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Introduction

Formal introduction

This dissertation consists of two parts. The object of the first part of the disser-
tation is random intersection graphs and random intersection digraphs. The goal
of the work was to determine certain asymptotic properties of such graphs (or di-
graphs). They include (a) the birth threshold for fixed-size complete subgraphs in
the random intersection digraph; (b) the clique number of sparse random intersec-
tion graphs; (c) the chromatic number of random uniform intersection graphs. An
additional goal was to better understand the connection of random intersection
graphs and large real-world networks.

Random intersection graphs have been actively studied in the last decade. It
has been shown that this model can produce instances with positive clustering
coefficient and other commonly observed properties of real-world networks (such
as the Internet, social and biological networks). The applications of such models
include wireless networking, classification and epidemiology, see [21,22,46,53]. The
work is also relevant from the computer science point of view: we consider classical
NP-hard problems, but we restrict attention to a particular, rather general and
practically important family of distributions of graphs.

The object of the second part of the dissertation is minor-closed classes of
graphs without k + 1 disjoint minors in B, where a set B consists of 2-connected
graphs. The problem of this part is to enumerate such classes asymptotically and
prove properties of typical graphs in them. We study two general types of B. As
part of the work, we aim to answer a question of Bernardi, Noy and Welsh in this
case.

The results in Part I build on the work of McDiarmid on addable minor-closed
classes. The theory of graph minors has many applications in theoretical com-
puter science and “has made a fundamental impact both outside the graph theory
and within” [38]. Asymptotic enumeration of minor-closed classes was originally
motivated by a particular case relevant both theoretically and practically, the
planar graphs. Results of this kind can usually be directly applied to average-case
complexity analysis of graph algorithms where the input is a uniformly random
graph with some natural restrictions [12,40,48]. Another algorithmic application
highlighted in the literature is as follows. The ability to count often gives knowl-
edge how to construct large instances [52,85]. This can be used for system testing.
The proofs in the second part are mostly based on combinatorial and probabilistic
arguments (as opposed to the approach that uses mainly analysis of generating

functions), and the results often hold with rather general conditions.
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Introduction

In the next two sections we specify the models and review the propositions

that we prove in the thesis, this is done for each part separately.

Random intersection graphs

Let S1,Ss,...,S5, be finite sets. The pairs uv where u # v and S, NS, # 0
define edges of a graph on the vertex set [n] = {1,...,n}. This graph is called

the intersection graph of Sy,...,S,, see Figure 1.

S. >

4
@ French 1 2
Russian
Chinese
S German
1 S3 4 3

Figure 1: An intersection graph representing all communicating pairs, when, for example, S, is
the set of languages spoken by person v.

If the sets Si,...,S, are random subsets of some (finite) ground set W of
m attributes (or keys), we obtain a random intersection graph. The first au-
thors to consider such random graphs were Karonski, Scheinerman and Singer-
Cohen (1999, [58]). They studied the binomial random intersection graph model
G(n,m,p), where an attribute w is added to the set S, independently at random
with probability p, for each pair (w,v), w € W and v € [n].

Godehardt and Jaworski [53] introduced a more general “active” random inter-
section graph G(n, m, P), where each set S, is generated independently at random
in two stages: first the size X, is drawn according to the probability distribution
P, then a uniformly random subset S, of size X, is drawn (without replacement)
from W. We give a more detailed description of this and related models in Sec-
tion 1.1.

Studying random intersection graphs is motivated by a belief that they share
some properties with large empirical networks. Large empirical networks are often
observed to be sparse (the average number of neighbours of a vertex is bounded)
and have a non-negligible clustering coefficient (which is the conditional probabil-
ity that three randomly chosen vertices make up a triangle, given that the first two

are neighbours of the third one). Unlike in many other models, the parameters
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Introduction

of random intersection graphs can be chosen in a way that the resulting random
instances have these two properties simultaneously.

For any collection {S, Sa, ..., S, } of subsets of W there is a unique dual collec-
tion {71, }wew of subsets of [n], where T,, = {v : w € S,}. In terms of intersection
graphs, it can be understood as follows: each attribute w € W corresponds to a
clique on the vertex set T,,; edges of all the cliques T,, define the set of edges of
the intersection graph. We call cliques T, monochromatic.

In their paper Karonski, Scheinerman and Singer-Cohen determined for which
choices of p, the binomial random intersection graph G(n,m,p) contains a clique
on h vertices with high probability (when n and m are large). They solved the
problem for any fixed h by showing that it is enough to consider a finite number of
configurations of pairwise intersecting sets. Figure 2 shows two such configurations

in the case h = 4.

Formalisms. Statements such as “G(n,m, p) has a clique of size h with high probabil-
ity” should be rigorously interpreted as follows. We consider a sequence of random graphs
{G(n),n =1,2,...}, where G(n) = G(n,m,p) and m = m(n), p = p(n). Forn =1,2,...
we let A = A(n) be the event that G(n) has a clique of size h. Then a statement like “A
holds with high probability” means that P(A(n)) — 1 as n — oo. Informal statements
about D(n,m,p_,p+) and G(n,m, P) should be interpreted similarly. For example, when
we talk about the parameter P, we actually have in mind a sequence of probability measures
{P(n),n=1,2,..}.

For a sequence {X,,n = 1,2,...} of random variables (for example X, may be the
size of a maximum clique in G(n,m,p)), we informally write that X,, is “asymptotically”
f(n) if for any € > 0 P(|X,, — f(n)] > ef(n)) = 0 as n — oco. A standard notation
X, = f(n)(1+op(1)) will be used in the subsequent chapters.

Small subgraphs in random intersection digraphs

In Chapter 2 we ask a similar question for a related binomial random inter-
section digraph model D(n, m,p_,py). In this model, proposed by Bloznelis [16],
each vertex v € [n] is assigned not one, but two random subsets, S, and S .
Each attribute w € W is included into S, with probability p_ and into S, with
probability p. independently. Then the random binomial intersection digraph is
a directed graph on the vertex set [n] with arcs {uv : S, NS} # 0}. Such a
digraph makes sense if we interpret S, and S as sets of attributes (qualities)
that v “likes” and “possesses” respectively.

We determine ranges of parameters for which D(n, m,p_, p,) contains a copy

of the complete directed graph on h vertices with a high probability. Depend-
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Figure 2: Two different configurations of intersecting sets that yield a clique on four vertices.

ing on the relationship between parameters p_, p, and m (all of them can vary
with n), four different patterns of intersecting sets can be most likely to realise
the complete digraph on h vertices, and two of these patterns do not have an

undirected counterpart.
Largest clique

But what can we say about the size of a maximum clique (the clique number)
of a random intersection graph? In general, the problem is difficult due to two
reasons. Firstly, the local clustering property causes a lot of dependence between
the edges of the random graph. Secondly, the clique number can grow with n,
and so it no longer suffices to consider only a finite number of patterns of sets. In
Chapter 3 a solution for sparse uniform random intersection graphs G(n, m, P) is
presented. Here “sparse” means that m and P are such that the expected number
of edges is linear in n.

Let D(n) be the degree of a random vertex (or, equivalently, of vertex 1) in
G(n,m, P). We find that the clique number of G(n, m, P) depends on the tail of
the distribution of D(n). If D(n) is “asymptotically” power-law distributed with
index a € (1,2) (for example, a Pareto distributed random variable X with P(X >
t) = t~* is power-law with index «) then the largest clique is “asymptotically”
of polynomial size. The order of the clique number in this case is the same as in
a much simpler model without clustering studied by Janson, Luczak and Norros
(2010, [55]).

Meanwhile, if the degree variance is bounded (sup,, VarD(n) < oo), then the
largest clique is with high probability ”almost“ monochromatic (generated by a
single attribute, as in Figure 2, right) and its size is “asymptotically” logarithmic.
This phenomenon is specific to random intersection graphs, and the clique num-
ber here is closely related to the maximum load problem: if N balls are thrown

randomly to m bins, what is the maximum number of balls a bin receives? Both in
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the “power-law” and the “bounded variance” regimes our results are optimal up to
the first-order asymptotic term. These two regimes cover most of the interesting
choices of the parameters for sparse G(n, m, P).

Furthermore, for each of the two main regimes there is a simple algorithm for
finding large cliques. We prove that with high probability G(n,m, P) is such, that
the corresponding algorithm outputs a clique of asymptotically optimal size and
terminates in polynomial time. These algorithms have a potential to be used and
studied with large scale real-world graphs. A reader interested to see the simple

pseudocode is welcome to jump directly to Section 3.4.
Chromatic index of random uniform hypergraphs

A hypergraph H is a pair (V, E'), where V is a set and F is a collection of subsets
of V called hyperedges, or simply edges. Intersection graphs are hypergraphs,
where we put emphasis on pairwise intersections of edges. The chromatic number
of a graph is the least number of colours needed to colour its vertices, so that no
two neighbours receive the same colour. The chromatic index of a hypergraph is
the least number of colours needed to colour its edges so that no pair of intersecting
edges receives the same colour.

In Chapter 4 we study the chromatic index of H®*)(m,n), the random hyper-
graph on the vertex set [m| and with n edges drawn independently with replace-
ment from all subsets of [m] of size k. The problem is equivalent to the problem of
determining the chromatic number of G(n, m, k), the uniform random intersection
graph with n vertices, m attributes and all subsets of size k. In the case when
k is constant and n is much larger than m, a result by Pippenger and Spencer
(1989, [82]) implies the answer. That result holds for arbitrary ‘almost regular’
hypergraphs, not just the random ones. For random hypergraphs we extend their
result slightly and allow £ to grow slowly with n. To do this, we exhibit a simple
greedy algorithm (different from Pippenger and Spencer’s one) and prove that it

colours the edges with an (asymptotically) optimal number of colours.
Empirical aspects

In Section 1.2 we plot certain statistics for large real-world networks (such
as, for example, the actor affiliation networks, where two actors are declared
adjacent if they had a role in the same movie) and random intersection graphs
with corresponding parameters. The statistics include assortativity and counts of

pairs with given number of common neighbours.
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Figure 3: The Lithuanian actor affiliation network (data from IMDB: http://www.imdb.com).
The ‘union of cliques’ structure, where each clique consists of actors participating in the same
film, can clearly be seen here.

Minor-closed classes of graphs

The second part of this thesis is concerned with graphs that do not contain certain
subgraphs.

Connected graphs that do not have any cycle are trees. Acyclic, but not
necessarily connected graphs are called forests. Given a class of labelled graphs A
(for example, the class of trees), we denote by A, the restriction of A to graphs
on the vertex set [n] = {1,..,n}. We study

(*) the asymptotic number of graphs in A,;

(**) the structure of a typical graphs in A; more precisely, properties of a uni-

formly random graph from A,,.

For example, the classic result of Cayley (1868) states that there are n" 2 trees
on the vertex set [n]. Rényi (1959) proved that the number of forests on the same
vertex set is \/en" (14 o(1)) as n tends to infinity.

Part II starts with investigation of the class of graphs that do not have k + 1
vertex-disjoint cycles. Erdés and Pdsa (1965, [45]) showed that there is a constant
¢ such that each graph that does not contain k + 1 disjoint cycles has a set of at
most ¢ vertices, whose removal results in an acyclic graph (a forest). It is known

that the smallest possible ¢ is of order klnk [38]. (The important thing here is
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that no matter how large a graph is, if it has at most k disjoint cycles then we
can “destroy” all of its cycles by removing just a few vertices.)

In Chapter 6 we present a proof that only k vertices are enough for typical
graphs without £+ 1 disjoint cycles. A uniformly random such graph on the vertex
set [n] for large n is shown to be very close in distribution to the following simple
construction a) pick a uniformly random set S C [n] of size k; b) put a uniformly
random forest on the remaining vertices [n] \ S; ¢) for each pair {x,y} C [n]
with at least one element in S, add the edge xy independently at random with
probability 1/2.

Given a graph G, the contraction of an edge e = xy € E(G) is the following
operation: merge the endpoints  and y of e into a new vertex v,,, so that vy,
becomes adjacent to all of the former neighbours of  and y. A graph H is called
a minor of G if it can be obtained from G by applying a series of edge deletions,

vertex deletions and edge contractions, see Figure 4.

X0 Q\E
.900%‘ > - b

Figure 4: A sequence of vertex deletions and edge contractions showing that H is a minor of G.

A class of graphs A is minor-closed if for any G € A every minor of G also
belongs to A. Minor-closed classes of graphs is the subject of the theory of graph
minors developed by Robertson and Seymour in a series of more than twenty
papers (1983-2004). One of the results is the following: each minor-closed class
A can be characterised by a finite list B of minimal excluded minors. That is, to
test whether a graph G is not in the class A, it suffices to check whether any of
the finitely many graphs in B is a minor of G. We denote this by A = ExB. For
example, by an earlier work of Kuratowski (1930) and Wagner (1937) the class of
planar graphs (graphs drawable on the plane so that edges can intersect only at
their endpoints) can be characterised by two minimal non-planar excluded minors:
K33 and Kj (here K;; is the complete bipartite graph with both parts of size t
and K is the complete graph on t vertices). Counting and studying properties of
random planar graphs and other minor-closed classes of graphs has received a lot
of attention in the last decade, we review the work most relevant to this thesis in
Chapter 5. Some other examples of minor-closed classes are forests, series-parallel
graphs, outerplanar graphs, graphs embeddable in a fixed surface (for example,

the torus), graphs with a bounded treewidth, graphs knotlessly embeddable in
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(c) (d)

Figure 5: Illustration of a class of graphs handled in Chapter 7: (a) the graph H; (b) the
forbidden minor: 3 disjoint copies of H; (c) a graph with three disjoint forbidden minors; (d) a
typical graph without three disjoint minors H.

Euclidean 3-space, etc.

The class of graphs containing at most k+1 disjoint cycles is also minor-closed;
the forbidden minor is k£ + 1 disjoint copies of K3. Chapter 7 generalizes results of
Chapter 6 to classes with at most k disjoint excluded minors from a given fixed
set B (with repetitions allowed). For the generalisation to work, the excluded
minors in B have to necessarily satisfy a certain restriction: the class of graphs
Ex B must not contain arbitrarily large fans (a fan is a graph consisting of a path
together with a vertex joined to each vertex on the path).

We postpone the formal statements of our theorems until Chapter 7; now
we will just discuss one example, a straightforward application of our results with
k = 2 and a set By = { H}, consisting of a particular graph H on six vertices shown
in Figure 5 (a). Our result concerns the class A of graphs with the excluded minor
shown in Figure 5 (b). Graphs that violate the requirement are, for instance, as
in Figure 5 (c¢) (two of the subgraphs are subdivisions of H, the third can be seen
to have H as a minor by contracting two edges incident to vertices marked with
the smaller circles).

Our result implies that a uniformly random graph in A,, essentially consists of
a random graph in Ex B on n — 2 vertices, two “apex vertices”, and edges incident

to each of the apex vertices which appear independently with probability 1/2.

18



Introduction

(b)

Figure 6: (a) A forbidden minor: two disjoint Kjy; (b) a series-parallel network; (c) the “core” of
a typical graph without two disjoint minors K. To complete the graph, add three new “apex”
vertices z,y, z and join them to each node coloured r[ed], g[reen] and b[lue] respectively; replace
leaf-like shapes by (non-series) series-parallel networks, and attach more series-parallel graphs
at each vertex arbitrarily. Neither of x,y, z is allowed to create a K4 minor alone.

With very high probability these two apex vertices are the only vertices that have
linearly many neighbours, see Figure 5 (d).

The last two chapters are devoted to the next layer of disjoint forbidden minors.
In Chapter 8 we prove results for general classes B, such that Ex B contains all fans,
but B is “good enough”. We show that a different general construction dictates
the asymptotic number of graphs without k£ 4 1 disjoint excluded minors in B.
The motivating case behind quite general results of Chapter 8 was a particular set
B = {K4}. The graphs without a minor K, are known as series-parallel graphs.
This class is important in computer science, and has been used to study algorithms
for problems that are hard for general graphs.

In Chapter 9 we obtain precise first-order asymptotics for the number of graphs
without k£ + 1 disjoint minors K4. We prove that for large n, a typical such graph
G on {1,...,n} has a unique set S with the following properties:

(i) S is of size 2k + 1;

(ii) for any x € S, the removal of S\ {z} from G results in a series-parallel

graph;
(iii) each vertex in S has linearly many neighbours.

A rather complete picture of typical graphs from this class is developed. Figure 6

illustrates some of the basic features.
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Overview of the methods

Many different methods are used throughout the dissertation. The most important
of them are discussed in more detail in the background chapters, Chapter 1 and
Chapter 5.

Inequalities from probability theory and probabilistic method. We
use various classic probabilistic methods such as the first and second moment
method, Chebyshev’s inequality quite intensively in Part I of the thesis. In ad-
dition, we use some less standard results from Ramsey theory and the theory of

random graphs.

Concentration inequalities. In both parts an indispensable tool is Cher-
noff bounds for sums of independent random variables. Most of the applications
require only that the bounds are exponential, the constant in the exponent is not
important. In Chapter 4 we use more sophisticated concentration inequalities for
martingales, from McDiarmid (1998) [72].

Differential equations method. This method is based on concentration
inequalities for martingales. It was developed by Wormald [101] in the context of
random graph processes, though Karp and Sipser had applied similar techniques
in their earlier work [59]. The main idea is to show that a trajectory of a parameter
of a random process is highly concentrated around its mean at all time steps. The
curve for the mean is a solution of a system of differential equations. We apply

this method for the random hypergraph edge colouring problem.

Theory of graph minors. Several major results in the theory of graph
minors by Robertson and Seymour, see [89], are the starting point in the proofs
of Part II. One of the key facts is that graphs with a planar excluded minor have
a bounded tree-width.

Singularity analysis. Methods based on generating functions play an im-
portant role in Part II. While in Chapters 6, 7 and 8 we only make use of very
simple results, such as the “exponential formula”, Chapter 9 contains a full appli-
cation of the singularity analysis method: we obtain decompositions of relevant
classes, convert them to exponential generating functions and use either general
theorems or our own observations in complex analysis to extract the asymptotic
coefficients. Most of the tools of this kind can be found in the book “Analytic
Combinatorics” by Flajolet and Sedgewick [48]. For counting tree-like structures

we also find the work of Meir and Moon (1989, [79]) very general and useful.
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Computational tools. We used computer to aid some of our work. Numeri-
cal estimates presented in Part IT were carried out with the symbolic computation
system Maple. Empirical analysis of real networks in Section 1.2 required larger
scale computation, this was implemented using Python with its packages numpy
and matplotlib and executed in the cluster of the Digital Science and Computing
Centre of the Faculty of Mathematics and Informatics, Vilnius University. Some
programming with C++ and Python was used to explicitly construct all possible
graphs related to classes with few disjoint minors K4. Most of the illustrations
in this thesis were created using Xfig and Inkscape. The dissertation itself was

prepared and compiled with XeLaTeX.

The methods and proofs presented in this thesis are mathematically rigorous.
The empirical parameters of large real networks were only evaluated for partic-
ular graphs and served mainly for illustratory purposes. Statistical inference or
hypothesis testing using random intersection graph models can be seen as a po-

tential future work in the area.

Content, originality and novelty

The content presented in this thesis has been created and prepared by the author
of the thesis together with his co-authors.

The results obtained in the dissertation are original and all of them can be
considered as new. Most of the problems of Part I had been considered by other
authors with related but different models. In our work we propose several meth-
ods not used in this context before (applications of the balls and bins problem,
extremal combinatorics and differential equations). The important phenomenon
of largest clique being generated by a single attribute has been earlier also dis-
covered by two other groups of researchers in related but more restricted models.
Part IT explores an entirely new type of minor-closed classes and similar results
were unknown before. Some of the intermediate lemmas extend previously known
ones.

Each of the results chapters is based on an article that has either been pub-

lished or submitted for publication.

Section 1.2 — on paper [20] with M. Bloznelis and J. Jaworski and paper [24]
with M. Bloznelis!.
Chapter 2 — on paper [62];

'In these two works I essentially carried out only the empirical analysis.
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Chapter 3 — on paper [25] with M. Bloznelis;

Chapter 4 — on paper [66] with K. Rybarczyk.
[64] with C. McDiarmid,;
Chapter 7 — on paper [65] with C. McDiarmid,

Chapter 8 and Chapter 9 — on paper [63].

Chapter 6 — on paper [64

The papers [24,62,64,65] have been published, the remaining papers have been

submitted for publication.
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Random intersection graphs

23






Chapter 1

Background

1.1 Random intersection graphs

In this section we briefly review some of the literature on random intersection

graphs. For a more complete overview see upcoming survey papers [21,22].

1.1.1 Models

Given positive integers n and m, and a probability measure P on {0,1,...,m},
the random intersection graph (also called the active random intersection graph)
G(n,m, P) on vertex set V= {1,2,...,n} and with the set W = {wy, ws, ..., wn,}
of attributes is defined as follows. Let Si,9,...,5, be independent random
subsets of W such that for any v € V and any S C W we have P(S, = 5) =
P(|S|)/(|’g|) The edge set of G(n, m, P) consists of those pairs {u,v} C V for
which S, NS, # 0.

The model G(n,m, P) is rather general. If the distribution P is the binomial
distribution with parameters p and m, we obtain the binomial random intersection
graph G(n, p) studied in [58] and later by many other authors, including [37,81,
92,97]. If P is a degenerate distribution such that P(k) = 1 for a constant k, then
we obtain the wuniform random intersection graph G(n,m,k) as, e.g., in [14] and
many other papers, see [21]. Random uniform hypergraphs are closely related to
the last model.

Several further natural extensions and modifications have been considered. An
intersection threshold s > 1, may be required to create an edge [18] (i.e., vw is
an edge if and only if |S, N Sy,| > s). A model dual to G(n,m, P) and denoted
G*(n,m, P) is called the passive random intersection graph. It has the vertex set

W and for a pair {w’,w"} of distinct elements from W, w'w” is an edge if and
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Chapter 1. Background

only if there is at least 1 (or, more generally, at least s) sets containing both w’
and w”. More recent research, i.e., [19,23,27], focused on inhomogeneous ran-
dom intersection graphs where both attributes and vertices are assigned random
weights and an attribute w is added to the set S, with probability proportional
to the product of the weights of w and v.

The model of Chapter 2 is an adaptation of the binomial random intersec-
tion G(n,m,p) that yields random directed graphs. The model of Chapter 3 is
G(n,m, P), and the model we will meet in Chapter 4 is G(n,m, k).

1.1.2 Degrees, clustering and sparseness

A notable fact about these models is that they can be used to obtain sparse
graphs with a power-law asymptotic degree distribution and a positive clustering
coefficient.

Consider a sequence {G(n),n = 1,2,...} of random intersection graphs where
G(n) = G(n,m,P), m = m(n) and P = P(n). Let X(n) (the size of a random
set) be distributed according to P(n), and write Y (n) = n'/?2m~1/2X (n). We will

consider the following conditions

Y (n) converges weakly to a random variable Y* with mean p; (1.1)
lim EY (n) =EY™. (1.2)
n—oo

The limiting degree distribution for active random intersection graphs was de-
termined in increasing generality by Stark [97], Deijfen and Kets [37], Bloznelis
[15,16, 18] and Rybarczyk [93].

Theorem 1.1.1 (Bloznelis, [15,18]) Let {G(n),n =1,2,...} be a sequence of
random intersection graphs, such that (1.1) and (1.2) hold. Write p =EY™.

Then the degree D(n) of vertex 1 in G(n) converges weakly to a random variable
D*, which has a Poisson distribution with random intensity pY*: P(D* = k) =
(KN 7YE (uY *)re 1",

Thus, if the random variable Y* is power-law distributed and the conditions of
the last theorem hold, then so is D* [15]. If, additionally, n = EY(n) = O(1),
then the limiting degree is bounded (the graph is sparse). Let us remark that [18]
considers more general intersection thresholds s > 1, and both the active and
the passive random intersection graphs. Here and below for simplicity we present

simplified results for the case s = 1 and the active random intersection graph only.
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1.2. Relation to empirical networks

The clustering coefficient «(G) of a graph G with minimum degree at least
two is defined as follows. Let (v}, v}, v3) be a uniformly random triple of distinct

vertices from . Then
a(G) = P(vjvy € E(G) |vivs,vsv; € E(G)).

The fact that G(n, m, P) admits a clustering property (the clustering coefficient
remains bounded away from zero as n,m — 400) was observed by Deijfen and
Kets [37]. The asymptotic properties of a(G) were later studied in [18].

Their results show that the parameters of G(n,m, P) can be chosen so that
its limiting clustering coefficient is an arbitrary positive number in the interval
[0,1), and the limiting degree distribution is power-law. These two properties
are reported to be present in many large scale real networks (complex networks).
Other properties studied in random intersection graphs include formation of the

giant component [5,17,27], connectivity [14] and diameter, see [22].

1.2 Relation to empirical networks

An interesting link between sparse! random intersection graphs and empirical
networks was discovered by Bloznelis [18]. Given a graph G with |V(G)| > 3 and
a random triple of vertices (v], v3,v}) as before, define the conditional clustering

coefficient
oH(G) = P(vu; € B(G) | viv}, viv} € E(G),d(v5) = k)

for each k = 2,3, ... such that P(d(v3) = k) > 0.

Bloznelis obtained a simple expression for al¥/(G(n, m, P)) and pointed out
that for sparse random intersection graphs G(n,m, P) with a power-law asymp-
totic degree distribution we have lim,,_,o, @ (G(n, m, P)) ~ ck~' as k — oo where
¢ > 0is a constant. Remarkably, the shape of a*! obtained rigorously agrees with
its shape for a wide variety of social networks observed earlier by other authors,
see [18].

This result encouraged studying other measures commonly used in empirical
networks. The correlation coefficient of the degrees of neighbouring nodes of a

graph is called the assortativity coefficient. A very similar quantity, for a graph

n this section sparse refers to sequences satisfying (1.1).
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Chapter 1. Background

G and a uniformly random pair (v}, v3) of its vertices, is

_ Bd()d(s3) — (Bd(v7)?
"= TRy - Ed(vr)?

Theorem 1.2.1 ( [20]) Suppose {G(n),n = 1,2,...} is a sequence of random
intersection graphs satisfying (1.1),

% — € (0,00) and (1.3)
EY(n)* — E(Y*)>2 (1.4)
Then B
r(G(n)) = + o(1).

VBEXE X3 — (E X?)2) + E X2

For large n, r(G(n)) is positive, which tends to also be the case in social networks,
see [20].
Another quantity, related to both r(G) and ol*(Q) is

br(G) = E (d(v7) [ vivy € E(G), d(v3) = k).

Let {G(n),n = 1,2,...} be as in Theorem 1.2.1. The asymptotics of by(G(n))
were determined in [20]. For a graph G and a pair {u,v} C V(G), we let d(u,v)
denote the number of common neighbours (also known as codegree) of u and v.
Define

dy(G) = E (d(vy) — d(vy, v3) [vyvy € E(G), d(vz) = k).

Surprisingly, see [20], for any k = 1,2, ..., dp(G(n)) is asymptotically a constant:
di(G(n)) = Ed(v}) — Ed(vi,v5) +o(l) asn — oco.

That is, given that v] is adjacent to v3, the number of neighbours of v] which
are at distance 2 from v} is (asymptotically) not affected by the degree of vj.
Thus there is only “one step” dependence between degrees of vertices in a random
intersection graph. Meanwhile, there seems to be a longer range dependence in
social networks, see Figure 1.1. The shape of the function in the simulated random
intersection graph is close to a constant as in the theoretical estimate above. For
empirical networks, however, d; seems to increase with k, at least for moderately
large k.

Yet another measure was introduced in [25]. Given a graph G and a uniformly
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Figure 1.1: Decomposition of the conditional assortativity coefficient by. Left: IMDB actors
affiliation network from all French language drama films (n = 43204 actors and m = 5629 films,
data from http://www.imdb.com). Right: a random intersection graph with the same n and m
and the same set sizes, where each actor reselects the subset of films of the same size as in the
real data, but now independently and uniformly at random.

random pair (v}, v3) of its distinct vertices, the clustering function is defined as
i ca(r) = P(ojv; € B(G) | d(vr,v3) =7),

for each r where P(d(vj,v3) = r) > 0. That is, clg(r) is the probability that
two random vertices of a graph are adjacent, given that they have r common

neighbours. Let {G(n),n =1,2,...} be a sequence of random intersection graphs,
such that (1.1), (1.3) hold and

EY(n)* — E(Y*)2.

Then, using Theorem 1.1.1, the degree distribution converges weakly to some
random variable D*. For a constant r, it was shown that we have convergence to

a step function:

0, for r = 0;
ClG(n)(R) — m, for r =1;
1, for r > 2.

Here « is the limit of the clustering coefficient of G(n) and A = (E D*/j3)"/2.

[25] also looked at clg in several large empirical networks, including, IMDB
actor affiliation networks and Facebook networks. In empirical data, this function
was invariably found to be increasing with r, though the jump from 0 to 1 was
less sharp. This was argued to be due to slow convergence of the error terms and

the heavy tail of the degree distribution, see Figure 1.2.
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Figure 1.2: Clustering function clg for empirical graphs (illustrations from [25]). Left: three
Facebook university networks. Right: The French drama actors affiliation network (green stars)
and a corresponding random inhomogeneous intersection graph (blue circles).

1.3 Cliques and chromatic number

The clustering coefficient can be expressed as a ratio of the number of paths of
length two and the number of triangles in the graph. Naturally, the clustering
property of random intersection graphs propagates to larger local structures, such
as cliques of size more than three.

Birth thresholds for cliques of size h, where h is fixed were determined already

in the introductory paper of Karonski, Scheinerman and Singer-Cohen:

Theorem 1.3.1 ( [58] ) Fiz o > 0 and consider a sequence of binomial random
intersection graphs {G(n,m,p),n = 1,2,...} where m = m(n) = [n*] and p =
p(n). Define

n~tm=t/h for o < 2h/(h —1);

T =1(Kp,n) =
n~V/E=Dm=12  for o > 2h/(h — 1).

G(n,m,p) contains (respectively, does not contain) a copy of Ky, whp if p/T — o0
(respectively, p/T — 0).

It turns out, that in the first case the small cliques indeed are “born” at much
smaller edge densities in G(n, m, p) than, for example, in the Erdés-Rényi random
graph G(n,p).

Karonski, Scheinerman and Singer-Cohen also gave a more general result for
arbitrary fixed size subgraphs H: they showed that one always needs to consider
a finite number of “minimal” configurations of intersecting sets that “create” H,
equivalently, the minimal covers of the edges of H by cliques. For H = K,, one of

the following two structures realises the birth threshold: (a) h sets that contain
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1.3. Cliques and chromatic number

the same attribute or (b) h sets and (;) attributes, where each of the attributes
lies in one of the possible pairwise intersections.

Rybarczyk and Stark [92] used Stein’s method and a nice idea to estimate and
compare probabilities of different clique covers of K} to show that the number of
copies of K}, in G(n,m, p) is approximately Poisson, when p is near the threshold
T(Kp,n).

The studies of clique number and the chromatic number of Erdés-Rényi ran-
dom graph G(n,p) have a long history and solid results. The work on these
subjects continues from at least 1970s, when Bollobas, Erdos, Grimmett, Matula
and McDiarmid made major early contributions. A remarkable technique devel-
oped to tackle these problems was the application of martingales in the theory
of random graphs. In 1991 Luczak settled the chromatic number problem for
the remaining case of sparse random graphs. However, there still are some open
questions even for G(n,p). We refer to [34,56] for the main results.

The clique number of the binomial random intersection graph G(n,m,p),
where m = [n®|, 0 < a < 1 and mp? = O(1) was considered by Nikoletseas,
Raptopoulos and Spirakis in [81]. They showed, that in this regime the largest
clique is formed by a single attribute whp.

Motivated by a seemingly very different subject (the Erdds-Ko-Rado theo-
rem), Balogh, Bohman and Mubayi [4] considered a random k-uniform hyper-
graph G*(n, p) where each of the (Z) hyperedges is included with probability p.
They asked when G*(n,p) has the property that its maximum intersecting fam-
ily is trivial, so that all sets in this family have a common element. They gave
the answer for all p and a surprisingly wide range of k (3 < k < n'/?=¢ for any
¢ > 0). Indeed, G*(n, p) was shown to have this property exactly, if k = o(n'/4),
and “approximately”, if k& = o(n'/?); for larger k the property holds whp if and
only if p is sufficiently large. This result is essentially equivalent to determining
the clique number in the random uniform intersection graph G(n,m, k) for a very
wide range of parameters.

The chromatic number for G(n,m, p) in the range of parameters yielding very
sparse graphs was considered in [6]; some further bounds were obtained in [80];

see also Chapter 4 for more references.
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Chapter 2

Small complete graphs in a

random intersection digraph

2.1 Introduction

We consider the random binomial intersection digraph D(n,m,p_, py) defined in
the Introduction. In [97] a network of co-authors of mathematical papers is men-
tioned as an illustration for random intersection graphs. One might alternatively
define a citation digraph where V is a set of mathematicians and we draw an arc
from u to v if and only if u has cited v. The underlying set W here would be the
set of all mathematical papers; and S~ (u) (respectively, S*(u)) would correspond
to the set of papers u has cited (respectively, co-authored).

We reviewed the practical importance of random intersection graphs in Chap-
ter 1. In some applications considering directed intersection graphs makes sense
and might lead to more precise/adequate models. In particular, one may obtain a
digraph with power law indegree distribution and bounded outdegree distribution.
In addition these digraphs have a clustering property when m is of order n [16].

In the problem of determining the birth threshold of small subgraphs one
is interested in the question of how dense a graph should be to have a desired
subgraph with certainty. There is a rich literature devoted to birth thresholds in
random graphs with independent edges where each edge appears with the same
probability, see, e.g., Chapter 3 of [56]. The threshold for a random (binomial)
intersection graph to contain a fixed subgraph has been studied in [58].

Here we consider a similar problem for random intersection digraphs. Let [?h
be the complete digraph on vertex set [h] = {1,..., h} containing arcs xy and yx
for each pair of distinct vertices =,y € [h]. We aim to determine critical values

of the parameters for D(n, m,p_,py) to have with a high probability a subgraph
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Chapter 2. Small complete graphs in a random intersection digraph

Figure 2.1: The diclique ({a,b,c}; {b,c,d,e}).

isomorphic to f()h.

Given two finite sets C~ and C'* we consider the ordered pair C' = (C~;C™)
and the digraph D(C') on the vertex set C~ U Ct with the set of arcs {uv : u €
C~,v € CT}. We call the pair C a diclique. We say that C'is proper if C~,C* are
non-empty, otherwise say that it is improper. We remark that if the digraph D(C')
is non-empty then C' must be proper and D(C') # D(C") for C # C". Therefore
we will identify a proper diclique C' with the corresponding digraph D(C'), see
Figure 2.1.

To our knowledge, the diclique digraphs were first studied by Haralick [54],
but in a different context.

In the random digraph D with vertex set V' and attribute set W each attribute
w € W defines a diclique C(w) = (C~(w); CT(w)) given by C~(w) = {v € V :
we S (v)}and CT(w) ={v eV :w e ST(v)}. It is convenient to interpret each
attribute w € W as a distinct colour. Then all the attributes in W give rise to a
family of dicliques of different colours which covers all arcs of D.

The paper is organised as follows. In the next section we present our main
results. In Section 2.3 we give a general lemma for the birth threshold of a fixed
directed graph H. In Section 2.4 we study a few special diclique covers of R)h and
prove our main results Theorem 2.2.1 and Theorem 2.2.2.

We remind some standard notation used in the paper. For functions f,g :
N — Ry we write f ~ ¢ if limy f(k)/g(k) = 1. We write f = O(g) if
lim supy_. f(K)/g(k) < o0, f = Qg) if g = O(f) and f = ©(g) if both f = O(g)
and g = O(f). We write f = o(g) if f(k)/g(k) — 0.

Finally, thanks to an anonymous reviewer the author became aware of a related
and very relevant result on the Poisson approximation of the number of cliques in

sparse random intersection graphs by Rybarczyk and Stark [92].
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2.2. Results

2.2 Results

Before stating our main results we need to introduce some definitions related to
dicliques. Without loss of generality we will assume that the set of vertices of the
random digraph D is V' = [n].

For any diclique C, we call V(C) = C~ U C™" the vertex set of C. Let C =
{C1,Cy, ..., Cs} be a family of dicliques, (we allow C to be a multiset and in this
paper we consider only finite families C). Let us denote by V(C) the union of all
vertices of the dicliques, V(C) = |JV(C;). We say that D contains C if there are
distinct attributes wy,...,ws € W, such that C; C C(w;) for each i = 1,...,s
(the set operations for dicliques are defined componentwise). Also, let us call a
diclique family proper if all its dicliques are proper.

Let C be any diclique family with V(C) = {vy,...,v.} C [n] and assume that
vy < -+ <. Foranyset S = {xy,...,2,} C[n] withz; <--- < z,, let us denote
by M(C, S) the diclique family which is an image of C obtained by renaming v; to
x; foreach i =1,...,7. We call M(C,S5) a copy of C.

Each family of dicliques C defines a digraph H = H(C) with vertex set V(C):
an arc is present in H whenever it is present in some D(C'), C' € C. We say that
the family C is a diclique cover of H.

The digraph I_gh can be covered by dicliques in many different ways. Consider

the following important symmetric diclique covers of ?h:
e Cyr = {([h]; [h])}, the monochromatic diclique cover;

e Cp=F (?h), the rainbow diclique cover, where E (?h) is the set of arcs of
l_gh and we identify each arc uv with the diclique ({u}; {v});

o Cin = {([h] \ {i};{¢}) : @ € [h]}, the cover by in-stars;
o Cout = {({i};[R] \ {i}) : i € [h]}, the cover by out-stars.

The motivation for the names “monochromatic” and “rainbow” is that a single
attribute (or colour) w € W may generate a copy of Cy in D, while h(h — 1)
attributes are needed for a copy of Cg.

We will consider a sequence of random digraphs {D(k),k = 1,2,...} where
D(k) = D(n,m,p_,py), n = n(k) (we always assume that n(k) is increasing),
m =m(k), p— = p_(k) and p, = p,(k) all depend on k. If not stated otherwise
all limits below are as k — co.

Let us now define what a birth threshold function for l_gh is. We would like

to have a function that, for a sequence of random digraphs {D(k)}, indicates
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Chapter 2. Small complete graphs in a random intersection digraph

whether a copy of th is present whp. Since the sequence {D(k)} depends on
several parameters which are themselves sequences, such a function has to take
into account all of them.

Let X be either a fixed digraph or a diclique family. Let X € D denote the
event that the random digraph D contains a copy of X. Given a sequence of
random digraphs {D(k)} we call a function 7 : N? x [0; 1]*> — Ry a birth threshold
function for X if both of the following implications hold:

T(n,m,p_,py+) > 0 = P(X € D(k)) — 0;
T(n,m,p_,py) - 00 = P(X € D(k)) — 1.

Given a sequence of random digraphs {D(k)} and a birth threshold function 7 for
I_gh we call a collection £ of diclique covers of l_gh the leading set if T is a birth
threshold function for each C € £ and the following implications hold:

1) 7(n,m,p_,p+) = O(1) = P(C' € D(k)) — 0 for each proper diclique cover
C' of [?h such that C' € L;
2) 7(n,m,p_,py) =0O(1) = P(C € D(k)) =Q(1) for each C € L.

In the case where £ consists just of a single diclique family C, we call C the leading
cover.

We will consider the following birth threshold functions:

7 =nm'"p_p,; o =n"""Vmp_p,;

h—1, . _ h—1
T3 = NMp_ P+, T4 = NMp-p, .

We are now ready to state our main result (see Figure 2.2 for an illustration).

Theorem 2.2.1 Let h > 3 be a fized integer. Write ap =1 — ﬁ Let {D(k)}
be a sequence of random binomial intersection digraphs such that n is increasing,

m = O(n®) for some a >0, p_ — 0 and p; — 0.
(i) If o < o and
(a) mhgl’:?)p, — 00 then T3 is a birth threshold function for [?h with the
leading cover Ciy;

h— h—
(b) mh(h—12>p_ — 0 and mh<h—12>p+ — 0 then 1 is a birth threshold function
for [_gh with the leading cover Cy;

h—
(c) mh(h—12>p+ — 00 then 14 is a birth threshold function for ?h with the

leading cover Coys.
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(ii) If « > ap and

(a) mpy — 0 then 73 is a birth threshold function for I_gh with the leading

cover Cip;

(b) a # ag, mp_ — o0 and mpy — 0o then 1o is a birth threshold function
for }?h with the leading cover Cg;

(¢) mp_ — 0 then 74 is a birth threshold function for ?h with the leading

cover Coyz.

Let us introduce the following two collections of diclique covers. Let S;, be
the collection of all proper diclique covers of ?h such that each C € §;, is a set
of arc-disjoint in-stars, that is, for each C' € C we have |C*| = 1 and for each
C;,C; € C with i # j and Cj" = C}" we have C; N C; = (). Similarly, let S,y
be the collection of all proper diclique covers C of ?h such that for each C' € C
we have |C~| = 1 and for each C;,C; € C with i # j and C; = C} we have
chn C;“ = (). Observe that Cg,Ci, € Sin and Cr,Cout € Sout-

For the “boundary” cases of the parameters in Theorem 2.2.1 we have:

Theorem 2.2.2 Let h,{D(k)},n,ag, m be as in Theorem 2.2.1. Suppose p_ — 0
and py — 0. If

(a) a < ag and mh?f:?)p_ = O(1) then 1,13 are birth threshold functions for l_%h
with the leading set {Cas, Cin}-

(b) a < ag and mh?f:?)er = O(1) then 1,74 are birth threshold functions for ?h
with the leading set {Cnr, Cout}-

(¢c) a = apg, mp_- — oo and mpy — oo then 11, Ty are birth threshold functions
for f()h with the leading set {Cys,Cr}.

(d) o> g and mp, = O(1) then 1o, 73 are birth threshold functions for ?h with
the leading set S;,.

(e) a > ag and mp_ = O(1) then 79,74 are birth threshold functions for ?h with
the leading set Syyus-

(f) @ = oy and mpy = O(1) then 1,72, 73 are birth threshold functions for ?h
with the leading set {Car} U Sip.

(9) @ = g and mp_ = O(1) then 1,72, 74 are birth threshold functions for th
with the leading set {Cpr} U Spus-
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Chapter 2. Small complete graphs in a random intersection digraph

We note that the argument used in the proof of Theorem 2.2.1 can also be
extended to the case where p_ or p, are bounded away from zero. In this case
the birth threshold function remains the same, but the leading sets have to be
slightly modified.

Finally, for the case h = 2 we have

Remark 2.2.3 Let {D(k)},n,m be as in Theorem 2.2.1. Suppose h =2,p_ — 0
and p. — 0. Then 15 is a birth threshold function for ?2 with the leading cover
Cg.

2.3 Diclique covers: a general lemma

In this section we present some important estimates and Lemma 2.3.2 that relates
the birth threshold of a fixed digraph with presence of its diclique covers. This is
very similar to results for undirected random intersection graphs, see Theorem 3
of [58]. We postpone the proofs of the estimates (2.1) - (2.8) of this section till
Section 2.5.

Let {D(k)} be a sequence of random binomial intersection digraphs and write
D = D(k). Recall that we denote the vertex set of D by V' and the attribute set
by W. Suppose m = ©(n®) for some o > 0. In (2.1) - (2.5) we will assume that

p-—0, py—0 and mp_py —0.

Note that in this case mp_p. is asymptotically equivalent to the probability that
a fixed directed edge exists.

Given a diclique C' = (C7;C") and a set S the restriction of C' to S is the
diclique C[S] = (C~ N S;CT N S). The restriction for a diclique family is defined
by C[S] ={C[S]: C €C,V(C)nS # 0}.

Let S C V and let C be a diclique with V(C) C S. We will say that a
monochromatic C occurs on S if in the realization of D there is at least one
attribute w € W such that C' = C(w)[S] (we say that w generates C on S). We
denote the probability of the event that a monochromatic C' occurs on S by P(C').

We say that a diclique family C = {C},...,Cs} is induced in D if there are
distinct attributes wy,...,ws € W such that C; = C(w;)[V(C)], for each i =
1,...,s and for any attribute w € W \ {wy,...,ws} the diclique C(w)[V(C)]
is improper. Thus if C is induced in D then D contains C (see Section 2.2).
We denote the probability of the event that C is induced in D by P(C). Let
S1,82,..., Sy be all the subsets of V of size r = [V(C)|, where N = ("). Let
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P+

h—1
R(h—2)

Figure 2.2: Schematic illustration of Theorems 2.2.1 and 2.2.2. Top: a < «q, bottom:
a > ag. The coloured area is the region where D contains a copy of the special diclique
cover whp (IN = “in-stars” cover C;,,, OUT=%“out-stars” cover Cyyt, MO=monochromatic
cover Cpr, RB = “rainbow” cover Cg), the remaining area is where D does not contain
that diclique cover whp. The white area is where D does not have a copy of I_(>h whp. On
the contour between the white and the coloured area we know that D does not contain

any other proper diclique cover whp (excluding the black points that correspond to the
collections S;;, and Spyt).
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I; = Tre,s,) be the indicator of the event that the copy M(C,S;) is induced in D.
Then the number of induced copies of C in D is defined by

Let S C V and suppose C' = (C~; C'") is a proper diclique such that V(C') C S.

Then the probability that a monochromatic C' occurs on S is
P(C) ~ P(C) == mp® 1plc", (2.1)

Following [58], for a diclique family C = {C;} we write Y. C* = Y |C/"| and
Y>C~ =>_|C;|, and we denote by |C| the cardinality of C.

For a diclique family C let C},...,C} be all its distinct dicliques and let
ai,...,a; be their multiplicities in C. Let us denote ac = (ailas! .. .at!)_l.
Fix a diclique family C with V(C) C V. If C is proper then the probability

that C is induced in D is

P(C) ~ P(C) = ac [[ P(C) = acm“Ip=C p><" (2.2)
ceC
Write
AVl a se ser
1(C) = p(C,n,m, p_, py) = Ve )|'P(C):_nl (©l,,cl

p=" p
V)l !

If C is proper then the number X (C) of induced copies of C in D satisfies
E X(C) ~ u(C). (2.3)

More generally, suppose C is not necessarily proper. Suppose that, in addition,

the following technical assumption is satisfied: for each j =0,...,|V(C)]
mp’ — a; and mp — b (2.4)

for some a;,b; € [0;00]. Let C be the diclique family obtained from C by taking

IC\IC\
+

only those dicliques C' € C that satisfy mp" — 0 (for proper C we always

have C = C). Define

A(C) = f(C,n,m, p_, py) := nlVOlmlCl,ZC zc+
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2.3. Diclique covers: a general lemma

Then
EX(C) =0 (r(C)). (2.5)

Observe that the event “C is induced in D” allows any number of extra improper
dicliques on V(C).
For a proper diclique family C and any sequence of random graphs {D(k)}

(without any assumptions on p_,p,, m) we have

P(D(k) contains C) < P(C); (2.6)
P(C e D(k)) < p(C); (2.7)

(recall that the first event concerns a fixed diclique cover while the second one

asks for any copy of C in D(k)) and, if (2.4) holds then for any diclique family C

P(C € D(k)) < j(C). (2.8)

We will use the following simple technical lemma (known as the subsubse-

quence principle [56]) several times below.

Lemma 2.3.1 For a positive integer t let fi,..., fi, g : N — R be any functions.
Suppose that for any increasing sequence of positive integers (ny), k = 1,2...

such that
klim fi(ng) exists or is in {—o0, 00} for eachi=1,... t (2.9)
—00

we have limy_, g(ng) = b € [—00;00]. Then lim, . g(n) = b.

Proof Write § = limsup,_,. g(n). Then there is an increasing sequence of
integers (n;),j = 1,2,... such that g(n;) — g. By the Weierstrass theorem
this sequence has a subsequence (ny),k = 1,2,... such that (2.9) holds. So

b =limy_, g(ng) = g. Similarly b = liminf,,,, g(n) and the claim follows. O

Let us call a diclique family C simple if it is proper and has no repetitive
elements. The following result allows to find a birth threshold of a fixed digraph

by considering just a constant number (which depends on h) of diclique covers.

Lemma 2.3.2 Let {D(k)} be a sequence of random binomial intersection digraphs
such that n is increasing. Let h > 2 be an integer, and let H be a digraph with
V(H) = [h] and without isolated vertices. Suppose that p- — 0, p, — 0 and
mp_py — 0. Then
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Chapter 2. Small complete graphs in a random intersection digraph

(a) if for each simple diclique cover C of H there is a non-empty set S C V(C)
such that E X (C[S]) — 0 then whp D(k) does not contain a copy of H;

(b) if there is a simple diclique cover C of H such that E X (C[S]) — oo for each
non-empty set S C V(C) then whp D(k) contains an induced copy of C (and
therefore also a copy of H as an induced subgraph).

Proof The part (a) is easy. Suppose the sequence {D(k)} satisfies the conditions
of (a), but limsup P(?h € D) > 0, where D = D(k). Since the event [_(>h eD
implies C € D for some simple diclique cover C of I_gh and the number of such
diclique covers is finite we have limsup P(Cy € D) > 0 for one of such covers Cy.
By Lemma 2.3.1 we may assume that (2.4) holds. Take a set S C [h] such that
E (X (ColS])) — 0. By (2.5) and (2.8) we have

P(Co € D) < P(Cy[S] € D) < ji(ColS]) = O(E X (Co[S])) = o(1)

which is a contradiction.

Now let us prove (b). Let C be a simple diclique cover of H that satisfies the
condition in (b). Note that |V(C)| = h since H has no isolated vertices. Recall
that the number of induced copies of C in D is X = X(C) = S, I, where I; = 1
if and only if the diclique cover M(C, S;) is induced in D and by (2.3)

So the claim will follow by the method of second moments if we show that
Var(X)/(EX)? — 0. We have

EX*=EX+) LI
i3]

If the sets S; and S; do not intersect, we have that I; and I; are independent and

ELI; = ELEL;. There are in total (}) (";h) (ordered) pairs of sets that do not

intersect. So

2h

_ 2 2 n
Var(X)=EX* - (EX) IElX—I—(h!)2

(I+o(W)PEC)+ > ELI
S;NS;#£0

=o(EX)*)+ Y ELL;

Sir‘ISj;ﬁ@

(1+0(1)) P(C)*

n2h

(n1)2
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2.3. Diclique covers: a general lemma

and we have that

ZSmSﬁé@ E Hi]lj Zgzl (n) (Z) (n::) max|s;ns;|=s ELI; i
EX)E e "SOQT

s=1
for some constant C' where

_ maX|SmSj‘:S E HZI[]
° n*P(C)?

(2.10)

To show that Var(X)/(E X)?* — 0 it is enough to prove that T, — 0 for s =
1,...,h.

Fix a positive integer s, s < h and two sets 5;,5; C V of size h such that
15:NS;| = 5. Let C' = M(C,S;) = {Ci,...,Ci}and C' = M(C,S;) = {Ci,...,C]}
be two copies of the diclique family C (here t = |C|). Let M be a matching
(not necessarily perfect) in a bipartite graph with parts X = {zy,...,2;} and
Y ={y,...,u}. Let L =X \{z :2xy, € M} and R =Y \ {y, : 2y, € M}.
Define a diclique family?

CM={C/uC?!:ay, € M}U{C}: ;€ LYyU{CY .y, € R}.

Here the union of diclique families is ‘multiset union’ so that CM contains exactly
| M|+ |R| + |L| elements.

Let us call M good if CM[S?)\ C* and CM[S7]\ C7 consist of improper dicliques
only.

Proposition 2.3.3 If both C' and C’ are induced in D then there is a good
matching M such that D contains CM.

Proof By definition, if both C* and C’ are induced in D then there are two lists

J

t=(wi,...,w!) and w’ = (w),...,w]) of attributes from W such that

w
Cw)[S]=C! and Cw))[S]=C? fors=1,...,t

Also, there are no edges in D[S?] (respectively, D[S?]) generated by attributes not
in w' (respectively, w’). Notice also, that by definition the elements in each of the
lists w’, w’ must be distinct (although there can be some elements that belong to
both lists). Thus all pairs z;y, where wi = w’ and [,r € {1,...,t} define some

matching M. Clearly for each diclique C' € Cyy, it is possible to assign a unique

IThe notation should not be confused with the monochromatic cover Cyy.
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Chapter 2. Small complete graphs in a random intersection digraph

element w € W such that C C C(w)[S? U S7]. The fact that M is good follows
by definition since both C?* and C’ are induced in D. O

Let P**(C) denote the probability of the event that D contains C. It follows
by Proposition 2.3.3 that

ELL <Y P=(CM). (2.11)
M

where the sum is over all good matchings M. The number of all good matchings
M is at most (¢ + 1)*, which is constant. By (2.10) and (2.11) it suffices to show

that
n*P(C)?
for each good matching M. Write S = S? N S7. We have P**(CM) < P(CM) by

(2.6) and P(C;) = P(C;) ~ P(C) by (2.2). For z;y, € M we have

— 0

P(CiUCY) 1 1

—t T = — < - _
P(CHP(CY) mp‘_cl nc Ip\fl NCi| mp|_Smc,z ‘p'fmc’]” \

Therefore we get that there is a constant ¢ such that:

nsP(C)2  nsP(C))P(CY)
c P(CiuCi P(Ci P(CY
<< 1 ( ) 11 15( ) 11 (&7)

n o en PCHP(CY) 5 P(CY) o2 P(CF)
& 1
R H lci—nci™| |citneiT
zyreM MP_ 2
c 1
< — . .
—ns H ISnci™| |Sncit|
y'rgR mp— p+

-0 (sxem) ~

Here we get the bound in the last line as follows. If all dicliques in C’[S] are
proper, we use (2.3). If C7[S] has some improper dicliques, by Lemma 2.3.1 it is
sufficient to consider the case where the assumption (2.4) holds. In this case we

use (2.5) with the family Ci [S]. This completes the proof. O
The following fact follows easily from the estimates above.

Lemma 2.3.4 Fiz an integer h > 2. Let H be a digraph with V(H) = [h] and at
least one arc. Let {D(k)} be a sequence of random binomial intersection digraphs

such that mp_p,. — 0. Let S be a collection of simple diclique covers of H.
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2.4. Main proofs

Suppose that 1(C) = O(1) for each C € S and for each simple cover C of H, such
that C ¢ S we have u(C) — 0. Let C be any proper diclique cover of H such that
C¢S. Then P(C € D(k)) — 0.

Proof Suppose, the claim is false, i.e. there is a proper diclique cover Cy of H
such that limsup P(Cy € D(k)) > 0 and Cy ¢ S. By assumption and (2.7) Cp
cannot be simple. We may assume that Cy consists of some simple cover C; of
H and a proper diclique C. By (2.7) and the definition of pu: P(Cy € D(k)) <
11(Co) < 1u(C1)P(C) — 0 which is a contradiction. O

2.4 Main proofs

The four special (see Section 2.2) diclique covers of the digraph I_gh have the
following birth thresholds:

Lemma 2.4.1 Fiz an integer h > 2. Let {D(k)} be a sequence of random bi-
nomial intersection digraphs such that n is increasing, p- — 0, pr — 0 and
mp_ps. — 0. Then the diclique covers Cyr, Cr, Cin, Cout 0f ?h have birth thresh-

old functions Ty, T, T3, T4, TEspectively.

Proof Let C be one of the four special covers. To prove that 7 is a birth threshold
function for C we may use Lemma 2.3.2. By that lemma it is enough to show that

whenever p_ — 0, p — 0 and mp_p, — 0 we have

T—0 = EX(C)— 0 (2.12)
T — oo = for each non-empty set S C [h] : E X (C[S]) — 0. (2.13)

Here 7 = (k) = r(n(k), m(k), p_ (k). p (k).

By Lemma 2.3.1 we may assume that (2.4) holds.

For the monochromatic cover Cy; we see that for any non-empty set S C V(Cyy)
of size s < h, the restriction Cy,[S] has the same form as the cover Cy; defined for
h = s so:

u(Cu[S]) = n*m(p-py)* = m' 7.
So (2.12) and (2.13) follow by (2.3).

Consider now the diclique cover Cg. Let S C V(Cg) be non-empty and write
s = |S]. When s < h the restriction C = Cg[S] is not a proper diclique family as
for each v € S it contains (h — s) dicliques ({v};0) and (h — s) dicliques (0; {v}).
Therefore we need to use (2.5) with the family C.
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Chapter 2. Small complete graphs in a random intersection digraph

If mp_ — 0 and mp, — 0 or S = [h] then C = C and

ﬂ(C) = nSmS(sfl)JrZs(hfs) (pier)s(sfl)Jrs(hfs) _ ms(h—s)TQS(hfl)

and (2.12) follows by (2.3). If mp_ — a; > 0 and mpy — 0 then C = C \

(
{({v}:0):ve S}

[L(C) — nSmSs—D+2s(h—s) <p_p+)s(s—1)+s(hfs) (mp_)fs(hfs)
= (pi)fs(h*S)Tg(hfl)'

The expression fi(C) for the case mpy — by > 0 and mp_ — 0 is similar (replace
p_ with p).

If mp_ — a; > 0 and mp, — by > 0 by (2.5) the family C is exactly the cover
Cr defined for h = s and

In each case (2.13) holds by (2.5).

For the “in-stars” cover C;, we have

h(h—1
H(Cin) = nm"p" "Vl = 7

so the implication (2.12) holds by (2.3). Now let S C V(C;,) be non-empty and
write s = |S|. Suppose s > 2. Then the diclique family C = C;,[S] is not proper
as it contains h — s copies of the diclique (S;0). If mp® — 0, we use (2.5) with
C=C:

s+(h—s), s(s—1)+s(h—s) s s

A(C) =n’m P pS =m" .

If mp® — a, > 0 then we have C = {(S\ {v}; {v}): v € S} so
S =8) (5= V(0= s (5 \=(hs) _ py=5(h9) s

i(C) = n’m P ol p_ T3-

Now, if s = 1, in each of the cases a; > 0, by > 0 and a; = b; = 0, see (2.4), by
(2.5) we have that E X (C) = Q(73). Therefore by (2.5) we see that

E X(C) — oo (2.14)

when 73 — oo and S C V(C;,) is non-empty and so (2.13) holds for C;,. Finally,

the case of C,y; is symmetric to that of C;,. O
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2.4. Main proofs

Remark 2.4.2 Let {D(k)} be as in Lemma 2.4.1. Let C be one of the four
special diclique covers of ?h and let T be its birth threshold function given in

Lemma 2.4.1. If T = ©(1) then P(a copy of C is induced in D(k)) = (1).

Proof From the proof of Lemma 2.4.1 we have that u(C) = O(r") for C €
{Cin,Cur,Cous} and p(Cgr) = @(Tf(hfl)). So in each case, we have u(C) = 9(1).
By (2.3) the number X = X (C) of induced copies of C satisfies

EX =0(u(C)) =6(1).

The proof of Lemma 2.4.1 also shows that in each case u(C[S]) = Q(1) for each
S C V(C). Following the lines of the second part of the proof of Lemma 2.3.2 we

see that Var(X)
W = O(1).

Using the Cauchy-Schwartz inequality we get

P(X >0)> (EQQ = Q(1).

O

The next lemma says that if p_ is sufficiently large then it is always ‘better’

to replace any diclique cover by a ‘star’ cover C':

Lemma 2.4.3 Let h > 3 be an integer and let {D(k)} be a sequence of random
binomial intersection digraphs such that n is increasing, p— — 0 and mﬁp_ =
Q(1). LetC be a diclique family consisting of a single proper diclique C' = (C~;CT)
with V(C) C [h]. Suppose |CT| > 2 or |C~NCT| =1. Let C' be a diclique family
defined by

C'={(C \{v};{v}) s veCT}.

Then P(C') = Q(P(C)). More precisely,

(a) If C # Cyr or m%p_ — o0 then P(C) = o(P(C"));

(b) If C =Cys and m%p_ — O(1) then P(C') = O(P(C)).

We note that C and C’ are both diclique covers of the diclique C'.

Proof If |[C*|=1and |C~ NC*| =1 then

:p:1—>oo
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Chapter 2. Small complete graphs in a random intersection digraph

so we may assume that |CF| > 1. Let ¢ = |[C~| and ¢; = |C*|. Then
p C C C.
P(C’) _ m +p§ p++ mc+*1pzcl_ e
P(C) mp”pS -
(c+=1)(h=1)-1 ho1- L\ “+71
e B (mp - ) (2.15)

h—l—ﬁ cy—1
> mp_ : (2.16)

Here the inequality in the second line follows from:

C~—c <(co —1)(h—1)—1. (2.17)
)

To see (2.17) consider three possible cases:
If c. €{1,2,...,h— 2} then

ZCI_ —c.<cocy—c_=c(ex—1)<(h—=1)(cy — 1) — (¢t —1).

If c. = h—1 then there is at most one diclique C” in C" with C"* = {v} such that
ve|CT\C]so

o< (o —D(eg —Dtem—co=(h=1)(cy — 1) = (cp — 1),
and if c_ = h,
ZCL —c_<ci(fcc—=1)—c_=(h=1)(c;g —1)—1.

Note that in the inequality (2.16) the right hand side can be of the same order
only for ¢, = h. But if ¢, = h and c_ < h, we get

Y- =(h=2c_ <h(h—2)=cp(h—1)—1,

so in that case the right hand side of the inequality (2.15) of a smaller order than
the left hand side. Now note that

11
mp 1 = Q(1)

since p_ = Q (m_ hglh__g)) and m!” w2 (h1-5t1) 1. Thus we have shown that
P(C) = O(P(C")) and the claim (a) holds. To complete the proof, note that for
C =Cy (2.17) and (2.16) become equalities. O
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The next lemma shows that if we have a diclique family consisting of many

“in-stars” centred at one vertex, we may merge all of them into a single diclique.

Lemma 2.4.4 Let h > 2 be an integer and let H be a digraph obtained from the
complete bipartite graph K, 1 by orienting each edge towards the centre vertex

v. Let C be any proper diclique cover of the digraph H of the form

C={(C7{v}),i=1,...,t}

where t > 2 and | J,C; =V (H) \ {v}.

Let C* = {(V(H) \ {v};{v})} be a cover of H and let {D(k)} be a sequence
of random binomial intersection digraphs such that n is increasing, p— — 0 and
mpy = O(1). Then

P(C*) = Q(P(C)).
More precisely,
(a) If mp, = o(1) or 3. C~ > h — 1 then P(C) = o( P(C*));
(b) If mp, = O(1) and S.C~ = h — 1 then P(C*) = ©(P(C)).
Proof Using (2.2) we have

]S(C) _ acmtpgcipﬁr
P(C*) mp" .

1. > C —(h—
= ac(mpy)’ 119; "D = O(1)

since ) C~ > |, Ci| = h — 1. The claims (a) and (b) follow similarly. 0

Let us remark that we use P rather than P in Lemma 2.4.3 and Lemma 2.4.4
for convenience. By (2.2) we know that P can be replaced by P as long as p_, p4

and mp_p, all tend to 0. We are now ready to prove Theorem 2.2.1.

We split the proof of our main result into a few lemmas. In the four lemmas
below we assume that h, {D(k)}, n, ag, m are as in Theorem 2.2.1 p_ — 0,p, — 0
and u(C) = u(C,n,m,p_,p;) is as defined in Section 2.3.

Lemma 2.4.5 Suppose a < g and m%p_ = Q(1). Then 73 is a birth thresh-
old function for ?h. Furthermore, if mﬁp, — 00 then the leading set is
L ={Ci,} and if mﬁp, = O(1) then the leading set is L = {Cin,Cpr}.

In each of the cases above, if 3 = O(1) then u(C) — 0 for any simple diclique
cover C € L and u(C) =O(1) forC € L.
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Lemma 2.4.6 Suppose a < «y, mﬁp, — 0 and m%m — 0. Then 1y is
a birth threshold function for th with the leading set L = {Cp}.

If m = ©(1) then u(C) — 0 for any simple diclique cover C ¢ L and u(C) =
O(1) forC € L.

Lemma 2.4.7 Suppose a > o and mpy = O(1). Then 13 is a birth threshold
function for ?h. Furthermore, if o > ag and mp, — 0 then the leading set is
L ={Ci}; if « > g and mp, = O(1) then the leading set is L = Si,; if @ = ayp
and mpy = O(1) then the leading set is L = {Cpr} U Siy.

In each of the cases above, if 3 = O(1) then u(C) — 0 for any simple diclique
cover C ¢ L and u(C) = 06(1) forC € L.

Lemma 2.4.8 Suppose o« > oy, mp_ — o0 and mpy — oo. Then 1o is a birth
threshold function for l_%h. Furthermore, if & > «ag then the leading set is L = {Cr}
and if a = «aq then the leading set is L = {Cys,Cr}.

In each of the cases above, if o = O(1) then u(C) — 0 for any simple diclique
cover C & L and pu(C) = O(1) for C € L.

Proof of Theorem 2.2.1 Apply Lemmas 2.4.5-2.4.8 and notice that the cases
(i)(c) and (ii)(c) follow by symmetry. O

Proof of Theorem 2.2.2 We note that if 7, 7/ are birth threshold functions for
the sequence { D(k)} given by Theorem 2.2.2 then they are equivalent in the sense
that log7 = O(log7’). The cases (a), (c), (d), (f) follow by Lemmas 2.4.5-2.4.8

and the remaining cases follow by symmetry. O

The idea of the proof of Lemmas 2.4.5-2.4.8 is to consider the birth thresh-
old functions of the four special diclique covers and the boundaries determined
by them, see Figure 2.2. We will use Lemma 2.4.3 and Lemma 2.4.4 to com-
pare the probability of complicated diclique covers of ?h with the probability of

appropriate special covers. In the proofs we write D = D(k).

Proof of Lemma 2.4.5 By Lemma 2.3.1 we may assume that mp_p, — a €
[0; 00].

Suppose that 75 = 73(k) = nmp"'p, — oo as k — oco. If @ = 0 then
by Lemma 2.4.1 the random digraph D contains a copy of C;, whp. If a > 0
consider a sequence of random digraphs {D'(k)} where D'(k) = D(n,m,p_,7/,),
Py = (wmp_)~' and w = w(n) grows slowly, say w(n) = Inn. We have

/ h—1, 7 h—2, —1 JRCLU L |
T3(n,m,p_,p.) = nmp" " p, =np"w :Q(n w ).
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2.4. Main proofs

So 13(n,m,p_,p’) = oo, mp_p/, — 0 and p/, = o(p;). We have that D'(k)
contains a copy of C;, whp by Lemma 2.4.1 and therefore D(k) contains a copy
of C;, whp by monotonicity.

Now suppose that 73 = O(1), so that u(C;,) = & = ©(1). Notice that since

a < 1 we have

T 1 e
mpp+—W52—O(ﬁ) :O(n e ):0(1)-
h

nm -

Let C be any simple diclique cover of I_%h. We will show that
u(€) = O(1) (2.18)

and furthermore we can replace O() with o() (respectively, ©()) if C € L (respec-
tively, C € L).

Assuming we have proved (2.18), we obtain that 73 — 0 implies u(C) — 0,
since both 73 and p(C) are increasing multinomials in m, p_, p,. Now the fact that
73 is a birth threshold function for [_gh follows by (2.6) and Markov’s inequality
since the number of simple diclique covers of [_(>h is finite. Remark 2.4.2 implies
that in the case u(Cy,) = 7@ = ©(1) we have P(C;, € D) = Q(1). If in addition
mp% = O(1) then we have u(Cys) = 71(n,m,p_,p;)" = O(1) and so P(Cys €
D) > 0. So by Lemma 2.3.4 the set £ is leading (for the birth threshold function
73 and T(}h)

So let us prove (2.18). Suppose C = {C1,Cs,...,C;}. Using the definition of

v and P, see Section 2.3, we have

pu(C) = (h) 't P(Cy)P(Cy) ... P(Cy)

~0 <nh15(c;)15(c;) . P(c;)) (2.19)
= O(n"P(Cy)) 2.20)
= O(u(Cin)) = O(1) (2.21)

Here in (2.19) we apply Lemma 2.4.3 so that for each i = 1,...,t the diclique
family C; is obtained from the family C; = {C;} by splitting it into “in-stars”. The
resulting family ' = C{UC, U ---UC(] is a cover of l_gh which consists of possibly
duplicated or overlapping “in-stars”. Next, in (2.20) we regroup the terms and
apply Lemma 2.4.4.

More precisely, note that by Lemma 2.4.3 we can replace O() with o() in (2.19)

in all cases except if
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h—1

o p-m"=3 = 0O(1) and C = Cp; or
e for each C' € C we have [CT|=1and CTNC~ = 0.

We can complete the proof of (2.18) by noticing that since @ < ay we have
pr = 0O (13/(mnp"~")) = o(m™'), so by Lemma 2.4.4 we can replace O() with o()

in (2.20) for the second exceptional case whenever C # Cj,. O

Proof of Lemma 2.4.6 First suppose that 7, = 71(k) = nm'"p_p, — co. By
Lemma 2.4.1, some copy of Cyp; is induced in D whenever mp_p, — 0. Oth-
erwise, using Lemma 2.3.1 we may assume that mp_p, — a € (0;00]. Let
p" = (mpyInn)~! and consider a sequence of random digraphs {D’(k)} where
D'(k) = D(n,m,p"_,py). Then mp' py — 0, p = o(p_) and 7 (n,m,p" ,py) —
00. So we have that D’(k) contains an induced copy of Cy; whp by Lemma 2.4.1
and by monotonicity Cy; € D whp.

Now suppose that 7; = ©(1). In this case we have u(Cys) = 7 = O(1) and

h—1

1 m ko Clqah=l
mp—p-s-:O(mW):O( o >:O<n 1+ h>—>0

Let us now show that for any simple diclique cover C of l_gh, such that C # Cy

we have (C) — 0. Lemma 2.4.6 will then follow by monotonicity, Lemma 2.3.4,
Lemma 2.4.1 and Remark 2.4.2.
Write t = p_p, = © (nilmfl/h). By the definition of u, see (2.3), we have

that for any simple diclique cover C of l_gh

Ru(C) = ntmllpC p= ¢
= nhm‘qp%ﬁ_zcitch (2.22)
= phm[Clp= ¢ R (2.23)

Define pg = m™~ =g Clearly, if > C~ > > C™, then by (2.23):

lu(c) = lu(ca n, m7p—7p+) = O <M(Ca n,m, po, t/pO)) .

Since 13(n, m, po,t/po) = O(1) by Lemma 2.4.6 we get ' = p(C,n,m,po,t/po) =
O(1) and furthermore ' — 0 if C & {Car,Cin}-

To see why u(Ci,) — 0, note that > C;. > > C;i and by (2.23) we have
1(Ciny ny M, po; t/po) = 0 (W(Cins ms m, p—, p1)).

The case > CT > > C~ is similar by symmetry: we use Lemma 2.4.5 with p_

and p, interchanged and replace 73 with 74, C;, with Coyy. O
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2.4. Main proofs

Proof of Lemma 2.4.7 Suppose 73 — oo. If mp_p, — 0 then by Lemma 2.4.1,
D contains a copy of C;, whp. Otherwise let w — oo not too fast so that w =
0 (T;/(h_1)> and let p’ = p_/w. Consider a sequence of random digraphs {D’(k)}
where D'(k) = D(n,m,p" ,py). By Lemma 2.4.1 and Lemma 2.3.1 P(C;, €
D'(k)) — 1 and so P(C;, € D) — 1 by monotonicity.

Now suppose 73 = O(1), so that u(C;,) = 78 = ©(1). In this case we have
mp_py = O(n~ Y1) = 0. Let C be a any simple diclique cover of ]_()h. We will
show that

u(©) = 0(1) (2.24)

and furthermore we can replace O() with o() (respectively, ©()) if C & L (respec-
tively, C € L).

Assuming (2.24) holds, since both 73 and p(C) are monotone increasing multi-
nomials in m,p_,p; we have that 73 — 0 implies u(C) — 0. Therefore using
Lemma 2.3.4, Lemma 2.4.1 and Remark 2.4.2 completes the proof of the lemma
in the case where mp_ — 0. For the boundary case mp_ = O(1), (2.24) and
Lemma 2.4.9 below shows that each cover in §;,, belongs to the leading set when
a > ap. If @ = ag we use the fact that uy(Cpr) = 7 = O(1) and Remark 2.4.2 to
show that C,; also belongs to L.

Let us check (2.24). We have

- 1/(h—1) . b1
P = ( > ) =Q (mﬁ) =Q <m‘ih<hf2>>
nmp.y

h—
and mh(h*12>p, — 0o when a > ap. So we may apply Lemmas 2.4.3 and 2.4.4 as

in the proof of Lemma 2.4.5 to get that
u(C) = O(u(Cin)) = O(1) (2.25)

Furthermore, Lemma 2.4.3 and Lemma 2.4.4 also give that we may replace O()

with o() in (2.25) in all cases, except if
o C=Cy and mhélh_—lz’)p_ =0(1) or

e mp, = 0O(1),|CT| =1 for each C € C and for each j = 1,..., h the diclique
cover C; obtained by taking all dicliques C' € C that have C* = {j} satisfies

>.Ci=h-1

The first exception occurs only if &« = ap and mp, = O(1). The second exception

represents all diclique covers C € S;,. This completes the proof of (2.24). O
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Chapter 2. Small complete graphs in a random intersection digraph

Proof of Lemma 2.4.8 Suppose 5 = n/* Ymp_p, — oco. If mp_p, — 0
the random digraph D contains a copy of Cg whp by Lemma 2.4.1. Otherwise,
'= o(p_). Then the
random digraph D(n, m,p’ ,p,) contains a copy of Cr whp by Lemma 2.4.1 since

assume that mp_p, — a € (0;00]. Let p = (mp,Inn)~

mp._p, — 0 and 75 — co. Monotonicity and Lemma 2.3.1 imply that D contains
a copy of Cr whp in all cases when 75 — co.

Now suppose that 7, = ©(1). Similarly as above, we have u(Cr) = 74~ = O(1)
and mp_p; = O (n="/("=1) — 0. Let C be a simple diclique cover of I_gh. We will
show that if C £ then p(C) — 0. As in the proof of Lemma 2.4.6 we will then be
able to complete the proof using Lemma 2.4.1, Markov’s inequality, Lemma 2.3.4
and Remark 2.4.2 (for the case o = oy notice that 7 (n,m,p_,py) = ©(1), so the
birth threshold functions 7, and 7 become equivalent).

Suppose Y. C~ > Y C*. Using (2.22) we have

IU(C) = :u(ca n, m7p77p+) = O (IU(C, n,m, t/p0>p0))

where t = p_p, and po = m~!. Also note that when C~ > C*

1(C) = o(u(C,m,m,t/po, po))- (2.26)

Since 73(n, m,t/po, po) = nm (n_l/(h_l)m_lpal)h_l po = O(1) we can apply (2.25)
from Lemma 2.4.7 for the sequence of random digraphs {D(n,m,t/pg,po)} to get
that p(C,n,m,t/py,po) = O(1).

Lemma 2.4.7 also gives that u(C,n,m,t/py,po) — 0 for all simple diclique
covers, except if C = Cy; in the case a = g or if C € §;,. It remains to check
that u(Cp) — 0 for any diclique cover Cy € S;, such that Cy # Cg. But any
Co € Sin \ {Cr} has >_Cy > >_Cf, therefore u(Cy) — 0 by (2.26).

The case Y ,C~ < > CT is similar because of symmetry. O

Lemma 2.4.9 Let h,{D(k)},n, a9, m be as in Theorem 2.2.1. Suppose p_ — 0
and pr — 0, a > ag and mpy = O(1). Consider any diclique cover Cy € S, If
73 = 13(n,m,p_,py) = Q1) then P(C € D(k)) = Q(1) and if T — oo then D(k)
contains C whp.
Proof Write D = D(k). By Lemma 2.4.7 we have p(Cy) = O(1) whenever
3 =0(1) .

Assume first that 73 — co. We claim that for any non-empty set S C [h]:

H(ColS)) = Qpu(CinS))). (2.27)
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By (2.14) in the proof of Lemma 2.4.1 we have that 1(C;,[S]) — oo.

By Lemma 2.3.1 we may assume that (2.4) holds. Also, since p_ — 0 we have
mp_py — 0.

First consider the case S = {v} for some v € [h]. By the definition of S;,,
Co[S] consists of exactly h— 1 dicliques ({v}, ) and one or more dicliques (0; {v}).
Let us apply (2.5). Since mp, = O(1), the set Cy[S] is equal to C;n[S], so (2.27)
follows by (2.14) for the case |S| = 1.

Now suppose |S| > 2. Split a given diclique family C into the family of its
proper dicliques C’ and the family of its improper dicliques C” so that C = C'U(”.
Note that if V(C") C V(C’) by (2.5) we have

EX(C) = O(u(C)P(C") (2.28)

where C" is the collection of dicliques C' of C” that satisfy P(C) — 0.

By Lemma 2.4.4 we have 1(Co[S]") = ©(u(Cin[S])). If mp® — 0 then C;,[S]”
consists of h — s dicliques (S;(). Similarly, since Cy € Sy, the set C~0[S]” can be
partitioned into A — s families of improper dicliques Cq,...,C,_s so that each C;
consists of pairwise disjoint dicliques, Y C; < s and Y C;" = 0. We have for each
i=1,...,h—s:

[T 2(C) = mC1p= = (P (5;0)).

cec;

If mp® — a, > 0 then both Cy[S]” and C;,[S]” are empty. So in each case

]5<éo[5]//) =0 (H 15(@)) = Q(P(ém[s]”))
and (2.27) follows by (2.28). Now (2.27) and Lemma 2.3.2 imply that D contains
a copy of Cy whp when 73 — oc.

Finally, we need to check that P(Cy € D) = Q(1) if 73 = ©(1). We note that
in this case (2.27) still holds. Therefore the same argument as in the proof of
Remark 2.4.2 shows that P(Cy € D) = (1). O

Proof of Remark 2.2.3 Write D = D(k). Consider two simple diclique covers
of ?2, namely Cr = C;,, = Coyy and Cyy. Clearly, [?h € D implies that Cp € D or
Cuv € D.

Let us show that 75 — oo implies P(Cr € D) — 1. If mp_p, — 0 this follows
by Lemma 2.4.1. Otherwise, using Lemma 2.3.1 we may assume mp_p, — ¢ €

(0; 00]. Consider another sequence of random digraphs {D'(k)} where D'(k) =
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Chapter 2. Small complete graphs in a random intersection digraph

D(n,m, (wmp,)~',p,) and w = Inn. By Lemma 2.4.1 we have that Cr € D'(k)
whp, and by monotonicity Cgr € D whp.

Now suppose 75 = O(1). Then 7, = m~Y2m, — 0 and u(Cy) = 7 — 0.
This implies by (2.3) that any simple cover C of [_%2 such that C # Cg must have
1(C) — 0. By Lemma 2.4.1 and Lemma 2.3.4 for any proper diclique cover C # Cg
we have P(C € D) — 0. Finally Remark 2.4.2 shows that P(Cr € D) = Q(1) if

T, = ©(1) and so Cg is indeed the leading cover. O

2.5 Proofs of (2.1)-(2.8)

We will prove the estimates from Section 2.3.

Proof of (2.1) - (2.8) Similarly as in [58] we can represent D by two random
n by m binary matrices R~ and R* where R;; = 1 if and only if j € S7(i) and
+ _ . . . .
R}, = 1if and only if j € S*(i).
To prove (2.1) we will apply Lemma 2 from [58]. The probability of success p
is the probability that a fixed key generates C on a fixed set S O C~ U C™:

ST (1 — p, )IS1-IEt,

c—| |ct
p=p 1 —p) p+)

We have that p ~ p|_C_|p‘+C+|

since |S] is fixed and p_,p;, — 0. Since C
is proper and mp_p, — 0 we have that mp — 0. By independence and the
inclusion-exclusion principle (or by Lemma 2 of [58]) we have that P(C) ~ mp ~
mpl,cﬂp‘fﬂ. Equation (2.2) follows from analogous reasoning as in the proof of
Theorem 3 of [58]. For the random digraph D let N count the number of different
attributes w € W that generate the diclique C' (on the set V(C)). Suppose
{C1,Cs, ..., C;} are all distinet dicliques in C where C; has multiplicity a;, i =
1...t and let {Ciyq,...,Crn} be the set of all proper dicliques on V/(C) that are

not in C. Then by Lemma 1 of [58]:

P(C>:P(Ncl:a/l?""NCt:at)NCt+1:07"'7NC]\4 )

=0
~ P(]VC1 Z al,...,NCt Z at,NCtH :0,...,NCM :O)
_P(C)™ P(Cy) P(Cy)™

e et
Cll! CLQ! at! *

~ aem“lp=© p

since for j > t, P(N¢, = 0) = 1-P(C};) — 1. Now the equation (2.3) is immediate
since EX(C) = (lv?c)l)P(C).
To see (2.5), recall that by Lemmas 1 and 2 of [58] we have for any diclique
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2.5. Proofs of (2.1)-(2.8)

family C:

P(C)~ [] P(C) ~ Kac [ P(C)

cec ceé
where K = [[cee\¢ P(C) is a constant.

The proof of the upper bounds (2.6) and (2.7) is much simpler: we sum the
probability that D contains a fixed copy of C realised by a fixed tuple of attributes,
[lcec P(C), over all (a1 _____ o
(2.7), over all (|V?C)|) sets of V' of size |V (C)|. The estimate follows by the union
bound. The estimate (2.8) follows similarly. O

) ways to pick a relevant tuple, and, for the bound
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Chapter 3

Large cliques in sparse random

intersection graphs

3.1 Introduction

Bianconi and Marsili observed in 2006 [13] that “scale-free” real networks can have
very large cliques; they gave an argument suggesting that the rate of divergence
is polynomial if the degree variance is unbounded [13]. In a more precise analysis,
Janson, Luczak and Norros [55] showed exact asymptotics for the clique number
in a power-law random graph model where edge probabilities are proportional to
the product of weights of their endpoints.

Another feature of a real network that may affect formation of cliques is the
clustering property: the probability of a link between two randomly chosen ver-
tices increases dramatically after we learn about the presence of their common
neighbour. An interesting question is whether and how the clustering property is
related to the clique number.

With conditionally independent edges, the random graph of [55] does not have
the clustering property and, therefore, can not explain such a relation.

Here we address this question by showing precise asymptotics for the clique
number of a related random intersection graph model that admits a tunable clus-
tering coefficient and power-law degree distribution. We find that the effect of
clustering on the clique number only shows up for the degree sequences having a
finite variance. We note that the finite variance is a necessary, but not sufficient
condition for the clustering coefficient to attain a non-trivial value, see [18] and
(3.5) below.

In the language of hypergraphs, we ask what is the largest intersecting family

in a random hypergraph on the vertex set [m], where n identically distributed
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Chapter 3. Large cliques in sparse random intersection graphs

and independent hyperedges have random sizes distributed according to P. A
related problem for uniform hypergraphs was considered by Balogh, Bohman and
Mubayi [4]. Although the motivation and the approach of [4] are different from
ours, the result of [4] yields the clique number, for a particular class of random
intersection graphs based on the subsets having the same (deterministic) number
of elements.

We will consider a sequence {G(n)} = {G(n),n = 1,2,...} of random inter-
section graphs G(n) = G(n,m, P), where P = P(n) and m = m(n) — 400 as
n — +o00. Let X (n) denote a random variable distributed according to P(n) and
define Y'(n) := /2 X (n). If not explicitly stated otherwise, the limits below will
be taken as n — oo. In this thesis we use the standard notation o(), O(), (),
©(), op(), Op(), see, for example, [56]. For positive sequences {a,}, {b,} we write
a, ~ by, if a,/b, = 1 a, < b, if a,/b, — 0. For a sequence of events {A,}, we
say that A, occurs whp, if P(A,) — 1.

We will assume in what follows that
EY(n)=0(1). (3.1)

This condition ensures that the expected number of edges in G(n) is O(n). Hence
G(n) is sparse. We remark, that if, in addition, Y (n) converges in distribution
to an integrable random variable, say Z, and EY(n) — EZ, then G(n) has
asymptotic degree distribution Poiss()\), where A = ZE Z| see, see Chapter 1
and [18]. In particular, if Y'(n) has asymptotic square integrable distribution, then
G(n) has asymptotic square integrable degree distribution too. Furthermore, if
Y (n) has a power-law asymptotic distribution, then G(n) has asymptotic power-
law degree distribution with the same exponent.

Our first result, Theorem 3.1.1, shows that in the latter case the clique number
diverges polynomially. In fact, we do not require Y'(n) to have a limiting power-
law distribution, but consider a condition that only involves the tail of Y (n).
Namely, we assume that for some a > 0 and some slowly varying function L there
is 0 < ¢y < 0.5 such that for each sequence z, with n!/?=% < gz, < nl/2t<0 we
have

P(Y(n) > x,) ~ L(x,)z,*. (3.2)

n

A function L : Ry — Ry is called slowly varying if lim, ., L(tz)/L(x) = 1 for
any t > 0.

Theorem 3.1.1 Let 1 < o < 2. Assume that {G(n)} is a sequence of random
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3.1. Introduction

intersection graphs satisfying (3.1), (3.2). Suppose that for some 3 > max{2 —
a,a — 1} we have m = m(n) = Q(n?). Then the clique number of G(n) is

w(G(n)) = (1+0p(1) (1 — a/2)"*"* K(n) (3.3)

where
K(n)=L((nln n)1/2) nt=/2(Inn)=/2.

We remark that adjacency relations of neighbouring vertices of a random intersec-
tion graph are statistically dependent events and this dependence is not negligible
for m = O(n). Theorem 3.1.1 says that in the case where the asymptotic degree
distribution has infinite second moment (a < 2), the asymptotic order (3.3) of
a power-law random intersection graph is the same as that of the related model
of [55] which has conditionally independent edges. Let us mention that the lower
bound for the clique number w(G(n)) is obtained using a simple and elegant argu-
ment of [55], which is not sensitive to the statistical dependence of edges of G(n).
To show the matching upper bound we developed another approach based on a
result of Alon, Jiang, Miller and Pritkin [1] in Ramsey theory.

In the case where the (asymptotic) degree distribution has a finite second
moment we not only find the asymptotic order of w(G(n)), but also describe the
structure of a maximal clique. To this aim, it is convenient to interpret attributes
w € W as colours. The set of vertices T'(w) = {v € V : w € S,} induces a
clique in G(n) which we denote (with some ambiguity of notation) 7'(w). We say
that every edge of T'(w) receives colour w and call this clique monochromatic.
Note that G(n) is covered by the union of monochromatic cliques T'(w), w € W.
We denote the size of the largest monochromatic clique by w'(G(n)). Clearly,
w(G(n)) = ' (G(n)).

Denote z V y = max(z,y). The next theorem shows that the largest clique is

a monochromatic clique (plus possibly a few extra vertices).

Theorem 3.1.2 Assume that {G(n)} is a sequence of random intersection graphs
satisfying (3.1). Suppose that Var(Y (n)) = O(1). Then

w(G(n)) = w'(G(n)) + Op(1).
If, in addition, for some positive sequence {€,} converging to zero we have

nP(Y(n) > e,n'/?) = 0 (3.4)
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then, for an absolute constant C,
P(w(G(n)) < CV (W'(G(n)) +3)) — 1.

The condition (3.4) is not very restrictive. It is satisfied by uniformly square
integrable sequences {Y(n)}. In particular, (3.4) holds if {Y(n)} converges in
distribution to a square integrable random variable, say Y, and E Y?(n) converges
to EY2.

Next, we evaluate the size of the largest monochromatic clique. For this pur-
pose we relate the random intersection graph to the balls into bins model. Let
every vertex v € V throw X, := |S,| balls into the bins wy, ..., w,, uniformly at
random, subject to the condition that every bin receives at most one ball from
each vertex. Then w'(G(n)) counts the maximum number of balls contained in
a bin. Let M(N,m) denote the maximum number of balls contained in any of
m bins after N balls were thrown into m bins uniformly and independently at
random. Our next result says that the probability distribution of w'(G(n)) can be
approximated by that of M(N,m), with N = nE X (n) =E(X;+---+ X,,). The
asymptotics of M (N, m) are well known, see, e.g., Section 6 of Kolchin et al [60].

The total variation distance dry(X,Y) between two random variables X and
Y is the supremum over all (measurable) sets A of [P(X € A) — P(Y € A)|.

Theorem 3.1.3 Assume that {G(n)} is a sequence of random intersection graphs
satisfying EY (n) = ©(1) and VarY (n) = O(1). Then

dry (w'(G(n)), M([(mn)EY (n)],m)) — 0.

Remark 3.1.4 For n,m — +oo the relations EY = O(1),VarY = O(1) imply
n = O(m). In particular, the conditions of Theorem 3.1.3 rule out the case

m = o(n).

Let us summarize our results about the clique number of a sparse random inter-
section graph G(n) with a square integrable (asymptotic) degree distribution. We
note that the conditional probability (called the clustering coefficient of G(n))

P(vy ~ va|vy ~ 3,05 ~ v3) &= (n/m)Y*EY (n)/EY?(n) (3.5)

only attains a non-trivial value for m = O(n) and EY?(n) = ©(1). (Here u ~ v
is the event that u and v are adjacent in G(n), i.e., uv € E(G(n)).) In the
latter case Theorems 3.1.2 and 3.1.3 together with the asymptotics for M (N, m)
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(Theorem I1.6.1 of [60]), imply that

In contrast, the clique number of a sparse Erdés-Rényi random graph G(n,c/n)
is at most 3, and in the model of [55], with square integrable asymptotic degree
distribution, the largest clique has at most 4 vertices.

Each of our main results, Theorem 3.1.1 and Theorem 3.1.2, have correspond-
ing simple polynomial algorithms that construct a clique of the optimal order
whp. For a power-law graph with a € (1;2), it is the greedy algorithm of [55]:
sort vertices in descending order according to their degree; traverse vertices in
that order and ‘grow’ a clique, by adding a vertex if it is connected to each vertex
in the current clique. For a graph with a finite degree variance we propose even
simpler algorithm: for each pair of adjacent vertices, take any maximal clique
formed by that pair and their common neighbours. Output the biggest maximal
clique found in this way. More details and analysis of each of the algorithms are
given in Section 3.4 below.

In practical situations a graph may be assumed to be distributed as a random
intersection graph, but information about the subset size distribution may not
be available. In such a case, instead of the condition (3.2) for the tail of the
normalised subset size Y (n), we may consider a similar condition for the tail of
the degree D;(n) of the vertex 1 € V' in G(n): there are constants o/ > 1,¢ > 0
and a slowly varying function L'(z) such that for any sequence t, with n'/2=¢ <
t, < nl/2+e

P(Dy(n) > t,) ~ L' (t,)t; . (3.6)
The following lemma shows that, subject to an additional assumption, there is
equivalence between conditions (3.2) and (3.6) .

Lemma 3.1.5 Assume that {G(n)} is a sequence of random intersection graphs

such that for some € > 0 we have
EY(H)IY(n)znl/Q—S — 0. (37)

Suppose that either (EY (n))? or E Dy(n) converges to a positive number, say, d.

Then both limits exist and are equal, imE Dy(n) = lim(EY (n))? = d. Fur-
thermore, the condition (3.6) holds if and only if (3.2) holds. In that case, o/ = «
and L'(t) = d*/?L(t).

Thus, under a mild additional assumption (3.7), condition (3.2) of Theorem 3.1.1
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can be replaced by (3.6). Similarly, the condition VarY(n) = O(1) of Theo-
rem 3.1.2 can be replaced by the condition VarD;(n) = O(1).

Lemma 3.1.6 Assume that {G(n)} is a sequence of random intersection graphs

and for some positive sequence {€,} converging to zero we have
EYQ(TL)Iy(n)>6nn1/2 — 0. (38)
Suppose that either EY (n) = ©(1) or E Dy(n) = ©(1). Then

ED;(n) = (EY(n))* + o(1) (3.9)
VarDi(n) = (EY (n))*(VarY (n) + 1) + o(1). (3.10)

Cliques of random intersection graphs have been studied in [58], where edge
density thresholds for emergence of small (constant-sized) cliques were determined,
and in [92], where the Poisson approximation to the distribution of the number
of small cliques was established. The clique number was studied in [81], see
also [6], in the case, where m ~ n®, for some 0 < 8 < 1. We note that in the
papers [58], [92], [81] a particular random intersection graph with the binomial
distribution P ~ Bin(p, m) was considered.

The rest of the Chapter is organized as follows. In Section 3.2 we study
sparse random power-law intersection graphs with index a € (1;2), introduce the
result on “rainbow” cliques in extremal combinatorics (Lemma 3.2.8) and prove
Theorem 3.1.1. In Section 3.3 we relate our model to the balls and bins model and
prove Theorem 3.1.2. In Section 3.4 we present and analyse algorithms for finding

large cliques in G(n, m, P). In Section 3.5 we prove Lemmas 3.1.5 and 3.1.6.

3.2 Power-law intersection graphs

3.2.1 Proof of Theorem 3.1.1

We start with introducing some notation. Given a family of subsets {S,,v € V'}
of an attribute set W', we denote G(V', W) the intersection graph on the vertex
set V' defined by this family: u,v € V' are adjacent (denoted u ~ v) whenever
SuN S, # 0. We say that an attribute w € W’ covers the edge u ~ v of G(V', W’)
whenever w € S, N.S,. In this case we also say that the edge u ~ v receives colour

w. In particular, an attribute w covers all edges of the (monochromatic) clique
subgraph T,, of G(V',W') induced by the vertex set T, = {v € V' : w € S,}.
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Given a graph H, we say that G(V',W’) contains a rainbow H if there is a
subgraph H' C G(V',W’) isomorphic to H such that every edge of H' can be
prescribed an attribute that covers this edge so that all prescribed attributes are
different.

We denote by e(G) the size of the set E(G) of edges of a graph G. Given two
graphs G = (V(G), E(G)) and R = (V(R), E(R)) we denote by G V R the graph
on vertices V(G)UV (R) and with edges F(G)UE(R). In what follows we assume
that V(G) = V(R) if not mentioned otherwise. Let ¢ be a positive integer and
let R be a non-random graph on the vertex set V'. Assuming that subsets S,
v € V" are drawn at random, introduce the event Rainbow(G(V',W’), R,t) that
the graph G(V',W’)V R has a clique H of size |V (H)| = ¢ with the property that
every edge of the set F(H) \ E(R) can be prescribed an attribute that covers this
edge so that all prescribed attributes are different.

In the case where every vertex v of the random intersection graph G(n,m, P)
includes attributes independently at random with probability p = p(n), the size
X, :=|S,| of the attribute set has binomial distribution P ~ Binom(m,p). We
denote such graph G(n,m,p) and call it a binomial random intersection graph.
We note that for mp — +oco the sizes X, of random sets are concentrated around

their mean value E X, = mp. An application of Chernoff’s bound (see, e.g., [72])
P(|B — mp| > emp) < D¢ 5P, (3.11)

where B is a binomial random variable B ~ Binom(m,p) and 0 < € < 3/2,
implies
P(Fw € [n] : | Xy, — mp| > y) < nP(| X, —mp| >y) =0 (3.12)

for any y = y(n) such that y/v/mpInn — oo and y/(mp) < 3/2.

We write a A b = min{a, b} and a V b = max{a, b}.

Let us prove Theorem 3.1.1. For every member G(n) = G(V, W) of a sequence
{G(n)} satisfying conditions of Theorem 3.1.1 and a number ¢; € (0,¢;) define
the subgraphs G; C G(n), i = 0,1, 2, induced by the vertex sets

Vo =Vo(n) ={v e V(G(n)): X, <b:1};
Vi=Vi(n) ={v e V(G(n)): 6 < X, <6}
Vo =Va(n) ={v e V(G(n)): b < Xo},

respectively. Here X, = |S,| denotes the size of the attribute set prescribed to a
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vertex v and the numbers
61 = 01 (n) = m*?n =, Oy = B5(n) = ((1 — a/2)mInn + me;)"?,

with e; = e;(n) = max(0,In L((nInn)'/?)). Note that e; = 0 for L(z) = 1. We
have V. = VUV UVz and V; NV, = 0 for ¢ # j. Theorem 3.1.1 follows from
the three lemmas below. Let K = K(n) be as in Theorem 3.1.1. The first lemma

gives a lower bound for the clique number of G(n).

Lemma 3.2.1 For any m = m(n)
w(Ga) = [Val(1 = 0p(1)) = (1 = 0p(1)) (1 — a/2) " K.

The next two lemmas provide an upper bound.

Lemma 3.2.2 Suppose there is 3 > o — 1 such that m = Q(n®). If e < % then
there is 0 > 0 such that

P (w(Go) > nl_a/Z_‘s) — 0.

Lemma 3.2.3 Suppose there is 3 > 2 — o such that m = Q(n?). If ¢ < E=212

Bf
24
then
W(G1> = OP<K).

Proof of Theorem 3.1.1 We choose 0 < ¢; < min{(a—1)/6, (5 —2+a)/24,¢}.
The theorem follows from the inequalities w(Gs) < w(G) < w(Go)+w(G1)+w(Ge)
and Lemmas 3.2.1, 3.2.2 and 3.2.3. O

3.2.2 Proof of Lemma 3.2.1

In this section we use ideas from [55] to give a lower bound on the clique number.

We first note the following auxiliary facts.

Lemma 3.2.4 Suppose a = a,,b = b, are sequences of positive reals such that

0 <In2b+ 2a — +oo. Let z, be the positive root of

a—Inz—bz*=0. (3.13)

2a-+1n(2b)

Then z,, ~ 5
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Proof Changing the variables ¢ = 202 we get
t +1n(t) = 2a + In(2b).

From the assumption it follows that ¢ + Int ~ ¢t and therefore z, ~ \/%n(%). O

Lemma 3.2.5 ( [51]) Let x — +o00. For any slowly varying function L and any
0 < t; < ty < +0o the convergence L(tx)/L(x) — 1 is uniform in t € [ty,ts].

Furthermore, we have In L(x) = o(Inx).

Proof of Lemma 3.2.1 Write N = |V5] and let

be the vertices of 14 listed in an arbitrary order.

Consider a greedy algorithm for finding a clique in G proposed by Janson,
Luczak and Norros [55] (they use descending ordering by the set sizes, see also
Section 3.4). Let A =@. In the stepi =1,2,..., N let A* = ALy {v®@} if v®
is incident to each of the vertices v, j =1,...,i — 1. Otherwise, let A" = A"~
This algorithm produces a clique H on the set of vertices AV, and H demonstrates
that w(Gq) > |AN].

Write 0 = 05 and let Ly = V5 \ AN be the set of vertices that failed to be added

to AN. We will show that
| Lol

N V1

= Op(l)

and
N =(1—-a/2)" L ((nlnn)"?) (Inn)~*2n'=/2(1 — 0p(1)).

From (3.2) we obtain for N ~ Binom(n,q) with ¢ = P(X,, > 0)

EN =ng=nP ((m/n)l/QYn > 0)
~ L ((n/m)l/Qe) nl—a/Qma/Qe—a
~ (1= a/2)"*? L(v/nInn)(Inn)~*/>n'=/2,

Here we used L((n/m)/?0) ~ L(vnlnn) and InL(v/nlnn) = o(lnn), which
follow using Lemma 3.2.5. Furthermore, by the concentration property of the
binomial distribution, see, e.g., (3.11), we have N = (1 — op(1))E N.

The remaining bound |Lg|/(N V 1) < |Lg|/(N 4+ 1) = op(1) follows from the
bound E (Lg/(N + 1)) = o(1), which is shown below.
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Chapter 3. Large cliques in sparse random intersection graphs

Let p; be the probability that two random independent subsets of W = [m] of
size [6] do not intersect. The number of vertices in Ly is at most the number of
pairs in x,y € V5 where S, and .S, do not intersect. Therefore by the first moment

method

N+1 N+1

N
g L :m( Lo| ’N) CEE ((Q)m :

N) _PEN.

where

m—6 0
P = ((i ) < (1—£) < e Vi,
(%

) m
Now it is straightforward to check that for some constant ¢ we have pj]EN <

—/2 5 (). This completes the proof.

c(lnn)

Let us briefly explain the intuition for the choice of #. For simplicity as-
sume L(z) = 1 so that e; = 0. Could the same method yield a bigger clique
if 65 is smaller? We remark that the product p;E N as well as its upper bound
nt=o/2me/29=2e=0°/m (which we used above) are decreasing functions of 6. Hence,
if we wanted this upper bound to be o(1) then 6 should be at least as large as the

solution to the equation

nlfa/Qma/ZefaefOQ/m -1

or, equivalently, to the equation

2

1 6
-1 L P
a Inn+ 5 In(m/n) —Iné o 0. (3.14)

Rewriting the latter relation in the form (3.13) where a = o™ Inn+(1/2) In(m/n)

1 1

and b = (am)~! satisfy be?® = a~'na~! — +o00, we obtain from Lemma 3.2.4

that the solution 6 of (3.14) satisfies

GN\/(2/a)lnn—ln(n/m)+1n(2/am)N\/<1_&/2)mlnn'

2/am

3.2.3 Proof of Lemma 3.2.2

Before proving Lemma 3.2.2 we collect some preliminary results.

Lemma 3.2.6 Let h be a positive integer. Let {G(n)} be a sequence of binomial

random intersection graphs G(n) = G(n,m,p), were m = m(n) and p = p(n)
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3.2. Power-law intersection graphs

satisfy pn'/(""Um1/2 — q € {0,1}. Then
P(G contains a rainbow K;) — a.

Proof The case a = 1 follows from Claim 2 of [58]. For the case a = 0 we have,

by the first moment method,

P(G contains a rainbow Kj,) < (Z) (m)(h)p2(’5)

2

< <n1/(h—1)m1/2p)h(h*1) 0

|

Next is an upper bound for the size w'(G) of the largest monochromatic clique.

Lemma 3.2.7 Let 1 < o < 2. Assume that {G(n)} is a sequence of random
intersection graphs satisfying (3.1), (3.2). Suppose that for some > a — 1 we
have m = Q(n”). Then there is a constant 6 > 0 such that w'(G(n)) < n'=/279

whp.

Proof Let X = X(n) and Y = Y (n) be defined as in (3.1). Since for any w € W
andv eV

EX EY
E _ —
- P(IS] m vmn’

and the number of elements of the set T, = {v: w € S,} is binomially distributed

P(w € S,)

EY

we have, for any positive integer k

P(|T,| > k) < (Z) (%)k < <%)k <%) . (ij %)k

for ¢; = esup,, EY. Therefore, by the union bound,

P (GO 2 ) < m (L ﬁ)k.

m
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Fix 0 with 0 < 0 < min((8 — a+1)/4,1 — «/2,3/2). We have

P (w’(G(n)) > nlfa/2f§) <m (Clna/271/2+6m71/2) "n1_a/2—6"

= ! O [T (o /21 /240, 21/240/8) [rt=e2=]

since m — oo, n'~/27% — oo and m = Q(n?) implies

n@/2=1/2+8,,~1/246/8 _, (.

O

The last and the most important fact we need relates the maximum clique
size with the maximum rainbow clique size in an intersection graph. An edge-
colouring of a graph is called t-good if each colour appears at most ¢ times at each
vertex. We say that an edge-coloured graph contains a rainbow copy of H if it

contains a subgraph isomorphic to H with all edges receiving different colours.

Lemma 3.2.8 ( [1]) There is a constant ¢ such that every t-good coloured com-

cth3
Inh

plete graph on more than vertices contains a rainbow copy of K.

Proof of Lemma 3.2.2 Fix an integer h > 1+ X and denote ¢t = n'~*/>~% and

k = ﬁflhm, where positive constants § and ¢ are from Lemmas 3.2.7 and 3.2.8,
respectively.

We first show that
P(G, contains a rainbow Kjp) = o(1). (3.16)

We note that for the binomial intersection graph G = G(n,m, p) with p = p(n) =

m~2n= + m~%/3 Lemma 3.2.6 implies
P(G contains a rainbow Kj) = o(1). (3.17)

Let S, (respectively S,), v € V, denote the random subsets prescribed to vertices
of G (respectively G(n)). Given the set sizes |S,|, |S,|, v € V, satisfying |S,| > 6,
for each v, we couple the random sets of Gy and G so that S, C Sv, for all v € V4.
Now G becomes a subgraph of G and (3.16) follows from (3.17) and the fact that
min, |S,| > 6 whp, see (3.12).

Next, we colour every edge x ~ y of G by an arbitrary element of S, NS, and
observe that the inequality w'(G(n)) <t (which holds with probability 1 — o(1),
by Lemma 3.2.7) implies that the colouring obtained is t-good. Furthermore,
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3.2. Power-law intersection graphs

by Lemma 3.2.8, every k-clique of GGy contains a rainbow clique; however the
probability of the latter event is negligibly small by (3.16). We conclude that
P(w(Go) > k) = o(1) thus proving the lemma. O

3.2.4 Proof of Lemma 3.2.3

We start with a combinatorial lemma which is of independent interest.

Lemma 3.2.9 Given positive integers ay, .. .,ax, let {Ay, ..., Ax} be a family of
subsets of [m] of sizes |A;| = a;. Let d > k and let S be a random subset of [m] of
size d. Suppose that a; + - - - + a, < m. Then the probability

P({SNA,...,SN AL} has a system of distinct representatives) (3.18)

is mazimised when {A;} are mutually disjoint.

Proof Call any of (’Z) possible outcomes ¢ for S a configuration. Given F =
{A1,..., Ar} let Cpr(F) be the set of configurations ¢ such that cNF = {c¢N

Ay, ...,cN Ag} has a system of distinct representatives. Write

pF)= Y |AinA4

1<i<j<k

Suppose the claim is false. Out of all families that maximize (3.18) pick a family
F with smallest p(F). Then p(F) > 0 and we can assume that there is an element
€ [m] such that = € Ay N Ay. Since S°F | |A;| < m, there is an element y in the
complement of (J ;. A.

Define A} = (A, \ {z}) U {y} and consider the family F" = {4}, A,, ..., A}
Observe that the family of configurations C = Cpr(F)\ Cpr(F’) has the following
property: for each ¢ € C we have x € ¢ and it is not possible to find a set of
distinct representatives for cNJF where A; is matched with an element other than x
(indeed such a set of distinct representatives, if existed, would imply ¢ € Cpr(F")).
Consequently, there is a set of distinct representatives for sets ¢ N As, ..., c N Ag
which does not use z. Since the latter set of distinct representatives together with
y is a set of distinct representatives for ¢ N F', we conclude that ¢ & Cpr(F')
implies y ¢ c.

Now, for ¢ € C, let ¢;, = (cU {y}) \ {z} be the configuration with x and y
swapped. Then ¢, & Cpr(F) and ¢,y € Cpr(F’), because y € ¢, and can be

matched with A;. Thus each configuration ¢ € C is assigned a unique configuration
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Coy € CDR<.F/) \CDR(f) This shows that |CDR(f,)‘ > ‘CDR(F)’ But p(]:') <
p(F) — 1, which contradicts our assumption about the minimality of p(F). 0
The next lemma is a version of a result of Erdés and Rényi about the maximum

clique of the binomial random graph G(n,p) (see, e.g., [56]).

Lemma 3.2.10 Let n — +oo. Assume that probabilities p, — 1. Let {r,} be a
positive sequence, satisfying r, = o(K?), where K = %.

There are positive sequences {3, } and {€,} converging to zero, such that 6, K —
+o0o and for any sequence of non-random graphs {R,} with V(R,) = [n| and

e(Ry,) < Ty the number X, of cliques of size | K(1+6,)| in G(n,pn)V R, satisfies
EX, <e,.

Proof Write p = p,,7 = r, and h = 1 — p. Pick a positive sequence § = §,, so
that 6, — 0 and In"'n + h + 5 = 0(9). Let a = Lf((l + 5)J We have

a

where, by the inequality Inp < —h, for n large enough,

thmmmy—(“;1—£>h

ho rh
gmn—%ﬁl;§@4+dwﬁmn%—m.
a

O

Lemma 3.2.11 Let {G(n)} be a sequence of binomial random intersection graphs,
where m = m, — +o00 and p = p, — 0 as n — +oo. Let {r,} be a sequence of

positive integers. Denote K = 2¢™ Inn. Assume that r, < K2 and
mp? — +00, Inn < mp, Kp — 0, K <n/2. (3.20)
There are positive sequences {e,},{0,} converging to zero such that 6, K —
+o00 and for any non-random graph sequence {R,} with V(R,) = V(G(n)) and
e(R,) <y,
P (Rainbow(G(n), Ry, K(1+6,))) < €n, n=12... (3.21)

Here we choose {6, } such that K(1 + §,) were an integer.

72



3.2. Power-law intersection graphs

Proof Let {z,} be a positive sequence such that

pr, =0, x,<<mp and mphn<zx,

(one can take, e.g., ¥, = p,v/mpnn, with ¢, 1 400 satisfying @2 Kp — 0).
Given n, we truncate the random sets S, prescribed to vertices v € V' of the

graph G = G(n,m, p), to the size M = |mp + x,,|. Denote

_ Sy, if |Sy] < M,
S —

M element random subset of S, otherwise.

We remark that for the event B = {S, = S,,Vv € V} Chernoff’s bound implies
P(B) =1—-o(1). (3.22)

Now, let t € [K;2K] and let T = {uy,...,u;} be a subset of V of size t. By Ry
we denote the subgraph of R, induced by the vertex set T. Given ¢ € {1,...,t},
let T; C {uy,...u;—1} denote the subset of vertices which are not adjacent to v;
in R,. Let Ap(i) denote the event that sets {S, N S,,, v € T;} have distinct
representatives (in particular, none of the sets is empty). Furthermore, let Ar
denote the event that all Ap (i), 1 <4 <t hold simultaneously

Ap = QAT@).

We shall prove below that whenever n is large enough
P(Ar) < (1 (1—p)™) &) (3.23)

Next, proceeding as in Lemma 3.2.10 we find positive sequences {4, }, {€/,} con-

verging to zero such that the number X/ of subsets 7' C V of size

that satisfy the event Ar has expected value E X/ < ¢ . For this purpose, we
apply (3.19) to @’ and p' = 1 — (1 — p)™, and use (3.23). We remark that o’ =
K(1 4 6", where {6”} converges to zero and 0”K — +oo. Indeed, we have
& Inn/(1—p)™ — +oo, by Lemma 3.2.10, and we have (1—p)M = e~m*~Oztmp’)

with px + mp® = o(1). In particular, for large n, we have o’ € [K,2K].
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Chapter 3. Large cliques in sparse random intersection graphs

The key observation of the proof is that events B and Rainbow(G, R,,d’)
imply X! > 0. Hence,

P(Rainbow(G, R,,a’) N B) <P(X! >0) <EX, <¢€,.
In the last step we used Markov’s inequality. Finally, invoking (3.22) we obtain
(3.21).
It remains to show (3.23). We write
t
P(Ar) = [[P(Ar(i)|Ar(1),. .., Ar(i — 1))

i=1

and evaluate, for 1 < i <t,

|75

P(A7(i)|Ar(1), ..., Ap(i — 1)) < (1 — (1 —p)™) (3.24)

Now (3.23) follows from the simple identity »_, ., [Ti| = (4) — e(Ry). Let us
prove (3.24). For this purpose we apply Lemma 3.2.9. We first condition on {S,,,
u € T;} and the size |S,,| of S,,. By Lemma 3.2.9 the conditional probability

P(Ar(i)| Sy, w € Ty, |Sy,])

is maximized when the sets S,, u € T; are mutually disjoint (at this step we
check the condition of Lemma 3.2.9 that Y ;. [Su| < tM < m, for large n).
Secondly, we drop the conditioning on |S,,| and allow S,, to choose its element

independently at random with probability p. In this way we obtain (3.24). O

Lemma 3.2.12 Let {G(n)} be a sequence of random binomial intersection graphs,

where m = m(n) — 400 and p = p(n) — 0 as n — +oo. Assume that
wp=0(1),  mnp)® < K,

where K = 2¢™" Inn. Assume, in addition, that (3.20) holds.

Then there is a sequence {0, } converging to zero such that 6, K — +o0o and
P (w(G(n)) > K(1+46,)) — 0.

Proof Given n, let U be a random subset of V' = V(G (n)) with binomial number
of elements |U| ~ Bin(n,p) and such that, for any £ = 0,1,..., conditionally,

given the event |U| = k, the subset U is uniformly distributed over the class of
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subsets of V of size k. Recall that T,, € V denotes the set of vertices that have
chosen an attribute w € W. We remark that T,,, w € W are iid random subsets
having the same probability distribution as U.

We call an attribute w big if |T,,| > 3, otherwise w is small. Let Wp and
Ws denote the sets of big and small attributes. Denote by G (respectively, Gg)
the subgraph of G = G(n) consisting of edges covered by big (respectively, small)
attributes. We observe that, given G g, the random sets T),, z € Wy, defining the
edges of G are (conditionally) independent. We are going to replace them by
bigger sets, denoted 77, by adding some more elements as follows. Given 7}, we
first generate independent random variables I, and |A,|, where I, has Bernoulli
distribution with success probability p’ = P(|U| < 2) and where P(|A,| = k) =
P(U|=k)/(1—-p'), k=3,4,.... Secondly, for I, = 1 we put 77 = T,. Otherwise
we put 77 = T, U A,, where A, is a subset of V' \ T} of size |A,| — || > 1
drawn uniformly at random. We note that given G g, the random sets 77, z € W
are (conditionally) independent and have the same probability distribution as U.
Next we generate independent random subsets 7}, of V', for w € W, so that they
have the same distribution as U and were independent of Gg, Gp and 77, z € W.
Given G, the collection of random sets {7}, w € WU Wg} defines the binomial
random intersection graph G’ having the same distribution as G(n, m, p).

We remark that Gg C G’ and every edge of Gg can be assigned a unique small
attribute that covers this edge and the assigned attributes are all different. On
the other hand, the graph Gp is relatively small. Indeed, since each w covers

(|T2w|) edges, the expected number of edges of G5 is at most
T, T, E\ (n\ 4
E Z ( 9 )H{|Tw|z3} = mE < 9 ) {ITw|>3) = mZ (2) (k>p :
wew k>3

Invoking the simple bound

% (o) () = vtz =otcmr

k>3

we obtain Ee(Gp) = O(m(np)?).
Now we choose an integer sequence {r,} such that m(np)® < r, < K? and

write, for an integer K’ > 0,

P(w(G) > K') < EP(w(G) > K'|Gp) IiGoyer + P(e(Gp) 2 1) (3.25)

5
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Here, by Markov’s inequality, P(e(Gg) > r,) < 7, 'Ee(Gp) = o(1). Furthermore,
we observe that w(G) > K’ implies the event Rainbow(G', Gp, K'). Hence,

P(w(G) > K'|Gg) < P(Rainbow(G',Gp, K')|Gg) .

We choose K’ = K(1 + 6,,) and apply Lemma 3.2.11 to the conditional prob-
ability on the right. At this point we specify {d,} and find ¢, | 0 such that
P (Rainbow(G',Gg, K')|Gg) < €, uniformly in G g satisfying e(Gg) < r,. Hence,
(3.25) implies P (w(G) > K(1+4,)) < €, + o(1) = o(1). O

Now we are ready to prove Lemma 3.2.3.

Proof of Lemma 3.2.3 Let
0<e<2'min{l,1-2"a, B—2+a—6ae} (3.26)

and let G be the subgraph of G induced by vertices v € V; with X, < 0. Here
0> =(1—e—2"ta)mInn. Let D = |V(G)\V(G1)| denote the number of vertices
of G that do not belong to G;.

To prove the lemma we write w(G;) < D+w(Gy) and show that each summand

on the right is of order op(K) for appropriately chosen € = ¢(n) — 0.
Using (3.2) and Lemma 3.2.5 we estimate the expected value of D for n — 400

ED =n(P(X, > 0) — P(X, > 6,)) < (h(e) + o(1))K. (3.27)

Here h(e) := (1 —e—2"'a)™*2 — (1 -271a)™*/2 = 0 as ¢ — 0. Letting ¢ — 0 we
obtain from (3.27) that D = op(K).
We complete the proof by showing that for any e satisfying (3.26)

i (w(@l) > ypl-2 e ey n) = o(1). (3.28)

Note that n'=2 <2 *Inn < K.
Let N be a binomial random variable, N ~ Bin(n,P(X, > 6,)), and let

i=(1+en' 2 etearp®=a)  and pP=(1-2"e—2"a)m 'nn.

We couple G with the binomial random intersection graph G’ = G(n,m,p) so
that the event that G is isomorphic to a subgraph of G, denoted G; C G’, has
probability

PG, CG)=1-o0(1). (3.29)
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We argue that such a coupling is possible because the events A = {every vertex

of G' is prescribed at least 6 attributes} and B = {|V(G;)| < i} have very high

probabilities. Indeed, the bound P(A) = 1—o(1) follows from Chernoft’s inequality

(3.12). To get the bound P(B) = 1—0(1) we first couple binomial random variables

V(G1)| ~ Bin(n,P(6; < X, < 6)) and N so that P(|V(G1)] < N) =1 and then

invoke the bound P(N < 7) = 1 — o(1), which follows from Chernoff’s inequality.
Next we apply Lemma 3.2.12 to G’ and obtain the bound

P @(G’) > 4pl-2 ey ﬁ) — o(1), (3.30)

which together with (3.29) implies (3.28). O

3.3 Finite variance

In this section we prove Theorem 3.1.2. We note that the random power-law
graph studied by Janson, Luczak and Norros [55] whp does not contain K, as
a subgraph if the degree distribution has a finite second moment. In our case a
similar result holds for the rainbow K. Given a sequence of random intersection
graphs {G(n)}, we show that the number of rainbow K, subgraphs of G(n) is
stochastically bounded as n — 400 provided that the sequence of the second
moments of the degree distributions is bounded. If, in addition, the sequence
of degree distributions is uniformly square integrable, then G(n) has no rainbow
K, whp, see Lemma 3.3.3 below. We use these observations in the proof of
Theorem 3.1.2.

3.3.1 Large cliques and rainbow K},

Let U be a finite set and let C = {C},...,C,} be a collection of (not necessarily
distinct) subsets of U. We consider the complete graph Ky on the vertex set
U and interpret subsets C; as colours: an edge z ~ y receives colour C; (or
just ) whenever {z,y} C C;. We call C a clique cover if every edge of the
clique Ky receives at least one colour. The edges spanned by the vertex set
C; form a subclique, which we call the monochromatic clique of colour 7. We
say that a vertex set S C U is a witness of a rainbow clique if every edge of
the clique Kg induced by S receives a non-empty collection of colours and it is
possible to assign each edge one of its colours so that all edges of Kg were assigned
different colours. For example, the collection C = {A, B, C'}, where A = {1, 2,3},
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Chapter 3. Large cliques in sparse random intersection graphs

B ={1,3,4} and C = {2,4, 3} is a clique cover of the set {1,2,3,4}. It produces
three monochromatic triangles and four rainbow triangles.

We start with a result that relates clique covers to rainbow clique subgraphs.
For a clique cover C = {C4, ..., C,} denote by p(C) = max;; |C; N C;| the size of

maximum pairwise intersection.

Lemma 3.3.1 Let k and p be positive integers. Let h = h(k) > 0 denote the
smallest integer such that (Z) > k. Let C be a clique cover of a finite set U and
assume that maxcec |C| > |U| — h and p(C) < p.

If, in addition, |U| > t(k,p), where t(k,p) = c%p (m—l— 5+2p>, then C
produces at least k witnesses of rainbow Ky. Here ¢ is the absolute constant of
Lemma 3.2.8.

Proof Write b = max; |C;|. We note that C has no rainbow K}, since otherwise

there would be at least (Z

monochromatic subclique of K;; has at most b vertices. Hence, each colour appears

) > k copies of rainbow K. Observe, that every

at most b — 1 times at each vertex of Ky. By Lemma 3.2.8, Ky has at most
c(b— 1)h*/Inh vertices. That is, b > a|U|, where a = 2 and c is an absolute
constant. Fix B € C with |B] = b and a subset S C U \ B of size h, say
S = {x1,...,z5}. Here we use the assumption |U| > b+ h telling that U \ B
has at least h elements, |U \ B| = |U| —b > h. We remark, that at least one
pair of vertices of S, say {x1,z2}, receives at most 5 colours (it is covered by
at most 5 sets from C). Indeed, otherwise every edge of Kg received at least 6
distinct colours and, thus, each S C S of size |S’| = 4 induced a rainbow Kj.

This contradicts to our assumption that there are fewer than k < (h) rainbow

4
copies of Kjy.

We observe that the set of colours received by the pair {z1, x5} is non-empty
(since C is a clique cover) and fix one such colour, say C,, ., € C. Now, consider
the set of pairs {{z1,y}, y € B} and pick a smallest family of sets from C such
that each pair were covered by a member of the family (the smallest family means
that any other family with fewer members would leave at least one uncovered
pair). Since each member of the family intersects with B in at most p vertices
(condition of the lemma) we conclude that such a family contains at least [b/p]
members. Furthermore, since the family is minimal, every member covers a pair
{z1,y} which is not covered by other members. Hence, we can pick a set B; C B
of size [b/p] so that every {z1,y}, y € By is covered by a unique member, say
Cy, y, of the family.

Next, remove from B; the elements y such that z5 € C,, , (there are at most 5
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3.3. Finite variance

of them). Then remove those elements y which belong to the set C,, ., (there are
at most p of them, since |Cy, ., N B| < p). Call the newly formed set B’. Notice
that
v =B S P G
p p

Let us consider the clique K on the vertex set B’ U {z1,z,}. For y € B, colour
each edge {z1,y} of K with the colour C,, . Colour the edge {z}, x5} with Cy, .,
and for every edge {v;,y;} € B’ use the colour B. Finally, for y € B’, assign
{z2,y} an arbitrary colour from the set of colours received by {3, y} from the
clique cover C.

We claim that for any y; € B" and any y, € B'\ Cy, ,,, the set {1, 22,91, y2}
witnesses a rainbow K. Indeed, by the construction, the colour Cj, ,, of the edge
{x1, 22} occurs only once, because B’ N Cy, ,, = . Similarly, for z1,2o ¢ B, the
colour B of {y1,y2} occurs only once. The colours of the two other edges incident
to x1 occur only once, since we removed all candidates y such that x, € Cj

x1,y

while constructing the set B’. Finally, we have C,,,, # Cy,,, since we chose y,

2,Y2
outside Cy, ,, .

How many such witnesses can we form? For any y; we choose |B'| — |B' N
Coyun| = |B'| — p suitable yo. Repeating this for each y; we will produce every

4-set at most twice. Therefore K contains at least

V' —p) 1 [aU] ?
—_— > — —=5-2 3.31
o 23\ p (3.31)
witnesses of rainbow K. But since the total number of witnesses of rainbow Ky
produced by C is less that k, the right-hand side of (3.31) is less than k. We obtain
the inequality
U| < g <\/2k 154 2p) = t(k, p),

which contradicts to the condition |U| > t(k, p). O

In the remaining part of the subsection 3.3.1 we interpret attributes w € W

as colours assigned to edges of a random intersection graph.

Lemma 3.3.2 Let G = G(k, m, P) be a random intersection graph and let X1, . ..,
Xy denote the sizes of random sets defining G. For any integers xi, ...,z such

that the event B = {X, = x1,..., Xy = a1} has positive probability, we have

_ k(k—1)

P(G has a rainbow Ki|B) <m™ 2z (ziy...25)" "

Proof Our intersection graph produces a rainbow clique on its k vertices when-
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Chapter 3. Large cliques in sparse random intersection graphs

ever for some injective mapping, say f, from the set of pairs of vertices to the set

of attributes, the event Ay = {every pair {z,y} is covered by f({z,y})} occurs.

By the independence, P(Af|B) = [] (m—’“j Since there are (m) () possibilities
2

i (m)—
to choose the map f, we obtain, by the union bound,
(.I’i)k,1 (x’lﬂjg ce l'k)k_l
(M1~ mrE-1/2

P(G has a rainbow Ki|B) < (m)(§> H

%

O

Lemma 3.3.3 Let {G(n)} be a sequence of random intersection graphs such that
EY (n)? = O(1). Then the number R = R(n) of 4-sets S C V(G(n)) that witness
a rainbow Ky in G(n) satisfies as n — 400

EYH'

ER < = =0(l).

Furthermore, if for some positive sequence €, — 0 we have nP(Y (n) > e,n'/?) — 0

then G(n) does not contain a rainbow K, whp.

Proof of Lemma 3.3.3 Denote X, = |S,(n)| and Y = Y (n). We write, using
symmetry and the bound of Lemma 3.3.2,

X1 XoX3X,)?
1234>/\1).

ER = Z P(S witnesses a rainbow K) < (Z)]E << o
SCV,[5|=4

Next, we apply the simple inequality a® A 1 < a* and bound the right-hand side
from above by Z—?E(Xlxniff‘X“)Q = (Ef)4.
For the second part of the lemma, let b = b(n) = €,/m and let A = A(n) be

the event that max,cy X, < b. Let A denote the complement event. We write

P(R>1)<P(R>1,A)+P(A) <ERI, +P(A). (3.32)
By the union bound the second term is at most
nP(X > b) = nP(Y > e,n*/?) = 0.
The first term by Lemma 3.3.2 satisfies
(EX2)inipt

ERLug(Z)m*TXXL&JgXQﬁAS-——IEF——-&AEY%4:0O)
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3.3. Finite variance

The next result shows that the structure of random intersection graphs with
EY (n)? = O(1) is relatively simple.

Lemma 3.3.4 Let {G(n)} be a sequence of random intersection graphs. Assume
that EY (n)? = O(1) and m(n) — oo as n — +oo. Then whp each pair {w',w"}

of attributes is shared by at most two vertices of G(n).

The lemma says that the intersection of any two monochromatic cliques of

G(n) consists of at most one edge whp.

Proof For any pair of attributes w’, w” and a vertex v of G(n), we have

P(w',w" € S,) = ZMS”' = ’“%ﬁgfn__lf) _ IETr)Lim__ES(

EY? <c

“n(m—1) " nm’

Here ¢ > 0 does not depend on m and n. By the union bound, the probability

that there is a pair of attributes shared by £ or more vertices is at most

m\ [(n en\k /¢ \k ec\*
P 1 " Sv k < 2 (_) (_) < 2 <_> )
(2)(k> (W, w" € 5,) s m k am/) =" \km
This probability tends to zero for any k > 3. O

Proof of Theorem 3.1.2 Let R = R(n) denote the number of 4-sets S C
V(G(n)) witnessing rainbow K, in G(n). By Lemma 3.3.4, the intersection
of any two monochromatic cliques has at most 2 vertices whp. In that case,
by Lemma 3.3.1 (applied to the set of vertices U of the largest clique) either
w(G(n)) <t(R+1,2) or w(G) <wW'(G)+ h(R+1). Thus,

w(G(n)) <w'(G(n) + Z(n)

where Z(n) =t(R+1,2) + h(R+ 1) = Op(1), by Lemma 3.3.3.
If nP(Y(n) > €,n'/?) — 0 for some ¢, — 0 then by Lemma 3.3.3 G(n) whp
does not contain a rainbow Ky, so whp w(G) < ¢(1,2) V (W'(G) + 3). O

3.3.2 Monochromatic cliques and balls and bins

Here we prove Theorem 3.1.3. In the proof we use the fact that the maximum bin

load M (N, m) is a “smooth” function of the first argument N, see lemma below.
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Chapter 3. Large cliques in sparse random intersection graphs

Lemma 3.3.5 Let {N,} and {m,} be sequences of positive integers such that
N =N, — o0 and m =m, — co. Let {5,},{e.} be positive sequences converging
to zero such that €, = o(d,). For every n there is a coupling between random
variables M' = M! = M(|N(1+¢€,)],m) and M = M, = M(N,m) such that
M < M’ with probability one, and

P(M' — 6, EM’ < M) — 1. (3.33)
If, additionally, P(M' > 6,;') — 0, then M = M’ whp.

Proof Given n, we label m bins by numbers 1,...,m. Throw | N(1 +¢,)| balls
into bins. This gives an instance of M’. Denote by L the label of the bin with the
lowest index realising the maximum.

Now delete uniformly at random |¢,/N | balls. The configuration with the
remaining N balls gives an instance of M < M’. We remark that conditionally,
given M’, the number A of balls deleted from the bin L has a hypergeometric

distribution with the mean value

M’ x |e,N | ,
NI+ ey =

Now the bin L contains M’ — A < M balls and, by Markov’s inequality,
PM' —M>t) <P(A>t) <t 'EA<t'e,EM.
Choosing t = §,E M’ yields (3.33). Similarly, if P(M’ > ') = o(1), then
P(M' =M >1) <EAlLy -1 +P(M' > 06,") < e,6," 4+ 0(1) = 0.

O

Proof of Remark 3.1.4 Suppose m = o(n), EY = (1) and EY? = O(1). Since
X = X(n) is a non-negative integer, we have E X? > EX. But E X% = O(m/n)
and EX = O((m/n)'/?), so E X? = o(E X), a contradiction. O

Proof of Theorem 3.1.3 In view of Remark 3.1.4 it suffices to consider the case
m = Q(n). Denote ¢, = (2 + In*n)~! so that ¢,Inn = o(1) and ne? — +oo.

Given n, write € = ¢, and denote N = nlE X; = /mnEY and

N~ = |N(1—4e)], N*=[N(1+4e)].
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3.3. Finite variance

In order to generate an instance of G(n) we draw a random sample X,..., X,
from the distribution P(n). Then choose random subsets S,, € W of size X,
v; € V, by throwing balls into m bins labelled wy, ..., w,, (the j-th bin has label
w; and index j) as follows. Keep throwing balls labelled ¢ = 1 until there are
exactly X; different bins containing a ball labelled . Do the same for ¢ = 2,... n.
Now, for each 7, the bins containing balls labelled i make up the set S,,. In this
way we obtain an instance of G(n). Let X denote the number of balls of label i
thrown so far. Clearly, X7,..., X is a sequence of independent random variables
and X/ > X;, for each i. We stop throwing balls if the number of balls N' = 3" X/
at least as large as N*. Otherwise we throw additional N* — N’ unlabelled balls
into bins.

Let us inspect the bins after j balls have been thrown. Let M(j) denote the
set of balls contained in the bin with the largest number of balls and the smallest
index. We note that the number M(j) = |M(j)| of balls in that bin has the same
distribution as M (j,m) (random variable defined before Theorem 3.1.3).

Denote, for short, w' = w'(G(n)) and M = M(|N|). We observe that the
event A; = {all balls of M(N’) have different labels} implies w'(G(n)) = M (N').
Furthermore, if both events Ay = {M(N~) = M(NT)} and A3 = {N- < N’ <
N7} hold, then M = M(N’). We shall show below that

P(A,) =1—-o0(1), for r=1,2,3. (3.34)

Now, (3.34) implies P(w’ = M) = 1—0(1) and, since the distributions of M (| N |, m)

and M coincide, we obtain

dTV(w',M(LNJ,m)) = dT\/(w/, M) S ]P’(w' 7é M) = 0(1)

It remains to prove (3.34). Let us consider P(Ajz). We first replace X; and X by

the truncated random variables

Denote N’ = 3, X! and introduce events A3 = {N~ < N’ < N*} and A, =

{max;<;<, X; < em}. Let A, denote the complement of A;. From the relation

./43 N ./44 = ./43 N ./44 we obtain

P(A;3) > P(As N Ay) = P(As N Ay) > P(A;) — P(A).
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Chapter 3. Large cliques in sparse random intersection graphs

Furthermore, by the union bound and Markov’s inequality, we have

EX? EY?

em2 . em o(1),

P(Ay) <nP(X; >em) <n

since m = Q(n) and €2n — 4o0o0. Hence, P(A3) > P(A;3) — o(1). Secondly, we
prove that P(A;3) = 1 — o(1). For this purpose we show that, for large n,

N1-¢)<EN < N(1+2) and P(|N'—EN'|>c¢EN')=o0(1). (3.35)

The proof of (3.35) is routine. Notice that conditionally, given X; = k, we have

Xl’ = Z?Zlfj, where &1,&s,...,& are independent geometric random variables
with parameters
m m—1 m—k+1
wom T

X; <E(X]|X;) < Xi(1 + 2e). (3.36)
From (3.36) we obtain
nE X, <EN' < (1+2€)nEX;. (3.37)
Furthermore, invoking in (3.37) the inequalities E X; — s < EX 1 < E X;, where
s =EXiIix,5emy < (em)"EXT = (en) 'EY] = o(e),

we obtain the first part of (3.35). The second part of (3.35) follows from the
inequalities N’ > N(1 — €) and

VarN' < 2nE X? = 2mEY?, (3.38)
by Chebyshev’s inequality. Let us show (3.38). Proceeding as in the proof of
(3.36) we evaluate the conditional variance

k—1

KR = k) = m_ K _F
Vet = Zvar@ Z( — )220 —€2m — m’

J=0
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3.3. Finite variance

and obtain

E X2
—

EVar(X)|X;) <

Furthermore, using (3.36) we write
Var(E(X]|X;)) < E(E(X]|X;))” <EX}(1+26)° <EX?(1+8e).

Collecting these estimates we obtain an upper bound for the variance

Var(X!) = EVar(X!|X;) + Var(E (X!|X;)) <EX2(1+ 8+ m™) < 2K X2.

This bound implies (3.38). We have shown (3.34) for r = 2.

Let us prove (3.34) for r = 1. We start with an auxiliary inequality. Given
integers x1,...,x, > 0 consider a collection of kK = 1 + --- + x,, > 0 labelled
balls, containing x; balls of label 7, 1 < ¢ < n. The probability of the event that

a random subset of r balls contains a pair of equally labelled balls is

P(L>1)<EL= (;) (];) B Z (Z) < (%)2 Zx2 (3.39)

Here L counts pairs of equally labelled balls in the random subset.

We will show that P(A;) = o(1). To this aim, we introduce events

As = {M(N')<Inn},  As={>_ (X))’ <mlnn},

1<i<n

estimate
P(A) <P(A NAsN AN As N Ag) + P(A3) + P(Ay) + P(As) + P(Ag),

and show that each summand on the right is o(1). For the first summand we

estimate using (3.39)
P(A N AsN AN A N Ag) = EP(A X, - Xo)Tagnaundsnide

M N/ 2 _
S E ( (”’ ) Z( 7?)2]1A3QA4QA5QA6|X17 o JXTL>

(R 4

Inn\?2 Inn
g(m) mlnn:0< - )
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It remains to show P(A,) = o(1), for r = 5,6. We write P(As) = P(AsN.A;3) +

o(1) and estimate

P(AsNA3) <P(M(NT) >1nn) = P(Hel?}? Z; >Inn) <mP(Z; >1nn) = o(1).
]m (3.40)
Here Z; denotes the number of balls in the jth bin after N7t balls have been
thrown. In the second inequality we applied the union bound and used the fact

that Z,,..., 7, are identically distributed. To get the very last bound we write
for binomially Bin(N*,m™!) distributed Z, and t = |Inn],

P(Z > 1) < (]\f)m-t < (6N+>t =o(m™).

tm

To estimate P(Ag) we apply Markov’s inequality,

P(As) < (mlnn) 'nE (X{)Q =In! n(Var(f({) +(EX)])?) =

S~—
|
o

=
[}

S

Finally, we prove (3.34) for » = 2. Notice that the coupling between M (N¥)
and M(N7) is equivalent to the coupling provided by Lemma 3.3.5. Choose
¢ solving N* = (1 + ¢)N~ and note that ¢ ~ 8 = O(In"?n). The bound
P(A;) = 1—0(1) follows by Lemma 3.3.5 and the bound P(M(N*) > Inn) = o(1),

shown above. O

3.4 Algorithms for finding the largest clique

Random intersection graphs provide theoretical models for real networks, such
as the affiliation (actor, scientific collaboration) networks. Although the model
assumptions about the distribution of the family of random sets defining the
intersection graph are rather stringent (independence and a particular form of the
distribution), these models yield random graphs with clustering properties similar
to those found in real networks, [18]. While observing a real network we may or
may not have information about the sets of attributes prescribed to vertices.
Therefore it is important to have algorithms suited to random intersection graphs
that do not use any data related to attribute sets prescribed to vertices. In this
section we consider two such algorithms that find cliques of order (1 + o(1))w(G)
in a random intersection graph G.

The GREEDY-CLIQUE algorithm of [55] finds a clique of the optimal order

(1 —op(1))w(@) in a random intersection graph, in the case where (asymptotic)
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degree distribution is a power-law with exponent « € (1;2).

GREEDY-CLIQUE(G):
LetvM ... v™ be V(G) sorted by their degrees, descending
M+
fori=1ton
if v is adjacent to each vertex in M then
M + MU {v@}

return M

Here we assume that graphs are represented by the adjacency list data struc-
ture. The implicit computational model behind our running time estimates in

this section is random-access machine (RAM).

Proposition 3.4.1 Assume that conditions of Theorem 3.1.1 hold. Suppose that
EY = O(1) and that (3.7) holds for some € > 0. Then on input G = G(n)
GREEDY-CLIQUE outputs a clique of size w(G(n))(1 — op(1)) in time O(n?).

By Lemma 3.1.5, the above result remains true if the conditions (3.2) and EY (n) =
©(1) are replaced by the conditions (3.6) and E D; = ©(1). Proposition 3.4.1 is
proved in a similar way as Lemma 3.2.1, but it does not follow from Lemma 3.2.1,

since GREEDY-CLIQUE is not allowed to know the attribute subset sizes.

Proof The running time bound is obvious. We have to check that the algorithm
returns a clique of the correct size. Fix any 6 € (0;1). Let C = C(n) be the
clique returned by the algorithm on input G = G(n), and write w = w(G(n)). Let
As = As(n) be the event that |C| < (1—§)w. To prove the lemma, we have to show
that P(A;) — 0. Fix positive a,b, such that @ < 1/4 and b < (1 — 0.15) "%/ — 1.
Let 65, e1, K be as in Section 3.2.1. Set 6 = A(n) = (1 + b)f; and

T=71(n)= (1 -a/2QEY Inn+e)n?(1+n"°).

We will assume that 7 is large enough, so that | 4 1] < m. Let Vo = {v € [n] :
X, > 05} as before, and define random sets @ = Q(n) and R = R(n)

Q={ven]:D,>7} and R={veln]:X, >0}

Here D, is the degree of v in G(n). Let B = B(n) be the event that R C @ C V5.
Write K = K(n) = (1—a/2)"“K. Recall that in the proof of Lemma 3.2.1 it does

not matter in which order the vertices of V5 are considered when constructing the
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set AV in particular, the order may be random. We will assume that the vertices
in VoN(Q are always considered first, in the order provided by the GREEDY-CLIQUE
algorithm. Let Ly be as in Lemma 3.2.1. We claim that

P(45) <P (IR| < (1 - 0.1)K ) +B(B) + P (|V3] > (1+0.1)K)
FP(Ly > 0.16]V3]) + P (w > (1+ o.55)f() . (3.41)

Indeed, suppose that |R| > (1 — 0.16)K, Ly < 0.18|V4|, [Va] < (1 4 0.10)K,
w < (14 0.56)K and B holds. Then As does not hold, since

IC| > |Q| — Ly > |R| — Ly > (1 — 0.10) K — 0.16(1 + 0.16) K
> (1—-0.50)K > (1—6)w.

Now the last three terms on the right side of (3.41) tend to zero by the proof
of Lemma 3.2.1 and Theorem 3.1.1. Furthermore, since E|R| = nP(X > ) ~
(1+b)~*K and (14 b)~® > 1 —0.16, we get that P(|R| < (1 — 0.16)K) — 0 by
the concentration of |R| (using, for example, (3.12)).

It remains to prove that B holds whp. Let us first show that @) C V;, whp. By

the union bound
]P)(‘Q \ ‘/2’ > O) < TL]P(Xl < 62,D1 > 7') < nIP’(Dl > T’Xl = LHQJ)

< nP (Z HSUQSH@) > T|X1 = L92j> < Tl]P)(Zl > 7'), (342)

v=2

where Z; = Z;(n) is a random variable with distribution Binom(n,p;) and p; =
pi(n) = %. The last inequality follows by monotonicity, since the probability
that Sy intersects an independent uniformly random subset of [m] of size |6s] is

at most p;. We have
EZ; = np; = n'/?°0  and 7= (1+n""E 7.
Now by the Chernoff bound (3.11)
P(Zy>71)=P(Z1 > (1+n ") EZ) <exp (—n%_%“(l)) :

Putting this in (3.42) we get that P(|@Q \ V| > 0) — 0.
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Similarly we will show that R C @ whp. We have
PR\ Q|>0) < nP(D; <7,X; >0) <P(D; <7|Xy = |0+ 1]) =nP(Z, < 7),

where Zy = Zy(n) = Binom(n — 1,p9) and py = pa(n) is the probability that Sy
intersects an independent uniformly random subset of [m)] of size |6 + 1]. Now
(3.7), EY = ©(1) and Lemma 3.2.5 imply that for @ = a(n) = n~/? we have

E5X2H§X2>&m = (% OE Y]IY>&n1/2((1—o¢/2) Innter)=t = O(é]E X) (343)

Next, observe that the bounds (3.55), (3.56) and (3.57) apply also when X; and X,
are independent but with different distributions, in particular when X; = Lé +1]
and X, has distribution P(n); these inequalities together with (3.43) yield that

0F X
po~—— and EZy;~npy ~ (140)7.
m

Applying (3.11) again, we get that P(Z, < 7) = exp (—n!/?°W) and P(|R\ Q| >
0) — 0. O

For random intersection graphs with square integrable degree distribution we

suggest the following simple algorithm.

MoNo-CLIQUE(G):
for uv € E(G)
D(uv) < [T'(u) N T'(v)]
for uv € E(G) in the decreasing order of D(uv)
S« T'(u)NT(v)
if S is a clique then
return S U {u,v}
return {1} N V(G)

Here I'(v) denotes the set of neighbours of v.

Theorem 3.4.2 Assume that {G(n)} is a sequence of random intersection graphs
such that n = O(m) and EY?(n) = O(1). Let C = C(n) be the clique constructed
by MONO-CLIQUE on input G(n). Then E (w(G(n)) —|C|)> = O(1). Further-
more, if there is a sequence {wy}, such that w, — oo and w(G(n)) > w, whp,
then |C| = w(G(n)) whp.
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Proof Given distinct vertices vy, vq, v3,v4 € [n], let C(vy, vq, v3,v4) be the event
that G(n) contains a cycle with edges {vivq, vov3, V304, v104} and S, N S, = 0.
Let Z denote the number of tuples (v, vq,v3,v4) of distinct vertices in [n] such

that C(vy,v2,v3,v4) hold. We will show below that
EZ=0(). (3.44)

Let S C [n] be the (lexicographically first) largest clique of G(n). Denote
s =|S]. If s <2 or there is a pair {z,y} C 5, x # y such that G(n)[['(z) N T'(y)]
is a clique, then the algorithm returns a clique of size s. Otherwise, for each such
pair {z,y} there are 2/,y" € I'(z) N['(y), 2’ # v with 2’y ¢ E(G(n)). That is,
C(x,2',y,y’) holds and (;) < Z. Thus, if (;) > 7, the algorithm returns a clique
C of size s. Otherwise, the algorithm may fail and return a clique C' of size 1. In
any case we have that

s—|C|<V2Z+1

and using (3.44)
E (w(G(n)) — |C))? < E(V2Z +1)? = O(1).

Also if w(G(n)) > w, whp, then by (3.44) and Markov’s inequality

P(C 4 w(G())) < PW(G(n)) < wn) + P (z > (“;)) S,

It remains to show (3.44). What is the probability of the event C(1,2,3,4)?
Clearly, C(1,2,3,4) implies at least one of the following events:

e A, : there are distinct attributes wq, wo, w3, wy € W such that w, € S; N Ss,
Wy € SQﬂSg, w3 € SgﬂS4 and wy GSlﬂS4;

e A, : there are distinct wq, wq, w3 € W, such that w; € S; N Sy NS5, wy €
53 NS, and w3 € SN 54;

e A3 : there are distinct wq, we, w3 € W, such that w; € S1NSs, wy € S5 N S;
and ws € S;NS3N 54;

e A, : there are distinct wy,wo € W, such that w; € S; N Sy NSz and
w2651053054.

Conditioning on X7, X5, X3, X, and using the union bound and independence we
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obtain, similarly as in Lemma 3.3.2

(X1)2(X2)2(X3)2(X4)2 < (EY?)*

(m)3 - ot
X1)2X2(X3)2(X4)2 < (EY?)*(EY)
(m)gm — m0.5n3.5 ’

Xl)QXQ(X3)2X4 < (E YZ)Q(E Y)2

P(A;) < (m)4E

P(As) = P(Ag) < (m)sE ¢

P(Ay) < (m)2E (

(m)3m? mn3

Furthermore, by symmetry,

EX < (n)s (P(Ar) + P(Az) + P(As) + P(A4)) = O(1).

Proposition 3.4.3 Consider a sequence of random intersection graphs {G(n)}
as in Theorem 3.1.3. MONO-CLIQUE can be implemented so that its expected

running time on G(n) is O(n).

Proof Let Z denote the number of 4-cycles in G(n), i.e., the number of tuples
(v1, 9, v3,v4) of distinct vertices in [n], such that vyvy, vevs, v3vg, V104 € E(G(n)).
We will prove below that

EZ = O(n). (3.45)

Consider the running time of the first loop. We can assume that the elements in
each list in the adjacency list structure are sorted in increasing order (recall that
vertices are elements of V' = [n]). Otherwise, given G(n), they can be sorted using
any standard sorting algorithm in time O(n + 3_ .1, D?), where D, = dgn)(v)
is the degree of v in G(n). The intersection of two lists of lengths k; and ko
can be found in O(k; + ko) time, so that expected total time for finding common

neighbours is

Ofn+E Y (Du+Dy)|=0|n+E ) D:|=0(n).
weE(G(n)) v€[n]

The last estimate follows by (3.66) in the proof of Lemma 3.1.6.
The second loop can be implemented so that the next edge uv with largest
value of D(uv) is found at each iteration (i.e., we do not sort the list of edges

in advance). In this way picking the next edge requires at most ce(G(n)) steps

c is a universal constant. We recall that the number of edges uwv € E(G) with
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['(u,v) := T'(u) NT'(v) # 0 that fail to induce a clique is at most the number Z
of cycles considered in the proof of Theorem 3.4.2 above. Therefore, the total

number of steps used in picking D(uv) in decreasing order is at most

Ze(Gn) = > Teairpe(G(n)).

(i7j7k“7l)

Now

e(G(n) = D T{omty + > Tty

s<t: {s,t}n{i,5,k,1}=0 s<t: {s,t}N{i,5,k,1}#0
Note, that the second sum on the right is at most 4n. Also, if {s, t}N {4, j, k,1} =0,

the events s ~ t and C(i, j, k, ) are independent, therefore

E | Ieg k. Z Loty | = P(C(i, J, k1)) Z P(s ~1)

s<t:{s,t}n{i,j,k,[}=0 s<t: {s,t}N{3,5,k,1}=0
< P(C(i, J, k, 1)) E e(G(n)).

Finally, invoking the simple bound Ee(G(n)) = (5)P(u ~ v) = O(n), and (3.44)

2
we get

EZ e(G(n)) < (Ee(G(n))+4n) Y B(C(i,j.k,1) = (Ee(G(n))+4n)E Z = O(n).
(4,4,k,0)

Now let us estimate the time of the rest of the iteration of the second loop. The
total expected time to find common neighbours is again O(n), so we only consider
the time spent for checking if I'(u, v) is a clique. This requires c¢s?, steps, where
we denote s,, = |['(u,v)|. Observe that u,v and I'(u, v) yield at least s, (Suw —1)
4-cycles in G(n) of the form (u,x,v,y), z,y € I'(u,v). Summing over all edges uv
and noticing that each 4-tuple corresponding to 4-cycle in GG(n) can be obtained

at most once, we get

Z> Y swlw-1>= > (sh,—1)/2
weE(G(n))

weE(G(n))

So using (3.45) and the fact that Ee(G(n)) = O(n) we obtain

E Z 52 <2EZ +Ee(G(n)) = O(n).

weFE(G(n))

Finally, let us bound E Z. Let A;, 1 <i < 4 be as in the proof of Theorem 3.4.2.
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Let As be the event that there is w € W such that w € S; N S, N S3N Sy, Using

the union bound
X1 X0 X3Xy B (]EY)4

mA mn2

Similarly as in the proof of Theorem 3.4.2 (we have to consider three other events

similar to Ay and Ay),
EZ < (n)s (P(A)) + 4P(Ay) + 2P(Ay) + P(A45)) = O(n).
O

Combining the next lemma with Theorem 3.1.3 we can show that MoONO-

CLIQUE whp finds a clique of size at least w'(G(n)).

Lemma 3.4.4 Let {G(n)} be as in Theorem 3.1.3 and let M = M(G(n)) be the
monochromatic clique of size W' (G(n)) generated by the attribute with the smallest
index. Then whp G(n) has an edge uv such that {u,v} U (I'(u) NI'(v)) = M.

Before we prove the lemma, we need several definitions. A balls and bins
configuration C with parameters (N,m,n) is a pair (binc,labelc) of functions
bing : [N] — [m] and labele : [N] — [n]. These functions determine the place-
ment of N distinguishable balls with labels from [n] into m bins. Recall that
f(S) and f~1(S) denote the image and preimage of a set S under a function f
respectively. Given a balls and bins configuration C, for each i € [n] we define
Si(C) = bine(labelz* ({i})), X;(C) = |Si(C)| and X}(C) = |label;*({i})|. Also de-
fine for j € [m] the set T;(C) = bing ' ({j}), write Z;(C) = |T;(C)| and interpret
T;(C) as the set of balls in the bin j. We denote by L(C) the (smallest) index
J € [m] that maximizes Z;(C). Also, write w'(C) = Z.(C), where L = L(C).

The intersection graph G(C) corresponding to C is the intersection graph on
vertex set [n] of the family of sets {S;(C) : i € [n]}.

Given a function f : [N] — [m] and z,y € [N] let exchange(f,z,y) be an
operation, the result of which is again a function g : [N] — [m], defined as
follows.

flz), fw=y
g(w) =4 fly), ifw=uz;

f(w), otherwise.

Given a balls and bins configuration C with parameters (N, m,n), define random
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variables by, by, b}, b}, taking values! in the set
{unde fined} U [N]

as follows. If w'(C) < 1 let by = by = undefined. Otherwise, let (b, bs) be chosen
uniformly at random from all ordered pairs of distinct balls in the bin L(C). We
let b) = by = undefined if N < 1. Otherwise, we define (b, %) as a uniformly
random pair from all N(N — 1) ordered pairs of distinct balls in [N].

Now if w'(C) < 1, define bing: = bine, otherwise define
biner = exchange(exchange(bin, by, b)), ba, by),

that is, we exchange the bins of b; and b}, then exchange the bins of by and
by. Finally, let T(C) = T(C,by, by, b, b)) be a balls and bins configuration with

parameters (N, m,n) and functions (binc:, labelc).

Lemma 3.4.5 Let n,m be positive integers, let (z1,...,x,) be a sequence of
nonnegative integers and let N = x1 + --- + x,. Let f be an arbitrary function

[N] = [n], such that |f~'({j})| = z; for each j € [n]. Let C be a random balls

and bins configuration with parameters (N,m,n) defined as follows:

o bing is chosen uniformly at random from all mY functions from [N] to [m]

(i.e., each ball is thrown into a uniformly random bin);

e labele = f.
Then T(C) has the same distribution as C.

Proof Let z = (21,...,25,) be a vector of non-negative integers, such that
Yo zo= 2?21 z; = N and write zpn.,, = maxc, 2. For a balls and bins
configuration C’, write Z(C') = (Z1(C), ..., Zn(C"))

Define a Markov chain M, with state space S, consisting of all balls and bins
configurations C’ with parameters (N, m,n), such that labelcr = f and Z(C') = z,
and with transitions given by the operation 7.

Suppose Zmqae > 2. We claim, that the transition probabilities py of M, satisfy

Z Dis = Z ps for any state t € S,. (3.46)

SESZ SGSZ

(Note that the above sum must be equal to 1). This follows by a standard ar-
gument: let H = H(V},V3) be an edge-weighted bipartite graph, where V; = S,

'We use a special value “undefined” to avoid the need of extra conditioning later.
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Vo ={s : s € 8.} is a disjoint copy of V; and for each st’ € V; x Vs, let the
weight w(st") be the number of quadruples (b1, by, b}, b}) leading from s to t. By
symmetry, for any s € S,

Zw(st') = Zw(ts’) = é Zw(st').

teVs teV;

For any state in S,, any valid quadruple has the same probability p = (2mae(Zmaez —
1)No(Ny—1))~! to be picked by the random transition 7. Therefore (3.46) follows
by multiplying both sides of the last equality by p. (By considering “inverse”
transitions one may further show that the transition matrix of this Markov chain
is actually symmetric.)

Now by (3.46), the uniform distribution over S, is a stationary distribution for
M,. Clearly, conditionally on Z(C) = z, C is uniformly distributed over S, and so
T'(C) is also distributed uniformly over S,. The last statement is also true in the
case where 2,,,, < 2, since in this case T is the identity operation. We conclude
that 7'(C) has the same distribution as C. O

Proof of Lemma 3.4.4 Using the iid random variables X7, ..., X,, (distributed
according to P(n)), we will construct two random balls and bins configurations
C" and C”, such that

(i) C" and C" have the same distribution;
(ii) G(C') and G(C") are distributed as G(n).
At the same time we will construct a pair of random vertices (u*,v*), such that
e whp u*,v* € T1(C"), where L = L(C");
o u* v* € {0}U|[n];

e Given Xy,..., X, such that N = X; + --- 4+ X,,, u*,v* are iid, and for any

x € [n] Plu* =x) = N)i,fl;

e Given Xy,...,X,, u*,v* are conditionally independent of C’.

Finally we will show that whp C’ and C” differ only by the positions of at most
four balls, so we will be able to use the simple distribution of (u*,v*) in G(C’) to

finish the proof of the lemma.

Construction of C’ and C”. We proceed in several steps. We start by drawing

the sequence Xi,...,X,. Define a random balls and bins configuration Cy with
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parameters (N,m,n), N = > " X, and X; balls labelled 7 as in Lemma 3.4.5.
For b € [N] let labele,(b) = min{i € [n] : X1 +--- + X; > b} and notice that
labelc, depends only on Xi,...,X,. Now let C) = Cy and let C = T'(Cy). Let
by, be, b, b, € {undefined} U [N] be the corresponding random balls used in the
operation 7" as in Lemma 3.4.5.

In the second phase we complete the construction of C" and C” by adding more
balls to Cj, and C{| respectively so that X;(C") = X;(C") = X for each i € [n]. We
use pairing as much as we can. Specifically, assume that C; and C; are already
defined. If there is no index 4, such that max(X;(C;), X;(C/)) < X;, we stop.
Otherwise, let ¢ be smallest such index. Pick b}, independently and uniformly
at random from [m] and place N + ¢+ 1 to the bin b}, in both C; and C/, to
obtain C;,, and C/,, respectively with parameters (N +t + 1,m,n) (formally,
bing, (N +t+1) = by, labele;, (N +t+1) =4, and bing;, ,labelc; | agree on
[N +t]; C/,, is obtained from C;’ similarly).

Let t be the largest integer, such that C; and C;’ are defined. For s = ¢,t+1, ...,
while there is an index i such that X;(C.) < X; add a ball N 4+ s+ 1 labelled ¢
to a uniformly random bin in C; to obtain C, ;. Call the final configuration C’.
Similarly, but now independently, while there is an index ¢ with X;(C”) < X;, add
a ball N + s+ 1 labelled i to a uniformly random bin from C to obtain C;, |, and

call the final configuration C”.

Proof of (i) and (ii). By Lemma 3.4.5, Cj and C{/ are identically distributed.
The procedure to obtain C’ from C| is the same as the procedure to obtain C”
from Cj: we may ignore the coupling of the second phase since the distribution
for each of the final configuration does not depend on the sequence of labels
used in this phase. Therefore C' and C” are also identically distributed. Using a
similar argument as in the proof of Theorem 3.1.3, we see that G(C’) has the same
distribution as G(n).

Properties of C' and C”. Let N’ and N” be the number of balls in C’" and
C” respectively. For i € {1,2} let I} = labele,(b;) in the case where b, € [N], and
let I} = 0 in the case where b, = undefined. Similarly let I; = labele,(b;) in the
case where b; € [N] and let [; = 0 otherwise. Finally, define w = bing, (b)) if
b, # unde fined and w; = 0 otherwise. Also define L := L(C").

We will prove that all of the following events hold whp

e A: N = N" labeler = labeler, the functions bing:, bingr agree on [N'] \
{bl, bg, bll, bIQ} and for i € {]., 2} blnc/(bg) = bincx/(bi), blncl(bl) = blncua);),
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o A':foreach k € [n]\{l}, 15} thereisi € {1,2} such that S;(C") NSy (C") = 0;
e B:forie {1,2}, Xy(Co) = Xy;

o (' : by, by, b, bl are distinct and belong to [N];

o D:wj ¢ Se,(lh) and wh & Se, (1h);

o £:L=1L(Cy), Tr(C{) = Tr(C") and all balls in T7,(C”) have distinct labels;
also all balls in T, (C") have distinct labels;

[ Fl : L(Co) ¢ Sl’l (Co) @) 51/2 (Co);
o Fy:for j € {1,2}, b; is the unique ball in T, (C") with labelcn(b;) = I;.

Assume that B,C, D, E, F; and F; occur, we will show that A occurs (this
event is not essential but helps to make the proof clearer). Since B and F; hold,
for i € {1,2}, each ball in the set labelg'({I;}) is in a distinct bin of C) = Cy, and
not in the bin L(Cy). Using also C, each ball with label [} is in a distinct bin of
C{. Therefore no new balls with label [; are added in the random construction (of
both C’" and C"), once C| and Cj are defined and

Su(€)\ {wf) = Sy (€)\ {L}. (3.47)

Now let j € {1,2}. C,E,F and F, imply that L € S),(Cy) and w; € S, (Cp);
meanwhile L ¢ S;,(Cy) and w) € Sy, (Cy). By E, no new ball labelled ; is added
to the bin L in the second phase of the construction. By F3, no new ball labelled
l; is added to the bin w’ in the second phase. This means that

S, (CYNAL}Y = 5, (C") \ {wf}. (3.48)

Also, notice that the operation T" does not modify the balls with labels k& €
]\ {l1, 12,1, 1} therefore by the pairing Si(C") = Sk(C”) and A holds.

Now let A” be the event that I} and [}, belong to the set M = label(T(C")),
I # 1y, [M] = w'(G(C")) and Lgeny(1h) N Laen(ly) = M\ {13,15}. To prove the
lemma, it suffices to show that A” holds whp.

Suppose A, B,C, D, E, Fy, F; hold, but A” does not. Then there is k € [n] \
{11,105}, such that for both i € {1,2}, (Si(C") \ {L}) N Sk(C") # 0. Suppose
k & {li,la}. We have Si(C') = S(C"), so if Si(C") intersects Sy (C") \ {L} then
Sk(C’) intersects Sy (C’) and A’ does not hold, a contradiction. Therefore we can

assume that &k € {l;,l>}.
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Since wy, wy ¢ Sy(C") (by B, ] is the unique ball b in T, (Co) with labelc, (b) =

/
3

I}, and so by C, D and F1, wy, wy € Sy (Cy) = Sp(C")) we have that for i € {1,2},

/
i

(Su(C")\ {L, wi, wh}) N (Sk(C")\ {L,w}, wh}) # 0.

But using (3.47) and (3.48), (S:(C') \ {L,wi,wy}) = (S.(C") \ {L,w],w)}) for
x € {ly,1y,11,15}, therefore A’ does not occur. This is a contradiction. We conclude
that indeed the events A’, ..., Fy imply A”.

To complete the proof of the lemma, it suffices to show that A", B, C, D, E,
Fy, Fy all occur whp.

The event B. For a random variable Y and an event A we will write E,Y =
E(Y|Xy,...,X,) and P, (A) = E . I4.

Let i € {1,2}. We have X;(Cy) = X; if and only if each ball with label I} falls
into a distinct bin of C.. Given X1,..., X,, and [}, the probability of this is

m—1 m— Xy +1 L+ 4+ Xy —1) X
X"’X—ZZ:[— 2 21_ i

m m m om’

Therefore

X2
P(B) =EE (I3|X1,..., X, 1)) <EE, (1 A ’i)

2m

- X2\ 2X, EN
<E 1A k)28 P(N<—].
= (;( 2m)]EN>+ ( < 2)

on X? EN

We can bound the second term using Chebyshev’s inequality:

P <N < E2N> < 455;(;? < éi?)? =0(n™). (3.50)

We have

X2 X2 X2
E (1 A 2—1> Xl =E (1 A ﬁ) ‘Xv1HX1§m1/2 +E (1 A ﬁ) ‘)(1]1X1>ml/2

m
m1/2]E X2 ml/QE Y2 B
< Tl + E X Iy, o1z < — 2 X2,

98



3.4. Algorithms for finding the largest clique

Putting the last two bounds in (3.49) we get that

_ EY? 2EY?

“1y _ ~1/2
P(B)Snl/zEy+nl/2Ey+o(n ) = O(n~?)

The event C. First, using (3.50), we have that
P(C) =P(C,N > 0.5EN) +O(n1).

The balls by, by are “undefined” if and only if all N balls fall into different bins.
For N > m this cannot happen. For N < m, the probability of this is

(1 _ i) (1 _ E) <e
m m

So

_0.5EN(0.5EN-—1) —Q(n)

P({b1, b2} N{undefined} # O, N > 0.5EN) <e " =  =e

Notice that by, by € [N] implies that b],b, € [N]. Now recall that when by, by, b},
by € [N] (see Lemma 3.4.5), by # by and b} # b,. Finally for i,j € {1,2} using the
fact that, conditionally on N, b is uniformly distributed in [N] and independent
of bj,

2
P(b, = b;, N > 0.5EN) < — — 0
(0 =b;. N 2 05EN) < == = 0;

and it follows by the union bound and the above estimates that P(C)

o(1).

The event D. We will define random vertices u*,v* € {0} U [n]. We can
assume that b) and b, are generated, given N, as follows. Let b},b5 be drawn
independently and uniformly at random from {undefined} U [N]. If b} # b} or
N > 2 and by,by & {undefined}, we set (b},05) = (bf,b5). Otherwise, we let
(b7, by) = (b],05), where (b, b5) is a new uniformly random pair of distinct balls
from [N], independent from (b}, 03). For i € {1,2} set I = labelc,(b}) if b} € [N]
and [ = 0 otherwise and define (u*,v*) = (I},13).

Using (3.50) we get that (u*,v*) = (I},15) with probability O(n™1).

Conditionally on X1, ..., X,,, u* and v* are independent (and also independent
of G(C")), and
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Now we have

P(D) <P(Sy(C") NSy (C') #0) = P(u*v* € E(G(C'))) +O(n™") (3.51)
<EE. (P.(u"v" € E(G(C))Insosen) + P(N <05EN)+O(n ).

The second term in the last line is O(n™!) by (3.50). The first term is at most

EE, (Z (];ZXTXHN>O senPL(ij € E(G(C ))))

i#j 1)*

4n? An?E X2 X2
< / — —1 )
< ENTp 2)21@)(1)(21?*(12 € E(G(C")) < —<EN g O(n™)

This yields that P(D) = O(n™1).

The event E. As discussed above, C’, C” and the configuration used in the
proof of Theorem 3.1.3 all have the same distribution. So P(£) — 1 by the proof
of Theorem 3.1.3.

The event Fj. Fix i € {1,2}. Let Fj; be the event that the bin L in Cy
does not contain a ball with label 7. Since [, = [7 whp, it is enough to show
that P(F};) = o(1). Let F be the event that N > 0.5EN > 2, 3. X; = N,
Y X2 <mlnn and w'(Cy) < (Inn)?. Then

X'(Co) X <(lnn)3
N N+17 EYn

P(F,|F) <E Z =o(1).

By the inequality (3.40) shown in the proof of Theorem 3.1.3
P(w'(Cy) > (Inn)?) — 0. (3.52)

By (3.38) and Markov’s inequality, P(Y", X? > mInn) = o(1). Therefore by the

union bound

P(F) > 1—-P(w'(Cy) > (Inn)?) sz >minn)—P(N < 0.5EN) =1—o(1).

So P(Fy) < P(Fy|F) + o(1) — 0.

The event F,. Fix j € {1,2}. The event C' implies that b; € T, (C). The
event F implies that [; # [. It suffices to prove that the following two events

occur whp: A: in the configuration Cy, the bin w;» does not contain a ball with
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label [;; and B: in the second phase no ball with label l; is added to the bin w.
Denote S = S1,(Co) (in the case where b; = unde fined, this set is empty). Since
P(b; # b5) = O(n™") we may replace b with b5. Define Xy = Xo(n) = 0 and
recall that [; = 0 when b; is undefined. Using the conditional independence of b}
and Co,

P, (b5 € bing!(S)) < (N + 1) 'E..|bing ! (S)|
Given Xi,...,X,, l; and Cy, such that w'(Cy) < (Inn)? we have
bz’ngol(g) < X, (Inn).

By symmetry, given Xj,..., X, and Cy such that w'(Cy) > 2, the ball b; is uni-
formly distributed in [N]. We have

By X+ X4
= N+1 '

Therefore, for n large enough, using (3.50), (3.52) and the above estimates

P(A) <ELco)<(inm2Inz05nPx (6] € bing(S))
+P(b} # b)) +P(w(Co) > (Inn)?*) + P(N < 0.5EN)
4n(Inn)’E X?

STEN +2) +o(1) = o(1).

Now consider the event B. We have shown in the proof of Theorem 3.1.3 that
there is 9,, — 0, such that

P(N,N',N" € (1 - 6,)EN, (1 +6,)EN)) — 1.

The number of balls added in the second phase depends on Cy and by, be, b, b,
but suppose T' = 10§, E N balls are generated (independently) in advance together
with their bin numbers (chosen independently from [m]). Then whp, these 7" balls
are enough to complete the construction of C' and C”, and, since m = (n), the

probability that at least one of these balls falls into the bin wj is at most

T  106,n'/?
- < iz — 0.
So
= T
P(B) < —+P((N'=N)+(N"—=N) > 46,EN) — 0.
m
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The event A’. Denote by By the event that Si(C')N.S,+(C’) # 0 and Sk(C")N
Sp+(C") # 0. Denote by By the event that Si(C') N Sy+(C") N Sy« (C") # 0, and by
By the event By \ Byi. Since (17, 15) = (u*,v*) whp, it suffices to show that

P(3k & {u*,v*} : By) <P(3k & {u*,v*} : Byy) + P(3k & {u*,v*} : Bra) — 0.

In the proof we only need to work with the random intersection graph G(C’).

Using (3.51) above, we have
P(3k & {u*,v*} : Bry) < P(u*v* € E(G(C"))) — 0.

P(3k & {u*,v*} : Bra) <P(N < 0.5EN) + P(u* = v*)

+ Eln>0.5E Nus 0 Z P, (Bk2)
ken]\{u*,v*}

The first and second terms on the right of the last inequality are O(n~!) using
(3.50). The last term is at most

X, X

E | ) Iysossn > Pu(Biglut =i,v" =)
= N+1)(N+1
oy N+DN+1) o=y
4 A(EY?)3 B
< - - EX?X?X?2< >~ L —O(pnt
= m2EN +2)? Z | ik = T EY)? (n™)
1,,k€[n],i#],i#k,j#k
Here in the last line we used
Xin(Xk)Q

P, (Bko|u® =i,v" = j) <

9

m2

which follows using the union bound and the observation that if S;(C’) and S;(C’)
both intersect Si(C’), but the intersection of all three is empty, then there must be
distinct elements wq, wo, such that wy € S;(C") N Sk(C’) and wy € S;(C") N Sk(C).
By the union bound we get P(3k & {u*,v*} : By) — 0.

(I

3.5 Equivalence between set size and degree pa-

rameters

Here we prove Lemmas 3.1.5 and 3.1.6. In the proof we write X = X(n), ¥ =
Y (n), and Dy = Di(n). We denote X, Xs, ... the sizes of subsets Sy, Sy, -+ C W
prescribed to the vertices 1,2,--- € V = [n] of G(n).
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3.5. Equivalence between set size and degree parameters

Proof of Lemma 3.1.5 We start by showing that if either EY or E D; converges

and for some positive sequence {a, } converging to zero (we write a = a,, for short),
EYI{Y>(an)1/2} — 0 (353)

then
EY = (ED;)Y? + o(1). (3.54)

We note that ED; = (n — 1)P(S; NSy # 0). We estimate this probability

using the inequalities, see Lemma 6 in [18],

XX,

X1 X X2X2
> P(S; NSy # 0| X1, Xo) > max{(), ( L 22)} = 7. (3.55)
m m
Notice that EY = Q(1). This is clear if EY — y € (0;00). Otherwise, we have
E D; — d € (0;00) and, by the first inequality of (3.55),

(EY)*

(n—1)=

> (n—1P(S1NSy #0)=ED;.

Furthermore, from EY = (1) and (3.53) we conclude that E XT; s (gmy/2y =
o(E X). Using this bound we estimate E Z from below

EZ Z EZIXlXQS(lm Z (1 — a)m_lEXlXQle;(QSam

> (1-— a)m’l]E X,E Xy, —m™E X1 XoIx, x5 am; (3.56)
where
IE:AXPI)(2IX1X2>am < EXi Xy (]:X1>(am)1/2 + IX2>(am)1/2) (357)
< 2EXE XIX>(am)1/2
= o((EX)?).

Hence, EZ > (1 — o(1))(E X)?. Combining this inequality with (3.55) we obtain
P(Sl N SQ 7£ Q)) ~ m_l(EX)27

thus proving (3.54).

It remains to prove that (3.2)<(3.6). Since both implications are shown in
much the same way, we only prove (3.2)=-(3.6). For this purpose we fix 0 <
€ < min{e, €} and show that for each 0 < § < 1 and each sequence {t,} with
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n1/2—€ S tn S n1/2+€

lim inf(P(Ya(n) > t,)/P(D1(n) > t,)) > (d2(146))™,  (3.58)
hmfupOPOﬁOﬂQEQJ/P(D1003>tnD < (dY?(1=06))""  (3.59)

Here the random variable Yi(n) := (n/m)Y2X,(n) has the same distribution as
Y (n). We prove (3.58) and (3.59) by contradiction.

Proof of (3.58). Suppose there is an increasing sequence {ny} of positive

integers and a sequence {by} with n,lg/ 2-€ < b, < n,lc/ € Such that, for some
0<d<1,
P(Yi(ng) > b)) < (dY*(1 +0)) “P(Dy(ng) > b), k=1,2,.... (3.60)

Define {l;} by the relation b, = d*/?(1 + §/2)l), k > 1. Introduce events A;, =
{D1(ng) > b}, By = {Yi(nx) > I} and write

P(Ay) = P(Ap N By) + P(A N By). (3.61)

In what follows we drop the subscript k£ and write b, [, n, m instead of by, i, ng, my.

We note that (3.2) together with (3.60) imply
P(ANB) < P(B) ~ d?*(1+ 6/2)°P(Yi(n) > b) < ¢;P(A),

where the constant ¢; = ((1 4 §/2)/(1+ §))* < 1. Next we show that P(ANB) =
O(n~'9) thus obtaining a contradiction to (3.60), (3.61).

Denote z = |(m/n)"/?1]. Conditionally, given the event C = {X;(n) = z},
the random variable D;(n) has binomial distribution Bin(n — 1,p) with success
probability p = P(S; N Sy # 0] |S1| = z) satisfying p ~ d"/?I/n. Indeed, the first
inequality of (3.55) implies
< tEX, x(m/n)/’EY [

P — Nd1/2—.
Toom m n

Here we used EY — d'/2 > 0. The second inequality of (3.55) implies, see (3.56),

1— 1— E X
L1E Xol oy cam) = ——2(E Xy — 1) ~o 2
m m m

p=

Here 7 = E X5l x,50m) = o(E X2), for a = a(ny,) = In"" ny, cf. (3.57).
Next, since b ~ (1 4+ §/2)np and np ~ d'/? = Q(n'/?>~¢) we obtain, by Cher-
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3.5. Equivalence between set size and degree parameters

noff’s inequality, P(A|C) = O(n™'%). Now, using the inequality P(A|Y:;(n) = y) <
P(A|C), for y <1, we obtain

P(AN B) = EP(AY; ()T ey < PAIC) = O(n 7). (3.6

Proof of (3.59). Suppose there is an increasing sequence {nj} of positive

integers and a sequence {b;} with n,lg/ <, < n,lc/ %€ such that, for some
0<d<1,
P(Yi(ng) > bp) > (dY%(1 = 6))*P(Dy(ng) > by), k=1,2,.... (3.63)

Define {I;} by the relation by = d*/?(1 — §/2)l), k > 1. We write
We note that, by (3.2) and (3.63), the first term on the right is at least (ca +0(1))

P(Dy(ny) > by,) where the constant ¢, = ((1—46/2)/(1—9))" > 1. Finally, we

obtain a contradiction, by showing that the second term of (3.64) is 1 — O(n~1?).

Here we proceed as in (3.62) above. We write

and show that binomial probability on the right-hand side is O(n~1%) using Cher-

noft’s inequality.

Proof of Lemma 3.1.6 The identity (3.9) follows from (3.54) since
EYTye e < (EY?Tye, 2)? — 0.

Let us show (3.10). Denote N the number of 2-stars in G = G(n) centered at
vertex 1 € V = [n]. Introduce the events A;; = {i ~ j}, i,j € V. Write, for
short, A = A N Aj3. Let P denote the conditional probability given the sizes
X1, Xs, X5 of the random subsets prescribed to vertices 1,2,3 € V. We remark
that (3.10) follows from (3.9) combined with the simple identities

EDy(D;—1)=2EN = (n—1)(n — 2)P(A),
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Chapter 3. Large cliques in sparse random intersection graphs

and the inequalities
(EY)EY? > n’P(A) > (1 —0(1))(EY)’EY>. (3.65)

Let us prove (3.65). For this purpose we write (using the conditional independence
of events A5 and A3, given X, Xy, X3)

P(A) = EP(A) = EP(A)P(As)

and evaluate conditional probabilities P(A,;) using (3.55). From the first inequal-
ity of (3.55) we obtain the first inequality of (3.65)

P(A) = EP(A12)P(Ass) < E(X2X,X5)/m? = (EY)?EY?/n?,

Thus, even without the assumption (3.8) (we use this fact this in the proof of

Proposition 3.4.3), we have
ED, <EY and ED,(D;—1)<EY?EY. (3.66)

To show the second inequality of (3.65) we apply the second inequality of
(3.55) and use truncation. We denote I; = Iy, <. m1/2, I; = 1 — I; and write, cf.
(3.56),

P(A)

v

E@(A)Hlﬂgﬂg 2 (]. - 6%)2E (X12X2X3/m2)]11112]13
(1 - 62)2E (X12X2X3/m2)(1 - El - EQ - Eg)
(1—0o(1)(EY)’EY?/n?.

v

In the last step we used the fact that EY? > (EY)? = Q(1) and the bounds

EX{T = (m/n)EY Iy~ /2y = o(EX?),
EX;I; = (m/n) PEY s ey = oBEX),  j=2,3.

3.6 Concluding remarks

In this work we determined the order of the clique number in G(n,m, P) for a

wide range of m = m(n) and P = P(n). We saw that in sparse power-law random
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intersection graphs with unbounded degree variance, the clustering property of
G(n,m, P) has little influence in the formation of the maximum clique. This
suggests that simpler models, such as the one in [55], may be preferable in the case
of very heavy degree tails. However, when the degree variance is bounded, most
random graph models, including the Erdés-Rényi graph and the model of [55] have
only bounded size cliques whp. In contrast, we showed that in random intersection
graphs the clique number can still diverge slowly.

We have a kind of “phase transition” as the tail index « for the random subset
size (degree) varies, see (3.2). Assume, for example that m = ©(n). When o < 2,
the random graph G(n, m, P) whp contains cliques of only logarithmic size. When
a > 2, it whp contains a ‘giant’ clique of polynomial size. But what happens when
(3.2) is satisfied with o = 2 but the degree variance is unbounded?

We proposed a surprisingly simple algorithm for finding (almost) the largest
clique in sparse random intersection graphs with finite degree variance. The per-
formance of both GREEDY-CLIQUE and MoONO-CLIQUE algorithms can be of
further interest, since these algorithms do not use the possibly hidden random
subset structure. How well would they perform on arbitrary sparse empirical net-
works? Can we suspect a hidden intersecting sets structure for networks where
the MoNO-CLIQUE algorithm performs well?

Another direction of possible future research would be to determine the asymp-
totic clique number in dense random intersection graphs (alternatively, the order
of the largest intersecting set in dense random hypergraphs). For example, even in
the random uniform hypergraph case where m = ©(n) and the random subset size
X(n) = Q(n'/?) is deterministic, exact asymptotics of the clique number remain

open.
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Chapter 4

On the chromatic index of

random uniform hypergraphs

4.1 Introduction

A hypergraph is a pair H = (V, E), where V' = V(H) is a set of vertices and
E = E(H) is a family of subsets of V, called edges (we will allow multiple edges).
H is k-uniform if all of its edges are of size k. The chromatic index of H, denoted
X'(H) is the smallest number of colours needed to colour its edges so that no two
intersecting edges share the same colour. We consider the chromatic index of the
random hypergraph H® (n, N).

This problem is related to the generalisation of Vizing’s theorem for hyper-
graphs. Some related results and conjectures may be found in [2] and [10].
Given a hypergraph H, let degy(z) denote the degree of a vertex x, that is
degu(xz) =|{e:e€ E(H),z € e}|. Let

D(H) = xrer‘l/ez)é) degp(xz) and d(H)= xgl/l(r}l{) degu(z).

Also let C(H) = max,», |[{e € E(G) : x,y € e}|. Vizing’s theorem states that
for any 2-uniform hypergraph without loops and multiple edges, x'(H) is either
D(H) or D(H) + 1. Obviously, for any hypergraph

d(H) < D(H) < X'(H).

In 1989 Pippenger and Spencer [82] proved that Vizing’s theorem may be ex-
tended in a certain sense to uniform hypergraphs in which degrees are concen-

trated around one value and C(H) is small comparing to D(H).
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Chapter 4. On the chromatic index of random uniform hypergraphs

Theorem 4.1.1 (Pippenger and Spencer [82]) For every k and every € > 0
there exist & > 0 and ng such that if H is a k-uniform hypergraph on n > ng
vertices satisfying d(H) > (1 — 8" )D(H) and C(H) < §'D(H) then

X' (H) < (1+¢€¢)D(H).

In this thesis we are interested in asymptotic results concerning algorithmic version
of the theorem for random hypergraphs. By ([Z]) we will denote the family of all
k—element subsets of n. It will also be convenient for us to write a = b + ¢ for
a€b—cb+d.

Theorem 4.1.1 implies that y/(H®(n, N)) = d(1 £ ¢) when the degrees of
H®) (n, N) are large and close to their mean d = Y. This happens whp (with

n

probability tending to 1 as n — 0o) when Inn = o(d), however, k is assumed to be
fixed. Motivated by the problem of determining the chromatic number of random
intersection graphs (see below), we ask whether a similar result holds for random
uniform hypergraphs even when the set sizes are unbounded. Moreover, we focus
on the algorithmic aspect of the problem. The main result of the chapter is the

following theorem.

Theorem 4.1.2 For any € > 0 there is a constant c. > 0, such that the following
holds. Let H®*) (n, N), where k,n, N > 2, be a random hypergraph on vertez set
[n] with N edges of size k drawn independently with replacement from the set ([Z]).
Write d = % Suppose

k<celn <1ij> and k <c.In (%) : (4.1)
n nn

Then there is an algorithm which colours all edges of H™ (n, N) with at most

[d(1+€)] colours with probability at least 1 — 2 — 2.

The algorithm of Theorem 4.1.2 is a simple polynomial algorithm which for
each edge just selects a random available colour. Its description is given in Sec-
tion 4.2. Our proof is an application of the differential equations method, which
differs from the method used in [82]. It should be pointed out that by a sim-
ple coupling argument analogous theorems follow for random hypergraphs with
independent edges and N edges chosen without replacement.

As mentioned above, the motivation for our research was studies on the chro-
matic number of uniform random intersection graphs.

Let N, n and k be positive integers. Moreover, let V = {v,..., vy} and

W = [n] be disjoint sets. Recall that by a wuniform random intersection graph
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G(N,n,k) we mean a graph on the vertex set V' in which each vertex v € V
chooses a set S, uniformly at random from all k—element subsets of the set W.
Two vertices v,v" € V are connected by an edge in G(N,n, k) if S, NS, # 0.
Naturally, G(N,n, k) is an edge graph of the hypergraph H®*)(n, N). Therefore
X' (H® (n, N)) = x(G(N,n,k)), and Theorem 4.1.2 immediately applies. Results
concerning the chromatic number of other models of random intersection graphs
might be found in [6] and [80].

The chromatic number of any graph G on N vertices is related to its indepen-
dence (stability) number a(G) and to the size of the largest clique w(G) by simple
inequalities

X(G)z% and  v(G) > w(G). (4.2)

In a series of papers [28,29,49,69, 71] it was shown that for G = G(N,p), the
Erd6s-Rényi random graph with independent edges, the first inequality of (4.2) is
nearly an equality whp when Np — oo. The independence number of G(N,n, k)
was studied in [94], where it was shown that whp the greedy algorithm usually con-
structs an independent set of the optimal size 7 (1+¢) when the second inequality
of (4.1) holds. Also, the main result of [4] implies that whp w(G(N,n, k)) = 7 (1%e€)
whenever k = o(n'/3). Our result shows that subject to the assumptions of Theo-
rem 4.1.2, both inequalities of (4.2) are nearly equalities whp when G = G(N,n, k).

Naturally, it would be interesting to determine x(G(N,n, k)) or, equivalently,
X' (H® (n, N)) for other (all) ranges of parameters. In the light of [4,94] (see also
[25]), it seems that the first constraint of (4.1) might not be necessary. Meanwhile,
the results of [69] imply that the second constraint should be not far from best
possible.

Finally, let us make the following observation. The greedy colouring algorithms
for G(N, p) usually use about twice the chromatic number of colours (see, i.e., [50]
or Section 7.2 of [56]). Our randomised greedy algorithm (see also [6] and [80])
with high probability colours G(N,n, k) with an asymptotically optimal number
of colours. One could ask whether such an algorithm also exists for other ranges
of kK and N, perhaps in all cases where the clique number of G(N,n, k) is whp

“approximately” equal to its chromatic number.

4.2 The algorithm

The edges of H® (n, N) can be represented as a sequence ey, ..., ey of iid sets,

where each set is selected uniformly at random from ([Z]). We imagine eq, ..., ey
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being added to the hypergraph one by one and coloured by a random valid colour.
More precisely, we fix a positive integer ¢, the number of possible colours. The
set ey is coloured with a uniformly random colour from [g].

The random hypergraph obtained by adding and colouring the first ¢ edges is
denoted by H(i). We always consider H (i) together with the (random) colouring
of its edges C(7). For any set S C [n] let Mg(i) denote the set of all colours ¢ € [q]
such that colouring S with ¢ and adding it to H (i) gives a properly edge-coloured
hypergraph (a colouring is proper if each pair of intersecting edges has different
colours). Let Mg(i) = |Mg(i)|. Thus, Mg(i) is the number of “available” colours
for the set S after the step i.

For ¢ > 1 the edge e = e;,; is coloured with a uniformly random colour ¢(e)
from the subset M,(i) (conditionally on M. (7), the colour ¢(e) is independent of
H(i) and C(7)). If the set M,(i) is empty for the random edge e = e;,1, then the
colour of e remains unassigned.

For a colour ¢ € [q], let L.(i) be the number of vertices from [n] which do not
belong to an edge coloured ¢ in the hypergraph H(i). In the beginning we have
M.(0) = q for each k-element subset of [n] and L.(0) = n for each ¢ € [q]. We
will prove Theorem 4.1.2 by showing that for any € > 0 the above algorithm with
a large enough probability succeeds to colour every edge e; for i < N(1 —¢€) when
q = (kTN] From this it will follow, that the same algorithm with the claimed

probability succeeds to colour all N edges when we start with ¢ = [(1 + 2¢)d].

4.3 Proofs

In the following sections we assume that the integers N > 1,k > 2,n > 3 are
fixed.

4.3.1 One-step differences

We are going to use the differential equations method, see [30,101]. We will
analyse the randomized colouring algorithm with ¢ = (%-‘ colours. The final
result of one run is a random object in the probability space (€2, F,P), where
Q= ([Z])N x {0,...,q}N, F is the o-field generated by the outcomes of all N
edges and their colours, and P is as described in Section 4.2. The associated
natural filter is

{®7Q}:f0gflgg‘FN:'/—-7
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where F; is the o-field generated by the random edges ey, ..., e; and their colours
cler),...,c(e;). Corresponding to each F; is a natural partition of  into blocks
that generate F;, that is, a block of F; is the set of all w € €2 corresponding to a
particular sequence of the first ¢ edges and their colours.

For i € {0,..., N — 1}, some nonnegative p (i), (i) and small nonnegative

k1(i), k2(i), we will consider the events that for each k-set e € ([Z})

Me(i) = pr(8) £ ki (4), (4.3)
and for each colour ¢ € [q]

L(7) = pr(i) £ ka(4). (4.4)

The numbers gy (7) and py (7) will be defined later, but one can think for now that
they are expected values of M, (i) and L.(7) respectively, while k; (i) and k(i) are
the corresponding “errors” So we will assume that pr (i) < n.

Observe that the difference M,(i + 1) — M, (i) is either —1 or 0; and L.(i +
1) — L.(7) is either —k or 0. If M (i + 1) — M.(i) <0 or L.(i +1) — L.(i) < 0 we
will say that M, or, respectively, L., decreases (at step i+ 1).

Lemma 4.3.1 There is a constant D > 1 such that the following holds. Suppose
i€{0,1,...,N — 1} and positive numbers (i), ur(2), ki(i), ka(7) satisfy

> <n/2, k(i) <pu(i)/2  and K+ kko(i) < pr(i) < n. (4.5)

Let B; be a block of the partition generating F; (an atom of F;). Suppose (4.3)
and (4.4) are satisfied conditionally on B;. Then for each e € ([Z])

P(Me(i+1) = Me(i) = —1|By)
_ K2 (i)F1 (1 L ( k1 (7) N k% + k:k:2(z')>>

nk fr () far.(7)

and for each ¢ € [q]

(i) (up(’“l(i) +k2+kk2(i))).

poar (1)n* fnr () e (7)

Proof Since i is fixed, we write py = pr(2), pym = pam(i), kj = k;j(i), Mg =
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Ms(i), Lo = L.(i) and Mg = Mg(i). Conditionally on B;, all random variables
that are F;-measurable are constant. This includes Mg for any S C [n] and L.
for any ¢ € [q], etc. Note that (4.3 - 4.5) imply that M, > 0 for any e € ([Z]), SO
each edge of H (i) is assigned some colour on B;.

In order for M, to decrease at step 7 + 1, e; 1 has to be incident to e. So

P(M, decreases |B;) = Z P(e;+1 = f)P(M, decreases|e;r1 = f, B;)
f:fr~e

1
— (Z) Z P(M, decreases|e; 11 = f, B;)

fifre

Here f ranges over all k—element subsets of [n] intersecting e (we write e ~ f
if edges f and e share at least one vertex). Since the algorithm picks a colour
¢ = c(e;;1) uniformly at random from all available ones, and since M, decreases

only in the case if in the hypergraph H(i) both e and ¢;;; could be coloured c,

we get u
P (M, decreases |e; 1 = f, B;) = e
My
We can approximate the denominator
2k
M7= o) =gt (122 (16)
129%
to get
n -1 2]€1
P (M, decreases | B;) = (k:) Ut (1 + —) Z M. (4.7)
fifr~e

For any set S C [n] and any ¢ € [¢] let A. s = A.s(7) be the indicator of the event
that adding S coloured ¢ to H (i) gives a properly edge-coloured hypergraph. Then

Ms =Y A.g.

c€lq]

Let L. = L.(i) be the set of vertices which are not contained in an edge coloured
c in H(i). Recall that |£.| = L.. Note that A..f = AceAcpe = 1 if both e and
f\ e are subsets of L. If e C L. then the number of k-subsets f of L, intersecting
e is at least k‘( k) and at most k:(LC ). Using (4.4) and (4.5) we have

k—1
Lo— kY o kit 1_k:k:2+1.5k:2

Also, by (4.5) we have x = ko/uy, < 1/k, so using simple inequalities (1 +z)*! <

114



4.3. Proofs

1+kz(1+2)ftand (1+2) 1 <e

o k—1
Lc 1 S Hr, 14 ekkg ‘

Thus if A.. =1 then

Therefore

Z Mer = Z ZAc,er

fifre fifrecelq]
3(k? + kk
_ZZACM ZAce (1ig)
- 1 298
c€lq] f:fr~e c€lq]

_ R <1 LG )) kk2)> (1 + ﬁ) .
(k—1)! KL e
In the last step we used Zce[q ce = M. = par £ k1. Putting the last estimate
into (4.7) we obtain

P (M, decreases | B;)
2, k—1 2) 2 2
:k“]f <1iﬁ> (1ik—) <1i—3(k +kk2>> <1iﬂ)
n Uar n L, Har
_ Ry (HED, (ﬁ N k2+kk2>)
nk 129.% 1297

for some constant D’.

Now denote by P. = P.(i) the set of k—element subsets of vertices in H (%)

which do not touch an edge of colour ¢. We have

P(L. decreases | B;) = Z P(L. decreases |e;+1 = €, B;)P(e;11 = €)

e€P.

1 1 2%\ (L (n\ "
- =t (1420) (0) ()
66Pc Me (k) ILLM k k

k 2 2
(12 (4 B0 )
Harm M ML

1+ D" (ﬁ +—k2+kk2>>
12373 B
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Chapter 4. On the chromatic index of random uniform hypergraphs

for some constant D”. Here we used (4.4), (4.5), (4.6) and

k 2 k k
n UL (n)k n 1225

Setting D = max{D’, D"} completes the proof (it is easy to check that we can

take, i.e., D = 30).

O
4.3.2 Differential equations

If M, and L. were always concentrated about the functions p,; and uy, respec-
tively, then by Lemma 4.3.2 we would have, informally,

ar(i 4 1) — pag (i) o — LD

nk
and

. . kpr ()"
1) — PO ANV
ML(Z + ) Hmr (Z) nk,uM(Z)
We can rescale the “time” ¢ and the random variables. Define new functions f
and g by t =i/N, up (i) = qf(t) and pr(i) = ng(t), so that

~ —

A(f(t+1/N) = f(t)) ~ —F9O

. kg®)*

N(f(t+1/N)— f(t)) = —kg(t)
g

N(g(t+1/N)—g(t)) 0

The left-hand sides above can be approximated by f’(t) and ¢'(¢) respectively
(assuming that f and g are differentiable).

This gives a system of differential equations:

{f@z—@@“l

g/ (t) — g(t)k

f@®)
with the initial condition f(0) =1 and ¢(0) = 1.

The solution is f(t) = (1—t)* and g(¢) = (1—t). This argument is not formal,
but indicates the possible expressions for ), and pp. It will be formalized below.
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4.3. Proofs

4.3.3 Martingales

For the rest of this chapter we will use t = ¢(i) = ¢/N and

pa(i) = g1 =) pg(i) = n(1 —1), (4.8)

for i =0,1,..., N. Using these functions yields a simpler estimate for the error

of our conditional expectations.

Lemma 4.3.2 There is a constant D > 1 such that the following is true. Suppose
i€40,1,...,N — 1}, (4.5) holds and let B; be as in Lemma 4.3.1.

P(M.(i + 1) — M,(i) = —1|B) (49)
R (1 — )kt (K* 4+ K3ka (i) (1 — t)*~2 Kk ()
B n D ( n? * N(1— t))
and
, ()= kB = 1 k1(7) k + k2 (7)
P(L.(i+1) — L.(i) = —k|B;) qiD(qQ(l_t)k N(l—t))’
Proof Simply use (4.8) in Lemma 4.3.1. O

Let w, C, K, € be positive reals, 0 < € < 1. Write N; = |(1 — ¢)N| and define
for i € {0,..., N1}

n o eCt
Ei(i) = %em and  FEy(i) = S 0F
For any ¢ € [Ny] and e € ([Z}) set
Me_(7'> = Me@) - /vLM(Z) - E1(2)7 4 10)
MF(i) = M) = par() + Ea (i) (4.11)
and for each colour ¢ € [¢]:
Lc (Z) = Lc(z) - :U’L(Z) - E2(2)7 (4 12)
L (i) = Le(i) = po (i) + Es(d) (4.13)
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Chapter 4. On the chromatic index of random uniform hypergraphs

We will consider a stopping time Ts given by

TS:sup{ i) < Kky/qlun, M* (i) > —Kk/qInn
i) < K\/knlngq, L} (i) knlnq

for all e € <[Z]),c € [q]} .

Now for each e € ([Z]) define processes {M;} = {M;(i),i = 0,...,N;} and
(M} = {MF(i),i=0,...,N;} where M*(0) =0 and for i > 0

=1

Also, for each ¢ € [q] define processes {L;} = {L;(i),i = 0,..., N} and
{L}}y={L}(i),i=0,...,N;} where L=(0) = 0 and for i > 0

LEG) =Y (LfG) = LEG = 1)) Li<rs.

j=1

Lemma 4.3.3 Suppose that 2k*/n < e <1, K > 1, (kN)/n > 3, C = 8Dke 2,

where D is the constant as in Lemma 4.3.2, and w is such that

N\ 12
4keC e ) <y < K~ ' min 4 .
Inn’ klng

Then for any e € ([Z}) and any c € [q] the processes {M:},{L} are supermartin-
gales and {M}}, {L}} are submartingales.

Proof Suppose ¢ < min(Tg, N;). Then

M) = i (5) £ a(i) Ve ([Z]),

Le(i) = po(i) £ ko(i) Ve € [q],
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4.3. Proofs

where

ky (z): (1) + Kky/qInn,
ko(i) = Eq(i) + K+/knlng.

Write f(7) = e“™ and g(7) = ¢“7/(1 — 7)¥. We have k > 2, so both f and g are

increasing for 7 € [0,1). Since w < K~ !'y/¢/Inn and w < K~'y/n/(klnq) we

have

k(i) < 2B1(0); (4.14)
ko (i) < 2B5(i). (4.15)

We claim that (4.5) is satisfied for each ¢ € [0, N(1 — €)]. Indeed, since ¢ >
2k?/n, w > 4keCe=**+D and g(7), f(7) are increasing

k(i) _ 2BE1() _ 2kg(t) _ 2ke® _ 1
par(i) ~ gl =tk w7 owek T 27
kkz (i) _ 2kEy(q) 2kg(t) 2ke® 1
() Sl —0) S e —f) el S

k? k? K21
<

@) -t ;=72

So ky(i) < par(7)/2 and k% + kko(i) < pur (i) as required.
We will first show that { M} a submartingale and { M} is a supermartingale.

Since the increments are zero for ¢ > Ty, it suffices to prove that
E (M (+1) = MZ@IB;) <0, B (M}+1) = M} ()|B:) > 0

for each block (or atom) B; of the partition corresponding to JF;, where Tg > i.
On such B;, (4.3) and (4.4) hold by the definition of Ts.
Write

Ri(0) =D (

By Lemma 4.3.2

(B* + EPko(i)) (1 — £)*=2 Kk (4)
+ .
n? N(1 - t)>

E (MG+1) - M ()] B)
:§E£;ﬁi

- iRl(z‘)) + (ppr () — ppr (i 4+ 1)) + (EL(0 + 1) — EL(3))
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Chapter 4. On the chromatic index of random uniform hypergraphs

Some of the terms cancel out:

SO @) = i+ 1)

@‘31 ((3) -0
o ESEE () (- (o))

n
201 _ 4 \k—1 N 2
2_M+M AN
n n N N—i 2(N-—i)?

> > (4.16)

Similarly, since ¢ = [E¥] < X 4]

n

%ﬂw() i +1) <

We will also need later that since < & < k— < 1 we have

par() = pari + 1) < 2 (4.17)

Therefore

E (M, (i+1)— M (i)|B;) < —(Erv(i+1) — Ey(d)) + L + Ry (i);

N
E (M (i +1) ~ M ()IB) > (Buli + 1) ~ Bi() — 3~ Rifi)
It remains to verify that
% + Ri1(i) < Ey(i + 1) — Eq(i). (4.18)
Since f”(t) > 0 we have
. . kq 1

_ akf'(t) _ Cakf(t) _ CR*f(t)

~ wN wN  —  wn
Now, firstly, .

1 .

N Z(El(l—f—l)—El(Z))
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This is because by (4.19) the ratio of the left side and the right is at most

k 4wN 4w 4
- < < <L
N Cqkf(t) = Cqf(0) ~ ¢*/*C

Here we used that w < ¢%? and C' > 8 from the assumption of the lemma.

Secondly, for the first term of R;(i) we have

DEAY(1 — t)h-2

U < B+ - B,

To see this, note that by (4.19), the ratio of the left and the right side expressions

4DK*(1 —t)*2%w  4DK*w  kw 1 k
< < — < — <1.
nCeCt - nC T 2n — 2 nlng —

Here we used the facts that e“7/(1 — 7)¥=2 is increasing for 7 € [0,1) and the

is at most

earlier assumptions about n, ¢, k, C' and w.
Thirdly,

DEky(1)(1 — t)*2 < }L(El(i + 1) — Ey(i)).

n2

Indeed, by (4.19), the ratio of the left and the right side is at most

4Dkko(i)w(1 — t)F2 - 8Dk Ey(i)w(1 — t)k—2 o 8Dk _ .
nCeCt - nCeCt —CO(1—-t)2

Here in the second inequality we used (4.15). Finally, for the last term of Ry (7)

Dk (i) _

Nﬁjﬂ_iwm+n—Em»

This is because the ratio of the left side and the right by (4.19) and (4.14) is at

most

4Dk (i)w < 8 Dkqe"

<e<l1.
CqeCt(1 —t) = CqeCt(1 —t) — €=

Now (4.18) follows by combining bounds for each of the five terms of 2k/N + R (7).
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Chapter 4. On the chromatic index of random uniform hypergraphs

Let us now show that {L} is a supermartingale. Again it suffices to consider
only the blocks B; for which ¢ < min(7s, N;). By Lemma 4.3.2

E (L (i+1) - L:6)|B,)

=E (Lc(i + 1) = Le(2)|By) + (pp(2) — pr(i 4 1)) + (Ea(i) — Ea(i + 1))

i k
B _fﬁf);k £ Ry(i) + (i) — pr(i+ 1)) + (Ba(i) — Ea(i + 1)),
where
N Kk () k2 + kky(i)
el =0 <q2(1 —tF TN )
Now
i k
Mﬁf);k +pp (i) — pr(i+1)

kK n 2k
__r . ° 0. = 4.20
R [ ,qQ}, (4.20)
: kN 1 n 1 2
smce723and5§k—N§E<1+a). Therefore

Sy Sy , . L, 2k
E (L (i+1) = L7 ()|B) = Ea(i) — Bai + 1) & <R2(z) + ?) .
We need to show that the above quantity is non-positive. Since ¢”(t) > 0 for
t €10,1), we have similarly as in (4.19)

t)n

By(i+ 1) — Bo(i) > Q;E[ gk Colk

>
w o qw qw

(4.21)

We have Dk (i 1
ﬁ < Z(Bo(i+1) = Ba(0)),

since by (4.14) and (4.21) the ratio of the left and the right side is at most

4Dk 2kqf(t) qw 2 <1
FI—0F w Cglbk =

Let us now check that
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4.3. Proofs

Indeed, the ratio of the left and the right side is by (4.21) at most

4k*D qw qw 1 k
< — < — < 1.
N(1—-t)Cg(t)k = 2N = K\ nlng —

The first inequality follows, among others, because (1 — 7)g(7) is increasing for
7€ 1[0,1). Next,

—Jeflki(i)) < (Bl + 1) - Bai)).

Indeed, by (4.15) and (4.21) the ratio of the left and the right side is at most

4Dk 2ng(t) qw

<e<l1.
N1—-t) w Cgik = =
Finally,
2k 1 . .

Here, again, the ratio of the two sides is by (4.21) at most

2k dqw o w oy
¢ Cg(t)k — ¢Dk —

since w < ¢*/2.
We have shown that

Ro(i) + Z—f < By(i+1) — By(i) (4.22)

and
E (L7(+1) - L7 ()|B:) <0
as required, so { L } is a supermartingale. The proof that {L;}} is a submartingale

is similar. O

4.3.4 Applying concentration results

Let us prove the main lemma of this paper.

Lemma 4.3.4 Suppose € € (0,1), D is the constant from Lemma 4.3.2, K =
8D'Y2, C =8Dke ? and

1/2
2%2eCe*+2) < ) < K~  min i, o .
Inn" klng
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Chapter 4. On the chromatic index of random uniform hypergraphs

Then

P(Ts < [(1—)N]) < 2+ % (4.23)

N

Proof The condition of the lemma implies that 2k%/n < *+2n~1/2 < ¢ and
q > k* > 4. Therefore by Lemma 4.3.3 {M_ },{L_} are supermartingales and
{MF},{L}} are submartingales for every e € ([Z]) and ¢ € [q].

Recall that Ny = [(1—¢)N |. We shall apply a martingale concentration result,
Theorem 3.15 of [72] to show that for any e € ( ) and ¢ € [q]:

P(L; (M) > K\/knlng) <

q

P(L}(N:) < —=K+/knlng) <

Notice that if Ts < N7 then at least one of the above events occurs (for some e or

for some c¢), since all the processes remain “frozen” after the time 7. Since there

are (Z) < nFsetse € ([Z]) and q colours ¢, the above inequalities and the union
bound imply (4.23).

We will modify the submartingales and supermartingales slightly to turn them

into martingales.
Set B =8D + 1. Then

w > 2k2eCe "2 5 ok CeCe ka7t

Notice that the bounds on w in the assumption imply

Inn\ "2 1 klng 1/2 1

For i =0,..., N; — 1 define random variables

Zy(i+1) = —E (M, (i +1) = M, ()| F).

e

Since { M} is a supermartingale, Z;,(i) > 0. Also, since { M} is a submartingale
by Lemma 4.3.3

E (M (i+1)— M7 (8)|F) +2(E(i+1) — Ei(i)) = E (M, (i +1) = M, ()| F;) > 0
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4.3. Proofs

Therefore
0<Z,i+1)<2(Ei(i+1)— Ei(7)). (4.25)

The sequence {M; } = {M; (i),i=0,..., N;} where
M (i) = My () + ) Zy ()
j=1

is a martingale (here and below we define the sum when j ranges from 1 to 0 to

be equal to 0) and

IP’( N1>Kk\/qlTn><IP’< N1>Kk:\/qlTn>

Let us estimate the maximum positive increment and the maximum conditional
variance of {M_} (see definitions before Theorem 3.15 in [72]).

Notice that since (kN)/n > 3, we have n/(kN) < 3/(2q). Let f(7),g(7) be
as in the proof of Lemma 4.3.3. Since f'(7),¢'(7) are increasing, the following

inequalities hold for ¢ =0,..., Ny — 1:

Ey(i +1) — By(i) < < %% <P 57 (4.26)
1 — 3k e
Ba(i+1) — Byfi) < 2 ( e <5 ( am) g (4.27)

We have M (i + 1) — M, (i) = 0 for i > Tg. If i < Ty, using (4.17), (4.25) and
(4.26) the positive increment of {M:} is

M(i+ 1) — Mc(3) 4 par (i) — prar (i + 1)
+E(0) —Ei(i+ 1)+ Z,(i+ 1)
k2 N [k? - k2(2+6)‘

2
< — <
n n n

Let Ry, Ry be as in the proof of Lemma 4.3.3. For i € {0,...,N; — 1}, the

conditional variance of the differences of {M;} is

Var(M, (i +1) = M, ()| F) < maxVar(Me(i + 1) — M,(i)| B,)

< max P(M,(i + 1) — M.(i) = 1| B;)
k2 (1+68)

K21 —t) !
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Chapter 4. On the chromatic index of random uniform hypergraphs

Here B; ranges over all blocks (atoms) of the partition corresponding to F;; to get
the third line we used Lemma 4.3.2 and to get the fourth line we used (4.18) and

(4.26). Thus the maximum sum of conditional variances v for M satisfies

NE2(1+ B) <k

n

v <

q(1+8)

and the maximum conditional positive deviation b satisfies

b < k*(2+ B)

<24 8.

Theorem 3.15 of [72] states that for any ¢ > 0

P(M; (Ny) > t) < exp (_WL> :

1+ 2
Therefore
A K K%qInn
P(M:(N;) > Kk+/ql < - /7
(M: (N1) > Kkv/q nn)_eXP< 2kq(1+ ) + 2(2+ B)Kk qlnn)
( kK?Inn )
=exp | —
Pl 20+ 3+ 22+ Bk 2

kKZIlnn
< G—W < 6—(k‘+1)h’1n

by (4.24) since k > 2, D > 1 and K = 8D'/? > (9 + 36D)"/2.
Now consider the submartingale { M} and define for i = 0,..., Ny — 1

Z(i+1) = —E (M (i + 1) = M ()| F).
Since M is a submartingale and M is a supermartingale we have

E (M (i +1) = M ()| F) = 2(B1(i + 1) = Ex(i) <0

2BL(i) — Bi(i+1)) < ZiH(i +1) < 0. (4.28)

The sequence

MF ={MMi)+)_Zy(j), i=0,1,...,Ni}
j=1
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is a martingale and

P <Mj(N1) < —Kk\/qlTn> <P (—Mj(Nl) > Kk@) .

Using (4.17), (4.26) and (4.28) the difference —M (i + 1) — (=M (1)) is
M(3) — Mo(i4+ 1) + pas (0 + 1) — pag(0) + E1(i) — Er(i + 1) — Zy (i + 1)

k(1
<1+ E(i+1) - Ei(i) < 1+M <24 8.
n
Furthermore, the conditional variance of —M: (i + 1) + M (i) is the same as the
conditional variance of M. (i + 1) — M (i) so © < kq(1 + 3). Now Theorem 3.15

of [72] yields

P <_Me+(N1) < Kk\/m> < e~k Inn

by the same calculation as in the corresponding bound for M e
Now consider the supermartingale {L_}. Similarly as above, define a martin-
gale {L;} = {L;(i),i=0,..., Ni}, where

and Z; (i +1) = —FB(L; (i 4+ 1) — L (i)|F).
Using the fact that LT (i) = L () + 2E5(i) we obtain similarly as above

0< Z; (i) < 2(Ey(i + 1) — Ea(i)).

A

Therefore using (4.20) and (4.27) the difference L (i + 1) — L (4) is

Le(i4+1) = Le(i) + pp (i) — pr(i + 1) + Eo(i + 1) — Ea(d)
SIS DYIEY.)
q q q q
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Here we used 2k/q < (k — 1)3, since k > 2,q > 3 and § > 8. Now using
Lemma 4.3.2 and the bounds (4.22), (4.27) for i € {0,..., N; — 1} we get

Var(L7(i+1) — L (i)|F) < max Var(Le(i +1) — Le(i)| B:)
<k max P(L. decreases at step i + 1|B;)

1 k*(1+ B)

< 5 + k*Ry(i) < < k(1+8).

Hence the maximum sum of conditional variances ¢ satisfies

o< AN L By, (4.29)

So by Theorem 3.15 of [72], (4.24) and our choice of K

P (E;(Nl) > K k;nlnq) <P (ﬁ;(Nl) > K knlnq)
( K2%knlng )
Sexp - 2
2(14 B)kn + k(1 + B)K+/knlng

< ex (_ K21nq )<ex (_@)<6—21nq
=P\ zaa ) TP\ T+ 0

Finally, let us bound in exactly the same way the probability that {f}j} ever

attains a large negative value. Define for a martingale {L.+} = {L}(i),i =
0,..., N1}, where

LEG) = L)+ Y 7 ()
j=1
and Z/ (i +1) = —B(L (i + 1) — L7 (i)|F).
As before, by Lemma 4.3.3:

2(Ey (1) — Es(i+ 1)) < ZZ_(Z +1) <0.

A~

Using (4.27) we get that the difference (—L} (i + 1) — (=L (4)) is at most

C

Le(i) — Lo(i + 1) — pp(i) + pp(i + 1) — By(i) + Bo(i + 1) — ZF (i + 1)

§k+§§k(1+ﬁ).

The conditional variance of —L} (i + 1) + L () is the same as the conditional
variance of L7 (i + 1) — L (i), so the estimate (4.29) still holds.
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Once again applying Theorem 3.15 of [72]:
P(LI(Ny) < —K+\/knlng) < P(—L7(Ny) > K\/knlng) < e 2™,

as in the corresponding bound for {L; }. O

Proof of Theorem 4.1.2 We may assume that ¢ < 1. Let ¢ be such that
4 =14+ £, let D > 1 be the constant from Lemma 4.3.2 and define

1—€¢

C’(e, k) _ 16D1/2k368Dk/e/2€/—(k+2).

Let ¢. > 0 be a constant such that for all & > 2 we have C(e, k)? < %ek/ce and
observe that this implies ¢, < ¢ /8. Suppose (4.1) hold. Then n > 3, d > 4 and

< g <t Let
N kN’
N' = and ¢ = .
1—¢ n

3|
N

Then,
d<q<[d(1+¢/2)+k/n] <[(1+e€)d] <3d<d*

and using the definition of ¢, and (4.1)

1 1 n d n q
k: 2 — k/CE < = i —_—, — < i — Y, T .
Clek)” < ¢ = (lnd’lnn) = (1nq’1nn>

Therefore Lemma 4.3.4 applies for the random colouring process described in
Section 4.3.3 with N’ random hyperedges, ¢ colours and n vertices. By that
lemma, the probability that the process hits the stopping time until step ¢ =
N—-1<|N'(1-¢€)] is at most %—1— 2 If Ts > N —1, then, by the estimates from
the proof of Lemma 4.3.3, and the definition of the process

M(N —1) > py(N = 1) — (EL(N — 1) + Kky/qlnn) > %,UM(N —1) >0,

for any edge e € ([Z]). So the N-th edge can be coloured successfully (which
means all of the previous edges have been coloured successfully as well). The
claim follows by a trivial observation, that the random hypergraph obtained after

adding the first N out of N’ edges has distribution exactly H®) (n, N). O
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Part 11

Random graphs with few disjoint

excluded minors
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Chapter 5

Background

5.1 Notation and main definitions

In this part calligraphic letters such as A, B, ... will denote classes of objects,
mostly classes of labelled graphs or graphs where some vertices are distinguished
and/or unlabelled; these classes will always be closed under isomorphism. We
denote by A, B,, ... the respective classes restricted to objects (graphs) of size n
with labels [n] = {1,...,n}. The exponential generating function for A is defined

as

n!

Aw) =Y il
n=0

and we will use the notation B(x) for the exponential generating function of B,
etc. If A(z) is an infinite power series, then [2"]A(z) denotes its coefficient at .

Given a set of graphs B and a graph G, a set @) C V(G) is called a B-blocker
(or a B-minor-blocker) if G — @ € Ex B, i.e., G — @ has no minor in the set 5. For
a positive integer k, we denote by kB the class of graphs consisting of k£ vertex
disjoint copies of graphs in B (with repetitions allowed). Thus Ex (k + 1)B is the
class of graphs that do not have k£ + 1 vertex disjoint subgraphs Hi, ..., Hgy1,
each with a minor in B. For a graph H, we will abbreviate Ex {H} to Ex H,
“{H }-blocker” to “H-blocker”, etc.

Given a class of graphs A, apex” A denotes the class of all graphs such that
by deleting at most k vertices we may obtain a graph in A; we use apex.A for
apex! A.

Also, given a positive integer s, call a graph G an s-fan if G is a union of a
complete bipartite graph with parts A and B, so that |A| = s, and a path P with
V(P) = B. We call 1-fans simply fans.

A class of graphs is called proper, if it is not the class of all graphs.
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5.2 Graph minors

5.2.1 Excluded minors and treewidth

We provide some additional definitions and results for graph minors. Many of the
definitions are from Diestel’s book “Graph Theory” [38].

Let G be a graph, T a tree, and let V = (V})er be a family of vertex sets
Vi € V(G) indexed by the vertices ¢ of T. The pair (7,V) is called a tree-

decomposition of G if it satisfies the following three conditions:
(1) V(G) = UserVi;

(2) for every edge e € E(G) there exists a t € V(T') such that both ends of e lie
in Vi

(3) Vi, NVi, CV,, whenever t, is on the path from ¢, to t5 in 7.

The width of (T,V) is defined as max{|V;| — 1:¢ € V(T)}. The treewidth tw(G)
of GG is the least width of any decomposition of G. Treewidth measures how much
G is “tree-like”.

In the introduction we mentioned the classical result of Robertson and Sey-
mour: each minor-closed class A can be characterised as A = Ex B where B is a
finite set of minimal excluded minors for A. We state two other important results

from the theory of graph minors.

Theorem 5.2.1 (Robertson and Seymour, 1986) Given a graph H, the graphs

without H as a minor have bounded treewidth if and only if H is planar.

It is well known that the class of graphs with treewidth at most 1 is the class
of forests and the class of graphs with treewidth at most 2 is Ex K. The other
result is the generalisation of Erdds and Pdsa theorem. (Our version of the proof

is provided in Section 7.3.2.)

Theorem 5.2.2 (Robertson and Seymour, 1986, [88]) Let B be a set of connected

graphs and let k be a positive integer. The following statements are equivalent.

o There is a constant ¢ = c(k,B), such that each graph G € Ex(k + 1)B has

a B-blocker of size at most c.

e B contains a planar graph.

134



5.3. Enumerating graphs from minor-closed classes

(Classes of graphs with bounded treewidth play a prominent role in computer sci-
ence. For many classical N P-complete graph problems, instances with constant
treewidth can be solved in polynomial time, typically using a dynamic program-
ming algorithm. Such problems include, for example, graph colouring and finding
the maximum independent set. Similar questions are part of the domain of the

rich area of parameterized complexity, see, e.g., [42].

5.2.2 Normal trees

A theorem of Kloks stated in [33] gives an equivalent definition of treewidth, which
we find very useful in Chapter 7 and Chapter 8.

Let G be a graph, and let T" be a rooted tree on the same vertex set V(G),
with root vertex r. (We do not insist that 7" is a subgraph of G.) The tree T'
induces a tree-ordering <y on V(G), where v <r v if and only if u is on the path
from r to v in T. T is a normal tree for G if u and v are comparable for every
edge uv of G. We think of the tree T" as hanging down from its root. We will say
that u is above v (and v is below u) in T if u <7 v. Think of the graph G as fixed.
Given a normal tree T" for G, for each vertex v of G we define its set AAr(v) of

active ancestors by
AAr(v) ={u <pv: 3z >r v with uz € E(G)}.

For brevity we write ar(v) = |[AAp(v)].

Theorem 5.2.3 (Kloks) The treewidth tw(G) of a graph G satisfies

tw(G) = mi 5.1
w(G) min max ar(v) (5.1)

where T is the set of all normal trees for G.

We refer to [38] for more facts on treewidth (though note that in that book a
normal tree in a graph is required to be a subgraph). We prove the theorem in
Section 7.3.1.

5.3 Enumerating graphs from minor-closed classes

5.3.1 Planar graphs

Like the fundamental work of Robertson and Seymour on graph minors had its

roots in the works of Kuratowski and Wagner on planar graphs, the motivating
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Chapter 5. Background

results on enumeration of minor-closed classes concern the class of planar graphs.

A theory for enumerating maps (3-connected planar graphs) was developed
by Tutte in the 1960s, see [52]. Bender, Gao and Wormald [9] applied these
results for counting 2-connected planar graphs. In 2005, Giménez and Noy finally
obtained the asymptotic formula for the class P = Ex { K3 3, K5} of planar graphs

[Pl ~ gn~2ymn)

where g and v =~ 27.23 are analytic constants. Giménez and Noy also obtained
limit laws for the number of edges, number of blocks and number of components
for uniformly random planar graphs of size n, see the survey [52]. The same au-
thors developed a more general framework how to prove similar results for other
classes with 2-connected excluded minors in the case where the exponential gener-
ating functions for 3-connected graphs are known. This framework, for example,
has been applied in [32] to count series-parallel graphs and outerplanar graphs.
Most of the analysis mentioned above was done using the generating functions ap-
proach and the methods of [48]. More recent very impressive results obtained with
this technique include asymptotic enumeration of graphs with fixed genus [8, 36],
improving earlier results of [73].

Steger and Panagiotou [85] gave an interesting application of the Boltzmann
sampling technique for studying asymptotic number of vertices of degree k in ran-
dom planar graphs. (Boltzmann sampling uses exponential generating functions

for relevant classes to sample graphs of size n uniformly at random.)

5.3.2 General minor-closed classes

A parallel approach for proving enumerative results uses probabilistic and combi-
natorial methods rather than generating functions and singularity analysis. These
results are usually less precise (i.e. explicit constants are not computed) but hold
more generally.

In 2006, Norine, Seymour, Thomas and Wollan [83] proved that each proper

minor-closed class of graphs A is small, that is, the supremum as n — oo of the

('“27')1/” (5.2)

is finite, see also [43]. If the above sequence converges to v € [0; 00), we say that

sequence

A has a growth constant v = v(A).
For any class of graphs A we denote the upper and lower limits of (5.2) by
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5.3. Enumerating graphs from minor-closed classes

7(A) and y(A) respectively. Also, let p(A) denote the radius of convergence of
the exponential generating function A of A. Of course, Y(A) = p(A)~" (if we
assume that 07! = 00).

Bernardi, Noy and Welsh asked in 2010 whether every proper minor-closed
class of graphs has a growth constant. To date, this question has been answered
positively for many specific minor-closed classes of graphs, and no example of a
class without a growth constant is known. A table with numeric values of growth
constants for some specific classes is available in [52].

The work that is closest in spirit to this thesis, and which we use repeatedly in
our proofs are papers by McDiarmid, Steger and Welsh (2005) [77] and McDiarmid
(2009), [74].

A minor-closed class of graphs is called addable, if each excluded minor is 2-
connected. We say that A is bridge-addable if given any graph in A and vertices
u and v in distinct components of GG, the graph obtained from G by adding an
edge joining u and v must be in A.

A class A is smooth if there is a constant v such that |A,|/(n|A.,-1]) — v
as n — oo. It is not difficult to see that if A is smooth then 7 is the growth
constant of A. It was proved in [77] that each addable class of graphs has a
growth constant, this was strengthened by McDiarmid [74]: he showed that each
addable class of graphs is smooth. The last result implies that the answer to the
question of Bernardi, Noy and Welsh is positive for the class of planar graphs P as
well as for any minor-closed class characterised by a set of 2-connected excluded
minors.

Another surprisingly useful property of a random graph from an addable class
A is that with a high probability it has linearly many “pendant” copies of any
fixed connected graph in A. We state this formally, as it will be used in multiple
places in Part II.

Let H be a connected graph on the vertex set {1,...,h} which we consider to
be rooted at vertex 1, and let G be a graph on the vertex set {1,...,n}, where
n > h. Then an induced subgraph H of G is a pendant appearance of H if (a)
the increasing bijection from {1,...,h} to V(H) gives an isomorphism between
H and H; and (b) there is exactly one edge in G between V (H) and the rest of
G, and this edge is incident with the vertex of H with smallest label.

Lemma 5.3.1 Let A be a proper addable minor-closed class of graphs, and let
H be a connected graph in A. There is a constant a > 0 such that the following
holds. For R, €, A, with probability 1 — e~ R, has at least a - n disjoint

pendant appearances of H.
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Also, the complete limit distribution of the graph that remains by subtracting the
largest component is available by [74]. We present this in more detail in Chapter 7.

More recent development in this direction concerns distribution of random
graphs from minor-closed classes, where a pair of parameters (weights) is used to
control the edge density and the number of components (connectivity) [76]. The
last paper also contains an extensive list of literature regarding enumeration of

minor-closed classes.

5.4 Non-addable classes of graphs

While each addable class of graphs is proved in [77] to have growth constant,
the classes that are not addable are much less well behaved, and the question of
Bernardi, Noy and Welsh has been answered only in a few cases.

One of the strongest results here concerns the important class of graphs em-
beddable on a surface of genus g, where g is any fixed non-negative integer. In
particular, the case g = 0 corresponds to planar graphs and the case g = 1 corre-
sponds to graphs embeddable on torus. It is known, see [73], that these classes are
not addable, for example the graph 2 K5 is not embeddable on torus. This class of
graphs (for any g > 0) was initially shown to have a growth constant [73] (using
combinatorial methods), then complete asymptotics were obtained independently
in [8,36] (using singularity analysis).

The class Ex P of graphs, where P is a fixed path has growth constant 0 [11].
Forests of paths, the graphs without the “bow-tie” graph as a minor and several
other minor-closed classes were considered in [31]: while the growth constant for
such classes was shown to exist, other properties, such that the asymptotics of
the probability of connectedness seem to vary depending on the excluded minor.

The work presented in this part demonstrates two different infinite families of
non-addable minor-closed classes that have a growth constant. There was some
other work on disjoint excluded minors, using the approach of [64]. McDiarmid
and Kang proved an analogue of Theorem 6.1.1 for unlabelled graphs with at most
k disjoint cycles [57]. The class of graphs with at most k disjoint ¢-star minors
(a t-star is the complete bipartite graph K ;) was studied in [75]. We note that
results in [76] on random graphs from a weighted minor-closed class allow certain
well-behaved non-addable classes as well, such as, for example, the class of graphs

with at most & disjoint cycles.
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5.5 Generating functions and singularity analy-
sis

In Chapter 9 we make a substantial use of generating function methods for asymp-
totic enumeration, including the singularity analysis method developed by Flajolet
and Odlyzko building on the work of many other authors, see [48].

Let g(x) and h(x) be complex functions and let D be a domain. Let a € C.
We write f(z) = O(g(x)) (respectively, f(x) = o(g(z))) as © — a, z € D if
|f(x)/g(z)| is bounded by a constant (respectively, |f(x)/g(x)| — 0) uniformly as
r—a,reD.

Given numbers ¢, R and p with R > p > 0 and 0 < ¢ < 7/2, define a complex

domain

Ald p, R) ={z: 2] < R,z # p,|arg(z — p)| > ¢}

A central result of this method is the so called Transfer theorem (we state a

simplified specific version relevant to us, as presented in [52]).

Theorem 5.5.1 (Transfer) Let o be a real number, not a non-positive integer
and let R > p > 0. Assume that f(x) is analytic in a domain A = A(¢, p, R). If,
as x — pin A

fl@) =1 —x/p)*(1+0(1))

Then
a—1

[#"1(2) = Frayp "1+ o)

As it is common, we will apply this theorem to the exponential generating func-
tion of a class A. To obtain the exponential generating function, one can use
intuitive high level language to describe the class A in terms of A itself and other
classes and operations on them. For example, if C is a class of connected graphs,
then its relation to the class A of all graphs with components in C is written
down symbolically as A = SET(C). An automatic translation rule to generating

functions then yields
A(z) = @,

The example above is a very simple one, there are general rules how to automat-
ically derive exponential generating functions for a great variety of combinatorial
classes, this is called the “symbolic method”. We refer for an excellent presen-
tation of the technique to the book “Analytic Combinatorics” by Flajolet and
Sedgewick [48], see also Section 8.2.1.
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Chapter 5. Background

Another theory relevant to us is the enumeration of tree-like structures, where
general and very useful results have been obtained by Meir and Moon [79] (using

earlier work by Bender and Canfield).
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Chapter 6

Graphs with few disjoint cycles

6.1 Introduction

Call a set B of vertices in a graph G a blocker if the graph G — B obtained by
deleting the vertices in B has no cycles.
We let F denote the class of forests; let apex*F denote the class of graphs with
a blocker of size at most k; and let Ex (k + 1)C' denote the class of graphs which
do not have k41 disjoint cycles. With this notation the Erdos-Pésa theorem says
that
Ex (k4 1)C C apex/®™ F.

Now clearly
Ex (k4 1)C D apex*F; (6.1)

for if a graph has a blocker B then it can have at most |B| disjoint cycles. How
much bigger is the left side of (6.1) than the right? Our main theorem is that the
difference is relatively small: amongst all graphs without k£ + 1 disjoint cycles, all
but a small proportion have a blocker of size k. For any class A of graphs we let
A, denote the set of graphs in A on the vertex set {1,...,n}. (When we say a

‘class’ of graphs it is assumed to be closed under automorphism.)

Theorem 6.1.1 For each fized positive integer k, as n — oo
|(Ex (k+1)0),| = (1 + =™ | (apeat F),|. (6.2)

Graphs in Ex 2C' (that is, with no two disjoint cycles) have been well char-
acterised (Dirac [39], Lovasz [67]); and from this characterisation we can much
refine the above result for the case k = 1 — see Section 6.6 below. It seems that

no such characterisation is known for graphs in Ex 3C.
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Chapter 6. Graphs with few disjoint cycles

The natural partner to Theorem 6.1.1 is an asymptotic estimate for |(apex*F),|.
Recall the result of Rényi (1959) [87] that

1
| F| ~ e2n2 ~ <2i> “n3enl as n — 00. (6.3)
m

Theorem 6.1.2 For each fixed positive integer k, as n — oo
|(apex® F),| ~ ci28"| F (6.4)

—1
where ¢, = (Z(kgl)ekkg )

A class A of graphs has growth constant -y if
(|4, /n)Y™ = v as n — .

The above results (6.2), (6.3) and (6.4) show that both apex*F and Ex (k + 1)C
have growth constant 2¥e.

In order to prove Theorem 6.1.1, we use a seemingly minor ‘redundant blocker’
extension, Theorem 6.1.3, of the Erdés-Poésa theorem. Call a blocker B in a graph
G k-redundant if B\ {v} is still a blocker for all but at most k vertices v € B.
Thus a set B of vertices in GG is a k-redundant blocker if and only if there is a
subset S of B of size at most k such that each cycle in G — S has at least two
vertices in B\ S (clearly in this case B is also a blocker). Theorem 6.1.3 says that
if G does not have k + 1 disjoint cycles then it has a small k-redundant blocker.
Let us now take f(k) as the least value that works in the Erdds-Pésa theorem;
and recall that f(k) is ©(kInk).

Theorem 6.1.3 If G does not have k+1 disjoint cycles then it has a k-redundant
blocker of size at most f(k) + k.

The above results yield asymptotic properties of typical graphs without k + 1
disjoint cycles. We state three theorems. First we note that with high probability
k vertices really stand out — they each have degree about n/2 whereas each other
vertex has much smaller degree — and they form the only minimal blocker of
sublinear size. We write R,, €, A to mean that the random graph R,, is sampled

uniformly from the graphs in A,,.

Theorem 6.1.4 There is a constant § > 0 such that the following holds. Let k

be a positive integer. Forn =1,2,... let R, €, Ex(k+1)C, and let S,, be the set

—Q(n

of vertices in R,, with degree > n/Inn. Then with probability 1 — e ) we have:
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6.1. Introduction

(1) |Sn| = k and S, is a blocker in R,;
(1) each blocker in R, not containing S, has size > én;

(7ii) R, has k disjoint triangles; and

1

5 —€)n and

(iv) for any constant € > 0, each vertex in S, has degree between (

(3 +e)n.

The second theorem on the random graph R,, €, Ex(k 4 1)C concerns con-
nectivity. Recall that the exponential generating function for the class 7 of (la-
belled) trees is T'(z) = _, -, n" ?2"/n!, and T(2) = §. Also note that by Rényi’s
result (6.3), for R, €, F we have P(R,, is connected) — e™2 as n — co.

1

Theorem 6.1.5 Let k > 0 be an integer, and let pp = e &) Then for R, €,
Ex (k + 1)C we have

P(R,, is connected ) — pr as n — oo. (6.5)

In particular, py = e /2 = 0.606531 (as we already noted), p, = 0.814600,
po = 0.907879, p3 = 0.953998 and py = 0.977005 (to 6 decimal places).

The third and final theorem presented here on the random graph R, €, Ex (k+
1)C concerns the chromatic number x(R,,) and the clique number w(R,,). It shows

for example in the case k = 2 (concerning graphs with no three disjoint cycles)

that both P(x(R,) = w(R,) = 3) and P(x(R,) = w(R,) = 4) tend to 5 as n — oco.

Theorem 6.1.6 Let k be a positive integer, and let the random graph R be picked
uniformly from the set of all graphs on {1,...,k}. For each n let R, €, Ex(k +
1)C. Then for each3 <i<j<k+2, asn— o0

P((w(Rn) =) A (x(Rn) = j)) = P((W(R) =i = 2) A (x(R) = j —2))

(and for other values of i,j the left side tends to 0).

The plan of the rest of the chapter is as follows. First we prove Theo-
rem 6.1.2 concerning the number of ‘apex forests’ Next we prove the ‘redundant
blocker’ result, Theorem 6.1.3, which we then use in the proof of our main result,
Theorem 6.1.1. After that, we prove the three theorems on the random graph
R, €, Ex(k + 1)C, namely Theorems 6.1.4, 6.1.5 and 6.1.6. The last main sec-
tion concerns the case k = 1 on graphs with no two disjoint cycles; and finally we

make some remarks concerning extensions of the results presented earlier.
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Chapter 6. Graphs with few disjoint cycles

In our proofs we use some results developed in the study of random planar
graphs [77,78] and graphs from minor-closed classes [74]. Most of those results
no longer work when a class of graphs fails to be closed under taking a disjoint
union (as is the case here). However, for example to prove the main theorem, our
extension of the Erdds-Pdsa theorem allows us to decompose a graph with few
disjoint cycles into a small redundant blocker and a forest, and we may then use
the results mentioned above for random forests.

Initial work on this chapter was done in 2008 while the author of the thesis was
studying for an MSc at the University of Oxford, with the second author, Colin
McDiarmid, as supervisor. It was mainly written while the second author was at
the Mittag-Leffler Institute during April 2009; and the support of that Institute
is gratefully acknowledged.

6.2 Counting apex forests

The following lemma will be useful in this section and in Section 6.4. Call a pair
of adjacent vertices in a graph a spike if it consists of a leaf and a vertex of degree
2, which are not contained in a component of just three vertices forming a path.

Observe that distinct spikes are disjoint.

Lemma 6.2.1 There exist constants a > 0 and b > 0 such that, for n sufficiently

large, the number of forests F' € F,, with less than an spikes is less than e="|F,|.

Proof Let H be the path of 3 vertices rooted at an end vertex. By (6.3) the
class F of forests has a growth constant, namely e. Thus we may apply the
‘appearances theorem’ Theorem 5.1 of [78] to lower bound the number of pendant
appearances of H in a random forest; and each such appearance yields a spike. (A
pendant appearance may be defined as follows. Let H be a connected graph on
the vertex set {1,...,h} and let G be a graph on the vertex set {1,...,n}. Then
an induced subgraph H of G is a pendant appearance of H if (a) the increasing
bijection from {1,...,h} to V(H) gives an isomorphism between H and H; and

(b) there is exactly one edge in G between V(H) and the rest of G, and this edge
is incident with the vertex of H with smallest label.) O

Proof of Theorem 6.1.2 By (6.3) we have

144



6.2. Counting apex forests

Let n >k, let V. ={1,...,n}, and consider the following constructions of graphs
on V:

(i) Choose a k-set S C V, and put any graph on S ( (2)2(5) choices).
(ii) Put any forest £ on V'\ S (|F,—k| choices).

(iii) Add the edges of any bipartite graph H with parts S and V \ .S ( 2Fn=k)

choices).

Clearly each graph constructed is in (apex*F),,, and each graph in (apex*F), is

constructed at least once. By (6.6) the number of constructions is

(Z) 22)2H R F )~ 2™ F |
so |(apex*F),| is at most this number.

Let us bound |(apex*F),| from below by showing that almost all of the con-
structions yield distinct graphs. Observe that G' € (apex*F), appears just once
if and only if G has a unique blocker of size k. Fix S = .5; for some k-set Sy C V.

Let us say that a graph G € (apex*F), is good if (a) G — Sy € F; and (b)
for each vertex s € Sy the forest G — Sy has k + 1 spikes such that s is adjacent
to both vertices in each of these spikes, and so forms a triangle with each. If G
is good then Sy must be the unique blocker of size k in G. For if S’ is another
blocker, and s € Sy \ ', then S’ must contain a vertex from each spike in G — S
which forms a triangle with s, and so |S'| > k + 1.

By Lemma 6.2.1, there exist constants a > 0 and b > 0 such that (assuming
n is sufficiently large) the number of forests ' € F,,_j with less than an spikes is

less than e="|F, _4|. But if F has at least an spikes then there are at most
k= P (Bin ([an],1/4) < k)

ways to choose the bipartite graph H in step (iii) so that the resulting graph
constructed is not good. Hence, by considering separately the cases when F' has
< an spikes and when F' has > an spikes, we see that the number of ways to
choose F' and H so that the resulting graph will be constructed more than once

is at most

ok(m=k)| £ | <e—b”_|_ k ]P’(Bin((mﬂ, i) < k)) :
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Now if X ~ Bin(m,p) and 0 < j < m then P(X < j) < (T)(l — p)™, and so

since k is constant
P (Bin((am, i) < k) < ([“]?1) (3/4)™F — O(nk(3/4)™).

Thus the number of constructions that fail to yield a unique graph when the choice

at step (i) is fixed is at most
ok | | e, (6.7)

Since the number of all possible sets S and graphs on S is (2)2(5) = 0(n"), it
follows that the total number of constructions that fail to yield a unique graph is

also at most the quantity in (6.7), which completes the proof. O

6.3 Redundant blockers: proof of Theorem 6.1.3

We will deduce Theorem 6.1.3 easily from the following lemma.

Lemma 6.3.1 Letk >0, let G € Ex (k+1)C, and let Q be a blocker in G. Then
there are sets S C Q with |S| < k and A CV(G)\ Q with |A| <k such that there
is no cycle C'in G — S with |[V(C)N(QUA)| < 1.

Note that the conclusion of the lemma is equivalent to saying that the graph
G — ((Q\ {z}) U A) is acyclic for each vertex z € @ \ S; that is, each vertex
x € @\ S has at most one edge to each tree in the forest G — (Q U A).

Proof We use induction on k. Clearly the result holds for the case & = 0, as we
may take A =S = (). Let j > 1 and suppose that the result holds for &k = j — 1.
Let G € Ex(j + 1)C and let @ be a blocker in G. We may assume that for
some tree T' in the forest G — (), and some vertex y € (), the induced subgraph
GIV(T) U {y}] has a cycle (as otherwise we may again take A = S = () and we
are done).

Fix one such tree T', and fix a root vertex r in T'. For each vertex v in T' let
T, denote the subtree of T" rooted at v. (Thus 7, is T".) Let

R={veV(T): G[V(T,) U{z}] has a cycle for some = € Q}.

By our assumption R # (). In the tree T, choose a vertex v € R at maximum
distance from the root r. Let z € @ be such that G[V(T,) U {z}] has a cycle.
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Let G' =G — (V(T,) U{z}) and let Q" = Q \ {z}. Then clearly G’ € Ex (jC)
and Q' is a blocker in GG'. Hence we can apply the induction hypothesis to G’ and
@', and obtain sets of vertices S" C Q" and A’ C V(G') \ @’ each of size at most
j — 1, such that there is no cycle C'in G’ — S" with |[V(C) N (Q'U A")| < 1.

Now set S = S"U{z} and A = A" U {u}. Suppose that there is a cycle C' in
G — S with |[V(C)N (QU A)| < 1. We want to find a contradiction, since that
will establish the induction step, and thus complete the proof of the lemma.

Note that C' must have a vertex in the blocker (): so we may let z € () be the
unique vertex in V(C) N (Q U A). It follows that u ¢ V(C). But V(C)NV(T,)
cannot be empty: for then C' would be a cycle in G’ — §’, and by induction we
would have 2 < [V(C)N(Q'UA)| < |[V(C)N(QU A)|.

Hence the connected graph C'—{z} is a subgraph of 7" with a vertex in T}, but
not containing u. Therefore C'—{z} must be contained in a proper subtree T,, of

T,; but this implies that w € R, which contradicts our choice of u. O

Proof of Theorem 6.1.3 Let £ > 0 and let G € Ex (k+1)C. Let @ be a blocker
in G of size at most f(k). By Lemma 6.3.1, there are sets S C @ with |S]| < k
and A C V(G) \ Q with |A| < k such that there is no cycle C' in G — S with
V(C)N(QUA)| <1

Then the set B = QU A is as required. For, given v € B\ S, there cannot be a
cycle C'in G — (B \ {v}), since C would be a cycle in G — S with |[V(C)NB| < 1;
and thus B\ {v} is a blocker. 0

6.4 Proof of the main theorem, Theorem 6.1.1

Let (G) denote the number of connected components of a graph G. If the random
variable X has the Poisson distribution with mean 1, then for each positive integer
t we have P[X > t] < 1/t!. Hence by Theorem 2.1 of McDiarmid, Steger, Welsh
(2006) [78] applied to the class F of forests we have:

Lemma 6.4.1 For each positive integer t
HF € F, : k(F) >t+ 1} < |F,|/th

The idea of the proof of Theorem 6.1.1 is to give constructions which yield
every graph in (Ex (k+1)C), at least once (as well as other graphs); show that
there are few ‘unrealistic’ constructions; and show that few ‘realistic’ constructions
yield a graph in (Ex (k+1)C'\ apex*F),.
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Proof of Theorem 6.1.1 Fix a positive integer k. By Theorem 6.1.3, there is an
integer r < f(k)+k such that the following holds. For each graph G in Ex (k+1)C
with at least r vertices, there is a blocker R of size r and a subset S of R of size
k such that R\ v is still a blocker for each vertex v € R\ S.

Let n > r. Then the following constructions will yield every graph in (Ex (k+
1)C),, at least once (as well as other graphs).

i oose an r-subset R C V| put any graph on R, and choose a k-subset 5 C
Ch bset RC V h on R, and ch k-subset S C R
( (”)2(2) (1) = O(n") choices).

r k

(ii) Add the edges of any bipartite graph with parts S and V\ R (25"~ choices).
(iii) Put any forest F on V' \ R (|F,_,| choices).

(iv) Add the edges of any bipartite graph with parts R\ S and V'\ R, subject to
the restriction that each v € R\ S has at most one edge to each component
tree of the forest F on V' \ R.

We want upper bounds on the number of constructions. By the restriction in
(iv) above, for each vertex v € R\ S, the number of edges between v and the
vertices in V' \ R is at most #(F). Let ¢ = t(n) ~ n(lnn)~2. Then by Lemma 6.4.1

{F € Fuey t 6(F) 2 1}] < |Fum| /(8 = 1) < |Fy| 700002,

Call a construction realistic if there are at most ¢ edges between each vertex
v € R\ S and the vertices in V' \ R; and unrealistic otherwise. Then the number

of unrealistic constructions is at most

O(n') 27 || 2R (= 0ntamh) | 7 | -intiamd)

Thus there are relatively few unrealistic constructions, and we see that we need

to consider only realistic constructions. Further, since ¢ = o(n), for n sufficiently

(") =" ) =2 ()

7=

large
and so, in realistic constructions, the number of choices for step (iv) is

(S0 er -
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6.5. Proofs for random graphs R,

Let us bound the number of realistic constructions yielding a graph G in
(Ex (k+1)C \ apex*F),.. Each such construction has a cycle contained in V'\ S;
and such a cycle C' can touch at most 2(r — k) spikes, since as we travel around
C' we must visit R\ S at least once between any three visits to distinct spikes.

Now suppose that each vertex in S is adjacent to both vertices of at least
2r — k spikes. Then the k vertices in .S would each form triangles with at least
2r — k — 2(r — k) = k spikes disjoint from C; and amongst these triangles we
could find k disjoint ones (for example by picking the triangles greedily). But
together with C' there would now be at least k£ 4 1 disjoint cycles, contradicting
the assumption that G € Ex (k+1)C. Hence, for at least one vertex v in S, v must
be adjacent to both vertices of at most 2r — k — 1 < 2r spikes.

Therefore, given any choices at steps (i),(iii) and (iv), if F' has z spikes then
the number of choices at step (ii) to obtain a graph in (Ex (k+1)C \ apex*F),, is
at most

2F=) I P[Bin(z, 1/4) < 2r],

and arguing as before

P[Bin(z,1/4) < 2] < < ;T) (3/4)"F = O(¥(3/4)").

By Lemma 6.2.1, there exist constants a > 0 and b > 0 such that (assuming
n is sufficiently large) the number of graphs F' € F,_, with less than an spikes
is at most e~%"|F,_.|. Hence, by considering separately the cases when F' has
< an spikes and when F' has > an spikes, we see that the number of realistic

constructions which yield a graph in (Ex (k+1)C \ apex*F),, is at most

O 2012 (S| F, ] (7 + 012 (3/4)%)

= e fn)ghn |Ful = e’Q(”)|(apexk]7)n\

by Theorem 6.1.2. O

6.5 Proofs for random graphs R,

In this section we prove Theorems 6.1.4, 6.1.5 and 6.1.6. The following lemma
makes the task more straightforward. Recall that the total variation distance

dry(X,Y) between two random variables X and Y is the supremum over all
events A of [P(X € A) —P(Y € A)|.
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Chapter 6. Graphs with few disjoint cycles

Lemma 6.5.1 Let k be a positive integer. Let R, €, Ex(k + 1)C; let R® €,
apex*F; and let RS denote the graph which is the result of a construction as in
the proof of Theorem 6.1.2, where the steps are chosen uniformly at random. If
X, andY, are any two of these random variables, then the total variation distance
between them satisfies

dry (X, Yy,) = e, (6.8)

Proof Theorem 6.1.1 gives dry(R,, R?) = e *™; and Theorem 6.1.2 and the
inequality (6.7) give dpy (R%, RS) = e~ %, O

Proof of Theorem 7.1.3 By Lemma 6.5.1, we may work with R rather than
with R,,. Let F, €, Fp for m = 1,2,.... If positive numbers ny,...,n; sum
to at most m then [[, n;, < <%>] Also, if vertex 1 has degree j in F},, and we
delete this vertex then we obtain a forest with at least j components. Thus by

considering the component sizes in F,,_1, and using Lemma 6.4.1

T)j ’Fm_1’ 1

P(A(F,) =j) < m'(j (G — D! |Fnl

j
1
J (@) - since m|Fm_1] < |Fml
J J:

J
< J (m_:) since j! > (j/e).
J
Hence P(A(F,) > j) = e ™ if j = Q(m/Inm).
Recall that we let S denote the set used in the construction of R; as in the

proof of Theorem 6.1.2. The key observation now is that
P(S, Z S) <P(A(F,—x) >n/Inn — k),

and so by the above P(S,, € S) = e~ . But the number of constructions with
S,, a proper subset of S is at most 2=+ F | which is 277%™ times the
number of constructions, and hence P(S,, = S) = 1 — ¢~ %),

We have now dealt with statement (i) in the theorem, so let us consider state-
ments (ii) and (iii). By Lemma 6.2.1, there exists § > 0 such that the probability

Q(n

that F,_, has a matching of size at least 50n is 1 — e®(™; and given such a

matching, for each j € S, the probability that j fails to be the central vertex of

at least dn otherwise disjoint triangles (disjoint from S\ {j}) is at most
1
P (Bin(f&?n}, Z) < 5n) < e /8 — o~0(n)
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6.5. Proofs for random graphs R,

by a standard Chernoff bound (namely that if X ~ Bin(m,p) and a > 0 then
P(X < mp —a) < e 2°/™). But if vertex j is the central vertex of at least dn
otherwise disjoint triangles, then any blocker not containing ;7 must have size at
least on. Also in this case if n is sufficiently large that dn > 2k we can pick k
disjoint triangles in RS one for each vertex in S. This deals with statements (ii)
and (ii).

Finally, for statement (iv), a two-sided Chernoff bound shows that the number
of constructions such that (iv) fails is 2¥»=%()| . _.|; and it follows that (iv) holds

with probability 1 — e=%). O

In order to prove Theorem 6.1.5 we shall use Lemma 4.3 of [74]. We need some
definitions to present that lemma (in a simplified form).

Given a graph G on {1,...,n} let Big(G) denote the (lexicographically first)
component of G with the most vertices, and let Frag(G) denote the graph induced
on the vertices not in Big(G). Let A be a class of graphs. We say that A is bridge-
addable if given any graph in 4 and vertices u and v in distinct components of
G, the graph obtained from G by adding an edge joining u and v must be in A.
Given a graph H in A, we say that H is freely addable to A if, given any graph

G disjoint from H, the union of G and H is in A if and only if G is in A. We

|An|
n|Ap_1]

n — oo. Finally, note our standard convention that for the class A we will use

say that the class A is smooth if A has growth constant v and — v as

A(z) to denote its exponential generating function ) - [An[2"/n!.

Lemma 6.5.2 (McDiarmid [7}]) Let the graph class A be bridge-addable; let
R, €, A,; let B denote the class of all graphs freely addable to A; and suppose
that P(Frag(R,) € B) — 1 as n — oco. Suppose further that A is smooth, with
growth constant . Let C denote the class of connected graphs B. Then C(1/7) is
finite, and

P[R,, is connected ] — e Y asn — oo.

Proof of Theorem 7.1.5 By Lemma 6.5.1, we may work with R}, rather than
with R,. Let A denote apex*F: thus R® €, A,. Clearly A is bridge-addable,
and the class of graphs freely addable to A is F. By Theorem 6.1.2, A is smooth,
with growth constant 2¥e. By Lemma 6.5.2 above, it now remains only to show
that P(Frag(R%) € F) — 1 as n — oo. We may assume that k > 1.

By Theorem 6.1.2, the class apex *~!F has growth constant 2~'e, and so the
class D of graphs with each component in apex*~'F also has growth constant

2k=1e (by the ‘exponential formula’). If G € (A\ D), and Frag(G) € F, then

151



Chapter 6. Graphs with few disjoint cycles

apart from a unique component of size at most [n/2| which is in A \ apex* 1F

the rest of the graph is in F; and the number of such graphs is at most

Ln/2]

n
S (1) Al el = e oyt oz |
t=0
Thus P(Frag(R?) ¢ F) = e~ ™ = o(1). O

Lemmas 4.3 and 4.4 in [74] may be used to yield further results on Frag(R,).

Proof of Theorem 6.1.6 By Lemma 6.5.1 it is sufficient to consider R{ rather
than R,,. Let H be the random graph on the set S of k vertices when constructing
R¢ as in the step (i) of the proof of Theorem 6.1.2. It is easy to see that, with
probability — 1 as n — oo, there are adjacent vertices in V'\ .S which are adjacent
to each vertex in S, and thus w(R;) = w(H) + 2 and x(RS) = x(H) + 2, which
completes the proof. O

6.6 No two disjoint cycles

Let D* denote the ‘difference’ class Ex (k+1)C'\ apex *F, the class of graphs with
no k + 1 disjoint cycles but with no blocker of size at most k. Our main result,
Theorem 6.1.1, shows that D¥ is exponentially smaller than Ex (k+1)C. For the
case k = 1 we can say much more about D = D!, based on results from 1965 of
Dirac [39] and Lovész [67], see also Lovéasz [68] problem 10.4.

We need some definitions and notation. The 2-core or just core of a graph G
is the unique maximal subgraph of minimum degree at least 2, and is denoted
by core(G). Let K denote the class of graphs homeomorphic to Kj; let B denote
the class of graphs homeomorphic to a multigraph K 3+ formed from the complete
bipartite graph K, for some ¢ > 0 by possibly adding edges or multiple edges
between vertices in the ‘left part’ of size 3 (K3 has only a ‘left part’); and let
c¢w denote the class of graphs homeomorphic to a multigraph formed from the ¢-
vertex wheel W; for some ¢ > 4 by possibly adding parallel edges to some spokes.
Let K, B, cw denote the classes of graphs G such that core(G) is in K, B, ¢w

respectively. Call the graphs in cw generalised wheels, and note that cw C D.

Theorem 6.6.1 (Dirac [39], Lovdsz [67])

Ex 2C = (apex F)U cwU B UK.
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6.6. No two disjoint cycles

By Theorems 6.1.1 and 6.1.2, Ex 2C and apex F both have growth constant 2e,
and D = Ex 2C \ apex F is exponentially smaller. The next result shows that
D is dominated by the class cw of generalised wheels, and gives an asymptotic

formula for |D,,|.

Theorem 6.6.2 The classes K and B each have growth constant e, and cw has
growth constant vy satisfying e < v < 2e. Indeed |cw,| ~ ¢/n ™ n!, where the
constants ¢ and ~y are given by equations (6.9) and (6.10). Thus |D,| ~ ¢/n y"™ n!
so that D has growth constant vy, and D\ cw has growth constant e. To 3 decimal

places we have ¢ = 0.158 and v = 4.346.

Proof Direct estimation shows easily that K has growth constant 1. Let R
denote the class of rooted trees, so that R(z) = Y, -, n"'2"/nl. Tt is well known
that the radius of convergence pr of R equals 1/e and R(1/e) = 1. Since graphs
in K are obtained from graphs in K by substituting rooted trees for vertices, we
have K(z) = K(R(z)), and it follows that K has growth constant e. In a similar
way we may see that B also has growth constant e.

Now let us consider cw. We need to see how graphs in cw are formed from
simpler graphs. A ‘hairy cycle’ is a graph formed by attaching vertex-disjoint
paths to a cycle. More precisely, a connected graph is a hairy cycle if its core is a
cycle and each vertex not on the cycle has degree 1 or 2. A coloured hairy cycle is
a hairy cycle in which each vertex on the cycle is coloured black or white. Let H™
be the class of coloured hairy cycles, and let H be the class of graphs in H ™' such
that at least 3 vertices on the cycle are either coloured black or have degree at
least three. We shall see later that the difference between H™ and H is negligible.

Let S denote the class of homeomorphs of a star (sometimes called ‘spiders’),
rooted at the centre vertex, with the root coloured black or white. Thus the graphs
in S correspond to a black or white root vertex and a set of oriented paths; and
so S(z) = 2ze#17%) Recall that the exponential generating function for cycles
is C(z) = —1In(1 — 2) — 32 — 12%. Graphs in H' are obtained from cycles by
substituting a rooted graph from S for each vertex, so H*(z) = C(S(2)).

Let cw?' be the class of graphs G obtained by starting with a root vertex v
and a graph H € H™ not containing v; and joining v to each leaf of H and to each
black vertex on the cycle in H, and then removing all colours. If the initial graph
H is in H then G € c¢w (the rooting of v is irrelevant since the ‘centre’ vertex of a
wheel is unique, so we may say cw C cw ™). Conversely, given a graph G in cw™,

with root vertex v, colour the vertices on the rim black if they are adjacent to v
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Chapter 6. Graphs with few disjoint cycles

and white otherwise, and then delete v. We obtain a graph H in H™, and if the
initial graph G is in ¢ then H € H. Hence W (z) = zH(z) and W+ (z) = zH " (2).

Let cwt be the class of graphs formed by starting with a graph in cw™' and
substituting rooted trees for vertices. (Thus cw™ is the class of graphs with 2-core

*, except that we always treat the root as having degree at least 2.) Then,

in cw
cw C ew™, and arguing as earlier, W(z) = W(R(z)), and W+ (z) = W(R(2)) =
R(z) C(f(2)) where f(z) = S(R(2)).

Observe that S(3) = e > 1, so there exists z with 0 < z < 1 such that
S(x) = 1. Since pr = 1/e and R(1/e) = 1, there exists r with 0 < r < 1/e such
that R(r) = z; and so

f(r)y=S(R(r)) = 1. (6.9)

We have a supercritical composition C(f(z)) (see [48] VL.9 page 411). It follows

from standard results (see for example Theorem V1.3 and Example VI.11 in [48])
that

lew!| ~¢c/ny" n!  where v =1/r and c= %R(r). (6.10)

Finally, it is easy to see that H* \ H has growth constant 1, and so cw™ \ cw has

growth constant e < . Thus the asymptotic formula in (6.10) applies also to cw.

Numerical calculations yield ¢ and v as given in the theorem. Indeed S(z) = 1

for x = 0.315411 (to six decimal places); ¢ = x/2; and R(r) = z for r = 0.230089

(to six decimal places). 0

6.7 Concluding Remarks

Our results are stated for a fixed number k of disjoint cycles, but they hold also
when £ is allowed to grow with n. Indeed it is straightforward to adapt the proofs
to show that Theorem 6.1.2 holds as long as k = o(n), and Theorem 6.1.1 holds
for k = o(Inn/(Inlnn)?) (in the proof take t = w(n) n/Inn where w(n) — oo
slowly as n — 00).

It would be interesting to know more about the difference class D* = Ex (k+
1)C \ apex*F for k > 2, ideally along the lines of the results on D! in the last
section. There are results for unlabelled graphs corresponding to the results given
here for labelled graphs — see [57].

The Erdos-Posa theorem was extended from disjoint cycles to suitable more
general disjoint graph minors by Robertson and Seymour [88] in 1986. Our results
can be extended in this direction, and we do so in the following chapters. For

example, there is a result corresponding to Theorem 6.1.1 for ‘long’ cycles. Fix
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an integer j > 3, and call a cycle long if it has length at least j. Then amongst
all graphs G on {1,...,n} which do not have k+ 1 disjoint long cycles, all but an
exponentially small proportion have a set B of k vertices such that G — B has no
long cycles, indeed in Chapter 7more general minor-closed classes are considered
and a condition for a similar result to hold is given.

There is also a version of the Erdds-Pésa theorem for directed graphs [86]:
what can be said in this case?

As well as concerning a problem which is interesting in its own right, the results
presented here are a step towards understanding the behaviour of random graphs
from a minor-closed class where the excluded minors are not 2-connected, see the
last section of [74].

Acknowledgement We would like to thank the referee of [64] for helpful

detailed comments.

155



Chapter 6. Graphs with few disjoint cycles

156



Chapter 7

Few disjoint minors in B when

Ex B excludes a fan

7.1 Introduction

The Erddés-Posa theorem was generalised in 1986 by Robertson and
Seymour [88]. Let A be a minor-closed class of graphs; that is, if G € A and
H is a minor of G then H € A. Then A may be written as Ex B, where B consists
of the minor-minimal graphs not in A, the excluded minors of A; and B is finite
by the fundamental result in 2004 by the same authors [89]. A B-minor-blocker
for a graph G is a set B of vertices such that G — B is in Ex B.

The generalisation of the Erdés-Pdsa theorem is as follows. Let A be any
minor-closed class of graphs which does not include some planar graph, and let B
be its set of excluded minors, so that A is Ex B. Then for each positive integer k
there is a value g(k) such that the following holds: each graph G which does
not have as a minor a graph formed from k£ + 1 vertex disjoint members of B
contains a set B of at most g(k) vertices such that G — B is in A (that is, B is a

B-minor-blocker)!. In symbols we have
Ex (k +1)B C apex?® A.

The assumption that some excluded minor is planar cannot be dropped [88].
Of course, there is an obvious containment result corresponding to (6.1),

namely

Ex (k4 1)B D apex” A. (7.1)

LOnly the case of a single excluded minor is considered in [88] but the extension is straight-
forward, see also Proposition 7.3.6 below.
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How much bigger is the left hand side than the right in this case? For which
classes B is there an ‘almost equality’ result corresponding results of Chapter 67
Our main result provides a sufficient and essentially best possible condition for
the class Ex (k + 1)B to be ‘almost apex’.

A class of graphs is proper if it is not the class of all graphs. Following [77] we
call a minor-closed class A addable if each excluded minor is 2-connected. (Thus
each such class contains all forests.) The fan F} is the graph consisting of a path
P;_; of j — 1 vertices together with a vertex joined to each vertex on this path.
Observe that the addable class F = ExC of forests does not contain the fan F3:
in contrast, the addable class Ex K, of series-parallel graphs contains all fans. The

following theorem is our central result.

Theorem 7.1.1 Let A be a proper minor-closed class of graphs, with set B of
excluded minors. If A is addable and does not contain all fans, then for each

positive integer k, as n — oo
|(Ex (k+1)B),| = (14 e~ ®™)|(apez* A),|. (7.2)

On the other hand, if A contains all fans then this result fails; and indeed there

is a constant ¢ such that for all positive integers k and n
|(Ex (k+1)B),| > 25" |(apez® A),|.

Let us consider a few examples illustrating this result. Recall that the number
f(k) in the Erdés-Pésa theorem [45] must be of order klnk. From (7.1) and

Theorem 7.1.1 it follows that by removing just k vertices we can obtain:
e a forest from almost every graph with at most & disjoint cycles (Chapter 6);

e more generally, a graph without any cycles of length at least ¢ from almost

every graph with at most & disjoint cycles of length at least ¢ (see also [26]);

e a collection of cacti (that is, a graph with each edge in at most one cycle)
from almost every graph with at most k disjoint subdivisions of the diamond
graph D = K ,—e.

In contrast, by Remark 7.5.7 below, almost none of the graphs in Ex 2K, can be

turned into a series-parallel graph by removing one vertex.

A natural partner for this theorem is an asymptotic estimate for sizes of apex

158



7.1. Introduction

classes. Recall that a class A of graphs has growth constant v > 0 if
|ALl = (v +o(1))"n! asn — oo.

It is easy to see that if A has growth constant v then apex’ A has growth constant
277, see for example [11,73], but we want a more precise result. Every proper
addable minor-closed class of graphs has a growth constant v > 0, see [74, 78].
For two sequences of reals (a,,) and (b,) which are positive for n sufficiently large,
we write a,, ~ b, if lim,,_, Z—: = 1. The next result extends Theorem 6.1.2 from

Chapter 6 on forests.

Theorem 7.1.2 Let A be a proper addable minor-closed class of graphs, with

growth constant v; and let k be a fixed positive integer. Then as n — oo
[(apex® A)n| ~ 28" | A,
SO
where cj, = (2 2 )y k!> .

The above results yield asymptotic properties of typical graphs with at most
k disjoint excluded minors. We state three theorems. First we note that with
high probability k vertices really stand out — they each have degree about n/2
whereas each other vertex has much smaller degree — and they form the only
minimal blocker of sublinear size. We write R,, €, A to mean that the random
graph R, is sampled uniformly from the graphs in A,,. Thus for R, €, Ex(k +
1)B, equation (7.2) in Theorem 7.1.1 says that R, has a blocker of size k with

probability 1 — e=®): the next theorem refines this result.

Theorem 7.1.3 Let A be an addable minor-closed class of graphs which does not
contain all fans, and let B be the set of excluded minors for A. There is a constant
0 > 0 such that the following holds. Let k be a positive integer and let 0 < € < %
Forn=1,2,...let R, €, Ex(k+1)B, and let S,, be the set of vertices in R, with

") we have:

degree > en. Then with probability 1 — e=*X
(1) |Sn| = k and S, is a B-minor-blocker in R,;
(ii) each vertex in S, has degree between (3 — €)n and (3 + €)n; and

(1ii) each B-minor-blocker in R, not containing S, has size > on.
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Our second theorem on random graphs R,, concerns the clique number w(R,,) and

the chromatic number x(R,). Given a class A of graphs let
w(A) =sup{w(G) : G € A} and x(A) =sup{x(G) : G € A}.

If A is a proper minor-closed class then these quantities are finite, since the
average degree of the graphs in A is bounded, by a result of Mader [70], see
also Theorem 7.22 and Corollary 5.23 in [38]. For example, if A is ExCy then
w(A) = x(A) = 3 (since each block of each graph in A is an edge or a triangle).
If also A is addable then we may use the ‘pendant appearances theorem’ of [77],
restated as Lemma 7.2.1 below, to show that for R, €, A

w(R,) =w(A) and x(R,) = x(A) with probability 1 — e %™

Recall that the total variation distance dry (X,Y) between two random vari-
ables X and Y is the supremum over all (measurable) sets A of |P(X € A)—P(Y €
A)|. The next result shows that for R, €, Ex(k + 1)B as defined below, the ran-
dom pair consisting of w(R,,) and x(R,) is very close in total variation distance

to a certain simply defined pair of random variables.

Theorem 7.1.4 Let A be an addable minor-closed class of graphs which does not
contain all fans, and let B be the set of excluded minors for A. Let k be a positive
integer; let the random graph R be picked uniformly from the set of all graphs
on{1,...,k}; and let X = w(R) +w(A) and Y = x(R) + x(A). For each n let
R, €, Ex(k+1)B. Then

drv (w(Ra), X(Rn)), (X,Y)) = e

For example, for R, €, Ex3Cy, both P(x(R,) = 4) and P(x(R,) = 5) are
% + e~ Since there is only a finite range of relevant values, the result above is

saying essentially that
P(w(R,) =iand x(R,) =j) =P(X =i and Y = j) 4 ¢ ™

for each 1 + w(A) < i < j < k + x(A), and the probability that the pair

(w(R,), X(R,)) does not take values in this range is e=%").

The third and final theorem on random graphs R,, presented here concerns con-
nectivity. We let frag(G) denote |V(G)| minus the maximum number of vertices

in a component of G.
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Theorem 7.1.5 Let A be an addable minor-closed class of graphs which does
not contain all fans; let B be the set of excluded minors for A; and let C(z) =
anl |Cp|2" /0! be the exponential generating function for the class C of connected
graphs in A, with radius of convergence p. Given a positive integer k, for R, €,

Ex (k + 1)B we have as n — oo
P(R, is connected) — e~ Cr/2%)

and
E [frag(Rn)] — (p/2") C'(p/2") < o0

See Chapter 6 for numerical values for these limiting probabilities in the case
when A is the class of forests. We shall actually prove a detailed extension of this
result, Theorem 7.6.1 below, concerning the limiting distribution of the unlabelled

‘fragment’ graph formed from the vertices not in the ‘giant’ component.

We now state two key intermediate results needed to prove our main theorem,
Theorem 7.1.1. The first one extends a case of the Robertson-Seymour gener-
alisation of the Erdds-Podsa theorem. Our extension asserts that, under suitable
conditions, in graphs with few disjoint excluded minors there are small blockers
with an additional ‘redundancy’ property. We write R Uv and R \ v to denote
RU{v} and R\ {v} respectively.

Lemma 7.1.6 Let B be a set of 2-connected graphs containing at least one planar
graph. Then for each integer k > 1 there is an integer f(k) (depending on B)
such that the following holds. Each graph G in Ex (k+1)B has a B-minor-blocker
R with |R| < f(k) such that for all but at most k vertices v in R, the set R\ v is

still a B-minor-blocker.

The second result concerns the existence of vertex degrees of linear order. A
class A of graphs has the no-linear-degrees property if, with R, €, A as usual,
for each § > 0 and each a we have P[A(R,) > dn] = O(e *"). (Here A(G)
denotes the maximum vertex degree in G.) Observe that if |A,| = O(y"n!) for
some finite v (as holds for every proper minor-closed class of graphs [43,83]), and
if A contains all fans, then A does not have this property: for there are %(n —1)!
fans on [n] with vertex 1 as the centre vertex (for n > 3), and so

T(n—1)!

P(vertex 1 has degree n — 1 in R,) > Al =Q(n 'y ™).
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The next lemma shows that, as long as A is not too small, the absence of some

fan yields the no-linear-degrees property.

1/n
Lemma 7.1.7 Let the class A of graphs satisfy lim inf ('“:—7‘) > 0, and suppose

that for some positive integer j, no graph in A contains the fan Fjio as a minor.

Then A has the no-linear-degrees property.

The plan of this chapter is as follows. In Section 7.2 we count apex graphs
and prove Theorem 7.1.2: this work needs no preliminaries.

Section 7.3 concerns redundant blockers. First we introduce a useful theorem
of Kloks which relates normal trees and tree decompositions (and we provide a
proof). Then we give two structural lemmas on normal trees and small ‘splitting
sets. We use those lemmas to prove a result related to the Robertson-Seymour
generalisation of the Erdos-Poésa theorem and then we prove Lemma 7.1.6.

In the next section, Section 7.4, we consider the no-linear-degrees property
and prove Lemma 7.1.7. Following that, in Section 7.5, we complete the proof
of Theorem 7.1.1. In Section 6.5 we use our main results to prove the theorems
on properties of the random graph R, €, Ex(k + 1)B. Finally, we make some

concluding remarks.

7.2 Counting apex classes

We shall use the ‘pendant appearances theorem’, Theorem 4.1 from [77], several
times, so for convenience we state here a suitable special case as a lemma.

Let H be a connected graph on the vertex set {1,...,h} which we consider to
be rooted at vertex 1, and let G be a graph on the vertex set {1,...,n}, where
n > h. Then an induced subgraph H of G is a pendant appearance of H if (a)
the increasing bijection from {1,...,h} to V(H) gives an isomorphism between
H and H; and (b) there is exactly one edge in G between V(H) and the rest of

G, and this edge is incident with the vertex of H with smallest label.

Lemma 7.2.1 ( [77]) Let A be a proper addable minor-closed class of graphs,
and let H be a connected graph in A. There is a constant a > 0 such that the
following holds. For R, €, A, with probability 1 — e~*"™ R, has at least a - n

disjoint pendant appearances of H.

Proof of Theorem 7.1.2  Since A is proper minor-closed and addable, by
Theorem 1.2 of [74] A is smooth with some growth constant v > 0, that is
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|A.l/ (n|A,_1]) — v as n — oo. Hence
Al ~ () 7" [An-il.

Let n >k, let V. ={1,...,n}, and consider the following constructions of graphs
on V:

(1) Choose a k-set S C V, and put any graph on S ( (2)2(5) choices).
(2) Put any graph F'€ Aon V' \'S (|A,—| choices).

(3) Add the edges of any bipartite graph B with parts S and V \ S ( 2¢"=k)

choices).

Clearly each graph constructed is in (apex” A),,, and each graph in (apex” A),, is

constructed at least once. The number of constructions is
n k
(k)2(2)2k(n_k)|“4n—k| ~ 2| Ay

so |(apex® A),| is at most this number.

Let us bound |(apex”* A),| from below by showing that almost all of the con-
structions yield distinct graphs. Observe that G € (apex* A), appears just once
if and only if G has a unique k-set S of vertices such that G — S is in A.

Let B be the set of excluded minors for A and fix a graph H € B (which
must be 2-connected). Let h = |V(H)|. Fix a vertex v in H, and let H~ be the
connected graph H — v. Let us say that a graph G € (apex* A), is good if for
some k-set Sy it satisfies the following: (a) G — Sy € A; and (b) for each vertex
s € Sp there are k+ 1 pairwise disjoint sets X;(s), Xa(s), ..., Xks1(s) C V(G)\ Sy
such that each induced subgraph G[X;(s) U s| has a minor H. If G is good then
So must be the unique k-set S such that G — S is in A. For if S is another set
such that G — S is in A, and w € Sy \ S, then S" must contain a vertex from
each of the sets X;(w), Xo(w), ..., Xgr1(w), and so |S"| > k + 1.

Now by Lemma 7.2.1 (the ‘pendant appearances theorem’) there exist con-
stants a > 0 and b > 0 such that the following holds for a random graph R,, €, A:
R, contains at least a - n pairwise vertex-disjoint copies of H~ with probability
at least 1 — e~ for n sufficiently large. If F' has at least a(n — k) such copies of

H~ then there are at most

2K R P (Bin([a(n — k)],27") < k)
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ways to choose the bipartite graph B with parts S and V'\ S so that the resulting
graph is not good. So the number of ways to choose the graphs F' and B so that

the resulting graph is constructed just once is at least

OB, (1= 00— P (Bin(fa(n ), 274 < 4)
0 4, 4] (1 — )

by a Chernoff bound. Summing over all sets S and all graphs on S we obtain
lapex” (A), | > 2" A,| (1 — e’Q(")) ,

as required. O

7.3 Redundant blockers

In this section, after some preliminary results we prove the ‘redundant blockers

lemma’, Lemma 7.1.6.

7.3.1 Treewidth and normal trees

We prove Kloks’es theorem, Theorem 5.2.3 stated in Section 5.2.2.
Proof of Theorem 5.2.3 (>) Let G have treewidth k. We shall prove that for

any given vertex so € V(G) there is a normal tree T" for G, rooted at s, such that

vrer‘l/a%) ar(v) < k. (7.3)
Let (To, (V; : t € Tp)) be a tree decomposition for G with |V;| = k + 1 for each
node t in Ty, and with |V, \ V;| = 1 for each edge st in Ty (it is easy to see that
such a tree decomposition always exists, see for example [38]). We call V; the bag
for t.
For convenience we shall consider the following small modification of Tj. Pick
a node u of Ty with s¢ € V,,. Suppose that V,, = {so, s1, ..., sk}. Let ug, uy, ..., ug
be a path on k4 1 new nodes, and identify u; with u. Let Vi, = {so,...,s;} for
each 7 =0,1,... k. Let T} be the tree we have formed from T, by adjoining the
path, and note that (71, (V; : t € T1)) is also a tree decomposition for G. Root T}
at ug.
The set V,,, consists of the single vertex sg: define v(ug) = sg. For each node ¢

in T} other than g denote its parent in 77 by ¢’; and let v(¢) be the unique vertex
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in V;\ V. It is a property of tree decompositions that the nodes corresponding to
the bags that contain w € V(G) form a subtree of T}, which we call the tree for
w. Tt follows that v(s) # v(t) for distinct nodes s and ¢ in T3, since v(s) = v(t)
would imply that both V; and V; contain v(s) but there is a node on the path
from s to t in T; whose bag does not contain v(s). Also, for each vertex v in G
there is a node ¢ in T3 such that v(t) = v (the node t with v € V; which is nearest
to the root). Thus the map ¢ — v(t) gives a bijection between the nodes of T}
and the vertices of G. Let T' be the tree on V(G) which corresponds to 77 under
this map; that is, let 7" be the tree on V(G) with an edge v(t)v(t’') for each edge
tt' in T}, rooted at so. We claim that 7" is a normal tree for G and (7.3) holds.

To see that T is a normal tree for G, consider two vertices x and y which are
incomparable in T'. Let ¢, and ¢, be the nodes of 77 with v(¢,) = z and v(t,) =y
respectively. Then ¢, and ¢, are incomparable in 77, so the trees for x and y do
not meet in 77 and thus x and y are not adjacent in G.

It remains to prove (7.3). Fix a vertex x in G, and let ¢, be the node of T} with
v(ty) =x. lfy € AAr(z) theny € V,\z; and so ar(z) = |AAr(z)| < |Vi|—1 <k,

as required.

(<) Let T be a normal tree for G, and let max,cy ar(v) = k. For each vertex
x define the bag V, as AAp(z) Uxz. We claim that (T,(V, : = € V(T)) is a
tree decomposition of G, of width at most k. Certainly each bag V, satisfies
Vo] <k+1.

Let uv be an edge of G. Then u and v are comparable in T": without loss of
generality suppose that u <7 v. So u € AAr(v), and thus both v and v are in the
bag V,. It remains to check that for each vertex w of G the nodes t of T" whose
bag V; contains w form a subtree of 7. But if w € AAr(v) then w € AAp(u) for
each vertex u (other than w) on the path in 7" between w and v. This completes
the proof. O

Note that the above proof yields a normal tree with the property (7.3) rooted
at an arbitrary vertex in V(G). Hence we can take the set 7 in (5.1) to be the
set of all normal trees on V(G) rooted at any chosen vertex r € V(G).

Note also that Theorem 5.2.3 fails if we additionally require the normal trees
in 7 to be subgraphs of G. For example, consider a complete bipartite graph K, ,,
with n > 3. The treewidth of K, ,, is n, but each normal tree T" for K, ,, which is
its subgraph must be a path where the vertex w at distance 2n — 2 from the root

has ar(w) =2(n —1) > n.

165



Chapter 7. Few disjoint minors in B when Ex B excludes a fan

7.3.2 Disjoint subgraphs, splitting sets, treewidth

and blockers

In this part we work with classes H of graphs which are closed under isomorphism
but not necessarily minor-closed. Given a class H of graphs, denote by Forb (H)
the class A of all graphs G such that no subgraph of G is in H. Also, call a set B
of vertices such that G — B € Forb () an H-subgraph-blocker.

Let T be a normal tree and let H be a connected graph on a subset of V(7).
For a set A of vertices we say that A splits H in T if there is a vertex v € A such
that either v € V/(H) or H contains vertices above v and below v in 7.

We state and prove two general lemmas regarding graphs without & disjoint
subgraphs belonging to some class H of connected graphs. Their proofs have a
similar structure and the proof of the former is a good warm-up for the proof of the

latter. At the end of this section we also present an application of Lemma 7.3.1.

Lemma 7.3.1 Let H be a non-empty class of connected graphs, let k > 0 be an
integer, let G € Forb (k + 1)H, and let T be a normal tree for G. Then there is
a set A of at most k vertices such that, for each subgraph H € H of G, the set A
splits H in T

Proof We will use induction on k. The statement is trivially true for the case
k=0, with A = (. Let j > 1 and suppose that the statement holds for k = j — 1.
Let G € Forb (j + 1)H, and let T be a normal tree for G. Denote the subtree of
T rooted at v by T,. Let

B :={v e V(Q) : G[V(T,)] has a subgraph in H}.

If B =0 then G € Forb(H) so we may take A = (: thus we may assume that
B # (). Consider a vertex u € B at maximum distance in T' from the root r. If
u =7 then B = {r} so every subgraph of G in 1 must contain r. In this case we
may take A = {r}: thus we may assume that u # r.

Let ' =G -V (T,) and let T" =T — V(T,). Since G[V (T,)] has a subgraph
in ‘H, we have G’ € Forb jH. Clearly, T” is a normal tree for G'. Apply induction
for G’ and T" to obtain a set of at most j — 1 vertices A’ C V(G’) such that A’
splits in 7" each subgraph H of G’ such that H € H.

Now let A = A’ Uu. We will show that A has the required property for G and
T. Suppose H is a subgraph of G and H € H. If V(H) NV (T,) is empty then H
is a subgraph of G’, so there is a vertex v € A" C A such that H either contains
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Figure 7.1: If V(H) N [V(Ty) \ u] # 0 then H must have an edge between this set and
some vertex y € AAr(u). In this illustration H consists of a subgraph strictly below u
together with the bold edges. In our terminology, {u} splits H in 7.

v or contains vertices both above and below v in 7" and so in T". Thus it suffices
to consider the case when V(H) NV (T,) is not empty.

We may assume that H does not contain u, as otherwise we are done. Let
w be a child of u in T such that T, contains a vertex in H. Then since w ¢ B,
T, does not contain all of V/(H). Since H is connected, there must be an edge
between a vertex x of H in T,, and a vertex y of H not in T,,; and since T is
normal, y must be in AAr(u). But now z is below u and y is above u in 7', and

the proof is complete. O

We now assume that the class H consists of 2-connected graphs. The following
lemma will be crucial in the proof of Lemma 7.3.8, and thus in the proof of
Lemma 7.1.6. It asserts that any H-subgraph-blocker can be transformed into

one with a specific ‘redundant’ structure by adding a few extra vertices.

Lemma 7.3.2 Let H be a non-empty set of 2-connected graphs. Let k > 0, let
G € Forb (k+ 1)H, let Q C V(G) be an H-subgraph-blocker in G, and let T be a
normal tree for G—Q. Then there are sets S C Q with |S| <k and A CV(G—-Q)
with |A| < k, such that for each vertex x € Q\S and each subgraph H of G—(Q\x)
in H the set A splits H—x in T.

To read the last sentence, it may help to observe that, given x € @\ S and a
subgraph H of G — (Q \ z) in H, we must have V(H) N Q = {x}.
Proof  The proof is similar to the proof of Lemma 7.3.1, except that in this

case we use induction on k to obtain the set S together with the set A.
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Clearly the case k = 0 holds, as we may take A = S = (). Let 57 > 1 and
suppose that the result holds for the case k = j — 1. Let G € Forb (j + 1)H, let
@ C V(G) be an ‘H-subgraph-blocker in GG, and let T' be a normal tree for G — Q.
Let

B={veV(G): G[V(T,)Uz| & ForbH for some z € Q}.

If B is empty then we are done (again take A = S = (), and note that there are
no relevant graphs H); so assume that B is non-empty. Choose a vertex u € B
with maximum distance from the root r in 7'

Consider first the case u = r. Let H € ‘H be a subgraph of G with V(H)NQ =
{z}. Since u = r, the vertices of the connected graph H — x are not contained in
V(T,) for any subtree T, where v is a child of r. Also, since T is normal, there
are no edges between subtrees T, and T, for distinct children of ». Hence H must
contain r. Thus each subgraph in H of G which meets ) in just one vertex must
contain r. Hence we may take S = () and A = {r}.

We may now assume that u # r. Let z € @ be such that G[V(T,,)Uz] € Forb H.
Let G' =G — (V(T,)Uz), let @ =Q\ z,and let 7" =T — V(T,). Then clearly
G' € Forb jH, Q' is an ‘H-subgraph-blocker in G’, and 7" is a normal tree for G'.
Hence we can apply the induction hypothesis to G', Q" and T’. We obtain sets
S"C Q with |9 <j—1and A C V(G — Q') with |A'] < j — 1, such that for
each vertex x € @'\ " if H € H is a subgraph of G' — (@’ \ x)) then A’ splits
H—xzinT".

Now let S = S"Uzand A = A Uu. Let z € @\ S, and suppose that the
subgraph H of G — ((Q \ ) U A) is in H. Note that u € Asou ¢ V(H). If
V(H)NV(T,) = () then H is a subgraph of G’ — ((Q"\ =) U A’): hence there is
a vertex v € A’ C A for which H has vertices above and below v in 7”7 and so in
T. This leaves the case that V(H) N V(T,) # 0. Suppose that H has no vertex
above u in T: we want to find a contradiction.

Now V(H — x) cannot be contained in V(7)) for any subtree T, where v is a
child of wu, as this would imply that v € B which would contradict our choice of
u. But as in the case u = r, since T is normal the connected graph H — x cannot
have vertices in subtrees T, and 7T, of T,, where v and v’ are distinct children of w.

Thus we have a contradiction, and the proof is complete. O

A variant of the following lemma was first proved by Robertson and Sey-
mour [88] in order to prove the generalised Erdés-Pésa theorem. We state it in
a more general form (proved by Thomassen [98]) and give a simple proof using
Theorem 5.2.3 and Lemma 7.3.1.
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Lemma 7.3.3 Let H be a class of connected graphs and let k and w be nonnegative
integers. If G € Forb (k+1)H and tw(G) < w then G has an H-subgraph-blocker
of size at most k(w + 1).

Proof of Lemma 7.3.3 Suppose G € Forb (k + 1)H and tw(G) < w. By
Theorem 5.2.3, there is a normal tree T for G such that max,ecy ar(v) < w. Let

A be a set of at most k vertices as in Lemma 7.3.1, and let
B = AU (UpyeaAAr(v)).

Observe that |B| < k(w + 1). We claim that B is an H-subgraph-blocker in G.
For suppose it is not, and let H € H be a subgraph of G — B. By Lemma 7.3.1
there is a vertex v € A such that H contains vertices both above v and below v in
T (note that v € V(H) since ANV (H) = (). Since H is connected, it has an edge
xy with x above v and y below v. But then x € AAy(v) C B, a contradiction. O

7.3.3 Treewidth and blockers: a more general case

Lemma 7.3.3 is what we need in this paper, to prove Lemma 7.1.6; but it does
not apply to disconnected excluded subgraphs. We include for completeness a
treatment of this case, and give a more general version of Lemma 7.3.3.

We give two preliminary lemmas. The proof of the first one uses induction
much as in [88], but as in the proof of Lemma 7.3.1 we use normal trees. For any
graph H we let 0H denote the graph with no vertices: thus for any graph H we
have GUOH = G.

Lemma 7.3.4 Fort > 1 let Hy, Hs, ..., H; be connected graphs. Let

k1, ko, ...,k be nonnegative integers, not all zero. If
G € Ex (k’lHl U k?QHQ Uu---u k?th)

and T is a normal tree for G, then there is a set A C V(G) and an integer j with
kj > 1, such that |A] < (3, ki) — 1 and A splits in T each connected subgraph of

G with a minor H;.

Proof We use induction on ) . k;. If > . k; = 1, then G € Ex H; for some j: so
we may take A = () and we are done.

Let s > 2, suppose we have proved the hypothesis for each sequence ki, k5, . .., k;
with Y k! < s, and let ) k; = s. We proceed as in the proof of Lemma 7.3.1.
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Let B be the set of all vertices v of T' such that G[V (T,)] ¢ Ex H; for some i with
k; > 1, and let u be a vertex in B with maximum distance from the root.
Suppose first that u is the root of T. Then we may take A = {u} as v must
be in every subgraph of G with a minor in {Hy,..., H;}. So we may assume that
u is not the root of 7T'.
Let j be such that k; > 1 and G[V(T,)] € ExH,;. Write 7" =T — T, and let
ki = ki, for i # j and &} = k; — 1. Since

G'=G-T,cEx (KH U---UkH,),

T is a normal tree for G’ and ), k! = s — 1, we may apply induction to find some
[ with k; > 1 and a set A’ of at most s —2 vertices that splits in 7" each connected
subgraph H of G’ with a minor H;. We claim that A = A’ U u splits in T every
connected subgraph of G with a minor H;. As in the proof of Lemma 7.3.1, every
connected subgraph H of G with a minor H; such that H is not a subgraph of G’
and v ¢ V(H) must have vertices both in V(7)) and V(G’) (or otherwise we get
a contradiction to the choice of u). But then {u} splits in 7" each such subgraph
H. O

Lemma 7.3.5 Let A be a minor-closed class of graphs (perhaps the class of all
graphs), and let H consist of the graphs not in A together with an arbitrary class
of connected graphs. Let s be the sum over the disconnected excluded minors M
for A of the number k(M) of components (so 0 < s < oc0). Let k > 0 be an
integer, let G € Forb (k + 1)H, and let T be a normal tree for G. Then there is
a set A of at most s(k + 1) + k vertices such that for each subgraph H € H of G

the set A splits in T' some component of H.

Proof Let H consist of the connected graphs in H. By Lemma 7.3.1, there is a
set Ay C V(G) with |Ag| < k such that A, splits in T each subgraph H € H of
G.

Suppose that A has 7 > 0 disconnected excluded minors G;, i =1,...,7. Let
ie{l,...,j}. Since G € Ex (k+ 1)G,;, by Lemma 7.3.4, there is a set A4; C V(G)
with |A;] < k(Gi)(k 4+ 1) — 1 such that A; splits in 7" some component of each
subgraph G’ of G which has a minor G;, that is, of each G’ in the complement
(ExG;)°¢ of ExG;.

Finally, observe that  is the union of H and U;(Ex G;)¢, and so we may form
a set A as required from the union of the j + 1 sets A;. O
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Now from the above lemma and Theorem 5.2.3 following the lines of the proof

of Lemma 7.3.3 we have:

Proposition 7.3.6 Let A be a minor-closed class of graphs and let H consist of
the graphs not in A together with an arbitrary class of connected graphs. Then for
each pair of non-negative integers k and w there is an integer f(k,w) such that if
G € Forb (k + 1)H and tw(G) < w then G has an H-subgraph-blocker of size at
most f(k,w).

7.3.4 Proof of Lemma 7.1.6

We introduce the following fundamental result, Theorem (2.1) of Robertson and

Seymour [88].

Lemma 7.3.7 For every planar graph H, there is a number a(H) such that every

graph with no minor H has treewidth at most o(H).

We now prove the redundant blockers lemma, Lemma 7.1.6 (see Figure 2),

quickly using the above results. We give a slightly more general version first.

Lemma 7.3.8 Fix a 2-connected planar graph Hy. Then for each integer k > 1
there is an integer f(k) such that the following holds.

Let ‘H be a set of 2-connected graphs such that H contains Hy and all 2-
connected graphs contractible to Hy. Then each graph G in Forb (k4 1)H has an
H-subgraph-blocker R with |R| < f(k) such that for all but at most k vertices v
in R, the set R\ v is still an H-subgraph-blocker.

Proof of Lemma 7.3.8 If a graph contains Hy as a minor then it contains
a 2-connected subgraph contractible to Hy. Thus ForbkH C ExkH, for each
positive integer k.

Let k£ > 1 and let G € Forb (k + 1)H. Then G € Ex (k+ 1)Hy and (k + 1)H,
is planar; so by Lemma 7.3.7, G has treewidth at most w for some constant w =
w(k, Hy). Therefore by Lemma 7.3.3 there is a positive integer g(k) (depending
only on k and Hj) such that each graph in Forb (k + 1)H has an H-subgraph-
blocker @ of size at most g(k).

Now G — ) € ForbH C Ex Hy. Using Lemma 7.3.7 again, we see that G — @)
has treewidth at most « for some constant o = «(Hy); and so it has a normal
tree T with ar(v) < «a for each vertex v € V(T') by Theorem 5.2.3. Let A and S
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Figure 7.2: For example, it follows easily from Lemma 7.1.6 that we can always decom-
pose a graph G in Ex4D into a set R of a constant size and a collection of cacti, where
each vertex in R, except at most 3 of them, can have at most 2 edges to each component
of G — R. (Here D is the diamond graph K4 — e.)

be sets obtained in Lemma 7.3.2 for k, G, @ and T. Define R C V(G) by

R:=QUAU (U AAT(U)> :
vEA
Note that |R| < f(k) := g(k) + (o + 1)k. We want to show that R — u is still
an H-subgraph-blocker for G for each vertex w € R\ S. This is clearly true for
u € R\ Q; so assume that u € @\ S, and some subgraph H of G — (R \ u) is in
H. But then H is a subgraph of G — ((Q \ u) U A), and so by Lemma 7.3.2, for
some vertex w € A, H must have vertices both above and below w in T'. Hence
the connected subgraph H — u of G — R has vertices both above and below w
in 7. But by the definition of normal tree, AAr(w) is a separating set for the
vertices below w and the rest of T, so H — u contains a vertex in AAr(w) C R, a

contradiction. O

Proof of Lemma 7.1.6 Let H be the class of all 2-connected graphs con-
tractible to a graph in B. Then ForbH = Ex B, and more generally Forb (k +
1)H = Ex(k + 1)B for each k& > 0. Also, a B-blocker is the same as an H-
subgraph-blocker. Now the result follows directly from Lemma 7.3.8. O

7.4 Graph classes not containing all fans

In this section, after a preliminary lemma on coloured forests, we prove Lemma 7.1.7

on the no-linear-degrees property.
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For graphs where each vertex is coloured black or white, we define the contrac-
tion operation as usual, but colour black each vertex resulting from contracting
a connected graph which contains a black vertex. A forest is rooted if in each
component tree a vertex is distinguished as the root: often we will think of the
edges as being oriented away from the root. Let us say that a class A of graphs

is very small (or A has growth constant 0) if

<|An|)" —~0 asn — oo.

n!

For example, the class of graphs with no path of length j is very small [11]: we
shall use this result in the proof of the next lemma. Recall that the path P; has

7 vertices.

Lemma 7.4.1 Fiz an integer j > 2 and 0 < o < 1. Let F' be the class of
black/white coloured rooted forests such that no forest in F' has a black path P;
as a minor, and each forest in F), has at least an black vertices. Then F' is very

small.

Proof Call a colouring of a forest as above good, and call a good colouring (black-
) mazimal if there is no vertex coloured white such that recolouring it black gives
another good colouring. Let F be the set of all possible (unrooted) forests F
together with a specified maximal good colouring of F. Since |F.| < 4"|F,|, it
suffices for us to prove that Fis very small. (For an n-vertex forest, there are at
most 2" choices for the colouring and at most 2" choices for the roots.)

Let F € F,. Observe that trimming off a white leaf yields another coloured
forest in F. The core of F' is the coloured forest obtained by repeatedly trimming
off white leaves until none remain. Thus core(F) is in F,, for some ny > an.

The key observation is that in core(F') each white vertex has degree 2. For
suppose that vertex v is white and has degree at least 3. Let us change the colour
of v to black. By the maximality of the colouring, core(F') now has a black P;
minor. There must be a vertex w of the minor to which v is contracted; and
if T, denotes the tree in core(F) containing v which is contracted to w, then
with the original colour of v each vertex in T, is white (for otherwise the colour
change would not have mattered). Thus there are at least 3 edges between T, and
subtrees of the rest of core(F'), which each contain a black vertex. At least one
of these subtrees must be entirely deleted when the minor is formed (since the

minor has maximum degree 2): but if instead we added such a subtree to T, and
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contracted all these vertices to form w then w would be black even without the
colour change. Thus core(F') has a black minor P; with the original colouring,
and this contradiction shows that indeed each white vertex in core(F') has degree
2.

We have now seen that each coloured forest F' € F may be obtained from an all
black forest with no path P; by subdividing edges using white vertices, and then
attaching pendant trees using more white vertices (to reverse the initial operation
of repeatedly trimming off white leaves). Thus the following constructions yield

each member of .7:"” at least once.

1. Choose a set V; C V' = [n] of ny > an vertices; colour each of these vertices

black; and choose a forest F” on Vi which does not contain a path P;.

2. Choose a set Vo C V' \ V] of ny > 0 vertices; colour each of these vertices

white; and use them to subdivide edges in F”.

3. Take the remaining set V3 = V'\ (Vi U V3) of vertices; colour each of these
vertices white; and use them to form n; + ns trees T}, rooted at the vertices

in ViUV,

4. The edges of the coloured forest F' are those of the subdivided forest F’
together with those of the trees T}.

Let us bound the number of constructions. For step 1, let fm denote the number
of forests on [ny] which do not contain a path P;. Now consider step 2, after we
have chosen the set V5. List the t < n; — 1 edges of F’ in some fixed order, with
a fixed orientation: then we see that the number of ways to use the ny vertices in
V5 to subdivide the edges of F’ is (ng+t—1)!/(t —1)! = (na +t—1),, < n". For
step 3, recall that the number of forests on the vertex set V' containing exactly
ny + no rooted trees with given roots is (ny + ng)np" "2l < prmmane,

From the above we see that in total the number of constructions is at most

- n — /n—n
= — i
E fn1 § nt2pnTmn2
ny Ny

ni=[an] no=0

— (2n)" zn: (”) Fou(20)7.

i
ni=[an]

Now let € > 0, and suppose that e < % so that Y, -,(ee/2)™ < 2. From [11],

there is a mg such that for each m > my we have fm < (em)™. Hence for all n
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sufficiently large that an > my, the number of constructions is at most

30 ()t

ni=[an]
“ ne enqg\ "
< (2n)" R
< e Y (25
ni=[an]
< @) ) (ee/2)" <2+ (217 (e)™n)"
m>[an]

This completes the proof, since we may make 2'~%(ee)® arbitrarily small by choice
of e. O

We have already seen that each proper minor-closed class of graphs that con-
tains arbitrarily large fans fails to have the no-linear-degrees property. We now use
Lemma 7.4.1 to prove Lemma 7.1.7, which says that excluding some fan ensures

that a suitable class has the no-linear-degrees property.

Proof of Lemma 7.1.7 For a class A and a random graph R, €, A the

no-linear-degrees property is equivalent to the requirement that
P(d(vg) > cn) = o(e™*") for every ¢,a >0

where vy is vertex 1 and d(vp) is its degree in the graph R,,.

Let j be a positive integer, and suppose that no graph in A contains as a minor
the fan Fj 5. Fix ¢ € (0,1]. We are going to bound the number of graphs in A4,
such that d(vg) > cn.

Consider a graph G € A,,. Let the least vertex in each component be the root
vertex of that component (so vy is a root). Perform a depth-first search starting
from each root vertex in (G. Recall that the DFS procedure produces a spanning
forest F' of G where we consider each tree as rooted as above; also each tree is a
normal subtree of its component.

Let T, be a tree component of F', with root r; let v be any vertex in T,; and
let T,, be the subtree of T" rooted at v. Observe that such a subtree T, can have
edges (in G) to at most j ancestors of v (from 7}), since otherwise we could form
a minor Fj;o by contracting T, into a single vertex and considering the path from
v to the root of the tree. (Note also that by Theorem 5.2.3 this establishes that
A has treewidth at most 7, though we will not use this fact.)

Now colour black each vertex of F' which is adjacent in G to vy, and colour

each other vertex (including vg) white. We have described G as a forest of rooted
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trees on n vertices coloured black or white, with some additional edges (the ‘back
edges’ from the DFS).

Consider the rooted forest F' = F — v, (set the nodes that were adjacent to
v in F' as roots of the newly created trees). Note that F' can have no black path
Pj.1 as a minor, and if d(vg) > cn then there are at least cn black vertices in F.
Thus by Lemma 7.4.1 the number of all possible rooted forests F' is o(e"n™) for
every € > 0. But since there are at most 2"~ ways to add the node vy back to
the forest F to obtain a valid forest F, the number of different forests F we can
get is also o(e"n") for all € > 0.

From the rooted forests F' on [n] we can construct the graphs in \A,, by adding
some DFS back edges. Let us show that there are not too many ways to do that.
We shall see that, given G € A,, and a DFS spanning forest F' for G, we can record
a small amount of information at the vertices and edges of F' such that from F' and
this information we can reconstruct G. The total amount of information recorded
is at most (2 + 1)n bits.

Assuming that we are able to do that, then the number of constructions on n
vertices which yield a graph with d(vy) > cn is at most |F/|-2"- 22+ = o(e™n))

for any € > 0. But |A,| = Q2 (7"n!) for some vy > 0. Therefore, for any ¢ > 0
P(d(vg) > cn) < €"

for n sufficiently large. Thus the following lemma will complete the proof of
Lemma 7.1.7. O

Lemma 7.4.2 Let j be a positive integer and suppose that no graph in A contains
as a minor the fan Fjio. Given a graph G € A and a DFS spanning forest I for
G, we can uniquely describe G using F together with j bits for each vertex of F

other than a root, and j+ 1 bits for each arc of F' other than those leaving a root.

Proof of Lemma 7.4.2 Consider a rooted tree T" in F'. For each vertex x
other than the root, let L, be the list of the ancestors of x (in F') other than the
parent of  which have an edge (in G) to T, listed in order of increasing distance
from the root. Thus L, has length between 0 and j. Let B, be the binary j-tuple
be(1),...,b.(7), where b,(i) = 1 if the list L, has length at least ¢ and its ith
member is adjacent to z, and otherwise b, (i) = 0.

Also, for each edge xy of T oriented away from the root where x is not the root,
let Cy, be the binary (j + 1)-tuple c;y(1),. .., cyy(j + 1) defined as follows. Let L
be the list L, with the parent of x appended at the end; and for e =1,...,5+ 1
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7.5. Proof of Theorem 7.1.1

let ¢,y (i) = 1 if the list L has length at least ¢ and its ith member has a non-tree
edge to T, and otherwise let ¢, (i) = 0.

Given G and F we can of course construct all the lists L, and the tuples B,
and C,,. But conversely, given I’ and the tuples C,, we can construct the lists
L, and then we can use the tuples B, to recover G.

We do this as follows. For each tree T in F', we construct the lists L, by
moving one step at a time away from the root. If z is a child of the root then
L, is empty. Now let xy be an edge in 1" oriented away from the root where x
is not the root, and suppose that we know L,. We form L, as follows. Let L be
L, with the parent of x appended at the end. For i =1,...,7+1, if ¢;,,(4) = 1
we keep the ith member of L, otherwise we delete it, maintaining the same order:
this gives L.

Thus we can determine each list L, for x not the root; and now we can use F
to determine the parent of x, and L, and B, to determine all its other ancestors

to which it is adjacent. Thus we can determine G. O

7.5 Proof of Theorem 7.1.1

In the last two sections we proved Lemma 7.1.6 and Lemma 7.1.7. In this sec-
tion, after a further few preliminary lemmas we use the earlier results to prove
Theorem 7.1.1.

7.5.1 Minors, paths and pendant subgraphs

The following lemma is ‘nearly obvious’ but we spell out a proof.

Lemma 7.5.1 Let the graph G have H as a minor. Then G has a subgraph H
which contracts to a graph isomorphic to H, and a family (Q(zy) : xy € E(H))
of paths in H, which partition the edges of H and have no internal vertices in

comimon.

Proof Since G has H as a minor, there is a family (70 : = € V(H)) of disjoint
(that is, pairwise vertex-disjoint) subtrees of G, such that for each edge xy € E(H)
there is at least one edge uv in G between the vertices of T and T; . Form a set
D C E(G) by picking exactly one such edge uv for each edge zy € E(H). Call
these the ‘cross edges’

Let x € V(H) and consider the tree T?. Repeatedly remove leaves that are

not incident with any cross edge, until no such leaves are left or the tree has
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just one vertex. The resulting tree T, has the property that if it has at least
two vertices then each leaf of T, is incident with a cross edge. Do this for each
vertex x € V(H), and let the subgraph H of G be the graph consisting of all the
trees T, together with the edges in D. If we contract each of these trees T, to a
single vertex we obtain a copy of H. Thus it will suffice to show that there is an
appropriate family of paths for H; and so the following claim will complete the

proof.

Claim There is a family (Q(uv) : uv € D) of pairwise internally vertex-disjoint
paths such that (a) for each edge uv in D, Q(uv) contains the edge uv and if uwv
has one end vertex in T}, and one in 7}, then so does Q(uv); and (b) each edge in

the trees T, is contained in one of the paths.

We will prove the claim by induction on |D|. It is trivial if | D| = 0, so suppose
that |D| > 1 and we know the result for smaller values. Let uv € D and suppose
that v is in T}, and v is in T, (and so x # y). We form the path @Q(uv) as follows.

If T}, consists just of u, or u is not a leaf of T, or u is incident with another
edge in D, then let P(u) be the trivial path consisting just of u. Otherwise u is
a leaf of T, and T, has at least two vertices, and u is not incident with any edge
in D\ uv: in this case we let the path P(u) be the shortest path in T, between
u and a vertex u’ such that either «’ is incident with an edge in D \ wv or ' has
degree > 2 in T,. Similarly we form a corresponding path P(v) in T},. Let Q(uv)
be the path formed by concatenating P(u), uv and P(v).

Now we remove uv from D, and from 7, and 7T, we remove the edges and
internal vertices of Q(uv). It is easy to see that may use the induction hypothesis
to obtain a family of paths for the new configuration, and then add the path
Q(uv) to complete the proof of the claim, and thus of the lemma. O

The next lemma follows quickly from the last one.

Lemma 7.5.2 Let the graph G have H as a minor and let W C V(G). Then G
has a subgraph H which contracts to a graph isomorphic to H, and a family F of
paths in H such that

(a) the paths in F partition the edges of H,
(b) no path in F has an internal vertex in W, and

(¢) |[F| < [EH)]+ [W].
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Proof By the last lemma, G has a subgraph H which contracts to a graph
isomorphic to H, and a family (Q(xy) : 2y € E(H)) of paths in H, which partition
the edges of H and have no internal vertices in common.

If a vertex w € W is internal for a path P in this family then P is the only such
path for w, and we form two new paths P’ and P” by ‘cutting’ P at w (so that
both of the new paths have w as an endpoint and not as an internal vertex). We
do this for each vertex w € W, and thus obtain a family F of paths as required.

O

We call a connected subgraph H of G' a pendant subgraph if there is exactly
one edge of G between V(H) and V(G) \ V(H). From the last lemma we deduce:

Lemma 7.5.3 Let G = (V, E) be a graph, let W C V, let G' =G — W and let
P be a collection of pairwise vertex-disjoint pendant subgraphs of G'. Suppose the
graph H has no isolated vertices, and let G have H as a minor. Then G has a

subgraph H which contracts to a graph isomorphic to H, and which has vertices
in at most 2(|E(H)| + |W|) of the subgraphs in P.

Proof Invoke Lemma 7.5.2 to obtain a family F of at most |E(H )|+ |W| paths
where no path has an internal vertex in W and |Jp.» P yields a graph which
contracts to a graph isomorphic to H.

We claim that any path P € F can touch at most 2 distinct pendant subgraphs
in P. Clearly the lemma will follow from this claim.

To establish the claim, assume for a contradiction that some path P in F
shares vertices with each of 3 distinct subgraphs C;, Cy and C3 in P. Since P
does not have internal vertices in W, we may assume it is entirely contained in G’
(otherwise consider P less any vertices in W). Travel along P and without loss of
generality suppose that (' is visited first and C5 is visited second. But in order
to visit Cy after C; we must cross the bridge e connecting Cs to the rest of G’,
and there is no path in G’ — e from V(Cs) to V(Cj3), so P cannot reach C5. O

7.5.2 Completing the proof of Theorem 7.1.1

Lemma 7.5.4 Let A be an addable minor-closed class of graphs such that its
family B of excluded minors includes at least one planar graph. Assume that A

has the no-linear-degrees property. Then for each positive integer k, we have

|(Ex (k+1)B),| = (1 + e*Q(”))|(apexk Ayl
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The idea of the proof is similar to that of the proof of Theorem 6.1.1 in Chapter 6.
We first describe constructions which yield every graph in (Ex (k+1)B5),, at least
once (as well as other graphs); we then show that there are few ‘unrealistic’
constructions; and finally we show that few ‘realistic’ constructions yield a graph

not in apex” A.

Proof of Lemma 7.5.4 Fix a positive integer k. By Lemma 7.1.6, there is a
positive integer r such that the following holds. For each graph G in Ex (k + 1)B
with at least r vertices, there is a B-blocker R of size r and a subset S of R of
size k such that R\ v is still a B-blocker for each vertex v € R\ S.

Let n > r. By the above, the following constructions yield every graph in
(Ex (k + 1)B),, at least once (as well as other graphs).

(i) Choose an r-subset R C V, put any graph on R, and choose a k-subset S C R
( (2)2(;) (1) = O(n") choices)

(ii) Add the edges of any bipartite graph H(S,V \ R) with parts S and V' \ R

(2k(=) choices)
(ili) Put any graph Fin Aon V \ R (|A,_,| choices)

(iv) Add the edges of any bipartite graph H(R\ S,V \ R) with parts R\ S and
V'\ R, subject to the restriction that for each v € R\ S the induced subgraph
on V\ (R\v)isin A.

By the graph minors theorem of Robertson and Seymour [89], B is a finite set
of j > 1 graphs H, ..., H;; and by assumption each H; is 2-connected. Let m be
the maximum number of edges in these graphs H;.

Pick distinct vertices v; and r; in Hy, and consider the connected graph Hy —v;
in A. Write hy = |V (H,)|. From this graph, form the graph H € A by attaching
a path of length h; to ri; let vertex r the other end of the path; and let H be
rooted at r. Call the part corresponding to H; — vy in a pendant appearance of
H a spike (following the terminology of Chapter 6) Our construction ensures that
spikes must be disjoint.

By Lemma 7.2.1 (the ‘pendant appearances’ theorem of [77]), there exist con-
stants @ > 0 and b > 0 such that (assuming n is sufficiently large) the number
of graphs F' € A,_, with less than an spikes is at most e | A,,_.|. We define
further constants in terms of a and . By a Chernoff bound, there is a constant

¢ > 0 such that

P (Bin([an],27*") < 2m +2r) = O(e™™").
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Letn, 0 <n < % be sufficiently small that

nr
<E) < emin{b,c}.
n

Let a be sufficiently large that e > 2" and let ¢t = t(n) = [nn].

Call a construction realistic if there are at most ¢ edges between each vertex
v € R\ S and the vertices in V' \ R; and unrealistic otherwise. Let C(n) denote
the set of graphs in A, _,.1 such that vertex n—r+1 has degree > t. Since A has

the no-linear-degrees property,
IC(n)| = Oe™") [Anl.

For a given choice of R and S, the number of graphs F on V \ S such that the
induced subgraph F[R\ 9] is some fixed graph, and some vertex in R\ S has > t

edges to the vertices in V' \ R is at most
(r — k) |C(n)| 20*-Dt=n),
Hence the number of unrealistic constructions is at most
O(n") - 28— 2Ur=k=D(=1) 0 ()| < O(n") - 27| A,| €7 = | A, | e 9.

Thus there are few unrealistic constructions so that we may ignore them further.
Note that in realistic constructions, the number of choices for the bipartite graph
H(R\ S,V \ R) in step (iv) is

(£07) 60 e ()™

Let us bound the number of realistic constructions which yield a graph G in
Ex (k+1) B\apex” A. For each such construction, the graph G[V'\ S] must contain
a minimal subgraph K which contracts to an excluded minor H; for some i €
{1,...,7}; and by Lemma 7.5.3, such a subgraph K can touch at most 2(m-+r—k)
spikes.

Now suppose that each vertex v in S is adjacent to all h; — 1 vertices of each
spike in a set A, of at least 2m + 2r — k spikes. Since the graph K does not touch
at least 2m + 2r — k — 2(m +r — k) = k spikes in A, for each vertex v € S, we
can pick a spike in A, (for example, greedily) for each v € S to form k disjoint
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subgraphs isomorphic to H; with none of them touching the graph K.

But now there are at least k& + 1 disjoint excluded minors in GG, contradicting
G being in Ex (k + 1)B. Hence, for at least one vertex v in S, v must be adjacent
to all Ay — 1 vertices of at most 2m + 2r — k — 1 < 2m + 2r spikes.

Therefore, given any choices at steps (i),(iii) and (iv), if F' has z spikes then
the number of choices at step (ii) to obtain a graph in Ex (k + 1)B \ apex” A is
at most

280=7) | P (Bin(z, 27" 1) < 2m +2r) .

Hence, by considering separately the realistic constructions which yield a graph
in Ex (k + 1)B \ apex” A such that F' has < an spikes and those ones where F

has > an spikes, we see that the number of such constructions is at most

nrn
O(nQT) 2kn (%) |An—7’| (e—bn + e—cn)

= Mok A Ll = e ™ |(apex”® A),|.

since |(apex® A),| > 2F=k)| A, _|. This completes the proof of the lemma. O
The following two simple facts will be useful.

Lemma 7.5.5 Let A be a proper minor-closed class of graphs, with set B of
excluded minors, such that no graph in B has a component which is a path. Let k

be a positive integer. Then there is a positive integer t such that for all n >t
(Ex (k4 1)B\ apez®A), >nl/(2-t!).

Proof We need only show that for some t > 3, the graph K; is in Ex (k + 1)B\
apex ¥ A, since then the graphs formed from K, together with a disjoint path would
also be in this class.

Let h be the least number of vertices in a graph in B, so h > 3. Let t = h+ k,
and note that ¢ < (k + 1)h, since (k+ 1)h — (h+ k) = k(h — 1) > 0. Then K, is
not in apex” A because removing k vertices from K, leaves a copy of Kj; and K,

cannot contain a minor in (k4 1)B since t < (k + 1)h. O

Lemma 7.5.6 Let A be a proper minor-closed class of graphs with set B of
excluded minors, and suppose that A O apex'C for some class C of graphs and

some positive integer [. Then Ex (k+ 1)B D apex*+D+D-1¢,

Proof Let G € apex**DU+D=1¢. and suppose for a contradiction that G has
k + 1 disjoint subgraphs Hj, ..., Hiy1 each with a minor in B. Let S C V(G) be
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a set of size at most (k+1)(I+1) — 1 such that G — S € C. Since apex'C C Ex B,
each graph H; must have at least [ + 1 vertices in S; and since the graphs H; are

pairwise disjoint we must have that |S| > (k4 1)(l + 1), contradicting our choice
of S. 0

Now Theorem 7.1.1 will follow easily.

Proof of Theorem 7.1.1 For the first part, suppose that A is addable and
does not contain all fans. Then directly from Lemmas 7.1.7 and 7.5.4, for each

positive integer k, as n — oo
|(Ex (k+1)B),| = (1 + e_Q(”))|(apexk Ayl

But now Lemma 7.5.5 allows us to replace the e~ by ¢=©™),

Let us prove the second part of the theorem. Suppose that A contains all fans.
Let P denote the class of all paths, so A O apexP. Then by Lemma 7.5.6 we
have Ex (k + 1)B D apex?*1P. So, by counting just the graphs where the first

2k + 1 vertices form an apex set,

|(Ex (k +1)B)x|

Vv

|(apex?+1 P),|
2(2k+1)(n—2k—1)1(n _ 2k, _ 1)'
2

n! 2(2k+1)n—o(n) .

Vv

v

But since A is proper minor-closed, it is small [83] (see [43] for another proof);
that is, |A,| = O(y"n!) for some 7. So

n
apex® )| < ()21 01| = O((2)"0).
Therefore
|(Ex (k + 1)B),|/|(apex® A), | > (281720 /)"
and we have completed the proof. O

Remark 7.5.7 If the class A contains an apex class larger than apexP we can
obtain a better lower bound than in the last part of the proof above. For example,
the class Ex Ky of series-parallel graphs contains apex F, so for each fized k > 1,
by Lemma 7.5.6, |(Ex(k + 1)Ky),| > 2@k+Dnen—inl  Also Ex Ky has growth
constant v ~ 9.07 [11], and 2*"'e > de ~ 10.87 so 28"le > ~; and hence the
graphs on [n] in apex® (Ex K4) form only an exponentially small proportion of
those in Ex (k + 1)K,.
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7.6 Properties of the random graphs R,

In this section we use the ‘counting’ results Theorems 7.1.1 and 7.1.2 to prove
Theorems 7.1.3 and 7.1.4, as well as Theorem 7.6.1 which extends Theorem 7.1.5.

Let MP* be the multiset of graphs produced by the constructions in the proof
of Theorem 7.1.2. For graphs R, €, Ex(k + 1)B and R/, €, MF*, that proof
together with Theorem 7.1.1 gives that

dry(Rn, R.) = e~ (7.4)

where dry denotes total variation distance. Therefore it is enough to prove The-
orems 7.1.3 and 7.1.4 with R, replaced by R/ (except for the easy lower bound
in the second result). Notice that the graph R/, can be generated by choosing the
set S and the graphs G[S], F' and B in the steps in the proof of Theorem 7.1.2

uniformly at random.

Proof of Theorem 7.1.3 Suppose S = Sy was chosen for step (1). Note that
for each v € S

P((%—e)ngd(v) < (%Jre) n) =1 —e %M,

Indeed, since the graph G[S] and the bipartite graph B are chosen uniformly at
random, each vertex v € Sy has d(v) ~ Bin (n — 1, 3).

To show that with probability 1 — e~ no vertex v ¢ Sy may belong to S,
(that is, have degree > en) we can apply Lemma 7.1.7 to the class A (as each
proper addable minor-closed class of graphs has growth constant at least ). Thus

for the graph F picked in step (2) uniformly from A,,_; we get

P (A(F) > %) = =),

—Q(n)

Hence with probability 1 —e , given that S = Sy was chosen in step (1), each

en

2
large. Considering now all k-subsets Sy C [n] completes the proof of (i) and (ii).

For (iii), let a, H, H~ and h be such as in the proof of Theorem 7.1.2. We say

that a construction G obtained in that proof is very good if for each vertex s € S

vertex in V' (F') has degree not larger than <t + k < en in R/, for n sufficiently

there are at least m = 27 "an pairwise disjoint subsets Xi(s), Xo(s),..., X,u(s) C
V(F) such that each graph G[X;(s) U s] has H as a minor.
If G is very good and S’ is another B-blocker of G such that S € S’; then S’

must have at least dn vertices where § := 27"a (to see this, let s € S\ S’ and note
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that S’ has to contain a vertex from each of the disjoint sets X;(s)). But given
that S = Sy and that F' has at least a(n — k) copies of H~, the probability that

a random construction R/, is not very good is at most
kP (Bin (la(n —k)|,27"™) < [27"an]) = e~
O

Proof of Theorem 7.1.4 Let K,H € A be (fixed) connected graphs such
that w(K) = w(A) and x(H) = x(A). Fix a k-set Sy of vertices and a graph H
on Sp. By Lemma 7.2.1 (the pendant appearances theorem of [77]), there exists
a > 0 such that, with probability 1 — e~ the graph F chosen in step (2) of the
construction has at least 2[an] disjoint sets of vertices such that the first [an|
induce copies of K, and the second [an| induce copies of H.

Standard bounds for the binomial distribution now show that with probability
1 — e ™™ there is a copy of K and a copy of H such that each possible edge
between S, and these copies is present. Thus with probability 1 — e~ we
have w(R!) > w(Hy) + w(A) and x(R) > x(Ho) + x(A). Hence, removing

—2n) we have

the conditioning on S and the graph on S, with probability 1 — e
w(R]) > w(R') +w(A) and x(R],) > x(R')+ x(A), where R’ denotes the induced
subgraph R/ [S]. Also R’ ~ R; that is, R’ and R have the same distribution.

Of course, the reverse inequalities, w(R,) < w(R')4+w(A) and x(R.,) < x(R')+

X(A) always hold. We have now shown that
drv (W(Ry,), x(R,)), (X,Y)) = e
and thus, by the discussion at the start of this section, that

dTV ((w<Rn)7 X(Rn)), (X, Y)) = eiQ(")_
To replace e=4™ by ¢=©(™ note that P(R, € A) = e—O0n) -

We shall deduce Theorem 7.1.5 from a more general result, Theorem 7.6.1. For
a graph G we let Big(G) denote its (lexicographically first) largest component, and
let the fragment Frag(G) be G less Big(G). Let us use v(G) to denote |V(G)|.
Thus frag(G) = v(Frag(G)). We shall investigate the asymptotic behaviour of
Frag(R,), following the treatment in [74].

A class A of graphs is called decomposable if a graph is in A if and only

if each component is. (It is easy to see that each addable minor-closed class
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Chapter 7. Few disjoint minors in B when Ex B excludes a fan

is decomposable.) For any graph class A we let U A denote the corresponding
unlabelled graph class, with members the equivalence classes of graphs in A under
isomorphism.

Now let A be any decomposable class of (labelled) graphs, and let A(x) =
> o [An|z" /0! be its exponential generating function. Let C denote the class
of connected graphs in A, with exponential generating function C(z). Recall the
‘exponential formula’, that A(x) = e“@) (see for example [48]). (By convention
the empty graph () is in A and not in C.) If p > 0 is such that A(p) is finite, then
we may obtain a natural ‘Boltzmann Poisson distribution’ on U A, as follows. Let

v(H)

MNH) = ot (70) for each graph H € UA (7.5)

where aut(H) denotes the number of automorphisms of H. Then

D MH) = Ap) = 7.

HeulA
The Boltzmann Poisson random graph R = R(A, p) takes values in U.A, with

ANH
P[R=H] = MH) for each H € UA. (7.6)

A(p)
It is shown in [74] that the number of components of R isomorphic to a given graph
H € UC has distribution Po(A\(H)), and numbers of components corresponding
to distinct graphs in UC are independent; and thus the random number x(R) of

components of R satisfies k(R) ~ Po(C(p)). Also, v(R) is the sum of independent
random variables v(H)Po(A(H)) for H € UC; and

_ [ Anlp" /n!

Plv(R) = n] A()

forn=0,1,2,... (7.7)

We are interested in the limiting behaviour of the random graph Frag(R,). It
is convenient to deal with the corresponding random unlabelled graph which we
denote by UFrag(R,).

Theorem 7.6.1 Let A be an addable minor-closed class of graphs which does not
contain all fans; let p be the radius of convergence of its exponential generating
function A(x); and let B be its set of excluded minors. Let C be the class of
connected graphs in A, with exponential generating function C(x). Then A(p) <
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7.6. Properties of the random graphs R,

oo; and given a positive integer k, for R, €, Ex(k+ 1)B we have
dry (UFrag(R,),R) = 0 as n — oo. (7.8)

where R = R(A, p/2%) is the Boltzmann Poisson random graph for A and p/2F
as in (7.5) and (7.6) above. Further,

E [frag(Ru)] = E [v(R)] = (p/2") C'(p/2") < co. (7.9)

Since P(R = () = e C(/2") Theorem 7.1.5 follows as an immediate corollary.
Also, dry(frag(Ry), v(R)) — 0 as n — oo, where the distribution of v(R) is given
by (7.7) with p replaced by p/2*.

To prove (7.8) in Theorem 7.6.1 we use one preliminary lemma, followed by a
lemma taken from [74]. After that, to prove (7.9) in Theorem 7.6.1 we use another

preliminary lemma.

Lemma 7.6.2 Let A be a minor-closed class of graphs, with set B of excluded
minors. Let j be a positive integer, suppose that ExjB has a positive growth

constant, and let R, €, ExjB. Then
P(Frag(R,) € A)=1—e" ™ gsn — oo.

Proof The case j = 1 is trivial, since A = ExB; so assume that j > 2. For
i=1,2,...let A" denote ExiB, and let the exponential generating function A’(x)
of the graphs in A have radius of convergence p;. Then p; 1 < p;/2, since from
each graph G in A’ we may construct at least 2" graphs in Afj;ll by adding any
set of edges between vertex n 4+ 1 and V(G). Thus p; < 27U=Yp; < p, /2.
Observe that if any component of R, is in A’ \ A’~! then the remaining

components must be in A. Thus

P(Frag(R,) ¢ A) < P(R, has all components in A7) (7.10)
+ P(Frag(R,) has a component in A"\ A™1).

The first term on the right side tends to 0, because the family D of graphs
with all components from A/~ has radius of convergence p;_1 > 2p;. To see this,
let C(z) denote the exponential generating function of the connected graphs in
A7t then, by the exponential formula, D has exponential generating function

e“@) and this converges for 0 < x < p;_;.
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Consider the second term on the right side. Fix e > 0 sufficiently small that

(07" +e)p;' +e)
(7" —€)?

< 1.

There are constants 0 < a < b such that for all non-negative integers n

— n An — n
(o — ey < el <y 1)

. ; -1
(since A7 has growth constant p; ") and

[ A

S+

Since each component of Frag(R,) has at most n/2 vertices, it now follows that

the second term on the right side of (7.10) is at most

,_
0|3

)
n j b2n' -1 tr —1 n—t
()Miiant = S S+ 0+

t=

-1 -1 n/2
< (b2/a)n<(p1 +€)(Pj +E)> _ 0

(pj " —€)?

[e=]

|

We say that A is bridge-addable if given any graph G in A and vertices u and
v in distinct components of G, the graph obtained from G by adding an edge
joining u and v must be in A. It is easy to see that each addable minor-closed
class is bridge-addable. Given a graph H in A, we say that H is freely addable
to A if, given any graph G disjoint from H, the union of G and H is in A if and
only if G is in A. Recall that A is called smooth if |A4,|/ (n|A,—1|) converges to
some finite constant v > 0 as n — co. The following lemma is a combination of
Lemmas 4.4 and 4.5 from McDiarmid [74].

Lemma 7.6.3 Let the class A of graphs be minor-closed and bridge-addable; let
R, €, A; let B denote the class of all graphs freely addable to A; and suppose
that P(Frag(Ry,) € B) — 1 as n — oo. Suppose further that A is smooth, and its
exponential generating function A(x) has radius of convergence p, with 0 < p < co.

Then the exponential generating function B(x) of B satisfies 0 < B(p) < oo;
and dry (UFrag(Ry), R) — 0 where R = R(B, p) is the Boltzmann Poisson random
graph for B and p as defined in (7.5) and (7.6) above. Further, E [v(R)] = pC'(p) <
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7.6. Properties of the random graphs R,

oo, where C(x) is the exponential generating function of the class C of connected

graphs in B.

Proof of (7.8) in Theorem 7.6.1 Let A" denote Ex(k + 1)B. Since A
is addable, it follows that A**! is bridge-addable and the class of graphs freely
addable to A**! is A. By Theorems 7.1.1 and 7.1.2, A**! is smooth and its expo-
nential generating function has radius of convergence p/2*. Thus by Lemma 7.6.2

we may use Lemma 7.6.3 to complete the proof. O

In order to prove (7.9) in Theorem 7.6.1 we need one more lemma. For a
vertex v in a graph G, we let Comp(v, G) denote the component containing v and

let comp(v, G) denote its number of vertices.

Lemma 7.6.4 Let A be an addable minor-closed class of graphs which does not
contain all fans; let B be its set of excluded minors; let k be a positive integer and
let R, €, Ex(k+ 1)B. Then for each € > 0 there is a K > 0 such that

E[[{v € V(Frag(Ry)) : comp(v,R,) > K}|] < e.

Proof By (7.4), it suffices to prove this result with R,, replaced by R/ . Recall
that R) specifies a k-set S and F,,_; € A. Let A,, be the event that in R], each
vertex in S has an edge to Big(F,_k). We first show that

P(A,) = 1 — %), (7.11)
Since A is bridge-addable, by Theorem 2.2 of [77], if we let k = |n2 | then
P(r(Fyp) >k +1) < 1/kl = ¢ nlogn)
(Recall that x(G) denotes the number of components of G.) Thus
P([Big(Fy_)| < n) = e (23 logm),
Hence, if v; is a vertex in S then

1 1
P(v; has no edge to Big(Fn_i)) < 2™ + P(|Big(Fy_i)| < nz) = e~ ®2);

and now (7.11) follows.
Next observe that if A, holds then S and Big(F,_j) are contained in Big(R!);
and thus if v € V(Frag(R))) then v € V(Frag(F,_x)), and there is no edge
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between S and Comp(v, F,_).

By (7.11) it suffices to upper bound E [|{v € V(Frag(R})) : comp(v,R}) >
K}|-14,]. For each v € V'\ S let B, (v) be the event that there is no edge between
S and Comp(v, F,,_j). By the above observations

E[|{v € V(Frag(R,)) : comp(v,R]) > K}| - 1a,]
E[[{veV\S:veV(Frag(F,_x)),comp(v,Fn_y) > K, B,(v)}|]

Z P(B,(v) | comp(v, F,_x) > K,v € V(Frag(F,_x))) - P(v € V(Frag(F,_x)))
veV\S

Z 27kK[P)(U € V(Frag(Fn—x)))
veV\S

< 27KE [frag(Fh_k)] < c- 27K

IN

IA

IN

In the last inequality here we used the result that E [frag(F,_x)] < c for a constant

¢, see Lemma 2.6 of [74]. The lemma follows. O

Proof of (7.9) in Theorem 7.6.1 Let ¢ > 0. By Lemma 7.6.3

E[v(R)]= ) v(H)AH) = (p/2) C'(p/2") < cc.

HeucC

Thus for K sufficiently large

By (7.8)

E[|{v € V(Frag(Ry)) : comp(v,R,) < K}|] — v(H)A(H),
Heuc,v(H)<K

and so
| E[{v € V(Frag(Ry)) : comp(v, Rn) < K} = E[V(R)] [ < e+ o(1).
Hence by Lemma 7.6.4 with K sufficiently large
| E[frag(Rn)] — E[v(R)] | < 2¢+0(1)

and we are done. O
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7.7 Concluding remarks

Consider an addable minor-closed class A of graphs, with set B of excluded minors.
For such a class A, we have learned much about the class of graphs with at
most k disjoint excluded minors, and in particular about the relationship between
Ex (k+1)B and apex”*A. Here there are just two cases: if A does not contain all
fans then the difference class Ex(k+1)B \ (apex*®A) forms an exponentially
small proportion of Ex (k+1)B; and if A contains all fans then Ex (k+1)B is
exponentially larger than apex*A (at least for large k).

But what happens if the minors of A are not 2-connected? Consider for ex-
ample the class Ex S, where S; denotes the star with ¢ leaves (and thus with ¢ 41
vertices). For each ¢t > 3 almost all graphs in Ex (k + 1)S; are in apex® Ex S,
as in the case when A is addable and does not contain all fans; and for ¢ = 3
the difference class Ex (k +1)S; \ (apex® ExS;) forms an exponentially small
proportion of Ex (k+1)S;; but this is not the case for ¢ > 4, where the proportion
is 2_6(”%), see [75]. There is more to be learned about disjoint excluded minors

in such classes of graphs.

A second natural question concerns the behaviour of Ex (k + 1)B when A is
minor-closed and contains all fans. We have learned little about this case, other
than the fact that apex®A is irrelevantly small in comparison (at least for large

A good starting point is to consider the class A = Ex K, of series-parallel
graphs, see Remark 7.5.7. Clearly Ex 2K, contains apex®F, where F denotes the
class of forests, and so if Ex2K, has a growth constant then it must be at least
8e. It is not hard to see that this is not the right value, but it may give the
right idea. We conjecture that almost all graphs G in Ex 2K, contain a set .S of
three vertices such that any two form a Kj-minor-blocker, or equivalently every
non-series-parallel subgraph of GG has at least 2 vertices in S.

More generally, consider any (fixed) planar graph H. Perhaps there is a posi-
tive integer jg such that the following is true for every positive integer k: almost
all graphs G with at most k disjoint subgraphs contractible to H contain a set S
of (k+1)ju — 1 vertices such that each subgraph of G contractible to H contains
at least jy vertices from S. Observe that this is true for H = jC5, with j5 = j.
For if we let B = {jC3} and A = ExB, then Ex (k + 1)B = Ex (k + 1)j C5 which
is very close to apex *+17=1 F (where F is the class of forests); and for a graph
G in this class, the set S consisting of the (k + 1)j — 1 apex vertices is such that

each subgraph of G not in A contains at least j vertices from S.
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Chapter 8

Few disjoint minors in B when

Ex B contains all fans

8.1 Introduction

In Chapter 7 we studied classes Ex (k+ 1)B when the graphs in B are 2-connected
and Ex B does not contain all fans. What happens in the case when Ex B contains
all fans? We prove some general results in this chapter, and we consider specific
forbidden minors, such as 2K in the next one.

We call a B-blocker @) of a graph G redundant (“O-redundant”, in the termi-
nology of Chapter 7) if for each vertex v € @ the set @ \ {v} is still a B-blocker
for G. We denote the class of graphs that have a redundant B-blocker for size k
by rdy B. For a graph H, we will often abbreviate Ex{H} to ExH, rdx {H} to
rd, H, etc.

Given a positive integer s call a graph G an s-fan if G is a union of a complete
bipartite graph with parts A and B, where |A| = s, and a path P with V(P) = B.
We call 1-fans simply fans. Given a positive integer k and a set of graphs B we
denote by kB the class of graphs consisting of k vertex disjoint copies of graphs
in B (with repetitions allowed). Thus Ex (k + 1)B is the class of graphs that do
not have k + 1 vertex disjoint subgraphs Hy, ..., Hy.1, each with a minor in B.

Recall that a classical result of Robertson and Seymour says that each minor-
closed class can be characterised by a finite set B of minimal excluded minors, i.e.
A =ExB (see, e.g., [38]).

Let k£ be a positive integer and let A be a proper addable minor-closed class
of graphs, with a set B of excluded minors. Recall that by Theorem 7.1.1 from
Section 7.1

|(Ex (k+1)B),| = (1 + e ®™)|(apex” A),| (8.1)
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if A does not contain all fans. Suppose A = Ex B is addable but contains all
fans. Then the class apex” A C Ex (k + 1)B still seems a natural candidate to be
the dominating subclass of Ex (k + 1)B. However, we showed, see Remark 7.5.7,
that for such B Theorem 7.1.1 fails, at least for large k. The first (and the
main) theorem of this chapter shows that a very different subclass determines the
convergence radius of Ex (k+1)B, namely, the class rd g1 B. Clearly, rd o1 B C
Ex (k+1)B: if Q is a redundant blocker for G and |@Q| = 2k+1 then each subgraph
of G with a minor in B uses at least two vertices of (), so we can find no more

than £ disjoint such subgraphs.

Theorem 8.1.1 Let A be a proper addable minor-closed class of graphs, with a
set B of minimal excluded minors and growth constant . Suppose A contains all
fans, but not all 2-fans, nor all complete bipartite graphs Ks ;.

Then there is a positive integer ko = ko(B) such that the following holds. Let
k be a positive integer. If k > ko,

p(Ex (k + 1)B) = p(rdayi1 B) < p ((Ex (k +1)B) N apez™ " A) .

If k < ko, the class Ex(k + 1)B has a growth constant 2%~. Furthermore, if
p(rdo1 B)™' < 2%y then (8.1) holds.

For ¢t > 4 we denote by W; a wheel graph on t vertices. Some examples of
classes A for which Theorem 8.1.1 applies are Ex K4, Ex Ky, for t > 3, Ex W;, and
Ex{Ks4, Fs}, where t > 2, s > 5 and Fj is a 2-fan on s vertices. The condition of
Theorem 8.1.1 is not satisfied for, say, A = Ex Wjs.

We believe that the condition of Theorem 8.1.1 can be weakened. For example,
it may be possible to drop the requirement that A does not contain all graphs
Ks,, to get an assumption similar to the one of Theorem 7.1.1. We also believe
that for & > kg the fraction of graphs in (Ex (k+1)B),, that are not in (rd o1 B),,
is exponentially small.

Let A be an addable class of graphs. In [77], two properties are fundamental
in the proof that A has a growth constant. First, the class A is decomposable,
meaning that G is in A if and only if each component of G is. Second, A is
bridge-addable, i.e., it is closed under adding bridges between distinct components.
Classes Ex (k + 1)B are bridge-addable, but not decomposable. Theorem 8.1.1
reduces the problem of proving that a growth constant of Ex (k + 1)B exists,
to the analogous problem for the class rd g, B. Graphs in rd o, B with a fixed
redundant blocker can be represented by a decomposable class of coloured graphs,

see Section 8.4.
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With stronger conditions on A, this allows us to prove the following.

Theorem 8.1.2 Let k be a positive integer and let A be a proper addable minor-
closed class of graphs with a set B of minimal excluded minors. Suppose each graph
in B is 3-connected, A does not contain all 2-fans, nor all complete bipartite graphs

K3y, nor all wheels. Then Ex (k + 1)B has a growth constant.

Classes A that satisfy the condition of Theorem 8.1.2 are, for instance, Ex K and
Ex W5, but not Ex K 3.

In Section 8.3 we prove our key structural lemmas and Theorem 8.1.1. Sec-
tion 8.4 is similar, using a superadditivity argument as in [77], we prove Theo-
rem 8.1.2 there.

8.2 Definitions

8.2.1 Definitions for coloured graphs

Let t > 0 be a fixed integer. We will consider {0, 1}*-coloured graphs G' where

each vertex v € V(@) is assigned a colour
col(v) = colg(v) = (coly(v),. .., coly(v)) € {0, 1}

We say that v € V(G) has colour i if col;(v) = 1. We denote by Col(v) =
Colg(v) = {k : ex(v) # 0} the set of all colours of v, similarly let Col(G) be the
union of Colg(v) for all v € V(G). Also, denote by N(G) the uncoloured graph
obtained by removing all colours from G. Whenever ¢ is clear from the context or
not important, we will call {0, 1}*-coloured graphs just coloured graphs or simply
graphs. We call a vertex v € V(G) coloured if Colg(v) # 0.

Let G be a {0,1}'-coloured graph. Given a set L = {s1,...,8;} such that
s1,...,8 € V(G) and s; < --+ < s;, we can obtain an (uncoloured) graph G* on
vertex set V(G) U L by connecting s; to each vertex v € V(G) that has colour i.
We call GL an extension of G. We denote by Ext(G) the set of all extensions G*
of G, and denote by ext(G) an arbitrary representative of Ext(G).

For a {0, 1}*-coloured graph G we define the contraction operation in the
standard way (see, e.g., [38]) with the addition that the vertex w obtained from
contracting an edge uv € E(G) has colours Col(w) = Col(u) U Col(v). A {0,1}-
coloured graph H is a subgraph of G if H is a subgraph of G, if the colours are
ignored, and for each v € V(H) we have Colgy(v) C Colg(v). H is a coloured

minor of G if it can be obtained by contraction and subgraph operations from G.
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When a (coloured) graph G has V(G) C [n] for some positive integer n, we
will usually assume that the new vertex w resulting from the contraction of an
edge e = zy has label min(z,y), so that V(G/e) C [n]. For a (coloured) graph G
and J C F(G) we will denote by G/J the graph resulting from the contraction of
all of the edges in J. The operation G/J corresponds to a partition of V(G) into
a set of “bags” {Bag(v) : v € V(G/J)} , where Bag(v) is the set of vertices that
contract to v. We call a subgraph H of G stable with respect to contraction of J
in GG if no pair of vertices of H is contracted into the same bag.

We say that two {0, 1}-coloured graphs G’ and G" are isomorphic if there is
a bijection f : V(G') — V(G”) such that zy € E(G’) if and only if f(z)f(y) €
E(G") and Colg/(x) = Colgr(f(z)) for each z € V(G').

For a {0, 1}!-coloured graph G, we say that S C V(G) has colour c if ¢ €
Colg(v) for some v € S. We say that G has colour ¢ if V(G) does. For a vertex
v € V(G) we let I'(v) = I'¢(v) denote the set of neighbours of v in G. It will be
convenient to call the colours 1, 2 and 3 red, green and blue respectively.

Let C be the set of cut points of G and let B be the set of its blocks. Fix
r € V(G). Then the tree T, with vertex set C'U {r} U B and edges given by uB
where v € CU{r}, B € B and u € V(B) will be called a rooted block tree of G,
rooted at 7. (This is a minor modification of the usual block tree, see [38].) We
call graphs that are either 2-connected or isomorphic to Ky biconnected.

For a graph G and a set S, we write G NS = G[V(G) N S]. For two graphs
G1 = (Vi,Ey) and Gy = (Va, Ey) we write Gq U Gy = (V4 U Vi, By U Ey) and
GiNGy=(ViNVy, E1NE,).

8.2.2 Analytic combinatorics

We will apply the “symbolic method” of Flajolet and Sedgewick [48] to study the
asymptotic number of graphs from various classes.

In this Chapter we follow the notational conventions used in [48]. The size of
a graph G is the number of labelled vertices, while V(G) refers to the set of all
vertices of GG, including the unlabelled (pointed) ones. The exponential generating
function of A, B, ... is denoted A(x), B(z), ... respectively. For instance, A(z) =
Yoo %x”. By Z we denote the class of graphs consisting of a single vertex
with a label, such that Z(z) = =.

We use the notation A+ B, Ax B, A(B) to denote the class of graphs obtained
by the (disjoint) union, labelled product and composition operations respectively,

see [48]. For a positive integer k, A* denotes the class consisting of a sequence
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of k disjoint members from A, and we define A° to be the class with exponential
generating function A°(z) = 1. We also refer to [48] for the formal definition
of the class SET(A) (obtained by taking arbitrary sets of elements of A and
appropriately relabelling), the class SEQ(A) (obtained by taking any ordered
sequence of elements of 4 and appropriately relabelling), and classes SET>;(A)
(sets of at least & elements) and SEQ-,, (sequences of at least k elements). Given a
positive integer k, we will denote by k x A a combinatorial class with the counting
sequence (k|A,|,n=0,1,...).

To denote dependence of a class A (or a generating function A) on a parameter
[ we will use either superscript A<!>, A! or a subscript A;.!

If A and B have identical counting sequences (|A,|,n = 0,1,...),(|B.|,n =
0,1,...) we call A and B combinatorially isomorphic and write A = B. We
note that most of the decomposition results of Section 9.2 and onwards yield a
stronger kind of isomorphism than just the combinatorial one: we prove unique
decompositions of graphs from one class into unions of subgraphs with disjoint
sets of labels from other classes. This is important since many of our proofs rely

on the structure of graphs.

8.3 Structural results for Ex(k+ 1)B

8.3.1 The colour reduction lemma

The following simple lemma will be very useful in our structural proofs.

Lemma 8.3.1 Let [ be a non-negative integer. Let G be a {0,1}*-coloured graph.
Suppose G does not have l+1 disjoint connected subgraphs containing both colours.
Then there is a set S of at most | vertices such that each component of G — S has

at most one colour.

Proof For two new vertices s,¢ ¢ V(G) consider the extension G' = G, G’
has [ + 1 internally disjoint paths from s to t if and only if G has [ + 1 disjoint
connected subgraphs containing both colours. By Menger’s theorem we may find
a set S of at most [ vertices in V(G) such that S separates s from ¢ in G', and

hence each component of G — S can have at most one colour. O

Given an integer s and a graph G, we define its aper width of order s, denoted

awgs G as the maximum number j such that G has a minor H on j + s vertices

"When this coincides with the notation for the elements A, in A with labels in [n] or with
a power of a class A¥, the meaning should be determined from the context.
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where H is a union of a tree T with |V (7T')| = j and a complete bipartite graph
with parts V(T') and V(H) \ V(T'). For a class of graphs A we define aw, (\A)
to be the supremum of aw, (G) over G € A. In this thesis we will only use the
parameter aw, . For example, it is easy to check that its value for classes Ex Ky,
Ex Ks; and Ex K5 is 2, ¢ — 1 and oo respectively. In Section 8.3.4 below we give
a condition to check if aw; (\A) is finite.

Given integers s and t, 1 < s < t and a {0, 1}*-coloured graph G, define its
coloured apex width of order s, denoted caw, (G), as the maximum number j,
for which there are j pairwise disjoint connected subgraphs H;, ..., H; of G that
have at least s common colours, i.e., |Col(Hy) N --- N Col(H,)| > s. For a class
of coloured graphs A we define caw; (A) as the supremum of caw, (G) over the
graphs G € A.

We state one of our key structural lemmas next. We assume that all graphs

here have vertices in N.

Lemma 8.3.2 (Colour reduction lemma) Lett > 2 be an integer and let G be
a connected {0, 1}t -coloured graph. Suppose caws (G) < j, for some non-negative
nteger j.

Then there is a connected {0, 1} -coloured graph G' and a set J C E(G’') of
size at most (j+ 1)1 —1 such that a) each component of G’ — J has at most one
colour, b) G'/J = G and c¢) each component of G' — J is stable with respect to

contraction of J in G'.

Proof We use induction on ¢. For ¢ = 2 by Lemma 8.3.1 there is a set B of at
most j vertices in GG such that each component of G — B has at most one colour.
Denote by Vi, een the set of vertices that belong to a component of G — B that has
the green colour.

Let Gy = N(G[B]). For each vertex v € B take a new vertex v € V(G);
let B' = {v' : v € B}. Now define a matching J = {vv' : v € B} on |B| < j
edges. Consider the {0, 1}*-coloured graph G on the vertex set BUB’, with edges
E(G[B]) U J and colours

Colg, (v) = {red} N Colg(v) and Colg, (v') = {green} N Colg(v).

for each v € B.
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Now let G’ be the union of G;, G — B and the set of edges E; U Fy defined as

follows:

Ey={vz:v € B,z € Vjyeen, and vz € E(G)};
Ey={vz:ve B,x e V(G)\ (BUVyeen), and vz € E(G)}.

In words, G’ is obtained from G by splitting each vertex v € B, so that one
of the new vertices inherits the green colour of v (if it had that colour) and all
neighbours of v in V¢, while the other vertex inherits the rest of the neighbours
of v. Obviously, G'/J = G if we make sure that the newly created vertices v’ have
larger labels than those in V(G). By our construction, J separates B and B’ in
G and each component of G’ — J containing green colour can have vertices only
in Vyyeen U B', thus each component of G’ — J has at most one colour.

Consider a component C' of G’ — J. Since J is a matching and each edge of J
is between different components of G’ — .J, the contraction of J in G’ may not put
two vertices of C' into the same bag. This completes the proof for the case t = 2.

Suppose t > 2. Assuming that we have proved the claim for any t' < t, we
now prove it with ¢ = ¢. Delete the colour ¢ from G to get a {0, 1} '-coloured
graph G. By induction, there is a {0, 1}*~!-coloured graph G, and a set of edges
Ji, such that |J;] < (j + 1)¥72 — 1, each component of G} — J; has at most one
colour, it is stable with respect to contraction of J; in G} and G/ J; = G;. For a
vertex v of G| /J;, denote by Bag(v) the set of vertices of G} that contract to v.

Now let us return the colour ¢ back as follows. For each vertex v of G that
has colour ¢ in G pick one vertex v' € Bag(v) C V(G') and add the colour ¢ to
Colg/(v): we obtain a {0, 1}'-coloured graph Gy such that Go/.J; = G and each
component of G5 — J; can have at most two colours.

Now since each component C' of G5 — J; is stable with respect to contraction of
Ji in Go, we have cawy (C) < cawy (G) < j. Thus, by symmetry, we can apply the
already proved case t = 2 of the lemma to each such C' to obtain a {0, 1}*-coloured
graph C" and a set Jo C E(C") of at most j edges, such that Col(C) = Col(C"),
every component of C' — Jo has at most one colour, is stable with respect to
contraction of Je in C" and C'/Jo = C. We assume that the labels for the new
vertices are chosen so that they are larger than any label of Gy and V(C]) and
V(C%) remain disjoint for distinct components C; and Cy of Gs.

For any v € V(C'/J¢) denote by Bage(v) the set of all vertices of C' that
contract to v. Now for any edge e = xy € Ji, let C, and C, be the components of

Gy — Jp containing x and y respectively, and define ¢/ = x'y’ where 2/ and ¢ are
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any vertices in Bagc, () and Bage, (y) respectively. Set J = {¢' : e € J,}U.. Je,
where the union is over the components of Gy — J;. Finally, let G’ be the graph
obtained by adding J to the union of the disjoint graphs C’; for each component
C of Gy — Jy.

Clearly, each component of G’ — J has at most one colour. Now consider
the operation G'/J in two stages: in the first stage contract all edges (. Je, in
the second stage contract the edges in J;. Then at the first step we obtain the
graph G, and in the second step, we obtain the graph G. Furthermore, if C is a
component of G’ — J, then it is a component of C' — J for some C. C is stable
with respect to contraction of Js in C” and C' is stable with respect to contraction
of Jy in Gs, therefore C' is stable with respect to contraction of .J in G'.

Also, since G is connected G2 has at most |J| + 1 components. Therefore
< WL+ (] +1)j < G+ 1)1 - 1. =

8.3.2 Redundant blockers

The main result of this section is the following lemma (cf. Lemma 7.1.6 of the

previous chapter).

Lemma 8.3.3 Let k be a positive integer, and let A be a proper addable minor-
closed class with a set B of minimal excluded minors. Suppose that aws (A) is
finite.

Then there is a constant ¢ = ¢(B, k) such that any graph in Ex (k+ 1)B has a
B-blocker Q) of size at most ¢ and a set S C Q of size at most 2k such that any
subgraph H of G with H ¢ A that meets Q) in at most two points, also meets the
set S.

The proof will follow from a slightly more general result, Lemma 8.3.4 below;
we first need a few definitions. Given a graph G, a set of graphs B and a set
Q C V(G), we say that Q is a (j, B)-blocker of G if G contains no subgraph H,
such that H ¢ ExB and |V(H) N Q| < j. We say that Q is a (j, s, B)-blocker of
G if (a) @ is a B-blocker for G and (b) G does not contain s pairwise disjoint
subgraphs Hi, ..., H, & ExB, where each H;, 1 = 1,...,s has at most j vertices
in Q.

A graph H will be called B-critical if H ¢ Ex B but H' € Ex B forany H' C H.
Notice that if each graph in B is 2-connected, then so is each B-critical graph.

As in Chapter 7 we will use normal trees for our proofs, see Section 7.3.1 for
the definitions. Finally, denote by f*" the n-th iteration of the function f, so that
fO) =z and ) (2) = f(f*(z)) forn =0,1,....
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Lemma 8.3.4 Let k be a positive integer, let A be a proper addable minor-closed
class with a set B of minimal excluded minors. Suppose that aws (A) < j.

There are positive constants ¢; = ¢1(B) and w = w(B) such that the following
holds. Define a function f : N — R, by f(q) = jeiq* + jerwq. Suppose Q is a
non-empty (2, k + 1, B)-blocker for a graph G. Then there are sets S,Q' C V(G),
such that S,Q C Q', |S| <2k, |Q"\'S| < f*(|Q]) and Q" \ S is a (2, B)-blocker
forG—S.

Proof of Lemma 8.3.3 The assumption that aws (A) < oo implies that some
planar graph, a 2-fan, is excluded from A. By the theory of graph minors [88],
see also [38] and Proposition 7.3.6 above, there is a constant ¢ = (B, k) such
that every graph G € Ex (k + 1)B has a B-blocker Q) of size at most ¢ (we may
assume () is non-empty). Such a set @)y is clearly also a (2,k + 1, B)-blocker
of G. Now Lemma 8.3.4 ensures that there is a B-blocker () of size at most
c=c(B,k) = f*() and a set S C Q of size at most 2k as required. O

Proof of Lemma 8.3.4 We use two results from the theory of graph minors of
Robertson and Seymour [88]: since A excludes a planar graph (a 2-fan on j + 2
vertices), the maximum treewidth over graphs in A, denoted w = w(B), is finite.
Furthermore, the set B is finite.

Let ¢; = ¢1(B) be the maximum number of components that can be created
by removing three vertices from a B-critical graph. Since there is a finite number
of graphs in B, the number ¢ is finite (see Lemma 7.5.2 above). For example,
we have ¢;({K4}) = 4. Since A is addable, we have j > 1 and ¢; > 1. The case
V(G) = @ is also trivial (take S = ) and Q' = Q), so we will assume Q C V(G).

We will prove the lemma by induction on k. The case k = 0 is trivial: we may
take Q' = @ and S = (). Assuming the lemma holds for 0 < k < k’, where k' is a
positive integer, we prove it for k = k.

By (5.1), the graph G—Q@ has a (rooted) normal tree 7" such that max, ar(v) <
w. Let r be the root of 7. Form a set U of all such vertices v € V(G) \ @ for
which there are some vertices x,y € Q U AA7p(v) that the subgraph of G induced
on V(T,) U {z,y} has a minor in B. Choose a vertex u € U with maximum
distance from 7 in 7. Let R = Q U AAr(u).

Let P be a set of minimum size such that G[P U V(T,)] € ExB. Then |P| €
{1,2}. Fix a B-critical graph H, such that H C G[P UV (T,)].

Consider the graph Gy = G[T,] — u. This graph consists of some connected
components. Since H NV (G;) = H — (P U {u}), the graph H has vertices in

t < ¢1(B) such components. Call these components C;, i = 1,...,t. Fix a pair
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x,y € R such that {x,y} N P = 0. We claim, that for i = 1,...,t there is a set of
at most j vertices D;(z,y), such that in C; — D;(x,y) no component has edges to
both x and y.

Let us show why it is true. In the component C; colour vertices adjacent to x
red, and those adjacent to y green to obtain a {0, 1}?-coloured graph C! (vertices
adjacent to both x and y are coloured {red, green}, and the remaining vertices
are coloured 0)). Suppose C! has j + 1 disjoint connected subgraphs containing
both colours. Then since aws (A) < j we would have that G[{z,y} UV (C;)] € A.
But this contradicts to the choice of u: since T is normal, the vertices of the
component C; must be entirely contained in V(T,/) for some v’ € V(T, — u), so
v’ € U. Thus C! cannot have j 4+ 1 connected subgraphs containing both colours,
so we may apply Lemma 8.3.1 to find a suitable set D;(z,y) of size at most j.

Now define sets Sy, @1 as follows. If |P| = 1, let Sy = P U {u}, otherwise, let
So = P. Set

Q1= (QUAA(T,) U {u})\ So) U U D;(z,y).

i€[t],x,y€ R\ P,x#y

Writing ¢ = |@Q] and considering the cases |P| = 1 and |P| = 2 separately we get
that

Q1] < jcai(g—1)(¢g—2+w)+q—1+w< f(g).

If @ is a (2, k, B)-blocker for G — Sy, then we can use induction to find sets
§,Q CV(G)\Sy such that §',Qs € @', |8'] < 20k—1), |Q\S'] < FED(@Q]) <
f*(q) and Q' \ S’ is a (2, B)-blocker for G — Sy. Then the lemma follows with
S=5USpand Q.

It remains to show that @) is a (2, k, B)-blocker for G — Sy. Assume this is
not true. Let H C G be a kB-critical subgraph of G — S, showing that Q; is not
a (2, k, B)-blocker: that is H = H, U---U Hj, where Hl ¢ ExB,i=1,...,k are
2-connected and pairwise disjoint; and for each i € [k] we have |V (H]) N Q| < 2.

Now H and H may not be disjoint: otherwise Q would not be a (2,k + 1, B)
blocker for G. Let H' be a component of H which shares at least one vertex with
H. Then V(H'YNV(H) CV(H)\ Sy CV(Ty).

Suppose first that V(H')NQ; consists of a single vertex v. Note, that we must
have v € @\ Sp. The graph H' — v cannot be entirely contained in G[V (T,)]. To
see why, observe first that by our construction in this case u € Sy. Since H' — v is
connected it must be entirely contained in one of the proper subtrees of T;,, but

this contradicts our choice of w.
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Thus H' —v must have a vertex a in V(T,, —u) and a vertex b in G — (SoU@Q; U
V(T,)). The set AAr(u) C Q1 \{v} separates V (T, —u) from G—(SoUQ UV (T,).
On the other hand, there is a path from a to b in the connected graph H' — v:
this is a contradiction.

Now suppose H' has exactly two vertices x,y in Q.

First consider the case where z,y € QU AAr(u). Let a be a vertex in V(H)N
V(H'). It cannot be a = u since in this case we have that |V(H') N Q4| > 3.
It follows that a € V(C") where C” is a component of C; — D;(z,y) for some
i€ {l,...,t}. But C’ cannot have edges to both x and y. This means that either
x or y is a cut vertex in H’: this contradicts the fact that H is kB-critical.

If v € @Qand y € D;(2/,y) for some pair {z’,'}, then suppose that H' — z is
contained in G[V(T,,)]. By the choice of the set P this means that u € Sy. But
since T' is normal, this contradicts the definition of u. Otherwise, suppose that
H’ —z has a vertex in G — (SoUQ, UV (T},)). Since AAr(u) C Q1 \{z,y} we have

that x must be a cut point in H’: this is a contradiction to the kB-criticality of

H.

Finally, consider the case x € Q and y = u. Note, that the only case when
u & Sp by our construction is when there is no vertex z such that G[V(7,,) U{z}]
has a minor in B. Thus H must contain at least one vertex in G—(SoUQ,UV (T},)),
and we saw earlier that it has a vertex in (V(H) \ So) C V(T%,).

Again, each path in H' from V(H")NV(T,) to V(H')N(V(G)\ (SoUQ1UT,))
must use z, since AAr(u) C Q1 \ {z,y} separates T, from the rest of G — Q. So
we obtain a contradiction to the fact that H’ is 2-connected. In all of the cases

we obtained a contradiction, so we conclude that (1 must be a (2, k, B)-blocker
for G — . O

8.3.3 Blockers of size 2k

We will need another definition. We call a B-blocker @ of a graph G a (k, j, B)-
double blocker if there is a set S C @ of size at most k, which is a redundant
B-blocker for G — (Q \ S), and @ \ S is a (j, B)-blocker for G — S. Such a set S

is called a special set of Q.

Lemma 8.3.5 Let k, [ be positive integers and let B be the set of minimal excluded
minors of a proper addable minor-closed class and assume that B contains a planar
graph. Then there is a positive constant w = w(B) such that the following holds.

Suppose G € Ex (k+1)B has a B-blocker Q of size at most q and a set S C Q
of size at most | such that Q \ S is a (2,B)-blocker for G —S. Then G can be

203



Chapter 8. Few disjoint minors in B when Ex B contains all fans

represented as the union of two graphs, G = G, U G5, where

o the graph Gy has an (1,2, B)-double blocker Q1 2 @ of size at most g+w+1,
such that S is the special set;

o Gy € apex(ExkB) and Q C V(G1) NV (Gs) C Q.

Proof The set B contains a planar graph, so by the theory of graph minors,
see [38,88], the treewidth of G — @ is bounded by a constant w = w(B). Since
the claim is trivial in the case Q = V(G) (take G; = G, @, = Q and G, = Ko,
where K¢ is the empty graph on Q), we will assume that @ C V(G). By the
Kloks theorem (5.1), G — @ has a normal tree 7" such that the number of active
ancestors satisfies ap(v) < w for each v € V(T'). Denote by r the root of T

Let U be the set of all vertices v € V(G — Q) such that G[V(T,)U{z}| & ExB
for some x € S. If U = () then @ is itself an (I, 2, B)-double blocker for G, so we
may take G; = G and Gy = Kg. Now assume that U is non-empty. Let u € U
be a vertex with maximum distance in 7" from the root r and let zy be a vertex
in S showing that u € U. Write A = AAr(u), let G; = G[V(T,) UQ U A], and let
Gy = G —V(T,). We claim that G; and G5 are as required.

We have V(G1)NV(G2) = QUA, so Gy and G share |QUA| < ¢+ w vertices.

We will show that @1 = Q U AU {u} is an ([,2, B)-double blocker for Gy,
and S is its special set. Indeed, using the assumption of the lemma, the set
Q1\S =(Q\S)UAU{u} is a (2,B)-blocker for G; — S. Now suppose that
GIV(T, — u) U{z}] € ExB for some x € S. Let H be a B-critical subgraph of
G[V (T, — u) U{x}]. Then, since T is normal, all vertices of the connected graph
H — x must be contained in V(T;,) for some v strictly below w in 7. This is a
contradiction to the choice of w.

Finally observe that if Gy — o contains a minor in kB then since V(T,) U {xzo}
and V (Gy — xp) are disjoint, G € Ex (k+1)B. So G5 € apex (Ex kB) is as claimed.

O

In the proof of the next lemma and in much of the remaining part of the
Chapter, we will find it more convenient to represent graphs with small blockers
as coloured graphs, where a colour class corresponds to a vertex in the blocker,
and the set of colours of a vertex corresponds to the set of its neighbours in the
blocker. What follows is an attempt to capture this formally.

Let r be a fixed integer. We call a graph G with r distinct distinguished
vertices, or roots, an r-rooted graph. The roots will be labelled and ordered.

We say that a class II of r-rooted graphs is an r-property if II is closed under

204



8.3. Structural results for Ex (k + 1)B

isomorphism and under deleting edges between the roots. We say that an unrooted
graph G has r-property II if it is possible to root r of its vertices, so that the
resulting r-rooted graph is in II. We associate two classes with II: the class Ay of
uncoloured, unrooted graphs that have r-property II and the class Ay of {0,1}"-
coloured graphs G, such that if ¢; < --- < ¢, are not elements of V(G), then
Gla-@} with roots (qu, ..., q,) belongs to II.

The next proposition just spells out the well known fact that a class of rooted
graphs has the same radius of convergence as the class of corresponding unrooted

graphs.

Proposition 8.3.6 Let Il be an r-property for some positive integer r. Then
the sequence (5.2) for the class of rooted graphs 11, the class of unrooted graphs
A = Ap and the class of {0,1}"-coloured graphs A = Ay has the same set L of
limit points, L C [0; 00].

Proof The claim follows, since
|/~ln’ S |An+r‘ S ’Hn+r| S 2(9 (TL +T)T|An|7

and if (5.2) has a limit for a subsequence (ng, k = 1,...) for any of the classes, it

has the same limit for the other two. O

The most important r-property for us will be the property of having a redun-
dant blocker of size r. Formally, given a set B of graphs and a positive integer
r, Iy is the set of all r-rooted graphs G, such that any subgraph of G' containing
just one of the roots of G is in Ex B.

Define A, 3 = AHO and notice that Ay, = rd, B. To keep the notation simpler,
below we will omit the subscript B, since the class B will always be fixed. Propo-
sition 8.3.6 implies that the p(A,) = p(rd, B). We will also denote by C" = C"F
the class of connected graphs in A,.

Given a set of graphs B and a coloured graph G with N(G) € ExB, call a
colour ¢ bad for G (with respect to B), if N(G) € Ex (B), but adding to G a new
vertex x. connected to every vertex v € V(G) which has colour ¢ we produce a
graph with a minor in B. Otherwise, call ¢ good for GG. Notice, that G € Ay if
and only if N(G) € ExB and Col(G) C [k] and every colour is good for G.

Lemma 8.3.7 Let k and r be positive integers, such that k < r, and let B be a
finite set of graphs. Suppose awy (Ex B) is finite. Let A be the class of graphs that
have a (k, 2, B)-double blocker of size r. Then p(A) = p(rdy.1 B).
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Proof Let II be the r-property for “containing a (k, 2, B)-double blocker of size
r”, i.e., Il is the set of all graphs G € A with r distinct roots ¢, ..., ¢, so that
{q1,...,¢,} is a (k, 2, B)-double blocker for G with a special set {q, ..., qr}. Then
A= Ay and A = Ay have the same radius of convergence by Proposition 8.3.6.

Let C be the class of connected graphs in A. The exponential formula, see,

i.e., [48], gives that for n =0,1,2,...

[2"]C(x) < [2"]A(z) < [2"]eC)

so p(C) = p(A). Similarly p(C¥*') = p(Ags1). Therefore by Proposition 8.3.6 it

suffices to prove that
p(C) = plCY). (8.2)

We have Ck C C,, so p(C*) > p(C). The difficult part is the opposite inequality.
Our idea is to use the “Colour reduction lemma”, Lemma 8.3.2, to represent each
graph in C as a transformation of a finite set of disjoint graphs in C.

Write a = aw, (ExB). Consider a {0,1}-coloured graph G € C. Let G’
be a {0, 1}"-coloured graph obtained by removing the colours {1,...,k} from G.
Suppose cawsy (G') > a. Then for any set L = {ly,...,[,} such that [; < --- <[,
and LNV (G) = 0, the graph G* —{l, ..., I} has a subgraph H ¢ Ex B such that
H has at most two vertices in {lxy1,...,[,}. But by the definition of A (and C),
{lgs1, .-, 1} is a (2,B)-blocker for GE — {I,...,lx}, a contradiction. Therefore
cawsy (G') < a.

By Lemma 8.3.2, there is a graph G; obtained from the union of Kk < N =
(a + 1)"=*=1 disjoint graphs, each with at most one colour in {k +1,...,r}, and
a set J of m < N — 1 edges between these graphs, such that G;/J = G’ and each
component of Gy — J is stable with respect to G1/.J.

Now return the colours {1,...,k} back: starting with the coloured graph
Gy, for each ¢ € {1,...,k} and each v € V(G;/J), add ¢ to the set of colours
for one of the vertices v' € Bag(v). Denote the newly obtained graph by G”.
Then G”/J = G. Each component C' of G” — J can have at most one colour
ce{k+1,...,r}, and so at most k + 1 colours in total. Crucially, if C' contains
a colour ¢ € {k+1,...,r}, we can map the colour ¢ to k + 1, and this yields a
graph C’ in Ck*'. Why? Since C' is stable with respect to contraction of J in G
(and also in G”), C' is isomorphic to a (coloured) subgraph of G. If there was a
colour j € col(C) which was bad for €, then it would be bad for G. But G € A,

this gives a contradiction.
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Recall that we assume that a contraction of an edge xy produces a new vertex
with label min(z,y). Thus, each graph G € C, (as well as other graphs) can
be obtained by choosing integers x,l,m with 0 < [,m,xk — 1 < N — 1, a graph
Gy € (CkH)ZH, for each component of Gy, mapping the colour k£ + 1 to an
arbitrary colour in {k + 1,...,7}, adding a set J of m edges to Gy and finally

contracting them. Therefore we have

from which it follows that p(C) > p(C*1). O

Lemma 8.3.8 Let B be any set of graphs. Let k and r be positive integers, k > r.
Then
W(Tdk 8)2 S T(Tdk—&-r B)W(Tdk—r B)

Proof By Proposition 8.3.6 it suffices to show that 7(Ax)? < ¥(Apsr)V(Ax_r)
(see above for the definition of Ag). Fix positive integers [,n. Note that Ay =
ExB. We can partition the class A;,, (of {0,1}-coloured graphs on vertex set
[n]) into |Ap | disjoint subclasses according to the underlying uncoloured graph
N(G) of G € A .

Given an uncoloured graph G € Ay, let Xs be the number of ways to add
colour 1 so that the resulting {0, 1}'-coloured graph is in A;. Since the constraint

for redundant blockers involves only individual vertices, we can pick the sets of

vertices coloured 1,2, ...l independently, in X} ways. Therefore
Al = ) X
GE.Ao,n

We see that the equality also holds when [ = 0. Choose G from Ay, uniformly
at random. Then X = X is a random variable and |A;,| = |Ao,|E X'. By the
Cauchy-Schwarz inequality applied with random variables X(=7)/2 and X (+7)/2
we have

(EX') <EX"EX'",

or

‘Al,n|2 S |Al+r,n‘ |Al—r,n‘-

Now the claim follows by dividing each side by (n!)?, raising to 1/n and considering

the subsequence that realizes the upper limit of the left side. O
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Lemma 8.3.9 Let A be a proper addable minor-closed class of graphs with a set
B of minimal excluded minors. Suppose awy (ExB) is finite and there is a positive

integer ko such that

= 2.
" V(EX koB) -

Then for any k > kg
F(Ex (k+ 1)B) = (rdog+1 B) > r7(Ex kB).

Proof In the proof we will need the following important consequence of the
preceding lemmas.

Let ¢ be a positive integer. By Lemma 8.3.3, every graph G € Ex(t + 1)B
has a B-blocker @, such that @) contains a set S of size at most 2t and @ \ S is
a (2, B)-blocker for G — S. Furthermore, the size of ) is bounded by a constant
c=c(B,t).

For any integer j > 0 write 7; = J(rd; B). Then

F(Ex (t 4+ 1)B) = max(Jy,1, 7(apex (Ex tB))). (8.3)

Let us prove (8.3). Write d = ¢ + w where w = w(B) is as in Lemma 8.3.5. We
claim that for n > d + 1 we have

(" A(z) = [2"] A (2) Az(2), (8.4)

where A(z), Ai(x), A2(x) are exponential generating functions of Ex (¢ + 1)1, the
class A; of graphs that have a (2t, 2, B)-double blocker of size d + 1 with d rooted
vertices, and the class Ay of graphs in apex (ExtB) which have d pointed (i.e.,
unlabelled, but distinguishable) vertices respectively.

(8.4) can be seen as follows. Given graphs G; € A; and Gy € A, with disjoint
labels we can obtain a new graph by identifying the ¢-th distinguished vertex of G,
with the i-th distinguished vertex of Gy for ¢ = 1,...,d and removing repetitive
edges. By Lemma 8.3.5, the set of all resulting graphs will contain all graphs in
Ex (k4 1)B of size at least d + 1. Note that if G € Ex (k4 1)B has at least d + 1
vertices, we may assume that Gy, Gy given by Lemma 8.3.5 are such that G has
exactly d + 1 vertices, |Q1] = d + 1 and |V(G2) N V(Gs)| = d; otherwise Gy, G
can be extended by including extra isolated vertices, and (J; can be extended by

adding more vertices from G; — Q1.
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Now rooting or pointing a fixed number of vertices does not change the con-
vergence radius of a class (see, i.e., Proposition 8.3.6), therefore A; has the con-
vergence radius p; = 75#1 by Lemma 8.3.7, Ay has convergence radius py =
~(apex (ExtB))~!, and by the theory of generating functions, see i.e., [48], the
convergence radius p of A is at least min(py, p2). Finally, p is exactly this, since
both rde. 1 B and apex (ExtB) are contained in Ex (t + 1)B.

We will also use a simple bound 7 (apex (D)) < 2%(D), which is valid for any
class of graphs D, since |apex (D), | < n2" Y D,_,|.

Let us now prove the lemma. We use induction on k. First consider the case
k = ko. We have F(apex (ExkoB)) < 25(ExkoB) < F(Ex (ko + 1)B) and so by
(8.3), only one candidate to realize 7(Ex (ko + 1)B) remains:

F(Ex (ko + 1)B) = Fopy11-

Now let k' > ko be an integer, assume we have proved the lemma with k < &/,
let us now prove the case k = k'

We have J(Ex kB) = 7,,_, by induction, therefore
(apex (ExkB)) < 274, _.

Now Lemma 8.3.8 and induction yields

Yok—1

Vor+1 = Vor—1= 2 TYop-1-
V2k-3
So finally
Yokt = TVak—1 > 2ok = V(apex (ExkB))
and the claim follows by (8.3). O

We are now ready to prove our first main theorem.

Proof of Theorem 8.1.1 We use the notation from Lemma 8.3.9. By Lemma
8.3.10 below, aws (LA) < oo. As has been noticed in Chapter 7, since A contains
all fans, apex?**! (P) C Ex (k + 1)B, where P is the class of paths. So we have
Y(Ex (k+1)B) > 2" for k = 1,2,.... Also by Theorem 7.1.2, y(apex* (A)) =
2k,

Let kg be the smallest positive integer, such that

F(Ex (ko + 1)B) > vy(apex® (A)).
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Then for 1 < j < ko, by applying (8.3) j times we have
F(Ex (j+ 1)B) = 2/~.

Since apex’ (A) C Ex(j + 1)B, it follows that 277 is the growth constant of
Ex (j + 1)B. Thus

F(Ex (ko + 1)B) > 2"~ = 2v(Ex koBB),

therefore J(Ex (k 4+ 1)B) = J(rd g1 B) for all £ > k¢ by Lemma 8.3.9.

Let us show that for k > kg,
v ((EX (k+1)B)N apex > (A)) < Yokt1-
By Lemma 8.3.9 we have

F(apex (ExkB)) < 275, 1 < Fopy1-

So, using Lemma 8.3.8

Yok < A/ Vok+1Vok—1 = 2_1/272k+1-

Now apply Lemma 8.3.5 (with k, B and [ = 2k—1), Lemma 8.3.7 and an inequality
analogous to (8.3), to get

7 ((Bx (k +1)B) Mapex ! (A)) = max(Ty;, T(apex (Ex kB))) < Top -

Finally, let us show that (8.1) holds in the case 7, < 2. Note that, in such
case 1 < k < ko. It cannot be that for some j € {1,...,k—1} we have Jy;,, > 27,
since Lemma 8.3.9 would imply that J,, ., > 2Fy. Similarly, if Vojt1 = 207y, we
would have %, > Zk*jTQjH > 2%y by Lemma 8.3.8. Thus Faji1 < 2/ for all
j=1,... k-1

Trivially, |(Ex (0+1)8),| = |A4,| = |(apex" (A)),|. Using Lemma 8.4.11 (given
in Section 8.4.2 below) and induction, we get that for j € {1,... k}

|(Ex (j + 1)B)n| = |(apex” (A))a| (1 +e°M).
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8.3.4 When is apex width finite?

In Section 8.3.1 we introduced the apex width parameter, which is not standard.
Here we present a characterisation of classes with bounded apex width in terms

of excluded minors.

Lemma 8.3.10 Let A be a minor-closed class. Then aw; (A) < oo if and only if

some j-fan and some bipartite graph K1, does not belong to A.
For stating Theorem 8.1.2 in terms of minors, we will need another lemma.

Lemma 8.3.11 Let A be a minor-closed class such that aws (A) < 0o. Then the

following two statements are equivalent.

(1) There is a constant ¢ such that for each G € A and each v € V(G), if G — v

is 2-connected then the degree of v in G is at most c.

(2) Some wheel does not belong to A.

To prove the above lemmas, we need a few simple preliminary results. Recall
that the height of a rooted tree is the number of edges in the longest path starting
from the root. A leaf of a rooted tree is a vertex of degree 1, which is not the

root. A straightforward fact is:

Lemma 8.3.12 Let T be a rooted tree of size n, height h and with | leaves. Then
lh>n—1.

For positive integers j and s, denote by F7 the j-fan on s vertices. Also, let K ie
denote a graph obtained from the union of a K, and a (j — 1)-star on the part
of size j. Note, that for j <s+1, aw; (K7, ) = s+ 1, and K}, , is isomorphic

to a minor of K1 ¢y;.

Proof of Lemma 8.3.10 If A contains all j-fans then aw; (A) = oo by definition.
If A contains all graphs Kjyi,, then it contains all graphs K7, ,, where ¢ is
arbitrary and j is fixed, so again aw; (A) = co.

Now suppose there are integers t > 1 and s > 2 such that Fjj+5+1, K & A
Let T be any tree on at least st vertices, let S be a set of j vertices, disjoint from
T, and let H be the union of 7" and the complete bipartite graph with parts S and
V(T). If T has a path of length at least s, then H has a subgraph isomorphic to

Fjj sp1- Otherwise we can root T' at a vertex r, so that the resulting rooted tree
T, has height at most s — 1. By Lemma 8.3.12, T}, has at least P;:H > t leaves.

Therefore, contracting all internal vertices of T, into a single vertex and using

vertices in S, we obtain a minor of K, ;. We have shown that aw; (A) < st. O
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It is well known that each 2-connected graph on at least 3 vertices has a
contractible edge (so that contracting this edge yields again a biconnected graph),

see, e.g., [38]. We need a simple refinement of this.

Lemma 8.3.13 Let G be a 2-connected graph on at least 3 vertices, and let
x € V(G). There is an edge xy € E(Q), such that G/xy is biconnected.

Proof Assume the claim is false: then for each neighbour u of z, {u, x} must be
a cut in G. Denote by C(u) a component of G — {x,u} of minimal size, and let
u minimize |V (C(u))| over the neighbours u of z. Since G is 2-connected, Both
x and u must have neighbours in C(u’). Let z € C(u') be a neighbour of z in
G. Suppose {z,z} is a cut in G. The graph (G — C(u')) — z is connected (this
follows using Menger’s theorem), so G — {x, z} must have a connected component
which is strictly contained in C'(u’). But this contradicts to the definition of w'.

We conclude that {z, z} is not a cut in G, so G/xz must be 2-connected. O

The following “simple fact” about the size of largest cycle (circumference) of

a 2-connected graph is stated in [84]. For completeness, we include a proof.

Lemma 8.3.14 Let k > 3 be an integer. There is a positive integer N = N (k)
such that each 2-connected graph with at least N wvertices contains either a cycle

of length k as a subgraph or the complete bipartite graph Ky as a minor.

Proof Write N = k** +1, A = k3 + 1, and let G be a 2-connected graph of size
at least V.

Let P be the longest path in G, and let x,y be its endpoints. Suppose P has
length at least k%. By Menger’s theorem, G has a cycle C containing x and y. We
can assume that [V (C)| < k — 1. The vertices in V(C) N V(P) partition P into
at most k — 1 subpaths, with internal vertices disjoint from C' (and endpoints in
(). One of these subpaths must have at least k vertices. This subpath, together
with a part of the cycle C' yields a cycle of length at least k in G.

Therefore we may assume that each path of G has length at most k2 — 1. Let
T, be a rooted spanning tree of G. A rooted tree with maximum degree at most

A — 1 and height A can have at most
I+(A-1D+-+(A-D"< (A=)

vertices. Since |V(G)| > N, T (and G) has a vertex v of degree at least A.
Consider the {0,1}!-coloured connected graph G’ obtained from G — v by
setting Cer(u) = {red} for each neighbour u of v in G. Let 7" be a minimal
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(Steiner) subtree of G’ containing all the red vertices. |V(7")] > A and T” has
diameter at most k*. By Lemma 8.3.12, T" has at least [(A — 1)/k?] > k leaves.
By the minimality of 7", each leaf has the red colour. Contract the internal vertices
of T" to a single vertex; this vertex, the leaves of 7" and the vertex x demonstrate
that G has a minor Ky . O

Proof of Lemma 8.3.11 It is trivial to see that if A has arbitrarily large wheels,
then (1) does not hold: the “hub” vertex = of a wheel W, has t — 1 neighbours, and
Wy —{x} is 2-connected. Suppose a wheel W, is excluded from A4 and (1) does not
hold: we will obtain a contradiction. Set j = aws (A). Take a graph G € A and
a vertex « such that G — {z} is 2-connected, and x has d > N (k) + 3 neighbours,
where k = max(r — 1,5 + 2) and N(k) is as in Lemma 8.3.14. Let G’ be the
{0, 1} -coloured graph obtained from G — {z} by colouring the former neighbours
of u {red}. By Lemma 8.3.13, the graph G’ has an all-red 2-connected minor H of
size d (repeatedly contract a contractible edge incident to an uncoloured vertex,
until no uncoloured vertices remain). Now by Lemma 8.3.14, H either has a cycle
C of length & > r — 1, or Ky as a minor. Recalling that v in G is incident
to each red vertex of G, we get that G € A has a minor W}, in the first case
(contradiction to the fact that W, & A). In the second case, we see that G has a

minor K o, therefore also a minor K3 ., so awy (A) > j + 1, a contradiction. O

3’j ’

8.4 Growth constants for Ex(k +1)B

8.4.1 Proof of Theorem 8.1.2

In this section we prove Theorem 8.1.2. Similarly as McDiarmid, Steger and

Welsh [77], we will make use of a version of Fekete’s lemma.

Lemma 8.4.1 Suppose (f(n),n = 1,2,...) is a sequence of real numbers such

that for any positive integers n, m

f(n+m+1)> f(n)+ f(m).

Then

SupM < liminfm; limsupm < sup m
n+1 n n n

Proof The second inequality is obvious. Fix any d € N. We will show that

Ld)<liminfm
d+17~ n
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Define f(0) := f(d+ 1) — f(d). For any n € N, let k and r be such integers that
n=(d+ 1)k +r and 0 < r < d. Then using the assumption

fn) _ Ef(d)+f(r) . f(d)
n Z(d+1)k+r_>d+1’

as n — oQ.

O

We will use the following lemma multiple times in the following sections (cf.
Lemma 4.4.4 of [38]).

Lemma 8.4.2 Let {vy,v2} be a cut in a graph G. Suppose G1 and Gy are sub-
graphs of G with V(G1) N V(Gs) = {vi,v2} and Gy UGy = G. Let H' be a
subdivision of a 3-connected graph H, and suppose H' is not a subgraph of G1 or
Go. Then either Gy N H' or Go N H' is a path from vy to vs.

Proof For i = 1,2 write G, = G; — {v1,v2}. By the assumption, H' must have
vertices both in G} and in GY, and so {v1,v2} is a cut in H' (both of these vertices
must belong to H' since it is 2-connected).

Suppose first, that v; and vy are both on a path P’ of H" which is a subdivided
edge of H. Let P be the path connecting v; with vy in P’. If P has no internal
vertices, then because H is 3-connected, the graph H — {v1, vy} is connected, a
contradiction. So P has at least one internal vertex, so that H — {vy,ve} has
exactly two parts, one of which is the path P — {v;,v5}. Since H’ has vertices
both in G} and GY, one of these parts is contained in a component of G and
another in a component of G. The path P is a subgraph of P, so H[V (P)] = P,
and in particular v1vo & E(H). The claim follows.

Now suppose there is no path P in H’ which is a subdivided edge of H and
contains both v; and vy. Using the fact that H is 3-connected we see easily that

H' — {vy,v5} must be connected, a contradiction. O

Let a positive integer | and a class B be fixed. As mentioned in the intro-
duction, the class of {0, 1}!-coloured graphs A; obtained from rd; B in Proposi-
tion 8.3.6 is decomposable. Unfortunately, this class is not bridge-addable: in the
case B = {K,}, consider, for example, the coloured graph H obtained from Kj,
by colouring each vertex with a distinct pair from {1,2, 3}, see Figure 8.1. Then
the graph 2H € Ajs, but no bridge can be added between the two components.

Let, as before, C' be the class of connected graphs in 4;. We call a graph
G € C! l-rootable at a vertex x € V(G), if colouring = with [I] yields a graph still
in C'. G is l-rootable if it is [-rootable at some vertex x € V(G). For example,

in the case B = {K,}, the coloured graph H from Figure 8.1 is not 3-rootable.
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{red, green}

{green, blue} {red, blue}

Figure 8.1: This graph is not 3-rootable with respect to B = {K4}.

Denote by C* the class of all rooted graphs (with at least one vertex) that can be
obtained by declaring an [-rootable vertex of a graph in C' the root.

We will see next, that when B consists of 3-connected graphs, it is possible to
partly restore the property of bridge-addability: if we add an edge zy connecting
different components of G € A;, we obtain a graph in A;, provided that z and y

are rootable in their respective components.

Lemma 8.4.3 Let [ be a positive integer, and let B be as in Theorem 8.1.2. Then
the class U' of graphs in C' that are not l-rootable has F(U') < F(C'™1).

Proof Call G € C! nice, if there is x € V(@) such that G — 2 has at least two
components containing all [ colours. We claim that in this case, G is rootable at
x. Suppose the contrary.

Then there is a colour ¢ € [l] such the graph G’ obtained by adding a new
vertex s to G connected to x and each vertex of G that has colour ¢, contains a
B-critical subgraph H.

Clearly i € Colg(x) and sz € H, otherwise we would have that G ¢ C'.
Suppose H shares vertices with more than one component of G —x. Let C' be one
such component. By Theorem 9.12 of [35] an expansion of a 3-connected graph
at a vertex of degree at least 4 is 3-connected, and so H is a subdivision of a
3-connected graph. We may apply Lemma 8.4.2 with G; = G'[V(C) U {s,z}],
Gy = G' —V(C) and the cut {s,z} to get that H meets either G; or G, just by
a path from s to z: since sx € H this path must be sz, a contradiction.

Thus V(H) \ {s,2} must be completely contained in V(C) for a component
C of G — x. But this means that G ¢ C': we may replace the edge sz by a path
from z to s in G' — C, since G — s has a component, disjoint from C with the
colour 7. We conclude that indeed G is rootable at x.

Denote by U the class of graphs in C' that are not nice. Then U’ C U, and
we need to show that ¥(U) < F(C'™'). Each graph G € U contains a block B,
such that for any cut vertex y € V(B), the components of G — y disjoint from B

can have at most [ — 1 colours. (This can be seen as follows. Consider the rooted
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block tree T' of G, and let r be its root. For any block B’ let r(B’) € V(G) be its
parent in 7', and denote by G g the component of G —r(B’) containing B —r(B’).
Define the set S of of all blocks B’, such that Col(Gp/) = [I]. We can assume it
is non-empty, otherwise any block containing r has the required property. Pick a
block B € § with maximum distance from r in 7. Then each component C of
G — V(B) contains at most [ — 1 colours: otherwise, if C' C G5 we would have
contradiction to the choice of B, and if C' C G — G/, then r(B) would be a vertex
showing that G is nice.)

By Lemma 8.3.11 for each colour i € [I] there can be at most a constant number
c of vertices © € V(B) such that either = has colour i or the graph “attached” to
B at z has colour i. Each graph in C! with at most [ — 1 colours can be obtained
from a pair (j,G;), where j € [I] and G; € C'~! by mapping the colour j to [ in

T

Gy. Therefore, for n > cl the coefficients [%;] U(x) are bounded from above by

1

z" cl p(e - ¢
] a0 e ay)
where A(z) is the generating function of A = Ex B and A()(x) is its cl-th deriva-
tive. The convergence radius of U(x) is at least min(p(A), p(C'~1)). The class
C'~! contains all connected graphs in A; by the exponential formula we have
p(A) = p(C'1). So y(U) <F(C'). O

We will need a simple technical lemma next.

Lemma 8.4.4 Suppose classes of graphs A and B both have growth constants.
Then v(AU B) exists and is equal to max(y(A),v(B)).

Proof We may assume that y(A) > v(B). Clearly, v(AU B) > 7(A). Suppose

there is a subsequence (ng, k = 1,2,...) such that

(|Ank U By,

71k!

1/n
) —a>y(A).

If v(A) > v(B) then |A,|/|B.] — oo and there is ko such that for k& > ko we
have |A,, | > |Bn.]. If v(A) = v(B) then either A, | > |B,,| or | A, | < |By,]
for infinitely many k. In this case, rename A and B if necessary, so that the

former holds. We get that (ny) contains a subsequence (nj,l = 1,2,...) such that
|An2 U Bn;| < 2|An2| and

|An;UBn;| Y 2’An;| i
(—) s( ) Sy (A).

al 4l
n;. n;
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This is a contradiction. O

Lemma 8.4.5 Let | be a positive integer and let B be as in Theorem 8.1.2.
Suppose that C'=' and C*' have growth constants. Then C' has a growth constant

(€)= max(v(C™),y(C*)).

Proof Denote by C’ the class of all I-rootable graphs in C!, and denote by C” the
class of graphs G € C! that are either not [-rootable or have Col(G) C [l — 1].

Then C’ has a growth constant, since C* does, and
Chl < ICx| < nlCl.

The class C" also has a growth constant: ~(C"”) = ~(C'"!). This is because by
Lemma 8.4.3, ¥(C") < ~(C'™1), and C'~* C C".
Now, by Lemma 8.4.4, the class C' = C' UC" is as claimed. O

The next lemma shows that for good enough B, the class C* is closed under

joining smaller rooted graphs into “strings”.

Lemma 8.4.6 Letl be a positive integer and let B be a set of 3-connected graphs.
Let G be a graph obtained from a non-empty set S of disjoint graphs in C*, and
a path on the set R(S) of the roots of the graphs in S; and let G be rooted at
r € R(S). Then G € C*.

Proof We first note that Ex B contains all fans: indeed fans are series-parallel
graphs, and if a fan /" had a minor in B, then since each 3-connected graph has Ky
as a minor (Lemma 3.2.1 of [38]), F" would have K, as a minor, a contradiction.

Suppose the claim does not hold. Call § bad if the lemma fails for S, a path
P on R(S) and a vertex r € V(P). Let N(S) be the number of graphs in S that
have size at least 2. Let v be the size of the smallest bad set S, and consider a
set &’ which minimizes N(S) over bad sets S of size v, let P’ be a path on R(S’)
and let 7 € V(P’) be the root for which the lemma fails.

Then there is a colour i € [I] such that if we add a new vertex s to G, connect
s to r’ and every vertex of GG that has colour ¢ and remove all the colours, the
resulting graph G’ € ExB. Let H be a B-critical graph in G'.

Suppose all graphs in S are of size 1. Then G’ is isomorphic to a minor of a
fan, and G’ € Ex B, a contradiction.

Let G be a graph in &’ with root r; and size at least 2. If H has no vertices
in Gy — 11, then we could replace Gy with G1[{r1}] and obtain a bad set " with
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N(S") < N(8’). Thus, we may assume G has at least one vertex coloured ¢, other
than r;. Since G; € C*, H — s also has a vertex not in G;. Now {r{, s} is a cut in
H, so by Lemma 8.4.2, either H N (V(G1)U{s}) or HN(V(G — G1)U{s,z}) is a
path P from r; to s. In the first case we may replace G; with the graph consisting
of a single vertex r; coloured {i} to obtain a set S” with N(S”) < N(S’). In the
second case, we may replace P with the edge s to show that G| & C*.

In each case we obtained a contradiction, so it must be that G € C*. O

Lemma 8.4.7 Let | be a positive integer and let B be as in Theorem 8.1.2. Then

C* has a growth constant.

Proof Let n,m be positive integers. We claim that
o n-+m o/ ol

The above formula follows from the following construction for graphs on n+m+1
vertices. In the case n # m, pick a root vertex r, divide the remaining n + m
vertices into two parts of sizes n and m, and add a graph G; € C' of size n on
the first part and a graph Gy € C' of size m on the second part. Connect r
to the roots r; and ry of GG; and G4 respectively, and declare r the root of the
formed graph G. Each construction gives a unique graph, because given a graph
G obtained in this way we may recover G; and Gs uniquely by deleting the root
of G and declaring the vertices adjacent to the two neighbours of G the roots of
the respective components.

In the case n = m, we have to avoid obtaining each graph twice because of
symmetry. So if V(Gy) is lexicographically smaller than V(Gs) output the graph
G as above, otherwise output the graph G — rr; + riro. To finish the proof of
(8.5), note the constructions G are always in the class C* by Lemma 8.4.6.

Now let d, k be positive integers, k& > 2 and set n = kd. Form a graph G
by taking an arbitrary set S of k disjoint graphs in C* of size d, adding a path,
P rooted at one of the endpoints  and with V(P) consisting of all roots of the
graphs in S. Declare r the root of G. By Lemma 8.4.6, G € C*.

Note also, that we never construct a graph G twice: it is always possible to
recover the path P and the set S uniquely from G. (Start with the root r of G.
There can be only one edge rx € GG, such that G — rz has a component C' of size
d: rz is the first edge of P. Delete rx and proceed in the same way with the

component of G — rz containing x, rooted at x.) Let P be the set of all graphs
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constructed in this way. Then

(dk)!

Pul ="

[od

Next we observe, that since Ex B contains all apex paths, the class R of rooted
uncoloured cycles is contained in C*. This class is clearly disjoint from P, in
which every graph has a bridge.

For t =1,2,... let f(t) =1In(|C!|/t!). We have

00, 1y, (Bl Rul) S0 59

n n n! d

From (8.5) it follows that
f(n+m+1)> f(n)+ f(m).
Thus by the modification of Fekete’s lemma, Lemma 8.4.1

f(n) 1) fn) _ o S

< Tim -
sup T lim inf . lim sup
By (8.6), for n = kd and any integer k = 2,3, . ..

o) ), (1) 1Y,

n+1 d+17 d+1\ n d
Therefore ) ) i)
. n . n
SuPn—i—l :llmsupn+1 —hmsupT,
and

@ — hmsup@ € [0; o0].

Since Ex B is small by [43], we conclude that C* has a growth constant.
Also, because Ex B includes all graphs without a 3-connected minor, by Lem-
ma 3.2.1 of [38], v(C*!) € [y(Ex K}), 00), where v(Ex K,) = 9.073.., see Section 9.2.
O

Lemma 8.4.8 Let [ be a non-negative integer and let B be as in Theorem 8.1.2.

Then the class C' has a growth constant.

Proof We use induction on I. The class C° is the class of connected graphs in
Ex B, this class has a growth constant by [74,77]. Suppose now that [ > 0 and

assume that we have proved the claim for each class Ex (I' + 1)B, where I’ < [, we
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now prove it for I’ = [.
The class C* has a growth constant by Lemma 8.4.7. The class C~Y has a
growth constant by induction. So C! has a growth constant by Lemma 8.4.5. O

We can now combine the lemmas of this section to finish the proof of Theo-
rem 8.1.2.

Proof of Theorem 8.1.2 The class C?**! has a growth constant v by Lemma 8.4.8.
Since
"% (2) < [2"] Agpya () < 2] @,

we get, see i.e. [48], that Agx1 also has growth constant . Using Proposi-
tion 8.3.6, we see that rd o1 B has growth constant v as well. By the assumption
of the theorem, there must be a constant ¢, such that B does not contain a wheel
W..1 as a minor (which is a planar graph). Now Theorem 8.1.1 completes the

proof. O

8.4.2 Small blockers and small redundant blockers

In this section we collect several auxiliary lemmas. For B and ky as in Theo-
rem 8.1.1, we can often conclude that R, € Ex(k + 1)B either has a blocker of
size k (if k < ko) with probability 1 — e~ or (if k > ko) it has a constant size
(2k, 2, B)-double blocker with probability 1 —e~*(" . Using results of this section,
it can be shown that this happens, for example, when v(rdoxy1 B) # 28y (Ex B)

exists for all k.

Lemma 8.4.9 Let k be a positive integer and let B be the set of minimal excluded
minors for a proper addable minor-closed class of graphs. Suppose aws (Ex B) is
finite.

If v(Ex (k + 1)B) > 25(Ex kB) then there is a constant r = r(k, B) such that
all but at most e=*™) fraction of graphs in (Ex (k+1)B), have a (2k, 2, B)-double

blocker of size r.

Proof By Lemma 8.3.3 and Lemma 8.3.5 there is a constant r = r(k,B) > 2k
such that every graph in G € Ex(k + 1)B is a union of two graphs G and G,
where 1 has a (2k, 2, B)-double blocker @) of size at most r with a special set S,
S CV(G))NV(Gs) CQ, Gy € apex (ExkB) and @ is a B-blocker for G.

We may assign each G € Ex(k + 1)B a unique tuple ¢(G) = (G1,Gs, @, S)
as above. Call G complex, if G5 — (Q \ S) contains a subgraph H ¢ Ex B which
has only one vertex z € S. Observe, that if G is not complex, then @ is a

(2k, 2, B)-double blocker for G, and S is its special set.
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Suppose G is complex, and let H be a subgraph of Go — (Q \ S) such that
V(H)NS ={z} for z € S. Then G, — z is disjoint from H, so Gy —z € Ex kB and
G € apex (Ex kB). In this case, if G has at least r vertices, it can be obtained from
a graph G in apex (Ex kB) which has s = [V (G1) NV (G,)| distinguished vertices
(roots) and another graph Gy in apex (Ex kB) which has s pointed vertices, by
identifying the i-th rooted vertex with the i-th pointed vertex and merging edges
between the distinguished vertices.

Thus the n-th coefficient, of the exponential generating function for the com-

plex graphs is bounded by

where A is the exponential generating function of apex (ExkB) and A®) is the
s-th derivative of A. This shows that the inverse radius of convergence for the

class of complex graphs is at most
¥(apex (ExkB)) < 25(ExkB) < v(Ex (k +1)B),

see Proposition 8.3.6 and the proof of Theorem 8.1.1. Hence, all but at most
e~ fraction of graphs in |(Ex (k + 1)B),| are not complex, and therefore have
a (2k, 2, B)-double blocker. 0

We call a connected subgraph H of G' a pendant subgraph, if there is exactly
one edge in G between V(H) and V(G) \ V(H).

Lemma 8.4.10 Let A be a proper addable minor-closed class of graphs. Let
H € A be a connected graph and let k be a non-negative integer.

There is a constant ¢ > 0, such that the random graph R, €, apez® (A) with
probability 1 — e~ has a set S of k vertices, such that R, — S contains a family
H of at least cn pairwise disjoint pendant subgraphs isomorphic to H, and each

vertex of S is incident to all vertices of every graph H € H.

Proof This fact is proved in the proof of Theorem 7.1.2. O

Lemma 8.4.11 Let k be a positive integer and let B be the set of minimal excluded

minors for a proper addable minor-closed class of graphs. Suppose Ex B contains
all fans, aws (Ex B) is finite,

[(Ex kB),| < |(apex® ! (ExB))u| (1+ e ™)
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and 2 > 1, where 3 = Y(apex (ExkB)), v1 = J(rdoxs1 B). Then
|(Ex (k + 1)B)n| = |(apez® (ExB)),| (1 4 e ™).

Proof By Lemma 8.3.3 and Lemma 8.3.5 there is a constant r = r(k, B) > 2k
such that every graph in G € Ex (k+1)B with at least r vertices can be generated

as follows.
1) Pick ny € {0,...,n}.
2) Pick a set V5 C [n] of size ns.
3) Pick g € {0,...,na Ar}.
4) Pick a set Q C V5 of size q.
5) Put any graph G, € A on V;. Here A = apex (ExkB).

6) Add edges of any graph G; € D on V; = ([n] \ Vo) U Q (merge repetitive
edges, if necessary). Here D is the class of graphs with a (2k,2, B)-double

blocker of size at most r.

Let u,, be the total number of constructions, i.e., the total number of different
tuples (n9, ¢, V2, @, G1, G5) that can be generated by the above procedure. Denote
by U be the combinatorial class with the counting sequence (u,,n = 0,1,...).
Also, let R,, be the graph obtained by taking the tuple (ng, q, V2, @, G1, Gs) uni-
formly at random from all u,, possible tuples. (In the rest of the proof ns, q, V2, @,
G1 and G5 will be random variables.)

By Lemma 8.3.7, (D) = 7. Similarly as in the proof of (8.3)

up < [2"/nl] > 29AD (2) D (x),

q=0

so, see [48], ¥(U) < 5. Fix € € (0,0.5) and § > 0 such that

(71 4+ 8) (72 +8)'¢ < 7.

Let H be a graph of minimal size that can be obtained by removing one vertex
from a graph in B. Let ¢ be a constant as in Lemma 8.4.10 applied with Ex B and
H. We say that a set S C V5 is good if |S| = k and there is a family Hg of at least
cn/4 disjoint pendant subgraphs Hin Gy — (SUQ) such that H is isomorphic to

H and every vertex v € S is incident to every vertex of V(H).
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Define the following events:

A = {G; has at least (1 — €)n vertices};
B = {G, € apex" (ExB)};
C = {G5 has a good set S}.

We will show that

P(A) < e MM, P(B) <e M. P(C) < e U, (8.7)

and
Y(U) = y(apex” (Ex B)) = 7. (8.8)

For n large enough, A, B and C imply that either R, € apex” (ExB) or R, has
k + 1 disjoint subgraphs not in ExB. Indeed, by Lemma 5.3 of [65], if S is a
good set, then for a B-critical subgraph H; of G — S, there is at most a constant
number N, 5 of subgraphs H € Hg, which are not disjoint from H,;. For n large
enough, k < c¢n/4 — Ny, so we can construct k disjoint subgraphs not in Ex B,
each containing one vertex from S, and each disjoint from H;, producing k + 1
disjoint forbidden subgraphs in total.

Denote a, := |apex* (Ex B),|. Assuming (8.7) and (8.8) hold, we have for n

large enough

|(Ex (k + 1)B), \ (apex” (Ex B))n| < un(P(A) +P(B) + P(C))

= n',y;z—Q(n) = e_Q(")a' . (89)

n

Let us show (8.7) and (8.8). Recall that by Theorem 7.1.2, y(apex'(ExB)) =
2ly(ExB) for any | = 0,1,2,.... By the definition of apex classes and the as-

sumption of the lemma

lapex (Ex kB),, \ (apex” (ExB)),| < n2" ' (ExkB),_1 \ (apex"(ExB)),_1|
< n2" e M) (apex ! (Ex B))p_1|

The last line is e~ ¢/, again by Theorem 7.1.2. So

ay = |apex (ExkB),| < al,(1 + e M) (8.10)
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and v, = 2Fy(ExB) is the growth constant of apex (ExkB). Since u, > a!
have y(U) > v, and (8.8) follows.
Let d,, = |D,,|. There is a constant C', such that for any n = 1,2, ...

n, We

a, <Cnl(y+0)"; d, < Cnl(y +0)".

Using (8.8), there is a constant C” > 0, such that the number of constructions

with ny < (1 — €)n is at most

[(1=e)n] rAng
S (1) (ot

n2=0 ¢g=0
< C'n**nl max (v +0)" " (yg +6)™

na<(l—e)n

S C/n2q+1n! ((72 +5)1_6(’71 + 5)6)”

< e_Q(n)um

and the first bound of (8.7) follows.
The second bound of (8.7) follows by the first one and (8.10) since

P(B) < P(A) + P(B|A) = e~ ¥™),

Fix an integer ¢, (1 — €)n <t < n, and a subset V, = V of size t. Conditionally
on Vs = V and the event B, the random graph G is a uniformly random graph
on V from apex” (Ex B).

By Lemma 8.4.10 there is a constant ¢; > 0 such that for all large enough n,
conditionally on V5 = V and B, the graph G with probability at least 1—e (1=
has a set S, where every vertex in S is incident to every vertex of at least ¢(1—e)n >
cn/2 disjoint pendant subgraphs of G5 isomorphic to H. At most g such subgraphs
can have vertices in @, so if n is large enough then cn/2—¢q > ¢n/4 and S is good.

Now

P(C) <P(A) + P(B) + P(C|A, B).

For large enough n, by the above argument and symmetry the last term on the

right side is

1 -
B)P(Vo,=V,B
pap 2 PCWV=V.BPV=V.B)
Ven]|VIz(1-€e)n
< 6—01(1—e)nP(A7B) — e—Q(n)
= P(4, B) ’
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and the last bound of (8.7) follows.
Finally, the fact that |(Ex (k + 1)B), \ (apex* (ExB)),| > e=®™q/ follows by
Lemma 7.5.5 from the previous chapter.

O

For B as in Theorem 8.1.2 and sufficiently large k& we have, using Theorem 8.1.1,
that R, €, rdas1 B belongs to apex?~!'B D apex* B with probability e=™.
The next lemma shows that the two candidates for the main subclass of Ex (k+1)B

studied so far essentially do not overlap.

Lemma 8.4.12 Let A be a proper addable minor-closed class. Let B be its set
of minimal excluded minors. There is a constant ¢ > 0 such that with probability

1 — e 2™ every redundant blocker R,, €, apex® (Ex B) is of size at least cn.

Proof Fix a graph H € B. Let Hy = H — v, where v € V(H) is any vertex. Fix
e €(0,1), and let A, = Ac(n) be the event that the random graph R,, has a unique
blocker S of size k and the graph R,, — S has at least en pendant appearances H
of the graph Hy, such that every vertex of H is connected to every vertex of S
(call such pendant appearances good), and any B-blocker not containing S has at
least en vertices. By Lemma 8.4.10 and Theorem 7.1.3 we can choose € so, that
A, occurs with probability 1 — e~

Let ¢ = ¢/2. Let n be sufficiently large, so that (¢ — ¢)n > 2. Suppose A,
occurs and R,, has a redundant blocker () of size at most cn. Then () must contain
S and there must be at least one good appearance H disjoint from Q. Now any
vertex = € S together with H induces a graph containing H in R, — (Q \ {z}),
thus @ is not a redundant blocker. So the probability that R, has a redundant

blocker of size at most cn is at most P(A,) = =), O
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Chapter 9

Few disjoint minors K,

9.1 Introduction

Recall that series-parallel graphs are exactly the class Ex K. Asymptotic count-
ing formulas and other properties of series-parallel and outerplanar graphs were
obtained by Bodirsky, Giménez, Kang and Noy [32]; the degree distribution was
studied by Bernasconi, Panagiotou and Steger [12] and by Drmota, Giménez and
Noy [41].

The main result of this chapter concerns the number of graphs, not containing
a minor isomorphic to k+ 1 disjoint copies of K, (i.e., B = {K,}). At the expense
of delving deeply into the structure of series parallel graphs (coloured according
to certain rules), and analysing specific generating functions, we obtain much
sharper conclusions than in the previous chapter, as well as explicit numerical

approximations for constants.

Theorem 9.1.1 Let k be a positive integer. We have
(B (k4 DE)a| = (14 e=00)|(rdyper K.
There are constants ¢, > 0 and vy, > 0, such that
[(rdois1 Ky)a| = cxn™ 20l (14 o(1)).

Furthermore, y; = 23.5241...

The proof of the above theorem yields the following facts about the structure of
typical graphs without a minor isomorphic to (k+ 1)K,. Recall that given a class
of graphs A, we write R, €, A to mean that R, is a uniformly random graph

drawn from A,
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Theorem 9.1.2 Let k be a positive integer and let R, €, Ex (k +1)Kj.

(a) There is a constant aj, > 0, such that with probability 1 — e~ the graph
R, has a unique redundant K4-blocker Q) of size 2k + 1, each vertex in Q)
has degree at least apn, and any Ky-blocker Q' with |Q \ Q'| > 1, has at

least apn vertices.

(b) The probability that R, is connected converges to py = A(v, ') where A is

the exponential generating function of Ex K4 and vy is as in Theorem 9.1.1.

Let us point out that the complete asymptotic distribution of the ‘fragment’ graph
of R,, (R, minus its largest component) and the asymptotic Poisson distribution
of the number of components in R,, can be easily obtained (in terms of A and
v) using results from [74]. Furthermore, the expected number of the vertices
not in the largest component of R, is O(1), this holds more generally for random
graphs from any bridge-addable class [74]. We provide an approach to evaluate
Yk, k = 1,2,... numerically to arbitrary precision. Then p; can be numerically
evaluated using results of [32].

The proof of Theorem 9.1.1 is much more complicated than the proof in the
case B = {K3} in Chapter 6 or the more general Theorem 7.1.1. When Ex B does
not contain all fans, a random graph from (Ex (k 4 1)B),, essentially consists of
a random graph in ExB on n — k vertices and k apex vertices with their neigh-
bours chosen independently at random, each with probability 1/2 (see Chapter 7).
Meanwhile, if @ is a redundant blocker for G € Ex (k + 1)Ky, then the possible
neighbours of a vertex v € ) depend on the series-parallel graph G — Q). To
solve this, we obtain decompositions of the dominating subclass of rd g1 B into
tree-like structures and analyse the corresponding generating functions.

In our last result we look at classes Ex (k + 1){Ks3, K4}. For k = 0, this

corresponds to outerplanar graphs.

Theorem 9.1.3 Let B = {Ky3, K4}. The class Ex (k+1)B has a growth constant
Y. for each k=1,2,.... We have

v = (apex (ExB)) = 2v(Ex B) > v(rd;3 B)
and for a positive constant c

|(Ex2B),| = en*2y"n!(1 4 o(1)).
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However, for any k > 2
vy, = Y(rdogs1 B) > y(apex” (ExB)) and |(Ex(k+ 1)B),| = eﬂ("m)”y,fc”n!

The first few values are vy = 14.642.., v5 = 34.099.., v, = 130.023.., and for

k > 2 v, admits a closed-form expression.

The last theorem shows that Theorem 8.1.1 does not hold in general with ky = 1.
The unusual subexponential factor for £ > 2 shows up because the underlying
structure of typical graphs in rd o1 { K23, Ky} is “path-like”, whereas it is “tree-
like” for graphs in rd g1 K4, see Figure 6 (c).

The structure of this Chapter is as follows. In Section 9.2, we explore the
rich structure of the classes rd oy Ky, which we then translate into generating
functions and apply analytic combinatorics to get the growth constant when k£ = 1.
In Section 9.3 we count graphs obtained from unrooted Cayley trees, where edges,
internal vertices and leaves are replaced with graphs from different classes. Then,
in Section 9.4 we complete the proof of Theorem 9.1.1. In Section 9.5 we prove
Theorem 9.1.3. Finally, in Section 9.6 we discuss open questions that arise from

this work and give some concluding remarks.

9.2 Analytic combinatorics for Ex 2K,

In this section we focus on the case B = {K,} and the class C3. Recall that
A; denotes the set of {0,1}-coloured graphs G such that if G € A;, then
connected graphs in .4;. The main result of this section is the following.

Lemma 9.2.1 Let B = {K,}. The classC? has growth constant (C?) = 23.5241.. .

This shows that in Theorem 8.1.1 and Theorem 8.1.2 we have ky = 1 for
B = {K4}2

Corollary 9.2.2 Let B={K,}. Foranyk=1,2,...
V(Ex (k + 1)Ky) = v(rdopr1 Ka) = 7(Azkt).-

Proof Bodirsky, Giménez, Kang and Noy [32] showed that ~(Ex K;) =9.073....

By the exponential formula
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so by Proposition 8.3.6, Lemma 9.2.1 and Lemma 9.2.1
v(rds Ky) = y(Asz) = v(C?) > 2y(Ex Ky).

Now the claim follows by Lemma 8.3.9. O

9.2.1 Series-parallel networks

Recall that a graph G is called series-parallel if G € Ex K. A series-parallel graph
G with an ordered pair of distinguished vertices s and t is called an SP-network if
G is connected and adding an edge st to GG, the resulting multigraph is 2-connected
and series-parallel (so a network isomorphic to K, is also an S P-network). s and
t are called the poles of G; s is the source of G and t is the sink of G. The poles
have no label and do not contribute to the size of G. A vertex v € V(G) that is
not a pole, is called an internal vertex.

Denote by D the class of all SP-networks and by & the class of S P-networks
consisting of a single edge between the source and the sink. Also, denote by & the
class of degenerate networks with source and sink represented by the same vertex

and zero internal vertices. The corresponding exponential generating functions
are Fy(x) = Ey(z) = 1.

Lemma 9.2.3 (Trakhtenbrot 1958, [99], see also [100]) We have
D=&E+S+P.
Here S and P are defined by |So| = |Po| = 0 and

S = (P+&) xSEQx(Z x (P +&));
P =& x SET>1(S) + SET>»(S5).

Furthermore, the classes S and P correspond to disjoint classes of networks and
the above relation corresponds to a unique decomposition of a graph G € S (re-
spectively, G € P) into subgraphs in P U &y (respectively, S U E;) with pairwise

disjoint sets of labels.

The last statement of the lemma asserts that there is a stronger kind of isomor-
phism than just combinatorial one. More precisely, the classes S, P and & can
(and will) be considered as classes of graphs, which naturally partition the class of
all S P-networks, see Figure 9.1. A network G € S is called a series SP-network.
G can be decomposed uniquely into k& > 2 networks Hy, ..., Hy € P + &, where
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<>
|

Figure 9.1: The structure of the class D provided by Lemma 9.2.3.

P &

the sink of H; is the source of H; i for ¢« = 1,... k — 1, the source of G is the
source of Hy, the sink of GG is the sink of Hj, and the sets of internal vertices are
disjoint for H;, H;, i # j. We say that G is obtained from Hy,..., H, by series
composition.

A network G € P with source s and sink ¢ is called a parallel SP-network. G
can be decomposed uniquely into k > 2 networks Sy,..., S, € S U &y, where at
most one network is in &. In such a decomposition, the sets of internal vertices
of Sy,..., S, are pairwise disjoint, the source of Sy,...,S; is s, and the sink of
S1,...,S, is t. We say that GG is obtained from Sy, ..., S by parallel composition.
The above decomposition also implies that for any internal vertex v of G € P,
we may represent G as a parallel composition of a network S € S (where S = 5;
with v € V(S;)) and a network D € D (where D = U, ;5;).

It has been shown, see [32] and [12], that the exponential generating functions
of D and P satisty

)
Pla)+1= %. (9.2)

To keep formulas shorter, for exponential generating functions A(x) we will often
skip “(z)”; x € C will usually be fixed, and its value should be clear from the
context. Identities where the range of = is not explicitly stated, will hold for some
d >0 and any x € C with |z| < J.

The following simple facts were used already in [99)].

Proposition 9.2.4 Let G be an SP-network with poles s and t. Then for each

internal vertex v of G there is a path from s to t containing v.
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Proof If GG is a parallel SP-network, then since G is 2-connected, there are
internally disjoint paths, a path from v to s and a path from v to t. Connecting
them, we obtain a path from s to t.

Suppose G is a series network. Let Hy,..., H; be the decomposition of GG
into graphs in P + & as in Lemma 9.2.3. Then for ¢« = 1,...,k, the network
H; contains a path P; connecting its poles, and, if v is an internal vertex of H;,
also containing v. Connecting each of the paths P; yields a path from s to ¢ that

contains v. O

Proposition 9.2.5 Let G be a parallel SP-network with source s and sink t.
Then for each internal vertex v of G there are two internally disjoint paths from

s to t such that one of the paths contains v.

Proof By Lemma 9.2.3 the graph G can be obtained by a parallel composition
of two networks S € § and D € D with disjoint sets of vertices where v is an
internal vertex of §. By Proposition 9.2.4, there is a path P from s to ¢ that
contains v. Now D contains another path from s to t internally disjoint from P.

(]

Proposition 9.2.6 Let G € D. The network G’ obtained by adding a new vertex
w connected to both poles of G satisfies G' € P.

Proof This is an immediate consequence of Lemma 9.2.3, see the comment after
it. O

9.2.2 Rooted graphs of multiple types

Let F(z) and B(z) denote the exponential generating functions of rooted con-
nected series-parallel graphs and biconnected series-parallel graphs respectively.
Then (see, e.g., [32,52])

F(z) = zeP'F@), (9.3)

An analogous formula works for any addable class of graphs. However, it fails for
classes C*: we have to consider several types of rooted graphs instead.

Let G be a coloured graph with one pointed uncoloured vertex r, called the
root of G. Let C' be the set of all colours of G. We call a colour ¢ good for G,
if the graph obtained from G by adding a new vertex w connected to r and each
vertex of G coloured ¢ contains no K, as a minor. Otherwise we call ¢ bad for G.

We call G a C-tree, if the following three conditions are satisfied:
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Figure 9.2: A {red, , blue}-tree G. The elliptic shapes represent blocks, the white node is
the root r. For each colour ¢ the blocks on the path from the root vertex to a vertex coloured
¢ form a sequence of SP-networks joined at their poles and only the “joints” of these networks
can have colour ¢. All such blocks for any given colour ¢ form a {c}-tree which is a “subtree” of
G, here the subtree for ¢ = red is highlighted.

(a) each colour ¢ € C' is good for G,

(b) G is connected and it has no cut vertex x such that G — x has a component

without colours and without r, and
(c) ris not coloured, not a cut vertex of G and not the only vertex of G.

For a positive integer k and C C [k], denote by A the family of all C-trees, see
Figure 9.2. We define Ay = 0. If C' # (), then for n = 0,1,2, |A¢c,| is equal to 0,1
and 2/l respectively. We will now study the exponential generating functions of
Ac; in the end of this section we will use the results to obtain the growth constant
of C*.

Let G be a C-tree with root r, for some C' C [k]. Then G has a unique rooted
block tree T with root r. Consider any block B of G. Denote by r(B) the vertex
of B closest to r in G. For v € V(G), denote by G, the subgraph of G induced
on v and the vertices of all blocks of G that are ancestors of v in 7" (if v is not a
cut vertex and v # r, then it has no ancestors), with the label and colour from
v removed. We call the set of colours Col(v) U Col(G,) the type of v in G, and
denote it by typeg(v). For any block B of G and any colour ¢, let X.(B) denote
the set of vertices v € V(B) such that ¢ € types(v).

Proposition 9.2.7 If G is a C-tree then for any block B of G and any c € C we
have X.(B) < 1.

Proof Let G be the subgraph of GG induced on the vertices of B and the vertices
of all blocks that are ancestors of B in the rooted block tree of G. It is easy to
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see that G g is a C'-tree for some C" C C'. Therefore it suffices to prove the claim
in the case where r(B) is the root r of G.

Suppose X .(B) > 2. Then G has a coloured minor isomorphic to a vertex-
pointed 2-connected graph H obtained from N(B) by setting Col(x) = Col(y) =
{c} for two distinct vertices z,y € V(B)\ {r}. Now c is bad for H, since adding a
new vertex with at least three neighbours to a 2-connected graph in Ex K yields
K, as a minor. It follows that ¢ is bad for G. O

For k =1,2,..., denote by By the family of biconnected graphs in Ay, such
that each vertex has at most one colour. Again, if B € By, and ¢ € [k], then there
is exactly one vertex in B coloured c¢. For n = 0,1,2, |By,| is equal to 0,1,2
respectively; also By ; = 0 if j < k.

For a set C' of positive integers, denote by Ac the set of all vertex-pointed
graphs G, such that Col(G) = C and which further satisfy the conditions (a) and
(b) of the definition of a C-tree. It is easy to check using the definition that |Ac.,|
is equal to 1 and 4/¢! — 2/€ for n = 0 and 1 respectively. Each non-empty graph
in Ac can be decomposed uniquely into a (coloured and pointed) root vertex r
and a set of graphs G1,... Gy where for ¢ = 1,... ¢, the graph G, is a Cj-tree for
some C; C C, and V(G;) NV(G;) = {r} for i # j.

Proposition 9.2.8 Let C1, Cs be finite non-empty sets of positive integers. Sup-
pose Gy € Acl and Gy € /102 have only their root vertex in common. Then
G1UG,y e ACMCQ-

Proof It is easy to see that the condition (b) holds for G. Suppose (a) does not
hold, i.e., ¢ € Cy U Cy is bad for G. Consider the graph G* obtained by adding a
new vertex w, connected to the root of G' and each vertex coloured c¢. For = 1,2
let G = GT[V(G;) U {w}]. By Lemma 8.4.2 for some ¢ = 1,2 we have G} + rw
has a subdivision of Ky, thus G; ¢ /lc This is a contradiction. O

Lemma 9.2.9 Let C' be a finite non-empty set of positive integers. The exponen-

tial generating functions of Ac and Ac are related by

AC = Z(_1)|C|—\S\2|S| exp (Z Ag) .

ScC S'CS

Notice, that by definition Ag(z) = 0 and Ag(z) = 1.
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Proof For any set S C C, define
As = UTQSAT>

and note that ]flS,o\ = 2151 Since Ag N Ag =0 for S # 5, for any ¢’ C C

AC’ = 2|C/| exXp (Z AS) .

Scc’

Fix a non-negative integer n, and for S C C'let bg = bg,, be the number of graphs
G in flc,n, such that Col(G) NS = (). Then the number of graphs in ./Zlqn where

some colour from C'is missing, by the inclusion-exclusion principle is

> (=1 g,

SCC,S#0

, therefore, summing over all n > 0

Now bg = ‘Ac\s,n

Ao — Ac = Z (_1)|S|—1AC\S _ Z(_1)|C|—\S\—1AS
SCC,5£0 Scc

and

SCC Scc S'CS

Proposition 9.2.10 Let k be a positive integer, and let C' be a set of positive
integers, |C| > k. Let B € By. Fori=1,...,k, denote by v; be the vertex of B
coloured {i}. Let P be a partition of C into k non-empty sets Sy, ..., Sy (listed in
the lezicographic order), and let Gy, ..., Gy be pairwise disjoint graphs, all disjoint
from B, with G; € /Alsi, 1=1,...,k.

Then the graph G obtained by identifying the root r; of G; with v; and setting
Colg(v;) = Colg, (r;) for each i, is a C-tree.

Proof We have to show the conditions (a)-(c) of the definition of the C-tree are
satisfied. It is trivial to check (b) and (c), so we will check just (a). Suppose
it does not hold, i.e., ¢ € C is bad for G. Consider the graph G* formed by
adding to G a new vertex w ¢ V(G) and connecting w to the root r of G and

each vertex coloured c. Let S; be the set containing c¢. Let G} = G[V(G;) U w]
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and Gy, = GT — (G; — v;). We have G) UG, = G and V(GY) NV (GL) = {v;, w}.
Let K’ be a subdivision of K, in GT.

By Lemma 8.4.2, either K’ is contained in G or G, or the intersection of K’
with (; is a path from v; to w for some j € {1,2}. If K’ is a subgraph of G,
then c is bad for Gy; if K’ is a subgraph of GY, then c is bad for B. If G}, N K" is
a path from w to v;, then G| + wv; contains a subdivision of Ky, so ¢ is bad for
G;. If Gy N K’ is a path from w to v;, then B + wwv; contains a subdivision of K},

and so ¢ is bad for B. In each case we get a contradiction. O

We can now use the above observations and the decomposition into blocks,
similarly as in (9.3) to give the exponential generating function for Aq. Given a
set C' C [k] for some positive integer k, let P(C') be the set of all set partitions of
C, so that |P([j])| is the j-th Bell number.

Lemma 9.2.11 Let k be a positive integer. For any non-empty set C' C [k], the

exponential generating function of Ac is

Ac(z)= > Bpx) [] As(2).
)

PeP(C SepP

Proof Each C-tree G may be decomposed into the (uncoloured) block B con-
taining its root 7, and a set of graphs G,, such that v € X = U.cc X (B). Since
the graph G, obtained from G, with vertex v coloured Colg(v) and its label re-
moved, is isomorphic to a coloured minor of G, we have that G, € Ac where
C" = typeq(v). Let v, ... v® be the vertices of X sorted according to their
type in the lexicographic order, and for v € X let ind(v) be the position of v in
this list. The graph B obtained from B by setting Colz(v) = {ind(v)} for each
v € X satisfies B € B,. Now using Proposition 9.2.10 we see that each graph in

Ac can be represented uniquely by and constructed from
e a root block B € B;, for some t € [|C],

e a partition P = {S,...,S;} of C into non-empty sets (indexed in the lexi-

cographic order), and

e pairwise disjoint graphs G, ..., Gy, all disjoint from B, where G; € flsi for
i=1,...t

by identifying the root r; of G; with the vertex v of B coloured {i}, and colouring
that vertex Colg,(r;). Now the exponential generating function is obtained in a

standard way, see [48]. O
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We write for shortness Ar = Ag1y, Arg = Ap 2y and Aggp = Aq23)-

Lemma 9.2.12 The exponential generating functions of Ar, Arg and Arap sat-

isfy
Ap = By Ag;
Apg = BiAgg + By A%;
ARGB = BlARGB + 3B2ARARG + B3A§z
Here
AR = 2R — 1;
ARG = 4eARGT2AR _ feAR 4 1;

Apap = ReArRGBT3ARGH3AR _ 19pARGT2AR + Gedr — 1.

Proof Notice, that by symmetry we have Ac = Ac whenever |C’| = |C]. The

lemma follows by Lemma 9.2.9 and Lemma 9.2.11. O

9.2.3 Blocks of coloured trees (two colours)

In this section we present a decomposition for coloured graphs in the class B,. For
a network GG with two poles, we denote by G the network obtained by connecting
the poles with an edge. We will say that a colour ¢ is bad for a (coloured) network
G, if adding a new vertex w to G connected to the source of G and each vertex

coloured ¢, we obtain a graph not in Ex B. Recall that in this section B = {K4}.

Lemma 9.2.13 Let S; be the class of {0,1} -coloured series SP-networks G
where ezactly one internal vertex is coloured {red}, and the colour red is good for
GT.

FEach graph in S admits a unique decomposition into two graphs in D or a

graph By and a graph in D. The exponential generating function of Sy is

Si(x) = D(x)(zD(x) + Bsy(x)).

We will use the following simple observation.

Lemma 9.2.14 Let k be a positive integer and let G be a {0, 1}*-coloured graph

with one pointed vertex r and exactly k coloured vertices, so that for each i € [k]
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there is a vertex v; € V(G) \ {r} coloured {i}. Denote by G. the network with
source r and sink u obtained from G by removing the colour and the label from

the vertex u coloured {c}.

G € By if and only if for each ¢ € [k] we have N(G.) € P + &.

Proof If either G € By or N(G.) € P+ &, then G, is biconnected, so G. & S.

(=) Suppose N(G.) € P + & and let u be the vertex coloured {c}. Then
G. + ru contains K, as a minor. We may replace ru by the path rwu where
w & V(G) to see that the colour ¢ is bad for G, a contradiction.

(<) Suppose we have N(G.) € P + &, but ¢ is not good for G. Let u be
the vertex coloured c¢. The assumption implies that with a new vertex w ¢ V(G),
the graph G’ = N(G + rwu) contains K4 as a minor. Then so does G, + ru and
N(G,) ¢ D, a contradiction. O

Proof of Lemma 9.2.13 Let G € &, let s and ¢ be its source and sink re-
spectively, and let v be the vertex coloured red. Then by Lemma 9.2.3, G
may be decomposed into a sequence of (pairwise internally disjoint) networks
Hy,Hsy,...,Hy € (P +e) with £ > 2 and vertices x1, ..., 251, where x; is both
the sink of H; and the source of H;,1.

Suppose v is an internal vertex of some H;, 2 < j < k. For 5 = 1,...,k
denote by s; and t; the source and the sink of H; respectively (we have s; = s
and t, = t). By Proposition 9.2.5, H; contains a cycle C' with vertices v, s; and
t;. By Lemma 9.2.3 and Proposition 9.2.4, there is a path P; from s to s; in
HyU---UH,_4, apath P, from t; to ¢t in H;i4, ..., Hy, (which is trivial if j = k).
Now the graph obtained from the union of C, P, P, and rt demonstrates that the
colour red is bad for G*. Therefore v cannot be an internal vertex of H;, j > 2.

So v can have one of the following positions (and the cases are non-overlapping):
(a) v =x; for some j € [k — 1];
(b) v is an internal vertex of Hj.

Suppose first that (a) holds. Denote by D; the SP-network with source s and
sink v obtained from the union (series composition) of Hy, ..., H; and xy,...,2;_1.
Denote by Dj the network with source v and sink ¢ obtained from the union (series
composition) of H;.1, ..., Hy and the vertices z;41, ..., 2x—1. By Lemma 9.2.3 and
the comment thereafter, Dy, Dy € D.

Now let D, D} € D be arbitrary, and let G’ be a network obtained by series

composition of D} and D) by colouring the common pole {red} and giving it an
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arbitrary label. Let s be the source of D] and G’, and let ¢ be the sink of D}, and
G'.

Lemma 9.2.3 and a comment after it, the decomposition of a graph S to a
graph in (P + &) and a sequence of graphs in Z x (P + e) is unique. Therefore, if
G' € 8; applying the decomposition of G = G’ into graphs Hy, ..., H; as above,
we recover Dy = D} and Dy = Dj,.

Let us check that G/ € S;. Consider the network G obtained from G'* by
making v a sink and ¢ an internal vertex. N (é) is a parallel S P-network, since it
is obtained by a series composition of the network st and the SP-network 3’2 and
a parallel composition of the resulting network with the S P-network D] (here 5’2
denotes D, with its source and sink swapped. This change of orientation does not
change the type of the network). By Proposition 9.2.6, the red colour is good for
G, and so it is good for G'*, and G’ € S;.

Now consider the case (b). Let H; be a {0, 1}?-coloured graph obtained from
H, by colouring its sink green and assigning the label z1. Since H; is a subgraph
of G, if the red colour is bad for Hy, then it is also bad for G. If the green colour
is bad for H,, then the path P from s to z; in G, where P consists of the edge
st and a path from ¢ to x1 in D = Hy U {xo} U---U{zr_1} U Hy € D shows that
G contains K, as a minor, which is a contradiction. It follows that ]:11 € B, and
D eD.

Now take an arbitrary graph H' € B, with root r, an arbitrary network D’ € D
with source s’ and sink #', and identify the green vertex of H’ with the source of
D' (call this vertex z) to obtain a network G’ with source r and sink ¢'. Denote
the vertex of G’ coloured {red} by v.

It is easy to see using the decomposition given by Lemma 9.2.3 that if G’ € Sy,
then the procedure described above applied with G = G’ recovers H' and D’ of
G’ as H, and D respectively. It remains to show that G’ € S;.

Consider the graph G” = G'T®) obtained by adding a new vertex w to G'*,
such that I'(w) = {r,v}. Assume that red is bad for G'. Then G” contains a
subdivision K’ of K. Since K’ is 2-connected, it must contain both vertices v
and r. Clearly, {r,x} is a cut in G. Apply Lemma 8.4.2 to G”, and its subgraphs
H = G"[V(H)U{w}] and R = G" — (H' — {r,x}). We consider three possible
cases.

Case 1. K'is entirely contained in H’. Then H' ¢ B,, which is a contradiction.

Case 2. K'NH' is a path from 7 to z. Let Gy be the network with poles r and
x obtained by a series composition of rt’ and 5’ Then the network Gy +rx € P

contains K4 as a minor, this is a contradiction to Lemma 9.2.3.
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A
.

V4

Figure 9.3: The part K/ of the subdivision of K, contained in H, is a subdivision of one of
these four types of graphs. Here the unlabelled vertices can be any vertices of H;.

Case 3. K' N R is a path P from r to z. Consider K, = K’ N H'. Then K
is a subdivision of K, with a part of subdivided edge (i.e., the internal vertices of
P) removed.

It must be that w € V(K}), otherwise N(G") ¢ D, again contradicting
Lemma 9.2.3. Since K’ is 2-connected, w must have degree 2 in K|. We have
that K] is a subdivision of one of the graphs shown in Figure 9.3, with the re-
striction that rw cannot be subdivided. Importantly, in all cases, the graph
K" = K{ — {w,r,x} is connected. The SP-network H’ is parallel (it contains an
internal vertex v), so by Lemma 9.2.3 it can be obtained in a unique way by par-
allel composition of some [ > 2 networks S1,...,S5; € SUe. The connected graph
H" belongs to exactly one of these networks; change the indices if necessary, so
that this network is S;. Now, since V(K') NV (S2) C {r, x} we may use a path in
S, from 7 to x to replace the path P and show that H’ also contains a subdivision
of K4. This demonstrates that H' & By, which is a contradiction.

Combining the decompositions in each of the cases (a) and (b) yields the
bijection

S =ZxD*+D x B,

which translates into the generating function, see [48], as claimed. O

Lemma 9.2.15 FEach graph in By admils a unique decomposition into a network

in D and a network in S1. The exponential generating function of By satisfies
By(z) = 2D(x)S;(x)

Proof Let G € By, let r be the root of G and let u and v be the vertices coloured
{green} and {red} respectively. Consider the {0,1}'-coloured network G with
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Figure 9.4: Graphs in the class By can be decomposed into one of the following constructions.
Here the white shapes represent networks in D, the grey shape represents a graph in By where
the green vertex is converted into the sink. r and g mark vertices coloured red and green
respectively.

poles r and u obtained with ¢ = green as in Proposition 9.2.14. N(G) € P (it has
an internal vertex v), so it can be decomposed uniquely using Lemma 9.2.3 into
a network D € D and a series graph S that contains v, both with poles s and w.
Since the graph ST is isomorphic to a minor of G, if red is bad for ST, then it is
bad for G. Thus S € S;.

Now take arbitrary networks D’ € D and S’ € S; with disjoint sets of internal
vertices and join them in parallel. Label the sink vertex u and colour it green. We
claim that the resulting graph G’ € By. Suppose, not. The colour green cannot be
bad for G’ by Proposition 9.2.6. Suppose red is bad for G'. The root r of G’ is its
unique pointed vertex (the common sink of D’ and S”). Using Lemma 8.4.2, since
D' € D, we get that red is bad for S’ 4+ ru, which contradicts to the definition of
S1. So we have

By =ZxDxS8,,

and applying the standard conversion to generating functions [48] completes the

proof. O

We may combine the results of this section to obtain the full picture of graphs

in the class Bsy, see Figure 9.4.

Corollary 9.2.16 FEach graph in By admits a unique decomposition into three

graphs in D or two graphs in D and a graph in By:
By =2%x D>+ Z x D* x Bs.

Proof Combine Lemma 9.2.13 and Lemma 9.2.15. O
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9.2.4 Blocks of coloured trees (general case)

In this section we give a nice characterisation of the class of coloured blocks Bj
for arbitrary k. It turns out that each graph in B can be formed by substituting
an SP-network for each edge of an “apex tree”.

Let k be a positive integer. Let 7} be the class of {0, 1}*-coloured Cayley trees
T containing exactly k coloured vertices vy, . .., vg, where vertex v; has colour {i}
for each ¢ = 1,...,k with the following restriction: if a vertex v € V(T') has
no colour, then it must have degree at least 3. Since every leaf is coloured by
a unique colour, each T € 7, has only one automorphism. Therefore, we have
1 T¢ .l = nl|(UT)nl, where UT} is the class of unlabelled {0,1}*-coloured trees
that can be obtained from the trees in 7.

For k =1,2,... the number of elements in U7, is
1,1,4,31,367, ...

For example, all trees in the class UT; are shown in Figure 9.5. It is interesting to
note, that the above sequence does not yet appear in the Sloane’s Encyclopedia
of Integer Sequences [95].

Now let F] be the class of all vertex-pointed graphs that can be obtained
by taking a coloured tree T' € T;/, subdividing its edges arbitrarily (by inserting
new uncoloured labelled vertices) to get a tree 7", and finally adding a pointed
root vertex r connected to each leaf of 7" and each uncoloured vertex of degree 2
(edges rv where v is coloured or has at least 3 neighbours may be included or not
included).

Let F.(-, D) denote the class of graphs that can be obtained from graphs in
F;. by replacing their edges by arbitrary networks in D. Since each network has
an orientation (it starts with its source and ends with its sink), in order for such
replacement to be well defined for a given G € F;, and {D. € D : e € E(H)}, the
edges of G have to be oriented. We can assume that each edge in the tree G —r
points towards the red vertex, and each edge of GG adjacent to r points away from

Tr.

Theorem 9.2.17 Let k be a positive integer. Each graph in By can be obtained

in a unique way by substituting an SP-network for each edge of a graph in F;,:

B, — f{(,P—FSQ):ZX(P—Fgg) fO’I"]{Zzl
’ F.(-,D) otherwise.
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b r
r g
g b
T T
b
g
b g

Figure 9.5: The isomorphism groups for the class of coloured trees 7.

We will prove Theorem 9.2.17 using the next two lemmas.

Lemma 9.2.18 Let k > 2 be an integer. Each pair (H, Dy), where H € F;, and
Dy ={D. €D :ec E(H)} yields a unique graph G = G(H,Dy) € By, where G
is obtained from H by replacing e with D, for each edge e € E(H).

Proof Fix a pair (H,Dp) and let r be the root of G = G(H,Dg). Let us first
prove that G € By. To this aim, by Lemma 9.2.14 it suffices to show that for each
colour ¢ € [k], if v. is the vertex coloured {c}, then the network G. with source r
and sink v, obtained from G as in Lemma 9.2.14 satisfies N(G,) € P.

The graph G, is 2-connected, so N(G.) € S U &,. Suppose G. + rv. contains
a subdivision K’ of K. Let B be the block of G. — r containing the 2-core of
K’ —r (the 2-core of a graph is the unique graph obtained by repeatedly deleting
vertices of degree at most 1, until no such vertices remain). Since each vertex
v e V(H)\ {r} is a cut point of G. — r, we have that B is isomorphic to a
subgraph of D, for some e = xy € H. Furthermore, G. contains a path from the
source to the sink of D, which does not use any internal vertex of D.. It follows
by Lemma 8.4.2 that D, is not an S P-network, a contradiction.

Let us now prove that given G = G(H,Dy) where H € F}, for any k > 2 we
can always recover H and Dy. We prove this claim by induction on |V (H)|.

Suppose |V (H)| = 3. Then the unique decomposition is provided by Corol-
lary 9.2.16, and the corresponding tree in Fj, is the unique tree with two nodes u
and v, which are the vertices of G coloured {green} and {red} respectively.

Now let h > 4 be an integer. Suppose that for any H € F. on at most h — 1
vertices, we can always recover H and D given just the graph G = G(H, D). Let
H € F| be a graph on h vertices with root r and let Dy = {D. € D:e € E(H)}
be arbitrary. Denote the tree H —r by T' (it is a subdivision of a graph in 7). Let

u be a coloured vertex in G — r, such that there are no two coloured components
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in G — {r,u}. If there is more than one candidate for u, let u be such that
Col(u) = {j} has the largest j. At least one such vertex exists since for any leaf
x of the tree T', all coloured vertices of T — u (and also in G — {r,u}) are in a
single component. Furthermore, for any vertex «’ of T' that is an internal vertex
of T, there are at least 2 coloured components in 7' — «' (and also in G — {r,u'}).
So u is the leaf vertex of T with the largest colour index.

Let C' be the component of G — {r,u} containing all coloured vertices. Then
the network D!  with poles r and u obtained from G — C' is the network D,.,,.

Now consider the graph G' = G — (V(D.,)\{r,u}). For each cut vertex v’ of G,
let C'(v',u) denote the component of G — v containing u. Let S be the set of cut
vertices v such that either v is coloured or G — C'(v, u) is 2-connected. Finally,
call a vertex v' € S a candidate if G — C(v',u) does not contain any vertex from
S. It is not difficult to see that there is exactly one candidate: the neighbour v of
win 7.

Let D!, be the network obtained from G[V(C(v,u)) U {v}] by making u the
source and v the sink. We can see that D!, = D,, (the orientation is correct,
since by definition j > 1).

Now consider the graph G — V (D!, —v). If v is not coloured, colour it {;},
and add a dummy path vwr, where w is a vertex not in G. Denote the resulting
graph by Gs. At the same time consider the graph obtained from H — u by
adding an edge rv, if it is not already there, and colouring v with {j}, if it is not
coloured. Let P,,, be the network with poles r and v obtained from the path rwov.
If ro ¢ E(H), let D,, = Py, otherwise define D,, = D,, U P. The graph G5 can
be obtained from H’ by replacing each edge by a network D!, where D, = D,, if
e € E(H)\ {rv} and D., = D,,.

By induction (rename colours, if necessary) we may recover H' and D’ uniquely.
Now we see, that connecting u to v and r in H’, returning the original colour to v,
and removing rv if D! = P,,,, recovers the graph H. For e € E(H)\ {ru,rv,uv},
the network D, is the network D! by induction, for e € {rv,uv}, we have shown
above that D, = D.. Finally, if rv € H', we obtain D,, as D/, — w. O

Lemma 9.2.19 For any integer k > 2 we have By, C F,(-, D).

Proof We use induction on k. For k = 2, fix G € B,. By Corollary 9.2.16, G
admits either a representation by three SP-networks (we say that G is of the first
type) or by two SP-networks and a (smaller) network G’ € By (we say that G is
of the second type), see Figure 9.4. Let Gy = G. For i = 0,..., if the graph G; is
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of the second type, define G;.; = G. Let j be the index of the last G; that has
been defined.

To prove the lemma for the case k& = 2 we apply induction on j. When
7 = 0, we have that GG is of the first type, so by Corollary 9.2.16, it is a triangle
H € F,, with each edge replaced by a network in D. Now let j° > 1, assume
that the claim holds for £ = 2 and all j € {0,...,j — 1}, and suppose j = j'.
Then by Corollary 9.2.16, the graph G = G| is obtained from G; by taking a
series composition D of two graphs Dy, Dy € D with the common pole coloured
{green}, identifying the sink of D with the green vertex u of G; and removing
the colour from w. By induction, G; can be obtained from a graph H' € F} by
replacing each edge e € E(H') with a network D, € D.

Let H be a graph obtained from H’ by inserting the vertex u ¢ V(H'), so
that u is connected to the green vertex v’ of H" and the root, colouring u {green}
and removing the colour from u'. Clearly, H € Fj. Also, for e € E(H') define
D, = D, and let D,, = D; and D, = Dy. Thus G, can be obtained from the
graph H € FJ, by replacing each edge e € E(H) with D.. This completes the
proof for the case k = 2.

Assume now that we have proved the lemma for B; with [ € {2,...,k—1}, and
suppose G € By, where k > 3. Let u be the vertex of G coloured {k}. Remove
the colour from u to obtain a graph G’ € Bj_;. Use induction to find a graph
H' € F;_, and a set of networks Dyr = {D. : e € E(H')} such that G’ is the
graph obtained by replacing each edge e of H' by D.. Let r be the root vertex of
H', write T" = H' — r, and recall that 7" is a subdivision of a tree in 7;_;.

The vertex u may have one of the following positions:
(a) ue V(T).
(b) w is an internal vertex of D/, for some e = xy € E(T").
(c) w is an internal vertex of D)  for some v € V(1").

The case (a) is easy: we let H be the graph obtained from H’ by colouring u
with {k}, and let Dy = Dy.

Consider the case (b). Suppose, u is not a cut vertex of D.. By Lemma 9.2.3
and Proposition 9.2.5, D, contains a minor M isomorphic to the triangle K3, such
that x, y and u all belong to different bags. Now, since each component of 7" — xy
contains at least one leaf of 7", there are paths P, and P in G'— (D, —{z,y}) from
r to x and y respectively. Now M, P, and P, demonstrate that the colour & is bad
for G. Thus, u must be a cut vertex of D!. Let H be the graph obtained from H’
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by subdividing the edge xy with the vertex u. Let D,, and D,, be the networks
with the common pole u (the orientation may be reversed, if necessary), such that
D!, results from the series composition of D,, and D,,. For e € E(H') \ {e}, let
D. = D., and define Dy = {D,. : e € E(H)}. Then we have G = G(H, Dg).

Now consider the case (c). Let G7 be the graph obtained from G[V(D.,)],
by colouring the vertex u {green} and the vertex v {red} and adding the edge
rv, if rv € E(G). For a {0,1}*-coloured graph H and ¢ € [k], let (H)., = H,
be as in Lemma 9.2.14. By Lemma 9.2.3, G is 2-connected and (G1).eq € P.
By Lemma 9.2.14, (G); € P, and since G contains a path from r to v internally
disjoint from D/, which can be contracted to an edge rv, we get that (G1)green € P-
Therefore, applying Lemma 9.2.14 second time, we see that G| € Bs.

We have N(G1) € P and G; € By by Lemma 9.2.14.

Using the already proved case k = 2, GG; can be obtained from a graph H; € F}
by replacing each edge e € E(H,) with an SP-network D”. Let H; be obtained
from H; by setting Colg (u) = {k} and Colg (v) = Colg(v).

Now, if D, € & and rv & E(G), let H = H' U (Hy — rv), otherwise, let
H = H'U H,. We can see that the tree T = H — r is obtained from 7" by
attaching at the vertex v the graph P = Hy — r (which is a path from v to u).
The vertex u is coloured {k} in P and for each vertex x € V(P) \ {v} there
is an edge rx € E(H) as required by the definition of ;. Since v € V(1) and
T" € Fj,_,, if vis not coloured it has degree at least 2 in 7", and degree at least 3 in
T. Hence H € Fj. Fore € E(H')\{rv}, define D, = D.; for e € E(H;)\ {rv}, let
D. = D/. Finally, if rv € E(G), set D,, = D! —rv. Let Dy ={D.:e € E(H)}:
we have proved that G = G(H, Dy), as required. O

Proof of Theorem 9.2.17 The case k = 1 follows by Lemma 9.2.14. For k > 2,

we combine Lemma 9.2.18 and Lemma 9.2.19. O

Given a class A of graphs and a parameter X : A — Zx, let A, = Ay,

denote the family of graphs G € A, with X(G) = k. We call

Anil
Alz,y)= > [Ans] n!’k‘:r v

n>0,k>0

the bivariate generating function of A (where y “counts” X). Below, wherever X
is not specified, y counts the number of edges, i.e. X(G) = |E(G)|.
It is not difficult to get the bivariate generating function F} for Fj, when k is

small.
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Lemma 9.2.20 The bivariate generating functions of Fy and Fj are

I,2y3

?y*(3 — 2zy®) (1 + y)
: .

Filon) = (1—ay?)

F. = —;
Proof Denote by 72’ the class of trees obtained by subdividing edges of trees in
. arbitrarily. The graphs in 77 are paths with coloured endpoints (the colours

provide a unique orientation) and the univariate exponential generating function

Each T € 7;’ on n vertices yields a unique fan F' € F) with 2n — 1 edges, so

T/(:l?y2) x2y3
Fy(z,y) = -2 =—.
( I —xy

Now consider k& = 3. There are 3n!(n — 2) trees T' € 7;,’771 such that N(T) is
isomorphic to a path, and n! (”;2) trees T' € 7;’7” which are subdivided 3-stars, see

Figure 9.5. Therefore the exponential generating function of 7~§)’ is

4

2l - n = n—2 n 3[)33 T
T3(x):;3(n—2)x —|—Z:;< 5 )x :(1—x)2+(1—x)3'

From each tree in 77 on n vertices we can obtain two fans Fy, Fy € Fy, with
2n — 1 and 2n — 2 edges respectively (this is because the middle coloured vertex
in the “path” case, and the centre of the star, in the “star” case may or may not

be connected to the root). This yields the exponential generating function

2y (3 — 2zy®) (1 4+ y)

Fi(x) = Ty(zy”)(y ' +y72) = Ty ,

as claimed. O

9.2.5 Growth of the class Ap

We will use below the following fact about the class of SP-networks D.
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Lemma 9.2.21 (Lemma 2.3 of [32]) Let B be the class of biconnected series-
parallel graphs. Then

(1+ to)(to — 1)?
5

p(B) = p(D) = p(P) =

= 0.1280.., and
2

t
0

where ty = 0.8070.. is the unique positive solution of
(1 —t*)"texp(—t*/(1+1)) = 2.
By Lemma 9.2.12 and Theorem 9.2.17
Agr = By(2e® — 1) = 2(P + 1)(2e4% — 1). (9.4)

Notice, that if we add a new vertex w to any {red}-tree G, and connect it to the
root and every vertex coloured red, we obtain a 2-connected series-parallel graph
G'. This follows directly from the definition of a C-tree: if we delete any vertex
x € V(G") \{w}, w has a neighbour in each of the components of V(G) — {z, w},
so G'—x is connected. If we delete w we obtain the connected graph G. Thus each
{red}-tree of size n gives a unique 2-connected series-parallel graph of size n + 2
(we may label the root and the new vertex n+ 1 and n + 2 respectively). Thus, if
B is the class of biconnected series-parallel graphs, we have p(B) = p(D) < p(Ag).
On the other hand, either looking at (9.4) or recalling that each S P-network yields
a unique {red}-tree, we see that p(Agr) < p(D). We conclude that p(Agr) = p(D).

Proposition 9.2.22 For any positive integer k, we have p(By) = p(D).

Proof By Lemma 9.2.14
Byl < n[(P + &)l

so p(Bg) > p(P). By Theorem 9.2.17, each graph, obtained from a non-series
SP-network G and a coloured path P € 7;’ , by identifying the first endpoint of
P with the sink of G and adding an edge between the source of G and second
endpoint of P (if it is not already there), is in By. So

1Bin| > (0)|(P + E2)n—l,

and p(By) < p(P). So p(By) = p(P) = p(D) by Lemma 9.2.21. O
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We remind a definition from [48]. Given two numbers ¢, R with R > 1 and
0 < ¢ < /2, define

A, R)={z€C:|z| <R,z # 1,|arg(z — 1)| > ¢}.

A domain is a A-domain at 1 if it is A(¢, R) for some R and ¢. For a complex
number ¢ # 0, a A-domain at ( is the image by the mapping z — (z of a
A-domain at 1.

For complex functions f, g we write f(z) = O(g(2)) as z — zo if | f(2)/g(2)] is
bounded as z — zg.

The following fact is well known.

Lemma 9.2.23 The exponential generating function R(x) = 2@1% of
rooted Cayley trees has a unique dominant singularity e”'. R(x) can be ez-
tended analytically to a A-domain A at e, such that for all x € A we have

R(x) = 2ef@ and for v — ™!, x € A we have
R(z) =1—-v2(1 —ex)? + O(1 — ex). (9.5)

Furthermore, R(x) is the unique solution y(z) of y = xe¥, which is analytic at 0
and satisfies R(0) = 0.

Proof See, e.g., Theorem VIIL.3 of [48] or Theorem 2.19 of [40]. For extension to
a A-domain see, e.g., proof of Theorem 2.19 of [40]. The identity R(z) = wef'®
for |z] < e! is shown, i.e., in [48]. The identity then extends to the whole A
domain by the Identity principle (see, e.g., Theorem 8.12 of [3]). O

Recall that when we omit “(x)” in identities involving exponential generating
functions and do not mention otherwise, we mean that they hold for some ¢ > 0
and any x € C with |z] < §. (If each side is an exponential generating function of
a combinatorial class, this means that the counting sequences of both classes are

identical.)

Lemma 9.2.24 We have
Ar = R(2B1e ") — By.
Proof We may rewrite (9.4) as
AR — Eelr
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where Ap = Ap+B; and E = 2B;e 5. By Proposition 9.2.22, p(B1) = p(D) >0,
so I is analytic at zero. Since £'(0) = 2|B; 1| = 2 > 0, E has an analytic inverse

g at zero. Thus there is 0 > 0 such that for all u € C with |u| < 0 we have
flu) = uel ™

where f(u) = Ar(¥p(u)). Since f(0) = E(0) = 15(0) = 0, we conclude (using
Lemma 9.2.23) that f(u) = R(u) for all v with |u| < §. This implies that there is
€ > 0, such that for all z € C with |z| < € we have Ag(x) = f(E(x)) = R(E(z)),

or

Ag(z) = R(E(x)) — By(x).
Since the two analytic functions are identical on an open disc, they are identical

for all x with |z| < p(D). O

9.2.6 Growth of the class Apq

In contrast to Ag, the exponential generating function of Arg has a dominant

singularity smaller than p(D).
Lemma 9.2.25 For |z| < p(D) define a function E = E(z) by

E = 4By exp (24p — (46 — 1)By + (2¢*" — 1)°B,) .

The equation E(x) = e has only one solution zo = 0.086468.. in the interval
(0,p(D)) and p(Arc) = zo.

Proof Combining Lemma 9.2.12, Lemma 9.2.20 and Theorem 9.2.17 we get

Apg = By (4eret24r — 4ot 4 1) 4 By(2eM — 1)% (9.6)
2 D3
By =x(P+1); By = ——.
1 ZL‘( + )a 2 1— (EDQ
Denote
B = (4% —1)B; — (2¢% — 1)?B,.
and

Ape = Arg + B.

We may rewrite (9.6) as

ARG = E(BARG.
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Since all of the functions P, Ag, D, By, B2 have convergence radius p(D), the func-
tion E(z) is analytic in the open disc |z| < p(D). Furthermore, E(z) is increasing
for € (0,p(D)). To see this, notice that the Taylor coefficients of Fy = F;(x)
given by

E, =4exp ((QeAR — 1)232)

are non-negative, so F1(x) is continuously increasing for z € (0, p(D)). Also, by
(9.4) we have
2AR - (46AR - 1)B1 = —Bl.

So
Eg = Bl exp (2AR — (4€AR - ]-)Bl) = B1€_Bl.

The function Bi(x) continuously increases as = € (0, p(D)), since B; has non-
negative Taylor coefficients, not all zero. Furthermore, B;(0) = 0. By Lemma 9.2.21,
(9.2) and numeric evaluation we get By (p(D)) = 0.1929.. < 1. Since the function
y(t) = te™" continuously increases for ¢ € (0,1) we conclude that both y(B;(x))
and E(x) = Ey(z)FE>(x) continuously increase for z € (0, p(D)).
We now claim that
Ana(z) = R(B()), (9.7

where R is the exponential generating function for rooted Cayley trees. To see
why, first note that
E'(0) = 4(P(0) + 1)e’ = 4

and so, since F is analytic at 0 and F(0) = 0, E(x) has an analytic inverse ¢g(u)

for |u| < 6, with some positive d, such that g(u) = 0. For such u we have
fu) = ue’™ (9.8)

and we conclude as in the proof of Lemma 9.2.24 that for all x € C, |z| < p where
p is the radius of convergence of R(F(x))

Apg(z) = f(E(x)) = R(E(x)).
Returning to Are we have
Arc(z) = R(E(z)) — B(z). (9.9)

Since Agrg has non-negative Taylor coefficients, by Pringsheim’s theorem (see,

e.g., [48]), it has a dominant singularity in [0; co]. The function E is continuously
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increasing for z € (0,0.12] C (0, p(Ag)) and F(0.12) = 0.6436.. > e~ !, therefore
there is exactly one solution of E(z) = 1/e in (0, p(D)); we call this solution z.
Here we used (9.1), Lemma 9.2.24, (9.9) in Maple, to get the numeric evaluation of
E(0.12) and solve E(z) = 1/e. (Let us note here that D and R have explicit func-
tional inverses, see [32,48], therefore D, R, Ag, Arc can be evaluated numerically
at any point inside their disc of convergence).
The function Agg is analytic for all < xg, and there is € > 0 such that B and
E are analytic for all = with || < x¢ + €. Using the fact that E has an analytic
inverse at z (since E'(x9) > 0) we conclude that zo must be a singularity of Agg.
a

9.2.7 Growth of the class Argp.

For Argp we will apply a very similar analysis as in the previous section, we only

have to work with slightly longer formulas.

Lemma 9.2.26 For |z| < p(Agg) define E(x) = Ey(x)Es(x) where

E) = 4exp{3By(2e% — 1)?(4ercT24r _ 4eAr 1 1) 4 By(2e® — 1)},
Ey = 2By exp{3Agrq + 3Ag + By (6" — 12e476T24r 1)1,

The equation E(x) = e~ has only one solution z; = 0.044495.. in the interval
(0, p(Arc)) and p(Args) = 1.

Proof By Lemma 9.2.12 we have
Apap = 8BleARGB+3ARG+3AR - B,
where

B = By(12e7624r _ gedAr 4 1)
— 3By(2er — 1)?(4ereT2AR _ feAR 4 1) — By(2eR — 1)%.

Setting Apcp = Arcs + B, we may rewrite this as
ARGB = EeARGB.

Notice, that by Lemma 9.2.25, and Section 9.2.5, By, (for k > 1), Ag and Agg all

convergence radius at least p(Agg). Therefore E is analytic (and continuous) at
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any point z € (0, p(Agg)), We claim that F(z) is increasing for = € (0, p(Arg))-

To see why, recall the notation of Lemma 9.2.12, and note that

El — 4:6332A%ARG‘FB:;A?2

is an exponential generating function for a class of combinatorial objects, so its
coefficients are non-negative, not all zero. Hence FEj(x) is increasing for = €
(0, p(Arg)). Now, by (9.4) and (9.6), the exponent in Es is

3Arc + 3Ar+ By (GeAR — 12¢ARGT24R _ 1)

= 3B, (4eAre24R _ geAr 1 1) 4 3B, (2e7 — 1)’
+ 35 (ZGAR — 1) + B (66AR _ 19ARGH2AR _ 1)
= — By + 3B, A%,

Thus

o i2
E2 = 2316 BlegBZAR

is increasing for x € (0, p(AgG)) using a similar argument as in the proof of
Lemma 9.2.25. Since E = F;FE5, E has the same property. Now since E(0) = 0,
E'(0) = 8|By1| = 8, we have similarly as in the proof of Lemma 9.2.24

Agan(r) = R(E(x))
for all z in the disc of convergence of Agap, or, equivalently
ARGB<5U> = R(E(l‘)) — B(JL‘)

Now using a numeric evaluation with 0.08 < p(Agq) yields £(0.08) = 0.855.. >
1/e, and B(z) is analytic for x < p(Agg). It follows similarly as in Lemma 9.2.25
that the smallest positive number z; such that F(z;) = 1/e is a dominant singu-
larity of R(E(x)). Numerically solving with Maple yields z; = 0.044495... (Here
the numeric evaluation of F(z) for z € (0, Arg) can be easily carried out using
the inverse functions of R and D, Lemma 9.2.24 and (9.9).) Since the convergence
radius of B(z) is at least p(Agg), it follows that z; is the convergence radius of

-ARGB~ O
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9.2.8 Completing the proofs

Proof of Lemma 9.2.1 Let F be the class of rooted series-parallel graphs.
Bodirsky, Giménez, Kang and Noy [32] showed that the functional inverse ¢p of
F satisfies

wF (u) — ueiB/(“)
where

rD(x)(x*D(z)? + zD(z) + 2 — 2x)
1(1+2D(z))

B(z) = %ln(l +xD(x)) —

is the exponential generating function of biconnected series-parallel graphs. Using
Theorem 3.4 of [32], ¥p(u) is continuously increasing for u € [0, ug), where uy =
F(p(F)) = 0.127969.. (denoted 7(1) in [32]) and ¢ r(ug) = p(F) = 0.11021...

Recall that A = C*3 is the class of all 3-rootable graphs rooted at a 3-rootable
vertex. Then (cf. (9.3) and the proof of Lemma 9.2.9)

A=2"x Fx [] SET(As(F)).

SC[3]

Therefore
A(m) _ 86ARGB(F($))F<x>eZSC[3] As(F(z)) (9.10)

By Lemma 9.2.26 p(Agrgp) = 0.044.. < F(p(F)) = uy = 0.1279... Let p be the

unique solution in (0, ug) of
F(u) = p(Arcn),

so that p = Yr(p(Agran)) = 0.042509..

Since F' and Aggp have non-negative coefficients and F'(p) # 0, p is a sin-
gularity of eArs8(F(@)  Moreover, since p(Ag) > p(Agrgp) for any S C [3] by
Lemma 9.2.25 and Lemma 9.2.26, we have that

g(z) = F(x)GZSC[g] As(F(z))

is analytic at p and g(p) # 0. It follows, see [48], that the radius of convergence of
A(z) is p, and so J(A) = p~! = 23.524122... By Lemma 8.4.7, p~! is the growth
constant of 4 = C*3.
Now
7(C?) < y(apex (Ex K1) < 2y(Ex Ky) < p™,
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since y(Ex K;) = 9.07.. by [32]. Also 7(C?) exists and is equal to 7(C?) by
Lemma 8.4.8. Applying Lemma 8.4.5 completes the proof. O

9.3 Counting tree-like graphs

9.3.1 Substituting edges, internal vertices and leaves of

Cayley trees

Let 77 be a class of trees. Let D,Z, L be arbitrary non-empty classes of labelled
objects. As before, we assume that all classes are closed under isomorphism of
the labels. Although we use the same symbol to denote the class of series-parallel
networks, in this section D will be an arbitrary class. We will consider the class
T'(D,Z, L) obtained from trees in 7’ by attaching to leaves, internal vertices
and edges objects from L, Z, D respectively. More precisely, denote by L(T')
and I(T') the sets of all labelled leaves and labelled internal nodes of a tree T’
respectively (in this section, a node of T is called a leaf, if its degree is at most
one; otherwise it is called an internal node). Then 7'(D,Z, L) is the class of all
tuples (T, D', 7', L") where T € T', D' ={D. : e € E(T}, T ={I, : v e I(T)}
and L' = {L, : v € L(T)} are families of objects from D,Z and L respectively,
and the sets of labels of each object in {T'} U Ly UZr U Dy are pairwise disjoint.

Suppose Z, L are classes of vertex-pointed graphs, D is a class of networks,
and graphs in 7’ have at most one pointed (unlabelled) vertex. Then each object
a= (T,Dr,Zr,Lr) € T'(D,Z, L) corresponds naturally to a graph G(«) defined
as follows, see Figure 9.6. Starting with T, identify the pointed vertex of L, with
the node v of T for each v € L(T), identify the pointed vertex of I, with the node
u of T for each w € I(T') and replace each edge uv € E(T) by the network D,,,.
To carry out the last substitution, fix a rule for orientation of edges of T'. For
instance, identify the source and the sink of D, with the smaller and the larger
of {u,v} respectively; a pointed vertex can be assumed to be smaller than any
labelled vertex.

Let T be the class of (unrooted) Cayley trees. For example, if Z¢ is the class
of graphs consisting of a single pointed vertex coloured C' and &, is the class of
trivial networks of size 0 containing a single edge, then the class T (&2, 29, Z{yeay U
Z{green}) is isomorphic to the class of all unrooted Cayley trees where the leaves
are coloured either red or green.

For a € T'(D,Z,L), let T(«) denote the underlying tree 7. Our aim in

this section is to enumerate general “supercritical” classes T (D,Z, £) and obtain
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Figure 9.6: Theorem 9.3.1 characterises the growth of general “supercritical” class of graphs
T(D,Z,L) obtained by replacing edges, internal nodes and leaves of Cayley trees by objects
from classes D,7Z and L respectively.

results on the underlying tree size: an application of this will be one of the key

elements in the proof of Theorem 9.1.1.

Theorem 9.3.1 Let D,Z,L be non-empty classes of labelled objects. Let A =
T(D,Z,L) and A’ = R(D,Z,L). Suppose p= p(A) < min(p(D), p(Z), p(L)) and
assume there are positive integers i,j, k with ged(k —i,j — i) = 1 such that A
contains an object of each of the sizes i,j and k.

There are constants a > 0 and ¢ > 0 such that the following holds. Let
R,€, A orR, €, AandletY, =|V(T(R,))|

1) For anye >0, P (‘% — a’ > e) = e ().
2) [Au| = (1 +0(1))(an) AL = ca'n ™ nlp™ (1 + o(1));
3) A and A’ converge at p.

To prove the theorem, we will need some preliminary results and a technical
lemma. Let D,Z,L be as in Theorem 9.3.1. Let 7; be the class of Cayley
trees pointed at a leaf and containing at least two vertices. Consider the class
A, = Ti(D,Z, £) with the bivariate generating function A;(x,s) where the second
variable s counts the size of the underlying tree (which is the number of its nodes
minus one). Then, writing D = D(z), [ = I(x) and L = L(z),

Ai(x,s) = szDL + sz DI (e®*) —1).
Consider additionally the class Ay with specification
A=A —ZxDx L+ ZxDxTI,
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Alternatively, As is the class 7{(D,Z, L), where T/ is the same as 77, except that
when we have a tree of size one (i.e., isomorphic to K5), then its (unique) labelled
vertex u is treated as an internal vertex and an object from Z, rather than from
L is attached to it.

The bivariate generating function As(z,s) of A, satisfies
Ag(z,5) = sz DIesPE-T) Az(@s) (9.11)

Call a class A aperiodic, if there are positive integers i, j, k such that i < j < k,
|.AZ’, |.Aj|, |.Ak| > 0 and ng(k — 1,5 — Z) =1.

Lemma 9.3.2 Let D,Z, L be non-empty classes of labelled objects. If any of the
classes A =T(D,Z,L), A1, Ay is aperiodic, then all of them are.

Proof Givena € T'(D,Z, L), and z € V*(T(«))UE(T(«)) we denote by Obj,(«)
the object in DUZ U D associated with z. Here V*(T') C V(T) denotes the set of
labelled vertices of T'.

1) Proof of A aperiodic —> Ay aperiodic. Consider an object o obtained from
the path P, = uvw where v and v are poles, with associated objects D, Dy, € D,
I, € T such that the label sets of Dy, Dy, I, are pairwise disjoint, and disjoint
from w. Let aq,as, 3 € A be objects of sizes iy, 15,13 respectively, such that
ged(ig —dy,i9 —i1) = 1. Let [ € {1,2,3}; we can assume that the label set of
is disjoint from the label set of a. Construct a new object o) from a; and « as
follows. If |V (T'(cy))| # 2, then let x be a vertex of T' with dr(v) # 1. Merge «
and oy by identifying the vertex u of T'(«) with z. If V(T'(ay)) has two vertices,
say a and b, then let a; be an object with underlying tree on edges {wv,va, vb}
by identifying v and a, so that Obj,(a)) = Obja(c) and other associations are
inherited from « and oy, see Figure 9.7. We have |oj| = || + ||, and oy € As.
Thus Ay contains objects of sizes i) = i;+|a| for | = 1,2, 3 and ged(i4—1}, ih—1i)) =
ged(is — ig, iy —i1) = 1.

2) Proof of A aperiodic = Ay aperiodic. By definition, the only objects in
the symmetric difference of A; and A are those, where the underlying tree has
only one edge.

Let o € A; be such that |V(T(«))| = 2. T(«) contains one labelled and one
pointed vertex. Let aq,as, a3 € Ay be objects of sizes i1, 19, i3 respectively, such
that ged(is — 41,42 — 1) = 1. We may assume that the set of labels of « is disjoint
from the set of labels of oy for [ = 1,2,3. From o; we may obtain a new object as
follows. Let u be an internal vertex of T'(«ay), if |[V(T(cy))| > 3, otherwise, let u
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Figure 9.7: Top left: the object a, bottom left: the object «; in the case |T(ag)| = 2, right: the
object in A; of size |a| + || obtained by merging a; and a.

be the unique labelled vertex of T'(a;). Merge the objects o and oy by identifying
the pointed vertex of T'(«) with u, so that all the associated objects are inherited
from the relevant tree. In particular, associate with u the object Obj,(oy) € Z.
Call the resulting structure «}, and note that |aj| = |oy| + |o| and o] € A; since u
is an internal vertex of T'(«j). Similarly as above, it follows that A; is aperiodic.

3) Proof of Ay aperiodic = A aperiodic. From any object o € A; we may
obtain an object in A by labelling the pointed vertex u of a and associating with
u an object in L of some fixed size. Now the claim follows similarly as in the

previous cases. O

Lemma 9.3.3 Let D,Z,L be non-empty classes of labelled objects. For A =
T(D,Z,L), p(A) = p(A1) = p(Az).

Proof Constructions as in Lemma 9.3.2 show that for
(C/7 CH) € {(“47 A2)7 (A27 Al)u (Ah A)}u

there is a positive integer s, such that from any object in C/ we can construct a
unique object in C//, .. So [Cp.. .| > |C,|, p(C") < p(C") and the claim follows. O

For the function f = f(z, s) below we denote by f, and f its partial derivatives

with respect to x and s.

Lemma 9.3.4 Let D,Z, L be non-empty classes of labelled objects. Let As be the
class with the bivariate generating function As(x,s) given in (9.11). Suppose that
p(As) < m = min(p(D), p(Z), p(L)) and Ay is aperiodic.

There is § > 0 such that the following holds. For any fized s € [1 — ;1 + ¢]

we have

As(z,s) = R(f(z,s)), (9.12)
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9.3. Counting tree-like graphs

where f(x,s) = sxD(x)l(x)e*P@EE1@) and R is the Cayley tree function.
The function As(z,s) has a dominant singularity at p(s), which is the smallest

number in (0,m) such that

flp(s),s)=e".

Let p = p(1). We have fy(p,1) > 0, fo(p,1) > 0 and 0 < pD(p)I(p) < 1, p(t)
is continuously differentiable for t € [1 — 6,1+ 6] and p'(1) = —fs(p, 1)/ f2(p, 1).
Furthermore Ay(x, s) is analytic in a A-domain A" at p(s) and for x — p, x € A’

we have
Ag(z,8) =1 —c(s)(1 —/p(s)/* + O((1 — x/p(s))) (9.13)

where c(s) = (2ep(s) fo(p(s), s))/? is positive.

It is not difficult to modify the proof and show that O() holds uniformly for
some d >0 and s € [1 — 6,1+ 4].

Proof We will write, for shortness, D = D(x), I = I(z) and L = L(z).

Fix s > 0. We have f(0,s) = 0 and since m > 0, f(z,s) is analytic at 0.
Define Fl¥l(z,w) = f(z,s)e” — w. Then, see (9.11), the points (x, Ay(z,s)) are
solutions of F¥!(z,y) = 0. We have R(f(0,s)) = 0 and for z in a neighbourhood
of 0, see Section 9.2.5,

R(f(z,s)) = f(w,s)e ),

so (z, R(f(x,s))) are also solutions of Fl*/(z,5) = 0. Since the derivative of
FU with respect to w satisfies Fii/(0,0) = —1 # 0 and FI¥(0,0) = 0, (9.12)
and the fact that p(Az) > 0 follow by the Analytic Implicit Function Theorem
(Theorem B.4 of [48]) and the Identity principle.

To prove the rest of the lemma we will apply the “smooth implicit function
schema” and a theorem of Meir and Moon [48,79]. The function f(z,s) (and F)
can have negative coefficients, therefore we will work with the function A;(z,s),

which satisfies
Ai(z,s) = G¥l(x, Ay (z,5)) where GF¥l(z,w) = seDL+ szDI(e” —1).

(Alternatively, one could apply Theorem 2 of [79] directly to Fl.)

Suppose f(x,1) < e ! for all x € (0,m). Then for any x € (0,m), Ay is ana-
lytic at . Since by the Pringsheim’s theorem (see [48]), Aa(x, 1) has a dominant
singularity in (0, 00), we conclude that p(As) > m, a contradiction. By continuity

of f(x,1), there exists a smallest positive p € (0,m), such that f(p,1) = e L.
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An important observation is that pD(p)I(p) < 1. Suppose, this is false.
xD(z)I(z) continuously increases for z € (0,m) (it counts a non-empty combina-
torial class), so there is a unique positive xy € (0, p] such that zqD(zo)I(x¢) = 1.

eL(@)I(*) {5 increas-

Since the function h(z) = ze™* is increasing for z € [0,1) and e
ing for x € (0,m), we have that f(z,1) = h(zD(z)I(x))e* @) is increasing for
x € (0,2). But

f(xO; 1) _ 671€x0D(w0)L(mo) _ efleL(wo)/I(:ro) > 671,
so p < xg, a contradiction. So pD(p)I(p) < 1, p < m, and we can further conclude
that f(z,1) is continuously increasing for x € (0;p + €;) for some ¢ > 0. This
implies that f.(p,1) > 0. Furthermore, for |z| < m

fo(z,s) = aDIe**PE"D(sa DL + 1 — saDI),

and so fs(p,1) > 0.

Now consider a function F(z,s) = f(z,s) — e}

, as a real function. Since
F(p,1) =0, Fy(p,1) = fu(p,1) > 0 and Fy(p,1) = f(p,1) > 0, by the Implicit
Function Theorem (see, e.g., [90], Theorem 9.28), there is §; > 0 and a function
p(t) : R — R, such that for t € [1 — 61,1+ 01, p(1) = p, p(t) is continuously
differentiable, F(p(t),t) = 0, p/(1) = _%E—ZB = —%, and {(t,p(t)) : t €
(1 — 01,14 01)} contains all the solutions of F'(z,t) = 0 in the region [p — 01, p +
0] x [1 =61, 1+ 61

Since p < m, pl(p)D(p) < 1, p(t) is continuous at ¢ = 1 and zI(z)D(x) is
analytic at © = p, we see that there is § € (0,01), such that for t € [1 — 4,1 +
8], sp(t)I(p(t))D(p(t)) < 1 and p(t) < m. Now, since it is a product of two

et:):D

continuously increasing functions, f(z,t) = h(tzD(z)I(z))e*P@L®) increases for

x € (0,p(t)), so p(t) is the smallest positive solution of f(xz,t) =e™ 1.

Assume s € [1 — 9§, 1+ 0]. Define 7(s) = 1+ sp(s)D(p(s)) (L(p(s)) — I(p(s))).
We claim that the function G satisfies the “smooth implicit function schema”
(Definition VII.4 of [48]). Indeed, p(s) < m, 7(s) < oo, the condition (I;) is
satisfied, since G is (bivariate) analytic for |z| < m and |w| < oco. The con-
dition (I5) follows since GI*/(0,0) = el (0,0) = 0, and for any positive integer
m, [w™ Gz, w) = (m!)"'sxD(z)I(z) has non-negative coefficients, not all zero,

since D,Z are non-empty. It remains to check the condition (I3).

GPl(p(s),7(s)) = 7(s) and  Gyl(p(s),7(s)) = 1.
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9.3. Counting tree-like graphs

Both identities follow after a simple calculation using the definition of 7(s) and
the fact that f(p(s),s) =e L.

Furthermore, by Lemma 9.3.2, there are positive integers i, 29, 23, such that
| A1, >0, ged(is — i1,92 —i1) = 1 and, denoting A, ,, ,, the set of objects a € A,

with |a| =n and |V (a)| = m,

@)A1 (2, 5) = [ () 3 [Argls™ > 0

m>1

for I = 1,2,3. Hence we can apply Theorem VIIL.3 of [48], which yields that p(s)
is the unique dominant singularity of A;(z, s) and there is a A-domain A at p(s),

such that for z — p,, v € A

Au(z,5) = 7(s) = e(s)(1 = 2/p(s))/* + O((1 — z/p(s)))

where

_ [ 20(5)GE (p(s). 7(s
cls) = ]
Guw(p(s),7(s))
The last equality follows using f(p(s),s) = e~ 1, Gﬁ}w(p(s), 7(s)) = 1 and compar-
ing GY (p(s),7(s)) and f.(p(s),s) term by term.
Finally, let us show that there is a A-domain at p(s), such that y(z) = A;(z, s)

N\
) = (2ep(s) fup(s), 5)) /2.

is analytic at each z € A’ . By Lemma VIIL.3 of [48], y is analytic in a region
Dy ={z€C:|z—p(s)| <r,|arg(z) — p(s)| > 0} for some r >0 and 0 <6 < 7.
By Note VII.17 of [48] y is analytic at any £ with |[£| = p(s) and £ # p(s), i.e.,
there exists an open ball B centered at { and an analytic continuation of y in
Be. By compactness (see, e.g., proof of Theorem 2.19 of [40]), we may pick a
finite number of points &, such that the respective balls cover all points z € Dy
with || = p(s), and the union of these finite balls together with {z : |z| < p(s)}
contains some A-domain A’.

|

Proof of Theorem 9.3.1 In Example 1X.25 of [48], Flajolet and Sedgewick give
a bivariate generating function ]:2(93, z) for rooted Cayley trees where the variable

z counts leaves (the root is counted as a leaf only in the case n = 1)

R(z,2) =xz+x (eé(x’z) — 1) (9.14)
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which they show how to express using the usual (univariate) Cayley tree function
R(z,2) = 2(z — 1) + R(ze*7V).

Let R(z,z) be the bivariate generating function for rooted Cayley trees, where z
counts leaves, and the root is also counted as a leaf whenever its degree is at most
one. Then, considering the cases when the root has 0, 1 or 2 children separately

and using zef¥® = R(z) we get

R(z,2) = 2z + zaR(z, 2) + z(e"®*) — R(z,2) — 1)
=R (zez(z_l)) (z(z—=1)+1) +2%(z - 1) +2(z—1). (9.15)

Let us add a variable w that counts internal nodes:
R(z,w, z) = R(zw, z/w).
And another variable y, that counts edges:
R(z,y,w, z) = R(zyw, z/w)/y.
We get using (9.15)
R(z,y,w,z) = (zy(z —w) + 1)R (xywexy(z_w)) y  y(r(z —w)? + z(z —w).

Then the bivariate generating function A’, where for @ € A’, the variable s

counts the size of the underlying tree T'(«) is

A'(x,s) = R(sx,D, I, L)

R(f(z,s))

= (scD(L—1)+1) D

+ (sz(L — I))*D + sx(L — 1).
Here D = D(z), I = I(z), L = L(x) are the exponential generating functions of
D, T and L respectively, and f(z,s) = szDIe*PE=1) as before.

By Lemma 9.3.2, A, is aperiodic. Denote m = min(p(D), p(Z), p(L)). By
Lemma 9.3.3, p(Ay) = p(A) < m. Therefore we can apply Lemma 9.3.4 to the
class A, and its bivariate generating function As(x,s) = R(f(x,s)).

Let p = p(1) > 0 be as in Lemma 9.3.4. Our constant a will be

A filp 1)
p o pfa(p 1)
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9.3. Counting tree-like graphs

By Lemma 9.3.4, a is positive.

Fix a small ¢ € (0,min(0.5,0.5a)). Let R| €, A’ be a uniformly random
construction of size n and let X/, = |[V(T(R),))|. The key part of the proof will be
to show that

P(| X! — an| > en) = e ™, (9.16)

Let 6 be given by Lemma 9.3.4 applied with D,Z, L. We can assume that

0 < min (%, Toas 16%) Fix s € {1 —4,1,1 +¢}. By Lemma 9.3.4, we may also

assume that 0 is small enough that
, €pd
lp(s) —p—p'(1)] < > and 0 < p(s) < m. (9.17)
We can write A'(x,s) = E;D ' Ay(x, s) + Ey where

Ey = Ey(z,s) =sxD(L—1)+1;
Ey = Ey(z,8) = (sz(L —1))*D + sx(L — I).

Using (9.17) D(p(s)) > 0, so E;D~! and E, are analytic at z = p(s). So we have
as x — p(s)

E\D™" = Ei(p(s))D(p(s)) " + O(x — p(s)), Bz = Ez(p(s)) + Oz — p(s)).
Using Lemma 9.3.4, R(x) = xef'®  the fact that m < p(s) and writing
Ay(x,5) = E\D'R(f(x,5)) + Ey = Eysales*PE-DTRU@)) o B,

we get (see [48]) that p(s) is the unique dominant singularity of A’'(z, s) and there
is a A-domain A" at p(s), such that for z — p(s), x € A’

Az, 5) = co(s) — ea(s) (1 - %)l/z L0 (1 - %) ,

with e1(s) = By (p(s), 5)c(s)D(p(s))™, co(s) = e1(s) + Balp(s), 5).
Now by the “Transfer method” of Flajolet and Odlyzko (Theorem VI.1 and
Theorem VI.3 of [48])

(2" /n A (z, 5) = glL\/SE)n_?’/Qp(s)_” (1+ O(n_l/Q)) ’

263



Chapter 9. Few disjoint minors K,

the probability generating function of X/ at s satisfies

X — [z"]A'(z, 5) _ r\" n—1/2
s = &, 1) <p<s>) (1+0(),

By Markov’s inequality, for s =1 — ¢

/

/ . _ X}, (a—e)n E s
P(X, <(a—en)=P(s*" > s ) < o on
S a—e)n

=exp ((p1 — (a— €))nlns 4 o(1)) = e,

since by (9.17) and our choice of €,

~Inp—Inp(1—-9) _ In(1+ad—0de/2) _ In(l+ad — de/2)

= > >

h m(1—-0) = —In(l—0o) = 5+ 62
ad — de/2 — (ad)?

> O > (a2 - 0a?) (1-9)

>a—¢/2—6a® —da>a—e

Here we used simple inequalities b — 0> < In(1 +b) < b and 1/(1 +b) > 1 — b,
which are valid for any b € (—0.5,0.5).
Now taking s = 1 4 9, we get by Markov’s inequality

, E s%» B P "
P(X, > (a+e)n) < Saran = (p(s)s“+5> (14 o0(1))

= exp ((p2 — (a + €))nlns + o(1)) = e

since similarly as above

_Inp—Inp(s) < —In(1 —ad —€d/2) < ad + de/2 + (ad + de)?
PP= i) T m(i+o) = 5 — o2

< (a+¢€/24+4a*5)(1 +26) < a+e/2+4a%5 +4ad < a+e.

This completes the proof of (9.16) and yields 1) with ¥,, = X.

Let us finish the proof of the theorem. Let a,(k,l) (respectively, a’ (k,())
be the number of objects « in 7(D,Z, L),, (respectively, R(D,Z, L),) such that
\V(T(«))| € [k,1]. Also let A, = a,(1,n) and A! = al(1,n). Since each unrooted

tree T' corresponds to exactly |V (T')| rooted trees

A, <A <nA, and ka,(k,1) <al (k1) <la,(k,1). (9.18)
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By (9.16) we have
d, = AL P(|X! — an| > en) = A e~

For R, €, A, let X,, = X(R,,). The fact that 1) holds for ¥,, = X, follows since

dn
P(| X, —an| >en) < Zl_’ = ¢ %),

n

Let us now show 2). Observe that since X! < n, by 9.16 it must be a € (0, 1].
Let ¢ = min(e, 1 —a). By (9.18)

@, (a— )n, (a+ €)n)

<ay ((a— O, (a+ ) < al ((a —€e)n, (a+ 6/)71).

(a+€)n (a—on
So
an (@ — ), (a+ &) € (<An — )1 2d/a) 40 :nze/co)
and also
A, —an((a—é)n,(a+€e)n) <d, = 6_9(")A’n.
So

!/
-
an

<A <§ N eﬂ(n)) .

an a

Letting € go to zero shows that A, ~ 2—;7. Thus 2) follows with

c= ci(l) _ pD(p)(L(p) — I(p)) +1 (epfx(p, 1))1/2
2vm D) . -

Finally, since R(e™!) = 1, we have that
Al(p) = A'(p,1) = co(p) + c1(p)

is finite. Using Lemma 9.3.3 we have p(A) = p. By (9.18), the coefficients of A(x)
are dominated by the coefficients of A’(z) and so A(p) < A'(p) = co(p) +c1(p). O

9.3.2 The case B = {K,}

In this section we will have B = {K,} fixed and [ a positive integer. Recall from
the proof of Lemma 8.4.3, that G € C' is called nice if there is a vertex x € V(G)
such that G — x has at least two components containing all colours [/]. In this

case, we call the vertex x nice in G. For G € A; we say that a vertex x is nice
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<> we denote

if it is nice in its connected component. Also recall that by U = U
the class of graphs in C' that are not nice. By Lemma 8.4.3, Lemma 8.4.7 and
Lemma 8.4.5, we know that v(C') exists and F(U) < ~(C'). Consider a graph
G € C!. Repeatedly “trim off” “pendant uncoloured subgraphs” from G (i.e. for
x € V(G) such that G — x has an uncoloured component H, delete V(H) from
() until no such subgraphs remain. We call the remaining graph G’ the coloured
core of GG.

Suppose G has a nice vertex r. Then since all coloured vertices remain in G,
(G’ is also nice. Consider the rooted block tree T, of G’. Recall that the nodes of
T, are {r} U X UH, where X is the set of cut points of G’ and H is the set of
blocks of G'.

We call a block B of G’ simple if there are at most two coloured components in
G’ — E(B). If there are more than two coloured components in G' — E(B), we call
B complex. Suppose y is a nice vertex and y # r. Then, using Proposition 9.2.5
we see that every block node on the path P, from y to r in 7, must correspond
to a simple block B. By Theorem 9.2.17, the edges of B form either a single edge
or a parallel S P-network, where only the poles can be coloured. Furthermore, the
poles s and t of B must be nice.

All paths {P,, : y is nice} form an (unrooted) subtree 7" of T, and the blocks
corresponding to them form a connected subgraph of G’. Since a block node B
of T" corresponds to a simple block, it has only two neighbours in 7”. Therefore
we may consider an unrooted tree 7" with V(T') = {y € V(G’) : y is nice} and
E(T) = {xy : T' contains a path xBy for some B € H}. The trees 7" and T do
not depend on which nice vertex G is initially rooted at. We call T" the nice core
tree of G.

Fix v € V(T). Consider, the graph G/, induced on v and the vertices of those
components of G’ — v that do not contain any nice vertex, and pointed at the
vertex v (by retaining the colour of v).

First suppose that v is a leaf node of 7. By Proposition 9.2.8, GG/ admits a
unique decomposition to a {0, 1}!-coloured vertex (i.e. the root) and some graphs
Hy, ..., H;, where H; is a Cj-tree with root v, such that C; C [I], C; # 0. The
requirement that v is nice implies that at least one graph H; must be an [l]-tree
with the restriction that H; does not have a subgraph H’ rooted at a cut vertex
v" # v, such that H' is an [[]-tree (otherwise v would also be nice and v would not
be a leaf vertex). The generating function counting the class A of such graphs H;
is the same as the one given in Lemma 9.2.11, with the only difference that we do

not allow an [l]-tree to be attached to the root block, so using Lemma 9.2.9 and
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Lemma 9.2.11

A= Ay —2'By (e — 1) exp Z Ag

Scll]
=By | 2 exp Z Ag Z 2|S| l 151 exp (Z AS/>
Scll] Scll] S'CS
+ Y B ]]A4s
PeP([l]),|P|>2 SepP

If T has at least two vertices, then G’ — G/ is non-empty and has a component
that contains all colours [[]. Then the exponential generating function for the

class £, of all possible graphs G, is

Ly = 2( ) exp ZAC
ccll

If T has only one vertex, then there must be at least two graphs H;, H; € A, so

the exponential generating function for the class £; of all possible graphs G/, is

Ly =2(e? — ) exp Z Ac

ccql

Now suppose v is an internal node of 7. Then G’ — G/, has at least two components
containing other nice vertices, and each such component contains all colours [I].

Therefore GG is in the class Z with the exponential generating function

I=2exp| A+ Z Ac
ccl]

Observe that our expressions for A, Ly, Ly, I all are given in terms of analytic
functions of A¢, C C [l] and B;, @ < [. Thus, by Lemma 9.2.1, Lemma 9.2.21
and Proposition 9.2.22 the convergence radii of each of these functions are at least
p(Ai_1) > p(Ay).

If G is a graph, v is a vertex of G and A is a class of vertex-pointed graphs, G’ is
obtained from G by attaching a graph H € Aatvif G' = GUH, V(G'"NV(H) =
{v} and we assume that v inherits the label of G.

Recall that F denotes the class of all rooted series-parallel graphs. Let F, de-
note the class of all vertex-pointed series-parallel graphs, so that F,(x) = F(x)/x.
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For two pointed graphs G; and G4 with disjoint sets of labels, let G; x G5 be the
pointed graph obtained by identifying their roots. Call classes Dy, Dy of pointed
graphs uniquely mergeable, if Gy x Gy # Gy x G for all G1, G| € Dy, Go, GY € Do,
where G X G5 and G| x G are defined. If D; and D, are uniquely mergeable, we
will identify with the combinatorial class Dy x Ds, the class of all graphs G x G,
where GG1 € D1, G5 € Dy, and G x G4 is defined.

Obviously, the classes F, and A are uniquely mergeable, when A is £, £ or
Z: the vertices of G € F, x A that belong to the graph G; € F, are exactly the
root r of G and those vertices that are in the uncoloured components of G — r.

Given a class of graphs A and a class of rooted graphs C, we denote by A(C)
the class obtained from graphs in A by replacing each vertex by a graph in B.
Let P, =P U&,, be the class of non-series S P-networks. The above observations

imply that each graph G € U can be constructed as follows.

e Take a tree T' of size at least one from the set of all unrooted trees T (i.e. a

nice core).

e Replace each edge e of T' by a network D, € P, (F) (to fix the orientation,
we may assume that edges of T" are oriented away from the node with the

smallest label in T').

e Attach at each leaf node of T" a graph in F, x L;(F) (respectively in F, X
Lo(F)) if T has one node (respectively, at least two nodes).

e Attach at each internal node of T" a graph in F, x Z(F).

It is easy to see (for example, by fixing a root and comparing this construction
with the construction of an [[|-tree) that the above decomposition is unique and

the construction always yields a graph in C'\ U.

Lemma 9.3.5 Consider B = {K4}. Letl > 2 an integer, let R, €, C'. Let Y,
denote the number of nice vertices in R,. There is a positive constant a;, such
that
P(|Y,, — ain| > en) = e~ 0.
Proof Combining Corollary 9.2.2 with Lemma 8.3.9 we get that p(C') < p(C'™1).
Write
T = T(P(F), Fo x I(F), Fo x La(F)),

and notice that T is aperiodic, since it contains, for example, all Cayley trees,

where each node has colour [I]. The construction given in this section above yields
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the following identity
Cl+ Z X (Fo x Ly(F)) =T+ Z x (F, x L1(F)) + U. (9.19)

We will prove that the convergence radii of the exponential generating functions
of U, Py (F), Fo X I(F), Fo x L1(F) and F, x Lo(F) are all at least p(C'~1). This
implies that |CL| = |7,|(1 4+ e~®) and the claim follows by Theorem 9.3.1.
Consider the class C of rooted graphs obtained from graphs in Ap—1) by re-
placing each labelled vertex by a graph in F and labelling the root. Then C(z) =
zAp-y(F(z)) and C C C*"V (defined in Section 8.4.1). Using Lemma 8.4.5,
p = p(C) > p(C*=Y) = p(C"7'). By [32] the functional inverse r(x) of F is
increasing for z € (0,2¢) and F(xg) > p(D), where xy = F(p(F)) = 0.1279..
(denoted 7(1) in [32]). By Proposition 9.2.22 p(D) = p(Bi—1) > p(Ap_1)), so
xg > p(Ap—17). We see (using e.g., Section VI.9 of [48]) that p = ¥p(p(Ai-1)).
By our construction above, for i € {1,2}, p(L;) > p(Ap_1]), therefore p(Z x
(Fo x Li(F))) > ¢p(p(Ap—1)) = p > p(C'™'). Since each graph in P, yields
a unique graph in F, 2, p(PL(F)) > p(F) > p(C1). Finally, p(U) > p(U') >
p(C'=1) by Lemma 8.4.3. O

9.4 Structure of random graphs in Ex(k + 1)K,

9.4.1 Proof of Theorem 9.1.1 and Theorem 9.1.2

Let H be a fixed connected coloured graph on vertices {1,...,h}. Following [77],
we say that H appears in G at W C V(G) if (a) the increasing bijection from
{1,...,h} to W gives an isomorphism between H and G[W] and (b) there is
exactly one edge in G between W and the rest of G, and it is incident with the
smallest element of W. We let fy(G) denote the number of sets W such that H
appears at W in G.

Let A be a class of (coloured) graphs and let H be a connected graph, rooted
atr € V(H). Let G € A, and let S C V(G). Suppose G and S have the following
property: if we take any number of pairwise disjoint copies of H, all disjoint from
G, and add an edge between the root of each copy and a vertex in S then the
resulting graph is still in .A. The set S is called an H -attachable subset of G (with
respect to A).

The next lemma and its proof is just an adaptation of Theorem 4.1 of [77] for

graphs where not necessarily all of the vertices form an H-attachable set.
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Lemma 9.4.1 Let C be a non-empty class of (coloured) graphs, and suppose
Y(C) = c € [e};00). Let H be a connected (coloured) graph on the vertex set
{1,...,h} rooted at 1. Suppose there are constants a € (0,1), Ng > 0 and d > 0
such that the probability that R,, €, C has an H-attachable subset (with respect to
C) of size at least an is at least 1 — e~ all n > Ny. Fiz «, such that o < d and
a < a/(9e2c"(h + 2)h!). Then there exists ng such that

P(fu(R,) < an) <e " for all n > ny.

Proof The proof is a simple modification of the proof of Theorem 4.1 of [77].
We skip some of the details and refer the reader for them to [77]. Write 8 =
ate?c(h+2)h! and let € € (0,1/3) be such that (af8)* = 1—3e. Let f(n) denote
the number of graphs in C,. Then since v(C) = c¢ there is ny > Ny such that for

each n > n; we have e=@" > 2¢~% and
2(1 —e)"nlc” < f(n) < (1+¢)"nlc". (9.20)

Assume that for infinitely many n > n; the claim of the lemma does not hold:
that is, at least e=*" fraction of graphs in G € C,, “have few pendant appearances”,
ie., fu(G) < an. Let C,, C C, consist of those graphs in C,, that have few pendant

appearances and an H-attachable subset with at least an vertices. Then
Cal > f(n)(e®" —e™™) > e *"(1 — €)"nlc".

Let 0 € (0,1) be given by § = ah. We can construct a graph G on [n(1l + ¢)]
vertices by putting a graph G isomorphic to a graph in C, on some n of these
vertices, and adding |an| disjoint copies of H on the remaining [dn] vertices, so
that for each added copy H’ of H there is an edge between the least vertex of H’
and some y € Sy, where Sy is the largest H-attachable subset of GGy. The number

of such constructions by(144),] satisfies

nnl\, 5 on an)lon]

= (057 2
glon]

Z [(1 + §)n1'e_a"(1 — E)nCnW.

Now [77] show that each graph in this way is constructed at most ({2} <

Lan] -
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e((h + 2)e)l*™ times. This, after a similar calculation as in [77] yields that

F([(1+8)n]) > b“”‘”"\mzdmmé)nw( S )2),

~e((h+2)e) (1-3e)(1+e€
for some constant ¢ > 0 which does not depend on n. Since (1_3;% > 1, our
assumption cannot hold for infinitely many n, a contradiction. O

Corollary 9.4.2 Let B = {K }, let h > 1 and | > 2 be integers and suppose
H € C} is rootable at 1. There is a constant a = a(l, h) > 0 such that the random
graph R, €, A; satisfies

P(fu(R,) >an)>1— e~ ),

Proof By Proposition 9.2.8 and the decomposition of Section 9.3.2 the set of nice
vertices of a graph G € A; is H-attachable. The claim follows by Lemma 9.3.5
and Lemma 9.4.1. O

Fix positive integers r and [, 7 > [. Recall the class A = A<B4"> defined in
the proof of Lemma 8.3.7: A is the class of {0, 1}"-coloured graphs corresponding
to the class of graphs that have an (I, 2, B)-double blocker of size r, and C is the
class of connected such graphs. (In this section B = {K,} is fixed.)

Suppose H is an induced subgraph of a coloured graph . Similarly as in the
previous chapters we will call H a spike of G if all of the following hold:

e Hisapathvy...vq;

e there is only one edge between V(H) and V(G — H), and this edge is uv,
where u € V(G — H);

e Coly(vy) =+ =Colg(vg) ={1,...,l,x} wherex € {i+1,...,r};
o u < v for each v € V(H).
It is easy to see that two different spikes must be pairwise disjoint.

Lemma 9.4.3 Let B = {K,}, let r and | be positive integers, r > | and consider
the random graph R, €, C. There is a constant o’ = a'(r,1) such that

P(R,, has less than a'n spikes) < e~

Proof Let H be a {0,1}"!-coloured path on the vertex set [l + 2] such that one
of its endpoints is 1 and for v € {2,...,] + 2}, we have Coly(v) = [l + 1]. By
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Corollary 9.4.2, there are positive constants a,c and C, such that the number of
graphs in C4! with at most an pendant appearances H is at most Ce="|CLH1| for
every n.

Let N = (1 + aw, (Ex K;))'"t = 371, In the proof of Lemma 8.3.7 we have
shown that each graph in C,, as well as some other graphs, can be obtained as

follows.
e Pick k € [N] and j,m € {0,..., N — 1};
e choose a partition S of [n + j| into k sets V1,...,Vy;
e for each i = 1,...,x put an arbitrary graph H; € C'*! on V;

e foreachi=1,...,k choose ¢; € {{+1,...,7}" and map the colour [ + 1 in
H; to g;

e choose a set J of m edges between the components Hy, ..., H, and add them

to the resulting graph;

e finally, contract all edges J, so that the vertex resulting from a contraction

of an edge e = xy receives maz(x,y) as a label.

Consider the set M(n) of all possible constructions that yield a graph on the
vertex set [n] (the (multi-)set of the resulting graphs contains C,).

By Lemma 8.4.8 the class C'*! has a growth constant . By Lemma 9.2.1 and
the proof of Lemma 8.3.7

IM(n)| = nly" M) and |G| = nlyntte),

Fix k = ko, m = mqg j = jo, S = Sy, ¢ = qo and J = Jy such that there is at
least one construction in M(n) with these parameters. Then every choice of the
graphs in {H;} yields a construction in M(n). In particular, writing n; = |V,
there are in total ¢y = []2, [C5™| constructions in M(n) with these parameters.

Note that the largest set V; in Sy always contains n’ > n/kg > n/N elements.
It is easy to see that each pendant appearance of H in H; yields a spike in H;.

—cn’! |

There are at most Ce ij{l\ ways to choose the graph H; so, that H; has less
than an’ spikes. If H; has more than an’ spikes, then the graph G resulting from
the construction has at least an’ — 2|.Jy| > an’ — 2N spikes, since the spikes are
disjoint and each edge in J can touch at most two spikes.

Therefore there are at most

Ce 'ty < Ce™ /Ny,
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ways to finish the construction by choosing Hi,..., Hy,, so that the resulting
graph G has less than (a/N)n — 2N spikes.

Since this bound holds for every kg, mq, jo, So,qo and Jy, we get by the law
of total probability that the number of constructions in M(n) that yield a graph
with at most (a/N)n — N spikes is at most

Ce™ MM M(n)| < nle(/Nnqyntoln)
So for any @’ < a/N and n large enough
P(R,, has less than a'n spikes) < Ce~(¢/Nntoln) — =0n)

O

Lemma 9.4.4 Let B = {K,}, let I,r and K be positive integers, r > l. Then for
R, €, A we have

P(R, has at most K spikes) < e~

Proof Let A; be the class of graphs in A that have at most K spikes, and let C;
be the class of graphs in C that have at most K spikes. Then A, C SET(C]) and

Al (l’) < 601 (@) .

Using Lemma 9.4.3,

F(A) <7(C) < 7(C) = y(A).

The lemma follows by (5.2). O

For an r-coloured graph G, Sy, Ss C [r], and sets @1, Q9 disjoint from V(H),
such that |S;| = |Q;] for i = 1,2, we denote by G®17@1:522@2 the graph obtained
(9)

i

by adding to G new vertices Q1 U@, and for i = 1,2 adding an edge between ¢
and each vertex coloured sgj ). Here ql(j ) and sl(j ) is the j-th smallest element in S;

and @); respectively.

Lemma 9.4.5 Let k be a positive integer. Then
|(BEx (k+ 1) Ky)n| = (1 4+ e ™) (rdgpsy Ki)nl- (9.21)

Proof By Lemma 8.3.9, Lemma 9.2.1, Lemma 8.4.9 and Theorem 8.1.2, there

is a constant r = r(k) > 2k such that all but an exponentially small fraction of
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graphs from Ex (k 4+ 1)Ky, have a (2k, 2, K4)-double blocker of size r. Here we
will show that all but an exponentially small fraction of graphs in the latter class
have a redundant blocker of size 2k + 1. Since each graph in rdogq Ky is in the
class Ex (k + 1) Ky, the claim will follow. We will use the idea of the proof of the
main result of Chapter 7.

Fix n > r. All graphs in (Ex (k+1)K}), that have a (2k, 2, K;)-double blocker

(and some other graphs) can be constructed as follows.

e Choose @ C [n] of size r and S C @ of size 2k.
e Put an arbitrary graph in G € A = A<{Ka}:2kr> on [n]\ Q.
e Put an arbitrary graph H on Q.

o Let G = GUL2k}=5{2k+1.1}=2Q\S | Thig finishes the construction of a graph
G.

Suppose G has more than K = r(k + 2r 4+ 12) spikes. Then there is a (smallest)
colour g € {2k +1,...,r} such that there are at least k + 2r 4 12 spikes coloured
{1,...,2k,q}. Let x be the vertex in @\ S whose neighbours in G are the vertices
coloured ¢ in G. Denote S’ = S U {x}.

Suppose G contains a B-critical subgraph H’ (that is, a subdivision of Kj)
which has at most one vertex in S’. By Lemma 7.5.3, H' can touch at most
2(r + |E(Ky)|) = 2r + 12 spikes in G. Thus there are at least k spikes that are
disjoint from H. Form an arbitrary maximal matching in the set S’ \ V(H): the
matching has exactly k pairs. For y,z € S and a spike P in G, we have that
G[V(P)U{y, z}] € Ex K4. Thus, we can produce k disjoint minors in B for each
pair in the matching. The graph H yields (k + 1)-st disjoint minor in B.

Thus, whenever G has at least K spikes and G € Ex (k + 1)B, we have that
S" is a redundant blocker for GG. So each construction G such that G € Ex (k +
1)Ky \ rdogy1 Ky is formed by taking a graph G with at most K spikes in the
second step.

By Lemma 9.4.4, the number of choices for G, such that G has less than K

spikes is at most
efﬂ(n) |An7r‘ .

Therefore if D = Ex (k4 1)Ky \ rdox.1 K4, we have for n > r, n — oo

= (n) (22)2(2;)6”‘”)Mm|

and (D) < v(A) = v(Ex (k + 1) Ky). O
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Lemma 9.4.6 Let B = {K,}, and let | > 2 be an integer. We have

((rd; B)pst| = an(1 — e ™) where a, = 2(2) (n ;L l) |Apn]-
Proof Consider the following constructions of graphs on [n + []: first pick a set
Q C [n+ 1] of size [, next take a graph Gy € A; with V(Gy) = [n +1] \ @ and an
arbitrary graph H with V(H) = Q. Let G = GOQ U H. Each graph in (rd; B),4,
can be obtained in this way, so |(rd; B),4| < a,. We aim to bound the number
of constructions that can be obtained twice, i.e., the ones which have two or more
different redundant K,-blockers of size (.

If Gy has at least [ + 1 spikes then () is a unique redundant blocker of size [.
Indeed, if @)’ is another such blocker, ' # @, then take a vertex z € @ \ @' and
any z € @\ {z}.

Now x, z and the vertices of any spike S induce a minor of Kj4. Therefore,
since @'\ {x} must still be a B-blocker for G, ()’ must contain a vertex from each
of the [ + 1 spikes, and so |@’| > [, a contradiction.

Thus every construction where ) is not the unique redundant blocker is ob-

tained when Gy has at most [ spikes. By Corollary 9.4.2, there are at most

5(4) (n ;l— l) e_Q(n)|Al7n| )

such constructions, so the number of graphs in (rd; B),, that have a unique redun-
dant blocker is at least a, (1 — e~™). O

Lemma 9.4.7 Let | > 2 be an integer and let A; be the class of coloured graphs
defined for B = {K4} in Section 8.8.3. Let p; = p(A;). Then Ai(p) < oo and

there is a constant a; > 0 such that
[ An| = an™nlp ™ (14 0(1)).
Proof By the exponential formula we have p(C!) = p;. We will show that

(*)  C' converges to some positive constant at p;.
(**) |CL| > 0 for all n > 1.
(***)  C!is smooth, i.e. |Cyy|/nICL] — ot

(****)  For any w = w(n) — oo we have
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n—w

stn0) =3 () iedics ol = o(ii

=w

bl

Then Ai(p) < e? () < 00 and Theorem 2 of Bell, Bender, Cameron and Rich-
mond [7] yields
| = - 1Ch] 1+ o(1).

We will use the identity (9.19) and the notation from the proof of Lemma 9.3.5.
There we have shown that the class 7 has p(7) = p; and by Lemma 9.3.1 T(p;) <
0o. Since p(Fs), p(L1(F)), p(L2(F)), and p(U) are all strictly larger than p;, we
have by (9.19) that C'(p;) < co. Since the coefficients of C! are non-negative, (*)
follows. The condition (**) is obvious (C! includes, i.e., every uncoloured path on

n vertices). Furthermore, by (9.19) and Theorem 9.3.1

ICL| = en™nlp (1 + o(1)) (9.22)

for some constant ¢ > 0, so (***) follows.

Finally, let us prove (****). Let w = w(n) — oo. We may assume 2 <
w(n) < n/2 for all n. By (9.22) for any € > 0, for all sufficiently large j we have

IC | < (c+ €)j~%2jlp;?. So for n sufficiently large

n—w n ) n—w - B
00 = 3 () CHICL 4] < (e et X -5/ — hy
k=w k=w

Now symmetry and a standard approximation of a sum by an integral gives for

w=w-1

Fn) =S K2 — k)2 < 2n—4/ " (1 — )2
k=w T

Since for t € (1/2,1)

t 2(1 + 6t — 24t 4 16t3
/ r 2 (1~ a:)_5/2d:£ == 4+ 3/2 jz o
1/2 3t3/2(1 — )3/
we have
3 2 2 3
f(n) < 4(n® 4+ 6w'n® — 24w™n + 16w™) _0 (n_5/2w_3/2) ‘

3n(n — w')3/ 2w/

276



9.4. Structure of random graphs in Ex (k + 1)K,

Thus S(n) = O(|CL|w=3/2) = o(|C.|). This completes the proof. O
We are now ready to prove Theorem 9.1.1.

Proof of Theorem 9.1.1 To replace ) by © in the result of Lemma 9.4.5, note
that by Lemma 8.4.12 and Theorem 7.1.2, (Ex (k + 1)K}),, contains at least

|(apexk K4)n \ (rd 2k+1 K4)n| — n'(zkry(EX K4)>n+0(n)

graphs that do not have a redundant Kj-blocker of size 2k + 1.
The theorem follows by Lemmas 9.2.1, 9.4.5, 9.4.6 and 9.4.7. O

Proof of Theorem 9.1.2 Let R/, be a random construction as in the proof of
Lemma 9.4.6, where we pick the set @) of size 2k + 1, the graph G, € A;,, and
the graph H on @ uniformly at random. Then Theorem 9.1.1 and the proof of

Lemma 9.4.6 imply that the total variation distance between R,, and R], satisfies
dTV(Rm R;) = O,

Therefore it is enough to prove the theorem for the random graph R/,. By Corol-
lary 9.4.2, there is a constant a; > 0, such that the graph Gy has at least a;n spikes
(and so, each vertex in @ has degree at least azn) with probability 1 — e~

Suppose G has at least axn spikes and there is a blocker @)’ of R/, and at least
two distinct vertices x,y € @'\ Q. Then any spike and {z,y} induces a minor
K,4. Thus every such blocker must have at least axn vertices with probability at
least 1 — e~ Similarly @ is with probability 1 — e~ a unique redundant
Ky-blocker for R,, of size 2k 4 1. This finishes the proof of (a).

Finally, (b) follows by a result of [74] (restated in a slightly more convenient
form in Chapter 7). More precisely, by Lemma 7.6.2 the graph Frag(R,,) obtained
from R,, by removing its (lexicographically) largest component is in the class Ex K}
with probability 1 — e=™, The class Ex (k + 1)K, is bridge-addable and by
Theorem 9.1.1 it is smooth and p = v(Ex (k+1)K,)~! > 0. Therefore by [74], see
Lemma 7.6.3, Frag(R,,) converges in total variation to the “Boltzmann-Poisson”

random graph with parameters B and p, in particular P(|V (Frag(R,))| = 0) —
pe = A(p). O
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9.5 The class Ex(k+ 1){Ky3, K4}

The class Ex (k + 1){Ky3, K4} is a subclass of Ex (k + 1)K,. Even though it
does not satisfy the condition of Theorem 8.1.2, we can still adapt most of the

techniques from the preceding sections (the proofs are simpler for this case).

9.5.1 Coloured cores and paths

In this section we fix B = {Ky3, K4}. To avoid an additional index, we will
accordingly write C' = C'8, A; = A, 5, and assume that the definitions such as

bR

“good colour”, “nice vertex” and “nice graph” are with respect to B = {Ks 3, K4}.

Lemma 9.5.1 Let B = {Ky3, K4}, let | be a positive integer and let G € C' be

nice. The nice core tree of G' is a path.

Proof In Section 9.3.2 we showed that the nice core tree T of G € CWB c ChiK4}
is a tree. If T" has at least three leaves, we can produce a minor K3 by adding a

new vertex connected to each of these leaves, thus every colour is bad for G. O

Let D be the class of all biconnected outerplanar networks G such that adding
a new vertex connected to each pole of G gives an outerplanar graph. Let G € D
be 2-connected. Then G has a unique Hamilton cycle H (see, e.g., [12]). The
poles s and t of G must be neighbours in H, otherwise adding a new vertex
connected to each pole yields a minor K,3. Conversely, if we take an arbitrary
2-connected outerplanar graph G and pick an oriented edge st from its Hamilton
cycle H, the graph with source s and sink ¢ obtained from G is from the class
D: this follows by the relation of 2-connected outerplanar graphs and polygon
dissections [12]. Therefore from each 2-connected rooted outerplanar graph we
can obtain two networks in D (the root becomes the source and either the left
or the right neighbour of the root on the Hamilton cycle becomes the sink) with

n — 2 vertices. It follows that

where B(x) is the exponential generating function of rooted biconnected outer-
planar graphs (which contains K3). Bernasconi, Panagiotou and Steger [12] show
that

1

B(z) = 5(D(@) +2*)
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{g}

{b}

Figure 9.8: Coloured core of a graph in C? in the case B = {K>s 3, K4}. Replacing the three grey
networks (which belong to the class D) with edges we obtain its nice core tree (a path of length
three). The graphs attached to the endpoints of this path belong to the class L.

where D(z) is the exponential generating function for polygon dissections. Thus
D(z) = D(z)/x* and we get by (4.1) of [12]

D(z) = ﬁ (1 +z— m) : (9.23)

Solving quadratic equations and using the “first principle” from [48] we get that

p(D)=3-2vV2 and p(D)D(p(D))=1— g =0.292... (9.24)

Lemma 9.5.2 Let B = {Ky3, K4}, let | > 2 be an integer, and let C! be the class
of coloured cores of nice graphs in C'. Then the class C' has exponential generating

function
5 2l—1 L 2
i) = 2 2L@) (9.25)
1 —22D(x)

where L is the exponential generating function of a class £L = L= with p(L) >
p(C7Y).

Proof Let £ = L= be the class of all pointed {0, 1}!-coloured connected graphs
G satistying the following conditions: a) each colour is good for G; b) G — r is
connected, Col(G — r) = [I] and Col(r) = 0, where r = r(G) is the root of G; ¢)
for any = € V(G), each component of G — x contains at least one colour or r, and
at most one component contains all colours [[] or 7. The class £ corresponds to
the class £5 from Section 9.3.2.

We will now prove that p(£) > p(C'~'). We first claim that for each positive

integer ¢+ and each n =0,1,...,
Cal = 1€, (9.26)

Indeed, for any graph in G € C~fl we can assign a graph G’ € C}fl by picking the

lexicographically minimal pair of vertices coloured red and adding colour 7 4+ 1 to
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their colour sets. Such a pair always exists since (G is nice, and since the colour
red is good for G, the colour i + 1 must be good for G’.
Let C be the class of all pointed graphs H, such that

1. Col(H) C [l];

2. if we add to H a new vertex w coloured Col(H) and connected to the root

of H and label the root of H arbitrarily, we obtain a graph in C'.

The coefficients of C(x) are dominated by those of >, (;)xzé] (x), therefore
p(C) > minjep—q p(C7) > p(C"1). The last inequality follows using (9.26). Re-
call also that we denote by Zj the class of graphs consisting of a single pointed
uncoloured vertex only.

Now let G € L. G can be constructed as follows: take a pointed biconnected
outerplanar graph B (B is the block of G containing the root with its colours
removed), colour ¢ < 2 of its (non-root) vertices vy, ..., v, with some subsets of
/] and identify v; with the root of a pointed graph G; € CUZj (so that labels of G,
G1,...,G, are disjoint). To verify the last statement, note first that the number
of cut vertices and coloured vertices in B is bounded by 2I, since each component
of G — E(B) can contain at most two components containing colour ¢ for each
¢ € [l] (see Section 9.2.2). Secondly, suppose u is a cut vertex of G, and let G,
the graph obtained from the component of G — E(B) containing u by pointing
the vertex u. The graph H obtained from G by contracting all vertices in G — G,
into a single vertex w, setting Coly(w) = Colg(G, — u) C [I] and Coly(u) = 0 is
a coloured minor of G: this shows that indeed G, € C.

Let B, denote the class of pointed biconnected outerplanar graphs. By the
properties of biconnected outerplanar graphs discussed above in this section we
see that p(B,) = p(D) > p(C'). (The last inequality follows since from each graph
in D we may obtain a graph in C! by labelling its poles and colouring them {red}.)

The above observations imply that the coefficients of L(x) are bounded by the

coeflicients of

21
> ' Bo(x) (21 + Cx))"

Therefore p(£) > min(p(C), p(Bs)) > p(C'~1).

Now let ' denote the subclass of graphs in C! with the nice tree of size 1,
and let Ch? = C! \élvl. Using Lemma 9.5.1 and Section 9.3.2, each graph in Ch2
can be obtained as a series composition of » > 1 outerplanar networks D+, ..., D,,
where only the poles of these networks can be coloured (with arbitrary colours in

2l1)| by attaching two rooted graphs L', L” at the source of D; and the sink of
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D, respectively (attaching pendant coloured graphs to vertices corresponding to
internal vertices of the nice core path is forbidden, otherwise some colour would
be bad for the resulting graph), see Figure 9.8. Let ¢ € [l]. Since each pole of
a network D; is nice, there are two disjoint paths from each of the poles ending
with a vertex coloured ¢. This shows that D; € D.

It is easy to see that L', L” must always be from the class £. On the other
hand, every such construction gives a valid graph in C"2, and every graph in Ch2
is obtained exactly twice (reversing each network and their order in the sequence

and swapping L’ with L” gives the same graph).

Therefore
2xC? = (2 x Z x £)? x D x SEQ((2' x Z) x D).
Similarly
Cht = 2! x Z x SET,(L).
Finally, the identity C' = Cb' + C? and a standard conversion to exponential
generating functions [48] yields (9.25). O

Lemma 9.5.3 Let | > 2 be an integer and let £<L>,él be as in Lemma 9.5.2.
We have p(L<>) > p(C) = ry, where

1 1
rl:§<1_21_1)'

There are constants Ry = Ry(l) > r; and ¢; > 0 and a function ¢g;(x) = g1,(x)

analytic for x € C with |z| < Ry such that

/

~ c

Cl(x) = —— . 9.27

(@) = 1=+ (927

Proof A simple calculation shows that the unique solution of 2'zD(z) = 1 is

7. Notice also that since D contains a network isomorphic to Ky and a network

isomorphic to an arbitrary cycle, we have [#"]2'zD(z) > 0 for n = 1,2, ... (that
is, 2'zD(z) is strongly aperiodic, see [48]).

We will also use that ry = % and 7,41 < r; for any integer j = 2,3, .... Define

0 =—= TlL(Tl)i .
l 2(D(7’1) + T'ZD/(Tl))
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We prove the claim by induction on [. First consider the case [ = 2. By
Lemma 9.5.2 p(£<2>) > p(C') = p(D) = 3 —2v2 > L. We can write C*(z) =
h(z)f(z) where f(z) = (1—2%zD(z))"" and h(z) = 222L<">(z). By (9.24), f(z)
corresponds to a supercritical sequence schema and h(x) is analytic in A = {z €
C: |z| < Ry} for some Ry > 19, h(ry) > 0.

We get using Theorem V.1 of [48], its proof and properties of meromorphic
functions that C? is meromorphic and has only one pole ry (which is simple) in
A, where it satisfies (9.27).

The proof of the general case [ > 3 follows similarly, since using Lemma 9.5.2
and induction we have p(L<>) > p(C1) = r,_y > 71, 2'p(D)D(p(D)) > 1 and
the convergence radius of 2'zD(z) is p(D) > ry > 1. 0

9.5.2 Proof of Theorem 9.1.3

It remains to collect and combine the analytic results for classes related with Ex B.
Denote by F the class of connected rooted outerplanar networks (we reuse the
symbol from the previous section). [32] show that the functional inverse of its

exponential generating function F' is

b (u) = wes (VI-butu—5u—1) (9.28)

Lemma 9.5.4 Let | > 2 and let B = {Ks3, K4}. Define o, = Yp(r;), where r,
is as in Lemma 9.5.3. There are constants ¢, > 0, R > o, and a function g(x)

analytic in {z € C: |z| < R} such that

Cl

T

+ g(x).

Proof The class C = C<"> of nice graphs in C’ has exponential generating function

C(z) = C(F(z)).

By [32], 7 = F(p(F)) is the smallest positive solution of 3u? — 28u® + 70u? —
58u + 8 = 0, and a numeric evaluation yields that 7 = 0.170--- > 1/6 > r,.
Furthermore, clearly |F,| > 0 for n = 1,2,.... Thus by 9.28 ¢, = ¢p(r;) is the

smallest positive solution of F(x) = r; and the unique dominant singularity of

C(x).
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9.5. The class Ex (k + 1){ K23, K4}

Using Lemma 9.5.3 we get

/
— Cl

C(r) = T F@)/n + g1(F(z))

and g (z) is analytic for |x| < Ry where R; > r;. Since F' has convergence radius
larger than o, there is € > 0, such that F(z) < R; for z € (0,0, + €). By the
triangle inequality, for any ¢ € C, [t| < o1 + € we have |F(t)] < F(|t|]) < R; so
g1(F(x)) is analytic at « = t.

Now applying the supercritical composition schema (Theorem V.1 of [48]) to
the function ¢j(1— F(x)/r;) ™!, we see that there is Ry € (0, 0;+¢) such that C'(z)
satisfies for v € A := {2z € C,|2| < Ry}

— Cl

B B et
C(m) = —1 — :L‘/O'l —|—gz(l’), ]

T aF(o)
for some function go(x) which is analytic in A.

Finally, to obtain C!(x) we have to add to C(x) the exponential generating
function U< (x) of graphs in C' that are not nice. An argument analogous to
the one presented in the proof of Lemma 8.4.3 shows that p(U/<">) > p(C'™1).
Furthermore, [32] showed that the convergence radius of the class of outerplanar
graphs p(ExB) = 0.1365... Now in the case [ = 2 the lemma follows, since
p(U?*) > p(C') > p(ExB) > oy = 0.1353.., so U<?*>(z) is analytic at any ¢ with
lt| < R := min(p(Ex B), Ry). Since (r;,l =1,2,...) is strictly decreasing and ¢p
is increasing for « € (0, p(F)), we have that (o;,l = 1,2,...) is strictly decreasing,.
Therefore have that p(UU<">) > p(C'™') = 0,1 > 0; by induction, and the lemma

follows similarly as in the case | = 2. O

Lemma 9.5.5 Letl > 2 be an integer and let B = {Ky 3, K4}. Let ¢;,00 and g be

as in Lemma 9.5.4. Then

|C£L| = ¢nlo; (14 o(1))

and
| ALy = bn=?4e2@? nlgmn (1 + o(1))
where
b _ C;'/4ecl/2+g(gl)
! 91/2
Proof The lemma follows by Lemma 9.5.4 and Proposition 23 of [31]. O
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Proof of Theorem 9.1.3 By [32], there are computable constants h and -y, with

v~ =0.1365.. such that the number of outerplanar graphs on vertex set [n] is
hn =324l (1 + o(1)).
Using Lemma 9.5.4 and Theorem 7.1.2
Y(rd3 B) = 03! = 10.482.. < y(apex (ExB)) = 2y = 14.642..
Therefore by Theorem 8.1.1 we have
|(Ex2B),| = |(apex (Ex B)),|(1 + ™),
and using Theorem 7.1.2
|(Ex2B),| = %n_3/zn!(2v)"(1 +0(1)).

Now
y(rds B) = o5 ' = 34.099..

and y(apex (Ex2B)) < 4y =29.2.. < y(rd5 B). By Lemma 8.3.9 and Lemma 9.5.5
Ve = 7(Ex (k + 1)B) = 7(rdais1 B) < y(apex” (ExB))

for each k =2,3,....

Furthermore, using Lemma 9.5.5 there are constants bog11, corr1 > 0 such that

2k+1

(Ex (k4 1)B)pyonia| > 20 | Ao 1]

2k+1 _ n
— 20 Dby exp (2canpan) )0l (1) (1 + o(1))
_ GQ(\/n—l-Qk—&-l)(n + 2k + 1)!(72)n+2k+1'

Finally, the values of v, = U;klﬂ for k = 2,3,... can be obtained using the

closed-form expression o; = g (r;). O

9.6 Concluding remarks

As the length of Chapters 8 and 9 indicates, analysis of classes without £ + 1
disjoint minors in B becomes more involved as the excluded minors get more

complicated. In the last two chapters we concentrated on families of sets B,
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not covered by the results of Chapter 7: we found that indeed the highest-level
structure of typical graphs in such cases may obey a different pattern.

There are a few possible directions of further research. One can conjecture that
for B as in Theorem 8.1.1, and perhaps for more general B, all but an exponentially
small proportion of graphs in (Ex (k+ 1)B),, belong to one of the classes rd o1 B
or apex® (ExB). For certain B our results imply part of this conjecture, and
we gave specific examples where this conjecture holds. To advance it further,
one would need to develop a general way of comparing growth constants for two
or more candidate subclasses. It is not clear whether this can be done without
knowing the specific structure and generating functions for rdox.1 B.

It seems plausible, that for classes A with aws (A) < j an analogue of Theo-
rem 1.2 is true with a more general kind of redundant blockers. One can go even
further and formulate conjectures as in Section 7.7 about classes Ex (k + 1)B in
the case when Ex B contains all j-fans, j > 2, but not all (j+1)-fans. Yet another
level of complexity would be to obtain any results in the case when B does not
contain a planar graph.

In Section 9.2 we proved decompositions for the class rd; K4 for general [ =
1,2,.... In the following table we present growth constants for [ up to 5 obtained
automatically with the help of Maple (and a simple program to enumerate graphs

in 7). We explicitly proved validity of the numerical estimates up to [ = 3 in

this paper.
[ | v(rd; K4) | Comment v(rd; Ky)/(2k)
1]9.073311.. | = 4(ExKy), [32] | 1.67..
2| 12.677273.. 1.17..
3| 23.524122.. | = 4(Ex2K,) | 1.08..
4 | 45.5488.. 1.05..
5|89.5511.. | =~(Ex3K,) | 1.03.

The last column shows the ratio of the growth constant of rd; K, and the growth
constant of the class apex! (Ex K3) (see Chapter 7), where Ex K3 is the class of
forests of labelled trees. Not surprisingly, the numerical estimates indicate that
this ratio approaches 1 as [ increases. A similar situation can be observed with
the ratio y(rd; { K23, K4})/2!. This prompts the following questions: is it possible
that for some k = k(n) — oo, a typical graph from (Ex (k + 1)K}),, consists of a
forest and 2k + 1 apex vertices with probability 1 —o(1)? Can this be generalised?
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Results of Part 1

1. In Chapter 2 we considered sequences of random intersection graphs { D(n)}
where D(n) = D(n,m,p_,p;) and m = m(n), p_ = p_(n) and p, = py(n).
We defined the birth threshold function 7 such that 7(n,m,p_,p,) — oo
(respectively, 0) implies that D(n) contains (respectively, does not contain)
a copy of the complete directed graph I_gh whp. Next, we introduced the
notion of a diclique cover of a digraph. We showed that there are several
possible cases of the relationship of the parameters m,p_ and p,, and to
each case corresponds one or more simple diclique covers. The “in-star” and
the “out-star” covers that realise the birth threshold when p_ is much larger
than p, (respectively, p, much larger than p_), were not possible in the

undirected case.

2. In Chapter 3 we considered sequences {G(n)} of sparse ‘active’ random in-
tersection graphs G(n) = G(n,m, P), where m = m(n), P = P(n). We
introduced a power-law tail condition (3.6) for the normalized random sub-
set size Y'(n) = y/Z X (n), where X (n) is distributed according to P(n). We
determined the asymptotic clique number in G(n) (it is polynomial in n)
when Y (n) satisfies this condition with index o € (1,2) for a wide range
of sequences m = m(n), including the case m = ©(n) that yields a non-
vanishing clustering coefficient. Secondly, we considered the case where
G(n) is sparse and EY = O(1) and VarY = ©(1). In this case we showed
that the largest clique in G(n) is monochromatic (plus possibly a stochasti-
cally bounded number extra vertices) and we proved that the total variation
distance of w'(G(n)) and the size of the maximum bin when (mn)/?EY (n)
balls are thrown into m bins tends to zero. Thirdly, we described algorithms
to find a clique of asymptotically optimal size in each of the above cases,
and showed their correctness and efficiency. Finally, we proved a technical

result on the relation of Y'(n) and the degree of a random vertex of G(n).

3. In Chapter 4 we introduced a randomized greedy algorithm for colouring
edges of the random uniform hypergraph H®)(n,m) and proved that there
is a constant ¢, such that if £ > 2, k < ¢./In (ﬁi) and k£ < ¢.1n (%) then
the algorithm properly colours the edges of H*) (n, m) with [d(1+¢)] colours
and probability at least 1 — % — %Z' For a sequence {H (n),n = ng,no+1,...}
where k = k(n), m = m(n) and H(n) = H® (n,m) satisfies the above

condition this yields x'(H(n)) = d(1 + op(1)).
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4. In Section 1.2 we presented plots illustrating that parameters in real-world
networks can, with interesting exceptions, be matched closely with those in

random intersection graphs. This direction requires further research.

To sum up, we determined the behaviour of several important parameters in
random intersection graphs. Notably, we made progress in the most practically

relevant regime of sparse graphs with positive clustering.

Results of Part 11

1. In Chapter 6 we proved that |(Ex (k + 1)K3),| = (1 — =) |(apex* F),|.
Using this, we obtained precise asymptotic counting formula for graphs with-
out k + 1 disjoint cycles. We showed that with probability 1 — e=™) a
uniformly random graph R,, from (Ex (k + 1)K3),, contains a unique vertex
feedback set (blocker) of size k, we determined the asymptotic probability
that R, is connected and investigated the asymptotic distribution of the

number of components, chromatic and clique numbers of R,,.

2. In Chapter 7 we generalized results of Chapter 6 and proved that |(Ex (k +
DB),| = (1 — e=®™)|(apex® A),|, as long as the class A = Ex B is addable
and does not contain all fans. We showed that this implies that such a class
Ex (k+1)B has a growth constant 28v(A), i.e., the answer to the question of
Bernardi, Noy and Welsh in this case is positive. We expressed asymptotics
of |(Ex (k+ 1)B),]| in terms of |A,|. Next, we showed that with probability
1— e~ a random graph R, €, Ex (k+1)B contains a unique B-blocker S
of size k, such that each vertex in the blocker has a linear degree. We also
generalized proofs of other asymptotic properties (connectivity, components,

clique and chromatic number, etc.).

3. In Chapter 8 we considered addable classes A = Ex B such that A contains
all fans, but not all 2-fans, nor all bipartite graphs K3,. We showed that
there is a constant ko, such that for k > ko, 7(Ex (k + 1)B) = 7(rd ox41 B)
and for a subsequence n; realising this upper limit, a random graph R,, €,
Ex (k + 1)B has no B-blocker of size smaller than 2k with probability 1 —
e~ ) ag | — 0o. We also proved that if we add a further condition that
the minimal excluded minors are 3-connected and A does not contain all
wheels, then Ex (k + 1)B has a growth constant. To obtain these results we

proved two non-trivial graph-theoretical lemmas.
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4. In Chapter 9 we proved that for £k = 1,2,... there are constants cg, Vs
such that |(Ex (k + 1)Ky),| = (1 — e ) |(rdgpy1 Ka)n| ~ cun™/24nl.
We proved that R, €, Ex(k + 1)K, whp has a unique redundant blocker
of size 2k + 1, and each vertex in this blocker has a linear degree. Along
the way we obtained decompositions for classes related to rdgg 1 Ky and
proved a lemma for enumerating trees where leaves, internal vertices and
edges are replaced with objects of different type. Lastly, we considered class
Ex (k + 1){ K>3, K4} and showed that it behaves very differently.

The work explores a new subarea of asymptotic enumeration, i.e., counting
graphs with few disjoint excluded minors. We saw that such classes are combi-
natorially tractable and have an interesting structure. We made progress on two
rather general families of disjoint excluded minors, though an infinite number of

unresolved important cases (i.e., no two disjoint minors Kj5) remain.
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