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Abstract

Motivated by structural properties of molecular similarity networks we study the be-
haviour of the component evolution in two different stochastic network models, that is
random hypergraphs and random intersection graphs.

We prove gaussian distribution for the number of vertices in the giant component
of a random d-uniform hypergraph (a local limit theorem in the Hgy(n,p) model for
p=c/ (gj) with (d —1)7! + ¢ < ¢ < 00). We provide a proof using only probabilistic
arguments, avoiding enumerative methods completely. This fundamental result is fol-
lowed by further limit theorems concerning joint distributions of vertices and edges as
well as the connectivity probability of random hypergraphs and the number of connected
hypergraphs.

Due to deficiencies of the hypergraph model in reflecting properties of the real-world
data, we switch the model and study the evolution of the order of the largest compo-
nent in the random intersection graph model which reflects some clustering properties
of real-world networks. We show that for appropriate choice of the parameters random
intersection graphs differ from random (hyper-)graphs in that neither the so-called giant
component, appearing when the average number of neighbours of a vertex gets larger
than one, has linear order nor is the second largest of logarithmic order in the number
of vertices.

Furthermore we describe a polynomial time algorithm for covering graphs with cliques,
prove its asymptotic optimality in a random intersection graph model and study the
evolution of the chromatic number in the model showing that, in a certain range of pa-
rameters, these random graphs can be coloured optimally with high probability using
different greedy algorithms. Experiments on real network data confirm the positive the-
oretical predictions and suggest that heuristics for the clique and the chromatic number
can work hand in hand proving mutual optimality.

Keywords:
random graph, giant component, intersection graph, complex network
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Zusammenfassung

Motiviert durch strukturelle Eigenschaften molekularer Ahnlichkeitsnetzwerke werden die
Evolution der grofiten Komponente eines Netzwerkes in zwei verschiedenen stochastischen
Modellen, zufalligen Hypergraphen und zufélligen Schnittgraphen, untersucht.

Zuerst wird bewiesen, dass die Anzahl der Knoten in der grofiten Komponente d-
uniformer Hypergraphen einer Normalverteilung folgt (lokaler Grenzwertsatz fiir das bi-
nomiale Zufallsmodell Hy(n,p) fir p = ¢/ (Zj) mit (d —1)"! 4+ & < ¢ < 00). Der Beweis
nutzt dabei ausschliellich probabilistische Argumente und keine enumerative Kombina-
torik. Diesem grundlegenden Resultat folgen weitere Grenzwertsatze fiir die gemeinsame
Verteilung von Knoten- und Kantenzahl sowie Sétze zur Zusammenhangswahrschein-
lichkeit zufdlliger Hypergraphen und zur asymptotischen Anzahl zusammenhingender
Hypergraphen.

Da das Hypergraphenmodell einige Eigenschaften der Realweltdaten nur unzurei-
chend abbildet, wird anschliefend die Evolution der gréffiten Komponente in zufalligen
Schnittgraphen, die einige Clustereigenschaften realer Netzwerke gut widerspiegeln, un-
tersucht. Es wird gezeigt, dass bei geeigneter Wahl der Parameter zufillige Schnittgra-
phen sich von zufilligen (Hyper-)Graphen dadurch unterscheiden, dass bei Erreichen
einer durchschnittlichen Anzahl von Nachbarn von mehr als eins weder eine grofite Kom-
ponente linearer Grofle existiert, noch die zweitgrofite Komponente von logarithmischer
Grofle in Abhéngigkeit von der Knotenzahl ist.

Weiterhin wird ein Polynomialzeitalgorithmus zur Uberdeckung der Kanten eines
Graphen mit moglichst wenigen Cliquen (vollstdndigen Graphen) beschrieben und sei-
ne asymptotische Optimalitdt im Modell der zufélligen Schnittgraphen bewiesen. An-
schlieffend wird die Entwicklung der chromatischen Zahl untersucht und gezeigt, dass,
bei geeigneter Wahl der Parameter, zuféllige Schnittgraphen mit hoher Wahrscheinlich-
keit mittels verschiedener Greedystrategien optimal gefarbt werden konnen. Letztendlich
zeigen Experimente auf realen Netzen eine Ubereinstimmung mit den theoretischen Vor-
hersagen und legen eine gegenseitige Zertifizierung der Optimalitdt von Cliquen- und
Féarbungszahl durch Heuristiken nahe.

Schlagworter:
zufélliger Graph, grofle Komponente, Schnittgraph, komplexes Netzwerk
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Preface

Imagine a huge database of molecules which may be for instance drug substances or
parts of proteins. One of the essential challenges in nowadays attempts of in-silico drug
design and protein structure revelation is not only to collect these data but to arrange it
in a form which makes it accessible for further manipulation, searches etc. One simple
example is the search for relatives (i. e. similar structures) in such a huge database,
for instance in order to find substances which avoid certain side effects while having the
same effects.

To perform such a search efficiently it is very useful to have knowledge about the inner
structure of the relationship network. Are there many small islands of strongly similar
molecules which are more or less isolated from one another or is similarity a result of
pure randomness i.e. the similarity links are scattered over the whole database?

The starting point of this thesis was a striking effect which was observed in the
evolution of such a similarity network. Slowly lowering the threshold for what we call
similar thereby inserting more and more similarity links (edges) between the molecules
(vertices) we studied the connectivity structure, especially the number of vertices in the
largest component (where a component is a set of vertices which are mutually reachable
by following the links of the network). What we found was that there are essentially
three episodes in this evolution, one where the largest component is quite small, one
where it grows slowly and the third (after a sudden jump) where it covers almost the
whole graph. Figure 1 shows the inverse evolution, that is, at the beginning all edges
are inside the graph and going along the x-axis the threshold for similarity raises. Thus
edges are removed and the components become smaller.

While the fact that a jump occurs was already known, reflecting the so-called thresh-
old behaviour of a number of properties in random graphs, our aim was now to find
explanations for the slow growth in the beginning of the evolution thereby gaining deeper
understanding of the nature of the networks which will enable us to design algorithms
specific to the networks and even prove their optimality.

The construction of stochastical models for complex real-world networks of huge
dimensions has attracted an enormous amount of attention during the last five years.
These efforts are motivated by several aspects, namely the prediction of network structure
as well as the design, benchmarking and theoretical verification of algorithms.

As graphs are the canonical model for networks, random graphs seem to be appropriate
candidates for the stochastic models. The first object to probabilistic studies was the

xi
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Figure 1: Largest component in the protein graph

classical random graph model introduced by Erdés and Rényi in the late 1950s. It is
denoted by G, ;, and considers a fixed set of n vertices and edges that exist with a certain
probability p = p(n), independently from each other. There exist variants of their model
which fix the number of edges in advance (Gmm denotes the graph chosen uniformly at
random among all graphs having n vertices and m edges) or allow hyperedges (edges
containing more than two vertices).

Looking at our starting point, the evolution of the largest component, Erdds-Rényi-
Graphs seem to be very well studied, thus we focused on d-uniform hypergraphs (all edges
have d vertices) which include the standard graphs as a special case and on the range
of p where the so-called giant component appears. There we can give general results on
the asymptotic distribution of the number of vertices and the number of edges in the
giant component in the binomial (Hy(n,p)) as well as in the uniform (Hg(n, m)) model.
The precision achieved in the estimations (we get a Local Limit Theorem for the joint
distribution) helps in solving further problems such as calculating the asymptotic number
of connected graphs with a given number of vertices and edges.

Unfortunately it turns out that those graphs are not very well suited to model the
behaviour of the largest component in real-world networks such as protein interaction
networks or the WWW. Thus we turn to another random graph model which tries to
reflect the special properties of our real-world instances. One of those properties is the
transitivity which is inherent to similarity networks, since the similarity of molecule A
and molecule B together with the similarity of B and C should obviously at least increase
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the probability of a similarity between A and C. This is the main motivation for the
study of random intersection graphs in Part II, where vertices get connected according
to common features (assigned to them at random) which reflects the transitivity issues
mentioned.

After the study of the evolution of the giant component in the new model (Chapter
7), which reflects the special behaviour (at least qualitatively) of the real-world network
considerably better we turn to the study of optimisation problems on those graphs e.g.
clique cover (Chapter 8) and colouring (Chapter 9). The reason for studying those two
problems is mainly that a clique cover of an intersection graph can give insight into the
semantics of the links in the net by assuming that a single feature is responsible for
one clique in the cover. The colouring problem is one of the most studied optimisation
problems in graph theory and can give a first insight on the difficulty of optimisation
problems on intersection graphs while at the same time it certifies results from the clique
cover problem as being optimal. We close the second part with experimental results and
an outlook of open problems on random intersection graphs.

Part I of this thesis presents most of the results obtained in Behrisch, Coja-Oghlan
and Kang [2006a,b], while the results of Part II are covered by Behrisch [2006], Behrisch
and Taraz [2006], Behrisch et al. [2005].

While both parts are essential steps in the search for better stochastical models for
real-world networks we tried to keep them as self-contained as possible because the
readership attracted might be different for both parts. Thus while we tried to avoid
overloading of symbols and diverging definitions of terms some basic concepts and utilities
will be defined twice.

Every part starts with an introductory chapter fixing notation, giving an account
on the related work and stating some auxiliary results while the following chapters each
prove one or two central results, which are given at the beginning of the chapter (except
for Chapters 10 and 11 which deal with the experiments and give an outlook). Except for
the results which will be referenced in subsequent chapters as well, it should be possible
to read and understand every chapter on its own (provided the introduction has been
read). In order to aid the reader an index of notation is added in the appendix.
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Part 1

Random Hypergraphs and their
Giant Component






Chapter 1

Introduction

While studying a similarity network of molecules for structural peculiarities we observed
the striking fact that the evolution of its largest component behaves rather oddly (see
Figure 1 in the preface) in that it exhibits a slow growth of the largest component before
a sudden jump to (almost complete) connectivity. One idea for the underlying reasons of
this behaviour was that the vertices are added in clusters and not individually thereby
letting the largest component grow at moderate speed. This idea leads directly to the
model of random hypergraphs where the insertion of an hyperedge containing d vertices is
(from the viewpoint of connectivity) equivalent to adding all pairwise connections among
the d vertices.

Although the component structure and the connectedness of a random graph belong
to the most thoroughly studied subjects in the field, less is known concerning random
hypergraphs. One of our goals is to give asymptotic results for a number of properties
related to connectivity (for instance the asymptotic number of connected hypergraphs
with a given number of edges and vertices). The most important tool to achieve this
goal is the local limit theorem for the order of the giant component which we prove in
Chapter 3.

Let H = (V, E) denote a d-uniform hypergraph with a set V of vertices and a set F of
edges, which are subsets of V' of cardinality d. A vertex w is reachable in H from a vertex
v if either v = w or there is a sequence ey, ..., e, of edges such that v € ey, w € e, and
e;Neir1 #0fori=1,...,k—1. Of course, reachability in H is an equivalence relation.
The equivalence classes are the components of H, and H is connected if there is only one
component.

Throughout this part, we let V' = {1,...,n} be a set of n vertices. Moreover, if
2 < d is a fixed integer and 0 < p = p(n) < 1 is sequence of edge probabilities, then we
let Hy(n,p) signify a random d-uniform hypergraph with vertex set V' in which each of
the (Z) possible edges is present with probability p independently. We say that Hy(n,p)
enjoys some property P asymptotically almost surely (a.a.s.) if the probability that
Hi(n,p) has P tends to 1 as n — oo. If d = 2, then the Hy(n,p) model is identical
with the well-known G, , model of random graphs. We will also prove results concerning
a different model for random hypergraphs (Hy(n,m)), where the hypergraph is chosen
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uniformly at random among all d-uniform hypergraphs with n vertices and m edges. In
the case of m = p()}) both models are often equivalent (see for instance [Janson et al.,
2000, Section 1.4]).

The giant component.

In their seminal work on random graphs, Erdés and Rényi [1960] proved that the number
of vertices in the largest component of G, , undergoes a phase transition as np ~ 1. They
showed that if np < 1—¢ for an arbitrarily small € > 0 that remains fixed as n — oo, then
all components of Gy, ,, consist of O(Inn) vertices. By contrast, if np > 1+ ¢, then G,
has one giant component on a linear number Q(n) of vertices, while all other components
contain only O(Inn) vertices. In fact, in the case 1 +e < ¢ = (n—1)p = O(1) Erdés and
Rényi also estimated the order (i.e., the number of vertices) of the giant component: let
N(G,,p) signify the maximum order of a component of Gy, ,. Then

n~'N(Gp,p) converges in distribution to the constant 1 — p, (1.1)

where 0 < p < 1 is the unique solution to the transcendental equation p = exp(c(p —1)).
A corresponding result was established by Schmidt-Pruzan and Shamir [1985] for
random hypergraphs Hy(n, p). They showed that a random hypergraph Hy(n, p) consists

n—1

of components of order O(Inn) if (d — 1)(;";)p < 1 — ¢, whereas Hy(n, p) has a unique

large (the giant) component on Q(n) vertices a.a.s. if (d— 1)(3:})1) > 14¢. Furthermore,
Coja-Oghlan et al. [2006] established a result similar to (1.1), showing that in the case
¢ = (d—1)(""))p > 1 + ¢ the order of the giant component is (1 — p)n + o(n) a.a.s.,
where 0 < p < 1 is the solution to the transcendental equation

p=exp(e(p™! - 1)). (1.2)

Since the pioneering work of Erd6s and Rényi, the component structure of ran-
dom graphs has been a central theme in the theory of random discrete structures. In
the present work, we contribute to this theme by analysing the order (number of ver-
tices, N'(Hgy(n,p))) and the size (number of edges, M(Hy(n,p))) of the giant compo-
nent in greater detail. More precisely, establishing central and local limit theorems for
N, M(Hy(n,p)), we determine the asymptotic joint distribution of ', M(Hy(n,p)) and
N, M(Hg(n,m)) precisely. Though such limit theorems are known in the case of graphs
(i.e, d = 2; cf. also the related work below), they are new in the case of d-uniform hy-
pergraphs for d > 2. This is also due to the fact that none of the arguments for the
graph case is directly applicable to the case of hypergraphs (for d > 2). Furthermore, we
present a new, purely probabilistic proof of the central and local limit theorems, which, in
contrast to prior work, does not rely on involved enumerative techniques or on analysing
the probability that a random graph G, is connected.

These results together with the fact that the giant component is a uniform random
connected hypergraph (conditioned on its order and size) will enable us to give asymp-
totic formulas for the probability of connectedness in the Hy(n,p) and the Hg(n,m)



1.1. Related work

model which in turn allows to precisely estimate the asymptotic number of connected
hypergraphs.

We believe that the techniques used are interesting not only for Hy(n,p) with d > 2,
but also in the case of random graphs G, ;, because our approach leads to the first unified
solution to the problems mentioned for G, ;, as well.

1.1 Related work

Graphs.

Bender et al. [1990] were the first to compute the asymptotic probability that a random
graph G,, ,,, is connected for any ratio m/n. Although they employ a probabilistic result
from FLuczak [1990] to simplify their arguments, their proof is based on enumerative
considerations. Using their formula for the connectivity probability of G,, ,,,, Bender et al.
[1992] inferred the probability that Gy, is connected as well as a central limit theorem
for the number of edges of G, given connectedness. Moreover, it is possible (though
somewhat technical) to derive local limit theorems for V', M(G,, ,,,) and N', M(G, ;) from
the main result of Bender et al. [1990]. In fact, Pittel and Wormald [2003, 2005] recently
used enumerative arguments to rederive an improved version of the main result of Bender
et al. [1990] and to obtain a local limit theorem that in addition to A/ and M also includes
the order and size of the 2-core of G,, ,,, or G, . In summary, in Bender et al. [1990, 1992,
Pittel and Wormald [2003, 2005] enumerative results on the number of connected graphs
a given order and size are used to infer the distribution of N', M(G, ) and N', M(G,, ,,,).
By contrast, in the present work we use the converse approach: employing probabilistic
methods, we first determine the distribution of N', M(G,,) and N, M(G,, ,,,), and from

this we derive the number of connected graphs with given order and size.

The asymptotic probability that G, , is connected was first computed by Stepanov
[1970]. He also obtains a local limit theorem for N (G, ;) (but his methods do not
yield the distribution of N'(G,, ) and M(Gy,,)). Moreover, using his result on the joint
distribution of the numbers of trees of given sizes outside the giant component, Pittel
[1990] derived central limit theorems for N'(Gyp) and N(G,, ,,); the arguments in both
Pittel [1990], Stepanov [1970] are of an enumerative/analytic nature.

Furthermore, a few authors have applied probabilistic arguments to problems related
to the present work. For instance, O’Connell [1998] employed the theory of large devia-
tions in order to estimate the probability that G, , is connected up to a factor exp(o(n)).
While this result is significantly less precise than Stepanov’s, O’Connell’s proof is sim-
pler. In addition, Barraez et al. [2000] exploited the analogy between the component
structure of G, ;, and branching processes to derive a central limit theorem for the joint
distribution of N'(G,, ) and the total number of edges in G,, ,; however, their techniques
do not yield a local limit theorem. Finally, van der Hofstad and Spencer [2005] used an
elegant refinement of the branching process argument to rederive the formula of Bender
et al. [1990] for the number of connected graphs.
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Hypergraphs.

In contrast to the case of graphs (d = 2), little is known about the phase transition and
the connectivity probability of random d-uniform hypergraphs with d > 2. In fact, to
the best of our knowledge the arguments used in all of the aforementioned papers do not
extend to the case d > 2.

Karonski and Luczak [1997] derived an asymptotic formula for the number of con-
nected d-uniform hypergraphs of order n and size m = n/(d — 1) + o(lnn/Inlnn) via
combinatorial techniques. Since the minimum number of edges necessary for connectiv-
ity is n/(d — 1), this result addresses sparsely connected hypergraphs. Using this result,
Karonski and Luczak [2002] investigated the phase transition of Hy(n,p). They estab-
lished (among other things) a local limit theorem for N'(Hg(n, m)) for m = n/d(d—1)+1
and 1 < 7% < hﬁﬁn which is similar to Hy(n,p) at the regime (Zj)p =d-1)"1+w,
where n1/3 « w = w(n) < n~/3Inn/Inlnn. The counting result was extended by
Andriamampianina and Ravelomanana [2005], Ravelomanana and Rijamamy [2005] to
the regime | = o(n'/3) (w = o(n=2/3) respectively). Note that all of these results either
deal with sparsely connected hypergraphs (i.e., m = (d —1)"'n+o(n)), or with the early
supercritical phase (i.e., m = (})p = (d—1)"'n+o0(n)). By contrast, our results concern
connected hypergraphs with m = (d—1)"1n+€(n) edges and the component structure of
random hypergraphs Hy(n,m) or Hy(n,p) with m = (§})p = (d—1)"'n+o(n). Thus, our
results and those of Andriamampianina and Ravelomanana [2005], Karonski and Luczak
[1997, 2002], Ravelomanana and Rijamamy [2005] are complementary.

The regime of m and p that we deal with in the present work was previously studied by
Coja-Oghlan et al. [2006] using probabilistic arguments. Setting up an analogy between a
certain branching process and the component structure of Hy(n, p), Coja-Oghlan, Moore,
and Sanwalani computed the expected order and size of the largest component of Hy(n, p)
along with the variance of N'(Hy(n, p)). Furthermore, they computed the probability that
Hi(n,m) or Hy(n,p) is connected up to a constant factor, and estimated the ezpected
number of edges of Hy(n,p) given connectivity. Note that Theorems 5.1, 5.2, and 5.3
enhance these results considerably, as they yield tight asymptotics for the connectivity
probability, respectively the precise limiting distribution of the number of edges given
connectivity.

1.2 Techniques and outline.

The aforementioned work of Andriamampianina and Ravelomanana [2005], Karonski and
Luczak [1997, 2002] on the giant component for random hypergraphs relies on enumer-
ative techniques to a significant extent; for the basis Andriamampianina and Ravelo-
manana [2005], Karonski and Luczak [1997, 2002] are results on the asymptotic number
of connected hypergraphs with a given number of vertices and edges. By contrast, in the
present work we employ neither enumerative techniques nor results, but rely solely on
probabilistic methods. Our proof methods are also quite different from Stepanov [1970],
who first estimates the asymptotic probability that a random graph G, is connected
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in order to determine the distribution of N'(Gy, ). By contrast, in the present work we
prove the local limit theorem for N'(Hg(n,p)) directly, thereby obtaining “en passant” a
new proof for the local limit theorem for random graphs G, ;,, which may be of indepen-
dent interest. Besides, the local limit theorem can be used to compute the asymptotic
probability that Gy, , or, more generally, Hq(n,p) is connected, or to compute the asymp-
totic number of connected hypergraphs with a given number of vertices and edges (cf.
Chapter 5). Hence, the general approach taken in the present work is actually converse
to the prior ones Andriamampianina and Ravelomanana [2005], Karoriski and Luczak
[1997, 2002], Stepanov [1970].

The proof of Theorem 2.1 makes use of Stein’s method, which is a general technique
for proving central limit theorems (Stein [1970]). Roughly speaking, Stein’s result implies
that a sum of a family of dependent random variables converges to the normal distribution
if one can bound the correlations within any constant-sized subfamily sufficiently well.
The method was used by Barbour et al. [1989] in order to prove that in a random graph
Ghp, €.g., the number of tree components of a given (bounded) size is asymptotically
normal. To establish Theorem 2.1, we extend their techniques in two ways.

e Instead of dealing with the number of vertices in trees of a given size, we apply
Stein’s method to the total number n — N (Hy(n, p)) of vertices outside of the giant
component; this essentially means that we need to sum over all possible tree sizes
up to about Inn.

e Since we are dealing with hypergraphs rather than graphs, we are facing a somewhat
more complex situation than Barbour et al. [1989], because the fact that an edge
may involve an arbitrary number d of vertices yields additional dependencies.

The main contribution of the first part of this thesis is the proof of Theorem 3.1.
To this end, we think of the edges of Hy(n,p) as being added in two “portions”. More
precisely, we first include each possible edge with probability p; = (1 — €)p indepen-
dently, where ¢ > 0 is small but independent of n (and denote the resulting random
hypergraph by Hy); by Theorem 2.1, the order N'(Hy) of the largest component of Hj is
asymptotically normal. Then, we add each possible edge that is not present in H; with
a small probability ps ~ ep and investigate closely how these additional random edges
attach further vertices to the largest component of Hj. Denoting the number of these
“attached” vertices by S, we will show that the conditional distribution of S given the
value of N'(Hy) satisfies a local limit theorem. Since p; and ps are chosen such that each
edge is present with probability p after the second portion of edges has been added, this
yields the desired result on N (Hy(n,p)).

The analysis of the conditional distribution of S involves proving that S is asymp-
totically normal. To show this, we employ Stein’s method once more. In addition, in
order to show that S satisfies a local limit theorem, we prove that the number of isolated
vertices of Hj that get attached to the largest component of H; by the second portion of
random edges is binomially distributed. Since the binomial distribution satisfies a local
limit theorem, we thus obtain a local limit theorem for S.
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Our proof of Theorem 3.1 makes use of some results on the component structure of
Hy(n, p) derived in Coja-Oghlan et al. [2006]. For instance, we employ the results on the
expectation and the variance of N'(Hy(n,p)) from that paper. Furthermore, the analysis
of § given in the present work is a considerable extension of the argument used in Coja-
Oghlan et al. [2006] in order to estimate the probability that Hy(n,p) is connected up to
a constant factor.

To prove Theorems 4.1 and 4.3, we build upon a qualitative result on the connected
components of Hy(n,p) from Coja-Oghlan et al. [2006] (Theorems 1.2 and 3.1, cf. Sec-
tion 1.3). The proofs of these ingredients solely rely on probabilistic reasoning (namely,
branching processes and Stein’s method for proving convergence to a Gaussian).

In Section 4.2 we show that (somewhat surprisingly) the univariate local limit theorem
for N'(Hg(n,p)) can be converted into a bivariate local limit theorem for N (Hy(n,m))
and M(Hg(n,m)). To this end, we observe that the local limit theorem for N (Hg(n,p))
implies a bivariate local limit theorem for the joint distribution of N'(Hg(n,p)) and the
number M (Hy(n, p)) of edges outside the largest component. Then, we will set up a rela-
tionship between the joint distribution of N, M(Hy(n, p)) and that of N', M(Hy(n,m)).
Since we already know the distribution of A', M (Hy(n, p)), we can infer the joint distribu-
tion of N, M(H4(n, m)) via Fourier analysis. As in Hy(n,m) the total number of edges is
fixed (namely, m), we have M(Hy(n,m)) = m — M(Hg(n,m)). Hence, we obtain a local
limit theorem for the joint distribution of ', M(Hy(n,m)), i.e., Theorem 4.3. Finally,
Theorem 4.3 easily implies Theorem 4.1. We actually consider this Fourier analytic ap-
proach for proving the bivariate local limit theorems the main contribution of the present
work.

Furthermore, in Section 5.4 we derive Theorem 5.1 from Theorem 4.1. The basic
reason why this is possible is that given that the largest component of Hy(n,p) has order
v and size p, this component is a uniformly distributed random hypergraph with these
parameters. Indeed, this observation was also exploited by Luczak [1990] to estimate the
number of connected graphs up to a polynomial factor, and in Coja-Oghlan et al. [2006],
where an explicit relation between Cy(v, u) and P [N (Hg(n,p)) = v A M(Hg(n,p)) = p
was derived. Combining this formula with Theorem 4.1, we obtain Theorem 5.1. More-
over, in Sections 5.3 and 5.5 we use similar arguments to establish Theorems 5.2 and 5.3.

The main part is organised as follows. After making some preliminaries in Section 1.3,
we prove the central limit theorem for N'(Hy(n,p)) via Stein’s method in Chapter 2. We
outline the proof of the Local Limit Theorem 3.1 in Section 3.2. In that section we explain
in detail how Hy(n,p) is generated in two “portions”. Then, in Section 3.3 we analyse the
random variable S, assuming the central limit theorem for S. Further, Section 3.4 deals
with the proof the central limit theorem for § via Stein’s method reusing the arguments
of Chapter 2. Chapter 4 contains the proofs of additional local limit theorems for the
different random graph models and joint distributions while in Chapter 5 we apply our
results to get some statements about the connectivity probability and the number of
connected hypergraphs.
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1.3 Preliminaries

Throughout the whole part, we let V= {1,...,n}. If d > 2 is an integer and Vi, ..., V), C
V', then we let E4(V1,..., Vi) signify the set of all subsets e C V' of cardinality d such
that e N'V; # () for all .. We omit the subscript d if it is clear from the context.

If H is a hypergraph, then we let V(H) denote its vertex set and F(H) its edge set.
We say that a set S C V(H) is reachable from T C V(H) if each vertex s € S is reachable
from some vertex t € T. Further, if V(H) C V = {1,...,n}, then the subsets of V can
be ordered lexicographically; hence, we can define the largest component of H to be the
lexicographically first component of order N (H).

We use the O-notation to express asymptotic estimates as n — oo and abbreviate
f(n) = (14 0(1))g(n) by f(n) ~ g(n). Furthermore, if f(z1,...,2x,n) is a function
that depends not only on n but also on some further parameters x; from domains D; C
R (1 < i < k), and if g(n) > 0 is another function, then we say that the estimate
f(z1,...,25,n) = O(g(n)) holds uniformly in z1,...,z if the following is true: if Z;
and Dj, Z; C Dj, are compact sets, then there exist numbers C' = C(Zy,...,Z}) and
no = no(Z1,...,Zx) such that |f(z1,...,zx,n)| < Cg(n) for all n > ng and (z1,...,x%) €
H?:l Z;. We define uniformity analogously for the other Landau symbols (2, ©, etc.

We shall make repeated use of the following Chernoff bound on the tails of a binomially
distributed variable X = Bi(v,¢q) (cf. [Janson et al., 2000, p. 26] for a proof): for any
t > 0 we have ,

t
P[|X E[X]|Zt]§2exp< 2(E[X]+t/3)>‘ (1.3)
Moreover, we employ the following local limit theorem for the binomial distribution
(cf. [Bollobéas, 2001, Chapter 1]).

Proposition 1.1. Suppose that 0 < p = p(n) < 1 is a sequence such that np(1 —p) — oo
as n — 0o. Let X = Bi(n,p). Then for any sequence x = x(n) of integers such that

|z — np| = o(np(1 — p))?/3,
(z —np)?
2p(1 —p)n

Furthermore, we use the following theorem, which summarises results from [Coja-
Oghlan et al., 2006, Section 6] on the component structure of Hy(n,p).

P[X = z] ~ (2mnp(1 —p))_% exp (— ) as n — oo.

Theorem 1.2. Let p = C(Z:%)il.

1. If there is a fized co < (d — 1)~1 such that ¢ = c(n) < co, then

P [N (Hq(n,p)) <3(d—1)*(1 = (d - 1)co) 2lnn| > 1—n"1".

2. Suppose that co > (d— 1)~ is a constant, and that co < ¢ = c¢(n) = o(Inn) as n —
00. Then the transcendental equation (1.2) has a unique solution 0 < p = p(c) < 1,
which satisfies

pile< ) < (d—1)"N (1.4)
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for some number ¢ > 0 that depends only on cy. Moreover,
[E N (Ha(n, p)] = (1 = p)n| <0,

p(l —p+eld=1)(p— pd’l))n
(I —c(d—1)pi=1)2 '

Var [N (Ha(n,p))] ~

Furthermore, with probability > 1 —n"19 there is precisely one component of order
(14 0(1))(1 = p)n in Hy(n,p), while all other components have order < In*n. In
addition,

P ||N (Ha(n,p)) = EN (Ha(n,p))]| > n"®'| <010,

Finally, the following result on the component structure of Hy(n,p) with average

degree (Zj) p < (d—1)7! below the threshold has been derived in [Coja-Oghlan et al.,

2006, Section 6] via the theory of branching processes.

Proposition 1.3. There eists a function q : (0,(d — 1)7!) x (0,1) — Rxg, (¢,€) —
q(¢,€) = 3021 an(Q)EF whose coefficients ¢ — qi(¢) are differentiable such that the fol-

n—1

lowing holds. Suppose that 0 < p = p(n) < 1 is a sequence such that 0 < (d_l)p =c=
c(n) < (d—1)"1 — ¢ for an arbitrarily small ¢ > 0 that remains fived as n — oo. Let

P(c, k) denote the probability that in Hy(n,p) some fixved vertex v € V' lies in a component
of order k. Then

P(e, k) = (14 o(n™ ) q(c) forall1 <k <In’n. (1.5)
Furthermore, for any fized € > 0 there is a number 0 < v = () < 1 such that
qr(c) <% forall0<c<(d—1)"" —e. (1.6)
Lemma 1.4.
P[|Cy] = k] = (140 (n™" - polylogn))P [T = k] for k = O(polylogn).

where T denotes the stopping time of a branching process with successor distribution
(d — 1)Po(c) with Po(c) being the Poisson distribution with mean c.

Proof. We discover the component of v via a branching process just as in Coja-Oghlan
et al. [2006]. Proposition 30 in Coja-Oghlan et al. [2006] shows that the number of
explored vertices in each epoch 4 of the branching process is a random variable Z; which
is dominated by another random variable Z! and dominates a third Z!. According to
Lemma 29 in Coja-Oghlan et al. [2006] the random variables 7" and T"” corresponding
to the stopping times of the branching processes on Z! and Z; are distributed such that

P[T" =k = (1+0 (n~' - polylogn))P[T = K,

P[T" = k] = (1+0 (n~" - polylogn))P [T = K].

This proves the statement of the lemma. O

10
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Proof of Proposition 1.3. Lemma 1.4 gives that the first In?n coefficients of the power
series expansion of ¢ where ¢ is the solution to

d(c,x) = zexp(e(qle,2)? = 1)) (1.7)

have property (1.5), since .
i=>_ P[T = k" (1.8)

k=1

Now defining ¢(c,z) = Z}gniln qr(c)z®, where g, = P[T = k] we see that ¢ is differentiable
in z and it suffices to show that the g are differentiable in ¢. Using (1.8) we see that
in order to calculate g we can set up a system of linear equations in the following way.
Let ¢’ denote the derivative of ¢ with respect to x and define (o) := ¢ and inductively
Qlit1) = xcj{i). This gives a system of linear equations of the form Z};ﬁl" kg, = qiy(1) for
i € [In?n). The coefficient vectors of the g are obviously linear independent for different
1, thus there is a unique algebraic solution provided we have an algebraic expression for
q(iy(1). We already know that (g)(1) = ¢(c,1) = 1 and by computing the derivative with
respect to x of both sides of (1.7) we get:

~ _ q(c,x)
Ter) = =@~ Dale )™

(1.9)

and thus can easily calculate G(;)(1) and by further differentiating (1.9) get algebraic
expressions for all ;) (1).

The second statement of the proposition follows directly from Theorem 5 in Coja-
Oghlan et al. [2006]. O

We let N (H) signify the maximum order of a component of H. Furthermore, for
all hypergraphs H we consider the vertex set V(H) will consist of integers. Therefore,
the subsets of V(H) can be ordered lexicographically, and we call the lexicographically
first component of H that has order N'(H) the largest component of H. In addition, we
denote by M(H) the size of the largest component of H.

We will consider the two models of random d-uniform hypergraphs: Hy(n,p) and
Hi(n,m). The random hypergraph Hy(n,p) has the vertex set V = {1,...,n}, and
each of the (Z) possible edges is present with probability p independently of all others.
Moreover, Hy(n, m) is a uniformly distributed hypergraph with vertex set V- = {1,...,n}
and with exactly m edges. In the case d = 2, the notation G, = Ha(n,p), G =
Hs(n,m) is commonly used.

nm -

1.3.1 The Phase Transition and the Giant Component

In their two pioneering papers on the theory of random graphs, Erdds and Rényi [1959,
1960] studied the component structure of the random graph G, ,,. Since then, the
component structure of random discrete objects (e.g., graphs, hypergraphs, digraphs, ... )
has been among the main subjects of discrete probability theory. One reason for this is

11
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the connection to statistical physics and percolation (as “mean field models”); another
reason is the impact of these considerations on computer science (e.g., due to relations to
computational problems such as MAX CUT or MAX 2-SAT, Coppersmith et al. [2004]).

In their first paper Erdés and Rényi [1959] showed that if ¢ remains fixed as n — oo
and m = F(Inn + t), then the probability that G, ,, is connected is asymptotically
exp(—exp(t)) as n — oo. Since G, is a uniformly distributed graph, this result im-
mediately yields the asymptotic number of connected graphs of order n and size m.
The relevance of this result notwithstanding, possibly the most important contribution
of Erdés and Rényi [1959] is that they solved this enumerative problem (“how many
connected graphs of order n and size m exist?”) via probabilistic methods (namely, the
method of moments for proving convergence to a Poisson distribution).

Furthermore, Erdés and Rényi [1960] went on to study (among other things) the
component structure of sparse random graphs with m = O(n) edges. The main result
is that the order N(G,,,,) of the largest component undergoes a phase transition as
2m/n ~ 1. Let us state actually state a more general version from Schmidt-Pruzan
and Shamir [1985], which covers d-uniform hypergraphs: let either H = H;(n,m) and
¢ =dm/n, or H= Hy(n,p) and ¢ = (Z:%)p; we refer to ¢ as the average degree of H.
Then the result is that

e if ¢ < (d—1)"' —¢ for an arbitrarily small but fixed & > 0, then N'(G,, ,,,) = O(Inn)
a.a.s.

e By contrast, if ¢ > (d —1)~! + ¢, then G,,,, features a unique component of
order Q(n) a.a.s., which is called the giant component. More precisely, N (H) =
(I1—=p)n+o(n) a.a.s. where p is the unique solution to the transcendental equation

(1.2) that lies strictly between 0 and 1. Furthermore, the second largest component
has order O(Inn).

12



Chapter 2

A Central Limit Theorem for the
Number of Vertices

2.1 Results

In terms of limit theorems, (1.1) provides a strong law of large numbers for N'(G,,p), i.e.,
it yields the probable value of N (G, ;) up to fluctuations of order o(n). Thus, a natural
question is if we can characterise the distribution of N (G, ) (or N(Hg(n,p))) more
precisely; for instance, is it true that N(G, ) “converges to the normal distribution”
in some sense? Our first result, which we will prove in this chapter, shows that this is
indeed the case.

Theorem 2.1. Let J C ((d—1)71,00) be a compact interval, and let 0 < p = p(n) < 1 be
a sequence such that ¢ = c¢(n) = (Z:%)p € J for all n. Furthermore, let 0 < p = p(n) < 1
be the unique solution to (1.2), and set

p(L—=p+cld=1)(p—p""))n
02 =o(n)? = ( A= cd— 1)) ) . (2.1)

Then oY (N (Hy(n,p)) — (1 — p)n) converges in distribution to the standard normal dis-
tribution.

Theorem 2.1 provides a central limit theorem for N'(Hg(n,p)); it shows that for any
fixed numbers a < b

i [ < NHaln.p) = (1= p)

n—00 o

"< b] = (271')’% /ab exp(—t%/2)dt (2.2)

(provided that the sequence p = p(n) satisfies the above assumptions).

In this chapter we will use Stein’s Method to prove Theorem 2.1 saying that N (Hgy(n, p))
tends (after suitable normalisation) in distribution to the normal distribution. We will
do so in a more general setting which will allow us to prove Lemma 3.10 using the same
method. First we will discuss the result by Barbour et al. [1989] and how to apply it to

13



Chapter 2. A Central Limit Theorem for the Number of Vertices

random hypergraphs, which yields some conditions the random variables have to fulfil.
Then we show in Lemma 2.6 that the random variables corresponding to N'(Hy(n, p)) do
indeed comply to the conditions and last but not least a quite technical part will show
how to derive the limiting distribution from the conditions.

Instead of analysing the distribution of the number of vertices in the giant component
directly we will rather count the number of vertices in isolated trees of up to polyloga-
rithmic order, since it is well known, that the number of vertices which belong neither to
the giant nor to an isolated tree is O(1) (cf. [Janson et al., 2000, Chapter 5]).

The main result from Barbour et al. [1989] about Stein’s method is the following.

Theorem 2.2. Let W be random variable which gets decomposed using finite index sets
I and K; C I, € I and sets of square integrable random variables X;, W;, Z;, Zir., Wi,
Vik in the following way:

wW=> X (2.3)
i€l
E[X]=0icl, EW?=1, (2.4)
W=W;+ Z;,i €1, where W; is independent of X,
(2.5)
Zi= Y Zpicl, (2.6)
keK;
W, =W+ Zip,i € I,k € K; where Wiy, is independent of the pair (X;, Zix,).
(2.7)
Then
W —E[W]
di | —, =00
! ( Var [W] ¢O’1> (9)
where
E[h(A)] — E[h(B
A B) o p | AT ERBI
ho | SuPzer |[M(@)] + sup,eg [ (2)]
and

1
5:= 3 E[IXIZ7| + 30 Y (BIXiZunViall + E [ XiZa|E[1Z: + Vi)
el i€l keK;

2.2 Stein’s Method for Random Hypergraphs

Let &€ be the set of all subsets of size d of V.= {1,...,n}, and let H be the power set of
E. Moreover, let 0 < p. < 1 for each e € &, and define a probability distribution on H
by letting P[H] = [l Pe - [leesr\m 1 — pe- That is H € H can be considered a random
hypergraph with "individual" edge probabilities.

Furthermore, let A be a family of subsets of V', and let (Y,,)aca be a family of random
variables. Remember that for Q@ C V we set £(Q) = {e € £:eNQ # 0}. We say that
Y, is feasible if the following holds.

14
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For any two elements H, H' € H such that H N E(a) = H' N E(a) we have
Yo(H) =Y, (H').

That means Y, is feasible if its value depends only on edges having at least one endpoint
in . In addition, set Y.7(H) = Y,(H\ &E(S)) (HeH,a € A, SCV,SNa=0). Thus
Y3 (H) is the value of Y,, after removing all edges incident with S. We define

Y= VYo, pa=EN,, o*=Var[Y], Xo=Ya—tua)/o (2.8)
acA
_ Y, ifang#£10
_ _ 1 B )
Lo = %Za/g, where Zog =0~ X { Yy— Y ifang= 0. (2.9)
Vag= Y, Yo+ > (Y2-Y) /o,  and (2.10)
Y:BNy#D v:BNy=0
Aany=0 Aany=0

0= B[ XalZ2] + Y (El|XaZogVasl] + E[|XaZasl[E[|Za + Vagl)) . (211)
acA a,BEA

The following theorem was proven for graphs (i.e. d = 2) in Barbour et al. [1989].

Theorem 2.3. Suppose that all Y, are feasible. Then'Y tends to the normal distribution
with mean E[Y] and variance Var [Y] in the following sense:

Y —E[Y]
dq <\/CLTD/]7 ¢0,1> < 6.
Proof. Although Barbour et al. [1989] state this result for graphs only, their argumenta-
tion carries over to the case of Hy(n,p) without any essential modifications.

In order to use Theorem 2.2 we first identify the variables. The index sets I = A and
K, = A. W is implicitly given as the sum of the X,. The definition of X, (2.8) also
shows that (2.4) holds. Let

We= Y X§-E[Z) Xj=oo (7 ~E[vg))
anB=0

The fact that W = W, + Z, comes directly from the corresponding definitions and W,
is independent of X, for every «, since W, depends on X3 only and the edges deciding
the value X, are all removed when looking at the value of X7.
With
Wagi= Y. X —E[V,4 —E|[Z]
YN (aUB)=0
the same is true for the independence of Wyg and (Xq, Zag), since (Xq, Zog) depends
on edges which were removed when calculating W,5. Wy = Wy + Z,g follows again

directly from the definitions. Thus all assumptions of Theorem 2.2 are fulfilled and the
statement follows. O
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the product of up to three random variables Y;* will suffice for § = o(1).

Now the following lemma states that a number of conditions on the expectations of

Lemma 2.4. Let k = O(polylogn) and let (Yo)aca be a feasible family such that 0 <
Y, <k for all a € A. If the following sixz conditions are satisfied, then § = O(n_1/2).

Y1. We have E[Y],Var [Y] = O(n), and > gc a.pnazo s = O (E[Y]/n - polylogn) =

Y2.

Y3.

Y4.

Y5.

Y6.

O(polylog n)for any a € A.
Let a, B, be distinct elements of A. Then
Yo(Ys = Y5)Y5 =0 ifanp =10,
YoYs =0 ifanB#0,
(Vs - Y§)Yo = (Y5 - Y)Y, =0  ifanB=any=0#08nN7.
For all o, B we have 3. 529 vna=p E {YﬁYW‘)‘} < K’pg.
If a, B € A are disjoint, then
E [YaYs] = O (paps - polylogn),
o Hp
E||Ys —-YS|| = ~—= . polyl
V5 = Y3] O(n poyogn>7

E {YQ|Y5 — Yﬁau =0 (MC;MB - polylog n) :

If a, 8,7 € A are pairwise disjoint, then

E [Ylef — YVO‘UB\} =0 - polylog n) ,

E||Ys - Yg|- Y2 - Y2 =0 . polylog n) :

E |[YolVs - Y5 [V, - V2| =0 : polylogn) ,

E [Ya|Vs - Y5 [V - Y22 = 0 (HOMM - polylog n> :

E [|(vs = Y)Y, =¥ = 0

If a, 3,7 € A satisfyaNB=an~vy =0, then

E[YS -y =0 (“W - polylog n) .
n

distance from the d; distance resulting from Theorem 2.2.
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Before we prove the lemma a short corollary will show how to derive a total variation



2.2. Stein’s Method for Random Hypergraphs

Corollary 2.5. Let Y be as in Lemma 2.4 with dy (%,gﬁog) = O(Var [Y]—1/2).

Then we have for all constants a and b

Y —~E[Y]
Var Y]

€ [a, b]] = (L+0(Var [Y]"Y")P [¢01 € [a, 1]

Proof. Let h(x) be a differentiable function with 0 < h(z) < 1 such that for all z € [a, b]
we have h(z) = 1 and for ¢ < a — v or > b+ v have h(x) = 0 for 7 still to be
defined. Furthermore let g(x) be a differentiable function with 0 < g(x) < 1 such that
for all = ¢ [a,b] we have g(z) = 0 and for z > a4y or x < b — v have g(x) = 1. It is
possible to construct such h and g such that sup,, |[h/(z)| = sup, |¢'(z)| < 2/7 by inserting
appropriately shaped functions in the intervals of size .

From the definition of d; and the assumption on Y we know that

‘E [h (W)] E[h(doy)

< (sup[(o)] + sup [1'(2)] ) O(Var [v] /)

Var[Y]
— O<W> (2.24)
Y
and
’E [g <m>] —E[g(¢01)]| < (sgplg(w)\ + sup |9’($)|> O(Var [y]™'/?)
—0 (VCLT‘ [Y}_1/2> . (225)
Y

Since h and g differ only in an interval of size v from the sharp (0, 1)-function and
the probability of being in an interval of size v is always O(7) for a normal distribution
it is clear that

|E [A(do,1)] = P[¢o1 € [a,b]]| = O() (2.26)

and
E [9(¢0,1)] — P[¢o,1 € [a,b]]] = O(v). (2.27)

Then we have (by the way we have chosen h):

(Y —ElY]

Var[Y]
(2:24) Var [Y]™1/?
< inou + o VL]

. ar [Y]71/?
(2§26) P[¢o,1 € [a,b]] + O (V[:]) +O(y)

<E

P [YM c [a’ b]

Var[Y]
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and correspondingly for g:

Y —E[Y] Y -E[Y]
<] 22 ()|
. ar [Y]71/?
(2225) E [g(cbo.1)] + O<V[7Y]>
. ar [Y]71/?
(2227) P[0 € [a,b]] + O(W) +O0(v)

By choosing v := Var [Y]_l/ * we get

‘P [Y—E[Y]

T © [a,m] ~Pgn1 € [a,bn‘ow Y72/ + )

= O(Var [Y]%)

2.3 Conditions for the Normality of N (Hy(n,p))

In this section we will prove the properties Y1-Y6 defined in Lemma 2.4, thereby proving
Theorem 2.1, which follows then directly from Theorem 2.3 together with Corollary 2.5.

Let k& = O(polylogn) and let A = {a C V : 1 < |o] < k}. Moreover, for A C V
with ANa = 0 let I2 = 1 if a is a component of H \ £(A), and 0 otherwise. Further,
set YA = |a| - IZ. We briefly write I, = I? and Y, = Y. Then (Y,)ac4 is a feasible
family, because whether « is a component or not only depends on the presence of edges
that contain at least one vertex of a.

Let C(S) denote the event that the subhypergraph of H induced on S C V is con-
nected. If I, = 1, then C(a) occurs. Moreover, H contains no edges joining o and V'\ ¢,
ie, HNE(a,V \ ) = (. Since each edge occurs in H with probability p independently,
we thus obtain

Pl = 1] = P[C(a)](1 — p)E@V I, (2.28)

Furthermore, observe that
Voc A ACBCV\a:Il=1-18=1 (2.29)

Proof of Y1: The order of magnitude of E[Y] and Var [Y] was already shown in
[Coja-Oghlan et al., 2006, Theorem 5]. To see 3~ g¢ 4.5na20 15 = O(E[Y]/n) note that

EW]ZZMZE%ZMZE%(Z)M

BeA b=1 peA b=1
B]=b
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2.3. Conditions for the Normality of N'(Hy(n,p))

while

BeA:BNaF#D =1 ﬁ‘g‘ajﬁb@

Proof of Y2: (2.12): Suppose that I, = 1. Then H features no edge that contains
a vertex in « and a vertex in 3. If in addition I3 =1, then we obtain that Iz = 1 as
well. Hence, Y3 = Yg'".

(2.13): This just means that any two components of H are either disjoint or equal.

(2.14): To show that Y, (Yp — Y§') = 0, assume that I, = 1. Then 7 is a component
of H, so that 8 cannot be a component, because v # 8 but v N 3 # 0; hence, Iz = 0.
Furthermore, if  is a component of H, then ~ is also a component of H \ £(«), so that
I = 1. Consequently, I =0. Thus, Yg =Yg =0.

In order to prove that Yva(Yﬁ — YBO‘) = 0, suppose that [7 = 1. Then Ig = 0, because
the intersecting sets (3, cannot both be components of H \ £(«). Therefore, we also have
I3 = 0; for if § were a component of H, then [ would also be a component of H \ £(«).
Hence, also in this case we obtain Y3 = Yﬁo‘ =0.

Proof of Y3: Suppose that Ig =1, i.e., 3 is a component of H. Then removing the
edges £(a) from H may cause [ to split into several components Bj, ..., B;. Thus, if
Y,f > 0 for some v € A such that yN G # (0, then ~ is one of the components By, ..., B;.
Since [ < |B] < k, this implies that given I3 = 1 we have the bound

>, Yr<E
Y:yNBF#D, yNa=0

Hence, we obtain Y3.

Lemma 2.6. Let 0 < I,r < 2, and let aq,...,a0,081,...,0- € A be pairwise disjoint.
Moreover, let Ay,..., Ay, B1,...,B, CV besets such that A; C B; C V\G; and |B;| < 2k
for all1 < i<, and assume that (\;_; B; \ A; = 0. Then

T

l T l
PN A e =171 # 15| <O (n™" - polylogn) [ P [la, = 1] [T P[5, = 1].
i=1 j=1 j=1 j=1

This lemma easily implies Y4-Y6. Just note that the exponent of n occurring in
Y4-Y6 is equal to the number of factors of the form Yg — Y3* while the number of p
occurring is equal to the total number of factors. Furthermore since Y, < k we have
PlLo = 1] = O(ua).

Proof. Since (2.29) entails that Iﬁj # Iﬁj — Iﬁj =1A Iﬁj =0, we have
. A B, . A B,
PVi,jiloy = 1ALy #150| =P Vi j: Lo, = 1AL =0AI5 =1]. (2.30)

We shall bound the probability on the right hand side in terms of mutually independent
events.
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Chapter 2. A Central Limit Theorem for the Number of Vertices

If I,, =1 and I B — 1 for all i ,J, then the hypergraphs induced on «; and (3; are
connected, i.e., the events C(a;) and C(B;) occur. Note that these events are mutually
independent, because C(a) (resp. C(B;)) only depends on the presence of edges e €
E(ai) \E(V \ o) (resp. e € E(8;) \ E(V \ ).

Furthermore, if «; is a component, then in H there occur no edges joining «; and
V' \ ay; in other words, H N E(a;, V \ ;) = . However, these events are not necessarily
independent, because £(a1,V \ a1) may contain edges that are incident with vertices in
ag. Therefore, we consider the sets

(i) = J aw U | B UB;,D(ai) = E(i, V \ i) \ E(F (i),

il i j=1

l r
)= Jaiu U 8y u U BirD(B)) = E(B;,V\ B) \ E(F(B)))-

=1 j'=1

Then I,, = 1 (resp. Ig;j = 1) implies that D(oy) N H = 0 (resp. D(B;) N H = 0).
Moreover, since the sets D(c;) and D(;) are pairwise disjoint, the events D(a;) N
D(B;) N H = () are mutually independent.

Finally, we need to express the fact that Iy 4 — 0 but I = 1. If this event occurs,
then H contains an edge connecting (3; with BJ \AJ7 ie., H ﬁ E(Bj, Bj \ A;) # 0. Thus,
let Q denote the event that H N E(B;, B; \ A;) # 0 for all 1<j<r.

Thus, we obtain

P(Vij: Lo, =1A Iy =0A T =1]

l r
<P /\(C(ai)A( o) N H = 0)) /\ D(Bj)NH=0))AQ
l
:HP[C(%)]P[D(@Z )N H = (] x H D(B;)NH =0 xP[Q].  (2.31)

We shall prove below that

P[D(es) NH = 0] ~ (1 - P) sVl P [D(B) NH = 0] ~ (1 —p)EP V)l (2.32)
P[Q] = O (n™" - polylog n) (2.33)

Combining (2.28) and (2.30)—(2.33), we then obtain the assertion.
To establish (2.32), note that by definition D(«a;) C E(w, V' \ ;). Therefore,

P[D(ey) N H = 0] = (1 — p)IP@dl > (1 — p)lElnV\as)l, (2.34)
On the other hand, we have ||, |F(a;)| = O(polylogn), and thus |[E(a;, F(a;))| <
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B
=
o
Q
)
-
A~
IS
3
[\
—
Il

O (nd_2 - polylog n) Hence, as p = O(n'~%), we obtain

P[D(cy) N H = 0] = (1 — p)Pl < (1 — p)l&lai Vi)=& (e, F ()]
~ (1= p)Ees Vol exp(p- O (n?~? - polylogn))
~ (1 _p)lg(amV\ai)\_ (2.35)
Combining (2.34) and (2.35), we conclude that P[D(e;) N H = (] ~ (1 — p)l€lesV )l

As the same argument applies to P [D(3;) N H = ()], we thus obtain (2.32).
Finally, we prove (2.33). If r = 1, then H contains an edge of £(1, By \ 41). Since

[€(B1, B\ A1) < [B1] - [Bi\ Ai| - 02 = O (n"2 - polylogn)

and because each possible edge occurs with probability p independently, the probability
of this event is P[Q] < O (nd_2 - polylog n) p=0 (n"!polylogn), as desired.
Now, assume that » = 2. Then H features edges e; € £(3;, Bj \ 4;) (j =1,2).
1st case: e; = ey. In this case, e contains a vertex of each of the four sets (31, B2, B1\ A1,
By \ As. Hence, the number of possible such edges is < nd—* H?:1 18| - |Bj \ Aj| =
O (nd_4 - polylog n) Consequently, the probability that such an edge occurs in H
is <O (nd_4 - polylog n) p=0 (n=3 - polylogn).

2nd case: e; # ez. There are < |3;| - |B; \ 4;] -n%2 = O <nd*2 - polylog n) ways to
choose e; (j = 1,2). Hence, the probability that such edges e, ez occur in H is

< (O (nd*2 - polylog n) p)2 = O (n2 - polylogn).

Thus, in both cases we obtain the bound claimed in (2.33). O

2.4 An Upper Bound for ¢

In this section we show that the conditions Y1-Y6 provided in Lemma 2.4 suffice to
prove § = O(c~ 1), thereby proving Lemma 2.4

Lemma 2.7. 3 4 E[|X4|Z2] = O (673E[Y] - polylogn)

Proof. Let

2 2
S1=> E Ya(zyﬂ) Sy=> E Ma(z Y,@) ;
acA anB£0 acA anNB#£D

2 2
S3 = Z E |Ya ( Z (Yﬁ - Yﬂa)) ,S4 = Z E | pa ( Z (YB - Y,él)) :
acA anB=0 acA anp=0
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Chapter 2. A Central Limit Theorem for the Number of Vertices

Since Xo = (Yo — tta)/0 < (Yo + o) /0, (2.8) entails that

2 2
E [|Xa|22] < 207°E | (Ya + o) (Z Yg) +< > %—Yﬁ))

anB#£D anp=0
< 2073(S1 + 53+ S5+ Sy).

Therefore, it suffices to show that S; = O (E[Y] - polylogn) for j =1,2,3,4.
Regarding S7, we obtain the bound

=3 > Y ENaysyy) (2%3) kY E[Ya] <O (E[Y]-polylogn).

acA anp#£D any#D acA

With respect to Sz, note that due to (2.13) and (2.15) we have E [YgY,]| < kug if
B = EYsY,] =0if 8 # v but BN~y # 0, and E[Y3Y,] = O (ugpiy - polylogn) if
BN~ = 0. Consequently,

=D Ha >, > E[¥pY)

acA  anB#£0 any#£D
Y1
< Z T Z Z O (ppp - polylogn) < O (E[Y]- polylogn). (2.36)
acA  anB#0 any#£D
Concerning S3, we obtain

Si=3 Y X E[Ya(¥s - ¥H)(¥, - V)

acA anp=0 any=>0
(2.21), (2.14)

< Z Z Z O(uauguwnﬂ-polylogn)

a€A anp=0 any=0
L 3 Y1
<O (n - polylogn)E[Y]” < O(E[Y]- polylogn).

To bound S4, we note that for disjoint o, € A and v € A disjoint from « the
conditions (2.16), (2.13), and (2.22) yield

O (X2 . polylogn) if B =1
E [|(Ys - V) (Vs = Y| = 0 if B#7,80y#0
O(“‘*’” polylogn) if BN~y = 0.

Therefore,

> B[l -y, - vy

anB=0 any=0
HaHy
<
Z Z 0] < > - polylog n) + Z (0] ( . - polylog n)
BeAvyeA BEA

<0 (E [Y]?/n? - polylog n) + O (E[Y]/n - polylogn)
= O(polylogn).
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2.4. An Upper Bound for §

Hence, we obtain

Si< Y 3 X E|(Ys—YE)(¥y—¥5)] < O(E[Y] - polylogn)
acA  anB#0 any#£D

Lemma 2.8. Y c 4> 5c A E[|XaZapVagpl] = O (0 E[Y] - polylog n)

Proof. Let S1 = Y om0 E | XaY5Vas|] and So = Yorg_g E HXQ(Yﬁ - Y;)Vaﬂu. Then
the definition (2.9) of Zug yields that Y- c 4 Y gea E [[XaZapVapl] < 071 (S1+52) Hence,
it suffices to show that S, Sy = O (6 2E[Y] - polylogn).

To bound S;, we note that Y, Y3 = 0if anN B # 0 but a # 3 by (2.13), and that
Vop = 0 if & = 3 by the definition (2.10) of Vag. Thus, if a N 3 # (), then

(28) _ )
E(|XaYsVasl] < 0 'E[(Ya + pa)[YaVasl] < 07 B [|Y5Vagl]- (2.37)
Furthermore,
e Y7 2
T, f)= > E[Vp¥e]<iug (2.38)
Y:yNBAD, yNa=0
= > Y E[vsyy - v (2.39)
anB#D 2=
(2.18)
< Z Z 0] <,u/3,ufy polylogn)

B:anB#0 7 Brw g

<0 (n*l - polylog n) (Z Mv) Z 1%

vyEA anB#£0

Y1 1
<0 (n E[Y] - polylog n) = O(polylogn). (2.40)

Combining (2.37)-(2.40), we get

S1<07 Y Y waE[lYs aﬁ! 2zﬂa<T2 + > Tia )

a€A anB#£0D acA B:anB#£0

Y1
<O (072 - polylog n) (E Y]+ k? Z Mﬁ) <0 (072E [Y] - polylog n)
B:aNB#£0
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Chapter 2. A Central Limit Theorem for the Number of Vertices

To bound Sy, let a, B € A be disjoint. As X, < (Y, + pa)/0, we obtain

E [|Xa(Ys — Y§)Vas| <o™E[|(Ya + 1a)(¥s — Y5 Vas |
(2.10), (2.14)

o ’E H(Ya + 110) (Vs — YBC“)YBC“H
+072 3 E[|(Ya + pa) (Vs - Y)Y = v

v:B8N~y=0
ANaNy=0

<o Ty + Ty + T3 + Ty), (2.41)
where

T =E HYQ(Yﬂ —Yg)

Oé:|’
)
= Y E[|[va(vs - vg) vy - v

]
v:BN~y=0
Aany=0

Th=pa > EH (Vs — YE) (Y2 Y“Uﬁ)u

y:8Ny=0
AanNy=0

Ty = o [|(Ys - V§)

Now, 71 = 0 by (2.12). Moreover, bounding 7% by (2.16), 73 by (2.20) and T by (2.19),
we obtain

o’E HXO‘(Yﬁ — YB‘“)VQBH <0 (M aHp - polylog n) Z (@) (Ma'uﬁu'y polylogn>

v:B8Ny=0
Aany=0

=0 (Mauﬁ - polylog n)
n

Thus, (2.41) yields

Sy < o2 Z (@) <M0;1MB - polylog n) =0 (n_10_2E [Y]2 - polylog n)
anp=0

=0 (0_21[*3 [Y] - polylog n) ,
as desired. ]
Lemma 2.9. Y c 4> 5c A E | XaZogl|E (| Za + Vasl] = O (6 7*E[Y] - polylog n)
Proof. Since |0 X,| < Yy + plas
Y Y EllXaZagllE[|Za + Vagl] < (Z > B (| Zagll(E (| Zal] + E [[Vasl))+
acA BeA acA BeEA
E[Yal Zagl|(B | Zal] + E[Vagl)).  (242)
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Furthermore, we have the three estimates

B[ Zo] <0 Y ElZagl E Y ust+ Y E[|ve-vg]

ﬁeA anNB#D anp=0
(2.16),Y

feA
EVsll < Y B[+ X E[ve v
v:BNy#D y:B8Ny=0
Aany=0 Aany=0
(2:23),¥1 > o (ﬂflu7 - polylog n) < O(polylogn),
veA
S 0B YalZao) E Y BV + Y E[a|vs - vy
BeA anp#0 anf=0
(2.13),(2.17) S Ma/lﬁ O (tto, - polylogn) .

anp=0

Now, (2.43)—(2.45) yield

> Y taE | Zagll(E (1 Zal] + E[[Vasl]) = O (072 - polylogn) 3 jia

acApBeA acA

=0 (0_2E [Y] - polylog n) ,
of

Z Z E [Ya’ZaBH(E [|Za]] + E UVaBH) = o2 polylog n) Z Mo
acApBeA acA

= (0_2IE [Y] - polylog n) .
Combining (2.42), (2.46), and (2.47), we obtain the assertion.

Finally, Lemma 2.4 is an immediate consequence of Lemmas 2.7-2.9.

< Z 0] (n 3 - polylog n) = O(polylogn),

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)
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Chapter 3

A Local Limit Theorem for the
Number of Vertices

3.1 Results

Though Theorem 2.1 provides useful information about the distribution of N (Hg(n,p))
and may be sufficiently accurate in many contexts, the main result of this thesis is actually
a local limit theorem for N'(Hy(n, p)), which characterises the distribution of N'(H4(n,p))
even more precisely. To motivate the local limit theorem, we emphasise that Theorem 2.1
only estimates N(Gy,p) up to an error of o(c), where o = ©(y/n). That is, we do obtain
from (2.2) that for arbitrarily small but fixed 6 > 0

oo v—(1-p)n—t)?
PNV (Ha(n, p)) —v| < d0] ~ le /_&Texp(( d 20’;) ) )dt, (3.1)

i.e., we can estimate the probability that N'(Hg(n,p)) deviates from some value v by at
most do. However, it is impossible to derive from (2.2) or (3.1) the asymptotic probability
that N'(Hg(n,p)) hits v ezxactly.

By contrast, our next theorem shows that for any integer v such that |v— (1 —p)n| <
O(o) we have

1 v—(1—p)n)?

PN (Hy(n, ) =¥] ~ o esp (-2, (3.2
2ro 20

provided that (d — 1)~ +e < (~})p = O(1). Note that (3.2) is exactly what we would

obtain from (3.1) if we were allowed to set § = Jo(n,p)”! in that equation. Stated
rigorously, the local limit theorem reads as follows.

Theorem 3.1. Let d > 2 be a fized integer. For any two compact intervals T C R,
J C ((d—1)7Y 00), and for any § > O there exists ng > 0 such that the following
holds. Let p = p(n) be a sequence such that ¢ = c(n) = (Zj)p € J for all n, then

PN (Hy(n,p)) = v] = O(n=2) for all v.
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Furthermore let p = p(n) be a sequence such that ¢ = c¢(n) = (Z:%)p e J for all n,
let 0 < p=p(n) <1 be the unique solution to (1.2), and let o be as in (2.1). If n > ny
and if v is an integer such that o= (v — (1 — p)n) € I, then

1-6 exp (_(u— (1 —p)n)2> < PIN(Hy(n.p)) = ] < 146 oxo (_(u— (1 —p)n)2>.

2mo 202 T V2mo 202

3.2 Proof of the Local Limit Theorem

Throughout this section, we assume that ¢ = c¢(n) = (Zj)p € J for some compact
interval J C ((d—1)71,00). Moreover, we let T C R be some fized compact interval, and
v denotes an integer such that (v — (1 — p)n)/o € I. All asymptotics are understood to
hold uniformly in ¢ and (v — (1 — p)n)/o.

3.2.1 Outline

n—1

Let ¢ = ¢(J) > 0 be independent of n and small enough so that (1 —¢e)(;";)p >
(d—1)"' +¢e. Set pr = (1 —¢)p. Moreover, let py be the solution to the equation
p1 + p2 — pip2 = p; then pa ~ ep. We expose the edges of Hy(n,p) in four “rounds” as
follows.

R1. As a first step, we let Hy be a random hypergraph obtained by including each of
the (Z) possible edges with probability p; independently. Let G denote the largest
component of Hj.

R2. Let Hs be the hypergraph obtained from H; by adding each edge e ¢ H; that lies
completely outside of G (i.e., e C V' \ G) with probability py independently.

R3. Obtain Hj3 by adding each possible edge e ¢ H; that contains vertices of both G
and V' \ G with probability p, independently.

R4. Finally, include each possible edge e ¢ Hp such that e C G with probability ps
independently.

Here the 1st round corresponds to the first portion of edges mentioned in Section 1.2,
and the edges added in the 2nd—4th round correspond to the second portion. Note
that for each possible edge e C V the probability that e is actually present in Hy is
p1 + (1 — p1)p2 = p, hence Hy = Hy(n,p). Moreover, as (Zj)pl > (d—1)"' 4+ ¢ by
our choice of €, Theorem 1.2 entails that a.a.s. H; has exactly one largest component of
linear order 2(n) (the giant). Further, the edges added in the 4th round do not affect
the order of the largest component, i.e., N'(Hy) = N (Hs3).

In order to analyse the distribution of N'(Hgy(n,p)), we first establish central limit
theorems for N'(H;) = |G| and N (Hs) = N(Hy) = N(Hg(n,p)), i.e., we prove that
(centralised and normalised versions of) N (H;) and N (Hs) are asymptotically normal.
Then, we investigate the number of vertices S = N'(H3z) — N'(H;) that get attached to G
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3.2. Proof of the Local Limit Theorem

during the 3rd round. We shall prove that given that |G| = n1, S is locally normal with
mean us + (n1 — p1)As and variance 0‘29 independent of ni. Finally, we combine these
results to obtain the local limit theorem for N'(Hy(n,p)) = N(Hs) = N (Hy) + S.

Let ¢; = (Zj)pl and c3 = (Zj)p. Moreover, let 0 < p3 < p; < 1 signify the solutions

to the transcendental equations p; = exp (cj(p?_l — 1)) and set for j = 1,3

, P (1 —pj+eid=1)(p; —pf
pj =1 =pjn, o5 = 12
(I —cj(d— 1)Pj )

))n

(cf. Theorem 1.2).
The following proposition, which is a corollary to Theorem 2.1, establishes a central limit
theorem for both N'(H;) and N (Hs).

Proposition 3.2. (N (H;) — pj)/oj converges in distribution to the standard normal
distribution for j =1, 3.

Let now and in the following N7 = N (H;) and N3 = N(H3). With respect to the
distribution of S, we will establish the following local limit theorem in Section 3.3.

Proposition 3.3. Suppose that |ny — 1| < n%.

1. The conditional expectation of S given that |G| = ny satisfies E[SINT =n;] =
us +As(n1— p1) +o(y/n), where us = O(n) and \s = O(1) are independent of ny.

2. There is a constant C > 0 such that for all s satisfying | s+ As(n1 — 1) —s| < n%6
we have P[S = v|N7 =nq] < Cn~3.

3. If s is an integer such that |us 4+ As(n1 — p1) — s| < O(y/n), then

1 exp (s +As(n1 — 1) — )
V2mos 20% ’

where o = O(y/n) is independent of ny.

P[SZS’Nl =n1] ~

Since N3 = N1 + S, Propositions 3.2 and 3.3 yield

3 = p1 + ps +o(v/n). (3.3)

Combining Propositions 3.2 and 3.3, we derive the following formula for P [N5 = 1]
in Section 3.2.2. Recall that we are assuming that v is an integer such that (v — pu)/o =

(v —us3)/os €T.

Corollary 3.4. Letting z = (v — us) /o3, we have

PN =v] ~ ! /OO exp <x21<(x-(1+>\3)01z'03>2>dx. (3.4)

210s J-—co
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Chapter 3. A Local Limit Theorem for the Number of Vertices

Proof of Theorem 3.1. Integrating the right hand side of (3.4), we obtain an expression
of the form

VorT 272

where x,72 = ©(n). Therefore, on the one hand (N3 — u3)/03 converges in distribution
to the normal distribution with mean x — u3 and variance (7/03)2. On the other hand,
Proposition 3.2 states that (N3 — us3)/o3 converges to the standard normal distribution.

PN = 1] ~ ——— exp (-“"’””)2> (3.5)

Consequently, |k — u3] = o(7) and 7 ~ o03. Plugging these estimates into (3.5), we
obtain P [N3 =v] ~ 2;03 exp (—%(V — u3)2052). Since N3 = N (Hy(n,p)), this yields
the assertion. ]

3.2.2 The Distribution of A5 as a Combination of N; and S

Proof of Corollary 3.4. Let a > 0 be arbitrarily small but fixed as n — oo, and let C' =
C’(a)) > 0 be a large enough number depending only on aw. Set J = {ny € Z: |n1 — 1| <
C'vnllet J = {n1 € Z:C'\/n < |ni—p1| <nC} and J” = {n1 € Z : |ny—p1| > n"6}.
Then letting

\I’X = Z [P)[Nl = nl]IP’[S = V—n1|N1 = nﬂ, for X € {J, J’,J”}
ni1eX

we have P [N3 = v|] = ¥ ;+ W 4+ ¥ ;i and we shall estimate each of the three summands
individually.
Since Theorem 1.2 implies that P [[N] — p1]| > n%31] <n719 we conclude that

Uy <P[N € J"] <n 1 (3.6)

Furthermore, as 02 = O(n), Chebyshev’s inequality implies that

PN € Jl} <P[M — ] > Cl\/a < U%C/_Qn_l <a/C’, (3.7)

provided that C” is large enough. Hence, combining (3.7) with the second part of Propo-
sition 3.3, we obtain

C aC 1/2

UV, <PMeJ] —=< <an” 3.8
J = [N 1 ] \/ﬁ = \/ﬁ an ) ( )

where we need to pick C’ sufficiently large.
To estimate the contribution of n; € J, we split J into subintervals Ji,..., Jx of

length between 57 and Z. Moreover, let I; be the interval [(min J; — p1)/o1, (max J; —
u1)/o1]. Then Proposition 3.2 implies that

1—a exp(—z2/2)dx < Z PN =nq] <

2
< exp(—z“/2)dx 3.9
V2 JI; el V2 JI; ( /2 (3.9
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3.3. The Conditional Distribution of S

for each 1 < j < K. Furthermore, Proposition 3.3 yields

exp <_ (v —mn1 —ps — As(ny — M1))2>'

P[S=v—n|N =n] ~ 572
S

1
V2rmog

for each ny € J. Hence, choosing C” sufficiently large, we can achieve that for all n; € J;
and all x € I; the bound

P[S =v—m|N =ny] < ( 0‘)2 exp <_(V_M1—U1x—us—)\5(n1—,ul))2>

V2mos 20%

3.3) (14 a)? 1 %
D e (-2(( (AT - US)) (3.10)

holds. Now, combining (3.9) and (3.10), we conclude that

K
\I/J:Z Z P[Nl :nl]P[S:V—nl\lenl]

Jj=1lnieJ;
1+a 2 1 o1 U3>2
_z _Z (14 de)— — 7. = d
27703 iz / P ( 2 2 <( 1+ S)os : s !
1+4a [® 2 1 o1 03 2
< o /_Oo exp ( 5 "5 <(x (1+ 5)05 z US) x ( )

Analogously, we derive the matching lower bound

1—4a [ 2 1 o1 o3\ 2
Uy > —_ = = L+ Ag)— — 2 — dx. 3.12
g > 2mos [m exp ( 55 ((x (1+ S)Us z 0’$> T (3.12)

Finally, combining (3.6), (3.8), (3.11), and (3.12), and remembering that P [N3 = v] =
W+ U 4+ U n, we obtain the assertion, because a > 0 can be chosen arbitrarily small
if n gets sufficiently large. O

3.3 The Conditional Distribution of S

Throughout this section, we keep the notation and the assumptions from Section 3.2. In
addition, we let G C V be a set of cardinality ny such that |ny — puy| < n%.

3.3.1 Outline

The goal of this section is to prove Proposition 3.3. Let us condition on the event that
the largest component of Hy is G. To analyse the conditional distribution of S, we need
to overcome the problem that in H; the edges in the set V'\ G do not occur independently
anymore once we condition on G being the largest component of H;. However, we will
see that this conditioning is “not very strong”. To this end, we shall compare § with an
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Chapter 3. A Local Limit Theorem for the Number of Vertices

“artifical” random variable Sg, which models the edges contained in V' \ G as mutually
independent objects. To define Sg, we set up random hypergraphs H; g, j = 1,2,3, in
three “rounds” as follows.

R1’ The vertex set of Hyg is V = {1,...,n}, and each of the (";"*) possible edges
e C V'\ G is present in H; ¢ with probability p; independently.

R2’. Adding each possible edge e C V \ G not present in H; g with probability ps
independently yields Hs .

R3’. Obtain Hj3 g from H g by including each possible edge e incident to both G' and
V' \ G with probability ps independently.

The process R1'-R3’ relates to the process R1-R4 from Section 3.2.1 as follows. While
in Hy the edges in V'\ G are mutually dependent, we have “artificially” constructed H; ¢
in such a way that the edges outside of G occur independently. Then, H ¢ and H3 ¢ are
obtained similarly as Hs and Hs, namely by including further edges inside of V' \ G and
crossing edges between G and V' \ G with probability ps. Letting Sg denote the set of
vertices in V' \ G that are reachable from G, the quantity Sg = |Sg| now corresponds to
S. In contrast to R1-R4, the process R1'-R3’ completely disregards edges inside of G,
because these do not affect Sg. The following lemma, which we will prove in Section 3.3.3
shows that Sg is indeed a very good approximation of S, so that it suffices to study Sg.

Lemma 3.5. For any v € Z we have |P[S=v | N7 =n1] —P[Sg = v]| < n~.

As a next step, we investigate the expectation of Sg. While there is no need to
compute E[Sg| precisely, we do need that E[Sg| depends on ny — py linearly. The
corresponding proof can be found in Section 3.3.4.

Lemma 3.6. We have E[Sg| = us + As(n1 — p1) + o(y/n), where ps = O(n) and
As = ©(1) do not depend on n;.

Furthermore, we need that the variance of S¢ is essentially independent of the precise
value of ny. This will be proven in Section 3.3.5.

Lemma 3.7. We have Var [Sg| = O(n). Moreover, if G' C V is another set such that
|1 — |G'|| = o(n), then [Var [Sq] — Var [Ser]| = o(n).

To show that Sg satisfies a local limit theorem, the crucial step is to prove that for
numbers s and ¢ such that s is “close” to t the probabilities P[Sg = s], P [Sg = t] are
“almost the same”. More precisely, the following lemma, proven in Section 3.3.2, holds.

Lemma 3.8. For every a > 0 there is f > 0 such that for all s,t satisfying |s —
E[Sc]l, |t — E[Sg]| < n%6 and |s — t| < Bn'/? we have

(1-a)P[Sg=5-n"""<P[Sg=t]<(1+a)P[Sg=s]+n1.

Moreover, there is a constant C > 0 such that P[Sg = s] < Cn~2 for all integers s.
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3.3. The Conditional Distribution of S

Letting Go = {1,...,[m1]}, we define 0% = Var [Sg,] and obtain a lower bound on
os as an immediate consequence of Lemma 3.8.

Corollary 3.9. We have os = Q(y/n).
Proof. By Lemma 3.8 there exists a number 0 < § < 0.01 independent of n such that for
all integers s, t satisfying |s — E [S¢]|, |t — E[S¢]| < v/n and |s — t| < 8y/n we have

P[Sg =1t > -P[Sg =s] —n 1. (3.13)

Wl N

Set v = (3%2/64 and assume for contradiction that J?S < yn/2. Moreover, suppose that
G =Go=1{1,...,[p1]}. Then Chebyshev’s inequality entails that

N[ =

PllSe —E[Scl| = vn] <

Hence, there exists an integer s such that |s — E [Sg]| < /71 and P [Sg = 5| > %(vn)fé

Therefore, due to (3.13) we have P[Sg =t] > i(yn)_% for all integers t such that
|s — t| < By/n. Thus, recalling that v = (32/64, we obtain 1 > P[|Sg — s| < 8y/n] =

Dtli—s|<pym P Sc =1t > f\/\{% > 1. This contradiction shows that 0% > yn/2. O

Using the above estimates of the expectation and the variance of Sg and invoking
Stein’s method once more, in Section 3.4 we will show that Sg is asymptotically normal.

Lemma 3.10. If |n; — u1| < n%%, then (Sg — E[Sg])/os is asymptotically normal.

Proof of Proposition 3.3. The first part of the proposition follows readily from Lemmas 3.5
and 3.6. Moreover, the second assertion follows from Lemma 3.8. Furthermore, we shall
establish below that

2
P[Sq = s] ~ \/%exp (—(8_;1;8[8])> for any s such that |s — E [S¢g]| = O(y/n).
(3.

This claim implies the third part of the proposition. For (s — E[S])?0g" ~ (us +
As(n1 — p1))?05? by Lemma 3.6 and Corollary 3.9, and P[S = s|N] = n;] ~ P[Sg = 5]
by Lemma 3.5.

To prove (3.14) let a > 0 be arbitrarily small but fixed. Since 0% = O(n) by
Lemma 3.7 and Corollary 3.9, Lemma 3.8 entails that for a sufficiently small G > 0

and all s, ¢ satisfying |s — E[S¢]|, [t — E[Sg]| < n%C and |s — t| < Bos we have
(1-a)P[Sg=5-n""0<PSg=t<(1+a)P[Sg=s]+n1. (3.15)

Now, suppose that s is an integer such that |s — E[Sg]|| < O(y/n), and set z = (s —
E[Sc])/os. Then Lemma 3.10 implies that

1—q« z+p

V 2T z—0

P[|Sq — s| < Bos] > exp(—z2/2)dz > (1 — 2a) exp(—22/2), (3.16)

g
Va2
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provided that 3 is small enough. Furthermore, (3.15) yields that

BISc—s|<fosl= Y PBlSg=1 < fos((1+a)P[Se =3 +n0)
t:|t—s|<Bos
< (1+a)BosP[Sg = s] +n~7, (3.17)

because os = O(y/n) by Lemma 3.7. Combining (3.16) and (3.17), we conclude that

1—2a 1 9 1—4da (s —E[Sg])?
P[Sg = s| > : —22/2) —n7 > S
So=o12 120 L ey nmx L exp< o

Since analogous arguments yield the matching upper bound

_ 1 +4a (s —E[Sg))?
P[Sq =s] < mexp <_2‘129>’

and because a > 0 may be chosen arbitrarily small, we obtain (3.14). O

Next we will prove Lemma 3.8 which provides the central locality argument while the
more technical proofs of Lemma 3.5, 3.6 and 3.7 are deferred to the end of this section.

3.3.2 Locality of Sg

In this section we will prove Lemma 3.8. Since the assertion is symmetric in s and ¢, it
suffices to prove that P [Sg = s] < (1—a) P [Sg = s]+n . Let F = E(H3 )\ E(Ha )
be the (random) set of edges added during R3’. We split F into three subsets: let Fj
consist of all e € F such that either |e \ G| > 2 or e contains a vertex that belongs to a
component of V' '\ G of order > 2. Moreover, F3 is the set of all edges e € F \ F; that
contain a vertex of V' \ G that is also contained in some other edge ¢’ € Fy. Let Hé}G
denote Hp ¢ with the edges from F; and F; added. Finally, F3 = F \ (F1 U F2); thus,
all edges e € F3 connect d — 1 vertices in G with a vertex v € V' \ G that is isolated in
HévG, see Figure 3.1 for an example.

As a next step, we decompose Sg into two contributions corresponding to F1 U F
and F3. More precisely, we let Sglg be the number of vertices in V' \ G that are reachable
from G in Hy g + F1 + F2 and set Siéo =8g — gig. Hence, if we let W signify the set
of all isolated vertices of Hy ¢ + F1 + F» in the set V' \ G, then SiGSO equals the number
of vertices in VW that get attached to G via the edges in Fj3.

We can determine the distribution of SE° precisely. For if v € W, then each edge e
containing v and exactly d — 1 vertices of G is present with probability ps independently.

Therefore, the probability that v gets attached to G is 1 — (1 — pg)(dnfll). In fact, these
events occur independently for all v € W. Consequently,

Sk = Bi(\W!, 1-(1 —pz)(dnll)>, piso = B [SE°] = WI(1 = (1 = po) ) = 2w,

(3.18)
where the last equality sign follows from the fact that py ~ ep; = ©(n'~9).
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3.3. The Conditional Distribution of S

Figure 3.1: The three kinds of edges (black) which attach small components to G. The
edges of Hs ¢ are depicted in grey.

iso

Hence, Sg = Sgig + S5° features a contribution that satisfies a local limit theo-

iso

rem, namely the binomially distributed Sg°. Thus, to establish the locality of Sg (i.e.,
Lemma 3.8), we are going to prove that Sg “inherits” the locality of S5°. To this end,
we need to bound |W|, thereby estimating s, = E [SE°].

Lemma 3.11. We have P [|W\ > 2(n—mn) exp(—c)} >1—-n"10

The proof of Lemma 3.11 is just a standard application of Azuma’s inequality, cf. Sec-
tion 3.3.6.
Further, let M be the set of all triples (H, Fi, F») such that

Mi1. P[SG = S|H2,G =H Fi=FN,F= FQ] > n_ll, and

M2. given that Hy g = H, F1 = Fi, and Fo = [y, the set W has size > %(n —
n1) exp(—c) = Qn).

Lemma 3.12. If |s — t| < By/n for some small enough § = B(a) > 0, then
P[SG = t|(H2’G,.7:1,F2) S M} > (1 — Oz)P [SG = S|(H2’G,.7:1,F2) S M]

Proof. Let (H, Fy, Fy) € M, and let b be the value of Sgig given that Ho g = H, F1 = F}
and F5 = F5. Then given that this event occurs, we have Sg = s iff Sgo =s—b. As
(H, Fy1, F>) € M, we conclude that

P[Sq = s|Hog = H, Fi = F1, Fo = Fy] =P [Bi(\W\, 1-(1 —pg)(dn—ll)) — 5 b}

M1
St

Therefore, the Chernoff bound (1.3) implies that [s — b — piso| < n%6. Furthermore,
since we assume that |t — s| < Bnl/? for some small B = B(a) > 0 and as piso =
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IWI(1-(1 —PQ)(dn‘ll)) > Q(n) due to M2, Proposition 1.1 entails that
P {Bi<|W|, 1-(1 —pg)(dnll)> — 1 b} > (1—a)P {Bi<|W|, 1-(1 _p2)(;”1)) —s— b}

Thus, the assertion follows from (3.18). O

Proof of Lemma 3.8. By Lemmas 3.11 and 3.12, we have

PSc =] <P |Sq = s|Hyg ¢ M|P[Hy & M|+ (1-a) 'P[Sq =1]

M1, M2
<L PIW = o(n)] + (1 - )P [Sg = 1]

<(1—a) 'P[Sg=1t]+n 0,

as claimed. O

3.3.3 Approximating S via Sg

This section contains the proof of Lemma 3.5. Let Lg signify the event that G is the
largest component of H;. Given that Lg occurs, the edges in H3 — G do not occur
independently anymore. For if L5 occurs, then H; — G does not contain a component on
more than |G| vertices. Nonetheless, the following lemma shows that if £ C £(V)\ £(G)
is a set of edges such that the hypergraph H(E) = (V,ENE(V \ G)) does not feature
a “big” component, then the dependence of the edges is very small. In other words, the
probability that the edges E are present in Hg is very close to the probability that these
edges are present in the “artificial” model H3 ¢, in which edges occur independently.

Lemma 3.13. For any set E C £(V)\ £(G) such that N(H(E)) < In%?n we have
P[E(Hs) \ £(G) = E|Lg] = (1+ O(n” )P [E(Hs ) = E).

Before getting down to the proof of Lemma 3.13, we first show how it implies
Lemma 3.5. As a first step, we derive that it is actually quite unlikely that either
Hs — G or H3 g — G features a component on > In? n vertices.

Corollary 3.14. We have

P [N(Hg —G) > In? n|Eg},P {./\/'(H&G —G) > In? n} = 0(n™19).

Proof. Theorem 1.2 implies that P {J\/’(H&G - G) >1n? n} = O(n~19), because Hj ¢ sim-

ply is a random hypergraph Hq(n — n1,p), and (", "{)p ~ (" 4)p < (d — 1)~! by (1.4).
Hence, Lemma 3.13 yields that

P [/\/(H3 ~G) < In? n|LG} > (1- O(n™19)P [/\/(Hg,c ~ @) <In? n} >1-0(n19).

O
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Proof of Lemma 3.5. Let As denote the set of all subsets E C £(V) \ £(G) such that in
the hypergraph (V, E) exactly s vertices in V' \ G are reachable from G. Moreover, let
B; signify the set of all E € A, such that N'(H(E)) < In?n. Then

P[S = s|La] = P[E(Hs) \ £(G) € As|L¢], and P[Sg = 5] = P[E(Hs ) € AJ]. (3.19)
Furthermore, by Corollary 3.14
PE(Hy) \ E(G) € A\ Bi|Le] <P [N (Hs - G) > n?n|Lg| = 0(n~™0),  (3.20)
P[E(Hsq) € As\ By <P [N(H&G ~G) > In? n} = O0(n10), (3.21)
Combining (3.19), (3.20), and (3.21), we conclude that
P[S = s|Lg] = P[E(H3) \ £(G) € Bs|Lg] + O(n™10)
e 313p 1 B Hy o) € By + O(n~19) = P[Sg = s] + O(n~ '),

thereby completing the proof. O

Thus, the remaining task is to prove Lemma 3.13. To this end, let H;(E) denote
the event that £(V \ G) N E(H;) = E. Moreover, let Ha(FE) signify the event that
E(V\G)NE(H2)\ E(Hy) = FE (i.e., E is the set of edges added during R2). Further, let
H3(E) be the event that £(G,V \ G) N E(H3) = E (i.e., E consists of all edges added by
R3). In addition, define events Hy ¢(E), Ha,c(E), Hs,c(E) analogously, with H;, Hs,
Hj replaced by Hy g, He g, H3 . Finally, let Cg denote the event that G is a component
of Hi. In order to prove Lemma 3.13, we establish the following.

Lemma 3.15. Let By C E(V\G), Ea C E(V\G)\ E1, and E3 C £(G,V\G). Moreover,
suppose that N(H(E1)) < In?n. Then

3 3
P [/\ Hi(Ei)wG] = (1+0(n )P [/\ Hi,G(Ei)] :
i=1 =1
Proof. Clearly,

P [HQ(EQ) A Hg(E3)|£G A H1 (El)]P [Hl (El) A ﬁg]

3
P [/\1 Hi(Ei)]Ligl = 0] . (3.22)

Furthermore, since R2 and R3 add edges independently of the 1st round with probability
p2, and because the same happens during R2’ and R3’, we have

P [HQ(EQ) A Hg(Eg)‘EG A H1 (El)] =P [HZG’(EQ) A ng(;(E3)|’H17(;(E1)]. (3.23)

Moreover, given that H;(E;) occurs, H; — G has no component on more than In2n
vertices. Hence, G is the largest component of H; iff G is a component; that is, given
that H;(E4) occurs, the events L and Cg are equivalent. Therefore, P[Lq A Hi(E7)] =
P[Ce A'H1(Eh)]. Further, whether or not G is a component of H; is independent of the
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edges contained in V' \ G, and thus P [Ca A H1(E1)] = P[Cq|P[H1(E1)]. Hence, as each
edge in F is present in Hp as well as in H; ¢ with probability p; independently, we
obtain

P(Le AHL(EL)] = P [Celp™ (1 — p)fV\D-IB = PlCoIP[HyG(EY)).  (3.24)
Combining (3.22), (3.23), and (3.24), we obtain

P

_ PlCg] :
l/\ Hi( |EG] = FlZg] P L/:\1 Hi,G(Ei)]- (3.25)

Since by Theorem 1.2 with probability > 1—n"10 the random hypergraph H; = Hy(n,p;)

has precisely one component of order 2(n), we get [[CG]} 1+ O(n~19%). Hence, (3.25)
implies the assertion. O

Proof of Lemma 3.13. For any set E C E(V) \ £(G) let F(E) denote the set of all
decompositions (Eq, Fa, E3) of E into three disjoint sets such that Fy, Es C E(V \ G)
and B3 C £(G,V\ G). If N(H(e)) < In%?n, then Lemma 3.15 implies that

P[E(H3)\ £(G) = E|Lg] = > [/\H |cc]

(E1,B2,E3)eF(E)

3
= (1+0(n"1) > P [/\ Hi,G(EZ-)]

(Ev,E2,E3)eF(E) Li=1
= (1+0(n )P [E(Hs ) = F),

as claimed. O

3.3.4 The Expectation of S

The proof of Lemma 3.6 follows. Recall that S¢ signifies the set of all vertices v € V' \ G
that are reachable from G in Hj ¢, so that Sg = |S¢|. Letting C, denote the component
of Hy ¢ that contains v € V', we have

= Y PesSgl= > ZPUES@HC|—/€] [[Cy] = K] (3.26)
veV\G veV\G k=1

Since Hp ¢ is just a random hypergraph Hgy(n —n1,p), and because (", "")p ~ (", 1")p <
(d—1)~! by (1.4), Theorem 1.2 entails that N'(Hz,g) < In? n with probability > 1—n"10,
Therefore, (3.26) yields

In%n

E[Sal=o0(1)+ > Y PlveSq|C|=kP[Cy| = k] (3.27)
veV\G k=1
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To estimate P [v € S¢||Cy| = k], let z = z(n1) = (n1 — p1) /o1,

§o = exp <—p2<<z: i) - <nd__ull>>>a and £(z) = &o (1 + zo1p2 <7;__l;1>>

Additionally, let ((z) = (", "")p ~ (" "1)p — zo1 (" 15 p.
Lemma 3.16. For all 1 < k < In?n we have P[v € Sg | |Cy| = k] = 1 — £(2)* +
O (n~! - polylogn).

Proof. Suppose that |C,| = k but v ¢ Sg. This is the case iff in H3 ¢ there occurs no
edge that is incident to both G and C,. Letting £(G,C(v)) denote the set of all possible
edges connecting G and C,, we shall prove below that

n n—p 01 (= H
£(G,C)| =k<<d 1) - <d f) + o ( d;)) (3.28)

+ 0 (nd_2 - polylog n) =0 (nd_l - polylog n) .

By construction every edge in £(G, C,) occurs in Hs ¢ with probability ps independently.
Therefore,

Plo # SqlICul = K] = (1 — po)fEG)
= (140 (0" - polylogn)) exp (~pal|E (G, C)))

2140 (n_l - polylog n))f(z)k,

hence the assertion follows.
Thus, the remaining task is to prove (3.28). As a first step, we show that

£(G,C)| = (Z) - (n ; k) —~ (n —dm) + (n B T;l B k) (3.29)

For there are () possible edges in total, among which (”;k) contain no vertex of C,,

("";") contain no vertex of G, and ("_Zl_k ) contain neither a vertex of C, nor of G thus,
(3.29) follows from the inclusion/exclusion formula. Furthermore, as k = O(polylogn),
we have (1) — (";k) = (14 O (n~'-polylogn))k(,",) and (") — ("_’zll_k) =1+

O (n=! - polylogn))k(" ). Thus (3.29) yields

_ -1, n (=
E(G.C)|=(1+0(n polylogn))k((d " 1) < L )) (3.30)
As ny = py + zoq, we have (", 1) = (") —zo1 (") + O (nd*Q - polylog n), so that
(3.28) follows from (3.30). O
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Let ¢(¢,€) = 3202, qx(€)€F be the function from Proposition 1.3. Combining (3.27)
with Proposition 1.3 and Lemma 3.16, we conclude that

E [Sc] = o(n'/?) + q((n — m1)p. £(2)) (n — m) = o(n'/?) + q(((2),€(2)) (n — m1). (3.31)
Since ¢ is differentiable (cf. Proposition 1.3), we let A = g—Z(C(O), £(0)) and A¢ =
GL(C(0),£(0)). As ¢(2) = €(0),£(2) = £(0) = O(n"112), we get

4(¢(2),€(2)) = a(¢(0),€(0)) = (C(2) = C(0))A¢ + (£(2) — £(0))Ag + o(n~1/?)

= Z201 <7;__'U;> (f@AgpQ — Agp) + 0(%71/2). (3.32)

Finally, let us = (n — p1)q(¢(0),£(0)) and

A= n0.50 -a-tewe-20 (4

Then combining (3.31) and (3.32), we see that E [S¢| = us + zo1As + o(y/n), as desired.

3.3.5 The Variance of Sg

Remember that Sg denotes the set of all “attached” vertices, and N, g the order of the
component of v € V'\ G in the graph Hs .
The following lemma provides an asymptotic formula for Var [Sg].

Lemma 3.17. Letrg; =P[Nyg =i Av € Sg| and g = P[Nyc =i Av & Sa| for any
vertex v € V' \ G. Moreover, set rg = Zz'L:1 rai, Rag = Zle irgi, Rg = Zle irg,i for
L= [ln2 n—‘ In addition, let ag =1 — |G|/n and

_ — l—« —
Tg = (1-Rg)(Rg—7r¢)+((d—1)c—1)RE+rgRg+(d—1)(1—a 2)50R2G+17a(z_1Rg.

Then Var [Sg] ~ a2Tan + agra(l —re)n.
Before we get down to the proof of Lemma 3.17, we observe that it implies Lemma 3.7.

Proof of Lemma 3.7. By Theorem 1.2 part 2 together with Lemma 3.5 we know that
with probability at least 1 —n~8 there are no components of order > In? n inside of V\G.
Let q(¢,€) = 322, qx(¢)€F be the function from Proposition 1.3, and let £(2) be as in
Lemma 3.16. Then Proposition 1.3 and Lemma 3.16 entail that for all v € V' \ G

o= (" T )o) ettt - s res () o)1 et - s

By (1.6) there exists a number 0 < 7 < 1 such that qi((nd:'?‘)p) < ~'.  Since

0 < &((|G| — m)/o1) < 1, this yields r¢,7a; < v'. Hence, Rg,Rg = O(1), so that
Lemma 3.17 implies Var [Sg] = O(n).
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3.3. The Conditional Distribution of S

Finally, if G’ C V satisfies ||G’| — |G|| < n°?, then |("J_|?‘)p — (";lcl’"‘)p] = O(|G| —
(G'])/n, because p = O(n' ). Therefore, |g: (("7/5)p) —a: (/T p)| = O(GI-IG")) /n,
because the function ¢ +— ¢;(¢) is differentiable. Similarly, as £(z) = &o(1 + zo1p2(" ')
for some fixed o = ©(1), we have [£((|G|—p1)/01) —E((|G'| —p1)/o1)| = O(IG| —|G"]) /n.
Consequently, [ra; — reril = O(|G| = |G'])/n and |rg; — 7¢r | = O(|G| = |G'])/n, and
thus

‘TG - T‘G/|, |RG — RG/‘7 |RG — RG’| — O(’G| _ |G/|)/n — O(n—(].l)'

Hence, Lemma 3.17 implies that |Var [Sg] — Var [S¢/]| = o(n). O

The remaining task is to establish Lemma 3.17. Keeping G fixed, we constantly omit
the subscript G up to the end of this section (except when referring to H3 ) in order to
ease up the notation; thus, we write « instead of ag etc. As a first step, we compute
P[(Jv,w € S) — r. Setting

L
S1=> (P[Nu=jAy€eSwgCyNy=i,v€S —P[N,=jAwEeS)
ij=1
X Plw & Cy|N, =i,v€ SIP[N, =i AveS],
L
SQ:(l—T)ZIP’[wECv]NU:i,UGS]IP’[NU:i/\UGS],
i=1

we have P[(Jv,w € S) — 12 = S1 + Ss.

To compute S, observe that whether w € C, depends only on N,, but not on the
event v € S. Therefore, P[w € Cy|N, = i,2 € S| =Pw € Cy|N, =] = ("_3) (?__11)_1 =
7";_11, because given that N, = i, there are (”10__11) ways to choose the set C, C V' \ G,

while there are ("2.0_2

") ways to choose C, in such a way that w € C,. As a consequence,

1—r &
12(@'—1)P[Nv:i/\v€$]:

i=1

1—r

SQN (R—T).

n—
With respect to S, we let

Py(i,§) =P [Ny = jlw € Cy, Ny = 1],
Py(i,j) =Pw € S|Ny = j,w & Cy, N, = i,v € 5],

so that

S1= Z (P13, j) P2(i,7) =P [Ny = j Aw € S))P[w & Cy| N, = i,v € S|P [N, =i Av € S]
~ > (Pi(i,5)Po(i,j) = P[Ny = j]P[w € S|Ny = j))P [N, =i Av € S].
i

Lemma 3.18. We have Py (i, j)P[Ny, = j] ' =1+ W + O (n™2 - polylogn).
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Chapter 3. A Local Limit Theorem for the Number of Vertices

Proof. This argument is similar to the one used in the proof of Lemma 41 in Coja-
Oghlan et al. [2006]. Remember that if we restrict our view on H3 g to the set V' \ G the
hypergraph is similar to a Hg(n — n1,p). In order to estimate S, we observe that

P[Ny =jin Hy(n —n1,p) | Ny =i, w € Cy] =P [Ny = j in Hy(n —nq1,p) \ Cy]. (3.34)

Given that N, = i, Hy(n,p) \ C, is distributed as a random hypergraph Hy(n — ny —
i,p). Hence, the probability that N,, = j in Hg(n,p) \ C, equals the probability that a
given vertex of Hy(n —ny — i,p) belongs to a component of order j. Therefore, we can
compare P [N, = j in Hg(n —ni1,p) \ Cy] and P[N,, = j in Hy(n — n1,p)] as follows: in
Hy(n —ny —i,p) there are ("7’;1:1#1) ways to choose the set C, \ {j}. Moreover, there
are (”_Zl_i) — (”_"ld_i_j ) — ((Ji) possible edges connecting the chosen set Cy, with V'\ Cy,,
and as 'y, is a component, none of these edges is present. Since each such edge is present
with probability p independently, the probability that there is no edge connecting C,,

and V' \ C, equals
(1= )=,

By comparison, in Hy(n — ny,p) there are (”_jill_l) ways to choose the vertex set of C,.

Further, there are ("7") — ("_T(‘il_j) - ((Ji) possible edges connecting Cy, and V' \ Cy,

n—ni —i) -

each of which is present with probability p independently. Thus, letting v = ( d
(n—n1d—i—j) _ ((n_dnl) — (n—?g—@/))} we obtain

P[Ny =jin Hy(n —n1,p)\Cy]  (n—n1—i—1\(n—-n;3—1
P [Ny = j in Hq(n — n1,p)] J—1 J—1

—1
) (1—p)". (3.35)

Concerning the quotient of the binomial coefficients, we have

(n — i —i— 1) (n — - 1)1 . (_ﬂf(y—D +O(n. polylogn)). (3.36)

y—1 j—1 n—ni

Moreover, v = ("") ((nfnlﬂ')‘ﬁ(n*nl7j)d7(n*n1*i*j)d - 1). Expanding the falling fac-

(n—n1)a
torials, we get

L (n -~ m) ((g)(iz +5% = (i +7)*) +0 (n?’-polylog”))

d (n—mny)?
_ _[n—n1).. d—3
= ( d_9 >’Lj +0 (n polylog n) . (3.37)
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3.3. The Conditional Distribution of S

Plugging (3.36) and (3.37) into (3.35), we obtain

P [N, = j in Hy(n —n1,p) \ Cy]
P [Ny = j in Hy(n — n1,p)]

i1 e
= exp <_Zr(zj— nl) o ("72 - polylog ”)) (1 — p)(ald)FHO(npolviogn)

(i1 B
= exp —Z(] )—i- nom ijp—i—O(n*Z-polylogn)
n—ny d—2

=1+ (n—n)'((d—1)c—1)ij +i)+O <n72 : polylogn) .

Therefore, by (3.34)
P[Ny = j|Ny =i, w &€ Cy] —P[Ny = j in Hg(n — ny, p)]

=P[Ny =7 in Hyg(n — ny,p)] (n_l(((d —1e—1)ij+1i)+ O (n_2 - polylog n))
(3.38)

O

Lemma 3.19. Setting v = P[ueS\J%;jZEf—ad—l) and 2 = (d — 1)(1 — a®?)ec, we have

Py(i,j) —=P[w € S|Ny = j] =n"'Pw & S|Ny = j](j71 — ij7y2) + O (™2 - polylogn) .

Proof. Let F be the event that N, = j, w &€ Cy, N, = i, and v € S. Moreover, let Q
be the event that in Hj3 there exists an edge incident to the three sets C,, Cy, and G
simultaneously, so that P5(i,j) = P[Q|F] + Plw € S|-Q, F|P [-Q|F].

To bound Plw € S|-Q, F] — P[w € S|Ny = j|, we condition on the event that C,
and C,, are fixed disjoint sets of sizes i and j. Let Q' signify the probability that C,, is
reachable from G in H3 g, and let () denote the probability that C,, is reachable from G
in Hj ¢, and that the event —Q occurs. Then @’ corresponds to P[w € S|N,, = j] and
Q to P[w € S|=Q, F], so that our aim is to estimate @ — Q. As there are |E(G, C,)| —
IE(G, Cy, Cy)| possible edges that join C, and G but avoid C,,, each of which is present
in H3 ¢ with probability p, independently, we have

Q=1— (1 — po)lfECIIEGLCuCl while Q' =1 — (1 — pg)/E(ECwl,

Therefore,

Q — Q = (1—py)FlGCw)l (1 —(1- p2)7‘€(G’C“’C“’)|)
~ (1-Q")(1 —exp (p2/€(G, Cy, Cu)l)) ~ij(Q" — 1) ((d ﬁ 2) - <d7?2>>p2-

As (Z:i)pg ~ ec, we thus get

Plwe S|-Q,F] —P[w e S|Ny, = j] ~ij(P[w € S|Ny = j] — 1)(d — 1)(1 — a?"2)een™ .
(3.39)
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Chapter 3. A Local Limit Theorem for the Number of Vertices

With respect to P[Q|F], we let K signify the number of edges joining C, and G.
Given that F occurs, K is asymptotically Poisson with mean \; = z(( ) —( d@ﬁ)) Do ~
i(1 — a®Hec. Moreover, given that K = k, the probability that one of these k edges hits
Cy is p*(k) ~ W and thus

n no n ng - 1—ad2
o)) = () ((20) - () =i

Consequently,
exp(—A\;) 2V o j(1 —ad2)
PO|F] ~ . 3.40
(2171 1 —exp(—A;) ,;1 n(1 —exp(—=X\;))(1 — ad-1) (3.40)
Combining (3.39) and (3.40), we obtain the assertion. O

Thus,

L
n51~ZIP’[UES/\Nv:i]
i=1

L
> (((d=1)ec=1)ij+i)Plw e SANy =jl+Plw g S ANy = jl(71] + 72ij)

j=1
ad—2 B
:((d—l)c—1)+R2+rR+72R2+Z afllP’[NU:z']R
1= l
3 _ 1_ad—2 B
=((d=1)ec—1DR*+rR+ (d—1)(1 — a®)ecR* + Tt

Hence, letting I' be as defined by (3.33) we have P [v,w € S]—P[v € S|P [w € S]) ~T'/n.
Consequently, Var [S] ~ al'n + o?r(1 — 7)n.

3.3.6 The Number of Attached Isolated Vertices

Now we prove Lemma 3.11. The probability that a vertex v € V'\ G is isolated in H3 g
ny—1 n
is at least (1 — p)( d1 )(1 - p2)(d—1) ~ eXp(_p(rg_—ll) —ep(,",)) = exp(—c). Therefore,
E[W|] > (1 —o(1)) exp(—c)(n — ny). (3.41)
To show that |W| is concentrated about its mean, we employ the following version of
Azuma’s inequality (cf. [Janson et al., 2000, p. 38]).

Lemma 3.20. Let 2 = Hfil Q; be a product of probability spaces. Moreover, let X :
Q — R be a random variable that satisfies the following Lipschitz condition.

If two k-tuples w = (wi)i<i<i,w' = (wW)i<i<x € Q differ only in their j’th

components for some 1 < j < K, then | X(w) — X(&')| < 1. (3.42)

Then P[|X —E[X]| > t] < 2exp(—5 ) provided that E [ X] exists.
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3.3. The Conditional Distribution of S

Using Lemma 3.20, we shall establish the following.

Corollary 3.21. Let Y be a random variable that maps the set of all d-uniform hyper-
graphs with vertex set V' to (0,n). Assume that'Y satisfies the following condition.

Let H be a hypergraph, and let e € E(V'). Then |Y(H) —-Y(H +e¢)|,|Y(H) —

Y(H—e) < 1. (343)

Then P [|Y (Hs ) — E[Y (Hsq)]| > n®0] < exp(—n®01).

Proof. In order to apply Lemma 3.20, we need to decompose H3 ¢ into a product Hfil Q;
of probability spaces. To this end, consider an arbitrary decomposition of the set £(V)
of all possible edges into sets & U --- U Ek so that K < n and E[E(Hs ) NE;] < no!
for all 1 < 5 < K; such a decomposition exists, because the expected number of edges of
H3z g is < (Z) p = O(n). Now, let Q. be a Bernoulli experiment with success probability p
for each e € £(V'\ G), resp. with success probability ps for e € £(G, V' \ G). Then setting
Q; = [lees, Q2e, we obtain a product decomposition Hz ¢ = Hfil Q;.

In addition, construct for each hypergraph H with vertex set V' another hypergraph
H* by removing from H all edges e € & such that |[E(H)NE&;| > 4n%! (1 <i < K). Since
|E(H3,c)NE;| is the sum of two binomially distributed variables, the Chernoff bound (1.3)
implies that P [|E(Hs,g) N &)l > 4n%1) < exp(—n®%). As K < n, this entails

P |Hy # Hjg| < K exp(—n"%) < exp(—n"), so that (3.44)
B[V (Hs) —E[Y(H;e)|| <1 [because 0 <Y <n). (3.45)

As a next step, we claim that Y*(H) = tn=%1Y(H*) satisfies the Lipschitz condi-
tion (3.42). For by construction modifying (i.e., adding or removing) an arbitrary number
of edges belonging to a single factor &; can affect at most 4n’-! edges of H*. Hence, (3.43)
implies that Y*(H) satisfies (3.42). Therefore, Lemma 3.20 entails that

B([Y(Hio) - E Y (H;)|| 2 n®®] <P[IY*(Hsc) - E[Y*(Hs0)l| = n®%]
< exp(—n"0?). (3.46)
Finally, combining (3.44), (3.45), and (3.46), we conclude that
P Y (Hs ) - E[Y (H )] > "] <P[|Y*(H) - E[Y*(H)]| > n"%]

+P | Hy g # H gl

< exp(_n0.0l)’
thereby completing the proof. O

Finally, since |W|/d satisfies (3.43), Lemma 3.11 follows from Corollary 3.21 and
(3.41).
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Chapter 3. A Local Limit Theorem for the Number of Vertices

3.4 Central Limit Theorem for S

In this section we will prove the properties Y1-Y6 defined in Lemma 2.4 for the case of
the normality of |S| where S is the set of vertices which get attached to the giant in the
second round of our two round exposure.

Consider a set G C V of size n;. Let A be the set of all subsets « C V' \ G of size
|a| < k. Moreover, let p. = p for e C V' \ G, p. = p2 for e € E(G,V \ G), and p, = 0 if
e CG.

For ACV and ANa = set I2 = 1 if a is a component of H\ £(AUG). Moreover,
let JA =1if (H\E(A))NE(G, a) # 0. Further, let K2 = I1J2 and Y = |a|KZ2. Then

P(K, =1] = QP L, = 1)). (3.47)

Proof of Y1: The order of magnitude of E[Y] and Var [Y] was already shown in
Section 3.3. The proof of the rest of Y1 is the same as in the last section.

Proof of Y2: (2.12): Suppose that K, = 1. Then I, = 1, so that H \ £(G) has
no a-fB-edges. Hence, if also K = 1, then 3 is a component of H \ £(@Q) as well. Thus,
K =1, so that Y3 =Yg

(2.13): If K, =1, then « is a component of H \ £(G). Since any two components of
H \ £(G) are either disjoint or equal, we obtain I3 = 0, so that Y3 = 0 as well.

(2.14): To show that Y,(Ys — Yg') = 0, assume that K, = 1. Then I, = 1, ie,
7 is a component of H \ £(G). Since 8 # ~ but 3N~y # (), we conclude that Iz = 0.
Furthermore, if v is a component of H \ £(G), then  is also a component of H\E(GUa),
whence I =0. Consequently, Y3 = Yg =0.

In order to prove that Y*(Ys — Yﬂ‘") = 0, suppose that K = 1. Then KI = 1.
Therefore, I§ = 0, because the intersecting sets 8,7 cannot both be components of
H \ &£(a). Thus, we also have Ig = 0; for if § were a component of H, then § would also
be a component of H \ £(«). Hence, also in this case we obtain Y =Yg = 0.

Proof of Y3: Suppose that K3 = 1. Then I3 =1, i.e., B is a component of H\ E(G).
Then removing the edges &, from H \ £(G) may cause [ to split into several components
By,...,B;. Thus, if Yf > 0 for some v € A such that vy N 3 # (), then v is one of the
components By,...,B;. Since | < [3| < k, this implies that given Ig = 1 we have the

bound
> Yr<E
v:YNBED, yNa=0

Hence, we obtain Y3.

Lemma 3.22. Let 0 < I,r < 2, and let aq,...,qq,081,...,0- € A be pairwise disjoint.
Moreover, let Aq,..., Ay, By,...,B, CV be sets such that A; C B; C V' \ ; and |B;| <
O(1) for all1 <i <r, and assume that (;_; B; \ A; = 0. Then

1

r l T
=1 j:l j:l

Ko, =1AKy # Ky’ | <O (n™" - polylogn) [[ P[Ka, = 1] [[ P [Ks, =1].

FIA

=17
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3.4. Central Limit Theorem for S

Similarly to Lemma 2.6 this lemma easily implies Y4-Y6.

~ .o A B; A; B, . A B,
Proof. Let p = P [w, ji Ko =1ANK5' # Kﬁj]. If K’ # Ky, then either I3’ # I’
or Igjj = Ig;j = 1 and JﬁAjj #+ J/gjj. Therefore, letting J = {j : Igjj #+ Ig;_j} and

J={1,...,7}\ J, we obtain
l
- A B; A A B,
p<P [/\ I, =1N N\ Ig) #157 AN (Iﬁj] =1AJ5) # Jﬁjf)]. (3.48)
=1 JET jGj

Now, the random variables I, Igjj , and Ig;j are determined just by the edges in £\ E(G),

while Jgj and Jégjj depend only on the edges in £(G). Hence, as the edges in £\ £(G)
and in £(G) occur in H independently, (3.48) yields

[/\Ial_l/\/\l _1A/\Ié‘jﬂ';éfgf]-Pl/\Jgf;éJgj]. (3.49)
1N

JjeJ JjeJ

Furthermore, Lemma 2.6 entails that

[/\Ia _1/\/\I —1/\/\Iﬁ #Iﬁ]]

jeg JjeT

<0 (n*m -polylogn) . ﬁ[?’ [Io, = 1] - ﬁ P [Iﬁj = 1}.
i—1 j=1

(3.50)
In addition, we shall prove below that
A; B; |7
P L/\ Ty # 5| <O (n 71 .polylogn). (3.51)
i€J

Plugging (3.50) and (3.51) into (3.49), we get § < O (n~" - polylogn) - [Tiey P [Ia, = 1] -
P [Igj = 1}, so that the assertion follows from (3.47).

Thus, the remaining task is to establish (3.51). Let us first deal with the case | 7| = 1.
Let j € J. If ngjj % Jg_j, then J;jj =1 and Jgjj = 0, because A; C Bj. Thus, 3; is
connected to G via an edge that is incident with A; \ By; that is, HNE(B}, Bj \ 4;) # 0.
Since there are |£(8;, Bj \ A;)| < |65 - |Bj| -n?2 =0 <nd_2 - polylog n) such edges to
choose from, and because each such edge is present with probability ps = O(nlfd), we
conclude that P [ngjj + Jgjj} < P[HNEB},B;j \ A4j) #0] < O (nd_2 - polylog n) po =
O (n~! - polylogn) , whence we obtain (3.51).

Finally, suppose that |J| = 2. If Jg‘jj + Jg}j,j for j = 1,2, then there occur edges
ej € HNE(B), Bi\ 4j) (j =1,2).
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Chapter 3. A Local Limit Theorem for the Number of Vertices

1st case: e; = ep. In this case e; = e is incident with all four sets 8;, B;j\ 4; (7 = 1,2).
Hence, as the number of such edges is < n9—* H?:1 18;|-1Bj\A;| <O (nd_4 - polylog n)
and each such edge occurs with probability po = O(n'~%), the probability that the
1st case occurs is O (nd_4 - polylog n) po =0 (n_3 - polylog n).

2nd case: e # es. There are < |3;| - |Bj \ 4| -n¢™2 < O (nd*Z - polylog n) ways to
choose e; for j = 1,2, each of which is present with probability ps = O(n'~%)
independently. Hence, the probability that the second case occurs is bounded by

(O (nd*2 - polylog n) p2)2 < O (n~? - polylogn).

Thus, the bound (3.51) holds in both cases. O
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Chapter 4

Bivariate Limit Theorems

Having proven the local limit theorem for N (Hy(n,p)), we will now turn to the joint
distribution of Ny, M(Hgy(n,p)). This can be actually derived from the former result by
exploiting the fact that the number of edges outside the giant component is an indepen-
dent random variable, once we know the order of the giant component.

4.1 Results

Our first result is the local limit theorem for the joint distribution of N (Hgy(n,p)) and

Theorem 4.1. Let d > 2 be a fized integer. For any two compact sets T C R?, J C
((d—1)"1,00), and for any § > 0 there exists ng > 0 such that the following holds. Let
p = p(n) be a sequence such that c = c¢(n) = (Zj)p € J foralln andlet0 < p=p(n) <1
be the unique solution to (1.2). Further, let

p(1=p+e(d=1)(p—p'Y))

2
ON = (1 c( 1) d—1)2 n, (4.1)
2+ c(d— 1)p2d_2 — 2¢(d — 1)pd s c(d — 1)pd — pd_l — pd cn
2 2 d d
o4, = cp + (1 — p¥) =
M=¢ (1 — c(d — 1)pd*1)2 " ( ) d’

1= pt—c(d—1)p? (1 - p)
INM =P A 2 e(d = 1)pT1)?

If n > ng and if v, are integers and x :=v — (1 — p)n and y := p — (1 — pd)(g)p are
such that n~3 (z) € Z, then letting

1 0/2\/0/2\4 z? 9 xy y?
P(x,y) = 5 3 5 €xp (‘2( 202 — 2 ) —5 20 M 5 e T 2
27T\ / 0303 — TR ONOM ~ONM) \ON ONOM  TMm

(4.2)
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Chapter 4. Bivariate Limit Theorems

we have

Theorem 4.1 characterises the joint limiting distribution of N';, M(Hy(n, p)) precisely,
because it actually yields the asymptotic probability that A" and M attain any two values
v=>1-=pmn+0(on), p=(1-p")(})p+ O(on) and it guarantees some uniformity
of convergence. We emphasise that the expression on the r.h.s. of (4.2) is as small as
O(n~ ') as n — oc.

Observe that the r.h.s. of (4.2) is just the density function of a bivariate normal
distribution. Therefore, Theorem 4.1 readily yields the following central limit theorem
for the joint distribution of N'; M(Hgy(n,p)).

Corollary 4.2. Keep the notation from Theorem 4.1. Then oyt (N (Hq(n,p)) — (1 —
p)n), ot (M(Hqa(n,p)) — (1= p%) (%)p) converge to the bivariate normal distribution with

mean 0 and covariance matriz (17) where r = 2AM
INTM

Nonetheless, we stress that Theorem 4.1 is considerably more precise than Corol-
lary 4.2. The latter result just yields the asymptotic probability that fol (N (Hg(n,p)) —
(1 — p)n € (a,a’) and simultaneously oy (M (Hy(n,p)) — (1 — p?)n) € (b,¥') for any
fixed a,a’,b,b’ € R. Hence, Corollary 4.2 just determines N, M(Hy(n,p)) up to errors of
o(on) and o(orq), while Theorem 4.1 actually yields the probabilities of hitting ezactly
specific values v, u.

The second main result of this paper is a local limit theorem for the joint distribution
of N(Hgy(n,m)) and M(Hgy(n,m)).

Theorem 4.3. Let d > 2 be a fized integer. For any two compact sets T C R?, J C
((d—1)"1,00), and for any § > 0 there exists ng > 0 such that the following holds. Let
m = m(n) be a sequence of integers such that ¢ = c(n) = dm/n € J for all n and let
0 < p=p(n) <1 be the unique solution to (1.2). Further, let

52 = pl —(c+1)p—c(d—1)p%=1 + 2cdp? — cdde_ln
(= cld— Dpt1)2 ’

52— cpdl —c(d—2)p4=t — (cd — cd + 1)p? — 2(d — 1)p??2 + 2¢(ed — 1)p?d—1 — 2 p3d—2
M d(1 —¢(d —1)pd—1)2
al—cp—c(d—1)p? L+ (c+ed —1)p? — cp?d-!
(1~ cfd— D12

If n > ng and if v, are integers and x := v — (1 — p)n and y := p — (1 — p®)m are such that
n2 (;) € Z, then letting

1 5262 x? T y?
P = _ N M _2~2
(z,y) eXp( 2 (5&[ Nmzzr t 2

27 \/52:5% — 63 pn X0 — Tarm) XM T

n,

GNM = Cp

we have

(1= 6)P(z,y) < PIN(Ha(n,m)) =v A M(Hq(n,m)) = p] < (1+0)P(z,y).
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4.2. Bivariate Limit Theorem

Similarly as Theorem 4.1, Theorem 4.3 characterises the joint limiting distribution of
N, M(Hy(n,m)) precisely. Once more the limit resembles a bivariate normal distribu-
tion, so that we can infer the following central limit theorem.

Corollary 4.4. Keep the notation from Theorem 4.3. Then 65" (N (Ha(n,m)) — (1 —
p)n),&X/ll(./\/l(Hd(n,m)) — (1 — pY)m) converge to the bivariate normal distribution with
mean 0 and covariance matriz (1 7) where 7 = I IVE

The comparison of the correlation factors (cf. Figure 4.1) shows a much faster decay
in correlation for growing c in the Hy(n, m) model than in Hy(n,p).
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Figure 4.1: The correlation factors 7 (black) and r (gray) for 3-uniform hypergraphs in
the range 1 < ¢ < 15.

4.2 Bivariate Limit Theorem

4.2.1 Outline

In order to prove Theorem 4.3, our starting point is Theorem 3.1, i.e., the local limit
theorem for N'(Hy(n, p)); we shall convert this univariate limit theorem into a bivariate
one that covers both AV and M. To this end, we observe that Theorem 3.1 easily yields a
local limit theorem for the joint distribution of N'(Hy(n, p)) and the number M(Hy(n,p))
of edges outside the largest component of Hy(n,p). Indeed, it is easy to prove that given
that NV (Hg(n,p)) = v the random variable M(Hy(n,p)) has approximately a binomial
distribution Bi(("}"),p) (cf. Lemma 4.5 below). However, this does not yield a result
on the joint distribution of N (Hgy(n,p)) and M(Hy(n,p)). For the random variables
M(Hy(n,p)) and M(Hg(n,p)) are not directly related, because the total number of
edges in Hy(n,p) is a random variable.

Therefore, to derive the joint distribution of N'(Hy(n,p)) and M(Hy(n,p)), we make
a detour to the Hg(n, m) model, in which the total number of edges is fixed (namely, m).
Hence, in the Hy(n,m) model the step from M to M is easy (because M(Hy(n,m)) =
m — M(Hg(n,m))). Moreover, Hy(n,p) and Hg(n, m) are related as follows: given that
the total number of edges in Hy(n,p) equals m, Hy(n,p) is distributed as Hg(n,m);
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Chapter 4. Bivariate Limit Theorems

consequently,
P [N (Hq(n,p)) = v A M(Ha(n,p)) = fi
(4)
= Z P [N(Hd(n,m)) = v AM(Hy(n,m)) = /1} -P [Bl((Z) ,p) = m}.
m=0
(4.3)

Now we would like to “solve” (4.3) for P {N(Hd(n, m)) =v A M(Hy(n,m)) = ﬂ}. To
this end, note that Theorem 3.1 yields an explicit expression for the Lh.s. of (4.3) (cf.
Lemma 4.5), and that Proposition 1.1 provides an explicit formula for the second factor
on the r.h.s. The crucial observation is that P {N(Hd(n, m)) =v A M(Hy(n,m)) = /Z] is
independent of p, while equation (4.3) is true for all p.

To exploit this observation, let p, = p + zo (2)_1, where 02 = (})p(1 — p). Moreover,
let m; = ())p+ zo, set 2* = In? n, and consider the two functions

) = nP {N(Hd(n,pz)) =vAM(Hy(n,p,)) = ﬁ} if z € (—2%,2%)
0 if ze R\ (—2z%2%),

0 if ze R\ (—2*,2%). (44)

" {nP N (Hy(n,m.)) = v A M(Hg(n,ma)) = ] if = € (=27, %)
g\z) =
Then computing the coefficients P {N(Hd(n, m)) = v A M(Hy(n,m)) = /Z] is the same as
computing the function g explicitly. To this end, we are going to show that (4.3) can be
restated as ||f — g * ¢||2 = o(1). Further, this relation in combination with some Fourier
analysis will yield a formula for g(z).

To see that (4.3) implies || f — g * ¢||2 = o(1), we first need to analyse the functions f
and ¢ a little. Using Theorem 3.1 and Proposition 1.1, we can estimate f as follows.

In the following we will analyse f and g in terms of x and y (instead of v and f)
chosen such that v = (1 — p)n +z and i = pmg —y = pd(Z)p — .

Lemma 4.5. There exists a number vo > 0 that remains fized as n — oo such that the
following holds. For each v > 7 there exists ng > 0 such that for all n > ng the following
holds. Letting

F2) (@—22)?  y—cplat pd02)2> |

n
= ——exp|—
21/ ploon P ( 20%; 2pto?

we have | f(z) — F(2)| <72 for all z € (—7,7). If [2| > 70, then [f(2)] < exp(—2?/70) +
O(n=%).

We defer the proof of Lemma 4.5 to Section 4.2.3. Note that Lemma 4.5 provides an
explicit expression F'(z) that approximates f(z) well on compact sets, and shows that
f(z) — 0 rapidly as z — co. Furthermore, the following lemma, whose proof we defer to
Section 4.2.4, shows that g enjoys a certain “continuity” property.
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4.2. Bivariate Limit Theorem

Lemma 4.6. For any o > 0 there are 3 > 0 and ng > 0 such that for n > ng and
2,72 € (=2*,2*) such that |z — 2'| < B we have g(2') < (1 + a)g(z) +n~20.

Further, in Section 4.2.6 we shall combine Lemmas 4.5 and 4.6 to restate (4.3) as
follows.

Lemma 4.7. We have f(2) = (1+0(1))(g * ¢(2)) + O(n=18) for all z € R.

Since f is bounded and both f and g vanish outside of the interval (—z*, z*), Lemma 4.7
entails that || f — g * ¢[|2 = o(1).
To obtain an explicit formula for g, we exhibit another function h such that || f — h *

¢ll2 = o(1).

Lemma 4.8. Let

dop(l — pd=1 ?
= (aN(l—p(c(d—pl)p)dl)> o 45

_ d-1 d—1
= _szv(cigf(cl(d —p 1)p)d—1)x B Cpa Tt %y (4.6)
9 — 012\/552 I (de_pldﬂ;; y)? (4.7)
as well as )
h(z) = n exp(—5(0 — ) exp ) (4.8)

onop¥22my/T—x 2(% -1)
Then || f — h* ¢|l2 = o(1).

Proof. We know from Lemma 4.5 an explicit form of f, thus we just need to calculate
the convolution of h with ¢ to get the desired result. The details of this merely technical
calculation are deferred to Section 4.3. O

Thus, we have the two relations ||f — g * ¢|l2 = o(1) and ||f — h * ¢]]2 = o(1). Using
Fourier analysis, we shall prove in Section 4.2.2 that these bounds imply that actually A
approximates g pointwise.

Lemma 4.9. For any o > 0 there is ng > 0 such that for all n > ng and all z €
(—2%/2,2%/2) we have |g(z) — h(2)| < a.

In summary, we have obtained an explicit formula for g(z) by rephrasing (4.3) in
terms of f and g as ||f — g * ¢||2 = o(1). Since Theorem 3.1 yields an explicit formula for
f, we have been able to compute g from this relation via Fourier analysis. In particular,
we have an asymptotic formula for g(0) = P [N(Hd(n, mp)) = v A M(Hg(n,mp)) = ﬁ};
which implies Theorem 4.3.
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Chapter 4. Bivariate Limit Theorems

Proof of Theorem 4.3.

As already pointed out g(0) = P [N(Hd(n, mp)) = v A M(Hg(n,mg)) = /1} and h(0) ~
9(0) by Lemma 4.9. Thus we only plug in the definitions of Lemma 4.8 to calculate h(0)
which is a merely technical computation and is deferred to Section 4.3. O

Finally, let us derive Theorem 4.1 from Theorem 4.3.

Proof of Theorem 4.1. Since we will use g(z) and h(z) as defined by (4.8) and (4.4) for
different values of x and y in the sequel we will denote them by g(x,y, z) and h(x,y, 2).
Similarly to the proof of Theorem 4.3, let p, = p+ zo (Z)_1 and m, = m+ zo and define

3@,y 2) = nP N (Hg(n,m.)) = v A M(Hy(n,m.)) = 4] (4.9)

with v = (1—p)n+2' and p = (1 —p?)m+y'. We know from Lemma 4.8 and Lemma 4.9
that

h(z,y,z) = g(z,y,2) + o(1)
=nP [N(Hd(n,mz)) = (1—p)n+zAM(Hg(n,m,)) = pm — y} + o(1)
=P [N (Hy(n,m2)) = (1 = p)n+ 2 A M(Hq(n,m.)) = m. — p'm +y] + o(1)
(4.10)
thus if we let 2’ = x and ' = y — 20 and plug in (4.10) we have
9@y, 2) =h', Y, 2) +o(1) = h(z,y — z0,2) + o(1).
Furthermore, due to a relationship similar to (4.3), we have
nP [N (Ha(n,p)) = v A M(Hqy(n,p)) = 4

(4)
=n )y PWN(Ha(n,m)) =vAM(Ha(n,m)) = pP[|E(Ha(n,p))| = m]
m=0

(4)—m
=n Z PN (Hy(n,my)) =v AM(Hy(n,my)) = u|P lBj <<Z>p> = mzl

~ e hz,y — zo,2)p(z)dz ~ /_OO hz,y — zo,2)¢p(z)dz

That we can limit our interest to the values of z such that |zo| < In?n is due to the fact
that both h and ¢ get exponentially small (in n) for larger z. Furthermore the step from
the sum to an integral is possible because the two functions are invariant to changes in
z of order %

Calculating this convolution with the explicit terms given for h and ¢ proves the
theorem and is deferred to Section 4.3. 0
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4.2. Bivariate Limit Theorem

4.2.2 Fourier Analysis

This section contains the proof of Proposition 4.9.
We define the Fourier transform as ¢(y) = (27r)_% J ¢o(x) exp(izy)dz. This ensures
that
llellz = l|@ll2 [provided that ¢ € Li(R) N La(R)]. (4.11)

Lemma 4.10. There is number 0 < K = O(1) such that g(z) < Kf(z) + O(n=1®) for
all z € (=2, 2%).

Proof. Let z € (—2*,2*). By Lemma 4.6 there is a number v > 0 such that g(z') >
39(2) —=n=2 for all 2’ € (—2*, 2*) that satisfy |z — 2’| <. Therefore, Lemma 4.7 entails
that

£(2) = (L4 0(1)) [ gz + QB¢ + O ™)

g(2) / —18 v9(2) —18
> o(¢)dC + O(n > + O(n ,
2+ 0(1) J(—z 2 )n(z—.547) © ()= g ()
whence the desired estimate follows. O

Since the bounds on f obtained in Lemma 4.5 shows that || f||; and || f||2 (exist and)
remain bounded as n — oo, Lemma 4.10 implies that the same is true for g.

Corollary 4.11. We have ||g||1,||gll2 = O(1) as n — oo.

Thus, we can apply the Plancherel theorem (4.11) to both f and g.
Lemmas 4.7 and 4.8 imply that there is a function w = w(n) such that lim,, . w(n) =
oo and || f — g * @lla, [|f — h* @lla < 5 exp(—w?). Thus,

I(g = h) * 6]l2 < exp(—w?) = o(1). (4.12)

In order to compare g and h, the crucial step is to establish that actually ||[(g — k) *
$o r2(|2 = o(1) for “small” numbers 7 < 1; indeed, we are mainly interested in 7 = o(1).

Lemma 4.12. Suppose that 1> 7 > w8, Then ||(g — h) * G0 2|2 < exp(—w/5).

Proof. Let & = QEO’TQ = ¢o,r—2. Then

(4.11),,. - w
g = 1)+ n 18 26 - Weli3 = [

w

G-hel+ [ j@-hek @1

(7“)7“))

Since qAS = ¢, we obtain

[l -her < Aol [y g

w inf_,<t<w |¢A7(t)|2 v

<exp(?)[[(3 —h)ol3 =" exp(w’)ll(g—h)*¢l3 < exp(—w?).

(4.14)
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Chapter 4. Bivariate Limit Theorems

In addition, by the Cauchy-Schwarz inequality

/R\(—wyw)’ mel < (/ G- )é ' </R\(_w7w) |§!4> 2 (4.15)

1
Furthermore, as 772 < w1, we have

|=

/ €|t < 72 / exp(=272¢2)d¢ < exp(—w). (4.16)
R\(—w,w) w
Moreover, by Lemma 4.10
(4.11)
L= 022 =116 =23 "2 g = h) = (g = I3
< (llg* gll2 +2llg * hlla + [ 5 h]|2)? (4.17)
2
< (K2(f* fllo+ 2K f #hlla + B+ hllo)" +0(1).  (4.18)

Considering the bounds on f and h obtained in Lemma 4.5 and Lemma 4.8, we see that
| f * fll2, ||.f * hll2, || * h|l2 = O(1). Therefore, (4.15), (4.16), and (4.18) imply that

L 16—l < Ofexp(—w/2)) (419
R\ (—w,w)

Finally, combining (4.13), (4.14), and (4.19), we obtain the desired bound on ||(g — h) *
¢0,T2 ||2 O

Proof of Proposition 4.9. Assume for contradiction that there is some z € (—z*/2, 2*/2)
and some fixed 0 < a = Q(1) such that g(z) > h(z) + « for arbitrarily large n (an
analogous argument applies in the case g(z) < h(z) — a). Let 7 = w™'/%. Our goal is to
show that in this case

[(h = g) * go,r2]l2 > exp(—w/5), (4.20)

which contradicts Lemma 4.12.

To show (4.20), note that Lemma 4.10 implies that ||g||cc = O(1), because the bound
| fllec = O(1) follows from Lemma 4.5. Similarly, the function h detailed in Lemma 4.8 is
bounded. Thus, let K = O(1) be such that ¢(¢), h(¢) < k for all ¢ € R. Then Lemma 4.6
implies that there exists 0 < 5 = Q(1) such that

(1 —0.0lar Mg(z) —On™8) < g(2') < (1 +0.0lax"Hg(z) + O(n~18) if |z — 2| < B.
(4.21)
In fact, as h is continuous, we can choose (§ small enough so that in addition

(1 —0.0lak Mh(z) — O '®) < h(2') < (1 +0.0lax h(z) + O(n~®) if [z — 2/| < 8.
(4.22)
Combining (4.21) and (4.22), we conclude that

lg(z") — g(z")] < 0.1a, |h(2") — h(z")] < 0.1a for all 2/, 2" such that |z — 2|, |z — 2| < 3.
(4.23)
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4.2. Bivariate Limit Theorem

Further, let v = fR\(—ﬁ/2,5/2) ¢o,-2- Then for sufficiently large n we have vy <

0.0lax™!, because 7 — 0 as n — oo. Therefore, for any 2’ such that |2/ — z| < (3/2
we have

B/2
g5 00r2() = [ 9+ Dora(OdC > [ gl + o2 Q)G
R —B/2
(4§3)(g(z) —0.01a)(1 —7y) > g(2) — 0.02, and similarly (4.24)
hx ¢ ,2(2") < h(z) +0.020v. (4.25)

Since (4.24) and (4.25) are true for all 2’ such that |2/ — z| < /2, our assumption
g(z) > h(z) + « yields

B/2
(g — h) * ¢g 213 > /_ ” |9 % ¢o.r2(2)) — h* ¢y r2(2)]* > 0.50%3. (4.26)

As «, 3 remain bounded away from 0 as n — oo, for sufficiently large n we have 0.5a%3 >
exp(—w/5b), so that (4.26) implies (4.20). O
4.2.3 An Explicit Formula for the H,(n,p.) Distribution f(z)

Lemma 4.13. We have E [N (Hy(n,p.))] = pun + 2An + o(y/n), where i—j\\ff = 0O(1) and

pn = E[N(Ha(n,p))].

Proof. This follows from the fact that the function ¢ — p(c) is differentiable, which is an

immediate consequence of the implicit function theorem. O
Let Q =P {N(Hd(n,p)) = v AM(Hy(n,p)) = ﬂ} and N = (","). The crucial step

in the proof of Lemma 4.5 is the derivation of the following estimate of Q.

Lemma 4.14. We have 1 — n=98 ] <1+4+n%

< i __Q
= P[Bi(N,p)=u]P[N (H4(n,p))=v

Proof. Let G = {G C V : |G| = v}. Moreover, for G € G we let C;(H) denote the event
that G is a component in Hy(n,p). Then by the union bound

Q<Y P[CqN|E(Ha(n,p) — G)| = ]
Geg

= > P[CCIP[|E(Ha(n,p) — G)| = ji]. (4.27)
Geg
As Hy(n,p) — G is distributed as a random hypergraph Hy(n —v,p), |E(Hy(n,p) — G)| is
binomially distributed with parameters N and p. Moreover, Hy(n,p) — G is independent
of G being a component. Therefore, (4.27) yields

Q <P[Bi(N Z P [Cq]
Geg
_ P[Bi(N, p) = i Z P[Cq AN (Hg(n,p) — G) < V]. (4.28)

Geg ]P)[N(Hd(n>p) - G) < V]
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Chapter 4. Bivariate Limit Theorems

Furthermore, as we are assuming that |v — (1 — p)n| = O(y/n), Theorem 1.2 implies that
("V)p < (d —1)~1. Consequently, P [N (Hq(n,p) — G) <v] > 1 —n"1% (once more by
Theorem 1.2). Thus, (4.28) entails that
1—n""PBi(N,p) =i 'Q < Y P[Ce AN (Hy(n,p) — G) < V]
Geg
=P[E3G € G:Cqa AN (Hy(n,p) — G) < V]
< PIN(Ha(n,p)) = o). (4.20)

Conversely, if G € G is a component of Hy(n,p) and N (Hy(n,p) — G) < v, then G is
the unique largest component of Hy(n,p). Therefore,

Q> Y PCc AN (Ha(n,p) = G) < v A|E(Hg(n,p) - G)| = fi]
Geg
— " PICGIP N (Ha(n,p) — G) < v A [E(Ha(n,p) — G = il (4.30)
Geg
Further, given that |E(Hg(n,p) — G)| = i, Haq(n,p) — G is just a random hypergraph
Hy(n — v, ). Hence, (4.30) yields
Q > PN (Ha(n —v, 1)) < V|P[Bi(N,p) = ] Y P[Cq]
Geg
> PNV (Ha(n — v, 1)) < VP [Bi(N, p) = AP N (Ha(n,p) =], (431)
where the last estimate follows from the union bound. Moreover, we claim that
PN (Hy(n —v, i) > v] <n %, (4.32)
To see this, let p’ = i/ N. Then by Proposition 1.1
0P (Ha(n — v, )] 2 PBI(N, p) = AP N (Ha(n — v, )] < P[N'(Ha(n — v,9') = v],
(4.33)
because given that |E(Hy(n — v,p’)| = i, Hq(n — v,p’) has the same distribution as
Hy(n — v, ). Furthermore, as by assumption g ~ (",")p, Theorem 1.2 entails that

GNP~ (- )p < (d—1)" 1 Hence, we obtain P [N (Hg(n — v,p’) > v] <n 1% so that
(4.32) follows from (4.33). Thus, plugging (4.33) into (4.31), we get

Q2 (1—n"")P[Bi(N,p) = AP N (Ha(n,p)) = v]. (4.34)
Combining (4.29) and (4.34) completes the proof. O

Proof of Lemma 4.5. To compare f and F', we fix some v > 0, and consider z € (—v,7).
Then Lemma 4.13 entails that |v — E[N(Hd n,p:))]| = O(1) as n — oo. Therefore,
Theorem 3.1 implies that

v— n 2
PN (Hy(n, ps)) = 1] ~ —— exp (_( E [N'(Ha(n,p.)))) )

V2mo 2‘7/2\/
1 — (1= p)n —An2)?
Lemrrrljx 4.137 exp | — (1/ ( p)Qn NZ) . (435)
V2o 205
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4.2. Bivariate Limit Theorem

Plugging (4.35) into the expression for ) from Lemma 4.14 and estimating P [Bi(N, p) = i
via Proposition 1.1, we obtain the first part of Lemma 4.5. The detailed calculation can
be found in Section 4.3.

To establish the second part, let us assume that vy < |z| < |z*| for some large enough
but fixed 79 > 0. Then |Np, — | = Q(2y/n). Therefore, Proposition 1.1 implies that
P [Bi(n,p.) = fi] < n~Y2exp(—Q(z?)). Furthermore, P [N (Hy(n,p.)) = v] = O(n~'/?)
by Theorem 3.1. Hence, Lemma 4.14 entails that Q < O(n~!exp(—Q(2?)) + n=%), as
desired. O

4.2.4 Continuity of g(z)

Throughout this section we assume that z, 2" € (—z*,2%), and that |z — 2’| < 3 for some
small enough 8 > 0. In addition, we may assume that

g9(z') = n™, (4.36)

because otherwise the assertion is trivially true. To compare g(z) and g(z’), we first
express ¢(z) in terms of the number C'(v, m, — i) of connected d-uniform hypergraphs of
order v and size m, — ji.

n—v

Lemma 4.15. We have ((gl))g(z) ~ n(")C(v,m, — ﬂ)(( d )) A similar statement is
true for g(z').

Proof. We claim that

n—w@>s(ﬁ)cwnmf—m<cj“><ﬁ§_. (437)

The reason is that the right hand side equals the expected number of components of order
v and size m, — [i in Hy(n,m). For there are (') ways to choose v vertices where to place
such a component. Then, there are C'(v, m, — 1) ways to choose the component itself.

Moreover, there are ((n;)) ways to choose the hypergraph induced on the remaining
n — v vertices, while the total number of d-uniform hypergraphs of order n and size m is

n

(( ;;L)) . Conversely,

m

n—v n -1
m%@zcywmzmﬁzvmmmmzw»mm@). (433)

For the right hand side equals the probability that Hy(n,m.) has one component of order
v and size m, — i, while all other components have order < v.

Since PN (Hg(n — v,u)) < v] ~ 1 by Theorem 1.2, the assertion follows from (4.37)
and (4.38). O

Lemma 4.15 entails that

(4.39)
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Chapter 4. Bivariate Limit Theorems

Thus, as a next step we estimate the two factors on the r.h.s. of (4.39).

Lemma 4.16. If |z — 2/| < 3 for a small enough 8 > 0, then % T <
1+ a/2.

To prove Lemma 4.16, we employ the following estimate, which we will establish in
Section 4.2.5.

Lemma 4.17. If |z — 2| < 8 for a small enough 3 > 0, then letting

P = P[N(Hd(nvpz’)) =V /\N(Hd(napz’)) =mz — ,LL],
P =P[N(Hy(n,p.)) =v AN (Hg(n,p.r)) = my — pl,

we have (1 4+ a/3)P —n=80 > P' < (1 +a/3)P +n=%.
Proof of Lemma 4.16. We observe that

P< @ Clv,m — )pl (1 = por) (@)= Cmem), (4.40)

because the r.h.s. equals the expected number of components of order v and size m, — u in
Hy(n,p,). (For there are (Z) ways to choose the v vertices where to place the component
and C(v,m, — ) ways to choose the component itself. Furthermore, edges are present
with probability p,, independently, and thus the p];*~* factor accounts for the presence
of the m, — p desired edges among the selected v vertices, while the (1 — p,/)-factor rules
out further edges among the v chosen vertices and inbetween the v chosen and the n — v

remaining vertices.) Conversely,

n

n _ _(n—v\_ _

= <u>0<v, ms — (1= po) (@)= ORIV (Hy (0 — v, por) < )]; (4.41)
for the r.h.s. is the probability that there occurs exactly one component of order v and
size m, — u, while all other components have order < v. As p,y ~pand n—v ~ (1—p)n,
Theorem 1.2 entails that P [N (Hy(n — v, p,) < v)] ~ 1. Consequently, (4.40) and (4.41)
yield

P~ <n> Clv,m; — p)pl” (1 - pz/)(Z)f(n;V)f(mzf"), and similarly (4.42)
v
e (n> Cvymar — )ply” ™ (1 = por) (= ) =lmarmn), (4.43)
v
Therefore,
C(Vamz’_ﬂ) P om—m — P’ _
_— N~ — ) (1 — NMz—Myr 2 My — M
Clv,m,—pn) P P2 (1=pz) PP
Lemma 4.17 1 Ie% n 2 I 444
< (1+ 3 W)P . (4.44)
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4.2. Bivariate Limit Theorem

In order to show that the r.h.s. of (4.44) is < 14 «a/2, we need to lower bound P’. Indeed,
by Proposition 1.1

P'>P[N(Hy(n,m.)) =vAM(Ha(n,my)) =my —p] - P [Bl((Z) ,pzl> = mz/]

(4.36)
>n"tg(z)) > (4.45)

Finally, combining (4.44) and (4.45), we obtain the desired bound on C(v,m, —p). O
ny. (. —1
Lemma 4.18. We have (r(ﬁi),)(gﬂfz)) = exp(O(z — 2/)2) - pm=—"

Proof. By Stirling’s formula,

(D)) (9 (o2 (@) (5%) ™)

(7)—mes m=—(})
ms ,
~p;,<1+nmz ) <1+nmz )

pz’z (d) — My (d) — My

m. m
~ p,fl - exp(my —my) ~ p™=T M (m) exp(o(2 — 2)), where
z’z Dz
(4.46)
m.s m.s
P\ mo+z0\ ° T )20k
<p2/> (mo + z’a) P <(z #)oo 2,
= exp ((2 = #)oo — O(z — 2')?) (4.47)
Combining (4.46) and (4.47), we obtain the assertion. O

Plugging the estimates from Lemmas 4.16 and 4.18 into (4.39), we conclude that
1—a<g(2)/g(z") <1+ a, provided that |z — 2/| < § for some small enough 3 > 0.

4.2.5 Proof of Lemma 4.16

By symmetry, it suffices to prove that P’ < (1 +a/3)P +n~%. To show this, we expose
the edges of Hy(n,p,) in three rounds. Let ¢ > 0 be a small enough number that
remains fixed as n — oo. Moreover, set ¢ = (1 — €)p,/, and let g2 ~ ep,s be such that
q1+492—q1q2 = p. Choose ¢ sufficiently small, we can ensure that (Zj)ql > (d—1)"1+e.
Now, we construct Hy(n,p,s) in three rounds as follows.

1st round. Construct a random hypergraph H; with vertex set V' = {1,...,n} by
including each of the (Z) possible edges with probability ¢; independently. Let G
be the largest component of Hj.
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2nd round. Let Hs be the hypergraph obtained by adding with probability g2 indepen-
dently each possible edge e ¢ H; that is not entirely contained in G (i.e., e ¢ G1)
to Hi. Let G signify the largest component of Hs.

3rd round. Finally, obtain H3 by adding each edge e ¢ H; such that e C G with
probability ¢s independently. Let F' denote the set of edges added in this way.

Since for each of the (Z) possible edges the overall probability of being contained in Hj is
¢1+ (1 —q1)q2 = p,r, Hs is just a random hypergraph Hy(n, p,/). Moreover, as in the 3rd
round we only add edges that fall completely into the component of Hy that contains G,
we have N'(Hy(n,p.)) = N(Hs) = N(Hs). Furthermore, |F| has a binomial distribution

IF| = Bi((’i1’> - M(Hl),p2>. (4.48)

To compare P’ and P, we make use of the local limit theorem for the binomially
distributed |F'| (Proposition 1.1): loosely speaking, we shall observe that most likely Gy
is contained in the largest component of Hs. If this is indeed the case, then M(H3) =
|F| + M(Hz), so that

M(H3)=my —p< |F|=my — p— M(Hs), (4.49)
M(Hs)=m, —p< |F|=m; — p— M(Hs). (4.50)
Finally, since P[|F| = m, — p — M(Hz2)] is “close” to P[|F| = m, — u — M(H3)] if |z—2/
is small (by the local limit theorem), we conclude that P’ cannot exceed P “significantly”.

To implement the above sketch, let Q be the set of all pairs (H1, H2) of hypergraphs
that satisfy the following three conditions.

Q1. N(Hz2) =v.
Q2. P[M(H3) = m, — p|H, = Hy, Hy = Hy) > n~10,
Q3. The largest component of Hs contains the largest component of H;.

The next lemma shows that the processes such that (Hy, H2) € Q constitute the dominant
contribution.

Lemma 4.19. Letting P”" = P[M(Hs) = m, — p A (Hy, Hy) € Q], we have P’ < P" +
n=9%.

Proof. Let R signify the set of all pairs (Hj,Hz2) such that Q1 is satisfied. Since Hj =
Hgy(n,p.r), we have P’ = P[M(H3) =m, — p A (Hi, Hy) € R|. Therefore, letting Qo
(resp. Q3) denote the set of all (H1,Hz2) € R that violate Q2 (resp. Q3), we have

P - P’ < P[M(HQ,) =My — A (Hl,HQ) S R\ Q]

<P | M(Hs) = m. — pu|(Hy, Hp) € Qo) +P[(Hy, Ha) € Q3]

%Qn—wo +P [(Hl, Hy) € Qg} : (4.51)
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4.2. Bivariate Limit Theorem

Furthermore, if (Hy, H2) € O3, then either Hy does not feature a component of order

Q(n), or Hy has two such components. Since (Z’j)ql > (d —1)~! + & due to our choice

of ¢ > 0, Theorem 1.2 entails that the probability of either event is < n~1%°. Thus, the
assertion follows from (4.51). O

Finally, we can compare P and P” as follows.
Lemma 4.20. We have P" < (1+ «/3)P.

Proof. Consider (H1,H2) € Q and let us condition on the event (Hy, Hy) = (Hi1, Ha)-
Let A =m, — p— M(Hs), A" =m/, — un— M(Hz). We claim that

() )

for if [(() — M(H1))p2 — A’'| > n®°!, then the Chernoff bound (1.3) entails that

S n0.51; (452)

P [M(Hs) = mar — p|(Hy, Hy) = (M1, Ho) "2 B [|F| = A|(Hy, Hy) = (Hi, Ha)]

(4.48)
< exp (_no.m) < n—lOO,

in contradiction to Q2. Thus, if |z—2'| <  for a small enough § > 0, then Proposition 1.1
yields

P[|F| = A|(Hy, Hy) = (H1, H2)] < (14 o/3)P[|F| = A|(Hy, Ha) = (M1, H2)], (4.53)

because |A' — A| = |2/ — z|o, and Var [|[F[] ~ (%)p2 = Q(c?). Since (4.53) holds for all
(H1, H2) € Q, the assertion follows. O

Finally, Lemma 4.16 is an immediate consequence of Lemmas 4.19 and 4.20.

4.2.6 Convolution

Now we prove Lemma 4.7. Set m_ = mg — 2*o, m4 = mg + 2*0, and let

P(m) =nlP [N(Hd(n, m)) = v A M(Hg(n,m)) = ﬁ}, B,(m)="P lBl((Z) ,pz) = m}

Then for all z € (—z*,2*) we have

+ > P(m)B.(m)

m_<m<m4
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Chapter 4. Bivariate Limit Theorems

because 0 < P(m) < n. Hence,

f(z) =0(n19) + Z P(m)B,(m). (4.54)
m_<m<m4
We decompose the interval J = (m_,m4) into k subsequent pieces Ji,...,Jr of
lengths inbetween ﬁ and @. Then Lemma 4.6 entails that

P(m) = (1+0(1))P(m)+0(n ")  forallm,m’' € Jyand all 1 <i<k. (4.55)

Moreover, Proposition 1.1 yields that

1 _ 2
B.(m) ~ Tomy P <_(m20_72”)> for all m,m’ € J; and all 1 <i < k. (4.56)
0

Further, let I; = {o~'(z — mg) : z € J;} and set M; = minJ; N Z. Combining (4.55)
and (4.56), we obtain

> P(m)B.(m) = O(n™"*) + (1 +0(1))P(M;) Y B:(m)

meJ; meJ;

= (14+0(1)P(M) [ 6(¢ = 2)d¢ +O(n™™)

— (1+0(1)) /I P(me)s(C — 2)d¢ + O(n~1%). (4.57)
As |¢| < z* for all ¢ € I;, we have P(m¢) = g(¢). Therefore, (4.57) yields
> Pm)B(m) = (1+0(1) [ g(Q)o(¢ = )dc +0(m™™).  (458)
meJ; g

Summing (4.58) for : = 1,...,k, we get

k
£ 200+ (1+0) Y [ 9(Q)0(¢ — 2)d¢ (459
=00+ (1+o1) [ g(0(¢ - 2)ic (1.60)

As f(¢) = g(¢) = 01if |¢| > 2*, the assertion follows from (4.60).

4.3 Calculations

In order to keep the merely technical calculations apart from the core argument we have
deferred some arguments to this section. This is probably the most technical part of the
whole thesis and most of the calculations could be done using a computer algebra system
and are presented for the sake of completeness only.
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4.3. Calculations

Let us first recall the most important definitions.

n—1
= 4.61
po = ¢/ (d— 1) (4.61)
n en
:: _a 4.62
mo <d>po y (4.62)
9 n en
= 1-— ~ — 4.
o <d>P0( po) ~ (4.63)
n
pz=po+z0/ (d) (4.64)
n
my = <d>pz =mg+ zo (4.65)
, _P(L=pred=1(-p) w66)
T A |
and furthermore
dop(1 — p* 1)
AN = 4.67
N T T dd - D)ptt (4.67)
2 2
dop(1 —p*~1) i_ (W d
. _ (v 4.68
X <cw<1 —efd-1 ) T \ay) T (405)
dop(1 — p?=1) cptt 1 AN cptt 1
= - y= Ny - 4.
" a/%f(l—c(d—l)pd—l)x s TTgY O'JQ\/'x c Tty (4.69)
1 d—1,. _ ,\2
PRI INC Lt ) (4.70)
TN plo
We do convolutions with the distribution of the number of edges in Hy(n,p)
|E(Ha(n, p))| —mqg 1 2
P||E(H =m,| =P =2z| ~ ——) = . (471
[|E(Ha(n, p))| = m:] . z mexp( 5 ) = (2). (4.71)
4.3.1 The Distribution for H,(n,m)
We are interested in
P [N(Hy(n,m.) = (1= pn+2 A M(Ha(n,m.)) = (L= pYmo +y].  (472)
We first calculate the expectation of N (Hgy(n,p.)). Let p, be the solution to
n—1) 41
pz=exp(pz| |z — 1)) (4.73)
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Then we know from Theorem 3.1 that E[N(Hy(n,p.))] = (1 — p;)n. We do a linear
approximation to p, and prove that np, ~ np — Avz. This is achieved via showing
the equality of the first derivative of both sides of (4.73) at z = 0 when plugging in
NP, ~ NP — ANZ.

M = ad(1— p?p + Mve(d — 1)p% !
which is true as (4.67) shows. Therefore
E N (Ha(n,p2))] ~ (1= pa)n ~ (1= p)n + Az (4.74)
and since the small variation with z does not affect the variance:
Var [N (Hy(n,p.))] ~ Var [N (Hg(n,po))] = o3 (4.75)

Since we have shown that N (Hg(n,p.)) has normal distribution (4.74) and (4.75) give

z— X 2
P (Ha(n,ps)) = (1 — p)n +a] = é{w exp (—%) (4.76)

Since the number of edges outside the giant (given the number of vertices outside) is a
binomially distributed random variable in Hy(n,p), we can calculate

B [M(Hytrn,p.)) = p'mo ~ y | N (Haln,p2)) = (1= o +2] = T an
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4.3. Calculations

First we calculate expectation and variance

E | M(Hq(n,p.)) | N (Ha(n,p.)) = (1= p)n + 2]
(")
= d Dz
~ (o’ (Z) —apt! <Z ~ i) )(po + 20/ (Z))

n
~ p* <d>p0 +ploz —cpt '

~ pdmo + pdaz - cpdilx

Vor [M(Hu(n.p.)) [N (Han.p2)) = (1= p)n+3]
_ (pnd— IL‘)pZ(l - pz)

~ (p* (Z) —ap™t <Z: i) )po(1 — po)

~ plo? — cptly

~ plo?

Since the probabilities are independent and the limit of the binomial distribution is a
normal one we get for (4.77) (by using (4.76)):

_ 1 Az —x)? 1 (ploz — cp?=la 4 y)?
f(z)=n exp | — 5 exp | —
V2mo N 203, V27 po? 2pdo?

which is the expression used in Lemma 4.5. We will now reformulate this into a con-
stant factor times the density function of a normal distribution in z which will ease the
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application of the fourier transform.

2 d d—1 2

( _ _
f(2) 1 (Awz — ) 1 (ploz—cp'ta +y)
— = exp | — 5 exp | — T

n V2To N 205, 2mpdo? 2pcc

1/ /AN 2 AN 1
= 7271_0_di/20_ eXp<—2(<O_J\[> 22 —20-72$Z+ UTx2
N N
p*la®2? = 2p%a(cp? A (@ — y))z + (ep” (@ — y))?
+ plo?
AR W\ ey
=3 7 exp( 7( <) +p% |z —|—2(—(> x — (x—y))z
wonp?/ 2o ON oN o

= ey o (3 (6 28 40))
1 1 2 (Z“r%)z
(207 5)) oo |-
(-+2)
in
X

_ e (—% (9 - %2)) 1 exp 1 /
2 1/x

V2rxaonpYia .\ [2n]x

Le(0-2)
T V2axonp2e ! ?
Now we know that f should be the result of the convolution of A with a standard normal

distribution and thus get:
— 2
f 1 1(z+ %2
h(z) = 21 exp | —= (-+3) (4.78)
P(z)  Vom/i-1 21/x-1

which results in
P [N (Hq(n,m.)) = (1= p)n + 2 A M(Ha(n,m.)) = p'mo - y|
(:+5)7°) @)

exp(—3(0 — £°))

exp | —
aNUpd/QQﬂ'\/X,/% -1 2(}

which means by setting z =0
P [N (Ha(n,m)) = (1= p)n+2 A M(Ha(n,m)) = m(1 = p*) +y| =

1 1
— 6+

onop¥ 227 /T—x P ( 2 <

68



4.3. Calculations

We want to bring this in the standard form of a bivariate normal distribution which is

PN (Hy(n,m)) = pn + 2 AM(Hg(n,m)) = ppm +y] =

1 1 x? o7 xy n y?
exp| ————= | = — 2F— =
2T N MV 1 — 72 P 2(1—72) O",2V' GNO M 0'3\/1
(4.81)
where 7 = 6%%‘4 , which will result in the values known from Theorem 4.3.
= (1= p)n (4.82)
iag o= m(1 = p%) (4.83)
3 2
~2 2 N
= 1—[— 4.84
n = o (JN> ) (4.84)
d 1)\ 2
G = L__ANIN (cp™ Ay — plo)? + plo? (4.85)
AN
- AN 2
o (o™ = GA) (ep” A — plo))? (4.86)
o A\ 2N (AN 2 = '
(1= GG 53
We show this by proving first
1 2 2 2
e I =0+
1—72\ a3 GNOM T3y 1—x
First we try to separate the terms corresponding to x2, zy and 32 in 6 + %
2 2 d_lA
K2 A ) (de—l)\N)Q ) (_(%) J = N(x_y))Q
X N P 1— ()" —p
2 d—1
- ((>W>2+ (de_1)w)2 . ((%ﬁ[ﬁ) 4 cp 0)\,/\[)2) ,
I O d_2 N2 X
oN ad 1 (54)" = pc
» An) 2 d—1) d—1)
—9 (cp™a)? | (G +*=5) " xy
de-Q 1— (%A%)Q—pd
d—1y  \2 e Ay ?
c A A
+((Pda2/\/) + ( /\;2) d)yz
P 1= —»

Now it suffices to show the following three equalities (one for each case of 22, xy and y?).
We have scaled each equation with a factor of Ay for each = occurring and cp?~ !\ for
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each y in order to ease calculation.

(1-7)5%  \on plo? 1_ (%)2 — '
MeptIANT (cp®TAn)? ((%AM/)Q + cpd;l)w)cl)d;l)w
(1 —)opnom  plo? * 1— (%)2 — (488)
(p" ) _ (ep™ ) () (1.59)
(1—172)5%,4 plo? 1— (2)° — pd '

A simple auxiliary calculation shows that

2 2 2
(1 - (AN> ) </\N> G — (cp™ I — <AN> (cp® "M = plo))?
ON ON ON

(4.90)
and now we start with the equality (4.87)
A3, _ 2 A3
(1 =r2)ak (e == (3) (ot~ A —pto))? |, a2
(- (- ()" (2) 03 = o)
oN oN M
()"0
g ON
(1= GG o — (e h = (G) (ep® Ty = plo))?
M2 [ rept1apno 2 —
wo0) (2a0) (( 2 dwon)” (ep™ Ay — plo)? +pd0.2)
= 2 2
(34) " plo?(1 = (220)” = p?)
2 2
(ep" W) = (G (ep™ A = po)? + (3X) o’
= 2
plo?(1— (%) — pd)
cpd—1 2 2 _ 4
B (AN)Z . (cpdTAn)2 — (/\N fw /\N> + 2(%) epIwplo + (%AM/) plo?
oN plo(1 - (2)° — pd)

2 4
B ()\)2 (deilA/\/')Z (de_l)‘N)de+2(2\—7ﬁ,/) de_lAdiU—i_(%) pd0.2
- 2
oN

plo? plo(1— (GX)" — p)
d—l/\ by 2 2
e
oN plo? 1— (M)Q —pd
oN
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4.3. Calculations

The second equality (4.88) we square in order to avoid calculating with roots:

_ A2, de
o (ep? N = (32) (cp? A —p?0))?

N (ep®"an)?r? “‘(%)2)(%)203\4
(mrolehe (g ot Gt Wt ey,
1=GEHHGEF) 7 o
(1= ()9 (G20 oAdh (ep" " An) (ep" "M = (320) (e " Aw — po))?
(1 27/\[)2 (,\7%)20_3\4 — (cp?—AN — (%)2((%‘171)\!\/ _pda))2)20.i[(1 _ (%)2)0_3\4
4

(M (cp® AN )2 (cp® An — (%)2(@4—1)\]\{ — plo))?

(1= (39N 0% — (e A = (3) (ep? A = p0))2)?

and thus
2 2
Mwept e (G0 ep (e — () (ep® A — o)
_ 2 = 2 2 2
(1= ronse ~ (11— 37 80" — (et aw — B2 (et — )2

2 _ _ 2 .

(490) (220) “ept A (ep™ Ay — (3) (cp™ Iy — por))
2 2
) plo2(1 - 38)" — o)
2

(defl)\/\/.)2 _ cpdfl)\N(%AM/) (defl)\N _ ,OdO')
d2(1 — (A2 _ od
plo?(l— (5)" — p9)

2 2
(CPd_l/\N’)2 _ (de_l)\/\f)z(%) + Cﬂd_l)\/\/(%) pda
2

plo?(1— (34)" — pd)

C(ep™ w2 (1= 329" = o) + (et )2+ ept (3o
: o1~ ()"~ o)
B (cpd_l/\N)Z (de—l)\N)zpd+de—1)\N(%AM/)2de
- 2 o2(1 — (%)2_1)%
(eI (de;lg/\N)Q i cpd;l)\/\/ (%/)2
e 1— (0)* — pd
_ (cpd—l/\N,)2 . de;l)\j\f(cpd;lx\]\/ " (%%)2)

plo? 1- (?Tx)2 — pe
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and the third (4.89)

(de—lAN)2 _ (cpd—l/\N,)Z
(1=7r2)o%, (cpr/\N—(?,%)2(de*1/\N—pdff))2 9
S TR EYG L Terase 744
o\ oN M
_ 2 2
B (ep ™ An)? (1 = (5A)7) (34) "oy

(1= ()" (2) %03, — (ept=Thn — () (cpt=LAyy — por))2)o,
(a90) (o™ (1 = (3 32)°
(G0 021 ()" — o)
(cp™An)2(1 - (2)%)
plo2(1 - (2)° — pr)

2
(ep™IANW)P (1= GX)T = )+ (ep™ )"
- 2
plo(1— (3X)" — p?)
(cp™Aw)? (cp™=An)?p?
d 2 2
pre plo(1— (%) — o)
B (ep™ A2 (de;l;w)Z
 plo? + 1— ()2 _ d
-G —p

Now there is still the constant (i.e. independent of z and y) factor in front of the
exponential part. It suffices to show that:

ON

2
A
FNTMYV 1 — 72 = UNapd/QJ 1— (N) —pd
We calculate again the squared equation to avoid roots.
2
2 1 (AN)2)02 a (ep™ A = (32) (cp® Ay — pla))?
o M 2 2
(1= (GG o
2
e (22) - e G
— Y9N\ T -

()

_ K% <<2x>2(1 - (2?;)2)0—%4 — (ept A — <2f§)2(cpd1w - pda))2>

)
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Variances in terms of ¢ (and p)

In order to get the expressions presented in Theorem 4.3 we have to resubstitute (4.63),
(4.67), (4.66) into the equations (4.84), (4.85), (4.86):

1—p4ecld—1)(p—p?1)) —cdp?(1 — p?=1)2
Var [N(Ha(n,m))] = o — A% = P( ! (1— f(d _p 1)pd)—1)2 ’ ’ n
1—(c+1)p—cld—1)p*1 4 2cdp? — cdp**="
(1 —c(d— 1)pi1)2 !
Var M(Hy(n,m)] = (cp*Yox)? — (wep®™! — plr)? + plo?

_(ad—1 2 ¢n dp(1 — dl) d—1 __ dy2 | 1 g
., 2Hp(l—,OJrC(d—1)(p—pd’1))
—er (I—cd-1pt12 "
2d d—1
cp™n . d(1—p ) 9 N o4
— -1 -
PR sy

2
(ep Ay = (3X) " (ep™ Ay — plo))oks
AN
=cp ok — AnQwep? ! = plo)
= cp™ (o = AX) + Awvplo
 aap(=pted=1)(p—pT")) —edp?(1 - p*t)?
(1—c(d—1)pt-1)?
cp™(1—p")
1—cld—1)pi—1"
pdl—cp— (d—1)p?- 1—|—(c—|—cd—1)pd—cp2d’1n
(1—c(d—1)p?-1)?

Cov [N(Hd(nvm))vM(Hd(nvm))} =TONOM =

1 -1

+

For d = 2 (the G,, ,,, case) this simplifies to:

1— (2¢+1)p + 4cp? —20p

Var [N(Gnm)} =p

(1 —cp)?
_ L=p—2ep(1-p)*
(1—cp)?
b ] - e 0,
Cov [N (G ) MGy )] = c? 1— 2¢p 421(3_06_[))1) 2 o
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4.3.2 The Distribution for H,(n,p)

Let

x=p -1 (4.91)
d—1

. cp AN

2 cp AN ANV2 | et 2

_ [\ =1\ )2 SNy — (X)) + =)

g:— <N> 72 (cp . 2J\/) (@ — )% + ( N ) (4.93)
ON plo 1—x

Now we recalculate the exponential part of (4.79) with respect to y' = y — zo which gives
us an explicit approximation for §(z) from (4.9):

K\2 —
p_ L <Z1+ o <w>+ (ep™ Aol —y) + 02
X X 1 ON pro
. ANV, et
(39 e - A (g —y) - 2)? LG G
X -1
2 cpd—1
MW\ o ()P —y)? | (G 7+ 2w —y))?
=\ -+ d-2 +
oN po I—x
d—1 _ v
L+ olP A (@ y)z+ 1o lox—l,
plo p? X
= y2? 4 2Rz + 0
If we replug this into (4.79) we get:
P [N(Hd(n, m.)) = (1 — p)n+x A M(Hg(n,m,)) = pPmg — y]
2
2
 exp(—3(0 - *i)) (=+%)
U/\/de/227r\f,/f — 2(% -1)
2 N2
exp(—3(0 — ) (:+%)
= exp | ——~4
onop¥2\27xX ,/f - \/277\/7 2%
e ) L
. onopt2\/2Tx X ,/f —
This time we need a convolution
N2
— 1 1(#+%
1(2) == §-¢(2) = ———==exp —2( : X> (4.94)
V2 /41 $ 1
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and get

P [ (Haln,p.)) = (1= p)n -+ A M(Haln,p.) = (1= %) + 3]

I 2) (o +

aNapd/227T\/X)~<,/% - 1,/% +1 2(%

which means

cn

P |N(Hg(n,p)) = (1 —p)n+x AM(Hg(n,p)) = y

(1-p7 +y}

1 1(; &
= B
onop P2 T XTI+ R T ( 2 ( 1+ ;z))

We want to bring this in the standard form of a bivariate normal distribution (see equation
(4.81)) which is indeed possible with

pn = (1= p)n
cn
HM = 7(1 - Pd)
0% = oar (4.96)
2 o’ Awvon ’ d—1 dy 2
cp® A + A 20 2
o A ) 0) (4.98)
(ﬁ) oM

And once again we want to show that
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by separating the three factors to 2, zy and y?:

~ ~2 2 d—1y )2
0 — k _<M> .T2+M(l‘—y) +

14y - oN plo?
d—1) 2
(T ) (z—y)?

1+p -1

oN pre 1= (G%) =
(cp"aw)? 2
pd0'2 (.T - y)
d—l)\ 2 d—l)\ 2
_ (M)ng . (5 — ()" + 2
= | = .
oN 1—(G) = p
2 A 2 d=1y ) 2 d—1 2 d—1
) <)\N> G I WP Sl Mt I
- 2 2
o) G - (g
(cp?1An)?
+ 022 y2
1= G

and proving the resulting three equalities

2 An)2 )2
N w ((;%) +C'OTN) .99
(1—7“2)0%/_ a * 1_(M)2_ d (4.99)
oN P
_ d*l)\ by 2 d*lA
Mep I Y ) (4.100)
(1 —12)onom 1— (Mf — pd ’
oN
d—1y )2 (cp?1An)?
Eip 2)N2) - - (4.101)
)0 1 - (#) —p

Auxiliary calculation shows that

(4.102)
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4.3. Calculations

Equation number one (4.99):

N, X
2\ +2 2
(L= (oG

AN 2 N
(W) TM
Ay 4
_ (53) i

2 2
(22) 0%y — (cp™T Ay + (32) "0)?

4 cpd—1 o 2 3
(4.102) (%) <(W) + 2cp? I \yo + (1_pd)02>
(22)02(1 = (22)" = p?)
d—1 2 9
_( =Y (gj%)) + (291 - 2%)° — p?)
- o
1= (G —»
c d 1)\ 2
(), e )
B 2
N 1— (24" —pd
Equation number two (4.100):
d 1)‘N+( ) P
Avept™IN 4L
Mep Dy NN TR
(1-— TQ)UN'UM - (cpd—TAp+ ifN 20)2
-5 . f’) JoNTM
(GN) IMm
2
(%%) UMCPd‘lAN(cpd—lAN+ (54) o)
()% = (e An + (33" 0))ons
2 2
(3 er”” 1/\N(Cﬂd D+ (3X) o)

- 2

(R0)%0%, — (epd—Lan + (2 >2 )2
(4.102) (%) ep™ A (ep A + (’\N) o)
o A 2 Ay 2 d
(529)702(1 = (3)" — p?)

2
cp I M (ep™ A + (%) o)

72(1 = ()"~ o)

ON
d 1)\ d— 1)\ 2
| e 4 )
A
— ()" — pi
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Equation number three (4.101):

(ep®PAn)? _ (ep® P An)®
(1-— 7“2)03\/[ (cpd71>\N+<27AN/)20)2 )
O g, M
oN M
_ 2
(ep ™M) (3%) "0,

_ oN
- 2 2
(3303 — (ep?= A + (5X) 0)?)oy
2
B (ep™ o) (32)
- 2 2

(22) 0%, — (cp™Aw + (3)0)?
d—1 2 (An)\ 2
(1.102) (;P V) (%)
(24)°02(1 - (34)" - p?)
(cp®=1an)?
_ o2
=—
1= (G —»

Last but not least we need to show
onomV1 =12 =opnop?/T— xV/I+ X
\ 2
= onop??, |1 - <N> —pd /14 p=d—1

ON

2
:UNU\Jl— <)‘N> ~
oN

We calculate again the squared equation to avoid roots.

_ 2
(cp™Tan + (2) )2

R
g
oN M
4 2 2
on (AN 2 d—1 ANV 2
= — —_— — )\ A
32 (<0N> oh — (ep™ A + (0/\/) o)7)
(4.102) s (AN 2 21 AN 2 J
= wloe)oa=12) =~
N \ON oN
2
AN
2 2 d
_ T EA 4.103
oo ((w) o) (4103)
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4.3. Calculations

Variances in terms of ¢ (and p)

Resubstituting (4.63), (4.67), (4.66) into the equations (4.96), (4.97), (4.98) gives:

p(1=p+eld=1)(p—p™Y))
(0~ cd— Dp1)?
Var [M(Hq(n,p))] = (cp” " on)? + 2Anep™ o + (1 — p?)o

Var [N (Hq(n,p))] =

n

d—1
= 2pr2l (1=p+ed—1)(p—p*) I )
(1 —c(d—1)p*1)? 1— c(d— 1)pd-T
_d cn
+(1 =)

_ 2 pdteld- 1)p*2 = 2¢(d — D)p~' 4+ e(d = 1)p* — p*!

n

—p

d

(L= c(d—D)pt1)?

_ 2
(cp®" A + (%‘;) o)ois

AN

Cov [N (Hq(n, p)), M(Ha(n, p))] = roxom =

= cpdilafv + Ao

Y (1 —p+ecld—-1)(p— pd—1)>

- R e
ep(1 = ph)
Tz c(d — 1),0‘1*1”
_ Pt med=Dp (= p)
T A ed 1)t
and for d = 2:
_rd-p)
Var [N (Grp)] = 1= op)?
2
Var [M(Gy)| = et 22 0 - )
1—p? —cp(l—
Cov N (Gng). M(Grn)] = e = 2=y

n
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Chapter 5

Applications of the Local Limit
Theorems

5.1 Results

5.1.1 The Probability of Connectedness

As an application of the local limit theorem for Hy(n,p) (Theorem 4.1), we obtain the
following formula for the asymptotic probability that H;(n,m) is connected, and thus
for the number of connected hypergraphs of a given order and size.

Theorem 5.1. Let d > 2 be a fized integer. For any compact set J C (d/(d—1),00) the
following holds. Let m = m(n) be a sequence of integers such that ¢ = ¢(n) = dm/n € J
for alln and let 0 < p = p(n) < 1 be the unique solution to

1— pdfl
pm =exp | —c(1 = ppn) - 17"2 . (5.1)
— Pm
Furthermore let ‘
_Pm 1— pd d
D4(c) = pm "™ (1 — —n )
a(c) = pm " ( Pm) <(1 — Pm)d>

and let cq(n,m) denote the probability that Hq(n,m) is connected while Cyq(n, m) denotes
the number of connected d-uniform hypergraphs of order n and size m. If n > ng then
ford=2:

o —1
ca(n,m) = Co(n,m) <(2)>

m

L+ pm —cpm 2¢pm + pm n
~ exp| ——+— |- ® ,C
VL4 pm)? — 2¢pm 2(1+ pm) 2(pm )
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Chapter 5. Applications of the Local Limit Theorems

and for d > 2:

n —1
ci(n,m) = Cy(n,m) <%1)>
1—ph = (1= pm)e(d = 1)pg"
VA= o+ e(d = 1) (o — pl ) (1 — ph) — cdpm (1 — pi )2

old — 9yl d—1
.exp< (d 1)(2p(1_[2)dpn)1+pm )>'q)d(pm’c)n

~

To prove Theorem 5.1 we actually need the local limit theorem for N'; M(Hg(n,p));
that is, Theorem 5.1 cannot be derived from just the central limit theorem provided by
Corollary 4.2.

Furthermore, we have the following theorem on the asymptotic probability that
Hy(n,p) is connected.

Theorem 5.2. Let d > 2 be a fized integer. For any compact set J C (0,00) the
following holds. Let p = p(n) be a sequence such that ¢ = c¢(n) = (Zj)p € J foralln
and let 0 < o = p(n) < 1 be the unique solution to

a—1 _
0= exp(c(i)_g)dll). (5.2)

If we let cq(n,p) = P[Hy(n,p) is connected] and

. el of— (1— p)d
%(c)—gwu—g)exp(dl o4 Q))

(1— o)

and if n > ng then for d = 2:

2ce ¢+ 2¢ + ¢ c
C2(nap) ~ €Xp ( 2(65 _ 1) >(1 - eC — 1)@2(0)71
2ce™¢ + 2¢ + 2 c
= 1— —— (1 —e )"
exp< Gt )( )10

and for d > 2:

1-¢'— (-0 cd-Do(( o\
cd(n,p)wexp(cg A= o)f + 5 ((1_Q> +1>)

1—c(d—1)(z%)""

- Wg(c)™

_pd—1

0—0
\/1 +c(d—1) oo
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5.2. Techniques

Interestingly, if we choose p = p(n) and m = m(n) in such a way that (}})p = m for
all n and set ¢(n) = (Z:})p = dm/n, then the function ¥4(c) is strictly bigger than ®4(c)
for all values of c¢. Consequently, the probability that H;(n,p) is connected exceeds the
probability that Hg(n,m) is connected by an exponential factor. The reason is that in
H;(n,p) the total number of edges is a (binomially distributed) random variable. In fact,
it turns out that — roughly speaking — Hy(n,p) “boosts” its probability of connectivity
by including a number of edges that exceeds (Z) p considerably. That is, the total number
of edges given that Hq(n,p) is connected is significantly bigger than ()p.

5.1.2 The Distribution of M(H,(n,p)) given Connectedness

The following local limit theorem for the total number of edges in Hy(n,p) given that
Hy(n,p) is connected quantifies this observation.

Theorem 5.3. Let d > 2 be a fized integer. For any two compact setsT C R, J C (0,00)
the following holds. Let p = p(n) be a sequence such that ¢ = ¢(n) = (Zj)p € J for all
n and let 0 < o = o(n) < 1 be the unique solution to (5.2). If n > ng and if y is such
that nféy €7, then

1 y2
P[|E(Ha(n,p))| = pg +y | Ha(n,p) is connected] ~ exp <—>
V27oy 203
. _ d 2 _ cdo(1—¢1)? d
with g = =gy (1 = %) and 0 = 5525 (1 — Tgma@ne—o= ~ ¢

5.2 Techniques

First we state two corollaries on the probability that order and size of the giant component
are very close to their expected values, which follow directly from Theorems 4.1 and 4.3
of the last chapter.

Corollary 5.4. For each ¢ > co > (d — 1)~ with ¢ being constant and p = c/(’}_1) let

p = p(c) be the single solution of p = oclp?1-1)

constant k the following holds

in the interval [0,1). Then for every

P [N (Ha(n,p)) = (1 — p)n+ k] ~ (2rVar [N (Hg(n, p))]) "/
~ (27Tnp (1 -t C(d - 1)(p _ pd—l)) ) -1/2

(= c{d=Dp™ 17

For d = 2 this simplifies to

NN -1/2
PN (Ha(n,p)) = (1 = p)n+ k] ~ (27]_”(/01(1_65))2)
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Chapter 5. Applications of the Local Limit Theorems

Corollary 5.5. For cach ¢ > co > (d — 1)1 with c being constant and p = c/ (1) let

p = p(c) be the single solution of p = e 1) in the interval [0,1). Then for every
constant k the following holds

P [N(Hd(n,p)) =(1-pn+k AN M(Hg(n,p)) = (1 - pd)@ + y} ~

d
1 1 —c(d—1)pd1
21\ Jap(l—p - eld = 1)(p — p=1)(1 = pt) — ¢2p2(1 — pi=1)?
y2d cdp(1 — p=1)? _
P (‘m“ “Tpred- D " 1)

All of the proofs use the Corollaries 5.4 and 5.5 together with the fact that the giant
component is a uniform random connected graph (supposed the number of vertices is
given). In order to use this result we will often need to have the giant component of a
graph to have a certain number of vertices and edges and thus fix parameters n and p
for a random hypergraph Hg(n,p) to fulfil this assumptions.

One problem occurring multiple times in this context are integrality issues which will
need a lot of effort in the forthcoming sections. One single lemma which will be helpful
in solving these problems shall be stated here:

Lemma 5.6. Let ci,c3 > 1/(d — 1) with |c; — ca] = O(L) and let p; be the solution to

n

pi=1—exp(ci(p{~' = 1)) fori=1,2. Then |p1 — ps| = O(})

n

Proof. Calculate the derivative and use the Taylor series expansion, which is possible
because p is differentiable due to the implicit function theorem. O

Since a random graph Hy(n,p) with p = ¢/ (Zj) has essentially a giant component
of order (1 — p)n with p being as in Lemma 5.6 this lemma allows for small variations in
¢ (or p and n respectively) without affecting the value of p too much. Although we did
state the theorems in terms of n, m, and p we will in the proofs reserve these letters for
talking about the graph whose giant component we analyse (where the giant component
is the graph the theorems are about). If we talk about order and size of the giant (and
sometimes a slightly altered probability to solve integrality issues) we use the letters v,
i, and q. Furthermore we replace ¢ = p(Zj) by ¢ = q(;:}).

5.3 Probability of Connectedness in the Binomial Model

The proof will follow mainly the lines of the proof of Theorem 2 in Coja-Oghlan et al.
[2006] while using additional ideas from the proof of Theorem 1 in Coja-Oghlan et al.
[2006].

For given numbers v and ¢ with ( > ¢¢ for a constant ¢y > 0 we want to compute
the probability that Hg(v, p) is connected where p = ¢/ (Zj) We choose n such that the
giant component of Hy(n,p) is close to Hy(v, p).
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5.3. Probability of Connectedness in the Binomial Model

For any integer n such that ¢ = p(Z:%) > (d—1)71, the equation p = exp(c(p?1 —1))

has a unique solution 0 < p < 1. Now, let n be the largest integer such that (1—p)n < v,
furthermore let p’ be such that (1 — p')n = v. These definitions of v, {, n, ¢, p, and p’
are valid in the whole section while g is defined as in (5.2).

Lemma 5.7. v — (1 — p)n = O(1)

Proof. Tt is clear that the function p(c) defined by p = exp(c(p?~! —1)) is continuous in ¢
thus the only problem is that ¢ cannot take any value because it is defined by ¢ = p(gj)
for discrete n and d and a given p = (/ (”_1). In the light of Lemma 5.6 it suffices to

d—1
show that c(n + 1) — c(n) = O(2).

n n—1 _ n—1 n 1
Ply_1) Pla1)=P\a1)G—as1 Y

()
= o)
L]
Lemma 5.8.
N1— d o —
c=((1 —p)l d<1+ <2>(1_p,)n+0(n 2))
Proof. Since ¢ = C(Z:i)/(gj) it suffices to show that
e i) A=) - Da T L= )
4= (A=ein=y = (A =p)n=1)g-1 g (L=p)n—j
d—1 .
_ Pl
_gl+ (I=p)n—j
& p'j -2
= exp (]Z::l m + O(n ))
d 0 _
= exp <<2>(1—’)n +O(n 2))
L]

Lemma 5.9.

PN (Ha(n,p)) = v] ~ (”) ca(v,p)(1 —p)(@)=("a")=()
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Proof. The right hand side denotes just the expected number of components of order v
occurring in Hy(n,p), and thus provides an upper bound on P [N(Hy(n,p)) = v]. The
three factor denote the number of ways to choose a set of v vertices where to place a
component of size v, the probability that this subhypergraph of H;(n,p) is connected
(ca(v,p)) and the probability that none of the () — (%) — (") possible edges connecting
the set of size v with the rest of the graph is present in Hy(n, p), and each of these edges
occurs with probability p independently. On the other hand, we have

PN (Ha(n,p)) = ] > (”) ca(v,p)(1 = p) (@)=~ QP N (Hy(n — v,p) < ],

because the term on the right hand side equals the probability that there is precisely
one component of order v. As PN (Hg(n —v,p) < v] ~ 1 by [Coja-Oghlan et al., 2006,
Lemma 9],the statement follows. O

Lemma 5.10. Let

: _ (1 — p)d
‘I’d(l’aoz(l—x)xl—zexp<§ll (1_(;)d )>

Then \Ild(Qa C)V ~ qId(pla C)V
1

Proof. From Lemma 5.7 we know that p— p’ = O(;) and from Lemma 5.8 in connection
with Lemma 5.6 we can conclude that p — o = O(2) and thus o/ — o = O(%). We use
Taylor’s formula, which entails that

1 1.0 1
Ualo+ O(ﬁ)» ¢) = Va(o, () = O(g)%wd(ga Q)+ O(ﬁ)
Deriving ¥, we get

8830\1]‘1(95’ () =(1- $)7d71x211—_x1 exp (C - :(1 - x)d>

. (c(l —z)(z — 29 + (1 —2)% lnx)

which gives 2 W4(z,¢) = 0 by plugging in (5.2) for Inp and thus ¥y + O(2),¢) —
Ui(p,¢) = O(#) which together with the fact that v < n results in Wy(p', ()" ~
Va(0,C)" O

Proof of Theorem 5.2. Using Lemma 5.9 we know
P [N (Hy(n,p)) = v] ~ <Z> ca(v,p)(1 — p)(@=("a")= ()

Together with Corollary5.4 we solve for c4(v, p) and get:

n ny_(n—vy_(v (1= o +eld—1)(o — pd—1
st ( (1)1 -0y o SRS

-1
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5.3. Probability of Connectedness in the Binomial Model

Using Stirling’s formula we have

-1
n n / /
= ~ 9 (1 — o )pP " (1 — /(l—p)n>
<V> <(1 B p,)n> ( mnp' (1= p)p" " (1 = p')
and thus

/ L , . ) —eld — /d—1)2
c ( ) ~ p/p n(l p )(1—P )n(l _p)( d )+(d)7(d) \/1(1_ p’p—?—(i(d _(;Z)(p/l)_pp/d—)l) . (53)

ud(pl7c)

Now we estimate the (1 — p)-term. First we focus on d = 2:
(1= p) (a0 = (1 = )+ =)
= (1 — p)ip (17/7/)”2
~ PP (1=p")n? p?p' (1—p")n? /2
~ P (1=p")(n+1) (2P (1-p") /2
Furthermore note that uz(p’,¢) =1 — ¢p’ in (5.3) and thus
co(v ~ lP'n 11—, (1=p")n 1— —p'(1—p")n? 1—cp
(v,p) ~p p p p
~ p’P’n(l _ p/)(l—p’)necp’(l—p )(n+1) oe?p’ (1=p )/2(1 —¢p))

~ pP(1 — p)(I=PIneer A=pInger’ (1=p)+e2p' (A=0)/2(1 _ ¢y

Now we use (1 — p')n = v to eliminate n and ¢ = (1 — p') "t exp <(1 oy + O(n~ ))
(see Lemma 5.8) to replace ¢ by (.

(v, p) ~ 17 (1= gl Ve A=+ A2 1 )

plv

£ » 1—p)~1(14 P,, / P20 =1 1 pl
~ p 7 (1= )t P T APy o+ (=) e /2 -2
Iy 1y 2 /
Npllf:p/(l_p/) eclppeglppe T p/+< 2(1=p7) p)(l_clp I)
—p
Using Lemma 5.10 and (5.2) (which gives o = ™) we get:
ov cev w 0
c2(v,p) ~ @7 (1 = g)ferTmee 2o (1 — (——)
-0

ov 2¢0%+2¢o+¢20

= o (1 - e e T (1 )
-0

2¢0%+2¢0+¢20

= (1= e T (1= ()

2Ce™% 4 2¢e ¢ + C26_4> (1—¢ e ¢

)

:(1e—C)uexp< 21— e C) 1 — o<
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Chapter 5. Applications of the Local Limit Theorems

In order to substitute p’ by g in the calculations above we also made use of the fact that
p'— o= O(2) (see the proof of Lemma 5.10)) and that the part of the function cs which
is independent of n is continuous in p’.

Now the same procedure for d > 2:

2
exp (( d)i(l —pt (1= p’>d>>
n\(d\ _; p? N o1d—1 / rd—1
exp<<d> 2>n <p+2>((1 PP+ (=) ))

For d > 2 we have (Z)% = o(1) and thus the second factor is negligible. For the third

factor we have

and thus

Now we plug this into (5.3) and reformulate again in terms of v = (1 — p')n and ¢ (using
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5.3. Probability of Connectedness in the Binomial Model

Lemma 5.8).

ca(v,p) ~ p’pl”(l — p’)(lfp/)”(l — p)(nEV)JF(Z)_(Z)ud(p’? ¢)
~ (1= )M e (1= - (- )

e (L= 0t 0= ) )t

ﬁd(p’,c)
, p/l’, , cvl— p/d _ (1 o p/)d ~
=p 1= (1—p)exp <d - ta(p', c)
CO— )0+ v 1 — pd — (1 — p)e
~ -0 (1 — AYZ ( p')n P p
p = ( p)eXp< g =
(', C(1—p")' ™%
, oy , CI+E)w1—pd—(1-p)\ . 1—d
~p 1—p (1 — p/) exp < d (1 — p/)d ud(pl7 C(]‘ - p,) )
/ p_/V/ IV glj 1- pld (1 - pl)d
/d (

Using Lemma 5.10 and the fact that the constant part is continuous in p’ we get:

o U1 — o — (1 — p)d
ca(v;p) ~ 072 (1 — )" exp (il ! il _(Ql)d 2 ) ug(o,¢(1—0)'"%

= Ta(¢) ujlo, ¢(1 - 0)' ™%
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where
_d o d
ui(o,¢(1—0)'%) =exp <C@1 dg(l _(Z)d 2 )
_l—d(g
. exp (C(l 0 5 @-1) (1—0)o" ' +0(1— 9)“))

_ % (1—0)(1 —¢(1— 9)'=(d — 1)g™~1)?
L—o+((1-0)'=4d—1)(0~ 0?1

B 1—ol—(1—9)?  Cd=1)o(( o \°
=exp (CQ (1 — o) + 5 (1—Q> —}—1))

1-gd-)E)"

d—1

JLH - ey

O]

The reason why our result for d = 2 differs from the one given by Stepanov [1970]

nt
ent — 1

ca(n,t) ~ (1 — )1 —e ™

is twofold. First we have p = 1 — e~ ! instead of p = t and second, in contrast to the
general notion, we do not have pn = ¢ but rather p(n — 1) = c.

5.4 Connectivity Probability and the Number of Connected

Graphs
The proof is similar to that of Theorem 1 in Coja-Oghlan et al. [2006]. First we give a
Lemma 5.11.
v,
PN (Ha(n, p)) = v A M(Ha(n,p)) ( )
27r\/p (1-— p)nGwq(c,n)
where
c(d—1)(p+ptt—2pY)  (1—phe*n 1—pd—(1—p)
wd(c’n):exp(( )p+p o A=pen 1-p (L—p)
2(1-p) 2d(31) (1-p)

o v 1-—pd\"
) (=5

Proof. Use the statements in the proof of Theorem 1 in Coja-Oghlan et al. [2006], espe-
cially Lemma 10 which gives Equation (15) in Coja-Oghlan et al. [2006]. O
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5.4. Connectivity Probability and the Number of Connected Graphs

Proof of Theorem 5.1. Given numbers v, u such that ¢ = du/v satisfies ¢g < ¢ < C for
some constants Cy > ¢y > d%‘ll, our goal is to compute the probability that Hg(v, u) is
connected. We reduce this problem to the problem of computing the probability that the
largest component of a random hypergraph Hy(n, p) has order exactly v and size exactly
u, where the edge probability p = ¢/ (sj) is chosen appropriately.

Let us first specify the edge probability p. By Corollary 5.4 for each ¢, > ﬁ there
is an 0 < py, = pm(cm) < 1 such that p,, = exp(cm(pd ! —1)).

By [Coja-Oghlan et al., 2006, Lemma 7] we can choose ¢, so that ¢ = (1—p%,)c/(1—
pm)- In addition, We choose n to be the largest integer such that (1 — p,,)n < v, and we
set Pm = cm (- %)
the relation ¢ = (1 — p%)cm/(1 — pm), we see that p,, satisfies the equation

. Then v —1 < (1 — py)n < v, because 0 < p,, < 1. Moreover, using

Pm = €Xp (Cm(psln_l - 1)) = €xXp (C(l - pm) ) 11__10;;71 ) (Cf' (5'1))' (5'4)

While v = [(1 — pp)n], it is more convenient to work with an edge probability
p = c(gj)_l such that v = (1 — p)n, where p is the solution to the equation p =
exp(c(p?~! — 1)) (cf. Corollary 5.5).

Using Lemma 5.11 we know that

PN (Hu(n,p)) = v A M(Ha(n, p) (” )
277\/p (1-— pd)nGwy(c, n)
where
cd=1D(p+p" "' =2pY) (1—pHcPn 1-p—(1—p)*
walesm) e exp ( 2i-p) o) (A p )

o v 1-—pd\"*
-(plfp(l—p)) <(1_£)d>

Since v = (1 — p)n and p = (1 — pd)g we can plug in Corollary 5.5 and get

o Am?p(1 = p)(1 = p")nGwa(c,n)?

Cd(Va ,LL) - 47202

(1—c(d—1)p" 1)
ap(L=p+c(d=1)(p—p™ 1)1 = p?) = 2p?(1 — p*1)?
_ (1-p)(L—p)(A —c(d—1)p™ 1) wale.n)
(I=p+ecld—1)(p—p? 1)1 - p?) —cdp(l — p?=1)2 """

2

_d
Now we want to reformulate this in terms of ¢ = 7" = (11fp)c and v = (1 — p)n instead
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of c and n. Let wy(¢,v) == wq ((}:ZZC’ ﬁ)

alv.p)? = (1= p)(1 = p")(1 = G5 — 1)p )2
d\Vs )" = (1 —p+%(d— D(p—p=1))(1 = pd) — (1 p)Cdp( 1)

_ (1 = Q=P g 1y),d-1
B (1—ph)(1 = =50 ( 1)p<) walC.)?

wd(C? V)2

(1+ 1252 (d = 1)(p = pT1))(1 = p?) — = 5dp(1 — p?-1)?2
B Tl (1= pt = (1= p)((d = 1)p™1)? o)
A= Cd= D= ) — pdp(1 = pt T
(1—p? = (1= p)¢(d = 1)p"1)? .v)

T U@ Do = )= pT) = Cdp(1 = p T2
which is for d = 2:

(1—p*— (1= p)¢p)?

e ) T A
_ (1—,0)2(1+,0—Cp)2 w (C l/)2
TP 2p(1 - )
_ (d+p=Cp)? (€.v)?
IR T A

with
a- p>c 2y ((1=p)¢)?
2020  (1=p)(752) 1-p2—(1-p)?
wa(C,v) ~ exp ( 20— ) + y 1=p*/ (L .

1—p° e\
p’(1— P)l_p ((1 —_ ,0)2>
NV
(p(1—=p)  ¢CA=p*=(1-p)) o 1+p\°
1—p? + 41— p2) )(ﬂ ’J(l—P)<1_p> )

N\ V
B Cp | CP(2p—2p%) e 1+p)\?
_exp<1+p+ 0= >(p p(l—p)(l_p> )
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and thus

_ 2

A+p°—20p "\ 2+

Now for the case d > 2:

P

(=p)¢a—p?)

%d—l +pd1 _9,d — o\ T e o
wd<c,u>~exp<”( 2()1(pr m)'(’)p(l_p)l_p((i/i)d) o )

—on (L), (’”Z”u 5 =59) 5) :

thus

1—p?— (1~ p)C(d —1)p!
VA= o1+ Cd=1)(p— pt=1)(1 = p?) — Cdp(1 — pi=1)2
)

_ d—1
- exp (C(d 1)2(51_25)—1_[) ) P4(p, )"

Cd(l/, :u) ~

It was already shown in [Coja-Oghlan et al., 2006, Lemma 12] that ®4(p, ()" ~ ®a(pm, )”.
Together with the fact that the constant part of ¢4 is continuous in p and that p — p,, =
O(2) the assertion follows. O

Note that this result fits the result of Bender et al. [1990] as we will show next. Their
result is:

o —x T 2 e~ % 1—z\ Y
ca(v, i) ~ exp <x(w+1)(1—y)+log(1—m+xy)—1g(l + y)><2 Yy 2)

2 1—y
l—z+4+uzy 2e Tyl Y
= —————exp(z(z+ 1)(1 - N
el + )1~ y)) ( s
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Withx:%andy:%.
¢ 14
1— g_i_gl_J C C 1— 26_%(ﬂ)17§
2 T 21 p T
ca(vy 1) ~ . 1+p - eXP(§(§+1)(1 - 1+p))' ( +1p 2)
\/1—2+2(1+ﬁ) 1- (179
14p < v
1+ p—Cp ox (C(%—I—l)p)‘ 2p20—5) (%Z)z(l—p)
(1+p)?—2¢p 1+p 2\/p

A+p2—20  2(1+p)

é 14
1+p—¢p ¢p+2¢p Lt (14 9\
(1+p)2—2C,06Xp( 2(1+p))' P ( ) < p))

. : p S\
= P (S LT 2Py w(”") <1—p>)

£ v
1 _ 2 9 i+p _1(1 2
_ +p—Cp e p(C p+ CP) . p2<lfpp) 2 <+P> (1— ,0))

A+p?—20p D 2(1+p)

5.5 Edge Distribution of Connected Hypergraphs

Proof of Theorem 5.3. We want to calculate the distribution of the number of edges for
a connected graph Hg(v,p) via finding the edge distribution for the giant component
of Hg(n,p) where n is chosen such that the giant component of Hy(n,p) has about v
vertices. As in the proof of Theorem 5.2 we choose n to be the largest integer such that
(1 —p)n < v where p is the solution to p = exp(p(gj)(pd*1 —1)). Lemma 5.7 gives that
v—(1—p)n=0(1), thus we can directly apply Corollaries 5.4 and 5.5.

It was already shown in [Coja-Oghlan et al., 2006, Theorem 3] that p, = ﬁ(l -
o) ~ G = p?).
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9(c,y) :==P[E(Ha(v,p))| = pg +y | Ha(v,p) is connected]
=P [M(Ha(n,p)) = ng +y | N(Ha(n,p)) = v]
_PIM(Ha(n,p)) = pg +y N N(Ha(n,p)) = (1—p)n]
PN (Hg(n,p)) = (1 - p)n
_ 1 1—c(d—1)ptt
2mn el = p+e(d = 1)(p — p=1)(1L = pf) = 2p2(1— pi1)?
y*d cdp(1 — p?71)? -
- exp <_2cn(1_ = pted—1)(p—po D) - p%) 1)
L p(l-pteld- 1)) v
A\ Gty
_ 1 E(l_ d) B ) (1 pd 1) -1/2
Vam \d~ P T g = pre(d— Do — pi D)
yd cdp(1 — p*1)? -
- exp (—M(l 1z ot old— 1)(p— P - Pd) 1)
1 2
B \/%Jg P <_2 3)
with dp(1 — 12
=T capt’ — _
O'S = d(l 1= )T cld— )( ) p?)
Now we want to reformulate this in terms of v := (1 — p)n and ¢ chosen such that

C/(Zj) =c/ (Z: ) = p. This means nothing but ¢ ~ ¢(1 — p)¢~! and thus
)

dp(l pd 1,2
v (1=p)d—1
_ ¢ 1 <m ~ o)

2
g_d(l_p)d( 1_P+$(d_1)(ﬂ_ﬂd_l)

B Cdp(1 — p*1)?
(L=p)+{(d—1)(p—pit)

— %)
and
Mg =

For d = 2 we have p = e~¢ and thus

2 _ v 1-
7 2(1-p)? (1—p)?
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and

=  (1-
Ho = 51 = p)2

_w(d+p)
2(1-p)
(vl +e9)
2(1—e9)
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Part 11

Random Intersection Graphs
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Chapter 6

Introduction

Trying to model the component evolution of the molecule network from Frommel et al.
[2003] with the standard random graph model introduced by Erdds and Rényi [1960]
which was covered in Part I leads to the disappointing result shown in Figure 6.1.

1200

standard random graph -
actual data

1000

800 -

600 -

size of largest component

400

200 -

0 10 20 30 40 50 60 70 80 90 100
minimum edge weight

Figure 6.1: Largest component in the protein graph versus the Erdés-Rényi-model.

The largest component growing at significantly slow speed between the edge weights
20 and 50 in the experimental network behaved completely differently in the model. In
accordance with the theoretical results the largest component in the model jumps almost
at once from only a few vertices to the almost complete graph.

The reasons for this mismatch and an attempt for developing a model solving these
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Chapter 6. Introduction

issues are the topics of this part.

6.1 A Different Model for Random Graphs

The random graph model by Erdés and Rényi [1960] (denoted by G, ;) considers a fixed
set of n vertices and edges that exist with a certain probability p = p(n), independently
from each other. In addition to the difference in component behaviour mentioned above,
it also lacks many of the commonly observed properties of real-world networks (e.g. scale
free degree distribution and clustering, see for instance Albert and Barabasi [2002]). One
of the underlying reasons that are responsible for this mismatch is precisely the inde-
pendence of the edges, in other words the missing transitivity. In a real-world network,
relations between vertices x and y on the one hand and between vertices y and z on the
other hand suggest a connection of some sort between vertices x and z.

6.1.1 Intersection Graphs

An intersection graph is a graph G = (V, E) together with a so—called universal feature
set W. Every vertex x € V has an assigned feature set W, C W, and the characteristic
property of an intersection graph is that two vertices x,y € V' are connected by an edge
in F if and only if their feature sets have non-empty intersection:

{z,y} € E & W, N W, # 0.

We call the elements of W' features. If the feature w € W is contained in W, and W,
and thus forces the edge {x,y}, we say that {z,y} is induced by w. Furthermore the set
of vertices V,, holding a specified feature w (which obviously forms a clique) is called a
feature clique. Trivially

v eV, weW,,

in which case we say that v and w see each other or v has w.

As usual, T'(v) denotes the set of neighbours of v, i.e. the set of vertices in V' that
have features with v in common.

Well studied examples for intersection graphs are interval graphs on the real line (see
e.g. Scheinerman [1988]). We will, however, only consider finite sets. Obviously every
graph is an intersection graph (simply pick an individual feature assigned only to the two
vertices of every edge), but the fewer features we have, the more apparent becomes the
structure of the shared features inside the graph.

6.1.2 Random Intersection Graphs

A random intersection graph on n vertices with a universal feature set W of size m is a
random graph with vertex set [n] where each vertex gets assigned a random set of features
by choosing each feature independently with probability p. A sample of this probability
space is denoted by Gy, p. We consider now and in the following m := n®, and will
usually distinguish two cases: o > 1 and 0 < a < 1. If the probability of Gy, ,,, having
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6.1. A Different Model for Random Graphs

a property A tends to 1 with n tending to infinity, we say that G, has property A
asymptotically almost surely (a.a.s.).

A few simple observations. Obviously Gy, ., does exhibit some kind of transitivity: if
the edges {x,y} and {y, z} are induced by the same feature w, then this will also induce
the edge {y,z}. The smaller m is, the ‘simpler’ will be Gy, p, ,, because relatively few
cliques will dominate its structure. In the following we will consider the case m := n®.
It was shown in Fill et al. [2000] that for & > 6 the random intersection graph G mp
behaves in many ways like the classical random graph Gy, ,; with p’ =1 — (1 —p?)™. We
will focus mainly on the case where 0 < o < 1.

It is sometimes convenient to view the random intersection graph as a random bipar-
tite graph with bipartition (V, W) and random edges between the V' and W occurring
independently with probability p. A sample from this space will be denoted by By, 1 -
Given the bipartite graph, say B, the intersection graph is obtained as G = B2[V],
where we write B? for the so—called square of B (where two vertices are connected if
their distance is at most 2 in B). B is called a generator of G.

6.1.3 Related Work

The model of a random intersection graph Gy, ., has been studied with respect to sub-
graph appearance in Karonski et al. [1999] and with respect to equivalence to Gy, , in Fill
et al. [2000] (see also Singer [1995]). Stark has investigated the vertex degree distribu-
tion in Stark [2004]. The first two results and some results concerning connectivity and
cliques can also be found in Singer [1995].

Extensions to the model have been proposed in Godehardt and Jaworski [2001], who
modify the distribution of the sizes of the feature cliques. The practical relevance of the
model has been discussed in Newman et al. [2001] and in Guillaume and Latapy [2004].

Studies on the extended model concerning degree distribution were performed by
Jaworski et al. [2006] and concerning evolution of the largest component by Rybarczyk
[2006]. For related work concerning the different problems studied in the individual
chapters also see the notes at the beginning of each chapter.

6.1.4 Overview

In this part we will give first some auxiliary lemmas and then study in three chapters
some selected problems on random intersection graphs. The first one (Chapter 7) is the
evolution of the giant component, which motivated us to look at this model. The second
one is the construction of a minimum clique cover (Chapter 8) which somehow restores
the intersection graph structure of a given graph and last but not least we look at the
colouring problem (Chapter 9) as a prominent optimization problem which also gives
insight into clique (and thus cluster) structure of the graph.

After the theoretical results we present some experimental studies on real-world net-
works and close with an outlook on open problems on random intersection graphs in
connection with complex networks.
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6.2 Auxiliary lemmas

The following estimates are used without proof:

()=(5)

(Z) <a (6.2)

(1 —a)® = (14 0(1))(1 — ab) for 0 < a < 1,ab— 0 (6.3)

e <1—qg<e® forogagé (6.4)

Let X be a non-negative random variable with expectation p := E[X] and variance

Var [X]. As a special case of Markov’s inequality the first moment method states that
P[X >1] <p. (6.5)
and the second moment method (a special case of Tschebyscheff’s inequality) that
E [x]
112
If X is a binomially distributed random variable (n trials, each with probability p), then

1 = np and we shall use the following variants of Chernoff’s inequality (see Section 2
in Janson et al. [2000]):

P[X =0] < Var [X]/u? = —1. (6.6)

2
PlX > < —_— f > .
[ _u+t]_exp< 2(M+t/3)> ort >0, (6.7)
2
PX <p—t] <exp <—2> for t >0, (6.8)
QW
P[X >t] <exp(-—t) for t > 7p. (6.9)

Let Gymp be a random intersection graph. We first show that the probability that
there is a feature clique which deviates significantly from its expected size is exponentially
small.

Lemma 6.1. Let X,, := |V,| be the random variable counting the number of vertices of
a fized feature w in a random intersection graph Gy m p with m :=n® and o < 1. Then

1
P {Elw eW | Xy —pn|> (pn)%] < mexp (_(p?;)2> .
Proof. The number of vertices chosen by a feature is a binomially distributed variable.

Its deviation from its expected value can therefore be bounded by Chernoff inequalities
(6.7) and (6.8). First let w be fixed:

3
2

n n% ex — (pn) lex —@
P> m)i] < p( 2<pn+<pn>i/3>>§2 p( 3 )
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P[X, < pn— (pm)?] < exp (—<§;jjj) <Lew (_@?2) |

By linearity of expectation (summing over all possible w) and Markov’s inequality this
implies that

1
P [Elw eW:|Xy—pn|> (pn)%} < mexp (_(pr;)z> .

O]

Since we are mostly interested in small feature sets, we need only an upper bound on
their size.

Lemma 6.2. Let X, := |W,| be the random variable counting the number of features for
a fized vertex v in a random intersection graph Gy mp with m :=n® and o < 1. Then

3pm

P[F3veV:X,>2pm|<ne s,

and for pm < 31lnn
1

P[veV:X,>21lnn] < 20

Proof. Very similarly to the previous lemma, we have for a fixed vertex v

(pm)? ) _ o

(6.7)
P|X, < -
[Xy >pm+pm] < exp < Som + pm3)

and for pm < 31nn

(6.9) 1
P[X, >21lnn] < exp(—2llnn) = —;.
n
Again summing over all vertices v yields the statement of the lemma. O

Denote by B the event that none of the events in Lemmas 6.1 and 6.2 occur. In other
words, fornow € W : | Xy, — pn| > & and fornov € V : X, > 2pm or X, > 21Inn. The

above lemmas show that (under certain conditions on n, m and p) we have P {B} — 0.

In the following we will often observe that these conditions are indeed satisfied, and then
attempt to compute the probability for some other event A. As

P[A] = P[A|B|P[B] + P [A\B}P [B} <P[A|B] +P [B},

we can then restrict our attention to proving that P [A|B] — 0.
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Chapter 7

Component Evolution

7.1 Results

The aim of this chapter is to study the evolution of the largest component in the random
intersection graph model. Since components are natural candidates for clusters in graphs
it is straightforward to analyse their growth in our random model, thereby getting insight
into structural peculiarities of the real-world networks. The component structure for G,,
has already been studied in Erdés and Rényi [1960] and there are also results for some
models for real-world networks by Chung and Lu [2002] and Bollobés and Riordan [2005].

This chapter is organised as follows. In the next section we describe our results and
compare it with the growth of the giant component in G, ;. Section 7.2 states some
results on branching processes which will be used for the proofs of the results in Section
7.3 and 7.4.

Let N(G) denote the order (number of vertices) of the largest component of G. Our
main theorem is:

Theorem 7.1. Let Gy mp be a random intersection graph with m :=n® and p*m = £.
Furthermore let p be the single solution to p = exp(c(p — 1)) in the interval (0,1) for

c¢ > 1 Then we have a.a.s.

N(Grmp) < (1_96)21nn fora>1andc<1 (7.1)
N(Gnmp) =1 +0(1))(1—p)n fora>1andc>1 (7.2)
N(Grmyp) < (110_\/66)2 % Inm fora<landc<1 (7.3)
N(Grmyp) = (14 0(1))(1 — p)v/emn fora<1landc>1 (7.4)

Furthermore we can prove that the order of the largest component for a < % and p
small enough is approximately that of a single feature clique, see Section 7.4.1 for details.
As already proven in Singer [1995] the “edge probability” p’ (meaning the ratio be-
tween present edges and all possible edges) in the random intersection graph is closely
concentrated around p?m. Thus the two results above show that for o > 1 the largest
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Figure 7.1: Evolution of the largest component for o = 0.25.

component in the intersection graph exhibits a jump from logarithmic order to linear
order at p’ = % which is similar to the G, ;y behaviour. This is also the moment at which
in both models the expected degree of a vertex gets larger than 1.

For o < 1 the jump is still at the same position but A increases only by a polynomial
factor as is shown in Figure 7.1 for a = 0.25.

Additionally this figure shows that the order of the largest component jumps from
approximately the size of a single feature clique (which is concentrated around pn, see
(7.6)) as a trivial lower bound to the order of the largest component to approximately
the sum of the sizes of all feature cliques (which is for the same reasons concentrated
around pmn) which is an upper bound to N.

7.2 Branching Processes

In order to discover components in a graph we will use branching processes (for an
overview of the topic of branching processes and for references to those used in proofs
see Athreya and Vidyashankar [1999]) similar to the proofs in Chapter 5 of Janson et al.
[2000]. We will explore the component by starting at a single vertex, generating its
neighbours as descendants in a branching process and then the second neighbourhood as
their descendants and so forth.

Let the random variable X with binomial distribution Bi(n,p) denote the number of
descendants (neighbours) of an arbitrary vertex. The Galton-Watson branching process
on the variable X has the following properties (see Theorem 5.1 and Example 5.2 and
5.3 in Janson et al. [2000]).
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1. If np™—=%¢ < 1 the branching process on X dies out a.a.s.

2. If np™~>%¢ > 1 the branching process dies out with probability p(c) where p(c) is
the unique solution of

p = exp(c(p—1)) (7.5)

in the interval (0,1).

Thus the main complication in the proof is to overcome the limitations of the branch-
ing process which deals with an essentially unbounded domain in contrast to the limited
number of vertices in the graph.

The discovery of neighbours is (in contrast to the process used in the G,,;, model) a
two step process. First we let the vertex discover its features and then the features find
the vertices they are assigned to. The features and the vertices used in each step will be
ignored in the further process which will slightly downsize the universal feature set and
the vertex set. As we will see later this deviation will not affect the ongoing process very
much.

7.3 The Evolution for a > 1

This section contains the proof of the first two statements of Theorem 7.1. After giving a
sharp concentration result on the number of features a single vertex may have, we closely
follow the branching process method used in Janson et al. [2000] to prove the results on
the order of the largest component.

7.3.1 The Size of the Feature Set

In order to give precise estimates on the number vertices which get discovered by the
branching process we need sharp bounds on the size of the feature set of a vertex. This
result is similar to Lemma 6.2 but it needs to work even for graphs where we removed
parts which are no longer available to the branching process.

Lemma 7.2. Let v be a fized vertez in a random intersection graph G, m p with pn = o(1)
and p*mn = O(1). Furthermore let W' C W be a subset of the universal feature set of
size at least m — 2pmn and X, := |W, N W'| denote the random variable counting the
number of features of v in W'. Then X, is very likely close to its expectation or precisely:

(pm)? )
3

P [\Xv —pm| > (pm)ﬂ < exp (—

Proof. For the expected number of features selected in W’ we have p := E [X,] > p(m —
2pmn)) = pm — O(1) and p < pm.
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Since the features are selected independently uniformly at random we can use Chernoff
inequalities (6.7) and (6.8) to bound the deviation from the expected size.

PV > pm+(pm)i] <P[Y > p+ (om)i]

(pm)

= (_2 (/Hr (pm)i/?)))

And for the lower tail using (6.8):

P Y <pm— (pm)
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Notice that these calculations (and thus the probability for the tails) remain valid even
if we remove no features at all.
From the two tails above we may easily conclude the statement of the lemma. ]

7.3.2 Proof of Theorem 7.1, (7.1) and (7.2)

Proof of (7.1). We prove that for ¢ < 1 the branching process starting at an arbitrary
?l_ncnz steps.

From Lemma 7.2 we know that there is with high probability no large deviation from
the expected value in the size of a feature set. Our branching process starting at v now
proceeds as follows. At first v discovers its features. If there are too many or too few of
them (in the sense of Lemma 7.2) we abort.

Otherwise we let the features discover the vertices which hold them. Since the feature
set of v has size (14 o(1))pm the probability for an individual vertex w to hold at least

one feature in this set is

vertex v discovering all the vertices one by one will finish in at most

6.3
P [{v,w} € E(Ganp)] = 1 — (1—p)+o0rm @ (1 o(1))p%m

and the neighbours of v will be chosen independently with this probability. Thus the
expected number of new neighbours discovered will be:

E [d(v)] < n(1+o(1))p*m
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7.3. The Evolution for o« > 1

Now we remove W), (the feature set of v) from the universal feature set and continue
with discovering the features of the neighbours of v the same way we discovered the
features of v and so on. We do this at most n times (only n vertices available) thus the
probability that we will abort at any step because of the wrong size of the feature set is
(due to Lemma 7.2) bounded by

< (pm);> n—00
nexp | — 3 —0.

Furthermore we did remove at most n(1 4+ o(1))pm < 2pmn features from the universal
feature set thus Lemma 7.2 was applicable all the time.

Observe that the probability that v is in a component of order at least k is bounded
by the probability that the sum of the degrees of k vertices discovered in the process is at
least k — 1. Since all features were discovered independent from earlier ones and thus all
vertices were discovered in an independent manner, the probability for a component of
order at least k > ?lnc can be bounded using a Chernoff inequality again. Let Y; denote
the number of neighbours of the ith vertex discovered in the process and notice that the
expected value for the sum over the Y; is bounded from above by (1 + o(1))kp*mn < k¢’
for ¢ := %1

[Ekj >k —1] —n]P’lZY>kC +(1_c)k_1]

=1
(1 =)k —1)2
< nexp (‘ 2+ (1= c’)k/3)>

< nexp (—(1_26/)2]6) .

Resubstituting ¢ and k shows that this term tends to 0 as n tends to infinity which
proves by (6.5) the theorem. O

For the appearance of a giant component when ¢ > 1 we will study the same branching
process again using the proof of Janson et al. [2000].

Proof of (7.2). We start by proving that there is a.a.s.no component which has more
than k_ := (ﬂ)f)Q Inn or less than ki := n?/3 vertices by proving the harder result that
(c—1

for every k- < k < ky there are a.a.s."— )k vertices which are to be examined (have
been discovered as neighbours but were not examined themselves). To prove this we have
to look at no more than k£ + Cizlk = izlk vertices.

Because of this we exclude in each step at most %llﬁr vertices from the further
process. Furthermore we do still downsize the universal feature set only for a very small
amount for each vertex which discovers its neighbours as in the proof of (7.1). This
gives independence for all steps of the branching process and thus one can bound the
number of neighbours a vertex discovers from below by independent random variables
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Chapter 7. Component Evolution

Y;* € Bi(n — C'g—lkur,p’?m) with p’ such that p?mn = %. The value for p’ results from
the lower bound on the size of feature set given by Lemma 7.2.

Now we can bound the probability of dying out after k steps or having too few
discovered (but unexamined) vertices by the probability that

b c—1
DY <k—-14+-—Fk
=1 2

Now the existence of such a process can be bounded by Chernoff inequality (6.8) and we

get with p:=E [ le Yl*} = 3c4—+lkz —o(k) for k_— < k < k4 and n large enough:

k c—1
Svr < (k- olk) 1)
=1 4

ky k 1 ky
nZP[ZY;gk—H k]:nZP
k=k i=1 2 k=k_

2
k+ — (k- o(k) +1
1
=n Z €xp ( Bctl )
k=k_ 2
<n Z exp ( 4 )
— 3c
c—1\2
— (&) "k
< nk; exp <m>
3c

Because of the values for k_ and k. given at the beginning of the proof this tends to 0
as n tends to infinity and thus by (6.5) there is a.a.s.no process stopping between k_ and
k+.

If there exist two different components 7" and U with |T'| > k4 and |U| > k4 their sets
of features W and Wy have to be disjoint. According to Lemma 7.2 a.a.s.|Wyr| > ky B
Thus the probability of disjointness is:

(1-— p)ki% (%4) exp (—kip2m> = exp (—n§c> %50
2 2n

Now we have that there is a.a.s.only one component with at least ki vertices, it
remains to show that it has linear order. Let Y denote the number of vertices in com-
ponents of order at most k_. Let for each vertex ¢ € V' Y; be the indicator variable for
being in such a small component. We estimate the expectation and variance of Y.

For a single vertex the probability of being in a small component can be bounded
from above and from below by the extinction probabilities of branching processes with
distribution Bi(n — k_, (1 — o(1))p?*m) and Bi(n, (1 + o(1))p?*m). The o(1) terms in the
two cases bound the possible deviations in the size of feature sets according to Lemma

7.2. By (7.5) we know that the probability of extinction of these two processes is p which
results by linearity of expectation into E [Y] = p(c)n.
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7.4. The Evolution for v < 1

In order to prove the concentration of Y around its expectation, we calculate its vari-
ance, or precisely using (6.6) we show that E [Y?] = (14 o(1))E [Y]?. Two vertices being
simultaneously in a small component is an event which occurs either if they are in the
same component, in which case the probability can be bounded by the extinction prob-
ability for this component or they are in two components which means two extinctions

have to occur independently.
n 2
i=1

< np(np)k— + np(np)np((n — k-)p)
= (1+o(1))n*p(np)® = (1 + o(1)E [Y?

E[Y?| =E

= 2_E[VY]]
[2¥}

By Tschebyscheff’s inequality (6.6) we can conclude that the number of small vertices is
a.a.s.p(c)n hence the largest component is of order (1 — p(c))n. O

One further consequence of this proof is that for &« > 1 and ¢ > 1 we can bound the

order of the second largest component by (ﬂ)f)Q Inn.

7.4 The Evolution for a <1

If we have a small upper bound for the number of vertices two feature cliques have in
common we can simply add the clique sizes (provided we know they are connected) in
order to estimate the component order. This bound is the content of the following lemma.

Lemma 7.3. Let Y be the random variable counting the number of vertices having more
than one feature in a random intersection graph Gp mp with m :=n® and o < 1. Then
for p*m?®n > Inn:

P [Y > 2p2m2n} 220

and for p>m*n"—2%0:
P[Y > 0]272%0

Proof. For a single fixed vertex v the probability of having more than one feature is
(when pm — 0):

PW,| > 1] =1—(1—p)™ — (mp(1 — p)™* 2 (1 + 0(1))m2p?.

Since all vertices choose their features independently Y is a binomially distributed vari-
able with expectation nm?p? and the second statement of the lemma, follows by Markov
inequality. For the first statement we can bound the deviation using Chernoff inequality
(6.7).

2,2
P|Y > 2p*m?n| <P[Y > 2E[V]] < exp (-3””; P ) e,
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Chapter 7. Component Evolution

Now we can start proving the component evolution for a < 1.

Proof of (7.3). In order to reuse the results of Section 7.3 we interchange the role of
the feature set and the vertex set and look at the largest component in the feature
set instead of one in the vertex set. As we know from Theorem (7.1) there will be no
component containing more than ﬁ Inm features. Exploiting again the symmetry
between feature set and vertex set, we can use Lemma 7.2 to deduce that for every
feature w

Vw = (1+0(1))pn (7.6)

with probability at least 1 — mexp(—(pn)'/2/3 = 1 — o(1)). We can conclude that the
order of the largest component is a.a.s.bounded by
9 10/ (@

Wlnm- (1+o0(1))pn < (1—¢c)2\Vm

Inm.

O

Proof of (7.4). We use the same method as in the last proof. With exactly the same
argument we already have a.a.s.an upper bound for the order of the largest component
of

(1= p(e))m - (1 + o(1))pn < (1 + o()V/e(1 — ple))V/imm.

The lower bound can be achieved because the order of the component can be bound by
the sum over the sizes of all cliques minus the number of vertices which occur in more
than one clique multiplied with the multiplicity they occur. Or more precisely (with Wy,
denoting the set of features in the giant component in W and V}, denoting the vertices
linked to it):

Vel= > Vul— Y. (Wl -1)

weWr, VEVL,|Wy|>1

> (1L=ple)m(l+o(lpn— > max{|W,[}
UEVL,|WU‘>1
The probability of the existence of a vertex with more than Inm features is bounded by
n(pm)™™ which tends to 0 for our choice of p. Furthermore we know from Lemma 7.3

that there are at most 2p>m?n = 2¢m vertices with more than one feature. Therefore

IVi| > (1 — p(c))m(1 +o(1))pn — 2cmInm

= (1+o(1))(1 — p(c))v/emn — 2emInm
= (14 o0(1))(1 — p(c))Vemn.

O]

As a direct consequence of this bound and the remark after the proof of (7.2) we have
that for &« < 1 and ¢ > 1 we can bound the order of the second largest component by

7(05_110)2 Inmpn = (E’Cl_ci/)é \/% Inm.
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7.4. The Evolution for v < 1

7.4.1 Feature Cliques as Components

Similar to the evolution of G, ;,, which has lots of isolated vertices for very small p, there
are stages of the evolution of G, ,,, , where the feature cliques do not intersect. At this
stage the component structure of Gy, ;5 is not very complex.

Proposition 7.4. Let Gy, mp be a random intersection graph with m := n® and o < %

andIlnn < pn K % Then a.a.s.there are m components which are (feature) cliques and
the rest of the graph consists of isolated vertices and thus a.a.s. N (Gpmp) = (1+o0(1))pn.

Proof. The statement follows directly from Lemma 7.3 and (7.6) because if there are no
vertices with more than one feature there are only isolated vertices and feature cliques.
O
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Chapter 8

Clique cover and feature
reconstruction

8.1 Results

The main aim of this chapter is to develop and analyze simple algorithms which, given
an intersection graph, quickly reproduce the underlying feature cliques. As the features
of a network are likely to reflect important properties of the data, they represent im-
portant meta-information that will help in clustering, storing and searching it efficiently.
An immediate example for such feature cliques are communities in the world wide web
which share common topics and thus their webpages (represented by vertices) are highly
interconnected via hyperlinks (represented by edges).

Since every graph can be seen as an intersection graph with the universal feature
set being large enough, we want to (re)produce a universal feature set that is as small
as possible. This is equivalent to the NP-hard problem of constructing an (edge) clique
cover with a minimum number of cliques for the graph, see Garey and Johnson [1979],
and hence we cannot expect to find an efficient algorithm which always finds an optimal
solution. Instead, we present a simple greedy heuristic that constructs a generator of
a given graph. Our main contribution is to prove that this algorithm performs a.a.s.
optimally (this means with probability tending to one as n tends to infinity), when the
input graph is chosen at random from our model G, ,, , for certain ranges of p. More
precisely, we will prove the following two theorems.

Theorem 8.1. Let a positive constant o < 1, n, m := n® and % <p= O(%) be given
and let G := Gpmp = (V, E) be a random intersection graph with n = |V|. Then there
exists an algorithm which a.a.s.finds a bipartite graph B = (VUW, A) with |W| < m and

B2[V] = G (a generator of G). Its running time is bounded by O(n|E|).

Theorem 8.2. Let a positive constant « < 1, n, m := n® and % <p< min{%m_%, 8%}
be given and let G := Gy mp = (V, E) be a random intersection graph. Then there exists
an algorithm which a.a.s.finds in polynomial time a bipartite graph B = (VU W, A) with
\(W| <m and B?[V] = G (a generator of G).
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Chapter 8. Clique cover and feature reconstruction
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Figure 8.1: Ranges for p and m for which we prove the a.a.s.optimality of Algorithm 1

Notice that Theorem 8.2 covers a greater range of p at the expense of a larger (but
still polynomial) running time of the algorithm. Observe that in particular graphs with
constant expected degree (which seems appropriate for many real-world networks) are
already covered by Theorem 8.1 and can thus be analyzed very efficiently. Figure 8.1
illustrates the range of m and p for which our theorems hold.

Following Guillaume and Latapy [2004], who compared real complex networks with
random intersection graphs, we ran our algorithm on the same or similar real-world
networks to obtain a clique cover. The results can be found in Chapter 10. The simulation
results show that even very large graphs can be covered quite well with a reasonable
number of cliques and a good running time.

This chapter is organized as follows. Section 8.2 contains the algorithm that gives
rise to the theorems. In Section 8.3 we prove Theorem 8.1 which is just a warmup for
the proof of Theorem 8.2 in Section 8.4.

8.2 The Algorithm

The following algorithm finds cliques in a graph by testing the common neighborhood
of vertex subsets of fixed size k for completeness. From the cliques found in this way it
takes the largest ones in order to cover the graph.

We shall use the following (slightly non-standard) notation: For the set AU {x} we
write A+x. Denote by I'(v) the set of vertices having edges to v and by N(v) :=T'(v)+wv
the same set including v itself. For a vertex set U we denote by Z(U) the common
neighborhood of the vertices in U (Z(U) := (=, N(v;)).

Algorithm 1.

Input: Graph G = (V,E) on n vertices, k € N
Output: (partial) edge clique cover M of G
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8.2. The Algorithm

FEATUREFIND (G, k)

(1)  L:=0;

(2)  foreach Uy ={vi,...,u} CV

() Z=2(Uy) =Ny Nw)

(4) if G[Z] complete

(5) =L+ Z;

(6) Y :=10;

(7)  foreach Z € L in decreasing cardinality |Z|
() fEGZ) LY

(9) Y =Y UE(G[Z]);

(10) M=M+7Z;

We will use this algorithm with £k = 1 to prove Theorem 8.1 and with larger k£ to
prove Theorem 8.2. The set M found by the algorithm contains the vertex sets seen by
the individual features and can thus be considered as a subset of the feature set W of a
possible generator of G.

The running time of the algorithm is clearly dominated by checking the clique prop-
erty for the neighborhood of all k-subsets of V. Since the clique property can clearly
be checked in time O(|E]) this leads to a total of O ((}})|E|). The following proposition
gives rise to an algorithm which needs much less time in practice.

Proposition 8.3. Let G = (V, E) be a graph and let U C V' be such that C := Z(U) =
Nuev N(u) is a clique in G. Furthermore let U' be an arbitrary subset of C. If Z(U') is
a clique then Z(U') = C.

Proof. Since C'is a clique it is immediate that for every subset U’ C C all vertices of C
are adjacent to all vertices of U’, hence C C Z(U’). Now assume that Z(U’) is a clique
and that there is a vertex v in Z(U’) which is not in C. Since C' C Z(U") all vertices in C
(and especially in U) are adjacent to v but this means v € Z(U) = C which contradicts
the assumption that v € C. Thus v cannot exist and the statement is proven. O

This proposition implies that every set Uy which is a subset of a clique that has been
found in an earlier stage of the algorithm does not have to be checked anymore, which
in practice reduces the number of sets to be checked dramatically.

Furthermore note that for £k = 1 (and in fact even for k = 2) sorting the cliques
(starting at line 7) and taking only the largest ones is not necessary which speeds up the
algorithm as well.

Proposition 8.4. Let G = (V,E) be a graph and let e = (u,v) € E be such that
C := N(u)UN(v) is a clique in G or let v be such that C := N(v) is a clique in G. Then
every minimum edge clique cover of G contains a subset of C.

Proof. This is a simple corollary of Proposition 8.3 since there is no clique in G which
contains e (resp. v) and is not a subset of C. O
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Chapter 8. Clique cover and feature reconstruction

That means for £k = 1 and k£ = 2 the size of the computed clique cover is a lower
bound to the clique cover number of the graph. In order to improve further on this lower
bound in the experiments we decided to let the algorithm work iteratively, details can be
found in Section 10.3.

8.3 The case k=1

We first show that almost surely every feature clique contains a vertex with only one
feature.

Lemma 8.5. Let Gy pmp with m := n%, o < 1 and % < p = O0(%) be a random
intersection graph. Then a.a.s.every feature clique V,, contains a vertex for which w is
the only feature:

YVweW JveV,: W, ={w}.

Proof. For p > % we know from Lemma 6.1 that we can condition on the event that
there is a.a.s.no feature clique with less than £ vertices. Now fix a single feature w, let it
choose its clique V,, and determine the probability that all the vertices inside V,, choose
another feature. Summing over all features we can then bound the probability for the
existence of such a w by

pn

PPBw e W,Yo €V, : [W,| > 1] < m(l —a _p)m—1>7

(6;4) m (1 — e_2pm> 7

This tends to 0 because for n large enough In(1 — e~ M) Inn < —a. O

Theorem 8.1 now follows immediately from this lemma because Algorithm 1 only
needs to “find” the vertex from Lemma 8.5 which it will surely achieve running with
k=1.

Proof of Theorem 8.1. 'We run Algorithm 1 with k£ = 1 and claim that a.a.s.the produced
list £ will contain exactly the feature cliques. By Lemma 8.5 we can assume that every
feature clique V,, contains a vertex wu,, for which w is the only feature (W, = {w}).
Observe that for such a vertex wu,, the neighborhood N(u,) is a feature clique. This
already implies that all feature cliques will be contained in L.

Now assume that there is a vertex v with more than one feature (e.g. x,y € Wy).
Since u, and u, must lie in N(v) (because v shares one feature with each of them) and
since there is no edge between u, and u, (they have only one feature) N(v) cannot be a
clique. Thus if N(v) is a clique, then this implies that v = u,, for some feature w, and
therefore £ contains exactly the feature cliques.
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84. Thecase k >1

The running time is bounded from above by the time needed to check the clique
property for at most n sets which can surely be done in O(n|E]). O

Theorem 8.1 already covers a significant portion of interesting intersection graphs, in
particular graphs with expected constant degrees (linear number of edges) and with a
giant component. Both properties occur when p = ¢/v/mn (see Chapter 7 for details).

8.4 The case k£ > 1

The proof of Theorem 8.2 needs some more lemmas because the a.a.s.existence of a vertex
with only one feature cannot be guaranteed for larger p. We will use two other asymptotic
properties of the feature cliques instead. First we prove that feature cliques are maximal
with respect to inclusion (Lemma 8.6) and from this deduce that in fact there are no
larger cliques in the graph (Lemma 8.8). Together with the a.a.s.existence of at least one
set U whose common neighborhood Z(Uy) is complete (Lemma 8.7) this will prove the
theorem.

Lemma 8.6. Consider m := n , a <1, a positive constant k and a random intersection
graph Gp m.p with k <p< flnn' Then a.a.s.every feature clique is inclusion maximal:

VweWvYveV: V, ZT(v).

Proof. First observe that the statement of the formula is trivial for v € V,, since no vertex
can be part of its own neighborhood. Now assume that we have the bounds on the sizes
of the feature cliques and sets from Lemma 6.1 and Lemma 6.2. Suppose that for some
vertex w there exists a vertex v ¢ V,, with V,, C I'(v). We will show that the probability
of this event vanishes. First consider the case where pm > 31nn:

PEweW,veV:V, CTI'(v <mn2§:n< ) ( (1—p)i)%

(6.1) 6 3) 2pm
o emp %
2pmn emp % pn
< mn with 7 < emp < —
z( ) p<t

< mn2pm(emp?) 5

pn

2
<mn2pm| —— ,
- b <1n2 n)

which tends to 0 because ﬁ — 0 and pn > n'—@.
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Now for the case where pm < 31nn:

Inn pn
PEBweW,veV:V, CI'(v <mn21z:< > ( (1_))7

(62)(63) 211lnn . n
< mn Y (mp)(pi)z
=1
21Ilnn .
< mn Z (p2mi)p7
=1
< 2lmnlnn(21p*mInn)z

pn

21\ 2

§21mnlnn<> ,
Inn

which tends to 0 because 1 — 0 and pn > n'—@. 0

Now we prove that we can indeed find the feature cliques with our algorithm.

a—l—l

o and a

Lemma 8.7. Let € > 0 be fixed and consider m := n , a <1, an integer k >

random intersection graph G mp with £ —<p<m~ 37, Then a.a.s.every feature clique
has a subset Uy, of size k such that Vi, = Z(Uy) (with Z being defined in the algorithm).

Proof. Fix a feature w and let Uy be a fixed k-clique with Uy C V,, (remember that
all subsets of V,, are cliques). Furthermore let v € V, be an arbitrary vertex. As Vj,
is a clique, U, € N(v) which is equivalent to v € N}y N(u;) = Z(Ug). Thus v € V,,
and, because v was chosen arbitrarily, V,, C Z(Uy). If Z(Uy) is complete we know from
Lemma 8.6 that Z(Uy) = V,, and we are done.

So assume the opposite, e.g. there are z,y € Z(Uy) which are not adjacent. Since V,,
is a clique, = or y has to be outside of V,,. Let us assume it is x, then the event of Z(Uy)
being not complete implies the event that there exists an x € Z(Uy) \ Vi,. This means
there is an = that is in the neighborhood of all vertices in Uy but does not see feature w.

We bound the probability for this event by summing over all possible sets of (at most
k) features which connect = and Uy.

k
P[Ezx e V\Vy,Vue Uz e'(u)] < nz (T)pz(l —(1—p)Hk

< nZ(ep2m)k with i <k <pm
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84. Thecase k >1

If this tends to 0, a subset Uy will a.a.s.have Z(Uy) = V,, for our fixed w. In order to
have this for all w, we check that

mnk(ep?m)* < mnk(em %)k = kefnoti=2ka _ g

which happens indeed for k > %TJ;I O

Finally we state that the sorting step at the end of the algorithm will indeed list the
feature cliques first. In order to do so, we prove that a.a.s.all large cliques are feature
cliques.

Lemma 8.8. Consider a random intersection graph Gp mp with m :=n® and % <p<

. 1 — £ n . . pn .
min{zm™3, g5} for some constant k. Then a.a.s.every clique of size at least & is a
feature clique:

VS CV with |S| > % and G[S] is complete : Jw € W such that S C V,,.

Proof. Assume that the statement of the lemma is wrong. Thus there exists a clique S of
size & 41 which is not a feature clique. Let s € S be an arbitrary vertex in S. Again, we
first consider the case where pm > 3Inn. From Lemma 6.2 we know that a.a.s.no vertex
in V has more than 2pm features, so this applies to s, too. But since s has &* neighbors,
there has to exist a subset X C N(s) of size ﬁ% = 1> which shares a common feature
w (by the pigeon hole principle). Furthermore there has to exist a vertex v € S with
v € Vyp, otherwise S would be inside a feature clique. We now bound the probability of
the existence of such an X and v with X C I'(v) (remember that S is a clique). Here we
use that by Lemma 6.1 the size of V,, is a.a.s.at most 2pn and by Lemma 6.2 |W,,| < 2pm.
n

P{EleW/,UGV,XQVw:|X|: /\XQF(’U):|

4dm

2pn\ T2 (m i A\ X
Smn<‘§|>z<i>p (1—(1—p))x

2P om n
< 8 im i ) m ith i < 2pm < —
< mn(8epm) Z ( ) (pi) with ¢ om T
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Chapter 8. Clique cover and feature reconstruction

which tends to 0.
For the case where pm < 3Inn Lemma 6.2 only gives a bound of 21Inn on the size
of the feature set. With the same considerations as above this leads to a set X of size
S and hence:
pn
421nn

2pn 211nn em ? . 42pln
Smn< 4 ) 3 ( . ) (1- (- p)) ™
Bnn/ i—1 t

(6.1)(6.3) . 2llnn ' .
< mn(84elnn)@hn Z (mp)' (pi) =i
i=1

P[HwGVV,UGV,Xng:]X|: /\XQF(U)]

21lnn
< mn(84elnn) Bl Z (pZmi)42p17er
i=1

< mn(84cInn)@hn 21 In n(21p°mIn n) s

= 21mnInn(1764ep’*m In? n) =hm

< 21mnInn(80em /3 In? n) @i,
which tends to 0. O

The proof of Theorem 8.2 now merely requires collecting the statements of the lem-
mas.

Proof of Theorem 8.2. We make a case distinction over p. For % <p-= O(%) we
already know from Theorem 8.1 that the statement is true.

Now let k := 6/a and consider % <p< %m*%. Set € = 1/6 and apply Lemma 8.7:
a.a.s.for each feature w € W there exists a set Ug(w) with Z(Ug(w)) = V,,. Hence all
feature cliques will be listed in £ after running the algorithm with & chosen as above.

Since we know from Lemma 6.1 that there is a.a.s.no feature clique with less than
B vertices and from Lemma 8.8 that all cliques with more than E* vertices are feature
cliques we can conclude that sorting the list of cliques by their size and taking the
elements until the graph is covered will a.a.s.succeed in reconstructing a bipartite graph
which generates our input graph as an intersection graph.

Again the running time of our algorithm is bounded by the time needed to check the

clique property for the joint neighborhood of all subsets of size k, and thus O ((})|E|). O
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Chapter 9

Colouring heuristics and the
clique number

9.1 Results

The aim of this chapter is to investigate the evolution of the chromatic number of Gy, 1 -
As usual, denote by x(G) the chromatic number of G and by w(G) the size of the largest
clique in GG. The computation of these two fundamental parameters has long been known
to be NP-hard. Our main results are that for a random intersection graph G = Gy, m p
where m and p lie in a certain range, asymptotically almost surely x(G) and w(G) can
be computed efficiently by simple colouring heuristics and actually coincide.

Theorem 9.1. Let m :=n® with a > 0 fized and p < \/#. Then Gy mp can a.a.s. be
coloured optimally in linear time and x(Gnmp) = W(Gnmp)-

Theorem 9.2. Let m :=n® with 0 < a < 1 fized and p < —1—. Then Gy mp can a.a.s.

be coloured optimally in linear time. Moreover, for np > In*n we have a.a.s.

X(Gn,m,p) = W(Gn,m,p) ~ np.

Note that in principle one could also state in Theorem 9.1 that for np > In* n we have
a.a.8. X(Gnmp) = w(Gnmp) ~ np, but this is redundant since np > In*n and p < /-1
together imply o < 1 and thus the two theorems overlap in this case. Figure 9.1 gives
an overview about the parameter ranges where our theorems apply together with some
basic properties of random intersection graphs.

Applications. We have tested our colouring heuristics on real-world networks from ap-
plication areas such as the internet, cooperation graphs and protein databases. Although
we cannot prove that those networks can be modelled well with random intersection
graphs having parameters in the range covered by our theorems, the heuristics described
could colour those graphs optimally in many cases — see Section 10.4 for details. Still the
question remains, why one should try to colour complex networks. Of course, knowledge
of the chromatic number gives important structural information of a general nature, but
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o'
0 0.5 1.0 1.5
: >
p
X 10 edges Y GreedySL optimal (Theorem 5.2)

chordal (Theorem 5.1) complete

Figure 9.1: Ranges for p and « where we colour optimally

while for instance the clique number is practically meaningful — the size of the largest
cluster in the network — the chromatic number seems to be of less immediate use.!

There is however one important application of the chromatic number, and this is
exactly the clique number. Suppose we have a heuristic that tries to find the maximal
size of a clique. If we also have a heuristic that tries to determine the minimum number
of colours, and both of the proposed numbers coincide (or are at least very close to
each other), then this proves that both numbers have already reached (near-) optimal
values. This is precisely what we did in our experiments: we applied different heuristics
discussed in Chapter 8 to find large cliques (and good clique covers) in the networks. At
the same time, we tried to find good colourings of real-world networks using the greedy
algorithms discussed here. The results showed that, just as predicted for intersection
graphs by Theorems 9.1 and 9.2, the proposed chromatic number and clique number
indeed coincide in many cases.

1One possible application, not to be taken too seriously, could be to distribute film-stars to a minimum
number of hotels (colour classes) in such a way that co-stars of the same movie are not put in the same
hotel, just to avoid trouble.
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In a way this is very reminiscent of the theory of perfect graphs. In fact, Gy, 1, with
m and p as in Theorem 9.1 is a.a.s. perfect, and we can thus use some of the perfect
graph methodology to give a short proof of the theorem. For parameters m and p as in
Theorem 9.2, although x(Gnmp) = w(Gnmp) a.a.s., Gpmyp is not perfect and hence a
different colouring strategy has to be used for this case.

9.2 Proofs

In the following two subsections we describe two simple and well known deterministic
algorithms that find a proper colouring of a given input graph G = (V| E) in linear time.
Both algorithms are greedy heuristics: they colour the vertices in a prescribed order and
assign to each vertex the smallest colour that has not been used for any of its neighbours
which are already coloured. Thus the main task is to prove the following: if the input
graph G is a random intersection graph G, , , with parameters n, m and p as given in
Theorems 9.1 and 9.2, then these algorithms will asymptotically almost surely produce
a colouring with (at most) w(G) different colours. Hence the colouring is optimal and
X(G) = w(Q), as required.

The additional claim in Theorem 9.2 that a.a.s. w(G) is of order np will follow from

the fact that the largest clique is a feature clique, which according to Lemma 6.1 is of
that order.

9.2.1 Perfect Elimination Scheme

The aim of this subsection is to prove Theorem 9.1. Here is the basic idea of our colouring
algorithm. We first try to order the vertices of the graph as x,,...,x1 in such a way that
for every vertex x; the ‘remaining neighbourhood’ I'(z;) N {z;_1,...,z1} induces a clique
in G. Having established this ordering, we greedily colour the vertices in the (reverse)
order z1,...,x,. Observe that this implies that vertices which are contained in many
different cliques, e.g. those that have many features, will be coloured relatively early.

Such an ordering is called a perfect elimination scheme, in short PES. Tarjan and
Yannakakis [1984] proved that, if a graph has a PES, a so-called maximum cardinality
search will produce a PES in linear time. If the graph doesn’t have a PES, then the
procedure returns an arbitrary ordering. This leads to the following greedy colouring
heuristic:

Algorithm 2.
Input: Graph G = (V,E) on n vertices
Output: colouring of G
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GREEDYCOLOURPES (G)

(1)  A:=10

(2) fori:=1ton

(3) choose x; € V '\ A such that |T'(xz;) N Al is mazimal

(4) A=A+ux

(5) fori:=1ton

(6) colour z; with the smallest colour not occurring in I'(x;)

The following three crucial facts have been known for a long time:

1. a graph G has a PES (and it can be found in linear time and can be found as
described above) if and only if G is chordal, i.e. it does not contain an induced
cycle with more than three vertices Tarjan and Yannakakis [1984],

2. chordal graphs are perfect [Diestel, 1997, Chapter 5.5], thus in particular x(G) =
w(G), and

3. if a PES exists for G, then using it as described above the greedy colouring proce-
dure colours G optimally.

The last observation is a folklore result and obviously true: if the set of the already
coloured neighbours of every vertex z; forms a clique when z; is coloured, then whenever
a vertex x; needs a new colour k, we have just found a clique of size k, and hence k
colours are really needed to colour the graph.

Now all that remains to do is to prove that Gy, ,,p is chordal for the given parameters
n, m and p, which will be done in the following lemma.

Lemma 9.3. Let m := n® for a > 0 fized and p < \/ —. Then Grmp 5 a.a.s. chordal.

nm’

Proof. Let G = Gy, mp be a random intersection graph and B = (V U W, Eg) a bipartite
generator of G. By definition, G is chordal iff it does not contain an induced cycle of
length at least four. Suppose that vi,...,v; form an induced cycle Cp in G. Then
there must exist features wy, ..., wg such that w; is a feature of both v; and v; 1 for all
i € [k — 1], and wy, is a feature for both v and v1. Moreover all the w; are distinct, since
otherwise the cycle wouldn’t be induced. This yields a cycle vy, w1, v2,ws, ..., Vg, wg in
the generator B. The probability for such a cycle in B can obviously be bounded from
above by p?*, and multiplying this with the number of possibilities to choose v1,. .., vs
and wi, ..., w; we get:

PP [G contains an induced Cy] < nFmFp* = (nmp*)k.
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The probability of G being not chordal is now bounded by:

min(n,m)
P[G is not chordal] < Z P[G contains an induced Cy]
k=4
min(n,m)
< D (nmp?)t
k=4
> 1

<> mp?) -1 = ———— 1,
b 1 —nmp

which tends to 0 for n tending to infinity because nmp? tends to 0. ]

A second moment calculation (see Singer [1995]) shows that p = \/-= is in fact the
threshold function for the appearance of induced cycles of fized length k > 4 in random

intersection graphs. Thus for p > \/% these graphs are a.a.s. not chordal.

9.2.2 Smallest Last Heuristic

The aim of this subsection is to prove Theorem 9.2. Again we employ a greedy strategy
but this time the precomputed ordering x1,...,x, of the vertices is slightly different.
Suppose we have already selected x,, ..., z;+1. Then among the remaining vertices x; is
the vertex with the smallest number of neighbours (among the remaining vertices). More
precisely:

Algorithm 3.

Input: Graph G = (V, E) on n vertices
Output: colouring of G
GREEDYCOLOURSMALLESTLAST (G)

(1) A=V

(2)  fori:=n downto 1

(3) choose x; € A such that |['(x;) N A| is minimal

(4) A=A- g

(5) fori:=1ton

(6) colour x; with the smallest colour not occurring in T'(z;)

As there may be more than one such ordering, we denote by xsp,(G) the maximum
number of colours that GreedyColourSmallestLast(G) uses for an input graph G. It is
well known [Diestel, 1997, Chapter 5.2] that the number of colours used by the algorithm
is always bounded from above by the maximal minimum degree of all subgraphs of G,
plus one:

XsL(G) < 1+ maxd(H). (9.1)

From this we derive the following simple proposition.
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Proposition 9.4. If G is a graph such that
every vertex v has less than w(G) neighbours of degree at least w(G), (9.2)

then
xs£(G) = w(G) = x(G).

Proof. We claim that (9.2) implies that

1+ max I(H) <w(G). (9.3)

Suppose for a contradiction that there exists a subgraph H with 1+ 0(H) > w(G). Let v
be a vertex of minimal degree in H, i.e. dg(v) = 6(H) > w(G). Then for all neighbours
w of v in H we have

da(w) 2 dg(w) = du(v) = 6(H) = w(G),

and since there are dg(v) > di(v) = 6(H) > w(G) neighbours of v in G, this contradicts
the property in (9.2), which proves the claim in (9.3).
Now we are done, since

(9.1) (9.3)
X(G) < xs1(G) = 1+maxd(H) < w(G) < x(G).

O]

Let us move back to intersection graphs. In the following we call a vertex v rich if it
has at least two features. Obviously, the only way that a vertex can have degree at least
w(Q) is if it is rich. Hence we have the following corollary.

Corollary 9.5. Suppose that G is an intersection graph such that every vertex has less
than w(G) rich neighbours, then

xsp(G) = w(G) = x(G).

O

In order to prove that in our random intersection graph, the condition of the above

corollary is a.a.s. satisfied, we first obtain an upper bound on the number of rich vertices
in each feature clique.

Lemma 9.6. Let m =n® for 0 < a <1 fized, p > % and t > 0. Denote by w; the
size of a largest feature clique in Gy, mp. Then in a random intersection graph G, mp the
probability that there exists a feature clique C' with more than wymp +t rich vertices is
at most

12
moexp 72wfmp +2t/3
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Proof. Let C C V denote an arbitrary feature clique in G. For v € C we denote by X¢,
the random variable which is 1 whenever v is rich and 0 otherwise. Then

(6.3)
PXcy=1=1-(1-p)"™ " < 1-(1~(m-1)p) <mp.

Let X¢ := ) ,cc Xcw count the rich vertices in C. For the expectation of X we have:

E[Xc] = Y P[Xcon =1 < wpmp.
velC

Using the Chernoff bound we get:

P[Xc > wmp+t] <P[Xc > E[X¢] + ]
6.7)

t2 t2
< - )< _ .
= exP( QIE[XC]+2t/3> = eXp( wamp+2t/3>

Of course the events ‘X > wymp + ¢’ are not independent of each other for over-
lapping feature cliques C, but using linearity of expectation and the Markov inequality
(6.5) we can bound the probability of existence of a feature clique with too many rich
vertices by the expression in the lemma. O

—~

Proof of Theorem 9.2. We want to apply Corollary 9.5 and hence need to show that in
G = Gpmp every vertex has less than w(G) rich neighbours. Recall that m := n® with
0 < a<1fixed and p < ﬁ First observe that we can assume that pn > In*n, since

otherwise p would be so small that we could apply Theorem 9.1 instead. Set

t := max(31Inn,\/nmp?Inn),

and consider an arbitrary small € > 0. We shall make use of the following two technical
observations (involving t) that will be verified later:

21 Inn((1 + e)nmp* +t) < (1 — &)np, (9.4)
me - r <nol (9.5)
P\ 20T onmp2 r2t/3) =" ‘

Again denote by wy the size of a largest feature clique in G = G, 5, , and consider the
following events that have already been discussed in Lemmas 6.1, 6.2 and 9.6 respectively:

A: for all w e W : ||Vy| — pn| < epn,
B: forallveV:|W, <2llnn,

C: every feature clique C has at most wymp + t rich vertices.
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Let Y, be the number of rich neighbours of a vertex v. Then Y, is bounded from
above by the number of feature cliques containing v, multiplied with the number of rich
vertices per feature clique, and we can then compare this to the size of a feature clique,
which is a lower bound for w(G). So if all the events A, B,C hold, then

(9.4) A
Y, <2llnn (1+¢e)pn mp+t) < (1—¢e)np (<) wr —1 <w(G), (9.6)

which would immediately prove (most of) the statements in Theorem 9.2 because of
Corollary 9.5. To prove that w(G) ~ np, note that by the estimate in (9.6) there is
no vertex v with wy — 1 rich neighbours, and hence there exists no clique of size wy
containing only rich vertices. In turn, this implies that w(G) = wy, since a clique which
is not (subset of) a feature clique contains only rich vertices, and we are done because
wys ~ np by property A.

Let us complete the proof by showing that a.a.s. all the events A, B, C hold. Obviously

PLANBNC)=1-P[A] -P[ANB|-P[ANBNC| >1-P[A] -P[B] -P[AN(],

so it suffices to check that all the probabilities P [fq P {lﬂ P {A N q tend to zero. For
the first two this is immediately implied by Lemma 6.1 (which applies because of m < n
and pn > In?*n) and Lemma 6.2 respectively. For the latter it follows from Lemma 9.6
and observing that

PlANC| < r 0 a1
Anc| <m exp 2 tepnmpratz) = "

which does tend to zero, since o < 1.
Thus all that remains to be done is to check the two technical observations (9.4) and
(9.5). Considering (9.4), we distinguish two cases. For \/nmp? > 3 we have

21 Inn((1 + &)nmp? + \/nmp?Inn) < 40nmp® Inn + 21\/nmp? In n
= np(40mplnn + 21\/m/nin?n).

which is smaller than (1 — )np because of mp < - and o < 1.
And for /nmp? <3
21 Inn((1 + &)nmp? + 31nn) < 40nmp? Inn + 631n’n
< 3601n°n + 631n” n.

which is smaller than (1 — )np because of % < p.
Considering (9.5), we distinguish two cases again. For \/nmp? > 3 we have

nmp®In®n < nmp?In®n
mexp | — mexp | ————5——
P 2(1+ e)nmp?® + 2/nmp?lnn ) ~ P\ imp?inm

= mexp(—Ilnn) = n® L
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and for /nmp? < 3
me 9Inn < 91n’n
xp | — mexp | —————
P 2(1+ e)nmp? + 23Inn ) ~ P\ 7100+ 2mn
< mexp(—Inn) = n®L
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Chapter 10

Experiments

The main reason to do experiments with our models and algorithms on real-world data is
to get a feeling for the appropriateness of the models and the algorithms presented in the
chapters before. Are they only of theoretical interest or is it reasonable to apply them?
For the models we will see that they are adequate with respect to some parameters while
there is much room for improvement, while in the case of the algorithms we have mostly
excellent results concerning runtime as well as quality of the results.

We can by no means give a thorough discussion and description of the properties of
the networks and can also in most cases give only hints on the reasons why the models
and algorithms behave well or not in particular special cases.

10.1 The Giant Component

We tested our result on two instances of complete edge—weighted real world networks
on 5119 and 1153 vertices. Here parts of proteins serve as vertices and the edge-weight
describes their spatial similarity. If we look at the subgraph of this graph containing
all edges with weight greater than a fixed value s (where greater edge weights indicate
higher similarity) we can simulate an evolution of this network by gradually decreasing
s. Thus first the highly analogue parts get connected and bit by bit also the less similar
ones connect to the components.

The evolution found this way differs significantly from a graph in which the same
weights are distributed uniformly at random among the edges (see Figure 10.1).

The most striking difference is the slow growth of the largest component in the stages
after it has only very few vertices (minimum edge weight between 40 and 60). A similar
behaviour cannot be modelled using standard random graphs where A is either loga-
rithmic or linear in the number of vertices. As one can see in Figure 10.1 the random
intersection graph resembles this steady aggregation of vertices to the largest component
very well.
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Figure 10.1: Evolution of the largest component in the protein graph.
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Type Name n 7] |E| | M|
. ladj 95 0 213 97
Strflfceéﬁre 1AOR 97 0 212 98
leaw 53 0 123 56
protein interaction 2113 267 2203 2048
transeription coli 418 0 519 483
yeast 688 0 1078 997
molecule orangebook 2000 | 1362 163969
similarity orangebook?2 2000 | 1254 204614
DIP 5119 | 1429 14434 4054
bible 9295 31 392066 5195
word darwin 7381 0 44207 | 16396
french 8325 0 23841 | 15977
COOCCUTENCE | . hanese 2704 0 7998 | 4976
spanish 11586 0 43065 | 20344
Mercator 284805 0 449246 | 369984
physical Internet 75885 0 357317 | 253578
internet cosin 10515 0 21455 | 14406
lumeta 209582 0 252714 | 247960
opte 40028 0 70979 | 52055
clectronic s208 122 0 189 171
circuits s420 252 0 399 363
s838 512 0 819 747
WWW 325729 0| 1090108 | 431136
prison 67 0 142 81
social leader2 32 0 80 40
networks actor 392340 | 10121 | 15038083 | 94200
coauthoring 16400 | 1365 29552 | 13070

10.2. The Networks

Table 10.1: General statistics on the real-world networks used

10.2 The Networks

We have tested our algorithms on real-world networks from different application areas.
The main sources for our networks were Guillaume and Latapy [2004], Albert et al.
[2006], Alon [2006]. Table 10.1 gives a brief description of the general characteristics
of the network used in terms of number o f vertices n, number of isolated vertices |I|,
number of edges |F| and number of cliques it was generated from (if it was given by
cliques) |M].

The protein structure graph represent the adjacency of the secondary-structure ele-
ments in some complex proteins according to the PDB database. The protein interaction
network gives the undirected view of the network of direct protein interactions in yeast.
The transcription networks represent the direct transcription interactions in E. coli and
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yeast. The two Orangebook networks are the result of a search for “relatives” of test
substances in a database of 2000 drugs where an edge connects a pair of drugs which are
relatives to the same test substance. Details concerning this network are described in
Thimm et al. [2004]. Moreover “DIP” stands for “Dictionary of Interfaces in Proteins”
and is a similarity graph of protein parts (vertices are protein interfaces that are adjacent
if they are similar) studied in Frommel et al. [2003], which is identical to the network
studied in the last section when including all edges with weight at least 50.

The word cooccurence networks describe the adjacency of words (or in the case of the
bible their appearance in the same sentence) in texts of various languages. The internet
networks describe the structure of the internet either at the level of routers or at the level
of autonomous systems collected by different research groups. The electronic circuits
networks describe the wired adjacency of different parts of electronic microcircuits and
the WWW-graph is a small sample of the world wide web where web pages are vertices
and links are edges.

The social networks consist of friendship graphs of prison inmates, students in a
course on leadership, costarring graph of actors based on the internet movie database
and a coauthoring network of scientific publications.

10.3 Clique Cover

To test the algorithm we started it on each graph with different values of k. It turned
out that in the case of very large networks (e.g. the actors graph) even for k = 2 it
took several days before the algorithm finished, thus we implemented a slightly improved
incremental version of Algorithm 1:

Algorithm 4.
Input: Graph G = (V,E) on n vertices
Output: (partial) edge clique cover M of G
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FEATUREFINDINCREMENTAL (G)
(1)  M:=0;

(2) Y :=0;

(3)  foreachv eV

(4)  Z=N()

(5) if G|Z] complete

(6) M =M+7Z;

(7) Y = Y UE(G[Z));

(8)  repeat

(9) Y =Y

(10) foreach e = (v,w) € E\Y
(11) Z = N(v)UN(w)

(12) foreach z € Z

(13) if for allw € T'(2) N Z we have (z,u) €Y
(14) Z:=7—z

(15) if G[Z] complete

(16) M:=M+Z;

(17) Y = Y UE(G[Z));

(18) wuntilY' =Y orY =F

The reasoning behind it is that according to Proposition 8.4 we cannot do wrong if we
add a clique to the cover which has an edge in it that is contained in only one inclusion-
maximal clique. This statement is still valid if we remove vertices from the common
neighbourhood of the edge which are only connected via edges which have already been
covered.

The algorithm finishes if we have either no edge which has a clique in the common
neighbourhood of its vertices meeting the requirements above or if the whole graph is
covered. The number of cliques found this way is still a lower bound to the minimum
size of an edge clique cover of the graph, since all cliques are forced somehow (cf. Propo-
sition 8.4).

In two cases we knew in advance the number of features that generated our graph
(namely for “Authors” where the publications are the features, and for “Drugs” where
the test substances are the features) which should be an upper bound of the number of
cliques the algorithm needs to cover the graph.

Table 10.2 gives statistics on the algorithm performance on each graph measured
in the number of cliques (]M|) that were needed to cover almost the whole graph (the
“coverage” fraction of the edges is given, too) and the values of p and « resulting from
this coverage.

As one can see, it is possible to cover a large portion of the graph with a number
of cliques that is relatively smaller than the number of edges and also smaller than the
number of cliques needed by the algorithm in Guillaume and Latapy [2004] (which covered
the whole graph).

In order to give further evidence for the adequacy of our model we compared the de-
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Name n |E| | M| « | log, p | coverage
ladj 95 213 97 1| -0.83 100
1AOR 97 212 98 1| -0.83 100
leaw 53 123 56 | 1.01 | -0.81 100
| proteins 2113 2203 2048 [ 0.99 [ -0.94 100
coli 418 519 483 | 1.02 | -0.93 100
yeast 688 1078 997 | 1.05 | -0.94 100
orangebook 2000 163969 12 1 0.32 | -0.32 100
orangebook2 2000 204614 201 0.39 | -0.34 100
DIP 5119 14434 4054 | 0.97 | -0.88 86.7
bible 9295 392066 5195 | 0.93 | -0.72 70.4
darwin 7381 44207 | 16396 | 1.08 -0.9 83.7
french 8325 23841 | 15977 | 1.07 | -0.93 97.7
japanese 2704 7998 4976 | 1.07 | -0.92 96.9
spanish 11586 43065 | 20344 | 1.06 | -0.92 91.4
Mercator 284805 449246 | 369984 | 1.02 | -0.96 97.9
Internet 75885 357317 | 253578 | 1.1 | -0.95 97
cosin 10515 21455 | 14406 | 1.03 | -0.94 99.4
lumeta 209582 252714 | 247960 | 1.01 | -0.97 99.8
opte 40028 70979 | 52055 | 1.02 | -0.95 99.9
s208 122 189 171 | 1.07 | -0.91 100
s420 252 399 363 | 1.06 | -0.92 100
s838 512 819 747 | 1.06 | -0.93 100
www 325729 | 1090108 | 431136 | 1.02 | -0.93 91.8
prison 67 142 81| 1.04 | -0.84 100
leader2 32 80 40 | 1.06 | -0.79 100
actor 392340 | 15038083 | 94200 | 0.88 | -0.77 96.5
coauthoring 16400 29552 | 13070 | 0.97 | -0.92 99.9

Table 10.2: Statistics on the performance of Algorithm 4 on real-world networks
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gree distribution for small degrees of some original real-world networks and our theoret-
ical prediction based on the degree distribution of random intersection graphs calculated
in Chapter 7. The results are shown in Figure 10.2.

Especially for smaller graphs and smaller degrees the approximation is quite good.
Of course it is not quite as good as that in Guillaume and Latapy [2004], but this is due
to the fact that there the whole degree distribution was used as an input, whereas we
only have the two parameters p and m to adjust the model.

For the Orangebook test set the theoretical predicted degrees are smaller than the
experimental ones. This is due to the so—called “bipartite clustering” (as described in
Guillaume and Latapy [2004]) which in our case means that the features are not com-
pletely independent but somewhat transitive, as there are “similar” features. This results
in a larger overlap between some feature cliques than is theoretically predicted and thus
leads to larger degrees of the vertices involved.

Furthermore there is clearly the effect of the exponential cutoff in all of the degree
distributions, which results from the effect that the real-world networks are expected to
have a power-law degree distribution while it was shown that random intersection graphs
exhibit an exponential cutoff Stark [2004].

10.4 Colouring

In Table 10.3 Greedyy, GreedyPESy and GreedySLy denote the number of colours
needed by a greedy colouring procedure that colours the vertices in the natural order
(in which they were read), in a PES ordering (cf Algorithm 2) and in a smallest last
ordering (cf Algorithm 3) respectively. Table 10.1 also states the size of the largest clique
we were able to find in the graphs using the clique cover algorithm described in Chap-
ter 8 and in the cases where we did not colour optimally also the largest clique found
by enumeration methods (in brackets). Obviously the difference between the proposed
number of colours and the proposed size of a largest clique is an upper bound of the
distance of either number to the optimal value.

The results show that the colouring algorithms seem to perform well on real-world
graphs. In all cases of biological networks (and in two thirds of all the cases) we were
able to colour the graph optimally using the heuristic described in Algorithm 3.

We also performed an additional test to obtain some indication as to how difficult it
really is to optimally colour these particular input graphs. For this, we determined the
so-called k-core by repeatedly removing all vertices with degree smaller than k, where
we set k as the size of the largest known clique. If the k-core were very small or of a
simple structure for which one could easily find a k-colouring, then it would be trivial to
extend this colouring to a valid and thus optimal k-colouring of the whole graph by re-
attaching the vertices in reverse order. (Note that this procedure is essentially identical
to Algorithm 3, except that it is forced to stop when it realizes that all remaining vertices
x € A satisfy |I'(z) N A| > k.) However, as shown in Table 10.1, in many cases the size
of the k-core is substantially larger than that of the largest known clique.

Finally, we remark that the large difference between the proposed colouring number
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Name xGreedy | xPES || xSL | clique || core
ladj 5 5 4 4 0
1AOR 6 5 5 5 0
leaw 5 5 5 5 0
| proteins 6 6] 6 6] 0]
coli 4 4 3 3 52
yeast ) 4 4 4 0
orangebook 381 381 || 381 381 432
orangebook?2 384 381 || 381 381 555
DIP 42 42 42 42 0
bible 143 117 | 118 | 39 (90) || 3176
darwin 23 20 20 | 11 (16) || 1392
french 14 11 12 8(8) || 709
japanese 12 11 10 7(9) || 382
spanish 21 18 17 1 10 (14) || 1194
Mercator 38 36 33 | 13 (27) || 1453
Internet 22 21 20 | 18 (20) || 996
cosin 16 17 16 | 14 (16) 74
lumeta 10 8 8 8 150
opte 8 7 8 6 (6) 98
5208 4 4 3 3 0
5420 4 4 3 3 0
s838 4 4 3 3 0
WWwW 155 | 155 || 155 155 || 1367 |
prison 6 ) ) 5 0
leader2 5 4 4 4 17
actor 294 294 || 294 294 || 2647
coauthoring 11 8 8 8 0

Table 10.3: Statistics on the performance of the colouring algorithms on real-world

networks
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and the proposed clique number for the internet and word cooccurence networks is not so
much a failure of the colouring algorithms. Instead, it seems mainly due to the fact that
the clique cover algorithm, described in Chapter 8 with the aim to find a good clique
cover, cannot find a large clique on those instances — a simple enumeration method
applied to higher cores of the graphs often identified larger cliques (see the numbers in
brackets).

142



Chapter 11

Conclusion and Outlook

11.1 Random Intersection Graphs

We have seen that random intersection graphs while not covering all aspects of real—
world networks give a good starting point for a semantic analysis of the structure of
those networks. The straightforward model of a uniform probability for each feature, to
be chosen by a vertex gives a means of analyzing graph evolutions which have building
blocks (in this case the feature cliques) which grow during the evolution of the graph.
This is also the essential difference to the study of random hypergraphs.

Random hypergraphs often give — due to their limitation to a constant edge size —
a result which is much closer to the classical Erdés-Rényi-graphs than to a real-world
application. However applying appropriate (probability) distributions to the size of the
feature sets (or the feature cliques) as proposed by Godehardt and Jaworski [2001] might
give better approximations of real-world data although first studies by Jaworski et al.
[2006] and Rybarczyk [2006] point more in the direction of the equivalence to classical
random hypergraphs.

Another extension of the model comes from the idea of a varying overlap in the feature
sets, i.e. it is neccessary to have at least [ features in common in order to create an edge
between two vertices. While a constant [ may create no conceptual difference in the case
of the random intersection graphs studied here, they will certainly make a difference if
the size of the feature sets is limited by a constant as well. Furthermore growing [ will
lead to new effects in the study of the binomial model.

Another idea with regards to extensions of the model is the introduction of meta—
features. That is we first put the features into groups according to some probability
distribution and let the vertices first choose one (or several) of those groups (meta-
features) and then select individually with a different probability the features from the
group. This would account for the fact that in most cases the features are not independent
e.g. if the proposed features are known in advance it is often the case that the feature
cliques tend to overlap more than in the theoretical modelling. This effect of positive
correlation between features is also called bipartite clustering.

Furthermore one could introduce an edge probability which is proportional to the
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number of features two vertices have in common to account for the fact that in the
real-world networks not all edges may be present due to errors in the data.

Two further parameters of real-world networks which attracted considerable interest
are the diameter (or rather the average distance between vertices) of the graph and he
so-called clustering coeflicient. For some ideas on how to tackle them see Sections 11.4
and 11.5.

11.2 Clique Cover

Our analysis yields a rigorous proof for the asymptotic optimality of our simple greedy
algorithm in the random intersection graph model G, ;5 for a certain range of m and p.
Experimental results indicate that even outside this range the algorithm performs well,
for example when a > 1. It is clear that the reconstruction of feature cliques becomes
impossible once they are no longer maximal, which seems to happen when p is of order
m~Y2. It would be interesting to prove that this (or a different) algorithm succeeds up
to this point.

Furthermore one could easily extend the algorithm not to find cliqgue covers but to
cover the graph with dense subgraphs only. This would on one hand correspond to a
different intersection graph model, where overlapping feature sets of two vertices do not
imply directly an edge between the vertices but only increase the edge probability and on
the other hand to the experimental fact of noisy or erroneous data omitting edges which
“should be there”.

11.3 Colouring and Independence Number

For the ranges not covered by Theorems 9.1 and 9.2, the chromatic number seems to be
more difficult to estimate. From the aforementioned result by Singer [1995] it is clear

that those graph are no longer chordal for p > \/% while the results on the clique cover
in Chapter 8 suggest that the feature cliques stay the dominant structural element up to
p < min{%mfg, Sz )

In higher ranges, the approximation of the chromatic number by the size of the largest
feature clique will not be very good. Using a different approach, Ueckerdt [2005] tried
to establish a better lower bound via the independence number. Using the fact that the
chromatic number of any graph is at least as high as the number of vertices divided by
the size of a largest independent set, we obtain a lower bound on the chromatic number
which beats the size of the largest feature clique, as the following result shows.

Theorem 11.1 (Ueckerdt [2005]). Let € > 0 be fized and let m = n® with o > 0

fized and lnﬁn <Lp K \/lnﬁn. Then a.a.s. the random intersection graph Gpmp has no
independent set of size
Inn

2 .
2+,
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which implies that
2

2+¢)lnn >

Lower bounds on the independence number (which match the upper bounds by a
logarithmic factor) can also be found in Ueckerdt [2005].

11.4 Diameter

The diameter of real-world networks was found to be quite small which is not surprising
to people familiar with the theory of random graphs where there a lot of results on graphs
having diameter logarithmic in the number of vertices (see Bollobas and Riordan [2002]).

The diameter of random bipartite graphs was already studied by Bollobas and Klee
[1984] and their result obviously gives an upper bound to the diameter of random in-
tersection graphs, since the the diameter of an intersection graph is at most half of the
diameter of its bipartite generator.

This gives rise to the following theorem which is a corollary to Theorem B in Bollobés
and Klee [1984].

Theorem 11.2. Let m,n and p be such that pn > pm > In*n and let k be a fized positive
integer. If
P mFnk > In(mn)

then a.a.s.diam(Gy, mp) < k+ 1.

11.5 Clustering Coefficient

The term “clustering coefficient” is used ambigously in the literature. In general it
should describe the tendency of a graph to cluster, i.e. to have rather cliques than trees
as induced subgraphs. One possiblity to measure this which is used on a per vertex basis
is to calculate for a vertex the number of edges appearing in its neighborhood in relation
to the number of possible edges. The clustering coefficient of a graph is then the average
cluster coefficient of its vertices.

() nE|
"9

A second possibility to define this coefficient is to divide three times the number of all
triangles in the graph by the number of all paths of length 2 (i.e. three vertices connected
by two edges).

Z’UGV cC1 (U)

cci1(Q) == %

ceq(v) ==

a2 C
cey(G) i SHEBEG

= nca (11.1)
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which can also be stated as a weighted sum in terms of ccq(v)

Soev cer(v)| ("))
ZvGV ‘ (F(2U)) ’

It was already pointed out by Bollobas and Riordan [2002] that the two parameters can
differ by a factor linear in the number of vertices.

One straightforward result on the clustering coefficient of random intersection graphs
is the following theorem

cea(G) =

Theorem 11.3. Let m,n with m = n® and p be such that

n~2m~ b fora <
Py 3 1
n-im-2  fora>

D=

~lw
N D=

Then a.a.s.cc1(Gnmp) = cc2(Gnmp) = 1.

(Maybe it is worthwhile to note that the graph may in fact contain edges and even
triangles at this stage of evolution.) The reason for the large clustering coefficient is
simply that the values above are the thresholds for the appearance of an induced P, in
a random intersection graph as shown in Singer [1995].

The definition (11.1) is more appealing to the random graph theorist since it gives
precisely the probability of an edge to close a triangle conditioned on the fact that the
two other edges are already there.

Theorem 11.4. Let m,n with m = n® and p be such that p*m — 0. Then

mp® + (mp?)?

CCQ(Gn,m,p) ~ mp3 + (mp2)2

For a proof see the results on the subgraphs of Gy, , , in Singer [1995].

This theorem gives a good idea of where the large clustering coefficient comes from.
mp?® is approximately the probability that the three vertices are joined because they see
the same feature while mp? is the probability for a single edge induced by a feature.
Thus as long as the first summand dominates, the clustering coefficient is close to 1 while
if the second summand dominates the clustering coefficient approaches p*m (which is
equivalent to the edge probability and thus to G, ,y with p' = p>m).

11.6 Final Remarks

This thesis gives a brief account of the search for models for real-world networks arising
in the life sciences and other areas. Our tools come mainly from the theory of random
graphs which seem well suited at first sight (what if not a graph should model a network)
but also show the neccessity to include further aspects of the real-world networks into
the models. Despite of the striking similarities of the networks studied (concerning for
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instance clustering) it became also clear that applicationwise there are differences (see
for instance the results on colouring) and we cannot hope for the grand unified model.
Nevertheless there are still a lot of (optimization) problems to be solved on large real—
world instances (see for instance Henzinger [2003] which require further analysis of the
models as well as development and analysis of new algorithms).
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Notation

Symbol Description

G = (V,E) | graph G with vertex set V and edge set E

['(v) neighborhood of a vertex v (set of adjacent vertices)
N(v) inclusive neighborhood of a vertex v (N (v) :=I'(v) + v)
d(v) degree of a vertex v (d(v) := |T'(v)|)

Gnp binomial random graph (Erdés-Rényi-model)

Gum uniform random graph (Erdds-Rényi-model)

Hi(n,p) binomial random d-uniform hypergraph

Hy(n,m) uniform random d-uniform hypergraph

Grnm.p random intersection graph

Bymp random bipartite graph

N(G) order of the largest component of G (number of vertices)
M(G) size of the largest component of G (number of edges)
w(Q) size of the largest clique in G

wr(G) size of the largest feature clique in G (intersection graph)
X(G) chromatic number of G

xa(G) number of colours used by algorithm A to colour G
diam(G) diameter of G

cc(@) clustering coefficient of G
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