,
ivr Jr (1 + B(ajvh)e-22v)2
where
- B o [
and the integral is taken over
I={1—te ™4t (—00,0]} U{l+te™* t c[0,00)} (5.13)

(see Figure 5.13). The expected value has also a series expansion

EGH() MZ 2o () ().

Fig. 5.13. Contour of integration I

Next let
Nisg = sup{y : puse((y, o)) > 0}
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denote the supremum of the support of the ISE. Its tail distribution function
can be expressed by
12 voe?”

d
iy/m Jp sinh?(\w) Y

Observe that the integration contour I' can be replaced by its translated
version

P{NISE > )\} =

Iy = {—re_”/‘l,r € (—o0,0]} U {Te”/‘l,?“ €1[0,00)}.

This parametrisation of I'y by r splits the integral into two real integrals, and
one finds
12 [ 1 1 4
G\ =—— ; + ; rSe " dr
) VT Jo <sinh2(/\re”/4) sinhQ(/\re—z’T/‘l))
_ 48 1 — cos(v/2Ar) cosh(v/2Ar) et g (5.14)
VT Jo  (cosh(v/2Ar) — cos(v/2Ar))2
6 * 1—cosucoshu 5 _ 4/(ax)
= v du.
/TG /0 (coshu — cosu)? we “

The density is given by

FO) = 24 Cosh()\v)vﬁe”4 y
ivm Jp  sinh®(\w)
6 * 1 — cosucoshu
— /A /0

where the contour I is given by (5.13).
The moments of Nigg are explicit, for R(r) > —4 we have

_24/mD(r+1)C(r—1)

BT S T

uB(6A — u4)e_"4/(4k4)du,

(coshu — cosu)?

with analytic continuation at the points —3, —2, —1, 2. For example

E NMsp = %a E(NIQSE) =3V

These moments were already obtained by Delmas [46] and rediscovered by
[23].

Finally, we consider the density of the ISE figg. The one dimensional
distribution of fisg(\) is characterised by the Laplace transform (for |a| <
4//3) R

3),—2
]EeafISE(k) =14+ ﬁ A(a/?} )6 v
ivm Jp (14 A(a/v?)e=22v)?

where A(xz) = A is the unique solution of

4
v’e? dv,
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 (1+A4)°

T2 1-A (5.15)

satisfying A(0) = 0, and the integral is taken over the contour I' given by
(5.13).
The expected value is given by

o 2 2
0

2y 2
2—1/4 _23/4 AN™ 1 3
= ( ! D cos (m + )Wf<m+ >
3 = m! 4 4

In particular, fisg(0) has the same distribution as 21/43717~1, where T is
a positive 2/3-stable variable defined by its Laplace transform Ee~*T" = et

Hence fisg(0) has the moments

r(3r/a+1)

E ro_ 27"/4 —-r

—4/3 <r < 0.

5.3 Combinatorics on Embedded Trees

The discussion in the previous section shows that there is considerable interest
in labelled trees, where the labels of adjacent vertices are described by a fixed
law (for example, that they differ at most by one).

We have also shown that well-labelled trees can be counted with help of
generating functions (5.6) that have a mysterious representation in terms of
Z(t).

We will next discuss three different kinds of trees: two versions of em-
bedded trees and binary trees (where the labels are not randomly chosen but
correspond to the vertical position). Interestingly, the counting procedures are
almost the same. We follow the work of Bousquet-Mélou [23].

The subsequent asymptotic analysis (see Section 5.4) provides one dimen-
sional versions of Theorems 5.4 and 5.5. As already indicated, a full proof of
these theorems will not be given in this book.

5.3.1 Embedded Trees with Increments +1

We start by considering a family of embedded planted plane trees, where
the root is labelled 0, and the labels of two adjacent nodes differ by +1 (see
Figure 5.14), where the counting procedure is slightly easier; the case of in-
crements 0 and £1 will be discussed in Section 5.3.2. Furthermore, trees with
increments +1 appear as objects related to special triangulations as we have
mentioned in Section 5.1.

The total number of trees with n edges of that kind is given by
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Fig. 5.14. Embedded tree with increments £1

2™ (2n
t, =2" = .
n Pn+1 n+1<n)

Let T'(t) denote the (ordinary) generating function of these numbers.

For j € N, let T} (t) be the generating function of labelled trees in which all
labels are less than or equal to j. Clearly, T (¢) converges to T'(t) (in the space
of formal power series in t) as j goes to infinity. It is very easy to describe an
infinite set of equations that completely defines the collection of series T (¢).

Lemma 5.9. The series T satisfies
(5.16)

More generally, for j >0,

T;(t) = 1 —t(Tj1(t) + Tj11(1))

while T;(t) =0 for j < 0.

Proof. First, replacing each label k by j — k shows that T;(t) is also the
generating function of trees rooted at j and having only non-negative labels
(we say that a tree is rooted at j, if its root has label j). This means that we
actually reduce the problem to a counting problem for specific well-labelled
trees. Secondly, all subtrees of the root of such a tree are again trees of that
kind, however, rooted at j =1 (compare with the proof of Theorem 5.3). This
leads to the recurrence

Tj(t) = 1+ t(Ty—1(t) + Tyur () + (H(Tyor0) + Tjea (£))% + - -
1
T 1T () + T ()

Finally, be letting (formally) j — co we get to (5.16).
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The above lemma also shows that the series T'(t), counting labelled trees
by edges, is algebraic. What is far less clear — but nevertheless true — is that
each of the series Tj(t) is algebraic too, as stated in the proposition below.
These series will be expressed in terms of the series T'(t) and of the unique
formal power series Z(t), with constant term 0, satisfying

Z(t) + =—— = . (5.17)

Observe that Z(t) and ¢ are related by

4
Z() =t (1 R 282 (5.18)

and Z(t) and T'(t) by ,
T(t) = gﬂg;g . (5.19)

Proposition 5.10. Let T}(t) be the generating function of embedded trees with
increments £1 having no label greater than j. Then we have
(1= 2@+ (1= Z(t)7+?)
= Z(tp2) (1= 2y )

T;(t) = T(t) (5.20)

with Z(t) given by (5.18). These functions are algebraic of degree 2 (at most).
In particular, To(t) satisfies the equation

To(t) =1— 11t — 1> +4¢ (34 2¢) To(t) — 16 t>Tp(t)>.

Proof. 1t is very easy to check, using (5.18)—(5.19), that the above values of
T;(t) satisfy the recurrence relation of Lemma 5.9 and the initial condition
T_1(t) = 0 (compare also with the proof of Theorem 5.3).

The equation satisfied by Ty(¢) is obtained by eliminating T'(t) and Z ()
from the case j = 0 of (5.20). Then an induction on j, based on Lemma 5.9,
implies that each T}(t) is quadratic (at most) over Q(¢).

Remark 5.11 As we have mentioned in Section 5.1, trees counted by To(t)
(equivalently, the trees having only non-negative labels) are known to be in
bijection with certain planar maps called Eulerian triangulations (see also

[26]).

Let us now turn to a bivariate counting problem. Let S;(¢,u) be the gen-
erating function of embedded trees (with increments +1), counted by the
number of edges (variable ¢) and the number of nodes labelled j (variable w).

Clearly, S;(t,1) = T'(¢) for all j. Moreover, an obvious symmetry shows that
S;(t,u) = S_;(t,u).
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Lemma 5.12. For j #0,

1
1—t(S;j—1(t,u) + Sj41(t,u))’

S;(t,u) = (5.21)

while for j =0,

u u

T I tS_i(tu) + Situ)  1-2tSi(tu)

So(t,u) (5.22)

Proof. Observe that S;(t,u) is also the generating function of labelled trees
rooted at j, counted by the number of edges and the number of nodes labelled
0. The decomposition of planted plane trees provides the lemma. The only
difference between the cases j = 0 and j # 0 lies in the generating function
of the tree reduced to a single node.

Again, the series S;(¢,u) has a remarkable explicit representation (that
shows that it is algebraic, too, for reasons that currently remain mysterious
from the combinatorial point of view). They can be expressed in terms of the
series T'(t) and Z(t) given by (5.18)—(5.19). By symmetry we also S;(t,u) =
S_;(t,u). Thus, it is sufficient to consider the case j > 0.

Proposition 5.13. For any j > 0, the generating function S;(t,u) that
counts embedded trees (with increments +1) by the number of edges and the
number of nodes with label j is given by

(1t p(t,w) Z(0)7) (1 + plt, w) Z ()7 )
(U+ ult, ) ZO7) (1 + alt, ) Z(E775)

S;(t,u) = T(t) (5.23)

where Z(t) is given by (5.18) and p = u(t,u) is the unique formal power series
in t satisfying

1+ 2@ A +pz®)A +pzt)*)(1 + pZ(t)*)
(I+Z20)A+2(t) + Z2)*) (1 = Z(1)*(1 — pZ(1)*)

u=(u—1) (5.24)
The series p(t,u) has polynomial coefficients in u and satisfies p(t,1) = 0. In
particular, So(t,u) satisfies the equation

(T(t) — Solt, ) 21 -T(t)%)

(u—1)2 =157 So(t,u) — So(t,u)T(t)’ (5.25)

Proof. First, observe that the family of series So(t,u),S1(t,u), So(t,u),...
is completely determined by (5.21) (taken for j > 0) and the second part
of (5.22). The fact that for any series pu(t, u) € Q(u)[[t]] the expression (5.23)
satisfies (5.21) for all j > 0 is a straightforward verification, once ¢ and T'(t)
have been expressed in terms of Z(t) (see (5.18) and (5.19)). In order to
prove that (5.23) is the correct expression of S;(t,u), it remains to satisfy
the second part of (5.22). This last condition provides a polynomial equation
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relating u(t,u), T(t), Z(t), t and w. In this equation, replace ¢ and T'(¢) by
their expressions in terms of Z(t) (given by (5.18)—(5.19)). This exactly gives
(5.24).

Equation (5.25) satisfied by Sy is obtained by eliminating u(t,v) and Z(t)
(using (5.24) and (5.19)) from the expression (5.23) of So(t,u).

In the proof of Lemma 5.25 we will need a closed form expression for u(t, u)
in terms of Z(t). Write

V=TT 20 Z<t>+ <t> >< 0

Then u(t, u) is given by

1 2
uitw) = 7oz (1 +o(l— Z(1)2/3+2/33+ 02 (1 — Z(1))  cos(/3) 1)
(5.26)
where

B (9v(1+4Z(t)+Z(t)2) +v3(1 — Z(t))6>
oo B+ (- Z()")"

The reason for that is that equation (5.24) which defines p(t, u) can be rewrit-
ten to

v (L+ p(t W) Z@)( + plt,w) Z(0)°)(1 + plt ) Z(0)%)

M(ta u) = Z(t) 1— M(tv u)Z(t)2

Hence, p(t,u) is the unique formal power series in v (with rational coefficients
in Z(t)) that satisfies the above equation and equals 0 when v is 0. And it
is not hard to check that the expression given in (5.26) satisfies these two
conditions.

Let us finally study a third problem. Let R;(¢, u) be the generating function
of embedded trees (with increments +1), counted by the number of edges
(variable t) and the number of nodes labelled at least j (variable w).

Lemma 5.14. The set of series Ro(t,u), Ri(t,u), Ra(t,u),... is completely
determined by the following equations: for j > 1,

1
Ry(tu) = 1= t(R;_1(t,u) + Rys1 (4 1)) (5.27)
and
Ro(t,u) = uRy(tu,1/u). (5.28)

More generally, for all j € Z, one has:

R_;(t,u) = uRjt1(tu, 1/u). (5.29)
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Proof. For all j € Z, the series R;(t,u) is also the generating function of trees
rooted at j, counted by their number of edges and the number of nodes having
a non-positive label. The equation satisfied by j, for j > 0, follows once again
from the recursive structure.

It remains to prove the symmetry relation (5.29). For any tree T, let
n<o(T') denote the number of nodes of T having a non-positive label. We
use similar notations for the number of nodes having label at most j, etc. Let
7; n, denote the set of trees rooted at j and having n edges. As observed above,

_j t u Ztn Z un<o(T) _Ztn Z un-{-l n>0(T)

n>0 TeT_ ;. n>0 TET_jn

because a tree with n edges has a total of n + 1 nodes. A translation of all
labels by —1 gives

R_;(t,u) =u Z(tu)” Z w20
n>0 TeET j_1,n
while replacing each label k& by —k finally gives
R_;(t,u) =u Z(tu)” Z =0T =y R, (tu, 1/u).
n>0 TETj11,n

Remarkably, the series R; (¢, u) admit a closed form expression in terms of
T(t) and Z(t), too. Due to the symmetry (5.29) it is sufficient to consider the
case j > 0.

Proposition 5.15. Let j > 0. The generating function R;(t,u) that counts
embedded trees (with increments £1) by the number of edges and the number
of nodes with labels > j is given by

Rj(t,u) =T(t) (1 +v(t,u)Z(t) )(1 + v(t,u) (t)j+4)

(1 +v(t,u)Z ( ) T (1 + vt u) Z(8)7+2)
where Z(t) is determined by (5.18) and v
_ Pltu)  1-P(tu)(1+Z()

(5.30)

t,u) is expressed by

(
) = P(tu)*(1+ Z(t) + Z(t)*)

v(t,u) = Z(t) 1+ Z(t)+ Z(t)? + P(t,w)Z(t)(1 + Z(t)) — P(t,u)2Z ()2’
with
Plt,u) = (1+ Z() Vg%f)u_)z(ﬁ ey,
in which
1= 11:8)?
V(t,u) = fs?
and

4Z )V (t,u)?

At,u) = (1= V(t,u)* - 1+ Z(t))?
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We note that the generating function v(t,u) considered as a series in ¢ has
polynomial coefficients in u and the first terms in its expansion are

V(t,u) = (u—l)(1+2ut+(7u+6u2) 2+ (320 + 36 u2 + 23 ) t3+0(t4)).

Proof. In the proof of Proposition 5.13 we have already checked, that for any
formal power series v in ¢, the series defined by (5.30) for j > 0 satisfy the
recurrence relation (5.27) for j > 1. It remains to prove that one can choose
v 50 as to satisfy (5.28). For any formal power series A in ¢ having rational
coefficients in u, we denote by A the series A(t,u) = A(tu,1/u). In particular
T(t,u) = T(tu). Observe that A = A. With this notation, if R;(t,u) is of the
generic form (5.30), the relation (5.28) holds, if and only if

T (14+vZ2)14+vZ¥(1+02)1+0Z5)

l+v=u— = =
T A +vZY) A +0Z2)(1+0Z%)

, (5.31)

where we use the abbreviations T = T(t), T = T(t,u), Z = Z(t), Z =
Z(t,u) = Z(tu), v = v(t,u), and ¥ = i(t,u) = v(tu,1/u). Let R,,[u] denote
the space of polynomials in u, with real coefficients, of degree at most m. Let
R, [u][[t]] denote the set of formal power series in ¢ with polynomial coefficients
in u such that for all m < n, the coefficient of ¢ has degree at most m.
Observe that this set of series is stable under the usual operations on series:
sum, product, and quasi-inverse. Write v = > v, (u)t". We are going to
prove, by induction on n, that (5.31) determines uniquely each coefficient
vn(u), and that this coefficient belongs to R,41[u].

First, observe that for any formal power series v, the right-hand-side
of (5.31) is w + O(t). This implies vo(u) = u — 1. Now assume that our
induction hypothesis holds for all m < n. Recall that Z is a multiple of
t: this implies that vZ belongs to R, [u][[t]]. The induction hypothesis also
implies that the coefficient of t™ in ur belongs to Ry,41[u], for all m < n.
Note that Z = Z(tu) = tu + O(t?) is a multiple of ¢ and v and also be-
longs to R, [u][[t]]. This implies that 7Z belongs to Ry, [u][[t]], too. The same is
true for all the other series occurring in the right-hand-side of (5.31), namely
T,T, Z,Z. Given the closure properties of the set R, [u][[t]], we conclude that
the right-hand-side of (5.31), divided by u, belongs to this set. Moreover, the
fact that Z and Z are multiples of ¢ guarantees that the coefficient of ¢" in
this series only involves the v;(u) for i < n. By extracting the coefficient of
t" in (5.31), we conclude that v, (u) is uniquely determined and belongs to
uR,[u] C Rpqqul.

This completes the proof of the existence and uniqueness of the series v
satisfying (5.31). Also, setting v = 1 (that is, T = T and Z = Z) in this
equation shows that v(¢,1) = 0.

Let us now replace ¢ by tu and u by 1/w in (5.31). This gives

=5 ~ >3 5
1+ﬁ:lz (1+Z/Z)(~1~+VZ Y1+vZ)(1+vZ ) (5.32)
uT A4+vZ49)(1+vZ2)(1 +vZ*)
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In the above two equations, replace 7" by its expression (5.19) in terms of
Z. Similarly, replace T by its expression in terms of Z. Finally, it follows
from (5.18) and from the fact that Z = Z(tu) that

_Z(+2)1+ 2%
CZ (14 2)Y1+ 22)

(5.33)

Replace u by this expression in (5.31) and (5.32). Eliminate o between the
resulting two equations: this gives a polynomial equation of degree 2 in v
that relates v, Z and Z. The elimination of Z between this quadratic equation
and (5.33) provides an equation of degree 4 in v that relates v = v(t,u) to
Z = Z(t) and w.

We do not make this equation explicit but it follows from (5.31) and (5.32).
In this equation, we replace u in terms of

Z(t)(1+Z(t)?) 1—8tu

0=0(t,u)=1—-8u—1) 1-zZo)y  ~ 1-st

and Z, that is, we set

1-6 (1-2)*
u=1-—— "
8 Z(1+ Z?)
Then we replace ¢ in terms of
1—/6
4 Y

V:

that is, we set § = (1 —4V)2. Interestingly, the resulting equation factors into
two terms. Each of them is quadratic in v. In order to decide which of these
factors cancels, one uses the fact that when u = 1 (that is, V' = 0), the series
v must be 0. It remains to solve a quadratic equation in v. Its discriminant is
found to be A, and it is convenient to introduce the series P and satisfies the
equation

P 1xzu+m(+zm.

5.3.2 Embedded Trees with Increments 0,41

Next we consider the case of embedded trees with increments 0 and +1. As
we have discussed in Section 5.1 this class of trees is of interest because of
its relation to quadrangulations, but there are also relations to general planar
maps [26, 35].

As above, let T);(t) be the generating function of labelled trees in which all
labels are at most j, counted by their number of edges.” Let S;(t,u) be the

7 We use the same notation as in Section 5.3.1 although they correspond to different
trees. However, it will be always clear from the context which kind of trees is
considered.
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generating function of labelled trees, counted by the number of edges (variable
t) and the number of nodes labelled j (variable w). Finally, let R; (¢, u) be the
generating function of labelled trees, counted by the number of edges and the
number of nodes having label at least j. As above, it is easy to write an infinite
system of equations defining any of the families T7;(¢), S;(t,u) or R;(t, u).
The only difference to our first family of trees is that a third case arises in
the decomposition of trees (compare also with the proof of Theorem 5.3). In
particular, the generating function T = T'(t) counting these embedded trees

now satisfies )

=1z 3tT(t)’

while for j > 0,

1
Tt () + Ti() + Ty (1)

T;(t) (5.34)
The equations of Lemma 5.12 and Lemma 5.14 are modified in a similar way.
The three infinite systems of equations obtained in that way can be solved
using the same techniques as in Section 5.3.1. The solutions are expressed in
terms of the above series T'(¢) and the unique formal power series Z(t), with
constant term 0, satisfying

1 1
Z(t) + zo * L= @ (5.35)

or equivalently
(1+4Z(t) + Z(t)?)?
1+Z(@t)+ Z()?

Z(t) =t (5.36)

resp.
1+4Z(t) + Z(t)?
T = L+ Z(t)+ Z(t)? "

We state the counterparts of Propositions 5.10, 5.13 and 5.15 without proof.

Proposition 5.16. Let T;(t) be the generating function of embedded trees
(with increments 0 and +1) having no label greater than j. Then we have

(for j > —1)

(1— 2z -zt

(1—Z@t) )1 - Z(t)7+3)’

where Z(t) is given by (5.36). These functions are algebraic of degree (at most)
2. In particular, To(t) satisfies the equation

Ty(t) = T(t)

To(t) = 1 — 16t 4 18Ty (t) — 27 >To (1)

Proposition 5.17. For any j > 0, the generating function S;(t,u) that
counts embedded trees (with increments 0 and +1) by the number of edges
and the number of nodes labelled j is given by
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(L+ plt,w)Z()) (1 + plt, W) Z()7+)
A+ alt, ) ZE )1+ ult, ) Z(0772)°

Si(t,u) = T(t) (5.37)

where Z(t) is given by (5.36) and u(t,u) is the unique formal power series in

t satisfying

A+ 2() + Z®)*) A + pt,w)Z(1)*(A + p(t, W) Z(t)*)?
0+ 207201 — Z()* (1 — ult, 02Z (1))

The series p(t, u) has polynomial coefficients in u and satisfies u(t,1) = 0. In
particular, So(t,u) satisfies the equation

p(t, u) = (u - 1)

9T (t)*(u —1)?
(T(t) — So(t, u))?
= 9T (t)*> — 2T (t)(T(t) — 1)(2T(t) 4+ 1)So(t,u) + (T(t) — 1)2So(t,u)>.

Recall that by symmetry S_;(¢,u) = S;(¢, u). Thus (5.37) provides an explicit
representation for all j € Z.

The functions R;(t, v) have a similar symmetry: R_; (¢, u) = uR 41 (tu, 1/u).
Hence, it is again sufficient to consider just the case j > 0.

Proposition 5.18. Let j > 0. The generating function R;(t,u) that counts
embedded trees (with increments 0 and £1) by the number of edges and the
number of nodes labelled j or more is given by

L+ v(t,u)Z(t)7)(1 t,u)Z(t)I T3
Rty — T(0) LD ZEN L4 vl 2077
(A +w(t,uw)Z@) )1+ v(t,u)Z(t)+2)
where Z(t) is given by (5.36) and v(t,u) is a formal power series in t, with
polynomial coefficients in u.® This series satisfies v(t,1) = 0 and the first
terms in its expansion are

v(t, )= (u=1) (143 ut+ (150 + 1406%) 24 (104 + 11702 + 83u%) £4+0(t) )

5.3.3 Naturally Embedded Binary Trees

In this section we study incomplete binary trees. Such trees are either empty
or have a root to which a left and right subtree (both possibly empty) are
attached. Equivalently, we could consider complete binary trees and only take
internal nodes into account.

A (minor) difference to the two previous families of trees is that the main
enumeration parameter is now the number of nodes rather than the number
of edges. The number of trees with n nodes is now C,, = nlﬁ(?) (compare

8 The function v(t,u) is also algebraic of degree 2 over Q(Z(t), Z(tu)), of degree 4
over Q(u, Z), and of degree 16 over Q(t, u) (see [23]).
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with Section 3.1.1). For notational convenience we will again use the notation
T(t) for the generating function T'(t) = (1 — /T — 4¢) /(2t) of binary trees.

As explained in Section 5.2.2 we embed binary trees into the plane accord-
ing to the position of the nodes (compare also with Figure 5.12). The position
or natural label of a node is the number of right steps minus the number of
left steps on the path from the root to this node

Let T;(t) be the generating function of (naturally labelled) binary trees
in which all labels are at most j, counted by their number of nodes. Let
S;(t,u) be the generating function of binary trees, counted by the number of
nodes (variable ¢) and the number of nodes labelled j (variable u). Finally,
let R;(t,u) be the generating function of binary trees, counted by the number
of nodes and the number of nodes having label j at least. Again it is easy to
write an infinite system of equations defining any of the families T} (¢), S, (¢, w)
or R;(t,u). The decomposition of trees that was crucial in Section 5.3.1 is
now replaced by the decomposition explained in Section 2.1. The generating
function T'(t) counting naturally labelled binary trees satisfies

T(t) =1+ tT(t)?,

while for j > 0,
Tj (t) =1+ tTj_l(t)Tj+1(t). (538)

The initial condition is now T_1(¢t) = 1 (accounting for the empty tree).
The equations of Lemmas 5.12 and 5.14 respectively become:

' 1+ tijl(t7u)Sj+1(t, u)if j #0,
Si(t,u) = { 1+ tuSs (t, u)? if j =0, (5.39)
while
Rj(t,u) =1+ tRj_l(t,u)Rj+1(t,u) for j > 1, (540)
and
R_;(t,u) = Rjyi1(tu,1/u) for all j € Z. (5.41)

These three infinite systems of equations can be solved using the same
techniques as in Section 5.3.1. The solutions are expressed in terms of the
above series T'(t) and of the unique formal power series Z(t), with constant

term 0, satisfying
1 1
—-1= . (5.42)

20+ 75 @)

Equivalently we have

(1 + Z(t)2)2

Z(t) = ST (5.43)

or
1+ Z(t)?

B OEGE
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Again we state without proof the counterparts of Propositions 5.10, 5.13
and 5.15.

Proposition 5.19. Let T;(t) be the generating function of (naturally embed-
ded) binary trees having no label greater than j. Then we have for all j > —1,
(1—Z(@) )1 - Z(t)*7)

(1= Z@)7*)(1 = Z(t)7+°)’

where Z(t) is given by (5.43). These functions are algebraic of degree (at most)
2. In particular, To(t) is given by

Ty(t) = T(1)

(1 —4t)3/2 — 1 4 8t — 2t
2t(1+ 1)

Recall that by symmetry we only have to discuss the case 7 > 0 in the
next two propositions.

To(t) =

Proposition 5.20. For any j > 0, the generating function S;(t,u) that
counts (naturally embedded) binary trees by the number of nodes and the num-
ber of nodes labelled j is given by

L+ p(t,w)Z@))A + pt,w) Z()°)
(14 u(t, W) Z()7+2) (1 + plt, u) Z(8)773)

where Z(t) is given by (5.43) and p(t,u) is the unique formal power series in
t satisfying

Sj(t,u) =T(t)

Z() (1 + p(t,w) Z(8)* (1 + p(t,w) Z(4)*) (1 + p(t, w) Z(t)%)
A+ Z)*(1+ Z(t) + Z()*)(1 = Z(1))3(1 — p(t,u)?Z(t)%)
The series p(t,u) has polynomial coefficients in u and satisfies u(t,1) = 0. In
particular, So = So(t,u) satisfies the equation

T(t)*(u—1)% _ (T(t) —1)"80)* — 2T(1)So(T(t) — 1)*(3 — 9T(t) + TT(¢)*)

w(T'(t) = So)? (T'(t) = 1)(So — 1)(T'()* + T(t)S0) — So)?
TEXT()* +T()—1)°

(T'(t) = 1)(So — (T ()* + T(t)So) — So)*

Proposition 5.21. Let j > 0. The generating function R;(t,u) that counts

(naturally embedded) binary trees by the number of nodes and the number of

nodes labelled j or more is given by

(1+v(t,u)Z(t)7) (14 v(t,u)Z(t)7+5)
(L+v(t,u)Z()7+2) (1 + v(t,u)Z(t)73)’

(t,w) = (u— 1)

+

R;(t,u) = T(t)

where Z(t) is given by (5.43) and v(t,u) is a formal power series in t, with
polynomial coefficients in u. This series satisfies v(t, 1) = 0 and the first terms
mn its expansion are

vt u) = (u—1) (t F(u+ 1)+ (2u + 3u+ 3)8 + O(t4)).
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5.4 Asymptotics on Embedded Trees

By Theorems 5.4-5.6 we already know the limiting behaviour of the vertical
profile of embedded trees and also of naturally embedded binary trees. In
what follows we show how the explicit formulas for the generating functions
given in Section 5.3 can be used to derive one dimensional versions? of these
properties. By this procedure we do not get the full result. On the other
hand we get error terms and convergence of moments, too. We again follow
Bousquet-Mélou [23].

Since the generating functions for the three classes of trees presented in
Section 5.3 are principally very close to each other, we will only discuss em-
bedded trees with increments 41 in detail.

5.4.1 Trees with Small Labels

Let 7y denote the set of well-labelled trees with increments +1, and let 7,
denote the subset of 7y formed by trees having n edges. We endow 7, with
the uniform distribution. In other words, any of its elements occurs with

probability
1

2n_(2n) "
n+1 ( 7?)
Let M,, denote the random variable equal to the largest label occurring in

a random tree of 7y . By definition the distribution of M, is related to the
series T (t) studied in Proposition 5.10:

T3 (0)
()

Theorem 5.22. Let

Nisg = sup{y : puse((y, o0)) > 0}.

Then, as n — oo,

M, a
—— — NisE-
/A ISE

1/4

Furthermore, the moments of M, /n'/* converge to the moments of Nigg.

Set N,, = M,,/n'/* and let A > 0 and j = [An'/*]. We are interested in
the probability

) t"|U;
P{N, > \} = P{M,, > \n*/*} = P{M,, > j} = [2]73%
n+1 ( n )
9 In this context one dimensional means a one dimensional projection X, (to) 4,

X (to) of a functional limit theorem (Xn(t),—00 < t < 00) N (X(t),—o0 <
t < 00).

(5.44)
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where
U;(t) = T(t) = T;(1) (5.45)
(1+20) 27 (14 20) + 2(0)°) (1 - 2(0)?
(1 + Z(t)Q) (1 - Z(t)j+2) (1 - Z(t)j+4)

is the generating function of trees having at least one label greater than j.
This algebraic series has a positive radius of convergence, and by Cauchy’s
formula

030 = 5= [ Ul

1 [+ 2?1+ 2+ 2% (1-2)° dt (5.46)
C2im ), (14 22)(1—Z7t2) (1= Z7i+4)  getl

for any contour v included in the analyticity domain of U;(t) and enclosing
positively the origin.

This leads us to study the singularities of U,(t), and therefore those of
Z(t). The following lemma provides a complete picture of the (surprisingly
simple) singular structure of Z(t).

Lemma 5.23. Let Z(t) be the unique formal power series in t with constant
term 0 satisfying (5.18). This series has non-negative integer coefficients. It
has radius of convergence 1/8, and can be continued analytically on the domain
D =C\ [1/8,4+00). In the neighbourhood of t = 1/8, one has

Z(t) =1-2(1—8t)"* + O(/1 = 8t). (5.47)

Moreover, |Z(t)| < 1 on the domain D. More precisely, the only roots of unity
that are accumulation points of the set Z(D) are 1 and —1, and they are only
approached by Z(t) when t tends to 1/8 and when |t| tends to oo, respectively.

Proof. In order to establish the first statement, we observe that
Z(t)=Wt)(1+Z(t)

where W (t) is the only formal power series in ¢ with constant term zero
satisfying
W(t) =t +2W(t)% (5.48)

These equations imply that both W (¢t) and Z(t) have non-negative integer
coefficients.

The polynomial equation defining Z(¢) has the leading coefficient ¢ and
the discriminant 4(1 — 8t)3, so that the only possible singularity of Z(t) is
1/8. Alternatively, one can exploit the following closed form expression
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VI—at+/I-st (\/1 4t + VI8t V2(1 - 8t)1/4>
- At ’
which can also be used to obtain (5.47).

Next we prove that | Z(¢)| never reaches 1 on the domain D. Assume Z(t) =
e, with ¥ € [~ 7]. From (5.18), one has

Z(t)

(5.49)

cos

:W and 196(—71',7'(').

t=ty where ty
This shows that ¢ is real and belongs to (—oo, 1/8). But the expression (5.49)
of Z(t) shows that Z(t) is real, which contradicts the hypothesis Z(t) = e*’,
unless ¥ = 0. But then ¢t = 1/8 which does not belong to the domain D. Hence
the modulus of Z never reaches 1 on D.
Finally, if a sequence t,, of D is such that Z(t,) — " as n — oo, with
¥ € (—m, 7], then either ¥ = 7 and, by (5.18), the sequence |t,| tends to oo
or ¢ € (—m, ) and t,, converges to tg. But then by continuity, Z(t,) actually
converges to Z(ty), which, as argued above, only coincides with ¢® when
¥ =0, that is, ty = 1/8. In this case, Z(t,) — 1.

Let us now go back to the evaluation of the tail distribution function
of N, = M,/n'/* via the integral (5.46). We use the Hankel like contour
v =71 Uz Uz Uy, where

1 —i+ (1 2
fyl—{t——<1+ Z+(Oin) w):OSwg(logn)Q},

(1_ leiv) ;_E <

n 2~

<1+z+w) :0§w§(1ogn)2},
n

and 74 is a circular arc centred at the origin and making ~ a closed curve,
that is, if we set ¢ = ¢ (1+ Z) then for ¢ € v1 U~2 U3 the (new) variable z
varies over a finite section H,, of a Hankel contour H (see Figure 2.5).

First observe that for ¢t € v

AS)
IN
AV

1—|Z(t)] > %n*/‘*, (5.50)
and consequently for all j > 1
1= 26P| 21~ |Z0F 2 1-12()| 2 g0~/
By Lemma 5.23, the quantity

(L+ 2 27 (14 2(0) + 2(0)°) (1 - 2(1)°
1+ Z(t)?
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is uniformly bounded on . Therefore the contribution of the integral over 4

is bounded by
dt _ n, 1/2 —(logn)?
/74 Ui(t) 77 = O (8 nl/2e=(log ) . (5.51)

The dominant part of the integral comes from the Hankel-like contour ~; U
Y2 U~ys. Recall that ¢t = % (1 + %) and that |z| < log? n. We have the following

approximations as n — oo and j = [An!/4]:
Z({t)=1-=2(-2)Y*n"* L0 (n_l/z logn)

1— Z(t) = 2(—2)H4p~1/4 (1 ¥ O(n_1/4\/logn))
Z(ty = exp(~2X(~=2)"%) (1+ O(n~/*10gm) )
t7" "t =8""e ™ (1+ O((logn)*/n)).

Observe that, for z € H,, the real part of (72)1/4 is bounded from below by
a positive constant cg. Hence,

|exp(—2A(—2)Y4)| = exp(=2AR(—2)'/*) < exp(—2Aco),
so that exp(—2\(—z)"/*) does not approach 1. This allows us to write
1 1

1—Zi+t2 1 —exp(—2\(—2)1/4) (

14 O(n~*log n)) .
Hence, uniformly in ¢ € 3 U2 U~s, we have

U+ 2?2 277 (1+2+22)(1-2)° |
(14 22) (1 — Zit2) (1 — Zit+4)

6. 8ntl V—ze *

= 1+0(n~Y*

nl/? sinhQ(/\(fz)l/‘l)( +0(n og ™))

Uittt =

and consequently

/ ULt dt _6~8”/ V—ze *(14+O(n 1/410gn))dz

tntl — p3/2 sinh?(\(—z)1/4)

Y1Uv2U73

6 - 8" ( V—ze™?

~ 0372 \ g sinh2(A(—2)1/1)

o).

Hence,

o) = & 8” e (/H vz 21/4)dz—|—o(1)>

smh2

and by using the estimate n_+1( ") ~ 4 _3/2/\/_ this gives
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PN, > A} — % i Sirlh;/()\_(%dz — G,

If we use the substitution v = (—z)'/* in the above integral, the variable v
runs to a contour that is close to the contour I" that is defined by (5.13). Due
to analyticity we can shift the line of integration to I" and also obtain

12 voev!

= d
i/ psinh2()\v) v

G(\)

Thus we have proved weak convergence of N,, to some random variable
N which has tail distribution function G()). By using the property that the
discrete Brownian snake process (which is precisely the process of traversing
an embedded tree and looking at the labels) converges (after scaling) to the
Brownian snake it also follows that the maximum label converges (after scal-

ing) to Nisg. Hence, N4 Nisg. This completes the first part of the proof of
Theorem 5.22.

Now recall that the series U;(t), given by (5.45), counts the trees that
contain at least one label larger than j. Hence, U;_1(t) — U;(t) counts the
trees having maximal label j. Also, note that

U;(t) = V(Z(t) 1) — V(Z(t)T+2,1), (5.52)
where

aZ(t)(1+ Z(1)(1 - Z(1)?)
(1+2Z(1)*) (1 —z2(t)?)

V(iﬂ,t) =

Consequently, for k& > 1,

E M = ﬁ >N () = U (1) (5.53)
n+lin/ j>1

=S (G- ) U,

n+1 (27?) >0

For example, for k£ = 1 this gives

1 " . .
s (1) (V(Z(t) ) = V(Z(1)2,1))
n+1 ( n ) j>0

= g [t (V(1,8) + V(Z(t),1))

EM, =

1 Z(t)(1+2Z(t) +2Z(t)?)

B0 R 0%

Since
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Z(t)(1+2Z(t) +2Z(t)?) _5 61— )% + O(vI8D)
6 )

14+ Z(t)?
we have
) Z()(+22(t) +22(t)°) 8'n Yt 38"
14 Z(t)? I'(-1/4) 2 I'(3/4)
and consequently
E M, ~ % nt/4

which corresponds to the first moment of Nigg.
Now, by combining the expression (5.52) of U;(t) and (5.53), one obtains,
for k > 2,

TG+ DF =)0 = V(0 + 2F - )V (Z(),1) (5.54)

j=0
Y G+ = =G -1+ G- 2F) V2@ ).

J>2
Observe that
G+ =5 =G =DF+ (-2 ~2k(k - 1)
~2k(k —1)(j +2)F 2.

Hence, the dominating part of this sum will be of the form

A(z) = 2k(k = 1) Y (F+2)V(Z(t),1)

(1:+ Z(t)(1— Z(t)*) k2 AT
= 2k(k —1) 7200+ Z0)?) j>_1(J+2)k =z
— op(p — 1) L2~ Z<t)3)Dk72(Z(t)),

Z(t)(1+ Z(t)?)

where Dg(z) = Y_,~, k2% /(1 — 2*) was discussed in Lemma 4.37. In partic-
ular it follows that

1

1
D sz ~ | S0V B Togg TR
k=2 ~ — (k-1
E=2k -1 ks,
2k=1(1 — 8¢)*=*
and consequently
3log for k = 2,
Ag(t) ~ 1C(F —
_2ARCR =D ph s
2h=1(1 — 8t)"7"
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2" (2n

Hence, after applying Lemma 2.14 and normalising by =+ ( ; ), this gives, as

expected:
3vmnt/4 if k=2,
EM) ~ ¢ 24VTki(k = 1) ;4 .
n VTN T > .
ZkF((k;—Q)/zl)n ifk>3

This completes the proof of Theorem 5.22.
5.4.2 The Number of Nodes of Given Label
Next let X,,(j) denote the (random) number of nodes having label j in a

random tree of 7y ,,. This quantity is related to the series S;(¢,u) studied in
Proposition 5.13. In particular,

The aim of this section is to prove a weak limit theorem for Yy, (| An'/*]), where
A € R is arbitrary but fixed. Actually this is the one dimensional version of
Theorem 5.5 applied to planted plane trees and 7 uniformly distributed on

{-1,1}.
Theorem 5.24. For every A € R and for all |a| < 4/v/3 we have

R e@Yn (M) _ | pav2fise(V2X)

Hence,
Yo ([An/4]) -5 V2 fisu(V2 A).

and all moments of Y,, converge to the corresponding moments of fisg.

An interesting special case of Theorem 5.24 is A = 0. Here X,(0) is the
number of nodes labelled 0 in a tree rooted at 0 and we obtain

3X,(0) N T_1/2,

V2n3/4
where T follows a unilateral stable law of parameter 2/3 (that can be defined
by its Laplace transform E(e=T) = e~ for a > 0).

In what follows we will show that (for |a| < 4/v/3)

48 A(ajv?)e2Mv

E an,(l_)\7L1/4j) 1
‘ TR L U Alafe

21)56”4dv, (5.55)
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where A(x) is the unique solution of

_ oz (1+4)°
T 24 1—-A7

satisfying A(0) = 0, and the integral is taken over the contour I' given by

(5.13). By Theorem 5.5 we already know that Yy, (| An'/4]) <, V2fise(V2\).
Thus, the Laplace transform of v/2fisg(v/2)) is given by right hand side
in (5.55). Moreover, convergence of Laplace transforms implies not only
convergence in distribution but also convergence of all moments (see [71,
Thm. 9.8.2]). This proves Theorem 5.24. Thus, we just have to concentrate
on the limit relation (5.55).

Note that the series A(x) admits the following closed form expression:

2
Alz) = ~ 1. (5.56)
1+ 2% COS(M)

This can be checked by proving that this expression satisfies the defining
relations for A(z).

Let A > 0 and j = [An'/4]. The Laplace transform of Y,,(j) is related to
the generating functions S; (¢, u) of Proposition 5.13:

—3/4
oy o3 () ]St e
B (W) = (emn X)) = IR ) G (5.57)
n+l\n
We will evaluate this Laplace transform by contour integration over v = 3 U

Y2 U7y3U"y, the same contour that we used in the proof of Theorem 5.22. This
requires to prove that S;(¢,u) is analytic in a neighbourhood of this contour

(for n large and u = e“”_3/4) which is guaranteed by the following lemma.
For convenience we denote by I,, the part of the complex plane enclosed by ~
(including ~ itself; note that v depends on n).

Lemma 5.25. Let a be a real number such that |a| < 4/+/3. Then there exists

an—3/4 .

e > 0 such that for n large enough the series u(t,u,) with u, = e is

analytic in the domain
E,={t:|t—1/8>1/((8+¢)n)}\ [1/8,+00).

In particular, p(t,u,) is analytic in a neighbourhood of I,. Its modulus in I,
is smaller than «, for some o < 1 independent of a and n. The series S;(t, un)
s also analytic in a neighbourhood of I,.

Proof. The lemma is clear, if a = 0; in this case u, = 1, the series u(t, uy,)
vanishes, and the series S;(t,u) reduces to the size generating function of
labelled trees, namely T'(¢), which is analytic in C\ [1/8, 00). We now assume
that a # 0 and |a| < 4/+/3. This guarantees that A(a) is well-defined.
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Let us first study the singularities of the series i = fi(z,u) defined as the
unique formal power series in z, satisfying
(1+2%)(1 + p2)(1 + pz*)(1 + Az°)
(1+2)(1+2z+2°)1 - 2)2(1 - 2?)

fi=(u—1)

Note that g has polynomial coefficients in u, and vanishes when v = 1. As-
sume that u is a fixed real number close to, but different from, 1. Recall
that, as all algebraic formal power series, i(t, u) has a positive radius of con-
vergence. We perform a classical analysis to detect its possible singularities.
These singularities are found in the union of the sets S; and Sa:

1. & is the set of non-zero roots of the dominant coefficient of the equation
defining fi, that is, S; = {%i}.

2. &, is the set of the roots of the discriminant of the equation defining .
For v =1+ x and x small, these roots are found to be

z==+l1, z=—-1+0(x),

z=etB3 L O(x), z =14 wl12V%213 £ O(|z|?/3),
where w satisfies w® = 1. (The term w allows us to write 2/3 without
saying which of the cubic root we take.)

Observe that the moduli of all these “candidates for singularities” go to
1 as x goes to 0.

Now the series ;1 = p1(t, u) involved in the expression (5.23) of S; (¢, u) satisfies

p(t,uw) = p(Z(t), u)
where Z(t) is defined by (5.18). In other words, we could have defined the
series i1 by
_ 2(1 + 2?)
Recall that Z(t) is analytic in the domain D = C\ [1/8,00). Take u = u,, =

ean Mt — 14 x, with = an=3/4(1 + o(1)). By Lemma 5.23, for n large, the
only values of §; US; that may be reached by Z(t), for t € D, are of the form

z=1+wl2Y%3n~Y4 L O(n=1/2).
In view of (5.18), these values of Z(t) are reached for

1 w!(12)%/3 g4/3
t=- -~ L 0n".
8 28 00
Since |a| < 4/+/3, these values of ¢ are at distance less than 1/((8 + ¢)n) of
1/8, for some € > 0, and hence outside the domain E,,. Consequently, p(t,u,)
is analytic inside F,,.
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We now want to bound (¢, u,) inside I,,. Let ¢, € I, be such that
it )] = s e )|

In particular, |p(ty, un)| > [((1—1/n)/8,uy)|. In order to evaluate the latter
quantity, note that Z((1—1/n)/8) = 1—2n"4+0(n~'/?). Due to the closed
form expression of u given in (5.26), and to the expression (5.56) of the series
A, we see that u((1 —1/n)/8,u,) — A(a). Since a # 0, A(a) # 0, and for n
large enough,

[(tns un)| = |p((1 = 1/n)/8, un)| = [A(a)| + o(1) > 0. (5.58)

Recall that all the sets I,, are included in a ball of finite radius centred at the
origin. Let a be an accumulation point of the sequence t,,. Then |a| < 1/8.

Assume first that o # 1/8. Then there exists Ny such that « is in E,
for all n > Ny, that is, in the analyticity domain of (-, u,). Let tpy, tnsy, ...
converge to «. By continuity of y in ¢ and u, we have

This contradicts (5.58). Hence the only accumulation point of ¢, is 1/8, and
t, converges to 1/8. Let us thus write

1 T
t = - (1 - —) :
"8 n
We have z,, = o(n), but also |z,| > 1, since ¢, belongs to I,,. We wish to
estimate p(ty,,un). From the singular behaviour of Z(¢) (Lemma 5.23), we

derive o174 o172
2y =1-2(2)"" o ((2)").

Up — 1 =an™3/* (1 + O(n_3/4)) ,

Uy — 1 a Ty \ 1/4
_ 1+0 (—) .
= 00 (G
If the sequence z,, was unbounded, then there would exist a subsequence x,
converging to infinity. Then (u,, — 1)/(1 — Z(t))? would tend to 0. The closed
form expression of p given in (5.26) implies that u(ty,, un,) would tend to 0,

contradicting (5.58). Hence, the sequence x,, is bounded, and one derives from
the explicit expressions of 1 and A that

1(tns un) = A(ax;?’/‘l) +o(1).

Moreover,

which gives

Since A is bounded by 2 — /3 inside its disk of convergence, |u(ty,,u,)]| is
certainly smaller than some « for @ < 1 and n large enough. This concludes
the proof of the second statement of Lemma 5.25.
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By continuity of (¢, u,), this function in ¢ is still bounded by 1 (in mod-
ulus) in a neighbourhood of I,,. Recall also that the modulus |Z(t)| never
reaches 1 for ¢ € C\ [1/8,00). The form (5.23) then implies that S; (¢, u,) is
an analytic function of ¢ in a neighbourhood of I,,.

Let us now go back to the expression (5.57) of the Laplace transform of
Y, (4). We use Cauchy’s formula to extract the coefficient of t™ in S, (¢, up).
From (5.23) we obtain the representation

1-Z@®)A+Z@1) + 2t w)Z()
t

S = O O G 2@ ) (Lt ple ) Z(2)

Thus

2" (2n 1 V(1 +Z+ Z%)uz? dt
t"]S;(t = — | T
[t"].5;(t, un) = n+1( ) 227r/ 1+uZJ+1)(1+,uZJ+3) 1’

We split the contour v into two parts 71 U2 U ~ys and 4. As in the proof
of Theorem 5.22, the contribution of -4 is easily seen to be o(8"/n"™) for all
m > 0, thanks to the results of Lemmas 5.23 and 5.25. On 1 U2 U y3, one

has
=1 (1+2)
8 n
where z lies in the truncated Hankel contour H,. Conversely, let z € H. Then

z € H, for n large enough, and, in addition to the estimates already used in
the proof of Theorem 5.22, one finds

plt,un) = Ala(=2)""*) (1 + (1)), (5.59)

where A(x) is the series defined by (5.15). After a few reductions, one finally
obtains

850 = 27 ()

N 12~8"n3/2/ Ala(—2)73*) exp(—2X\(—2)V4)\/—ze~*
iy O A exp(—2A(2) TP

dz + o(8"n~3/%).

It remains to normalise by :1 (>") ~ 8"n=3/2/\/x, and then to set v =

(—2)/* to obtain the expected expression for the limit of the Laplace trans-
form of Y,,(j), with j = [An'/*]. This completes the proof of Theorem 5.24.

5.4.3 The Number of Nodes of Large Labels

Let X, (j) denote the (random) number of nodes having label at least j in a
random tree of 7y,,,. We denote the normalised version of X, (j) by

X56)

Y.I() =
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These quantities are related to the series R;(t,u) studied in Proposition 5.15.
In particular,

E (anJ(j)) =F (e“”_lx,f(j)) - [t")R; (¢, e*™) e?/")
2z ()
n+l\n
In the present context it is convenient to extend the definition of X, and Y,
to real values by setting X,F(t) = X;F([¢]) and Y, (¢t) = Y,F([t]). Our next
aim is to prove that Y, (An'/4) (for some A > 0) converges weakly and in
terms of all moments to the (random) tail distribution function

G+()\) = use((A, o0))

of the ISE. This is the one dimensional version of Theorem 5.4 applied
to planted plane trees with increments 7 that are uniformly distributed on

{-1,1}.
Theorem 5.26. For every A € R and for all |a| < 1 we have

E etV (Dn/1]) | g aGtOV/VD)

Hence,
Y (Iant)) -5t (yvR).

and all moments of Y, converge to the corresponding moments of G*.

One interesting consequence of Theorem 5.26 is the limit law for X, (0),
the number of nodes having a non-negative label in a tree rooted at 0:

n )

where U is uniformly distributed on [0, 1].
Similarly to the proof of Theorem 5.24 we just show that

48 Bl(a/vt)e 2 a
EeaYa (A2 _, 4 5e0" g
‘ TR G Blajoe et ¢ W
where
B(x)——(l_D)(l_QD) D 1+v1—xz
~ (1+D)(1+2D)’ N 2 '

By Theorem 5.4 the limiting distribution of Y, ([An'/4]) coincides with G™.

For the proof of Theorem 5.26 let j = [An'/4]. Since the product forms of
the series S;(t,u), and R;(t,u) are very similar, it is not surprising that the
analysis is similar, too. We start from
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[tn]Rj (ta un)

on 2 I

n+1 ( 'r?)
with u,, = e%/™. For technical reasons, we choose to modify slightly the inte-
gration contour v to y =¥, U%, U7¥5 U7, given by

1 4 —i+ (1 2
71:{t2_<1+§ Z+(Oin) w):ngg(logn)Q},

E(e?d ) = E(uX" V) =

and 7, is a circular arc centred at the origin and making v a closed curve.
Informally, we are now considering a Hankel contour centred around 1/8 at
distance 1/(6n) to the real axis.

We first need to prove that the series R;(t, u,) is analytic in a neighbour-
hood of I,,, the region lying inside the integration contour 7. The following
lemma is the counterpart of Lemma 5.25.

Lemma 5.27. Let a be a real number such that |a| < 1. Then v(t,uy) is
analytic in a neighbourhood of I,,. Its modulus in I, is smaller than o, for
some o < 1 independent of a and n. The series R;(t,u,) is also analytic in a
neighbourhood of I, .

Proof. The lemma is obvious if @ = 0. We thus assume a # 0 and |a| < 1.
Let us first study the singularities of the series 7 = (z, u) defined by

v(z,u)=v (Z((l%j;)u) .

According to Proposition 5.15, 7 is a formal power series in z with polynomial
coefficients in u, and by (5.18), one has:

v(t,u) =0(Z(t),u).

In the proof of Proposition 5.15, we have obtained a polynomial equation
P(v,Z,u) =0 of degree 4 in v, relating v(t,u), Z(t) and the variable v which
can be obtained by using the expression of v given in Proposition 5.15. By
definition of 7, we have P(7, z,u) = 0.

Assume that u is a fixed real number close to 1. That is, u = 1 + z, with
x being small. In order to study the singularities of 7, we look again at the
zeros of the leading coeflicient of P, and at the zeros of its discriminant. This
gives several candidates for singularities of 7(z, u), which we classify in three
series according to their behaviour when x is small. First, some candidates
tend to a limit that is different from 1,



232 5 The Vertical Profile of Trees
z=—1, z=d4i, z=e2"3 =3 L 0(z), z=-1+0().

Then, some candidates tend to 1 and lie at distance at most |z|'/* of 1 (up
to a multiplicative constant):

2 =14 w(ex)* + 0(/|z)),

where w is a fourth root of unity and c is in the set {0,16,64/3,—16/3}.
Finally, some candidates tend to 1 but lie further away from 1 (more precisely,
at distance |z|1/6):

z=1+2e"/00/ 20 4 O(|x|'/3),

where w’ is a sixth root of unity.

Let us now consider v(t,u) = #(Z(t),u) with u = u,, = ™ = 142, where
x =a/n(l+o0(1)). Recall that Z is analytic in C\ [1/8,00). By Lemma 5.23,
the series Z(t) never approaches any root of unity different from 1. Hence for
n being large enough, Z(t) never reaches any of the candidates z of the first
series.

The candidates of the second series are of the form

z=1+wlac/n)* +O(n=?)

for some constant ¢, with |¢| < 64/3 depending on the candidate. By (5.18),
Z(t) may only reach these values for

1 ac _5/4
t= g 128n+0(n )-

Since |a| < 1, there exists € > 0 such that these values lie at distance less
than 1/((6 + £)n) of 1/8, that is, outside a neighbourhood of the domain I,,.
The candidates of the third series are more worrying: Z(¢) may reach them
for ) " 2
(%) +om, (5.60)
where w” is a cubic root of unity, and these values may lie inside I,,. If a > 0
and w” = e*2"/3 orif a < 0 and w” = e?/3 the modulus of the above value
of t is found to be 1/8(14cn~2/3+0(n=2/3)), for some positive constant c: this
is larger than the radius of the contour 7, which implies that ¢ lies outside
a neighbourhood of I,. However, if @ > 0 and w” = 1, or if a < 0 and
W” =1 or e~ 2"/3_ the above value of ¢t definitely lies inside I,,. Its modulus
is 1/8(1 — en=2/3 + o(n=2/3)), for some positive constant c.

In order to rule out the possibility that v(t,u,) has such a singularity,
we are going to prove, by having a close look at the expression of v given in
Proposition 5.15, that the radius of convergence of v(t,u,,) is at least 1/8 —
O(1/n). Below we use the notation of Proposition 5.15.
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Clearly, the series V' (¢, u,) has radius of convergence min(1/8,1/(8uy)).
In particular, this radius is at least p, = 1/(8(1 + |z|)) with u, = 1 + .
Moreover, the series V' admits the following expansion

1 8tx 1 2tz \"
Vit1+o) =7 <1_ V- 1—8t> ’57;(]”*1 <1—8t> ’

where C,, = n+r1 (*™) is the n-th Catalan number. This shows that V (¢, 1+ |z|)

is a series in ¢ with positive coefficients and that for all ¢ such that [¢t| < p,,

1 1
1 < 1 < — 1 = —.
V1ol < V(14D <V (g +el) = 7

The next step is to prove that A(¢,u,) never vanishes for [¢t| < p,. Indeed,
A=(1-V)2—4WV2,

where W = W(t) is the formal power series in ¢ defined by (5.48). This
series has radius 1/8, and non-negative coefficients. Hence, for all ¢ such that
|t|] < 1/8, one has |W(t)] < W(1/8) = 1/4. Consequently, for [t| < py,

2
Al 14| 2 0=V 1)) =AW OV 1+ > (1- 1)~ = 5
Hence, A(t,u,) does not vanish in the centred disk of radius p,,. It follows
that the series P(¢,u,) is analytic inside this disk.

According to the expression of v given in Proposition 5.15, the series
v(t, uy,) is meromorphic for |t| < p,. The final question we have to answer
is whether v has poles in this disk, and where. Returning to the polynomial
P such that P(v, Z,u) = 0 shows that this can only happen, if the coefficient
of v* in this polynomial vanishes. But this can only occur, if z = Z(¢) has one
of the following forms:

z=4i, z=eHL0(x), z=-140(x), z=14w(64z/3)/*+0(z'/?).

As argued above, only the last value of z is likely to be reached by Z(t), and
this may only occur, if

Consequently, the radius of v(t, uy) is at least 1/8 — O(1/n), and this proves
that the values (5.60) that have been shown to lie in the centred disk of radius
1/8, are not, after all, singularities of v(t, u, ). This completes our proof that
v(t,uy) is analytic in a neighbourhood of T,,.

We now want to bound v(t, u,,) inside I,,. From now on, we can walk safely
along the steps of the proof of Lemma 5.25. Let ¢,, € I,, be such that
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[V(tn, un)| = max |v(t, uy)|.
tel,

We first give a lower bound for this quantity, by estimating v(¢,u,) for ¢t =
1/8 — 1/(6n). This is easily done by combining the closed form expressions of
v (Proposition 5.15) and B(x) (see (5.12)). One obtains:

Wt un)| = |p(1/8 = 1/(6n), un)| = | B(3a/4)| + o(1) > 0.

This lower bound is then used to rule out the possibility that the sequence ¢,
has an accumulation point different from 1/8. Thus t,, converges to 1/8, and

one can write 1
Tn
t = - (1 ~ —) .
"8 n

We have z,, = o(n), but also |x,| > 4/3, since t,, belongs to I,,. We want to
estimate v(t,,u,). Since

Z(tn) = 1_2(%>1/4+O <(%>1/2)

un —1=a/n(1+0(1/n)),

T - ;(1))4 - 16(;71 (1 +0 ((%)M)) '

The closed form expressions of v and B imply that the sequence z,, is bounded
and

and

one has

V(tn,un) = B(a/z,) + o(1).

Since B is bounded by 0.12 inside its disk of convergence, |v(ty,uy)| is cer-
tainly smaller than some « for o < 1 and n large enough. This concludes the
proof of the second statement of Lemma 5.27.

By continuity of v(t, uy,), this function in ¢ is still bounded by 1 (in mod-
ulus) in a neighbourhood of I,,. Recall also that the modulus of Z(t) never
reaches 1 for t € C\ [1/8,00). The form (5.30) then implies that R; (¢, un) is
an analytic function of ¢ in a neighbourhood of T,,.

The rest of the proof of Theorem 5.26 is precisely the same as the corre-
sponding part of the proof of Theorem 5.24, with S;, 1 and A, respectively,
replaced by R;, v and B. The counterpart of (5.59) is

v(t,un) = B(~a/2)(1+ o(1)).

Recall that the Hankel part of the contour 7 is now at distance 1/(6n) of the
real axis. Hence, when n goes to infinity, one finds
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) = 1 ()

n+1\n

L1287 / B(—a/z) exp(=2\(—=2)/4)y/—ze
im a3 (14 B(—a/z)exp(—2\(—2)1/4))?

dz + o(8"n=3/%).

2" (Qn

ey n) and setting v = (72)1/47 this gives

After normalising by

4\ ,—2\v
Bt () 14 28 B(a/v%)e

v (4/3)1/41 (1+ B(a/vt)e=2Mv)

but the analyticity properties of the integrand allow us to replace the integra-
tion contour by I

5 vt
Sv°e” dv,

Remark 5.28 [t is probably possible to prove finite dimensional conver-
gence and tightness by using the above combinatorial and analytic tools (see
Lemma 5.8 and its application). This would provide an alternative proof of
Theorems 5.4 and 5.5 in these special cases. However, it is not clear whether
the above methods will generalise to arbitrary Galton-Watson trees or even
to Pdlya trees. It would be necessary to study analytic properties of infinite
systems of functional equations and so forth. This seems to be out of reach at
the moment.

5.4.4 Embedded Trees with Increments 0 and +1

If we consider embedded trees with increments 0 and 1 then we can obtain
precisely the same results as presented in Theorems 5.22, 5.24 and 5.26. We
just comment the slight modifications that have to be made.

We consider the set of labelled trees having n edges with the uniform
distribution, and look at the same random variables as for our first family of
trees: M, the largest label, X, (j), the number of nodes having label j, and
finally X, (5), the number of nodes having at least label j.

Again, we can prove that M,n~1/4 4, NISE/\/g, where Nigg is the supre-
mum of the support of the ISE, and that for all A € R, X, (| An!/4])n=3/4 <,

V3fise(vV3A) and X+ (Anl/4) /n -4 GF(v/3)). In all three cases, the conver-
gence of the moments holds as well.

5.4.5 Naturally Embedded Binary Trees

For binary trees with n nodes (that are considered to be equally likely) we use
the labels corresponding to the natural embedding and consider the same ran-
dom variables as above: M,,, the largest label, X,,(7), the number of nodes hav-
ing label j, and X, (j), the number of nodes having label at least j. Here we get

that M,n~'/* -4 Nigp and that for all A € R, X, (| An2/4)n=3/4 -4 figp(N)
and X;F(An'/*)/n -, G (M), that is, we just have to replace the constant

V3 by 1.
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Recursive Trees and Binary Search Trees

Recursive trees and binary search trees can be considered as the result of
a growth process and although they are of different structure (in particular,
concerning their degree distribution) they have many properties in common.
First, one observes that both kinds of trees are closely related to permu-
tations so that their generating functions are almost the same. But even the
finer structure is comparable. In particular we will discuss profile and height.
Although the limiting behaviour is not as universal as it is for Galton-Watson
trees there are remarkable similarities. The limiting object of the normalised
profile is now a stochastic process of random analytic functions and the height
distribution is highly concentrated around its mean that is of order logn.
We also discuss d-ary recursive trees, generalised plane oriented trees and
(fringe balanced) m-ary search trees, where we observe analogue properties.
The proof methods are leaning very much on the analytic side. Generating
functions are very well suited for the above mentioned classes of random
trees. Nevertheless, we also make use of sophisticated probabilistic tools like
proper Lo settings for martingales or the contraction method for recursively
defined random variables. We completely skip the use of Pélya urn model,
since there is a recent monograph [147] on that subject. For early literature
and complementary results we refer to the excellent survey by Smythe and
Mahmoud [192] and to the article by Bergeron, Flajolet and Salvy [12].
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6.1 Permutations and Trees

There are different ways to represent a permutation 7 € &,,. One standard
way is to use a 2-row matrix

_ 1 2 .- n
T\ 7)) )
or the cycle decomposition.! For example, the permutation

_(12345678) _
T™=\46351827 8

has the cycle decomposition
m=(1,4,5)(2,6,8,7)(3)

which can also be depicted graphically (see Figure 6.1). Note that the order
of the cycles and also the cyclic order inside a cycle are irrelevant.

VL

Fig. 6.1. Cycle decomposition of a permutation

The cycle decomposition of permutations can be used to define an evolu-
tion process of permutations. Suppose that we have a permutation © € &,
represented in its cycle decomposition. We can uniquely reduce 7 to a per-
mutation 7 € &,_1 just by deleting n in the cycle decomposition of w. More
precisely, if n forms a cycle of length 1, that is, n is a fixed point of 7, then we
just remove this cycle. However, if n is contained in a cycle of length greater
than 1 then there exist ¢ and j with 7(i) = n and m(n) = j. Deleting n means
we set 7(i) = j. For example, if we remove n = 8 in our previous example
then we obtain

LA cycle C (of length k) of a permutation 7 is a sequence of the kind C =
(G, 7(5), 72(j), - - - , 7"~ 1(§)) with 77 (§) = 7, where k is the smallest positive inte-
ger with this property. Every permutation 7 induces a partition of the underlying
set {1,2,...,} of cycles, which is called the cycle decomposition of 7. We also
say that j is a fixed point of = if w(j) = j, that is, (j) is a singleton in the
corresponding cycle decomposition. A permutation is called cyclic, if the cycle
decomposition consists just of one cycle.
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(1234567 o
T=\4635172 7

with its cycle decomposition
7 =(1,4,5)(2,6,7)(3)

(compare also with Figure 6.2).

)— @—(©

¥

Fig. 6.2. Cycle decomposition of a reduced permutation 7

It is also possible to reverse this process. Starting with 7 € &,,_1 given
through its cycle decomposition we can include n either by defining a new
cycle of length 1, that is, we set m(n) = n, or we include it somewhere in
the existing cycles. Since there are precisely k possible ways to include a new
element into a cycle of length k, there are n — 1 possible ways to include
an n element into the already existing cycles of 7. Hence, in total there are
n =n — 1+ 1 possible ways to extend 7 € G,,_; to a permutation 7 € G,
consistently with the cycle decomposition.

This can be, of course, extended to a process that generates all n! per-
mutations. Starting with (1) € &; there are two possible ways to extend (1)
to a permutation in G,. Next, for every permutation in G5 there are three
different ways to extend it to a permutation in &3, and so on. Since we can
uniquely go back, every permutation is uniquely constructed in this way (and
also provides another proof of |&,| = n!).

6.1.1 Permutations and Recursive Trees

We recall that recursive trees are rooted labelled trees, where the root is
labelled by 1 and the labels of all successors of any node v are larger than the
label of v. The labels can also be seen as the result of an evolution process
where at the j-th step the node with label j is attached. Thus, the labels
encode the history of the process. Using this interpretation it is easy to see
that there are exactly (n — 1)! different recursive trees of size n. For example,
Figure 6.3 depicts all 6 recursive trees of size 4.

In order to show that there is a close relation to permutations we slightly
change the labels by starting with label 0 at the root. Then there are n!
recursive trees with labels 0,1,...,n.
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11 AL AL
| |

y O @ 6 ® @
©)

Fig. 6.3. All recursive trees of size 4

We now present a bijection between the evolution process of recursive trees
(with labels {0, 1,...,n}) and permutations (in &,,) in their cycle decomposi-
tion. We start with the recursive tree consisting just of the root that is labelled
by 0 at one hand and with the empty permutation on the other hand. The first
step is to attach a node with label 1 to the root and to consider the permuta-
tion 1 € &1. Now we proceed inductively in the following way. If the j-node is
attached to the root node then modify the corresponding cycle decomposition
by appending a fixed point that maps j to j, that is, a new cycle of length 1.
On the other hand, if the j-th node is attached to node ¢ > 0 (that is different
from the root) then we consider the cycle C' that contains ¢. If 4 is followed
by k in this cycle then we modify it by including j in-between ¢ and k, that
is, in the new cycle i is followed by j and j is followed by k. Figure 6.4 shows
this procedure applied to the example permutation 7. This kind of process is
also called Chinese restaurant process. The cycles in the permutations can be
interpreted as (circular) tables in a Chinese restaurant and when a new guest
arrives he/she either opens a new table or joins an already used table.

It is easy to check that this procedure provides a bijection. Furthermore
the uniform random model on recursive trees corresponds to the uniform
random model on permutations for every fixed n. The bijection also transfers
some shape characteristics. For example, the root degree of the recursive tree
corresponds to the number of cycles in the cycle decomposition and the subtree
sizes of the root correspond to the sizes of the cycles.

Let us use this correspondence in two ways to characterise the limiting
behaviour of the root degree of a random recursive tree resp. the number of
cycles in a random permutation.

The Stirling numbers of the first kind s,, ;, are defined by

n
Zsmkuk =uu—1)---(u—n+1).
k=0

The first few values are given in Figure 6.5.
Equivalently, they can be defined by the initial values sg x = do.%, Sn,0 =
0,0 and the recurrence relation
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Fig. 6.4. Bijection



242 6 Recursive Trees and Binary Search Trees

Snk |k=0k=1k=2 k=3k=4k=5k=6k=7k=38
n=20 1

n=1 0 1

n=2 0 -1 1

n=23 0 2 -3 1

n=4 0 -6 11 -6 1

n=>5 0 24 -50 35 -10 1

n==6 0 -120 274 -225 8 -15 1

n=7 0 720 -1764 1624 -735 175 -21 1
n=2~8 0 -5040 13068 -13132 6769 -1960 322 -28 1

Fig. 6.5. Stirling numbers of the first kind

Sp4+1,k = Sn,k—1 — NSn k-

It is easy to check that the Stirling numbers have alternating signs. Hence,
|$n.k] = (—1)"**s, 1. These absolute values can, thus, be defined by

Z|snk|u ufu+1)---(u+n-—1)

or by the recurrence

[$n1k = [$n -1 + 150kl (6.1)

It is well known that the absolute value |sy, ;| coincides with the number of
permutations a, , in &,, where the cycle decomposition consists of k cycles.
There are various ways to prove this assertion. For example, by using the
above evolution process of permutations, it follows that the numbers a, x
satisfy the same recurrence as (6.1) and they have the same initial values.

Permutations can certainly be viewed as labelled objects with the expo-
nential generating function

z" 1
a(z) = s = .
@=2 nr =1
Similarly the generating function of cyclic permutations is given by

c(x):Z(nfl)!i—T:Z%:loglix

n>1 ’ n>1

Indeed, this corresponds with the cycle decomposition: every permutation is

a set of cycles:
1

1—2

a(z) = e = elog T =

Consequently, the double generating function for the number a,, 1 is given by
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1

T (6.2)

z" k ulog —1—
a(z,u) = E UnJy —yu =€ T—= =
n,k ’

If we now consider the random variable C,, that counts the number of cycles
in random permutations in &, that is,
An, k
P{Cy = b} = 22,
we obtain from (6.2) and (2.10)

!
By = % [z"]a(x, u)

()

u—1
+ O(n%(u)—Q)

n

I'(u)

1 1
_ (u—1)logn 1 -
g (o (7).

provided that w is contained in a (small) complex neighbourhood of u = 1.

Now a direct application of the Quasi Power Theorem 2.22 implies that
C,, satisfies a central limit theorem with EC,, = logn + O(1) and VarC,, =
logn 4+ O(1):

C,—logn g4

—_— N(0,1). 6.3

This also shows that the root degree R,,+1 of random recursive trees (of size
n + 1) has the same behaviour.

We complete this combinatorial approach to the root degree with a proba-

bilistic one. Looking at the evolution process of recursive trees it follows that
R,,+1 can be represented as

Rpi1 = ijv
j=1

where ; = 1 if the j-th node is attached to the root, and §; = 0 if it is
attached somewhere else. By definition the random variables §; (1 < j < n)
are independent and have the probability distribution P{{; = 1} = 1/j, that
is, they are Bernoulli distributions with parameter 1/j. Hence we have

n

1
ERyt1 = Z i logn + O(1),

J=1

and

/1
VarR,+1 = Z (; —

Jj=1
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Finally, the classical central limit theorem (for independent but not necessarily
identically distributed random variables) can be applied and we recover (6.3).

We close this section by providing a bivariate asymptotic expansion for
Stirling numbers of the first kind that is valid for & = O(logn).

Lemma 6.1. We have uniformly for clogn < k < Clogn

— 1)!(logn)* 1
_ (n=1ogn)* (1, o |
Viogn
where ¢ < C are arbitrary positive constants.

Proof. By definition we have

3 fsnilut = (—1)" (n“> nl.

k>0

Hence, by Lemma 2.14 we have uniformly for ¢ < |u| < C

-1
Sn.k|u 1+0 ( ))
2 sl =i i (1o
et logn 1
=(n—1)! 1 —
-y (1+0 (7))
and consequently by Cauchy’s formula

(n—1)! / etlosn 1 du
nkl = 1+0|( - —.
3.l 2mi ), I'(u) * n uk+l
We will choose v to be a circle |u| = r with radius » = k/logn, since the
dominating part of the integrand

el lognu—k _ eulog n—klogu

has a saddle point at u = k/logn. In fact, a standard saddle point method
yields the result.

We use the substitution u = re® (—7 <t < 7) with r = k/logn. Then by
using the approximation e = 1 4 it — %tz + O(t?) we get

eulogng —k _ Jk,.—k —5t*+0(kt®)
We split up the integral into two parts:
yio={u=re |t < k73,
vo = {u=ret : k73 < |t| < 7).
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For the integral over y; we have

(n2;i1)! L gtlogn (1+O< )) A

- / rorrome o (140 (7))

tl<k=1/3

- e;z;)k % / e~ 5t (1 +O0(t)+ O(kt*) + O (%))

|t|<k—1/3

T U (oo (7)o (3)

= (1o (7))

The integral over -5 is negligible. This can be checked by the following obser-
vations. By continuity it follows that there exists a constant ¢’ > 0 such that
for all |¢t| < 7 and uniformly for ¢ <r < C

|eulognu—k‘ < ekr—ke—c’ktz.
Furthermore we have
e~ gt =0 (efc/k1/3> .
k=1/3<|t|<m
This completes the proof of the lemma.

Remark 6.2 Lemma 6.1 holds even uniformly for 1 < k < C'logn. This can
be proved, for example, by using the series expansion

a1 1
Tl TR Oglfac
n>0

and a Hankel like contour integration applied to Cauchy’s formula (similarly
to the proof of Lemma 2.14).

Using this asymptotic expansion we obtain even more precise information
on the local behaviour of the distribution of the number of cycles in permuta-
tions (resp. of the root degree of recursive trees). Since P{C,, = k} = |s, x|/n!,
we have (uniformly for clogn < k < C'logn)

p{cn:k}:%Qm(ﬁ))_
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In particular, if & is close to logn, that is, if |k — logn| = O((logn)?/?) then

we also get
1 _ (e—loan)? |k — logn|? 1
P{C, =k} = ——c T (140280 10 :
{ } V2m logne ’ < * ( (logm)? * Viogn

which is a local central limit theorem.

6.1.2 Permutations and Binary Search Trees

In Section 1.4.1 we have introduced binary search trees as binary trees that
are generated by input keys that can be viewed as a permutation w. The
construction starts by putting 7(1) to the root and ends with a tree where
all nodes that are put to the left of an internal node v have a smaller value
and all nodes that are put to the right have a larger value. For example the

permutation
(12345678 cS
T=\46351827 8

resp. the list (4,6,3,5,1,8,2,7) induces the binary tree that is depicted on
the left-hand-side of Figure 6.6.

Fig. 6.6. Binary search tree and its evolution with input list (4,6,3,5,1,8,2,7)

Note, however, that this mapping is not one-to-one. For example, the list
(4,3,6,5,1,8,7,2) produces exactly the same (labelled) tree. Nevertheless, if
we take care of the insertion order of the evolution process then the situation
is different. For example, the right-hand-side in Figure 6.6 shows the order
of insertion for this particular example. However, in this way we just recover
binary recursive trees (see Section 1.3.3, where we have discussed ternary
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recursive trees in more detail). The input list encodes in which order we have
to put the nodes in the evolution process.

Interestingly, this is actually a bijection between permutations 7 € &,, and
binary recursive trees with n labelled internal nodes. We already discussed
how a permutation leads to a binary recursive tree. Conversely, if a binary
recursive tree is given, where the labels encode the evolution of the tree, then
we use the fact that the values of nodes of the left subtree of any node v are
smaller than the value of v to recover the permutation 7. In our example the
left subtree of the root has 3 internal nodes. Hence, the root corresponds to the
value 4. In this way we can continue. If we have the correspondence between
the values of 7 and the order of the insertion we get 7 (see Figure 6.7).

., ._ (12345678
“\46351827

Fig. 6.7. Bijection between binary recursive trees and permutations

We will not exploit this bijection further. Nevertheless, the study of ran-
dom binary search trees (or random binary recursive trees) is always related
to the study of random permutations.

6.2 Generating Functions and Basic Statistics

Since recursive trees and binary recursive trees are labelled objects, it is nat-
ural to use exponential generating functions. Nevertheless there is some flex-
ibility in the case of recursive trees as we will see.

We will now show that recursive trees have a similar recursive structure as
simply generated trees. Note that the definition of recursive trees is a bottom-
up-approach. A recursive tree of size n+ 1 is obtained by attaching a new node
to a recursive tree of size n. However, it is also possible to use a top-down-
view by separating the root and by studying subtrees that can be considered
as (relabelled) recursive trees (of a smaller size, of course).



248 6 Recursive Trees and Binary Search Trees
6.2.1 Generating Functions for Recursive Trees

We already know that there are (n — 1)! recursive trees of size n. Hence, the
exponential generating function y(z) is given by

3

y(x) = Z(n — 1)!ﬁ = Z % = log% (6.4)

n!
n>1 n>1

We first show how we could have gotten this relation by using the recursive
structure of recursive trees.

Lemma 6.3. The exponential generating function y(x) of recursive trees sat-
isfies the differential equation

Y () =e’™), y(0)=0. (6.5)
Proof. Instead of considering a recursive tree with labels {1,2,...,n} we look
at a recursive tree with labels {0,1,2,...,n}, where the root gets label 0.
Then the generating function of this structure is given by
Y(z) =y'(z).

Equivalently we can say that we disregard the root. Then the subtrees of the
root represent an unordered labelled sequence of recursive trees of total size n
and have, thus, the generating function e¥(*) (compare also with the graphical
representation of the recursive structure given in Figure 6.8). This completes
the proof of the lemma.

,
]

Fig. 6.8. Recursive structure of recursive trees

The differential equation (6.5) is easy to solve and we, thus, recover the
explicit representation (6.4).

In the proof of Lemma 6.3 we made use of recursive trees, where the root
is disregarded (or labelled with 0) and has the generating function

Y(z) =y'(z) = : (6.6)
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Alternatively to the recurrence used in Lemma 6.3 we can also use the follow-
ing recurrence (compare also with the alternate recurrence for planted plane
trees depicted in Figure 3.4). We divide the recursive tree (where the root is
labelled by 0) into two trees, the subtree that is rooted at the node with label
1 and the remaining tree (see Figure 6.9). Formally we do that by disregard-
ing the root and the vertex with label 1, which corresponds to the generating
function Y”'(z) = y”(x). Due to this decomposition we get the relation

Y'(x) =Y(x)?, Y(0)=1. (6.7)
This also follows from (6.6).

A" jA

Fig. 6.9. Alternate recursive structure of recursive trees

6.2.2 Generating Functions for Binary Search Trees

The usual probabilistic model for binary search trees is the random permu-
tation model, that is, one assumes that every permutation 7w € &,, is equally
likely. This naturally induces a probability distribution for binary search trees
with n internal nodes. Equivalently we can consider binary recursive trees.
Due to the bijective relation to permutations the random permutation model
corresponds to the uniform distribution on binary recursive trees of given size.

Let us work with binary recursive trees. Since there are n! different trees
of size n, the exponential generating function y(x) is given by

" x
) = n!l — = .
y(@) T; n! 1—x

As in the case of recursive trees it is also possible to use a top-down-view by
separating the root and by studying the two subtrees. This again leads to a
differential equation.

Lemma 6.4. The exponential generating function y(x) of binary recursive
trees satisfies the differential equation

y'(z) = (1+y(z))? y(0)=0. (6.8)
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Proof. Let y'(x) denote the (exponential) generating function of binary re-
cursive trees, where the root is disregarded. Then the two subtrees of the
root represent a labelled product of the union of the empty tree and a binary
recursive tree, which has the (exponential) generating function (1 + y(z))?
(compare also with Figure 6.10).

O+ O+

Fig. 6.10. Recursive structure of binary recursive trees

The relations (6.7) and (6.8) again show that recursive trees and binary
recursive trees (resp. binary search trees) are very similar. Nevertheless the
actual shape characteristics are not necessarily the same (see again Figures 6.9
and 6.10).

Occasionally it will be convenient to replace y(x) by §(z) = y(z) + 1, that
is we change the convention for recursive trees of size 0. Then (6.8) rewrites

to

§'(«) = g(x)*.
Equivalently we can think of binary search trees, where it is usual to include
the case of size 0. Thus, the generating function for binary search trees is

y(x) = 1/(1 - 2).

Lemma 6.4 extends directly to d-ary recursive trees (compare with Fig-
ures 1.10 and 1.11).

Lemma 6.5. The exponential generating function y(x) of d-ary recursive
trees (with an integer d > 2) satisfies the differential equation

y'(2) = (L +y(@)% y(0)=0, (6.9)
and is explicitly given by
y(@) = (1= (d—1)a) ™7 — 1.

Consequently, the number of different d-ary trees of size n is given by
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n—1
v =[] Gd=G=1)
1
=i 1T
~nl(d—-1)" i

Again it is also convenient to consider instead

§(x) = y(z) +1= (1= (d—1)z) 77

that satisfies the differential equation 7' (x) = ().

6.2.3 Generating Functions for Plane Oriented Recursive Trees

Plane oriented recursive trees are similarly defined to recursive trees with
the only difference that the left-to-right-order of the successors is taken into
account. This means that we are considering plane trees. There are again
different points of view.

The corresponding evolution process works as follows. As usual we start
with the root that gets label 0. Now if a node already has out-degree k (where
the descendants are ordered), then there are k + 1 possible ways to attach
a new node. Hence, if a plane tree already has j — 1 nodes then there are
precisely 25 — 3 possibilities to attach the j-th node and to generate a plane
oriented recursive tree of size j. We already observed in Section 1.3.2 that this
consideration implies that there are

- B (2(n - 1))!
L3 @n=3) = 2n =3 = oo =0

different plane oriented recursive trees.
We can also use a generating function approach.

Lemma 6.6. The exponential generating function y(z) of plane oriented re-
cursive trees satisfies the differential equation

1

= 1—7y(1:)’ y(0) =0 (6.10)

y'(x)
and is explicitly given by

ylx)=1—-Vi-2z=> (2n-3)! %L

n>1
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Proof. The only difference to the proof of Lemma 6.3 is that the subtrees of
the root are now ordered and, thus, constitute a sequence of plane oriented
trees that is counted by 1/(1 — y(z)).

The natural probabilistic model is to assume that every plane oriented
recursive tree of size n is equally likely. Since the evolution process discussed
above represents every tree in a unique way, this uniform model is obtained
in the following way, too.

The process starts with the root that is labelled with 1. Then inductively at
step j a new node (with label 5) is attached to any previous node of out-degree
k with a probability proportional to k 4+ 1. More precisely, the probability of
choosing a node of out-degree k equals (k+ 1)/(25 — 3).

If we think in this way it is not necessary anymore to consider plane trees.
It is now a non-uniform evolution process on (usual) recursive trees, where
the local out-degrees of the nodes are taken into account.

Now we use a slightly more general model. We fix a parameter r > 0 and
randomly generate recursive trees in the following way: We start with the root
that is labelled with 1. Then inductively at step j a new node (with label j) is
attached to any previous node of out-degree k with probability proportional
to k + r; more precisely the probability equals (k +7)/((r + 1)j — (r + 2)).

If » = 1, we get plane oriented recursive trees. It is further possible to
describe these kinds of trees by using a recursive procedure that leads to a
differential equation of the form

with solution

~ —nl(r+1)" (6.11)

n
1

r (—?)

has to be interpreted as the sum of weights of trees of size n, where the

weights are proportional to the probabilities that come from the evolution
process. Anyway, it is a special class of increasing trees.?

2 We have discussed this correspondence more precisely in Section 1.3.3.
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6.2.4 The Degree Distribution of Recursive Trees

Next we will discuss the distribution of the number of nodes of given degree
in a random recursive tree of size n, where we use one of the above evolution
processes to define the probability distribution. First of all note that all dis-
cussed trees (recursive trees, d-ary recursive trees,? variants of plane oriented
recursive trees) can be considered as special kinds of increasing trees (see
Section 1.3.3) where the corresponding exponential generating function y(z)
satisfies a differential equation of the kind

where ®(w) = ¢o + ¢rw + gow? + --- is a generating series of weights. As
described in Section 1.3.3 this kind of equation can be interpreted in a com-
binatorial way. The left-hand-side 3'(x) corresponds to those objects, where
we disregard the root resp. where the root (formally) gets the label 0. The
right-hand-side is then the weighted union of (labelled) n-tuples of trees, that
is

b0 + dry(x) + poy(x)> + - - .

This is very similar to the combinatorial recursive description of simply gen-
erated trees resp. of Galton-Watson trees.

Now let X denote the (random) number of nodes of out-degree k in a
class of random recursive trees of size n, where the probability distribution is
defined in terms of the weights ¢;. We can extend the above combinatorial

description to characterise the distribution of X,(Lk).

Lemma 6.7. The bivariate generating function
xm 2" (k) " m
yp(x,u) = ZynEu = Zyn]P’{Xn =m} U
n>1 n,m

satisfies the differential equation

Oy (z,u)

By (v, u)) + o (u — 1) yu(z,u)*,  y(0,u) =0. (6.12)

Moreover, we have

[ayk(m, U)} =Y wEXP T = o) /Om Wl 619)
u=1 !

T
ou n
n>1

Proof. Equation (6.12) follows from the combinatorial decomposition, since
the number of nodes of out-degree k equals the sum of those nodes in the

3 In d-ary recursive trees the node degree is defined by the number of internal
descendent nodes.
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subtrees of the root with the only exception that we have to add 1, if the
out-degree of the root equals k.

Next set
dy(z, u)

S(x) = [T]ul

Then from (6.12) we derive the linear differential equation
S§'(z) = @' (y(x))S(z) + dry(2)*,  S(0)=0
which has the solution (6.13).

Before we present general results on the distribution of Xflk) we comment

on a special case, namely on the number of leaves L, = X,(LO) of recursive
trees. In this case we have &(z) = e and y,, = (n — 1)!. Here we explicitly
obtain

P{Ln—k}—(n%l)!<z_i>, (6.14)

where <n> denotes the Eulerian numbers. These numbers satisfy a recurrence

k

that looks similar to that of Stirling numbers:

<Z>:(k+1)<”;1>+(n—k)<2:1>.

The first few values are listed in Figure 6.11.
There is an easy proof for (6.14). It is immediate from the definition of the
evolution process of recursive trees that the number of recursive trees of size

. . -1
n with k leaves satisfies the same recurrence as the numbers <Z 1 > (and

have the same initial values). Consequently they coincide.

<:> k=0k=1k=2k=3 k=4k=5k=6k=7Tk=38
n=20 1

n=1 1 1

n=2 1 4 1

n=3 1 11 11 1

n=4 1 2 66 26 1

n=>5 1 57 302 302 57 1

n=6 1 120 1191 4216 1191 120 1

n=7 1 247 4293 15619 15619 4293 247 1
n=8| 1 502 14608 88234 156190 88234 14608 502 1

Fig. 6.11. Eulerian numbers

Note that the differential equation
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8y(m,u) =u+ ey(m,u) -1

ox
for the generating function y(z,u) = >, -, Eul" 2™ /n has an explicit solution
u—1
y(z,u) =log <m> )
which can be used to obtain explicit formulas for mean value and variance:

n 7 1
— L,=— —.
5 Var L, 12n+3

Moreover, a central limit theorem for L,, holds:

EL, =

n
L,—2

4, N(0,1).
n

sl

In fact we will extend this kind of limiting result to XT(Lk) for all k and for
all classes of recursive trees we have discussed. In order to make this more
transparent we split it into three statements.

Theorem 6.8. Let X,(Lk) denote the (random) number of nodes of out-degree
k in a random recursive tree of size n in the uniform model. Then for every
k>0, X,(lk) satisfies a central limit theorem with mean value and variance
asymptotically proportional to n. In particular we have

n

k
EX;L )= 9k+1

+ O((logn)*1).

Theorem 6.9. Let X\ denote the (random) number of (internal) nodes with
k internal successors in a random d-ary recursive tree of size n, where d > 2

is a fized integer. Then for every k > 0, X,(Lk) satisfies a central limit theorem
with mean value and variance asymptotically proportional to n. In particular
we have for 0 < k <d

(d—1)d!(2d — k — 2)!

(k) _
B X (2d — 1)!(d — k)!

n+ O (nmin{%’%}) .

Theorem 6.10. Let X,(Lk) denote the (random) number of nodes of out-degree
k of a random increasing tree of size n, defined by the generating series &(x) =
(1 —2)™", where r > 0. Then for every k > 0, Xy(bk) satisfies a central limit
theorem with mean value and variance asymptotically proportional to n. In
particular we have

EXHM =n

(r+1D)I2r+ DI (r+k) .
T("L(2r +k+2) © (” ) '
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Theorem 6.10 is of special interest, since the corresponding (asymptotic)
degree distribution

(r+10)I2r+ D) (r+k)

b= T+ k+2)

has a polynomial tail of the form

(r+1)I'(2r+1)

) k=T,

Such distributions are also called scale-free and appear in several real networks
like the internet or social networks that have an evolution in time. In particular
there is substantial interest in random graph models where vertices are added
to the graph successively and are connected to several already existing nodes
according to some given law. The so-called Albert-Barabési model (see [1])
joins a new node to an existing one with probability proportional to the degree.
Recall that the random recursive trees that are considered in Theorem 6.10
are constructed exactly by this principle: a new node is attached to an already
existing one (with out-degree k) with probability proportional to k + 7. Thus,
these models confirm the observation that networks that follow the Albert-
Barabdsi principle have asymptotically a scale-free degree distribution.

The proofs of Theorems 6.8-6.10 are very similar. So we group them to-
gether.

Proof. Let us start with recursive trees. The differential equation (y =
yk(x’u))

dy y*
9z :eerE(u—l) (6.15)
can be rewritten to y )
/ ——dv=u1z. (6.16)
0o €'+ 4(u—1)

We split up the integral on the left-hand-side into two parts:

4 1 e 1
/ — v = / — v
0o e+ g(u—1) 0o e+ F(u—1)
o 1
—/ ————dv
y e+ gr(u—1)
Observe that D(y,u) is given asymptotically by
D(y,u)=eY (1+0 (e ¥y lu—1])).

Hence (6.16) translates to
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Cluy—z=e?(1+0 (e_yyk|u -1)))

which can be inverted to

k+1
yk(x,u)zlogﬁ—&-O <|u—1|C’(u)—x| (logﬁ) > .

Consequently it follows from Theorem 2.25 (combined with the Remark fol-

lowing Corollary 2.16) that Xflk) satisfies a central limit theorem with mean
value o)
EXH = ——2 log n)k+?

and variance

c"(1) C'(1)  C'(1)? 1
Var X(¥) = (— C((l)) - C((l)) + C((l))2 ) n+0 ((logn)F*t).

It is now an easy exercise to compute

1 2 (2k)!
cy=1, C'(1)= ~ ok c'(1) = 3R ()2
This completes the proof for recursive trees.

In the d-ary case we can work in completely the same way. The solution of
the corresponding differential equation rewrites to  — C'(u) = D(y, u), where
(for k < d)

1

Clw) = /0 (L+v)d+ (Hok(u—1) v

and

e 1
Dly,w) = /y Aot o1 "

1 1 |lu — 1]
= — — (1+0 | —— .
e (o ()
This leads to

yr(z,0) = ((d — 1)(C(u) — z))~ @1 (1 +0 (Iu — 1|C(u) - wlf)) -1

which again implies a central limit theorem with expected value and variance
that is asymptotically proportional to n. In particular we have

_ 1 s dl(2d—k—2)!
C(l)fm, (1)77m, and
v o (A (2K)!(3d — 2k — 2)!

) _2(k> (3d—1)!
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Since X\ = n — Y ked X the case k = d can be reduced (more or less) to
the previous cases by considering the differential equation

Jy _ d d d

5~ W+ + -1 ((y+1)*—y%.

x
The proof in the final case, where &(w) = (1 —w) ™", is slightly different,

since y(zo) is finite at the radius of convergence. Here the solution y = yg(x, u)
of the corresponding differential equation is determined by z—C'(u) = D(y, u),
where

1 1
Clw) = /0 (1 =)=+ ("R (u - 1) "
and
Y 1
D(y,u) = /0 1—0v)" + (H_Z_l)vk(u —1) dv
- ril(lfy)’"“ 1+ O (u=1[1=y").

Hence, we get
yr(,u) = 1= ((r + 1)(C(u) = 2))7™7 + 0 (ju— 1] |C(u) — z).

Consequently it follows from Theorem 2.25 that X,(Lk) satisfies a central limit
theorem with mean and variance asymptotically proportional to n. It is an
easy exercise to compute

_ 1 iy KC(r+k)C(2r 4+ 1)
41 ¢ = I(rC@2r+k+2)
(kN (r + k)20 (3r + 1)
(KD)2T(r)2T (3r + 2k + 2)

and

c)

c"(1) =

which completes the proof of Theorems 6.8-6.10.

Note that in the previous discussion we have not distinguished nodes by
their label. Obviously the out-degree of node n is always 0, whereas the root
degree is usually much larger than the average degree. We will not go much
into detail here (for a detailed analysis see Kuba and Panholzer [134]). We
will only focus on the root degree R,,. By construction it follows that the
derivative with respect to x of the function

xn
y(w,u) =D yEu™ —

n>1

is given by
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Note that the analysis is relatively simple, since

8ymu ZynEu

n>1

1)!

We have already observed that the root degree of recursive trees is re-
lated directly to Stirling numbers of the first kind and satisfies a central limit
theorem with mean value and variance asymptotically proportional to logn.
Thus, we just present a corresponding result for plane oriented recursive trees
(and their variants defined by ®(w) = 1/(1 — w)"). For the d-ary case we get
concentration at d.

Theorem 6.11. Let R, denote the root degree of a random increasing tree of
size m, defined by the generating series ®(w) = (1 —w)~", where r > 0. Then
for every k > 0 we have

-+ ) r—1 1
1 +1) K 1 p(—2)TFT s
PRty = [rn st} ~ ]<j(7“) ) n 41 2mi /He e dz, (6.17)

where H denotes a Hankel contour, and

ER, ~r[' (rj;l) N (6.18)

In particular for r =1 we have

o (2n—-3—k) 2 k2/(4n)
P{Rn = k} - 2n—1—k(n —1 - k‘)' ~ %e

and ER,, = /mn+ O(1).

Proof. Since % = (1 —uy(x))™", it follows that

e (R | S

)

where y(z) = 32, o yn 2" /n!l=1—(1—-(r+1)
Hankel contour and the substitution z =

1 . By using an approximate
( + Z£) one obtains (if k is

proportional to n?)

[z My (a)k = i/y (1 (1= (r+ D)2 rril)k dx

211 "

L+ QL/ e N L
n ™ JHg

By using the asymptotic relations (H'g_l) ~ k™1/(r) and (6.11), we obtain
(6.17).
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The generating function for the expected value is r y(z)(1—y(z)) ~2". Thus,
(6.18) follows easily.

For the case r = 1 we have y(z) = 1 — v/1 — 2z, which is the solution of
the equation

Hence, by Lagrange’s inversion formula, we obtain explicit formulas for y,,
and [z"~!y(x)*, and consequently for P{R,, = k}.

Another interesting parameter is the maximum degree A,,. For recursive
trees the following precise result due to Goh and Schmutz [94] is known. (It
extends previous results by Szymaénski [198] and Devroye and Jiang Lu [53].)

Theorem 6.12. The maximum degree A, in random recursive trees of size
n satisfies

P{A, <d} =exp (—2_(d_1°g2 "'H)) + o(1).

This says that the distribution of A,, is highly concentrated around the value
log, n and the distribution’s behaviour is related to the extreme value dis-
tribution (or Gumbel distribution) with distribution function F(t) = e=¢ '
Note that the root degree is approximately log n which is considerably smaller
than the maximum degree.

The proof of Theorem 6.12 is an analytic tour de force which we do not
present here. Nevertheless we want to give some indications why the maximum
degree is concentrated around log, n. More precisely we derive an upper bound
for the expected maximum degree and indicate that a corresponding lower
bound can be obtained, too.

The method we use here relies on the so-called first moment method.

Lemma 6.13. Let X be a discrete random variable on non-negative integers.
Then
P{X >0} <min{l,EX}.

Proof. We only have to observe that

EX =) kP{X =k}>> P{X =k} =P{X >0}
k>0 k>1
We apply this principle to the random variable X,(L>k) that counts the
number of nodes in recursive trees with out-degree > k. Obviously we have

A, >k = XPP >0

and consequently

EA, =Y P{A, >k}

k>0
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=> P{XIH >0}
k>0
<> min{l,EX{M}.
k>0
Thus, if we have some (uniform) information on the expected values
EXZH =) EXY)
i>k
then we obtain an upper bound for E A,,.

Lemma 6.14. For random recursive trees of size n we have uniformly in
k>0

1 (logn)*
(k) — e
EX® = =05 +0 (n et ). (6.19)

k
1

) a
-1

k J
1 1 1 1
= okt1 17x+($—1)2j!2k+17j (lgl ) :

=0

Proof. By Lemma 6.7 we have

n 1 x
IEX(’“)x—zi/ 1) (1
Z " on kN1-—2x) 0( 2 %87

n>1

It is now an easy exercise to use the methods of Lemma 2.12 to obtain the
uniform estimate

k
1 c

< —
x) < —(logn)*

["])(z — 1) (log . 3
for some constant C' > 0. Hence, (6.19) follows.
Suppose that k& > log, n. Then
DI (TR}
' (k+1)!

|
i>k J

Consequently we get (for k& > log, n)

1 (logn)F+t
EX(>h = o=
5+ 0 (5 (k+ 1)1

and also

> EXPH =0().

k>log, n

Summing up we, thus, obtain
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EA, <Y min{l,EX{"}
k>0
S Y 1e Y mxp
k<log, n k>log, n
=log, n + O(1).

In order to obtain a corresponding lower bound one can use the so-called
second moment method.

Lemma 6.15. Suppose that X is a non-negative random variable which is not
identically zero and has finite second moment. Then

2
P{X >0} > %

Proof. This follows from an application of the Cauchy-Schwarz inequality:

EX =E (X-1jxs0) < VE(X?)/E(1E.q) = VEX?)VP{X > 0}.

In order to apply the second moment method to obtain a lower bound for

E A,, one needs estimates for E (X,(l>kb))2 which can be derived in a similar
way as above. In particular it follows that

E A, >logyn+ O(1)

and, hence, E A,, =log, n + O(1). However, we do not work out the details.
Nevertheless, remark that the threshold k& ~ log, n is determined by the
equation
EX(H ~1 resp. by EX( ~1.

Thus, in order to get a first impression where the average maximum degree is
situated one should look at this equation. A rigorous treatment can then be
realised with the help of the first and second moment method.

6.2.5 The Insertion Depth

The insertion depth D,, of a recursive tree is the distance of the n-th node
to the root. Note that the distribution of D,, depends on the whole evolution
process until step n — 1. Nevertheless, there is a very elegant way to describe
the distribution of D,, in relation to the profiles of the occurring random trees.
Let (Ty,T5,...) denote the sequence of random recursive trees, where in each
step a new node is attached to one of the existing ones. The profile X, j, of
T,, is the number of nodes at distance k to the root. Now the conditional
probability P{D,, = k|T,,—1} is given by

Xn-1,k-1

P{Dn = len—l} = 1 5
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because D,, = k if the n-th node is attached to a node at distance k — 1 in
T,—1. Hence, by taking expectations we obtain

EX, 151

P{D, =k} = —

Therefore, the distribution of D,, is determined by the expected profile that we
will calculate in the next lemma (that is due to Dondajewski and Szyménski
[56], see also Meir and Moon [151]).

Lemma 6.16. The expected profile in random recursive trees is given by

‘Sn,k+1‘

EXn,k = ma

where s, 1 denotes the of the first kind.

Proof. We present two different proofs of this property. The first proof uses the
evolution process (11, T, . . .) and conditional probabilities resp. expectations.
The insertion of the n-th node has the following (conditional) effect on the
profile:

Xn—1k— Xn—1k—
E(Xpk|Too1) = (1 — ni”“ll) Xomrh o+ = (X 4 1)
Xn_1k—
= X1+ L
n—1

Taking the expectation this leads to the recurrence relation

EXn_1k-1
n—1

EXn’k = Eanl,k + (620)

Hence, by using the series

en(u) = Z]Eka u®,
k>0

we derive the recurrence

en(t) = en—1(u) <1+ “ )

n—1

Since e (u) = 1, we this leads to an explicit representation

i = (1+5) (14 225 ) (1+9)

(n—Dlep(u)=(u+1)---(u+n-—1).

or to



264 6 Recursive Trees and Binary Search Trees

Hence, by definition
(n—=DIE Xpnk = [snk+1]-

The second proof uses the fact that a random recursive tree can be parti-
tioned into two random recursive trees (compare with Figure 6.9). This shows
that the double sequence (X, 1) satisfies

X L Xp o1 + X0 s (6.21)

ns

where < denotes equality in distribution and where (Xnx), (X ), and

(I) are independent, X, j 4 X;’;’k, and I, is uniformly distributed over
{1,2,...,n — 1}. Taking expectations this relation implies

n—1
1
EXpp=—=> (EX;r1+EX;z). (6.22)

n—14%
J=1

Setting
F(z,u) = Z E X, ;2" u”
n,k

the equation (6.22) rewrites to

oF zF
vor T =0T

with initial condition F'(0,u) = 0. Its unique solution is given by
—1— n+u—1 IS, k+1] %
F _ 1— 1—u _ n _ ) n
(z,u) =z(1 —2x) n§>1( ne 1 )x ngk (n—l)!x u

which again proves the formula E X, = %

We can now use the fact that Stirling numbers approximate a Gaussian
distribution (compare with (6.3)) or we apply the Quasi-Power Theorem to
derive the following theorem for the insertion depth.

Theorem 6.17. The insertion depth D,, in random recursive trees satisfies a
central limit theorem of the form

D, —logn g4
———— — N(0,1
Viogn 0,1)

and we have

ED, =logn+ O(1) and VarD, =logn+ O(1).
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This theorem has a natural probabilistic interpretation.* Fix n and let
&; = 1 if node j appears on the path from the root to node n, and §; = 0 if

not. Evidently
n—1
D, = Z £
j=1

It is a nice exercise to show that £;, 1 < j < n — 1, are independent Bernoulli
random variables with P{{; = 1} = 1/j (see [54]). This implies the central
limit theorem and is also consistent with the explicit relation between the
probability distribution of D,, and the Stirling numbers s,, j.

6.3 The Profile of Recursive Trees

We already observed that the expected profile of random recursive trees is
given by EX,, , = % Due to the asymptotic properties of Stirling num-
bers (see Lemma 6.1) we have for k = alogn

Ex (log n)k‘ na(l—loga) (6 23)
ok kT (1 k Jrl) I'(a+1)y2ralogn '
ogn
and if k is close to logn
EX n e_uc;llogn)?
nk N e——— osm

V2mlogn

These asymptotic expansions show that almost all nodes are concentrated
around the level logn. This concentration property is not present for condi-
tioned Galton-Watson trees, where the profile was of order y/n in the whole
range. Therefore we cannot expect that the profile of recursive trees is approxi-
mated by a process like the local time of the Brownian excursion. Nevertheless
there is a natural limiting structure if we consider the normalised profile

Xn,k
EX,k

Theorem 6.18. For 0 < a < e there exists a random variable X («) that
satisfies the equation

X(o) L aU*X (@) + (1 - U)*X(a)*

with E X (o) = 1, where X (o), X(a)*, U are independent, X () 4 X(a)*,
and U is uniformly distributed on [0, 1], such that

4 This fact was communicated to the author by Svante Janson.
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Xn lalogn | d
— — X(a). 6.24
EXn,I_oelognJ ( ) ( )

Furthermore, for 0 < a < m(m=1) we also have convergence up to the m-th
moment.

Remark 6.19 1t is also possible to define (X («),0 < a < e) as a stochastic
process, where the elements X («) are not only continuous (a.s.) but even
analytic and have, thus, an analytic continuation to a proper region of the
complex plane. Theorem 6.18 then extends to a weak limit law of the form

Xn lalogn| > d
————=0<a<e] — (X(a),0<a<e
(EXn,Lalognj o ( ( ) )

(compare with [68]).

There are at least three different possible approaches to prove Theo-
rem 6.18, namely a martingale approach, a moment approach, and a contrac-
tion method approach. All these three methods have advantages and draw-
backs. In what follows we will describe all these methods, however, we mainly
focus on the martingale approach (although we do not give a full treatment
for the whole range of Theorem 6.18) and comment on the underlying ideas
of the other two methods.

6.3.1 The Martingale Method

The martingale method is in fact the strongest method (of the three men-
tioned ones), since we also obtain almost sure convergence (instead of weak
convergence). In what follows we prove that

4 ()|
su — — X —0 a.s. 6.25
k EK ’Eka logn ( )

Tog n

as n — 0o, for all compact sets K that are contained in the open interval
((3 — v/2)/2,1.58). The reason why we restrict to this interval is that we
apply Lo methods. Since the limit X («) has finite second moments only for
a € (0,2), we might extend the interval ((3 — v/2)/2,1.58) to the interval
(0,2) but we will not cover the whole interval (0, e). It is possible to extend
(6.25) to all compact sets K C (0,e). For this purpose we would have to
introduce proper continuous embeddings of recursive trees (Yule processes)
which is much beyond the scope of this book (for details we refer to [38, 39]
and [189]).

The martingale method makes use of certain random polynomials, the
so-called profile polynomials

Wi(u) =Y Xppu*  (ueC).

k>0
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From the proof of Lemma 6.16 we already know that the expected values are
given by

EW,(u) = T 1)@ _(“J, nol _(qyee (:_11). (6.26)

The main observation is the following martingale property. In the (similar)
context of binary search trees this observation is due to Jabbour-Hattab [108].

Lemma 6.20. The normalised profile polynomial

Ma(w) = gy )

is a martingale (with respect to the natural filtration related to the tree evolu-
tion process).
Proof. We use the identity

anl,krfl

E(Xn x| Th-1) = Xn-
( Xkl 1) Lk T 1

from the proof of Lemma 6.16 to deduce that

u
E (W (uw)|Th—1) = Wh_1(u) (1 + — 1) .
Alternatively we can use the recurrence
Wy (u) = Wyo1(u) + ubn

and the observation

Xn—1k— n—
Tnfl) = Z Sn-Lk—1 k _ M (6.27)

]E(uD"
n—1 n—1
k>1

Thus, normalising by the expected profile (6.26) leads to
E (M (u)|Tn-1) = Mn—1(u),
which proves the martingale property.

If w is real and non-negative, then M, (u) is a non-negative martingale.
Hence, there exits M (u) which is the a.s. limit:

M, (u) = M(u) a.s.

The idea of the martingale method is to first show that this conver-
gence also holds in a certain complex domain and then to use Cauchy’s for-
mula to derive a limit relation for X, ; from the limit relation W, (u) =

Accordingly our first goal is to extend the convergence property of the
martingale M, (u) to complex wu.
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Proposition 6.21. For any compact set C C {u € C : |u— 1| < 1} the
martingale M, (u) converges a.s. uniformly to its limit M (u).

Note that M, (u) can be considered as a random analytic function. Hence, the
limit M (u) is a random analytic function, too.

We start by establishing an explicit formula for the covariance function of
(Wi (u1), Wy (uz2)) which is valid for all uy,us € C.

Lemma 6.22. For all ui,us € C:

n—1 n—1 n—1
E (W, (u1)Whn(u2)) = Bj(u,uz) H ak(ur,u2) | + H a;(ur, ug),
j=1 k=j+1 j=1
where S
g (u, uz) =1+ — ’ 2 (6.28)
and EWi( )
ULU
Br(u1,u2) = u1U2%. (6.29)

Proof. By using the relation W, (u) = W,,_1(u) + uP» and (6.27) we get the
linear recurrence

E (W (u1)Wh(uz)) = an—1(u1, u2)E (W1 (u1)Wy—1(uz)) + Bn-1(u1, uz).
(6.30)
Now, the explicit formula for E (W, (u1)W,(uz2)) follows from (6.30) (and
E (W1 (u)Wi(uz)) = 1).

Using Lemma 6.22 we establish regularity of the covariance function of M
over U x U, where U ={u e C: |u—1| < 1}.

Corollary 6.23 (M, (u))nen is bounded in Lo, if and only if lu — 1| < 1.
Hence, there ezists a random variable M (u) € Lo such that M, (u) — M (u)
almost surely and in Lo foru e U = {u € C: |u— 1| < 1}. Furthermore, the
covariance function I'(ui,ug) = E (M (uy)M (uz)) is holomorphic in U x U.

Proof. By (6.28) we have

et ()7 0(2)

and consequently

n—1 n—1 n—1
E (W ()W () = wyn 3 20302 T s ag) - T (s o)

i=1 J K=j+1 i=1
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n—1 R(ui+us2)
_0 ij(uluz)A <ﬁ> 4 p2R(urtua—1)
=1 J
n—1
-0 n%(ul‘i’uZ) Zj*é]?(ulJruz*uluerl)
7j=1

Thus,

Iy (ur,uz) =B (Mg (ur) Mg (u2))
_ E Wapa (1) Waia (u2))
EWyt1(u1) - EWpgq(u2)

n—1
=0 Zj-?)?(u1+u2—u1u2+l)
j=1

Obviously, we have the same lower bound. Hence, (M, (u))pen is bounded in
Lo, if and only if 2Ru — |u|? > 0, respectively if and only if u € U.

Now, if 2Ru; —|u1|? > 0 and 2Ruz— |ua|? > 0 then we also have R(u1 +uz—
ujug) > 0. Thus, I, (u1, uz) — I'(u1,uz) is uniformly over the compact sets of
U x U. Since for any n, I, is holomorphic we conclude that I" is holomorphic
inlU xU.

The holomorphy of I will give us (with the help of the Kolmogoroff cri-
terion) continuity of M (u) over any parametrised arc v C Y. However, Kol-
mogoroff’s criterion is not sufficient to establish directly a continuity of M as
a complex function.

Lemma 6.24. Set I' := (0,2). Then (M (t))ier has a continuous modification
M such that, for any compact interval K C I,

E <sup |M(t)|2> < +o00.
tek

More generally, if v : R — U is continuously differentiable, then there is s a
modification My of (Mp(y(t)))ier such that, for any compact set K of R,

E (sup |Mw(t)|2> < +o0.
teK

Proof. Observe that, as M, (u) is a rational function with real coefficients
which implies M,,(u) = M,,(@). Thus for all uy,us € U

E (|M(u1) — M(up)[?) = (w1, 77) + [(us, W) — 2R (F(ur, W) . (6.31)

Let C be a compact set of U; since I" is holomorphic, a local expansion of I’
up to order 2 yields
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I'(uy,wy) + I'(ug,z) — 2R (I'(u1,70z2)) < Clug — u2|2 (6.32)
for some constant C' > 0 and for all uy,us € K. Hence, by (6.31) and (6.32)
E (|M(u1) — M(u2)?) < Cluy — us? (6.33)

for all u1,us € K. Hence by Kolmogoroff’s criterion (cf. [183, p. 25]), a con-
tinuous modification M exists and

- N2
M; — M
E sup M
stek [t —s|®

for all a € (0, %) Consequently, for all compact set K C (0,2), we have

< 400

E <sup |M(t)|2> < +o00.
tek

Now let v : R — U be continuously differentiable. We can do the same as
before with the martingales (M, (t))ier for M, ,(t) = M, (v(t)). Equation
(6.33) becomes

E(|M, (1) — M, (t2)]?) < Kly(h) = 1(t2) < C'Jtr — to]?

for some constant C’ > 0 depending on the compact interval K C R under
consideration. Thus, (M, (t)):cr has a continuous modification M, such that
E (sup,cx | M (t)]?) < +oo for all compact set K C R.

Now uniform convergence of (M) follows from a theorem of vectorial
martingales. (We proceed as in [118].)

Lemma 6.25. For any compact set K C (0,2), we have a.s.
M, — M  uniformly over K

and
lim E <sup | M, (t) — M(t)2> =0.
n—oo teK

More generally, let v : R — U be continuously differentiable and set My, ,(t) =
M, (v(t)) and M, (t) = M(v(t)). Then the same result holds for (M ).

Proof. Let [a,b] C (0,2). The modification M of the previous proposition
is a random variable taking its values in the separable Banach space E =
Cc([a, b]). Let &€ be the Borelian o-field of E and Fo, = o(Ty,n > 1), and M
is &|Fs-measurable and is in Lo(E) = La($2, E).

We will show that E(M|T,) can be identified as Moy i Myjap) is
understood as a random variable taking its values in F.
Observe that
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¢t : Ce([a,b]) = C, X — X(t)
is a continuous linear form over Ce([a, b)), hence E (¢; (M) |Ty,) = @+(E (M|T},))
almost surely. Saying that M is a modification of M means that for all
t € [a,b], (M) = M(t) (a.s.). Hence it follows that M, (t) = E (M|T,)(t)
a.s., so that M,, = E (M|T;,) a.s.
We can now apply the theorem of vectorial martingales (see [164, Propo-
sition V-2-6, p104]), which yields

M, =E (M|Tn) —E (M|]:OO) a.s. and in Lo(E).

Since M is F,,-measurable we get, as n — 0o,

sup |My,(t) — M(t)] =0 as. (6.34)
t€la,b]

and

E | sup |M,(t)— M(t)*] — 0. (6.35)
t€(a,b]
Hence, the first part of the lemma is proved since (6.34) implies that, almost
surely, M (t) exists for all ¢ € [a,b] and is equal to M (2).
By the previous proposition we can proceed for (M, ) along the same

lines as for (M,,). This completes the proof.

Now, since M, is holomorphic, for all n and any p < 1, the uniform
convergence of M, over the arc y(t) = 1+ pe’, implies (via Cauchy’s formula)
uniform convergence of M,, and all its derivatives over compact subsets of U.

In order to apply Cauchy’s formula to obtain information on the profile
Xk it is, however, not sufficient to know the behaviour of M, (u) near the
real axis. We need more precise information about the limiting behaviour of
M, (u) for 0 < |u|] < 2, resp. of W,,(u). The next proposition provides a.s.
estimates for u € C also away from the real axis.

Proposition 6.26. For any K > 0 there exists § > 0 such that a.s.

W, o™
=0 ()
uniformly for u € C with (3 —v2)/24+¢€ < |u| < 1.58, lu—1| > 1 -6 as
n — oo.

Before we prove Proposition 6.26 we state a corollary.
Corollary 6.27 For any K > 0 and ¢ > 0 we have a.s. that there exists ng
such that for all n > ng

EWa(|ul)
W (u)] < W

for all u € C with (3 —v/2)/2+ ¢ < |u| < 1.58 and (logn)~2+¢ < |argu| <7
as n — oo.
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Proof. By Proposition 6.26 this estimate is true for u € C with (3—v/2)/2+€ <
|u| < 1.58 and |u — 1| > 1 — §. Moreover, for v € C with |[u —1| <1 —4§ we
know that M, (u) is a.s. bounded. Furthermore we have uniformly in n and ¢
for (logn)¢/vlogn < |t| <=

[E W, (uge™)| < E Wy, (ug)e=" log™

for some constant ¢ > 0 (depending continuously on wug). A combination of
these two estimates proves the corollary.

For the proof of Proposition 6.26 we need an estimate for E |[W,, (u)|?.
Lemma 6.28. For every § > 0 we have uniformly for v with |[u—1] <1—4
E[Wa(u)? = 0(n*™)

and for u with 1 — 6 <|u—1| <1
E [W, (u)? = O(n*® logn)

asn — 0o. Let K be a compact set in the complex plane such that |u—1| > 1
for allu e C. Then
2
E W, () = O(n* log n)

as n — 0o, uniformly for u € K.

Proof. We recall that

n—1
-— u—|u|?
E |Mn(u)|2 -0 n2§Ru Zj (2Ru—|ul?+1)

j=1

We also have 2Ru — |u|? > 0 for |u — 1| < 1 and 2Ru — |u|? < 0 for [u—1| > 1.
Thus, for |u — 1| < 1 — 4, there exists §' > 0 such that
E |Wn(u)|2 =0 | n2Ru ijlfé' -0 (n2%u) 7
j=1
and for 1 -6 < |u—1| <1

n
E|W,(u)|* =0 nm"z:j_1 =0 (nm“ logn) ,
j=1

which prove the first part of the lemma.
Finally, for v with |u — 1| > 1 we obtain
E|W,(u)* =0 (n‘“l2 logn) .

This completes the proof of the lemma.
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We will also use an a.s. estimate for the derivative of W, (u).
Lemma 6.29. We have for all u with |u| < 2
W) < Wi(Jul) = O (Jul~'nl* 1ogn)  a.s.

Proof. Obviously, we have |W, (u)] < W) (Ju|). It is also known that H, ~
elogn a.s. (compare with Section 6.4 and [175]). Hence, X, = 0 a.s. if
k > (e 4+ 1)logn. This implies a.s.

Wh(lul) = 3" kX ilulf ' < (e+1)logn Y Xuplul* = (c+1)logn ”’|’(||“|).
u
k>0 k>0

Since Wi, (|ul) ~ M, (Ju[)EW,(|u]) = O (n!*!), this proves the lemma.

We are now ready to work out the Proof of Proposition 6.26. By Lemma 6.28
we have for (3 —1/2)/2 < |u| < 1.58 and |u — 1| > 1 — ¢ (for some sufficiently
small 6 > 0)

]P’{|Wn(u)|2 nl" }< E[Wo (u)” :O(M).

(logn)& | = (nlul/(logn)K)? n2lul—Tul?

First, let us consider the range Ry :={u € C:|Ju—1| >1—-4,1 < |u|] < 1.58}.
Set . = 1/(1.581(2 — 1.581)). Then we have

alul(2—Jul) >1 and a—1+ aelog|u| < alul

for all u with 1 < |u| < 1.58.
We now use O((log n)?5+2) points u,, ; covering Ry with maximal distance
(logn)~5~1. Observe that for u € R; the series

log[n® 2K+1

converges uniformly. Hence, by the Borel-Cantelli-Lemma we have a.s.

)

sup | Wipat(tmat )| < ———=—
jp| o] (Una),;)] (log[n°]) &

for all but finitely many n. By using Lemma 6.29 we obtain a.s.
(Wi (1) = Wi )] = O ([ ]m<{1eh1v1} fogn)

which implies that we can interpolate between u,«) ; and obtain a.s.

]!
sup [Winey (W] < {qogmmany®
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for all but finitely many n.
Finally, we have to observe that a.s., uniformly for n® < k < (n + 1)®

ne 2lu|—1
Welu) = Wiaey (0] = O (o ) (6.36)
Since ik
Witk (u) — Wi (u) = Z uPr,
l=n+1

we have to estimate u”'. We know that a.s. H,, < elogn (for sufficiently large
n). Hence it follows that a.s.

ma. D, < e-log(n®).
o IS,y D1 S 0 log(n)

So we only have to check that

allu|
1) — [n® elog(n®) _ [n ] )
(0 + 1] ~ 2] 0 (o
Alternatively, it suffices to show that there exists n > 0 such that
a—1+caeloglul < alul —n

for 1 < |u| < 1.58. However, this is true for the above choice of «. Hence,
(6.36) follows, which completes the proof for u € R;.

Foru€ Ry :={ucC:lu—1>1/-63—-v2)/2+¢ < |u| <1} we
have to do almost the same. Again we use a subsequence [n°] to apply the
Borel-Cantelli-Lemma. We set 3 = (1 ++/5)/2 and observe that

Blu[(2—=u]) >1 and F—1< (lu]

for all w with (3 — \/i)/Q + e < |u| < 1. This completes the proof of Proposi-
tion 6.26.

The proof of (6.25) can now be completed in the following way. In partic-
ular we show that the limit X («) coincides with the limit M («). For small ¢
we use the a.s. expansion

M, (upe®) = Mn(uo)eithL(uo)/Mn(uo)JFO(t?)

and W, (uoe™) = My (upe®)E W, (upe®). For large ¢t we use the estimate of
Proposition 6.26 (resp. of its Corollary 6.27).
By Cauchy’s formula we have
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where we will use ug = k/logn. First, for any (sufficiently small) n > 0 we
have by Corollary 6.27

|Wh (uge™)| < E Wn(uo) a.s.
logn

for (3 — \/5)/2 + e <ug <1.58 and (1ogn)_¥ < |t| < . Hence

o (Mt

uf logn

—k
Up

_ W (uge™)e ™ dt
27 /<logn>‘17"§|t§7r !

Conversely, for real ¢t with |t| < (log n)_¥ we have uniformly

W (uge™)e ™ = M, (uge™ )E W, (uge')e =
= My, (ug)E Wi, (ug)e?o s (" =D=Fit (1 L O(|t]) + O(n~1))

= M (u0)E Wy (ug)e ™ 5" (1 + O((log n) "2 ")).

This implies that a.s.
—k
_ _ EW,,
Xnk = Yo . Wn(quzt)eszt dt+ 0O <u0k W, (UO)>
27 Jjt1<ogn)~ 2" logn
= M, (uo)ug "V2rk EW, (uo)(1 + O((logn) ™ =")).
Since we uniformly have

ug "V2rk E W, (ug) ~ E X, 1

and M, (ug) ~ M (up), the result follows.

6.3.2 The Moment Method

Suppose that 0 < o < 1. We indicate a proof of (6.24) in this range by showing
that for all integers & > 1

lim F (M)k = EX ()"
EXn,LalognJ .

This moment method only works for 0 < « < 1, since X («) does not have
moments of arbitrary order if & > 1 (compare with [87]).

Let P, x(u) = Eu®~* denote the probability generating function of X, .
Then the recurrence (6.21) implies that

n—1
1
P”Jﬁ(u) = m Z Pj}k—l(u)P”—]}k(u)v (n >2, k> 1)7
=1
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with P, o(u) = u for n > 1 and Py j, = 1. Taking derivatives and setting v = 1
yields the recurrence

1 n—1

EXpp=—7 > (EXjr1+EXn )
Jj=1

with EX, 0 =1 for n > 1 and E X ; = 0. This recurrence is different from
(6.20) but can be extended to higher moments.
By taking m-th derivatives we are led to the recurrence

n—1
my _ 1 (m) (m) (m)
DD (A;;—l * Aﬁﬁk) + By
j=1

with Al') =1 for n > 1 and A, o(m) = 0 for m > 2 and n > 1, where
A,E;r]? =K (Xn,k(Xn,k — ]_) o (Xn,k —m+ 1)) _ Py(:]z)(].)

(

and where anr,? abbreviates

m—1
Bé’fé’=2( )nle]k AT

h=1

Hence, for every fixed m > 1 the sequence (A( k)) satisfies a recurrence of the
form

n—1

an,k = Z (aj k-1 + @n—jk) + bn ks (n=>2k=>1), (6.37)
j=1
with given initial values @i and a given sequence b, . For the interest of

consistency we set by = a1,5. Then (6.37) holds also for n = 1. Remarkably
the recurrence (6.37) has an explicit solution of the following form (see [87]).

Lemma 6.30. Suppose that the sequence a, i, satisfies the recurrence (6.37).
Then we have (forn>1 and k >0)

n—1 k
Qe = b + D Y 2T ” Sl IT (1+3)-
j=1r=0 J<t<k

Proof. Setting a,(u) =, ant1ruf and by, (u) = >k bnt1.1u” the recurrence
(6.37) rewrites to

n—1

an(w) = 2223 a5 () £ ba(w)  (n>1)

n
Jj=0
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with initial condition ag(u) = Y, a1 xu*. By taking the difference na,(u) —
(n = 1)an—1(u) we thus obtain

n—1

an() = (14 ) @1 () + buos(w) = “——bps(), (0> 2),

and consequently

an(u) = by (u

II (1+%).

:O j+1§l§n
Taking the coefficient of u* on both sides provides the result.

For example, in the case m = 1 we have b, = d,,100,% for n > 1 and
k > 0. Thus, we recover the explicit (and also the asymptotic) formula for the

expected value ASL =E X,

1 k
E X =[] ]] <1+ ) |5”’*+11| ~ (Og")k .
E A A T (e

Starting from this solution one can iteratively apply Lemma 6.30 to obtain
. . (m)
asymptotic expansions for A, ' for m > 2.

Proposition 6.31. For 0 < a < mY/(m=1 ge¢ vo(a) = 11 (a) = 1 and recur-
sively (form >2)

vm(a) = m 2 <7:) Vh(a)umfh(oc)r(ha + DI((m — o+ 1)
h=1

I'(ma+1)

Then for every fized 0 < o < mY (™= we have, as n — oo,

EXn lalogn| ~ Vm(a) (E Xn,Loz lognj)m (638)

It is easy to check that for every 0 < a < 1 the sequence v;,, (o) is the moment
sequence of a random variable X (). From the contraction method (see Chap-
ter 8) it follows that (6.41) has a unique solution X (a) (with EX(a) = 1)
and by definition the sequence v,,(«) is the moment sequence of X («). By
induction it follows that vy, (a) (ma + 1)/m! = O(K™) (for some K > 0,
see [107]). Hence, the sequence v, (a) determines uniquely the distribution of
X (). Consequently, for 0 < a < 1, Proposition 6.31 implies the limit relation
(6.24).

If o > 1 then only few moments exist. More precisely if & < m!/("=1 then
X () has moments up to order m (and we have convergence of moments up
to this order) but the (m + 1)-st moment is infinite.

The proof of Proposition 6.31 is very technical. Following [87] one starts
with a uniform upper bound for the expected profile of the form
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ASL =0 ((v logn)_l/Qv_kn”) , (0 <k <n),

where 0 < v < vg. If k is of logarithmic order then this bound is optimal,
since we can set v = k/logn. Then Lemma 6.30 implies inductively

1 m
20 b (vt
uniformly for 0 < k < n, where 0 < v < m!/(m=1,
By using this a priori bound Proposition 6.31 follows by induction on m.
More precisely one shows that for every integer m > 1

ogn k m
AT ~ v (@) (7k!(1£(i+)1)) : (6.39)

where k = |alogn|. We just observed that this is true for m = 1. By assuming
that (6.39) holds all integers < m and by using the definition of v,,(a) one

obtains . m
—a™ logn)
B . mo — o (
n "~ V(@) ma+1 \kI'(a+1)

Furthermore, from

[ur] H (1 + %) _ (1og(7;/j))r (1 —I—O(’I“Q/j))

Jj<t<n
(foren <j<(l1—¢enand 0 <r <k=o0(y7)) it follows that

n—1 k (m)

S5 i I (1+4)

j=1r=0 J<t<k
ma—ao™ (logn)* " /1 Ca™_1
pm () ma + 1 (™ +1) (k!F(aJrl) 0 v *

_ o™ +1 (_(logn)* \"
= pm(@) o (k!F(a + 1)>

Hence, (6.39) holds for m, too.

Finally we have
(m)
EX Jlalogn| ™ ~A

n,|alogn]
which implies (6.38) for all m > 1.

6.3.3 The Contraction Method

The contraction method makes use of the fact that there is a fixed point
equation for the (expected) limiting distribution.
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Assume for a moment that we already know a limiting relation for the
profile X, of the form X, |a10gn|/E Xn, |alogn] N X (a). Motivated by

that we rewrite the recurrence (6.21) in the form:

* *
Xnk d EXp o1 X1, 01 EX, 16 Xozi ok

n; ns

IEXn,k_ EXnr EXr, k-1 E X, % EX;*L_IM,C'

(6.40)

Recall that X ; is an independent copy of X, x and that (X, x), (X, ), and
(I,) are mdependent By (6.23) we have for k = |alogn|

EXr 1k (logl,\" " Ay
E X,k logn \ logn n ’
EX) 1 & 1 L\“

EXn,k n '

Hence, by (formally) taking the limit n — oo and by observing that I, /n 4, U,
the (expected) limit relation for X (a) is

and

X(o) L aUX () + (1 - U)*X(a)*. (6.41)

Interestingly we can do a similar calculation for the profile polynomial
W, (u). For simplicity we assume that u is a positive real number. Then we

already know that M, (u) = W, (u)/E W, (u) 4, M (u), where M (u) is the
limiting martingale. Again from (6.21) we obtain

Walu) £ ulWr, (u) + Waer, ()",
and consequently

M) 2w S, o)+ St

o (I_) v+ (" I”)u My, (u)"

n n

By taking the limit n — oo we get
M(u) £ uU"M(u) + (1 — U)*M(u)*. (6.42)

Thus, X («) and M (u) satisfy the same distributional fixed point equation

(6.41), resp. (6.42) when we set o = u. Actually we have X («) 4 M(a). By
the martingale method we already know that X, |q10gn|/E Xp,|alogn) has a
limit X (o) which equals M («).

Nevertheless, one can proceed directly without using profile polynomials.
We will make this more precise in Section 8.2.3, however, the underlying idea
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is the following. In order to solve a distributional fixed point equation of the
form (6.41) one has to introduce a proper metric on a space of measures so
that the right-hand-side of the fixed point equation becomes a contraction. In
particular, one gets a unique solution and since the normalised version (6.40)
of the original underlying recurrence is close to the limit equation (6.41),
one can expect that X,, ,/E X, , (for k ~ alogn) stabilises around the limit
X ().

This concept works quite well if the random variable of interest is not
double indexed. For example, the so-called contraction method (introduced in
Chapter 8) applies to the profile polynomial W, (). In the case of the profile
X, one has to take care of the second index k, too, which causes some extra
work (compare with [87]). In fact, it is possible to prove Theorem 6.18 in the
full range 0 < o < e. We will give more details in Section 8.2.3.

6.4 The Height of Recursive Trees

We encode the distribution of the height H,, of recursive trees by the gener-
ating function

ye(z) = > P{H, < k}%.

n>1

This is consistent with the generating function y(z) = log(1/(1 — z)) of re-
cursive trees. More precisely, let y,, , denote the number of recursive trees of
size n and height < k. Then

Yn,k
P{H, <k} = CED

and yi(x) also is the exponential generating function of these numbers:
xn
yk(l‘) = Zyn,km-
n>1
Thus, we can use the usual counting procedure and obtain recursively
Y1 (@) = €@ (ye11(0) = 0),
with the initial condition yo(z) = 0. In parallel we will work with
Yil@) = h(@) = 3 P{Hoan < K} a™.
n>0
Here we have Y1(z) =1 and
Vi1 (2) = Vi (2) Y (2), (Yi41(0) = 1).

The analysis of these generating functions is the basis of the following result
(that is due to Drmota [57]).
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Theorem 6.32. The height H,, of random recursive trees has expected value
E H,, ~ elogn. (6.43)
Furthermore there are exponential tail estimates of the form
P{|H, —EH,|>n}=0 (")
with some ¢ > 0.

This result is in accordance with Pittel’s result [175] saying that H,,/logn — e
a.s.

Note that the exponential tail estimate shows that the distribution of
the height is heavily concentrated around its expected value. In particular it
follows that, as n — oo,

Var H, = O(1).
One can also be much more precise about the distribution of the height

H,,. In particular the values Yj(1) play an essential role in the analysis. For
example, we have

E H, = max{k: Y;(1) <n}+0O(1)
(compare with (6.48)), and
P{H, <k} =F(n/Yr(1)) +o(1),

uniformly for all £ > 0 as n — oo, where F(y) satisfies the integral equation

y F(y/e'e) = /0 ! F(z/eY)F(y — z) d=. (6.44)

We will comment on this problem at the end of the section. Anyway, this
already shows that although the results on the height are quite precise, the
behaviour of the distribution is in some sense implicit, since it uses y; (1) =
(1) = >, - P{H, < k}, a value that is unknown. We will just prove
log Yy (1) ~ k/e which provides (6.43). It is conjectured that

k
log V(1) = - + c1logk + ca(log k) + o(1)

for some constant ¢; > 0 and a periodic function ca(z). Of course, if this
conjectural relation can be verified then we actually get an explicit asymptotic
representation for the height distribution.

The proof of Theorem 6.32 is divided into several steps. We start with
some technical lemmas.

Lemma 6.33. Suppose that Y1(z), Ya(z),Y1(x),Ya(x) are non-negative con-
tinuous functions that are defined for x > 0 such that Y1(0) < Y1(0),
Y2(0) < Y2(0), YJ(z) = Ya(2)Yi(z), Vg(x) = Ya(z)Y1(x), and that the
difference Y1(x) — Yi(z) has exactly one positive zero. Then the difference
Yo(z) — Ya(z) has at most one positive zero.
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Proof. For j =1,2 set

w) = [ va wa gm0 - [ Foa

Then we have y1(x) < 7;(x), y2(x) < Yy(x) (at least) for a small interval
0 <z < ¢ and also y4(2) = e¥(®) and Fh(x) = e"1(®). Since Y, (x) — Yi(x)
is positive (for small positive ) and has at most one positive zero, the same
follows for

m@) i) = [ (T2 - i) d.

Namely, if Y () — Y1(t) > 0 for all ¢t > 0 then 7, (z) — yi(z) is an increasing
function with 7 (0) — y1(0) = 0. If, however, Y1 (¢) — Yi(t) > 0 for 0 <t < ¢,
and Y1 (t) —Yi(t) < 0 for t >t then 7 (z) — y1(z) is increasing for 0 < x < tg
and decreasing for x > to. In the first case the function 7 (z) — y1(x) has no
positive zero and in the second case at most one.

Now observe that (e¥ — e*)/(y — z) > 0 for real y # z. Hence,

(@) _ o (@)

_37_2.17 :_Ix—'x:egﬂx)_elh(x):_ 7.(x) —
Ya(z)=Ya(z) = Ys(x)—ya(x) ) = (@) (W1 (7) — y1())

has at most one positive zero, too.
Lemma 6.34. For all £k > 0 we have

Yiro(1) _ Y1 (1)
Yipr(1) = (1) -

Proof. For 0 <~ < 1 set

ﬁ for0<z<1—7,
Vi(@,7) =14 1y, (2=0-7)
o Yk( vv)forlf’ygxgl.

These functions satisfy

Vk,-l—l(x’ ’Y) = Vk+1((£, ’}/)Vk(fﬂ, 7)7

Vi(0) = 1 and Vi(1,7) = v~ 1Y%(1). In particular, for v, = Yipi1(1)/Ye(1)
we have Vi (1,7%) = Yi4+1(1). Now the inductive application of Lemma 6.33
shows that Yj41(z) — Vi(x, 1) have (at most) one positive zero. Hence we get

Yit1(z) < Vi(x,v,) for 0<ax <1,
and after integration

N | _ Yk+1(1)2
Yir2(1) < Viepr (L) =7 Ya1(1) = :
Yit1(1)
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Corollary 6.35 There exists ag > 1 with

. Y (1)
=1 .
0 YD)

(6.45)

Proof. Lemma 6.34 implies that there exists cg > 1 with

Y;
11m k+1(1).

Qo =

We show that Y (1) grows at least exponentially which implies ag > 1.
Set d; = y(z) — yx(x). Then it follows by induction that

L(x)k+1

Ok 0<z<1), 6.46

@< Gy 0<e<) (6.46)

where L(z) abbreviates log(1/(1 — z)). By definition (6.46) is true for k = 0.
Now observe that y(z) < y(x) implies

1 L(x)k+1
—xz (k+ 1)1

;H_l(x) — o¥(®) _ our(@) < ey(ﬂﬂ)(gk(m) < -

Since dy+1(0) = 0, integration gives

T k+1 k+2
Sr+1(z) < / 1 L@ dt = L)
0

1—t(k+1) (k+2)
For xj, = 1 — e~ #*1/¢ we have y(x1) = (k +1)/e and
L(l.k)k+1 1

(k+1)! - Vork
Hence it follows that (for sufficiently large k)

L(zp)*™  k+1 1
k+1)! e V2rk

This completes the proof of the lemma since

Vi(1) = yp (1) = eve1 () > ok=D/e,

yr(1) > yr(zr) > y(zr) —

(1+0(1))

v
ol

Remark 6.36 If we replace xy, in the proof of Corollary (6.35) by
rp=1— e~ (k+log Vk) /e

we get the slightly better lower bound
Yk(l) > e(k+log\/E)/e+O(1)'

However, it is conjectured that the correct order of magnitude is

Yk(l) _ e(k+%logk)/e+0(1)7

which cannot be reached by the method mentioned above.
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The property that Yj(1) has an approximately exponentially growing be-
haviour is sufficient to prove exponential tail estimates for the distribution of
H,.

Lemma 6.37. We have the estimates

P{H, < k} < Y’“T(l)

and

P{H, > k} gem.

Proof. By considering the evolution model of recursive trees it immediately
follows that the height is an increasing sequence in n. Hence we have for all
n,k>0

P{H,+1 <k} <P{H, < k}.

It follows directly that

Yi(1) = P{Hep1 < k}
>0

> Y P{Hy <k}

0<t<n
>nP{H, < k}
or P{H, <k} <Yi(1)/n.
Next consider the function
— 1
Y(z) = 1t 1
+ e T

which satisfies the differential equation 7/(1) =Y (z)2. Since 0 < Y(0) < 1
there is exactly one positive zero of the difference Yy(x) — Y (z). Hence, an
inductive application of Lemma 6.33 implies that this is also true for the
difference Yy (x) —Y (z). However, by construction Y (1) = Y;(1). Since Y (0) <
Y3(0), it follows that Yi(z) < Y(x) for 0 < z < 1. In particular, if we set
Ty, =1— % we obtain

xn
11—z,
n
(&

> P{H, >k}
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Since )
— 1 n
Y(zn) —Y(zn) =n— < ;
% + Ykl(l) Vi (1)
we finally get
n
P{H, >k} < .
=1 = ey

Set
hn = max{k : (1) < n}.

Then Lemma 6.37 combined with the property that Yi11(1) > (o — €)Y3(1)
(for sufficiently large k) provides exponential tail estimates of the kind

P{|H, — hn| 2} =0 (einc) ) (6.47)
for a properly chosen constant c¢. Of course, (6.47) implies
EH, = h,+ O(1) (6.48)

and consequently
P{|H, —EH,| >n} =0 (e7"),

which also implies that Var H,, = O(1) as n — oo. Thus, in order to complete
the proof of Theorem 6.32 we need more precise information on Y3 (1) (resp.
on hy,). Namely, the limit relation of Corollary 6.35 implies

i ~ (logn)/(log o)

and therefore
logn

EH, ~ .
log o

It remains to prove ap = el/¢. For this purpose we will define auxiliary func-
tions 7 (o, ) and Y (o, x). But before we can do that we have to solve an

integral equation.

Lemma 6.38. Suppose that 1 < a < e'/¢ and that § < e denotes the smallest
positive solution of
a? = 8.

Furthermore, let F denote the set of monotonically decreasing and continuous
functions F(y) (y > 0) that satisfy

Fly)=1-y"+0(%)  (y—0+)

and F(y) — 0 as y — oo. Then there exists a unique solution F,, € F of the
integral equation

yF(y/a) = /O " Fl2)0)Fly — 2)dz. (6.49)
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Moreover, there exists C' > 0 such that

F.(y) =0 (e7Y) (6.50)
as y — 0.

Proof. Tt is easy to show that d defined by

A(Fy, F2) = sup (|F (y) = Fay)ly~)

is a complete metric on F and that (6.49) is a fixed point equation on F that
can be rewritten as F' = A(F’), where

A(F) = aiy /an F(z/a)F(ay — z) dz.

Moreover, A is a contraction with Lipschitz constant

1 e
K=119 o1
1+e

Hence, by Banach’s fixed point theorem there is a unique solution.

Finally, (6.50) can be proved in an inductive way. Let Fy(y) = max{l —
y¢, 0} and F,41 = A(F,). By keeping track of the contraction A it follows
that there exists Cp > 0 and yj > 0 such that

sup F(y) <1—9° + Coy® < 1
n>0

for 0 < y < y{. Hence, for every 0 < y{ < y{ there exists C' > 0 such that
Fo(y) < e for all n > 0 and for yja < y < y{f and that Fy(y) < e~V for
y > yh. More precisely we can choose C' = C(y}) with C' ~ (y4)?~1 as y}, — 0.
In particular we can assure that

1— efC(afl)y

. +yheU/ ™ < (o= 1)y + yg (6.51)

for y > yg.
It remains to verify the upper bound F,(y) < e~%Y for y > y{ which we
will do by induction. Recall that

Fusiy) = = / " Fu(z/a)Fa(ay — 2) d-.

By using the a priori bound we can assume that F,(y) < e~“Y even for y > ).
We split the integral into tree parts: 0 < z < (a— 1)y, (a—1)y < z < ay —vy|
and ay — y) < z < ay.

For the first part of the integral we have ay—z > y > y{ and consequently
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(o= Dy (a=1)y
/ Fo(z/a)Fy(oy — 2z)dz < / e~ Clay—=2) 4,
0 0
eC(a—l)y 1

_ ,—Cay
=e
C

In the second range we have z/a > y( and ay — z > y;. Hence we get

ay—=z y
/ Fo(z/a)Fp(ay — 2)dz < / e~ Clz/atay—2) 4,
(=t (o-1)y

< (ay—z—(a—1)y) e V.

Finally, for the third integral we have

ay )
/ Fo(z/a)Fy(ay — z) dz < yhe”Cv+HCv/o,
ay—=z

For proving F,,11(y) < e~ %Y, it is thus sufficient to check that the sum of
these three upper bounds is smaller or equal aye=Y for y > yiJ:

eC(a—l)y -1

—Cay
(&
C

+ (g — 2z — (@ — 1)y) e~ + yhe CVHCu/* < qyeCY,

However, this inequality is equivalent to (6.51). Hence, we have shown
Foii(y) < e=Cv (for y > yg).
By taking the limit n — oo, we observe the same upper bound for F,(y).

Note that for every solution F(y) of (6.49) the function F(cy) (where
¢ > 0) is also a solution of (6.49). Thus, we can assume without loss of
generality that (after a proper scaling) F,(y) satisfies (6.49) and

/OOOFa(y)dy—l-

Note that v = €/¢ is a critical value for the fixed point equation (6.49) because
the Lipschitz constant K would equal 1 and, thus, we could not apply Banach’s
fixed point theorem.?

Next, consider the Laplace transforms

They satisfy @,(0) =1 and
1
P (u) = —atﬁa(u)éa(u/a).

5 Tt is, however, possible to solve (6.49) even for o = e/, see [57].
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The crucial step in this analysis it to introduce (for 1 < a < e'/¢) the
following auxiliary functions

Yi(a,z) = a®, (a¥(1 - 2)), (6.52)

where k can be considered a real (not necessarily integral) parameter and
z p— J—
?k‘(aam) = / Yk-(Oé,t) dt = logY;H_l(oz,x).
0

The next lemma collects some useful facts on Y (, ) if v < e'/¢. In fact,
these auxiliary functions have almost the same properties as the function
Yi(z). The proof is immediate by translating the corresponding properties of
F,, and &, respectively.

Lemma 6.39. Suppose that 1 < o < el/¢ and let B < e be given by o = 3.
Let Yi(a, ) be defined by (6.52). Then the following assertions hold:

1. For all k > 0 the function Y (a,x) is monotone for x > 0. It satisfies
0 < Yi(a,0) < 1, more precisely, 1 —Y (a,0) ~ Ca™P* for some constant
C depending on . Furthermore we have Y j,(a, 1) = aF.

2. They satisfy the recurrence relation

Vi (@) = Vi ()Y i ().

3. For all integers £ > 0 and for all real numbers k > 0 the diﬁer@nce_Yg(a:) —
Y (o, z) has exactly one positive zero xy k. In particular we have Yi(z) <
Yo(z) for 0 <z < wmpp and Yi(z) > Ye(x) for x > x4 .

Note that yi(z) = logYri1(z) and (o, z) = logYsi1(c, ). Hence, the
above properties can be translated to 7, («, ) and yx(x).
The next lemma completes the proof of Theorem 6.32.

Lemma 6.40. We have limy,_.o Yiy1(1)/Yi(1) = e'/¢ and consequently
E H,, ~ elogn. (6.53)

Proof. Suppose that 1 < a < e/¢ and set e := yx(1)/(loga) — 1. Then the
function 7, (o, z) satisfies ., (a,0) < yx(0) and

Te, (@, 1) = yi(1).

Hence, by Lemma 6.39 (reformulated for ¥ («, x)) it follows that 7, (a, x)
yr(z) for 0 <z < 1. Hence, by integration it also follows that 7, 4 (a, z)
Yp+1(z) for 0 <z < 1. In particular,

INIA

gek—i-l(aa 1) = yk(l) + loga < yk+1(1)'

Thus, we have ypy1(1) — yx(1) > loga for all @ < e'/¢ and consequently
Yrt1(1) —yx(1) > 1/e. This also shows that Y3 (1)/Ys_1(1) > el/e.
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In a second step we will show that for every € > 0

yk(1) < S(l +€)

for sufficiently k > ko(e). This is sufficient to complete the proof of Lemma 6.40.
We again fix a < e!/¢ and define t(a) > 0 by

(1+t(a))a’loga = 1.

Note that lim,,_,.1/. t(a) = 0.
Set 0r(z) = yr(x) — Ypyr(a, ), where r > 0 is a parameter that will

be chosen appropriately. Note that yx(z) < y(z) and 7, .(a,z) < y(z) for
0 <z < 1. By induction it follows that

k

Si(x) <Y 6:(0) =01

£=0

where L = log1/(1 — ). We now suppose that r = 2kt(a) — 1, set ©’ =
1 — o F0+He) and estimate yp (') = Ukt2kt(a)—1(, ') + dx(z’) from above.
We have

— ’ C
Uptokt(a)—1(, ") = k(1 +t(a)) — W(l +0o(1)),

and

z’“: C  (k(1+t(e)loga)

« QBEF2RRI) (k—0)!

k—t

dp(z') <

e (k(1 + t(a))o? loga)*™*
= aBk(2t(a) Z (k—10)!

k kké

aﬁk(l"er(a)) Zz:

C k
afk(+2t(e) o
1 C
9 aBkt(a)

@

Consequently we obtain

yr(2') < k(14 t(a))loga — %%(1 +0o(1)).

If we compare that with

_ C
Untakt(a)—1(a, 2) = k(1 +t(a))loga — W(l +0(1))
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we observe that (for sufficiently large k)

Yi(®") < Trgsrr(ay—1 (@, ).

Since yx(0) > Ypiape(a)(@,0), it follows from Lemma 6.39 (resp. from its
reformulation to ¥ (o, z)), that yx(r) < Yi k40 (@ ) even for all z > ', In
particular we have (for sufficiently large k)

_ k
Ye(1) < Grsarr(-1(e; 1) = k(1 +3t(a)) logar < (1 + 3t(e)).
Since we can choose « such that #(«) is arbitrarily small this completes the

proof of Lemma 6.40.

We close this section with some comments on the distribution of H,,. In
Lemma 6.38 we have observed that for every o < e'/¢ the integral equation
(6.49) has a solution F,, since it is a fixed point of a proper contraction. For
ap = e'/¢ the method fails. Nevertheless it is possible to find a non-trivial
continuous solution for ag (see [57, 36]). As above we consider the Laplace
transform @,, and the auxiliary functions

Yi(z) = af@a, (a5 (1 — 2))

o0
ag / Fay (y)e 426 0-9) gy
0

o0
/ Foy (yag ™)evev™ dy
0

1> B .
- Z (E/O y"e Y Fay(yag ©) dy) .

n>0

Observe that

1 oo

— yre Vdy =1

n! Jo
and that the integrand yy"e ™Y = ¢™1°8¥~¥ ig highly concentrated around y = n.
Hence, by a simple application of the Laplace method and by continuity of
F,, we obtain

[2"]Y k(2) = Fap(nag ™) +o(1)

uniformly for n and k& with C; < na—% < Cy, where 0 < Cy < Cy are arbitrary
constants.

Recall that Y34 1(1)/Yi(1) ~ ag = e'/¢. By definition we also have the
relation Yy, 1(1)/Y % (1) = ag = e'/¢. Since Yi(2) and Y, (x) satisfy the same
recurrence Y, (7) = Yjq1(2)Ye(x) resp. 7;C+1(x) = Yii1(2)Y (), one is
led to the conjecture that Y (z) and Y (x) are quite close. This is definitely
true for small x but not for = close to 1. However, we can do the following
trick. Define dj, by the relation



6.5 Profile and Height of Binary Search Trees and Related Trees 291
ap* = Yi(1),
that is, we have Y4, (1) = Y3 (1). Then
V(1) = Yi()Yi1(1) ~ Yi(1)?ag " = ag® ™ = V()Y k1 (1), = Y, (1)
and similarly Yk(j )(1) ~ 72{3(1) for all j > 1. Thus, Yi(z) can be properly
approximated by de (z) in a complex neighbourhood of = 1. Together with

some further (technical but easy) estimates (compare with [62]) it follows via
Cauchy’s formula that

P{H,1 < k} = i/ Yele) )
jal=1

2 zntl
1 dek (LL')
= — d 1
271 /zl pntl X + 0( )

= Fao(nag™) +o(1)
= Fao(n/Yi(1)) + o(1),

which leads to the proposed asymptotic representation of the height distribu-
tion.

6.5 Profile and Height of Binary Search Trees and
Related Trees

Recursive trees have several generalisations including binary search trees, m-
ary increasing trees and (generalised) plane oriented recursive trees. A second
line of generalisations are m-ary search trees as introduced in Section 1.4.2.

All these classes of trees have similar asymptotic properties. In contrast to
Galton-Watson trees their height is of order logn. The corresponding limiting
profile processes are similar to each other but not identical.

6.5.1 The Profile of Binary Search Trees and Related Trees

In the case of binary search trees we distinguish between internal and external
nodes. Accordingly we consider the internal profile I, j and the external profile
By, i, that is, the number of internal resp. external nodes at level k£ in trees
with a total number of n internal nodes. Both profiles are closely related to
each other. Due to the structure of a binary tree

Bug =2l —1Ink and I, => 2B, ;. (6.54)
i>k
Actually, the external profile is easier to study. It has almost the same

properties as the profile or recursive trees. First, it is related to the insertion
depth D,, (of the internal nodes) by
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EBn—l,k

P{D, = k} = ="

Second, we have
d *
Bnk = Br, k-1 + By 11, k-1,

where I, is uniformly distributed over {0,1,...,n —1}, B, 2 B i, and I,
(Bn,k) and (B, ;) are independent. We also have

Bp_1.k— B,
E(Bui|Tu-1) = (Buoik +2) =" 4 (Bporp — )=
Bn_1 -1+ Bn_
+ Bu_1s (1 _ bn-1k-1 + Dn, 1,k>
n
_ 2Bp_1 k-1 n (n—1)Bn-1k
n n '
For example, by using the last property it follows that
-2
EWo(2) =EY Buua* = (1)”( ‘”)
k>0 K
and consequently
2k
E Bn,k = m‘sn,k . (655)

(It seems that this explicit formula was first observed by Lynch [145], compare
also with [146]).

There are several other ways to derive (6.55). If we introduce the generating
functions

Yi(z,u) = ZE uBmk gm
n>0

Then we have Yy(z,u) = v+ /(1 — x) and recursively

Vi1 (z, u)

P = Yi(z,u)? (6.56)

with Y441(0,u) = 1 (for £ > 0). By taking derivatives with respect to u we

obtain ovi( )
T, U
= [H5] - Te e
u u=1l " n>0

which satisfies Zo(z) = 1 and by (6.56)

2y () = Wi 1) Z(a) = - 2

Zk(x)v

with Z;4+1(0) = 0 (for k£ > 0). Hence,
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Zi() = i—? (1ix)k’

which translates to (6.55).
By using the asymptotic expansion for Stirling numbers (from Lemma 6.1)
the representation (6.55) implies

EB. , — 2% (log n)k N po(1-log(a/2))-1 (1 o <l>> (657)
T Kar (%) V2rk n

where o = 1o§n- In particular, if we just consider a local expansion for k close

to 2logn we obtain

n (k—21logn)? 1
EB,y=———= ¢ 2kbsn 0] . 6.58
ok VAamlogn (e * (Vlogn)) ( )
By (6.54) we get the same for I, :

Bl n _(kﬁlognﬁ 410 1
k= ——1|¢€ ogn .
w Vdamlogn Vlogn

This indicates that the majority of the nodes of a binary search tree T, is
concentrated around level 2logn. In particular, a central limit theorem for
the insertion depth D,, follows.

From (6.58) it also follows that E B,, , — oo (for k ~ aclogn), if and only
if o € (a—,ay), where 0 < a— < 2 < a4 are the solutions of the equation

P
alog (—e> =1, a_=0373..., a,=4311...
(6%

This implies that the natural range of the external profile is a_logn < k <
a4 logn. The corresponding limit theorem is the following one (see [37, 87]).

Theorem 6.41. For a_ < a < ay there exists a random variable X («) that
satisfies the equation

X(a) 2

(] e}

U X (o) + %(1 —U)* ' X (a)*

with E X (o) = 1, where X (o), X(a)*, U are independent, X («) 4

and U is uniformly distributed on [0, 1], such that

X(a)",

Bn, lalogn| d

EX, X(a).

Jlalog ]

The internal profile behaves different. Here we have (see [87])
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2k — g (21,€g)}( - for k <logn — O(y/Togn),

“logn logn

Bl ~ 20 (472 for k = logn + o((log n)*/?),
(2logm)” for logn + O(y/Togn) < k < O(logn),

k! (1- o ) T (e 7)

where @(x) denotes the normal distribution function. This means that the
binary search tree is almost full up to level k£ = logn, that is, the expected
number of internal nodes is approximately 2¥. For higher level the situation
is different. There the number of internals and externals are (asymptotically)
proportional. According to these two regimes we have

2k — In,La logn]| i)
2k — EXn,I_a logn]

X ()

fora_ <a<1and
I, lalogn| d
——e " 5 X
EXn,I_a logn] ( )

for 1 < o < a4, where X(a) is the same limiting random variable as in
Theorem 6.41.

There are again at least three different proofs for these properties: the
martingale method (see [37, 38, 39]), the moment method and the contraction
method (see [87]) which work exactly as in the case of recursive trees.

Binary search trees can be considered as special cases of d-ary recursive
trees (see Section 1.3.3), that are determined by the generating series ¢(z) =
(1+2)?. This implies that the differential equation of the generating function
y(x) =, 5 yna™/n! of d-ary recursive trees is given by y'(z) = (1+ y(z))?.
We have (see Section 6.2.2)

y(x) =1~ (d—1)z) 71 —1

and
2—d
nd—l

—
r ()
We slightly change the generating function to Y (z) = 1+ y(z). Here we have

the differential equation Y'(x) = Y (z)¢ with initial condition Y (0) = 1.
In order to study the external profile we introduce the generating functions

Yn = nl(—(d — 1))”( ?) ~nl(d—1)"

xn
Yi(z,u) = Z B uBnx Yn— 7 (6.59)
n>0 ’

As in the binary case we have Yy(z,u) = u + y(x) and recursively

5\Y’chrl (:L’, u)

Oz :Yk(xvu)d
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with Yj(0,u) = 1. The corresponding generating function

Zi(x) = [ML_ > EB,, kyn

ou
n>0

of the expected profile satisfies

Zpia (z) = ﬁ&(x)

(with Zx4+1(0) = 0 for k£ > 0). The solution
d* 1 g
7z - -
=55 (o ()

EB, =

rewrites to

B0 ()
(dlogn)*I ( 1)

~

nTTRID ( )
pe(i-log(a/d)— p( )
- okl () ’

where oo = k/logn = O(1). The profile is thus concentrated around the level
k =dlogn and by P[D,, = k] =EB,_1/((d—1)(n — 1) + 1) we again get a
central limit theorem for the insertion depth D,, with E D,, = dlogn + O(1)
and Var D,, = dlogn + O(1).

Furthermore it follows that E B,, , — oo (for k ~ alogn), if and only if
a € (ag,—, aq,4), where 0 < ag — < d < g4 are the solutions of the equation

) de 1
G - Da) " d-1

Hence, the natural range for the external profile is aq,— logn < k < ag 4 logn
for which we have the following property (which is a direct extension of The-
orem 6.41).

Theorem 6.42. Let B, denote the external profile of d-ary recursive trees.
Then for ag— < a < aq.4 there exists a random variable X (o) that
satisfies the equation

X(a) £ SV,
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with E X (o) = 1, where X (a)M,..., X (o), (Vi,...,Vy) are independent,
X (o)) 4 X(a), and (Vi,...,Vyq) is a Dirichlet distribution on the simplex
A={(s1,...,8q4) 185 > 0,81+ -+ sq = 1} with density

f(s1,.0.y8q4) = (d—1)!(s1 -+ 8q),

such that
Bn, lalogn| i}

X(a).
EXn,LalognJ ( )

The properties of the internal profile of the binary case extend to the d-
ary one. Again one has to distinguish between the range aq,— < a < 1 and
l<a<agq.

Next we consider the class of increasing trees that are determined by the
generating series ¢(x) = (1 — x)~", where r is a positive real parameter (see
Section 1.3.3). The case » = 1 corresponds to plane oriented recursive trees.
The generating function y(z) = >, < ynz"/n! =1— (1—(r+1)z) Y+ gat
isfies the differential equation ' = 1/(1—y)" and we have i, = n!(—1)""!(r+
1)m (1/ (’;LH)). Equivalently we can work with the function

" 1
Y(x) = y/(l') = Ynt1— = T
nzz:o nl (1= (r+1)z)™
that satisfies the differential equation
1

Y'(x) = 7Y (z)r 2.

Let X,, . denote the corresponding profile. Then the generating function

n

X, z
Y (2, u) = E Ey”rttr yn+lm
n>0 :

satisfies the differential equation

8Yk+1(x,u) 14

T = T‘qu-l Yk(l’,’u).
The analysis of this class of increasing trees is more involved than in the
previous cases (compare with Hwang [106], Sulzbach [194] and Schopp [189]).
Nevertheless it is possible to obtain a corresponding results for the limit.

Theorem 6.43. Let X,, ;; denote the profile of increasing trees defined by the
generating series (x) = (1 — x)~", where 1/r is a positive integer, and let
a = agp > 0 be the unique solution of the equation

1
r4+1

1
(;u(logOerlogi —1) =
r
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Then for 0 < a < g there exists a random variable X («) such that

Xn lalogn | d
— — X (a). 6.60
IE:AXvn,I_oelognJ ( ) ( )

The distribution of X () is determined by the stochastic fixed point equation

1+1
T r+1 1
Zva = (z)+ on%JrQX(a)(HQ)

with B X (o) = 1, where X (a)®, ... X ()2, (4, ... :V1,,) are indepen-

dent, X (o)) 4 X(a), and (V1,...,Viiy) are given by V; = G; A0 T2 Gi)
_r_ )6

with G; independent and gamma distributed F(r+1’ P

The proof method of Schopp [189] is based on an martingale approach
and leads to an optimal result (almost sure convergence), but only if 1/r
is a positive integer. If 1/r is not an integer then one can use a moment
method in order to obtain (6.60) at least in the range 0 < a < r/(r + 1)
(compare with [106]). Note also that o = r/(r + 1) is the level, where most
of the nodes are concentrated. As in the previous cases we obtain a central
limit theorem for the insertion depth D, with ED,, = Z7logn + O(1) and
Var Dy, = 15 logn + O(1).

Finally we discuss the profile of fringe balanced m-ary search trees as
described in Section 1.4.2. Recall that every (internal) node in an m-ary search
tree can hold up to m — 1 keys. Hence, there are m different kinds of nodes
and, thus, m different possible kinds of profiles. For simplicity we only discuss
the key profile X, i, that is the number of keys that are stored in nodes with
depth k.

By construction (see Section 1.4.2) we have the recurrence

(1) (2) (m)
Xpp 2 XV,El),k—l + XD X (6.61)

where (Xle,l) (bell)ﬁ) (V(l), e Vn(m)) are independent, (Xr(Lll)v) 4 (Xn.k)s

L)

and where the splitter ( has distribution

P{VD, ... V™) = (ng,...,nm)} = M (6.62)

(mt—i—T:n— 1)
Let

z) = Z kazk

k>0

5 A non-negative random variable X is gamma distributed I’(c, 3) with pos-
itive parameters a,( if the density of the distribution is given by f(z) =
z*"te™2/8 /(B2 (a)) for z > 0.
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denote the corresponding profile polynomial. By (6.61) it is recursively given
by Wy, (z) =n for n <m —1 and

Wa(2) £ W (2) 42 W50 (2) - +2W 0, () +m—=1, n=m, (6.63)

where We(j) (), 7 =1,...,m, are independent copies of W;(z) that are inde-
pendent of (Vn(l), ceey V,Em)), £ > 0. From this relation we obtain a recurrence
for the expected profile polynomial E W, (z). We have, for n > mt + m — 1
and z € C,

n—~_—1
mzzMEwg(szfL (6.64)
(mt+m 1)

As in the previous cases we use the expected profile polynomial to get
asymptotic information on the expected profile. Set

t!

F©) = m(mt +m — 1)!

@+t)@+t+1)---(0+mt+m—2), (6.65)
and let \;(2),j=1,...,(m—1)(t+1) denote the roots of F(#) = z (counted
with multiplicities), arranged in decreasing order of the real parts: $tA;(z) >
RA2(z) > .... Further, let Dy, for real s, be the set of all complex z such that
RA1(z) > s and RA1(2) > RA2(z) (in particular, A;(z) is a simple root). It
can be seen that the set Dy is open and that A\{(z) is an analytic function of
z € D;. If z € D, is real, then A;(z) has to be real (and thus > s), because
otherwise A1 (z) would be another root with the same real part.

Lemma 6.44. Let W,,(2) = Y o0 Xn 2" denote the (random) profile poly-
nomials. B

1. If K is a compact subset of D1 then there exists § > 0 and an analytic
function E(z) such that

EW,(z) = nM@~1 (BE(2) + O(n™?)) (6.66)

uniformly for z € K.
2. K is a compact subset of C. Then there exists D > 0 such that

EW,(2)| =0 @maxWMz))_LO} (log n)D) (6.67)

uniformly for z € K.

We indicate a possible proof for the first part of the lemma. We intro-
duce the generating function ¥(¢;2) = >, <o EW,(2)¢". Let A(6;z) be the
polynomial (in 0) of degree r := mt +m — 1 defined by
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A0;2) =600 +1)--- (0 +mt +m —2)
— 1)
s (mt +m —1)!
t!
m(mt +m — 1)!

= 0+ 1) (0 4+t = ) (F(0) - 2)

00O +1)---(0+1t—1). (6.68)

and let 9 denote the differential operator (1 — () %. Then (6.64) is equivalent
to the differential equation (in ¢, with z fixed)

AW;2)¥(¢2) = (m— 1)l (1—¢)~n (6.69)

The functions (1 — C)*)‘j(z) are then solutions of the corresponding homoge-
neous differential equation. With the help of this observation it follows that
(for ¢ in a A region and for z € Dy)

W(G:2) = B(:)(1 = () 0 (JL - ¢[7R00).

This implies the first part of Lemma 6.44 by using the transfer lemma
(Lemma 2.12). The second part can be similarly proved by estimating the
appearing Cauchy integral instead of applying the transfer lemma (see [68]).

By using Lemma 6.44 we derive bivariate asymptotic expansions for E X, j
in a large range. For convenience we use the abbreviation

Ly ! B
oy = | —— [ - .
O \t+1 T t42 (t+1)m—1

Lemma 6.45. Suppose that oy, as with ag < a1 < ag < oo are given and let

B(a) be defined by B(a)\| (B(a)) = . Then

E(ﬁ(an k))n)\l(ﬁ(a7‘=k))_a'rL,k log(B(an,k))—1

EX, =
H 2k + Blan )N (Blany))) log n

uniformly for oy = k/logn € (a1, as] as n,k — oo.

(14 0(0gn)~1/))

The proof is a simple application of Cauchy’s formula

1
EX,r=— EW, (2)z F1dz,
© 2

where (3 is chosen to be B(apnk), that is, the saddle point of the dominant
part of the integrand:

n)\l(z)z—k — ez\l(z) logn—k'logz_

In order to formulate a limit theorem for the profile X,, ;, we need the
solution of the distributional fixed point equation
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Y(2) L 2V Oy O () 420 Oy @ ()4 VY 4 (6.70)
where YU (2),...,Y(™)(2),(Vi,...,V,,) are independent, Y@ (z) <
and where (V1,...,V;,) is supported on the simplex A = {(s1,...,8m)
0,81 + -+ + sm = 1} with density

Y(

z),
>

((t+1)m—1)! "
f(sl,...,sm):—(t!)m (51 8m)"
In particular one first shows that for suitable z € C
Wa(z) a
— Y
EW,(2) (2)

(compare with [68]). Finally, by applying Cauchy’s formula one then derives
a limit theorem for X, j.

Theorem 6.46. Let m > 2 and t > 0 be given integers and let (X, r)k>0 be
the profile of the corresponding random search tree with n keys.

Set I ={B8>0:1<X(B%) <2M(B) =1}, I' = {BNy(B) : B € I}, and let
B(a) > 0 be defined by B(a) N (B(a)) = a. Then for every o € I’

Xn, lalogn| d

EX, Y(B(a)). (6.71)

sLerlogn]

A corresponding result holds for several different kinds of profiles according
to the m different kinds of nodes that appear in m-ary search trees. Theo-
rem 6.46 generalises to a functional limit theorem, too (see [68]).

6.5.2 The Height of Binary Search Trees and Related Trees

In the previous section we have discussed the profile of d-ary recursive trees,
generalised plane oriented recursive trees and m-ary search trees. For all these
classes of random trees we have observed a structure that is similar to that
of recursive trees. Since the height is closely related to the profile we expect
a similar phenomenon for the height. All these trees are so-called log n-trees,
that is, the height is of order logn. The second observation is that the height
is highly concentrated around its mean.

We start with d-ary recursive trees that include the class of binary search
trees. Besides the height H,, there is a second level of interest. The saturation
level H,, is the maximum level with Iy, = dF, that is, up to this level the
tree is a complete d-ary tree.

Theorem 6.47. The height H,, and the saturation level H,, of random d-ary
recursive trees have expected value

EH, ~ aglogn and EH, ~ a4 logn, (6.72)



6.5 Profile and Height of Binary Search Trees and Related Trees 301

where 0 < ag,— < d < aq,4 are the solutions of the equation

1 de 1
G \d—Da) a1

Furthermore there are exponential tail estimates of the form

P{|H,—-EH,| >n} =0 (e_C") and P{|H,-EH,|>n}=0 (e—cn)
with some ¢ > 0.

Remark 6.48 We want to note that in the binary case ®(x) = (1+x)? (that
is equivalent to binary search trees) various results of that kind (and even
much more precise ones) are well known (see [49, 61, 181]). For example, it
is known that

3az,+

——>=7 Joglogn + O(1).
o, — 1) 8los (1)

EH, = a4 logn —
Of course, we expect similar relations for general d-ary recursive trees.

The first breakthrough was due to Devroye [49] who related the height of bi-
nary search trees to branching random walks and could prove that H,/logn —
ag + = 4.331... a.s. Previously Pittel [172] had shown that H,/logn — v for
some v < g . Based on numerical data Robson conjectured that the variance
Var Hy, is bounded. In fact, he could prove (see [185]) that there is an infi-
nite subsequence for which E|H,, —E H,,| stays bounded. Eventually Robson’s
conjecture was independently solved by Reed [181] and (few month later) by
Drmota [62].

Nowadays the height constant is known in very general setting, for exam-
ple, in [27] it is shown that H,/logn — aq4 for all polynomial classed of
increasing trees of degree d.

The analysis of the height H,, of d-ary recursive trees is very similar to
that of recursive trees. The generating functions

yela) = S B{H, < Ky

n>1
with y, = (=1)"n!(d — 1)”(_1/(7?_1)) satisfy yo(x) = 0 and

Y1 (@) = 1+ ye(@)?,  yes1(z) =0

(compare also with Section 6.2.2). For convenience we will work with Yy (z) =
1+ yi(x) that satisfy Y/, (z) = Yp(2)* and Yi41(0) = 1. Note that by

definition )

(1—(d—1x)m

lim Yi(e) = Y(z) =
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Thus, one might expect that the behaviour of the sequence Y3 (1/(d — 1)) will
play an essential role in the analysis as it was with Y (1) in the case of recursive
trees. This is actually true. In particular Lemma 6.33 and Lemma 6.34 have
direct counterparts. Hence the limit

Yier1(1/(d - 1)) (6.73)

0 e YR /(d—1)

exists. Furthermore, Lemma 6.37 generalises to
Yk(ﬁ) n
P{H, <k}=0 (m and P{H, >k} =0 Ve )it )

1
(6.74)
The essential part of the proof is to show that «g > 1. Here we use the
estimate

4
k(x) =Y(2) = Yi(z) < dkbzk% (dl 11087 (dlf 1)56) ’

which follows by induction with the help of the inequality 6}, (z) < dY (z)*~ 6 (x).
If we set xp = ﬁ (1 — A_k') with A = e!/@¢+ then this inequality implies

Yi(1/(d — 1)) > Yi(zg) > AF/(@=D) (1 —0 (k*1/2> )

and consequently o > AL/d=1) 5 1
By combining (6.73) and (6.74) it follows (as in the case of recursive trees)
that

logn

B, = mase {k: Yi(1/(d = 1)) < 00D} 0(1) ~ S

and that we have exponential tail estimates of the form
P{|H, —EH,| >n} =0 (e ).
It remains to show that ag = AV~ Since ag = ((d — 1)log A)71,

this will imply E H,, ~ a4 4 logn. For this purpose we consider solutions of
the integral equation

yﬁny/mzﬁ / ﬁ(F(y)y_) dy, (6.75)

d
1 -
F(dfl) y1t+-+ya=y,y; >0 j=1

for 1 < A < e!/®¢+ and auxiliary functions

Yi(z) = A¥(d=Dg (A’“ (m - ﬁ)) )
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where ) - 1
P(u) = )/O F(y)y™1 e " dy.
i

(d-1)7r (d%

These functions satisfy the recurrence 7;: Li(x) = 72(:&) and can be used to
provide upper bounds for Y (1/(d—1)) (compare with Lemmas 6.38-6.40, see
also [57]).

Remark 6.49 An even more refined analysis (see [57]) shows that
P{H, <k} = F((d - 1)n/Ya(1/(d— 1)*1) + o(1)

uniformly for all k > 0 as n — oo, where F(y) satisfies the integral equation
(6.75) for A = el/a+,

The analysis of the saturation level H,, of d-ary recursive trees runs along
similar lines. Here one has to study the generating functions

_ — "
Bu(e) = 3O B{H 2
n>1 :

that satisfy the recurrence

Ty () = Ur(@)h, Ypsr(0) =0

with initial condition g, (z) = y(x). The major difference between the analysis
of the height and the saturation level is that one cannot consider 7,(1/(d—1)),
since the function 7, (z) is singular at = 1/(d — 1). Instead, one can study
the behaviour of the sequence 7, (Tx) that is determined by the equation

y(@x)

Up(Tk) = 5

For details see [60] and [36].
Next we turn to generalised plane oriented recursive trees.

Theorem 6.50. The height H,, of random increasing trees defined by the gen-
erating series P(x) = (1 —x)~" (for some real r > 0) has expected value

E H,, ~ a,logn, (6.76)

where o, > 0 is the solution of the equation

1 1
Q <logar+logri_ —1) =TT

Furthermore there are exponential tail estimates of the form
P{|H, —EH,|>n}=0 (e

with some ¢ > 0.
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Here the generating function y(z) = > -, y»2"/n! satisfies y'(z) =

(1 —y(z))™" and is explicitly given by y(z) =1 — (1 — (r + 1)z)1/(r+1) with
coefficients y,, = n!(—=1)""1(r + 1)”(1/(;“)). The height distribution is then

encoded in the generating functions
xn
ur(@) = D ynP{Hn <k},
n>0
which are given by yo(z) = 0 and recursively by
1

/
Y z)= ——F—, yr+1(0) = 0.
k+1( ) (1 — yk(z))r +1( )
By taking derivatives it follows that
147
k1 (2) = (Y1 (2)) T wk(2).

If we set .
z

n>0
then we have Y7(z) = 1 and the recurrence relation
Vi(2) =Y (2 Ye(2),  Yen(0) =1 (6.77)

This equation looks like a mixture of the corresponding generating functions
for recursive trees and d-ary recursive trees. Therefore a similar analysis ap-
plies (see also [60, 57]) and we obtain the result.

Remark 6.51 If r = % > 0 is a rational number (with positive coprime

integers A, B) then we have (uniformly for all k >0 as n — o0)

P{H, <k} = G((r + )n/(yi(r/(r + 1)))**7) +o(1)
with

I (4t5) d I
G(y) =—3 / H (F(ij)zjf“’*B > dz
1 ;
r (m) Z1ttzg=1,2;>0 171
and where F(y) satisfies the integral equation
r (1 + —A}FB)

A+B+1
Jpl ——
()

yTT F(ye~or) =

B+1

x / 11 (F(yje_l/a")yfilgl)

Y1+ +ya+B+1=Y,y; >0 7=1
A+B+1

< |1 <F(ye)yé‘ﬁ_l> dy.

{=B+2
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Finally we consider fringe balanced m-ary search trees.

Theorem 6.52. The height H,, and the saturation level H,, of random fringe
balanced m-ary search trees (with parameter t) have expected value

EH, ~ amy4logn and EH, ~ apy,logn, (6.78)
where 0 < apt,— < Q¢+ are given by

(m—1)(t+1)—-1 1

Am,t,— = o a
" ; Bitt+1+]
(m—1)(t+1)—1 1
SCOSRD Dy v

§=0
where $1 > 0 and B2 < 0 are the solutions of the equation

(m—1)(t+1)—1 (m—1)(t4+1)—1
) (m(t+1))! I3

1 14j)—log (22T ) 7

2 lo(B+itit) Og( t+1) 2 FrieiT

j=0 j=0
(6.79)
Furthermore there are exponential tail estimates of the form

P{|H,—-EH,| >n} =0 (e—cn) and P{|H,—-EH,|>n}=0 (e—cn)
with some ¢ > 0.

In this case the generating functions

yr(x) = SOP(H™ < ko and gy(e) = S OP{E, > k}an

n>0 n>0

satisfy the recurrence relation

t+1)—1 (m(t —+ 1) — 1)' ¢ m

i @) = g (@) (6.80)

—(m _ m(t+1)—-1)! /_ m

g gy = LD DY (0 )™ (6.51)

)

with initial conditions

yo(x) =1, y(0) = y4(0) = --- =y V(0) = 1,
resp.

s _
Tol@) = 7= w(0) = 4(0) = --- ="~V (0) = 0.

Thus, we are again in a similar situation as in the above cases (for details we
refer to [36]).
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Tries and Digital Search Trees

Digital trees like tries or digital search trees are important in many computer
science applications like data compression, pattern matching or hashing. For
example, the popular Lempel-Ziv compression scheme [208] is strongly related
to digital search trees.

The basic idea of the Lempel-Ziv algorithm is to partition a sequence over
a finite alphabet into phrases (blocks) of variable sizes such that a new block is
the shortest substring not seen in the past as a phrase. For example, the string
110010100010001000 is parsed into (1)(10)(0)(101)(00)(01)(000)(100). This
algorithm can be implemented efficiently by using the digital tree structure
(compare with Figure 1.13). Assume that the first phrase of the Lempel-Ziv
scheme is an empty phrase that is stored in the root. When a new phrase is
created, the search starts at the root and proceeds down the tree as directed
by the input symbols exactly in the same manner as in the digital search tree
construction. The search is completed when a branch is taken from an existing
tree node to a new node that has not been visited before. Then, an edge and
a new node are added to the tree. Phrases created in such a way are stored
directly in the nodes of the tree. The example string produces exactly the
digital search tree depicted in Figure 1.13.

Digital trees have been widely studied in the literature (see [146, 197] and
the references therein). Here we will concentrate on the profile and comment
shortly on the height. The motivation of studying the profiles of such trees
is multifold. Of course, digital trees are used in various applications (for ex-
ample, the profile X, , represents the number of phrases of length k in the
Lempel-Ziv'78 built over n phrases). Second, the profile is a fine shape mea-
sure closely connected to many other cost measures (height, saturation level,
depth, path length, etc.). And finally, the analytic problems are mathemati-
cally challenging and lead to interesting distributional results. It is remarkable
that the profile process is almost deterministic. In contrast to the previously
studied classes of trees (Galton-Watson trees in Chapter 4 and recursive trees
in Chapter 6) the normalised profile B, ,,/E By, 1 converges to 1 and there is
a central limit theorem.
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The following treatment on tries is based on the work by Park, Hwang,
Nicodeéme, and Szpankowski [169]. The corresponding result for digital search
trees follows some recent work by Drmota and Szpankowski [70].

7.1 The Profile of Tries

Tries are prototype data structures useful for many indexing and retrieval
purposes. They were first proposed by de la Briandais [44] in the late 1950s
for information processing; Fredkin [86] suggested the current name is part of
retrieval. Due to their simplicity and efficiency, tries found widespread use in
diverse applications (see [87, 130, 146, 197]).

Tries are a natural choices of data structures when the input records in-
volve a notion of alphabets or digits. They are often used to store such data
so that future retrieval can be made efficient. Recall that (m-ary) tries can be
constructed in the following way. Suppose that a sequence of n strings over an
m-ary alphabet, m > 2, is given. If n = 0, then the trie is empty. If n = 1 then
a single (external) node holding this string is allocated. If n > 1 then the trie
consists of a (internal) root node directing strings to the m subtrees according
to the first letter of each string, and strings directed to the same subtree are
themselves tries (see [130, 146, 197] for more details). For simplicity, we only
deal with binary tries here. Unlike other search trees, such as digital search
trees and binary search trees, where records or keys are stored in the internal
nodes, the internal nodes in tries are branching nodes used merely to direct
records to each sub trie. The keys are all stored in external nodes that are
leaves of such tries. A trie has more internal nodes than external nodes (fixed
to be n), differing from almost all other search trees.

7.1.1 Generating Functions for the Profile

Our first and main goal is to study the profile of tries, where we have to
distinguish, as in the case of binary search trees, between the internal and
the external profile. We write B,, j, to denote the number of external nodes
(leaves) at distance k from the root (external profile) and the number of
internal nodes at distance k from the root is denoted by I, . (internal profile).
In the example (depicted in Figure 1.14) we have Bgg = Bg1 =0, Bg 2 =
Bg3z=1,Bgsa=2,Bgs=6and Isg=1,1g1=2,I30=133=3, Ig4 =2.
We also assume the simplest probabilistic model, namely the standard
Bernoulli model. More precisely, we assume that the input is a sequence of
n independent and identically distributed random variables, each being com-
posed of an infinite sequence of Bernoulli random variables with mean p, where
0 < p < 1 is the probability of a 1 and ¢ = 1 — p is the probability of a 0.
The corresponding trie constructed from these n bit-strings is called a random
trie. This simple model may seem to be too idealised for practical purposes,
however, the typical behaviours of such a model often hold for more general
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models such as Markovian or dynamical sources, although the technicalities
are usually more involved (see for example [41, 50, 51, 111]).
We start with the external profile B,, ;. Let

Pn,k(u) =E UB”'k

be the corresponding probability generating function. Then by using the re-
cursive definition of tries we have

n

Poje(u) = (?)qunij,k—l(u)Pn—j,k—l(U), (n=2k=>1) (7.1)
j=0

with initial conditions Py x(u) = 1 for k > 0, Py o(u) = u, Py x(u) = 1 for
k > 1, and P,o(u) = 1 for n > 1. Recall that the first digit determines
whether the corresponding string is put to the left or to the right subtree.
Due to the independence assumption the number of strings where the first
digit is 0 follows a binomial distribution. The splitting probabilities are thus

given by (?) plgnI.
From (7.1) one gets directly a recurrence relation for the exponential gen-
erating functions .
Gl w) = Y Paslu) =

n>0

of the form

Gr(z,u) = Gr-1(pz,u)Gr-1(qz,u) + (Prx(u) — Prp-1(u))z, (k>1),
(7.2)
with initial condition Go(x,u) = e® + z(u — 1). With the help of the initial
conditions of Pj i (u) it follows that

Gi(2,u) = € + (€ qz + ¢z — 1) (u — 1) + pga?(u — 1)?

and
Gr(z,u) = Gr-1(pz,u)Gr-1(qz,u),  (k=2). (7.3)

The corresponding probability generating functions for the internal profile,

P (u) = Eulner,

n,

satisfy the same recurrence

n
n . .
P w)=%" ( j)pfq" PP ), (> 2,k > 1),
7=0

but with initial conditions Pr%(u) =u for n > 2 and Pw[f}g(“) =1lforn<1
and k > 0. Similarly to the external profile we introduce the exponential
generating functions
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all N Pl
(T u) = Z n,k(u) Pk
n>0

that satisfy
A, u) =G (e, w) G (qz,w), (k> 1), (7.4)

with initial condition G([)I] (x,u) =ue® — (1+z)(u—1).

We will come back to the relations (7.3) and (7.4) in Section 7.1.3. In order
to get a first impression of the behaviour of such profiles we will study the
expected profile (see Section 7.1.2). Set

Fu(a) = 3 E B o = {W]“'

— =
n>0
Then (7.3) implies

Ei(x) = e Ey_1(px) + e’ Ej_1(qx) (k > 2).

Setting
—T . l‘n —x
Ag(z) = e “Eg(x) = E:IEBMC i
n>0
this rewrites to
Ay ((E) = Ak,l(px) -+ Ak,l(qx) (]f > 2) (75)

with initial conditions Ag(x) = ze™* and Ay (z) = pre P* + qre™ % — xe ”.

Note that if  is a positive real number then Ay (z) can be considered as
the expected value of the external profile (at level k) if the number n of input
strings is Poisson distributed with parameter x. The mapping

~ x"
(an)nZO = A(l‘) = Z (79} Feix
n>0 :

is also called Poisson transform. In the context of tries the Poisson transform
has turned out to be natural; the relation (7.5) is remarkably easy. With the
help of the Mellin transform we will be able to provide an asymptotic solution
of Ag(z) (see Section 7.1.2). The final step is then to derive asymptotics for
E B, from that of Ag(z), that is, we have to invert the Poisson transform.
This is of independent interest (compare also with Jacquet and Szpankowski
[113]). For example, the Poisson transform of the sequence a,, = n equals
A(z) = z, and the the Poisson transform of the sequence b,, = n? is B(z) =
z + 22, In these two examples we have A(n) = a, and B(n) ~ b,. Such a
property is surely not generally true (for example, for a,, = 2™) but the crucial
observation is that (under suitable assumptions) A(n) and a,, are very close
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(see [113]). Thus, inversion of the Poisson transform is mostly relatively easy.
We can expect that E B, j is approximated by Ag(n), but one has to keep
track of the second parameter k.

From a computational point of view depoissonisation is done with Cauchy

integration
1 ~ dx
T x) —_—,
pntl

L 211 |z|=r
where the radius r is usually chosen to be n, since x = n is the saddle point
of the function e*x~™. Thus, if A(z) has a regular behaviour, for example
polynomial growth, then the integral is concentrated at = n and we (usually)

get

1 s dx
™ o A
jal=n, | arg(x)|<c
- 1 dz
~ A - —_ z
) 5 / ¢ i

|z|=n, | arg(z)|<e

~ A(n)v

as expected.

7.1.2 The Expected Profile of Tries

In order to state our main result we need the following notations. For a real
number « with (log %)_1 < a < (log %)_1, let

1 1 —alog(1/p)
p=pla)= og . 7.6
(@) log(p/q) " alog(1/q) — 1 (76)
Equivalently, @ and p satisfy the equation
_ pr+q”
prlogs +qrlogl’
Furthermore, we set
p~Pq""log(p/q)”
= , 7.7
8(p) = e (7.7)
and
' log(1/p) * " logltlogl’
P+ ¢ 2
e’

2= ; 3= T
p?log % + ¢?log % log(1/(p? + ¢?))

Then we have the following relations.
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Theorem 7.1. Let E B,, ;. denote the expected external profile in binary ran-
dom tries with underlying (non-zero) probabilities p > ¢ =1 — p. Then:

1. Ifa; + € < i < ay — € (for some € > 0) then we have uniformly

logn

= onntony) AL (0 (7).

where G(p,x) is a non-zero periodic function with period 1 and pp i =
p(k/logn).
2. If k= as (logn + &/ aaB(—2) logn), where £ = 0((logn)%) then

B B = 2000 + 420l (140 (L '5'3»
h Viogn ) )

where ®(x) denotes the normal distribution function.
3. If £ > ay + € (for some € > 0) then uniformly

logn

EB, ;= 2pqn?(p? + qQ)k'_1 (1 + O(n_”))
for some n > 0.

Theorem 7.2. Let E I,, ;, denote the expected internal profile in binary ran-
dom tries with underlying (non-zero) probabilities p > ¢ =1 — p. Then:

1 Ifoy 4+ e < £ < g — e (for some e > 0) then we have uniformly

logn —

o . —Pnk q—pn,k)kn—pn,k B
EI :2k—G( ,1o kn) (p (1+O(k 1/2)),
n,k Pn.k gp/qp QWﬂ(pn’k)k

where G(p,x) is a non-zero periodic function with period 1 and p,j =
p(k/logn).
2. If k= ag (logn + &/ apB(0) logn), where £ = 0((logn)é) then

E 1, = 28¢(—¢) (1 +0 (1 + |§|3)) .

Vlogn
3 Ifag+e< 1o§n < ag — € (for some € > 0) then uniformly
_ pfpn,k + qun,k)knfpn,k _1/2
EI :G( 1o kn)( (1+O(k /))
n,k pn,k gp/qp 27_(_6(,0’”’]6)]{:

4. If k= as (logn + &/ 8(—2) logn), where £ = o((logn)%) then

3
B = y#iene” - (140 ()
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5. If £ > ay + € (for some € > 0) then uniformly

logn
1 . _
E Ly = 5020 + ) (14 0(n )

for some n > 0.

Remark 7.3 The results stated above are not optimal. For example, the re-
striction a1 +¢€ < logn < ag — € (in the first part of Theorem 7.1) can be
weakened to

aq (logn —logloglogn — K,,) < k < as (logn— K, logn) ,

where K, is any sequence tending to infinity (compare with [169]).
If we set a = k/logn then we can rewrite
(pfp + qu)knfp — o log(pf’urqu)*ﬂ'

Thus, for agp < a < a3 the behaviour of E B), , and E I,, ;, is governed by a
power of n depending on the ratio a = k/logn. The maximum exponent is

obtained for
1 1
o= — = —_
h - plog+ +qlog ¢

where h = plog % + qlog % denotes the entropy of the Bernoulli source. Actu-

ally, the expected number of nodes at level & = %logn is of order n/+/logn.
Thus, as in the case of recursive trees (or binary search trees), almost all nodes
are concentrated around this typical level.

Let D,, denote the depth of a random node in a random trie with n keys.
Then the distribution of D,, is related to the external profile by

E B,

Hence, a direct application of Theorem 7.1 provides an unusual local limit
theorem. (Here we also use the notation he = p(log %)2 + q(log %)2.)

Theorem 7.4. Let D,, denote the depth of a random node in a binary random
trie with underlying (non-zero) probabilities p > ¢ =1 — p. Then we have

N e
n — == ex _
V2 R logn D\ 2(hs — h2)/hP logn

3
1 ‘k—%logn|
1
X ( +0 <\/logn * (logm)?

uniformly for k and n with |k‘ — %logn‘ = o ((log n)2/3).
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The unusualness in this result is the periodic factor. Thus, although the depth
D,, follows a central limit theorem (see [110, 111]) it does not follow a corre-
sponding local central limit theorem (compare also with [169]).

The proof of Theorem 7.1 relies on a precise analysis of the recurrence (7.5)
for Ag(z) that is based on the Mellin transform and analytic depoissonisation.
Let Aj(s) denote the Mellin transform

Ap(s) = /0OO Ap(z)r*~ da
that exists for s € C with R(s) > —2 (if kK > 1). Then (7.5) rewrites to
Ai(s) =" +¢)A5a(s),  (k=2),
with initial condition
Al(s)=T(s+1D(p*+qg°—1).
Thus, for £ > 2 we explicitly have
Ap(s)=T(s+ 1)+~ = 1)(p~" +q ).

Hence, by the inverse Mellin transform (see [81])

1 p+ioco
M) =g [P DGO g s (1)
T J p—ico
with p > —2 and where
1
s)=1- ——.
9(s) PR —

We are mainly interested in the behaviour of Ak (x) for = n, since by analytic
depoissonisation we expect that E X,  ~ Ax(n).
For convenience we set

T(s)=p *+q°

For the asymptotic analysis of the integral (7.8) it is natural to choose p = py, i
as the saddle point of the function

T(S)kn—s — ek‘ log T'(s)—slogn
that is given by the relation

% (klogT(s) —slogn) =0.

Equivalently we have



7.1 The Profile of Tries 315

ko p’+q”
logn  p—rlog % +qg—"log % ’

that is, p = pn.x = p(k/logn).

However, we have to distinguish between several cases. We start with the
range a1 < k/logn < as. Here we have —2 < p, 1 < oo and we can choose
p = pnk- Another observation is that on the line R(s) = p there will be
infinitely many saddle points

2mij
5
log 7

s;=p+

This is due to the fact that T'(s;) = e~ 2% (logr)/(1ogP/9)T(p) and consequently
the behaviour of T'(s)*27% around s = s; is almost the same as that of
T(s)kz=* around s = p. This phenomenon gives a periodic leading factor
in the asymptotics of Ag(n) and also of u, = E By, .

Lemma 7.5. Suppose that a1 +¢€ < % < ag — € (for some € > 0). Then we
have
(pfpn,k _|_ qun,k)knfpn,k 1
Ak(n) =G (p ,k‘710g pkn) 1+ O|—= )
iR 27 B(pn 1)k NG
where

G(pv x) = ZQ(P“F itj)['(p—|— Z'tj + 1)6—2jﬂ'ix
JEL

is a non-zero periodic function with period 1 and t; = 2jm/log(p/q).

Proof. For convenience we set Ji.(n,s) = n~*I'(s + 1)g(s)T(s)*. We split the
integral (7.8) into two parts where we use the substitution s = p + it. Let
us start with the range |t| > +/logn and recall that by Stirling’s formula
L(p+1+it) = O (|t|pr1/2e=mI/2):

1 0

27 / Tu(np+it)dt =0 (”"T(p)’“ / IP(p +it) dt)

o Viogn

|t|>vIogn
=0 (in(p)k /oo tp+1/2€m/2>
Viogn
= 0 (T (p)" (logn)/2+1/4¢=mIown/2)
— O (nrT(p)te VI
Next set

1

j =5 Ji(n, p +it) dt,
T Jt—t;|<m/log(p/q)
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where t; = lggjg. We have to study these integrals for all |j| < jo =
Lvlognlog(p/q)/(2m)].

Since there exists ¢y > 0 with
pPTit 4 gmPmit < T(p)efco(tftj)2
for [t —t;| < w/log(p/q), we obtain an upper bound of the integral (for j # 0)

1 :
) .
T; 2 / Jie(n, p +1it) dt
k=2/5<|t—t;|<w/log(p/q)

=0 <|F(p + itj)|n_pT(p)k/ eeot’ dt)
k

—2/5

= O (IT(p+ ity) [~ T(p) k=2/3eme0k ™).

For j = 0 we can replace the factor |I'(p + it;)| by 1.
Finally, for |t —t;]| < k~2/5 we use the approximation

Ji(n, p+it) = [(p +it)g(p + ityn? T (p + it)*
(p+it)g(p + it)e ™" OE@ M =P H =t T (p it — 1))F
(p+ity)g(p + ity)e ™ EC Wp =P (p)ke= 40 (=t)7
x (1+O(|t — t;]) + O(k[t — t;]*))

r
r

and standard saddle point techniques to derive the approximation

1
T/ =5 / Je(n, p+it)dt
[t—t;|<k=2/°

: A TPT(P)F i egh _
=1'(p+it; 4oit) . —itjlog(ptn) (1 4 O(k1/2)) .
(p+itj)g(p +it;) 27Tﬂ(p)ke ( ( ))

Hence we finally get

Au(n) = 3 Ty + 0 (n70T(p)hem VT
[71<50
n=?T(p)*

_ I'(p+it: 4 it )e log(p*n)
Z (p 7)9(p i) 27 B(p)k

[71<d0

+ 0 (npr(p)kef‘/m>

(1 + 0(/(1/2))

=G (p,logp/qpkn) % (1 + O(k71/2)> :

as proposed.
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For the depoissonisation procedure we also need some information about
the asymptotic behaviour of A (ne'). The above proof extends to the range
|0] < 7/2 — € (for some € > 0). In this range we have uniformly

)
An(ne®y = 0L = 3 ol it i) (1)

v 271—6 \J\<Jo

«(1+0 (wz)) .

Furthermore, we also ovserve the following upper bound.

Lemma 7.6. There exits a constant ¢ > 0 such that
le” Ay (z)| < e Ap(r)e=cr?

uniformly for r >0 and |0| < 7, where x = re®.

Proof. Set x = re?. By (7.5) we can represent Ay (z) by

k-1

Ak(x)—z<k€1)ﬂ1(Zk 1=ty

£=0
Since e*A;(x) is a power series with non-negative coefficients, we have
le® Ay ()| < e Ay (r). Consequently, by using the inequality 1—cos§ > 292 /m>
(for |0] < ) it follows for k > 2

E
[y

le® Aw(z)| < <k€1>| z(1—piqF—17%) | rplgh—1- [Al (peqkflflr)

EEAS
= O

(]

<k€1>| (1— —plgt—1— e)rc0549| rpfghf—1— [Al <p£qkflflr)

7T
= O

(]

<k€1>| (1—ptg*—1=)r(1=29 /W2)| rplah1m eAl (peqk_l_er)

~

=0
6—27"92(1—;0'“’1)/#2 e Ay, (7”)

IN

< 672”2(17?)/”2€"Ak(r).

This proves the lemma with ¢ = 2(1 — p)/72.

By using these preliminaries the proof of the first part of Theorem 7.1
is completed by inverting the Poisson transform. As explained above we use
Cauchy integration with the contour |z| = n:

n! dx
EB,i = — " Ap(x) —
n,k 2mi e =n k( ) pntl
nln="

= /9< e"eieAk(new)e_madG.
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Fix 0 < 0y < /2. Then Lemma 7.6 implies

nln~"e™

2
0o<|0|<m 00<|0|<T

=0 (Ak(n)e*d’g") .

| -n i . . 2
e / ene gAk(ne“g)e*”“g df| < Ag(n) e~ qg

2

For the remaining part of the integral we use (7.9) and obtain

nln™"

2

i . .
/ et Ak (neze)e inf do
16]1<60

n=* k
o) > T(p+it)glp + it))

VRO 2,

—n

nln / —inb i6(p+it; —1/2
ne’’ —ind i ) do - (1+ Ok
27'[' \9\<00 ( ( ))
n=PT(p)* ) )
= — I'(p+it; + it
7Bk (p 3)9(p i)

[71<50

In=me™ 1,092
« u/ &5 (L O(mlof) + Olt,01)) o - (1-+ O(k~7))
2m Joi<oo

Z T(p+it))g(p+it;) (1 +O(|t;|n1?) +O(I<:_1/2))
2”5 K il<ho

= Ay(n) (1 + O(k*1/2)) .

This completes the proof of Theorem 7.1 for the range o +¢ < < ag—e.

logn —

The range Tog T > a9 + € can be handled in a similar way. First of all
one has to shift the path of integration to the line R(s) = p < —2. Since the

integrand has a polar singularity at s = —2, we thus have

1 oo
Ap(z) = —g(=2)2*(p* + A)F + %/ Ji(, p + it) dt.

By definition

1 2pq
-2)=1- =— .
g( ) p2 + q2 p2 + q2

This suggests that the leading term of Ag(z) is of the form

2pgz® (p* + ¢*)" 7,

which corresponds (by depoissonisation) to the proposed leading term
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2pqn®(p* + ¢*)F !

of E B,, . Therefore we only have to concentrate on the remaining integral.
We set = = ne? and obtain (by splitting up the integral into integrals T},
etc.)

/ Ji(x;p+it)dt = O (n_pT(p)kk_l/Q)

— 00

uniformly for |0] < 0y (where 0y < 7/2) and —K’ < p < —2— ¢’ (where ¢ > 0
and K’ > 2 are arbitrary constants). In fact, if we choose p sufficiently close
to —2 (depending of €) we obtain

Ap(ne'®) = 2pgn®e® (p* + ¢*)* 1 (1 +0(n™ "))

uniformly for |0| < 6y for some n > 0. Hence, together with Lemma 7.6 and
analytic depoissonisation we get

E B, = 2pgn®(p® + ¢*)* ' (1 +O(n™"))

uniformly for k/logn > ag + €.

Finally suppose that k/logn is close to as:

k= ao (1ogn + &V a8(—2) logn) ,

where ¢ = o((logn)'/%). We move the line of integration to the saddle point

R(s) =p L log L —alog(l/p) _ —2—;—1—0 (52/1ogn) .

" log(p/g) " alog(l/g)—1 VaaB(—2)logn

First assume that k < aglogn, so that £ < 0 and p > —2. This means that
we do not pass the polar singularity, which is located at s = —2. Hence, as
above we obtain

!
27 J)t|<(tog n)—2/5

+ 0o (|F(P +1+ Z(log n)72/5)‘ npr(p)kefco(logn)l/5>

Ag(net) T (ne®, p+it) dt

+0 (k*l/%*ﬂ:r(p)k) .

Since

1
|€](log n)=1/2 + (log ) ~2/5

IC(p+1+i(logn)~2/%) =0 < ) = O((logn)*/®),

we can neglect the first error term.
Next we replace the factor I'(s 4+ 1)g(s) in Jx(x, s) by
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~9(2)
s+2
Since the sum I'(s + 1)g(s) + g(2)/(s + 2) is analytic, we have

S ﬂ nei@ —p—it i k
/t|<<10gn)—2/5 (F( + Dgls) + +2)( ) T(p+it)*dt

(=)

and consequently
—q(—2 10 7p7itT -\ k
autnety = =2 [ (nei) >~ T(p+ it
27'(' \t|§(logn)_2/5 p+2+7,t

_ 2 413
_g(_g)n_pe_pr(p)k/ eft=B(p)kt”/2+0(k|t] )dt
2w t|<(logn) 2/5 p+2+lt

—9(=2) _, _ip k /OO e t'/? It + [t]°
—_— T 1+0 | ——— dt
o € 2 —oo &0 it * Vviogn ’

& = (p+2)VB(p)k = £+ O(E*(logn) /).

Since &y > 0, we obtain

[ee] —t2/2 [e’e} [e’e}
S et/ dt = S e*t2/2/ e~V &+ gy dt
21 J_ oo &o + it 21 J_ o 0
1 o0 & 2
- e—'ufo/ e—t /2—itv dt dv
27 0 —o00
_ 1 e—U2/2—U£o dv

Ver
= 653/2@(—50)-

dt

where

The error term is estimated similarly:

/—/ (el + [t ) /2
logn J_oo |(p +2)\/B +Zt|
—2)° /2 v€o
(w/logn / dU)
_ &/ _
—~0 (\/me 2 50)(1+|§o|3))-

Thus we get
Ak(new) _ 79(72)(neiG)pr(p)kegg/st(if ) <1 L0 (1 + |§0|3>)
0 Vlogn

+0 (k:_l/gn_”T(p)k> .



7.1 The Profile of Tries 321

By using the local expansions

n=PT(p)F = n2T(2)Fe=8"/2+0(E|(togm) ™12
E32p(—e0) = €272(6) (1 4 O (1€ (log n)~1/2
50 § E g

we end up with the expansion

(1) = ~g(=2)(ne 2T 0() (140 (%))

+0 (k*1/2n2T(2)ke*'52/2> :

that holds uniformly for |@| < 6. By combining this expansion with Lemma 7.6
(together with analytic depoissonisation) we finally obtain the proposed
asymptotic expansion for E By, i, if k < aplogn. The missing case k > ap logn
can be treated in a similar way. Therefore we have also completed the proof
in the second case of Theorem 7.1.

The proof of Theorem 7.2 is very similar to the proof of Theorem 7.1. The
corresponding Poisson transform A (x) is given by
o 1 ptioco
Ap(z) =28 — — (s +1)(s)T(s)k2~* ds,

2'/TZ p—ico

where p > 0. Due to the (additional) polar singularity at p = 0 there is a
second phase transition. However, the analysis uses exactly the same methods.

7.1.3 The Limiting Distribution of the Profile of Tries

We next consider the limiting distribution of the profile that is Gaussian in
the range of interest. We first observe that in the range a3 +¢ < % <ag—e¢
the variances Var B, ; and Var I, ; have asymptotic representations of the
form

—Pn.k —Pn.k Ky —Pn k
VarB, = H (pn}k,logp/qpkn> (p ' )°'n (1 +0 (k*1/2)>

QWB(pn,k)k
and
. —Pnk | q—pn,k)kn—pn,k B
VarL, o = T (po s log ) pn) & 140 (k12
= (g ) LT (4 o)

where H(p,z) and H(p,x) are non-zero periodic functions with period 1 (we
do not give proofs here, for details see [169]). In particular, Var B,,  — oo
and Var I,  — oo in this range. Remarkably, there is no phase transition for
Var B, — oo for k ~ aplogn which means that for a; < ﬁ < aq the
expected value and the variance of the internal profile do not have the same
order of magnitude. Nevertheless, there is a central limit theorem even in this

range.
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Theorem 7.7. Suppose that a; + € < < ag — € (for some € >0). Then

logn

B,.—EB I, —EI

Tk Ik 4 N(0,1) and “2E——Imk 4L N(0,1).
v/Var B,, 1, v/ Varl, j

We present an outline of the proof of Theorem 7.7 (for details see [169]). It

is based on an analysis of the generating function G (z, u) resp. GLI] (z,u). Re-
call that Gy (z,u) satisfies the recurrence G (z,u) = Gi_1(pz, u)Gr-1(qx, u)
(for k > 2). The principle idea of the proof is to introduce the functions

Au(,u) = log(e " G, u)

and the Mellin transforms
Af(s,u) = / Ap(z,u)z 1 de.
0

Since G1(z,u) = e + (eP*qz + e4pxr — 1) (u — 1) + pgz?(u — 1)2, it follows
that the Mellin transform Aj(s,u) exists for R(s) > —2. Thus,

Af(s,u) = Af(s,u)T(s)*!

also exists for s in this range. Consequently, we have

1 ptioco
log(e ™" Gl u)) = Ap(r,u) = 5 / A%(s, )T (s)F 2~ ds, (7.10)
m
P

—100

where we can choose p as the saddle point p,, j for  with modulus |z| = n.
Thus, the plan of the proof is to use a saddle point method to obtain
asymptotics for Ay (z,u) and consequently for Gi(x,u). Second, one has to
depoissonise G (x,u) to obtain asymptotics for Eufr+* (for |u| = 1) which
will lead to the central limit theorem.
We collect some properties that are used for the proof (see [169]).

Lemma 7.8. There exists a constant ¢ > 0 such that
|Gk( )| < Pl cr?
uniformly forr >0, || <7, and |u| = 1.
The proof is similar to the proof of Lemma 7.6.
Lemma 7.9. Let Vi (x) = A,(f) () — Ax(z)?, where
(2) — e x
=e ") E(B Do
n>0

Suppose that oy +e < 1Ogn < ags—e (for some e > 0) and set o, = \/Var B, i
and po = max{1, p, x}. Then we have



7.1 The Profile of Tries 323

Vi(n) o
) 2

+ O (ol + p3o 41pl6? + poo? 10?161 + 02 ol )

Gr(ne® ) = exp (n - 392 + Ag(n)ip — Al (n)pl —

uniformly for |0] < n?/> and |o| = O(U;i/:s)-

The proof is based on the explicit representation (7.10), local expansions,

proper estimates for derivatives of Ag(x) and A,(f)(x), and a saddle point
analysis (see [169]).

By using these two properties one obtains (after working out the asymp-
totics of the integrals)

) ! o d
n! T
B eiBnre = Gr(z,e¥)——
211 |z|= T

= e § A0 (14 0(07L 402 Jol?)

and, thus

— A, 5 3
E exp Bt Ak(,n) ip| =e¥ /2 (1 + 0 (*1 +1¢l )) ,
VVi(n) — ndj (n)? Onk

uniformly for ¢ = o(oi{,‘?). Since E By, ~ Ag(n) and Var By, ,, ~ Vi(n) —

nAl(n)? (see [169]), the result for the external profile follows. The proof of
the central limit theorem for the internal profile is very similar to that of the
external profile. For details we again refer to [169].

7.1.4 The Height of Tries

The height H,, of tries was already studied by Flajolet and Steyaert [85],
Devroye [48], and Pittel [173], and Szpankowski [196]. The limiting behaviour
was finally determined by Pittel [174] (even in a slightly more general setting).

Theorem 7.10. The distribution of the height H, of random tries is asymp-
totically given by

1
P{H, <k} =exp (562(a3klog")) +o(1)

uniformly for all k >0 as n — oo (where az = 2/log(1/(p? + ¢?))).

The analytic methods that have been presented to derive asymptotic prop-
erties of the profile can also be used to handle the height. Let G (x) denote
the generating function

Gr(z) = 3 P{H, < k}%.

n>0
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Then we have (as for the profile)
Gr(r) = Gra(pr)Gra(qr),  (k=2),

and can we proceed as in Section 7.1.3.

7.1.5 Symmetric Tries

The case of symmetric binary tries with underlying probabilities p =
is very easy to analyse. In this case the generating functions Gy (z,

Ggf] (z,u) are explictly given by

Gr(z,u) = (ex/le + (u— 1)2;&,1 (e‘”/Qk - 1) +(u—1)22

and by .
G%I](x,u) = (uex/Qk +(1—u) (1 + ;7))2 :

Hence, we also get explicit results.

2
4

[eMNIEg

Theorem 7.11. The expected values E By, j, and EI, ; of the external and

internal profile of symmetric binary tries are explicitly given by

EB,p=n(1—2"%)"" —n(1—2%)"",
Elps =2 (1= (1-27%)") =n(1-27%)"",

and asymptotically by

n (1 72”“)7171 if 27Fn — oo,
n (e‘”/gk - e‘”/Qkfl) if 47 %n — 0,

26— (1—27F)""1 if 2-Fn — oo,
Bl ~ 9 ok k —n/2¥ e 1—k
28 — (2% +m)e ™= if 47"n — 0.
Furthermore, if

logn — loglogn 2logn

<k< ,
log 2 - 7 log2

then we have

Bn,k —-E Bn,k- d

— N(O7 1),
/Var B, 1,

Ly —El, a

— N(0,1),
v/ VarI, j
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where the variances are asymptotically given by

Var By, ~ Var I, & Nn(172,k)n717 if 20— oo,
and by
Var B,k ~n (e*n/2’“ _ efn/Qk_l) 4o kp2en/2
_9l=k,2 (e_n/gk B e_n/2k,1)2
and

Var I, ; ~ (Qk + n)e—n/zk _ ok (1 + 271@)2 efn/gk—l7
if 47 %n — 0.

Accordingly, the generating function for the height distribution is given by

= (10 2)"

which leads to the explicit height distribution

n! (2k

7.2 The Profile of Digital Search Trees

Although digital search trees are very well studied there are only partial results
on the profile (in particular in the symmetric case p = ¢ = % [126], [130,
Section 6.3]; we will come back to this special case in Section 7.2.3). The closest
related quantity is the typical depth D,, that measures the path length from
the root to a randomly selected node; it is equal to the ratio of the average
profile to the number of nodes. Unfortunately, all estimations of the depth
[130, 142, 144, 177, 195] only deal with the typical depth around the most
likely value, namely k = (1/h)logn+ O(1), where h = —plogp — qlog ¢ is the
entropy rate.

7.2.1 Generating Functions for the Profile

Let By i resp. I, denote the (random) number of external resp. internal
nodes at level k in a digital search tree, when the total number of internal
nodes equals n, that is, we have the empty string and n — 1 strings that are
generated by a memoryless source with parameters p > ¢ = 1 — p. By the
definition of the probability generating function, P, x(u) = EuBn* | satisfies
the following recurrence relation
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Paas@ =3 (0 P @Pualw), (1)

£=0

while the corresponding exponential generating function

xn
Gr(z,u) = Z Pn,k(u)m
n>0
satisfies the functional recurrence
0
—Gi(z,u) = Gr—1(pr,u)Gr—1(qx, u), (k>1), (7.12)

ox

with initial conditions Go(z,u) = u+e® — 1 and G,(0,u) =1 (k > 1).
Accordingly, the corresponding generating functions for the internal profile

GLI] (x,u) = Z E w!n* %

n>0
satisfy the same recurrence relation
0
5= @ w) = G e, )G (o), (k21), (T13)

with initial conditions G([)I] (x,u) =14 u(e® — 1) and Ggf] (0,u) =1 (k> 1).

We are interested in the expected profiles E By, , and E I, . By taking
derivatives with respect to v and setting © = 1 we obtain for the exponential
generating function

ITL
Eg(x) => EBny —
n>0 :

that satisfies the functional recurrence
Ej(z) = e Ep_1(pz) + e?* Ex_1(qx), (7.14)

with initial condition Ey(z) =1 and E;(0) =0 (k > 1).
The corresponding generating functions for the internal profile

(1 "
Ey'(z) =) El. —

n>0

satisfy the recurrence (7.14), too, however with initial conditions E([)I] (x) =
e? —1 and E,[CI](O) =0 (k>1).
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7.2.2 The Expected Profile of Digital Search Trees

In order to state the results for the expected profile of digital search trees
we use the same notation as for tries. For a real number o with (log %)’1 <

a < (log %)’1 we define p = p(a) by (7.6) and 5(p) by (7.7). We also use the

abbreviation 5

:1og%+log%'

The results for the expected profile of digital search trees are formally
similar to those of tries (compare with Theorems 7.1 and 7.2).

Theorem 7.12. Let E B,, i, denote the expected external profile in (asymmet-
ric) digital search trees with underlying (non zero) probabilities p > qg=1—p.

If n and k are positive integers wzth Tog T +e< 1o§n < @ — € (for some
q

€ > 0) then we uniformly have

—Pn.k —Pn,k \kp—Pnk
BB = G (pulogy g 1) ST 2 (140 (5777)).
ZWﬁ(pn,k)k

where G(p,x) is a non-zero periodic function with period 1 and ppp =
p(k/logn).

Theorem 7.13. Let EI,, j, denote the expected internal profile in (asymmet-
ric) digital search trees with underlying (non-zero) probabilities p > g =1—p.
Let k and n be positive integers such that k/logn satisfies (log %)_1 <

k/logn < (log %)_1. Then the following assertions hold:

1 f o e T +e< < ag — € (for some € > 0) then we have uniformly

— logn —

. :2k_G( 1o kn> (p (1+O(k 1/2>>,
.k Pn,k gl)/qp QWB(pn,k)k

where G(p, x) is a non-zero periodic function with period 1.

2. If k = «q (lognJrf\/aOB(O) logn), where £ = 0((logn)%), then

E 1, = 28¢(—¢) (1 +0 (%)) .

logn < lo; — € (for some € > 0) then we have uniformly

3 Ifag+e<

O = SN(IC)

with the same function G(p,z) as in 1.
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A direct consequence of these properties is a local limit theorem for the
depth D,, of a random internal node. The result is precisely the same as
Theorem 7.4 (only the periodic function is different). As in the case of tries
the depth satisfies a central limit theorem (see [112]) but not a local central
limit theorem.

The proofs of Theorems 7.12 and 7.13 are also similar to the proofs of the
corresponding theorems (Theorems 7.1 and 7.2) for the expected profile of
tries. However, we have to add one further step, since the Mellin transforms
A% (s) cannot be written in a direct explicit form.

As for tries the first step is to consider the Poisson transform

xn
Ap(z) =e "> EBn — = B@e (k20).
n>0 ’

It is clear that the above recurrence translates to
Ap(x) + Ay (z) = Ap—1(pz) + Ap—1(qx), (k>1), (7.15)

with initial conditions Ag(z) = e™® and Ag(0) =0 (k > 1).
The second step is to use the Mellin transform

Ar(s) = /000 Ay (z)z* 1 da.

By induction it is easy to prove that Ag(x) can be represented as a finite
linear combination of functions of the form e~7"42% wwith £1,f2 > 0and 0 <
0 + 0y < k. Hence, Aj(s) surely exists for all s with #(s) > 0. Furthermore,
B, = 0 for k > n. Thus, Ey(z) = O(z*) for x — 0 which ensures that Aj(s)
actually exists for s with R(s) > —k. We can also write

Ai(s) = I'(s)Fi(s),

where Fy(s) is now a finite linear combination of functions of the form
p~l15g%% with £1,0o > 0 and 0 < ¢y + £5 < k. Thus, Fj(s) can be con-
sidered as an entire function. The relation (7.15) translates to

Fr(s) = Fr(s—1) = (p"° + ¢ ) Fr_1(s) = T(s) Fx_1(s), (k>1), (7.16)

with initial condition Fy(s) = 1. Note that the relation (7.16) not only holds
for R(s) > k where the Mellin transform exists. Since Fj(s) analytically con-
tinues to an entire function, (7.16) holds for all s.

At this formal level the essential difference between tries and digital search
trees is that the recurrence (7.16) cannot be solved in a direct way. Never-
theless the asymptotic behaviour is of the same type. We have to add a third
step to our analysis. We consider the power series

Fw,s) =3 Fu(s)ur.

k>0
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It turns out that f(w,s) can we represented (see Lemma 7.14) as

_ g(w,s)
f(w,s) - g(w7 _1)7

where g(w, s) satisfies the relation

gw,s) =1+ w_ glw,s —)(p~" +¢ ). (7.17)
§>0

Granted the above, an asymptotic analysis follows. We start with a singularity
analysis of g(w, s), in particular we will show (see Lemma 7.17) that g(w, s)
(usually) has a polar singularity at w = 1/(p~*+¢~*°). Thus it will be possible
to get proper asymptotics for Fy(s). In fact we get Fi(s) ~ f(s)(p~* 4+ ¢~ %)*
(for a proper function f(z) and for s in the interesting range). Actually this
resembles the exact expression for tries. This is also the reason why the overall
behaviour of the profile of biased tries and biased digital search trees is almost
of the same form. Only the periodic functions are slightly different. The final
two steps (inverting the Mellin transform and depoissonisation) are almost
identical to the methods presented in Section 7.1.2.

Before we study the generating function f(w, s) = Y.< Fr(s)w”, we will
collect some basic properties of Fy(s). We recall that Fj,(s) can be considered
as an entire function.

Let A be an functional operator that is defined by

Alfl(s) =D fls = NT(s - j), (7.18)

j=0

where
T(s)=p " +q " (7.19)

In the next lemma we find an explicit representation of Fj(x) through the
operator A.

Lemma 7.14. The functions Fy(s) are recursively given by
Fy(s) = A[Fi-1](s) — A[Fr-1](0) (k>1) (7.20)

with initial function Fo(s) = 1. Furthermore, if we set Ri(s) = AF[1](s) then
we have the formal identity

Ezzo Ré(s)we
kZka(s)wk = m. (7.21)

Finally for k > 1 we have Fi,(—¢) =0 for £=0,1,2,...,k— 1.
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Proof. Set F.(s) = 1 and recursively
Fu(s) = AlBia)(s) — Al 1)) (k> 1),

It is easy to see that Fy(s) is a well defined entire function. In particular it
follows that Fj(s) is (as it is for Fy(s)) a finite linear combination of a function
of the form p=*15¢=*2% with £, f5 > 0 and /1 + {3 < k. Further (by definition)
these functions satisfy F(0) = 0 (for k > 1) and fulfil the relation

Fi(s) — F(s — 1) = T(s)F_1(s)

for £k > 0 and all s.

Now we can proceed by induction to show that Fj(s) = Fj(s). By def-
inition we have Fy(s) = Fy(s). Now suppose that Fi(s) = Fj(s) holds for
some k > 0. Then with the help of the above considerations it follows that
Fii1(5) = Fiy1(s) + G(s), where G(s) satisfies

G(0)=0 and G(s)—G(s—1)=0, (R(s) > —k). (7.22)
By the above observations G(s) has to be a finite linear combination of func-
tions of the form p~“5¢—%>%. However, the only periodic function of this form

that meets conditions (7.22) is the zero function. Hence, Fiy1(s) = Fry1(s).
Now we prove (7.21). First, (7.21) is equivalent to

k
> Fi(s)Rp—e(0) = Ri(s),  (k>0),
£=0

or to

Fi(s) = Ri(s) = Y _ Fu(s)Ri—e(0), (k> 0).

We will prove this relation by induction. Of course, it is satisfied for & = 0.
Now suppose that is holds for some k > 0. Then from (7.20) we find

Fit1(s) = A[Fy](s) — A[F}](0)

A[Rg|(s) — A[R&](0)
-1

= D _(A[F(s) = A[F](0)) Ri—e(0)
£=0

R‘

= Riy1(s) — Rit(0) — Z Fog1(s)Ri—e(0)

= Ri41(s ZFz JRi11-¢(0).

This completes the induction proof.
Finally, since Fy(s) = —Aj(s)/I'(s) is analytic for s with £(s) > —k and
1/ (—¢) =0, it also follows that Fj(—¢) =0 for £ =0,1,...,k — 1.
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Remark 7.15 The proof of (7.20) (and consequently that of (7.21)) makes
use of the fact that Fy,(0) = 0 for k > 1. However, we also have Fy(—r) =0
for k > r. In particular, if we set s = —r in (7.21) we get

S Byt = Sz fiCut

Zezo Ry (0)wk
and consequently
. Ze>o Ry (s
Fi.(s)w® = (7.23)
1%;) > eso0 Bi(— wk Z

Our next goal is to study the function g(w, s) = Y- ,+ Re(s)w’, where we
now consider w as a complex variable, too. Note that g(w, s) satisfies the (at
the moment formal) identity

g(w,s) =1+ wAlg(w,-)](s) =1+ Z g(w,s —j)T(s —j). (7.24)
>0

In the next lemma we establish a crucial property of g(w, s).
Lemma 7.16. There exists a function h(w,s) that is analytic for all w and

s with
wl(s—m)#1 foralm>1

such that

1- wT( )
Thus, g(w, s) has a meromorphic continuation where wy = 1/T(s) is a polar
singularity.

g(w,s) = (7.25)

Proof. We recall that Ry (s) = A¥[1](s). In particular, the first few functions
Ry(s) are given by

RQ(S) = 1,
p~° q°
Ri(s) =1 1_¢q
—2s —5,—S5§
P p°q
Ry(s) = +
()= T 0 T Tt
—s,—S —2s
L P q

(-0 -p)  (O-gl-0)

With the help of (7.18) we can derive corresponding representations for general
k. Hence, by using the assumption p > ¢ it follows that

1 5 (p~R() 4 =Rk

|Ri(s)| < m
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Thus, if |w| < T(R(s))~! then the series

s) = ZR@(s)we = ZwéAe [1](s) (7.26)

£>0 >0

converges absolutely and represents an analytic function. We can rewrite
(7.26) to

g(w,s) = (I-wA)"'[1](s),
or to

(I = wA)g(w,)](s) = g(w,s) —w) _glw,s = )HT(s—j)=1,  (7.27)

Jj=0

which is the same as (7.24).
If we substitute g(w, s) in (7.27) by

h(w, 5)

9008 = Ty

we get a relation for h(w, s) of the form

wI(s — j)

h(w,s) =1 —I—Zh(w,s —j)m.

Jj=1

(7.28)

Recall that we already know that h(w, s) exists for |w| < T(R(s))~!. We
will now use (7.28) to show that h(w, s) can be analytically continued to the
range |w| < T(R(s) — 1)~! (and even to the range where wT'(s —m) # 1) so
that we also get a meromorphic continuation as proposed.

For this purpose we introduce another operator B by

Zf (w,s —7) T iuz;)(jf(s i)j) (7.29)
j>1

For convenience set U(w,s) = wT'(s)/(1 — wT(s)). By induction it follows
that

BF[1)(s) =Y Y > Ulw,s —i))U(w, s — iy — ip)
Zl>112>1 Zk>1
-~U(w,s—i1—2'2—~-~—ik)

my—1 mp_1—1

PD U

mp Zk} mk_lik‘*l mk_2:k72

mo—1
. Z U(w,s —mi1)U(w,s —mg)---U(w, s — my).

mi=1
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Hence, we get the upper bound

BUE Y Y

mrp>kmg_1>k—1

Z |U(w,s —m1)U(w, s —mz) - Ul(w, s — my)|

mlzl
= 3 Wws—m)l- Y Wws —ma)
mi>1 mo>2
. Z |U(w, s — my)]|.

By using the fact that T'(s — m) = O(¢™) it follows directly that the series
— _ [wT'(s —m)|
Si=>Y |U(w,s—m)| = Z|1—wTs— o
m>1 m>1

converges if wT (s —m) # 1 for all m > 1. Thus for any choice of w and s
there are only finitely many exceptional points where wT' (s —m) = 1. Let kg

be any value with
Z |U(w, s —m)| <

m>ko
Then we have for all k& > kg

l\?lH

IB¥[1](s)] < Shoa= ko) = (28)kon~F,

Hence, we can set

= BF[1(s), (7.30)

k>0
which obviously satisfies (7.28). Furthermore, we have the upper bound
|h(w, s)| < 2(28)ko.

Finally, we are in the position to derive an asymptotic representation for

Lemma 7.17. For every real interval [a,b] there exist ko, n > 0 and € > 0
such that

Fi(s) = f(s)T(s)* (14 O (7)) (7.31)

uniformly for all s with R(s) € [a,b], |I(s)—2¢nlog(q/p)| < € for some integer
¢ and k > ko, where f(s) is an analytic function that satisfies f(—r) =0 for
r=0,1,2,....

Furthermore, if |3(s) — 20w log(q/p)| > € for for all integers ¢ then we have

Fr(s) = O (T(0)* e™™)) (7.32)
uniformly for R(s) € [a, b].
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Proof. Suppose first that s is a real number with —r — 1 < s < —r for some
integer r > 0. Here we use the representation

r41 9w, s)
flws) =) Filor = Dot o m e o
r+1
_ —r — 1w h(w,s) 1—-wl(-r—1)
,;Fk( 1) h(_r_l’w) 1—wT(8)

By Lemma 7.16 there exists n > 0 such that h(w,s) is analytic for |w| <
e"/T(s). Since T(—r — 1) < T(s), it also follows that h(w, —r — 1) is analytic
in that region. Furthermore, since h(w, —r—1) is non-zero for positive real w <
1/T(—r —2) (compare with (7.30)), we obtain that the radius of convergence
of the series >, < Fi(s)w” equals wg = 1/T(s).

With the help of this observation we can also deduce that the function
f(w, s) has no other singularities on the circle |w| = 1/T(s). Suppose that
h(w,—r — 1) has a zero wy with |wi| < 1/T(s). If Z;Zé Fi(—r — Dwk #
0 then w; has to be a zero of h(w,s), too: h(wi,s) = 0. However, if we
slightly decrease s then certainly h(wi,s — 1) # 0. In this case the function
f(w, s) would be singular for w = w; although its radius of convergence is
1/T(s —n) > 1/T(s) > |wy|. This is, of course, a contradiction and, thus,

Zié Fy(—r — 1)w¥ = 0 too. Actually, it also follows that the order of the
zeros are the same. Furthermore, by a slight variation of the above argument,
we also deduce that f(w,s) has no singularities on the circle |w| = 1/T(s)
other than wy = 1/T(s), as proposed.

Hence, by using a contour integration on the circle |w| = €7 /T (s) and the
residue theorem it follows that

Fi(s) = f(s)T(s)* + O (IT(s)e™"[")

where

= w h(1/T(s)),s T(=r-1)
£(s) = kZ:OFk(—r —1)T(s) kh(l/T(S)a 1) (1 N > '

These estimates are uniform for s € [a,b], where —r — 1 < a < b < r.
Furthermore, we get the same result if s is sufficiently close to the real axis.
Thus, if a < R(s) < b and |3(s)| < e for some sufficiently small € > 0 then we
obtain (7.31), too.

Next, suppose that s is real (or sufficiently close to the real axis) and close
to an integer —r < 0, say —r —n < s < —r +n (for some 1 > 0). Here we use
the representation

Z Fr(s)u® = Z Fk(—r)w’“M
k=0

k>0 g(w, =)
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B h(w,s) 1—wT(-r)
N Z Fy(=ryu* h(w,—r) 1—wT(s)

k=0
_ r IR h(w, s) — h(w, —r) 1 —wT(-r)
7;)]%( ) h(w, —7“) 1 —wT 8)

r r—1 T(s)—T(-r)
+ kZ:o Fio(—r)w* + kzzo Fr(—r)wh e

Now if we subtract the finite sum >, _, Fi(—r) then we can safely multiply
by I'(s) (that is singular at s = —r) and obtain a function of the form

" R I'(s)(h(w,s) — h(w,—71)) 1 —wT(-r)
kz::[) Fi(=r) h(w, —7) 1 —wT(s)

1 D(8)(T(s) = T(~r))
+kZ=()Fk(—r)wk+ =l () )

which we can handle in the same way as above. Actually, we proved (7.31) for
k> r with f(—r) = 0.

Finally, if R(s) is positive (and $(s) sufficiently close to 2¢m/log(q/p) for
some integer ¢) then we can also use

. h(w,s) 1 —wT(0)
éFk(s)wk = h(0,w) T — wT(s)

and obtain the proposed result. (Note that h(w,0) is analytic for |w| <

1/T(0).)

Next suppose that s = o + it, where ¢ is not necessarily small. Then
T(S) — eitlogp (pfo' + qfaeitlog(q/p)) .

Consequently |T'(s)| = T(p), if and only if ¢t = 2j7/log(¢/p) = t; for some
integer j. Hence, if |t — 2j7/log(q/p)| < € for some integer j we can do the
same contour integration as above and again get (7.31).

Finally, if |t —2j7/log(q/p)| > € for all integers j then we trivially estimate
Fi(s) by

|Fiu(s)] < p~* - max |g(w, 5),
lwl=p

where p is chosen in a way that g(w, s) is analytic for |w| < p. Since there is
n > 0 with

[T (s —m)| = [p o4 + £HOEOID o4 < BT (g — )

it follows that h(w,s) exists for |w| < /T (o). Hence, we can actually set
p = €"/T(c) and obtain (7.32). In order to complete the proof, note that
Ap(s) = —I'(s)Fy(s) exists for R(s) > —k and that Fi(—r) = 0 for r =
0,1,2,... and k > r. Thus, f(—r) =0, too.
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Putting these observations together it follows that we can represent Aj(s)
as

Ai(s) = I(s)f(5)T ()" (1 +O(e™™))

if |3(s) —tj| < e for some integer j, where I'(s)f(s) is an entire function.
Furthermore, we have proper upper bounds in the remaining range. Thus, we
are precisely in the same situation as in the proof of Theorem 7.1. With the
help of the Mellin inversion formula (with the line of integration R(s) = pn )
and by approximating the integral by infinitely many saddle point integrals
around t; we obtain

Ay (ne”) = Z Flp+ity)(p+ity)(ne’) P~ Hip=iht

v 2”5 K <o
x (1 ) (k'*l/Q)) (7.33)

uniformly for || < 0y (for some 0 < 0y < 7/2).

It remains to have an a priori upper bound for Ag(ne®) that is valid for
all |§| < 7. Here we cannot use Lemma 7.6, since the recurrence relation is
different. However, it can be shown that for every real p there exists a constant
C = C(p) and an integer kg = ko(p) such that

e Ap(2)] < C(1 — %) Fpmax{=p.0k(p)ker(—ct?) (7.34)
for k > ko and uniformly for all » > 0 and |§] < 7, where z = re?. We

indicate a proof for p < 0. Obviously there exists ko and C such that (7.34)
holds for k = kg. Then by definition we have recursively (for k& > ko)

|exzﬁk+1<x>|::\jgxe€<zak<pf>+—zak<q§>> i

r ) . .
/ ete”’ (Aw(pte”) + Ax(qte')) dt‘
0
< C(1 - c?) T ()"
> /T (eqtcose(pt)fpept(lfctﬁ) +eptcose(qt)fpeqt(lchQ)) dt
0
r
< C(l _692)—kT(p)k+1/ t—pet(1_092)dt
0

< C(]. . 092)7k71T(p)k+1 rfper(17c92).

A similar proof works for p > 0.
Finally by combining (7.33) and (7.34) with another Cauchy integration

one obtains | p
n! T
IEB" k= — e”Ak(x)W ~ Ak(n)

211 |z|=n

in the range of interest which also completes the proof of Theorem 7.12.
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For the internal profile I,, ;, we use the Poisson transform

JEN— —x xn
Ap(z)=e ZEln,kF
n>0 ’

that satisfies
Ap(@) + Ay(@) = Bpor (po) + Ay (qz), (B2 1), (7.35)

with initial conditions Ag(z) = 1 — e~*. The Mellin transforms A, (s) exist
for —k —1 < R(s) < 0 and can be represented as

where Fo(s) = 1 and
Fk(s) — Fk(s — ].) = T(S)F}cfl(s), (k Z 1)

The corresponding explicit recurrence is

Fiuls) = AlFsoa)(s) - AlFea)(-1), (k> 1),
and we have

(s — EezoRé(S)we
,;Fk( ) B ZezoRé(—l)we

and Fy(—f) = 0for £ =1,2,...,k. As above it follows that (for [3(s)—t;] <€
for some integer j)

Fi(s) = F(s)T()" (1 +0(e™™)),
where f(—r) =0 for r = 1,2,.... Thus,
Ay(s) = =T($)f()T(s)* (14 O(e™™))

has a polar singularity at s = 0 which induces the phase transition at the
level k = aglogn. More precisely, if k& < aglogn one has to shift the line of
integration R(s) = p (—k — 1 < p < 0), where the Mellin transform exists,
to R(s) = pnr > 0 so that the residue 2¥ (at p = 0) has to be taken into
account. In principle one can proceed as in the case of tries.

7.2.3 Symmetric Digital Search Trees

The symmetric case p = ¢ = % is different, since log% and 1og% coincide. Of
course, the corresponding generating functions have as simpler structure. We
have

0] T

2
SGilw,u) = Gy (Fou) . (k= 1),
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with initial conditions Go(z,u) = u+e* —1 and G, (0,u) = 1 (for k > 0) and

0 xr \2
el @ =6, (Fu) . (k=)

with initial conditions Gg] (x,u) =14u(e* —1) and GECI] (0,u) = 1. Thus, we
obtain .
El(z) = 2¢"/2Ey,_, (5) : (7.36)

with Eo(z) =1 and E(0) =0 for £ > 1 or
E(2) =2¢?F,_, (£
E,(z) = 2¢%/?Fy_, (2) , (7.37)

with E,_1(0) = e* — 1 and E;(0) = 0.
In this special case there is a simple explicit solution:

Lemma 7.18. Set 79 =1 and

k _(m
—ymo=(3) .
Ey(z) = 2"¢" ( 7)% —2" (7.38)
m O m —m
and i ()
— . —1)m2-~ -
Ei(z) = 2k (1 = et ’“) , (7.39)
m—0 TmVk—m
or equivalently
k —(m n
—1ymo=(%) ( 1 )
E B, = 2* Eymee 1-— 7.40
* mzzjo YmYk—m 2k—m ( )

and

k _(m+1
—1)ymo—("3") 1 \"
Ele=20—20% ( 7> - (1 _ 2km> . (7.41)

m=0

There are several ways to prove these relations. The simplest way is to use

induction. It should be noted that the explicit formula (7.40) for E B,  has
appeared several times in the literature [142, 143, 146, 177].

For the asymptotic analysis of E B, , and E I, ;, we introduce the function

7n;—1)

F(z)=1-> ﬂ6722’“, (7.42)

m>0 Y Vm
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63

where

By definition we obviously have
1
F(z)zl—;e‘z—i—O(e_Qz) (z — o0).

The asymptotic behaviour for z — 0+ is much more involved and is covered
in the following lemma.

Lemma 7.19. The Laplace transform L(s) = fooo F(z)e **dz is given by

L(s):é—z(_l)—Q

Furthermore, for any fized r > 0 the r-th derivative F")(2) is asymptotically
given by

F(2) = O, (z)2 2 (loe2 1)*—log, L log, log, L (7.43)
for z — 0+, where C,.(2) is a function of at most polynomial growth for
z — 0+4. In particular lim,_,o+ F(z) = 0.

Remark 7.20 Set L(s) = sL(s) which equals the Laplace transform of F'(z).
Then L(s) satisfies the functional equation

L(s)=sY 2/L(s?) (7.44)
j>1

which follows from the fact that

> g -3
= (1428)(14225)---(14+27s) s

This relation (7.44) translates directly to the functional equation
2)=> F'(2277).
Jj=1

Proof. Since F(z) is bounded for z > 0, the Laplace transform L(s) exists for
s with $(s) > 0 and is given by

F2)e—* ds o— (")
/ _S_Z Y Ym 5+2m).
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Since

we obtain the above representation of ( ). With the help of the standard
notation

we also have

T sQ(-2s)

Note that the Laplace transforms of the derivatives F(")(z) are given by
s"L(s).

In order to obtain the asymptotic expansion (7.43) we use the integral
representation for the inverse Laplace transform

1 c+ioo
F(z) = —/ s"L(s)e** ds,

211 P00

where ¢ is an arbitrary positive number (which will be properly chosen in
the sequel). The idea is to use a kind of saddle point approximation of the
integrand. For this purpose we need an asymptotic formula for Q(—2z) for
T — 00:

Q(~2r) =

log?(x logx
p<g() g

2log(2) | 2 +f(10g2(w))+0(1/x)), (7.45)

where f(z) is a differentiable periodic function with period 1. This follows with
the help of the Mellin transform applied to the logarithms. For —1 < R(s) < 0
we have

M(u) = /0 log Q(—2z)z" ' da = T 5a9

with - )
g(u) = / log(1 4 z)z" ' do = — + h(u),
0 u

where h(u) has a meromorphic continuation to the whole complex plane with
single poles at the positive integers k¥ > 1 and residues res(h;u = k) =
(—1)*/k. The inverse Mellin transform gives

Q(—2x) = L /C—HOO M (u)x™" du

271—7, — oo
with —1 < ¢ < 0. By shifting the line of integration to the right and collecting
the contributions from the triple pole at v = 0 and the single poles at u =
ki/log2 (k € Z\{0}), which constitute the periodic function, we obtain (7.45)
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(compare with [81]). It is also easy to extend the asymptotic relation (7.45)
to a complex one of the form |arg(x)| < ¢ and |z| — oo, where ¢ is a small
positive number.

Next we evaluate the r-th derivative F(")(z) asymptotically. Let 0 < z < 1
be given. We will compute the integral

") 1 c+ioco Sr_l
P - 5z 4
=55 | g

for
_log(1/2) _ logy(1/2)
zlog?2 z

c=c(z)

With the help of the usual Laplace method we obtain (after some algebra)

F)(2) ~ e~ T0082 62 ()43 (log (2))~ # elog2 T = 57 (B2 ¢(2)”
which completes the proof of Lemma 7.19.

The main result on the expected profile of digital search trees is now
formulated in terms of F(z) resp. F'(z).

Theorem 7.21. We have
E By, =2FF'(n27%) + F”"(n27%) + O (n27F) (7.46)
and
El, i, =2"F(n27%) + F'(n27%) + O (n27%) (7.47)
uniformly for all n,k > 1.

Remark 7.22 These expansions are only of use if n2~% < 2%, that is, for
k> %1og2 n. However, for small k there are no interesting phenomena. The
range of interest is

logyn —loglogn < k <logyn + +/2logy n,

and this range is covered by Theorem 7.21. Nevertheless, with slightly more
care it is easy to obtain more precise expansions, e.g.

n

E B, = 2"F'(n27%) + F"(n27F) — ST

F"n27%) 4+ 0 (nd ")+ 0 (27%).

Proof. We just have to use the explicit representations of Lemma 7.18 and
approximate the leading terms by 28 F’(n27*) resp. by 2FF(n27F).
In particular, we first show that the terms for m > k/3 do not count:

)y

m>k/3

(yr2® (1-2mM" < 3 27(%)
YmVk—m m>k/3

< 2= ("),
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In a next step we use the approximation (for m < k/3)

(1—2m=k)" = gmn2" " (1 +0 (4knm))

_ _pomk n
=e + 0 (—4k_m> ,

and obtain an error term of the form

e g 0
> S olE)=o(E)

m<k/3 TmVk—m

Finally, we approximate the ratio

¥ 1 1
DA | S ) (p—
Yn 2krfm + <4km )
and get an even smaller error of order O (4_’“).
Summing up we get

k m
EB, k_2 Z 2- ( )(1_2m—k)"

m=0 YmVk—m
—-1)m _(2) 1 m—k
oy Oy
mgzk/3 YV 2k—m
+0 (25 ) +0 (227 ()
=, (—1)m2-(%) 2Nk
2’“2%(1‘2—06 7o (z)

m=0

=2F'(n27 %) + F"(n27%) + O (n27%)..

This completes the proof of (7.46). The proof of (7.47) is exactly the same.
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Recursive Algorithms and the Contraction
Method

Recursive Algorithms follow the Divide-and-Conquer-Principle. The idea be-
hind this principle is to break a problem into two or several subproblems
which are easier to solve (heuristically because they are just smaller prob-
lems) and then to construct the solution of the original problem by combining
the solutions of the subproblems appropriately. If this idea is iteratively (or
recursively) applied then one speaks of a recursive algorithm and, moreover,
these kinds of algorithms give rise to a (hidden) tree structure.

The most prominent example in this context is the widely used sorting
algorithm Quicksort which was invented by C. A. R. Hoare [100, 101]. Tt is
the standard sorting procedure in Unix systems, and the basic idea can be
described easily:

A list of n real numbers A = (z1,z2,...,x,) is given. Select a pivot
element z; from this list. Divide the remaining numbers into sets
A<, A of numbers smaller (or equal) and larger than z;. Next apply
the same procedure to each of these two sets if they contain more
than one element. Finally, we end up with a sorted list of the original
numbers.

This sorting procedure can be encoded with a binary tree with n (internal)
nodes. The first selected element z; is put to the root, whereas recursively
A< produces a left subtree of z; and A the right subtree of ;. (An empty
string produces an empty tree which is usually encoded as an external node.)

For example, if one always uses the first element of the list as the pivot
element then the tree structure behind Quicksort is precisely the binary search
tree associated to the same input data (see Figure 8.1 and compare with
Section 6.1.2). In particular, the number of comparisons needed for Quicksort
equals the internal path length of the corresponding binary search tree, and
the maximum number of recursive calls equals the height of the tree. The
analysis of Quicksort is therefore — despite of a reformulation — the same as
the analysis of binary search trees.
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Fig. 8.1. Tree representation of Quicksort applied to the input list
(4,6,3,5,1,8,2,7)

In Computer Science one mainly does a “worst case” analysis or an “av-
erage case” analysis. While for the worst case one just takes the supremum
of the complexity over all possible inputs (of a given size), for an average
case analysis a certain probability measure is assumed on the set of possible
inputs. This is often the uniform distribution if the possible inputs form a
finite set. For example, the standard model for Quicksort is to assume that
all permutations of the input data are equally likely.

At this point one should also mention that various tree types serve for the
organisation of data (for example, digital search trees or binary search trees).
Many of them indeed have a recursive structure. This indicates that there
is a close relation between these recursive algorithms and algorithms on tree
structures. Anyway, the analysis of recursive algorithms covers the analysis of
many interesting random tree structures.

The purpose of this chapter is to describe a very powerful method for the
average case analysis of recursive algorithms, the so-called contraction method.
The method is tailored to derive convergence in distribution for parameters of
recursive structures. It was introduced in Résler [186] and later independently
extended in Résler [187] and Rachev and Riischendorf [179] and has been
developed to a fairly general tool during the last years.

The procedure of this method runs a follows. One starts with a recurrence
satisfied by the quantities of interest and, based on information on the first two
moments, one does a proper normalisation of the quantities. The recurrence
for the scaled quantities leads to a fixed-point equation and a potential limit
distribution is characterised as the fixed-point of a measure valued map.

This chapter was very much inspired by Neininger’s habilitation thesis
[160].
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8.1 The Number of Comparisons in Quicksort

In order to introduce the contraction method we consider the complexity of
Quicksort. This was actually the first analysis that was based on the contrac-
tion method (see Rosler [186]).

Let Y,, denote the number of comparisons which are needed to sort a
random permutation of {1,2,...,n}. The recursive description of Quicksort
immediately translates to

LY, Y 4n—1, n>2 (8.1)

where Yo = Y7 =0, Yy = 1, [,, is uniformly distributed on {0,1,...,n — 1},
Y; 4 Y}, and I, Y;, Y;* (1 < j <n) are independent.
Equivalently we can consider the generating functions

yn(u) = Eu¥
for which we get the recurrence

un

-1 n
— > -1 (wyn—j(w)-
j=1

Yn(u) =

Consequently the differential equation for the double generating function
Y(z,u) = ano Yn(w)z™ is

Y (z,u)

P Y (zu, u)?

with the side conditions

aY (0,u) 1
S 1 and Y(z,1)=

1—z

We will not analyse Quicksort using these relations. In fact, due to the argu-
ment zu on the right-hand-side and due to the non-linearity of the equation it
is not clear whether this partial differential equation can be analysed directly
(in both variables). Of course, one can consider derivatives with respect to u
and derive asymptotics for moments. Nevertheless, we want to note that the
corresponding generating functions for the profile and the height of binary
search trees have a similar structure (compare with Section 6.5).

Instead of using generating functions, we work with (8.1). For example,
it is easy to obtain explicit representations for the expected value EY,,. The
recurrence

1 n
EY,=n-1+- Zl (EY;_1 + EY,_;) (8.2)
iz

can be explicitly solved and one also obtains an asymptotic expansion:
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n+1
EYnZQ(n+1)ZE—4(n+1)+2
h=1

=2nlogn+n(2y—4)+2logn+2y+ 1+ O ((logn)/n) (8.3)

with v = 0.57721... being Euler’s constant.
In fact, much more is known about this random variable.

Theorem 8.1. Let Y,, denote the number of comparisons which are needed to

sort a random permutation of {1,2,...,n}. Then we have
Y, —EY, R X,
n

where the distribution of the random variable X is defined by the fized point
equation

XLUX+(1-U)X*+bU), (8.4)

where U is uniformly distributed on [0,1], X 2 X* U, X, X" are independent,
and
b(x) =2zxlogz + 2(1 — z)log(l — z) + 1.

The existence of a limiting distribution X (the Quicksort distribution)
was first observed by Régnier [182] via a martingale approach, whereas the
characterisation of X with a fixed point equation is due to Rosler [186]. It is
now also known that there exists a density ([201]), which is a bounded C*
function; tail estimates are available, and orders of convergence are estimated
(compare with [77, 78, 79, 125]). However, no explicit representations for the
limiting distribution are known.

From the fixed point equation (8.4) it also possible to calculate moments
step by step, e.g. the variance of X is given by

Var X =7 — §7r2.

We briefly describe Résler’s approach. His main observation was that (8.4)
has a unique fixed point (because it constitutes a contraction with respect to
the Wasserstein metric £5).

Let My denote the space of measures on R with finite second moment and
zero first moment. Then the Wasserstein metric (or Lo metric) ¢2 is defined
as

lo(p,v) =inf || X — Y2,

where || - ||2 denotes the Lo-norm and the infimum is taken over all random
variables X with law u = £(X) and all Y with law v = £(Y). It is well known
that (Mg, £2) constitutes a Polish space and that a sequence p,, converges to
win Mo, if and only if u,, converges weakly to p and if the second moments
of u,, converge to the second moment of .
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Let us consider the normalised random variables X,, = (Y,, — EY,,)/n.
From (8.1) we get
I, -1-1,
X, L X, T Xr o e (L), n>2, (85)
n n
where Xg = X; = 0, I,, is uniformly distributed on {0,1,...,n — 1}, and
Xj=Xj,and I, X;, X7 (1 <j <n) are independent. Furthermore,
n—1

. 1
bn(]): " +E(EY]’+EYn717]’*EYn)

, ‘ , , )
1+2ilogl+2<1—l>1og (1—1> +O<°g”>.

noon n n n
Thus, if X,, has a limiting distribution X then it has to satisfy (8.4).

The first step is to show that (8.4) actually has a unique solution with
EY = 0.

Lemma 8.2. Let T : My — My be a map defined by
T(p)=LUX+1-U)X"+b)),

where X, X*, U are independent, L(X*) = L(X) = p, and U is uniformly
distributed on [0,1]. Then T is a contraction with respect to the Wasserstein
metric L2 and, thus, there is a unique fized point u € Mo with T(u) = p.

Proof. Let u,v € My and suppose that £(X*) = L(X) = p, LY*) = L(Y) =
v, and U is uniformly distributed on [0, 1] such that U, X, X* and U,Y,Y™* are
independent. Then T'(u) = LUX + (1 -U)X*+b(U)), T(v) = LUY + (1 —
U)Y* 4+ b(U)), and consequently

G (), T() < |UX +(1-U)X* -UY - (1-U)Y"|3
=UX -Y)+ (1 -U)(X*=Y")|3
=RE(X -Y)?-EU?+EX*-Y*)? . E(1-U)?

= %E(X -Y)2

Taking the infimum over all possible X,Y we obtain

2
BT, T0) <\ [2- a0,
which completes the proof of the lemma.

The next step is to show that the X,, actually converge to X. (Recall that
05(L(X,), £(X)) — 0 implies X,, = X.)
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Lemma 8.3. We have

n . 2
BEC6),£00) < 237 (122 ) e, £00) + 0 (222

and consequently lim £o(L(X,), L(X)) =0.

Proof. Let v, = L(X,,), where X, is the normalised number of comparisons,
and let Y and Y* be independent with £(Y) = L(Y™*) = u, where u is the
unique fixed point of T'() = p. Next choose versions X;, X (which are
independent for 1 < j <n — 1) with

Var(X; — X) = l3(v; —p) and Var(X; — X*) = 03 (v; — p)

and set V, = X; and V; = X7 for z € (£,Z5]. Then, for U uniformly

n’> n

distributed on [0, 1] and independent of X; and X7, we have

Un = L ( ’—ntL_ 1VYU + r _LnU—I Vl*—U + bTL([nU1)> .

Observe that

sup |bn([nz]) — b(z)| = O (log”) . (8.6)

0<z<1 n

By definition of the Wasserstein metric we have

1 _
Blon ) < E(%VU —ux o Py

—(1-U)X" +b,([nU]) b(U))

2 2
=FE MVU _ UX) +E <HTWV1*—U —(1- U)X*>

)
=Ly, ) (s o))
7_1VU - UX) (bn([nUY) — b(U)))

+2F <(”Tv1*_U —(1- U)X*) (bn([nU7) — b(U))> .

The first term can be rewritten to
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- j X 1
m(_ (1 0 2 l))m(ﬁ)

1 (5 —1)2 R 1
== T Bm —ZZ L) | 40 ol R
The same holds for the second term. The third term is estimated using (8.6):

ogn 2
E (b ([nU]) — b))% = O (M)

n

By using the independence assumptions and E X; = EX = 0 we also get

E ((%VU - UX) (7” _an Vi - (1 U)X*))
o (_ > %WW) ro().

Finally we have for the fifth (and similarly for the sixth) term

E <(%VU - UX> (bn([nUT]) — b(U))>

logn Jj— logn
= ( Z " €2Vj 1,#))+O(n2>

Jj=1

Thus, with a; = ¢3(v;, ) one has

. 2 n .
2 j—1 logn j—1
“n‘;z<7) “ﬂ*O( n? >ZT\/‘”1

Jj=1 Jj=1
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and thus

2

log“n
; max +/a; +Co -
0<j<n—1 n 0<j<n—1 n

for some positive constants ClLCQ. It is now easy to show that a, — 0. First
it follows that a, < A, where A satisfies a; < A and the inequality

_ 9 1 — log?
A<A+0, 8" A 40,28 "
3 n n?

for all n > 2. Consequently we also have

2 logn
3 odnx a5+ Oy

IN

Qnp

for a proper constant Cs which shows that a,, — 0, as proposed.

8.2 The L, Setting of the Contraction Method

The method that has been discussed in Section 8.1 can be generalised in
several ways. For this purpose we specify a class of recursive sequences of
distributions that can be analysed by using Ls techniques. In order to be a
bit more general we develop the theory for random vectors in R

8.2.1 A General Type of Recurrence

We consider a sequence of random, d-dimensional vectors (Y;,)n>0 which sat-
isfy the recurrence

K

d

Yo £ DAY\ +bay (0= no), (8.7)
r=1

where (A1 (n), ..., Ag(n),b,, I™), (Yél)), cey (Y,EK)) are independent, A;(n),
..., Ak (n) are random d x d matrices, b, is a random d-dimensional vector,
I™ is a vector of random integers I\ € {0,...,n}, and (Y,El)), e (Y}EK))
are identical distributed as (Y;,). We have ng > 1 and Yy, ..., Y,,,—1 are given
initialising random vectors. The number K > 1 is deterministic.

We rescale the random vector Y, in (8.7) by

X, =C V%Y, - M,) (n>0), (8.8)

where M,, € R? and C,, is a symmetric, positive-definite d x d matrix. If the
first two moments of Y,, are finite then M,, and C,, are typically of the order of
the expectation and the covariance matrix of Y,, respectively. From recurrence
(8.7) we obtain for X,, the modified recurrence
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K
X, £ AMX D 46, 0> g, (8.9)
r=1 "
with
A = 051/214?(”)0;/73, (8.10)
K
b =12 <bn —My+> Ar(n)MI(n)) : (8.11)
r=1

and independence properties as in (8.7).
The contraction method aims to provide assertions of the following type:

Suppose that we (X,,) is characterised by (8.9). Then appropriate
convergence of the coefficients

A LA b Ly (n = 0) (8.12)

implies convergence in distribution of the quantities (X,,) to a limit X.
The limit distribution £(X) is characterised by a fixed-point equation,
which is obtained from the modified recurrence by formally letting
n — 0o:

K
X253 ax™ 4o, (8.13)

r=1

Here, (A%, ..., A%, b%), XM ... X&) are independent and X (") ix
forr=1,...,K.

To reformulate the fixed-point property, we denote by M? the space of all
probability measures on R¢ and by T the measure valued map

K
T:M* =M L <Z Az 4 b*) : (8.14)

r=1

where (A%,..., A%, b*), ZW ... ZH) are independent and £(Z(") = u for
r=1,..., K. Then, X is a solution of the fixed-point equation (8.13), if and
only if its distribution £(X) is a fixed-point of the map 7.

Remark 8.4 Maps of type (8.14) do not often have unique fized-points in the
space of all probability distributions, and the characterisation of the set of all

fixed-points is — up to a few special cases — an open and important problem
(see Section 8.3).

In order to have a more precise study we define the following subsets of

M
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ME={peM? : ||u|s <0}, s>0, (8.15)
MIM) = {(peM! - Eu=M}, s>1, (5.16)
MIM,C) = {u € MIM) : Cov()=C), s>2,  (8.17)

where M € R? and C is a symmetric, positive-definite d x d matrix, and
where ||i||s, Ep and Cov(u) denote the s-th absolute moment, expectation
and covariance matrix, respectively, of a random variable with distribution pu.

The core of the method is to endow an appropriate subset M* C M¢%, e.g.,
on one of the sets in (8.15)—(8.17), with a complete metric ¢ such that the
restriction of T to M* is a contraction on the metric space (M*,§) in the sense
of Banach’s fixed-point theorem. This implies the existence of a fixed-point
L(X) of T, being unique in M*. In a second step one shows convergence of the
rescaled quantities £(X,) to £(X) in the metric 6, §(L(X,), L(X)) — 0 for
n — 00, based on an appropriate convergence of the coefficients as in (8.12).
If § is chosen such that convergence in § implies weak convergence then the
desired convergence in distribution follows.

8.2.2 A General L, Convergence Theorem

One crucial point is to choose a proper metric for which one can show that
the mapping T is a contraction. A natural choice is the minimal L, metric ¢,
(for some p > 0) that is defined by

Cp(p,v) =inf {|X =Y, : LX) =p, L) =v}, pveM

where || X ||, := (E || X?)™{(1/P):1} denotes the L, norm of a random vector
X and || X|| denotes its Euclidean norm. The Wasserstein metric ¢ is a special
but important case.

Furthermore, the spaces (M,4,) for p > 0 as well as (M%(M),£,) for
M € R?%, p > 1 are complete metric spaces and convergence in ¢y, is equiva-
lent to weak convergence plus convergence of the p-th absolute moment. For
v € Mg there always exist vectors X, Y on a joint probability space with
L(X)=p, LY)=vand ,(u,v) = || X — Y||p. Such vectors are called opti-
mal couplings of u and v. For these and further properties of the minimal L,
metric £, see Dall’Aglio [43], Major [148], Bickel and Freedman [16], Rachev
[178], and Rachev and Riischendorf [180].

In order to obtain contraction properties of the map (8.14) we denote by

[Allop = sup_[[Az]|
llzll=1

the operator norm of a square matrix A, by AT the transpose of the matrix

A, and by
pweMe ity Ly, 0)

the Lipschitz constant of T if it is finite. Actually, in the case p = 2 the
Lipschitz constant can be estimated easily.
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Lemma 8.5. Let (A}, ..., A%, b*) be an Lo-integrable vector of random d x d
matrices A ..., A} and a random d-dimensional vector b* with Eb* =0 and
assume that T is as in (8.14). Then the restriction of T to M2(0) is Lipschitz
continuous in s, and for the Lipschitz constant lip(T') we have

o (Srwrs)

r=1

1/2

lip(T) < (8.18)

op

Proof. Clearly, if u € M$(0), then T(u) has a finite second moment and
ET(u) = 0. We just have to apply the independence conditions and the as-
sumption Eb = 0. Thus, T : M%(0) — MZ(0) is a well-defined map. Let 1, v €
ME(0) be given and (W™, ZzW) . (WE) 7)) be optimal couplings of
(p,v) for r =1,..., K so that (Ay,..., Ag,b), WD zW) (W) zEK)
are independent. Then

K 2
52( (n) ( ZAT W(T) Z(T))
. )
—F <Z (Ar W — Z<’“>)) . (A (W Z‘”)))
" _ 7" (") _ ()
(q};K (W = Z0)) (AW - 200))
=FE <2K: W(T) Z(?")) (ATA (W(’") Z(T))))
=F <2K: W(T) Z(?")) (IE(ATTA Yw Z(T))))
=E <(W<1 Z<1 <<ZE (AT A,) ) <1>)>>
< |Smeran| e (o - z0f)
rKl op
Z E(AT A 65(u,v)

Note that we have used the independence of W) — Z(") and W) — z(5)
for 7 # s together with the fact that E(W () — Z(") = 0. The additional
expectation E(AF A,.) is also justified by independence.
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The second step of the contraction method is to show convergence in ¢
for sequences (L£(X,)) of the form (8.9). The following Theorem provides
sufficient conditions (see [187, Theorem 3.1] and [158, Theorem 4.1]).

Theorem 8.6. Assume (X,,) is a sequence of centred d-dimensional, Lo-
integrable random wvectors, satisfying the recurrence (8.9) with Lo-integrable

random d X d matrices As«"), 1 <r <K, arandom La-integrable centred vec-

tor b and a vector of random integers 1™ = (I{n), ceey I%)) with values in

I e {0,1,...,n}. Assume that we have

(A, AR B ) 2 (A7 AR (s o0), (819)
K

E <Z (A7) A;
r=1

E (l{fw} |ca@yTa@

Op) <1, (8.20)

w>ﬁm (n — 00), (8.21)

for all integers £ >0 and r =1,..., K. Then we have
lo(L(Xn), £(X)) =0 (n — o0),

where L(X) is the fived-point of map T defined in (8.14), which is unique in
ME(0) .

Before giving the proof we comment on the conditions of Theorem 8.6 and
their applicability.

Condition (8.19) means that the convergence of the coefficients in (8.12)
has to hold in L. For this reason we are allowed to construct (A7, ..., A%, b")
(n)
1.

according to (A ..,A(I?),b(”)) on a joint probability space, i.e., (8.19)

means
(LA, AP D) L(AT,. L, AR, b)) — 0. (8.22)

Condition (8.20), by Jensen’s inequality, is stronger than the contraction
condition

<1 (8.23)

op

o (Suwrs)

r=1

from Lemma 8.5. Whether condition (8.20) in Theorem 8.6 can be replaced
by the weaker condition (8.23) is unknown (compare with the discussion in
[163]).

Condition (8.21) is a technical condition, which is usually easy to verify
in application. In Section 8.1 we have not made explicit use of this condition

but have checked the convergence X, 4 x directly (see Lemma 8.3).
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For the application of Theorem 8.6 to recursive sequences (Y;,) as in (8.7)
one has to note, that for the scaling in (8.8) we have to choose M, = EY,
in order to guarantee the conditions EX,, = 0 and Eb(™ = 0. Since, on the
other hand b in (8.11) contains the quantities M,, and in (8.19) we need
to derive a limit for (™, this implies that for the application of Theorem
8.6 an asymptotic expansion of the mean EY,, has to be known. In contrast,
the covariance matrix Cov(Y,,) can be guessed in its first order asymptotic
expansion such that Theorem 8.6 applies. Since convergence in {5 implies
convergence of the second moment, Theorem 8.6 then automatically implies
an asymptotic expansion of the covariance matrix Cov(Y,,).

Proof. We already observed that Jensen’s inequality (8.20) implies (8.23), that
is, we have a contraction. Namely, by the definition of (™) we have Eb(™ = 0.
Thus, the Lo-convergence of (b(")) implies Eb* = 0. Therefore we can apply
Lemma 8.5 so that there is a unique distributional fixed-point X of map T in
(8.14). Let X\ £ X,,, X £ X so that (X\”, X)) are optimal couplings
of (X,,X) for all n 6 Nand 7 = 1,..., K and that (Ay,..., Ag,b,, [(™),
(X,(LI)7 XMy, (X,(LK), X)) are independent.

In a first step we derive an estimate of £3(X,,, X) in terms of £3(Xo, X), ...,
¢3(X,,—1, X). This inequality will be sufficient to deduce that ¢5(X,, X) — 0.
From (8.9) and (8.14) and from the independence conditions it follows that
(for n > nyp)

] =

03(Xn, X) <

(4 X, - AX)) b —

1

ﬂ
Il

—Arx™

2 2
p + Hb("> —b*

I
M-

By assumption we have Hb(") —b* || N 0, so we only have to take care of the
first term:

ZHA”>X(’"3> x|

- X0) 4 (A - a7) X0 ’

I
Mw

o
I(")

ﬂ
Il
i

I
Mw

(8.24)

(n) ( x () VP 2 S (40— 42) 50|
o - 5+ 35 1)
+ 22 (A<"> ( X(’"))) ((AW - A;t) X(’")) :

By (8.19), independence, and ||X||2 < oo it follows that, as n — oo, and for
r=1,..., K,

ﬂ
Il
i
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2
x| 4.

For the first term in (8.24) we have the estimate

T)
™

(r)
™

a2 (i - )

:IE(X

2
<E (\](A$”>)TA§«">

Op‘

Since the operator norm is a Lipschitz

2
gence of (AS”)), we have E HA&") — A

lim E

n— oo

forr=1,.... K.

_ X(r))T . ((AW)TA&”) (X

(r)
7™

).

continuous map and by the Lo conver-

,Xm))

X(T) X(r)

I(”)

— 0 and consequently
op

[catyra|’

_ *\T A* 2
_EH(AT’) Ar op

op

For the third term in (8.24) we use the estimate

E (A,@) (X(’",)L)

(]

< (x -
- 0(
o (v

A (X)) - x

_ X(r)))T
A (X(’",)L) e

X )

x ()
I(’L)

= Nrn

((a-)x)

)] (a0~ ) 2

)

(4 - ) x©

2

o (155
- T) H >+0

T))HQ +ol),

where 7, , — 0 as n — oo. Putting things together and by using the notation

r=1

rn:H A* TA* +777"n
we get
K
(X, X) gZE( o X(’(")> x) >+0(1)
r=1
K 2
- ZE 10—y M XM = X017} +o0(1)

K

NE

< E ( (=
r=1

s
I
=)

)) B(X:, X) +o(1).
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By assumption there exist ng and £ < 1 such that

K K ) K
Y EM =Y E (4D AL D men <€
r=1 r=1 r=1

for n > ng. Thus, with a,, = (3(X,,, X) and A4, = max,,<;j<, a; we obtain
for n > ng and some constant R > 0

Since A,, is monotone, this also implies A,, < £A,, + R and consequently

R
A, < ——=0(1).
"< T =0
Hence, the sequence a, is bounded. Set A = Sup,>pan < 00 and L =
lim sup,,_, . @n. Then for every € > 0 there exists n; > ng with a,, < L+ € for
n > ny. Now for n > ny we obtain (as above and by using (8.21))

K
4, <Y E (1{I£n)<£} |cagymae
r=1

+ nm> A+¢(L+e€) +o(1)
op

and consequently
L <&(L+e).

If L > 0, this is a contradiction for 0 < ¢ < L(1 — £)/€. Hence, L = 0. This
completes the proof of the theorem.

8.2.3 Applications of the Lo Setting

We apply Theorem 8.6 to some examples from computer science and related
areas in detail.

Quicksort

We already discussed the number Y,, of key comparisons needed by the sorting
algorithm Quicksort when applied to a uniform random permutation of length
n. The recurrence (8.7) applies here with d = 1, K = 2, A;(n) = As(n) =1,
Il(n) uniformly distributed on {0, ...,n—1}, 12(”) =n—1 —Il(n) and b, =n—1.
Recall that we have to work in the space M3(0), that is, we have to know
something of the first moment in order to reduce (8.7) to (8.9). This is provided
by (8.3). It then is natural to normalise by the 1/n:

Y, — EY,
—.

X, =
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As we have observed in Section 8.1 this leads to the recurrence (8.5) that is
of the form (8.9). The limit equation for X is given by (8.4). Thus, A} = U,
A5 =1—-U and b* =1+ 2UlogU + 2(1 — U)log(1 — U). The conditions of
Theorem 8.6 can be checked directly. For example, the Lipschitz constant can
be estimated by

1/2

* % 1/2 1
(EII(AD)2llop + EII(A3)2 lop) —(2 / u2du> 2

Thus, everything works precisely as in Section 8.1.

We apply the general concept to a slightly different parameter, the number
of key exchanges K,,. Of course, key exchanges are only necessary if the keys
are not in the right order. We again get a recurrence of the form (8.7), where
the parameters d, K, A1(n), Az(n), I™ are given as for the key comparisons,
however b,, now depends on I(") as

G0

(")
that is, the probability that there are exactly j exchanges when the rank of the

pivot element is k 4+ 1 (compare also with Sedgewick [190, p. 55] and Hwang
and Neininger [107, section 6]). We have
n+1 7 1

The limiting fixed point equation for the normalised random variable (K, —
E K,,)/n equals

1 1
XLuxW4a-x®4+U(1-U)+ U logU + 5 (1~ U)log(1 ~ U).

Again all conditions are satisfied, the only difference is in the term b*.

Wiener Index of Random Binary Search Trees

The Wiener index of a connected graph is the sum of the distances between
all pairs of nodes in the graph, where the distance is the minimal number
of edges connecting the nodes in the graph. The Wiener index has its origin
in mathematical chemistry but has independently been investigated in graph
theory (see [97, 55]). The Wiener index W, of a random binary search tree
does not satisfy the recurrence (8.7) with dimension d = 1. However, it can
be covered by (8.7) in dimension d = 2 as follows (see [159]). Suppose that
Y,, denotes the internal path length (which is precisely the number of key
comparisons in Quicksort). Then we have
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Wy S W (0= L)Y, + W2+ (I + 1) Yor, 1
+2IM(n—1—1M) 4 n—1,
2y ey® a1

This means, that we choose d = 2, K = 2, Il(n) uniformly distributed on
{0,...,n—1}, Ié") :nflffl(n) as well as

_ ™ Q)
Al(n):(én 111 )7 AQ(n):((l)n 112 )7

b (20 Y -1
" n—1 '

The expectation can be computed by

EW,, = 2n°H,, — 6n% + 8nH,, — 10n + 6 H,
=2n%logn + (2v — 6)n* + o(n?). (8.25)

This leads, together with the expansion of the mean of Y,, in (8.3), to the
applicability of Theorem 8.6. In particular we use the normalised random

vector
(Wn -EW, Y, IEYn>
X, = .

)

n? n

The corresponding limit equation (8.13) and (8.14), respectively, are given by

e <(1 70U>2 U§1_UU)) Ao ((1 fOU)Q Ugl_UU)> |

y _ (BU(1—=U) +2UlogU +2(1 — U) log(1 — U)
o 14+2U01logU +2(1-U)log(1 -0) ’

where U is uniformly distributed in [0, 1].

Interestingly, the contraction method can only be applied in this case,
since we have the relation 2y — 6 = (2 —4) — 2 for the constants in the linear
resp. in the quadratic terms of (8.3) and (8.25).

Profile of Random Recursive Trees and Binary Search Trees

In Sections 6.3 and 6.5 we have discussed the profiles of recursive trees and
binary search trees and indicated that the contraction method is a proper tool
to obtain limiting relations.

Let X,, 1 denote the number of nodes of distance k to the root in random
recursive trees of size n. Then X, o =1 — d,0 (with Kronecker’s §) and
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4 @ ()
Xn,k - le(n)’k71 + ij(n)’kv n Z 17 1 S k S n, (826)
where If") is uniformly distributed on {0,...,n — 1}, I2(n) =n—1- If") and

independence properties as in (8.7).
Similarly the external profile of random binary search trees satisfies By, o =
0,0 and

d p(1) (2)
B, =B, + B , n>1,1<k<n, 8.27
o, 1 k-1 5™ k-1 (8.27)

where Il(n) and Ié") =n—-1- Il(n) are as above.
The expectations are given by

1 k
E X, = |Sn,k+1|' N (logn) (8.28)
(n=1! " pr (% + 1)
and by
ok 2logn)*
E B = —lsnil ~ _(2logn)” (8.29)

nk!ll’ (logn)

where |sy, ;| are the (sign-less) Stirling numbers of first kind (see Section 6.1.1).
By considering the normalised profiles

Xn,k d Bn,k:

EX. o Xor an BB,y (8.30)

and setting k ~ alogn one observes that the recurrences (8.26) and (8.27),
rewritten to the normalised profiles, stabilise to stochastic fixed point equa-

tions
X(a) 2 aU*X ()® + (1 - U)*X ()@

for recursive trees, respectively to
Y(a) £ SUTY (@)W + 51 - 0) Y (@)

for binary search trees (see Theorems 6.18 and 6.41 and Section 6.3.3).

The first problem is to check whether these fixed point equations have
unique solutions. By using the Lo setting the Lipschitz constant in the recur-
sive tree case is given by
a?+1
2a0+1

lip(Ty) <

and for the binary search tree case by

2

(07
lip(Th) < .
ip( 2)_40572
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This means that we have contraction for 0 < o < 2 in the recursive tree case
and for 2 — /2 < & < 2+ /2 in the binary search tree case.

Actually it can be shown that the normalised profiles (8.30) converge to
X () resp. to Y («) in these ranges in the Lo sense (compare with [87]). In this
setting it is impossible to do it better. There are, however, solution X («) for
0<a<eandY(a) for a- < a < ay (where a_ = 0.373... and o = 4.311...
are the solution of the equation alog (22) = 1) but X () and Y (c) have finite
second moments only for 0 < @ < 2 resp. for 2 — V2<a<2+2 (for details
see [87]).

In order to extend these limit theorems to the maximum ranges 0 < o < e
resp. a— < a < a4 one has to use a different setting. For example, by using
the Zolotarev metric (s for a suitable s > 1 (see Section 8.3.1) it is possible
to prove convergence of the normalised profiles in the ranges of interest (for
details see again [87]).

8.3 Limitations of the L, Setting and Extensions

The Lo setting is relatively easy but has several limitations. For example, it
does not apply if (for simplicity we just consider the case d = 1)

K
E <Z(A:)2> =1, (8.31)

r=1

that is, the contraction condition (8.23) resp. (8.20) is not satisfied. In partic-
ular, there are many applications that lead to the limit equation

K
XS5 arx™, (8.32)
r=1
with
K
> (A =1. (8.33)
r=1

From the convolution property of the normal distribution it follows that nor-
mally distributed random variables with law N (0, 02) are solutions of the limit
equation (8.32) under (8.33). Thus, it seems, that one cannot prove a central
limit theorem even if there is one. Since the limit equation has no unique fixed
point, there is definitely no metric for which T is a contraction.

Another principal problem of the contraction method is the occurrence of
degenerate limit equations. For example, if we rescale a recurrence of the form

Yn g Yln + bnv (TL 2 nO)a (834)
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we might end up with the degenerate limit equation
d
X=X (8.35)

This limit equation does not give any information about a potential limit dis-
tribution and the concept of the contraction method needs to be significantly
extended to deal with such cases.

8.3.1 The Zolotarev Metric

In order to overcome the problem of limit equations with no unique solution
one has to choose a proper subspace. For example, if we work with M%(M, C)
instead of M%(M) then the (co-)variance is fixed, and equation (8.32) under
(8.33) will have a unique limit. Furthermore one has to use another metric
that makes T a contraction on that subspace.

Actually, this program was realised by Neininger and Riischendorf [161].
They used the Zolotarev metric (s (introduced by Zolotarev [209]) which is
defined for random vectors X, Y in R? by

(X, Y) = sup [E[f(X) - f(Y)]| (8.36)
feFs

where s = m + o with 0 < o < 1, m € Ny, and
Fy={f € C"RELR) : | £ (@) = FO ()] < llw —w]*},

denotes the space of m times continuously differentiable functions from R?
to R such that the m-th derivative is Holder continuous of order a. We use
the short notation (s(L£(X),L(Y)) = ((X,Y). We have (,(X,Y) < oo, if
all mixed moments of orders 1,...,m of X and Y are equal and if the s-
th absolute moments of X and Y are finite. Furthermore, (MY, () for 0 <
s <1, (MIM), () for 1 < s <2 and (MY(M,C),¢) for 2 < s < 3 are
complete metric spaces with M € RY, and C being a symmetric, positive
definite d X d matrix. Furthermore, the Lipschitz constant of the mapping T

can be estimated by
K
lip(T) <E <Z ||A:f||3p> :
r=1

For example, if (8.33) is satisfied then T': M1(0,1) — ML(0,1) is a contrac-
tion for all 2 < s < 3.

There is a direct extension of Theorem 8.6 to the Zolotarev setting with
many applications to statistics of recursive algorithms and related subjects
(see [161, 162]) also leading to central limit theorems under very general con-
ditions. It is even possible to work in a suitable Banach space setting (see
[68]).
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8.3.2 Degenerate Limit Equations

Degenerate limit equations X 4 X do not give any information on the nature
of the potential limiting distribution. Nevertheless, in a quite general class of
problems (see [162]) it is possible to prove a central limit theorem. The idea is
to keep track of the recurrence and to show that an accompanying sequence of
normal distributions is close to X,,. It applies to equations of the form (8.34)
under some regularity conditions on I, and under the assumption that the
variance of Y}, is of logarithmic order.






9

Planar Graphs

At first sight planar graphs and trees have nothing in common despite the
trivial fact that trees are planar. Nevertheless there are strong similarities in
the combinatorial and asymptotic analysis of trees and planar graphs. Pla-
nar graphs contain several (hidden) tree or tree-like structures. The tree-
decomposition into cut-vertices and blocks (2-connected components) is the
most prominent one. The reduction to 3-connected components is more in-
volved but uses so-called series-parallel networks that are obtained from series-
parallel extensions of trees. Thus, it is natural that properly extended tree
counting techniques and analytic techniques that have been developed for
trees apply. However, these extensions are not straight forward. Several graph
theoretical and and also topological concepts have to be combined with com-
binatorics on trees. There are also different levels of complexity in the asymp-
totics analysis. From this point of view outerplanar graphs and series-parallel
graphs — these are two subclasses of planar graphs that we will study first
— are more tree-like than the class of all planar graphs, since the singular-
ity structure of the corresponding generating functions is of square root type
v R — x, whereas the class of all planar graphs has a dominant singularity of
the form (R — 1)3/ 2. Geometrically this indicates that outerplanar graphs and
series-parallel graphs are more or less governed by a one-dimensional topology
(as trees) but the class of all planar graphs by a two-dimensional one.

In this chapter we focus on labelled planar graphs R and use a generating
function approach. As in the case of trees we then consider the uniform ran-
dom model on the subclasses R, with n vertices. We will shortly call them
random planar graphs. There are of course different models that could be used
for a random model for planar graphs. For example, there are many results on
random planar maps that we will not discuss in detail (this goes back to Tutte
[30, 203, 204, 205], see also [137] and the references therein). The difference
between planar maps and planar graphs is that a planar map is an already
embedded planar graph. If a planar graph has several non-equivalent embed-
dings on the 2-sphere then each of them corresponds to different planar maps
although the underlying planar graph is the same. Of course, it is also inter-



366 9 Planar Graphs

esting to consider unlabelled planar graphs. However, this model is actually
much more involved than the labelled one — at least from the combinatorial
point of view. At the moment there are only some results on outerplanar
unlabelled graphs (see [19]).

The counting problem of several classes of planar graphs and planar maps
goes back to Tutte [30, 203, 204, 205]. Interestingly the study of random
planar graphs is a recent one. Random planar graphs were introduced by
Denise et al [47], and since then they have been widely studied. Several natural
parameters defined on R,, have been studied, starting with the number of
edges, which is probably the most basic one. Partial results where obtained in
[22, 47, 89, 167], until it was shown by Giménez and Noy [91] that the number
of edges in random planar graphs asymptotically obeys a normal limit law with
linear expectation and variance. The expectation is asymptotically xn, where
K & 2.21326 is a well-defined analytic constant. This implies that the average
degree of the vertices is 2k = 4.42652. McDiarmid et al showed that with
high probability a planar graph has a linear number of vertices of degree k,
for each k > 1.

In this chapter we present a systematic combinatorial and asymptotic
study of labelled random planar graphs. As already indicated the (asymp-
totic) counting problem is solved by using generating functions and singularity
analysis. We also focus on the degree distribution. More precisely, for every
k we will determine the limiting probability dj that a random vertex in a
random planar graph has degree k. This is based on recent work by Drmota,
Giménez and Noy [63, 64] and extends the results of [150]. Related results
have also been obtained by Bernasconi, Panagiotou and Steger [13, 14]. In-
terestingly the degree distribution of labelled planar graphs is different from
the degree distribution of labelled trees, where we have observed a Poisson
law (see Section 3.2.1). For planar graphs the degree distribution behaves as
dp ~ ck™Y2¢F as k — oo (for some constant ¢ < 1; see Theorem 9.46).

9.1 Basic Notions

There are several ways to introduce planar graphs. Historically they are con-
sidered as graphs that can be embedded into the plane (or into the 2-sphere)
without edge crossings. For example, Kuratowski’s theorem says that planar
graphs are characterised by the property that no minor! is isomorphic to K5
or to K. 3,3.2

! H is a minor of G if it can be obtained from G by contracting edges, removing
edges, and removing isolated nodes.

2 A complete graph K, is an undirected graph with n vertices where each vertex
is connected to all other vertices by an edge. A complete bipartite graph Ko, n
consists of 2 vertex sets of m and n vertices, where each vertex of the first vertex
set is connected to all vertices of the second vertex set by an undirected edge.
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Nevertheless, it is of special interest to look at (one of) the embedding(s)
G of a planar graph G into the plane R2. The complement of the embedding
R\ G consists then of several connected components, the so-called faces of
G. For example, if G is connected then the number of vertices v, the number
of edges e and the number of faces f satisfy the (Euler) relation

v—e+ f=2.

In particular this means that the number of faces is independent of the em-
bedding.

If there is a unique embedding into the plane then one can introduce the
dual graph G*. The vertices of G* are the faces of G, and two faces of G are
joined by an edge (in G*) if they have a common edge (in G). G* is then
another planar graph with a unique embedding and G** is isomorphic to G.

We will also distinguish between connected, 2-connected, and 3-connected
(planar) graphs. A graph is 2-connected if it is connected and one has to
remove at least two vertices (and all incident edges) to disconnect it. Similarly,
a graph is 3-connected if it is 2-connected and one has to remove at least
three vertices to disconnect it. (There is only the triangle K3 which has to be
considered separately. It is defined to be 2- but not 3-connected.? Figure 9.1
shows a connected, a 2-connected and a 3-connected planar graph. 3-connected
planar graphs are of special interest since Whitney’s theorem says that they
have a unique embedding. Thus the counting problem of 3-connected planar
maps and the counting problem of 3-connected planar graphs is the same.

Fig. 9.1. A connected, a 2-connected and a 3-connected planar graph

3 Generally the complete graph K, is defined to be (n — 1)-connected but not
n-connected.
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There is an intimate relation between connected, 2-connected and
3-connected planar graphs as we will see in the sequel. In fact, if one is inter-
ested in the number of (labelled) planar graphs then one should first study
3-connected graphs (or equivalently 3-connected maps), knowing that there is
a general procedure to generate 2-connected ones and finally connected planar
graphs.

We will also consider two subclasses of planar graphs, namely so-called
outerplanar graphs and series-parallel graphs.

An outerplanar graph is a planar graph that can be embedded into the
plane so that all vertices are incident to the external face. Equivalently they
are characterised as those graphs not containing a minor isomorphic to K4 or
K273.

A graph is series-parallel if it does not contain the complete graph K4
as a minor. Since both K5 and K33 have a minor isomorphic to K4, by
Kuratowski’s theorem a series-parallel graph is planar. Furthermore, every
outerplanar graph is series-parallel. The notation series-parallel comes from
the fact that this kind of graphs can be seen as the result of consecutive
series-parallel edge extensions applied to a tree. In a series extension an edge
is replaced by a chain of arbitrary finite length, whereas in a parallel extension
an edge is replaced by a multiple edge. Since we are only interested in simple
graphs we restrict ourselves to those graphs where the final result of this
procedure has no multiple edges.

In what follows we will first solve the counting problem for labelled out-
erplanar, series-parallel and planar graphs. The complexity of the counting
problem of these three classes increases. In particular series-parallel networks
play an important role in describing the relation between 2-connected and
3-connected planar graphs.

However, the main goal of this chapter is to characterise the degree distri-
bution of these three classes of planar graphs.

For all these problems we use (again) the concept of generating functions
and singularity analysis.

9.2 Counting Planar Graphs

In this section we present the solution of the counting problem for labelled
planar graphs. On the level of generating functions this is classical. However,
the corresponding asymptotics are not obvious at all. In particular the cases
of 2-connected and connected planar graphs have been resolved quite recently
by Bender, Gao and Wormald [9] and Giménez and Noy [91].

9.2.1 Outerplanar Graphs

As explained above an outerplanar graph is a planar graph that can be em-
bedded into the plane so that all vertices are incident to the external face.
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Fig. 9.2. Connected outerplanar graph

We first solve the counting problem on the level of generating functions.

Theorem 9.1. Let b, denote the number of 2-connected labelled outerplanar
graphs, ¢, the number of connected labelled outerplanar graphs and g, the
number of all labelled outerplanar graphs. Furthermore, let

xn x"L
=anm, C(x):chH, and G(x Zgn
n>0 n>0 n>0

be the corresponding (exponential) generating functions. These functions are
determined by the following system of equations:

G(z) = @), (9.1)
C/(l‘) B (zC’ (;c)) (9.2)
B'(x) =x+ a:A( ), (9.3)
Aw) = 21+ A())? + 2(1 + A(®)) Aw) (9.4

_ 1—3z—+V1—6x+z2

4z

Proof. Equation (9.1) is obvious, since every (labelled) outerplanar graph
uniquely decomposes into a system of (labelled) connected outerplanar graphs.
Thus, the exponential generating functions are related by G(x) = eC@),

The second equation (9.2) follows a general principle, too (compare with
[184]). First of all note that
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B2) =S by
(@*Znﬂm

n>1

can be considered as the generating function of the 2-connected outerplanar
graphs with n + 1 vertices, where one vertex (without label) is distinguished
as a root. Similarly we interprete C’(z).

The right hand side

"(xC'(z S 1 /
6B( C'( )):ZE‘B (xcl(x))k
k=0

can be interpreted as the exponential generating function of a finite set of
rooted 2-connected outerplanar graphs, where the root vertices are identified
to form a new connected rooted outerplanar graph, and every vertex differ-
ent from the root is replaced by a rooted connected outerplanar graph (see
Figure 9.3). It is clear that every graph of that kind constitutes a rooted con-
nected outerplanar graph. Furthermore every rooted connected outerplanar
graph G can be decomposed uniquely in the above way, as we indicate next.

Recall that a cut-vertex v of a graph G is defined by the property that the
number of components of G'\ {v} is larger than that of G (G \ {v} means that
we remove v and all incident edges). Of course, a graph is 2-connected, if and
only if it is connected and contains no cut-vertices. In what follows we will
make use of the following reduction procedure. Let G be a connected graph
and v a vertex of G and let GG1,..., G  denote the connected components of
G \ {v}. Then the subgraphs

Gy =G\ ((G1U---UG; 1 UG;U---UGy) \{v}) (1<j<)

can be considered as subgraphs of G that can be glued together at the

(cut-)point v to recover G. Furthermore, set G/ = G\ G; which is again

a connected graph. Then we can also recover G by gluing G; and G/ at v.

Of course, if v is not a cut-point then J = 1, Gy = G\ {v}, G} = G, and
"= {u}.

Let vr00r denote the root vertex of a connected outerplanar graph. If we
delete an arbitrary vertex v # Upoot (in the above sense) then the graph
decomposes into k > 1 components G1,Gs,...G 5, where we assume that the
root Vg0t is contained in G1. Without loss of generality we can assume that v
is not a cut-vertex. We reduce G to G and have in mind that we can recover
G by gluing G and GY at v. We can also think of cutting off Ga,...,G.
Note that G is a connected graph that can be considered as rooted at v. By
repeating this reduction procedure we end up with a graph G that contains
the root vyt and has no cut-vertex different from v,.,0¢. Finally we delete the
root Vo0t and obtain k > 1 connected (outerplanar) graphs Gi,...,Gg. Set
B; = C;';, 1<j <k Then B;, 1 <j <k, is a2-connected planar graph that

is rooted at vyo0t, and G is obtained by identifying all B; at the root vertices.
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We now restart the reduction procedure but we only cut at points v # Voot
that are contained in G. Then we again end up at G and this provides the
required (unique) decomposition (see Figure 9.3).

This decomposition procedure recovers an underlying tree structure of
G that consists of 2-connected subgraphs which are linked at cut-vertices.
Figure 9.3 can be seen from this point of view, too. Accordingly the equation
C'(z) = eB'(@C"(®) hag an interpretation in terms of simply generated trees
or equivalently of Galton-Watson branching processes (see Remark 9.2).

Fig. 9.3. Connection between 2-connected and connected outerplanar graphs

In order to prove the next relations (9.3) and (9.4) we introduce so-called
dissections. A dissection is a convex polygon together with a set of non-
crossing diagonals. In our context we will further assume that one edge of
the polygon is rooted (or marked, see Figure 9.4). Alternatively we can inter-
pret a dissection as a 2-connected outerplanar graph with a rooted edge on
the infinite face. Let A denote the set of dissections with at least 3 vertices
and let a,, n > 1, be the number of dissections with n + 2 vertices, that is,
the vertices of the marked edge are not counted. Further, let

Az) = Z anx”

n>1

denote the corresponding generating function.

Dissections have a very easy recursive structure. One considers the face f
that contains the rooted edge and looks at the valency ¢ of f which has to be
at least 3. The dissection can be then decomposed into the original rooted edge
plus £ — 1 dissections (or just single edges) situated around f (see Figure 9.5).
In terms of generating functions this reads as

(1 + A(x))®

Al@) =21+ A@) + 1+ A@)" + -+ = 7= a
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Fig. 9.4. Dissection of a convex polygon and a 2-connected outerplanar graph

Obviously this is the same equation as (9.4).

Fig. 9.5. Recursive decomposition of dissections

Finally we consider 2-connected labelled outerplanar graphs. There is ex-
actly one 2-connected outerplanar graph with two vertices, namely a single
edge. However, if n > 3 then we have

—1)!
bn = %an_}

First, it is clear that b,, can also be considered as the number of 2-connected
outerplanar graphs with n vertices, where one vertex is marked (or rooted)
and the remaining n — 1 vertices are labelled by 1,2,...,n — 1. We just have
to identify the vertex with label n with the marked vertex. Next consider a
dissection with n vertices. There are a,,_o dissections of that kind. We mark
the vertex vy of the root edge e = (v1,v2) (where the vertices are numbered
counter clockwise). Then there are exactly (n—1)! ways to label the remaining
n — 1 vertices by 1,2,...,n — 1. Finally since the direction of the outer circle
is irrelevant, we have to divide the resulting number (n — 1)!a,—o by 2 to get
back b,,. Of course, this is exactly the relation (9.4).
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Remark 9.2 Note that the above description of outerplanar graphs contains
two tree-like constructions.

First, the relation (9.2) between rooted connected graphs and rooted 2-
connected corresponds to a tree-like decomposition. Set y(z) = zC'(z) and
&(x) = P’ @), Then (9.2) rewrites to y(x) = x®(y(x)) which is precisely the
functional equation of simply generated (or Galton-Watson) trees. Figure 9.3
depicts the tree-structure at the root.

Second, the recursive description of dissections could be alternatively given
by a corresponding tree approach. We start with a planted root outside the
dissection and connect it with an internal node inside f by an edge that cuts
the rooted edge. In a similar way (see Figure 9.6) we continue. For example,
if the face f has valency 4 then the node inside f has 3 =4 — 1 subtrees that
correspond to the 3 sub-dissections around f.

VI

Fig. 9.6. Dissections and trees

This gives a bijection between dissections and planted plane trees, where
all internal nodes have out-degree > 2. However, one has to be careful by
transferring statistics between these two objects. A dissection with v faces and
n+2 (non-rooted) edges corresponds to a tree with r internal nodes (different
from the root) and n + 1 leaves.

By using the system of equations (9.1)—(9.4) we derive asymptotic expan-
sions for b,,, ¢,, and g,.

Theorem 9.3. The numbers b, ¢, and g, of 2-connected, connected and all
labelled outerplanar graphs are asymptotically given by

by =b-n"%(3+2V2)"n! (1+0 (%))
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5 1
cn=c-n 2p'n! (14—0(—)),
n
_s 1
gn=g-n"2p"n! (1+O(—>),
n

where p = yoe_B/(yO) = 0.1365937... and yo = 0.1707649... satisfies the equa-
tion 1 = yoB” (yo), and

1
b= —=1/114243v2 — 161564 = 0.000175453...
8\/77\/ V2 ’

¢ = 0.0069760...,
g = 0.017657...

are positive constants.

Proof. First note that A(x) and B’(x) can be explicitly computed:

_1-3z—+1—6x+2?

A() a ,
Bl(x) = 1—&—536—\/81—63:4—362.

Both of them have a radius of convergence p = 3 — 2v/2 = 0.171572875....
Furthermore, the asymptotic expansion for b,, is immediate.

Next observe that the function v(z) = zC’(x) satisfies the functional equa-
tion v = 2B, By applying Theorem 2.19 it follows that the solution
v(z) gets singular at p = 0.1365937..., which is given by p = vge B (v0),
and vy = 0.1707649... satisfies the equation 1 = wvgB”(vg). Note that
vo = v(p) = pC'(p) < p1 = 3 — 2v/2 which ensures that the singularity of
B'(z) has no influence to the singular behaviour of C’(x). In fact we obtain
from Theorem 2.19 that

(27 2C" (@) = 22 = conHpn (1 10 (%)) |

n!

where

1
= = 0.0069760...
‘ \/ 27(B" (40)? + B" (40))

Furthermore the function 2C’(z) has a square root type singular expansion

of the form
2C'(x) = g(x) — h(z), /1~ %

where h(p) = 24/ - ¢. Consequently we get a singular expansion for C(x) of
the form
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3
2\ 2
Cw) = (o) + ) (1-2)
with g1(p) = C(p) and h1(p) = 3h(p).
Finally, since G(x) = e“®) the function G(z) has (up to constants) the

same singular behaviour as C(z)

G(z) = ga(x) + ha(x) (1 - %)

with ho(p) = €91 hy(p), which leads directly to the asymptotic expansion
for gy.

In order to evaluate the constants we note that C(x) can be represented
as

C(x) = 2C'(z) (1 — log(C'(z))) + B(zC'(z)), (9.5)
where B(z) is explicitly given by

5 1
B(;U):E—f——fo—( 6+2z)V1—6x+ 22

8 16 32

1
+§1og(—3+x—|—\/1—6x—|—x2).

By using these representations the constants g1 (p) = C(p), ha(p) = e9* P hy(p),
and consequently g = 0.017657... can be computed.
In order to prove (9.5) we set F(z) = zC’(x) and get

C(x) —/Ozwds—F(;v)logx—/OEF'(s)logsds.

S

With help of the substitution ¢ = F(s), where we also have s = tefB/(t), we
can evaluate the last integral to

T F(x) ,
/ F'(s)log sds —/ log (te_B (t)) dt
0

:/ (logt — B'(1)) dt
— F()log F(x) — F(z) - B(F(x)).

This directly provides (9.5).

Note that the above counting procedure is quite flexible. For example, we
can take care of the number of edges, too. If g, ,, denotes the number of
outerplanar graphs with n vertices and m edges, then we define

"
Z gn,m _' ym
n

n,m>0
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Similarly let A(z,y), B(z,y), C(x,y) be the corresponding generating func-
tions for dissections, 2-connected outerplanar graphs and 3-connected outer-
planar graphs. Note that in the case of dissections we make the convention
not to count the rooted edge. By using exactly the same counting procedure
as above we get the following relations:

G(z,y) = e, (9.6)
oC(z,y) 0B ( 9C(z,y)
ar  OP (8&0 <x ar V) ) (0.7)
0B(x, 1
% = zy + jry Az, y), (9.8)
A(z,y) = zy® (1 + Az, ))? +zy(1 + Az, y)) Az, y) (9.9)
1 —ay2ay® — /1 — 2zy — dzy? + 22y?
B 2zy(1 + y) .

With the help of these equations and by precisely the same analytic consider-
ations as above, where we consider y as an additional parameter, we get, for
example, a representation for G(z,y) of the form

G(z.y) = g1(z,y) + ha(z,y) (1 - ﬁ) :

Hence, by Theorem 2.25 we derive that the number of edges X,, in a of size
n satisfies a central limit theorem. In particular we obtain

EX, =un+0(1) and VX, =c’n+0(1),

where p = 1.56251... and 02 = 0.22399... (compare with [20]).

9.2.2 Series-Parallel Graphs

We recall that a graph is series-parallel if it does not contain the complete
graph K4 as a minor. Equivalently a connected series-parallel graph can be
seen as the result of consecutive series-parallel edge extensions applied to
a tree. Thus, the basic element of a series-parallel graph is the result of a
series-parallel edge extensions of a single edge. Such graphs are also called
series-parallel networks. They have two distinguished vertices (or roots) that
are called poles. The consecutive series-parallel extension induces a recursive
description of series-parallel networks: they are either a parallel composition
of series-parallel networks or a series decomposition of series-parallel networks
or just the smallest network consisting of the two poles and an edge joining
them. Figure 9.7 shows the parallel decomposition of a series-parallel network
that occurs if the first step of the series-parallel edge extension was a parallel
extension. In a similar way the series decomposition works (see Figure 9.8).



9.2 Counting Planar Graphs 377

It is also easy to characterise 2-connected series-parallel graphs. They can
be either described as the result of consecutive series-parallel edge extensions
applied to an initial double edge or by a series parallel network where one
additional edge is used to join the poles.

N

Fig. 9.7. Series-parallel network and its parallel decomposition

WA A=

Fig. 9.8. Series decomposition of a series-parallel network

Thus, it is relatively easy to count 2-connected series-parallel graphs using
generating function (see Theorem 9.4). But then a decomposition of connected
graphs into 2-connected part (that works as in the outerplanar case, see also
Figure 9.9) makes it possible to count connected series-parallel graphs on the
level of generating functions, too. However, in contrast to outerplanar graphs
we have to keep track of the number of edges from the very beginning.

Theorem 9.4. Let b, ,,, denote the number of 2-connected labelled series-
parallel graphs, cp ., the number of connected labelled series-parallel graphs
and gn,m the number of all labelled series-parallel graphs with n vertices and
m edges. Furthermore, let

§ bn m ' y § Cn m "y
m,n>0 m,n>0

and
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Fig. 9.9. Connected Series-parallel graph

> gom %Ty

m,n>0

be the corresponding generating functions. Then these functions are deter-
mined by the following system of equations:

Gz, y) = @) (9.10)
é Y _ exp (g—lj (x%y)) , (9.11)
E]

€, ) J,‘_l—i—D(.%‘y) a? S(x,y)

o == Ty et (9.12)
D(z,y) = (1 +y)ed@¥) — (9.13)
S(z,y) = (D(z,y) — S(z, y))xD(w Y). (9.14)

Proof. The first two relations (9.10) and (9.11) can be proved in completely
the same way as in the proof of Theorem 9.1. We only have to be aware of the
number of edges (that are additive) and the fact that the tree-like decomposi-
tion of connected series-parallel graphs into 2-connected series-parallel graphs
works, too.

Next we denote by

)_Zd ﬁm
Yy) = n,mn'y

n,m

the exponential generating function of all series-parallel networks, more pre-
cisely, dy, », is the number of series-parallel networks with n+2 vertices and m
edges, where the n internal vertices (that are those vertices that are different
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from the poles) are labelled by {1,2,...,n}. In the same way we define S(z,y)
for series-parallel networks that have a series decomposition into at least two
series-parallel networks and P(z,y) for series-parallel networks that have a
parallel decomposition into at least two series-parallel networks. For short, we
call these networks s- and p-networks. By definition we have

D(z,y) = S(z,y) + P(z,y) + y.

Furthermore, observe that the series decomposition of a s-network (and the
parallel decomposition of a p-network) is unique if we require that the com-
ponents are either edges or p-networks (or at most one edge and s-networks).
This unique decomposition translates directly into the system of equations

S(z,y) = x(P(x,y) +y)* + 2*(P(z,y) +y)° + - (9.15)
__x(Pz,y) +y)?
1—a2(P(z,y) +y)’
P(z,y) = (5@Y) —1 - S(z,y)) +y(e@Y) —1). (9.16)

Of course, these two equations can be rewritten to the system (9.13) and
(9.14) if we use D — S instead of P + y.

Alternatively we can interprete the equations (9.13) and (9.14). The first
equation (9.13) expresses the fact that a series-parallel network is a parallel
composition of series networks (this is the exponential term), to which we
may add or not the edge connecting the two poles. The second equation (9.14)
means that a series network is formed by taking at first a non-series network
(this is the term D — §), and concatenating to it an arbitrary network.

Finally we have (9.12), since a series-parallel network with non-adjacent
poles (which is counted by e (a”y)) can be obtained by distinguishing, orienting
and then deleting any edge of an arbitrary 2-connected series-parallel graph.
The factor 22 takes into account the two poles, the factor 1/2 the two possible
orientations and the derivative with respect to y the choice and deletion of an
arbitrary edge.

Remark 9.5 Note that the system (9.15) and (9.16) can be interpreted as
a tree-like composition with two kinds of nodes (S and P) and two different
reproductions rules.

Furthermore, we want to note that D(x,y) solves a single equation

oo (L 2@ ) _ xD(z,y)?
B\ 11y ) 1+aD(xy)

(9.17)

which will make the singularity analysis slightly easier.

Theorem 9.6. The numbers by, ¢, and g, of 2-connected, connected and all
series-parallel graphs are asymptotically given by
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where p1 = 0.1280038..., po = 0.11021... and

b=0.0010131...,
¢ = 0.0067912....,
g = 0.0076388...

are positive constants.

Proof. Since D(z,y) satisfies a single equation (9.17), it follows that there is
a singular expansion of the form

T
D(x,y) = g(x,y) — h(z,y) /1 — ——,
) ) p(y)
where p(1) = p; = 0.12800.... Since e%*¥) = (D(x,y) +1)/(1 +y), we get a
corresponding expansion for

P = r(oy) = o) 1-

By Theorem 2.30 this implies that B(x,y) has a representation of the form
Bla,y) = o)+ haGo) (1= ) (9.18)
z,y) = g2(x,y) + n2(x,y - . .
p(y)

Of course, by setting y = 1 this leads to the asymptotic expansion for b,, with

p1 = p(1).
From (9.18) we also obtain a representation for

0B(z,y) z
Ox (=) p(y)
_ . o _ 8B(x,1)
where we can safely set y = 1. For notational simplicity we set B'(z) = a—i

and C'(x) = % Then the function v(x) = xC’(x) satisfies the functional
equation v(x) = xeB/(“(x)), that is, we are in a similar situation as in the proof
of Theorem 9.3. Again we observe that there exists vy = 0.1279695... < p;
with v9B” (vg) = 1 (compare with [20]). Thus, by Theorem 2.19, the function
v(xz) = xC’(x) has a local representation of the form
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£C'(x) = ga(x) — ha(x), /1 - p—i

where py = voe*B/(”O) = 0.11021.... Consequently we obtain corresponding
representations for

C(x) = g5(z) + hs() (1 - p—) ,
and for s
6(a) = ) = gufo) + ho(o) (1= 2 )

that induce corresponding asymptotic representations for ¢,, and g,.

Remark 9.7 We want to remark that one has to be careful with the evaluation
of constants since we have been working with derivatives with respect to x and
y. Nevertheless it is not difficull to solve the above system of (differential)
equations numerically and check all necessary conditions, for example, that
there exists vog < p1 with voB" (vg) = 1.

However, due to the simplicity of the above equations, one can solve some
of the integrals explicitly. For example, in [20] it is shown that B(x,y) can be
represented in terms of D = D(x,y):

xD(x?D? + 2D + 2 — 2x)
4(1+ zD) ’

1
B(z,y) = 5 log(1 +aD) —

and C(x,y) can be represented in terms of % and B(z,y):

Clo) = 2D (11 D) (06081

Remark 9.8 As in the case of outerplanar graphs we also get a central limit
theorem for the number X, of edges in a random series-parallel graph of size
n, with

EX, =un+0(1) and VX, =o>n+0(1),

where p = 1.61673... and o = 0.55347... (compare with [20]). By a slight vari-
ation of the proof of Theorem 9.6 we obtain a local representation of G(z,y)
of the form

G(z,y) = gs(z,y) + he(z,y) (1 - %@)) E '

Thus, a direct application of Theorem 2.25 gives the result.
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9.2.3 Quadrangulations and Planar Maps

Before we can count planar graphs we have to know something on the relation
between quadrangulations and planar maps. A planar map is — informally
spoken — an embedded planar graph, and a quadrangulation is a planar map
where every face has valency 4 (also the external face).

Interestingly, there is a bijective relation between quadrangulations and
2-connected maps. Suppose a 2-connected map M is given. Let M* denote the
dual map, that is, the vertices of M* are the faces of M and two vertices of M*
are linked by an edge (of M*) if the corresponding faces of M have an edge in
common. For simplicity the vertices of M* are represented by points contained
in the corresponding faces of M. Now we construct a quadrangulation @ in
the following way. The vertices of @ are the vertices of M together with the
vertices of M* (represented as points in the plane). Finally we connect a vertex
v of M with a vertex v* of M* by an edge (in Q) if v is contained on the
boundary of the face of M corresponding to v*. Figure 9.10 shows an example
of this procedure.

|
@}Q QE@ bt
& - \@jﬁ/’

Fig. 9.10. Quadrangulations and maps

A diagonal in a quadrangulation is an internal path of length 2 joining two
opposite vertices of the external face. A quadrangulation is simple if it has no
diagonal, if every cycle of length 4 (other than the external cycle that encircles
the whole graph) defines a face, and if it is not the trivial map reduced to a
single quadrangle. For example, the quadrangulation depicted in Figure 9.10
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is a simple one. It is a well known fact and an easy exercise (see [29, 156])
that the above described procedure leads to a simple quadrangulation, if and
only if the corresponding map is 3-connected.

Furthermore, it is easy to see that edge-rooted maps correspond to edge
rooted quadrangulations, where the rooted edge is directed and always on
the external face. These kinds of objects can now be counted with the help of
generating functions. Note further, that quadrangulations are bipartite graphs
so that we can distinguish between black and white vertices. This is uniquely
defined by assuming that the rooted (directed) edge starts from a black vertex.
With this convention the above bijection transfers vertices of the 2-connected
map to black vertices of the quadrangulation, edges to faces, faces to white
vertices, and the root degree (of the first vertex of the root edge) stays the
same.

Let f; ;1 be the number of edge-rooted 2-connected maps with ¢+1 vertices
and j 4 1 faces where the (first) vertex of the rooted edge has degree k + 1.
Then f; ;.5 is also the number of edge-rooted quadrangulations with ¢+1 black
vertices, and j + 1 white vertices where the (first) vertex of the rooted edge
has degree k + 1. The following lemma provides an explicit representation of
the trivariate generating function of these numbers.

Lemma 9.9. The generating function

F(CL’7 Y, 'U}) = Z fi,j,kxiijk

i,5,k
is given by
1
F(z,y,w) = —2—(1 —(1+v—u+uv— 20%u)w + v(l — u)2w2)

w

1

+ 2—(1 — (1 —uw)w)y/1 —20(1 +u + 2uv)w + v2(1 — u)2w?,
w

where u = u(x,y) and v = v(x,y) are determined by the system

= u(l —v)? (9.19)
y=v(l—u)? (9.20)

Remark 9.10 Note that the function F(x,y,1) is given by
F(z,y,1) = uv(l —u —v). (9.21)

This representation is due to Brown and Tutte [30]. In particular, it can be
used to prove an explicit formula for

fos = 3 fus = (247 —2)1(2j +i—2)!
] 1,7,k T .

= il1(2i — 1)1(25 — 1)!
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For example, this can be derived from (9.21) with help of Lagrange’s inversion
formula (see [30]).

Interestingly there is also a bijection to two different tree classes, to so-
called description trees and skew ternary trees (see [109]).

Proof. Let wy,_ jm denote the number of 2-connected edge-rooted planar maps
with n edges, and j + 1 faces, where the external face has valency m. Further-
more set

y) = Z Z wn,m,jxnij

n>2j>1
CE Y, 2 § wm x y § wn,jmx y Z
m>2 n,j,m

Now consider the rooted edge e of the external face of the 2-connected map.
Of course, e belongs to the external face and to another face f. Denote by v
the remaining edges on the external face and by 7. the remaining edges on
the face f. If one deletes the edge e, then M \ e might have k > 0 cut-points
ai,...,ar that are exactly common points of ;7 and 7o (different from the
two vertices incident to the rooted edge e, see Figure 9.11).

Fig. 9.11. 2-connected maps

A careful look at this recursive structure leads to the relation
k+1
w(z,y,z) = xyzz Z Wi (2,y) (2 + 22 + - 2™ ) + 2z
k>0 \m>2

Zm22wm(xvy)(z+z2+...me1)+xz
172m22wm(1’,y)(2+z2+mel)imz

=Yz

This rewrites to
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w(z,y,2)* + (1 = 2)(1 = 22) + xyz — zw(z,y,1))w(z,y, 2)
—22%y(z(1 — 2) + w(x,y,1)) = 0.
Now let h; ;. be the number of edge-rooted 2-connected planar maps with
1+ 1 vertices, and j + 1 faces with an external face of valency m (where we

exclude the map that consists just of one edge). Then by Euler’s relation we
have

hijm = Witj,jm
and consequently the corresponding generating function h(x,y, z) is given by
h(z,y,z Z hij, mxiyjzm =w(z,y/z,2)
i,5,m
and satisfies the relation
—y2*(z(1 - 2) + h(z,y,1)) = 0.

It is easy to check that (9.22) has a unique analytic solution if one assumes
that h(x,0,z) = 0. Namely, if we set

h(z,y,z Zh X, 2)Y

720

(with ho(x,z) = h(z,0,z) = 0) then (9.22) rewrites to a recurrence for
hj(z, z). Now observe that

1
hx,y,2) = —5(1 — (1 +u—v+uv—2u?v)z +u(l — v)2z2)

+ (1= (1 =v)2)v/1—2u(l + v+ 2uv)z + u2(1 — v)222,

1
2
where v = u(z,y) and v = v(z,y) are defined by (9.19) and (9.20) is actually
an analytic solution of (9.22) that meets these conditions.

Finally we apply the above enumeration result to the dual maps. Here
vertices are transferred to faces, faces to vertices, and the valency of the outer
face to the degree of the degree of the root vertex. As a consequence we have
that h(z,y,w) = wF(z,y,w), where the extra factor w appears, because in
F we are counting the degree of the root vertex minus one. Of course, this
completes the proof of the lemma.

We now turn to simple triangulations or equivalently to 3-connected edge-
rooted maps. Let g; ; denote the number of 3-connected edge-rooted maps
with 7 + 1 vertices and j + 1 faces, where the (first) vertex of the root edge
has degree k + 1. Equivalently this is the number of simple quadrangulations
with ¢ + 1 black vertices and j 4+ 1 white vertices, where the (first) vertex of
the root edge has degree k + 1.
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Lemma 9.11. The generating function

Qz,y,w Z qijpx Yy wk (9.23)
i,7,k>1

is given by

Q(z,y,w) —xyw< ! +#—1>

1+z 14wy
TS —wi(r, s, w) + (r —w + 1)y/wa(r, s, w)
(14+7r+s)3 2(s+1)2(sw+1r2 +2r+1) ’

where wy (r, s,w) and wa(r, s,w) are polynomials given by
wi (z,7,8) = — rsw? + w(l + 4s + 3rs® + 5s% + 1% 4+ 2r + 25° + 3r2s 4 Trs)
(9.24)
+(r+1)%(r +2s+ 1+ s%),
wa(z, 7, 8) =r?s?w? — 2wrs(2rs + 6rs + 25% 4+ 3rs? + 552 412 4 2r + 45+ 1)

(9.25)
+(r+1)%(r +2s+ 1+ s?)?
and r =r(z,y), and s = s(x,y) are determined by the system
r=x(s+1)% (9.26)
=y(r+1)>=% (9.27)

Observe, too, that the function Q(z,y,1) is given by

1 1 TS
1) = S I O —
Q@y.1) xy(1+x+1+y ) (r+s+1)3

This formula is due to Mullin and Schellenberg [156]. In passing we also ob-
tain a representation of the function M (x,y) that counts the number of 3-
connected edge-rooted planar maps according to the (total) number of vertices
and edges:

1 1 (1+0U)*(1+V)?
M = z%y? — —1- 2
(@,y) =27y <1+xy+1+y arorve ) O

where U = U(z,y) and V = V(z,y) are defined by U = zy(1 + V)? and
V=y(1+U)>~%

Proof. Let F(z,y,w) be the generating function used in Lemma 9.9. However,
we now use it as the generating function of rooted quadrangulations, where
the variables x, y and w mark, respectively, the number of black vertices minus
one, the number of white vertices minus one, and the degree of the first vertex
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of the rooted edge minus one. We recall that a diagonal is an internal path
of length 2 joining two opposite vertices of the external face. We will call a
diagonal black or white, according to the colour of the external vertices they
join.

We associate generating functions Fy, Fp and Fy, respectively, to quad-
rangulations with no diagonal, to those with at least one black diagonal (at
the root vertex), and to those with at least one white diagonal (not at the
root vertex). By planarity only one of the two kinds of diagonals can appear
in a quadrangulation; it follows that

F(‘rava) :FN(x,y,w)+FB(x,y,w)+FW(x,y,w)

A quadrangulation with a diagonal can be decomposed into two quadrangu-
lations, by considering the maps to the left and to the right of this diagonal.
In order to make this decomposition unique we assume that we decompose at
the leftmost diagonal when there are several of them. This gives raise to the
equations

F(z,y,w
FB(JJ,y,’LU) = (FN(%?J’IU)‘*‘FW(%%U})) %a

Fu (2,3, w) = (Fn (2,9,w) + Fa (2, y,w)) =221

In the second case, only one of the two quadrangulations contributes to the
degree of the root vertex; this is the reason why the term F(z,y, 1) appears.
The z and the y in the denominators appear because the three vertices of the
diagonal are common to the two quadrangulations. Since we are considering
vertices minus one, we only need to correct the colour that appears twice at
the diagonal. Incidentally, no term w appears in the equations for the same
reason.

Let us write F' = F(z,y,w) and F(1) = F(z,y,1). From the previous
equations we deduce that

F
FZFN+FB+FW:(FN+FB)(1+;)a

F(1
FZFN+FB+FW:(FN+FW)(1+%),

so that

1 1
F+FN_(FN+FB)+(FN+FW)_F< 7T F(1)>’

and finally

1 1
Fy=F (1 ya + O 1) . (9.29)
z Y
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Now we proceed to count simple quadrangulations. We use the following
combinatorial decomposition of quadrangulations with no diagonals, in terms
of simple quadrangulations: all quadrangulations with no diagonals, with the
only exception of the trivial one, can be decomposed uniquely into a simple
quadrangulation ¢ and as many quadrangulations as internal faces ¢ has.
More precisely, we replace each internal face f of a simple triangulation by an
arbitrary quadrangulation gy by identifying the external edges of ¢y with the
edges of f.

Next we translate the combinatorial decomposition of simple quadrangu-
lations into generating functions as follows.

o= Tt (5) ()
(

1,7,k
- anity () () (7) -
- F%)Q (Fz(/l)’ Em) (9:30)

where we are using the fact that a quadrangulation counted by g; ;i has
i+ j + 2 vertices, i + j — 1 internal faces, and k of them are incident to the
root vertex.

At this point we change variables as X = F(1)/y, Y = F(1)/x and W =
F/F(1). Then the equations (9.29) and (9.30) can be rewritten as

Ty 1 1
X Y. Z)=Fn— =F -1 -
F(l)Q( )=FN —ayw <1+ % + 14 ED ) Tyw,
Yy
QX,Y,W)=XYW L + ! 1 F(1) (9.31)
= 1+WY ' 1+X v '

The last equation would be an explicit expression of @) in terms of X, Y, W,
if there was not the term F(1)w = F(z,y, 1)w

Note that F'(1) = F(z,y,1) = uv(l —u—wv) was already determined. When
we substitute

U v
R l—u—-v and S_lfufv
then we have RS
F(l)= —————= .32
(1) (1+R+S)3’ (9-32)
where R = R(X,Y) and S(X,Y) are algebraic functions defined by
R=X(S+1)% S=Y(R+1)> (9.33)

Recall that we have also substituted X = F(1)/y, Y = F(1)/x.
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Hence it remains only to obtain an expression for w = w(X,Y, W) to get
an explicit expression for Q.

Recall that we have the h(y,z,w) = wF(z,y,w) (see the proof of
Lemma 9.9). Hence F' = F(z,y,w) and F(1) = F(x,y, 1) satisfy the equation

(1—w)(1 —yw)wF = —w?F? + (—z2w + wF(1)wF + zw?(y(1 —w) + F(1)).

By dividing both sides by F(1)?, and rewriting in terms of X = F(1)/y,
Y =F(1)/x and W = F/F(1), we obtain

1 w 9o 1\ 5., w? /1
(1—w) (m — E) wW = —w*W —I—(l— ?> w W—|—7 (E(l —w)+1> ,
(1-w)(X —wFQ)wW  w?(—XYW?+ XYW -XW+1-w+X
XF(1) B Xy ’
Y (1-w)(X—wFA)W = wF1)(~XYW?+ XYW - XW+H+1-w+X). (9.34)

Observe that this is a quadratic equation in w. Solving for w in (9.34) and
using (9.32) and (9.33) we get

_ —wi(R, S, W) + (R— W + 1)\/ws(R, S, W) 0.35)
b 2(S+ 1)2(SW + R? + 2R+ 1) ’ '

where wy (R, S,W) and wq(R,S, W) are those polynomials stated in (9.24)
and (9.25).

Thus, together with equations (9.31) and (9.32), we have finally obtained
an explicit expression for the generating function Q(X,Y, W) of simple quad-
rangulations in terms of W and algebraic functions R(X,Y") and S(X,Y).

9.2.4 Planar Graphs

The counting problem for labelled planar graphs is the most complex one. We
have to use results on 3-connected maps and network constructions as we will
see next.

Theorem 9.12. Let b, ,, denote the number of 2-connected labelled planar
graphs, c, m the number of connected labelled planar graphs and g, the
number of all labelled planar graphs with n vertices and m edges. Furthermore,
let

§ E m
bn m ' y Cn m "y 9
m,n>0 m,n>0 n!

and

xn
Z 9n,m _| ym
n.

m,n>0
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the corresponding generating functions. Then these functions are determined
by the following system of equations:

G(z,y) = exp (C(z,y)), (9.36)
780(,(92’ v) = exp (8—5 (xiacg; y),y)) , (9.37)
0B(z,y) 22 1+ D(x,y)

=T 1ty (9:38)

M(z,D(z,y)) _ 1+ D(z,y) aD(z,y)?

222D(x,y) lo ( 1+y ) 1 +zD(x,y)’ (9.39)
_ 1 1 (1+U(z,9)*(0 +V(z,y)?

V) =20 (13 Ty~ T e T )

(9.40)

U(x,y) = xy(l + V({E, y))2v (941)

V(z,y) =y(1+Ulz,y))* (9.42)

Proof. As in the previous cases of outerplanar and series-parallel graphs the
first two relations (9.36) and (9.37) follow general principles.

Furthermore we already know that M (z,y) denotes the generating func-
tion that counts the number of 3-connected edge-rooted planar maps according
to the (total) number of vertices and edges (compare with (9.28)). Thus, it
remains to explain the relations (9.38) and (9.39) that provide a relation be-
tween 2- and 3-connected planar graphs. Here we follow the arguments given
by Walsh [207] and Bender, Gao and Wormald [9].

First of all, by Whitney’s theorem every 3-connected planar graph has a
unique embedding into the plane. In particular, if we take into account the
rooted edge and its direction, we thus obtain that the (exponential) generating
function

T*(2,4) = SM(z.)

counts 3-connected labelled edge-rooted planar graphs. More precisely, every
rooted planar map with n vertices corresponds to n! labelled rooted graphs
and there are precisely two ways of rooting an embedding of a directed edge-
rooted graph in order to get a rooted map (compare with [9]).

Next we introduce so-called networks that extend the concept of series-
parallel networks. A network N is a (multi-)graph with two distinguished
vertices, called its poles (usually labelled 0 and co) such that the (multi-)graph
N obtained from N by adding an edge between the poles of N is 2-connected.

Let M be a network and X = (N.,e € E(M)) a system of networks
indexed by the edge-set E(M) of M. Then N = M (X) is called the superpo-
sition with core M and components N, and is obtained by replacing all edges
e € E(M) by the corresponding network N, (and, of course, by identifying
the poles of N, with the end vertices of e accordingly). A network N is called
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an h-network if it can be represented by N = M (X), where the core M has
the property that the graph M obtained by adding an edge joining the poles
is 3-connected and has at least 4 vertices. Similarly N = M(X) is called a
p-network if M consists of 2 or more edges that connect the poles, and it is
called an s-network if M consists of 2 or more edges that connect the poles
in series.

Now Trakhtenbrot’s canonical network decomposition theorem [202] says
that any network with at least 2 edges belongs to exactly one of the 3 classes
of h-, p- or s-networks. Furthermore, any h-network has a unique decompo-
sition of the form N = M (z), and a p-network (or any s-network) can be
uniquely decomposed into components which are not themselves p-networks
(or s-networks).

Trakhtenbrot’s theorem was formulated for general networks but it also
applies to planar networks, since any composition N = M (X) of planar net-
works X = (N.,e € E(M)) is planar again. Furthermore, we can also adapt it
to a counting procedure for graphs without multi-edges (compare with [207]).

We introduce the following generating functions, where the exponent of z
counts the number of vertices and the exponent of y the number of edges. Of
course, the generating functions are exponential in x, since the vertices are
labelled. Let K (x,y) be the generating function corresponding to all planar
networks where the two poles are not connected by an edge (and where the
two poles are not counted), D(z,y) the generating function corresponding to
all planar networks with at least one edge, S(z,y) the generating function
corresponding to all s-networks, F(z,y) = D(x,y) — S(x,y) the generating
function corresponding to all non-s-networks (with at least one edge), and
N(z,y) the generating function corresponding to all non-p-networks.

These generating functions satisfy the following relations:

T 1‘2
%y’y) =3 K(z,y), (9.43)
D(z,y)=(1+y)K(x,y)—1, (9.44)
K(x,y) =Ny, (9.45)
S(x,y) = xD(x,y)(D(z,y) — S(z,y)), (9.46)
T D@v)) _ y(y,y) - S(,y). (9.47)

22D(z,y))

The first relation (9.43) is just a rewriting of the definition of (planar) net-
works. We get a planar network (with no edge connecting the two poles)
by distinguishing, orienting and then deleting any edge from a 2-connected
planar graph. Obviously we have D(z,y) = (K(z,y) — 1) + yK(z,y), since
K (z,y) — 1 corresponds to all networks (with at least one edge), where the
poles are not connected by an edge and yK (x,y) corresponds to those, where
the poles are connected by an edge. This proves (9.44). Furthermore, we have
the decomposition



392 9 Planar Graphs

1
E>2

The 1 corresponds to the network without edges, the sum >, -, 4N (z,y)*
to all p-networks (by Trakhtenbrot’s theorem) and the remaining ones are
non-p-networks counted by N (z,y). Of course, this gives (9.45). Next we have
(again by Trakhtenbrot’s theorem)

F(z,y)?
— oF 2 2p 3 ... = xi’
S(z,y) = xF(x,y)° + 2°F(x,y)° + 1—aF(z,y)

After substituting F(z,y) = D(x,y) — S(x,y) this rewrites to (9.46) which
has also a natural interpretation. Finally, we have (9.47), since both sides
correspond to h-networks. This is immediately clear for U(x,y) — S(z,y),
and for the left-hand-side we again apply Trakhtenbrot’s theorem saying that
every h-network has a unique representation as a 3-connected graph (minus
the rooted edge), where every (remaining) edge is replaced by a network (with
at least one edge).
It is now immediate that (9.38) and (9.39) follow from (9.43)—(9.47).

Theorem 9.13. The numbers b, ¢, and g, of 2-connected, connected and
all planar graphs are asymptotically given by

bn:bwf%p’fn! (1+O<l>>,
n
_z 1

cn =c-n"2pynl (1+O<—>>,
n

where p1 = 0.03819..., po = 0.03672841... and

b= 0.3704247487...- 107>,
¢ =0.4104361100...- 1075,
g = 0.4260938569...- 10~°

are positive constants.

Proof. In afirst step we consider the two equations for U and V. For notational
convenience we substitute y by z. Obviously, the two equations for U and V
can be reduced to a single one, say

U=uzz (1+z(1+U)2)2.

Then by Theorem 2.19 U(z, z) has a singular representation of the form
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U((E,Z) :g(xvz)ih(xvz) - —

that we rewrite now (also for V(z, z)) as
Uz, 2) = uo(z) +ur () Z 4+ uz(2) 2% + us(x) 2> + O(Z3),
V(z,z) =vo(z) + n1(z)Z + vg(x)22 + UQ(ZL’)ZB + O(ZB),

where Z abbreviates

Observe that ug(z) is the solution of the equation
(A +uw)@Bu-1)>°
16w
and 7(x) is then given by
1

) s w@)

The functions u;(x) and v;(x) are also analytic and can be explicitly given in
terms of u = ug(z). In particular we have

o (@) = u vo(z) = 5,
ur(z) = —/2u(u+1) vi(x) = 7%,
(T +u)(Tu+1) ~ 2u(3 + 5u)
uz(z) = W v2(x) = m,
(1 +w)(67Tu®+50u+11)u  V2u(l+u)(79u? + 42u 4 7)
uale) == 4(1 4 3u)2V2u2 + 2u %@yffqy+mﬁwu—n w(l +u)

With the help of these expansions it follows that there is a cancellation of the
coefficient of Z in the expansion of

1+0U)2(1+V)?

= Fo+ Ex 7% + E3 7% + O(Z%),

1+U+V)3
where
16(3u — 1) 16(3u? +1)(3u — 1)
Ey= 77—, E2= ;
27u(u+ 1) 8lu2(u + 1)2

V2p1(u) + v/u(u + 1)pa(u)
729v/u(u + D)u?(1 + 3u)?(u + 1)2
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with polynomials

p1(u) = 324u® 4 297u* + 54u® — 129612 — 11461 — 281,
po(u) = 8748u* — 5832u® — 3888u? + 648u + 324.

Thus, M (z,z) can be represented as
M(x,2) = My(z) + Mo (x)Z? + Ms(x)Z3 + O(Z4).
Next we rewrite (9.39) to

xD? n M(z,D)
1+xD 222D

D—(1+y)exp< >—1—§Zi(9c,y,D)

and suppose that y equals 1 (or is very close to 1). We observe that The-
orem 2.19 does not apply here, since the region of analyticity of the right
hand side is not large enough to find a solution of the system of equations
do = G(x0,1,dp), 1 = Ga(xo,1,dp). However, we can apply Theorem 2.31 and
obtain a local expansion for D = D(z,y) of the form

D(z,y) = Do(y) + Da(y)X + Ds(y)X* + O(X*), (9.48)
where

for some function R(y).
In fact, we can be much more precise (compare with [9, 91]). Let ¢t = ¢(y)
be defined by the equation

142t (_tQ(lt)(18+36t+5t2)) .
A+3)1 1) P\ 7231+ 201+ 3t)2

Y = (9.49)

that exists in a suitable neighbourhood of y = 1. Then R(y) is given by

(1+3t(y) (1 - t(y))?
16t(y)? ’

R(y) =

in particular R = R(1) = 0.038191..., and the coefficients in (9.48) are given
by

2
Dy = 3;,
(1—1t)(1+3t)
D 48t%(1 + t)(1 + 2t)3(18 + 6t + t2)
2= -

(1+3t)8 ’
D3 = 384¢%(1 + £)2(1 + 2t)2(3 + £)2a3/2375/2,

with
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o = 144 + 592t + 664t% + 135t% + 6t* — 5¢°,
B = 3t(1 4 t)(400 4 1808t + 2527t% 4 1155t + 236t* + 17t°).

In view of (9.38) the representation (9.48) provides a local expansion for
w of the form
Y
9B(,y)

v Bo(y) + Ba2(y)X + Bs(y)X* + O(X*)

= gl(xa y) + hl(xay)XS/Q

with certain analytic functions g (z,y) and hq(z,y). Hence, by Theorem 2.30
B(z,y) and consequently % have an expansions of the form

B(CU, y) = gQ(xay) + hg(fﬂ, y)X5/2a
9B(z,y)

T or g3(x,y) + ha(z, y) X3/?

with certain analytic functions ga(x,y), gs(x,y) and ho(z,y), ha(z,y).

Finally we have to solve (9.37). For simplicity set y = 1. Since R B”(R) ~
0.0402624 < 1, Theorem 2.19 does not apply (see also [91]). The singularity
of the right-hand-side induces the singular behaviour of the solution xC’(x).
Actually we just have to apply Theorem 2.31 and obtain a local expansion for
C'(z) of the form

3
2\ 2
C'la) = (o) + (o) (1- )
where p = Re B'(R) — 0.0367284..., and consequently we obtain correspond-
ing representations for

C(z) = ga(z) + ha(2) (1 - %)

and for

G(z) = gs(x) + hs(x) (1 - %) .

Using these representations the asymptotic expansion for b, ¢,, and g, fol-
low immediately. Again one has to be careful with the evaluation of constants
(compare with Remark 9.7). They can be either evaluated by numerical inte-

gration or by using explicit representations for B(z,y) and C(z,y) (compare
with [91]).

Remark 9.14 As in the previous cases of outerplanar and series-parallel
graphs the number X,, of edges in a random planar graph satisfies a central
limit theorem. For all planar graphs we have

EX, =un+0(1) and VX, =o*n+0(1),
where p = 2.2132652... and 0 = 0.4303471... (compare with [91]).
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9.3 Outerplanar Graphs

9.3.1 The Degree Distribution of Outerplanar Graphs

We already determined the degree distribution of several classes of random
trees. We next show that such distributions exist for planar graphs, too. Recall,
that we are interested in the limits

dk = lim dk;na
n—00

where dy., denotes the probability that a randomly chosen node in a random
planar graph has degree k.

In fact there are two different points of view to this problem. First, if X ,(Lk)
denotes the (random) number of vertices of degree k in a random planar graph
of size n then

E x )
dk‘;n = = .

Second, we can change the model. Recall that we are considering unrooted
labelled combinatorial objects. Suppose that g, is the number of objects of
size n. Then for each of these objects there are precisely n possible ways to
root these objects and we, thus, obtain ng,, corresponding rooted objects. Now
the probability that a random vertex (in the unrooted model) has degree k
is precisely the same as the probability that the root vertex (in the rooted
model) has degree k. Thus, if we are only interested in the degree distribution
it is sufficient to look at the degree of the root. In what follows we will make
use of both points of view. We will start by looking at the degree of the root
(which is actually easier) and then we will have a closer look at the random
variable X\*). As a matter of fact these random variables (usually) obey a
central limit theorem with mean and variance asymptotically proportional to
n. Of course, this is a much more precise statement than just the existence of
a degree distribution.

Before we start with the calculations we make some general remarks on the
methods we use. Again, they are based on generating functions. Let Cy(x) be
the exponential generating function of a certain class® of rooted vertex labelled
connected graphs, where the root bears no label and has degree k; that is, the
coefficient [z"/n!]Cy(x) equals the number of rooted connected graphs with
n + 1 vertices, in which the root has no label and has degree k. Analogously
we define By (z) for 2-connected graphs. Also, let

B*(z,w) = Z By, (z)w", C*(z,w) = Z Cr(z)w".
Suppose that we have the relation

4 In this context we can confine ourselves to outerplanar graphs, series-parallel
graphs or planar graphs.
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C'(x) _ eB’(;cC’(:c))

between the generating function for 2-connected and connected graphs (which
is certainly true for outerplanar graphs, series-parallel graphs or planar
graphs). If we introduce the degree of the root, then the equation becomes

C* (z,w) = P (=" @)w), (9.50)

The reason is that only the 2-connected components containing the root vertex
contribute to its degree.

Our goal in each case is to estimate [2"]Ck(x), since the limit probability
that a given fixed vertex has degree k is equal to

) ™| Cr(x
dy = nh_)rréo % (9.51)
Another observation is that the asymptotic degree distribution is the same
for connected members of a class than for all members in the class. Let G(z)
be the generating function for all members of the class, and let Gy (z) be the
generating function of all rooted graphs of the class, where the root has degree
k. Then we have

G(z) = @), Gr(z) = C(x)e’ ™.

The first equation is standard, and in the second equation the factor Cy(x)
corresponds to the connected component containing the root, and the second
factor to the remaining components. The functions G(z) and C(x) have the
same dominant singularity. Given the singular expansions of G(x) and C(z)
at the dominant singularity in each of the considered cases, it follows that
fim 2Gk(@) ) [27]Ck(2)

n=oo [p"]G(z)  noo [a7]C"(x)

Hence, in each case we only need to determine the degree distribution for
connected graphs. A more intuitive explanation is that the largest component
in random planar graphs eats up almost everything. It is a fact that the
expected number of vertices not in the largest component is constant [149].

As in the counting procedure of outerplanar graphs we discuss first dissec-
tions and can then derive the results for 2-connected outerplanar graphs and
finally for connected graphs.

Recall that the generating function for dissections is given by

_1-3z—+V1—6z+a?
a 4z ’

A(z) (9.52)

and let Ag(x) denote the generating function, where the root vertex (the
first vertex of the rooted edge) has degree k and where the root vertices are
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not counted by x. Then by using the recursive structure of dissections we
immediately get

=z(24(z) + 1).

Furthermore, we have inductively

A1 (2) = Ap(@)a(Ax) + 1) + Ap(@) (@(A@) +1))* + Ag (@) (2(A(z) +1)° + -

= Ai(z)x(24(z) + 1).
Consequently we obtain for k > 2
Anl) = (2(2A(2) + 1)),

Due to the general relation between dissections and 2-connected outerplanar
graphs we have

Bi(z) = %Ak(:ﬂ), k>2, B =z

By summing a geometric series we have an explicit expression for B®, namely

B*(z,w) = 2w + i :Z—k(QA(x) + 1)k 1y*

_ zw?  z(2A(z) +1)
It T 2 A) + Du

(9.53)

Theorem 9.15. For every k > 2 the limiting probability dy that a vertex of a
two-connected outerplanar graph has degree k exists and we have

= dpwt = ((;f — = 2(k—1)(V2—1)fw

k>2 k>2

Moreover p(1) =1, so that the dy, are indeed a probability distribution.

Remark 9.16 The degree distribution of dissections is precisely the same as
of outerplanar graphs (compare also with [13]).

Proof. Since B*(z,1) = B'(z) and A(x) = 2(B’(z) — z)/x, we can represent
B*(z,w) as
rw? 4B'(z) — 3z

2 1—(4B'(z) — 3x)w

Hence, by applying Lemma 2.26 with f(x) = B’(z) and

B*(z,w) = 2w +
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zw? 4z — 3x

H(z,2) = TSRO
(z,2) = 2w+ 2 1— (42 — 32)w

we obtain )
" B*® 2(3—-2v2
o) — tim (B E) 23— 2Dt
nmoo [zn]B(@) (1 (V2 - Hw)?
Note that p = 3 — 24/2 and that w is considered as an additional (complex)
parameter.

Theorem 9.17. Let dy, be the limit probability that a vertexr of a connected
outerplanar graph has degree k. Then

a .
p(’LU) = dewk =p- % eB (@) ‘z:pC’(p) )
k>1

where B® is given by equations (9.52) and (9.53).
Moreover p(1) = 1, so that the dy are indeed a probability distribution and
we have asymptotically, as k — oo

dy, ~ cr ke VEgh,
where ¢; = 0.667187..., co = 0.947130..., and ¢ = 0.3808138....

Proof. We have
> Cr(a)ut = C*(z,w) = BT @C @),
k
The radius of convergence 3—2v/2 of B(x) is larger than pC’(p) = 7 ~ 0.17076.

Hence we can apply Lemma 2.26 f(z) = 2C’(z) and H(z,w,z) = ze?’ =),
where w is considered as a parameter. Then we have

|:£eB'(z,w):| — lim [xn]co(wi)
Oz xz=pC'(p) nmee [xn]mC'I(m)
[z"]Cr(2) &

= lim p i
"*OO,; [z"]C" ()
=p! Z dpw”,
E>1

and the result follows.
For the second assertion let us note that B®(z,1) = B'(x). If we recall
that pC’(p) = vy and vy B”(vg) = 1, then

p(1) = pe? ) B" (vy) = pC’(p)vg " = 1.

In order to get an asymptotic expansion for dj we have to compute p(w)
explicitly:
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v3(2A(vo) + 1)(2A + 1 4 20 A’ (vo))w?
2(1 —vo(2A(vo) + 1w)?
v2(2A(vo) + 1)w? )
2(1 —vo(2A(vo) + 1)w)

p(w) =p

X exp (UQU} +

This is a function that is admissible in the sense of Hayman [99]. Hence, it
follows that X
p(ri)ry;

dy, ~ 5
¥ 27h(rk)

where 7y, is given by the equation rip/(ry) /p(r1) = k and b(w) = w?p” (w) /p(w)
+wp’ (w)/p(w) — (wp' (w) /p(w))?. A standard calculation gives the asymptotic
expansion for the coefficients d.

9.3.2 Vertices of Given Degree in Dissections

In Section 9.3.1 we have demonstrated that the limiting probabilities dj of
the probabilities that a random vertex has degree k exist. Equivalently this
says that the number Xy(Lk) of vertices of degree d (in a random graph of size
n) satisfies

EX® ~ dpn.

The purpose of this (and the following) sections is to obtain more precise in-

formation on Xy(Lk). In fact, we show that X,(Lk) satisfies a central limit theorem
which implies that X,(Lk) is concentrated around its mean.

Theorem 9.18. For k > 2, let X,(Lk) denote the number of vertices of degree
k in random dissection with n+ 2 vertices. Then X,(Lk) satisfies a central limit
theorem with linear expected value and variance.

Actually we already know that the expected value is asymptotically given by
EX( = 2(k - 1)(V2— 1) n+ O(1),

since the degree distribution of dissections is the same as that of 2-connected
outerplanar graphs.
Before we start with the proof of Theorem 9.18 we reprove the relation
(9.4)
A(w) = (1 + A@))? + (1 + Ax))A(z)

by using a different recursive construction (see Figure 9.12) that provides this
relation and will be useful for the analysis of X,(Lk).

As in the proof of Theorem 9.1 we observe that every dissection « has
a unique face f that contains the root edge. Suppose first that f contains
exactly three vertices, that is, f is a triangle, and denote the three edges of
f by e = (v1,v2), the root edge, and by e; = (ve,v3) and ez = (vs,v1). (We
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Fig. 9.12. Recursive decomposition of dissections

always label the vertices in counterclockwise order.) We can then decompose
« into three parts. We cut « at the three vertices vy, vs,vs of f and get first
the root edge e, then a part a; of « that contains eq, and finally a third part
a2 that contains es. Obviously a; and as are again connected planar graphs,
where e; and ez can be viewed as rooted edges. Since all vertices of « are
on the infinite face, the same holds for a; and s, however, ; and as might
consist just of ey or es. Thus, a7 and as are either just one (rooted) edge or
again a dissection. By counting the number of vertices in the way described
above this case corresponds to the generating function z(1 + A(x))2.

If f contains more than three edges then we first cut f into two pieces
f1 and fo, where f; consists of the root edge e = (v1,v2), the adjacent edge
e1 = (v2,v3), and a new edge epew = (v3,v1). We again cut « at the vertices
v1, V2, v3 and get, first, the root edge e, then a part o of o that contains e
and a third part é&s that contains the new edge epe. As above g is either
ey or is a dissection rooted at e;. Since f has more than three edges, o has
at least three vertices. Hence, we can consider &g as a dissection rooted at
enew- Similarly to the above, this case corresponds to the generating function
z(14 A(z))A(z).

The method of the proof of Theorem 9.18 is to provide a system of func-
tional equations for proper generating functions from which we can read
off the central limit theorem for Xr(lk'). For this purpose we need an exten-
sion of the above generating function counting procedure, using variables
Ty 21,29, .-y 2k, Zo0, Where the variable zy, 1 < ¢ < k, marks vertices of degree
£, and z,, marks vertices of degree greater than k. Furthermore, we consider
the degrees 4, j of the vertices v; and vy of the root edge e = (v1,v2). More
precisely, if

Qi jin,n1,n2,...,ng, Moo

is the number of dissections with 24+n =2+n1 +no + -+ + Nk + Noo > 3
vertices such that the two vertices v1, va of the marked edge e = (v1,v2) have
degrees d(v1) =i and d(v2) = j, and that for 1 < ¢ < k there are ny vertices
v # v1,ve with d(v) = ¢, and there are no, vertices v # vy, vy with d(v) > k.
The corresponding generating functions are then defined by

Az,j (SC,Zl,ZQ,. "7Zkazoo) - § az,j;n,nl,nz,...,nk,nmx 2 Zk» Zoooo~
LLTLS RYRRPYLY RV A2

(9.54)
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Similarly we define A; «, Aso,j and As o, if one (or both) of the vertices of
the root edge have degree(s) greater than k.

Note that z; is not necessary, since there are no vertices of degree one
in dissections. However, we use z; for later purposes. Further observe that
Aij (21,22, ..y 2k, Zo0) = Aji(21,22,. .., 2k, Z00). Thus, it is sufficient to con-
sider A;; for ¢ < j.

In order to state the following lemma in a more compact form we use the
convention that oo means > k, and co — 1 means > k — 1. In particular we
set £ 4+ oo = oo for all positive integers £.

Lemma 9.19. The generating functions A;j = Aji = Aij(x, 21,22, . .., 2k, Zoo),
1,7 €{2,3,...,k,00} satisfy the following strongly connected positive system
of equations:

Aij:x Z 2’514_@2141'_17@1143‘_17@2—}-33200< Z Ai_17glAj_1752>

l1+£02<k l1+L2>k
tr ) Zo+6-14i—1,0 Aje, + 020 < ) Ail,zlAJ‘,z2> :
1+ <k+1 Gt > k1

One has to be cautious in writing down the equations explicitly. For ex-
ample we have

Ajo =1 Z 2040, Ai—1,0, (Ak ey + Ao ty)
L1+02<k

+ T2 < Z Ai10,(Agye, + Am,z2)>

l1+La>k

+x E Z€1+€2—1Ai—1,€1AOO,€2
L1 +L2<k+1

+ 200 ( Z Ai—l,éleo,€2> .

£y +La>k+1

As an illustration, for k = 3 we have the following system:

Aoy = 129
+ 22922 + 123423 + T200 A200,
Aoz = w2320 + 200 (A23 + Asso)
= x29A03 + x23A33 + T200A300,
Aooo = 12323 + 2200 (A33 + Asco) + T200(A200 + Azoo + Aco,00)
+ 229 A200 + 223 A300 + TZ00Aco,00,
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Ass = 2200 (Ago + Ao + Aoso)?
+ 2200 (A2 + A2z + Aooo ) (Azz + Azz + Az ),
Asoo = T200(Aas + Ass + A3o0) (A200 + Azco + Aco,00)
+ T200(Aog + Aoz + Aooo ) (A2oo + Asco + Aco,00)s
Aco.00 = T200(A2z 4+ Azz 4+ Azeo + Azoo + A0 + Avo.00)?
+ 200 (A23 + As3 + Asoe + Azoo + Ao + Aco,00)
X (Ago0 + Asoo + Aoo,oo)-

Proof. The idea is to have a more detailed look at the (second version of the)
recursive structure of A as described above (see Figure 9.12).

We only discuss the recurrence for A;; for finite ¢,5. If i = co or j = oo
similar considerations apply. The root edge will be denoted by e = (v1,v2). We
assume that v, has degree j and vy has degree i. Again we have to distinguish
between the case where the face f containing the root edge e has exactly three
edges, and the case where it has more than three edges.

In the first case we cut a dissection « at the three vertices v, vs,v3 of f
and get the root edge e, and two dissections «; and as that are rooted at
e1 = (v2,v3) and ex = (v3,v1). After the cut, a; has degree i — 1 at ve, and s
has degree j — 1 at v1. Furthermore, the total degree of the common vertex v
is just the sum of the degrees coming from «; and as. Hence, if the degree of
vg is smaller or equal than k, then this situation corresponds to the generating
function

x Z 20402 Aim1,0, Aj—1,0,-
l1+02<k

Since all possible cases for o; are encoded in A;—1 = A;_1 2+ + Ai—1 1 +
A;_1,0, and all cases for oy are encoded in A;_1, it follows that all situations
where the total degree of vs is greater than k are given by the generating

function
J?Zoo( Z Ai—l,élAj—1,€2>-

l1+02>k

Similarly we argue in the case where f contains more than three edges.
After cutting f into two pieces fi; and fo with a new edge epew = (vs,v1),
and cutting « at the vertices v, v9,v3, we get again the root edge e and two
dissections a; and s that are rooted at e; = (va,v3), and at the new edge
enew = (v3,v1). After the cut, ay has degree i — 1 at vy and ag has degree j
at v, since the new edge e,¢,, has to be taken into account. The total degree
of the common vertex vs is the sum of the degrees coming from «; and as
minus 1, since the new edge €, is used in the construction of as. As above
these observations translate into the generating functions

T E 20,401 4i-1,0, Aj s
L1 +L2<k+1
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and

TZxo < Z Ai_17glAj742> .

Ly +L2>k+1

Finally, by using the definition of A;; and A, it follows that the above
system of equations is a positive one, that is, all coefficients on the right hand
side are non-negative. Further, it is easy to check that the corresponding
dependency graph is strongly connected (which means that no subsystem can
be solved before the whole system is solved).

The proof of Theorem 9.18 is now a direct application of the analytic
central limit theorem related to systems of generating functions formulated
in Theorem 2.35. For this purpose we have to check that the assumptions are
satisfied. Note, that if we set all variables z;1 = - -+ = 2z, = 2 = 1 and sum all
function A; ; then they sum up to A(z) which has a square root singularity at
p = 3 — 2v/2. Thus, we can proceed as in the proof of Theorem 3.18 to show
that the assumptions of Theorem 2.35 are satisfied.

In particular the function

Agp(zu) = > A1, Lu,1)+2 Y A1, 1u1)

2<i<oco 2<i<j<00

is the bivariate generating function for dissections with n + 2 vertices, where
the exponent of u counts the number of vertices different from the root vertex
that has degree k. Of course, it is also possible to take the root vertex into
account by considering the function

fld:k(x,u) =2 Z Aii(z, 1,0 Lu, 1) + 2?u A (2,1, .00, 1w, 1)
2<i<o00,i#k
+ 222 > Aii(z, 1., 1,u,1)
2<i<j<oo,itk,j#k

+20%u Y Aig(e, 1,1, 1).
2<i<00,itk

For both versions we can apply Theorem 2.35 and obtain a central limit the-
orem for the number of vertices of degree k.

9.3.3 Vertices of Given Degree in 2-Connected Outerplanar
Graphs

We consider now vertex labelled 2-connected outerplanar graphs. The result
we obtain is exactly the same as for dissections.

Theorem 9.20. For k > 2, let X ) denote the number of vertices of degree k

)

in a random 2-connected outerplanar graph with n vertices. Then X 7(1 satisfies

a central limit theorem with linear expected value and variance.
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Recall that we already know that the expected value is asymptotically given
by
EX® =20k~ 1)(V2 - 1)+ O(1).

For the proof we have to adapt the corresponding generating functions.
Note that the generating function

D PUNLANEES S

n>2 n>1

can also be interpreted as the exponential generating function B®(z) of 2-
connected outerplanar graphs, where one vertex is marked and is not counted.
Next we set

n,ni Nk Moo

X'z 2 2
° _ § : ° 1 k ~oo
Bj (xazlaz%"'azkvzoo) - bj;n,nl,...,nk,noo n )

LLPLLD SERRPY L7 PV LT

where b3, . . ., is the number of 2-connected outerplanar graphs with
14+n=1+n14---+ng+n vertices, where one vertex of degree j is marked
and the remaining n vertices are labelled by 1,2,...,n and where ny vertices

have degree ¢, 1 < £ < k, and n., vertices have degree greater than k.

Lemma 9.21. Let A;; = Aj; = Aij(x, 21,22, ..., 2k, 200), 1, €{1,2,...,k, 00}
be defined by (9.54). Then the functions Bj = Bj(x,21,22,. .., 2k, 200),
je{1,2,...,k 00}, are given by

B} =zz,

k
. 1 1
Bj = 5 E xziAij + 533200141'007
i=1
1o 1
B(;o = 5 E xziAjoo + Exzovoo,oo

i=1

Proof. The proof is immediate by using the relation between dissections and
outerplanar graphs. However, we have to take care of the vertex degrees.

Now let N
x v
By—i(z,u) = Zbgk)ymu

n,v

denote the exponential generating function of the numbers b( of 2-connected
outerplanar labelled graphs with n vertices, where v Vertlces have degree k.
Then we have

9B
d’““‘ ZB; L., Lul)+uBl(x,1,...,l,u,1)  (9.55)

+B;O(x, ooy Liu, 1),



406 9 Planar Graphs

Since B(0,u) = 0, this equation completely determines By—r(z, u).
As in the case of dissections all assumptions of Theorem 2.35 are satisfied.
In particular we get a singular representation of the form

0Bg—i(z,u) W R

and consequently a corresponding singular representation for By—x(z,u):

Ba—i(z,u) = G(z,u) + Az, u) (1 - ﬁ) .

Of course, this also implies a central limit theorem for X,(Lk).

9.3.4 Vertices of Given Degree in Connected Outerplanar Graphs

The next theorem concerns connected outerplanar graphs. Since the result
(even at the level of expectation and variance) is the same for all outerplanar
graphs, we include this case, too.

Theorem 9.22. For k > 2, let szk) denote the number of vertices of degree
k in random connected (or a general) outerplanar graph with n vertices. Then
ka) satisfies a central limit theorem with linear expected value and variance.
The proof uses a refined version of the general relation between rooted
2-connected graphs and rooted connected graphs which states in terms of

generating functions as
C*(z) = B (= (@), (9.56)

For this purpose we introduce the generating functions

n
C;(m721722,"'7zk3200) = Z C;;n;nl,...,nk,nwzill ”'lekzglooc%a
NN,y N Moo

J€{1,2,...,k 00}, where c.,,.,,, . ., is the number of connected outer-
planar graphs with 1 +n =14 mn1 + - - - + ng + ne vertices, where one vertex
of degree j is marked® and the remaining n vertices are labelled by 1,2,...,n
and where ny of these n vertices have degree £, 1 < ¢ < k, and no, of these
vertices have degree greater than k. For convenience, we also define

L]
Co(l‘,Zl,Zz,...,Zk,Zoo) = 1,

which corresponds to the case of a graph with a single rooted vertex.
The main observation is that these functions satisfy a system of functional
equations, a refined version of (9.56).

5 If j = oo this has to be interpreted as a vertex of degree > k.
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Lemma 9.23. Let W; = W(z1,.. ., 2k; 200, Ct, ..., C},C%), j € {1,2,.. ., K,
oo} be defined by

W; = g Ziti CP (X, 21,5+ oy Zhy Zoo)

+ Zoo Z Co(xy 21,y 2y Zo0) + Co (T 21, oy 28y Z00) | s
i=k—j+1
(1<j<k),
k
Woo = 2o <ZC{($,21,...,zk,zoo)+C’;o(x,zl,...,zk,zoo)> .
i=0

Then the functions CT,...,Cp,CS, satisfy the system of equations

I B* tr
CH(w, 21, -+, 2k 200) = Z HBr(a?,W1,..£.T;Wk,WOO)
04204305+l =5 T=1
(1<j<k),
k
Clol@, 21, 2k, 200) —exp(ZB;(m,Wl,...,Wk,Woo)
Jj=1

—i-B;O(m,Wl,...,Wk,WOO)) -1

- 5 ﬁ *(a, W, .,Wk,Woo)‘*r_

T'

1<l14205+4303+-kl, <k r=1

Proof. As already indicated, the proof is a refined version of the proof of
(9.56), which reflects the decomposition of a rooted connected graph into a
finite set of rooted 2-connected graphs, where every vertex (different from the
root) is substituted by a rooted connected graph. The functions W; serve the
purpose of marking (recursively) the degree of the vertices in the 2-connected
blocks which are substituted by other graphs. If we look at the definition of
W;, the summation means that we are substituting a vertex of degree ¢, but
since originally the vertex had degree j, we are creating a new vertex of degree
i+ j, which is marked accordingly by z;4;. The same remark applies to W,

Finally let

Co—i(z,u) = Zc(k) py u¥

n,v

denote the exponential generating function for the numbers C% of connected
outerplanar vertex labelled graphs with n vertices, where v vertices have de-
gree k. Then we have
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80““‘ ZC' ... Lul)+uCh(z1,...,Lul)  (9.57)

—I—C';O(x, yeos Liug 1),

Since C(0,u) = 0, this equation completely determines Cy—g(x, u).
Thus, the derivative Md;’;(‘”“) is a linear combination of functions C'? (x, 21,
.y Zky Zoo) that satisfy a positive and strongly connected system of equations.
Note that the system of equations given in Lemma 9.23 uses the functions
B? (x,21,..., 2k %00), that have a square-root singularity if the z; are suffi-
ciently close to 1; recall that B'(z) and Bj(x,1,...,1) have a square-root
singularity at p; = 3 — 2v/2. In order to apply Theorem 2.35 we have to
check that the critical point of the system (9.57) does not interfere with the
square-root singularity of B?.

We already know that the radius of convergence of C’(z) is given by ps =
0.1366 - - - which satisfies p2C’(p2) < p1 so that the singularity of B’(z) does
not interfere with the singularity of C’(x); recall that #C’(z) = zeB (#C'(2)),

We are again in a situation, where we can apply Theorem 2.35 (we can
argue in the same way as in the proof of Theorem 3.18 or Theorem 9.18). In
particular we get a singular representation of the form

0Cq=p(xz,u) T
T—g(ﬂ:,u) h(z,u), /1

and consequently a corresponding singular representation for Cy—y(z, u):

Cazr (2, u) = gla,u) + h(z, u) <1 - p;(ﬂu)) ’ (9.58)

which implies a central limit theorem for X 7(Lk).
Finally, we obtain a corresponding representation for the generating func-
tion of Gy=k(x,u) for all outerplanar graphs of the form

) L \3/2
Ga=i(z,u) = eCa=r(zu) — g(z,u) + h(z,u) (1 — m) (9.59)

and a central limit theorem in this case, too.

9.4 Series-Parallel Graphs

9.4.1 The Degree Distribution of Series-Parallel Graphs

In this section C(z) and B(z) denote the generating functions of connected
and 2-connected, respectively, series-parallel graphs.
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In order to study 2-connected series-parallel graphs, we need to consider
series-parallel networks. We recall that a network is a graph with two distin-
guished vertices, called poles, such that the multi-graph obtained by adding an
edge between the two poles is 2-connected. Let D(z,y,w) be the exponential
generating function of series-parallel networks, where x,y, w mark, respec-
tively, vertices, edges, and the degree of the first pole. We define S(x,y,w)
analogously for series networks. Then we have

D(z,y,w) = (1 + yw)e’®vw) _ 1, (9.60)
S({E, Y, U)) = (D(l’, Y, w) - S(l’, Y, w)) :cD(:c, Y, 1) (961)

The first equation reflects the fact that a network is a parallel composition
of series networks, and the second one the fact that a series network is ob-
tained by connecting a non-series network with an arbitrary network; the
factor D(z,y, 1) appears because we only keep track of the degree of the first
pole.

Remark 9.24 It would not be necessary to take into account the number of
edges and we could set y = 1 everywhere. However, in the case of planar
graphs we do need generating functions according to all three variables and it
is appropriate to present the full development already here. In the proof of the
main result of this section, Theorem 9.29, we just set y = 1.

We also set E(x,y) = D(x,y,1) that is the generating function for series-
parallel networks without marking the degree of the root. Then from (9.60)—
(9.61) we obtain the equations

1+ E(z,y) zB(z,y)?
] - 62
og( 14y 1+ xE(x,y) (9.62)
nd 14+ D(,y,w)\ _ sE(z,y)D(z,y,v)
J’» x? y’w x x7y ‘:U’ y?w
] - . .
o8 < 1+ yw ) 1+ xE(x,y) (9.63)

Let now Bj(z,y) be the generating function for 2-connected series-parallel
graphs, where the root bears no label and has degree k, and where y marks
edges. Then we have the following relation.

Lemma 9.25.

8B
9B*(z,y,w) ZkBk (z,y)w* = zywe@vw),
k>1

Proof. The sum counts rooted 2-connected graphs with a distinguished edge
incident to the root. By definition this is precisely the set of networks contain-
ing an edge between the poles. The degree of the root in a 2-connected graph
corresponds to the degree of the first pole in the corresponding network, hence
the equation follows.
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From the previous equation it follows that

w

B*(z,y,w) = :vy/ eS@v:9) s, (9.64)
0

From an analytic point of view it would be sufficient to work with this equa-
tion. However, if we are interested in more or less explicit formulas for the
degree distribution we have to remove the integral and to express B® in terms
of D. Recall that E(z,y) = D(z,y,1).

Lemma 9.26. The generating function of rooted 2-connected series-parallel
graphs is equal to

B*(zr,y,w) == <D(m,y,w) - %D(x,y,w) (1 + M)) .

Proof. We start by using (9.60) to obtain

1+D D
s 1
dw = dw = log(1 + + d
/e w / 1Ty w =y~ log( yw) / 1+ yw w

Now we integrate by parts and derive at

D D
/ 5w dw =y~ log(1 + yw)D — /gf1 log(1 + yw)g—w dw.

For the last integral we change variables t = D(z,y,w) and use the fact that
log(1 4+ yw) =log(1 +t) — xEt/(1 + 2E). Consequently we obtain

D b E [P
/1og(1 + yw)g—w dw = / log(1 +t) dt — < / tdt.
0 0

1+zF

Now everything can be integrated in closed form and, after a simple manipu-
lation, we obtain the result as claimed.

Next we analyse the singular structure of the above generating functions.
We start with E(z,y) = D(z,y,1) and D(x,y, w).

Lemma 9.27. For |w| < 1 and for fized y (sufficiently close to 1) the dom-
inant singularity of the functions E(x,y), D(x,y,w), and B*(z,y,w) (con-
sidered as functions in x) is given by x = R(y), where R(y) is an analytic
function in y with R = R(1) = 0.1280038. Furthermore, we have the following
local expansion:

E(z,y) = Eo(y) + Ex()X + E2 () X? + -+,

D(xava) = Do(va) +D1(yaw)X+D2(va)X2 +--,
B.(x7va) = Bo(va) +Bl(yaw)X +Bg(y,’UJ)X2 + -,
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where X = /1 —x/R(y).
The functions R(y), E;(y), D;(y,w), and B;(y,w) are analytic in y and
w and satisfy the relations

Eo(y)31 _ <1Og 1+ Eo(y) Eo(y)> ’

Eo(y) — 1+ R(y)
R(y) = 1—]15/01(30)(1;)— 7
) 2R(y) Bo(y)* (1 + R(y) Eo(y))? v
Eiy) = - (( R(y)Bo(y) + ( )2E0( )2)2 + 2R(y) (1 + R(y) Eo( ))> ’

+ )DO(y’w)) —1,
1 (

R
Do(y, w y)R( )(Do(y, w) +1)

Do(y,w) = (1 + yw) exp <1
Dl(va)__ .)D

(R(y)Eo(y) Do(y, w) — 1)1 + R(y)Eo(y))’
Boly w):iR@)Do(y, w)(R(y)Eo(y) Doy, w) — 2)
o 2(1+ R(y)Eo(y)) ’
E1(y)R(y)*Do(y, w)?

2(1+ R(y)Eo(y))?

Proof. Since E(x,y) satisfies Equation (9.62), it follows that the dominant
singularity of the mapping x — FE(z,y) is of square-root type and there is
an expansion of the form E(z,y) = Eo(y) + F1(y)X + Ea(y)X? + -+ (with
X =+/1—2z/R(y)), where R(y) and E;(y) are analytic in y. Furthermore, if
we set

Bl(va) =

B(z,y,2) = (1+y)exp< ve ) 1

1422
then R(y) and Ey(y) satisfy the two equations

P(R(y),y, Eo(y)) = Eo(y) and  @.(R(y),y, Eo(y)) =0

and E(y) is then given by

_(2RO)P(RO). . Foly) )
Er(y) = — ( P.-(R(y),y, Eo(y)) )

(compare with Theorem 2.19).

Next notice that for |w| < 1 the radius of convergence of the function
z +— D(z,y,w) is surely > |R(y)|. However, D(z,y,w) satisfies Equation
(9.63), which implies that the dominant singularity of E(z,y) leads to that
of D(z,y,w). Thus, the mapping = — D(x,y,w) has dominant singularity
R(y) and it also follows that D(z,y,w) has a singular expansion of the form
D(x,y,w) = Do(y, w)+D1(y,w)X +Do(y, w)X2+- - -. Hence, by Lemma 9.25
we also get an expansion for B®(z,y,w) of that form.

Finally the relations for Dy, D1 and By, B; follow by comparing coefficients
in the corresponding expansions.
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Now we are able to characterise the degree distribution for 2-connected
series parallel graphs.

Theorem 9.28. Let dy, be the limit probability that a verter of a 2-connected
series-parallel graph has degree k. Then

. Bl 1,’(1)
p(w) = ,Z;dkwk = #,1))

Obviously, p(1) = 1, so that the dy are indeed a probability distribution.
We have asymptotically, as k — oo,

dk ~C- k—S/qu’

where ¢ = 3.7340799 is a computable constant and
-1
q= ((1 +1/(R(1)Ey(1))) e~/ A+RMEa(D) _ 1) ~ 0.7620402.

Proof. First observe that

oy 1B (1 w)
plw) = e @ 1,1)

However, from the local expansion of B*(z,1,w) that is given in Lemma 9.27
(and by the fact that B®(z, 1, w) can be analytically continued to a A-region)
it follows that

(2" B® (2,1, w) = —BIQ(;\/’;)nS/QR(l)" (1 +0 (%)) .

Hence, p(w) = By (w)/B1(1).

Next observe that Lemma 9.27 provides By (1,w) only for |w| < 1. How-
ever, it is easy to continue Bj(1,w) analytically to a larger region and it is
also possible to determine the dominant singularity of By (1, w), from which we
deduce an asymptotic relation for the coefficients of p(w) = B (1,w)/B1(1,1).

For this purpose first observe from Lemma 9.27 that Dg(y,w) satisfies a
functional equation which provides an analytic continuation of the mapping
w +— Do(y,w) to a region including the unit disc. Furthermore, it follows that
there exists a dominant singularity wo(y) and a local expansion of the form

Do(:% ’LU) = Doo(y) + D01(y)W + DOQ(y)I/V2 o,
where W = /1 — w/wo(y). Besides, if we set

R(y)Eo(y) N
y) Z> !

V(y,w,z) = (1 + yw)exp (W

then wo(y) and Dgo(y) satisfy the equations
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¥ (y,wo(y), Doo(y)) = Doo(y) and ¥, (y,wo(y), Doo(y)) = 0.

Hence
1

Duoy) = R(y)Eo(y)

and
1

wolv) =y (” m) e (‘W) -y

Finally, with the help of Lemma 9.27 it also follows that this local repre-
sentation of Dg(y,w) provides similar local representations for Di, By, and
Bll

Dl(ya 'LU) = D1,_1(y)W_1 + DlO(y) + Dll(y)W 4+
Bo(y, w) = Boo(y) + Boa(y)W? + Bos(y)W? + - -,
Bl(y; ’LU) = BlO(y) + Bll(y)W + B12(y)W2 R ,

where W = /1 — w/wo(y) is as above. Hence, since all functions of interest
(Do, D1, By, B1) can be analytically continued to a A-region, the asymptotic
relation for dj follows immediately. Since wo(1) is the dominant singularity,
we have ¢ = 1/wg(1).

The next theorem provides the degree distribution in connected (and all)
series-parallel graphs.

Theorem 9.29. For every k > 1 the limiting probability dj that a vertex of
a connected (or general) labelled series-parallel graph has degree k exists and
we have 5
_ k _ B®(x,1,w
p(w)_zdkw —P%e (@ u)|z:pC’(p) ;
E>1

where B® is given by Lemma 9.26 and equations (9.62) and (9.63).

Moreover p(1) = 1, so that the dj, are indeed a probability distribution. We
have asymptotically, as k — oo,

dp ~ c- k=328,

where ¢ = 3.5952391 is a computable constant and
, -1
q= ((1 +1/(pC" () E(pC" (p), 1)) e~ Y/ TE@C (1) _ 1) ~ 0.7504161.

Proof. The proof of the first statement is exactly the same as for Theorem
9.17. Again, we know that pC’(p) = 7 &~ 0.127 is larger than the radius of
convergence p ~ 0.110 of C(x), so that Lemma 2.26 applies. The proof that
p(1) =1 is also the same.

Recall that 7 < R(1). Hence the dominant singularity z = R(1) of the
mapping x — B*(z,1,w) will have no influence to the analysis of p(w). Nev-
ertheless, since
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9 preiw) _ B 1w 9B (@, L w)
Ox Ox ’

we have to get some information on D(z, 1, w) and its derivative 0D(z, 1, w)/0x
with z = 7.

Let us start with the analysis of the mapping w +— D(7,1,w). Since
D(x,y,w) satisfies Equation (9.63), it follows that D(r, 1,w) satisfies

D(,1,w) = (1 +w) exp (TE(T, 1)D(r, 17w)) o

1+7E(7,1)

Hence there exists a dominant singularity w; and a singular expansion of the
form B o
D(7,1,w) = Do + DyW + DyW? +

where W = /T — w/w;. Furthermore, if we set

TE(r,1)z ) i

S(w,z) = (1+w)exp <1+TE(T,1)

then w; and 50 satisfy the equations
E(wl, 50) = 50 and Ez(wl, 50) =0.
Consequently,
~ 1 1 1
Dy = ——F+ d =1+ —= - | - 1.
0 TE(T,1) and ( + TE(ﬂl)) P ( 1+TE(T,1))

Next, by taking derivatives with respect to z in (9.63), we obtain the
relation

OD(xz,1,w) (14 D(x,1,w))D(z,1,w)(E(x,1) + zE;(z,1)

Ox N (xE(z,1)D(z,1,w) — 1)(1 + zE(x, 1))

Thus if we set £ = 7 and insert the singular representation of D(7,1,w) it
follows that %j’w) [

By Lemma 9.26 we get the same property for 9B

has a corresponding singular representation, too.

z,l,w

|z=- and finally for

9 ~ -
o 8 B (z,1,w) |x:_r =Cy +C1W+C2W2 +

This implies the asymptotic relation for dy with ¢ = 1/ws.

In this case, we obtain an expression for p(w) in terms of the functions
E(z,1) and D(zx,1,w) and their derivatives. The derivatives can be computed
using Equations (9.62) and (9.63) as in the previous proof.
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9.4.2 Vertices of Given Degree in Series-Parallel Networks

Our next purpose is to study the distribution of the number of vertices of
given degree in a random series-parallel network. Recall that the generating
function D(x,y) and S(x,y) for all series-parallel networks and series-parallel
networks that have a series decomposition satisfy the system of equations
(9.13)—(9.14):

D(w,y) = (1+y)e’™¥) —1, (9.65)
In particular, it follows that D(x,y) satisfies the equation

(1+D@y) __aD@.y?
8\ T 14y “1+aD(z,y)

(9.67)

We recall that the first equation (9.65) expresses the fact that a series-parallel
network is a parallel composition of series networks (this is the exponential
term), to which we may add or not the edge connecting the two poles. The
second equation (9.66) means that a series network is formed by taking first
a non-series network (this is the term D — S), and concatenating to it an
arbitrary network. Since two of the poles are identified, a new internal vertex
is created, hence the factor x.

As in the case of outer-planar graphs we will extend these relations to
generating functions where we take into account the vertex degrees. We fix
some k > 2 and define by

diaj;man§nl’n2w~wnk’noo

the number of series-parallel networks with 2 +n = 2 +n; +ngo + -+ +
ng + Neo > 3 vertices and m edges such that the poles have degrees i and
j € {1,2,...,k,00}% and that for 1 < ¢ < k there are exactly n, internal
vertices of degree ¢, and there are no, internal vertices with degree > k. The
corresponding generating functions are then defined by

D j(w,y,21,22, -, Zk; Zo0) (9.68)
n ,ni Nk ,n
_ d: : mT R R R
= 0,35m,ning na . M, Moo Y ol .
MMM, Mk Too ’
Similarly we define
Sii(T,y, 21, 22, - ., Zky Zoo) (9.69)
n ,ni Nk N
o o m €T Zl oo Zk ZOOOC
= Si,jsm,ning na,...ng,nee Y ol

m,n,N1,..., Nk, Moo

6 Again infinite degree means degree greater than k.
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where we count series-parallel networks that have a series decomposition into
at least two series-parallel networks.

The next lemma provides a system of equations for D; ; and S; ;. Again,
in order to state the results in a more compact form we use the convention
that co means > k and oo — 1 means > k — 1, in particular we set £ 4 oo = oo
for all positive integers £.

Lemma 9.30. The generating functions D;; = D; ;(x,y, 21,22, 2k, Zoo)
and Sij = Sii(z,y,21, 22, 2k 200); 1,5 € {1,...,k, 00}, satisfy the fol-
lowing system of equations:

1 T
L D DD DI | ) (9.70)
r>livttir=i i+ +ir=j =1
1 T
DD > 1S
r>1ig4edip=i—1j14-+jr.=j—1 (=1
Sij=z Y (Dity = S8ie)20,46, D0+ 7200 Y (Dity — Siey)Dey -
l1+02<k Li+L2>k
(9.71)

Proof. This is a refinement of the counting procedure that leads to the sys-
tem (9.65) and (9.66). The first equation means that a series-parallel network
with degrees i and j at the poles is obtained by parallel composition of series
networks whose degrees at the left and right pole sum up to ¢ and j, respec-
tively; one has to distinguish according to whether the edge between the poles
is added or not.

The second equation reflects the series composition. In this case only the
degrees of the right pole in the first network and of the left pole in the second
network have to be added.

Remark 9.31 The system provided in Lemma 9.30 is not a positive system
since the equation for S; ; contains negative terms. However, we can replace
the term D; ¢, by the right hand side of (9.70). Further, note that S; ¢, appears
in this sum so that we really achieve a positive system.

Finally, it is easy to see that this (new) system is strongly connected.

9.4.3 Vertices of Given Degree in 2-Connected Series-Parallel
Graphs

The next theorem concerns 2-connected series-parallel graphs.

Theorem 9.32. For k > 2, let X,(lk) denote the number of vertices of degree
k in a random 2-connected labelled series-parallel graph with n vertices. Then

Xy(Lk) satisfies a central limit theorem with linear expected value and variance.
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Let b,,, be the number of 2-connected vertex labelled series-parallel
graphs with n vertices and m edges and let

"
B(z,y) = Z bn,mgym
n,m :

be the corresponding exponential generating function. By the definition of
series-parallel networks we have

2
9B@y) _ & sy, (9.72)

Ay 2
Note that 2% can be interpreted as the generating function of 2-

connected series-parallel graphs with a rooted and directed edge. We now
also take into account the degrees of the vertices. In particular let B;; =
B;j(x,y,21,. .., %k, 200); 4, J € {2,...,k, 00}, denote the exponential generat-
ing function of 2-connected series-parallel graphs with a directed rooted edge,
where the two root vertices have degrees i and j.” The directed root edge
connects the root vertex of degree ¢ with the other root vertex of degree j.

Furthermore, let B; = B;(z,y,21, ..., 2k 200), ¢ € {2,...,k, 00}, be the
generating function of 2-connected series-parallel graphs where we just root
at one vertex that has degree ¢ (and where no edge is rooted). Finally, let B =
B(x,y,21,.-., 2k, 200) be the generating function of all 2-connected series-
parallel graphs.

The next lemma quantifies the relation between series-parallel networks
and 2-connected series-parallel graphs. As above we use the convention that
oo means > k and oo — 1 means > k — 1, in particular we set £ 4+ oo = oo for
all positive integers /.

Lemma 9.33. We have

T

B;; = QCQZiijZ Z Z % H Sic.jes

P>1 i 4 i =i—1 j1 ot jr=j—1 =1

k
1 1

B;i==> B+ -Bi e {2,...k
=Y Bij+5B; (i€ 1)

j=2
k
0B
=2
0B
1,j€{2,...,k,00}
0B

i€{2,....k,00}

7 As above we interpret co as > k.
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Proof. The first equation is essentially a refinement of the relation (9.72).
It means that 2-connected series-parallel graphs are formed by taking paral-
lel compositions of series-parallel networks and adding the edge between the
poles. The sum of the degrees of the poles in the networks must be one less
than the degree of the resulting vertex in the series-parallel graph.

The second equation reflects the fact that a series-parallel graph rooted at
a vertex of degree i comes from a series-parallel graph rooted at an edge whose
first vertex has degree ¢, but then each of them has been counted ¢ times. The
remaining equations are clear if we recall that £0B/0x corresponds to graphs
rooted at a vertex and y0B/0y corresponds to graphs rooted at an edge (in
this last case the factor 2 appears because in the definition of B; ; the root
edge is directed).

Let
Bi—p(z,u) z:b(k)JU v

denote the exponential generating function for the numbers b%k,), that count the
number of 2-connected vertex labelled series-parallel graphs with n vertices,
where v vertices have degree k. Then we have

By—i(z,u) = B(x,1,1,...,1,u,1).

We are now ready to prove Theorem 9.32. We first observe that the func-
tion D;; and S;; satisfy a positive and strongly connected system of equations
(Lemma 9.30), so that by Theorem 2.19 all these functions have a common
square-root singularity of the kind

x
g(xayvzla o 7Zkazoo) - h(xvyazla o ,Zkyzoo)\/]- - .
p(yazh -,Zk,Zoo)
(9.73)
Hence, by Lemma 2.26 the same is true for all functions B;; and conse-

quently for
0B

1,j€{2,...,k,00}

From Theorem 2.30 it follows that B has a singularity of the kind

3/2
_ — X
(T, Y, 21, - 2k, Zoo) + R(T, Y, 215+ -5 28y Z00) (1 — —) -
P(Zh Zk:yzoo)

(9.74)
As a consequence, by applying Theorem 2.25 we derive Theorem 9.32 for the
2-connected case.
Note that By, ... By also have a square-root singularity of the kind (9.73),
since they can be expressed with the help of the function B;;. Interestingly,
By has the same kind of singularity. This follows from the formula
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Beo a:— —ZB“

since 8x also has a square-root singularity of the kind (9.73).

9.4.4 Vertices of Given Degree in Connected Series-Parallel
Graphs

Finally we also have a central limit theorem for the number of vertices of given
degree in connected (and all) series-parallel graphs.

Theorem 9.34. For k > 2, let Xy(lk) denote the number of vertices of degree
k in a random connected (or general) labelled series-parallel graph with n

vertices. Then X,(Lk) satisfies a central limit theorem with linear expected value
and variance.

For the proof we introduce the generating function

Ci(z,y,21, 22, - - -, Zky Zoo)
ng{H . Z}’;Lk Zn°°
= E , Cimminy,.nnee Y ol ;
m,m,n1,...;Nk,Noo ’
Jj€{1,2,...,k, 00}, where Cjim non,,...nxne 1S the number of labelled series

parallel graphs with n =mnj + - - - 4+ ng + neo vertices and m edges, where one
vertex of degree j is marked and where n, of these n vertices have degree ¢,
1 < /£ <k, and ne of these vertices have degree greater than k. Further set

.
Bj (xﬂy721;227"'72k7200) = mlej(xvyazlsza"'7Zkazoo)
J
and

C;(x,y,Zth, .. 7Zk'aZOO) = x_zjcj(x7yazl7225 .. -azkazoo)'
Then B? and C7 have the same interpretation as in the case of outerplanar
graphs. Hence we get the same relations as stated in Lemma 9.23. The only
difference is that we also take the number of edges into account, that is, we
have an additional variable y.

Lemma 9.35. Let W; = Wj(z1,.. ., 2k, 200, Ct, ..., Cy,C%), j € {1,2,.. ., K,
oo}, be deﬁned by

W E Z'L+j CL‘ yazlv"'vzkvzoo)

+ 2o Z Ci.(xvyazlv"'vzkvzoo)+C;o(x7yazlv"'vzkvzoo) )
i=k—j+1
(1<j<k),
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k
Weo = 200 (Z Ci.(xay7zla s ,Zk-,Zoo) + C(:o(x7y7zl7 s azk'7zoo)> .
i=0
Then the functions Ct,...,Cp,CS, satisfy the system of equations

C;(x7y7zl7 cee ,Zk,ZOO)

_ Z ﬁ (2,9, Wi,..., Wi, Wa)tr
- |
142024303+ +jl;=5 r=1 !
(1<j<k),
k
C;o(x,y7 A1 Zoo) = exp (Z B]'»(Jc,y, Wi, ..., Wk, Woo)
=1

+B;o(xay7W17"'7Wk7Woo)> -1

k

VL W, W)
_ Z H :vy 1€T! k )

1<014+205+305++kl, <k r=1

Consequently the generating function Cy—j(z,u) (of the numbers cglk?, that
count the number of connected vertex labelled series-parallel graphs with n
vertices, where v vertices have degree k) is given by

oC
d’”“ Z(J'xll L)+ uCs(z, 1,1, .1, u,1)

+C;O(x,1,1,...,l,u,1)

and the generation function Gg—k(x,u) for all series-parallel graphs by

Ga—p(z,u) = eCa=r@w),

The proof of Theorem 9.34 is exactly the same as in the outerplanar case.
The essential point is to observe that the singularity of B? does not interfere
with the singularity of C7. Thus, we can safely apply Theorem 2.35.

As in the outerplanar case it follows that Cy—k(z,u) has a singularity of
the kind (9.58). Hence, the same follows for G4—(x,u) and, thus, we can
apply Theorem 2.25.

9.5 All Planar Graphs

The goal of this section is to characterise the degree distribution of labelled
planar graphs. For this purpose we have to find the generating function of
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3-connected planar graphs according to the degree of the root. We will also
discuss the distribution of the number of vertices of degree k =1 and k = 2.
The case k > 3 cannot be covered with the present methodology since the
counting procedure for 3-connected planar graphs that is used here cannot be
extended in order to take care of all vertices of given degree.

From now on (and for the rest of Chapter 9) all generating functions are
associated to planar graphs.

9.5.1 The Degree of a Rooted Vertex

We will now repeat (more or less) the counting procedure for labelled planar
graphs, where we also take care of the degree of a rooted vertex.

Theorem 9.36. Let b}, . . denote the number of vertezx-rooted 2-connected la-
belled planar graphs with n vertices, m edges and root-degree k, and ¢, .\ and
Ik the corresponding numbers for connected and all vertex-rooted planar
graphs. Then the corresponding generating functions

n

X
B’(l’,y,UJ) = Z b;,m,kmymzk7

n,m,k
Pk
m k
l'y, E Cnmkmy z,
n,m,k
"
m k
l'y, E gnmkmy z
n,m,k

are determined by the following system of equations:

G*(z,y,w) = exp (C(z,y,1)) C*(z,y,w), (9.75)

C'(x y,w) = exp (B* (zC*(z,y,1),y,w)), (9.76)
B*(z,y,w) 1+ D(x,y,w)

711} Rl e (9.77)

1 D(z,y,w)
S — L R 5 1), 2 h )
2D(x,y,w) (x (@9,1), D(x,y,l))

1+D D D 1
— 10g + (x7 y7 w) _ T (‘/E? y7 'LU) (.7/'7 y’ ) , (978)
1+ yw 1+aD(z,y,1)
22y w? 1 1
T° = - 1- 9.79
@) = 5 (e (9.79)

(U + 1) (~wi (U, Vow) + (U = w+ 1)/ws(0, V)
wVw4+U?242U+1)1+U+V)3 ’

Ulz,y) = 2y(L+V(z,9)*  V(z,y) =yl +U(z,y)* (9.80)

with polynomials wy = w1 (U, V,w) and we = we (U, V,w) given by
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wy = —UVw? +w(l +4V +3UV? +5V2 + U? 42U +2V? 4+ 3U%V + 7UV)
+ (U + 12U +2V + 14 V?),

wy = UV2w? — 20UV (2U?V + 6UV + 2V3 4+ 3UV? 4+ 5V? + U? + 2U
AV + 1)+ (U + 12U +2V + 1+ V?)%

Remark 9.37 Observe that the above system looks very similar to the sys-
tem of Theorem 9.12. However, the third equation (9.77) contains a partial
derivative with respect to w instead of a partial derivative with respect y.

Proof. The first two equations (9.75) and (9.76) follow the general principles
between 2-connected, connected and all graphs. The remaining equations con-
cern 3-connected planar graphs and the relation between 2- and 3-connected
ones.

Let T*(x, z,w) denote the generating function of edge rooted 3-connected
planar graphs, where the rooted edge is directed, and where (the exponent of)
x counts vertices, z counts edges, and w counts the degree of the tail of the
root edge. Now we relate T'® to the generating function Q(X,Y, W) of simple
quadrangulations that were defined in (9.23). By the bijection between simple
quadrangulations and 3-connected planar maps, and using Euler’s relation,
the generating function zw@Q(xz, z, w) counts rooted 3-connected planar maps,
where z marks edges (we have added an extra term w to correct the ‘minus
one’ in the definition of Q).

By Whitney’s theorem 3-connected planar graphs have a unique embed-
ding on the sphere. There are two ways of rooting an embedding of a directed
edge-rooted graph in order to get a rooted map, since there are two ways of
choosing the root face adjacent to the root edge. Thus, we have

T (x,z,w) = ?Q(mz,z,w) (9.81)

and consequently
22y w? 1 1
T. — J—
@) = 5 (e
(U +1)2 (—wl(U, V,w) + (U —w + 1)/wa (T, V, w))
2wVw+U?24+2U+1)1+U+V)3

1— (9.82)

We only have to combine equation (9.81), together with (9.31), (9.32), and
(9.35).

Next we denote by D(x,y,w) and S(z,y,w), respectively, the generating
functions of (planar) networks and series networks, with the same meaning
for the variables z,y and w (as in Section 9.4.1). Here we obtain

! T <x,E(x,y),M>_1o <w

S s
2D(e g0 Bz, y) 5 yw ) (=9, w)

(9.83)
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and
S(z,y,w) = zE(x,y) (D(z,y,w) — S(z,y,w)), (9.84)

where E(z,y) = D(x,y,1) is the generating function for planar networks
(without marking the degree of the root). Of course, these two equations
simplify to (9.78). The relations (9.83)-(9.84) follow from a slight extension
of the proof of the equations (9.43)—(9.47), taking into account the degree of
the first pole in a network. The main point is the substitution of variables
in T*: An edge is substituted by an ordinary planar network (this accounts
for the term FE(z,y)), except if it is incident with the first pole, in which
case it is substituted by a planar network marking the degree, hence the term
D(z,y,w) (it is divided by E(z,y) in order to avoid over-counting of ordinary
edges).
As in Lemma 9.25, and for the same reason, we have

Zk‘Bk Z,y)w

k>1

8B xy,

= Tyw exp (S(w, Yy, w)

1 D(z,y,w)
71"’ E _Nd) 7
* 22D(z,y, w) (m (=.9), E(z,y)
1+ D(x,y,w)
= ryw———.
14+ yw

This proves (9.77) and completes the proof of Theorem 9.36.

In principal, the above relations are sufficient for the proof of the existence
of a degree distribution. However, if we want to obtain it explicitly we have
to get rid of some partial derivatives.

Lemma 9.38. The generating function of rooted 2-connected planar graphs is
equal to

B'(x,y,w)—x(D 2ED (1+2>) Y D BD/E) (9.85)

1+zF 2 xD
1 [P
W1 [P T@ByD,
X 0 t

where D = D(z,y,w) and E = E(z,y) and

/w T*(z, 2,t) gt — _xz(z3xw2 — 2wz — 2222w + (2 + 222) log(1 + wz))
0 t B 4(1 4 z2)
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UVzx w(2U3 + (6V + 6)U? + (6V2 — Vw + 14V + 6)U)
214U+ V)3 ( AV (V +1)?
4V3 +10V2 4 8V + 2 N A+ U)1+U+2V +V?)
4V (V +1)2 4UVZ(V +1)2
x (2U3 4+ (4V 4+ 5)U?% 4 (3V? + 8V + 4)U 4 2V3 +5V2 44V +1)
VQQUSB + (4V +5)U? + (3V2 = Vw + 8V + 4)U +5V2 +2V3 44V +1)
AUVZ(V +1)?
(1+U)*(1+U+V)3log(Qn)
2V2(1+ V)2
U +2U% 4+ U —2V3 —4V2 - 2V)(1 + U + V)3 log(Q2)
2V2(1+V)2U > ’

L
with expressions @, Q1 and Q2 that are given by

Q=UWw? —2UVw(U?*2V +1) + UBVZ+6V +2) +2V3 + 512
+4V + 1)+ 1+ U)%U + (V +1)3)?

1
&= vt U +122(V+1)(U2+UV+2)+(V+1)2)

X (~UVwU?+ UV +2)+2V2+3V+ 1)+ U+ 1)U +V +1)/Q
+ (U +1)*QUA(V +1)+U(V?+3V +2)+ V> +3V> + 3V +1),
—wUV +U?2V = 1)+ U@BVZ2+ 6V +2) +2V3 +5V2 +4V +1 - /Q
V(U2 +U(V+2)+(V+1)?) '

Q2 =

Proof. We start as in the proof of Lemma 9.26.

oD

e dw.

1+D
/ 1 j_yw dw =y~ log(1+yw)+y~* log(H-(th)D—/y_1 log(1+yw)

For the last integral we change variables t = D(z,y,w) and use the fact that

xED

1
log(1 =log(l+D)— ——— — —T°z,E,D/E).
og(1 + yw) =log(1+ D) (52F) 2D (z,E,D/E)

We obtain
oD b oFE b

log(1 — = log(1 —

/og( +yw)aw dw /0 og(l+t)dt 1+:CE/O tdt
D .
1 T (x’E’t/E)dt.

Jf2 0 t

On the right-hand side, all the integrals except the last one are elementary.

Now we use
1+ D

w
14+ yw

T
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and after a simple manipulation (9.85) follows.

Next we use Equation (9.82) to integrate T'*(x, z, w) /w. Notice that neither
U nor V have any dependence on w.

A key point in the previous derivation is, that, by expressing w(X,Y, W)
(see Equation (9.34)) in terms of R, S instead of X,Y (see Equation (9.35)),
we obtain a quadratic polynomial wq (R, .S, W) in terms of W inside the square
root of T*(x, z,w) in Equation (9.82). Otherwise, we would have obtained a
cubic polynomial inside the square root, and the integration would have been
much harder.

With Lemma 9.38 we can produce an explicit (although quite long) expres-
sion for B®(x, y, w) in terms of D(z,y, w), E(x,y), and the algebraic functions
U(zx,y),V(x,y). This is needed in the next section for computing the singular
expansion of B®(z,y,w) at its dominant singularity.

9.5.2 Singular Expansions

In this section we find singular expansions of T'*(x,z,w), D(z,y,w) and
B*(z,y,w) at their dominant singularities. As we show here, these singu-
larities do not depend on w and were found in [9] and [91]. However the
coeflicients of the singular expansions do depend on w, and our task is to
compute them exactly in each case.

What is needed in the next section is the singular expansion for B®, but
to compute it we first need the singular expansions of u, v, T* and D (for u
and v compare also with [11] and [9]).

Lemma 9.39. Let U = U(x, z) and V =V (x, 2) be the solutions of the system
of equations U = xz(1+ V)? and V = 2(1 + U)%. Let r(2) be explicitly given
by
to(z)
= 9.86
&= AT PR (9-86)

o) =k AT
o) ==3T\g "3

Furthermore, let T(x) be the inverse function of r(z) and let uo(x) = uo(7(x))
which is also the solution of the equation

(14 u)(3u—1)3
16u '

Then, for x sufficiently close to the positive real azis, the function U(x, z) and
V(z, z) have a dominant singularity at z = 7(x) and have local expansions of
the form

where

Uz, 2) = uo(z) + u1(2)Z + up(x) Z? + us(x) 2% + O(Z4),
V(x,2) = vo(z) +v1(2)Z + va(x) Z* + v3(x) 23 + O(Z%),
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where Z = /1 — z/7(x). The functions u;(x) and v;(x) are also analytic and
can be explicitly given in terms of u = ug(z). In particular we have

uo(x) = u vo(z) = %,

up(x) = —/2u(u+1) vl(x):—%iulﬂ,

un(z) = 14+ u)(Tu+1) va() = 2u(3 + bu)
2T T+ 3u) 2T Bu—1)(1 + 3u)’

ws(z) = (1 +u)(67u? + 50u + 11)u vs(z) = — V2u(1 + u)(79u? 4 42u + 7)
ST A 1 302V + 2u T 41 302 Bu - Dl tu)

Similarly, for z sufficiently close to the real axis the functions U = U(x, z)
and V = V(x, z) have a dominant singularity x = r(z) and there is also a
local expansion of the form

Ul(x,2) = to(2) +u1(2) X + u2(2) X2 +u3(2) X3 + O(X?),
V(z,2) =0(2) + 01(2) X + 2(2) X2 + T3(2) X3 + O(X?),

where X = /1 —x/r(z). The functions u;(z) and v;(z) are analytic and can
be explicitly given in terms of uw = ug(z). For example, we have

to(z) = @ To(z) = %
_ . 2u/1+a o 4uv1+u
ul) = - )=~
ta(z) = 2(1 + w)u(2u + 1) () = 4u(5u® +4u+ 1)
(1 + 3u)? (30 — 1)(1 + 3u)2
Fa(2) = 2u(10u® + 11w +5u+1) 4u(2u +1)(11a2 + 5u + 1)

Q+saRarm e 2

3u—1)(1+3u)7/2(1 +u)-1/2
Proof. Since U(x, ) satisfies the functional equation U = xz(1+ 2(1+ U)?)?,
it follows that for any fixed real and positive z the function = +— U(z, z) has
a square-root singularity at r(z) that satisfies the equations

&(r(z),z,u) =u and @,(r(z),z,u) =0,

where ®(z,2,u) = x2(1 + 2(1 + u)?)%2. Now a short calculation gives the
explicit formula (9.86) for r(z). By continuity we obtain the same kind of
representation if z is complex but sufficiently close to the positive real axis.

We proceed in the same way if  is fixed and z is considered as the variable.
Then 7(z), the functional inverse of r(z), is the singularity of the mapping
z +— U(z, z). Furthermore, the coefficients u1(x) etc. can be calculated. The
derivations for V(z, z) are completely of the same kind.
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Lemma 9.40. Suppose that x and w are sufficiently close to the positive real
azis and that |w| < 1. Then the dominant singularity z = 7(x) of T*(x, z, w)
(that is given in Lemma 9.39) does not depend on w. The singular expansion
at T(x) is

T*(x, z,w) = To(x, w) + Tz, w)Z? + T3(x,w)Z> + O(Z*), (9.87)

where Z = /1 — z/7(x), and the T; are given in the appendiz.

Proof. Suppose for a moment that all variables x, z, w are non-negative real
numbers and let us look at the expression (9.82) for T'*. The algebraic func-
tions U(z, z) and V(x, z) are always non-negative and, since the factor w in
the denominator cancels with a corresponding factor in the numerator, the
only possible sources of singularities are: a) those coming from U and V', or
b) the vanishing of ws(u, v, w) inside the square root.

We can discard source b) as follows. For fixed u,v > 0, let wa(w) =
wa(u, v, w). We can check that

wa (1) = (14 2u+ u? + 2v + v? + uv — uv?)?,
wh(w) = —2uv ((6 — w)uv + 1 + 2u + u® + 4v + 50 + 20% + 3uv® + 2u?0) .

In particular wa(1) > 0 and wh(w) < 0 for w € [0,1]. Thus it follows that
wa(w) > 0 in w € [0, 1]. Hence the singularities come from source a) and do
not depend on w.

Following Lemma 9.39 (see also [11] and [9]), we have that z = 7(x) is
the radius of convergence of U(x,z), as a function of z. Now by using the
expansions of U(z, z) and V(z, z) from Lemma 9.39 we obtain (9.87) and also
the explicit representations for T;.

Finally, by continuity all properties are also valid if z and w are sufficiently
close to the real axis, thus completing the proof.

Similarly we get an alternate expansion expanding in the variable x.

Lemma 9.41. Suppose that z and w are sufficiently close to the positive real
azis and that |lw| < 1. Then the dominant singularity x = r(z) of T*(x, z,w)
does not depend on w. The singular expansion at r(z) is

T*(z, z,w) = To(z, w) + To(z, w) X + Ts(z, w) X > + O(X?), (9.88)
where X = /1 — x/r(z). Furthermore we have

TO(va) = TO(T(Z),w)’
fg(z, w) = To(r(z),w)H(r(z),z) — To »(r(2), x)r(z),
T3(z,w) = T3(r(2), w) H(r(2), 2)*,

where H(x,z) is a non-zero analytic function with Z? = H(z,2)X?.
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Proof. We could repeat the proof of Lemma 9.40. However, we present an al-
ternate approach that uses the results of Lemma 9.40 and a kind of singularity
transfer.

By applying the Weierstrass preparation theorem it follows that there is a
non-zero analytic function with Z? = H(z,2)X?2. Furthermore, by using the
representation z = r(z)(1 — X?) and Taylor expansion we have

H(z,z) = H(r(2),2) — Ha(r(2), 2)r(2) X* + O(X?),
Ti(z,w) = Tj(r(z),w) — Tjﬂc(r(z),w)r(z)X2 +O0(X%).

Hence, Lemma (9.40) proves the result. In fact, H can be computed explicitly
and is equal to H(z,7(x)) = (1 + 3u)/2u.

Lemma 9.42. Suppose that y and w are sufficiently close to the positive real
azis and that |w| < 1. Then the dominant singularity x = R(y) of D(z,y,w)
does not depend on w. The singular expansion at R(y) is

D(x,y,w) = Do(y,w) + Da(y,w)X? + D3(y,w)X> + O(X?), (9.89)

where X = /1 —x/R(y), and the D; are given by in the Appendiz.

Proof. By (9.48) we already know that E(z,y) = D(z,y,1) has a singular
expansion of the form

E(x,y) = Eo(y) + Ex(y)X? + B3(y) X° + O(X"). (9.90)
Next we rewrite (9.78) to

xE(z,y)D(x,y, w)

D(z,y,w) = (1 + yw)exp < T+ 2B(n.y) (9.91)
1 . D(z,y,w)
T (P ) ) -

Now an application of Lemma 9.41 and Theorem 2.31 yields the result. Note
that the singularity does not depend on w.

Lemma 9.43. Suppose that y and w are sufficiently close to the positive real
azis and that |lw| < 1. Then the dominant singularity x = R(y) of B*(x,y, w)
does not depend on w, and is the same as for D(z,y,w). The singular expan-
sion at R(y) is

B*(z,y,w) = Bo(y,w) + Ba(y,w)X? + Bs(y, w) X3 + O(X*%), (9.92)

where X = /1 —x/R(y), and the B; are given in the Appendiz.

Proof. We just have to use the representation of B®(z,y,w) that is given in
Lemma 9.38 and the singular expansion of D(z,y,w) from Lemma 9.42.
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9.5.3 Degree Distribution for Planar Graphs

We start with the degree distribution in 3-connected graphs, both for edge-
rooted and vertex-rooted graphs.

Theorem 9.44. For every k > 3 the limiting probability di that a vertex of
a three-connected planar graph has degree k and the limiting probability ey
that the tail root vertex of an edge-rooted (where the edge is oriented) three-
connected planar graph has degree k exist. We have

Z ekw ,”lf))

k>3

with T3(x,w) from above and v = r(1) = (7v/7 — 17)/32 is eaplicitly given
by (9.86). Obuviously the ey are indeed a probability distribution. We have
asymptotically, as k — oo,

€p ~ C- kl/qu,

where ¢ ~ 0.9313492 is a computable constant and ¢ = 1/(ug + 1) = /7 — 2,
and where ug = u(r) = (V7 —1)/3.
Moreover, we have

e .
dp = af ~ ca - kTY2gk,

where
~ Buo—1D)Bug+1)(ug+1)  VT+7T
() 2

is the asymptotic value of the expected average degree in 3-connected planar
graphs.

We remark that the degree distribution in 3-connected planar maps
counted according to the number of edges was obtained in [8]. The asymptotic
estimates have the same shape as our dy, but the corresponding value of ¢ is
equal to 1/2.

Proof. First the proof uses the singular expansion (9.88). The representation

Zekw =T3(r,w)/T3(r, 1)

k>3

follows in completely the same way as the proof of Theorem 9.28, using now
Lemma 9.40, with the difference that now the dominant term is the coefficient
of Z3.

In order to characterise the dominant singularity of T5(1,w) and to de-
termine the singular behaviour we observe that the explicit representation
of T3 contains in the denominator a (dominating) singular term of the form
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(—w+U +1)3/2. Hence, it follows that ug + 1 is the dominant singularity and
we also get the proposed asymptotic relation for ey.

For the proof of the second part of the statement, let ¢, be the number
of vertex-rooted graphs with n vertices and with degree of the root equal to
k, and let s, 1 be the analogous quantity for edge-rooted graphs. Let also
tn = Y ptnk and s, = >, sp k. Since a vertex-rooted graph with a root
of degree k is counted k times as an oriented-edge-rooted graph, we have
Sn,k = ktn k (a similar argument is used in [137]). Notice that e = lim s, /55,
and dy, = limt, i /ty.

Using Theorem 2.22 it follows that the expected number of edges p,, in
3-connected planar graphs is asymptotically u, ~ kn, where k = —7'(1)/7(1),
and 7(z) is as in Lemma 9.39. Clearly s, = 2unty,/n.

Finally 2u,,/n is asymptotic to the expected average degree o = 2k. Sum-
ming up, we obtain

k‘dk = QeL.

A simple calculation gives the value of « as claimed.

Theorem 9.45. For every k > 2 the limiting probability dj. that a vertex of a
two-connected planar graph has degree k ezists and we have

1,w)

Bs(

o k 34

p(w) = > dew’ = Bs(1,1)
k>2

with Bs(y,w) given in Lemma 9.43.
Obviously, p(1) = 1, so that the dy, are indeed a probability distribution
and we have asymptotically, as k — oo,

dk ~ Ck_l/zqka

where ¢ ~ 3.0826285 is a computable constant and

1 (to — 1)(to + 6) !
_ ~ 1) ~0.6734506
¢ (1—t06Xp(6t3+20t0+6 ’

and tog = t(1) =~ 0.6263717 is a computable constant given by the equation
(9.99).

Proof. The representation of p(w) follows from (9.92).

Now, in order to characterise the dominant singularity of Bs(1,w) and to
determine the singular behaviour we first observe that the right hand side of
the equation for Dy contains a singular term of the form (Dg(t—1)+t)3/2 that
dominates the right hand side. Hence, by applying Theorem 2.31 it follows
that Dg(1,w) has the dominant singularity ws, where Do(1,ws) = t/(1 —t)
and we have a local singular representation of the form

Do(1,w) = Doo + DoaW? + DosW? + - - -,
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where W = /1 — w/ws and Doy = t/(1 — t). The fact that the coefficient of

W vanishes is due to the shape of the equation (9.98) satisfied by Dy (1, w).
We now insert this expansion into the representation for Dy. Observe that
S has an expansion of the form

S = SoW?2 4+ SaW3 4 ...

with S5 # 0. Thus we have v/§ = v/SoW +O(W?2). Furthermore, we get expan-
sions for Sa.1, S2,2, S2.3, and S2 4. However, we observe that Sz 3(1,ws3) = 0,
whereas So1(1,ws3) # 0, Sa2(1,ws) # 0, and Sz 4(1,ws) # 0. Consequently
we can represent Do (1,w) as

- 1~ _ o
Dy (1,w) = D2,—1W + Do+ DoaW + +DosW? + - |

where 51,,1 #0.
In completely the same way it follows that D3(1,w) has a local expansion
of the form

- 1 - 1~ o
D3(1,w) = D3 3=+ +D3 1= + D39+ D3 W +---,
w3 w

where ﬁ37_3 = 0 and the coefficient of W2 vanish identically.
These types of singular expansions lead to Bs(1,w), and we get

~ 1 ~ I
Bs(1,w) = B3,—1W + B3+ B3 W+, (9.93)

where Eg’,l # 0. The fact that the coefficients of W3 and W~2 vanish
is a consequence of non trivial cancellations. Hence, we obtain the proposed
asymptotic relation for dy.

Theorem 9.46. For every k > 1 the limiting probability d; that a vertex of a
connected planar graph has degree k exists and we have

p(w) = dewk = —eBolw)=Bo(L1) B, (1 )
k>1

B 1+ By(1,1)
Bo(1,w) Bo(lyl)i’B 1
e By )

where Bj(y,w), j =0,2,3 are given above.
Moreover, p(1) = 1, so that the dy, is indeed a probability distribution and
we have asymptotically, as k — oo,

dk ~ ckfl/zqk,

where ¢ = 3.0175067 is a computable constant and q is as in Theorem 9.45.
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Proof. The degree distribution is encoded in the function
c* (:L’, U)) = Z Ck ((E, 1)wk = eB.(IC/(x)’l’w),
k>1

where the generating function C’(x) of connected rooted planar graphs sat-
isfies the equation
l’Cl(l') _ xeB’(xC/(x),l,l).

From Lemma 9.43 we get the local expansions
eBH @) = eBo(lw) (1 4 By (1,w) X2 + Bs(1,w)X® + O(X*)),
where X = /1 — z/R. Thus, we first get an expansion for zC’(x)

R < RB;(1,1)

wC'@) =R e T AT B )R

X3+ 0(XY),

where X = /1 — z/p and p is the radius of convergence of C'(z) (compare
with [91]). Note also that R = pePo(?"1) Thus, we can apply Lemma 2.32 with
H(z,z,w) = zeP 1% and f(z) = 2C'(z). We have

R RBs(1,1)

fo=R, fo= TR BOLD fs= 0+ Bl 1)

and

ho([% U}) = peBO(Lw)7
ha(p, w) = peBO(Lw)B2(1’w)’

hs(p,w) = pe ) By(1, w).
We can express the probability generating function p(w) as

lim ["]xC* (z,w)
n—oo  [zn]zC'(z)

Consequently, we have

3/2
fo fS fO
_ _eBo(l,w)—Bo(lvl)Bz(l’w)
n 630(1,w)—Bo(171)i2(1’1)B3(1’w),

Bs(1,1)
The singular expansion for Bs(1,w) turns out to be of the form

By(1,w) = éz,o + Ez,lw +oee
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Hence the expansion (9.93) for B3(1,w) gives the leading part in the asymp-
totic expansion for p(w). It follows that p(w) has the same dominant singu-
larity as for 2-connected graphs and we obtain the asymptotic estimate for
the dj as claimed, with a different multiplicative constant. This concludes the
proof of the main result.

9.5.4 Vertices of Degree 1 or 2 in Planar Graphs

In this final section we discuss vertices of degree < 2 in planar graphs.

Theorem 9.47. For k € {1,2}, let X,(lk') denote the number of wvertices of

degree k in random planar graphs with n vertices. Then X flk) satisfies a central
limit theorem with linear expected value and variance.

There are no vertices of degree 1 in 2-connected graphs. Hence, we can
apply the general relation between connected and 2-connected graphs and

obtain
0Cq=1(w,u) , [ 0C4=1(z,u) B
gy &Xp B T +z(u—1)) ], (9.94)

where B(x) = B(x,1) is the generating function of 2-connected planar graphs
and Cgy=1(z,u) the counting function of vertices of degree 1 in connected
planar graphs. Hence, by an application of Theorem 2.31 it follows that we
have a local representation of the form

0C =1 (x,u)
v oz

)

Bk

N——
wiw

= g(z,u) + h(z,u) (1 -

which implies

o

Ca=1(z,u) = g2(z,u) + ha(z,u) (1 - %)

and a corresponding singular representation for the generating function of all
graphs:

5
2 \2
Ga=1(z,u) = eCa=1(z:v) — gs(x,u) + hs(x,u (1 — —> .
(¢ ) () + hyfo) (1=~
Of course, by Theorem 2.25 a central limit theorem follows.

Remark 9.48 Due to the simplicity of the equation (9.94) we also find p =
0% = p and, thus,

EX =pn+0(1) and VX = pn+0(1).
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Vertices of degree £k = 2 are more difficult to handle. Our first goal
is to characterise the generating function B(x,y, 21, 22, 2e0) Of 2-connected
planar graphs where x marks vertices, y edges and z; vertices of degree j,
je€{1,2,00}.

Our method is based on a result of Walsh [207] on 2-connected graphs
without vertices of degree two. The original result is stated for arbitrary la-
belled graphs, but it applies also to planar graphs; the reason is that a graph
is planar, if and only if it remains planar after removing the vertices of degree
2. Note that series-parallel networks and graphs appear here. In order to avoid
confusion, we write, for example, Bsp(x,y) to denote the generating function
of 2-connected series-parallel graphs (described in Theorem 9.4).

Lemma 9.49. Let B(z,y) be the generating function for 2-connected pla-
nar graphs, and let H(x,y) be the generating function for 2-connected planar
graphs without vertices of degree 2, where x marks vertices and y marks edges.
Also, let Dsp(z,y) be the generating function of series-parallel networks, and
Bsp(x,y) the generating function of 2-connected series-parallel graphs. Then

H(z, Dsp(z,y)) = B(z,y) — Bsp(z,y). (9.95)

Proof. Given a 2-connected planar graph, we perform the following operation
repeatedly: we remove a vertex of degree two, if there is any, and we remove
parallel edges created, if any. In this way we get either a graph with minimum
degree three, or a single edge in case the graph was series-parallel. This gives

B(l’, y) = H(ZL’7 DSP(xv y)) + BSP(xa y)
Corollary 9.50 The generating function H(x,y) is given by

H(l’,y) = B($> (,ZS(.%,y)) - BSP(xa d)(xvy))a

where

d(a,y) = <1+y>exp( —ry’ ) .

1+ 2y

Proof. Since Dgp(x,y) satisfies the equation (9.17), we can express y by

—zD?
Yy = ¢(x, DSP) = (1 + DSP) exp (7813) -1
and obtain
H(xz,Dsp) = B(z, ¢(x, Dsp)) — Bsp(x, ¢(x, Dsp))
where we can now interpret Dgp as an independent variable.

With help of theses preliminaries we can obtain an explicit expression for
B($7 Y, 21,22, ZOO)
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Lemma 9.51. Let k = 2 and let Bsp(z,y, 21, 22, 200) be the generating func-
tion for 2-connected series parallel graphs and

DSP(xvyazlsz;Zoo) = E DSP;ij(xvyazlsz;Zoo)
i,j€{1,2,00}

the corresponding generating function of series-parallel networks (compare
with Lemma 9.30 and 9.33). Then we have

B((E, Y, 21,22, ZOO) = BSP(xvya 21, %2, ZOO)+H(x7 DSP(iC, Y, 21,22, ZOO)) (996)

Proof. We just add the counting of vertices of degrees one and two that come
from the series-parallel networks and from series-parallel graphs.

Set

l 8B(£L’7y, 21, 22, ZOO)
8Zj

B;'(x,y,Zl,ZQ,ZOO) = (] € {1,2, OO})

The division by « is necessary because in the definition of B® the root bears
no label.

Further, let C%(z,y, 21,22, 200), j € {1,2,00}, denote the corresponding
generating functions for connected planar graphs. Then we have (as in Lemma
9.23) the system of equations

Cl. = BI(‘CC, Y, Wl; W27 Woo)a
1
C3 = 5 (Bl (w,y, W1, Wa, Wso))? + BS(z,y, Wi, Wa, W),
O° = BT @y, Wi, W2, Woo)+B3 (2,4, Wi, W2,Woo )+ BE, (2,4, W1, W2, Woo )
o0
—-1- BI({E, Y, le W2; Woo) - B;((E, Y, Wla WQ; WOO)

1
- E(Bi(xvya W17W2;Woo))27
where the Wj, j € {1,2, 00} are

Wi==xn +ZQCI. + ZOO(CQ. + Cgo),
Wy = 23 + 200 (CT + C35 + C%,),
Weo = 200(1 4+ CT + C35 + C3).

From this system of equations we get a single equation for
C*=1+C7+C5+C3
if weset 21 = 200 =1, and y = 1.

Lemma 9.52. The function C*(x,y,1, 29, 1) satisfies a functional equation of
the form
C*®* = F(x,y,22,C*®).
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Proof. Since B} = xz, the equation for C7} is
Ct=aWi =z (14 2C7 +C5 +C3) =2C® 4+ x(22 — 1)C7,

which gives
xC*®
C. = —_—.
1 1-— x(zg — 1)
Consequently, we have
C.
Wy =C* -1} = ————.
! (2 = 1)CT 1—a(z0—1)

Since Wy = 29 — 1+ C® and W, = C*, we can sum the three equations for
Ct,C3,C3, and obtain

C. — eBl. (E’y,Wthono)+B§ (w1y1W15W21WW)+B;o (mvvaIgW%Woo)

which is now a single equation for C'*.

Finally the generating function Cy—2(x,u) for connected planar graphs is
determined by

OC4—2(x,u)
Ox

We recall that

=Cy(x,1,1,u,1) + uCs(x,1,1,u,1) + C (x,1,1,u,1).

B(xvyazlszaZOO) = BSP((anleaZQvZOO) + H(anSP(xayazla227Zoo))
= B(x>(b(anSP(xayaZlaZszoo)))
+ BSP(%% 21,22, ZOO) - BSP(‘%? ¢(Z‘, DSP(Z‘, Y, 21,22, ZOO)))

We already know that B(z,y) has a singular expansion of the form
B(z,y) = Bo(y) + B2(y)X? + Ba(y) X" + Bs(y) X° + Bo(y)X° +-- -,

where X = /1 —xz/R(y) and R(1) = 0.03819... Alternatively this can be
rewritten as

B(z,y) = g(z,) + h(z,) (1 - @) "

Further note that Bsp(x,y, 21, 22, 200), Bsp(z,y) = Bsp(z,y,1,...,1), and
@(x, Dsp(x,y, 21, 22, 200)) are analytic around x = R(1), y = 1 and z; = 1,
je{l,...,k,o00}. Hence, B(x,y, 21, 22, 200) can be represented as

B(x7y7Z15227ZOO) 292(x7y7zl7z2a200)+ (997)

2 5/2
hQ(l',y,Zl,ZQ,ZOO) (1 - ——> ;
R<y3217227zoo)
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where go, he, and R are analytic functions with

gQ(xvya 17 ]-a 1) = g(%y),
hQ(xvya 17 ]-a 1) = h(xay),

R(y,1,1,1) = R(y).

We can apply Theorem 2.25 with oo = g and obtain the central limit theorem
in the 2-connected case.

From (9.97) it follows that B?(z,y, 21, 22, 20 ) has a singularity of the kind
(9.74). Hence, the function F(z,y,u) from Lemma 9.52 has also a singularity
of that kind. Note that F(z,y,1) = ¢Z°(®#¥)  Furthermore, for u = 1 it is
known that the singularity of C'* interferes with the singularity of B*.

Hence all assumptions of Proposition 2.31 are satisfied and it follows that
C*(z,1,1,u,1) has a singular expansion of the form (9.74). Of course, with
help of Theorem 2.25 we get a central limit theorem in the connected case.
Finally, since Gg—a(z,u) = eCa=2(4) the result follows for general planar
graphs, too.






Appendix

We collect explicit expressions of coefficients that appear in singular expansion
of generating functions in the formulations of Lemmas 9.40, 9.42 and 9.43.

We start with T (z, w) from Lemma 9.40. Here the abbreviation u = u(x)
stands for u(x, 7(x)), which is the solution of x = (1 4+ u)(3u — 1)3/(16u) (as
in Lemma 9.39).

(w —u—1)w(3u —1)5V/P

T -
0@, 0) =~ e B — T+ 3u? £ w) (1 + )t
B (3u —1)SwP,
27648(9u + 1)(2u — 1 + 3u? + w)(1 + u)u?’
—1)°P,
To(z,w) Bu— 1) P ow

T 82044u5(2u — 1+ 3uZ + w)2(u + 1)2(9u + 1)2
Pyqw(3u —1)°
82944u5(2u — 1 + 3u? 4+ w)2(u + 1)2V/P’

Ty(z,w) = V2u(1 4+ u)w(3u — 1)%((9u? — 6u + 1)w — 9u? — 10u — 1)
sV = 37324805 (u + 1)
2u(1 + u)w(Bu — 1)5P3(3u + 1)

XB3u+1)+
( ) 373248u(u + 1)3VP(—w + u + 1)

and

P = (—w+u+1)((—9u* + 6u — 1)w + 81u® + 99u? + 19u + 1),
Py = (27u® 4 6u + D)w? + (=126u> — 150u? — 26u — 2)w
+ 81u* + 180u® + 118u? + 20u + 1
Py = (1458u” + 3807u* 4 900u® + 114u? — 6u — 1)w?
+ (6561u" 4 20898u’ 4 8532u° — 7281u* — 1635u> — 132u? + 30u + 3)w?
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+ (—3645u® — 30942u" — 46494u5 — 13230u° + 7536u* + 1590u> — 18u>
— 42u — 3)w + 131220 + 47385u® + 61560u” + 30708u’® — 228u°
— 4530u* — 872u® 4 36u? + 18u + 1

Py = (—54u* — 45u® 4 57u? — 15u + 1w+
(—243u8 + 27u® + 1278u* 4 858u> — 111u” + 35u — 4)w+
(1944u" + 6507u’ 4 5553u° — 576u* — 1530u® + 15u* — 15u + 6)w?
+ (—1215u® — 6561u" — 11439u5 — 7005u° + 231u* + 122943
+ 75u? — 15u — 4)w + 1458u® + 6561u® + 11376u" + 8988uS + 2388u°
— 794u* — 51203 — 36u? + 10u + 1

Py = (—27u® 4 27u® — 9u + 1)w® + (162u* + 135u® — 27u? — 3u — 3)w?

+ (81u® + 243u + 270u® + 138u® + 33u + 3)w
— 81u® — 261u* — 298u® — 138u? — 21u — 1.

Next we consider D,(y,w) from Lemma 9.42:

VS(Do(t —1) +1t)  D3(t* —12t2 + 20t — 9)
14+ D= (1 _
Do = (1+yw)exp ( 13+ DDy +1) Mt +3)(Do+ DB )
Do(2t* + 6t% — 6t2 + 10t — 12) + t* + 63 + 9t2> (9.98)
4(t+3)(Do + 1)(3t + 1) ’ '

where S abbreviates

S = (Dot — Do + t)(Do(t — 1)> + t(t + 3)?),
and ¢ = t(y) stands for the unique solution in (0,1) of
(1—2t) ( t2(1t)(18+36t+5t2)) 1

YTt —0 TP\ 2B (1t 20(1 + 30)2 (9-99)
by
Dy — 4(Do + 1)%(t — 1)(S2,1 + S2.2V'S)
(17t5 + 2374 + 1155¢3 + 25272 + 1808t + 400)(Sa,3 + S2,4V'S)’
where

So1 = —D3(t — 1)*(t +3)(11¢° + 102t* + 4114 + 588t% 4 352t + 72)
— Dot(t —1)(t + 3)
x (22t7 + 231¢° 4 1059¢° + 2277t* + 2995¢° + 3272t + 2000¢ + 432)
—12(t + 3)3(11¢° + 85t + 252¢3 + 108t — 48t — 24)
Soo = Do(t — 1)(11¢7 + 124¢° + 582t° + 968t* — 977t> — 4828t% — 4112t
—984) + t(t + 3)*(11¢° + 85t* + 2523 4- 108t — 48t — 24)
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So3 = —(t+3)(Dot — Do + t)(D3(t — 1)* +2Dg(t — 1)(t> — t* + 5t — 1)
+t(t* — 3t — 14)
Soq = D3(t* + 2t — 9)(t — 1)% + Do(2t* — 12t* + 80t — 6) + (> — 3t + 50),

and by

De— 24(t + 3)(Do + 1)2(t — 1)t*(t + 1)25';’7/12 (S3,2 — S3,3(Dot — Do + t)V/'S)
’ (B)%/2(Dot — Do + t)(S5,4V/'S — (t + 3)(Dot — Do +1)S3.5) ’

where

B =3t(1+t)(17t° + 237" + 1155t + 2527t + 1808t + 400),
Sz = —5t° + 6t* + 135t° + 66417 + 592 + 144,
Sz = D3 (81t + 135¢1° — 828¢% — 180t% + 1982¢7 + 10905 — 51965
+ 2108t* + 24253 — 1617t> — 256t + 256),
+ DZ(243t" 4 1313¢1° 4 168117 — 51¢% — 52697 — 73255 4- 257115
+10271t* + 1846t — 3888t — 1392t)
+ Do (243t 42221410 + 8135t 4 15609t® + 12953t7 — 3929t° — 12627+
— 13293t* — 7680t> — 1632t%)
+ 81t +1043t1° 4 5626t° + 16806t° + 30165t + 30663t° + 13344¢°
+ 1008t* — 4323,
S35 = Do(81t% + 378" + 63t5—1044t° 4 1087t —646t> — 687> + 512t + 256)
+ 811% + 800t + 3226t° + 7128t + 8781t* 4 4320t + 3841% — 144¢,
S34 = D3(t* —12t* 4 20t — 9) + Do(2t* — 12t* + 80t — 6) + t* — 3t* + 50¢
S35 = Da(t* — 413 + 612 — 4t + 1) 4+ Do(2t* — 4t® + 122 — 12t + 2)
+ ¢4 —3t% — 14t.

Finally the coefficients B;(y, w) from Lemma 9.43 are given by the follow-
ing formulas:

- %Stg (—810g(2)(3t4 62— 1) — 8log(t + 1)(3t — 1)(t + 1)
— 4log(t)(3t — 1)(t + 1)® + 21log(A)(t — 1)*(3t + 1)
+ 2log(B)(3t* + 24t® + 6t* — 1)
+VS(t —1)(Do(t® =3t +3t — 1) + 15 — 8> +t — 2)
Dy
t+3
F (32— 1)t — 882+t — 2)t)>,

By

(Do(t — 1)°(#* + 2t — 9) + 2(t — 1)®)(¢* + 60t + 3)
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. RD()(DU(RQE(% + REs) — 2(1+ RE)y))

B
2 2(1 + REy)?

1
+ EUO’O +1Ipo+ I22)

R2E,D,

1+ RE,

B R%Dq (2D3E2R + 2D3Ey + E3Dy)
8 2(EoR +1)2

+ (log(l + Dy) — log(1 + yw) — ) (14 Dy — D2)R,

+ RD3(log(1 + yw) — log(Dg + 1))
1

TR

(Io3 + I2,3 + I3 3),

with

Ioo = % (4(3t —1)(t+1)3log(t) +8(3t —1)(t + 1) log(t + 1)
+8(3t* + 6% — 1)log(2) — 2(t — 1)3(3t + 1) log(A)
—2(3t* + 6t% — 1) log(B)
+(t—1)(Do(t> =32+ 3t — 1) + 3 + 42 + t + 2)V/S
— z:r—;(pg(tﬁ —2t° 4 t* — 43 + 1147 — 10t + 3)
+ Do(2t5 + 8t° — 10t* — 32> + 461> — 8t — 6)
154 1087 + 340* 4 440 + 2162 1-181) ),

Iy — —(Bt+1)(t—1)°
’ 5126
+4(3t* + 6t> — 1) log(t + 1) + (=3t* + 8> — 6¢> + 1) log(3A)
+ (—=3t* — 83 — 6% + 1) log(B)

Dy (t —1)%(Ro,0V'S + Ro1) — &;—%(30,4\/§+ Ro,5)>
(t+3) (RO,G\/§ + Ro,7) ,

(Bt + 1)t = 1)%(Ro0VS + Ro1)(DsB* + Doa® Ry )
512(t + 3)t835/2((Do(t2 — 2t + 1) + 12 + t + 2)V/S + Ro3)’

(t—1)%Ry0 (32,1\/§+ R2,2)

30726t5(t + 1)(Do +1)

(t+1)%(1 + 26)203/2(3t + 1)(t — 1)7 ((t +3)2Ry3V/S — RM)

16t535/2(1 + Dy) ’

V(= 1)° R} (Rs.0v/8 — Ry, (Dot — Dy +1))

23041/3t + 1#533/2(t +1)3/2(Dot — Do +t)

(4(37¢4 — 4% 4+ 6t* — 1) log(2) + 2(3t* + 6t* — 1) log(t)

I3 =

Ir o =

I3 =

I33 =

where the expressions A, B, and polynomials R; ; are given by
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A = Do(5t3 — 32 —t — 1) + 5t> + 6t + 5t + (3t + 1)V/S,
B = Do(t? =3t + 3t — 1) + 3 + 22 + 5t + (t — 1)V/S,
Roo = 3D2(t — 1)? — Do(7t — 3) — t(t + 3),
Ro1 =3D3(t — 1)* — D2(t — 1)(3t3 — t* 4- 25t — 3)
+ Dot (t3 + 812 + 21t — 14) + (t + 3)*?,
Roo = 128t(3t 4+ 1)(t — 1)(1 4 2t)%(t + 3)%(t + 1)?,
Ros = D3(t* — 43 4+ 6t% — 4t + 1) + Do(2t* + 4% — 8t + 2)
it 43 TR 2t + 2,
Ro4 = 3D3(t — 1)°(51¢% + 10817 + 8422t° 4 31914¢° + 59639t* + 42461¢>
+ 7584t% — 2832t — 864)
— Dj(t —1)*(153t*° + 3204¢° + 29055t + 146710t + 432951¢°
+ 717528t° + 561457t* + 208750t + 47040t% + 13248t 4 2592)
— Do(t + 3)%t(408t'° + 6177t% 4 34003t® + 92097¢7 + 1225236
+ 126075¢° + 145777t* + 82707% — 1543t* — 15088t — 3312)
+3t(t — 1)(¢t + 3)%(2t* + 3t> — 22 + 3t + 2)
x (400 + 1808t + 2527¢% + 1155t + 237t 4 17t°),
Ros = 3D§(t — 1)7(51¢% + 1081¢7 + 84225 4 31914¢> + 59639¢* + 42461t
+ 7584t% — 2832t — 864)
+2D§(t — 1)*(249t1° + 3333t% 4 22417¢° + 105245¢” + 339675¢°+
664087t° + 513315t* + 127943t% — 693612 — 1152t 4 1296)
— Dgt(t — 1)%(357t"2 + 7089t + 58637¢'% + 273500t 4 828314¢°
+ 1886278t7 + 36387861° + 5441836t° + 4731121¢* 4 19453293
+ 179665t% — 96240t — 20304)
— 2Dt (t + 3)*(51t1% + 849t + 6580¢'% + 33465t + 115887t°
+ 2537437 + 285517t° + 148083t° + 130634¢* 4 141380t3
+ 597152 4 4944t — 1200)
+3t2(t — 1) (¢ + 3)3(2t* + 3> — 22 + 3t 4 2)
x (400 + 1808t + 2527¢% + 1155t + 237t + 17t°),
Rog = Do(t —1)* +t* +t +2,
Ro7=D2(t —1)* + Do2(t — 1)(#* + 12 + 3t — 1) +t* + 4¢3 4 7> + 2t + 2,
Rao = 3(3t + 1)(t + 1)(—5t° + 6t* + 135> 4 664t + 592t + 144),
Ro1 = D2(3t> — 12t% + Tt + 2) + Do(6t° — 3t + 1) + 3t> + 9¢2,
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Roo = Dj(3t" — 47t° — 18" + 21¢° + 164¢* — 105t — 18)
+ D2(9t" + 36t° — 195 — 168t* — 165t + 292t> + 15¢)
+ Do(9t7 4 7215 + 1905 + 156t* — 631> — 108t?)
+ 3t + 36t5 + 162t° 4 324t + 243t3,
Ros = Di(3t3 — 126% + 7t + 2) + Do(6t> — 3t + t) + 3t° + 942,
Ro 4 = Dj(3t7 — 47> — 18t* 4 21#% + 164t* — 105t — 18)
+ D2(9t" + 36t° — 195 — 168t* — 165t + 292t> + 15¢)
+ Do(9t7 4 7215 + 1905 + 156t* — 631> — 108t?)
+ 3t7 + 36t5 + 162t° 4 324t + 243t3,
Rso = DE(t* — 2t + 2t — 1) + Do(2t* 4 4t3 — 2> — 4t) +t* + 61> + 9t
Rs1 = D3(t° — 3t* + 2% + 2t% — 3t + 1) + Do(2t° + 6t* — 2t* — 6t2)
+ 17 4 9th 2713 + 2742
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