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PREFACE

These lecture notes are intended to be used for master courses, where the students have
a limited prior knowledge of special topics in probability. Therefore, we have included
many of the preliminaries, such as convergence of random variables, probabilistic bounds,
coupling, martingales and branching processes. These notes are aimed to be self-contained,
and to give the readers an insight in the history of the field of random graphs.

The field of random graphs was started in 1959-1960 by Erdés and Rényi, see [96, 97,
98, 99]. At first, the study of random graphs was used to prove deterministic properties of
graphs. For example, if we can show that a random graph has with a positive probability
a certain property, then a graph must exist with this property. The method of proving
deterministic statements using probabilistic arguments is called the probabilistic method,
and goes back a long way. See among others the preface of a standard work in random
graphs by Bollobds [44], or the work devoted to it The Probabilistic Method [12]. Erdés
was one of the first to use this method, see e.g., [94], where it was shown that the Ramsey
number R(k) is at least 2°/2. The Ramsey number R(k) is the value n for which any graph
of size at least n is such that either itself or its complement contains a complete graph of
size at least k. Erdds in [94] shows that for n < 28/2 the fraction of graphs for which the
graph or its complement contains a complete graph of size k is bounded by 1/2, so that

there must be graphs of size n < 2%/2 for which the graph nor its complement contains a
complete graph of size k.

The initial work by Erdés and Rényi on random graphs has incited a great amount of
work on the field. See the standard references on the subject [44] and [134] for the state
of the art. Particularly [97] is a highly impressive paper. In it, a rather complete picture
is given of the various phase transitions that occur on the Erdés-Rényi random graph. An
interesting quote appearing in [97, Page 2-3] is the following:

“It seems to us worthwhile to consider besides graphs also more complex struc-
tures from the same point of view, i.e. to investigate the laws governing their
evolution in a similar spirit. This may be interesting not only from a purely
mathematical point of view. In fact, the evolution of graphs can be seen as a
rather simplified model of the evolution of certain communication nets...”

This was an excellent prediction indeed! Later, interest in random graphs of a different
nature arose. Due to the increase of computer power, it has become possible to study
so-called real networks. Many of these networks turned out to share similar properties,
such as the fact that they are small worlds, and are scale-free, which means that they
have degrees obeying power laws. The Erd6s-Rényi random graph does not obey these
properties, and, therefore, new graph models were invented. In fact, already in [97], Erdés
and Rényi remark that

“Of course, if one aims at describing such a real situation, one should re-
place the hypothesis of equiprobability of all connection by some more realistic
hypothesis.”

See [178] and [5] for two reviews of real networks and their properties to see what ‘more
realistic’ could mean. These other models are also partly covered in the classical works
[44] and [134], but up to today, there is no text treating random graphs and random graph
models for complex networks in a relatively elementary way. See [88] for the most recent
book on random graph, and, particularly, dynamical processes living on them. Durrett
covers part of the material in this book, and much more, but the intended audience is

iii



iv Preface

rather different. The goal of these notes is to provide a source for a ‘Random graphs’
course at master level.

In these notes, we treat both results for the Erdés-Rényi random graph, as well as for the
random graph models for complex networks. The aim is to give the simplest possible proofs
for classical results, such as the phase transition for the largest connected component in the
Erdés-Rényi random graph. Some proofs are more technical and difficult, and the sections
containing these proofs will be indicated with a star *. These sections can be omitted
without losing the logic in the results. We also try to give many exercises that help the
reader to obtain a deeper understanding of the material by working at their solutions.

These notes contain two main parts. In the first part consisting of Chapters 1-8, we
give complete and self-contained proofs for some of the main results on random graphs.
In the second part consisting of Chapters 9-11, we state further results giving many, but
not all, proofs. We sometimes add heuristic arguments for the validity of the results
and the logic behind the proof, without giving all details. In the first part, we start by
investigating the Erd6és-Rényi random graph, and describe some of its key aspects, such as
the phase transition for the largest connected component, the connectivity transition, as
well as degrees. On the basis of these results, we shall see that the Erdés-Rényi random
graph is inappropriate as a model for many real networks, primarily due to the fact that
the degrees in the Erdés-Rényi random graph have too thin tails. Therefore, we investigate
several other models for real networks, focussing on their degree sequences. In the second
part, we investigate related properties of the random graph models, focussing on their
connectivity and largest connected components, as well as on the distances in such graphs.
The investigation of degree sequences allows us to verify the scale-free nature of the random
graph models for complex networks, while the distance results allow us to quantify the
small-world behavior in such graphs. These two properties together give insight into what
a realistic model for a real network should behave like.

These notes would not have been possible without the help of many people. I thank
Gerard Hooghiemstra for the encouragement to write these notes, and for using them at
Delft University of Technology almost simultaneously while I used these notes at Eindhoven
University of Technology in the spring of 2006 and again in the fall of 2008. Together
with Piet Van Mieghem, we entered the world of random graphs in 2001, and I have
tremendously enjoyed exploring this field together with you, as well as with Henri van den
Esker, Dmitri Znamenski, Mia Deijfen and Shankar Bhamidi. I particularly wish to thank
Gerard for many useful comments on these notes, solutions to exercises and suggestions
for improvements of the presentation of particularly Chapters 2-5.

I thank Christian Borgs, Jennifer Chayes, Gordon Slade and Joel Spencer for joint work
on random graphs which are like the Erdés-Rényi random graph, but do have geometry.
This work has deepened my understanding of the basic properties of random graphs, and
many of the proofs presented here have been inspired by our work in [51, 52, 53]. Special
thanks go to Gordon Slade, who has introduced me to the world of percolation, which is a
close neighbor of random graphs (see also [110]). It is peculiar to see that two communities
work on two so related topics with quite different methods and even terminology, while it
has taken such a long time to build bridges between the subjects.

Further I wish to thank Finbar Bogerd, Mia Deijfen, Michel Dekking, Henri van den
Esker, Markus Heydenreich, Martin van Jole, Willemien Kets, Xiaotin Yu for remarks,
corrections of typos and ideas that have improved the content and presentation of these
notes substantially. Wouter Kager has entirely read the February 2007 version of the notes,
giving many ideas for improvements of the arguments and of the methodology. I especially
wish to thank Dennis Timmers and Eefje van den Dungen, who, as my student assistants,
have been a great help in the development of these notes. Dennis has been responsible
for the references, many figures and proofs, as well as first versions of the solutions to
many of the exercises. Eefje continued in this direction with great enthusiasm, updated
the solutions and created many more of them, and helped in typing out parts of the text.
Thanks a lot to both of you!
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I have tried to give as many references to the literature as possible. However, the
number of papers on random graphs is currently exploding. In MathSciNet, see

http://www.ams.org/mathscinet/,

there are, on December 21, 2006, a total of 1,428 papers that contain the phrase ‘random
graphs’ in the review text, on September 29, 2008, this number increased to 1614. These
are merely the papers on the topic in the math community. What is special about random
graph theory is that it is extremely multidisciplinary, and many papers are currently writ-
ten in economics, biology, theoretical physics and computer science, using random graph
models. For example, in Scopus (see http://www.scopus.com/scopus/home.url), again
on December 21, 2006, there are 5,403 papers that contain the phrase ‘random graph’ in the
title, abstract or keywords, and on September 29, 2008, this has increased to 7,928. It can
be expected that these numbers will increase even faster in the coming period, rendering
it impossible to review most of the literature.
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CHAPTER 1
INTRODUCTION

In this first chapter, we give an introduction to random graphs and complex networks. The
advent of the computer age has incited an increasing interest in the fundamental properties
of real networks. Due to the increased computational power, large data sets can now easily
be stored and investigated, and this has had a profound impact in the empirical studies on
large networks. A striking conclusion from this empirical work is that many real networks
share fascinating features. Many are small worlds, in the sense that most vertices are
separated by relatively short chains of edges. From an efficiency point of view, this general
property could perhaps be expected. More surprisingly, many networks are scale free,
which means that their degrees are size independent, in the sense that the empirical degree
distribution is almost independent of the size of the graph, and the proportion of vertices
with degree k is close to proportional to k™" for some 7 > 1, i.e., many real networks
appear to have power-law degree sequences.  These realisations have had fundamental
implications for scientific research on networks. This research is aimed to both understand
why many networks share these fascinating features, and also what the properties of these
networks are.

The study of complex networks plays an increasingly important role in science. Exam-
ples of such networks are electrical power grids and telephony networks, social relations,
the World-Wide Web and Internet, collaboration and citation networks of scientists, etc.
The structure of such networks affects their performance. For instance, the topology of
social networks affects the spread of information and disease (see e.g., [212]). The rapid
evolution in, and the success of, the Internet have incited fundamental research on the
topology of networks. See [19] and [220] for expository accounts of the discovery of net-
work properties by Barabdsi, Watts and co-authors. In [181], you can find some of the
original papers on network modeling, as well as on the empirical findings on them.

One main feature of complex networks is that they are large. As a result, their complete
description is utterly impossible, and researchers, both in the applications and in math-
ematics, have turned to their local description: how many vertices do they have, and by
which local rules are vertices connected to one another? These local rules are probabilistic,
which leads us to consider random graphs. The simplest imaginable random graph is the
Erdés-Rényi random graph, which arises by taking n vertices, and placing an edge between
any pair of distinct vertices with some fixed probability p. We give an introduction to the
classical Erd6s-Rényi random graph and informally describe the scaling behavior when the
size of the graph is large in Section 1.5. As it turns out, the Erd6s-Rényi random graph
is not a good model for a complex network, and in these notes, we shall also study exten-
sions that take the above two key features of real networks into account. These will be
introduced and discussed informally in Section 1.6.

1.1 Complex networks

Complex networks have received a tremendous amount of attention in the past decade.
In this section, we use the Internet as an example of a real network, and illustrate the
properties of real networks using the Internet as a key example. For an artist’s impression
of the Internet, see Figure 1.1.

Measurements have shown that many real networks share two fundamental properties.
The first fundamental network property is the fact that typical distances between vertices
are small. This is called the ‘small-world’ phenomenon (see [219]). For example, in Internet,
IP-packets cannot use more than a threshold of physical links, and if distances in the
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Figure 1.1: The Internet topology in 2001 taken from
http://www.fractalus.com/steve/stuff/ipmap/.

Internet would be larger than this threshold, e-mail service would simply break down.
Thus, the graph of the Internet has evolved in such a way that typical distances are
relatively small, even though the Internet is rather large. For example, as seen in Figure
1.2, the AS count, which is the number of Autonomous Systems (AS) which are traversed
by an e-mail data set, is most often bounded by 7. In Figure 1.3, the hopcount, which
is the number of routers traversed by an e-mail message between two uniformly chosen
routers, is depicted.

The second, maybe more surprising, fundamental property of many real networks is
that the number of vertices with degree k falls off as an inverse power of k. This is called
a ‘power-law degree sequence’, and resulting graphs often go under the name ‘scale-free
graphs’, which refers to the fact that the asymptotics of the degree sequence is independent
of its size. We refer to [5, 86, 178] and the references therein for an introduction to
complex networks and many examples where the above two properties hold. The second
fundamental property is visualized in Figure 1.4, where the degree distribution is plotted
on log-log scale. Thus, we see a plot of log k — log Ni, where N}, is the number of vertices
with degree k. When Ny is proportional to an inverse power of k, i.e., when, for some
normalizing constant ¢, and some exponent T,

Ni ~ enk™7, (1.1.1)

then
log Nj; ~ log ¢, — Tlogk, (1.1.2)

so that the plot of logk — log N is close to a straight line. Here, and in the remainder
of this section, we write ~ to denote an uncontrolled approximation. Also, the power
exponent 7 can be estimated by the slope of the line, and, for the AS-data, this given as
estimate of 7 &~ 2.15 — 2.20. Naturally, we must have that

> Np=n, (1.1.3)
k

so that it is reasonable to assume that 7 > 1.

Interestingly, in the AS-count, various different data sets (which focus on different parts
of the Internet) show roughly the same picture for the AS-count. This shows that the
AS-count is somewhat robust, and it hints at the fact that the AS graph is relatively
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homogenous. See also Figure 1.5. For example, the AS-count between AS’s in North-
America on the one hand, and between AS’s in Europe, are quite close to the one of the
entire AS. This implies that the dependence on geometry of the AS-count is rather weak,
even though one would expect geometry to play a role. As a result, most of the models for
the Internet, as well as for the AS graph, ignore geometry altogether.

The observation that many real networks have the above properties have incited a burst
of activity in network modeling. Most of the models use random graphs as a way to model
the uncertainty and the lack of regularity in real networks. In these notes, we survey some
of the proposals for network models. These models can be divided into two distinct types:
‘static’ models, where we model a graph of a given size as a time snap of a real network,
and ‘dynamic’ models, where we model the growth of the network. Static models aim to
describe real networks and their topology at a given time instant, and to share properties
with the networks under consideration. Dynamic models aim to explain how the networks
came to be as they are. Such explanations often focus on the growth of the network as
a way to explain the power law degree sequences by means of ‘preferential attachment’
growth rules, where added vertices and links are more likely to be attached to vertices that
already have large degrees.

When we would like to model a power-law relationship between the number of vertices
with degree k and k, the question is how to appropriately do so. In Chapters 6, 7 and 8,
we discuss a number of models which have been proposed for graphs with a given degree
sequence. For this, we let F'x be the distribution function of an integer random variable
X, and we denote its probability mass function by {fx}7=,, so that

Fx(z)=P(X <z)=Y_ fi (1.1.4)
k<z

We wish to obtain a random graph model where Ny, the number of vertices with degree k,
is roughly equal to n fi, where we recall that n is the size of the network. For a power-law
relationship as in (1.1.1), we should have that

Ny ~ nfy, (1.1.5)

so that
fk X kiT,

where, to make f = {fik}721 a probability measure, we take 7 > 1, and « in (1.1.6)
denotes that the left-hand side is proportional to the right-hand side. Now, often (1.1.6)
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is too restrictive, and we wish to formulate a power-law relationship in a weaker sense. A
different formulation could be to require that

1— Fx(x) :ka o7, (1.1.7)
k>x

for some power-law exponent 7 > 1. Indeed, (1.1.7) is strictly weaker than (1.1.6), as
indicated in the following exercise:

Exercise 1.1. Show that when (1.1.6) holds with equality, then (1.1.7) holds. Find an
example where (1.1.7) holds in the form that there exists a constant C' such that

1— Fx(x)=Cz' " "(1+40(1)), (1.1.8)
but that (1.1.6) fails.

An even weaker form of a power-law relation is to require that
1 — Fx(x) = Lx(z)z' ™, (1.1.9)

where the function = — Lx(z) is a so-called slowly varying function. Here, a function
x — £(x) is called slowly varying when, for all constants ¢ > 0,

im L(cx)
2w

=1. (1.1.10)

Exercise 1.2. Show that z — logz and, for v € (0,1), z — 198 )” qre slowly varying,
but that when v =1, z+— 198?75 not slowly varying.

The above discussion on real networks has been illustrated by using the Internet as
a prime example. We close the discussion by giving references to the literature on the
empirical properties of the Internet:

1. Siganos, Faloutsos, Faloutsos and Faloutsos [202] take up where [104] have left, and
further study power laws arising in Internet.

2. In [136], Jin and Bestavros summarize various Internet measurements and study
how the small-world properties of the AS graph can be obtained from the degree
properties and a suitable way of connecting vertices.

3. In [227], Yook, Jeong and Barabdsi find that the Internet topology depends on
geometry, and find that the fractal dimension is equal to Dy = 1.5. They continue to
propose a model for the Internet growth that predicts this behavior using preferential
attachment including geometry. We shall discuss this in more detail in Chapter 8.

4. A critical look at the proposed models for the Internet, and particularly the sugges-
tion of preferential attachment in Internet was given by Willinger, Govindan, Paxson
and Shenker in [224]. Preferential attachment models shall be described informally
in Section 1.1, and are investigated in more detail in Chapters 8 and 11.  The
authors conclude that the Barabdsi-Albert model does not model the growth of the
AS graph appropriately, particularly since the degrees of the receiving vertices in the
AS graph is even larger than for the Barabasi-Albert model. This might also explain
why the power-law exponent, which is around 2.2 for the AS-graph, is smaller than
the power-law exponent in the Barabdsi-Albert model, which is 3 (see Chapter 8 for
this result).
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5. An interesting topic of research receiving substantial attention is how the Internet
behaves under malicious attacks or random breakdown [74, 75]. The conclusion is
that the topology is critical for the vulnerability under intentional attacks. When
vertices with high degrees are taken out, then the connectivity properties of random
graph models for the Internet cease to have the necessary connectivity properties.

In the remainder of this section, we shall describe a number of other examples of real net-
works where the small-world phenomenon and the power-law degree sequence phenomenon
are observed:

1. ‘Six Degrees of Separation’ and social networks.
2. Kevin Bacon Game and the movie actor network.
3. Erddés numbers and collaboration networks.

4. The World-Wide Web.

In this section, we shall discuss some of the empirical findings in the above applications,
and discuss the key publications on their empirical properties. Needless to say, one could
easily write a whole book on each of these examples separately, so we cannot dive into the
details too much.

1.1.1 Six degrees of separation and social networks

In 1967, Stanley Milgram performed an interesting experiment. See
http://www.stanleymilgram.com/milgram.php

for more background on the psychologist Milgram, whose main topic of study was the
obedience of people, for which he used a very controversial ‘shock machine’.

In his experiment, Milgram sent 60 letters to various recruits in Wichita, Kansas, U.S.A.,
who were asked to forward the letter to the wife of a divinity student living at a specified
location in Cambridge, Massachusetts. The participants could only pass the letters (by
hand) to personal acquaintances who they thought might be able to reach the target, either
directly, or via a “friend of a friend”. While fifty people responded to the challenge, only
three letters (or roughly 5%) eventually reached their destination. In later experiments,
Milgram managed to increase the success rate to 35% and even 95%, by pretending that
the value of the package was high, and by adding more clues about the recipient, such as
his/her occupation. See [167, 215] for more details.

The main conclusion from the work of Milgram was that most people in the world are
connected by a chain of at most 6 “friends of friends”, and this phrase was dubbed “Six
Degrees of Separation”. The idea was first proposed in 1929 by the Hungarian writer
Frigyes Karinthy in a short story called ‘Chains’ [139], see also [181] where a translation
of the story is reproduced. Playwright John Guare popularized the phrase when he chose
it as the title for his 1990 play. In it, Ousa, one of the main characters says:

“Fverybody on this planet is separated only by six other people. Sixz degrees of
separation. Between us and everybody else on this planet. The president of
the United states. A gondolier in Venice... It’s not just the big names. It’s
anyone. A native in the rain forest. (...) An Eskimo. I am bound to everyone
on this planet by a trail of six people. It is a profound thought.”.

The fact that any number of people can be reached by a chain of at most 6 intermediaries
is rather striking. It would imply that two people in as remote areas as Greenland and the
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Amagzone could be linked by a sequence of at most 6 “friends of friends”. This makes the
phrase “It’s a small world!” very appropriate indeed! Another key reference in the small-
world work in social sciences is the paper by Pool and Kochen [194], which was written in
1958, and has been circulating around the social sciences ever since, before it was finally
published in 1978.

The idea of Milgram was taken up afresh in 2001, with the added possibilities of the
computer era. In 2001, Duncan Watts, a professor at Columbia University, recreated Mil-
gram’s experiment using an e-mail message as the“package” that needed to be delivered.
Surprisingly, after reviewing the data collected by 48,000 senders and 19 targets in 157
different countries, Watts found that again the average number of intermediaries was six.
Watts’ research, and the advent of the computer age, has opened up new areas of inquiry
related to six degrees of separation in diverse areas of network theory such as power grid
analysis, disease transmission, graph theory, corporate communication, and computer cir-
cuitry. See the web site

http://smallworld.columbia.edu/project.html

for more information on the Small-World Project conducted by Watts.  See [219] for
a popular account of the small-world phenomenon. Related examples of the small-world
phenomenon can be found in [5] and [178].

To put the idea of a small-world into a network language, we define the vertices of the
social graph to be the inhabitants of the world (so that n ~ 6 billion), and we draw an
edge between two people when they know each other. Needless to say, we should make it
more precise what it means to “know each other”. Possibilities here are various. We could
mean that the two people involved have shaken hands at some point, or that they know
each other on a first name basis.

One of the main difficulties of social networks is that they are notoriously hard to
measure. Indeed, questionaires can not be trusted easily, since people have a different idea
what a certain social relation is. Also, questionaires are quite physical, and they take time
to collect. As a result, researchers are quite interested in examples of social networks that
can be measured, for example due to the fact that they are electronic. Examples are e-mail
networks or social networks such as Hyves. Below, I shall give a number of references to
the literature for studies of social networks.

1. Amaral, Scala, Bartélémy and Stanley [13] calculated degree distributions of several
networks, among others a friendship network of 417 junior high school students and a
social network of friendships between Mormons in Provo, Utah. For these examples,
the degree distributions turn out to be closer to a normal distribution than to a
power law.

2. In [92], Ebel, Mielsch and Bornholdt investigate the topology of an e-mail network
of an e-mail server at the University of Kiel over a period of 112 days. The authors
conclude that the degree sequence obeys a power law, with an exponential cut-off
for degrees larger than 200. The estimated degree exponent is 1.81. The authors
note that since this data set is gathered at a server, the observed degree of the
external vertices is an underestimation of their true degree. When only the internal
vertices are taken into account, the estimate for the power-law exponent decreases
to 1.32. When taking into account that the network is in fact directed, the power-
law exponent of the in-degree is estimated at 1.49, while the out-degrees have an
exponent of 2.03. The reported errors in the estimation of the exponents are between
0.10 and 0.18.

3. There are many references to the social science literature on social networks in the
book by Watts [220], who now has a position in social sciences. In [180], Newman,
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Kevin Bacon Number | # of actors
1
1902
160463
457231
111310
8168
810
81
14

OO WN O

Table 1.1: Kevin Bacon Numbers.

Watts and Strogatz survey various models for social networks that have appeared in
their papers. Many of the original references can also be found in the collection in
[181], along with an introduction explaining their relevance.

4. Liljeros, Edling, Amaral and Stanley [158] investigated sexual networks in Sweden,
where two people are connected when they have had a sexual relation in the previous
year, finding that the degree distributions of males and females obey power laws, with
estimated exponents of Tfem, & 2.5 and Tma1 =~ 2.3. When extending to the entire
lifetime of the Swedish population, the estimated exponents decrease to Tfem ~ 2.1
and Tma1 =~ 1.6. The latter only holds in the range between 20 and 400 contacts, after
which it is truncated. Clearly, this has important implications for the transmittal of
sexual diseases.

1.1.2 Kevin Bacon Game and movie actor network

A second example of a large network in the movie actor network. In this example, the
vertices are movie actors, and two actors share an edge when they have played in the same
movie. This network has attracted some attention in connection to Kevin Bacon, who
appears to be reasonably central in this network. The Computer Science Department at
Virginia University has an interesting web site on this example, see The Oracle of Bacon
at Virginia web site on

http://www.cs.virginia.edu/oracle/.

See Table 1.1 for a table of the Kevin Bacon Numbers of all the actors in this network.
Thus, there is one actor at distance 0 from Kevin Bacon (namely, Kevin Bacon himself),
1902 actors have played in a movie starring Kevin Bacon, and 160463 actors have played
in a movie in which another movie star played who had played in a movie starring Kevin
Bacon. In total, the number of linkable actors is equal to 739980, and the Average Kevin
Bacon number is 2.954. In search for “Six Degrees of Separation”, one could say that most
pairs of actors are related by a chain of co-actors of length at most 6.

It turns out that Kevin Bacon is not the most central vertex in the graph. A more
central actor is Sean Connery. See See Table 1.2 for a table of the Sean Connery Numbers.
By computing the average of these numbers we see that the average Connery Number is
about 2.731, so that Connery a better center than Bacon. Mr. Bacon himself is the 1049th
best center out of nearly 800,000 movie actors, which makes Bacon a better center than
99% of the people who have ever appeared in a feature film.

On the web site http://www.cs.virginia.edu/oracle/, one can also try out one’s own
favorite actors to see what Bacon number they have, or what the distance is between them.

We now list further studies of the movie actor network.
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Sean Connery Number | # of actors
1
2272
218560
380721
40263
3537
535
66
2

OO WN O

Table 1.2: Sean Connery Numbers

1. Watts and Strogatz [221] investigate the small-world nature of the movie-actor net-
work, finding that it has more clustering and shorter distances than a random graph
with equal edge density. Amaral et al. looked closer at the degree distribution to
conclude that the power-law in fact has an exponential cut-off.

2. Albert and Barabdsi [20] use the movie actor network as a prime example of a
network showing power-law degrees. The estimated power-law exponent is 2.3.

1.1.3 Erddés numbers and collaboration networks

A further example of a complex network that has drawn substantial attention is the
collaboration graph in mathematics. This is popularized under the name “Erd&s number
project”. In this network, the vertices are mathematicians, and there is an edge between
two mathematicians when they have co-authored a paper. See

http://www.ams.org/msnmain/cgd/index.html

for more information. The Erdés number of a mathematician is how many papers that
mathematician is away from the legendary mathematician Paul Erdés, who was extremely
prolific with around 1500 papers and 509 collaborators. Of those that are connected by a
trail of collaborators to Erdés, the maximal Erdés number is claimed to be 15.

On the above web site, one can see how far one’s own professors are from Erdés. Also,
it is possible to see the distance between any two mathematicians.

The Erdds numbers has also attracted attention in the literature. In [80, 81], the authors
investigate the Erdés numbers of Nobel prize laureates, as well as Fields medal winners,
to come to the conclusion that Nobel prize laureates have Erdés numbers of at most 8 and
averaging 4-5, while Fields medal winners have Erdés numbers of at most 5 and averaging
3-4. See also

http://www.oakland.edu/enp

for more information on the web, where we also found the following summary of the collab-
oration graph. This summary dates back to July, 2004. An update is expected somewhere
in 2006.

In July, 2004, the collaboration graph consisted of about 1.9 million authored papers in
the Math Reviews database, by a total of about 401,000 different authors. Approximately
62.4% of these items are by a single author, 27.4% by two authors, 8.0% by three authors,
1.7% by four authors, 0.4% by five authors, and 0.1% by six or more authors. The largest
number of authors shown for a single item is in the 20s. Sometimes the author list includes
“et al.” so that in fact, the number of co-authors is not always precisely known.
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Erdés Number | # of Mathematicians

0 1

1 504
2 6593
3 33605
4 83642
5 87760
6 40014
7 11591
8 3146
9 819
10 244
11 68
12 23
13 5

Table 1.3: Erdés Numbers

The fraction of items authored by just one person has steadily decreased over time,
starting out above 90% in the 1940s and currently standing at under 50%. The entire
graph has about 676,000 edges, so that the average number of collaborators per person is
3.36. In the collaboration graph, there is one large component consisting of about 268,000
vertices. Of the remaining 133,000 authors, 84,000 of them have written no joint papers,
and these authors correspond to isolated vertices. The average number of collaborators for
people who have collaborated is 4.25. The average number of collaborators for people in the
large component is 4.73. Finally, the average number of collaborators for people who have
collaborated but are not in the large component is 1.65. There are only 5 mathematicians
with degree at least 200, the largest degree is for Erdés, who has 509 co-authors. The
diameter of the largest connected component is 23.

The clustering coefficient of a graph is equal to the fraction of ordered triples of ver-
tices a,b,c in which edges ab and bc are present that have edge ac present. In other
words, the clustering coefficient describes how often are two neighbors of a vertex adjacent
to each other. The clustering coefficient of the collaboration graph of the first kind is
1308045/9125801 = 0.14. The high value of this figure, together with the fact that average
path lengths are small, indicates that this graph is a small world graph.

For the Erdés numbers, we refer to Table 1.3. The median Erdés number is 5, the mean
is 4.65, and the standard deviation is 1.21. We note that the Erdés number is finite if
and only if the corresponding mathematician is in the largest connected component of the
collaboration graph.

See Figure 1.6 for an artistic impression of the collaboration graph in mathematics taken
from

http://www.orgnet.com/Erdos.html

and Figure 1.7 for the degree sequence in the collaboration graph.
We close this section by listing interesting papers on collaboration graphs.

1. In [24], Batagelj and Mrvar use techniques for the analysis of large networks, such as
techniques to identify interesting subgroups and hierarchical clustering techniques,
to visualize further aspects of the Erdds collaboration graph.

2. Newman has studied several collaboration graphs in a sequence of papers that we
shall discuss now. In [177], he finds that several of these data bases are such that
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Figure 1.6: An artist impression of the collaboration graph in mathematics.
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Figure 1.7: The degree sequence in the collaboration graph.
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the degrees have power-laws with exponential cut-offs. The data bases are various
arXiv data bases in mathematics and theoretical physics, the MEDLINE data base
in medicine, and the ones in high-energy physics and theoretical computer science.
Also, the average distance between scientists is shown to be rather small, which is
a sign of the small-world nature of these networks. Finally, the average distance is
compared to logn/log z, where n is the size of the collaboration graph and z is the
average degree. The fit shows that these are quite close. Further results are given
in [176].

3. In Barabaési et al. [22], the evolution of scientific collaboration graphs is investigated.
The main conclusion is that scientists are more likely to write papers with other
scientists who have written many papers, i.e., there is a tendency to write papers
with others who have already written many. This preferential attachment is shown
to be a possible explanation for the existence of power laws in collaboration networks
(see Chapter 8).

1.1.4 The World-Wide Web

A final example of a complex network that has attracted enormous attention is the
World-Wide Web (WWW). The elements of the WWW are web pages, and there is a
directed connection between two web pages when the first links to the second. Thus, while
the WWW is virtual, the Internet is physical. With the world becoming ever more virtual,
and the WWW growing at tremendous speed, the study of properties of the WWW has
grown as well. It is of great practical importance to know what the structure of the WWW
is, for example, in order for search engines to be able to explore it. A notorious, but rather
interesting, problem is the Page-Rank problem, which is the problem to rank web pages
on related topics such that the most important pages come first. Page-Rank is claimed to
be the main reason of the success of Google, and the inventors of Page-Rank were also the
founders of Google (see [57] for the original reference).

In [6], the authors Albert, Jeong and Barabdsi study the degree distribution to find that
the in-degrees obey a power law with exponent 71, =~ 2.1 and the out-degrees obey a power
law with exponent 7out ~ 2.45, on the basis of several Web domains, such as nd.edu,
mit.edu and whitehouse.gov, respectively the Web domain of the home university of
Barabdsi at Notre Dame, the Web domain of MIT and of the White House.  Further,
they investigated the distances between vertices in these domains, to find that distances
within domains grown linearly with the log of the size of the domains, with an estimated
dependence of d = 0.35 4+ 2.06 log n, where d is the average distance between elements in
the part of the WWW under consideration, and n is the size of the subset of the WWW.

Extrapolating this relation to the estimated size of the WWW at the time, n = 8 - 108,
Albert, Jeong and Barabdési [6] concluded that the diameter of the WWW was 19 at the
time, which prompted the authors to the following quote:

“Fortunately, the surprisingly small diameter of the web means that all infor-
mation is just a few clicks away.”

In [154], it was first observed that the WWW also has power-law degree sequences. In
fact, the WWW is a directed graph, and in [154] it was shown that the in-degree follows a
power-law with power-law exponent quite close to 2. See also Figure 1.8.

The most substantial analysis of the WWW was performed by Broder et al. [59],
following up on earlier work in [154, 153] in which the authors divide the WWW into
several distinct parts. See Figure 1.9 for the details. The division is roughly into four
parts:

(a) The central core or Strongly Connected Component (SCC), consisting of those web
pages that can reach each other along the directed links (28% of the pages);
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Figure 1.8: The in-degree sequence in the WWW taken from [154].

(b) The IN part, consisting of pages that can reach the SCC, but cannot be reached
from it (21% of the pages);

(¢) The OUT part, consisting of pages that can be reached from the SCC, but do not
link back into it (21% of the pages);

(d) The TENDRILS and other components, consisting of pages that can neither reach
the SCC, nor be reached from it (30% of the pages).

Broder et al. [59] also investigate the diameter of the WWW, finding that the SCC
has diameter at least 28, but the WWW as a whole has diameter at least 500. This is
partly due to the fact that the graph is directed. When the WWW is considered to be an
undirected graph, the average distance between vertices decreases to around 7. Further,
it was shown that both the in- and out-degrees in the WWW follow a power-law, with
power-law exponents estimated as 7in &~ 2.1, Tout &~ 2.5.

In [2], distances in the WWW are discussed even further. When considering the WWW
as a directed graph, it is seen that the distances between most pairs of vertices within the
SCC is quite small. See Figure 1.10 for a histogram of pairwise distances in the sample.
Distances between pairs of vertices in the SCC tend to be at most 7: Six Degrees of
Separation.

We close this section by discussing further literature on the WWW:

1. In [20], it is argued that new web pages are more likely to attach to web pages
that already have a high degree, giving a bias towards popular web pages. This is
proposed as an explanation for the occurrences of power laws. We shall expand this
explanation in Section 1.6, and make the discussion rigorous in Chapter 8.
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Figure 1.9: The WWW according to Broder et al [59].

2. In [153], models for the WWW are introduced, by adding vertices which copy the

links of older vertices in the graph. This is called an evolving copying model. In some
cases, depending on the precise copying rules, the model is shown to lead to power-
law degree sequences. The paper [149] is a nice survey of measurements, models and
methods for obtaining information on the WWW, by analyzing how Web crawling
works.

. Barédbasi, Albert and Jeong [21] investigate the scale-free nature of the WWW, and

propose a preferential attachment model for it. In the proposed model for the WWW
in [20, 21], older vertices tend to have the highest degrees. On the WWW this is
not necessarily the case, as Adamic and Huberman [3] demonstrate. For example,
Google is a late arrival on the WWW, but has yet managed to become one of the
most popular web sites. A possible fix for this problem is given in [36] through a
notion of fitness of vertices, which enhance or decrease their preferential power.

. The works by Kleinberg [146, 147, 148] investigate the WWW and other networks

from a computer science point of view. In [146, 147], the problem is addressed how
hard it is to find short paths in small-world networks on the d-dimensional lattice,
finding that navigation sensitively depends upon how likely it is for large edges to
be present. Indeed, the delivery time of any local algorithm can be bounded below
by a positive power of the width of the box, except for one special value of the
parameters, in which case it is of the order of the square of the log of the width
of the box. Naturally, this has important implications for the WWW, even though
the WWW may depend less sensitively on geometry. In Milgram’s work discussed
in Section 1.1.1, on the one hand, it is striking that there exist short paths between
most pairs of individuals, but, on the other hand, it may be even more striking
that people actually succeed in finding them. In [146], the problem is addressed
how “authoritative sources” for the search on the WWW can be quantified. These
authoritative sources can be found in an algorithmic way by relating them to the
hubs in the network. Clearly, this problem is intimately connected to the Page-Rank
problem.
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Figure 1.10: Average distances in the Strongly Connected Component of the WWW taken
from [2].

1.2 Scale-free, small-world and highly-clustered random graph
processes

As described in Section 1.1, many real-world complex networks are large. They share
similar features, in the sense that they have a relatively low degree compared to the max-
imal degree n — 1 in a graph of size n, i.e., they are ‘sparse’. Further, many real networks
are ‘small worlds’, ‘scale free’ and ‘highly clustered’. These notions are empirical, and,
hence, inherently not very mathematically precise. In this section, we describe what it
means for a model of a real network to satisfy these properties.

Many of real-world networks as considered in Section 1.1, such as the World-Wide Web
and collaboration networks, grow in size as time proceeds. Therefore, it is reasonable to
consider graphs of growing size, and to define the notions of scale-free, small-world and
highly-clustered random graphs as a limiting statement when the size of the random graphs
tend to infinity. This naturally leads us to study graph sequences. In this section, we shall
denote a graph sequence by {Gr}az1, where n denotes the size of the graph G,, i.e., the
number of vertices in Go,.

Denote the proportion of vertices with degree k in G,, by P,é"), ie.,

1 n
(n) _
P =~ > L. (1.2.1)
=1

where DE") denotes the degree of vertex i € {1,...,n} in the graph G, and recall that
the degree sequence of GG, is given by {P,E")}z":o. ‘We use capital letters in our notation to
indicate that we are dealing with random wvariables, due to the fact that G,, is a random
graph. Now we are ready to define what it means for a random graph process {G, }52; to
be scale free.

We first call a random graph process {Gr }n=1 sparse when

lim P = py, (1.2.2)

n—00
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for some deterministic limiting probability distribution {px}izo. Since the limit ps in
(1.2.2) is deterministic, the convergence in (1.2.2) can be taken as convergence in probabil-
ity or in distribution. Also, since {px }32, sums up to one, for large n, most of the vertices
have a bounded degree, which explains the phrase sparse random graphs.

We further call a random graph process {Gn}n=1 scale free with exponent T when it is
sparse and when

. log pi
A e (k) T (1.2:3)

exists. Thus, for a scale-free random graph process its degree sequence converges to a
limiting probability distribution as in (1.2.2), and the limiting distribution has asymptotic
power-law tails described in (1.2.3). This gives a precise mathematical meaning to a
random graph process being scale free. In some cases, the definition in (1.2.3) is a bit too
restrictive, particularly when the probability mass function k +— pi is not very smooth.
Instead, we can also replace it by

i log [1 — F(k)] L
Jim S8R 1, (1.2.4)

where F(z) = Zy<1py denotes the distribution function corresponding to the probability
mass function {pr}32o. In particular models below, we shall use the version that is most
appropriate in the setting under consideration. See Section 1.3 below for a more extensive
discussion of power laws.

We say that a graph process {Gr}n= is highly clustered when

lim OGD( = C(;(x, > 0. (125)

n—oo

We finally define what it means for a graph process {Gr}nz; to be a small world.
Intuitively, a small world should have distances that are much smaller than those in a
lattice or torus. When we consider the nearest-neighbor torus T, 4, then, and when we
draw two uniform vertices at random, their distance will be of the order r. Denote the size
of the torus by n = (2r + 1)%, then the typical distance between two uniform vertices is of
the order n'/?, so that it grows as a positive power of n.

Let H, denote the distance between two uniformly chosen connected vertices, i.e., we
pick a pair of vertices uniformly at random from all pairs of connected vertices, and we
let H,, denote the graph distance between these two vertices. Here we use the term graph
distance between the vertices v1,v2 to denote the minimal number of edges in the graph
on a path connecting v1 and v2. Below, we shall be dealing with random graph processes
{Gr}3Z; for which G, is not necessarily connected, which explains why we condition on
the two vertices being connected.

We shall call H,, the typical distance of G,,. Then, we say that a random graph process
{Gn}Z1 is a small world when there exists a constant K such that

lim P(H, < Klogn) =1. (1.2.6)
n—oo
Note that, for a graph with a bounded degree dmax, the typical distance is at least (1 —
€)logn/log dmax with high probability, so that a random graph process with bounded
degree is a small world precisely when the order of the typical distance is optimal.

For a graph G, let diam(G,) denote the diameter of G, i.e., the maximal graph
distance between any pair of connected vertices. Then, we could also have chosen to
replace Hy, in (1.2.6) by diam(Gr). However, the diameter of a graph is a rather sensitive
object which can easily be changed by making small changes to a graph in such a way that
the scale-free nature and the typical distance H, do not change. For example, by adding a
sequence of m vertices in a line, which are not connected to any other vertex, the diameter
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of the graph becomes at least m, whereas, if m is much smaller than n, H, is not changed
very much. This explain why we have a preference to work with the typical distance H,,
rather than with the diameter diam(G»).

In some models, we shall see that typical distances can be even much smaller than log n,
and this is sometimes called an ultra-small world. More precisely, we say that a random
graph process {Gr}n21 is an ultra-small world when there exists a constant K such that

lim P(H, < Kloglogn) = 1. (1.2.7)

n—oo

There are many models for which (1.2.7) is satisfied, but diam(Gy)/logn converges in
probability to a positive limit. This once more explain our preference for the typical graph
distance H,,.

We have given precise mathematical definitions for the notions of random graphs being
highly clustered, small worlds and scale free. This has not been done in the literature
so far, and our definitions are based upon a summary of the relevant results proved for
random graph models. We believe it to be a good step forward to make the connection
between the theory of random graphs and the empirical findings on real-life networks.

1.3 Tales of tails

In this section, we discuss the occurrence of power laws. In Section 1.3.1, we discuss
the literature on this topic, which dates back to the twenties of the last century. In Section
1.3.2, we describe the new view points on power laws in real networks.

1.3.1 Old tales of tails

Mathematicians are always drawn to simple relations, believing that they explain the
rules that gave rise to them. Thus, finding such relations uncovers the hidden structure
behind the often chaotic appearance. A power-law relationship is such a simple relation.
We say that there is a power-law relationship between two variables when one is propor-
tional to a power of the other. Or, in more mathematical language, the variable k and the
characteristic f(k) are in a power-law relation when f(k) is proportional to a power of k,
that is, for some number T,

F(k) =CE™. (1.3.1)

Power laws are intimately connected to so-called 80/20 rules. For example, when
studying the wealth in populations, already Pareto observed a huge variability [187]. Most
individuals do not earn so much, but there are these rare individuals that earn a substantial
part of the total income. Pareto’s principle was best known under the name ‘80/20 rule’,
indicating, for example, that 20 percent of the people earn 80 percent of the total income.
This law appears to be true much more generally. For example, 20 percent of the people
own 80 percent of the land, 20 percent of the employees earn 80 percent of the profit
of large companies, and maybe even 20 percent of the scientists write 80 percent of the
papers. In each of these cases, no typical size exists due to the high variability present,
which explains why these properties are called ‘scale-free’.

Intuitively, when a 80/20 rule holds, a power law must be hidden in the background!
Power laws play a crucial role in mathematics, as well as in many applications. Power laws
have a long history. Zipf [229] was one of the first to find one in the study of the frequencies
of occurrence of words in large pieces of text. He found that the relative frequency of words
is roughly inversely proportional to its rank in the frequency table of all words. Thus, the
most frequent word is about twice as frequent as the second most frequent word, and about
three times as frequent as the third most frequent word, etc. In short, with k the rank of
the word and f(k) the relative frequency of k™" most frequent word, f(k) oc k=7 where T
is close to 1. This is called Zipf’s law.
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Already in the twenties, several other examples of power laws were found. Lotka [160]
investigated papers that were referred to in the Chemical Abstracts in the period from
1901-1916, and found that the number of scientists appearing with 2 entries is close to
1/2% = 1/4 of the number of scientists with just one entry. The number of scientists
appearing with 3 entries is close to 1/32 = 1/9 times the number of scientists appearing
with 1 entry, etc. Again, with f(k) denoting the number of scientists appearing in k entries,
f(k) o< k77, where 7 now is close to 2. This is dubbed Lotka’s Law. Recently, effort has
been put into explaining power-laws using ‘self-organization’. Per Bak, one of the central
figures in this area, called his book on the topic “How nature works” [18].

Power-law relations are one-step extensions of linear relations. Conveniently, even when
one does not understand the mathematical definition of a power law too well, one can still
observe them in a simple way: in a log-log plot, power laws are turned into straight lines!
Indeed, taking the log of the power-law relationship (1.3.1) yields

log f(k) =logC — Tlogk, (1.3.2)

so that log f(k) is in a linear relationship with log k, with coefficient equal to —7. Thus,
not only does this allow us to visually inspect whether f(k) is in a power-law relationship
to k, it also allows us to estimate the exponent 7! Naturally, this is precisely what has
been done in order to obtain the power-law exponents in the examples in Section 1.1.
An interesting account of the history of power-laws can be found in [168], where possible
explanations why power laws arise so frequently are also discussed.

1.3.2 New tales of tails

In this section, we discuss the occurrence of power-law degree sequences in real networks.
We start by giving a heuristic explanation for the occurrence of power law degree sequences,
in the setting of exponentially growing graphs. This heuristic is based on some assumptions
that we formulate now.

We assume that

(1) the numbter of vertices V(t) is growing ezponentially at some rate p > 0, i.e.,
V(t) =~ e

(2) the number N (t) of links into a vertex at some time ¢ after its creation is N (t) ~ e*.
(Note that we then must have that 8 < p, since the number of links into a vertex
must be bounded above by the number of vertices.) Thus, also the number of links
into a vertex grows exponentially with time.

We note that assumption (1) is equivalent to the assumption that
(17) the lifetime T since its creation of a random vertex has law
P(T >t) =e ", (1.3.3)
so that the density of the lifetime of a random vertex is equal to
fr(t) = pe™"". (1.3.4)

Then, using the above assumptions, the number of links into a random vertex X equals

P(X > i) ~i /P, (1.3.5)
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since it is equal to

P(X > i) /Oo Fr(®)P(X > i|T = t)dt

= / pe” PP(X >4|T = t)dt
0

oo
= p/ eitpll{eﬁt>i}dt
0

oo .
~ p/ e P dt ~ e—(logZ)p/ﬁ ~ i—p/ﬁ7
(logi)/B

where ¢ denotes the indicator of the event £. Stretching the above heuristic a bit further
yields

P(X =i) =P(X >i—1) = P(X > i) ~ i #/FD, (1.3.6)
This heuristic suggests a power law for the in-degrees of the graph, with power-law exponent
7 = p/B+ 1> 2. Peculiarly, this heuristic does not only explain the occurrence of power
laws, but even of power laws with exponents that are at least 2.

The above heuristic only explains why the in-degree of a vertex has a power law. An
alternative reason why power laws occur so generally will be given in Chapter 8. Interest-
ingly, so far, also in this explanation only power laws that are at least 2 are obtained.

While power-law degree sequences are claimed to occur quite generally in real networks,
there are also some critical observations, particularly about he measurements that produce
power laws in Internet. In [155], it is argued that traceroute-measurements, by which the
Internet-topology is uncovered, could be partially responsible for the fact that power-law
degree sequences are observed in Internet. Indeed, it was shown that applying similar
methods as traceroute-measurements to certain subgraphs of the Erdés-Rényi random
graph exhibit power-law degree sequences. Clearly, the Erdés-Rényi random graph does
not have power-law degree sequences, so that this observation is an artefact of the way
the measurements are performed. The point is that in Internet measurements, subgraphs
are typically obtained by exploring the paths between sets of pairs of vertices. Indeed,
we obtain a subgraph of the Internet by only taking that part of the network that appear
along a path between the various starting points and destinations, and this is the way how
traceroute is used in Internet. Assuming that paths are all shortest-paths, i.e., there is
shortest-path routing, vertices with a high degree are far more likely to appear in one of the
shortest paths between our initial set of pairs of vertices. Therefore, such data sets tend
to overestimate the degrees in the complete network. This bias in traceroute data was
further studied in [1, 73], in which both for Erdés-Rényi random graphs and for random
regular graphs, it was shown that subgraphs appear to obey a power-law.

While the above criticism may be serious for the Internet, and possibly for the World-
Wide Web, where degree distributions are investigated using web-crawling, there are many
networks which are completely available that also show power-law degree sequences. When
the network is completely described, the observed power-laws can not be so easily dismissed.
However, one needs to be careful in using and analyzing data confirming power-law degree
sequences. Particularly, it could be that many estimates of the power-law degree exponent
T are biased, and that the true values of 7 are substantially larger. Possibly, this criticism
may give an argument why so often power laws are observed with exponents in the interval
(2,3).

1.4 Notation

In these notes, we frequently make use of certain notation, and we strive to be as
consistent as possible. We shall denote events by calligraphic letters, such as A, B,C and
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E. We shall use l¢ to denote the indicator function of the event £. We shall use capital
letters, such as X,Y, Z,U,V,W, to denote random variables. There are some exceptions,
for example, F'x and Mx denote the distribution function and moment generating function
of a random variable X, and we emphasize this by writing the subscript X explicitly. We
say that a sequence of events {&, }nzg occurs with high probability when limp, . P(E,) = 1.
We often abbreviate this as whp. We call a sequence of random variables {X by iid.
when they are independent, and X; has the same distribution as X for every i = 2,...,n.

We shall use special notion for certain random variables, and write X ~ Be(p) When X
has a Bernoulli distribution with success probability p, i.e., P(X =1) =1-P(X =0) =
We write X ~ Bin(n,p) when the random variable X has a binomial distribution With
parameters n and p, and we write X ~ Poi(\) when X has a Poisson distribution with
parameter .

Furthermore, we write f(n) = o(g(n)) as n — co when g(n) > 0 and lim,— |f(n)|/g(n) =
0. We write f(n) = O(g(n)) as n — oo when g(n) > 0 and limsup,,_, . | f(n)|/g(n) < co
Finally, we write f(n) = ©(g(n)) as n — oo if f(n) = O(g(n)) and g(n) = O(f(n)).

1.5 The Erd6s-Rényi random graph: introduction of the model

In the previous sections, we have described properties of real networks. These networks
are quite large, and in most cases, it is utterly impossible to describe them explicitly. To
circumvent this problem, random graph models have been considered as network models.
These random graphs describe by which local and probabilistic rules vertices are connected
to one another. The use of probabilistic rules is to be able to describe the complezity of the
networks. In deterministic models, often too much structure is present, making the arising
networks unsuitable to describe real networks. This approach introduces randomness in
network theory, and leads us to consider random graphs as network models. However, it
does not tell us what these random graph models should look like.

The field of random graphs was established in the late fifties and early sixties of the
last century. While there were a few papers appearing around (and even before) that time,
one paper is generally considered to have founded the field [97]. The authors Erdds and
Rényi studied the simplest imaginable random graph, which is now named after them.
Their graph has n elements, and each pair of elements is independently connected with
a fixed probability. When we think of this graph as describing a social network, then
the elements denote the individuals, while two individuals are connected when they know
one another. The probability for elements to be connected is sometimes called the edge
probability. Let ER,(p) denote the resulting random graph. This random graph is named
after its inventors Erdds and Rényi who introduced a version of it in [97] in 1960. Note
that the precise model above is introduced by Gilbert in [108], and in [97] a model was
formulated with a fixed number of edges (rather than a binomial number of edges). It is
not hard to see that the two models are intimately related (see e.g., Section 4.6, where
the history is explained in a bit more detail). The Erdés-Rényi random graph was named
after Erdds and Rényi due to the deep and striking results proved in [97], which opened
up an entirely new field. Earlier papers investigating random graphs are [94], using the
probabilistic method to prove graph properties, and [209], where the model is introduced
as a model for neurons.

Despite the fact that ER,(p) is the simplest imaginable model of a random network,
it has a fascinating phase transition when p varies. Phase transitions are well known
in physics. The paradigm example is the solid-fluid transition of water, which occurs
when we move the temperature from below 0° to above 0°. Similar phase transitions
occur in various real phenomena, such as magnetism or the conductance properties of
porous materials. Many models have been invented that describe and explain such phase
transitions, and we shall see some examples in these notes. As we will see, the Erdés-Rényi
random graph exhibits a phase transition in the size of the maximal component, as well as
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in the connectivity of the arising random graph.

Indeed, if p = A\/n with A < 1, then ER,,(p) consists of many small components having
at most size ©(logn). If, otherwise, A > 1 the graph consists of one giant component of
O(n) and some small components which have size ©(logn). (Recall the notation in Section
1.4.) These properties shall be explained and proved in full detail in Chapter 4. In Chapter
5, we shall also investigate the size for the largest connected component when A = 1, and
for which A the Erdés-Rényi random graph is connected.

A rough outline of the ideas behind the proof in Chapters 4-5 is given below. The
necessary probabilistic ingredients are described in Chapter 2, for example, stochastic
orderings, convergence of random variables, and couplings. In Chapter 3, we describe
branching processes, which prove to be extremely useful in the analysis of the Erdés-Rényi
random graph and many other related random graph models.

To describe these preliminaries, let us investigate the cluster of a vertex in an Erdés-
Rényi random graph. We say that u,v € {1,...,n} are connected when there exists a path
of occupied bonds connecting the two vertices u and v, and we write this as u +— v. We
let the cluster of v, i.e., the connected component containing v, be equal to

Cv)={y:v+—y} (1.5.1)

where, by convention, v is connected to v, so that v € C(v). Let |C(v)| denote the number
of vertices in C(v). Then, the size of the largest connected component of ER,(p) is equal
to

|Cmax‘ = ve?il,a.’.)in} ‘C(U) .

(1.5.2)

Naturally, the law of C(x), and, therefore also of |Cmax|, depends sensitively on the value
of p.

To describe the largest connected component, we explore the different clusters one by
one. We start with vertex 1, and explore all the edges that are incident to 1. The endpoints
of these edges are clearly elements of the cluster C(1). Therefore, the exploration of the
edges starting from 1 gives rise to a subset of vertices that are in C(1), namely, precisely
the vertices that are at distance 1 in the random graph ER,(p) from the vertex 1, i.e.,
the direct neighbors. Denote the number of different neighbors by X;. Note that the
distribution of the number of direct neighbors X; is equal to a binomial random variable
with parameters n — 1 and p, i.e., X1 ~ Bin(n — 1, p).

When X; = 0, then C(1) = {1}, and we have explored the entire cluster of vertex 1.
However, when X; > 1, then there is at least one direct neighbor of 1, and we next explore
its direct neighbors. We denote i1, . ..,%x, the vertices that are direct neighbors of 1, where
we order these such that 41 < i < ... <ix,.

We now explore the neighbors of i;. Naturally, when we wish to explore the elements
of C(1), we are only interested in those neighbors of 1 for which we do not yet know that
they are part of C(1). When we fix the number of direct neighbors X1, then this number
of neighbors of i1 again has a binomial distribution, now with parameters n — 1 — X; and
probability of success p. Denote the number of vertices by Xs. We emphasize here that the
conditional distribution of Xo given X; is Bin(n — 1 — X1, p), but the marginal distribution
of X5 is not binomial.

When X; > 2, we can also explore the direct neighbors of i2 that are not yet part of C(1),
and this number, which we denote by X3, has, conditionally on X; and X3,distribution
Bin(n — 1 — X; — Xo,p). This is called breadth-first search. In general, when we explore
the (i + 1)°* vertex of the cluster of vertex 1, we obtain a random number of newly added
vertices, denoted by X1, which are part of C(1), and of which the law is Bin(N;, p), where

Ni:nflelf---*Xi, i:1,2,.... (153)
Before exploring the i" vertex, the number of vertices whose neighbors we have not yet

investigated is equal to
1+X 4+ + X — 4, (1.5.4)
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that is, the number of vertices of which we have decided that they are part of the cluster
of vertex 1 minus the number of vertices which have been fully explored. This process
continues as long as there are unexplored or active vertices, i.e., it continues as long as

1+Xi+...+Xi—i>1. (1.5.5)
Since finally we explore all vertices in the cluster, we obtain that
IC(1)| =min{i: X1 +...+ X; =i —1}. (1.5.6)

Similarly, we can explore the clusters of the other vertices that are not elements of C(1).
Say that j € {1,...,n} is the smallest element that does not belong to C(1). Then, in
a similar way as above, we can explore C(j), the cluster of j. Note, however, that, since
j & C(1), the vertices in C(1) should now be removed from the procedure. Therefore, the
number of available vertices decreases. This phenomenon is sometimes called the depletion
of points effect.

It is well known that when n is large, then the binomial distribution with parameters
n and p = A\/n is close to the Poisson distribution with parameter A. More precisely, we
have that

P(Bin(n,)\/n) :k) :e‘*%]:+o(1), k=0,1,.... (1.5.7)

The probability mass function fr = e_AAk—T is the probability mass function of the Poisson

distribution with parameter A. In fact, this result can be strengthened to saying that the
proportion of vertices with degree k£ converges in probability to the Poisson probability
mass function fg, i.e., ER(n,\/n) is a sparse random graph process. In particular, for
every fixed i, if we were to know that Xi,...,X; are not too large (which is true if X
were Poisson random variables with parameter A), then

NZ':?’L*l*Xl*“'in%?’L. (158)

Thus, we have that a binomial random variable with parameters N; and success probability
p = A/n is approximately Poisson distributed with parameter A\. With this approximation,
the random variables {X;}52, are independent and identically distributed, which is often
abbreviated by i.i.d. in these notes. In this approximation, we see that the number of
unexplored vertices satisfies a recurrence relation given by

SI~1+X7+...+ X —1, (1.5.9)

up to the point where S; = 0, and where {X; }$2; are i.i.d. Poisson random variables with
parameter \. We write

T*=min{s: S; =0} =min{i: X7 +...+ X; =i — 1} (1.5.10)

for the first time at which S; = 0. In the above simplified model, the random variable T~
could be infinite, while in (1.5.6) this is clearly impossible. In (1.5.10), we explore vertices
in a tree, and the ‘" explored individual gives rise to X children, where {X;}72: are
i.i.d. Poisson random variables with parameter A\. The above process is called a branching
process with a Poisson offspring distribution with parameter or mean A.

Branching processes are simple models for the evolution of a population, and have
received considerable attention in the mathematical literature. See [16, 115, 123] for intro-
ductions to the subject. Branching processes have a phase transition when the expected
offspring varies. When the expected offspring exceeds 1, then there is a positive probability
of survival forever, while if the expected offspring is at most 1, then the population dies out
with probability one. This phase transition for branching processes is intimately connected
to the phase transition on the random graph.
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We describe the phase transition on the random graph in Chapter 4. In that chapter, the
exploration description of connected components described above will be crucial. In order
to make the above steps rigorous, we need some preliminaries. In Chapter 2, we describe the
probabilistic preliminaries, such as stochastic ordering, convergence of random variables,
coupling theory and martingales. For example, stochastic domination allows us to make
the intuition that X;41 ~ Bin(NV;,p) when N; < n is smaller than a binomial random
variable with parameters n and p precise. Convergence of random variables is the right
notion to show that a binomial distribution with parameters n and p = A\/n is close to the
Poisson distribution with parameter A\. A coupling of these two random variables allows
us to give a bound on their difference. In Chapter 3, we describe branching processes.
We prove the phase transition, and relate super critical branching processes conditioned
to die out with subcritical branching processes. We pay particular attention to branching
processes with a Poisson offspring distribution.

While the Erdés-Rényi random graph is a beautiful model displaying fascinating scaling
behavior for large graphs and varying edge probabilities, its degrees are mot scale-free,
rendering it unrealistic as a network model. Indeed, its typical degree size is the average
degree, and there is little variability in it. In particular, no hubs exist. More precisely, the
degree of any vertex in an Erdds-Rényi random graph with edge probability p = A\/n is
precisely equal to a binomial random variable with parameters n—1 and success probability
p = A/n. As aresult, the limiting degree of any vertex is equal to a Poisson random variable
with mean A. It is well known that Poisson random variables have thinner tails than power
laws. In fact, Poisson random variables have exponential tails. See the discussion below
(1.5.7), and see Section 5.3 for a proof of the fact that the Erdés-Rényi random graph with
edge probability p = A\/n is sparse.

Therefore, to model networks more appropriately, we are on the hunt for scale-free
random graph models! Remarkably, the fact that the Erdés-Rényi random graph is not a
suitable network model was already foreseen by the masters themselves [97]:

“Of course, if one aims at describing such a real situation, one should re-
place the hypothesis of equiprobability of all connections by some more realistic
hypothesis.” .

How do power laws arise then in networks, and what can we learn from that? In the next
section, we shall describe three models for scale-free networks.

1.6 Random graph models for complex networks

As explained in Section 1.5, Erd6s-Rényi random graphs are not scale free, whereas, as
explained in Section 1.1, many real networks are scale free. In Chapters 6, 7 and 8, we
describe three scale-free random graph models. In Chapter 6, we describe the generalized
random graph. The philosophy of this model is simple: we adapt the random graph in such
a way that it becomes scale free. For this, we note that the degrees of the Erdds-Rényi
random graph with edge probability p = A\/n are close to to a Poisson random variable
with mean A. As mentioned before, these are not scale free. However, we can make these
degrees scale free by taking the parameter A to be a random variable with a power law.
Thus, to each vertex ¢, we associate a random variable W;, and, conditionally on W;, the
edges emanating from ¢ will be occupied with a probability depending on i. There are
many ways in which this can be done. For example, in the generalized random graph [58],
the probability that edge between vertices s and t, which we denote by st, is occupied,
conditionally on the weights {W;}i—, is equal to

WW;

= Wi+ L (1.6.1)

pst
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where L, = >, W; is the total weight of the graph, and different edges are conditionally
independent given {W;}i_;. In Chapter 6, we shall prove that this further randomization
of the Erdds-Rényi random graph does, in the case when the W, are i.i.d. and satisfy a
power law, lead to scale-free graphs. There are various other possibilities to generalize the
Erd8s-Rényi random graph, some of which will also be discussed. See [67, 182] for two
specific examples, and [47] for the most general set-up of generalized random graphs.

In the second scale-free random graph model, the idea is that we should take the degrees
as a start for the model. Thus, to each vertex i, we associate a degree D;, and in some way
connect up the different edges. Clearly, we need that the sum of the degrees L, = > | D;
is even, and we shall assume this from now on. Then we think of placing D; half-edges
or stubs incident to vertex i, and connecting all the stubs in a certain way to yield a
graph. One way to do this is to attach all the stub wniformly, and this leads to the
configuration model. Naturally, it is possible that the above procedure does not lead to
a simple graph, since self-loops and multiple edges can occur. As it turns out, when the
degrees are not too large, more precisely, when they have finite variance, then the graph
is with positive probability simple. By conditioning on the graph being simple, we end
up with a uniform graph with the specified degrees. Sometimes this is also referred to as
the repeated configuration model, since we can think of conditioning as repeatedly forming
the graph until it is simple, which happens with strictly positive probability. A second
approach to dealing with self-loops and multiple edges is simply to remove them, leading
to the so-called erased configuration model. In Chapter 7, we investigate these two models,
and show that the degrees are given by the degree distribution, when the graph size tends
to infinity. Thus, the erasing and the conditioning do not alter the degrees too much.

The generalized random graph and configuration models describe networks, in some
sense, quite satisfactorily. Indeed, they give rise to models with degrees that can be
matched to degree distributions found in real networks. However, they do not explain how
the networks came to be as they are. A possible explanation for the occurrence of scale-free
behavior was given by Albert and Barabdsi [20], by a feature called preferential attachment.
Most real networks grow. For example, the WWW has increased from a few web pages
in 1990 to an estimated size of a few billion now. Growth is an aspect that is not taken
into account in Erdés-Rényi random graphs, but it would not be hard to reformulate them
as a growth process where elements are successively added, and connections are added
and removed. Thus, growth by itself is not enough to explain the occurrence of power
laws. However, viewing real networks as evolving in time does give us the possibility to
investigate just how they grow.

So, how do real networks grow? Think of a social network describing a certain pop-
ulation in which a newcomer arrives, increasing it by one element. He/She will start to
socialize with people in the population, and this process is responsible for the connections
to the newly arrived person. In an Erdés-Rényi random graph, the connections to the
newcomer will be spread uniformly over the population. Is this realistic? Is the newcomer
not more likely to get to know people who are socially active, and, therefore, already have a
larger degree? Probably so! We do not live in a perfectly egalitarian world. Rather, we live
in a self-reinforcing world, where people who are successful are more likely to become even
more successful! Therefore, rather than equal probabilities for our newcomer to acquaint
him-/herself to other individuals in the population, there is a bias towards individuals who
already know many people. When we think of the degree of elements as describing the
wealth of the individuals in the population, we live in a world where the rich get richer!

Phrased in a more mathematical way, preferential attachment models are such that new
elements are more likely to attach to elements with high degree compared to elements with
small degree. For example, suppose that new elements are born with a fixed amount of
edges to the older elements. Each edge is connected to a specific older element with a
probability which is proportional to the degree of that older element. This phenomenon
is now mostly called preferential attachment, and was first described informally by Albert
and Barabdsi [20]. See also the book [19] for a highly readable and enthusiastic personal



1.7 Notes and discussion 25

account by Barabédsi. Albert and Barabdsi have been two of the major players in the
investigation of the similarities of real networks, and their papers have proved to be very
influential. See [5, 6, 7, 20]. The notion of preferential attachment in networks has lead the
theoretical physics and the mathematics communities to study the structure of preferential
attachment models in numerous papers. For some of the references, see Chapter 8.

While the above explanation is for social networks, also in other examples some form
of preferential attachment is likely to be present. For example, in the WWW, when a new
web page is created, it is more likely to link to an already popular site, such as Google,
than to my personal web page. For the Internet, it may be profitable for new routers to
be connected to highly connected routers, since these give rise to short distances. Even in
biological networks, a more subtle form of preferential attachment exists.

In Chapter 8, we shall introduce and study preferential attachment models, and show
that preferential attachment leads to scale-free random graphs. The power-law exponent of
the degrees depends sensitively on the precise parameters of the model, such as the number
of added edges and how dominant the preferential attachment effect is, in a similar way
as the suggested power law exponent in the heuristic derivation in (1.3.6) depends on the
parameters of that model.

In Chapters 6, 7 and 8, we investigate the degrees of the proposed random graph models.
This explains the scale-free nature of the models. In Chapters 9, 10 and 11, we investi-
gate further properties of these models, focussing on the connected components and the
distances in the graphs. As observed in Section 1.1, most real networks are small worlds.
As a result, one would hope that random graph models for real networks are such that
distances between their elements are small. In Chapters 9, 10 and 11, we shall quantify
this, and relate graph distances to the properties of the degrees. A further property we
shall investigate is the phase transition of the largest connected component, as described
in detail for the Erdés-Rényi random graph in Chapter 4.

1.7 Notes and discussion






CHAPTER 2
PROBABILISTIC METHODS

In this chapter, we describe basic results in probability theory that we shall rely on in these
notes. We describe convergence of random variables in Section 2.1, coupling in Section 2.2
and stochastic domination in Section 2.3. In Section 2.4 we describe bounds on random
variables, namely the Markov inequality, the Chebychev inequality and the Chernoff bound.
Particular attention will be given to binomial random variables, as they play a crucial role
throughout these notes. In Section 2.5, we describe a few results on martingales. Finally,
in Section 2.6, we describe some extreme value theory of random variables. In this chapter,
not all proofs are given.

2.1 Convergence of random variables

In the random graph with p = A/n, for some A > 0, we note that the degree of a vertex
is distributed as a Bin(n — 1,p) random variable. When n is large, and np = X is fixed,
then it is well known that a Bin(n — 1, p) is close to a Poisson random variable with mean
A. In Chapter 4, we make heavy use of this convergence result, and a version of it is stated
in Theorem 2.9 below.

In order to formalize that

Bin(n, p) = Poi(np), (2.1.1)

we need to introduce the notions of convergence of random variables. For this, we note
that random variables are defined to be functions on a sample space. It is well known
that there are several possible notions for convergence of functions on function spaces. In
a similar fashion, there are several notions of convergence of random variables, three of
which we state in the following definition. For more background on the convergence of
random variables, we refer the reader to [37].

Definition 2.1 (Convergence of random variables).

(a) A sequence X, of random variables converges in distribution to a limiting random
variable X when
lim P(X, <z)=P(X < z), (2.1.2)

n—o0

for every x for which F(x) =P(X < x) is continuous. We write this as X, N ¢

(b) A sequence X, of random variables converges in probability to a limiting random
variable X when, for every e > 0

lim P(|X, — X| > ¢) = 0. (2.1.3)
n—o0

We write this as X, Iy x.

(c) A sequence X, of random variables converges almost surely to a limiting random
variable X when
P(lim X, =X)=1. (2.1.4)

n—00

We write this as X, —3 X.
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28 Probabilistic methods

It is not hard to see that convergence in probability implies convergence in distribution.
The notion of convergence almost surely is clearly the most difficult to grasp. It turns out
that convergence almost surely implies convergence in probability, making it the strongest
version of convergence to be discussed in these notes. We shall mainly work with conver-
gence in distribution and convergence in probability.

There are also further forms of convergence that we do not discuss, such as convergence
in L' or L?. We again refer to [37], or to introductory books in probability, such as
[38, 105, 106, 111].

There are examples where convergence in distribution holds, but convergence in prob-
ability fails:

Exercise 2.1. Find an example of a sequence of random variables where convergence in
distribution occurs, but convergence in probability does not.

Exercise 2.2. Show that the sequence of random variables { Xy }n—1, where X,, takes the
value n with probability % and 0 with probability 1 — % converges both in distribution and
in probability to 0.

We next state some theorems that give convenient criterions by which we can conclude that
random variables converge in distribution. In their statement, we make use of a number
of functions of random variables that we introduce now.

Definition 2.2 (Generating functions of random variables). Let X be a random variable.
Then

(a) The characteristic function of X is the function

ox(t) =E[e"¥], teR (2.1.5)
(b) The probability generating function of X is the function

Gx(t) = E[t7], teR. (2.1.6)
(¢) The moment generating function of X is the function

Mx(t) =E[e"], teR. (2.1.7)

We note that the characteristic function exists for every random variable X, since |e"*| = 1

for every t. The moment generating function, however, does not always exist.

Exercise 2.3. Find a random variable for which the moment generating function is equal
to +oo for every t # 0.

Theorem 2.3 (Criteria for convergence in distribution). The sequence of random variables

{Xn}nl1 converges in distribution to a random variable X

(a) if and only if the characteristic functions ¢n(t) of X, converge to the characteristic
function ¢x(t) of X for allt € R.

(b) when, for some € > 0, the moment generating functions My, (t) of X, converge to
the moment generating function Mx(t) of X for all |t| < e.
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(c) when, for some e > 0, the probability generating functions Gn(t) of Xn converge to
the probability generating function Gx (t) of X for all |t| <1+ ¢ for some e > 0.

(d) when the X, are non-negative and integer-valued, and the moments E[X];] converge
to the moments E[X"]| of X for each r = 1,2, ..., provided the moments of X satisfy

lim EX7Jr™

700 T‘!

=0 VYm=0,1,... (2.1.8)

(e) when the moments E[X]] converge to the moments E[X"] of X for eachr =1,2,...,
and Mx (t), the moment generating function of X, is finite for t in some neighborhood
of the origin.

Exercise 2.4. Show that a Poisson random variable satisfies the moment condition in
(2.1.8).

Exercise 2.5. Prove that when X is a Poisson random variable with mean X, then
E[(X).]=\". (2.1.9)

Exercise 2.6. Show that the moments of a Poisson random variable X with mean \ satisfy
the recursion
E[X™] = AE[(X + 1)™]. (2.1.10)

We finally discuss a special case of convergence in distribution, namely, when we deal
with a sum of indicators, and the limit is a Poisson random variable. We write (X), =
X(X —1)---(X —r 4 1), so that E[(X),] is the 7" factorial moment of X.

For a random variable X taking values in {0,1,...,n}, the factorial moments of X
uniquely determine the probability mass function, since

P(X = k) = Z(—l)k”%’ @1.11)

r=k

see e.g. [44, Corollary 1.11]. To see (2.1.11), we write

Iixopy = <)k(> (1 - 1)X_k, (2.1.12)

using the convention that 0° = 1. Then, by Newton’s binomial, we obtain

Ty = (if) > (X’“> =31 (if) (X’“> (2.1.13)

n

where, by convention, we take that (,C

binomials, we arrive at

) = 0 when £ < 0 or £ > n. Rearranging the

Tix=r; = Z(—l)k+T%, (2.1.14)
= k!

where r = k + i, and taking expectations yields

P(X = k) = ZH)“T%: (2:1.15)

r=k
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which is (2.1.11). Similar results also hold for unbounded random variables, since the sum

n

T_Zk(—l)’“”(f[f)]i;?ll! (2.1.16)

is alternatingly smaller than P(X = k) (for n even) and larger than P(X = k) (for n odd).
This implies the following result:

Theorem 2.4 (Convergence to a Poisson random variable). A sequence of integer-valued
random variables {X,}ar1 converges in distribution to a Poisson random variable with
parameter A when, for allr =1,2,...,

lim E[(X,),] = A" (2.1.17)
n—oo
Exercise 2.7. Show that if
: E[(X)r] _
nlgr;();l e 0, (2.1.18)
then also
_ _ o _1\kt+r E[(X)?"]
P(X =k) = ;( 1) o BT (2.1.19)

and use this to conclude that when limp_ oo E[(Xn)r] = E[(X),] for all r > 1, where X,,

and X are all integer-valued non-negative random variables, then also X, <4 X.

Theorem 2.4 is particularly convenient when dealing with sums of indicators, i.e., when

Xo=> Iin, (2.1.20)

i€In
where I; ,, takes the values 0 and 1 only, as the following result shows:

Theorem 2.5 (Factorial moments of sums of indicators). When X =3
indicators, then

et I; is a sum of

E(X).)= Y E[[Ll= Y P, ==L =1), (2.1.21)
01 yeeeyip €L =1 01 yeeeyip €L

where 377 denotes a sum over distinct indices.

,,,,, i€l
Exercise 2.8. Prove (2.1.21) for r = 2.

Exercise 2.9. Compute the factorial moments of a binomial random variable with param-
eters n and p = A\/n and the ones of a Poisson random variable with mean X\, and use this
to conclude that a binomial random variable with parameters n and p = \/n converges in
distribution to a Poisson random variable with mean A.
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Proof of Theorem 2.5. We prove (2.1.21) by induction on r > 1 and for all probability
measures P and corresponding expectations E. For r = 1, we have that (X); = X, and
(2.1.21) follows from the fact that the expectation of a sum of random variables is the sum
of expectations. This initializes the induction hypothesis.

In order to advance the induction hypothesis, we first note that it suffices to prove the
statement for indicators I; for which P(I; = 1) > 0. Then, for r > 2, we write out

E[(X)] =Y E[L, (X —1)--- (X —r +1)]. (2.1.22)

i €T

Denote by P;, the conditional distribution given that I;; = 1, i.e., for any event E, we

have P(E (I m
_ Ny =
P (E) = —P(Iil —) . (2.1.23)
Then we can rewrite
E[l;( X -1) (X —r+1)] =P =1E;, [(X —1)--- (X —r+1)]. (2.1.24)
We define
Y=X-L,= Y I, (2.1.25)
JET\{i1}

and note that, conditionally on I;; = 1, we have that X =Y + 1. As a result, we obtain
that

E,[(X-1)(X—=r+1)]=Ey[Y - (Y =r+2)] =Ei, [(Y)r-1]. (2.1.26)
We now apply the induction hypothesis to E;, [(Y)T_l], to obtain
E,[(V)ea]= Y By(lp=-=1L=1). (2.1.27)
i2yenir €I\{i1}

As a result, we arrive at

E(X)]=Y P, =1 > PBy(l,=-=1L =1). (2.1.28)

i1 €T i9,..ir €Z\{i1}

We complete the proof by noting that

P(liy =1)Pi,(liy =--- =1, =1)=P(L;; =L, =--- =1, =1), (2.1.29)
and that . *
> > = > . (2.1.30)
i1€Z i2,eeyip €IN{i1}  B1,-ees ir€L
a

There also exist multidimensional versions of Theorems 2.4 and 2.5:

Theorem 2.6 (Convergence to independent Poisson random variables). A vector of integer-

valued random variables {(X1,n, ..., Xan)}ne1 converges in distribution to a vector of in-
dependent Poisson random variable with parameters Ai,. .., A\q when, for allri,...,rq € N,
lim E[(X1,n)r - (Xan)rg) = AT AL (2.1.31)

n—r oo
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Theorem 2.7 (Factorial moments of sums of indicators). When X =3, 7 Iix for all
l=1,...,d are sums of indicators, then
E[(Xi)r o (Xaw)rd = > o > PP =1v=1,...,d&s=1,...,r).
i iler iDL Wer,
(2.1.32)

Exercise 2.10. Prove Theorem 2.7 using Theorem 2.5.

The fact that the convergence of moments as in Theorems 2.3, 2.4 and 2.6 yields conver-
gence in distribution is sometimes called the method of moments, and is a good way of
proving convergence results.

2.2 Coupling
For any A fixed, it is well known that, when n — oo,
Bin(n, A\/n) — Poi(}). (2.2.1)

In general, convergence in probability implies convergence in distribution, so that also
convergence in distribution follows. To prove this convergence, we will use a coupling
proof. Couplings will be quite useful in what follows, so we will discuss couplings, as well
as the related topic of stochastic orderings, in detail. An excellent treatment of coupling
theory is given in [214], to which we refer for more details.

In general, two random variables X and Y are coupled when they are defined on the
same probability space. This means that there is one probability law P such that P(X €
E|Y € F) are defined for all events FE and F. This is formalized in the following definition,
where it is also generalized to more than one random variable:

Definition 2.8 (Coupling of random variables). The random variables (X1, ..., X,) are
a coupling of the random variables X1, ..., X, when (X1,...,X,) are defined on the same

probability space, and are such that the marginal distribution of X, is the same as the
distribution of X; for alli=1,...,n, i.e., for all measurable subsets E of R, we have

P(X; € E) =P(X, € E). (2.2.2)

The key point of Definition 2.8 is that while the random variables X1, ..., X,, may be de-

fined on different probability spaces, the coupled random variables (X' 1,...,Xn) are defined

on the same probability space. The coupled random variables (X 1,...,Xn) are related to
the original random variables Xi,..., X, by the fact that the marginal distributions of

(Xl, ..., X») are equal to the random variables X1, ..., X,. Note that one coupling arises
by taking (Xl, .. ,Xn) to be independent, with X} having the same distribution as X;.
However, in our proofs, we shall often make use of more elaborate couplings, which give
rise to stronger results.

Couplings are very useful to prove that random variables are somehow related. We
now describe a general coupling between two random variables which makes two random
variables be with high probability equal. We let X and Y be two random variables with

P(X =) = pa, P(Y =y) = qy, reX,yely (2.2.3)
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where {pz}zcx and {qy }yey are any two probability mass functions on two subsets X and
Y of the same space. Then, we define the random vector (X,Y") by

P(X =Y =z) = min{ps, ¢z}, (2.2.4)

PR =z, =y)= Pz= min{pfgm}‘;,(%_; Tlin{py, wh) oy, (2.2.5)

First of all, this is a probability distribution, since

S (e~ min{pe, a:}) = 30— mingpe, a2} = 3 3 po — gl (2.2.6)

x x

Exercise 2.11 (Coupling and total variation distance). Prove (2.2.6).

The distance between discrete probability distributions {ps }zcx and {¢z }ecx in (2.2.6) is
called the total variation distance between the discrete probability mass functions {pg }zex
and {¢z }zcx. In general, for two probability measures u and v, the total variation distance
is given by

iy () = max |u(A) — v(A)], (22.7)

where pu(A) and v(A) are the probabilities of the event A under the measures p and v.
When p and v are the distribution functions corresponding to two discrete probability
mass functions p = {pz}zecx and ¢ = {gz}zcx, so that, for every measurable A with

A C X, we have
u(A) = pr, v(A) = Z qz, (2.2.8)

TEA €A
then it is not hard to see that

1
drv(p,q) = 5 D Ipe — gz, (2.2.9)

When F' and G are the distribution functions corresponding to two continuous densities
f={f(@)}zer and g = {g(x) }zer, so that for every measurable A C R,

;L(A):/Af(m)dx, v(A) :/Ag(as)dav7 (2.2.10)

then we obtain )

drv(f,9) =5 /:x} |f(z) — g(a)|da. (2.2.11)

Exercise 2.12 (Total variation and L'-distances). Prove (2.2.9) and (2.2.11).

We now continue investigating the coupling in (2.2.4) for two discrete random variables.
By construction,

P(X=2)=p., P =y)=gq, (2.2.12)
so that X and ¥ have the right marginal distributions as required in Definition 2.8. More-
over, we have that, by (2.2.6),

PE£T)= Y (pa — min{pfgz}‘;(qy_ ; Tlin{py, a})

1
3 > Ipe — | = drv(p, q). (2.2.13)
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It turns out that this is an optimal or maximal coupling. See [214] for details. Indeed,
we have that for all x,

P(X =Y =2) <P(X =2) =P(X ==z) = p,, (2.2.14)

and also . . .
PX=Y=z)<PY =2)=PY =2) = ¢, (2.2.15)

so that for any coupling we must have that
P(X =V = 2) < min{pa, 0. }. (2.2.16)

Therefore, any coupling must be such that
PX=Y)=) PX=Y=x)<) min{ps, ¢} (2.2.17)
As a result, we have that, for any coupling,

P(X V) >1- Y min{ps, ¢} = %Z|pzfqz|. (2.2.18)

The coupling in (2.2.4) attains this equality, which makes it the best coupling possible, in

the sense that it maximizes P(X =Y).

In these notes, we will often work with binomial random variables which we wish to
compare to Poisson random variables. We will make use of the following theorem, which
will be proved using a coupling argument:

Theorem 2.9 (Poisson limit for binomial random variables). let {I;};=, be independent
with Is ~ Be(p;), and let A =37 pi. Let X =37 | I; and let Y be a Poisson random

variable with parameter . Then, there exists a coupling (X, Y) of (X,Y) such that
P(X #£Y) <> pl. (2.2.19)
i=1

Consequently, for every A > 0 and n € N, there exists a coupling (X,f/), where X ~
Bin(n, \/n) and Y ~ Poi()\) such that

(2.2.20)

Exercise 2.13. Let X ~ Bin(n,A\/n) and Y ~ Poi(A). Write f; = P(X = i) and ¢g; =
P(Y = i). Prove that Theorem 2.9 implies that drv (f,g) < A*/n. Conclude also that, for
every i € N,

IP(X =) —P(Y =14)| < A*/n. (2.2.21)

Proof of Theorem 2.9. Throughout the proof, we let I; ~ Be(p;) and assume that {I; }7—;
are independent, and we let J; ~ Poi(p;) and assume that {J;}i-, are independent. In the
proof, we write

Piz =P = x) = pillz—1y + (1 — pi) Lgo—oy, Gie =P(Ji =x) = 67“% (2.2.22)
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for the Bernoulli and Poisson probability mass functions.
For each pair I;, J;, the maximal coupling (I;, J;) described above satisfies

1—p; forz=0,
P(ly=J;=2) = min{prz,q1,a} = pie P’ forz=1, (2.2.23)
0 for x > 2,

where we have used the inequality 1 —p; < e™?¢ for x = 0. Thus, now using that 1 —e 7 <
Di,

P(li #J)=1-P(; =Ji) =1— (1 —p;) —pie " =p;(1 —e ") < pj. (2.2.24)

Next, let X = > I and Y = > J;. Then, X has the same distribution as X =

S I;, and Y has the same distribution as Y = 327 J; ~ Poi(p1 + --- + p,). Finally,
by Boole’s inequality and (2.2.24),

P(X £Y) < P( U{fz e j@}) < ZP(L # Ji) < ZP? (2.2.25)
i=1 i=1 i=1
This completes the proof of Theorem 2.9. O

For p = {ps} and ¢ = {qz}, the total variation distance drv(p,q) is obviously larger
than 1|p. — ga|, so that convergence in total variation distance of p(n) = {pz(n)} to a
probability mass function p = {p,} implies pointwise convergence of the probability mass
functions lim,— o pz(n) = pe for every z. Interestingly, it turns out that these notions are
equivalent:

Exercise 2.14. Show that if limp— 0 px(n) = ps for every x, and p = {p=} is a probability

mass function, then also limp— oo drv(p(n),p) = 0.

2.3 Stochastic ordering

To compare random variables, we will rely on the notion of stochastic ordering, which
is defined as follows:

Definition 2.10 (Stochastic domination). Let X and Y be two random variables, not
necessarily living on the same probability space. The random variable X is stochastically
smaller than the random variable Y when, for every x € R, the inequality

P(X <z)>P(Y < ) (2.3.1)

holds. We denote this by X <Y.

A nice coupling reformulation of stochastic ordering is presented in the following lemma:

Lemma 2.11 (Coupling definition of stochastic domination). The random variable X is
st?c@astically smaller than the random wvariable Y if and only if there exists a coupling
(X,Y) of X,Y such that

P(X <Y)=1. (2.3.2)
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Proof. When P(X <Y) =1, then

P(Y<x> P(Y <z)=P(X <Y <x)
P(X <z)=P(X < ), (2.3.3)

so that X is stochastically smaller than Y.
For the other direction, suppose that X is stochastically smaller than Y. We define the
generalized inverse of a distribution function F' by

F~'(u) = inf{z € R: F(z) > u}, (2.3.4)

where u € [0,1]. If U is a uniform random variable on [0, 1], then it is well-known that the
random variable F~!(U) has distribution function F. This follows since the function F~*
is such that

F ') >z precisely when u> F(x). (2.3.5)

Denote by Fx and Fy the marginal distribution functions of X and Y. Then (2.3.1) is
equivalent to

Fx(z) > Py () (2.3.6)

for all z. Tt follows that, for all u € [0, 1],

Fi'(u) < Fy'(u). (2.3.7)

Therefore, since X = Fx'(U) and Y = Fy '(U) have the same marginal distributions as
X and Y, respectively, it follows that

P(X <Y)=PFx'(U) < Fy ' (U)) =1. (2.3.8)

O

There are many examples of pairs of random variables which are stochastically ordered,
and we will now describe a few.

Binomial random variables. A simple example of random variables which are stochas-
tically ordered is as follows. Let m,n € N be integers such that m < n. Let X ~ Bin(m, p)

and Y ~ Bin(n,p). Then, we claim that X < Y. To see this, let X = > I and
Y = >0 Ii, where {I;}§2, is an i.i.d. sequence of Bernoulli random variables, i.e.,

P(Ii=1)=1-P(I; =0) = p, i=1,...,n, (2.3.9)
and I, I, ..., I, are mutually independent. Then, since I; > 0 for each i, we have that
P(X <Y)= (2.3.10)

Therefore, X <Y.

The stochastic domination above also holds when X = Bin(n— Z, p) and Y = Bin(n, p),
when Z is any random variable that takes non-negative integer values. This domination
result will prove to be useful in the investigation of the Erdés-Rényi random graph.
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Poisson random variables. Another example of random variables which are stochas-
tically ordered is as follows. Let A, € R be such that A < pu. Let X ~ Poi(\) and
Y ~ Poi(y). Then, X < Y. To see this, let X ~ Poi()\),Z ~ Poi(y — \), where X and Z
are independent, and let Y=X+2. Then, Y ~ Poi(u). Moreover, since Z > 0 for each
i, we have that

“<>

P(X <Y)=1. (2.3.11)

Therefore, X <Y.

Exercise 2.15. Let X and Y be normal distributions with equal variances o2 and means
px <py. Is X 2Y?

Exercise 2.16. Let X and Y be normal distributions with variances 0% < o2 and equal
means p. Is X XY ?

2.3.1 Consequences of stochastic domination

In this section, we discuss a number of consequences of stochastic domination, such as
the fact that the means of a stochastically ordered pair of random variables is ordered as
well.

Theorem 2.12 (Ordering of means for stochastically ordered random variables). Suppose
X RY. Then
E[X] < E[Y]. (2.3.12)

Proof. We apply Lemma 2.11. Let X and Y have the same law as X and Y, and be such
that X <Y with probability 1. Then

E[X] = E[X] < E[Y] = E[Y]. (2.3.13)
=

Theorem 2.13 (Preservation of ordering under monotone functions). Suppose X <Y,
and g: R — R is non-decreasing. Then g(X) < g(Y).

Proof. Let X and Y have the same laws as X and Y and be such that X < YV (see

Lemma 2.11). Then, g(X) and ¢g(Y') have the same distributions as g(X) and ¢(Y), and

g(X) < ¢g(Y) with probability one, by the fact that g is non-decreasing. Therefore, by
Lemma 2.11, the claim follows. O

2.4 Probabilistic bounds

We will often make use of a number of probabilistic bounds, which we will summarise
and prove in this section.

Theorem 2.14 (Markov inequality). Let X be a non-negative random variable with E[X] <

oo. Then,
E

X]

P(X >a) <
(Xza) <=

(2.4.1)
In particular, when X is integer valued with E[X] < m, then

P(X =0)>1—m. (2.4.2)
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By (2.4.2), if the integer random variable has a small mean, then it must be equal to
0 with high probability. This is called the first moment method, and is a powerful tool to
prove results.

Proof. Equation (2.4.1) follows by
aP(X > a) < E[XT{x>q) < E[X]. (2.4.3)

Theorem 2.15 (Chebychev inequality). Assume that X is integer valued with Var(X) =

o2. Then,
2

]P’(|X ~ E[x]| > a) <% (2.4.4)

In particular, when X is integer valued with E[X] > m and Var(X) = o2, then

(2.4.5)

5;\ Q,

P(X =0) <

By (2.4.5), if the integer random variable has a large mean, and a variance which is
small compared to the square of the mean, then it must be positive with high probability.
This is called the second moment method.

Proof. For (2.4.4), we note that
P(]X —E[x]| > a) = P((X —E[X])? > ag), (2.4.6)

and apply the Markov inequality. For (2.4.5), we note that
2
<72

P(X =0) <P(X - B[x] > Blx)) < Tl) < 7

< EXP (2.4.7)

O

We will often rely on bounds on the probability that a sum of independent random variables
is larger than its expectation. For such probabilities, large deviation theory gives good
bounds. We will describe these bounds here. For more background on large deviations, we
refer the reader to [83, 122, 185].

Theorem 2.16 (Cramér’s upper bound, Chernoff bound). Let {X;}i2, be a sequence of
i.i.d. random variables. Then, for all a > E[X1],

]P’(ZXi > na) < e @) (2.4.8)
i=1
while, for all a < E[X4],
P(in < na) <e @), (2.4.9)
i=1
where, for a > E[X1],
I(a) = sup (ta —log E[etxl]), (2.4.10)
>0
while, for a < E[X1],
I(a) = sup (m ~log E[e“‘l]). (2.4.11)

t<0
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Note that the function t — ta — logE[e**!] is concave, and the derivative in 0 is a —
E[X1] > 0 for a > E[X1]. Therefore, for a > E[X1], the supremum of ¢ — (ta —log E[e'*1])
will be attained for a ¢ > 0 when E[etxl} exists in a neighborhood of ¢ = 0. As a result,
(2.4.10)—(2.4.11) can be combined as

I(a) = Sl:p (ta —log E[etxl]). (2.4.12)

Proof. We only prove (2.4.8), the proof of (2.4.9) is identical when we replace X; by —X;.
We rewrite, for every t > 0,

P(ZX,- > na) - P(etﬂ?l Xi > et”“) < e"MeR [e@f;l X} (2.4.13)
i=1

where we have used Markov’s inequality in Theorem 2.14. Since {X;};2; is a sequence of
i.i.d. random variables, we have

}E[efZ?:l X] = B[], (2.4.14)
so that, for every t > 0,
P(Y x> na) < (e*mE[e”ﬁ})”. (2.4.15)
=1

Minimizing the right-hand side over ¢ > 0 gives that

P(ZXZ 2 na) S e*"S“Ptzo (taflog]E[etXI]) ) (2416)

i=1

This proves (2.4.8). O

Exercise 2.17. Compute I(a) for {X;}i2, being independent Poisson random variables
with mean A. Show that, for a > A,

]P’(ZXZ- > na) < e (2.4.17)
i=1
where Ix(a) = a(log (a/X\) — 1) + . Show also that, for a < A
P(in < na) < e @), (2.4.18)
i=1

Prove that Ix(a) > 0 for all a # A.

2.4.1 Bounds on binomial random variables

In this section, we investigate the tails of the binomial distribution. We start by a
corollary of Theorem 2.16:
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Corollary 2.17 (Large deviations for binomial distribution). Let X, be a binomial random
variable with parameters p and n. Then, for all a € (p, 1],

]P’(Xn > na) < einI(a), (2.4.19)
where 1
a —a
I(a) = alog (5) +(1-a) log(l p). (2.4.20)
Moreover,
I(a) > I,(a) (2.4.21)
where
In(a) = A —a—alog (N a) (2.4.22)

is the rate function of a Poisson random variable with mean \.

We can recognize (2.4.22) as the rate function of a Poisson random variable with mean
A (recall Exercise 2.17). Thus, Corollary 2.17 suggests that the upper tail of a binomial
random variable is thinner than the one of a Poisson random variable.

Proof. We start by proving (2.4.19), using (2.4.8). We note that, by (2.4.10), we obtain a
bound with I(a) instead of I,, where, with X7 ~ Be(p),

I(a) = sup (ta—log]E[etXl]) = sup (ta—log (pet-i-(l—p))) =alog (%)—i—(l—a) log (1 — ;)

>0 —
(2.4.23)
We note that, for ¢ > 0,
pet +(1—p)=1+ple' —1) < el D, (2.4.24)
so that
I(a) > sup (ta — ple’ — 1)) =p—a—alog(p/a) = I(a). (2.4.25)
t
O

We continue to study tails of the binomial distribution, following [134]. The main bound
is the following:

Theorem 2.18. Let X; ~ Be(p:), i = ,n, be independent Bernoulli distributed
random variables, and write X = 3" | X and A= E[ 1=>0 pi. Then
2
P(X > E[X]+1¢t) < - t>0; 2.4.2
(¢ 2 E[X+0 < o (~ 3 ) > 0 (24.26)
2
P(X < E[X] — ) < exp (7%) , > 0. (2.4.27)

Further similar bounds under the same conditions and, even more generally, for indepen-
dent random variables X; such that 0 < X; < 1, are given, for example, in [26, 116] and
[12, Appendix A].

Exercise 2.18. Prove that Theorem 2.18 also holds for the Poisson distribution by a
suitable limiting argument.
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Proof. Let Y ~ Bin(n, A/n) where we recall that A = 37" | p;. Since z — logz is concave,
we have that for every zi,...,x, € R,

i % log(z;) < log (% ixl) (2.4.28)

=1 i=1
As a result, for every real u, upon taking the logarithm,

n
Ble"™] = T (1 + (" = 1)p) = " Bz 7 s =00 (2.4.29)

=1

< los(H(e®=DA/n) (1 + (" — 1)>\/n)n =E[e""].
Then we compute that, for all © > 0, by the Markov inequality,

IP(X > E[X] + t) < efu(]E[X]th)E[euX] < efu(]E[X]th)E[euY} _ 67u(>\+t)(1 _p_"_peu)n7
(2.4.30)

where p = A\/n and using that E[X] = A.

When ¢t > n — A, the left-hand side of (2.4.30) equals 0, and there is nothing to prove.
For A +t < n, the right-hand side of (2.4.30) attains its minimum for the u satisfying
e =A+t)(1—-p)/(n—A—1t)p. This yields, for 0 <t <n — A,

)\ A+t _ )\ n—A—t
P(X > A+1) < </\—+t) (#) . (2.4.31)

The bound is implicit in [63] and is often called the Chernoff bound, appearing for the first
time explicitly in [183].
For 0 <t <n— X, we can rewrite (2.4.31) as

P(X > A+1) <exp <—)\<p G) —(n=Ap (n__t/\>> , (2.4.32)

where p(z) = (1 4+ z)log(1+ z) —z for > —1 (and ¢p(z) = oo for z < —1). Replacing X
by n — X, we also obtain, again for 0 <t < n — J,

P(X < A—1) < exp (—)\cp G) (=N (n L A)) , (2.4.33)

Since ¢(z) > 0 for every z we can ignore the second term in the exponent. Furthermore,
©(0) = 0 and ¢'(z) = log(1 + z) < =, so that ¢(z) > x?/2 for 2 € [—1,0], which proves
(2.4.27). Similarly, ¢(0) = ¢'(0) = 0 and, for = € [0, 1],

w1 1 B z? "
Ll i (e E R (2(1 +x/3)> ’ (24.34)
so that ¢(x) > x?/(2(1 4 x/3)), which proves (2.4.26). O

2.5 Martingales

In this section, we state and prove some results concerning martingales. These results
will be used in the remainder of the text. For more details on martingales, we refer the
reader to [111, 223].

We assume some familiarity with conditional expectations. For the readers who are
unfamiliar with filtrations and conditional expectations given a o-algebra, we start by
giving the simplest case of a martingale:
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Definition 2.19 (Martingale). A stochastic process { My }n—qg is a martingale process if
E[|Mn|] < o0 for allm >0, (2.5.1)

and
E[Mn+1|Mo, Ml, ey Mn] = Mn fO’I‘ alln 2 0. (252)

As can be seen from (2.5.2), a martingale can be interpreted as a fair game. Indeed, when

M,, denotes the profit after the n'" game has been played, then (2.5.2) tells us that the
expected profit at time n 4+ 1 given the profits up to time n is equal to the profit at time n.

Exercise 2.19. Show that when {My}5o is a martingale process, then p = E[My,] is
independent of n.

We now give a second definition, which we will need in Chapter 8, where a martingale
is defined with respect to a more general filtration.

Definition 2.20 (Martingale definition general). A stochastic process { My }org is a mar-
tingale process with respect to {Xn}nzo if

E[|M,]] < oo for alln >0, (2.5.3)
M, is measurable with respect to the o-algebra generated by (Xo,...,Xn), and

E[Mn+1|Xo, ..., Xn] = M, for alln > 0. (2.5.4)

For X, = M, the definitions in (2.5.2) and (2.5.4) coincide.

Exercise 2.20. Let {X;}52, be an independent sequence of random variables with E[| X;|] <
oo and E[X;] = 1. Show that, for n >0,

M, =[x (2.5.5)

is a martingale.

Exercise 2.21. Let {X;}{2, be an independent sequence of random variables with E[| X;|] <
oo and E[X;] = 0. Show that, for n >0,

M, = iXi (2.5.6)
1=0

is a martingale.

Exercise 2.22. Let M, = E[Y|Xo,...,Xn] for some random variables {X;}2y and Y
with E[|Y]] < 0o and {Xn}azo. Show that {My,}nZo is a martingale process with respect
to {Xn}neo- {Mn}nlg is called a Doob martingale.

In the following two sections, we state and prove two key results for martingales, the
martingale convergence theorem and the Azuma-Hoeffding inequality. These results are
a sign of the power of martingales. Martingale techniques play a central role in modern
probability theory, partly due to these results.
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2.5.1 Martingale convergence theorem
We start with the martingale convergence theorem:

Theorem 2.21 (Martingale convergence theorem). Let {M,}n>o be a martingale process
with respect to {Xn}neo satisfying

E[|Mn|] < B for alln > 0. (2.5.7)

Then, M, X5 M.., for some limiting random variable M., which is finite with probability
1.

The martingale convergence theorem comes in various forms. There also is an L*-
version, for which it is assumed that E[M?] < M uniformly for all n > 1. In this case,
one also obtains the convergence limy, oo E[M2] = E[M2]. Theorem 2.21 is an adaptation
of the L'-martingale convergence theorem, for which one only needs that {Mn}5lo is a
submartingale, i.e., when we assume (2.5.7), but (2.5.4) is replaced with

E[M 1| Xo, ..., Xn] > M, for all n > 0. (2.5.8)

See e.g., [111, Section 12.3].

Exercise 2.23. Prove that when the martingale { My, }5q is non-negative, i.e., when M, >

0 with probability 1 for all n > 1, then M, <25 M., to some limiting random variable M
which is finite with probability 1.

Exercise 2.24. Let {X;}72, be an independent sequence of random variables with E[X;] =
1 and for which X; > 0 with probability 1. Show that the martingale
M, =[x (2.5.9)

converges in probability to a random variable which is finite with probability 1. Hint: Prove
that E[|M,,|] = E[M,] = 1, and apply Exercise 2.23.

Exercise 2.25. Fori=1,...,m, let {M{'}22 be a sequence of martingales with respect
to {Xn}nzo. Show that
M, = m”égc M (2.5.10)
i—

is a submartingale with respect to { X, }aro.

Proof of Theorem 2.21. We shall prove Theorem 2.21 in the case where M, is a submartin-
gale.

We follow the proof of the martingale convergence theorem in [111, Section 12.3]. The
key step in this classical probabilistic proof is ‘Snell’s up-crossings inequality’. Suppose
that {m, : n > 0} is a real sequence, and [a,b] is a real interval. An up-crossing of [a, b]
is defined to be a crossing by m of [a,b] in the upwards direction. More precisely, let
T = min{n : m, < a}, the first time m hits the interval (—oo,a], and 7> = min{n >
T\ : my, > b}, the first subsequent time when m hits [b, c0); we call the interval [T, T3] an
up-crossing of [a,b]. In addition, for k > 1, define the stopping times T, by

Tok—1 = min{n > Tok_2 : mn < a}, Tor = min{n > Tok—1 : my > b}, (2.5.11)

so that the number of up-crossings of [a, b] is equal to the number of intervals [Tog—1, Tok]
for k > 1. Let Up(a,b;m) be the number of up-crossings of [a,b] by the subsequence
mo, mi,...,Mn, and let U(a,b;m) = limp—oo Un(a,b;m) be the total number of up-
crossings of m.
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Figure 2.1: Up-crossings

Let { M, }52o be a submartingale, and let Uy (a, b; M) be the number of up-crossings of
[a,b] by M up to time n. Then the up-crossing inequality gives a bound on the expected
number of up-crossings of an interval [a, b]:

Proposition 2.22 (Up-crossing inequality). If a < b then

E[Un(a, b ) < S0 = 0)7]

b—a ’
where (M, — a)* = max{0, M,, — a}.
Proof. Setting Z,, = (M,, —a)*, we have that Z, is a non-negative submartingale because
E[|My|] < E[|Mn|] + |a| < co. Furthermore, for every random variable X and a € R,

E[(X —a)+] > E[X — a]+, (2.5.12)
so that

Zn < (E[Muir|Xo, ..., Xa] =) | SE[(Mais = )] X, Xo] = ElZuna | Xo, ..., X,
where we first used the submartingale property E[M;,1|Xo,

(2.5.13)

..y Xn] > M, followed by

(2.5.12). Up-crossings of [a,b] by M correspond to up-crossings of [0,b — a] by Z, so that
Un(a,b; M) =U,(0,b —a; Z).



2.5 Martingales 45

Let [Tog—1,Tox], for k > 1, be the up-crossings of Z of [0,b— a], and define the indicator
functions
7= { 1 if i € (Tok—1,T2x] for some k,

0 otherwise (2.5.14)

Note that the event {I; = 1} depends on Mo, M1, ..., M;_1 only. Since Mo, M1,...,M;—1
are measurable with respect to the the o-algebra generated by (Xo,...,X;-1), also I; is
measurable with respect to the o-algebra generated by (Xo,...,X;—1). Now

(b — a)Un(O, b— a; Z) S zn:(Zl — Zz‘fl)lz‘ (2.5.15)

i=1

since each up-crossing of [0,b — a] by Z contributes an amount of at least b — a to the
summation. The expectation of the summands on the right-hand side of (2.5.15) is equal
to

E[(Z; — Zi_1)I;] =E [E[(Zi — Zi-)L| Xo, ..., Xi_l]] — E[L(E[Zi| Xo, ..., Xi1] — Zi1)]
<E[E[Z:|Xo,. .., Xi1] — Zi1) = E[Z] — E[Zi_1],

where we use that I; is measurable with respect to the o-algebra generated by (Xo, ..., Xi—1)
for the second equality, and we use that Z is a submartingale and 0 < I; < 1 to obtain the
inequality. Summing over 7 and take expectations on both sides of (2.5.15), we obtain

(b — a)E[Un(0,b — a; 2)] < E[Z,] — E[Z0] < E[Z,], (2.5.16)
which completes the proof of Proposition 2.22. O

Now we have the tools to give the proof of Theorem 2.21:

Proof of Theorem 2.21. Suppose {M,}sZ, is a submartingale and E[|M,,|] < B for all n.
Let A be defined as follows

A ={w : My (w) does not converge to a limit in [—oo, c0]}.

The claim that M, converges is proved if we show that P(A) = 0. The set A has an
equivalent definition

A = {w: liminf M, (w) < limsup My (w)}
= U {w : liminf M, (w) < a < b < limsup M, (w)}
a,beQ:a<b
= U A
a,beQ:a<b

However,
Aap CH{w : U(a,b; M) = oo},
so that, by Proposition 2.22, P(A,) = 0. Since A is a countable union of sets Agp, it
follows that P(A) = 0. This concludes the first part of the proof that M, converges almost
surely to a limit M.
To show that the limit is bounded, we use Fatou’s lemma (see Theorem A.12 in the
appendix) to conclude

E[| M. || = Eflim inf [ M,|] < liminf E[|M,] < sup E[|M,]] < oo,

so that, by Markov’s inequality (recall Theorem 2.14),
P(Ms < 00) =1.
This completes the proof of Theorem 2.21. O
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2.5.2 Azuma-Hoeffding inequality

We continue with the Azuma-Hoeffding inequality, which provides exponential bounds
for the tails of a special class of martingales:

Theorem 2.23 (Azuma-Hoeflding inequality). Let {My}5>o be a martingale process with
the property that, with probability 1, there exists K, > 0 such that

|My, — Mp—1| < Kp for alln >0, (2.5.17)

where, by convention, we define M_, = pn = E[M,] (recall also Ezercise 2.19). Then, for

every a > 0,
2

a

Theorem 2.23 is very powerful, as it provides tails on the distribution of M,. In many
cases, the bounds are close to optimal. The particular strength of Theorem 2.23 is that
the bound is valid for alln > 1.

Proof. For 1 > 0, the function g(d) = e¥? is convex, so that, for all d with |d| < 1,
1

evd < 51— d)e ™ + %(1 +d)e?. (2.5.19)
Applying this with d = D to a random variable D having mean 0 and satisfying P(|D| <
1) = 1, we obtain

1 _ 1 1, _
E[e??] < E[5(1 - D)e Yy S+ D)e¥] = 5 e Yge?). (2.5.20)
We can use that (2n)! > 2"n! for all n > 0 to obtain that
1 _ vy ,(/}277, 1/}211 _ 1,/;2/2
S (e +e") = > 2 <> g =¢ % (2.5.21)
n>0 n>0
By Markov’s inequality in Theorem 2.14, for any 6 > 0,
P(My, — p > z) = P("Mn 1) > %) < e 07 g[!Mn—r)], (2.5.22)

Writing D,, = M,, — M,,_1, we obtain

E[ee(Mn*M)] _ E[60(1\47L717l")60D7L]‘
Conditioning on Xo, ..., X,—1 yields

1
E[e?Mn=m) | Xo, ..., Xn_1] = "Mn-1=WE[Pn | Xo, . X ] < e Pn-1mm) exp(5 0>°K?),
(2.5.23)
where (2.5.20) and (2.5.21) are applied to the random variable D, /K, which satisfies

E[Dn|Xo, ..., Xn-1] = E[My|Xo,..., Xn-1]—E[Mn_1|Xo,..., Xn-1] = Mp_1—Mp_1 =0.
(2.5.24)
Taking expectations on both sides of (2.5.23) and iterate to find

1 1 _
E[69<M"7‘M)] < E[69<M"717H>] exp(i HQKZ) < exp (2 62 ZK?) . (2.5.25)
i—0
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Therefore, by (2.5.22), for all 6 > 0,
12" o2
P(M, — p>z) <exp <n9x + 5 0 E_O Ki> . (2.5.26)

The exponential is minimized, with respect to 8, by setting 6 = /> " K?2. Hence,

.’L‘Q

Using that also —M,, is a martingale, we obtain by symmetry that

2
P(M, — p < —z) < exp G%) . (2.5.28)
1=0 Kz

Adding the two bounds completes the proof. O

Exercise 2.26. Show that Theorem 2.23 implies that for X ~ Bin(n,p) with p < 1/2

P(|X —np| > a) < Zexp{ - %(1&77]@2} (2.5.29)

Exercise 2.27. Let {X;}{2q be an independent identically distributed sequence of random
variables with E[X;] =0 and |X;| < 1, and define the martingale { My }n=o by

M, = 30X, (25.30)
=0
Show that )
P(|M,| > a) < 2exp ( - ;—n) (2.5.31)

Take a = x+/n, and prove by using the central limit theorem that P(|M,| > a) converges.
Compare the limit to the bound in (2.5.31).

2.6 Order statistics and extreme value theory

In this section, we study the largest values of a sequence of i.i.d. random variables. For
more background on order statistics, we refer the reader to [93]. We will be particularly
interested in the case where the random variables in question have heavy tails. We let
{Xi}i=, be an i.i.d. sequence, and introduce the order statistics of {X;}i—, by

Xay <X < < X, (2.6.1)

so that Xy = min{X1,..., X}, X2 is the second smallest of {X;}i-;, etc. In the
notation in (2.6.1), we ignore the fact that the distribution of X ;) depends on n. Sometimes
the notation X(1.n) < Xy < -++ < X(nin) is used instead to make the dependence on n
explicit. In this section, we shall mainly investigate X (., i.e., the maximum of X1,..., X,.
We note that the results immediately translate to X, by changing to —Xj.

We denote the distribution function of the random variables {X;}i; by

Fx(z) =P(X; < z). (2.6.2)



48 Probabilistic methods

Before stating the results, we introduce a number of special distributions. We say that
the random variable Y has a Fréchet distribution if there exists an o > 0 such that

0, y<0,

exp{—y "} y>0. (2.6:3)

P(Yﬁy)—{

We say that the random variable Y has a Weibull distribution if there exists an a > 0 such
that

P(Y <y) = {iXP{_(_y)a}’ z i gf (2.6.4)

We say that the random variable Y has a Gumbel distribution if

P(Y <y) =exp{—exp{-y}}, ye€ER (2.6.5)

One of the fundamental results in extreme value theory is the following characterization
of possible limit distributions of X(,,:

Theorem 2.24 (Fisher-Tippett theorem, limit laws for maxima). Let {X,}neo be a se-
quence of i.i.d. random variables. If there exists norming constants ¢, > 0 and d, € R and
some non-degenerate distribution function H such that

X —
T o iy, (2.6.6)

where Y has distribution function H, then H is the distribution function of a Fréchet,
Weibull or Gumbel distribution.

A fundamental role in extreme value statistics is played by approximate solutions w, of
[1 — Fx(un)] = 1/n. More precisely, we define u, by

up, = inf{u:1— Fx(u) > 1/n}. (2.6.7)

We shall often deal with random variables which have a power-law distribution. For such
random variables, the following theorem identifies the Fréchet distribution as the only
possible extreme value limit:

Theorem 2.25 (Maxima of heavy-tailed random variables). Let {X,}nZo be a sequence
of i.i.d. unbounded random variables satisfying

1 — Fx(z) = 2" "Lx(z), (2.6.8)
where © — Lx(z) is a slowly varying function, and where 7 > 1. Then

X n
Sy, (2.6.9)

Un
where Y has a Fréchet distribution with parameter o =T — 1 and u, is defined in (2.6.7).

Exercise 2.28. Show that when (2.6.8) holds, then u, is regularly varying with exponent
1

T—1"

For completeness, we also state two theorems identifying when the Weibull distribution
or Gumbel distribution occur as the limiting distribution in extreme value theory:
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Theorem 2.26 (Maxima of bounded random variables). Let {X,}2o be a sequence of
i.7.d. random variables satisfying that Fx(xx) =1 for some xx € R and

1— Fx(xx —a ') =2 *Lx(x), (2.6.10)
where © — Lx(z) is a slowly varying function, and where o > 1. Then

w 4y, (2.6.11)

where Y has a Weibull distribution with parameter o, and d,, = xx —u, where u,, is defined
in (2.6.7).

Theorem 2.27 (Maxima of random variables with thin tails). Let {X,}n—o be a sequence
of i.i.d. bounded random variables satisfying that F(xr) =1 for some xr € [0,00], and

L-Fattal) _ g (2612)

li

where x — a(x) is given by

a(x) = /;F 11:75((2&. (2.6.13)

Then
w Ly, (2.6.14)

where Y has a Gumbel distribution, and dn = a(un) where uy is defined in (2.6.7).

We next assume that the random variables { X; }i=, have infinite mean. It is well known
that the order statistics of the random variables, as well as their sum, are governed by u,,
in the case that 7 € (1,2). The following theorem shows this in detail. In the theorem
below, F1, Ea, ... is an i.i.d. sequence of exponential random variables with unit mean and
I'y =E1+ E>+...+ Ej, so that I'; has a Gamma distribution with parameters j and 1.

It is well known that when the distribution function F of {X;}i-, satisfies (2.6.8), then
>, X has size approximately pt/ =1, just as holds for the maximum, and the rescaled
sum n~ /(=D >, X converges to a stable distribution. The next result generalizes this
statement to convergence of the sum together with the first order statistics:

Theorem 2.28 (Convergence in distribution of order statistics and sum). {X,}nzo be a
sequence of i.i.d. random variables satisfying (2.6.8) for some T € (1,2). Then, for any
keN,

)
Un Un

(ﬁ {M};) s ({6321, asn - o0, (2.6.15)

where (n,{&:}521) is a random vector which can be represented by
n=Y T =, (2.6.16)
Jj=1

and where u, is slowly varying with exponent 1/(17 — 1) (recall Exercise 2.28). Moreover,

kYD B 1 as bk — oo (2.6.17)
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Proof. Because T — 1 € (0, 1), the proof is a direct consequence of [157, Theorem 1’], and
the continuous mapping theorem [37, Theorem 5.1], which together yield that on R x R*,
equipped with the product topology, we have

(s#,2) % (5%, 2), (2.6.18)

where S# = uy' Lo, Z™ = ug'(Dinnys - -, D1y, 0,0,..), and Z; = T; V070 5 > 1
Finally, (2.6.17) follows because by the weak law of large numbers,

Fki 1, (2.6.19)

and & =T, /7Y, O

Interestingly, much can be said about the random probability distribution P; = &;/n,
which is called the Poisson-Dirichlet distribution (see e.g., [190]). For example, [190, Eqn.
(10)] proves that for any f: [0,1] - R, and with « =7 —1 € (0, 1),

E[Zf(Pi)] = m/o Fw)u > 1 —w)* ' du. (2.6.20)

2.7 Notes and discussion

Notes on Section 2.1. For a through discussion on convergence issues of integer random
variables including Theorems 2.4-2.6 and much more, see [44, Section 1.4].

Notes on Section 2.4. Theorem 2.16 has a long history. See e.g., [83, Theorem 2.2.3]
for a more precise version of Cramér’s Theorem, which states that (2.4.8)—(2.4.9) are sharp,
in the sense that —< logP(L 3" | X; < a) converges to I(a). See [185, Theorem 1.1] for
a version of Cramér’s Theorem that includes also the Chernoff bound.

Notes on Section 2.5. This discussion is adapted after [111]. For interesting examples of
martingale argument, as well as adaptations of the Azuma-Hoeffding inequality in Theorem
2.23, see [71].

Notes on Section 2.6. Theorem 2.24 is [93, Theorem 3.2.3]. Theorem 2.25 is [93,
Theorem 3.3.7]. Theorem 2.26 is [93, Theorem 3.3.12]. Theorem 2.27 is [93, Theorem
3.3.27]. For a thorough discussion of extreme value results, as well as many examples, we
refer to the standard work on the topic [93].



CHAPTER 3
BRANCHING PROCESSES

Branching processes will be used in an essential way throughout these notes to describe
the connected components of various random graphs. To prepare for this, we describe
branching processes in quite some detail here. Special attention will be given to branching
processes with a Poisson offspring distribution, as well as to branching processes with a
binomial offspring distribution and their relation (see Sections 3.6 and 3.7 below). We start
by describing the survival versus extinction transition in Section 3.1, and provide a useful
random walk perspective on branching processes in Section 3.3. For more information
about branching processes, we refer to the books [16, 115, 123].

3.1 Survival versus extinction

A branching process is the simplest possible model for a population evolving in time.
Suppose each organism independently gives birth to a number of children with the same
distribution. We denote the offspring distribution by {p;}{2,, where

p; = P(individual has ¢ children). (3.1.1)

We denote by Z,, the number of individuals in the nt" generation, where, by convention,
we let Zg = 1. Then Z,, satisfies the recursion relation

Zn—l
Zn =Y Xnu (3.1.2)
i=1

where {X,, i }n,i>1 is a doubly infinite array of i.i.d. random variables. We will often write
X for the offspring distribution, so that {X, i}n,i>1 is a doubly infinite array of i.i.d.
random variables with X,, ; ~ X for all n, .

One of the major results of branching processes is that when E[X] < 1, the population
dies out with probability one (unless X;,; = 1 with probability one), while if E[X] > 1,
there is a non-zero probability that the population will not become extinct. In order to
state the result, we denote the extinction probability by

n=P(En: Z, =0). (3.1.3)

Theorem 3.1 (Survival v.s. extinction for branching processes). For a branching process
with i.i.d. offspring X, n =1 when E[X] < 1, while n < 1 when E[X] > 1. When E[X] =1,
and P(X = 1) < 1, then n = 1. Moreover, with Gx the probability generating function of
the offspring distribution X, i.e.,

Gx(s) = E[s™], (3.1.4)

the extinction probability n is the smallest solution in [0,1] of

n==Gx(n). (3.1.5)

51
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0 1

Figure 3.1: The solution of s = Gx(s) when E[X] < 1,E[X] = 1,E[X] > 1 respectively.
Note that E[X] = G (1), and G’x(1) > 1 precisely when there is a solution n < 1 to
n=Gx(n).

Proof. We write
= P(Z, = 0). (3.1.6)

Because {Z, = 0} C {Z,+1 = 0}, we have that n, 1T 7. Let
Gn(s) = E[s?"] (3.1.7)

denote the generating function of the n*" generation. Then, since for an integer-valued
random variable X, P(X = 0) = Gx(0), we have that

N = Gn(0). (3.1.8)

By conditioning on the first generation, we obtain that

Gn(s) = E[s”"] = ZpiIE[SZ"|Z1 =i = Zpianl(s)i. (3.1.9)

Therefore, writing Gx = G, for the generating function of X; 1, we have that
Gn(s) = Gx(Gn-1(9)). (3.1.10)

When we substitute s = 0, we obtain that 7, satisfies the recurrence relation
Nn = Gx(Nn-1). (3.1.11)

See Figure 3.2 for the evolution of n — n,.
When n — oo, we have that 1, 1 7, so that, by continuity of s — Gx(s), we have

n = Gx(n). (3.1.12)

When P(X = 1) = 1, then Z, = 1 a.s., and there is nothing to prove. When, further,
P(X <1) =1, but p=P(X =0) > 0, then P(Z, =0) =1—- (1 —p)" — 1, so again
there is nothing to prove. Therefore, for the remainder of this proof, we shall assume that
P(X <1)<1.
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Figure 3.2: The iteration for n — 7, in (3.1.11).

Suppose that ¢ € [0, 1] satisfies ¥ = Gx(¢). We claim that n < 1. We use induction to
prove that n,, < v for all n. Indeed, o = 0 < %, which initializes the induction hypothesis.
To advance the induction, we use (3.1.11), the induction hypothesis, as well as the fact
that s — Gx(s) is increasing on [0, 1], to see that

N = Gx(Mn-1) < Gx () =, (3.1.13)

where the final conclusion comes from the fact that ) is a solution of 1) = Gx (¢). Therefore,
Nn < 7, which advances the induction. Since 70, 1T 7, we conclude that n < ¢ for all
solutions 9 of ¢ = Gx(1)). Therefore, n is the smallest such solution.
We note that s — Gx(s) is increasing and convex for s > 0, since
G%(s) =E[X(X —1)s* %] > 0. (3.1.14)
When P(X < 1) < 1, then E[X(X — 1)s¥72] > 0, so that s — Gx(s) is strictly increasing
and strictly convex for s > 0. Therefore, there can be at most two solutions of s = Gx (s) in
[0,1]. Note that s = 1 is always a solution of s = G x(s), since G is a probability generating
function. Since Gx(0) > 0, there is precisely one solution when G’x(1) < 1, while there
are two solutions when G'% (1) > 1. The former implies that n = 1 when G’ (1) > 1,
while the latter implies that 7 < 1 when G’% (1) < 1. When G’ (1) = 1, again there is
precisely one solution, except when Gx(s) = s, which is equivalent to P(X = 1) = 1. Since
G’ (1) = E[X], this proves the claim.
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01 2 3 4)

Figure 3.3: The survival probability ( = (, for a Poisson branching process with mean
offspring equal to A. The survival probability equals ( = 1 — n, where n is the extinction
probability.

In many cases, we shall be interested in the survival probability, denoted by ¢ = 1—n, which
is the probability that the branching process survives forever, i.e., { = P(Z, > 0 Vn > 0).
See Figure 3.3 for the survival probability of a Poisson branching process with parameter
A, as a function of A.

Exercise 3.1. Show that n = 0 precisely when po = 0.
Exercise 3.2. When the offspring distribution is given by

Pe = (1 = p)Lz=0y + Pliz=2}, (3.1.15)
we speak of binary branching. Prove that n =1 when p < 1/2 and, for p > 1/2,

1—-p
=& 3.1.16
n » ( )

Exercise 3.3 ([16], Pages 6-7.). Let the probability distribution {pr}i~o be given by

pr =b(1—p)* ' fork=1,2,...;
1.1
{po =1-0b/p for k=0, (3.1.17)

so that, for b = p, the offspring distribution has a geometric distribution with success
probability p. Show that the extinction probability n is given by n = 1 if u = E[X] = b/p* <
1, while, with the abbreviation g =1 — p,

1—
n = T“p. (3.1.18)

Exercise 3.4 (Exercise 3.3 cont.). Let the probability distribution {py}ieo be given by
(3.1.17). Show that Gn(s), the generating function of Zy, is given by

2
Hn 17;77 ) s
1—pn- Lo (“ — hen b # p*;
G(s) = p o+ 17(&) when b # p;
ur—n

ng—(ng—p)s — 2
puy—— when b = p°.

(3.1.19)
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Exercise 3.5 (Exercise 3.4 cont.). Conclude from Ezercise 3.4 that, for {pr}izy in
(3.1.17),

Pt AL when b < p?;

]
P(Zn >0, 3m > n such that Zyn = 0) = 7+, when b = p*; (3.1.20)
(;;Zn" when b > p.

We continue by studying the total progeny T of the branching process, which is defined as
T=> Zn. (3.1.21)
n=0

We denote by Gr(s) the probability generating function of T, i.e.,
Gr(s) = E[sT]. (3.1.22)

The main result is the following:
Theorem 3.2 (Total progeny probability generating function). For a branching process
with i.i.d. offspring X having probability generating function G x (s) = E[s™], the probability
generating function of the total progeny T satisfies the relation

Gr(s) = sGx(Gr(s)). (3.1.23)
Proof. We again condition on the size of the first generation, and use that when Z; = i,
for j =1,...,4, the total progeny T; of the 4" child of the initial individual satisfies that

{T};}5=1 is an i.i.d. sequence of random variables with law equal to the one of T'. Therefore,
using also that

T=1+Y 1T, (3.1.24)
j=1

where, by convention, the empty sum, arising when ¢ = 0, is equal to zero, we obtain

Gr(s) = ZpiIE[sT|Zl =i = sZpiE[sTlJr”""Ti] = sZpiGT(s)i = sGx(Gr(s)).
i=0 i=0 i=0
(3.1.25)
This completes the proof. O

Exercise 3.6 (Exercise 3.2 cont.). In the case of binary branching, i.e., when p is given

by (3.1.15), show that
1—+/1—4s2
Gr(s) = T‘qu. (3.1.26)

Exercise 3.7 (Exercise 3.5 cont.). Show, using Theorem 3.2, that, for {pi}7= in (3.1.17),

GT(S) — \/(p + S(b _pq))2 _;;f)qqs(p - b) - (p + SbQ) (3.1‘27)
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3.2 Family moments

In this section, we compute the mean generation size of a branching process, and use
this to compute the mean family size or the mean total progeny. The main result is the
following theorem:

Theorem 3.3 (Moments of generation sizes). For all n > 0, and with p = E[Z;] = E[X]
the expected offspring of a given individual,

E[Z,) = u™. (3.2.1)
Proof. Recall that

Zp—1
Z’n = Z XTL,i7 (322)
i=1

where {Xp,,i}n,i>1 is a doubly infinite array of i.i.d. random variables. In particular,
{Xn,i}i>1 is independent of Z,,_1.

Exercise 3.8. Complete the proof of Theorem 3.3 by conditioning on Z,—1 and showing

that
Zn—1

IE[ Z Xn,ilZn-1 = m] = mu, (3.2.3)
i—1

so that
E[Z,]) = pE[Zn-1]. (3.2.4)

Exercise 3.9. Prove that {u™"Zn}n>1 is a martingale.

Exercise 3.10. When the branching process is critical, note that Z,, —25 0. On the other
hand, conclude that E[Z,] =1 for alln > 1.

Theorem 3.4. Fizn > 0. Let u = E[Z1] = E[X] be the expected offspring of a given
individual, and assume that u < 1. Then,

P(Z, > 0) < pu™. (3.2.5)

Exercise 3.11. Prove Theorem 8.4 by using Theorem 8.3, together with the Markov in-
equality (2.4.1).

Theorem 3.4 implies that in the subcritical regime, i.e., when the expected offspring u < 1,
the probability that the population survives up to time n is exponentially small in n.

Theorem 3.5 (Expected total progeny). For a branching process with i.i.d. offspring X
having mean offspring pu < 1,

E[T] = ﬁ (3.2.6)

Exercise 3.12. Prove (3.2.6).
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3.3 Random-walk perspective to branching processes

In branching processes, it is common to study the number of descendants of each gener-
ation. For random graph purposes, it is often convenient to use a different construction of
a branching process by sequentially investigating the number of children of each member
of the population. This picture leads to a random walk formulation of branching processes.
For more background on random walks, we refer the reader to [211] or [111, Section 5.3].

We now give the random walk representation of a branching process. Let X1, Xa,...
be independent random variables with the same distribution as X;; in (3.1.2). Define
S0, 51, ... by the recursion

So =1,
‘ (3.3.1)
Si:SZ‘_1—|—X¢—1:X1—|—...—|—XZ'—(Z—1).
Let T be the smallest ¢ for which S; = 0, i.e., (recall (1.5.10))
T=min{t:S; =0} =min{t: X1 +...+ X =¢t —1}. (3.3.2)

If such a t does not exist, then we define T' = +o0.

The above description is equivalent to the normal definition of a branching process, but
records the branching process tree in a different manner. For example, in the random walk
picture, it is slightly more difficult to extract the distribution of the generation sizes. To
see that the two pictures agree, we shall show that the distribution of the random variable
T is equal to the total progeny of the branching process as defined in (3.1.21), and it is
equal to the total number of individuals in the family tree of the initial individual.

To see this, we note that we can explore the branching process family tree as follows.
We let X denote the children of the original individual, and set S; as in (3.3.1). Then,
there are S1 = X7 — 1 unexplored individuals, i.e., individuals of whom we have not yet
explored how many children they have. We claim that after exploring i individuals, and
on the event that there are at least ¢ individuals in the family tree, the random variable
S; denotes the number of individuals of whom the children have not yet been explored:

Lemma 3.6 (The interpretation of {S;}724). The random process {Si}iZo tn (3.3.1) has
the same distribution as the random process {S;}i2o, where S; denotes the number of
unexplored individuals in the exploration of a branching process population after exploring
i individuals successively.

Proof. We shall prove this by induction on i. Clearly, it is correct when i = 0. We next
advance the induction hypothesis. For this, suppose this is true for S;_;. We are done when
Si—1 = 0, since then all individuals have been explored, and the total number of explored
individuals is clearly equal to the size of the family tree, which is T by definition. Thus,
assume that S;_1 > 0. Then we pick an arbitrary unexplored individual and denote the
number of its children by X;. By the independence property of the offspring of different
individuals in a branching process, we have that the distribution of X; is equal to the
distribution of Zi, say. Also, after exploring the children of the i*® individual, we have
added X; individuals that still need to be explored, and have explored a single individual,
so that now the total number of unexplored individuals is equal to S;—1 + X; — 1, which,
by (3.3.1) is equal to S;. This completes the proof using induction. O

Lemma 3.6 gives a nice interpretation of the random process {S;}{2, in (3.3.1). Finally,
since the branching process total progeny is explored precisely at the moment that all of
its individuals have been explored, it follows that 7" in (3.3.2) has the same distribution as
the total progeny of the branching process.

Exercise 3.13. Compute P(T = k) for T in (3.3.2) and P(T = k) for T in (3.1.21)
explicitly, for k = 1,2 and 3.
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The branching process belonging to the recursion in (3.3.1) is the following. The population
starts with one active individual. At time %, we select one of the active individuals in the
population, and give it X; children. The children (if any) are set to active, and the
individual becomes inactive.

This process is continued as long as there are active individuals in the population. Then,
the process S; describes the number of active individuals after the first ¢ individuals have
been explored. The process stops when S; = 0, but the recursion can be defined for all ¢
since this leaves the value of T' unaffected. Note that, for a branching process, (3.3.1) only
makes sense as long as ¢ < T, since only then S; > 0 for all i < T. However, (3.3.1) in
itself can be defined for all i > 0, also when S; < 0. This fact will be useful in the sequel.

Exercise 3.14 (Exercise 3.2 cont.). In the case of binary branching, i.e., when the offspring
distribution is given by (3.1.15), show that

P(T=k) = I%IP’(SO =Sk41=0,8>0V1<i<k), (3.3.3)

where {S;}§2, is a simple random walk, i.e.,
Si=Yi+ - +Yi, (3.3.4)
where {Y;}{21 are i.i.d. random variables with distribution
P(Yi=1)=1-P(Y; = —1) = p. (3.3.5)

This gives a one-to-one relation between random walks excursions and the total progeny of
a binary branching process.

Denote by H = (X1,...,Xr) the history of the process up to time 7. We include
the case where 7' = oo, in which case the vector H has infinite length. A sequence
(z1,...,x¢) is a possible history if and only if the sequence z; satisfies (3.3.1), i.e., when
s; > 0 for all 4 < t, while sy = 0, where s; = x1 + -+ z; — (i — 1). Then, for any t < oo,

P(H = (z1,...,2:)) = szi. (3.3.6)

Note that (3.3.6) determines the law of the branching process when conditioned on extinc-
tion.

We will use the random walk perspective in order to describe the distribution of a
branching process conditioned on extinction. Call the distributions p and p’ a conjugate
pair if

P =1"""pa, (3.3.7)
where 7 is the extinction probability belonging to the offspring distribution {p.}32, so
that n = Gx(n).

Exercise 3.15. Prove that p' = {p,}32¢ defined in (3.3.7) is a probability distribution.

The relation between a supercritical branching process conditioned on extinction and its
conjugate branching process is as follows:

Theorem 3.7 (Duality principle for branching processes). Let p and p’ be conjugate off-
spring distributions. The branching process with distribution p, conditional on extinction,
has the same distribution as the branching process with offspring distribution p’.
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The duality principle takes a particularly appealing form for Poisson branching pro-
cesses, see Theorem 3.15 below.

Proof. 1t suffices to show that for every finite history H = (z1,...,x¢), the probability
(3.3.6) is the same for the branching process with offspring distribution p, when conditioned
on extinction, and the branching process with offspring distribution p’. Fix a t < co. First
observe that

P({H = (z1,...,x+)} Nextinction)
P(extinction)
=0 'P(H = (21,...,2)), (3.3.8)

P(H = (z1,...,x¢)|extinction) =

since a finite history implies that the population becomes extinct. Then, we use (3.3.6),
together with the fact that

t t t t
[Tee =I#en 0 =0 === I 0, = n ] ph. (3.3.9)
i=1 i=1 =1 =1

since 1 + ...+ x¢ =t — 1. Substitution into (3.3.8) yields that
P(H = (21,...,x¢)|extinction) = P'(H = (z1,...,2¢)), (3.3.10)
where P’ is the distribution of the branching process with offspring distribution p’. O

Exercise 3.16. Let Gq(s) = E'[s*1] be the probability generating function of the offspring
of the dual branching process. Show that

Gals) = %GX (ns). (3.3.11)

Exercise 3.17. Let X' have probability mass function p' = {pl,}22, defined in (3.3.7).
Show that when 1 < 1, then

E[X'] < 1. (3.3.12)

Thus, the branching process with offspring distribution p’ is subcritical.

Another convenient feature of the random walk perspective for branching processes is that
it allows one to study what the probability is of extinction when the family tree has at
least a given size. The main result in this respect is given below:

Theorem 3.8 (Extinction probability with large total progeny). For a branching process
with i.i.d. offspring X having mean p = E[X] > 1,

P(k<T <o0) < —— (3.3.13)

where the exponential rate I is given by

I = sup (t — logE[e"*]) > 0. (3.3.14)
t<0
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Theorem 3.8 can be reformulated by saying that when the total progeny is large, then
the branching process will survive with high probability.
Note that when g = E[X] > 1 and when E[e'*] < oo for all ¢+ € R, then we can also
write
I =sup (t —log E[e'™]), (3.3.15)
¢

(see also (2.4.12)). However, in Theorem 3.8, it is not assumed that E[e*¥] < oo for all
t € R! Since X > 0, we clearly do have that E[e’*] < oo for all ¢ < 0. Therefore, since
also the derivative of t +— t — logE[e’*] in ¢ = 0 is equal to 1 — E[X] < 0, the supremum
is attained at a t < 0, and, therefore, we obtain that I > 0 under no assumptions on the
existence of the moment generating function of the offspring distribution. We now give the
full proof:

Proof. We use the fact that T = s implies that Ss = 0, which in turn implies that X; +
...+ Xs =s—1<s. Therefore,

P(k<T <o0) <> P(Se=0)< Y P(X1+...4+ X, <s). (3.3.16)
s=k s=k

For the latter probability, we use (2.4.9) and (2.4.11) in Theorem 2.16 with a = 1 < E[X].
Then, we arrive at

e—]k

P(k<T<o0)<» e
s=k

O

3.4 Supercritical branching processes

In this section, we prove a convergence result for the population in the n'* generation.
Clearly, in the (sub)critical case, the limit of Z, is equal to 0, and there is nothing to
prove. In the supercritical case, when the expected offspring is equal to p > 1, it is also
known that (see e.g., [16, Theorem 2, p. 8]) limp oo P(Z, = k) = 0 unless k = 0, and
P(limy— oo Zn = 0) = 1 — P(limp—00 Zn, = 00) = 7, where 7 is the extinction probability
of the branching process. In particular, the branching process population cannot stabilize.
It remains to investigate what happens when 1 < 1, in which case lim,,_, o Z, = 00 occurs
with positive probability. We prove the following convergence result:

Theorem 3.9 (Convergence for supercritical branching processes). For a branching pro-
cess with i.i.d. offspring X having mean p = E[X] > 1, p~"Z, X5 WL, for some random
variable W, which is finite with probability 1.

Proof. We use the martingale convergence theorem (Theorem 2.21), and, in particular, its
consequence formulated in Exercise 2.23. Denote M,, = u~ " Z,, and recall that by Exercise
3.9, {M,};2; is a martingale. By Theorem 3.3, we have that E[|M,|] = E[M,] = 1, so
that Theorem 2.21 gives the result. O

Unfortunately, not much is known about the limiting distribution W,,. Its probability
generating function Gw (s) = E[s"*°] satisfies the implicit relation, for s € [0, 1],

Gw(s) = Gx (Gw(s'™)). (3.4.1)
Exercise 3.18. Prove (3.4.1).
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We next investigate when P(W, >0)=1—-n=(:

Theorem 3.10 (Kesten-Stigum Theorem). For a branching process with i.i.d. offspring
X having mean p = E[X] > 1, P(W. = 0) = n precisely when E[X log X]| < co. When
E[X log X] < oo, also E[W.] = 1, while, when E[X log X] = oo, P(W, =0) =1.

Theorem 3.10 implies that P(W., > 0) = 1 — n, where 7 is the extinction probability
of the branching process, so that conditionally on survival, the probability that W, > 0
is equal to one. Theorem 3.10 was first proved by Kesten and Stigum in [142, 143, 144].
It is remarkable that the precise condition when W, = 0 a.s. can be so easily expressed
in terms of a moment condition on the offspring distribution. A proof of Theorem 3.10
is given in [16, Pages 24-26], while in [165] a conceptual proof is given. See [88, Proof
of Theorem 2.16] for a simple proof of the statement under the stronger condition that
E[X?] < oo, using the L*-martingale convergence theorem (see also below Theorem 2.21).

Theorem 3.10 leaves us with the question what happens when E[X log X] = co. In
this case, Seneta [199] has shown that there always exists a proper renormalization, i.e.,

there exists a sequence {c,}nz; with limp e c}/" = p such that Z,/c, converges to a
non-degenerate limit. However, ¢, = o(u"), so that P(W. =0) = 1.

Exercise 3.19. Prove that P(W. > 0) = 1 — n implies that P(W., > 0| survival) = 1.

Exercise 3.20. Prove, using Fatou’s lemma (Theorem A.12), that E[W.] < 1 always
holds.

We continue by studying the number of particles with an infinite line of descent, i.e., the
particles of whom the family tree survives forever. Interestingly, these particles form a
branching process again, as we describe now. In order to state the result, we start with
some definitions. We let Z{" denote those particles from the n'™™ generation of {Z;}32,
that survive forever. Then, the main result is as follows:

Theorem 3.11 (Individuals with an infinite line of descent). Conditionally on survival,
the process {Z}02, is again a branching process with offspring distribution p> =

{py>)}izo given by pi™ =0 and, for k> 1,
(o0) 1 - J j—k J
Pe =7 LT =m)p;. (3.4.2)
j=k
Moreover, since
u) = E[20) = u = E[21], (3.4.3)

this branching process is supercritical with the same expected offspring as {Zn }aey itself.

Comparing Theorem 3.11 to Theorem 3.7, we see that in the supercritical regime, the
branching process conditioned on extinction is a branching process with the dual (subcrit-
ical) offspring distribution, while, conditional on survival, the individuals with an infinite
line of descent for a (supercritical) branching process.

(o0)

Exercise 3.21. Prove that p is a probability distribution.

Proof of Theorem 3.11. We let A., be the event that Z, — oco. We shall prove, by
induction on n > 0, that the distribution of {Z,(C"")}Z:O conditionally on A, is equal to
that of a {Z}7_o, where {Z;}3%, is a branching process with offspring distribution p(>’
given in (3.4.2). We start by initializing the induction hypothesis. For this, we note that,
on A.,, we have that Zéoo) = 1, whereas, by convention, Zo = 1. This initializes the

induction hypothesis.
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To advance the induction hypothesis, we argue as follows. Suppose that the distribution
of {Z™}r_y, conditionally on A, is equal to that of {Z1}7_o. Then, we shall show that
also the distribution of {Z,im)}z:é, conditionally on A.., is equal to that of {Zk}ZIS By
the induction hypothesis, this immediately follows if the conditional distributions of Zf;fl
given {Z\>™)}7_, is equal to the conditional distribution of Z,11 given {Zy}7_o.

The law of Zn+1 given {Zk}Z:o is that of an independent sum of Zn i.i.d. random
variables with law p>. Now, the law of Z{¥ given {Z;™'}7_, is equal to the law of Z\7)
given Z, and each individual with infinite line of descent in the n*® generation gives rise
to a random and i.i.d. number of individuals with infinite line of descent in the (n + 1)
generation with the same law as Z{‘x’) conditionally on A... As a result, to complete the
proof of (3.4.2), we must show that

P(Z{™ =k |Ax) = p). (3.4.4)

For k = 0, this is trivial, since, conditionally on A.,, we have that Z{“’) > 1, so that
both sides are equal to 0 for £ = 0. For k > 1, on the other hand, the proof follows by
conditioning on Z;. We have that, for £ > 1, Ziw) = k implies that Z; > k and that A,
occurs, so that

P(Z{ =k |Ax) = CT'P(Z( = k) = ¢ P(Z{ =k |21 = j)P(Z1 = j)
Jjzk

=y <£> 7 (= n)p;, (3.4.5)

jzk

since each of the j particles has infinite line of descent with probability ( =1 — 7, so that
P(Z{™ =k |Z1 = j) =P(Bin(j,1 —n) = k).

We complete the proof of Theorem 3.11 by proving (3.4.3). We start by proving (3.4.2)
when p < co. For this, we write, using that for £ = 0, we may substitute the right-hand
side of (3.4.2) instead of p§y™ = 0, to obtain

P> = "kpe) = Zk% > (}1) (=),
k=0 k=0 > j=k
1 J FA A .
:Ezpj k 1 7’ (1—77)72621%((]):
. o =0 J

oo

ips = (3.4.6)
0

This proves (3.4.2) when p < co. When p = 0o, on the other hand, we only need to show
that 1> = oo as well. This can easily be seen by an appropriate truncation argument,
and is left to the reader. O

Exercise 3.22. Prove (3.4.2) when p = oco.

With Theorems 3.11 and 3.9 at hand, we see an interesting picture emerging. Indeed, by
Theorem 3.9, we have that Z,u~™ <% W, where, if the X log X-condition in Theorem
3.10 is satisfied, P(W. > 0) = ¢, the branching process survival probability. On the other
hand, by Theorem 3.11 and conditionally on A, {Z5}52, is also a branching process

—n a.s;

with expected offspring ji, which survives with probability 1. As a result, Z&u~™ &%
W) where, conditionally on A., P(WS? > 0) = 1, while, yet, 20> < Z, for all
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n > 0, by definition. This raises the question what the relative size is of Z{> and Z,,
conditionally on A.. This question is answered in the following theorem:

Theorem 3.12 (Proportion of particles with infinite line of descent). Conditionally on
survival,

(o0)
Zg % ¢ (3.4.7)

Theorem 3.12 will prove to be quite useful, since it allows us sometimes to transfer results
on branching processes which survive with probability 1, such as {Z{*}22 conditionally
on survival, to branching processes which have a non-zero extinction probability, such as
{Zn}no-

Proof of Theorem 3.12. We first give the proof in the case where the mean offspring u is
finite. Applying Theorem 3.11 together with Theorem 3.9 and the fact that, condition-
ally on survival, E[Z{™] = u (see (3.4.3)), we obtain that there exists W such that
ZLu™™ — W), Moreover, by Theorem 3.10 and the fact that the survival proba-
bility of the branching process in {Z{™'}72, equals 0 (recall Exercise 3.1), we have that
P(W ) > 0) = 1. Further, again by Theorem 3.9 now applied to {Z,}22,, conditionally
on survival, Z,/u™ converges in distribution to the conditional distribution of W, condi-
tionally on W., > 0. Thus, we obtain that Z{/Z, converges a.s. to a finite and positive
limit R.

In order to see that this limit in fact equals ¢, we use that the distribution of Z{>
given that Z, = k is binomial with parameters k probability of success . As a result,
since as n — oo and conditionally on survival Z, — oo, we have that Z°/Z,, converges
in probability to ¢. This implies that R = ( a.s.

O

3.5 Hitting-time theorem and the total progeny

In this section, we derive a general result for the law of the total progeny for branching
processes, by making use of the Hitting-time theorem for random walks. The main result
is the following:

Theorem 3.13 (Law of total progeny). For a branching process with i.i.d. offspring dis-
tribution Z1 = X,

1
P(T=n)= E]P’(X1+~--+Xn =n-—1), (3.5.1)
where {X;}i=1 are i.i.d. copies of X.

Exercise 3.23 (Total progeny for binomial branching processes). Compute the probability
mass function of a branching process with a binomial offspring distribution using Theorem
3.18.

Exercise 3.24 (Total progeny for geometric branching processes). Compute the probability
mass function of a branching process with a geometric offspring distribution using Theorem
3.13. Hint: note that when {X;}i=, are i.i.d. geometric, then X1 +---+ X, has a negative
binomial distribution.

Add proof when p = co!
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We shall prove Theorem 3.13 below. In fact, we shall prove a more general version of
Theorem 3.13, which states that

k
P(Ti+---+Te=n) = —P(X1 + -+ X =n—k), (3.5.2)

where T4,...,T) are k independent random variables with the same distribution as T'.
Alternatively, we can think of 77 + --- + T} as being the total progeny of a branching
process starting with k£ individuals, i.e., when Zy = k.

The proof is based on the random walk representation of a branching process, together
with the random-walk hitting time theorem. In its statement, we write Py for the law of
a random walk starting in k, we let {Y;}$2; be the i.i.d. steps of the random walk, and we
let S, = k+ Y1 4+ --- 4 Y, be the position of the walk, starting in k, after n steps. We
finally let

To = inf{n: S, =0} (3.5.3)

denote the first hitting time of the origin of the walk. Then, the hitting-time theorem is
the following result:

Theorem 3.14 (Hitting-time theorem). For a random walk with i.i.d. steps {Y;}§2, sat-
isfying that

PY; > -1) =1, (3.5.4)
the distribution of Ty is given by
k
Py(To =n) = EIP’;C(S” =0). (3.5.5)

Theorem 3.14 is a remarkable result, since it states that, conditionally on the event {S, =
0}, and regardless of the precise distribution of the steps of the walk {Y;}:2; satisfying
(3.5.4), the probability of the walk to be at 0 for the first time at time n is equal to £.
Equation (3.5.2) follows from Theorem 3.14 since the law of 71 + - - - + T} is that of a the
hitting time of a random walk starting in k with step distribution Y; = X; — 1, where
{X:}52, are the offsprings of the vertices. Since X; > 0, we have that Y; > —1, which
completes the proof of (3.5.2) and hence of Theorem 3.13. The details are left as an
exercise:

Exercise 3.25 (The total progeny from the hitting-time theorem). Prove that Theorem
3.14 implies (3.5.2).

Exercise 3.26 (The condition in the hitting-time theorem). Is Theorem 8.14 still true
when the restriction that P(Y; > —1) =1 is dropped?

Proof of Theorem 3.14. We prove (3.5.5) for all k > 0 by induction on n > 1. When n =1,
then both sides are equal to 0 when k& > 1 and k = 0, and are equal to P(Y; = —1) when
k = 1. This initializes the induction.

To advance the induction, we take n > 2, and note that both sides are equal to 0 when
k = 0. Thus, we may assume that k£ > 1. We condition on the first step to obtain

Pe(To =n) = >  Pe(To =n|Y1 = s)P(Yi = s). (3.5.6)
s=—1
By the random-walk Markov property,

k+
Pk(TOZTL‘Yi :S)ZPkJrs(TO:n—l): n—i

Prts(Sn_1 = 0), (3.5.7)



3.6 Properties of Poisson branching processes 65

where in the last equality we used the induction hypothesis, which is allowed since k > 1
and s > —1, so that k£ + s > 0. This leads to

k+s
n—1

]P)k(To = n) = Z

s=—1

Pits(Sn—1 =0)P(Y1 = s). (3.5.8)

We undo the law of total probability, using that Pr4s(Sn—1 = 0) = Px(Sn = O|Y1 =s), to
arrive at
Pi(To=n)= 3 (k+5)Pi(Sn = 0]Y: = $)B(Ys = 5) = P(S, = 0) (k L E[Y4]Sn = 0}),

s=—1

(3.5.9)

where Ei[Y1|S, = 0] is the conditional expectation of Y7 given that S, = 0 occurs. We
next note that the conditional expectation of E;[Y;|S, = 0] is independent of i, so that

1 1 -
E.[Yi|S, = 0] = ;Ek[m\sn -0 = EJE;C[;YHSH - o] =-2, (3.5.10)
since Y | Y; = Sp — k = —k when S,, = 0. Therefore, we arrive at
1 k k
Pu(Tp =n) = —— [k - E]Pk(sn = 0) = ~Pi(S, = 0). (3.5.11)
This advances the induction, and completes the proof of Theorem 3.14. O

Exercise 3.27 (Extension of Theorem 3.14). Extend the hitting-time theorem, Theorem
3.14, to the case where {Y;}i—, is an exchangeable sequence rather than an i.i.d. sequence,
where a sequence {Y;}i—, is called exchangeable when its distribution is the same as the
distribution of any permutation of the sequence. Hint: if {Y;}i—1 is exchangeable, then so
is {Yi}i=1 conditioned on Y | Vi = —k.

3.6 Properties of Poisson branching processes

In this section, we specialize the discussion of branching processes to branching processes
with Poisson offspring distributions. We will denote the distribution of a Poisson branching
process by PY. We also write T™ for the total progeny of the Poisson branching process,
and X for a Poisson random variable.

For a Poisson random variable X ™ with mean A, we have that the probability generating
function of the offspring distribution is equal to

Gi(s) = E;[sx*] = sie”‘),\f

= S (3.6.1)
i=0 :

Therefore, the relation for the extinction probability 7 in (3.1.5) becomes
=M, (3.6.2)

where we add the subscript A to make the dependence on A explicit.

For A < 1, the equation (3.6.2) has the unique solution nx = 1, which corresponds
to certain extinction. For A > 1 there are two solutions, of which the smallest satisfies
m € (0,1). As PA(T™ < o0) < 1, we know

Py (T* < 00) = a. (3.6.3)
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We recall that H = (X7,...,X7) is the history of the branching process, where again
we have added superscripts * to indicate that we mean a Poisson branching process. Then,
conditionally on extinction, a Poisson branching process has law p’ given by

i - A’

ph = ity = e A ZA) : (3.6.4)
where we have used (3.6.2). Note that this offspring distribution is again Poisson with
mean

Hx = Ana, (3.6.5)

and, again by (3.6.2),
pae N = Ampe M = e, (3.6.6)

Therefore, we call p < 1 < X\ a conjugate pair if

pe H = e . (3.6.7)

x 1

Since z +— xe™” is first increasing and then decreasing, with a maximum of e™" at z = 1,
the equation pe™ = Xe™ has precisely two solutions, a solution p < 1 and a solution
A > 1. Therefore, for Poisson offspring distributions, the duality principle in Theorem 3.7
can be reformulated as follows:

Theorem 3.15 (Poisson duality principle). Let p < 1 < X be conjugates. The Poisson
branching process with mean X\, conditional on extinction, has the same distribution as a
Poisson branching process with mean p.

We further describe the law of the total progeny of a Poisson branching process:

Theorem 3.16 (Total progeny for Poisson BP). For a branching process with i.i.d. off-
spring X, where X has a Poisson distribution with mean X,

Py (T* =n) = (X’;L'n_le—*", (n>1). (3.6.8)

Exercise 3.28 (The total progeny of a Poisson branching process). Prove Theorem 8.16
using Theorem 3.18.

Exercise 3.29 (Large, but finite, Poisson total progeny). Use Theorem 3.16 to show that,
for any X\, and for k sufficiently large,

Pi(k < T* < 00) < e Ak, (3.6.9)
where I =X —1—log \.

We use Theorem 3.16 to prove Cayley’s Theorem. on the number of labeled trees [61].
In its statement, we define a labeled tree on [n] to be a tree of size n where all vertices have
a label in [n] and each label occurs precisely once. We now make this definition precise.
An edge of a labeled tree is a pair {vi,v2}, where v1 and v are the labels of two connected
vertices in the tree. The edge set of a tree of size n is the collection of its n — 1 edges. Two
labeled trees are equal if and only if they consist of the same edge sets. A labeled tree of
n vertices is equivalent to a spanning tree of the complete graph K, on the vertices [n].
Cayley’s Theorem reads as follows:
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Theorem 3.17 (Cayley’s Theorem). The number of labeled trees of size n is equal to
n" 2. Equivalently, the number of spanning trees of the complete graph of size n equals
n—2

n

Proof. In is convenient to label the vertices of a tree in terms of words. These words arise
inductively as follows. The root is the word @. The children of the root are the words
1,2,...,dz, where, for a word w, we let d,, denote the number of children of w. The
children of 1 are 11,12,...,1d;, etc. A tree is then uniquely represented by its set of
words. For example, the word 1123 represents the third child of the second child of the
first child of the first child of root.

Two trees are the same if and only if they are represented by the same set of words. We
obtain a branching process when the variables (d.)w are equal to a collection i.i.d. random
variables. For a word w, we let |w| be its length, where |0] = 0. The length of a word w is
the number of steps the word is away from the root, and equals its generation.

Let 7 denote the family tree of a branching process with Poisson offspring distribution
with parameter 1. We compute the probability of obtaining a given tree t by

P(T =t) = [[ P(¢ = dw), (3.6.10)

wet

where ¢ is a Poisson random variable with parameter 1, and d,, is the number of children
of the word w in the tree . For a Poisson branching process, P(¢ = c,,) = e !/d,,!, so that

—n

P(T =t) = H zei;w! = ﬁ7 (3.6.11)

weEt wet W

where n denotes the number of vertices in . We note that the above probability is the
same for each tree with the same number of vertices of degree k for each k.

Conditionally on having total progeny 7™ = n, we introduce a labeling as follows. We
give the root label 1, and give all other vertices a label from the set {2,...,n}, giving a
labeled tree on n vertices. Given T, there are precisely

I] &' (3.6.12)

weT

possible ways to put down the labels that give rise to the same labeled tree, since permuting
the children of any vertex does not change the labeled tree. Also, the probability that w
receives label i, with iz = 1 is precisely equal to 1/(n — 1)!, where n = |T|. For a labeled
tree ¢, let t¢ be any tree, i.e., a collection of words, from which ¢ can be obtained by
labeling the vertices. Then, the probability of obtaining a given labeled tree £ of arbitrary
size equals

Mo, du! e Tlyey, du! oM
HE=0 =BT =100 = Moc dad (-1~ qa—nr @61

Therefore, conditionally on T" = n, the probability of a given labeled tree L of size n
equals

P(L = 0)
P(L||L|=n)= 2. 3.6.14
(£11€1=m) = 57— (3.6.14)
By Theorem 3.16,
-n, n—2
P(L|=n) =P(T* =n) = =" (3.6.15)
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As a result, for each labeled tree £ of size |£]| =n

P(L =1 “noeThpn2 g
P(L=1(]||L] =n)= P(‘(ﬂ‘ :3) = (n‘i 1)!6(% o= e (3.6.16)

The obtained probability is uniform over all labeled trees. Therefore, the number of labeled
trees equals

P(L=L||L]=n)""=n""" (3.6.17)
The above not only proves Cayley’s Theorem, but also gives an explicit construction of a
uniform labeled tree from a Poisson branching process. O

Exercise 3.30. Verify (3.6.8) forn=1,2 and n = 3.

Theorem 3.18 (Asymptotics for total progeny for Poisson BP). For a branching process
with i.9.d. offspring X, where X has a Poisson distribution with mean X\, as n — oo,

PUT" = n) = ——e (1 + o(1)), (3.6.18)
A 27mn
where
In=XA—1—1logA. (3.6.19)
In particular, when A =1,
P;(T* =n) = (27) "*n*?[1 + O(n™1)). (3.6.20)

Proof.

OEquation (3.6.20) is an example of a power-law relationship that
often holds at criticality. The above n~3/2 behavior is associated more generally with the
distribution of the total progeny whose offspring distribution has finite variance (see e.g.,
[10, Proposition 24]).

In Chapter 4, we will investigate the behavior of the Erd6s-Rényi random graph by
making use of couplings to branching processes. There, we also need the fact that, for
A > 1, the survival probability is sufficiently smooth (see Section 4.4):

Corollary 3.19 (Differentiability of the survival probability). Let nx denote the extinction
probability of a branching process with a mean \ Poisson offspring distribution. Then, for
all A > 1,

d A=)
|G = M) < (3.6.21)
where ux is the dual of A\. When X | 1,
Cx =2\ —1)(1 + o(1)). (3.6.22)

Proof. The function 1, which we denote in this proof by n(}), is decreasing and satisfies

W) = BT < o0) = Yo e B (3.6.23)

and thus

0< —%n(/\) = ie*"* [%] - ie*“ {%} . (3.6.24)

n=1 n=2
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On the other hand,

o > _An)\n)"l_l > )\nnl
E}[T*|T* < o] = T* <) ;;1 iy ;::1 CESYE (3.6.25)
so that
fan(k) =n(MNEXNTT|T* < oo] — QE,\[T |T" < o] + %, (3.6.26)
where we have made use of the fact that
o m ()\n)n72 B o Cm B ()\TL)TL?Q _ o 7)‘711()\”)7171 B o i ()\n)n72
;e (n—2)] _;_le N T _;e N (n—1)! n;e (n—1)!
’f}(A) * * * G —An 1 ()\n)n_l
= ENT™|T — -
A*[|<°°]n;e X nl
= ’7(;) EX[T*|T* < oo] — %IP’;(T* < 00). (3.6.27)
By the duality principle and Theorem 3.5,
E[T*|T" < =
(17" < o] = =
where px = An(A), by (3.6.5). Hence,
d nA) [WICY
<-Lpy=-LY (1-2)+ 1Y
0= =31V =11 )T
A=) (5.6.25)

AL = px)

R G ]

3.7 Binomial and Poisson branching processes

When dealing with random graphs where the probability of keeping an edge is A\/n,
the total number of vertices incident to a given vertex has a binomial distribution with
parameters n and success probability A/n. By Theorem 2.9, this distribution is close
to a Poisson distribution with parameter A\. This suggests that also the corresponding
branching processes, the one with a binomial offspring distribution with parameters n
and A\/n, and the one with Poisson offspring distribution with mean A, are close. In the
following theorem, we make this statement more precise. In its statement, we write Py p
for the law of a Binomial branching process with parameters n and success probability p.

Theorem 3.20 (Poisson and binomial branching processes). For a branching process with
binomial offspring distribution with parameters n and p, and the branching process with
Poisson offspring distribution with parameter X = np, for each k > 1,

Prp(T > k) = P5(T* > k) + ex(n), (3.7.1)

where T and T™ are the total progenies of the binomial and Poisson branching processes,
respectively, and where
2A2 k—1
lex(n)] < ==Y PA(TT > 5). (3.7.2)

n
s=1

. 2
In particular, |ex(n)| < 2E2=
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Proof. We use a coupling proof. The branching processes are described by their offspring
distributions, which are binomial and Poisson random variables respectively. We use the
coupling in Theorem 2.9 for each of the random variables X; and X; determining the
branching processes, where X; ~ Bin(n, A/n), X; ~ Poi(\), and where
)\2
P(Xi # X[) < = (3.7.3)
n
We use IP to denote the joint probability distributions of the binomial and Poisson branching
processes, where the offspring is coupled in the above way.
We start by noting that

Pop(T > k) =P(T >k, T" > k) +P(T >k, T* < k), (3.7.4)

and
Py(T* > k) =P(T > k,T" > k) + P(T* > k, T < k). (3.7.5)

Subtracting the two probabilities yields
[P p(T > k) —PX(T* > k)| <P(T>kT" <k)+P(T" >kT<k). (3.7.6)

We then use Theorem 2.9, as well as the fact that the event {T" > k} is determined by
the values of X1,..., Xx_1 only. Indeed, by (3.3.1), by investigating X1, ..., Xx_1, we can
verify whether there exists a t < k such that X1 +---+ X; =¢ — 1, implying that T' < k.
When there is no such ¢, then T' > k. Similarly, by investigating X7,..., X}_;, we can
verify whether there exists a t < k such that X{ +--- 4+ X; =t — 1, implying that T < k.

When T > k and T* < k, or when T* > k and T < k, there must be a value of s < k
for which X5 # X;. Therefore, we can bound, by splitting depending on the first value
s < k where X, # X7,

Ed

-1
PT>kT <k)<S P(X;=X;Vi<s—1,X,#X:,T>k), (3.7.7)

s=1

where {X;}72, are i.i.d. Poisson random variables with mean A and {X;}{2; are i.i.d.
binomial random variables with parameters n and p. Now we note that when X; = X/
for all i < s — 1 and T > k, this implies in particular that X{ + ...+ X;° > ¢ for all
1 < s — 1, which in turn implies that 7" > s. Moreover, the event {T™ > s} depends only
on X7,..., X7 1, and, therefore, is independent of the event that Xs # XJ. Thus, we
arrive at the fact that

k—1
P(T >k, T" <k) <> P(I">s X, #X)

T
L

P(T* > s)P(Xs # X). (3.7.8)

By Theorem 2.9,

P(X, # X) < (3.7.9)

3>

so that

)\Qk—l
P(T >k T <k)<™— P(T* > s). 7.1
(T2kT <k <=3 PI" >s) (3.7.10)

s=1
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An identical argument yields that

P(T" >k, T <k)< kil]P’(T* > s)P(Xs # X3)
s=1
< )\—2 ISP(T* > s). (3.7.11)
L
We conclude from (3.7.6) that
oAz i
|Pnp(T > k) —PX(T" > k)| < o PX(T" > s). (3.7.12)
s=1
This completes the proof of Theorem 3.20. O

3.8 Notes and discussion

Notes on Section 3.6. The proof of Theorem 3.17 is taken from [159]. Theorem 3.16,
together with (3.6.2), can also be proved making use of Lambert’s W function. Indeed,
we use that the generating function of the total progeny in (3.1.23), for Poisson branching
process, reduces to

Gr(s) = seMET(H=D) (3.8.1)

Equation (3.8.1) actually defines a function analytic in C\[1,00), and we are taking the
principal branch. Equation (3.8.1) can be written in terms of the Lambert W function,
which is defined by W (z)e"® =z, as Gr(s) = =W (—s e *)/A. The branches of W are
described in [77], where also the fact that

n—1

W) =-> " (-2 (3.8.2)

n!

is derived. Theorem 3.17 follows immediately from this equation upon substituting z =
Xe™ and using that the coefficient of s" in Gr(s) equals P(T = n). Also, since ny =
limgp1 Gr(s) = =W (—Xe™*)/X. This also allows for a more direct proof of Corollary 3.19,
since

d  d[W(=-X?)
Sm o= [ (3.8.3)
and where, since W (z)e" ®) =z,
)= L W@
W' (z) = ST W) (3.8.4)

We omit the details of this proof, taking a more combinatorial approach instead.

Notes on Section 3.5. The current proof is taken from [120], where also an extension
is proved by conditioning on the numbers of steps of various sizes. The first proof of the
special case of Theorem 3.14 for k = 1 can be found in [186]. The extension to k > 2 is
in [141], or in [91] using a result in [90]. Most of these proofs make unnecessary use of
generating functions, in particular, the Lagrange inversion formula, which the simple proof
given here does not employ. See also [111, Page 165-167] for a more recent version of the
generating function proof. In [222], various proofs of the hitting-time theorem are given,
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including a combinatorial proof making use of a relation in [89]. A proof for random walks
making only steps of size £1 using the reflection principle can for example be found in
[111, Page 79].

The hitting-time theorem is closely related to the ballot theorem, which has a long
history dating back to Bertrand in 1887 (see [150] for an excellent overview of the history
and literature). The version of the ballot theorem in [150] states that, for a random walk
{Sn }no starting at 0, with exchangeable, nonnegative steps, the probability that S, < m
for all m = 1,...,n, conditionally on S, = k, equals k/n. This proof borrows upon
queueing theory methodology, and is related to, yet slightly different from, our proof.

The ballot theorem for random walks with independent steps is the following result:

Theorem 3.21 (Ballot theorem). Consider a random walk with i.i.d. steps {X;}i2, taking
non-negative integer values. Then, with Sy, = X1 + - -+ X, the position of the walk after

m steps,

Po(Sm <m foralll <m <n|S,=n—k) = S (3.8.5)

Exercise 3.31. Prove the ballot theorem using the hitting-time theorem. Hint: Let S,, =
k+ (Sn —n) — (Sn—m — n+m), and note that Sm < m for all 1 < m < n precisely when
Sr, >0 for all0 < m < n, and {Sp, }m—o is a random walk taking steps Y, = Sy —Si_1 =
Xn—m — 1.



CHAPTER 4
PHASE TRANSITION FOR THE ERDOS-RENYI
RANDOM GRAPH

In this chapter, we study the connected components of the Erdés-Rényi random graph.
In the introduction in Section 4.1, we will argue that these connected components can
be described in a similar way as for branching processes. As we have seen in Chapter
3, branching processes have a phase transition: when the mean offspring is below 1, the
branching process dies out almost surely, while when the expected offspring exceeds 1,
then it will survive with positive probability. The Erdés-Rényi random graph has a related
phase transition. Indeed, when the expected degree is smaller than 1, the components are
small, the largest one being of order logn. On the other hand, when the expected degree
exceeds 1, the there is a giant connected component which contains a positive proportion
of all vertices. This phase transition can already be observed for relatively small graphs.
For example, Figure 4.1 shows two realizations of Erdés-Rényi random graphs with 100
elements and expected degree close to 1/2, respectively, 3/2. The left picture is in the
subcritical regime, and the connected components are tiny, while the right picture is in the
supercritical regime, and the largest connected component is already substantial. The aim
of this chapter is to quantify these facts.

The link between the Erdés-Rényi random graph and branching processes is described
in more detail in Section 4.2, where we prove upper and lower bounds for the tails of
the cluster size (or connected component size) distribution. The connected component
containing v is denoted by C(v), and consists of all vertices that can be reached from
v using occupied edges. We sometimes also call C(v) the cluster of v. The connection
between branching processes and clusters is used extensively in the later sections, Section
4.3-4.5. In Section 4.3, we study the subcritical regime of the Erdés-Rényi random graph.
In Sections 4.4 and 4.5 we study the supercritical regime of the Erdés-Rényi random graph,
by proving a law of large numbers for the largest connected component in Section 4.4 and
a central limit theorem in Section 4.5.

In Chapter 5, we shall investigate several more properties of the Erdés-Rényi random
graph. In particular, in Section 5.1, we study the bounds on the component sizes of
the critical Erdés-Rényi random graph, in Section 5.1.3 we describe the weak limits of the
connected components ordered in size at criticality, in Section 5.2 we study the connectivity
threshold of the Erdds-Rényi random graph, while in Section 5.3 we prove that the Erdos-
Rényi random graph is sparse and identify its asymptotic degree sequence.

4.1 Introduction

In this section, we introduce some notation for the Erdés-Rényi random graph, and prove
some elementary properties. We recall from Section 1.5 that the Erdés-Rényi random graph
has vertex set [n] = {1,...,n}, and, denoting the edge between vertices s, ¢ € [n] by st, st
is occupied or present with probability p, and absent or vacant otherwise, independently
of all the other edges. The parameter p is called the edge probability. The above random
graph is denoted by ER,(p).

Exercise 4.1 (Number of edges in ER,(p)). What is the distribution of the number of
edges in the Erdds-Rényi random graph ER,(p)?
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Figure 4.1: Two realizations of Erd6s-Rényi random graphs with 100 elements and edge
probabilities 1/200, respectively, 3/200. The three largest connected components are or-
dered by the darkness of their edge colors, the remaining connected components have edges
with the lightest shade.

Exercise 4.2 (CLT for number of edges in ER,(p)). Prove that the number of edges in
ER.(p) satisfies a central limit theorem and compute its asymptotic mean and variance.

We now introduce some notation. For two vertices s,¢ € [n], we write s «— ¢ when
there exists a path of occupied edges connecting s and ¢. By convention, we always assume
that v +— v. For v € [n], we denote the connected component containing v or cluster of v
by

C(v) ={z € [n]: v+ z}. (4.1.1)

We denote the size of C(v) by |C(v)|. The largest connected component is equal to any
cluster C(v) for which |C(v)| is maximal, so that

|Cmax| = max{|C(v)|: v=1,...,n}. (4.1.2)

Note that the above definition does identify |Cmax| uniquely, but it may not identify Cmax
uniquely. We can make this definition unique, by requiring that Cmax is the cluster of
maximal size containing the vertex with the smallest label. As we will see, the typical size
of Cimax will depend sensitively on the value .

We first define a procedure to find the connected component C(v) containing a given
vertex v in a given graph G. This procedure is closely related to the random walk per-
spective for branching processes described in Section 3.3, and works as follows. In the
course of the exploration, vertices can have three different statuses: vertices are active,
neutral or inactive. The status of vertices is changed in the course of the exploration of
the connected component of v, as follows. At time t = 0, only v is active and all other
vertices are neutral, and we set Sop = 1. At each time ¢, we choose an active vertex w in an
arbitrary way (for example, by taking the smallest active vertex) and explore all the edges
ww’, where w’ runs over all the neutral vertices. If there is an edge in G connecting the
active vertex w and some neutral vertex w’, then we set w’ active, otherwise it remains
neutral. After searching the entire set of neutral vertices, we set w inactive and we let St
equal the new number of active vertices at time t. When there are no more active vertices,
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i.e., when S; = 0 for the first time, the process terminates and C(v) is the set of all inactive
vertices, i.e., |[C(v)| = t. Note that at any stage of the process, the size of C(v) is bounded
from below by the sum of the number of active and inactive vertices.

Let wy be the " active vertex of which all edges to neutral vertices are explored. Let
X denote the number of neutral vertices w’ with w,w’ € G. Let S; be the total number of
active vertices at time ¢. Similarly as for the branching process in (3.3.1), we can represent
this procedure with the recursive relation

So=1, Si=8_1+X;—1 (4.1.3)

The variable X, is the number of vertices that become active due to the exploration of
the ¢™" vertex, and after its exploration, the ¢ explored vertex becomes inactive. Thus,
if S¢—1 denotes the number of active vertices after the exploration of (¢ — 1) vertices, then
St = Si—1+ Xt — 1 denotes the number of active vertices after the exploration of ¢ vertices.
This explains (4.1.3).

The above description is true for any graph G. We now specialize to the random
graph ER,,(p), where each edge can be independently occupied or vacant. As a result, the
distribution of X; depends on the number of active vertices at time ¢t —1, i.e., on S;_1, and
not in any other way on which vertices are active, inactive or neutral. More precisely, each
neutral w’ in the random graph has probability p to become active. The edges ww’ are
examined precisely once, so that the conditional probability for ww’ € ER,(p) is always
equal to p. After t — 1 explorations of active vertices, we have ¢t — 1 inactive vertices and
Si—1 active vertices. This leaves n— (t —1) —S;—1 neutral vertices. Therefore, conditionally
on Si_1,

X; ~Bin(n — (t —1) — Si—1,p). (4.1.4)

We note that the recursion in (4.1.3) is identical to the recursive relation (3.3.1). The
only difference is the distribution of the process {X;}i—;, as described in (4.1.4). For
branching processes, {X;}i=; is an i.i.d. sequence, but for the exploration of connected
components, we see that this is not quite true. However, by (4.1.4), it is ‘almost’ true as
long as the number of active vertices is not too large. We see in (4.1.4) that the parameter
of the binomial distribution decreases. This is due to the fact that after more explorations,
fewer neutral vertices remain, and is sometimes called the depletion of points effect.

Let T be the least ¢ for which S; =0, i.e.,

T = inf{t : S = 0}, (4.1.5)

then |C(v)| = T, see also (1.5.10) for a similar result in the branching process setting. This
describes the exploration of a single connected component. While of course the recursion
in (4.1.3) and (4.1.4) only makes sense when S;_1 > 1, that is, when ¢ < T, there is no
harm in continuing it formally for ¢ > T'. This will be prove to be extremely useful later
on.

Exercise 4.3 (Verification of cluster size description). Verify that T' = |C(v)| by computing
the probabilities of the events that {|C(v)| = 1}, {|C(v)| = 2} and {|C(v)| = 3} directly, and
by using (4.1.4), (4.1.3) and (4.1.5).

We end this section by introducing some notation. For the Erdés-Rényi random graph,
the status of all edges {st : 1 < s < ¢t < n} are i.i.d. random variables taking the value
1 with probability p and the value 0 with probability 1 — p, 1 denoting that the edge
is occupied and 0 that it is vacant. We will sometimes call the edge probability p, and
sometimes \/n. We will always use the convention that

p="=. (4.1.6)

We shall write Py for the distribution of ER,(p) = ER.(\/n).
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Exercise 4.4 (CLT for number of edges in ER,(\/n)). Prove that the number of edges
n ER,(A\/n) satisfies a central limit theorem with asymptotic mean and variance equal to
An/2.

Exercise 4.5 (Mean number of triangles in ER,, (A/n)). We say that the distinct vertices
(4,4, k) form an occupied triangle when the edges ij, jk and ki are all occupied. Note that
(4,4, k) is the same triangle as (i,k, j) and as any other permutation. Compute the expected
number of occupied triangles in ER,(\/n).

Exercise 4.6 (Mean number of squares in ER,(A/n)). We say that the distinct vertices
(4,7, k,1) form an occupied square when the edges ij, jk, kl and li are all occupied. Note
that the squares (i,7,k,1) and (i,k,j,1) are different. Compute the expected number of
occupied squares in ER, (A\/n).

Exercise 4.7 (Poisson limits for number of triangles and squares in ER,(\/n)). Show
that the number of occupied triangles in an Erdds-Rényi random graph with edge probability
p = A/n has an asymptotic Poisson distribution. Do the same for the number of occupied
squares. Hint: use the method of moments in Theorem 2.4.

Exercise 4.8 (Clustering of ER,(A/n)). Define the clustering coefficient of a random
graph G to be

E[Ad]
CCq = ——= 4.1.7
G E[WG]’ ( )
where
AG = Z ]l{ij,ik,jk occupied} s We = Z ﬂ{zg,zk occupied} (418)
i,J,k€EG i,5,k€EG

Thus, Ac is sixz times the number of triangles in G, and Wq is two times the number of
open wedges in G, and CCg is the ratio of the number of expected closed triangles to the
expected number of open wedges. Compute CCq for ER,(A\/n).

Exercise 4.9 (Asymptotic clustering of ER,(A\/n)). Show that We /n — A2 by using the
second moment method. Use Exercise 4.7 to conclude that

’I’LAG d 3

—Y, 4.1.
WG H)\2 ) ( 9)

where Y ~ Poi(A\?/6).

4.1.1 Monotonicity of Erdés-Rényi random graphs in the edge probability

In this section, we investigate Erdés-Rényi random graphs with different values of p, and
show that the Erdés-Rényi random graph is monotonically increasing in p, using a coupling
argument. The material in this section makes it clear that components of the Erdds-Rényi
random graph are growing with the edge probability p, as one would intuitively expect.
This material shall also play a crucial role in determining the critical behavior of the
Erdés-Rényi random graph in Section 5.1 below.

We use a coupling of all random graphs ER,(p) for all p € [0,1]. For this, we draw
independent uniform random variables for each edge st, and, for fixed p, we declare an
edge to be p-occupied if and only if Us; < p. The above coupling shows that the number
of occupied bonds increases when p increases. Therefore, the Erdés-Rényi random graph
ER.,(p) is monotonically increasing in p. Because of the monotone nature of ER,(p) one
expects that certain events and random variables grow larger when p increases. This is
formalized in the following definition:
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Definition 4.1 (Increasing events and random variables). We say that an event is in-
creasing when, if the event occurs for a given set of occupied edges, it remains to hold when
we make some more edges occupied.

We say that a random variable X is increasing when the events {X > z} are increasing
for each x € R.

An example of an increasing event is {s <— t¢}. An example of a monotone random
variable is |C(v)| and the maximal cluster |Cmax|, where

|Crmax| = m%‘{‘ |C(v)]. (4.1.10)

Exercise 4.10. Show that |Cmax| is an increasing random variable.

Exercise 4.11. Is the event {v € Cmax} an increasing event?

4.1.2 Informal link to Poisson branching processes

We now describe the link to Poisson branching processes in an informal manner. The
results in this section will not be used in the remainder of the chapter, even though the
philosophy forms the core of the argument. Fix A > 0. Let S§,S7,..., X, X5,...,H"
refer to the history of a branching process with Poisson offspring distribution with mean
A and So, S1,..., X1, Xo,..., H refer to the history of the random graph, where Sp, S1, ...
are defined in (4.1.3) above. The event {H* = (z1,...,x¢)} is the event that the total
progeny T of the Poisson branching process is equal to ¢, and the values of X7,..., X/
are given by 1, ..., z:. Recall that P} denotes the law of a Poisson branching process with
mean offspring distribution A. Naturally, by (3.3.2), we have that

t=min{i:s; =0} =min{i: z1 + ...+, =i — 1}, (4.1.11)

where
so =1, Si = Si—1 +x; — 1. (4.1.12)

For any possible history (z1,...,z:), we have that (recall (3.3.6))
PX(H" = (21,...,2:)) = [ [PAX] = x), (4.1.13)
where { X[ }52, are i.i.d. Poisson random variables with mean A, while
t
P)\(H = (Ctl, e ,Jit)) = H]P)\(Xl = $1|X1 = T1y... ,Xi,1 = itifl),
i=1

where, conditionally on X1 = x1,...,X;—1 = z;—1, the random variable X; is binomially
distributed Bin(n — (i — 1) — s;j—1,A/n), recall (4.1.4) and (4.1.12).

As shown in Theorem 2.9, the Poisson distribution is the limiting distribution of bino-
mials when n is large and p = A\/n. When m(n) = n(1 4+ o(1)) and A, are fixed, then we
can extend this to

. . . BON
nh_)rroloIP(Bln(m(n),)\/n) = z) =e . (4.1.14)
Therefore, for every t < oo,
lim Px(H = (z1,...,2:)) =PX(H" = (z1,...,2)). (4.1.15)

n—00

Thus, the distribution of finite connected components in the random graph ER,(A/n) is
closely related to a Poisson branching process with mean A. This relation shall be explored
further in the remainder of this chapter.
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4.2 Comparisons to branching processes

In this section, we investigate the relation between connected components and binomial
branching processes. We start by proving two stochastic domination results for connected
components in the Erdés-Rényi random graph. In Theorem 4.2, we give a stochastic upper
bound on |C(v)|, and in Theorem 4.3 a lower bound on the cluster tails. These bounds will
be used in the following sections to prove results concerning |Cmax|.

4.2.1 Stochastic domination of connected components

We prove the following upper bound, which shows that each connected component is
bounded from above by the total progeny of a branching process with binomial offspring
distribution:

Theorem 4.2 (Stochastic domination of the cluster size). For each k > 1,
Pup(IC() > k) S Pup(T7 2 k), e, [C(1)| XT7, (42.1)
where T= is the total progeny of a binomial branching process with parameters n and p.

Proof. Let N; = n — i — S; denote the number of neutral vertices after ¢ explorations, so
that, conditionally on N;_1, X; ~ Bin(N;_1,p). Let Y; ~ Bin(n — N;_1,p), and write

X7 =X+ Y. (4.2.2)
Then, conditionally on (Xj);;ll, X7 ~ Bin(n,p). Since this distribution is independent of
(Xj);;ll, the sequence ( jz )j>1 is in fact i.i.d. Also, X7 < X; a.s. since Y; > 0 a.s.
Denote
S =X{+...+X7—(i—1). (4.2.3)
Then,

Pop(|C(1)| > k) =P(S: >0Vt < k—1) <P(S7 >0Vt <k—1)=P(T> > k), (4.2.4)

where T2 = min{t: SZ = 0} is the total progeny of a branching process with binomial
distribution with parameters n and success probability p. O

Exercise 4.12 (Upper bound for mean cluster size). Show that, for A < 1, Ex[|C(v)]] <
1/(1—N).
4.2.2 Lower bound on the cluster tail

We prove the following lower bound, which shows that the probability that a connected
component has size at least k£ is bounded from below by the probability that the total
progeny of a branching process with binomial offspring distribution exceeds k, where now
the parameters of the binomial distribution are n — k and p:

Theorem 4.3 (Lower bound on cluster tail). For every k € [n],
Prp(IC(1)] = k) > Pk p(T= > k), (4.2.5)

where T= s the total progeny of a branching process with binomial distribution with pa-
rameters n — k and success probability p = A/n.

Note that, since the parameter n —k on the right-hand side of (4.2.5) depends explicitly
on k, Theorem 4.3 does not imply a stochastic lower bound on |C(1)|.
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Proof. We again use a coupling approach. Recall that N; denotes the number of neutral
vertices after ¢ explorations. Denote the stopping time 7; by

T = min{t: N, <n —k}. (4.2.6)

Then, T, < k—1, since Ny_1 <n—(k—1)—1=n—k. We let Xf denote an i.i.d.
sequence of Bin(n — k, p) random variables. For ¢ < Ti 4+ 1, and conditionally on N;_1, let
Y; have a Bin(N;—1 — (n — k), p) distribution independently of all other random variables
involved. Define

X, =X-+Y. (4.2.7)

Then, clearly, X; < X a.s. for all i < Ty, + 1.
Now, we can rewrite

Py (IC(1)] = k) = Pop(Se > OV < k — 1) = Pop(Sy > OV < Ta). (4.2.8)

Indeed, if S; > 0 for all ¢ < T, then also Sy > 0 for all ¢t < k — 1, since then (a
St =n—Te—Np, >n—"Tiy — (n—k) =k — T and (b) ¢t — S; goes down by at most 1
so that Sy >0 forall t < Tp, + (k— Tk) — 1 =k — 1, as required.
Denote
S =X74 ...+ X5 —(i—1). (4.2.9)

Then, S§ < S; for all t < T;. Using the above coupling and the fact that T, < k — 1, we
can therefore bound

{Si >0Vt < T — 1} D{SF >Vt < TR} D {SF >0Vt <k — 1} = {T= >k}, (4.2.10)

where T< = min{t: S; = 0} is the total progeny of a branching process with binomial
distribution with parameters n — k and success probability p. O

The general strategy for the investigation of the largest connected component |Cmax| is as
follows. We make use of the stochastic bounds in Theorems 4.2-4.3 in order to compare the
cluster sizes to binomial branching processes. Then, using Theorem 3.20, we can make the
comparison to a Poisson branching process with a parameter that is close to the parameter
A in ER,(A/n). Using the results on branching processes in Chapter 3 then allows us to
complete the proofs.

By Theorems 4.2—4.3, the connected components of the Erdés-Rényi random graph are
closely related to binomial branching processes with a binomial offspring with parameters
n and p = A\/n. By Theorem 3.1, the behavior of branching processes is rather different
when the expected offspring is larger than 1 or smaller than or equal to 1. In Theorems
4.2-4.3, when k = o(n), the expected offspring is close to np ~ \. Therefore, for the
Erdés-Rényi random graph, we expect different behavior in the subcritical regime A < 1,
in the supercritical regime A > 1 and in the critical regime A = 1.

The proof of the behavior of the largest connected component |Cmax| is substantially
different in the subcritical regime where A\ < 1, which is treated in Section 4.3, compared
to the supercritical regime A > 1, which is treated in Section 4.4. In Section 4.5, we prove
a central limit theorem for the giant supercritical component. The critical regime A = 1
requires some new ideas, and is treated in Section 5.1.

4.3 The subcritical regime

In this section, we derive bounds for the size of the largest connected component for the
Erdés-Rényi random graph in the subcritical regime, i.e., when A = np < 1. Let I denote
the large deviation rate function for Poisson random variables with mean A, given by

Iy =X—1—1log(\). (4.3.1)
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Recall Exercise 2.17 to see an upper bound on Poisson random variables involving I, as
well as the fact that I > 0 for all A # 1.

The main results when A < 1 are Theorem 4.4, which proves that |Cmax| < alogn with
high probability, for any a > I, ! and Theorem 4.5, where a matching lower bound on
|Cimax| is provided by proving that |Cmax| > alogn with high probability, for any a < I} '.
These results are stated now:

Theorem 4.4 (Upper bound on largest subcritical component). Fiz A < 1. Then, for
every a > I;l, there exists a 6 = §(a, \) > 0 such that

P (|Cmax| > alogn) = O(n™°). (4.3.2)

Theorem 4.5 (Lower bound on largest subcritical component). Fiz A < 1. Then, for
every a < I ", there exists a § = d(a,\) > 0 such that

P2 (|Cmax| < alogn) = O(n™?%). (4.3.3)

Theorems 4.4 and 4.5 will be proved in Sections 4.3.2 and 4.3.3 below. Together, they
prove that [Cmax|/logn — It

Exercise 4.13 (Convergence in probability of largest subcritical cluster). Prove that The-
orems 4.4 and 4.5 imply |Cmax|/logn — I;l.

4.3.1 Largest subcritical cluster: strategy of proof of Theorems 4.4 and 4.5
We start by describing the strategy of proof. We denote by

Zav =) ek} (4.3.4)

v=1

the number of vertices that are contained in connected components of size at least k. We
can identify |Cmax| as
|Cmax| = max{k : Z>, > k}, (4.3.5)

which allows us to prove bounds on |Cmax| by investigating Z>, for an appropriately chosen
k. In particular, (4.3.5) implies that {|Cmax| > k} = {Z>r > k}:

Exercise 4.14 (Relation |Ciax| and Zs). Prove (4.3.5) and conclude that {|Cmax| > k} =
{Z=k 2 K}

To prove Theorem 4.4, we use the first moment method or Markov inequality (Theorem
2.14). We compute that
Ex[Zs4] = nPA(IC(1)] > k), (4.3.6)

and we use Theorem 4.2 to bound Py(|C(1)| > k») for k, = alogn for any a > I; .
Therefore, with high probability, Z>, = 0, so that, again with high probability, |Cmax| <
krn. This proves Theorem 4.4. For the details we refer to the formal argument in Section
4.3.2.

To prove Theorem 4.5, we use the second moment method or Chebychev inequality
(Theorem 2.15). In order to be able to apply this result, we first prove an upper bound
on the variance of Z, see Proposition 4.7 below. We further use Theorem 4.3 to prove a
lower bound on Ex[Z>4, ], now for k,, = alogn for any a < I, '. Then, (2.4.5) in Theorem
2.15 proves that with high probability, Z>x, > 0, so that, again with high probability,
|Cmax| > kn. We now present the details of the proofs.
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4.3.2 Upper bound on the largest subcritical cluster: proof of Theorem 4.4

By Theorem 4.2,
Pr(IC()| > t) < Ppp(T > t), (4.3.7)

where T is the total progeny of a branching process with a binomial offspring distribution
with parameters n and p = A/n. To study Pn (T > t), we let {X;}72; be an i.i.d. sequence
of binomial random variables with parameters n and success probability p, and let

Si=Xi4... + X, —(t—1). (4.3.8)

Then, by (3.3.2) and (3.3.1), we have that
Prp(T > 1) <Ppp(Se > 0) =P (X1 4 ...+ X, > 1) <e v (4.3.9)
by Corollary 2.17 and using the fact that X; + ...+ X; ~ Bin(nt, A\/n). We conclude that
Pr(|C(v)] > t) < e . (4.3.10)

Therefore, using Exercise 4.14, the Markov inequality (Theorem 2.14) and again with
kn = alogn,

Pr(|Cmax| > alogn) < Px(Zzk, > 1) < Ex[Z>4,]
= nPx(|C(1)] > alogn) < n'~*e' = 0(n™?), (4.3.11)
whenever a > 1/I and with § = alx — 1. This proves that with high probability the

largest connected component is bounded by alogn for every a > I L O

We now give a second proof of (4.3.10), which is based on a distributional equality of S,
and which turns out to be useful in the analysis of the Erdds-Rényi random graph with
A > 1 as well. The result states that S; is also binomially distributed, but with a different
success probability. In the statement of Proposition 4.6 below, we make essential use of
the formal continuation of the recursions in (4.1.3) and (4.1.4) for the breadth-first search,
defined right below (4.1.4). Note that, in particular, S; need not be non-negative.

Proposition 4.6 (The law of S;). For allt € [n],
Si+(t—1) ~Bin(n— 1,1—(1—p)t). (4.3.12)

We shall only make use of Proposition 4.6 when |C(v)| > ¢, in which case S; > 0 does
hold.

Proof. Let N; represent the number of unexplored vertices, i.e.,
Ne=n—t— 5. (4.3.13)

Note that X ~ Bin(m,p) holds precisely when Y = m — X ~ Bin(m,1 — p). It is more
convenient to show the equivalent statement that for all ¢

Ny ~ Bin(n —1,(1 - p)t). (4.3.14)

Heuristically, (4.3.14) can be understood by noting that each of the vertices {2,...,n}
has, independently of all other vertices, probability (1 — p)* to stay neutral in the first ¢



82 Phase transition for the Erdés-Rényi random graph

explorations. More formally, conditionally on S, we have that X; ~ Bin(n —(t-1) -
Stfl,p) by (4.1.4). Thus, noting that No =n — 1 and

Nt :nftht:nfthtflet+1
=n—(t—1)—Si—1 —Bin(n — (t — 1) — S¢—1,p)
= N¢—1 — Bin(Ni—1,p) = Bin(N¢—1,1 — p), (4.3.15)
the conclusion follows by recursion on t. O

Exercise 4.15 (A binomial number of binomial trials). Show that if N ~ Bin(n,p) and,
conditionally on N, M ~ Bin(N, q), then M ~ Bin(n,pq). Use this to complete the proof
that Ny ~ Bin(n — 1, (1 — p)*).

To complete the second proof of (4.3.10), we use Proposition 4.6 to see that
PA(IC(v)| > t) <P(S¢ > 0) < Px(Bin(n— 1,1 — (1 —p)") > t). (4.3.16)

Using Bernoulli’s inequality 1 — (1 — p)* < tp, we therefore arrive at

PA(IC(v)| > ) < P (Bin(n, %) > §) < mipe™ AP

_ A _ .
=mine *'[1 4+ =(e® — 1)]" < mine 7Y, (4.3.17)
s>0 n 5>0

where we have used the Markov inequality (Theorem 2.14) in the second inequality, and
1+ 2 <¢€” in the last. We arrive at the bound

PA(|C(v)] > t) < e >, (4.3.18)
which reproves (4.3.10). O

4.3.3 Lower bound on the largest subcritical cluster: proof of Theorem 4.5

The proof of Theorem 4.5 makes use of a variance estimate on Z>,. We use the notation
Xzx(A) = Ex |:|C(U)|]l{\c(u)\2k}:|- (4.3.19)

Note that, by exchangeability of the vertices, x>« () does not depend on v.
Proposition 4.7 (A variance estimate for Z5,). For every n and k € [n],

Vary(Zsx) < nxsr(A). (4.3.20)
Proof. We use that

Vara(Zzx) = 3 [PAUCG)] > k,[CG)| > k) = PA(CE)] > BPAGCG)] > B)]. (4.3.21)

ij=1
We split the probability Px(|C(¢)| > k, |C(j)| > k), depending on whether i <— j or not:
Pa(IC(i)| = K, |C(7)] = k) = PA(IC(2)| = k,i <— j) + PA(IC(d)| = K, [C(5)| = ki > ).
(4.3.22)
Clearly,
PA(IC@)] =1,1C(G)| = ki« )
=Pa(IC(0)| = Li < HPA(ICOH| = k | [CG@)| =10 <+ ). (4.3.23)
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When |C(¢)| =1 and ¢ < j, then all vertices in the components different from the one of
i, which includes the components of j, form a random graph where the size n is replaced
by n — . Since the probability that |C(j)| > k in ER,(p) is increasing in n, we have that

PA(IC()| > k[IC(i)| = Li « §) < PA(IC()] > k). (4.3.24)
We conclude that
Pr(IC(@)] = LICG)| = kyi < 5) = PA(IC()| = DPA(IC(G)| = k) <0, (4.3.25)
which in turn implies that
Vary(Zs=x) < Y PA(IC(i)| > k,i +— j). (4.3.26)
i,j=1

Therefore, we arrive at the fact that, by the exchangeability of the vertices,

Vara(Zs1) < zn: PA(IC(0)| > k,i s §)

i,j=1

= Z Z Ex[Lgicy=r Ljeca)]

i=1 j=1
=D B [ﬂ{\cwzm > ﬂ{jecm] : (4.3.27)
i=1 j=1
Since 3°7_, Lgjecqyy = |C(i)], we arrive at
Varx(Z=x) < > EA[IC(0)|T(cay=ry] = nEAIC() Mgjcy =] = nx=x(N).  (4.3.28)

O
Proof of Theorem 4.5. To prove Theorem 4.5, it suffices to prove that Py(Zs,, = 0) =
O(n™?), where k, = alogn with a < I;'. For this, we use the Chebychev inequality
(Theorem 2.15). In order to apply Theorem 2.15, we need to derive a lower bound on
Ex[Z>,] and an upper bound on Vary(Zs;).
We start by giving a lower bound on Ej[Z5,]. We use that

Ex[Z5k] = nPsi(N), where Ps,(\) =Pr(IC(v)| > k). (4.3.29)

We take k = k, = alogn. We use Theorem 4.3 to see that, with T a binomial branching
process with parameters n — k, and p = A/n,

PZk()‘) 2 Pn,kmp(T Z alog n) (4330)

By Theorem 3.20, with 7™ the total progeny of a Poisson branching process with mean
>\n — )\H:Lknz

2
Pt p(T > alogn) =P (T > alogn)+ O(M). (4.3.31)
Also, by Theorem 3.16, we have that
T - * — (k) T
Py, (T* >alogn)= > Py (T"=k= > e (4.3.32)

k=alogn k=alogn
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By Stirling’s formula,

Kl = (g)k\/ﬂ(l +o(1)), (4.3.33)

so that, recalling (4.3.1), and using that I, = Ix + o(1),

P(T* > alogn) = A™" Z

k=alogn

\/ﬁe*%’“(l +0(1)) = ¢ Tratean(tel)) (43 34)

As a result, it follows that, with k, = alogn and any 0 < a < 1 — Ixa,
Ex[Z5k,] = nPsg, (A) > nt 7)) 5 o (4.3.35)

We next bound the variance of Z>, using Proposition 4.7. By (4.3.10),

Xokn () = D Por(M) < Y e Y
t=knp t=kn
e_(kn_l)l)\

—— = O(n="™). (4.3.36)

We conclude that, by Proposition 4.7,
Vary(Zsk,) < nxsk, () < O(n'7"1), (4.3.37)
while
]E)\ [Zan] 2 na. (4‘338)
Therefore, by the Chebychev inequality (Theorem 2.14),

Pr(Zsx, =0) < M

1—al—2ay _ s
S Ezor,r S0 )=0(n""), (4.3.39)

when we pick § = 2a — (1 — Ixa), and 0 < o < 1 — Ira such that § = 2a — (1 — Ixa) > 0.
Finally, we use that
]P))\(|Cmax| < k/n) = P/\(Zan = O), (4340)

to complete the proof of Theorem 4.5. O

4.4 The supercritical regime

In this section, we fix A > 1. The main result proved in this section is the following
theorem. In its statement, we write {y = 1 — ) for the survival probability of a Poisson
branching process with mean offspring .

Theorem 4.8 (Law of large numbers for giant component). Fiz A > 1. Then, for every
v € (3,1), there exists a 6 = 6(v,\) > 0 such that

Pk(l\cmg - Qn’ > n) —0(n™"). (4.4.1)

Theorem 4.8 can be interpreted as follows. A vertex has a large connected component
with probability {x. Therefore, there are of the order {yn vertices with large connected
components. Theorem 4.8 implies that all these vertices in large components are in fact
in the same connected component, which is called the giant component. We first give an
overview of the proof of Theorem 4.8.
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4.4.1 Strategy of proof of law of large numbers for the giant component

In this section, we give an overview of the proof of Theorem 4.8. We again crucially
rely on an analysis of the number of vertices in connected components of size at least k,

Zow =Y jew)=k}- (4.4.2)

v=1
The proof contains 4 main steps. In the first step, we compute
E[Z>k,] = nPA(|C(v)| > k). (4.4.3)

We evaluate P»(|C(v)| > k) using the bound in Theorem 4.3. Indeed, Proposition 4.9
below states that for k, = K logn and K sufficiently large

PA(IC(v)] > kn) = Ca(1 + o(1)). (4.4.4)

In the second step, we use a variance estimate on Z>, in Proposition 4.10, which implies
that, whpand for all v € (3,1),

|Z>k, — Ex[Z54,]] < 0. (4.4.5)

In the third step, we show that, for k = k, = Klogn, for some K > 0 sufficiently
large, there is with high probability no connected component with size in between k,, and
an for any o < ¢x. This is done by a first moment argument: the expected number of
vertices in such connected components is equal to Ex[Zsy,, — Z>an], and we use the bound
in Proposition 4.9 described above, as well as Proposition 4.12, which states that, for any
a < (y, there exists J > 0 such that

Px(kn < |C(v)| < an) < e 7, (4.4.6)

In the fourth step, we prove that for 2a > (x, and on the event that there are no
clusters with size in between k,, and an, and on the event in (4.4.5),

Z>1, = |Cmax|- (4.4.7)
The proof of Theorem 4.8 follows by combining (4.4.3), (4.4.5) and (4.4.7). We now give
the details of the proof of Theorem 4.8.

Step 1: The expected number of vertices in large components. In the first step,
we show that the probability that |C(v)| > k is, for kn > alogn, close to the survival
probability of a Poisson branching process with mean A. Proposition 4.9 implies (4.4.4).

Proposition 4.9 (Cluster tail is branching process survival probability). Fiz A > 1 and
let n — oo. Then, for k, > alogn where a > I;l and I is defined in (4.3.1),

Pr(IC(v)[ = kn) = x4 O(kn/n). (4.4.8)

Proof. For the upper bound on P»(|C(v)| > k), we first use Theorem 4.2, followed by
Theorem 3.20, to deduce

PA(IC(0)] > k) < Prs/(T > kn) < PA(T* > k) + Olkn /n), (4.4.9)

where T and T, respectively, are the total progeny of a binomial branching process with
parameters n and A/n and a Poisson mean A branching process, respectively. To complete
the upper bound, we use Theorem 3.8 to see that

P5(T* > kn) = P5(T* = 00) + Py (kn < T* < 0)
=G+ 0(e ™) = G+ O(kn /1), (4.4.10)
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as required.
For the lower bound, we use Theorem 4.3 again followed by Theorem 3.20, so that, with
An = A1 — kn/n),

PA(IC(0)| = kn) = Ppg, a/n(T = kn) = Py, (T" > kn) + O(kn /), (4.4.11)

where now T and T, respectively, are the the total progeny of a binomial branching process
with parameters n — k, and A/n and a Poisson mean ), branching process, respectively.
By Exercise 3.29 for k,, > alogn with a > I;l,

Px, (T* > kn) = G, + O(e 20 ) = (5, + O(kn/n). (4.4.12)

Now, furthermore, by the mean-value theorem,

d
M =+ An = Aoy =+ Okn/n), (4.4.13)

for some A;, € (An,A), where we use Corollary 3.19 for A > 1 and A\, — A = k,/n.
Therefore, also ¢, = (x + O(kn/n). Putting these estimates together proves the lower
bound. Together, the upper and lower bound complete the proof of Proposition 4.9. O

Step 2: Concentration of the number of vertices in large clusters. The proof
of Theorem 4.8 makes use of a variance estimate on Zs,. In its statement, we use the
notation

X<r(X) = EA[IC(v)|1gic(v)|<k}]- (4.4.14)

Proposition 4.10 (A second variance estimate on Zs,). For every n and k € [n],
Vara (Zsx) < (k4 )nx<r(). (4.4.15)

Note that the variance estimate in Proposition 4.10 is, in the supercritical regime, much
better than the variance estimate in Proposition 4.7. Indeed, the bound in Proposition 4.7
reads

Vara(Zsi) < nxsi(N). (4.4.16)

However, when A > 1, according to Theorem 4.8 (which is currently not yet proved),
|C(1)] = ©(n) with positive probability. Therefore,

nx=x(A) = O(n?), (4.4.17)

which is a trivial bound. The bound in Proposition 4.10 is at most ©(k?n), which is much
smaller when k is not too large.

Proof. Define

Zow =Y jew)<k}- (4.4.18)
v=1

Then, since Z., =n — Z>, we have
Vary(Zsy) = Vara(Z<y). (4.4.19)

Therefore, it suffices to prove that Var(Z.,) < (Ak + 1)nx<x(A). For this, we compute

Vara(Za) = 37 [BA(IC)] < k,C(G)| < B) = BA(C()| < WPA(CG)] < k)] (4.4.20)

i,j=1
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We again split, depending on whether 7 +— j or not:

n

Vara(Z<) = Y [PA(ICE)| < k. [C()] < kyi £ 5) = PA(IC(0)] < R)PA(IC()| < k)]

4,j=1

+ Z PA(IC(i)| < k, |C(j)| < k,i +— j). (4.4.21)

i,j=1

We compute explicitly, using that |C(¢)| = |C(j)| when i +— 7,

Z ]P)A |C | <k, |C( )l < k,i¢+— j Z Ex [Il{|C(i)\<k}]l{i<—>j}]

4,j=1 4,j=1

= Ex[lgcmi<ry Y Tgiejy]
i—1 j=1

= ZEA[|C(i)\ﬂ{\cu>\<k}] =nx<(N).  (4.4.22)

i=1
To compute the first sum on the right hand-side of (4.4.21) we write that, for [ < k,

Pa(IC@)| =1,1C(H)] <k, i< 4)
=Pa(IC(0)| = OPA(i +4 §ICGE)| = DPA(IC(G)| < K|IC(E)| = 1,3+ j).  (4.4.23)

See Exercise 4.16 below for an explicit formula for IP’)\ ﬁé ]HC )| = l We bound
<_7L> JHC )| —l < 1, to obtain

PA(IC@)] = LICG)| < kyi > §) S PA(IC@)| = DPA(ICG)| < k|IC@D)] = 1,3 4 j).
(4.4.24)

Now we use that, when |C(z)| = [ and when i < j, the law of |C(j)| is identical to the
law of |C(1)] in a "random graph with n — [ vertices and edge probability p = A\/n, i.e.,

Pua(IC() < K|ICO)| = 1,0+ j) = Para(IC)] < k), (4.4.25)
where we write P, » for the distribution of ER(m, A/n). Therefore,

PA(IC(H)| < k[IC(D)] = L,i < 4) (4.4.26)
=P x(|C(1)| < k) =P x(IC()| < k) + Pria(|C(V)| < k) =P (IC(1)]| < k).

We can couple ER(n — I, p) and ER,(p) by adding the vertices {n — [+ 1,...,n}, and by
letting st, for s € {n—1+1,...,n} and ¢ € [n] be independently occupied with probability
p. In this coupling, we note that P,_; A (|C(1)] < k) — P,,x(JC(1)] < k) is equal to the
probability of the event that |C(1)] < k in ER(n — [,p), but |[C(1)] > k in ER,(p). If
IC(1)| < k in ER(n — I,p), but [C(1)| > k in ER,(p), it follows that at least one of the
vertices {n — Il + 1,...,n} must be connected to one of the at most k vertices in the
connected component of vertex 1 in ER(n —1, p). This has probability at most lkp, so that,
by Boole’s inequality,

PA(IC(H)| < k,i < 4|IC(0)| =1) = PA(IC(j)| < k) < lkA/n. (4.4.27)
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Therefore,

n

Y [BA(CO)] < b, [C()I < ki 5) = PA(IC(0)] < k)PA(IC()] < k)]

ij=1
Akl Ak )
< ; > —, Badle(@) = ZEAHC(ZNH{\C@)KH] =nkAx<i(A), (4.4.28)
i 0.
which, together with (4.4.21)—(4.4.22), completes the proof. O

Exercise 4.16 (Connectivity with given expected cluster size). Show that

[—1
n—1

L«p2llc())=1)=1- (4.4.29)

Corollary 4.11 (Concentration of the number of vertices in large components). Fiz k, =
Klogn. Then, for K sufficiently large,

Pr(|Zsk, —nCx| >n") = O(n"°). (4.4.30)
Proof. We use Proposition 4.9 to note that
Ex[Z5k,] = nPA(|C(v)] > kn) = nlx + O(kn), (4.4.31)
and therefore, for n sufficiently large and since k, = o(n"),
{122k = Ex[Z2r, ]l <n7/2} C{|Z24, —nGi[ < 0"} (4.4.32)

By the Chebychev inequality (Theorem 2.15), and using Proposition 4.10 as well as x <x,, (A) <
kn, we then obtain that

Pr(|Z5k, — nGx| <) > Pr(|Z54, — BA[Zsk,]| < n"/2) > 1 — 40" *Var(Zs,,)
>1—4n' " (\kp + k) >1-n"°, (4.4.33)

for any ¢ < 2v — 1 and n sufficiently large, since k, = K logn. O

Step 3: No middle ground. We next show that the probability that k, < |C(v)| < an
is exponentially small in k,,:

Proposition 4.12 (Exponential bound for supercritical clusters smaller than (xn). Fiz
A > 1 and let k, — oo. Then, for any a < (x, and with

J(,\) = Iy(asn) > 0, with — glaz\) = (1 —e ) /a, (4.4.34)

such that
Pa(kn < [C(v)| < an) < e (@) /1 — /()] (4.4.35)

Proof. We start by bounding
Py (kn < [C(v)] < an) Z Px(|C(v Z P (S: = 0), (4.4.36)
t=kn t=kn

where we recall (4.1.3). By Proposition 4.6, we have that S; ~ Bin(n—1,1—(1—p)*)+1—¢.
Therefore, with p = A\/n,

PA(S; = 0) = Py (Bin(n —L1-(1-p)) =t— 1). (4.4.37)
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To explain the exponential decay, we note that, for p = A/n and t = an,

1I-(1-pf=1- (1 - %)an =1 —e)(140(1)) for large n. (4.4.38)

Ao

The unique solution to the equation 1 — e ™" = a is a = (ix:

Exercise 4.17 (Uniqueness solution of Poisson survival probability equation). Prove that
the unique solution to the equation 1 — e ™ = « is a = (x, where ¢\ is the survival
probability of a Poisson branching process with parameter .

If o < ¢a, then o < 1 — e and thus the probability in (4.4.37) drops exponentially.
We now fill in the details. First, by (4.4.37) and using that 1—p < e™®, so that 1—(1—p)* >
1—e Pt

PA(S; =0) =Px(Bin(n —1,1— (1 —p)*) =t —1) <Py(Bin(n— 1,1 — (1 —p)") <t —1)
< PA(Bin(n, 1 — (1 —p)") <t) <Px(Bin(n,1 —e ) < ¢). (4.4.39)

We bound, for each s > 0, and using that 1 —x <e™,
Py (S; = 0) < e“E[esBin("ﬂ—e"”)} = e ((1 —e e 4 e“’t)n (4.4.40)

= (14 (e (et 1) < et

_ est+n(17e7’\t/")(lfefs)

The minimizer of s — st + n(1 — e ?")(1 — e™*) over s is equal to
s* =log (n(l - e_>‘t/")/t>7 (4.4.41)

Write ¢t = Bn and g(8;\) = (1 — e *¥)/B. Note that limgyo g(B;A) = A > 1, and, by
Exercise 4.17, g(¢x; A\) = 1. Further, 8 — g(8; ) is decreasing, since
0 g(B; ) —BA
—g(B;\) = ==2—={(BN)e —1| <o. 4.4.42
55900 = L2 [(33e 1) (4442
As a result, s* > 0 precisely when 8 < (.
Substitution of s* = log (n(l - e_’\t/")/t) yields

Px(S; = 0) < o t(logat/mn)—1=g(t/mN) _ o~tIyte/mn), (4.4.43)
Since A — I is increasing and t/n < a < (y, it follows that
P (S = 0) < e Hotan) = g7t/ (4.4.44)

We conclude that

Pa(kn < [C)| S an) < D PA(Si =0) < Y e N <o) [ oM@,

t=kn, t=ky,
(4.4.45)

This completes the proof of Proposition 4.12. O

We finally state a consequence of Proposition 4.12 that shows that there is, with high
probability, no cluster with intermediate size, i.e., size in between k, = Klogn and an.
Corollary 4.13 implies (4.4.6):
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Corollary 4.13 (No intermediate clusters). Fiz k, = Klogn and a < {x. Then, for K

sufficiently large, and with probability at least 1 — n~°%, there is no connected component
with size in between k, and an.

Proof. We use that the expected number of clusters with sizes in between k,, and an, for
any a < (y, is equal to

Ex[Zskn — Zsant1] = nPr(kn < |C(v)| < an) < Cne™ "7, (4.4.46)

where we have used Proposition 4.12 for the last estimate. When k, = Klogn, and K
is sufficiently large, the right-hand side is O(n~?). By the Markov inequality (Theorem
2.14),

PA(v s kn < [C(v)] < an) = Pr(Zzr, = Zoania 2 1) (4.4.47)
S EX[ZZK‘n - Zzom,+1] = O(n_é).

This completes the proof of Corollary 4.13. O

Exercise 4.18 (Connectivity and expected cluster size). Prove that the expected cluster
size of a given vertex
x(A) = ExflC(D)]], (4.4.48)

satisfies
Xx(A) =14 (n—1)Pxr(1 +— 2). (4.4.49)

Exercise 4.19 (Connectivity function). Prove that (4.4.1) and Corollary 4.18 imply that,
for A >1,
Pa(1 +— 2) = C3[1 4 o(1)]. (4.4.50)

Exercise 4.20 (Supercritical expected cluster size). Prove that (4.4.1) implies that the
expected cluster size satisfies, for A > 1,

XA) = Gn(1 + o(1)). (4.4.51)

Step 4: proof of law of large numbers of giant component in Theorem 4.8. We
fix v € (5,1), @ € ((+/2,¢x) and take k, = K logn with K sufficiently large. Let &, be
the event that

(1) [Zzr, —nCx| < ¥
(2) there does not exist a v € [n] such that k, < |C(v)| < an.

In the proof of Theorem 4.8 we use the following lemma:

Lemma 4.14 (|Cmax| equals Z>, with high probability). The event &, occurs with high
probability, i.e., PA(ES) = O(n™?), and |Cmax| = Z>x, on the event &,.

Proof. We start by proving that &, occurs with high probability. For this, we note that
&S, equals the union of complements of the events in (1) and (2) above, and we shall bound
these complements one by one. By Corollary 4.11, Py(|Zsx, — nlx| > n”) = O(n~%). By
Corollary 4.13, P5(3v € [n] such that k, < |[C(v)| < an) < n~%. Together, these estimates
imply that Py (£2) = O(n~%).

To prove that |Cmax| = Z>&,, , we start by noting that {|Zsx, — (n| < n”} C {Zsy, >
1}. Thus, |Cmax| < Zsk, when the event &, holds. In turn, |Cmax| < Zsk, implies that
there are two connected components with size at least k,. Furthermore, since &£, occurs,
there are no connected components with sizes in between k,, and an. Therefore, there must
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be two connected components with size at least an, which in turn implies that Z>, > 2an.
When 2a > ¢ and n is sufficiently large, this is in contradiction with Z5,, < (\n+n”.
We conclude that [Cmax| = Z>k,, - 0

Proof of Theorem 4.8. By the fact that |Cmax| = Z>,,, we have

P (||Cmax| — ¢an| < n”) > Pa({][Cmax| — Gn| <07} N E) =PBa(En) > 1—0(n°),
(4.4.52)

since, by Lemma 4.14 and on the event &, [Cmax| = Z>,, and |Zsk, — nlx| < n”. This
completes the proof of the law of large number of the giant component in Theorem 4.8. [

4.4.2 The discrete duality principle

Using the results we can construct a duality principle for Erdés-Rényi random graphs
similar to the duality principle for branching processes:

Theorem 4.15 (Discrete duality principle). Let ux < 1 < X be conjugates as in (3.6.7).
Conditionally, the graph ERyn(A/n) with the giant component removed is close in law to
the random graph ER(m, £2), where the variable m = [nny] is the asymptotic number of
vertices outside the giant component.

We will see that the proof follows from Theorem 4.8, since this implies that the giant
component has size n — m = (in(l + o(1)). In the statement of Theorem 4.15 we make
use of the informal notion ‘close in law’. This notion can be made precise as follows. Let
ER.(\/n) be ER,(A\/n) with the giant component removed. We write P} for the law of
ER,(A/n)’, and we recall that P, ,, denotes the law of ER(m, ). Let £ be an event which
is determined by the edges variables. Then, if limm,— oo Pm,u, (€) exists, then

lim P, \(£) = lim Py, (£). (4.4.53)

n—r00 m— o0

We shall sketch a proof of Theorem 4.15. First of all, all the edges in the complement of
the giant component in ER,, (p) are independent. Furthermore, the conditional probability
that an edge st is occupied in ER,(p) with the giant component removed is, conditionally
on |Cmax| = n —m, equal to

A A
240 (4.4.54)
n  mn
Now, m = nan, so that the conditional probability that an edge st is occupied in ER,,(p)
with the giant component removed, conditionally on [Cmax| & (i1, is equal to

A A (4.4.55)
n m m’ o

where we have used (3.6.2) and (3.6.5), which implies that Anx = px. Therefore, the
conditional probability that an edge st is occupied in ER, (p) with the giant component
removed, conditionally on [Cmax| = (A1, is equal to ‘%

Exercise 4.21 (Second largest supercritical cluster). Use the duality principle to show that
the second largest component of a supercritical Erdés-Rényi random graph C.y satisfies

L)C(?Q;l Il (4.4.56)
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4.5 The CLT for the giant component

In this section, we prove a central limit theorem for the giant component in the super-
critical regime, extending the law of large numbers for the giant component in Theorem
4.8. The main result is as follows:

Theorem 4.16 (Central limit theorem for giant component). Fiz A > 1. Then,

7‘%“% Gn_a, ., (4.5.1)

. . . . 1—
where Z is a normal random variable with mean 0 and variance o3 = %

We shall make use of the exploration of connected components to prove Theorem 4.16. In
the proof, we shall make essential use of Theorem 4.8.

In order to present the proof, we start with some introductions. Fix k = k,,, which will
be chosen later on. We shall explore the union of the connected components of the vertices
[k] = {1,...,k}. When k — oo and using Theorem 4.8, this union contains the largest
connected component Cmax, and it cannot be larger than |Cmax| + kbn, where b, < Klogn
is an upper bound on the second largest component. Taking k = o(n”) with v < %, this

union of components is equal to |Cmax| + 0(y/n). As a result, a central limit theorem for
the union of components implies one for |Cmax|. We now describe the size of the union of
the components of {1,...,k}.
Let So = k and, for ¢t > 1, let
Si=S81+X,—1, (4.5.2)

where
X, ~ Bin(n — Sy — (t— 1),p>. (4.5.3)

Equations (4.5.2) and (4.5.3) are similar to the ones in (4.1.3) and (4.1.4). We next derive
the distribution of S; in a similar way as in Proposition 4.6:

Proposition 4.17 (The law of S; revisited). For all t € [n],
S;+ (t—1) ~Bin(n —k,1—(1—p)" ). (4.5.4)
Moreover, for all l,t € [n] satisfying | > t, and conditionally on St,
Si+(I—t)— S ~Bin(n— (t—1)—S;,1— (1 -p)'7). (4.5.5)

For k = 1, the equality in distribution (4.5.4) in Proposition 4.17 reduces to Proposition
4.6.

Proof. For t > 1, let N; represent the number of unexplored vertices, i.e.,
Ne=n—(t—1)—5;. (4.5.6)
It is more convenient to show the equivalent statement that for all t > 1
N; ~Bin(n -k, (1 —p)""). (4.5.7)

To see this, we note that each of the vertices {k +1,...,n} has, independently of all other
vertices, probability (1 —p)*~' to stay neutral in the first ¢ explorations. More formally,
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conditionally on S:—1, and by (4.5.3), we have that X; ~ Bin(n —Siz1 — (t—1),p) =
Bin(N;—1,p) by (4.5.3). Thus, noting that N1 ~ Bin(n — k, (1 — p)*) and
Nt:n—(t+k—1)—St:n—(t+k—1)—St,1—Xt—i—l
=n—(t+k—2)— St—1 — Bin(N¢—1,p)
= N¢—1 — Bin(Nt—1,p) = Bin(N¢—1,1 — p), (4.5.8)

the conclusion follows by recursion on ¢ > 1 and Exercise 4.15. We note that (4.5.8) also
implies that for any I > ¢,
N; ~ Bin(N, (1 —p)'™). (4.5.9)

Substituting Ny =n — (t — 1) — S, this implies that
n—(1-1)—S ~Bin(n—(t—1) -8, (1-p)'") (4.5.10)
:n—(t—1)—St—Bin(n—(t—1)—St,1—(1—p)l_t),
which, in turn, is equivalent to the statement that, for all [ > ¢ and, conditionally on S,
Si+(l—t)— S ~Bin(n— (t—1)— S;, 1 — (1 —p)'7). (4.5.11)
O

We now state a corollary of Proposition 4.17 which states that S|, satisfies a central limit
theorem. In its statement, we make use of the asymptotic mean

pe=1—t—e (4.5.12)
and asymptotic variance
v =e M1 —e M), (4.5.13)
The central limit theorem for S|, reads as follows:

Corollary 4.18 (CLT for S|,:)). Fiz k =k, = o(y/n). Then, for everyt > 0, the random
S|nt] —nht

variable NG

converges in distribution to a standard normal random variable.

Proof. The statement follows immediately from the central limit theorem for the binomial
distribution when we can show that

E[S|nt)] = nue + o(v/n), Var(S|ne)) = nve + o(n). (4.5.14)
Indeed, by the central limit theorem for the binomial distribution we have that

Sint| — E[S|n
L”—M 4z (4.5.15)
Var(SLmJ )
where Z is a standard normal random variable.

Exercise 4.22 (CLT for binomials with general parameters). Prove that if X;, = Bin(an, pn),
where Var(X) = anpn(l — pp) — 00, then

_Xn—@npn 7 (4.5.16)
anpn(l — pn)

where Z is a standard normal random variable. Use this to conclude that (4.5.14) implies
(4.5.15).
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Write

Sint) = np Var(S|nt)) Sint) — E[S|ne)] . E[S|nt)] — e (45.17)
nug nuy \/Var(SLntJ ) \/Var(SLntJ )

By (4.5.14), we have that the last term converges to zero, and the factor 4/ Ver(Sine))

nuvt
converges to one. Therefore, (4.5.14) implies the central limit theorem.
To see the asymptotics of the mean in (4.5.14), we note that

E[S|n)] = (n — k) (1 —-(1- %)WH’C*I) = (Int] = 1) = nue + o(v/n), (4.5.18)

as long as k = o(y/n). For the asymptotics of the variance in (4.5.14), we note that
Var(Spn) = (n— k)(1 - %)WH’H (1-(1— %)WH’H) — vt o(n),  (45.19)

as long as k = o(n). O

Proof of Theorem 4.16. Let |C([k])| be the size of the union of the components of the

vertices 1,...,k. Then,
|C([k])| ~ min{m: S,, = 0}. (4.5.20)

Let k = k,, — co. We will prove below that |C([k])| satisfies a CLT with asymptotic mean
nCx and asymptotic variance no?. By Corollary 4.13, for 2« > ¢ and Theorem 4.8, whp,
the second largest cluster has size at most K logn. Hence, whp,

Cinax| < [C([K])| < [Conax| + (k — 1)K log n. (4.5.21)

We conclude that a central limit theorem for |Cmax| follows from that for |C([k])| for any
k =k, — oo.
The central limit theorem for |C([k])| is proved by upper and upper bounds on the
probabilities
C([ED] = G
P ( \/ﬁ > 33) .
For the upper bound, we use that (4.5.20) implies that, for every ¢,
Pr(IC([k])] > £) = Px(¥Ym < £: S, > 0). (4.5.22)

Applying (4.5.22) to £ = mg = |nx + z+/n], we obtain

PA(W > x) =Pr(Ym < ma: Sm > 0) < Pr(Sm, > 0). (4.5.23)

Now we use (4.5.12), (4.5.14) and p¢, = 0, and writing u} for the derivative of t — i, to
see that

E[Sin, ] = npic, ++/Azit, +0(vi) = viz(e P —1)+o(vi) = vaz(re R
5.2
where we note that Ae™** —1 < 0 for A > 1.

Exercise 4.23 (Asymptotic mean and variance at t = (). Prove that pc, = 0 and
Py = Xe ™ Mr —1 <0 for A > 1.
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The variance of Sy, is, by (4.5.13) and (4.5.14),
Var(Sm, ) = nve, + o(n), (4.5.25)

where v¢, > 0. Thus,

Smy — E[Sm,] _ z(1 = Xe™ )
Px(Sm, >0) =P = = > +o(1). 4.5.26
A( )= (P =) +ol) (4.5.26)
By Corollary 4.18, the right-hand side converges to
— e M
]P’(Z > w) =P(Z > ), (4.5.27)
V¢

where Z’ has a normal distribution with mean 0 and variance v¢, (1— Ae™ X)) 72, We finally
note that, by (3.6.2) and ¢y = 1 — 1y, we have that 1 — ¢, = e~ *%*, 50 that

vey =e A1 —e M) =G (1= C). (4.5.28)

By (4.5.28), the variance of the normal distribution appearing in the lower bound can be
rewritten as (1= )
V¢ AL — G0N
= . 4.5.29
(IT=Xe=2x)2 (1= X+ A2 ( )
By (4.5.23), this completes the upper bound.
For the lower bound, we again use the fact that

P (|C([k])\ —m> x) = Py(Ym < ma: Sm > 0), (4.5.30)

where we recall that mgy = [n{x + z+/n]. Then, for any £ > 0, we bound from below
Pr(Vm < mg: Spm > 0) > Pa(Vm < my: Sm > 0, Sm, > evn)

=Py\(Sm, >evn) —Pr(Sm, > evn,3Im < my: Sm = 0).
(4.5.31)

The first term can be handled in a similar way as for the upper bound. Indeed, repeating
the steps in the upper bound, we obtain that, for every € > 0,

7 (1 —Xe™ ) +¢
VU
The quantity in (4.5.32) converges to P(Z’ > z), where Z’ has a normal distribution with

mean 0 and variance o3, as € . 0.
We conclude that it suffices to prove that

Pa(Sm, > ev/n) = P( ) +o(1). (4.5.32)

Px(Sm, > evn,Im < my: Sy = 0) = o(1). (4.5.33)
To bound the probability in (4.5.33), we first use Boole’s inequality to get
my—1
Pr(Sm, > evn, Im <mu: Sm=0)< Y Pr(Spm =0,Sm, >evn). (4.5.34)
m=1

For m < an with a < {\, we can show that, when k = K logn and K sufficiently large,

and uniformly in m < an,
e et |




96 Phase transition for the Erdés-Rényi random graph

Exercise 4.24 (The probability that S,, = 0). Prove that (4.5.35) holds uniformly in
m < an with o < (x, by using (4.5.4) in Proposition 4.17 and adapting the proof in
(4.4.44).

We continue by proving a similar bound for m > an, where a < {» can be chosen
arbitrarily close to (x. Here we shall make use of the fact that, for m close to (\n,
Ex[Xm] < 1, so that m — Sy, for m > an is close to a random walk with negative drift.
As a result, the probability that S,, = 0, yet S,,, > e4/n is exponentially small.

We now present the details of this argument. We bound

PA(Sm = 0,8m, > evn) =Px(Sm, >evn | Sm = 0)Pxr(Sm =0) (4.5.36)
— Py (Bin(n —(m—1),1—(1=p)™ ™) > (ms —m) + 5\/E>P>\(Sm =0),

since, by (4.5.5) in Proposition 4.17 and conditionally on Sy, = 0,
Si+ (I —m) ~ Bin(n —(m-1),1-(1 —p)l_m).

We pick k = ¢y — €, for some ¢ > 0 which is very small. Then, using that 1 — (1 —a)® < ab
for every a,b with 0 < a < 1,b > 1, we arrive at

me—m _ 1 _ _ i Mg —m )\(mx —m)
1—(1-p) =1—-(1 ) <=

- (4.5.37)

As a result, with X = Bin(n —(m—-1),1—-(1- p)m’”_m)7 and using that n — (m — 1) <
n—m<n(l—<_(+e¢)and p=2A/n,
Ex[X]=n—(m-D]1-1—-=p)"™ ™ < (ma —m)A1—Cx +¢). (4.5.38)

Since A > 1, we can use that A(1 — ¢(») = Xe™** < 1 by Exercise 4.23, so that, taking
€ > 0 so small that A(1 —{\ +¢) <1—¢, we have

E[X] < (1—¢)(me —m). (4.5.39)
Therefore,
Py (S = 0, S, > e/n) < Py (X —E[X] > &((me —m) + \/ﬁ)). (4.5.40)

By Theorem 2.18, with ¢t = e((ma. — m) 4+ /n) and using (4.5.39), we obtain

t2
PA(Sm = 0,8m, >evn) < exp (‘2((1 —&)(ma —m) +t/3)>

2
< — . 4.5.41
=P ( 2((me —m) + zgﬁ/3)> (4.5.41)
Thus, for m,; —m > ey/n, since t > (m, — m), we have
Px(Sm =0, Sm, > evn) < exp (=3¢ (ma —m)/8) = o(n™ "), (4.5.42)

while, for m, —m < ey/n, since t > €/n, we have

- P (Sm =0,5m, > s\/ﬁ) < exp (—35\/5/8) = exp (—E\/E/Z) = o(nil). (4.5.43)
—|The bounds (4.5.35), (4.5.42) and (4.5.43) complete the proof of Theorem 4.16. O
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4.6 Notes and discussion

Notes on Section 4.1. There are several possible definitions of the Erdés-Rényi random
graph. Many of the classical results are proved for ER(n, M), which is the random graph
on the vertices [n] obtained by adding M edges uniformly at random. Since the number
of edges in the Erd6s-Rényi random graph has a binomial distribution with parameters
n(n — 1)/2 and p, we should think of M corresponding roughly to pn(n — 1)/2. Also,
writing Py for the distribution of ER(n, M), we have that Py and Py, are related as

n(n—1)/2
PA(E)= > Pu(E)P(Bin(n(n—1)/2,p) = M), (4.6.1)

where E is any event. This allows one to deduce results for ER(n, M) from the ones for
ER(n, p) and vice versa. The model ER(n, M) was first studied in [96], the model ER(n, p)
was introduced in [108], and a model with possibly multiple edges between vertices in [17].

The random graph ER(n, M) has the advantage that we can think of the graph as
evolving as a process, by adding the edges one at a time, which also allows us to investigate
dynamical properties, such as when the first cycle appears. This is also possible for ER(n, p)
using the coupling in Section 4.1.1, but is slightly less appealing.

We refer to the books [12, 44, 134] for more detailed references of the early literature
on random graphs.

Notes on Section 4.2.

Notes on Section 4.3. The strategy in the proof of Theorems 4.4 and 4.5 is close in
spirit to the proof in [12], with ingredients taken from [51], which, in turn, was inspired by
[55, 56]. In particular, the use of the random variable Z> has appeared in these references.
The random variable Z, also plays a crucial role in the analysis of |Cmax| both when A > 1
and when A\ = 1.

Exercise 4.25 (Subcritical clusters for ER(n, M)). Use (4.6.1) and Theorems 4.4—4.5 to
show that |Cmax|/ logn N I;l for ER(n, M) when M = n\/2.

Notes on Section 4.4.

Exercise 4.26 (Supercritical clusters for ER(n, M)). Use (4.6.1) and Theorem 4.8 to show
that |Cmax|/n — Cx for ER(n, M) when M = n\/2.

Exercises 4.25 and 4.26 show that ER(n, M) has a phase transition when M = n\/2 at
A=1

Notes on Section 4.5. The central limit theorem for the largest supercritical cluster was
proved in [166],[191] and [23]. In [191], the result follows as a corollary of the main result,
involving central limit theorems for various random graph quantities, such as the number
tree components of various size. Martin-Lof [166] studies the giant component in the
context of epidemics. His proof makes clever use of a connection to asymptotic stochastic
differential equations, and is reproduced in [88]. Since we do not assume familiarity with
stochastic differential equations, we have produced an independent proof which only relies
on elementary techniques.






CHAPTER 5
ERDOS-RENYI RANDOM GRAPH REVISITED

In the previous chapter, we have proved that the largest connected component of the Erdds-
Rényi random graph exhibits a phase transition. In this chapter, we investigate several
more properties of the Erdés-Rényi random graph. We start by investigating the critical
behavior of the size of largest connected component in the Erdds-Rényi random graph
by studying p = 1/n in Section 5.1. After this, in Section 5.2, we investigate the phase
transition for the connectivity of ER,(p), and for p inside the critical window, compute
the asymptotic probability that the Erdés-Rényi random graph is connected. Finally, in
Section 5.3, we study the degree sequence of an Erdés-Rényi random graph.

5.1 The critical behavior

In this section, we study the behavior of the largest connected component for the critical
value p = 1/n. In this case, it turns out that there is interesting behavior, where the size
of the largest connected component is large, yet much smaller than the size of the volume.

Theorem 5.1 (Largest critical cluster). Take A =1+ 9n71/3, where 8 € R. There exists
a constant b = b(0) > 0 such that, for allw > 1,

_ b
Py gn-1/3 (w 1273 < Cmax| < wnz/g) >1——. (5.1.1)
w

Theorem 5.1 shows that the largest critical cluster obeys a non-trivial scaling result.
While |Cmax| is logarithmically small in the subcritical regime A < 1 by Theorem 4.4, and
|Cmax| = ©(n) in the supercritical regime A > 1 by Theorem 4.8, at the critical value

A =1, we see that the largest cluster is @(n2/3). The result in Theorem 5.1 shows that
the random variable |Cmax\n72/ 3 is tight, in the sense that with high probability, we have
\Cmax|n72/3 < w for w sufficiently large. Also, with high probability, |(,’max|er/3 > wt
so that with substantial probability, |Cmax| = ©(n?/?).

5.1.1 Strategy of the proof

We start by studying the tail of the distribution of |C(v)| for the critical case A =1 in

the following theorem. We generalize the setting to values of A =1+ On~1/3 that are close
to the critical value A = 1:

Proposition 5.2 (Critical cluster tails). Take A = 1+ 0n~'/3, where € R, and let

r>0. Fork < rn2/3, there exist constants 0 < ¢1 < c2 < 0o with ¢1 = ¢1(r,0) such that
min, <1 ¢1(r) > 0, and cz independent of v and 8, such that, for n sufficiently large,

L
vk

C1

7% SPranmrs (€] 2 R) < ea(O3n P 4

). (5.1.2)

Proposition 5.2 implies that the tails of the critical cluster size distribution obey similar
asymptotics as the tails of the total progeny of a critical branching process (see (3.6.20)).
The tail in (5.1.2) is only valid for values of k that are not too large. Indeed, when k > n,
then P»(|C(v)| > k) = 0. Therefore, there must be a cut-off above which the asymptotics

99
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fails to hold. As it turns out, this cut-off is given by rn?/3. The upper bound in (5.1.2)
holds for a wider range of k, in fact, the proof yields that (5.1.2) is valid for all k.
We next study the critical expected cluster size:

Proposition 5.3 (Bound on critical expected cluster size). Take A = 1+ anl/?’, where
0 € R. Then, for alln > 1,

Eon-1/3[IC(L)]] < nl/3/974 (5.1.3)
Proposition 5.3 is intuitively consistent with Theorem 5.1. Indeed, in the critical regime,

the expected cluster size receives a substantial amount from the largest cluster. Therefore,
intuitively, for any v € [n],

By on-1/3[ICDI ~ By 19173 [IC(0) [ Tgvecimaxt] = E1llCmax | Tivecimany]; (5.1.4)

where ~ denotes an equality with an uncontrolled error.
When [Cimax| = ©(n?/?), then

E, yon-1/3][Conax| Lvecmacy] ~ 1/ °P1(v € Cona). (5.1.5)

Furthermore, when |Cmax| = @(n2/3)7 then

n2/3 s
P gp-1/3 (0 € Cmax) ~ —=n (5.1.6)
Therefore, one is intuitively lead to the conclusion
Eyygn-1/s[IC)[] ~ 0/, (5.1.7)

Exercise 5.1 (Critical expected cluster size). Prove that Proposition 5.2 also implies that

x(1) > en'/? for some ¢ > 0. Therefore, for A\ = 1, the bound in Proposition 5.3 is
asymptotically sharp.

Propositions 5.2 and 5.3 are proved in Section 5.1.2 below. We will first prove Theorem
5.1 subject to them.

Proof of Theorem 5.1 subject to Propositions 5.2 and 5.3. The statement in Theorem 5.1
is vacuous when w < b, so that, by taking b sufficiently large, we may assume that w > 1 is
large. In turn, the statement in Theorem 5.1 is vacuous when w™n?/? < 1 and wn?/? < n,
i.e., for n < w?/3. Since w is large, we may also assume that n > N, where N is large.

We start with the upper bound on |Cmax|- We again make use of the fundamental
equality {|Cmax| > k} = {Z>r > k}, where we recall that

vE(n]
By the Markov inequality (Theorem 2.14), we obtain
2/3) < w71n72/3E1+8n*1/3[Zzan/?’]'
(5.1.9)

P1+0n*1/3 (|Cmax‘ Z wn2/3) = P1+9n71/3 (Zgwn2/3 2 wn
By Proposition 5.2,

]E1+9n*1/3 [Zzwn2/3] = nP1+0n*1/3(‘C(1)‘ 2 an/S) S 02’”‘2/3(94’ + 1/\/(;)7 (5110)
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so that

Py o175 (|Cmax| > wn?®) < can®3 (04 + 1/v/w)/(wn®/?) < %(@ +1/vw). (5.1.11)

For the lower bound on |Cmax|, we first note that for w < b, there is nothing to prove.
The constant b > 0 will be taken large, so that we shall assume that w > £~ 1, where k > 0
is the constant appearing in Proposition 5.2.

We start by proving the result for # < —1. We use the Chebychev inequality (Theorem
2.15), as well as {|Cmax| < k} = {Z>r = 0}, to obtain that

Vary g, -1/3(Z5,,-1,2/3)

P, _1s(lC <w W =P, , (2. =0) < .
ton 1/3(| mas| ) ron 1/3( zwTIn?/2 )_ E1+9n—1/3[ZZW—1n2/312

(5.1.12)
By (5.1.2), we have that
E, gn-1/31Zs-1,278] = 0P g1/ (D] 2 k) > erv/on™, (5.1.13)
where we used that w > k™', and ¢ = min,<, c1(r) > 0. Also, by Proposition 4.7, with
kn = w™In?/3,
Var1+9n71/3(Z2w,1n2/3) S nE1+0n,1/3 HC(1)|]1{\C(1)\Zw*lnz/g'}] (5114)

By Proposition 5.3, we can further bound, using that 6§ < —1,
Var, g, -1/3(Zs ,-1,2/8) < nEy g1/ [|IC(1)]] < 02, (5.1.15)

Substituting (5.1.12)—(5.1.15), we obtain, for n sufficiently large,

4/3 1

—-1_2/3 n _
IED1+97r1/3(‘cma:c| <w 'n ) < W = cfiw (5.1.16)

We conclude that

Piion-1/3 (w_1n2/3 < |Cmax| < wn2/3) =1-P,_ 173 (|Cmax| <w 'n*?)  (5.1.17)

ol SH L (lcmaxl > wn2/3)
1 Co b
2l - = 21- (5.1.18)

when b = cfQ + co.
Finally, we make use of monotonicity in X\. The random variable |Cmax| is increasing,
and therefore,

P1+9n_1/3 (|Cmax| < w71n2/3) S Plign_u:; (|Crnax| < w71n2/3), (5.1.19)

where we define 0 = |#| v 1. Thus, —0 < —1, and the result follows from our previous
calculation. This completes the proof of Theorem 5.1 subject to Propositions 5.2 and
5.3. O
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5.1.2 Proofs of Propositions 5.2 and 5.3
Proof of Proposition 5.2. Theorem 4.2 gives

By gn15(ICQ)| = F) < P (T > B), (5.1.20)

where we recall that P, ) is the law of a binomial branching process with parameters n
andp=A/n=(1+ 6’n71/3)/n, and T its total progeny. By Theorem 3.20, for A =1,

Piign-1s(IC(D)| 2 k) SPX(T™ > k) + ex(n), (5.1.21)
where, by (3.7.2),
g kol
<= PX(T" > .1.22
lex(n)] < - ; AT = ), 5 )

and where we recall that P} is the law of a Poisson branching process with parameter A,
and T™ is its total progeny.
By Theorem 3.18, it follows that there exists a C' > 0 such that for all s > 1,

Pl gns(T" > 8) SO A Y Plgas(T" =) <C04n 2 +1/V5),  (5.1.23)

t=s

by (3.6.22) in Corollary 3.19. Therefore, for all k < n,

k
lex(n)] < %Zc(em*l“ +1/4/5) <40 (04kn~ " + ?) <4C(04n Y% +1/VE).
s=1
(5.1.24)
We conclude that, for all £ < n,
Py ygn-1/s(IC(D)] > k) < 5C(0:n~° +1/VE). (5.1.25)

We proceed with the lower bound in (5.1.2), for which we make use of Theorem 4.3 with
k < rn®/3. This gives that

P, gnet1/2(IC(1)] > k) > Py (T > k). (5.1.26)

where T is the total progeny of a binomial branching process with parameters n —k < n —
rn?? and p = \/n = (1+0n"/3) /n. We again use Theorem 3.20 for A, = 14 (8 —r)n~ /3,
as in (5.1.21) and (5.1.22). We apply the one-but-last bound in (5.1.24), so that

4Cn‘/E > P (T" > k) — 47102‘/{". (5.1.27)

Piign-1s(IC) > k) > PX, (T" > k) —
We then use Theorem 3.16 to obtain, since \,, < 1,

R e/

BA(C) > k) > 3B,

P n2/3
(W) . 4ACT
:Z | € T T2/3
= t! n
1 = _ 4
— rZIP>1(T =t)e anf s;/j (5.1.28)
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where, for A, =1+ (§ —r)n~/3 and by (4.3.1),

Iy, = n—1—log A\, = %()\n _ 1)2 +O(|An — 1|3). (5.1.29)
Therefore,
2%k . . OyF
Pr(IC(1)| > k) > z;HDT(T* = e~ 2 An=Dt(l+e(1) _ Ll
t=

N n2/3

S 272C _kon-natey _ ACVT
= \/% n2/3 )

since A, —1 = (0 — r)n~ /3. Now use that, for n > N,

2k
> Z Qe*%(kyﬁl)zt(uo(l)) _ M
=k

(5.1.30)

VT = rkn 723 Nk < rn7V3 NE < eNTY3 )VE, (5.1.31)

so that
ci(r)

\/E s

with ¢1(r) = C’(Q_R’/Qe_r(e_r)2 — 4y/r/N7Y3) > 0 for r < 1, whenever N is sufficiently
large. This completes the proof of Proposition 5.2. O

Pr(lc()] = k) =

(5.1.32)

Proof of Proposition 5.3. Theorem 4.2 gives that |C(1)| < T, where T is the total
progeny of a branching process with a Bin(n, A\/n) branching process, and where A\ =
1+6n"'3. As a result, for 6 < 0,

E,ygn-15[IC(DI] < E[T] = 1/(1 = ) = n'//J6]. (5.1.33)
This proves the claim. O

5.1.3 Connected components in the critical window revisited

In this section, we discuss the critical window of the Erdés-Rényi random graph. By
Theorem 5.1, we know that, for p = 1/n, the largest connected component has size roughly
equal to n?/3. As it turns out, such behavior is also seen for related values of p. Namely,
if we choose p = (14 tn~'/3)/n, then we see similar behavior appearing for the largest
connected component size. Therefore, the values of p for which p = (1+tn~1/3)/n are called
the critical window. We start by discussing the most detailed work on this problem, which
is by Aldous [11], following previous work on the critical window in [42, 132, 162, 164].

The point in [11] is to prove simultaneous weak convergence of all connected components
at once. We start by introducing some notation. Let |C;)(t)| denote the j*" largest cluster

of ER,(p) for p = (1 4+ tn~Y3)/n. Then one of the main results in [11] is the following
theorem:

Theorem 5.4 (Weak convergence of largest clusters in critical window). For p = (1 +
tn='/3)/n, and anyt € R, the vector C(t) = (n™2/3|Ca1 (t)|, n~|Cs) ()], n2/3|Cis ()], - . )
converges in distribution to a random vector v = (Vi(t))i>1-
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Thus, Theorem 5.4 is stronger than Theorem 5.1 in three ways: (1) Theorem 5.4 proves
weak convergence, rather than tightness only; (2) Theorem 5.4 considers all connected
components, ordered by size, rather than only the first one; (3) Theorem 5.4 investigates
all values inside the critical window at once.

While [11] is the first paper where a result as in Theorem 5.4 is stated explicitly, sim-
ilar results had been around before [11], which explains why Aldous calls Theorem 5.4 a
‘Folk Theorem’. The beauty of [11] is that Aldous gives two explicit descriptions of the
distribution of the limiting random variable (Cf,, ], C(s),Cls), . . .), the first being in terms of
lengths of excursions of Brownian motion, the second in terms of the so-called multiplicative
coalescent process. We shall intuitively explain these constructions now.

We start by explaining the construction in terms of excursions of Brownian motion. Let
{W(s)}s>0 be standard Brownian motion, and define

W'(s) = W(s) +ts —s°/2 (5.1.34)
be Brownian motion with an (inhomogeneous) drift ¢ — s at time s. Let

B'(s) = W'(s) — min W'(s") (5.1.35)

0<s’'<s

correspond to the process {W(s)}s>o reflected at 0. We now consider the excursions of
this process, ordered in their length. Here an excursion v of {B*(s)}s>0 is a time interval
[1(7),7(7)] for which B*(I(v)) = B'(r(v)) = 0, but B*(s) > 0 for all s € (I(7),7(7)). Let
the length |7y| of the excursion 7 be given by r(y) — (). As it turns out (see [11, Section
1] for details), the excursions of {B’(s)}s>0 can be ordered by decreasing length, so that
{ﬁ : j > 1} are the excursions. Then, the limiting random vector C™ has the same
distribution as the ordered excursions {7} : j > 1}. The idea behind this is as follows. We
make use of the random walk representation of the various clusters, which connects the
cluster exploration to random walks. However, as for example (4.5.3) shows, the step size
distribution is decreasing as we explore more vertices, which means that we arrive at an
inhomogeneous and ever decreasing drift, as in (5.1.34). Since, in general, random walks
converge to Brownian motions, this way the connection between these precise processes
can be made.

To explain the connection to the multiplicative coalescent, we shall interpret the t-
variable in p = (1 4+ tn~'/3)/n as time. We note that when we have two clusters of
size zn*/® and yn?/® say, and we increase t to t + dt, then the probability that these
two clusters merge is roughly equal to the number of possible connecting edges, which is
zn?/? x yn2/3 = myn4/3 times the probability that an edge turns from vacant to occupied
when p increases from p = (1+tn"/3)/n to (14 (t+dt)n"'/%)/n, which is dtn~*/3. Thus,
this probability is, for small dt close to

zydt. (5.1.36)

Thus, distinct clusters meet at a rate proportional to the rescaled product of their sizes.
The continuous process which does this precisely is called the multiplicative coalescent,
and using the above ideas, Aldous is able to show that the limit of C*™ equals such a
multiplicative coalescent process.

5.2 Connectivity threshold

In this section, we investigate the connectivity threshold for the Erd6s-Rényi random
graph. As we can see in Theorem 4.8, for every 1 < A < oo, the largest cluster for the
Erdds-Rényi random graph when p = A\/n is (xn(1l + o(1)), where ¢x > 0 is the survival
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probability of a Poisson branching process with parameter A. Since extinction is certain
when the root has no offspring, we have

OG<1-P(Zf=0)=1-e*<1. (5.2.1)

Therefore, the Erdds-Rényi random graph with edge probability p = A\/n is with high
probability disconnected for each fixed A < co. Here, we use the terminology “with high
probability” to denote an event of which the probability tends to 1. We now investigate
the threshold for connectivity for an appropriate choice A = A\, — co. Theorem 5.5 and
its extension, Theorem 5.8, were first proved in [96].

Theorem 5.5 (Connectivity threshold). For A — logn — oo, the Erdds-Rényi random
graph is with high probability connected, while for A—logn — —oo, the Erdds-Rényi random
graph is with high probability disconnected.

In the proof, we investigate the number of isolated vertices. Define
n
Y = Z Ii, where Ii = ]1{|C(i)\:1} (5.2.2)
=1

for the number of isolated vertices. Clearly, when Y > 1, then there exists at least one
isolated vertex, so that the graph is disconnected. Remarkably, it turns out that when
there is no isolated vertex, i.e., when Y = 0, then the random graph is also with high
probability connected. See Proposition 5.7 below for the precise formulation of this result.
By Proposition 5.7, we need to investigate the probability that Y > 1. In the case where
A — logn| — oo, we make use of the Markov and Chebychev inequality (Theorems 2.14
and 2.15) combined with a first and second moment argument using a variance estimate
in Proposition 5.6. We will extend the result to the case that A = logn + ¢, in which case
we need a more precise result in Theorem 5.8 below. The main ingredient to the proof of
Theorem 5.8 is to show that, for A = logn + t, Y converges to a Poisson random variable
with parameter e~* when n — co.

To prove that Y > 1 with high probability when A —logn — —oo, and Y = 0 with high
probability when A — logn — oo we use the Markov inequality (Theorem 2.14). We make
use of an estimate on the mean and variance of Y:

Proposition 5.6 (Mean and variance of number of isolated vertices). For every A < n/2,

2

Ex[Y] = ne (1 + 0 ), (5.2.3)
and, for every A < n,
A
Vary (V) <EA[Y] + ———Ex Y% (5.2.4)
Proof. Since |C(i)] = 1 precisely when all edges emanating from ¢ are vacant, we have,
using 1 —xz <e™ 7,
An— A A
Ex[Y] = nPA(IC(1)| = 1) = n(1 = 5)" " < ne et (5.2.5)

Also, using that 1 —z > e~ for 0 <z< %, we obtain

EA[Y] =nPyr(IC(1)| =1) > ne— (=D 20+2)

2
> ne 21HR) = pe e (5.2.6)
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This proves (5.2.3).
To prove (5.2.4), we use the exchangeability of the vertices to compute

IEA[YQ] =nPr(|C(1)| =1) + n(n— 1Pr(|C(1)| = 1,|C(2)| = 1). (5.2.7)
Therefore, we obtain

Vara(Y) = n[PA(IC(1)]| = 1) = Pa(|C(1)] = L,[C(2)] = 1)]
+n?[Pa(lC(1)] = 1,|C(2)] = 1) — PA(|C(1)| = 1)?]. (5.2.8)

The first term is bounded above by E\[Y]. The second term can be computed by using
(5.2.5), together with

PA(C(1)] = 1,C(2)] = 1) = (1 — 2)*3, (5.2.9)

n

Therefore, by (5.2.5) and (5.2.8), we obtain

A —
PA(lC(1)] = 1,1C(2)] = 1) = Pa(lC(1)] = 1)* = Pa(lC(1)] = 1)*[(1 - ) F-1]
A 2
=——7—P(C(1)| =1)". 5.2.10
S Plew =t 6210
We conclude that
Vary (V) < Ea[Y] + i /\IEA[Y]Z. (5.2.11)
O
Proposition 5.7 (Connectivity and isolated vertices). For all0 < A < n,
Py (ERH(A/n) connected) <PA(Y =0). (5.2.12)
Moreover, if there exists an a > 1/2 such that A > alogn, then, for n — oo,
Py (ERn (A/n) connected) =Py(Y =0) +o(1). (5.2.13)
Proof. We use that
Py (ERn()\/n) disconnected) =Pr(Y > 0) + Py (ERn(/\/n) disconnected, Y = 0).
(5.2.14)
This immediately proves (5.2.12).

To prove (5.2.13), we make use of a computation involving t¢rees. For k = 2,...,n, we
denote by X the number of occupied trees of size equal to k on the vertices 1,...,n that
cannot be extended to a tree of larger size. Thus, each tree which is counted in X has
size precisely equal to k, and when we denote it’s vertices by v1, ..., vk, then all the edges
between v; and v ¢ {v1,...,v,} are vacant. Moreover, there are precisely k — 1 occupied

edges between the v; that are such that these occupied edges form a tree. Note that a
connected component of size k can contain more than one tree of size k, since the connected
component may contain cycles. Note furthermore that, when ER,(A\/n) is disconnected,
but Y = 0, there must be a k € {2,...,n/2} for which X > 1.
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We conclude from Boole’s inequality and the Markov inequality (Theorem 2.14) that

Py (ERn(/\/n) disconnected, Y = 0) <P, ( UZfQ { Xk > 1})

n/2 n/2
<D PA(X 2 1) <) Ea[Xy. (5.2.15)
k=2 k=2

Therefore, we need to bound Ex[X4]. For this, we note that there are () ways of choosing k

vertices, and, by Cayley’s Theorem 3.17, there are k*~2 labeled trees containing k vertices.
Therefore,

Ex[X] = (Z) K2 g, (5.2.16)

where g is the probability that any tree of size k is occupied and all the edges from the
tree to other vertices are vacant, which is equal to

W ()70 Q) e

We conclude that
k’k72 Ap &
Ex[X3] < n,\’“*lTe*Tz (n=h), (5.2.18)

If we further use that k! > kkefk7 and also use that A > 1, then we arrive at

Ex[X5] < n(e)\)kk—ie_%k("_m. (5.2.19)

Since A s e~ nk(—k) g decreasing in J, it suffices to investigate A = alogn for some

a>1/2. For k € {2,3,4}, for A = alogn for some a > 1/2,
Ex[Xk] < n(ed) e e™ = o(1). (5.2.20)
For all k < n/2 with k > 5, we bound k(n — k) > kn/2, so that
Ex[Xx] < n(exe /?)F, (5.2.21)

As a result, for A = alogn with a > 1/2, and all £ > 5, and using that A — e M2 s
decreasing for A > 2,

Ex[Xk] < n'7F/4, (5.2.22)
We conclude that
n/2 n/2
P (ERn(A/n) disconnected, Y = o) <Y EX] <0 —0(1).  (5.2:23)
k=2 k=2
O

Proof of Theorem 5.5. The proof makes essential use of Proposition 5.7. We start by
proving that for A —logn — —oo, the Erdds-Rényi random graph is with high probability
disconnected. We use (5.2.3) to note that

Ex[Y] =ne (14 0(1)) = e 5™ (1 + 0(1)) = oo. (5.2.24)
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By the Chebychev inequality (Theorem 2.15), and the fact that A < logn,

Ex[Y]+ 25EA[Y]? 1 A
N [Y]A2 =E\[Y] '+ "~ —0. (5.2.25)

= <
PA(Y = 0) < "

Proposition 5.7 completes the proof that for A — logn — —oo, the Erd6s-Rényi random
graph is with high probability disconnected.

When A —logn — oo with A < 2logn, then, by the Markov inequality (Theorem 2.14)
and (5.2.5),

PA(Y =0)=1-Py\(Y >1) >1—E\[Y] >1—ne *O(1) = 1. (5.2.26)

Since the connectivity is an increasing property, this also prove the claim for A\—logn — oo
with A > 2logn. Therefore, the claim again follows from Proposition 5.7. O
5.2.1 Critical window for connectivity”

In this section, we investigate the critical window for connectivity, by considering con-
nectivity of ER,(A/n) when A = logn + t for fized t € R. The main result in this section
is as follows:

Theorem 5.8 (Critical window for connectivity). For A = logn+t — oo, the Erdds-Rényi
random graph is connected with probability e_eit(l +o(1)).
Proof. In the proof, we again rely on Proposition 5.7. We fix A = logn + ¢ for some ¢t € R.

We prove a Poisson approximation for Y that reads that Y Ny , where Z is a Poisson
random variable with parameter

lim Ej\[Y]=e ", (5.2.27)

n—00

where we recall (5.2.3). Therefore, the convergence in distribution of Y to a Poisson random
variable with mean e~* implies that

PA(Y = 0) = ¢ Mo BT Ly =67 4 0(1), (5.2.28)

and the result follows by Proposition 5.7.

In order to show that Y —% Z , we use Theorem 2.4 and Theorem 2.5, so that it suffices
to prove, recalling that I; = lyjc(;)=13, for all r > 1,

lim E[(Y),] = lim Y Py(ly=--- =1, =1)=¢ ", (5.2.29)

n—o0 TL—N)O_ .

DL yeeesylp
where the sum ranges over all i1,...,i, € [n] which are distinct. By exchangeability of
the vertices, Px(I;; = --- = I;, = 1) is independent of the precise choice of the indices

i1,...,%r, SO that
Px(liy =--=15,=1)=Px(Lh=---=1.=1). (5.2.30)
Using that there are n(n —1)--- (n —r + 1) distinct choices of i1, ..., i, € [n], we arrive at
n!

E[(Y)] = ——Pax(lh=---=1,=1). (5.2.31)

(n—r)!
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The event {I; = --- = I, = 1} occurs precisely when all edges st with s € [r] and t € [n]
are vacant. There are r(r—1)/24+r(n—7r) = r(2n—7r—1)/2 of such edges, and since these
edges are all independent, we arrive at

]P’A(Il =...=1.= 1) — (1 _ %)T‘(?n—r-l)/Q
=(1- %)nr(l — %)—r(r+1>/2 =n""EA[Y] (1 +0(1)), (5.2.32)

using that Ex[Y] = n(1 — A/n)""*. Thus,

. T —r r __ _—tir
nan;O E[(Y),] = nl;rr;o = T)!n EA[Y]  =e ™, (5.2.33)
where we use (5.2.27). This completes the proof of Theorem 5.8. O

Exercise 5.2 (Second moment of the number of isolated vertices). Prove directly that the
second moment of Y converges to the second moment of Z, by using (5.2.10).

5.3 Degree sequence of the Erdés-Rényi random graph

As described in Chapter 1, the degree sequences of various real networks obey power
laws. Therefore, in this section, we investigate the degree sequence of the Erdds-Rényi
random graph for fixed A > 0. In order to be able to state the result, we first introduce
some notation. We write
AP

H?

for the Poisson distribution with parameter A\. Let D; denote the degree of vertex i and
write

Pk =e k>0, (5.3.1)
P = 1 i L p,—k) (5.3.2)
n =1 '

for the empirical degree distribution of the degrees. The main result is as follows:

Theorem 5.9 (Degree sequence of the Erdés-Rényi random graph). Fiz A > 0. Then, for
every €, such that \/ne, — oo,

]P’A(méxx Ipy — pi| > en) — 0. (5.3.3)

Proof. We note that

EA[P™] = PA(D1 = k) = (”; 1) (5)k(1 - 5)”_]“_1. (5.3.4)

n n
Furthermore,
- -1\, A\ n—k— = .
- ()@ =S - v ) s
k=0 k=0

where X ™ is a Poisson random variable with mean A, and X,, is a binomial random variable
with parameters n — 1 and p = A\/n. We will use a coupling argument to bound this
difference. Indeed, we let X denote a binomial random variable with parameters n and
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p = A/n. Since we can couple X and X, such that the probability that they are different
is precisely equal to p = A/n, we obtain

> |P(Xn =k) —P(X =k)| < A (5.3.6)
k=0 n
Therefore, for all k > 0,
e 2
S TIP(X* =k) - P(X, =k)| < % +P(X* £ X) < A Z’\ , (5.3.7)
k=0

where we have also used Theorem 2.9. Since )‘+T’\2 < &, we have just shown that

D oneo Ik — Ex[P{"]] < en/2 for n sufficiently large. Thus, it suffices to prove that

P ; B —EAPC)| > ) = o(1), (53.5)

For this, we use Boole’s inequality to bound

P (max [P0~ AP0 > ) < glm(%"’ SERIZD). (5.89)
By the Chebychev inequality (Theorem 2.15),
Py (|P™ — EA[P(V]] > %") < 4e, 2 Var, (P{). (5.3.10)
We then note that
Vary (P(™) = %[]P’A(Dl = k) —Px(D; = k)2]
i ! [IFa(D1 =Dy = k) — Py(D; = k)Q]. (5.3.11)

We now use a coupling argument. We let X1, Xo be two independent Bin(n — 2,\/n)
random variables, and Ii, s two independent Bernoulli random variables with success
probability A/n. Then, the law of (D1, D2) is the same as the one of (X1 + I, Xo + I1)
while (X1 + I1, X2 + I2) are two independent copies of the D;. Then,

PA(Dy = Dy = k) = P, ((X1 + 0, X2+ 1) = (, k)), (5.3.12)
PA(D; = k)® = Py ((X1 Y1, Xs + ) = (K, k)), (5.3.13)

I . ...

PA(Dy = D = k)—P(Dy = k)? < Py ((X1+11, Xot11) = (k, k), (X1+11, Xo+1o) # (k, k)).

(5.3.14)
When (X1 + I, X2 + 1) = (k, k), but (X1 + I, X2 + I2) # (k,k), we must have that
I1 75 IQ. If [1 = 1, then 12 =0 and X2 = k, while, if Il = O, then IQ =1 and X1 = k
Therefore, since X; and X2 have the same distribution,

Pr(D1 = D2 = k) — P5(D1 = k)* < Z2P\(X1 = k). (5.3.15)
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We conclude from (5.3.11) that

Vara(P™) < (ZAT*”PA()Q — k), (5.3.16)
so that, by (5.3.9)—-(5.3.10),
" N 422+ 1) &
Px(max | P —EA[P{™]] > €n/2) < e kZ_OIPA(XI =k)
AR (5.3.17)
e2n
This completes the proof of Theorem 5.9. O

In Chapter 6 below, we give an alternative proof of Theorem 5.9, allowing for weaker
bounds on &,. In that proof, we use that the Erdés-Rényi random graph is a special case
of the generalized random graph with equal weights. See Theorem 6.11 below.

5.4 Notes and discussion

Notes on Section 5.1. We list some more recent results. In [135], a point process de-
scription is given of the sizes and number of components of size en?/®. In [193], an explicit,
yet involved, description is given for the distribution of the limit of |Cmax|n72/3. The
proof makes use of generating functions, and the relation between the largest connected
component and the number of labeled graphs with a given complexity [. Here, the com-
plexity of a graph is its number of edges minus its number of vertices. Relations between
Erdés-Rényi random graphs and the problem of counting the number of labeled graphs
has received considerable attention, see e.g. [43, 121, 163, 210, 225, 226] and the references
therein. Consequences of the result by Pittel [193] are for example that the probability

that |Cnmx|7f2/3 exceeds a for large a decays as e—a’/8 (in fact, the asymptotics are much
stronger than this!), and for very small a > 0, the probability that \Cmax|n72/3 is smaller

than a decays as e=¢"*? for some explicit constant ¢ > 0. The bound on the upper tails

of [Cmax|n 2’2 is also proved in [174], and is valid for all n and a, with the help of relatively
simple martingale arguments. In [174], the bound (5.1.11) is also explicitly proved.

The relation between the Erdds-Rényi random graph and coalescing processes can also
be found in [30, Section 5.2] and the references therein. In fact, ER, (p) for the entire regime
of p € [0,1] can be understood using coalescent processes, for which the multiplicative
coalescent is most closely related to random graphs.

Notes on Section 5.2. Connectivity of the Erdés-Rényi random graph was investigated
in the early papers on the subject. In [96], versions of Theorems 5.5-5.8 were proved for
ER(n, M). Bollobés gives two separate proofs in [44, Pages 164-165].

Notes on Section 5.3. The degrees of Erd6s-Rényi random graphs have attracted con-
siderable attention. In particular, when ordering the degrees by size as di > da > --- > dy,
various properties have been shown, such as the fact that there is, with high probability,
a unique vertex with degree di [100]. See [41] or [44] for more details. The result on the
degree sequence proved here is a weak consequence of the result in [127, Theorem 4.1],
where even asymptotic normality was shown for the number of vertices with degree k, for
all k simultaneously.
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Theorem 5.9 shows that the degree sequence of the Erdés-Rényi random graph is close to a
Poisson distribution with parameter A. A Poisson distribution has thin tails, for example,
its moment generating function is always finite. As a result, the Erdés-Rényi random graph
cannot be used to model real networks where power law degree sequences are observed.
Therefore, several related models have been proposed. In this intermezzo, we shall discuss
three of them.

The first model is the so-called generalized random graph (GRG), and was first intro-
duced in [58]. In this model, each vertex ¢ € {1,...,n} receives a weight W;. Given the
weights, edges are present independently, but the occupation probabilities for different
edges are not identical, but moderated by the weights of the vertices. Naturally, this can
be done in several different ways. The most general version is presented in [47], which we
explain in detail in Chapter 9. In the generalized random graph, the edge probability of
the edge between vertex ¢ and j (conditionally on the weights {W;}i,) is equal to

W W;

= 1.1
e (L1)

Pij
where the random variables {W;};; are the weights of the vertices, and L, is the total
weight of all vertices given by

L, = in (1.2)
i=1

We shall assume that the weights {W;};_; are independent and identically distributed.

The second model is the configuration model, in which the degrees of the vertices are
fixed. Indeed, we write D; for the degree of vertex ¢, and let, similarly to (I.2), L, =
Z?:l D; denote the total degree. We assume that L,, is even. We will make a graph where
vertex i has degree D;. For this, we think of each vertex having D, stubs attached to it.
Two stubs can be connected to each other to form an edge. The configuration model is
the model where all stubs are connected in a uniform fashion, i.e., where the stubs are
uniformly matched.

The third model is the so-called preferential attachment model, in which the growth of
the random graph is modeled by adding edges to the already existing graph in such a way
that vertices with large degree are more likely to be connected to the newly added edges.
See Chapter 8 for details.

All these models have in common that the degree sequence converges to some limiting
distribution which can have various shapes, particularly including power laws. For the
generalized random graph and the configuration model, this is proved in Chapter 6 and
Chapter 7 respectively. For the preferential attachment models, we will defer this proof
to Chapter 8. In Chapters 6-8, we shall focus on properties of the degree sequence of
the random graphs involved. We shall study further properties, namely, the connected
components and distances in these models, in Chapters 9-11, respectively.

In Chapters 6-8 we shall be interested in the properties of the degree sequence of a
graph. A natural question is which sequences of numbers can occur as the degree sequence
of a simple graph. A sequence {d1,ds,...,dn} with di < ds <--- <d, is called graphic if
it is the degree sequence of a simple graph. Thus, the question is which degree sequences
are graphic? Erdés and Gallai [95] proved that a degree sequence {d1,d2, ..., d,} is graphic
if and only if " | d; is even and
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k n
> di<k(k—1)+ Y min(k,d), (1.3)

i=k+1

for each integer k < n — 1. The fact that the total degree of a graph needs to be even
is fairly obvious:

Exercise 5.3 (Handshake lemma). Show that for every graph, and d; the degree of vertex
j we have that 37", d; is even.

The necessity of (1.3) is relatively easy to see. The left side of (I.3) is the degree
of the first k vertices. The first term on the right-hand side of (I1.3) is the twice the
maximal number of edges between the vertices in {1,...,k}. The second term is a bound
on the total degree of the vertices {1,...,k} coming from edges that connect to vertices
in {k+1,...,n}. The sufficiency is harder to see, see [64] for a simple proof of this fact,
and [201] for seven different proofs. Arratia and Liggett [15] investigate the asymptotic
probability that an i.i.d. sequence of n integer random variables is graphical, the result
being in many cases equal to 0 or 1/2, at least when P(D even) # 1. The limit is equal to
0 when limy, o nP(D; > n) = oo and 1/2 when lim,— o nP(D; > n) = 0. Interestingly,
when lim,_,o nP(D; > n) = ¢ for some constant ¢ > 0, then the set of limit points of the
probability that {Ds, ..., Dy} is graphical is a subset of (0,1/2). The proof is by verifying
that (I.3) holds.



CHAPTER 6
INHOMOGENEOUS RANDOM GRAPHS

In this chapter, we discuss inhomogeneous random graphs, in which the equal edge proba-
bilities of the Erd6s-Rényi random graph are replaced by edge occupation statuses that are
independent, and are moderated by certain vertex weights. These weights can be taken
to be deterministic or random, and both options have been considered in the literature.
An important example, on which we shall focus in this chapter, is the so-called generalized
random graph. We shall see that this model gives rise to random graphs having a power-law
degree sequence when the weights have a power law distribution. As such, this is one of the
simplest adaption of the Erdés-Rényi random graph having a power-law degree sequence.

This chapter is organized as follows. In Section 6.1, we introduce the model. In Section
6.2, we investigate the degree of a fixed vertex in the generalized random graph, and in
Section 6.3, we investigate the degree sequence of the generalized random graph. In Section
6.4, we study the generalized random graph with i.i.d. vertex weights. In Section 6.5 we
show that the generalized random graph, conditioned on its degrees, is a uniform random
graph with these degrees. In Section 6.6, we study when two inhomogeneous random graphs
are asymptotically equivalent, meaning that they have the same asymptotic probabilities.
Finally, in Section 6.7, we introduce several more models of inhomogeneous random graphs
similar to the generalized random graph that have been studied in the literature, such as
the so-called Chung-Lu or random graph with prescribed expected degrees and the Norros-
Reittu or Poisson graph process model. We close this chapter with notes and discussion in
Section 6.8.

6.1 Introduction of the model

In the generalized random graph, each vertex has a weight associated to it. Edges are
present independently given these weights, but the occupation probabilities for edges are
not identical, but are rather moderated by the vertex weights. We start with a simple
example.

Example 6.1 (Population of two types). Suppose that we have a complex network in which
two distinct types of vertices are present. The first type has on average mi neighbors, the
second type mga, where mi # mz. How can we construct a random graph in which such
heterogeneity can be incorporated?

Example 6.2 (Power-law or related degrees). In Chapter 1, many examples of real-world
networks were given where the degrees are quite variable, including hubs having quite high
degrees. How can we construct a random graph with power-law degrees?

Example 6.1 deals with a population having only two types. In many situations, there
can be many different types. An important example is the case where the degrees obey a
power law as in Example 6.2, in which case any finite number of types is insufficient. We
model this inhomogeneity by adding vertex weights. Vertices with higher weights are more
likely to have many neighbors than vertices with small weights. Vertices with extremely
high weights could act as the hubs observed in many real-world networks.

In the generalized random graph model, the edge probability of the edge between vertices
¢ and j is equal to

. _ . (GRG) _ Wi W
Pij = Dy T+ wiwj’ (6.1.1)
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where w = (w;);e[n) are the weights of the vertices, and £y, is the total weight of all vertices

given by
b= wi. (6.1.2)
i€[n]

We denote the resulting graph by GRG,(w). A special case of the generalized random
graph is when we take w; = -™, in which case p;; = A/n for all 4,j € [n], so that we

retrieve the Erd6és-Rényi random graph ER,(A/n).

Exercise 6.1 (The Erdés-Rényi random graph). Prove that p;; = A\/n when w; = n\/(n—
A) for alli € [n].

Without loss of generality, we assume that w; > 0. Note that when, for a particular
i € [n], w; = 0, then vertex ¢ will be isolated with probability 1, and, therefore, we can omit
i from the graph. The vertex weights moderate the inhomogeneity in the random graph,
vertices with high weights have higher edge occupation probabilities than vertices with low
weights. Therefore, by choosing the weights in an appropriate way, this suggests that we
can create graphs with flexible degree sequences. We investigate the degree structure in
more detail in this chapter.

Example 6.3 (Population of two types (Cont.)). In Ezample 6.1, we let the vertices of
type 1 have weight m1, and the vertices of type 2 have weight ma. Let ni1 and na denote
the number of vertices of weight 1 and 2, respectively. Then, we compute that

ln = nimi + nomo. (613)

Further, the probability that a vertex of type 1 is connected to another vertex of type 1 is
equal to m3 /(Ln +m3), while the probability that it is connected to a vertez of type 2 equals
mama/(€n + mimz). Therefore, the expected degree of a vertex of type 1 is equal to

2 mimsa

2 Ly + mime

nimai n2msa
Ly +mi Ly +mima

5 +n =mi] ] = ma, (6.1.4)
1

whenever m3 + m3 = o(fn). Thus, our graph is such that the first type has on average
approximately m1 neighbors, the second type ma.

Naturally, the topology of the generalized random graph sensitively depends upon the
choice of the vertex weights w = (wi)ie[n). These vertex weights can be rather general.
In order to describe the empirical proporties of the weights, we define their empirical
distribution function to be

1
Fo(x) = — > Mw<ay, 20 (6.1.5)
i1€[n]

We can interpret F, as the distribution of the weight of a uniformly chosen vertex in [n]:

Exercise 6.2 (The weight of a uniformly chosen vertex). Let V be a uniformly chosen
vertex in [n]. Show that the weight wy of V has distribution function F,.

We denote the weight of a uniformly chosen vertex in [n] by W,, = wy, so that, by
Exercise 6.2, W,, has distribution function F,. We often assume that the vertex weights
satisfy the following regularity conditions:
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Condition 6.4 (Regularity conditions for vertex weights).
(a) Weak convergence of vertex weight.
There exists a distribution function F' such that

W, -5 W, (6.1.6)

where Wy, and W have distribution functions F,, and F, respectively.
Equivalently, for any x for which x — F(x) is continuous,

nlgl;o F.(z) = F(z). (6.1.7)

(b) Convergence of average vertex weight.

Tim E[W,] = E[W], (6.1.8)

where Wy, and W have distribution functions F,, and F', respectively. Further, we assume
that E[W] > 0.
(c¢) Convergence of second moment vertex weight.

lim E[W?] = E[W?]. (6.1.9)

n— 00

Condition 6.4(a) guarantees that the weight of a ‘typical’ vertex is close to a random
variable W. Condition 6.4(b) implies that the average degree in GRG,, (w) converges, while
Condition 6.4(c) ensures also the convergence of the second moment of the degree. In most
of our results, we assume Condition 6.4(a)-(b), in some we also need Condition 6.4(c).

Exercise 6.3 (Bound on the maximal weight assuming Condition 6.4(b)-(c)). Prove that
Condition 6.4(b) implies that max;c,jw; = o(n), while Condition 6.4(c) implies that

max;e[n) Wi = 0(y/n).

We now discuss two key examples of choices of vertex weights.

Key example of generalized random graph with deterministic weights. Let F'
be a distribution function for which F(0) = 0 and fix

w; = [1— F)"'(i/n), (6.1.10)
where [1 — F]! is the generalized inverse function of 1 — F defined, for u € (0,1), by
[1—F] " (u) = inf{s: [1 — F](s) < u}. (6.1.11)

By convention, we set [l — F]~'(1) = 0. Here the definition of [I — F]™' is chosen such
that
[1—F) "1 —u) = F '(u) = inf{z : F(z) > u}. (6.1.12)

We shall often make use of (6.1.12), in particular since it implies that [1 — F]~!(U) has
distribution function F when U is uniform on (0, 1). For this choice,

1 1 1=
Fn(z) = D Mw<ay = o D Y mimea) = n ZO Lo m-1a-2)<ay
=

i€[n] i€[n]
1 n—1 1 n—1 1
= Z; Lpot(iyeay = o Z; L cpen = - ([nF@)] +1) AT, (6.1.13)
1= J=

where we write j = n — 4 in the third equality and use (6.1.12) in the fourth equality.



118 Inhomogeneous random graphs

Exercise 6.4 (Condition 6.4(a)). Prove that Condition 6.4(a) holds for (w:);em) as in
(6.1.10).

Note that by (6.1.13), we obtain F,(x) > F(z) for every z > 0, which shows that W,
is stochastically dominated by W. In particular, this implies that for increasing functions
z — h(x),

% zn: h(w;) < E[R(W)]. (6.1.14)

We now study some properties of the weights in (6.1.10):

Exercise 6.5 (Moments of w and F [102]). Prove that u +— [1—F]|™(u) is non-increasing,
and conclude that, for every non-decreasing function x +— h(z) and for w; as in (6.1.10),

% S h(w:) < E[h(W)], (6.1.15)

i€[n]

where W is a random variable with distribution function F'.

Exercise 6.6 (Moments of w and F' [102] (Cont.)). Set o > 0, assume that E[W<] < oo
where W is a random wvariable with distribution function F. Use Lebesgue’s dominated
convergence theorem (Theorem A.9) to prove that for w; as in (6.1.10),

% > wi = EWe. (6.1.16)

1€[n]

Conclude that Condition 6.4 (a) holds when E[W] < oo, and Condition 6.4(b) when E[W?] <
0.

An example of the generalized random graph arises when we take, for some a > 0 and
T>1,

0 forx <a
F(z) = - 1.1
() {1 —(a/x)™""  for z > a, (6.0.17)
for which
1—F) ') =au /7, (6.1.18)
so that
w; = a(i/n) VY, (6.1.19)

Exercise 6.7 (Bounds on w). Fiz (w;);c(n) as in (6.1.10). Prove that when
1—F(z) <cx 7Y, (6.1.20)

then there exists a ¢’ > 0 such that w; < wy < T for all j € [n], and all large enough
n.
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The generalized random graph with i.i.d. weights. GRG can be studied both
with deterministic weights as well as with independent and identically distributed (i.i.d.)
weights. The GRG with deterministic weights is denoted by GRG, (w), the GRG with i.i.d.
weights by GRGn(W). Since we often deal with ratios of the form WiW;/(3 ¢\ W),
we shall assume that P(W = 0) = 0 to avoid situations where all weights are zero.

Both models have their own merits (see Section 6.8 for more details). The great advan-
tage of independent and identically distributed weights is that the vertices in the resulting
graph are, in distribution, the same. More precisely, the vertices are completely exchange-
able, like in the Erdds-Rényi random graph ER,(p). Unfortunately, when we take the
weights to be i.i.d., then in the resulting graph the edges are no longer independent (de-
spite the fact that they are conditionally independent given the weights):

Exercise 6.8 (Dependence edges in GRGn(W)). Let (Wi)icn) be an i.i.d. sequence of
weights for which E[W?] < co. Assume further that there ewists ¢ > 0 such that P(W <
€) = 0. Prove that

nP(12 present) = nlP(23 present) — E[W], (6.1.21)

while
n’P(12 and 23 present) — E[W?]. (6.1.22)

Conclude that the status of different edges that share a vertexr are dependent whenever
Var(W) > 0.

When the weights are random, we need to specify the kind of convergence in Condition
6.4, and we shall assume that the limits hold in probability. We now investigate the
conditions under which Condition 6.4(a)-(c) hold. The empirical distribution function F),
of the weights is given by

1
Fo(z) = > lw,<ay (6.1.23)
i€[n]

When the weights are independently and identically distributed with distribution function
F, then it is well-known that this empirical distribution function is close to F' (this is the
Glivenko-Cantelli Theorem). Therefore, Condition 6.4(a) holds.

We close this introductory section by investigating the total number of edges E(GRGr (w))
in the GRG:

Theorem 6.5 (Total number of edges in GRG,(w)). Assume that Condition 6.4(a)-(b)
hold. Then,

1
—B(GRGn(w)) — IE[W]. (6.1.24)
Proof. We apply a second moment method. For this, we note
W; W4
E[E(GRGn(w))] =3 > py= >, 1373 (6.1.25)
.o L. .. ., . tn + wzw]
i,5€[n]: i#£] i,j€[n]: i#£]

We start by bounding this from above by

E[E(GRGn(w))] <3 > = =1, (6.1.26)

which proves an upper bound on E[E(GRGn(w))]. Further, for any sequence a,, — oo and
since ¢ — x/(€, + x) is increasing,

> (wi A an)(w; A an) (6.1.27)

E[E(GRG,(w))] > : : .
s deinT i L + (Wi A an)(wj A an)

1
2
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Therefore, with £y (an) = 3;c(,, (wi Aan),

(ws A an)2

fn(an)’ /tn — 2E[B(CRG, (w)] < 3 F 000

(6.1.28)

i€[n]
+ Z (wi/\an)(wj/\an)[i — 1 ]
el Ly ln+ (Wi Aan)(wj Aay)

Z (wi A an)? Z (wi A an)* (w5 A an)?

- 4 ]é + (ws A an)? Z (ln + (wi A an)(wj A ay))

(ws /\ an) (wz /\ an)

<y iR (1 + Z ).

i€[n] €[n]
Since )

3 (w/%") < an, (6.1.29)
i€(n] n

the right-hand side of (6.1.28) is o(n) when we choose a, = o(y/n) , so that it suffices to
prove that £, (ax)?/(nt,) — E[W] and £,/n — E[W].

By Condition 6.4(b), £, /n = E[W,] — E[W], and also £, (ay)/n = E[(W, Aayn)] — E[W]
by Condition 6.4(a)-(b). We conclude that

E[E(GRG.(w))]/n — LE[W]. (6.1.30)

We continue by bounding Var(E(GRG,(w))), for which we use that the edge statuses are
independent to obtain

Var(E(GRGn(w))) =3 > Var(ly) =3 Y. pi(1—py) (6.1.31)
i,j€[n]: i#j i,j€[n]: i#j
<3 > pij=E[E(GRG(w))].
i,5€[n]: i#j

As a result, Var(E(GRG,(w))) < E[E(GRG,(w))], which is o(E[E(GRG,(w))]?), by
(6.1.30) and the fact that E[W] > 0 by Condition 6.4(a). We conclude that

E(GRGy (w))/E[E(GRG, (w))] — 1. (6.1.32)
O

6.2 Degrees in the generalized random graph

In this section, we study the degrees of vertices in GRG,(w). In order to state the
main results, we start with some definitions. Given weights w = (w:);ec[n), we let the
probability that the edge 77 is occupied be equal to p;; in (6.1.1), and where we recall that
bn =3 icpn wi- We write Dy, = D" for the degree of vertex k in GRG,(w). Thus, Dy is
given by

Dy = X, (6.2.1)

where Xj; is the indicator that the edge kj is occupied. By convention, we set X;; = Xj;.
The main result concerning the degrees is as follows:
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Theorem 6.6 (Degree of GRG with deterministic weights). Assume that Condition 6.4(a)-
(b) hold. Then,

(a) there exists a coupling (ﬁk, Zk) of the degree Dy of vertex k and a Poisson random
variable Zi with parameter wy, such that it satisfies

wi
¢

E[WZ])

P(Dy, # Zy) < E[W,]

(1 +2 (6.2.2)

n
In particular, Dy can be coupled to a Poisson random variable with parameter wy,.

(b) When pi; given by (6.1.1) are all such that limp o0 pi; = 0, the degrees D1,...,Dm,
of vertices 1,...,m are asymptotically independent.

Before proving Theorem 6.6, we state a consequence for the degree sequence when the
weights are given by (6.1.10). To be able to state this consequence, we need the following
definition:

Definition 6.7 (Mixed Poisson distribution). A random variable X has a mized Poisson
distribution with mizing distribution F when, for every k € N,

W

P(X = k) =Efe™" 7],

(6.2.3)

where W is a random variable with distribution function F'.

The next exercises investigate some properties of mixed Poisson random variables:

Not every random variable can be obtained as a mixed Poisson distribution (recall
Definition 6.7). In the following exercises, aspects of mixed Poisson distributions are further
investigated.

Exercise 6.9 (Not every random variable is mixed Poisson). Give an ezample of a random
variable that cannot be represented as a mized Poisson distribution.

Exercise 6.10 (Characteristic function of mixed Poisson distribution). Let X have a
mized Poisson distribution with mizing distribution F' and moment generating function
My, i.e., fort e C,

My (t) = E[e"™], (6.2.4)

where W has distribution function F. Show that the characteristic function of X is given
by
bx (t) = E[e"™X] = My (e — 1). (6.2.5)

Exercise 6.11 (Mean and variance mixed Poisson distribution). Let X have a mized

Poisson distribution with mizing distribution F'. Express the mean and variance of X into
the moments of W, where W has distribution function F'.

Exercise 6.12 (Tail behavior mixed Poisson). Suppose that there exist constants 0 < ¢1 <
co < 0o such that
az' 7T <1 - F(z) < cox' 7. (6.2.6)

Show that there exist 0 < ¢} < ch < oo such that the distribution function G of a mized
Poisson distribution with mizing distribution F satisfies

Az'TT <1 -G(z) < cha' 7. (6.2.7)
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By Theorem 6.6, the degree of vertex ¢ is close to Poisson with parameter w;. Thus,
when we choose a vertex uniformly at random, and we denote the outcome by V', then the
degree of that vertex is close to a Poisson distribution with random parameter wy = W,.

Since W, —& W by Condition 6.4, this suggests the following result:

Corollary 6.8 (Degree of uniformly chosen vertex in GRG). Assume that Condition
6.4(a)-(b) hold. Then,

(a) the degree of a uniformly chosen vertex converges in distribution to a mized Poisson
random variable with mixing distribution F';

(b) the degrees of m uniformly chosen vertices in [n] are asymptotically independent.

We now prove Theorem 6.6 and Corollary 6.8:

Proof of Theorem 6.6. We make essential use of Theorem 2.9, in particular, the coupling of a

sum of Bernoulli random variables with a Poisson random variable in (2.2.19). Throughout

this proof, we shall omit the dependence on n of the weights, and abbreviate w; = wf”).

We recall that
Dy =Y Xuj, (6.2.8)

i€[n]
where Xj; are independent Bernoulli random variables with success probabilities py; =

%. By Theorem 2.9, there exists a Poisson random variable Vi with parameter
Un, EW;
WEwW;
Ak = 6.2.9
k Jz#;c [n ¥ wkwj7 ( )

and a random variable bk where Dk has the same distribution as Dy, such that
wiw
P(Dy # Vi) < 7= <w . 6.2.10
(D # ’“)—ZP’” Z(Z +wkw - kzﬁ ( )
J#k i#k
Thus, in order to prove the claim, it suffices to prove that we can, in turn, couple Vi to a
Poisson random variable Z; with parameter wy, such that

ol w?
P(Yy # Z1) < wp 72] + (6.2.11)
For this, we note that
k
A < wlgwg < % ij = wg. (6.2.12)
+k n n =1

Let ex = wx — A > 0. Then, we let Vi ~ Poi(ex) be independent of ?k, and write
Zk = YAvk + Vk, so that

P(Yi # Z) = P(Vi #0) = P(Vi > 1) < E[Vi] = &5 (6.2.13)
To bound ¢, we note that

n 2
_ AVER A € S S B
€k = Wk — Z L + wrw; J; WkW; l L + wiwj * Cn + w,%

n

2 2 no,2, 2 n
w] w; Wi Wi, W5 Wi 2( 1 wj )
< — = — — ). 6.2.14
ZZ (4n +wkw])+Zn+w2_€n +],:1 2 Wk é"+j;€% ( )




6.2 Degrees in the generalized random graph 123

We conclude that

~ N N “ R . n U)2- 2
P(Di # Zi) S P(Di # Vi) +B(Vi # 21) S 20} Y 5 + % (6.2.15)
j=1"" n

as required. This proves Theorem 6.6(a).
To prove Theorem 6.6(b), it suffices to prove that we can couple (D;);c[m to an inde-

pendent vector (ﬁi)ie[m] such that

P((Di)icm) # (Didicm) = ol1). (6.2.16)

To this end, we recall that X;; denotes the indicator that the edge ij is occupied. The
random variables (X;j)i1<i<j<n are independent Bernoulli random variables with param-
eters (pij)i<i<j<n iven in (6.1.1). We let (X;;)1<i<j<n denote an independent copy of
(Xij)1<i<j<n, and let, for i =1,...,n,

Di=> X} + Zn: Xij. (6.2.17)

j<i j=i+1

Then, we observe the following: (1) Since (X};)1<i<j<n is an independent copy of (Xi;)1<i<j<n,
the distribution of D; is equal to the one of D;, for every i = 1,...,n. (2) Set ¢ < j. While

D; and D; are dependent since they both contain X;; = Xj;, D; contains X;;, while D;-
contains X}; = X;;, which is an independent copy of X;;. We conclude that (ﬁi)ie[m] are
sums of independent Bernoulli random variables, and, therefore, are independent. (3) Fi-
nally, (D:)iepm] # (Di)ic[m) precisely when there exists at least one edge ij with i,j € [m]
such that X;; # X;;. Since X;; and X7; are Bernoulli random variables, X;; # X|; implies
that either X;; = 0, Xj; = 1 or X;; = 1, X/; = 0. Thus, by Boole’s inequality, we obtain
that

P((Di)ie[m] # (Di)ie[m]) <2 P(Xy=1)=2) pi. (6.2.18)

ij=1 i,j=1

By assumption, lim,_ pi; = 0, so that (6.2.16) holds for every m > 2 fixed. This proves
Theorem 6.6(b). O

Exercise 6.13 (Independence of a growing number of degrees for bounded weights). As-
sume that the conditions in Corollary 6.8 hold, and further suppose that there exists a € > 0
such that e < w; < e for every i, so that the weights are uniformly bounded from above
and below. Then, prove that we can couple (D;);c[m) to an independent vector (ﬁi)ie[m]
such that (6.2.16) holds whenever m = o(y/n). As a result, even the degrees of a growing

number of vertices can be coupled to independent degrees.

Proof of Corollary 6.8. By (6.2.2) together with the fact that max;cj,jws = o(n) by
Exercise 6.3 we have that the degree of vertex k is close to a Poisson random variable with
parameter wi. Thus, the degree of a uniformly chosen vertex in [n] is close in distribution
to a Poisson random variable with parameter wy, where V is a uniform random variable
in [n]. This is a mixed Poisson distribution with mixing distribution equal to wy .

Since a mixed Poisson random variable converges to a limiting mixed Poisson random
variable whenever the mixing distribution converges in distribution, it suffices to show
that the weight W,, = wy of a uniform vertex has a limiting distribution given by F'. This
follows from Condition 6.4(a), whose validity follows by (6.1.13).

The proof of part (b) is a minor adaptation of the proof of Theorem 6.6(b). We shall
only discuss the asymptotic independence. Let (Vi);cm] be independent uniform random
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variables. Then, the dependence between the degrees of the vertices (V;);e[m] arises only
through the edges between the vertices (Vi);cjm). Now, the expected number of occupied
edges between the vertices (Vi)ig[m], conditionally on (V;);e[m], is bounded by

wWy; Wy; Wy, Wv; 1 ( kils )2
= — ). 2.1
. 7 ; wy; (6.2.19)

m m

) ln + Wy, Wv; )

i,] 1

2]

The random variables (wv;);e[m] are i.i.d., so that the expected number of occupied edges
between m uniformly chosen vertices is equal to

1 = 21 m m(m — 1) 2
ZIE[( ;:1 ww) ] = JVar(wn) + T Elwy ) (6.2.20)
We can bound
Var(un,) < Efuf; ] € (maxw)Elwn] = o(n), (6.2.21)
€N

by Exercise 6.3. Therefore, the expected number of edges between the vertices (V;);em]
is o(1), so that with high probability there are none. We conclude that we can couple
the degrees of m uniform vertices to m independent mixed Poisson random variables with
mixing distribution w‘g"). Since these random variables converge in distribution to inde-
pendent mixed Poisson random variables with mixing distribution F', this completes the
argument. O

6.3 Degree sequence of generalized random graph

Theorem 6.6 investigates the degree of a single vertex in the generalized random graph.
In this section, we extend the result to the convergence of the empirical degree sequence.
For k > 0, we let

n 1
PV = > Ap,—iy (6.3.1)
i€[n]

denote the degree sequence of GRGn(w). Due to Theorem 6.6, one would expect that this
degree sequence is close to a mixed Poisson distribution. We denote the probability mass
function of such a mixed Poisson distribution by px, i.e., for k > 0,

—W"Lk]

k! (6.3.2)

Pr = E[e

Theorem 6.9 shows that indeed the degree sequence (P,E")) k>0 is close to the mixed Poisson
distribution with probability mass function (p)r>o in (6.3.2):

Theorem 6.9 (Degree sequence of GRG,(w)). Assume that Condition 6.4(a)-(b) hold.
Then, for every e > 0,

]P’(;) 1P — py| > 5) 0, (6.3.3)

where (pr)izo s given by (6.3.2).

Proof of Theorem 6.9. By Exercise 2.14 and the fact that (px)i—, is a probability mass
function, we have that >.7° | |Pt™ — pi| = 2drv(P™, p) — 0 if and only if max;2, |P{™ —
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pr| — 0. Thus, we need to show that, for every e > 0, ]P( maxp— |P,§") —pr| > E) converges
to 0. We use that

P(max| P —pi| > €) < ;P(W;") — k| > ). (6.3.4)
Note that
E[P{"] = P(Dv = k), (6.3.5)
and, by Corollary 6.8(a), we have that
lim P(Dv = k) = py. (6.3.6)

n—00

Also, it is not hard to see that the convergence is uniform in k, that is, for every ¢ > 0,
and for n sufficiently large, we have

mg.X|E[P,£")] —pi| < g (6.3.7)
Exercise 6.14 (Uniform convergence of mean degree sequence). Prove (6.3.7).
By (6.3.4) and (6.3.7), it follows that, for n sufficiently large,
P(ml?x P — py| > e) < ZPQP,;") —E[PM)| > e/z). (6.3.8)
k=0
Note that, by Chebychev inequality (Theorem 2.15),
P(IP(™ —E[PM]] > ¢/2) < = Var(P" 6.3.9
(‘k_[k”fe/)fga‘r(k)v (6.3.9)
so that
" 45 "
IP’(mkax|P,i ) pi| > 5) < E—QkZ_OVar(P,i ). (6.3.10)
We use the definition in (6.3.1) to see that
1
(n)\21 R R
E[(P")’] = — > P(Di=D;=k) (6.3.11)
i,j€[n]
1 1
== Z]P’(Di:k)Jrﬁ > P(Di = D; =k)P(D; = D; = k).
i€[n] i,5€[n]: i#j
Therefore,
Var(P(") < — S [P(Di = k) — B(D: = k)’] (6.3.12)
n i€[n]
1
+= > [P(Di=D;=k)—P(D; =k)P(D; =k).
i,j€[n]: i#j
We let
Xi= > I, X;= > Iy, (6.3.13)

ke[n]: k#i,j ken]: k#i,j



126 Inhomogeneous random graphs

where (I;;); jen) are independent Be(p;;) random variables. Then, the law of (D;, D;) is
the same as the one of (X;+1;;, X;+1I;) while (Xi;+1ij, X;+1I;;), where I; is independent
of (Iij)i,je[n) has the same dlstrlbutlon as I;;, are two 1ndependent random variables with
the same marglnals as D; and D;. Then,

P(D; = D; = k) = ]P)((Xi VL, X+ 1) = (K, k)), (6.3.14)
P(D; = K)P(D; = k) = ]P)((Xi + L, X5+ 1) = (k, k:)), (6.3.15)

so that
P(D; = D; = k) — P(D; = k)P(D; = k) (6.3.16)

< ]P((Xi + Lij, Xj + 1ij) = (k, k), (Xi + Lij, X + ;) # (k,k))

When (X7 + I15, X; + Li;) = ( k), but (X; + Ij, X; + Ij;) # (k, k), we must have that

Iij # Ii;. If Ii; = 1, then Ij; = 0 and X; = k, while, if I;; _O then I;; = 1 and X; = k.
Therefore,
]P(Di =D;= k‘) — P(Di = k)IP)(Dj = k) < 2p;; []P(Dl = k,‘) + ]P(Dj = k’)] (6317)

We conclude from (6.3.12) that

1
> Var(PM) < =+ 5 Z pij = 0, (6.3.18)
k>0 n " gem)
since 3, c(, Pis = O(n) (recall Exercise 6.3). O O

6.4 Generalized random graph with i.i.d. weights

We next state a consequence of Theorem 6.6, where we treat the special case where
(wi)icn) are independent and identically distributed. To avoid confusion with W, , which
is the weight of a vertex chosen uniformly at random from [n], we continue to write the
weights as (w;);e[n], bearing in mind that now these weights are random. Note that there
now is double mndomness Indeed, there is randomness due to the fact that the weights
(wi)icin) are random themselves, and then there is the randomness in the occupation
status of the edges conditionally on the weights (w:);c[n). We denote the resulting graph
by GRG, (w). By Exercise 6.8, the edge statuses are not mdependent

We now investigate the degrees and degree sequence of GRG,, (w):

Corollary 6.10 (Degrees of GRGn(W)). When (w:);cn) are i.i.d. random variables with
distribution function F with a finite mean, then

(a) the degree Dy, of vertex k converges in distribution to a mized Poisson random vari-
able with mizing distribution F;

(b) the degrees D1, ..., Dy of vertices 1,...,m are asymptotically independent.
To see that Corollary 6.10 follows from Theorem 6.6, we note that when (wi)icn

are i.i.d. copies of a random variable W with distribution function F, we have that
% 2 icin] w; — 0, since + 2icin w? = o0z(n) follows when W has a finite mean:
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Exercise 6.15 (Bound on sum of squares of i.i.d. random variables). Show that when
(wi)icn) are i.4.d. random variables with distribution function F with o finite mean, then

1 naxw, = 0. (6.4.1)
n i€(n]
Conclude that )
P
— > wi 0. (6.4.2)
i€[n]

Hint: Use that

P(maxw; > en) < P(w; > en
(g em) < 3 Pl > en)

= nP(W > en). (6.4.3)

Then use a variant of the Markov inequality (Theorem 2.14) to show that P(W > en) =
o(L).

Theorem 6.6 is an extension of [58, Theorem 3.1], in which Corollary 6.10 was proved
under the extra assumption that w; have a finite (1 + &) —moment.

Theorem 6.11 (Degree sequence of GRG,(W)). When (w;);c[n) are i.i.d. random vari-
ables with distribution function F having finite mean, then, for every e > 0,

P(kzzo P — py| > 5) -0, (6.4.4)

where (pr)heo s the probability mass function of a mized Poisson distribution with mizing

distribution F'.

We leave the proof of Theorem 6.11, which is quite similar to the proof of Theorem 6.9,
to the reader:

Exercise 6.16 (Proof of Theorem 6.11). Complete the proof of Theorem 6.11, now using
Corollary 6.8, as well as the equality

BI(PV]) = 5 S B(Di=D; = k)

1<i,j<n

1 2
*P(Dl = k‘) =+ — E ]P)(Dz = Dj = k) (6.4.5)
n n 1<i<j<n

We next turn our attention to the case where the weights (W;);e[, are i.i.d. with infinite
mean. We denote the distribution of W; by F.

Exercise 6.17 (Condition for infinite mean). Show that the mean of W is infinite precisely
when the distribution function F' of W satisfies

/000[1 — F(x)]dz = oco. (6.4.6)

Our next goal is to obtain a random graph which has a power-law degree sequence with
a power-law exponent 7 € (1,2). We shall see that this is a non-trivial issue.
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Theorem 6.12 (Degrees of GRG, (W) with ii.d. conditioned weights). Let (w:)ic[n) be
i.i.d. random variables with distribution function F, and let (wl@”))ie[n] be i.i.d. copies of the
random variable W conditioned on W < a,,. Then, for every an, — oo such that a, = o(n),

(a) the degree D](C") of vertex k in the GRG with weights (wé"'))ie[n], converges in distri-
bution to a mized Poisson random variable with mizing distribution F;

(b) the degrees (D\™)icim] of vertices 1,...,m are asymptotically independent.

Proof. Theorem 6.12 follows by a simple adaptation of the proof of Theorem 6.6 and will
be left as an exercise:

Exercise 6.18 (Proof of Theorem 6.12). Prove Theorem 6.12.

We finally show that the conditioning in Theorem 6.12 is necessary by proving that if
we do not condition the weights to be at most a,, then the degree distribution changes:

Theorem 6.13 (Degrees of GRG, (W) with i.i.d. infinite mean weights). When (wi)ie[n]
are i.i.d. random variables with distribution function F satisfying that for some T € (1,2),

lim 2" '[1 - F(z)] = c (6.4.7)

xTr—ro0
Let the edge probabilities (pij)1<i<j<n conditionally on the weights (w;);cin) be given by
Wi Wy

Pij =

Then,

(a) the degree Dy, of vertex k converges in distribution to a mized Poisson random vari-
able with parameter YW1, where

v = c/ (1+2) 22~ V. (6.4.9)
0

(b) the degrees (Di)icim) of vertices 1,...,m are asymptotically independent.

The proof of Theorem 6.13 is deferred to Section 6.5 below. We note that a mixed Pois-
son distribution with mixing distribution YW does not obey a power law with exponent
T

Exercise 6.19 (Tail of degree law for 7 € (1,2)). Let the distribution function F satisfy
(6.4.7), and let Y be a mized Poisson random variable with parameter W™, where W has
distribution function F. Show that Y is such that there exists a constant ¢ > 0 such that

P(Y >y) =cy ' (1+0(1)). (6.4.10)

As a result of Exercise 6.19, we see that if we do not condition on the weights to be at
most a,, and if the distribution function F' of the weights satisfies (6.4.7), then the degree
distribution always obeys a power law with exponent 7 = 2.

We note that the choice of the edge probabilities in (6.4.8) is different from the choice in
(6.1.1). Indeed, the term £n =}, w: in the denominator in (??) is replaced by nt/(7=1
in (6.4.8). Since, when (6.4.7) is satisfied,

n TN w5 S, (6.4.11)
i€[n]

where S is a stable random variable with parameter 7 — 1 € (0,1), we expect that the
behavior for the choice (?7?) is similar (recall Theorem 2.28).
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6.5 Generalized random graph conditioned on its degrees

In this section, we investigate the distribution of GRGy, (w) in more detail. The main re-
sult in this section is that the generalized random graph conditioned on its degree sequence
is a uniform random graph with that degree sequence (see Theorem 6.14 below).

We start by introducing some notation. We let X = (Xjj)i<i<j<n, where X;; are
independent random variables with

P(Xij =1) =1—-P(Xi; = 0) = pij, (6.5.1)

where p;; is given in (6.1.1). Then, with g;; = 1 — p;;, we have that, for z = (zi;j)1<i<j<n,

PX=a)= [[ »ia, (6.5.2)

1<i<j<n

We define the odd-ratios (7i;)1<i<j<n Dy
_ Dij

rij = 2 6.5.3
;= (653)
Then 1
Tij
ij = ————, i = ————, 6.5.4
Py =Ty Tij =TT Tij ( )
so that L
P(X =) = H oy Ll i (6.5.5)
1<i<j<n 1<i<j<n
We now specialize to the setting of the generalized random graph, and choose
Tij = Uiy, (6.5.6)
for some weights {u;};e[n). Later, we shall choose
W4
U; = ) 6.5.7
Vi (657
in which case we return to (6.1.1) since
Tij Ui Uy Wi Wj
= - = . 6.5.8
Pij 1+ 7y 1+ usu; Ln + W;Wj ( )
Then, with
Gu = ] O +uu), (6.5.9)
1<i<j<n
we obtain

P(X =2)=Gu) " [] (@u)™ =G ] u™, (6.5.10)
]

1<i<j<n i€[n
where {d;()}ic[n is given by
di(z) = @y, (6.5.11)
j=1

i.e., di(z) is the degree of vertex i in the generalized random graph configuration x =
(zij)1<i<j<n. By convention, we assume that z;; = 0, and we recall that x;; = x;;.
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Exercise 6.20 (Equality for probability mass function GRG). Prove the last equality in
(6.5.10).

From (6.5.10), and using that > P(X = z) = 1, it follows that
[T a+ww)=6w=>" ] u ™. (6.5.12)
1<i<j<n T i€[n]

Furthermore, it also follows from (6.5.10) that the distribution of X conditionally on
{d;(X) = d;V1 < i < n} is uniform. That is, all graphs with the same degree sequence
have the same probability. This wonderful result is formulated in the following theorem:

Theorem 6.14 (GRG conditioned on degrees has uniform law). The GRG with edge
probabilities (pij)i<i<j<n given by

Ui Uj

o 7 6.5.13
Dij 1+ wiy; ( )
conditioned on {d;(X) = d;Vi =1,...,n}, is uniform over all graphs with degree sequence
{dz}ze[n] .
Proof. For z satisfying d;(z) = d; for all 4 =1,...,n, we can write out
. P(X =)
P(X = 2|di(X) =dVi=1,...,n) = :
(X = zldi(X) ‘ ") = B @(X) = dvi= 1.,
P(X = x)
= . (6.5.14)
2 yidi(y=awi EX =)
By (6.5.10), we have that (6.5.14) simplifies to
d;(z)
X U,
P(X =aldi(X) =diVi=1,...,n) = Hicpn P
2y (wy=d;vi LLiepm) i
_ Hie[n] u?i
d;
Zyifii(y):dﬁi Hi@[“] Ui
1
(6.5.15)

THy diy) =dvi=1,....n}

that is, the distribution is uniform over all graphs with the prescribed degree sequence. [J
We next compute the generating function of all degrees, that is, for t1,...,t, € R, we
compute, with D; = d;(X),

IE[ I1 t?i] =3 "P(X =) [ t#. (6.5.16)
i€[n] T i€[n]
By (6.5.10) and (6.5.12),
) _ Sz G(tu
E[ I1 t?’] =G> T (it = % (6.5.17)
i€[n] T i€[n]
where (tu); = t;u;. By (6.5.9), we obtain
D;] _ l—l—uitiujtj
]E[H ¢! } = H R (6.5.18)
i€[n] 1<i<j<n

Therefore, we have proved the following nice property:
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Proposition 6.15 (Generating function of degrees of GRGy(w)). For the edge probabili-
ties given by (6.1.1) and (6.5.7),

]E[l_[[]tf’i]: I1 bn + witiwsty (6.5.19)
1€[n

£ WiwW;
1<i<j<n n + Wiw;

Exercise 6.21 (Alternative proof Theorem 6.6). Use Proposition 6.15 to give an alterna-
tive proof of Theorem 6.6.

Exercise 6.22 (Degree of vertex 1 in ER,, (A/n)). Show that for the Erdds-Rényi random

graph with p = A/n, the degree of vertex 1 is close to a Poisson random variable with mean

A by using (B.119). Hint: Use that the Erdds-Rényi random graph is obtained by taking
A

Wi = 2.

Exercise 6.23 (Asymptotic independence of vertex degrees in ER,(A/n)). Show that
for the Erddés-Rényi random graph with p = \/n, the degrees of vertices 1,...,m are
asymptotically independent.

We finally make use of Proposition 6.15 to prove Theorem 6.13:

Proof of Theorem 6.13. We study the generating function of the degree Dy. We note that

1
. TT—1
e [ [[ LW ) 6:520)
i#k 1 + WfLWk;TL T—1

Denote ¢, : R — R by

14 twz
() = — 1 WT 5.21
Bule) = T8 (6521)
Then, by the independence of the weights (w:);e[n), we have that
E[t7F (W, = w] = E[H %(Wm‘ﬁ)] = P (w)" ", (6.5.22)
ik
where .
Yn(w) = ]E[qsw (Wm‘ﬁ)] . (6.5.23)
We claim that 1
Yn(w) =14+ E(t —Dyw™ " +o(nt). (6.5.24)
This completes the proof since it implies that
E[tP% Wi = w] = ¢ (w)" " = D777 (1 4+ 0(1)), (6.5.25)
which in turn implies that
lim E[tP¢] = E[e® 0", (6.5.26)

n—>00

Since E[e(t_l)wwl: _1] is the probability generating function of a mixed Poisson random
variable with mixing distribution YW, " (see Exercise 6.24), (6.5.24) indeed completes
the proof.
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Exercise 6.24 (Identification of limiting vertex degree). Prove that ]E[e(tfl)wwr_l] is the

probability generating function of a mized Poisson random variable with mizing distribution
T—1

YW

We complete the proof of Theorem 6.13 by showing that (6.5.24) holds. For this, we
first note

Yn(w) = E[pu (Win~77)]

= 1+ E[¢u(Win~71) — 1. (6.5.27)

Exercise 6.25 (A partial integration formula). Prove that for every function h: [0, 00) —
R, with h(0) = 0 and every random variable X > 0 with distribution function F, we have
the partial integration formula

E[h(X)] = /Ooo B'(z)[1 — F(x)]dz. (6.5.28)
Applying (6.5.28) to h(z) = ¢dw (mfﬁ) — 1 and X = W, yields

Un(w) = 14071 [ gl on )L - F@)lda

0

-1+ /OOO Ol (2)[1 — F(an™1)]dz. (6.5.29)
Thus,
n(n(w) — 1) = [ ;g(j) (n7T2)" [l — F(zn71)]dz. (6.5.30)

By assumption, 7~ '[1 — F(x)] is a bounded function that converges to c. As a result, by
the Dominated convergence theorem (Theorem A.9),

lim  Su(@) (nﬁx)Tfl[l - F(xnﬁ)]dx =c ” dulz) dz. (6.5.31)

T—1 T—1
n— oo 0 X 0 T

Exercise 6.26 (Conditions for dominated convergence). Verify the conditions for domi-
nated convergence for the integral on the left-hand side of (6.5.31).

We complete the proof of (6.5.24) by noting that

tw w(l + twx) w(t—1)

(@) = T+wz  (1+wz)? - 1+ wx)?’ (6.5.32)
so that
G P R U ) B R
C/o a1 40 C/o 1+ waytar—T 08 = V(= D™ (6.5.3)
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6.6 Asymptotic equivalence of inhomogeneous random graphs

There are numerous papers that introduce models along the lines of the generalized ran-
dom graph, in that they have (conditionally) independent edge statuses. The most general
model has appeared in [47]. In this paper, the properties of such random graphs (such as
diameter, phase transition and average distances) have been studied using comparisons to
multitype branching processes. We shall return to [47] in Chapter 9. We start by inves-
tigating when two inhomogeneous random graph sequences are asymptotically equivalent,
following the results of Janson in [131].

In this section, we shall investigate when two random graphs are asymptotically equiv-
alent. We shall start by introducing this notion for general random variables. Before we
can do so, we say that (X,F) is a measurable space when X is the state space, i.e., the
space of all possible outcomes, and F the set of all possible events. We shall be particularly
interested in discrete measurable spaces, in which case X is a discrete set and F can be
taken to be the set of all subsets of X. However, all notions that will be introduced in this
section, can be more generally defined.

Definition 6.16 (Asymptotic equivalence of sequences of random variables). Let (X, Fr)
be a sequence of measurable spaces. Let P, and Q,, be two probability measures on (Xy, Fr).
Then, we say that the sequences (Pn)nZ1 and (Qn)ne=1 are asymptotically equivalent if, for

every sequence £, € F, of events, we have

lim P, (&) — Qn(En) = 0. (6.6.1)

n—00

Thus, (Pr)a=; and (Qn)n=; are asymptotically equivalent when they have asymptoti-
cally equal probabilities. In practice, this means that there is asymptotically no difference
between (Pr)n=; and (Qn)ne1.

The main result that we shall prove in this section is the following theorem that gives a
sharp criterium on when two inhomogeneous random graph sequences are asymptotically
equivalent. In its statement, we write p = (pij)i<i<j<n for the edge probabilities in
the graph, and IRG,(p) for the inhomogeneous random graph for which the edges are
independent and the probability that the edge ij is present equals p;;.

Theorem 6.17 (Asymptotic equivalence of inhomogeneous random graphs). Let IRG, (p)
and IRG, (q) be two inhomogeneous random graphs with edge probabilities p = (pij)1<i<j<n
and q = (gij)1<i<j<n respectively. Assume that there exists e > 0 such that maxi<i<j<n Pij <
1 —¢e. Then IRG,(p) and IRG.(q) are asymptotically equivalent when

lim Y (i —aw)* _ (6.6.2)

n—oo x
1<i<j<n Pij

When the edge probabilities p = (pij)i<i<j<n and ¢ = (gij)1<i<j<n are themselves random
variables, with maxi<i<j<n pij < 1—¢ a.s., then IRG,(p) and IRG,(q) are asymptotically
equivalent when ,
> Py —a)” = (6.6.3)

1<i<j<n Pij

We note that, in particular, IRG, (p) and IRG,(q) are asymptotically equivalent when
they can be coupled in such a way that P(IRG,(p) # IRG,(q)) = o(1). Thus, Theorem
6.17 is a quite strong result. The remainder of this section shall be devoted to the proof
of Theorem 6.17. We start by introducing the necessary ingredients.

There is a strong relation between asymptotic equivalence of random variables and
coupling, in the sense that two sequences of random variables are asymptotically equivalent
precisely when they can be coupled such that they agree with high probability. Recall the
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results in Section 2.2 that we shall use and extend in this section. Let p = (pz)zecx and
q = (gz)zex be two discrete probability measures on the space X, and recall that the total
variation distance between p and ¢ is given by

1
drv(p,q) = 5 D Ipe — gz, (6.6.4)

By (2.2.17)-(2.2.18), we see that two sequences of discrete probability measures p™ =
(p5)wexr and ¢ = (¢{™)zex are asymptotically equivalent when

drv(p™,q™) — 0. (6.6.5)

In fact, this turns out to be an equivalent definition:

Exercise 6.27 (Asymptotic equivalence and total variation distance). Use (2.2.7) and
Definition 6.16 to prove that p™ = (p{)sex and ¢™ = (¢§V)zex are asymptotically

equivalent if and only if drv(p'™,q™) — 0.

When p and g correspond to Be(p) and Be(q) distributions, then it is rather simple to
show that

drv(p,q) = [p —ql- (6.6.6)

Now, for IRG, (p) and IRG,(q), the edge occupation variables are all independent Be(p;;)
and Be(gs;) random variables. Thus, we can couple each of the edges in such a way that
the probability that a particular edge is distinct is equal to

drv(pij, 4i5) = Pij — @isl, (6.6.7)

so that we are led to the naive bound

drv(IRG (), IRGn(9)) < > Ipij — 4ij, (6.6.8)

1<i<j<n

which is far worse than (6.6.2). As we shall see later on, there are many examples for which

2
D i<ici<n % =o(1), but 3>, ;i [Pij — @] # o(1). Thus, the coupling used in
the proof of Theorem 6.17 is substantially stronger.
To explain this seeming contradiction, it is useful to investigate the setting of the Erd&s-
Rényi random graph ER,(p). Fix p and ¢, assume that ¢ < p and that p < 1 —e. Then,
by Theorem 6.17, ER,,(p) and ER,(q) are asymptotically equivalent when

> M <n’(p—a)*/p=0("(p - a)*), (6.6.9)

1<i<j<n Pij

when we assume that p > e/n. Thus, it suffices that p — ¢ = o(n73/2). On the other
hand, the right-hand side of (6.6.8) is o(1) when p — ¢ = o(n~2), which is rather stronger.
This can be understood by noting that if we condition on the number of edges M, then the
conditional distribution of ER,,(p) conditionally on M = m does not depend on the precise
value of p involved. As a result, we obtain that the asymptotic equivalence of ER,(p) and
ER.,(q) follows precisely when we have asymptotic equivalence of the number of edges in
ERn,(p) and ERy,(g). For this, we note that M ~ Bin(n(n —1)/2,p) for ER,(p), while the
number of edges M’ for ER,,(q) satisfies M’ ~ Bin(n(n — 1)/2, q). By Exercise 4.2 as well
as Exercise 4.22, we have that binomial distributions with a variance that tends to infinity
satisfy a central limit theorem. When M and M’ both satisfy central limit theorems with
equal asymptotic variances, it turns out that the asymptotic equivalence of M and M’
follows when the asymptotic means are equal:



6.6 Asymptotic equivalence of inhomogeneous random graphs 135

Exercise 6.28 (Asymptotic equivalence of binomials with increasing variances [131]). Let
M and M’ be two binomial random variables with M ~ Bin(m,p) and M’ ~ Bin(m, q) for
some m. Show that M and M’ are asymptotically equivalent when m(p —q)/ /mp = o(1).

We apply Exercise 6.28 with m = n(n — 1)/2 to obtain that ER,(p) and ER,(q) are
asymptotically equivalent precisely when n*(p—q)?/p = o(1), and, assuming that p = \/n,
this is equivalent to p — q = o(n73/2). This explains the result in Theorem 6.17 for the
Erdés-Rényi random graph, and also shows that the result is optimal for the Erd6s-Rényi
random graph.

We now proceed by proving Theorem 6.17. In this section, rather than working with
the total variation distance between two measures, it is more convenient to work with
the so-called Hellinger distance, which is defined, for discrete measures p = (pg)scx and
q = (¢z)zex by

du(p,q) = \/; > (Vpr — V)2 (6.6.10)

It is readily seen that dg and drv are quite intimately related:

Exercise 6.29 (Total variation and Hellinger distance). Prove that, for discrete probability
measures p = (pz)zex and ¢ = (qz)zcx,

du(p,q)* < dov(p, q) < 2"2du(p, q). (6.6.11)

Exercise 6.30 (Asymptotic equivalence and Hellinger distance). Use Ezercises 6.27 and
6.29 to prove that p™ = (pi)uex and ¢™ = (¢{V)zex are asymptotically equivalent if
and only if du(p™,q™) — 0.

We define
p(p,q) = 2du(Be(p), Be(q))* = (vp— va)* + (vV1—p—V1—4q)", (6.6.12)

and note that . )

ppg) <(p—q) (P +(1—-p) ). (6.6.13)
Exercise 6.31 (Bound on Hellinger distance Bernoulli variables). Prove that p(p,q) <
-9 +0-p)7").

In particular, Exercise 6.31 implies that when p < 1 — ¢, then

p(p,q) <Clp—q)*/p (6.6.14)

for some C' = C(g) > 0. Now we are ready to complete the proof of Theorem 6.17:

Proof of Theorem 6.17. Let IRG,(p) and IRG,(q) with p = (pij)i<i<j<n and q =
(gij)1<i<j<n be two inhomogeneous random graphs. The asymptotic equivalence of IRG,, (p)
and IRG,(q) is equivalent to the asymptotic equivalence of the edge variables, which are
independent Bernoulli random variables with success probabilities p = (pij)1<i<j<n and
q = (gij)i<i<j<n. In turn, asymptotic equivalence of the edge variables is equivalent to
the fact that du(p, q) = o(1), which is what we shall prove now.

For two discrete probability measures p = (pz)zcx and ¢ = (¢z)zcx, we denote

H(p,q) =1~ %dH(p, 0?=> Ve (6.6.15)

We shall assume that
X=x"x...xxm (6.6.16)
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is of product form, and, for z = (z1,...,2m) € X,
pe =[]p8),  @=]]d (6.6.17)
i=1 i=1

are product measures, so that p and g correspond to the probability mass functions of
independent random variables. Then, due to the product structure of (6.6.15), we obtain

m

H(p,q) = [[H®",q"). (6.6.18)

i=1

For IRG,(p) and IRG,(q) with p = (pij)i<i<j<n and g = (gij)1<i<j<n, the edges are
independent, so that

Hpq= ][ (- 1P(pij»qz‘j)% (6.6.19)

L 2
1<i<j<n

du(p.q) = /2 - 2H(p, q). (6.6.20)

As a result, du(p, q) = o(1) precisely when H(p,q) =1+ o(1). By (6.6.19) and using that
1-2)1-y)>1—xz—yand 1 —x <e *, we obtain

so that

1= 5 Y ppij.ai) < H(p,q) < e 2 Zisi<isn prig i), (6.6.21)

1<i<j<n

N | =

so that H(p,q) = 1 — o(1) precisely when >°, ;. p(pij, ;) = o(1). By (6.6.14), we
further obtain that when maxi<i<j<npi; <1 — ¢ for some ¢ > 0, then

S plpira) <C D M:o(l), (6.6.22)

1<i<j<n 1<i<j<n Dij

by (6.6.2). This completes the proof of the first part of Theorem 6.17. For the second part,
we note that if (6.6.3) holds, then we can find a sequence ¢, such that

—7_%‘)2 < 6n) =1-o(1). (6.6.23)

P( 3 (piz —

1<i<j<n

Then, the asymptotic equivalence of IRG,(p) and IRG,(q) is, in turn, equivalent to the

(Pij;fi.{ij)tz <
ij

€n. For the latter, we can use the first part of Theorem 6.17. O

asymptotic equivalence of IRGn(p) and IRGr(q) conditionally on 32, ;.

In fact, tracing back the above proof, we see that under the assumptions of Theorem 6.17,
we also obtain that p(p,q) > c(p — q)?/p for some ¢ = ¢(¢) > 0. Thus, we can strengthen
Theorem 6.17 to the fact that IRG, (p) and IRG,(q) are asymptotically equivalent if and
only if (6.6.2) holds.

6.7 Related inhomogeneous random graph models

We now discuss two examples of inhomogeneous random graphs which have appeared
in the literature, and are related to the generalized random graph. We start with the
expected degree random graph.
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6.7.1 Chung-Lu model or expected degree random graph

In this section, we prove a coupling result for the degrees of the Chung-Lu random
graph, where the edge probabilities are given by

o = % AL, (6.7.1)

n

where again
by =Y w. (6.7.2)
i€[n]
When max;en] w? < £, we may forget about the maximum with 1 in (6.7.1). We shall as-

sume max;en) w? < £, throughout this section, and denote the resulting graph by CLn(w).
Naturally, when 2= is quite small, there is hardly any difference between edge weights

NGS
pij = eﬁ% and p;; = 2. Therefore, one would expect that these models behave
W w; n

rather similarly. We shall make use of Theorem 6.17, and investigate the asymptotic
equivalence of CL,(w) and GRG,(w):

Theorem 6.18 (Asymptotic equivalence of CL and GRG with deterministic weights).
The random graphs CL,(w) and GRG,(w) are asymptotically equivalent precisely when

Z w? = o(n®/?), (6.7.3)
i€[n]
where W, is the weight of a uniformly chosen vertex in [n].

Proof. We make use of Theorem 6.17. For this, we compute, for fixed 75, and using the
fact that 1 —1/(1 4+ z) < z,

(6.7.4)

(cLy __ Wiwj  wiw; Wil [1 B 1 } wiw?
pij YTl twiwy Ay, 1+ 2% ="n
Moreover, since w; = o(y/n) by Condition 6.4(a)-(c) and Exercise 6.3, for n sufficiently

large
Wi W;

= > e (26n), 7.
Py = T 2 Wi/ (26) (6.7.5)
we arrive at
o (CL)\2 2
I R P YE wied <623 wl) =o(), (6.7.6)
1<igj<n Dij 1<i<j<n i€[n]
by (6.7.3). =

When Condition 6.4(a)-(c) hold, Exercise 6.3 implies that max;c,) wi = o(y/n), so that
Z wi = o(v/n) Z w? = o(n®*E[W?] = o(n®/?). (6.7.7)
i€[n] i€[n]

Thus, we have proved the following corollary:

Corollary 6.19 (Asymptotic equivalence of CL and GRG). Assume that Condition 6.4(a)-
(c¢) hold. Then, the random graphs CL,(w) and GRG,(w) are asymptotically equivalent.

We can prove stronger results linking the degree sequences of CL, (w) and GRG, (w)
for deterministic weights given by (6.1.10) when E[W] < oo, by splitting between vertices
with small and high weights, but we refrain from doing so.



138 Inhomogeneous random graphs

6.7.2 Norros-Reittu model or the Poisson graph process

In [182], the authors introduce a random multigraph with a Poisson number of edges in
between any two vertices ¢ and j, with parameter equal to w;w;/¢,. The graph is defined
as a graph process, where at each time ¢, a new vertex is born with an associated weight w;.
The number of edges between ¢ and ¢ is Poi(w;w;/¢;) distributed. Furthermore, at each
time each of the older edges is erased with probability equal to w:/¢;. We claim that the
number of edges between vertices ¢ and j at time ¢ is a Poisson random variable with mean
wzuj , and that the number of edges between the various pairs of vertices are independent.
To see this, we start by observing a useful property of Poisson random variables:

Exercise 6.32 (Poisson number of Bernoulli variables is Poisson). Let X be a Poisson
random variable with mean X\, and let (1;);2, be an independent and identically distributed
sequence of Be(p) random variables. Prove that

Y=>"1 (6.7.8)

has a Poisson distribution with mean Ap.

We make use of Exercise 6.32 to prove that the number of edges between vertices ¢ and
j at time t is a Poisson random variable with mean wzﬂj , and that the number of edges
between different pairs are independent. Indeed, making repeated use of Exercise 6.32
shows that the number of edges at time ¢ between vertices ¢ and j, for ¢ < j, is Poisson

with parameter

m I o= =t I (e = (6:7.9)

s=j+1 ts

as required. The independence of the number of edges between different pairs of vertices
follows by the independence in the construction of the graph.

The Norros-Reittu graph process produces a multigraph. However, when the weights
are sufficiently bounded, it can be seen that the resulting graph is with positive probability
simple:

Exercise 6.33 (Simplicity of the Norros-Reittu random graph). Compute the probability
that the Norros-Reittu random graph is simple at time n.

Exercise 6.34 (The degree of a fixed vertex). Assume that Condition 6.4(a)-(b) hold.
Prove that the degree of vertex k in the Norros-Reittu graph at time n has an asymptotic
mized Poisson distribution with mizing distribution F', the asymptotic distribution function

of Wh.

We now discuss the Norros-Reittu model at time n, ignoring the dynamic formulation
given above. We shall denote this graph by NR, (w). The Norros-Reittu is a multigraph,
for which the probability that there is at least one edge between vertices ¢ and j exists is,
conditionally on the weights (w;);c[n), given by

wiw

J

PN =1 (6.7.10)

and the occupation status of different edges is independent.

We next return to the relation between the various random graph models discussed in
this section. We shall fixe the weights to be equal to (w;);c[n], and compare the generalized
random graph, Chung-Lu model and Norros-Reittu model with these weights. The latter
is denoted by NR, (w).
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We say that a random graph G, is stochastically dominated by the random graph
G, when, with (Xij)i1<i<j<n and (X;)1<i<j<n denoting the occupation statuses of the

edges in G, and G, respectively, there exists a coupling ((Xij)1§i<j§n7 (X{j)1§i<j§n) of

(Xij)1<i<j<n and (X/;)1<i<j<n such that

P(Xi; < X;Vi,j € [n]) = 1. (6.7.11)
We write G, < G, when the random graph G, is stochastically dominated by the random
graph G,.

Exercise 6.35 (Stochastic domination of increasing random variables). Let G, < G%,. Let
the random variable X (G) be an increasing random variable of the edge occupation random
variables of the graph G. Let X,, = X(G,) and X}, = X(G%). Show that X,, < X},.

When the statuses of the edges are independent, then (6.7.11) is equivalent to the bound
that, for all ¢,j € [n],
pij = P(Xi; = 1) < pj; =P(Xi; = 1). (6.7.12)

We note that, by (6.7.12) and the fact that, for every z > 0,

7 _T_x <1-e " <max{z, 1}, (6.7.13)
we have that
GRG,(w) X NR, (w) < CL,(w). (6.7.14)

This provides a good way of comparing the various inhomogeneous random graph models
discussed in this chapter.

Exercise 6.36 (Asymptotic equivalence of IRGs). Assume that Condition 6.4(a)-(c) hold.
Show that NR,, (w) is asymptotically equivalent to GRG.,(W).

6.8 Notes and discussion

Notes on Section 6.1. In the generalized random graph studied in [58], the situation
where the vertex weights are i.i.d. is investigated, and ¢,, in the denominator of the edge
probabilities in (6.1.1) is replaced by n, which leads to a minor change. Indeed, when the
weights have finite mean, then ¢, = E[W]n(1 + o(1)), by the law of large numbers. If we
would replace £, by E[W]n in (6.1.1), then the edge occupation probabilities become

W; Wy
T I— 6.8.1
E[W]n 4+ w;w; ( )
so that this change amounts to replacing w; by w;/+/E[W]. Therefore, at least on a
heuristic level, there is hardly any difference between the definition of p;; in (6.1.1), and
the choice p;j = —+24_ in [58].

n+w; w

In the literature, both the cases with i.i.d. weights as well as the one with deterministic
weights have been studied. In [66, 67, 68, 72, 161], the Chung-Lu model, as defined in
Section 6.7, is studied with deterministic weights. In [102], general settings are studied,
including the one with deterministic weights as in (6.1.10). In [58], on the other hand, the
generalized random graph is studied where the weights are i.i.d., and in [102] for several
cases including the one for i.i.d. degrees, in the case where the degrees have finite variance
degrees, for the Chung-Lu model, the Norros-Reittu model, as well as the generalized
random graph.
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The advantage of deterministic weights is that there is no double randomness, which
makes the model easier to analyse. The results are also more general, since often the
results for random weights are a simple consequence of the ones for deterministic weights.
On the other hand, the advantage of working with i.i.d. weights is that the vertices are
exchangeable, and, in contrast to the deterministic weights case, not many assumptions
need to be made. For deterministic weights, one often has to make detailed assumptions
concerning the precise structure of the weights.

Notes on Section 6.2. The results in this section are novel, and are inspired by the
ones in [58].

Notes on Section 6.3. The results in this section are novel, and are inspired by the
ones in [58].

Notes on Section 6.4. Theorem 6.13 is [58, Proof of Theorem 3.2], whose proof we
follow. Exercise 6.19 is novel.

Notes on Section 6.5. The proof in Section 6.5 follows the argument in [58, Section 3].

Notes on Section 6.6. Theorem 6.17 is [131, Corollary 2.12]. In [131], there are many
more examples and results, also investigating the notion of asymptotic contiguity of random
graphs, which is a slightly weaker notion than asymptotic equivalence, and holds when
events that have vanishing probability under one measure also have vanishing probabilities
under the other. There are deep relations between convergence in probability and in
distribution and asymptotic equivalence and contiguity, see [131, Remark 1.4].

Notes on Section 6.7. The expected degree random graph, or Chung-Lu model, has
been studied extensively by Chung and Lu in [66, 67, 68, 72, 161]. See in particular the
recent book [70], in which many of these results are summarized.



CHAPTER 7
CONFIGURATION MODEL

In this chapter, we investigate graphs with fixed degrees. Ideally, we would like to inves-
tigate uniform graphs having a prescribed degree sequence, i.e, a degree sequence which
is given to us beforehand. An example of such a situation could arise from a real-world
network, of which we know the degree sequence, and we would be interested in generating
a random graph with precisely the same degrees. We start by discussion a few examples
where such situation appears naturally.

Example 7.1 (Population of two types revisited). Suppose that we have a complex net-
work in which two distinct types of vertices are present. The first type has precisely my
neighbors, the second type precisely mo. How can we construct a random graph satisfying
these restrictions?

Example 7.2 (Regular graphs). How many simple graphs are there in which every vertex
has degree precisely 7 How can we generate a random instance of such a graph?

Example 7.3 (Real-world network and its degrees). Suppose that we have a complex
network of size n in which vertex ¢ € [n] has degree d;. How can we decide whether this
network resembles a uniform random graph with the same degree sequence, or whether it
inherently has more structure? For this, we would need to be able to generate a random
graph having precisely the right degree sequence.

As it turns out, it is not a trivial task to generate graphs having prescribed degrees,
in particular, because they may not exist (recall (I.3) on page 114). We shall therefore
introduce a model that produces a multigraph with the prescribed degrees, and which,
when conditioned on simplicity, is uniform over all simple graphs with the prescribed
degree sequence. This random multigraph is called the configuration model. We shall
discuss the connections between the configuration model and a uniform simple random
graph having the same degree sequence, and give an asymptotic formula for the number
of simple graphs with a given degree sequence.

This chapter is organized as follows. In Section 7.1, we shall introduce the configuration
model. In Sections 7.2, we shall investigate properties of the configuration model, given
that the degrees satisfy some regularity conditions. We shall investigate two ways of turning
the configuration model into a simple graph, namely, by erasing the self-loops and multiple
edges, or by conditioning on obtaining a simple graph. For the latter, we compute the
asymptotic probability of the configuration model to be simple. This also allows us to
compute the asymptotic number of graphs with a given degree sequence in the case where
the degrees are not too large. In Section 7.4, we shall discuss the tight relations that
exist between the configuration model conditioned on being simple, and the generalized
random graph conditioned on its degrees. This relation shall prove to be quite useful when
deducing results for the generalized random graph from those for the configuration model.
In Section 7.5, we treat the special case of i.i.d. degrees. We close this chapter in Section
7.6 with notes and discussion.

7.1 Introduction to the model
Fix an integer n. Consider a sequence d = (di)icn)- The aim is to construct an

undirected (multi)graph with n vertices, where vertex j has degree d;. Without loss of
generality, throughout this chapter, we shall assume that d; > 1 for all j € [n], since when

141



142 Configuration model

d; = 0, vertex j is isolated and can be removed from the graph. One possible random
graph model is then to take the uniform measure over such undirected and simple graphs.
Here, we call a graph simple when it has no self-loops and no multiple edges between any
pair of vertices. However, the set of undirected simple graphs with n vertices where vertex
j has degree d; may be empty. For example, in order for such a graph to exist, we must
assume that the total degree

b=y d, (7.1.1)

J€ln]

is even. We wish to construct a simple graph such that (d;);c[n) are the degrees of the
n vertices. However, even when ¢, = Z].E[n] d; is even, this is not always possible, as
explained in more detail in (I.3) on page 114.

Exercise 7.1 (Non-graphical degree sequence). Find a simple example of a (d:)icin) sat-
isfying that £, = Zje[n] d; is even, for which there is no simple graph where vertex i has
degree d;.

Since it is not always possible to construct a simple graph with a given degree sequence,
instead, we can construct a multigraph, that is, a graph possibly having self-loops and
multiple edges between pairs of vertices. One way of obtaining a uniform multigraph with
the given degree sequence is to pair the half-edges attached to the different vertices in a
uniform way. Two half-edges together form an edge, thus creating the edges in the graph.

To construct the multigraph where vertex j has degree d; for all j € [n], we have n
separate vertices and incident to vertex j, we have d; half-edges. Every half-edge needs
to be connected to another half-edge to build the graph. The half-edges are numbered in
an arbitrary order from 1 to ¢,. We start by randomly connecting the first half-edge with
one of the ¢, — 1 remaining half-edges. Once paired, two half-edges form a single edge of
the multigraph. Hence, a half-edge can be seen as the left or the right half of an edge. We
continue the procedure of randomly choosing and pairing the half-edges until all half-edges
are connected, and call the resulting graph the configuration model with degree sequence d,
abbreviated as CM,(d).

Unfortunately, vertices having self-loops, as well as multiple edges may occur. However,
we shall see that self-loops and multiple edges are scarce when n — oo. Clearly, when
the total degree ¢, = Zj €n] d; is even, then the above procedure produces a multigraph
with the right degree sequence. Here, in the degree sequence of the multigraph, a self-loop
contributes two to the degree of the vertex incident to it, while each of the multiple edges
contributes one to the degree of each of the two vertices incident to it.

To explain the term configuration model, we now present an equivalent way of defining
the configuration model. For this, we construct a second graph, with vertices 1,...,4,.
These vertices in the new graph will correspond to the edges of the random multigraph
in the configuration model. We pair the vertices in a uniform way to produce a uniform
matching. For this, we pair vertex 1 with a uniform other vertex. After this, we pair the
first not yet paired vertex to a uniform vertex which is not yet paired. The procedure stops
when all vertices are paired to another (unique) vertex. We denote the resulting graph
by Conf,(d). Thus, Conf,(d) can be written as Conf,(d) = {ic(i): i € [¢»]}, where o(7)
is the label of the vertex to which vertex ¢ € [¢,] is paired. The pairing of the vertices
1,...,4, is called a configuration, and each configuration has the same probability.

Exercise 7.2 (The number of configurations). Prove that there are (2m — 1)!! = (2m —
1)(2m — 3)---3 -1 different ways of pairing vertices 1,...,2m.

To construct the graph of the configuration model from the above configuration, we
identify vertices 1,...,d; in Conf,(d) to form vertex 1 in CM,(d), and vertices di +
1,...,d1+dz in Conf, (d) to form vertex 2 in CM, (d), etc. Therefore, precisely d; vertices
in Conf,(d) are identified with vertex j in CM,(d).
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In the above identification, the number of edges in CM,, (d) between vertices i, j € [n] is
the number of vertices in Conf, (d) that are identified with ¢ € CM,(d) and are paired to
the vertex in Conf,(d) that is identified with vertex j € CM,(d). As a consequence, the
degree of vertex j in CM,,(d) is precisely equal to d;. The resulting graph is a multigraph,
since both self-loops and multiple edges between vertices are possible. We can identify
the graph as CM,(d) = (Xij); jen], where Xj; is the number of edges between vertices
1,j € [n] and Xj; is the number of self-loops of vertex ¢ € [n], so that, for all ¢ € [n],

di=Xu+ Y X (7.1.2)

J€ln]

Here, the number of self-loops of vertex i, X;;, appears twice, so that a self-loop contributes
2 to the degree. Since the uniform matching of the ¢, vertices in Conf,(d) is sometimes
referred to as the configuration, the resulting graph CM,(d) is called the configuration
model.

We note (see e.g. [132, Section 1]) that not all multigraph has the same probability,
i.e., not every multigraph is equally likely and the measure obtained is not the uniform
measure on all multigraphs with the prescribed degree sequence. Indeed, there is a weight
1/34! for every edge of multiplicity j, and a factor 1/2 for every self-loop:

Proposition 7.4 (The law of CMy,(d)). Let G = (:5);,jen) be a multigraph on the vertices
[n] which is such that

di = xi + Z Tij. (7.1.3)
J€ln]
Then,
1 Hie[n] d;!
(el Hie[n] 2Tii ngigjgn x5!

Proposition 7.4 implies that if we condition on the graph as being simple, then the
resulting graph is a uniform simple graph with the prescribed degree sequence. Here, we
call a graph G = (i5);,je[n) simple whenever x;; € {0,1} for every 4,j € [n] with ¢ # j,
and z;; = 0 for every i € [n], i.e., there are no multiple edges and no self-loops.

P(CM,(d) = G) = (7.1.4)

Proof. By Exercise 7.2, the number of configurations is equal to (¢, — 1)!l. Each configu-
ration has the same probability, so that

P(CM,(d) = G) = ——— N(G), (7.1.5)

where N(G) is the number of configurations that, after identifying the vertices, give the
multigraph G. We note that if we permute the half-edges incident to a vertex, then the
resulting multigraph remains unchanged, and there are precisely [], en] d;! ways to permute
the half-edges incident to all vertices. Some of these permutations, however, give rise to the
same configuration. The factor z;;! compensates for the multiple edges between vertices
1,J € [n], and the factor 2%% compensates for the fact that the paring kl and lk in Conf, (d)
give rise to the same configuration. O

Exercise 7.3 (Example of multigraph). Let n = 2, di = 2 and d2 = 4. Use the direct
connection probabilities to show that the probability that CMy(d) consists of 3 self-loops
equals 1/5. Hint: Note that when di = 2 and dz = 4, the graph CM,(d) consists only of
self-loops precisely when the first half-edge of vertex 1 connects to the second half-edge of
vertex 1.
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Exercise 7.4 (Example of multigraph (Cont.)). Let n = 2, di = 2 and do = 4. Use
Proposition 7.4 to show that the probability that CMy,(d) consists of 3 self-loops equals 1/5.

The flexibility in choosing the degree sequence d gives us a similar flexibility as in
choosing the vertex weights w in Chapter 6. However, in this case, the choice of the vertex
degrees gives a much more direct control over the topology of the graph. For example, for
CM, (d), it is possible to build graphs with fixed degrees, or where all degrees are at least
a certain value. In many applications, such flexibility is rather convenient. For example,
it allows us to generate a (multi)graph with precisely the same degrees as a real-world
network, so that we can investigate whether the real-world network is similar to it or not.

The configuration model with fixed degrees has a long history, see e.g. [44, Section 2.4].
One specific example is to take the degrees all equal, in which case we speak of a random
reqular graph.

As in Chapter 6, we shall again impose regularity conditions on the degree sequence d.
In order to state these assumptions, we introduce some notation. We denote the degree of
a uniformly chosen vertex V in [n] by D,, = dy. The random variable D,, has distribution
function Fj, given by

1
Fu() = — > Ma;<ay- (7.1.6)
jeln]

We assume that the vertex degrees satisfy the following regularity conditions:

Condition 7.5 (Regularity conditions for vertex degrees).
(a) Weak convergence of vertex weight.
There exists a distribution function F' such that

D, % D, (7.1.7)

where D,, and D have distribution functions F,, and F', respectively.
Equivalently, for any x,
lim F,(x) = F(z). (7.1.8)

n—r00

(b) Convergence of average vertex degrees.
lim E[D,] = E[D], (7.1.9)
n—oo

where Dy, and D have distribution functions F,, and F, respectively. Further, we assume
that P(D > 1) = 1.
(c) Convergence of second moment vertex degrees.
lim E[D2] = E[D?]. (7.1.10)

Similarly to Condition 6.4 in Chapter 6, we shall almost always assume that Condition
7.5(a)-(b) hold, and only sometimes assume Condition 7.5(c). We note that, since d;
only takes values in the integers, so does D,,, and therefore so must the limiting random
variable D. As a result, the limiting distribution function F' is constant between integers,
and makes a jump P(D = x) at « € N. As a result, the distribution function F' does have
discontinuity points, and the weak convergence in (7.1.7) usually only implies (7.1.8) at
continuity points. However, since Fj, is constant in between integers, we do obtain the
implication:

Exercise 7.5 (Weak convergence integer random variables). Let (D) be a sequence of
integer random variables such that D, 4. D. Show that, for all x € R,
lim F,(z) = F(x), (7.1.11)
n— o0

and that also lim,, oo P(D,, = ) = P(D = z) for every x € N.
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Instead of defining CM,(d) in terms of the degrees, we could have defined it in terms
of the number of vertices with fixed degrees. Indeed, let

e = Z Tga,=1 (7.1.12)

i€[n]

denote the number of vertices with degree k. Then, clearly, apart from the vertex labels,
the degree sequence d is uniquely determined by the sequence (nx)r>0. Then, Condition
7.5(a) is equivalent to limp— oo nk/n = P(D = k), while Condition 7.5(b) is equivalent to
limy 500 Y psq kne/n = E[D].

We next describe two canonical ways of obtaining a degree sequence d such that Con-
dition 7.5 holds.

The configuration model with fixed degrees moderated by F'. Fix a distribution
function F' of an integer random variable D. We take the number of vertices with degree
k to be equal to

ni = [nF(k)] — [nF(k —1)], (7.1.13)

and take the corresponding degree sequence d = (di);c[n) the unique ordered degree se-
quence compatible with (nx)r>0. Clearly, for this sequence, Condition 7.5(a) is satisfied:

Exercise 7.6 (Regularity condition for configuration model moderated by F'). Fiz CM,(d)
be such that there are precisely ni, = [nF (k)] — [nF(k — 1)] vertices with degree k. Show
that Condition 7.5(a) holds.

The nice thing about our example is that
1
F.(k) = E[nF(k)] (7.1.14)

In particular, D,, < D, since F,,(z) > F(x) for every x. As a result, Condition 7.5(b) holds
whenever E[D] < oo, and Condition 7.5(c) whenever E[D?] < oc:

Exercise 7.7 (Regularity condition for configuration model moderated by F' (Cont.)). Fiz
CM,,(d) be such that there are precisely ni, = [nF(k)] — [nF(k — 1)] vertices with degree
k. Show that Condition 7.5(b) holds whenever E[D] < co.

The configuration model with i.i.d. degrees. The next canonical example arises by
assuming that the degrees D = (D;);¢[n) are an i.i.d. sequence of random variables. When
we extend the construction of the configuration model to i.i.d. degrees D, we should bear
in mind that the total degree

Ln=>_ D (7.1.15)
i€[n]

is odd with probability close to 1/2, as the following exercise shows:

Exercise 7.8 (Probability of i.i.d. sum to be odd). Assume that (D;);>1 is an i.i.d.
sequence of random wvariables. Prove that L, = D, is odd with probability close to

1/2. For this, note that

i€[n]

P(L, is odd) = [1 - E[(q)Ln]]. (7.1.16)

N | =

Then compute
E[(-1)""] = ¢p, (m)", (7.1.17)
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where
b, (t) = Ele"""] (7.1.18)

is the characteristic function of the degree D1. Prove that, when P(D even) # 1, |¢p, (7)| <

1

1, so that P(Ly, is odd) is exponentially close to 5.

There are different possible solutions to overcome the problem of an odd total degree
L., each producing a graph with similar characteristics. We make use of the following
solution: If L, is odd, then we add a half-edge to the nth vertex, so that D, is increased
by 1, i.e., di = D; + {1, odd,i=n}. This single half-edge will make hardly any difference
in what follows, and we will ignore this effect. Also, we warn the reader that now D,
has two distinct meanings. The first is the distribution of the degree of a random vertex
D,, = dv, the second the n'® element of the sequence D = (Di)ien)- In what follows, we
shall always be clear about the meaning of D,,, which is always equal to D,, = dy unless
explicitly stated otherwise.

It is not hard to see that Condition 7.5 follows from the Law of Large Numbers:

Exercise 7.9 (Regularity condition for configuration model with i.i.d. degrees). Fiz CM, (d)
with degrees d given by di = D; + 1, odd,i=n}, where (Di)iciy) is an i.i.d. sequence of
integer random variables. Show that Condition 7.5(a) holds, whereas Condition 7.5(b) and
(c) hold when E[D] and E[D?], respectively, are finite. Here the convergence is replaced
with convergence in probability.

Organization of the remaining chapter. In this chapter, we study the configuration
model both with fixed degrees, as well as with i.i.d. degrees. We focus on two main results.
The first main result shows that when we erase all self-loops and combine the multiple
edges into one, then we obtain a graph with asymptotically the same degree sequence.
This model is also referred to as the erased configuration model, see also [58, Section 2.1].

In the second main result, we investigate the probability that the configuration model
actually produces a simple graph. Remarkably, even though there could be many self-loops
and multiple edges, in the case when the degrees are not too large, there is an asymptotically
positive probability that the configuration model produces a simple graph. Therefore, we
may obtain a uniform simple random graph by repeating the procedure until we obtain a
simple graph. As a result, this model is sometimes called the repeated configuration model.
The fact that the configuration model yields a simple graph with asymptotically positive
probability has many interesting consequences that we shall explain in some detail. For
example, it allows us to compute the asymptotics of the number of simple graphs with a
given degree sequence.

7.2 Erased configuration model

We first define the erased configuration model. We fix the degrees d. We start with the
multigraph CM,, (d) and erase all self-loops, if any exist. After this, we merge all multiple
edges into single edges. Therefore, the erased configuration model yields a simple random
graph, where two vertices are connected by an edge if and only if there is (at least one)
edge connecting them in the original multigraph definition of the configuration model.

We next introduce some notation. We denote the degrees in the erased configuration
model by D = (D{™”),c,, so that

D = d; — 2s; — ms, (7.2.1)
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where (di)ie[n] are the degrees in the configuration model, s; = x;; is the number of self-
loops of vertex i in the configuration model, and

mi = Z(m” - 1)]1{90ij22} (7.2.2)
J#i

is the number of multiple edges removed from i.
Denote the empirical degree sequence (p{”)r>1 in the configuration model by

Y = Z Tga,—k}, (7.2.3)

and denote the related degree sequence in the erased configuration model (P,ier)) k>1 by

P = Z ey (7.2.4)

ze [n]

From the notation it is clear that (py”)k>1 is a deterministic sequence since (d;)ic[n) is
deterministic, while (P{*”)x>1 is a random sequence, since the erased degrees (D!™);c(n)

is a random vector.

Exercise 7.10 (Mean degree sequence equals average degree). Prove that

i/@pg” Z di = ;" (7.2.5)
k=1

Now we are ready to state the main result concerning the degree sequence of the erased
configuration model:

Theorem 7.6 (Degree sequence of erased configuration model with fixed degrees). For
fized degrees d satisfying Condition 7.5(a)-(b), the degree sequence of the erased configura-
tion model (P,ier))kzl converges to (pr)r>1. More precisely, for every e > 0,

]P’(i |PCY — pe| > s) 0. (7.2.6)
k=1

Proof. By Condition 7.5(a) and the fact that pointwise convergence of a probability mass
function is equivalent to convergence in total variation distance (recall Exercise 2.14), we
obtain that

. ) _
nl;rr;o; Py pr| =0. (7.2.7)

Therefore, we can take n so large that

oo

> I — el < /2. (7.2.8)

k=1
We start by proving the result under the extra assumption that

r_n[au](di = o(y/n), (7.2.9)
€(n
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For this, we bound P(3"37, |P\™ — pi”’| > €/2). For this, we use (7.2.1), which implies
that Die") # d; if and only if 2s; +m; > 1. We use

b )~ L
SRS —p| < = SN |11{D§cr>:k} — Tgg,=1y s (7.2.10)
k=1 k=1

i

and write out that

]l{Df;er)=k} - ll{diik:} = ]l{Dqger)=k,di>k} - H{Dger><k,di=k}
= i 4mi>0 (H{Dgew:k} - ]l{di:k})~ (7.2.11)
Therefore,
|H{D§er)=k} = La=iy| < ]l{si+mi>0}(ll{D§er)=k} + W=k} ) (7.2.12)
so that
N e ) o L
leli ) _pgc )| < EZ Z |H{Dger):k} — Il{ch:k;}'
k=1 k=1i€[n]
1 oo
< E Z ll{si+mi>0} Z (H{Dger):k} + Il{d1=k})
i€[n] k=1
2 2
== Mamoy < = D (56 +ma). (7.2.13)
i€[n] i€[n]

We denote the number of self-loops by S, and the number of multiple edges by M, that
is

1
S, = Z s, Mn=g Z m;. (7.2.14)
i€[n] i€[n]
Then, by (7.2.13),
IP(Z |PCD — pM)] > e/z) < P(2S, +4M, > en/2), (7.2.15)
k=1
so that Theorem 7.6 follows if
P(2S,, + 4M,, > en/2) — 0. (7.2.16)
By the Markov inequality (Theorem 2.14), we obtain
4
P(2S,, + 4M,, > en/2) < €fn(}E[Sn} + 2E[M.,]). (7.2.17)

Bounds on E[S,] and E[M,,] are provided in the following proposition:

Proposition 7.7 (Bounds on the expected number of self-loops and multiple edge). The
expected number of self-loops Sy in the configuration model CM,,(d) satisfies

d?
E[S,] < Z—Z, (7.2.18)

i€[n] "
while the expected number of multiple edges M,, satisfies

E[M,] < 2( 3 Zj)Q. (7.2.19)

i€[n] n



7.2 Erased configuration model 149

Proof. For a vertex i, and for 1 < s < t < d;, we define I ; to be the indicator of the
event that the half-edge s is paired to the half-edge . Here we number the half-edges, or
half-edges, of the vertices in an arbitrary way. Then

Sn=> > ILuu (7.2.20)

i€[n] 1<s<t<d;

Therefore,

E[Sn} = Z Z E[Ist,i] = Z %dz(dl — 1)E[I12,i], (7.2.21)

i€[n] 1<s<t<d; i€[n]

since the probability of producing a self-loop by pairing the half-edges s and ¢ does not
depend on s and t. Now, E[I12;] is equal to the probability that half-edges 1 and 2 are
paired to each other, which is equal to (£, — 1)~*. Therefore,

E[Sn] = % > % <> ZL (7.2.22)

ien] " i€n] "

Similarly, for vertices ¢ and j, and for 1 < s1 < s2 < d; and 1 < 1 # t2 < d;, we define
Is,tq,s0t2,i5 tO be the indicator of the event that the half-edge s; is paired to the half-edge
t1 and half-edge sz is paired to the half-edge to. If I ¢, 55¢5,i5 = 1 for some s1¢; and sata,
then there are multiple edges between vertices ¢ and j. It follows that

1
M < 5 > > S Latnsstasis (7.2.23)
1<izj<n 1<s1<sp<d; 1<ty #t2<d;
so that
1
E[Mn] < 5 Z Z ]E[[Sltlvs2t2vij]
1<iz#j<n 1<s1<sz<d; 1<t1#t2<d;
1
= 1 di(d; — 1)dj (dj — I)E[111722,ij]. (7.2.24)
1<i#j<n

Now, since I11,22,;; is an indicator, E[I11,22,:;] is the probability that I11,22,;; = 1, which is
equal to the probability that half-edge 1 of vertex ¢ and half-edge 1 of vertex j, as well as
half-edge 2 of vertex ¢ and half-edge 2 of vertex j are paired, which is equal to

E[Ill,QQ,ij] - m (7.2.25)
Therefore,
- dl(dl - 1)dj(dj — 1) _ (Zie[n] dl(dl - 1))2 Z(Zie[n] dl(dl - 1))2
BIMa < D =i Dtn—3) — dllh—1)(ln—3) = @ )

i,j=1

(7.2.26)

where we use that 8(¢, —1)(£y, — 3) > 02 since ¢,, > 4. Since M,, = 0 with probability one
when ¢,, < 3, the claim follows. O
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To complete the proof of Theorem 7.6 in the case that max;cj,) di = o(y/n) (recall (7.2.9)),
we apply Proposition 7.7, we obtain

2
E[S.] < ) ?—l < maxd; = o(v/n). (7.2.27)
i€[n] n

The bound on E[M,,] is similar. By (7.2.17), this proves the claim.

To prove the result assuming only Condition 7.5(a)-(b), we start by noting that Con-
dition 7.5(a)-(b) implies that max;c},) di = o(n) (recall, e.g., Exercise 6.3). We note that
>, |P,£°” — p}c")| > ¢ implies that the degrees of at least en vertices are changed by
the erasure procedure. Take a, — oo arbitrarily slowly, such that there are at most en/2
vertices i € [n] of degree d; > an. Then, 322, |P\™ — p{™| > ¢ implies that the number
of vertices of degree at most a,, whose degrees are changed by the erasure procedure is at
least en/2. Let

1
Sn(an) = Z siﬂ{digan}7 Mn(an) = 5 Z mi]l{d,igan} (7228)

1€[n] i€[n]

denote the number of self-loops and multiple edge incident to vertices of degree at most
an. Then, it is straightforward to adapt Proposition 7.7 to show that

&4, <any 4?4, <any d;
E[Sn(an)] < Y = ElMaan) <2 > e 3 o (1229)
i€[n] i€[n] j€[n]

Therefore, E[Sy(an)] < an, E[M,(an)] < an max;cj,) d;. Take a,, so small that a,, max;cp,) dj =
= o(

o(n) (which is possible since max;e(,) d; = o(n)), then
P25, (an) + 4My(an) > en/2) < % (E[Sn(an)] + 2E[My(an)]) = o(1), (7.2.30)
as required. O

7.3 Repeated configuration model and probability simplicity

In this section, we investigate the probability that the configuration model yields a
simple graph, i.e., the probability that the graph produced in the configuration model
has no self-loops nor multiple edges. Then the asymptotics of the probability that the
configuration model is simple is derived in the following theorem:

Theorem 7.8 (Probability of simplicity of CM,(d)). Assume that d = (di)ic[n) satisfies
Condition 7.5(a)-(c). Then, the probability that CM,,(d) is a simple graph is asymptotically

—v/2-v2%/4

equal to e , where

v =E[D(D - 1)]/E[D]. (7.3.1)
Theorem 7.8 is a consequence of the following result:
Proposition 7.9 (Poisson limit of self-loops and multiple edges). Assume that d =

(di)icn) satisfies Condition 7.5(a)-(c). Then (Sn, Mn) converges in distribution to (S, M),
where S and M are two independent Poisson random variables with means v/2 and v* /4.
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Indeed, Theorem 7.8 is a simple consequence of Proposition 7.9, since CMy,(d) is simple
precisely when S, = M,, = 0. By the weak convergence result stated in Proposition 7.9 and
the independence of S and M, the probability that S, = M,, = 0 converges to e #S™HM
where s and py, are the means of the limiting Poisson random variables S and M. Using
the identification of the means of S and M in Proposition 7.9, this completes the proof of
Theorem 7.8. We are left to prove Proposition 7.9.

Proof of Proposition 7.9. Throughout the proof, we shall assume that S and M are two
independent Poisson random variables with means v/2 and v? /4.

We make use of Theorem 2.6 which imply that it suffices to prove that the factorial
moments converge. Also, S, is a sum of indicators, so that we can use Theorem 2.7 to
identify its factorial moments. For M,,, this is not so clear. However, we define

Mn = Z Z Z Isltl,sth,ijf (732)

1<i<j<n 1<s1<sa<d; 1<t #t2<d;

so that, by (7.2.23), M,, < M,,. We shall first show that with high probability M, = M.
Note that M, < M, precisely when there exist vertices ¢ # j such that there are at least
three edges between ¢ and j. The probability that there are at least three edges between ¢
and j is bounded above by

di(di — 1)(di — 2)d;(d; —1)(d; —2)
(bn — 1)(4n, — 3)(£n, — 5)

Thus, by Boole’s inequality, the probability that there exist vertices ¢ # j such that there
are at least three edges between i and j is bounded above by

" di(di — 1)(di — 2)dj(dj — 1)(dj —2)
2 (b — 1) (ln — 3)(€n — 5) = o(1), (7.3.4)

(7.3.3)

i,j=1

since d; = o(v/n) when Condition 7.5(a)-(c) holds (recall Exercise 6.3) as well as £, > n.
We conclude that the probability that there are 4, j € [n] such that there are at least three
edges between ¢ and j is o(1) as n — oco. As a result, (S,, My) converges in distribution
to (S, M) precisely when (S,, M) converges in distribution to (S, M).

To prove that (S, M,) converges in distribution to (S, M), we use Theorem 2.6 to see
that we are left to prove that, for every s,r > 0,

. ~ o z S L T

Jim E[(8.).(0%).] = (5) () (7.3.5)

By Theorem 2.7,
E[(Sn)s(Ma),] = > P(I%, =...= I:;S) =10, =...= I:j;z) =1), (7.3.6)

W mM ez, ' '
@ m@er,
where

Iy = {(st,i) 11 € [n],1 < s <t < d;}, (7.3.7)
To = {(s1t1, s2t2,4,5) : 1 <i < j<n,1<s1 <s2<di,1 <1 #t2 <dj}, (7.3.8)

and where, for m™ = (st,i) € Z; and m® = (s1t1, s2t2,4,j) € Lo,

1(121) = Ist,iv 1(222) = 151751,5215271']" (7'3‘9)

m m
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Now, by the fact that all half-edges are uniformly paired, we have that
1

P(IY, =...=1", =1®, =...=1%, =1) = , 7.3.10
( m{? m® T Tm® m{? ) 227 (0, — 1 — 20) ( )
unless there is a conflict in the attachment rules, in which case
1 _ _ 7 _ g2 _ _ 72  _ —
P(Imgﬂ =...= Imgl) = Im(lz) =...= Imiz) = 1) =0. (7.3.11)

Such a conflict arises precisely when a half-edge is required to be paired to two different
other half-half-edges. Since the upper bound in (7.3.10) always holds, we arrive at

N * * 1
E[(Sn)s ()1 < DI T (A By (g gy o7

m(ln,.“,mgl)ellmgz) ,m,mgﬂz) (S

BT = 1) (T = s+ DITI(Te] = 1) - (Ta] = +1)

7.3.12
(b — 1)y, —3) - (b — 1 — 25— 4r) ( )
Since |Z1], |Z2|, = all tend to infinity, and s, r remain fixed, we have that
. ~ I 51 A v Y A
hyrbn_)solipE[(Sn)s(Mn)r] = (nh_{r;o —n) (nh_{r;o H) . (7.3.13)
Now,
1 di(di —1)
R NP Y (r314)

by Condition 7.5(b)-(c). Further, again by Condition 7.5(b)-(c) and also using that d; =
o(v/n) by Exercise 6.3, as well as £, > n,

2 2
1<i<j<n

1 di(d; —1)\2 . di(di —1)* 9

=(m g, 255 ) i Y Tag =@t @s)

This provides the required upper bound.
To prove the matching lower bound, we note that, by (7.3.11),

* * 1 ~
> P T i CORCR

mgl),m,mgl)el'lmgz),...,mg) €Iy =0
_ Z* Z* L N I (7.3.16)
(o —1)(ln —3) -~ (bn — 1 — 25 — 4r)’
mgl),m,mgl)ellmgn,..A,msz)eIg

where the indicator I (1)
my

conflict in m(ll), coo,m om0 m. There is a conflict precisely when there exist a

vertex ¢ such that one of its half-edges s must be paired to two different half-edges. For
this, there has to be a pair of indices in m{",...,m{", m{®,...,m® which create the

conflict. There are three such possibilities: (a) the conflict is created by mfll),mél) for

mM ez, m® @ 18 equal to one precisely when there is a

,,,,,,,,,,,
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some a,b; (b) the conflict is created by m{”, m{® for some a,b; and (c) the conflict is

created by m$?, b2) for some a,b. We shall bound each of these possibilities separately.
In case (a), the number of m", ¢ € {1,...,s}\{a,b} and m{”’,d € {1,...,r} is bounded

by |Z1|°72|Z2|". Thus, comparing with (7.3.12), we see that it suffices to prove that the

number of conflicting m”, m{" is o(|Z1|*). Now, the number of conflicting m{", my" is

bounded by
Zd3—0<2dd—1), (7.3.17)

i€[n]

where we use that d; = o(y/n), as required.
In case (b), the number of m",c € {1,...,s}\ {a} and m(P’,d € {1,...,r}\ {b} is
bounded by |Z1|*7*|Z2|""*, while the number of conflicting m,(ll’7 m<2) is bounded by

ng’Zdz—o(defl), (7.3.18)

i€[n] Jj€n i€[n]

where we again use that d; = o(y/n), as required.
In case (c), the number of m{", ¢ € {1,...,s} and m{?’,d € {1,...,7}\{a, b} is bounded

by |Z1|°|Z2|"~2, while the number of conflicting m{?, mgf) is bounded by

Zd‘dedeQ:o(defl), (7.3.19)

1€[n] [n] ke[n] i€[n]

where we again use that d; = o(1/n), as required. This completes the proof. O

Exercise 7.11 (Characterization moments independent Poisson variables). Show that the
moments of (X,Y), where (X,Y) are independent Poisson random variables with param-
eters pux and py are identified by the relations, for r > 1,

E[X"] = uxE[(X +1)"1], (7.3.20)

and, forr,s > 1,
EX"Y*] = py E[X"(Y +1)°7'. (7.3.21)

Exercise 7.12 (Alternative proof of Proposition 7.9). Give an alternative proof of Propo-
sition 7.9 by using Theorem 2.3(e) together with Exzercise 7.11 and the fact that all joint
moments of (Sn, My) converge to those of (S, M), where S and M are two independent

v

. . . 2
Poisson random variables with means & and “-.

Exercise 7.13 (Average number of triangles CM). Compute the average number of occu-
pied triangles in CM,,(d).

Exercise 7.14 (Poisson limit triangles CM). Show that the number of occupied triangles
in CM,,(d) converges to a Poisson random variable when Condition 7.5(a)-(c) holds.

7.4 Configuration model, uniform simple random graphs and
GRGs

In this section, we shall investigate the relations between the configuration model, uni-
form simple random graphs with given degrees, and the generalized random graph with
given weights. These results are ‘folklore’ in the random graph community, and allow to
use the configuration model to prove results for several other models.
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Proposition 7.10 (Uniform graphs with given degree sequence). For any degree sequence
(di)icn), and conditionally on the event {CM,(d) is a simple graph}, CM,(d) is a uniform
stmple random graph with the prescribed degree sequence.

Proof. We recall that the graph in the configuration model is produced by a uniform
matching of the corresponding configuration of half-edges. By Exercise 7.15 below, we note
that, conditionally on the matching producing a simple graph, the conditional distribution
of the configuration is uniform over all configurations which are such that the corresponding
graph is simple:

Exercise 7.15 (A conditioned uniform variable is again uniform). Let P be a uniform
distribution on some finite state space X, and let U be a uniform random variable on X.
Let Y C X be a non-empty subset of X. Show that the conditional probability P(-|U € Y)
gwen that U is in Y is the uniform distribution on Y.

We conclude that Proposition 7.10 is equivalent to the statement that every simple graph
has an equal number of configurations contributing to it, which follows from Proposition
7.4. O

Exercise 7.16 (Poisson limits for self-loops, multiple edges and triangles). Assume that
the fized degree sequence (di)icin) satisfies Condition 7.5(a)-(c). Let T, denote the number
of triangles in CMy,(d), i.e., the number of i,j, k such that i < j < k and such that there
are edges between i and j, between j and k and between k and i. Show that (Syn, My, Ty)
converges to three independent Poisson random wvariables and compute their asymptotic
parameters.

An important consequence of Theorem 7.8 is that it allows us to compute the asymptotic
number of graphs with a given degree sequence:

Corollary 7.11 (Number of graphs with given degree sequence). Assume that the degree
sequence (di)ien) satisfies Condition 7.5(a)-(c), and that €n = 3, di is even. Then,
the number of simple graphs with degree sequence (di)icjn) is equal to

e—”/Q—”z/‘*%(l—ko(l)). (7.4.1)

Proof. By Proposition 7.10, the distribution of CM,(d), conditionally on CM,,(d) being
simple, is uniform over all simple graphs with degree sequence d = (d:)ic[n). Let Q(d)
denote the number of such simple graphs, and let G denote any simple random graph with
degree sequence d = (di);c[n). Recall from the proof of Proposition 7.4 that N(G) denotes
the number of configurations that give rise to G. By Proposition 7.4, we have that N(G)
is the same for all simple G. Recall further that the total number of configurations is given
by (£» — 1)!I. Then,

-1

Q(d) = P(CM,(d) simple)% (7.4.2)
By Proposition 6.15, for any simple graph G,
N(@G) =[] d" (7.4.3)
1€[n]
Proposition 7.10 then yields the result. O

A special case of the configuration model is when all degrees are equal to some r. In this
case, when we condition on the fact that the resulting graph in the configuration model to
be simple, we obtain a uniform regular random graph. Uniform regular random graphs can
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be seen as a finite approximation of a regular tree. In particular, Corollary 7.11 implies
that, when nr is even, the number of regular r-ary graphs is equal to

e—(rfl)/Qf(r71)2/4%(l+0(]_))' (7.4.4)

Exercise 7.17 (The number of r-regular graphs). Prove (7.4.4).

Exercise 7.18 (The number of simple graphs without triangles). Assume that the fized
degree sequence (d;);c[n) satisfies Condition 7.5(a)-(c). Compute the number of simple
graphs with degree sequence (di)ic[n) not containing any triangle. Hint: use Ezercise 7.16.

A further consequence of Theorem 7.8 is that it allows to prove a property for uniform
graphs with a given degree sequence by proving it for the configuration model with that
degree sequence:

Corollary 7.12 (Uniform graphs with given degree sequence and CM,,(d)). Assume that
d = (di)ic[n) satisfies Condition 7.5(a)-(c), and that {n =3, () di is even. Then, an event
En occurs with high probability for a uniform simple random graph with degrees (d:)icqn)
when it occurs with high probability for CM,,(d).

Corollary 7.12 allows a simple strategy to study proporties of uniform simple random
graphs with a prescribed degree sequence. Indeed, CM,(d) can be constructed in a rather
simple manner, which makes it easier to prove properties for CM,, (d) than it is for a uniform
random graph with degrees d. For completeness, we now prove the above statement.

Proof. Let UG, (d) denote a uniform simple random graph with degrees d. We need to
prove that if lim,— e P(CM,(d) € &) = 0, then also lim,— P(UG,(d) € &) = 0. By
Proposition 7.10,

P(UG,(d) € &) = P(CM,(d) € &,|CM,(d) simple) (7.4.5)
_ P(CM,(d) € &,,CM,(d) simple)
P(CM,(d) simple)
P(CM,(d) € &)
P(CM,(d) simple) "

<

By Theorem 7.8, for which the assumptions are satisfied by the hypotheses in Corollary
7.12, lim inf,,_, o P(CM, (d) simple) > 0. Moreover, lim, . P(CM,(d) € &;;) = 0, so that
P(UGn(d) € &) — 0, as required. O

As a consequence of Proposition 7.10 and Theorem 6.14, we see that the GRG con-
ditionally on its degrees, and CM,,(d) with the same degrees conditioned on producing
a simple graph, have identically the same distribution. This also partially explains the
popularity of the configuration model: Some results for the Erdds-Rényi random graph
are more easily proved by conditioning on the degree sequence, proving the result for the
configuration model, and using that the degree distribution of the Erdés-Rényi random
graph is very close to a sequence of independent Poisson random variables. See Chapters
9 and 10. We shall formalize this ‘folklore’ result in the following theorem:

Theorem 7.13 (Relation between GRG,, (w) and CM,(d)). Let D; be the degree of vertex
i in GRGy(w) defined in (6.2.1), and let D = (D;);c[n). Then,

P(GRG,(w) =G| D =d) =P(CM,(d) = G | CM,(d) simple). (7.4.6)



156 Configuration model

Assume that D = (D;);e[n) satisfies that Condition 7.5(a)-(c) hold in probability and that
P(CM,,(D) € &,) — 1, where CM,,(D) denotes the configuration model with degrees equal
to the (random) degrees of GRGy,(w), and P(CM, (D) € &,) is interpreted as a function
of the random degrees D. Then, by (7.4.6), also P(GRG,(w) € &,) — 1.

We note that, by Theorem 6.9, in many cases, Condition 7.5(a)-(c). These properties
are often easier to verify than the event &, itself. We also remark that related versions
of Theorem 7.13 can be stated with stronger hypotheses on the degrees. Then, the state-
ment becomes that, when an event &, occurs with high probability for CM,,(d) under the
assumptions on the degrees, &, also occurs with high probability for GRG, (w).

Proof. Equation (7.4.6) follows from Theorem 6.14 and Corollary 7.12, for every simple
graph G with degree sequence d, as these two results imply that both GRG., (w) condi-
tionally on D = d and CM,(d) conditionally on being simple are uniform simple random
graphs with degree sequence d. By (7.4.6), for every event &,,

P(GRG,(w) € &, | D =d) =P(CM,(d) € &, | CM,,(d) simple). (7.4.7)

We rewrite

P(GRGn(w) € £5) = IE[IP’(GRGn(w) cel | D)] (7.4.8)

]E[]P’(CMn(D) € £ | CM, (D) simple)]

#{ (e i) " o

IA

By assumption, P(CM,, (D) € £5) —» 0. Further, since the degrees D satisfies Condition
7.5(a)-(0),

P(CM,, (D) simple) —= e */2>7*"/4 5 0. (7.4.10)
Therefore, by Dominated Convergence (Theorem A.10), we obtain that

i 2| (car, () smaiey) 1 =0

n—00

so that we conclude that lim,—, . P(GRGn(w) € &;) = 0, as required. O

7.5 Configuration model with i.i.d. degrees

In this section, we apply the results of the previous sections to the configuration model
with i.i.d. degrees. Indeed, we take the degrees (Di)'LZl to be an i.i.d. sequence. Since the
total degree Zie[n] D; is with probability close to 1/2 odd (recall Exercise 7.8), we need

to make sure that the total degree is even. Therefore, by convention, we set

di = Dl + ]I{Zje[n] D; odd,i=n}» (751)
and set
Ln= Z di = Z Di + 15, () Dy 0da}- (7.5.2)
i€(n] i€[n]

Often, we shall ignore the effect of the added indicator in the definition of d,,, since it shall
hardly make any difference.
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We note that, similarly to the generalized random graph with i.i.d. weights, the in-
troduction of randomness in the degrees introduces a double randomness in the model:
firstly the randomness of the weights, and secondly, the randomness of the pairing of the
edges given the degrees. Due to this double randomness, we need to investigate the degree
sequence (P,i"))iozl defined by

n 1
P == =y (7.5.3)

i€[n]

If we ignore the dependence on n of d,,, then we see that (P,i"))zozl is precisely equal to
the empirical distribution of the degrees, which is an i.i.d. sequence. As a result, by the
Strong Law of Large Numbers, we have that

P 2%y, = P(Dy = k), (7.5.4)

so that the empirical distribution of i.i.d. degrees is almost surely close to the probability
distribution of each of the degrees. By Exercise 2.14, the above convergence also implies
that drv(P™,p) £ 0, where p = (pi)k>1 and P™ = (P )i>1.

The main results are the following:

Theorem 7.14 (Degree sequence of erased configuration model with i.i.d. degrees). Let
(Di)ien) be an i.i.d. sequence of finite mean random variables with P(D > 1) = 1. The
degree sequence of the erased configuration model (P,ier))kzl with degrees (Di)icin) converges
to (pr)k>1. More precisely,

P> P —pr| =€) = 0. (7.5.5)
k=1

Proof. By Exercise 7.9, when E[D] < oo, Condition 7.5(a)-(b) hold, where the convergence
is in probability. As a result, Theorem 7.14 follows directly from Theorem 7.6. O
We next investigate the probability of obtaining a simple graph in CM,,(D):

Theorem 7.15 (Probability of simplicity in CM,,(D)). Let (D;);>1 be an i.i.d. sequence
of random wvariables with Var(D) < oo and P(D > 1) = 1. Then, the probability that

CM,, (D) is simple is asymptotically equal to e_"/2_”2/4, where v = E[D(D — 1)|/E[D].

Proof. By Exercise 7.9, when E[D] < oo, Condition 7.5(a)-(b) hold, where the convergence
is in probability. As a result, Theorem 7.15 follows directly from Theorem 7.8. O

We finally investigate the case where the mean is infinite, with the aim to produce a
random graph with power-law degrees with an exponent 7 € (1,2). In this case, the graph
topology is rather different, as the majority of edges is in fact multiple, and self-loops
from vertices with high degrees are abundant. As a result, the erased configuration model
has rather different degrees compared to those in the multigraph. Therefore, in order to
produce a more realistic graph, we need to perform some sort of a truncation procedure.
We start by investigating the case where we condition the degrees to be bounded above by
some a, = o(n), which, in effect reduces the number of self-loops significantly.

Theorem 7.16 (Degree sequence of erased configuration model with i.i.d. conditioned
infinite mean degrees). Let (DE"))Z-E[”] be i.i.d. copies of the random variable D conditioned
on D < a,. Then, for every a, = o(n), the empirical degree distribution of the erased
configuration model (P,ier))zc’zl with degrees (Di”))ie[n] converges to (pr)k>1, where pr =
P(D = k). More precisely,

P> P —p| 2 €) = 0. (7.5.6)

k=1
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Theorem 7.16 is similar in spirit to Theorem 6.12 for the generalized random graph,
and is left as an exercise:

Exercise 7.19 (Proof of Theorem 7.16). Adapt the proof of Theorem 7.14 to prove The-
orem 7.16.

O

We continue by studying the erased configuration model with infinite mean degrees in

the unconditioned case. We assume that there exists a slowly varying function z — L(z)
such that

1— F(z)=z'" " L(x), (7.5.7)

where F(z) = P(D < z) and where 7 € (1,2). We now investigate the degree sequence in
the configuration model with infinite mean degrees, where we do not condition the degrees
to be at most a,. We shall make substantial use of Theorem 2.28. In order to describe
the result, we need a few definitions. We define the (random) probability distribution
P = (P;)i>1 as follows. Let, as in Theorem 2.28, (E;);>1 be i.i.d. exponential random
variables with parameter 1, and define I'; = 37%_, Ej;. Let (Di)i>1 be an ii.d. sequence
of random variables with distribution function Fp in (7.5.7), and let D(n.n) > Din1iny >
-++ > D(.ny be the order statistics of (D;);c[n). We recall from Theorem 2.28 that there

exists a sequence u,, with upn YD slowly varying, such that

unt (Lo AD }i20) =5 [ ST/ @7 s ] (7.5.8)

j=1

We abbreviate n = 3"/, Fj_l/(f_l) and & =T; /7Y and let

P =&/n, (7.5.9)
so that, by (7.5.8),

> P=1 (7.5.10)

=1

However, the P; are all random variables, so that P = (F;);>1 is a random probability
distribution. We further write Mp; for a multinomial distribution with parameters k and
probabilities P = (P;);>1, and Up p, is the number of distinct outcomes of the random
variable Mp p, , where Dy, is independent of P = (P;);>1 and the multinomial trials.

Theorem 7.17 (Degree sequence of erased configuration model with i.i.d. infinite mean
degrees). Let (D;);>1 be i.i.d. copies of a random variable D1 having distribution function
F satisfying (7.5.7). Fiz k € N. The degree of vertex k in the erased configuration model
with degrees (D;);c[n) converges in distribution to the random variable Up p, , where P =
(P;)i>1 s given by (7.5.9), and the random variables Dy, and P = (P;);>1 are independent.

Theorem 7.17 is similar in spirit to Theorem 6.13 for the generalized random graph.

Proof. We fix vertex k, and note that its degree is given by Dy. With high probability,
we have that Dj < logn, so that Dy is not one of the largest order statistics. Therefore,
Dy, is independent of (,£1,&2,...). The vertex k now has Dj half-edges, which need to
be connected to other half-edges. The probability that any half-edge is connected to the
vertex with the % largest degree is asymptotic to

Pj(n) = D(n—j«}»l:n)/Lny (7‘511)
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where, by Theorem 2.28 (see also (7.5.8)),

(P21 ~5 (&5/m)21- (7.5.12)

Moreover, the vertices to which the Dy half-edges are connected are close to being inde-

pendent, when D) < logn. As a result, the Dy half-edges of vertex k are paired to Dy

vertices, and the number of edges of vertex k that are paired to the vertex with the ‘"

largest degree are asymptotically given by the " coordinate of MP("),Dk,' The random
variable M ) .p, converges in distribution to Mp p,. We note that in the erased configu-

ration model, the degree of the vertex k is equal to the number of distinct vertices to which
k is connected, which is therefore equal to the number of distinct outcomes of the random
variable Mp p, , which, by definition, is equal to Up p, . O

We next investigate the properties of the degree distribution, to obtain an equivalent
result as in Exercise 6.19.

Theorem 7.18 (Power law with exponent 2 for erased configuration model with infinite
mean degrees). Let the distribution function F of Dy, satisfy (7.5.7) with L(z) = 1. Then,
the asymptotic degree of vertex k, which is given by Up p, satisfies that

P(Upp, >z) <z " 7.5.13
k

The result in Theorem 7.18 is similar in spirit to Exercise 6.19. It would be of interest
to prove a precise identity here as well.

Proof. We give a sketch of proof only. We condition on Dy = [z°], for some b > 1.
Then, in order that Up p, > z, at least /2 values larger than x/2 need to be chosen. By
(2.6.17), we have that the probability that value k is chosen, for some large value k, is close

to k(71 /n. Therefore, the probability that a value at least k is chosen is close to
A e Al ) (7.5.14)

Moreover, conditionally on Dy = [z%], the number of values larger than x/2 that are
chosen is equal to a Binomial random variable with [4°] trials and success probability

qw =277/ (7.5.15)
Therefore, conditionally on Dj, = [x%], and using Theorem 2.18, the probability that at

least /2 values larger than x/2 are chosen is negligible when, for some sufficiently large
C >0,

|z’ qe — g\ > Clog xv/ x¢q. (7.5.16)

Equations (7.5.15) and (7.5.16) above imply that b=1— (71 —2)/(r —=1) =1/(r — 1). As
a result, we obtain that

P(Up.p, > ) <P(Dy > [2°]) <2 07D =g, (7.5.17)

O

7.6 Notes and discussion

Notes on Section 7.1. The configuration model has a long history. It was introduced
in [40] to study uniform random graphs with a given degree sequence (see also [44, Section
2.4]). The introduction was inspired by, and generalized the results in, the work of Bender
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and Canfield [25]. The original work allowed for a careful computation of the number of
graphs with prescribed degrees, using a probabilistic argument. This is the probabilistic
method at its best, and also explains the emphasis on the study of the probability for the
graph to be simple. It was further studied in [169, 170], where it was investigated when
the resulting graph has a giant component. We shall further comment on these results in
Chapter 10 below.

Notes on Section 7.2. The result in Theorem 7.6 can be found in [130]. The term
erased configuration model is first used in [58, Section 2.1].

Notes on Section 7.4. Corollary 7.12 implies that the uniform simple random graph
model is contiguous to the configuration model, in the sense that events with vanishing
probability for the configuration model also have vanishing probability for the uniform
simple random graph model with the same degree sequence. See [131] for a discussion of
contiguity of random graphs. Theorem 7.13 implies that the generalized random graph
conditioned on having degree sequence d is contiguous to the configuration model with
that degree sequence, whenever the degree sequence satisfies Condition 7.5(a)-(c).

Notes on Section 7.5. A version of Theorem 7.14 can be found in [58]. Results on
the erased configuration model as in Theorems 7.17-7.18 have appeared in [32], where
first passage percolation on CM,, (D) was studied with infinite mean degrees, both for the
erased as well as for the original configuration model, and it is shown that the behavior in
the two models is completely different.



CHAPTER 8
PREFERENTIAL ATTACHMENT MODELS

The generalized random graph model and the configuration model described in Chapters
6 and 7, respectively, are static models, i.e., the size of the graph is fized, and we have
not modeled the growth of the graph. There is a large body of work investigating dynamic
models for complex networks, often in the context of the World-Wide Web. In various
forms, such models have been shown to lead to power-law degree sequences, and, thus, they
offer a possible explanation for the occurrence of power-law degree sequences in random
graphs. The existence of power-law degree sequences in various real networks is quite
striking, and models offering a convincing explanation can teach us about the mechanisms
which give rise to their scale-free nature.

A possible and convincing explanation for the occurrence of power-law degree sequences
is offered by the preferential attachment paradigm. In the preferential attachment model,
vertices are added sequentially with a number of edges connected to them. These edges are
attached to a receiving vertex with a probability proportional to the degree of the receiving
vertex at that time, thus favoring vertices with large degrees. For this model, it is shown
that the number of vertices with degree k decays proportionally to k=3 [50], and this result
is a special case of the more general result that we shall describe in this chapter.

The idea behind preferential attachment is simple. In an evolving graph, i.e., a graph
that evolves in time, the newly added vertices are connected to the already existing vertices.
In an Erd6s-Rényi random graph, which can also be formulated as an evolving graph, where
edges are added and removed, these edges would be connected to each individual with equal
probability.

Exercise 8.1 (A dynamic formulation of ER,(p)). Give a dynamical model for the Erdds-
Rényi random graph, where at each time n we add a single individual, and where at time n
the graph is equal to ER,(p). See also the dynamic description of the Norros-Reittu model
on Page 138.

Now think of the newly added vertex as a new individual in a social population, which
we model as a graph by letting the individuals be the vertices and the edges be the ac-
quaintance relations. Is it then realistic that the edges connect to each already present
individual with equal probability, or is the newcomer more likely to get to know socially ac-
tive individuals, who already know many people? If the latter is true, then we should forget
about equal probabilities for receiving ends of the edges of the newcomer, and introduce
a bias in his/her connections towards more social individuals. Phrased in a mathematical
way, it should be more likely that the edges be connected to vertices that already have a
high degree. A possible model for such a growing graph was proposed by Barabasi and
Albert [20], and has incited an enormous research effort since.

Strictly speaking, Barabdsi and Albert in [20] were not the first to propose such a model,
and we shall start by referring to the old literature on the subject. Yule [228] was the first
to propose a growing model where preferential attachment is present, in the context of
the evolution of species. He derives the power law distribution that we shall also find in
this chapter. Simon [203] provides a more modern version of the preferential attachment
model, as he puts it

“Because Yule’s paper predates the modern theory of stochastic processes, his
derivation was necessarily more involved than the one we shall employ here.”

The stochastic model of Simon is formulated in the context of the occurrence of words in
large pieces of text (as in [229]), and is based on two assumptions, namely (i) that the

161
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probability that the (k + 1) word is a word that has already appeared exactly 4 times is
proportional to the number of occurrences of words that have occurred exactly ¢ times, and
(ii) that there is a constant probability that the (k + 1)** word is a new word. Together,
these two assumptions give rise to frequency distributions of words that obey a power law,
with a power-law exponent that is a simple function of the probability of adding a new
vertex. We shall see a similar effect occurring in this chapter. A second place where the
model studied by Simon and Yule can be found is in work by Champernowne [62], in the
context of income distributions in populations.

In [20], Barabdsi and Albert describe the preferential attachment graph informally as
follows:

“To incorporate the growing character of the network, starting with a small
number (mo) of vertices, at every time step we add a new vertex with m(< mg)
edges that link the new vertex to m different vertices already present in the
system. To incorporate preferential attachment, we assume that the probability
II that a new vertex will be connected to a verter i depends on the connectivity
ki of that vertex, so that Il(ki) = ki/}_; k;. After t time steps, the model

leads to a random network with t + mo vertices and mt edges.”

This description of the model is informal, but it must have been given precise meaning in
[20] (since, in particular, Barabdsi and Albert present simulations of the model predicting
a power-law degree sequence with exponent close to 7 = 3). The model description does
not explain how the first edge is connected (note that at time ¢t = 1, there are no edges,
so the first edge can not be attached according to the degrees of the existing vertices),
and does not give the dependencies between the m edges added at time ¢. We are left
wondering whether these edges are independent, whether we allow for self-loops, whether
we should update the degrees after each attachment of a single edge, etc. In fact, each of
these choices has, by now, been considered in the literature, and the results, in particular
the occurrence of power laws and the power-law exponent, do not depend sensitively on the
respective choices. See Section 8.7 for an extensive overview of the literature on preferential
attachment models.

The first to investigate the model rigorously, were Bollobds, Riordan, Spencer and
Tusnady [50]. They complain heavily about the lack of a formal definition in [20], arguing
that

“The description of the random graph process quoted above (i.e, in [20], edt.)
is rather imprecise. First, as the degrees are initially zero, it is not clear how
the process is started. More seriously, the expected number of edges linking a
new vertex v to earlier vertices is Y, I(k;) = 1, rather than m. Also, when
choosing in one go a set S of m earlier vertices as the neighbors of v, the
distribution of S is not specified by giving the marginal probability that each
vertex lies in S.”

One could say that these differences in formulations form the heart of much confusion
between mathematicians and theoretical physicists. To resolve these problems, choices had
to be made, and these choices were, according to [50], made first in [48], by specifying the
initial graph to consist of a vertex with m self-loops, and that the degrees will be updated
in the process of attaching the m edges. This model will be described in full detail in
Section 8.1 below.

This chapter is organized as follows. In Section 8.1, we introduce the model. In Section
8.2, we investigate how the degrees of fixed vertices evolve as the graph grows. In Section
8.3, we investigate the degree sequences in preferential attachment models. The main result
is Theorem 8.2, which states that the preferential attachment model has a power-law degree
sequence. The proof of Theorem 8.2 consists of two key steps, which are formulated and
proved in Sections 8.4 and 8.5, respectively. In Section 8.6, we investigate the maximal
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degree in a preferential attachment model. In Section 8.7, we also discuss many related
preferential attachment models. We close this chapter with notes and discussion in Section
8.8.

8.1 Introduction to the model

In this chapter, we prove that the preferential attachment model has a power-law degree
sequence. We start by introducing the model. The model we investigate produces a graph
sequence which we denote by {PA,, s(t)}$21, which for every t yields a graph of ¢ vertices
and mt edges for some m = 1,2,... We start by defining the model for m = 1. In this
case, PA1 (1) consists of a single vertex with a single self-loop. We denote the vertices
of PA4(1,5) by {v{",...,v{"}. We denote the degree of vertex v\" in PA4(1,5) by D;(t),
where a self-loop increases the degree by 2.

Then, conditionally on PA¢(1,0), the growth rule to obtain PA;;1(1,4) is as follows.
We add a single vertex vi_lﬁl having a single edge. This edge is connected to a second
end point, which is equal to vt(j_)l with probability (1 +6)/(t(2 4+ d) + (1 + 9)), and to a
vertex v\ € PA(1,d) with probability (D;(t) 4+ 8)/(t(2+ ) + (1+6)), where § > —1 is a
parameter of the model. Thus,

A0 fori=1t+1
5 B ’

B(ofy — v [PA(L8) = { TR e
t(240)+(1+9) :

(8.1.1)

Exercise 8.2 (Non-negativity of D;(t) 4+ d). Verify that D;(t) > 1 for all i and t, so that
Di(t)4+6 >0 for all 6 > —1.

Exercise 8.3 (Attachment probabilities sum up to one). Verify that the probabilities in
(8.1.1) sum up to one.

The model with m > 1 is defined in terms of the model for m = 1 as follows. We
start with PA,;(1,8/m), and denote the vertices in PA,,:(1,8/m) by v{",...,v{). Then

» Ymt-

we identify v{",..., v in PAn(1,6/m) to be v{™ in PA,,s(t), and v, ,...,v5) in

PA,.:(1,8/m) to be v{™ in PA,, s5(t), and, more generally, vé;ll)m+1, ce vj(igl in PA+(1,6/m)

to be vé.’”) in PA,, s(t). This defines the model for general m > 1. The above identifica-
tion procedure is sometimes called the collapsing of vertices. We note that PA,, s(t) is a
multigraph with precisely ¢ vertices and mt edges, so that the total degree is equal to 2mt.

Exercise 8.4 (Total degree). Prove that the total degree of PA,, s(t) equals 2mt.

In order to explain the description of PA,, 5(¢) in terms of PA,,+(1,d/m), we note that an
edge in PA,,¢(1,8/m) is attached to vertex v with probability proportional to the weight
of vertex v,(cl), where the weight is equal to the degree of vertex v,(cl) plus 6/m. Now, vertices

U((]1.>_1)m+1, ey Uﬁl in PA,,,¢(1,6/m) are identified or collapsed to vertex v;m) in PA,, 5(t).

Thus, an edge in PA,, 5(t) is attached to vertex vj(-m) with probability proportional to the
1 (1)

total weight of the vertices vé]ll)m+1, ey Vg
(1) (1)
v

VG ymt1 0 Vim is equal to the degree of vertex v;m), this probability is proportional to
the degree of vertex v;m) in PA,, 5(t) plus 6. We note that in the above construction and
for m > 2, the degrees are updated after each edge is attached. This is what we refer to
as intermediate updating of the degrees.

The important feature of the model is that edges are more likely to be connected to
vertices with large degrees, thus making the degrees even larger. This effect is called

v Since the sum of the degrees of the vertices
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Figure 8.1: Preferential attachment random graph with m = 2 and é = 0 of sizes 10, 30
and 100.

preferential attachment. Preferential attachment may explain why there are quite large de-
grees. Therefore, the preferential attachment model is sometimes called the Rich-get-Richer
model. It is quite natural to believe in preferential attachment in many real networks. For
example, one is more likely to get to know a person who already knows many people,
making preferential attachment not unlikely in social networks. However, the precise form
of preferential attachment in (8.1.1) is only one possible example.

The above model is a slight variation of models that have appeared in the literature. The
model with § = 0 is the Barabdsi-Albert model, which has received substantial attention
in the literature and which was first formally defined in [48]. We have added the extra
parameter ¢ to make the model more general.

The definition of {PA,, 5(¢)}$2; in terms of {PA:(1,/m)}{2, is quite convenient. How-
ever, we can also equivalently define the model for m > 2 directly. We start with PA;(m, J)
consisting of a single vertex with m self-loops. To construct PA¢41(m,d) from PA¢(m,d),
we add a single vertex with m edges attached to it. These edges are attached sequentially
with intermediate updating of the degrees as follows. The e'® edge is connected to vertex
vim')7 for i € [t], with probability proportional to (D;(e —1,t) + ), where, fore=1,...,m,
Di(e,t) is the degree of vertex i after the e™ edge is attached, and to vertex v{] with
probability proportional to (D¢4+1(e—1,t)+ed/m), with the convention that D:41(0,t) = 1.
This alternative definition makes it perfectly clear how the choices missing in [20] are made.
Indeed, the degrees are updated during the process of attaching the edges, and the initial
graph at time 1 consists of a single vertex with m self-loops. Naturally, the edges could
also be attached sequentially by a different rule, for example by attaching the edges in-
dependently according to the distribution for the first edge. Also, one has the choice to
allow for self-loops or not. See Figure 8.1 for a realization of {PA,, 5(¢)}{2; for m = 2 and
d = 0, and Figure 8.2 for a realization of {PA, s(t)}f2; for m =2 and 6 = —1.

Exercise 8.5 (Collapsing vs. growth of the PA model). Prove that the alternative definition
of {PA.,5(t)}i21 is indeed equal to the one obtained by collapsing m consecutive vertices
in {PA(1,6/m)}1.

Exercise 8.6 (Graph topology for § = —1). Show that when § = —1, the graph PA:(1,6)

consists of a self-loop at vertex vil), and each other vertex is connected to vil) with precisely
one edge. What is the implication of this result for m > 17

In some cases, it will be convenient to consider a slight variation on the above model
where, for m = 1, self-loops do not occur. We shall denote this variation by {PA{" (m, §)}¢>2

and sometimes refer to this model by model (b). To define PA{”(1,5), we let PA(1,0)
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Figure 8.2: Preferential attachment random graph with m = 2 and 6 = —1 of sizes 10, 30
and 100.

consist of two vertices v{" and v{" with two edges between them, and we replace the
growth rule in (8.1.1) by the rule that, for all ¢ € [t],

D;(t)+46

SRR (8.1.2)

P(viyy — iV [PAY(1,6)) =
The advantage of this model is that it leads to a connected graph. We again define the
model with m > 2 and § > —m in terms of {PA{”(1,8§/m)}:2, as below Exercise 8.3.
We also note that the differences between {PA;(m,§)};>1 and {PA{” (m, ) }+>2 are minor,
since the probability of a self-loop in PA:(m,d) is quite small when ¢ is large. Thus,
most of the results we shall prove in this chapter for {PA;(m,d)};>1 shall also apply to
{PA" (m, §)};>2, but we shall not state these extensions explicitly.

Interestingly, the above model with § > 0 can be viewed as an interpolation between the
models with § = 0 and § = co. We show this for m = 1, the statement for m > 2 can again
be seen by collapsing the vertices. We again let the graph at time 2 consist of two vertices
with two edges between them. We fix a € [0,1]. Then, we first draw a random variable
X1 taking values 0 with probability o and X¢41 = 1 with probability 1 —«. The random
variables {X:}:2, are independent. When X;;1 = 0, then we attach the (¢ + 1) edge to
a uniform vertex in [t]. When X;y1 = 1, then we attach the (¢ + 1)** edge to vertex i € [t]
with probability D;(t)/(2t). We denote this model by {PA,(SZ’/)(LQ)};ZL When a > 0 is
chosen appropriately, then this is precisely the above preferential attachment model:

Exercise 8.7 (Alternative formulation of PA¢(1,4)). Fora = %, the law of {PAS" (1, 0)}52,
ts equal to the one of {PA(1,6)}2;.

Exercise 8.8 (Degrees grow to infinity a.s.). Fiz m = 1. Prove that D;(t) £ oo.
Hint: wuse that, with {I;}{2; a sequence of independent Bernoulli random variables with

P(I; =1) = (1+6)/(t(2+68) + 1 +6), we have that 3" _, I, < D;(t). What does this imply
form > 17

8.2 Degrees of fixed vertices

We start by investigating the degrees of given vertices. To formulate the results, we
define the Gamma-function t — T'(t) for t > 0 by

() = /000 e dr. (8.2.1)
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We also make use of the recursion formula

T(t+ 1) = tT(t). (8.2.2)

Exercise 8.9 (Recursion formula for the Gamma function). Prove (8.2.2) using partial
integration, and also prove that I'(n) = (n — 1)! forn=1,2,....
The main result in this section is the following:

1

Theorem 8.1 (Degrees of fixed vertices). Fiz m = 1 and § > —1. Then, D;(t)/t?+3
converges almost surely to a random variable &; as t — oo, and

Lt + DI — 515)

L(t 4 $25)T(4)

E[D;(t) + 6] = (1 + ) (8.2.3)

In Section 8.6, we shall considerably extend the result in Theorem 8.1. For example,
we shall also prove the almost sure convergence of mazimal degree.

Proof. Fix m = 1. We compute that

E[Di(t +1) + 6| Di(t)] = Di(t) + 6 + E[Di(t + 1) — Di(t)| Di(t)]
D;(t)+ 06
2+0)t+1+6
2+8)t+2+6
(2+8)t+1+6
24+0)(t+1)

=D;(t)+d+

= (Di(t) +9)

= (D;(¥) +5)m. (8.2.4)
Using also that
) _ 1+6 _ 24+8)(E—-1)+2406
ED@) +0l =140+ G- nr1+s - U Herni-n+1+9
B (24 0)i
B CRs T S (8.2.5)
we obtain that )

146 2+0)(s+1)

s=i—1
is a non-negative martingale with mean 1. As a consequence of the martingale convergence
theorem (Theorem 2.21), as t — oo, M;(t) converges almost surely to a limiting random
variable &;.
We compute that

[[ @Dstied g otsiy T+ #r0 w2
St +es+2+6 0 Al s+l D+ DTG — 55)
It is not hard to see that, using Stirling’s formula,
Ll+a) _ a4 o)), (8.2.8)

T(t)
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1
Therefore, we have that D;(t)/t2+5 converges in distribution to a random variable M;
D(i— ot
having expected value (1 + 5)%
1
at time t is at most of order ¢2+5. Note, however, that we do not yet know whether

P(& = 0) = 0 or not!
Exercise 8.10 (Asymptotics for ratio I'(t+a) /T'(t)). Prove (8.2.8), using that [109, 8.327]
eIV <T(t+1) < e 'tV 2me (8.2.9)

O
Note that we can extend the above result to the case when m > 1, by using the relation
between PA,, 5(t) and PA,,+(1,6/m). This implies in particular that

. In particular, the degrees of the first i vertices

where we have added a subscript m and a superscript ¢ to denote the values of m and §
involved.

Exercise 8.11 (Mean degree for m > 2). Prove (8.2.10) and use it to compute E2,[D;(t)].
Exercise 8.12 (A.s. limit of degrees for m > 2). Prove that, for m > 2 and any i > 1,
D;(t)(mt) "V @GH/m) L5 e here

mi

G= Y. &, (8.2.11)

j=(i—1)ym+1
and &; is the almost sure limit of D;(t) in {PA4(1,6/m)}2;.

Exercise 8.13 (Mean degree for model (b)). Prove that for PA (1,6), (8.2.3) is adapted

to
L(t + 515)0(i)

L0+ 555)
We close this section by giving a heuristic explanation for the occurrence of a power-

law degree sequence in preferential attachment models. Theorem 8.1 in conjunction with
Exercise 8.12 implies that there exists an a., such that, for ¢,¢ large, and any m > 1,

t\1/(2+8/m)
E[D;(t)] ~ am(g) .

E[D;(t) + 6] = (1 + ) (8.2.12)

(8.2.13)

When the graph indeed has a power-law degree sequence, then the number of vertices with
degrees at least k will be close to ctk~ ("~ for some 7 > 1 and some ¢ > 0. The number
of vertices with degree at least k at time ¢ is equal to Nxx(t) = >.'_ Ip,(1y>k}. Now,
assume that in the above formula, we are allowed to replace ip,)>x} by Lg[D;t))>k}

(there is a big leap of faith here). Then we would obtain that

t t
Nawt) ~ 3 Desioconziy ~ 21 yevsm
i=1 i=1 ™A =

t
246/m 1, —(245/m
= Z]l{iﬁtafn+5/mk—(2+8/m)} = tap, /A, (8.2.14)
i=1
so that we obtain a power-law with exponent 7 — 1 =2+ §/m, so that 7 = 3 + §/m. The
above heuristic shall be made precise in the following section, but the proof will be quite
a bit more subtle than the above heuristic!
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8.3 Degree sequences of preferential attachment models

The main result establishes the scale-free nature of preferential attachment graphs. In
order to state the result, we need some notation. We write

t
1
Pi(t) = I Z L, (t)=k} (8.3.1)
=1

for the (random) proportion of vertices with degree k at time ¢. For m > 1 and § > —m,
we define {px}72 to be the probability distribution given by pr =0 for k=0,...,m —1
and, for kK > m,

§ T(k+0)T(m+2+45+2)

=24+ — 8.3.2
pe = ( +m)1“(m+5)1“(k+3+5+%) (8:3.2)
For m =1, (8.3.2) reduces to
B T'(k + 6)I'(3 + 26)
Pe= 4O S s s 4 0 (8.3.3)

Also, when § = 0 and k > m, (8.3.2) simplifies to

_2(M(m+2)  2m(m+1)
P Tk 3)T(m)  k(h+ D(E+2) (8.3.4)

We start by proving that {px}2, is a probability distribution. For this, we note that, by
(8.2.2),

L(k+a) _ 1 ( I'(k+a) 71“(k+1+a)) (8.3.5)
Dk+b) b—a—1\T(k—1+0) I'(k + b) e
Applying (8.3.5) toa=4d,b=3+3d + %, we obtain that, for k > m,
_F(m+2+5+%)( I(k+06) _ D(k+1+96) ) (8.3.6)
b I'(m +9) T(k+2+0+2) T(k+3+5+2)/ o
Using that pr = 0 for K < m, and by a telescoping sum identity,
T(m+2+6+ 2 r b
Yopk=) pe= ( ) (m+9) =1 (8.3.7)

T'(m +6) T(m+2+d5+2)

E>1 k>m

Thus, since also py > 0, we obtain that {py};=; indeed is a probability distribution. We
shall see that {px}32, arises as the limiting degree distribution for PA,, s(¢):

Theorem 8.2 (Degree sequence in preferential attachment model). Fiz 6 > —m and
m > 1. Then, there exists a constant C' = C(m,d) > 0 such that, as t — oo,

P ((max | Pu(t) — pi| > c,/lOTgt) = o(1). (8.3.8)

Theorem 8.2 identifies the asymptotic degree sequence of PA,, s(t) as {px }feq. We next
show that, for k large, py is close to a power-law distribution. For this, we first note that
from (8.3.2) and (8.2.8), as k — oo,

P = emsk™T(1+ 0(%)), (8.3.9)
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Figure 8.3: The degree sequences of a preferential attachment random graph with m =
2,8 = 0 of sizes 300,000 and 1,000,000 in log-log scale.

where 5
T=3+—>2, (8.3.10)
m

and

_ @+ Tm 4245+ ) (8.311)
N I'(m+9) ' o
Therefore, by Theorem 8.2 and (8.3.9), the asymptotic degree sequence of PA,, s5(t) is close
to a power law with exponent 7 = 3 + /m. We note that any exponent 7 > 2 is possible
by choosing § > —m and m > 1 appropriately. The power-law degree sequence can clearly
be observed in a simulation, see Figure 8.3, where a realization of the degree sequence of
PA,, s(t) is shown for m =2, § = 0 and t = 300,000 and ¢ = 1, 000, 000.

The important feature of the preferential attachment model is that, unlike the config-
uration model and the generalized random graph, the power law in PA,, 5(t) is ezplained
by giving a model for the growth of the graph that produces power-law degrees. There-
fore, preferential attachment offers a convincing explanation as to why power-law degree
sequences occur. As Barabdsi puts it [19]

Cm,s

“...the scale-free topology is evidence of organizing principles acting at each
stage of the network formation. (...) No matter how large and complex a
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network becomes, as long as preferential attachment and growth are present it
will maintain its hub-dominated scale-free topology.”.

Many more possible explanations have been given for why power laws occur in real networks,
and many adaptations of the above simple preferential attachment model have been studied
in the literature, all giving rise to power-law degrees. See Section 8.7 for an overview of
the literature.

The remainder of this chapter shall be primarily devoted to the proof of Theorem 8.2,
which is divided into two main parts. In Section 8.4, we prove that the degree sequence
is concentrated around its mean, and in Section 8.5, we identify the mean of the degree
sequence. In the course of the proof, we also prove results related to Theorem 8.2.

Exercise 8.14 (The degree of a uniform vertex). Prove that Theorem 8.2 implies that the
degree at time t of a uniform vertex in [t] converges in probability to a random variable
with probability mass function {pk}he;.

Exercise 8.15 (Degree sequence uniform recursive tree [126]). In a uniform recursive tree

we attach each vertexr to a uniformly chosen old verter. This can be seen as the case where

m =1 and § = co of {PA" (m,8)}i>2. Show that Theorem 8.2 remains true, but now with
— o9—(k+1)

P =2 .

8.4 Concentration of the degree sequence

In this section, we prove that the (random) degree sequence is sufficiently concentrated
around its expected degree sequence. We use a martingale argument which first appeared
in [50], and has been used in basically all subsequent works proving power-law degree
sequences for preferential attachment models. The argument is very pretty and general,
and we spend some time explaining the details of it.

We start by stating the main result in this section. In its statement, we use the notation

t
Ne(t) => p, )=k} = tPx(t) (8.4.1)
=1

for the total number of vertices with degree k£ at time t.

Proposition 8.3 (Concentration of the degrees). Fix 6 > —m and m > 1. Then, for any
C >my/8, ast — oo,

P(mgx INk(t) — E[N(1)]] > Cy/tlog t) =o(1). (8.4.2)

We note that Theorem 8.2 predicts that Ny (¢) = tpr. Thus, at least for k for which py
is not too small, i.e., tpr > /tlogt, Proposition 8.3 suggests that the number of vertices
with degree equal to k is very close to its expected value. Needless to say, in order to
prove Theorem 8.2, we still need to investigate E[Ny(t)], and prove that it is quite close to
tpr. This is the second main ingredient in the proof of Theorem 8.2 and is formulated in
Proposition 8.4. We first prove Proposition 8.3.

Proof. We start by reducing the proof. First of all, Ni(t) = 0 when k& > m(t + 1).
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Therefore,

IF’(mkaX|Nk(t) — E[N:()]| 2 C\/tlogt) = IP’( max  |Ni(t) — E[Ng(t)]] > C’\/tlogt)

k<m(t+1)
m(t+1)
< ¥ IP’(|Nk(t) —E[N:(t)]] = C\/t logt).
k=1

(8.4.3)

We shall prove that for any C' > m+/8, uniformly in & < m(t + 1),
P(\Nk(t) —E[Nu(t)]| > C\/¢ logt) —o(t™), (8.4.4)

which would complete the proof of Proposition 8.3.
For n =0,...,t, we denote by

M, = E[N(t)|PA,(m,6)] (8.4.5)

the conditional expected number of vertices with degree k at time ¢, conditionally on the
graph PA,, (m,§) at time n € {0,...,t}. We shall show that {M,}}_, is a martingale.
Firstly, since Ni(t) is bounded by the total number of vertices at time ¢, we have
Ni(t) <t, so that
E[|M,|] = E[M,] = E[Nk(t)] < t < co. (8.4.6)

Secondly, by the tower property of conditional expectations, and the fact that PA,(m,d)
can be deduced from PA,, s(n + 1), we have that, for all n <¢ — 1,

E[My41|PA,(m, )] = E[E [Ne()[PAs(n + 1)] ‘PAn(m 5)]
= E[Nk(t)|PAn(m, 0)] = M, (8.4.7)

so that {M,},—, satisfies the conditional expectation requirement for a martingale. In
fact, { My} is a so-called Doob martingale (see also Exercise 2.22).

Therefore, {M,}%_, also satisfies the moment condition for martingales. We conclude
that {M,};—_, is a martingale process with respect to {PA, (m,d)},—o. This is the first
main ingredient of the martingale proof of (8.4.4).

For the second ingredient, we note that M, is identified as

Mo = E[N(t)|PA,5(0)] = E[Nk(1)], (8.4.8)
Since PA,, 5(0) is the empty graph. Furthermore, M, is trivially identified as
M, = E[Ni(t)[PA:(m, 8)] = Ni(t), (8.4.9)
since one can determine Ny (t) from PA:(m,d). Therefore, we have that
Ni(t) — E[Ng(t)] = My — Mo. (8.4.10)
This completes the second key ingredient in the martingale proof of (8.4.4).
The third key ingredient is the Azuma-Hoeffding inequality, Theorem 2.23. For this, we

need to investigate the support of |M,, — M,,_1]. We claim that, for all n € [t], a.s.,

|M,, — My 1| < 2m. (8.4.11)
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In order to prove this, we note that

M,, = E[Ny,(t)|PA,( ZIP’ = k|PA,(m,d)), (8.4.12)
and, similarly,
M1 = ZP = k|PA,_1(m,d)), (8.4.13)
so that
My — My = ZIP’ = k[PA,(m,8)) — P(Di(t) = k|PA,—1(m,d)).  (8.4.14)

i=1

Thus, we need to investigate the influence of the extra information contained in PA,, (m, d)
compared to the information contained in PA,_1(m,d). For any s = 1,...,t, conditioning
on PA,(m, ) is the same as conditioning to which vertices the first sm edges are attached.
Thus, in PA,,_1(m, §), we know where the edges of the vertices v{™, ..., v{™) are attached
to. In PA,(m,d), we have the additional information of where the m edges originating
from the vertex v{™ are attached to. These m edges effect the degrees of at most m other
vertices, namely, the receiving ends of these m edges.

For the conditional expectations given PA,(m,d), we need to take the expectation with
respect to all possible ways of attaching the remaining edges originating from the vertices

(m)

Vg 1y - vém) As explained above, only the distribution of the degrees of the vertices in
PA:(m, 5) to which the m edges originating from v(™ are connected are effected by the
knowledge of PA,(m,d) compared to PA,_1(m,d). This number of vertices is at most
m, so that the distribution of the degrees of at most 2m vertices is different in the law of
PA¢(m,d) conditionally on PA,_1(m,d) compared to the law of PA¢(m,d) conditionally
on PA,,(m,d). This implies (8.4.11).

The Azuma-Hoeffding’s Inequality (Theorem 2.23) then yields that, for any a > 0,

]P’(|Nk(t) — E[Nk(8)]] > a) < e wam, (8.4.15)

Taking a = Cv/Tlogt for any C' with C? > 8m? then proves that
P(INk(t) — E[Nk(1)]| = C/tlogt) < 2 (ox )27 _ o4 1), (8.4.16)
This completes the proof of (8.4.4), and thus of Proposition 8.3. (I

The above proof is rather general, and can also be used to prove concentration around
the mean of other graph properties that are related to the degrees. An example is the
following. Denote by

N (t Z Ni(t (8.4.17)

the total number of vertices with degrees at least k. Then we can also prove that N> (t)
concentrates. Indeed, for C' > v/8m,

]P’(|N2k( ) — E[Ns.(t)]| > Cy/tlogt ) = o(t™ ). (8.4.18)

The proof uses the same ingredients as given above for N> (t), where now we can make
use of the martingale
M;, = E[N=,(t)|PA,(m, d)]. (8.4.19)

Exercise 8.16 (Concentration of the number of vertex of degree at least k). Prove (8.4.18)
by adapting the proof of Proposition 8.3.
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8.5 Expected degree sequence

The main result in this section investigates the expected number of vertices with degree
equal to k. We denote the expected number of vertices of degree k in PA;(m, d) by

Ni(t) =E[tPx(1)]. (8.5.1)

The main aim is to prove that Ni(t) is close to pxt, where py is defined in (8.3.3). This is
the content of the following proposition:

Proposition 8.4 (Expected degree sequence). Fix § > —m and m > 1. Then, there exists
a constant C' = C(5, m) such that for allt > 1 and all k € N,

[Nk (t) — prt| < C. (8.5.2)

The proof of Proposition 8.4 is split into two separate cases. We first prove the claim for
m =1 in Section 8.5.1, and extend the proof to m > 1 in Section 8.5.2.

Exercise 8.17 (The total degree of high degree vertices). Use Propositions 8.4 and 8.3
to prove that for I = I(t) — 0o as t — oo such that t1°~7 > K+/tlogt for some K >
0 sufficiently large, there exists a constant B > 0 such that with probability exceeding
1—o(t™"), for all such I,
> Di(t) = Bu*. (8.5.3)
:D; () >1

Show further that, with probability exceeding 1 — o(t™"), for all such I,
Nx(t) > V. (8.5.4)

8.5.1 Expected degree sequence for m =1

In this section, we study the expected degree sequence when m = 1. We adapt the
argument in [45]. We start by writing

E[Ni(t + 1)|PA(1,8)] = Ni(t) + E[Ny(t + 1) — Ni(£)|PA(1,5)]. (8.5.5)

Conditionally on PA,(1,¢), there are four ways how Ny (¢ + 1) — Ni(t) can be unequal to
zero:

(a) The end vertex of the (unique) edge incident to vertex véj_)l had degree k — 1, so that
its degree is increased to k, which happens with probability %. Note that
there are Nj_1(t) end vertices with degree k — 1 at time ¢;

b) The end vertex of the (unique) edge incident to vertex v''), had degree k, so that
t+1

+9 Note

its degree is increased to k + 1, which happens with probability m.

that there are Ni(t) end vertices with degree k at time ¢;

(c) The degree of vertex vy}, is one, so that Ni(t) is increased by one, when the end

vertex of the (unique) edge incident to vertex v} is not v{}’;, which happens with
probability 1 — %;

(d) The degree of vertex Uéj_)l is equal to two, so that Na(t) is increased by one, when

the end vertex of the (unique) edge incident to vertex vt(rl is equal to vérl, which

happens with probability %.
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The changes in the degree sequence in cases (a) and (b) arise due to the attachment of

the edge (thus, the degree of one of the vertices vil), . ,vil) is changed), whereas in cases

(c) and (d) we determine the degree of the added vertex véi)l.

Taking all these cases into account, we arrive at the key identity

k—1+46
t(2+9) + (1+9)
k+6
2+ 08) + (149)

1+6
+ﬂ{’“:”(1_ t(2+6)+(1+6))

1456
+]1{’“:2}t(2+5)+(1+5)‘

E[Nk(t—i-l)—Nk(t)‘PAt(l,(S)} = Nkfl(t)

Ni(t)

(8.5.6)

Here, k > 1, and for k = 0, by convention, we define
No(t) = 0. (8.5.7)
By taking the expectation on both sides of (8.5.6), obtain

B[Nk (t +1)] = E[Nk ()] + E[Nk(t + 1) — Ni(8)]
=E[Nk(t)] + E[E[Nk(t + 1) — Ni(t)|PAL(1,6)]]. (8.5.8)

Now using (8.5.6) gives us the explicit recurrence relation that, for k > 1,

Ne(t+1) = Nu(t) + %mﬂ(w

k+6 -
TH2+0) + (1+6)N'“(t)

1+0
Doy (1= oot o
ey ( t(2—|—6)+(1—|—5))

1406
M G o w s

(8.5.9)
Equation (8.5.9) will the the key to the proof of Proposition 8.4 for m = 1. We start by
explaining its relation to (8.3.3). Indeed, when Ny (t) ~ tpk, then one might expect that
Ni(t+1) — Ni(t) = p. Substituting these approximations into (8.5.9), and approximating

t/(t(24+6) 4+ (14+46)) =~ 1/(246) and % ~ 0, we arrive at the fact that py must

satisfy the recurrence relation, for k > 1,

k146 k+6
Pr = 216 Pk—1 5 +5pk —+ Il{k:l}, (8.5.10)

where we define pop = 0. We now show that the unique solution to (8.5.10) is (8.3.3). We

can rewrite
k—1+496 249

krat20 T kr2r 20
When k£ = 1, using that pp = 0, we obtain

Tiker)- (8.5.11)

P =

244

. 512
3+26 (8:5.12)

p1 =
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On the other hand, when k > 1, we arrive at

_k—149
P . (8.5.13)
Therefore, using (8.2.2) repeatedly,
_ T(k+0)I'(4429) (24 0)T(k+6)I'(4 + 20)
e Pk +3+200(1+0)™ ~ (3+20)0(k+3+20)0(1+0)

_ 2+ (k+ I3 +26)
- D(k+3+20)L(1+06) ’ (8.5.14)

and we see that the unique solution of (8.5.10) is pg in (8.3.3).
The next step is to use (8.5.9) and (8.5.10) to prove Proposition 8.4 for m = 1. To this
end, we define
Ek(t) = Nk(t) — tpkA (8.5.15)

Then, in order to prove Proposition 8.4 for m = 1, we are left to prove that there exists a
constant C' = C(§) such that
max lex(t)] < C. (8.5.16)

The value of C will be determined in the course of the proof.
Now we deviate from the proof in [45]. In [45], induction in k was performed. Instead,
we use induction in ¢. First of all, we note that we can rewrite (8.5.10) as

(t+ D)pr = tpr + pi

= tput P s = b B
SRR e r o (e LR o e LT
+ (2}% - t(2+5)i(1+5))(k_1+6)p’“‘1
- (Qi(; - t(2+5):_(1+5))(k+6)pk- (8.5.17)
We abbreviate
k() = —(Qié - t(2+6)i(1+6))((k+5)pk - (k?—l-i-(S)pkfl), (8.5.18)
Vi(t) = m(ﬂ{k:m — Ngr=13)- (8.5.19)

Then, (8.5.9) and (8.5.17) can be combined to yield that

ek—1(t) + ki (t) + e (t)-
(8.5.20)

k+46 k—1+496
at+D)=(1- s rar0)* O mr s ae s

We prove the bounds on e (t) in (8.5.16) by induction on ¢t > 1. We start by initializing
the induction hypothesis. When ¢ = 1, we have that PA; 5(1) consists of a vertex with a
single self-loop. Thus,

Ni(1) = Npesy. (8.5.21)
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Therefore, since also pr < 1, we arrive at the estimate that, uniformly in k& > 1,
lex(1)] = |Nk(1) = p| < max{Nk(1),pr} < 1. (8.5.22)

We have initialized the induction hypothesis for ¢t =1 in (8.5.16) for any C > 1.
We next advance the induction hypothesis. We start with £ = 1. In this case, we have
that €o(t) = No(t) — po = 0 by convention, so that (8.5.20) reduces to

et = (1- myl@) R (8) + (D). (8.5.23)

We note that

1+9
T T ATY) >0, (8.5.24)
so that
e+ 01 < (1= g g1 O+ RO+ )l (3.5.25)

Using the explicit forms in (8.5.18) and (8.5.19), it is not hard to see that there are universal
constants C,, = Cx(d) and C,, = C,(d) such that, uniformly in k > 1,

)] < Calt+ 17 ()] < Oyt + 1) (8.5.26)
Exercise 8.18 (Formulas for Cy and Ck). Show that C, = 1 does the job, and C. =
SUPk21(k + 5)Pk = (1 + 5)171 = u?i#

Using the induction hypothesis (8.5.16), as well as (8.5.26), we arrive at

146
lex (t+1)] SC(“t +

BT agy) tG oD (85.27)

Next, we use that ¢(2+0) + (1 +6) < (¢ + 1)(2+ ), so that

RS EY
ler(t+1)| < C — (t+1) (cm —(Ch + cw)) <0, (8.5.28)
whenever 946
> — . 0.
C> 1 5(Cat ) (8.5.29)

This advances the induction hypothesis for k = 1.
We now extend the argument to k > 2. We again use (8.5.20). We note that

k+o
-7 8.5.30
t2+0)+1+90) — ( )
as long as
E<t(244)+1. (8.5.31)

We will assume (8.5.31) for the time being, and deal with k& > (2 + &) + 2 later.
By (8.5.20) and (8.5.31), we obtain that, for kK > 2 and § > —1, so that k — 1+ > 0,

k+9
ent+ 1 < (1= s

k—1+4+46
(2+5)+(1+6))|8k(t)|+t

mkk—l(ﬂl + |kk ()| + & (B)]-

(8.5.32)
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Again using the induction hypothesis (8.5.16), as well as (8.5.26), we arrive at

k+0 k—1+6 o
m“+m300’auwﬂwuwﬂ+ PR e R AR

- 0(1 - m) +(CotCHE+1)7 (8.5.33)

As before,
H2+8) + (1+6) < (t+1)(2+96), (8.5.34)

so that
—1 C

len(t+1)| < C— (t+1) (515—aa+cﬁ)§a (8.5.35)

whenever
C>(2+46)(C.+C,). (8.5.36)

Finally, we deal with the case that k > ¢(2+ d) + 2. Note that k > ¢(2+ ) +2 >t +2
when ¢ > —1. Since the maximal degree of PA(1,0) is t+2 (which happens precisely when
all edges are connected to the initial vertex), we have that N (t+1) = 0 for k > ¢t(249)+2.
Therefore, for k > t(2 4 6) + 2,

lex(t + 1) = (£ + D)px. (8.5.37)

By (8.3.9) and (8.3.10), uniformly for k > ¢(2+d) +2 > t 4+ 2 for 6 > —1, there exists
a Cp = Cp(0) such that

pr < Cp(t+ 1)~ G+, (8.5.38)
For § > —1, and again uniformly for k >t + 2,

(t+Dpe < Cp(t + 1)~ < . (8.5.39)

Therefore, if C > Cp, then also the claim follows for k > ¢(2+6)+2. Comparing to (8.5.29)
and (8.5.29), we choose
w’ Cp}. (8.5.40)

czmw{@+&mu+0ﬁ7 5

This advances the induction hypothesis for k£ > 2, and completes the proof of Proposition
8.4 when m =1 and § > —1. O

8.5.2 Expected degree sequence for m > 1*

In this section, we prove Proposition 8.4 for m > 1. We adapt the argument in Section
8.5.1 above. In Section 8.5.1, we have been rather explicit in the derivation of the recursion
relation in (8.5.9), which in turn gives the explicit recursion relation on the errors €4 (t) in
(8.5.20). In this section, we make the derivation more abstract, since the explicit derivations
become too involved when m > 1. The current argument is rather flexible, and can, e.g.,
be extended to different preferential attachment models.

We make use of the fact that to go from PA¢(m,d) to PAiy1(m,d), we add precisely m
edges in a preferential way. This process can be described in terms of certain operators.
For a sequence of numbers Q = {Qx}52,, we define the operator Ti41: R® +— R* by

k+6
(240)+(1+d

k—1+6
2+0)+(1+4)

(T Qe = (15 ))Qk +3 Qio1, (8541
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where we recall that ' = §/m. Then, writing N(t) = {Nk(t)}32,, we can rewrite (8.5.9)
when m = 1 so that §' =6,

_ _ 146 1406
Ne(t +1) = (Tesr N()k + Tggomry (1 _ m) ) T (55

(8.5.42)

Thus, as remarked above (8.5.6), the operator Ti11 describes the effect to the degree
sequence of a single addition of the (¢ 4 1)** edge, apart from the degree of the newly
added vertex. The latter degree is equal to 1 with probability 1 — and equal
to 2 with probability
in (8.5.9).

In the case when m > 1, every vertex has m edges that are each connected in a prefer-
ential way. Therefore, we need to investigate the effect of attaching m edges in sequel. Due
to the fact that we update the degrees after attaching an edge, the effect of attaching the
(j + 1)** edge is described by applying the operator Tj to N(j). When we add the edges
incident to the " vertex, this corresponds to attaching the edges m(t—1)+1,...,mt
in sequel with intermediate updating. The effect on the degrees of vertices vi,...,v: is
described precisely by applying first T,,:+1 to describe the effect of the addition of the
first edge, followed by T2 to describe the effect of the addition of the second edge,
etc. Therefore, the recurrence relation of the expected number of vertices with degree k is
changed to

146
t(248)+(149)°

%. This explains the origin of each of the terms appearing

Ni(t+1) = (TTIN () + o (t), (8.5.43)
where
TS = Tongeg1) © -+ © Trnegt, (8.5.44)

and where, for K = m,...,2m, we have that ax(t) is equal to the probability that the
degree of the (t + 1)°" added vertex is precisely equal to n. Indeed, when ¢ changes to
t + 1, then the graph grows by one vertex. Its degree is equal to n with probability g (t),
so that the contribution of this vertex is equal to ay(t). On the other hand, the edges
that are connected from the (t + 1) vertex also change the degrees of the other ver-
tices. The expected number of vertices with degree k among vertices v, ..., v; is precisely
given by (T\ 7Y N(t))r. Thus, the operator 7, describes the effect to the degrees of ver-
tices w1, ..., v of the attachment of the edges emanating from vertex v;y1. This explains
(8.5.43).

When t grows large, then the probability distribution k — ax(t) is such that au,(t) is
very close to 1, while ax(t) is close to zero when k > m. Indeed, for k > m, at least one
of the m edges should be connected to its brother half-edge, so that

2m

m2(1+6)
< . 0.
k_Z alt) < e T (14 0) (8.5.45)
=m-+1
We define
Y (t) = ok (t) = Lg=my, (8.5.46)

then we obtain from (8.5.45) that there exists a constant Cy = C,(, m) such that
k()] < Co(t+1)7" (8.5.47)

The bound in (8.5.47) replaces the bound on |vyx(t)| for m =1 in (8.5.26).
Denote the operator S on sequences of numbers Q = {Qx}7>; by

k—1+96 kE+6

(m) _ _
(87Q)k =m 2m + 6 Qk-1 m2m+5

Q- (8.5.48)
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Then, for m = 1, we have that (8.5.10) is equivalent to

pr = (S + Ljpery- (8.5.49)
For m > 1, we replace the above recursion on p by pr = 0 for k¥ < m and, for k > m,

k= (S"D)k + Lmimy- (8.5.50)

Again, we can explicitly solve for p = {pr}p2;. The solution is given in the following
lemma:

Lemma 8.5 (Solution recursion for m > 1). Fiz § > —1 and m > 1. Then, the solution
to (8.5.50) is given by (8.3.2).

Proof. We start by noting that pr = 0 for £ < m, and identify p,, as

T +46
P Mom ol T (8.5.51)
so that s
2m+4 A
- - m_ 8.5.52
P mm o) +2m 8 (mto)+2+ 2 (8.5.52)
For k > m, the recursion relation in (8.5.50) becomes
m(k —1+9) E—1+446
= = Di_1. 8.5.53
Pk o) +2m o T htot2+ 20 ( )
As a result, we obtain that, again repeatedly using (8.2.2),
) F(k+6(m+34+5+2 )
T Tmtor(k+3+o+ o)
CT(k+0)T(m+3+d5+2) 2+2)
S T(m+OIk+3+5+2)(m+d+2+2)
2+ 2)(k+6)r 2+46+ 2
_ 2t )T+ OT(m 42+ )+ ) (8.5.54)
I(m+6)I'(k+3+6+ =)
O
Similarly to (8.5.17), we can rewrite (8.5.50) as
(t+ D)pr = tpr +pre = tpe + (S"p) + Lpmrmy
= (TMtp)k + Dy — Ki(t), (8.5.55)
where, writing I for the identity operator,
ri(t) = —([S" +t(I = T,71))]p),- (8.5.56)

While (8.5.56) is not very explicit, a similar argument as the ones leading to (8.5.26)
can be used to deduce an identical bound. That is the content of the following lemma:

Lemma 8.6 (A bound on kg(t)). Fiz 6 > —1 and m > 1. Then there exists a constant
Cyx = Cx(0,m) such that
ki (t)] < Cul(t +1)7". (8.5.57)
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We defer the proof of Lemma 8.6 to the end of this section, and continue with the proof
of Proposition 8.4 for m > 1.
We define, for k > m,
er(t) = Ni(t) — tpk. (8.5.58)

Subtracting (8.5.55) from (8.5.43) and writing £(¢) = {ex(¢)}72, leads to
ee(t+1) = (T e)r + rit) + v (t). (8.5.59)

In order to study the recurrence relation (8.5.59) in more detail, we investigate the prop-
erties of the operator Tt(m). To state the result, we introduce some notation. We let
Q = {Qx}72, be a sequence of real numbers, and we let Q@ = R™ denote the set of all such
sequences. For ) € 9, we define the supremum-norm to be

QI = i%jfl’|Qk|- (8.5.60)

Thus, in functional analytic terms, we consider the ¢°° norm on Q = R*.
Furthermore, we let Q,,(t) C Q be the subset of sequences for which Qr = 0 for
k>m(t+ 1), ie.,
() ={Q e Q:Qr=0 VE>m(t+1)} (8.5.61)

Clearly, N(t) € Qum(t).
We regard Tt(r'f in (8.5.44) as an operator on Q. We now derive its functional analytic
properties:

Lemma 8.7 (A contraction property). Fiz § > —1 and m > 1. Then T, maps Qun(t)
nto Qm(t + 1) and, for every Q € Qm(t),

- 1
( t(2m+0) + (m+9)

1T Qe < pITe] (8.5.62)

Lemma 8.7 implies that 7} acts as a contraction on elements of Q,,(t). Using Lemmas
8.6 and 8.7, as well as (8.5.47) allows us to complete the proof of Proposition 8.4:

Proof of Proposition 8.4. We use (8.5.59). We define the sequence ¢'(t) = {&}(t)}321 by

/

ex(t) = ex ()M p<mier)y- (8.5.63)
Then, by construction, &'(t) € Q,,(t). Therefore, by Lemma 8.7,
let + Dlloe < NTEYE Olloo + N1t +1) = (t + Dlloe + 160 |oe + [17(E) 1o
< (- G o) Ol
et +1) = et + Dl + 60 oo + 1Y)l (8.5.64)

Equation (8.5.47) is equivalent to the statement that

C
< = 5.
@l < 1 (5.5.65)
Lemma 8.6 implies that
Cy
5]l < (8.5.66)

_|_
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It is not hard to see that
le'(t+1) —e(t 4+ 1) < Cur(t+1)"71, (8.5.67)

where 7 > 2 is defined in (8.3.10). See (8.5.38)—(8.5.39) for the analogous proof for m = 1.
Therefore,

lete+ Dl < (1= sgmrg T gy IEO + T w0
Using further that, for m > 1 and § > —m,
t(2m+0)+ (m+0) < (2m+8)(t+1) (8.5.69)
we arrive at
ma+1mwg(1_G:jﬁagiﬁ)m@mm+g5i%%§£il (8.5.70)
Now we can advance the induction hypothesis
el < C. (8.5.71)

For some C > 0 sufficiently large, this statement trivially holds for ¢ = 1. To advance it,
we use (8.5.70), to see that

1 (Cy+Ce+Co)
< — < 0.
et + Dl < (1 (2m+5)(t—|—1)) + t+1 <G (8.5.72)
whenever
C>02m+90)(Cy+Ci+C). (8.5.73)

This advances the induction hypothesis, and completes the proof that |Ny(t) — pxt| < C
for m > 2. O

Proof of Lemmas 8.6 and 8.7. We first prove Lemma 8.7, and then Lemma 8.6.

Proof of Lemma 8.7. We recall that
TS = Tongeg1) © - © Trntgr, (8.5.74)

Thus, the fact that 7,}") maps Qu(t) into Qu(t+ 1) follows from the fact that Ti11 maps
Q1(t) into Q1 (¢t + 1). This proves the first claim in Lemma 8.7.

To prove that the contraction property of Tt(ri) in (8.5.62), we shall first prove that, for
alQe Qi(mt+a—1),a=1,...,m,§ > —mand §' =4§/m > —1, we have

1
I(Tmera@ll < (1~ t(2+0)+ (1+4)

)IQll. (8.5.75)
For this, we recall from (8.5.41) that

k+6
(mt+a)2+0)+(1L+0)

k—1+6
(mt+a)2+0)+ (1+0)

(Trmt+aQ)k = (1 — )Qk + Qr—1.

(8.5.76)
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When Q € Qi(mt + a), then, for all k for which Qy # 0,
k+0o

— 1 0.
mite-DE1)F50) 01 (8.5.77)
and, for k > 2, also
k—1+56
1]. 5.
mita-DEr a1 < 01 (8.5.78)
As a consequence, we have that
k46
Tntta o <8 1- oo
Tea@lle < w0 [(1= i a1
k—1+56
R Cear— Ny o +5/)”Q”°°]

- (- )
(mt+a—1)2+0) + (1+0)

Q- (8.5.79)

Now, by (8.5.79), the application of Tinttq to an element @ of Q1(mt + a — 1) reduces its
norm. By (8.5.74), we therefore conclude that, for every Q € Q. (),

1
T Qo < || T o < (1- -
ITEQl < ITmess@lle < (1= gy ey ) 1@
1
=(1— ooy 0.
( t(2m+§)+(m+6))”QH (8.5.80)
since 6’ = §/m. This completes the proof of Lemma 8.7. O
Proof of Lemma 8.6. We recall
k(t) = ([5<m> il — T;rf)}p)k. (8.5.81)

We start with

T = Togry 0+ 0 Tmigr = (I + (Tonery = 1)) 00 (I + (Tmegr — 1)) (8.5.82)

Clearly,
k+9 E—1+6
Tig1—1 = - 1. 8.5.83
(T =D =~y ar @ Tigro raro @ G589
When sup,, k|Qr| < K, then there exists a constant C' such that
sup‘((TtH - [)Q)k‘ < C (8.5.84)
k —t+1

Moreover, when sup, k%|Qx| < K, then there exists a constant C' = C such that, when
u,v > t,
C
Tus1—1)o(Tys1—1 < —. 8.5.85
Sl;-p|(( +1 )O( +1 )Q)k| = (t+1)2 ( )
We expand out the brackets in (8.5.82), and note that, by (8.5.85) and the fact that the
operators T, are contractions that the terms where we have at least two factors T, — I
lead to error terms. More precisely, we conclude that, when sup, kQ\Qk\ <K,

m

(T = Qe+ Y (Tmira — DQ), + Ex(t,Q), (8.5.86)

a=1
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where, uniformly in k& and Q for which sup, k*|Qx| < K,
Cx
Ei(t 5.
|Ex(t, Q)] < O (8.5.87)
As a result, we obtain that
(T =Tk = =D ((Tomira — Q) — Ex(t, Q). (8.5.88)
a=1
Furthermore, for every a = 1,...,m,
1
(Tnita = DQ), = — (ST Q) + Fia(t, Q) (8.5.89)
where, uniformly in k, @ for which sup, k|Qkx| < K anda=1,...,m,
C/
Fy.o(t 5.
|Fr,a(t, Q)] < Gr 1 (8.5.90)
Therefore, we also obtain that
m 1 .
S ((Tnira = DQ), = 75 Q)i+ Fult,Q), (8.5.91)
a=1
where
Q) =) Fra(t,Q). (8.5.92)
a=1
We summarize from (8.5.88) and (8.5.91) that
(8™ +¢(I = T{INIQ), = —tFu(t, Q) — tEK(t,Q), (8.5.93)
so that
re(t) = (IS 4+ t(I = T{))p), = —tFx(t, p) — tEk(t,p). (8.5.94)
We note that by (8.3.9) and (8.3.10), p satisfies that
sup k*pr < C,, (8.5.95)
k
so that we conclude that
5()]| = St;p‘([S(’") +t(I - TY) p])k’ < sup (| Ex(t, p)] + |F(t,p))
! /
HCk +Ck) _ Cx +Ck (8.5.96)

S+ T t+1
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8.5.3 Degree sequence: completion proof of Theorem 8.2

We only prove the result for m = 1, the proof for m > 1 being identical. By Proposition
8.4, we obtain that
max |E[Nk(t)] — prt| < C. (8.5.97)

Therefore, by Proposition 8.3 we obtain
P(m}fmx INk(t) — put| > C(1 + Mtlogt)) = o(1), (8.5.98)

which, since Py (t) = Ni(t)/t, implies that

P(mkax |Pe(t) — pi| > %(1 + Mtlogt)) = o(1). (8.5.99)

Equation (8.5.99) in turn implies Theorem 8.2. O

8.6 Maximal degree in preferential attachment models

In this section, we shall investigate the maximal degree and the clustering of the graph
PA,, s(t). In order to state the results on the maximal degree, we denote

M, = max Di(t). (8.6.1)

The main result on the maximal degree is the following theorem:

Theorem 8.8 (Maximal degree of PA,, 5(t)). Fizm >1 and 6 > —m. Then,
Mot~ 71 &% (8.6.2)

with P(p = 0) = 0.

Below, we shall be able to compute all moments of the limiting random variables &;
of D;(t)t~*/+%)  We do not recognize these moments as the moments of a continuous
random variable.

Exercise 8.19 ([85]). Fizm =1 and § > —1. Then, prove that for all t > 1

C(H)I(i + 1£2)

P(Di(t) = j) < Cj 5>, (8.6.3)
TD(t+ $E2)r(i)
where C1 =1 and s
j-1+
Cj = jTijl. (864)

Mori [172] studied various martingales related to degrees, and used them to prove that
the maximal degree of {PA,, 5(t)}{2; converges a.s. We shall reproduce his argument here,
applied to a slightly different model. See also [88, Section 4.3]. We fix m = 1 for the time
being, and extend the results to m > 2 at the end of this section.

In [172], the graph at time 1 consists of two vertices, 0 and 1, connected by a single
edge. In the attachment scheme, no self-loops are created, so that the resulting graph is
a tree. The proof generalizes easily to other initial configurations and attachment rules,
and we shall adapt the argument here to the usual preferential attachment model in which
self-loops do occur and PA;(1,8) consists of one vertex with a single self-loop. At the "
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step, a new vertex is added and connected to an existing vertex. A vertex of degree k is
chosen with probability (k + 6)/n(t) where § > —1 and n(t) = t(2+46) + 1 + § is the sum
of the weights for the random graph with ¢ edges and ¢ vertices.

Let X, (t) = D;(t)+ be the weight of vertex j at time ¢, let A;(t4+1) = X;(t+1)—X; ().
If j <t, then

P(Aj(t+1) = 1{PA4(1,6)) = X;(t)/n(t). (8.6.5)
From this, we get
E(X,(t + 1)[PA:(1,6)) = X, (1) (1 n %) (8.6.6)

so ¢ X;(t) will be a martingale if and only if ¢;/ci+1 = n(t) /(1 + n(t)).
Anticipating the definition of a larger collection of martingales we let

L(t+ $2)
er(t) = ——20 . t>1,k>0, (8.6.7)
T(t 4 &249)
For fixed k > 0, by (8.2.8),
cr(t) =t/ (1 4 0(1)) ast — oo (8.6.8)

Using the recursion I'(r) = (r — 1)I'(r — 1) we have

1+6

ck(t+1) t+ 555 n(t)
= = ) 8.6.9
cx(t) t+ 5 n)+k ( )

In particular, it follows that c1(¢) X (¢) is a martingale for ¢ > j. Being a positive martingale
it will converge a.s. to a random variable &;, as discussed in full detail in Theorem 8.1. To
study the joint distribution of the X;(¢) we make use of a whole class of martingales. We
first introduce some notation. For a,b > —1 with a —b > —1, where a, b are not necessarily

integers, we write
a I'(a+1)
= . 6.1
<b) T+ Dla—b+1) (8.6.10)

The restriction on a, b is such that the arguments of the Gamma-function are all strictly
positive. Then the following proposition identifies a whole class of useful martingales
related to the degrees of the vertices:

Proposition 8.9 (A rich class of degree martingales). Let r > 0 be a non-negative integer,
ki,k2, ... kr > —max{1,1 4+ 6}, and 0 < j1 < ... < jr be non-negative integers. Then,
with k=3 ki,

Z; () = cx(t) H (X”(t)]:ki B 1) (8.6.11)

is a martingale for t > max{j,, 1}.

The restriction k; > —max{1,1 + §} is to satisfy the restrictions a,b,a — b > —1 in
(8.6.10), since X;(t) > 14 4. Since 6 > —1, this means that Proposition 8.9 also holds for
certain k; < 0.

Exercise 8.20 (Martingale mean). Use Proposition 8.9 to show that, for allt > max{j,, 1},

E[Z; ;D) = f[ cxUi) <kk+ 6) ; (8.6.12)

i=1 cKi71 (]’L)

where K; = 23:1 ke.
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Proof. By considering the two cases Aj;(t) = 0 or A;(t) = 1, and using (8.6.10) and
I'(r) = (r — 1)I'(r — 1), it is easy to check that, for all k,

Xit+D)+k—1\ [X;(0)+k—1\D(X;(t+1) +k)
k N k I'(X;(t) + k)

_ <Xj(t) Z k= 1) <1 n k)?jj((tt))) . (8.6.13)

At most one X (¢) can change, so that

11 (1 - kXA]’(i) ) = (1 + Z kXA]”( ; ) (8.6.14)

i=1
Together, (8.6.13) and (8.6.14) imply that
(X, 1)+ R — k:A] X5, + ki —1

¢ 1 d ’ . 6.1
(00 ) - (ot I (0 o

Since P(A;(t + 1) = 1|PA¢(1,6)) = X;(t)/n(t), using the definition of Z5 (1) and taking
expected value,

_ cr(t+1) > i ki _
E(@w@+1mm4L®)_ZMﬁ) oD <1+7ﬁﬂ = Z; 1(0), (8.6.16)
where k = )", ki and the last equality follows from (8.6.9). O

Being a non-negative martingale, Zf', z(t) converges. From the form of the martingale, the
convergence result for the factors, and the asymptotics for the normalizing constants in
(8.6.8), the limit must be []_, ¥ JT (ki 4 1), where we recall that &; is the almost sure
limit of D;(¢)t~'/ 2+ Here we make use of (8.2.8), which implies that

(Xj“) S 1) = X, (0" (1 + O(1/X, (1)), (8.6.17)

together with the fact that D;(t) *% oo (see Exercise 8.8).
Our next step is to check that the martingale converges in L*. To do this we begin by
observing that (8.6.8) implies ¢, (£)?/cam(t) — 1 and we have

c+k—1\" [ T@+k) \° T@+k) Ttk
( k >_(F(a:)I‘(k+1)> T I(z) T(x)T(k+1)2 (8.6.18)

Now we use that  — I'(z + k)/T'(z) is increasing for k > 0, so that

e+k—1\"_D@+2k) Da+k) _ (s+2%—1) (2
< k > = Iz +k) T'(z)I'(k+1)2 _< o )(k) (8.6.19)

From this it follows that

Z; (1) < CrZs (1), (8.6.20)

7,k
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where
“ 2k,
Cr = 1:[1 <k > (8.6.21)

Therefore, Z]—.J;(t) is an L?—bounded martingale, and hence converge in L'.
Taking r = 1 we have, for all j > 1 integer and k € R with k£ > 0,

Elg/T(k +1)] = lim B[Z;4(1)] = EIZ;4()] = cx()) (’“ . 5). (8.6.22)

U(Gi+33)
rG+EEEey’
integers, and all £ non-negative,

Recalling that c;(j) = we thus arrive at the fact that, for all 7 non-negative

LG+ 558) T(k+1+9)

(G + 552) T(1+9)

El¢j] = (8.6.23)

It is, as far as we know, unknown which random variable has these moments, but we can
see that the above moments identify the distribution:

Exercise 8.21 (Uniqueness of limit). Prove that the moments in (8.6.23) identify the
distribution of &; uniquely. Prove also that P(§; > x) > 0 for every x > 0, so that &; has
unbounded support.

Exercise 8.22 (A.s. limit of D;(t) in terms of limit Di(t)). Show that &; has the same

distribution as

J
&[] B (8.6.24)
k=1
where By has a Beta(1, (2 + 0)k — 1)-distribution.

Exercise 8.23 (Martingales for alternative construction PA model [172]). Prove that when
the graph at time 0 is given by two vertices with a single edge between them, and we do not
allow for self-loops, then (8.6.22) remains valid when we instead define

T(t+ 525)

T(t+ 552)

cn(t) = t>1,k>0. (8.6.25)

We complete this discussion by showing that P(§; = 0) = 0 for all j > 1. For this, we
use (8.2.8), which implies that, for kK > —max{1,1+ 6},

. X;(t) \* .
hmsupE[(tl/é(Jrl)) } < A limsupE[Z; (t)] < oo. (8.6.26)

t—o0 t—o0

Since § > —1, we have —1 — § < 0, so that the a negative moment of X;(t)/t'/ (%
remains uniformly bounded. This implies that P(¢§; = 0) = 0. Indeed, we use that
X;(t)/tY/ 2+ 25 ¢ which implies that X (t)/tY/ 2+ N &;, so that, using the Markov
property (Theorem 2.14), for every € > 0 and k € (—max{1,1+ 6},0),

, , B X;(t) \F _
P <e) = hgsoliplP’(Xj(t)/t”uH) <e) < limsupe kE[(tl/fz(+?s)) } =0(=™").
(8.6.27)
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Letting ¢ | 0, we obtain that P(§; = 0) = 0.
We next move on to study the maximal degree M;. Let M; denote the maximal degree
in our random graph after ¢ steps, and, for ¢t > j, let

Mj (t) = max Z»;,l(t). (8628)

0<i<j

Note that M;(t) = c1(t)(M; + 8). We shall now prove that M (t) <% sup;2, &t

Proof of Theorem 8.8 for m = 1. We start by proving Theorem 8.8 for m = 1. Being a max-
imum of martingales, {M;(t)}52, is a non-negative submartingale. Therefore, M;(t) =% u
for some limiting random variable p, and we are left to prove that p = sup,>4 ;-

Since Z;1(¢)" is a submartingale for every k > 1, and Z;1(t)" converges in L' to &},
we further have that

E[Z;1(t)*] < E[g)). (8.6.29)
Then, using the trivial inequality
t
M, (t)F = [max, Zia(t)k < 2. Zia(t)", (8.6.30)

and (8.6.29), we obtain
> e(h), (8.6.31)
=0

J

E[M:()*) < 3 EIZ(0)") < Y Elg] = T(k+1) (k Z 5>

which is finite by (8.6.8) if k > 2+ 6. Thus M(t) is bounded in L* for every integer
k > 2+ 6, and hence bounded and convergent in L? for any p > 1. Therefore, to prove
that p = sup;5&;, we are left to prove that M:(t) converges to sup,s,§; in LF for some

Let k > 2+ 4 be fixed. Then, by a similar inequality as in (8.6.30),

t

E[(M(t) — M;(t)*] < > E[Zia(t)"] (8.6.32)

i=j+1

Since M;(t) is a finite maximum of martingales, it is again a non-negative submartingale
which each converge almost surely and in L* for any k > 2 + 8, its almost sure limit is
equal to maxo<;<; & = p;, Therefore, the limit of the left-hand side of (8.6.32) is

E[ ( lim ¢/ 6, — uj)k] (8.6.33)

t—o0

while the right-hand side of (8.6.32) increases to (compare to (8.6.29))

> EEF = k!(k’:‘S) > e(i), (8.6.34)

i=j+ i=j+1

which is small if j is large by (8.6.8). Recall that TRACRRDY Y At . Therefore, we obtain
that

lim E[(u - uj)’“] - 0. (8.6.35)

Jj—o0
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Hence lim;_ o til/(H‘S)Mt = p as claimed.
When m > 2, then the above can be used as well. Indeed, in this case, we have that by
Exercise 8.12, D;(t)(mt) ™Y GF0/m) 225 ¢! where

mi

G= > &, (8.6.36)

j=(i—1)m+1

and &; is the almost sure limit of D;(t) in {PA; 5/, (¢)}¢2;. This implies that M, =% p =
sup$2, &;. We omit the details. O
Since P(&1 = 0) = 0, we have that P(u = 0) = P(supjz, {; = 0) <P({1 = 0) = 0. Thus,

1/(2+96)

we see that M, really is of order ¢ and is not smaller.

8.7 Related preferential attachment models

There are numerous related preferential attachment models in the literature. Here we
discuss a few of them:

A directed preferential attachment model. In [45], a directed preferential attach-
ment model is investigated, and it is proved that the degrees obey a power law similar
to the one in Theorem 8.2. We first describe the model. Let Go be any fixed initial di-
rected graph with ¢y edges. Fix some non-negative parameters «, 3,7, din and dout, where
a+pf+v=1
We next define G(¢). In order to do so, we say that we choose a vertex according to
fi(t) when we choose vertex i with probability
fi(t)
. 8.7.1
RO (870
Thus, the probability that we choose a vertex i is proportional to the value of the function
fi(t). Also, we denote the in-degree of vertex i in G(t) by Din,i(t), and the out-degree of
vertex ¢ in G(t) by Dout,i(t).
We let G(to) = Go, where to is chosen appropriately, as we will indicate below. For
t > to, we form G(t+ 1) from G(t) according to the following growth rules:

(A) With probability «, we add a new vertex v together with an edge from v to an
existing vertex which is chosen according to Din ;(t) + din.

(B) With probability 8, we add an edge between the existing vertices v and w, where
v and w are chosen independently, v according to Din,i(t) + din and w according to
Dout,i(t) + 60ut~

(C) With probability v, we add a vertex w and an edge from an existing vertex v to w
according to Dout,i (t) + dout-

The above growth rule produces a graph process {G(t)}+>+, where G(¢) has precisely ¢
edges. The number of vertices in G(t) is denoted by T'(t), where T'(t) ~ Bin(¢, a + 7).

It is not hard to see that if adin + v = 0, then all vertices outside of Gy will have
in-degree zero, while if v = 1 all vertices outside of G will have in-degree one. Similar
trivial graph processes arise when ydout + @ =0 or a = 1.

Exercise 8.24 (Special cases directed PA model). Prove that if adin + v = 0, then all
vertices outside of Go will have in-degree zero, while if v = 1 all vertices outside of Go will
have in-degree one.
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We exclude the above cases. Then, [45] show that both the in-degree and the out degree
of the graph converge, in the sense that we will explain now. Denote by X;(t) the in-degree
sequence of G(t), so that

Xi(t) = Z Ups, o (6)=k1}> (8.7.2)
veG(t)

and, similarly, let Y;(t) be the out-degree sequence of G(¢), so that

Vi) = D Uingyuo=k)- (8.7.3)
veG(t)

Denote
1+61n(0[+ﬂ) 1+6out(’y+ﬁ)
a+p v+ 0 ’

Then [45, Theorem 3.1] shows that there exist probability distributions p = {pi}72, and
q = {qr}7Zo such that with high probability

Tin = 1+ 5 Tout — 1+ (874)

Xk(t) — pkt = O(t), Yk(t) — qkt = O(t)7 (8‘7.5)
while, for k — oo,
pr = Cink™ (1 4 0o(1)), gr = Cougk™ " (1 + o(1)). (8.7.6)

In fact, the probability distributions p and g are determined explicitly, as in (8.3.2) above,
and p and ¢ have a similar shape as p in (8.3.2). Also, since din, dout > 0, and a+8,v+8 < 1,
we again have that 7in, Tout € (2,00). In [45], there is also a result on the joint distribution
of the in- and out-degrees of G(t), which we shall not state here.

The proof in [45] is similar to the one chosen here. Again the proof is split into a
concentration result as in Proposition 8.3, and a determination of the expected empirical
degree sequence in Proposition 8.4. In fact, the proof Proposition 8.4 is adapted after the
proof in [45], which also writes down the recurrence relation in (8.5.20), but analyses it in
a different way, by performing induction on k, rather than on t as we do in Sections 8.5.1
and 8.5.2. As a result, the result proved in Proposition 8.4 is slightly stronger. A related
result on a directed preferential attachment model can be found in [60]. In this model,
the preferential attachment probabilities only depend on the in-degrees, rather than on the
total degree, and power-law in-degrees are proved.

A general preferential attachment model. A quite general version of preferential
attachment models is presented in [76]. In this paper, an undirected graph process is
defined. At time 0, there is a single initial vertex vo. Then, to go from G(t) to G(t + 1),
either a new vertex can be added or a number of edges between existing vertices. The
first case is called NEW, the second OLD. With probability a, we choose to apply the
procedure OLD, and with probability 1 — a we apply the procedure NEW.

In the procedure NEW, we add a single vertex, and let f = {f;}{2; be such that f; is
the probability that the new vertex generates ¢ edges. With probability 3, the end vertices
of these edges are chosen uniformly among the vertices, and, with probability 1 — 3, the
end vertices of the added edges are chosen proportionally to the degree.

In the procedure OLD, we choose a single old vertex. With probability d, this vertex is
chosen uniformly, and with probability 1 — §, it is chosen with probability proportionally
to the degree. We let g = {g:}i2; be such that g; is the probability that the old vertex
generates i edges. With probability -, the end vertices of these edges are chosen uniformly
among the vertices, and, with probability 1 — v, the end vertices of the added edges are
chosen proportionally to the degree.
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The main result in [76] states that the empirical degree distribution converges to a
probability distribution which obeys a power law with a certain exponent 7 which depends
on the parameters of the model. More precisely, a result such as in Theorem 8.2 is proved,
at least for k < ¢'/2'. Also, a version of Proposition 8.4 is proved, where the error term
E[Px(t)] — tpk is proved to be at most Mt'/?log t. For this result, some technical conditions
need to be made on the first moment of f, as well as on the distribution g. The result
is nice, because it is quite general. The precise bounds are a bit weaker than the ones
presented here.

Interestingly, also the maximal degree is investigated, and it is shown that the maximal
degree is of order 9(751/(771)) as one would expect. This result is proved as long as 7 < 3.
! Finally, the results close to those that we present here are given in [4]. In fact, the error
bound in Proposition 8.4 is proved there for m = 1 for several models. The result for
m > 1 is, however, not contained there.

Non-linear preferential attachment. There is also work on preferential attachment
models where the probability of connecting to a vertex with degree k depends in a non-
linear way on k. In [152], the attachment probabilities have been chosen proportional to k”
for some 7. The linear case was non-rigorously investigated in [151], and the cases where
v # 1 in [152]. As one can expect, the results depend dramatically in the choice of 7.
When v < 1, the degree sequence is predicted to have a power law with a certain stretched
exponential cut-off. Indeed, the number of vertices with degree k at time ¢ is predicted to
be roughly equal to tay, where

k
K 1
=1 Jl:[l T (8.7.7)

and where 1 satisfies the implicit equation that », ax = 1. When v > 1, then [151]
predicts that there is a single vertex that is connected to nearly all the other vertices. In
more detail, when v € (1 + ﬁ“, 1+ %), it is predicted that there are only finitely many
vertices that receive more than m+1 links, while there are, asymptotically, infinitely many
vertices that receive at least m links. This was proved rigorously in [184].

In [197], random trees with possibly non-linear preferential attachment are studied
by relating them to continuous-time branching processes and using properties of such
branching processes. Their analysis can be seen as a way to make the heuristic in Section
1.3.2 precise. To explain their results, let w; be the weight of a vertex of degree i. The
random tree evolves, conditionally on the tree at time ¢, by attaching the (t + 1)** vertex
to vertex 4 with probability proportional to wp,(;y—1. Let A* be the solution, if it exists,

of the equation
1=>
n=1

Then, it is proved in [197] that the degree distribution converges to pwn = {pw(k)}rz1,
where?

=
3

n

—1
w;
g w; + A

(8.7.8)

k

A* Wy
puw(k) = T 11 e (8.7.9)

=0

1On [76, Page 318], it is mentioned that when the power law holds with power law exponent T,
that this suggests that the maximal degree should grow like t1/7. However, when the degrees are
independent and identically distributed with a power law exponent equal to 7, then the maximal
degree should grow like ©(t'/(7=1)) which is precisely what is proved in [76, Theorems 2 and 5].

2The notion of degree used in [197] is slightly different since [197] makes use of the in-degree
only. For trees, we have that the degree is the in-degree plus 1, which explains the apparent
difference in the formulas.
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For linear preferential attachment models where w; = i + 1 + §, we have that A* = §, so
that (8.7.9) reduces to (8.3.3):

Exercise 8.25 (The affine preferential attachment case). Prove that, when \* = § and
w; =1+ 140, (8.7.9) reduces to (8.3.3).

Interestingly, in [197] not only the degree of a uniformly chosen vertex is studied, but
also its neighborhood. We refrain from describing these results here. These analyses are
extended beyond the tree case in [31].

Preferential attachment with fitness. The models studied in [35, 36, 101] include
preferential attachment models with random fitness. In general, in such models, the vertex
v; which is added at time ¢ is given a random fitness ((;,7:). The later vertex v; at
time ¢ > ¢ connects to vertex v; with a conditional probability which is proportional to
¢iDi(t)+n;. The variable (; is called the multiplicative fitness, and 7; is the additive fitness.
The case of additive fitness only was introduced in [101], the case of multiplicative fitness
was introduced in [35, 36] and studied further in [54]. Bhamidi [31] finds the exact degree
distribution both for the additive and multiplicative models.

Preferential attachment and power-law exponents in (1,2). In all models, and
similarly to Theorem 8.2, the power law exponents 7 are limited to the range (2, 00). It
would be of interest to find simple examples where the power law exponent can lie in
the interval (1,2). A possible solution to this is presented in [82], where a preferential
attachment model is presented in which a random number of edges can be added which
is, unlike [76], not bounded. In this case, when the number of edges obeys a power law,
then there is a cross-over between a preferential attachment power law and the power law
from the edges, the one with the smallest exponent winning. Unfortunately, the case where
the weights have degrees with power-law exponent in (1,2) is not entirely analyzed. The
conjecture in [82] in this case is partially proved by Bhamidi in [31, Theorem 40].

Universal techniques to study preferential attachment models. In [31], Bhamidi
investigates various preferential attachment models using universal techniques from continuous-
time branching processes (see [9] and the works by Jagers and Nerman [124, 125, 175]) to
prove powerful results for preferential attachment graphs. Models that can be treated
within this general methodology include fitness models [35, 36, 101], competition-induced
preferential attachment models [28, 29], linear preferential attachment models as studied
in this chapter, but also sublinear preferential attachment models and preferential attach-
ment models with a cut-off. Bhamidi is able to prove results for (1) the degree distribution
of the graph; (2) the maximal degree; (3) the degree of the initial root; (4) the local
neighborhoods of vertices; (5) the height of various preferential attachment trees; and (6)
properties of percolation on the graph, where we erase the edges independently and with
equal probability.

8.8 Notes and discussion

Notes on Section 8.1. There are various ways of modeling the Rich-get-Richer or
preferential attachment phenomenon, and in these notes, we shall describe some related
models. The most general model is studied in [76], the main result being that the degrees
obey a power law. A model where the added edges are conditionally independent given
the degrees is given in [140]. A directed preferential attachment model is presented in [27].
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Notes on Section 8.2. The degrees of fixed vertices plays a crucial role in the analysis
of preferential attachment models, see e.g. [50]. In [213], several moments of the degrees are
computed for the Albert-Barabasi model, including the result in Theorem 8.1 and several
extensions.

Notes on Section 8.3. Most papers on specific preferential attachment models prove
that the degree sequences obey a power law. We shall refer in more detail to the various
papers on the topic when we discuss the various different ways of proving Proposition 8.4.
General results in this direction can be found for example in [31].

Notes on Section 8.4. The proof of Theorem 8.2 relies on two key propositions, namely,
Propositions 8.3 and 8.4. Proposition 8.3 is a key ingredient in the investigation of the
degrees in preferential attachment models, and is used in many related results for other
models. The first version, as far as we know, of this proof is in [50].

Notes on Section 8.5. The proof of the expected empirical degree sequence in Propo-
sition 8.4 is new, and proves a stronger result than the one for § = 0 appearing in [50].
The proof of Proposition 8.4 is also quite flexible. For example, instead of the growth rule
in (8.1.1), we could attach the m edges of the newly added vertex vﬁl‘i each independently
and with equal probability to a vertex ¢ € [t] with probability proportional to D;(t) + 4.
More precisely, this means that, for ¢ > 3,

D;(t)+ 6

Poif) = o [PA(m,0)) = 55 s

for i € [t], (8.8.1)
and, conditionally on PA¢(m,d), the attachment of the edges are independent. We can
define PA3(m, d) to consist of 2 vertices connected by m edges.

It is not hard to see that the proof of Proposition 8.3 applies verbatim:

Exercise 8.26 (Adaptation concentration degree sequence). Adapt the proof of Propo-
sition 8.3 showing the concentration of the degrees to the preferential attachment model
defined in (8.8.1).

It is not hard to see that also the proof of Proposition 8.4 applies by making the obvious
changes. In fact, the limiting degree sequence remains unaltered. A second slightly different
model, in which edges are added independently without intermediate updating, is studied
by Jordan in [137].

The original proof in [50] of the asymptotics of the expected empirical degree sequence
for 6 = 0 makes use of an interesting relation between this model and so-called n-pairings.
An n-pairing is a partition of the set {1,...,2n} into pairs. We can think about the pairs
as being points on the x-axis, and the pairs as chords joining them. This allows us to speak
of the left- and right-endpoints of the pairs.

The link between an n-pairing and the preferential attachment model with § = 0 and
m = 1 is obtained as follows. We start from the left, and merge all left-endpoints up to
and including the first right endpoint into the single vertex v;. Then, we merge all further
left-endpoints up to the next right endpoint into vertex vz, etc. For the edges, we replace
each pair by a directed edge from the vertex corresponding to its right endpoint to the
vertex corresponding to its left endpoint. Then, as noted in [48], the resulting graph has
the same distribution as G1(t). The proof in [50] then uses explicit computations to prove
that for k < ¢'/15,

E[Nk(t)] = tpu(1 + 0(1)). (8.8.2)

The advantage of the current proof is that the restriction on k in k < ¢*/1° is absent, that
the error term in (8.8.2) is bounded uniformly by a constant, and that the proof applies
tod =0 and § # 0.
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The approach of Hagberg and Wiuf in [112] is closest to ours. In it, the authors assume
that the model is a preferential attachment model, where the expected number of vertices
of degree k in the graph at time ¢ + 1, conditionally on the graph at time t solves

“‘“{1 Ne_1(t) + cx, (8.8.3)

E[Nk(t+ DIN(0)] = (1 - Z)Ni(t) -

where Ni(t) is the number of vertices of degree k at time ¢, N(t) = {Nk(t)}io and it
is assumed that a—1 = 0, and where ¢ > 0 and ar > ax—1. Also, it is assumed that
|Ni(t) — Ni(t — 1)| is uniformly bounded. This is almost true for the model considered in
this chapter. Finally, {N(¢)}{2, is assumed to be a Markov process, starting at some time
to in a configuration N (o). Then, with

k oo
Cj a;—1
= 8.8.4
o Zl+aj.H 1+ai’ ( )
3=0 i=j+1

it is shown that N¢(k)/t converges to ay.
Exercise 8.27 (Monotonicity error [112]). Show that

k .
max [E[N:(7)] — at| (8.8.5)
1S MON-increasing.

Notes on Section 8.6. The beautiful martingale description in Proposition 8.9 is due
to Mori [172] (see also [173]). We largely follow the presentation in [88, Section 4.3],
adapting it to the setting of preferential attachment models in Section 8.1. The fact that
Proposition 8.9 also holds for non-integer k; is, as far as we know, new. This is relevant,
since it identifies all moments of the limiting random variables &;, which might prove useful
in order to identify their distribution, which, however, has not been done yet.



INTERMEZZO: BACK TO REAL NETWORKS II...

In the previous sections, we have discussed various models having flexible degree sequences.
The generalized random graph and the configuration model give us static flexible models
for random graphs with various degree sequences. Preferential attachment models give
us a convincing explanation of the abundance of power-law degree sequences in various
applications. In Chapters 68, we have focussed on the properties of the degrees of such
graphs. However, we have noted in Chapter 1 that many real networks not only have
degree sequences that are rather different from the ones of the Erdds-Rényi random graph,
also many examples are small worlds and have a giant connected component.

In the Chapters 9-11, we shall return to the models discussed in Chapters 6-8, and
focus on their critical behavior as well as on the distances in these random graph mod-
els. Interestingly, a large chunk of the non-rigorous physics literature suggests that the
behavior in various different random graph models can be described by only a few essential
parameters. The key parameter of each of these models in the power-law degree exponent,
and the physics literature predicts that the behavior in random graph models with similar
degree sequences is similar. This is an example of the notion of universality, a notion
which is central in statistical physics. Despite its importance, there are only few example
of universality that can be rigorously proved. In Chapters 9-11, we shall investigate the
level of universality present in random graph models.
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CHAPTER 9
INHOMOGENEOUS RANDOM GRAPHS REVISITED

In this chapter, we discuss the phase transition and distances in inhomogeneous random
graphs, which can be viewed as generalizations of the generalized random graph investi-
gated in Chapter 6. For technical reasons, we primarily work with the Norros-Reittu model
NR, (w), all our results also apply to the generalized random graph GRG,(w) and the
Chung-Lu model CL, (w).

This chapter is organized as follows. In Section 9.1, we investigate the connectivity
structure of generalized random graphs, by investigating the phase transition of its largest
connected component and its small-world properties. The results in Section 9.1 are all
proved. In Section 9.2, we give the proofs of the lower bounds on the distances, in Sections
9.3— 9.4, we prove the corresponding upper bounds. The proof of the phase transition for
generalized random graphs is deferred to Chapter 10, where the phase transition is proved
for the configuration model. In Section 9.5, we discuss the general setting of inhomogeneous
random graphs from [47] with its detailed and deep results. In Section 9.6, we state some
recent related results, and in Section 9.7, we close this chapter with notes and discussion.

9.1 Connectivity structure of generalized random graphs

9.1.1 The phase transition in generalized random graphs

In this section, we investigate the size of the largest connected component in generalized
random graphs.

Example 9.1 (Population of two types (Cont.)). Recall Example 6.1, where we assumed
that two distinct types of vertices are present. The first type has on average mi neighbors,
the second type mg, where m; # mo. We have modeled this with a GRG, (w) where n;
vertices have weight m1 and ns vertices have weight mo, and write n = n1 + ne. Assume
that n1/n — p. Under what conditions does GRG, (w) have a giant component? When
we compare with Theorem 4.8, we may suspect that a giant component exists whenever a
uniform vertex has on average more than 1 neighbor. The latter is true when

pmi + (1 — p)ma > 1. (9.1.1)
In this section, we examine whether this intuition is correct.

Exercise 9.1 (Average degree in two populations). Show that the average degree is close
to pm1 + (1 — p)ms in the setting of Example 9.1.

In order to state the main result in this section, we recall the limiting degree distribution
in the generalized random graph given in (6.3.2)

e
k!

pr =Efe B k>o0. (9.1.2)

Then, Theorem 6.9 shows that the degree sequence in GRG, (w) is close to (px)r>0. The
main result is as follows:

Theorem 9.2 (Phase transition in generalized random graphs). Suppose that Condition
6.4(a)-(b) hold and consider the random graph NR, (w), letting n — 0o. Let Cax and C(2)
be the largest and second largest components of NR, (w).

197
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(a) If v = E[W?]/E[W] > 1, then there exist € € (0,1),¢ € (0,1) such that

[Crnax|/m —> G,
Uk (Cmax)/m  —  pr(l — .fk), for every k > 0,
|E(Cmax)|/n — SEW](1-&%).

while |Czy|/n — 0 and |E(Ce2)|/n — 0.

(b) If v =E[W?]/E[W] < 1, then |Cmax|/n — 0 and |E(Cmax)|/n — 0.
The above results apply to GRG,(w) and CL,(w) under the same conditions.

The proof of Theorem 9.2 is deferred to Section 10.1.2 in Chapter 10, where a similar
result is proved for the configuration model. By the strong relation between the configu-
ration model and the generalized random graph, this result can be seen to imply Theorem
9.2.

Exercise 9.2 (The phase transition for two populations). Show that the ¢ > 0 precisely
when [pm3 + (1 — p)m3]/[pm1 + (1 — p)mz] > 1 in the setting of Example 9.1. Find an
example of p,mi1, ma where the average degree is less than one, yet there erists a giant
component.

Reformulation in terms of branching processes. We start by reformulating the
results in Theorem 9.2 in terms of branching processes. We can interpret £ as the extinction
probability of a branching process, and ( as the survival probability of a related two-stage
branching process.

We start by introducing two-stage branching processes with a mixed Poisson offspring.
We define the branching process (Z;);>¢ as starting from Zy = 1, where in the first gener-
ation the offspring distribution is equal to (px)r>o given in (9.1.2), whereas in the second
and further generations the offspring is chosen in accordance to

_w WEH
kD

_ (k+Dpgr 1
%="gw = Ewee

k>0, (9.1.3)

where W is the mixing distribution. The expected number of offspring in the second and
further generations is given by

oo [ee] k+1
kzzl kg = ﬁ@[; k(k + l)e_W%] — B[W2)/E[W] = 1. (9.1.4)

In particular, a branching process with mixed Poisson offspring distribution is supercritical
when E[W?] > E[W]. In Section 9.3.1, we relate the neighborhoods of NR, (W) to an or-
dinary branching process having asymptotic expected offspring equal to v = E[W?]/E[W].
Therefore, v > 1 is equivalent to the branching process being supercritical.

We now heuristically explain this relation to branching processes by describing the
exploration of a vertex V' chosen uniformly from the vertex set [n]. By Theorem 6.9, the
probability that its degree is k converges to pk, for every k > 1. This explains the offspring
of the root of our branching process approximation.

To describe the offspring of the direct neighbors of the root, we need to examine the
forward degree of a uniform neighbor of the root. Here, by forward degree, we mean
the number of vertices unequal to the root to which a neighbor of the root is connected.
Intuitively, this forward degree is not much different from the degree minus one of a vertex
contained in a uniform edge. We apply Theorem 6.5, which states that the total number
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of edges in GRG,(w) and NR, (w) is well approximated by its mean £,,. We also use that
the probability that an edge is occupied is close to w;w; /¢y, so that the probability g,(c'")

that the forward degree equals k is close to

1
g ~ YR Z P(ij occupied, D; = k + 1) (9.1.5)
" i,j€ln]
1 W; W5
:E_Z - P(X; = k)
i,j€[n]

1
= > wiP(X; = k),
" jeln]

where Xj =3 .. s, 155, Where (Is;) are independent Bernoulli variables with P(I; =
1) = wsw;/l,. By Theorem 2.9, X; is close to a Poisson random variable with mean

Ese[n] wswj/gn = wyj, so that
" j€[n]

where W), is the size-biased distribution of W,,. Here, for a non-negative random variable
X with E[X] > 0, we let X™ denote its size-biased distribution given by

P(X* <) = %. (9.1.7)

When Condition 6.4(a)-(b) holds, we have that W —%y W*, which is the size-biased
distribution of W. We arrive at

1 —WWk+1
gk A TR

g = P(Poi(W*) = k) = (9.1.8)

which explains (9.1.3). It turns out that the steps in the above heuristic explanation can
be made precise. See Section 9.3.1, where we relate the neighborhood of a uniform vertex
in NR, (w) to a mixed Poisson random variable.

The above heuristically argues that the number of vertices unequal to the root connected
to any neighbor of the root has asymptotic law (gx)rk>0. However, every time we find a
vertex in the cluster of the root, the number of available vertices decreases, in a similar way
as the depletion-of-points effect in the exploration of clusters for the Erdés-Rényi random
graph ER,(A\/n). Since the number of vertices is originally n, we can grow the cluster of
the root for a long time before we note this effect.

As a result, the degrees of different vertices in the exploration process is close to being
i.i.d., leading to a branching process approximation. In terms of this branching process, we
can interpret ¢ in Theorem 9.2 as the survival probability of the above two-stage branching
process, so that ¢ satisfies

¢=> p(1-¢£5), (9.1.9)

where £ is the extinction probability of the branching process with offspring distribution
(gk)k>0. Clearly, & = 1 precisely when

v="> kg <1, (9.1.10)

k>0
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which explains the condition on v in Theorem 9.2(a). Further, by Theorem 6.9, there are
approximately npx vertices with degree k. Assuming approximate independence of each of
these k neighbors, each of them survives with probability 1 —¢&, so that the probability that
at least one survives equals 1—£&¥. When one of the neighbors survive, the vertex itself will

be part of the giant component, which explains why vk (Cmax)/n LN pr(1 —§k). Finally, an
edge consists of two half-edges, and an edge is part of the giant component precisely when
one of the vertices incident to it is, which occurs with probability 1 —£2. There are in total
approximately £, /2 ~ nE[W]/2 edges, which explains why | E(Cumax)| /7 — LEW](1-¢°).
Therefore, all results in Theorem 9.2 have a simple explanation in terms of the branching
process approximation of the connected component of a uniform vertex in [n] for NR,, (w).

Exercise 9.3 (Degree sequence of giant component). Show that the proportion of vertices
of the giant component Cmax having degree k is close to pp(1 — £F)/C.

Exercise 9.4 (Degree sequence of complement of giant component). Show that when
& < 1, the proportion of vertices outside the giant component Cmax having degree k is
close to pkfk/(l — (). Conclude that the degree sequence of the complement of the giant
component never satisfies a power law. Can you give an intuitive explanation for this?

We close this section by discussing the consequences of the phase transition for the
attack vulnerability of CL, (w):

Attack vulnerability of CL,(w). Suppose an adversary attacks a network by removing
some of its vertices. A clever adversary would remove the vertices in a clever way, this
is often referred to as a deliberate attack. On the other hand, the vertices might also be
exposed to random failures, which is often referred to as a random attack. The results as
stated above do not specifically apply to these settings, but do have intuitive consequences.
We model a deliberate attack as the removal of a proportion of the vertices with highest
weights, whereas a random attack is modeled by random removal of the vertices with a
given probability. One of the aims is to quantify the effect of such attacks, and in particular
the difference in random and deliberate attacks. We shall denote the proportion of removed
vertices by p. We shall always assume that v > 1, so that a giant component exists, and
we investigate under what conditions on p and the graph CL,(w), the giant component
remains to exist.

We start by addressing the case of random attack for the CL,, (w) model under Condition
6.4(a)-(c), where E[W?] < co. One of the difficulties of the above set-up is that we remove
vertices rather than edges, so that the resulting graph is no longer an IRG. In percolation
jargon, we deal with site percolation rather than with edge percolation. We start by
relating the obtained graph to an IRG.

Note that when we explore a cluster of a vertex after an attack, then the vertex may not
have been affected by the attack, which has probability p. After this, in the exploration,
we shall always inspect an edge between a vertex which is unaffected by the attack and
a vertex of which we do not yet know whether it has been attacked or not. As a result,
for random attacks, the probability that it is affected is precisely equal to p. Therefore, it
is similar to the random graph where p;; is replaced with (1 — p) x p;;. For a branching
process, this identification is exact, and we have that (., = (1 — p){1—p)x, Where (xp
denotes the survival probability of the branching process where each individual is killed
with probability p independently of all other randomness. For CL,, (w), this equality is only
asymptotic. In the case where E[W?] < oo, so that v < oo, this means that there exists
a critical value p. = 1 — 1/v, such that if p < p¢, the CL,(w) where vertices are removed
with probability p, the giant component persists, while if p > p., then the giant component
is destroyed. Thus, when E[W?] < oo, the CLy,(w) is sensitive to random attacks. When
E[W?] = oo, on the other hand, v = oo, so that the giant component persists for every
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p € [0,1), and the graph is called robust to random attacks. Here we must note that the
size of the giant component does decrease, since (x,p < p(s!

For a deliberate attack, we remove the proportion p of vertices with highest weight.
This means that w is replaced with w(p), which is equal to wi(p) = will{i>npy, and we
denote the resulting edge probabilities by

pij(p) = max{1l, wi(p)w;(p)/€n}- (9-1.11)

In this case, the resulting graph on [n] \ [np] is again a Chung-Lu model, for which v is
replaced with v(p) given by

v(p) = E[[1 — F]"(U)*Lu>p) ) /EW], (9.1.12)

where U is uniform on [0, 1]. Now, for any distribution function F, E[[1—F]~ (U)*L{y>,}] <
00, so that, for p sufficiently close to 1, v(p) < 1. Thus, the CL,(w) model is always sen-
sitive to deliberate attacks.

Exercise 9.5 (Finiteness of v(p)). Prove that v(p) < oo for every p € (0,1] and any
distribution function F'.

Exercise 9.6 (Connectivity of uniformly chosen vertices). Suppose we draw two vertices
uniformly at random from [n]. Prove that Theorem 9.2 implies that the probability that the
vertices are connected converges to (2.

9.1.2 The small-world phenomenon in generalized random graphs

In this section, we discuss typical distances in NR,, (w). We define H, to be the graph
distance between two vertices chosen uniformly at random from [n], where the graph dis-
tance between two vertices is the minimal number of edges in all paths connecting the
vertices. It is possible that no path connecting the vertices exists, in which case, we define
H,, = +o00. By Theorem 9.2, P(H —n = +00) — 1—¢? > 0, since ¢ < 1 (see Exercise 9.6).
In particular, when ¢ = 0, which is equivalent to v < 1, P(H —n = 400) — 1. Therefore,
in our main results, we shall condition on H, < oo.

Distances in inhomogeneous random graphs with finite variance weights. We
start by investigating the behavior of H, for NR,(w) in the case where the weights have
finite variance:

Theorem 9.3 (Typical distances in NR,, (w) for finite-variance weights). In the Norros-
Reittu model NR,,(w), where the weights w = (wi);c[n) satisfy Condition 6.4(a)-(c) and
where v > 1, conditionally on H, < oo,

H,/logn — 1/logwv. (9.1.13)

The same result applies, under the same conditions, to CL,(w) and GRG, (w).

We give a complete proof of Theorem 9.3 in Sections 9.2-9.4 below. The intuition behind
Theorem 9.3 is as follows. In Section 9.1.1, we have argued that the neighborhood of a
uniform vertex in NR,, (w) is well-approximated by a two-stage branching process, where
the second and all later generations have offspring distribution (gx)r>o0 in (9.1.3). When
v =735 kgr < oo, then the number of vertices at distance k is close to Mv*, where M is

the martingale limit of Zx/v*. To know what H,, is, we need to grow the neighborhoods
from the first uniform vertex until we find the second uniform vertex. The latter happens
with reasonable probability when Zi ~ n, which suggests that the relevant k is such that
V¥ ~ n, so that k = log, n.
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While the above heuristic is quite convincing, the argument is fatally flawed. Indeed,
as argued in Section 9.1.1, the neighborhoods of a uniform vertex are well-approximated
by a branching process as long as the number of vertices found is much smaller than n.
When the number of vertices found becomes of order n, the depletion-of-points effect has
already started to kick in. Therefore, the above approach is doomed to fail. Our proof
instead, is divided in a lower and and upper bound on the typical distance H,,. For the
proof of the lower bound in Section 9.2.1, we show that the ezpected number of paths of k
edges between two uniform vertices is approximately v/ /£n, so that such a path whpdoes
not exist when k < (1 —¢)log, n. For the proof of the upper bound in Section 9.4, we use
a second moment method to show that, conditionally on the two uniformly chosen vertices
being in the giant component, whpthere exists a path of (1 + ¢)log, n edges.

Exercise 9.7 (Typical distances in ER, (\/n)). Prove that H,/logn — 1/logX in
ER,.(A/n).

Theorem 9.3 leaves open what happens when v = co. We can use Theorem 9.3 to show
that H, = op(logn):

Exercise 9.8 (Typical distances when v = 00). Prove that H,/logn —s 0 when v = cc.

Distances in inhomogeneous random graphs with infinite variance weights. In
this section, we study typical distances in the Norros-Reittu random graph NR,, (w), in the
case where the degrees obey a power-law with degree exponent 7 satisfying that 7 € (2, 3).
In this case, v = oo, so that H, = oz(logn) (recall Exercise 9.8).

Many of our arguments also apply to the generalized random graph GRG.,(w) and the
Chung-Lu model CL,(w). In this section, we discuss the setting where the weights w
are heavy tailed. Recall that F,(z) denotes the proportion of vertices ¢ for which w; < x.
Then, we assume that there exists a 7 € (2, 3) such that for all § > 0, there exists ¢; = ¢1(9)
and ca = c2(0) such that, uniformly in n,

az T <1 = F)(z) < cor” T, (9.1.14)

where the upper bound is expected to hold for every x > 1, while the lower bound is only
required to hold for 1 < z < n® for some a > 1/2.

The assumption in (9.1.14) is what we need precisely, and it states that [1 — F,](z)
obeys power-law bounds for appropriate values of z. Note that the lower bound in (9.1.14)
cannot be valid for all z, since F,,(z) > 0 implies that F,(x) > 1/n, so that the lower and
upper bound in (9.1.14) are contradicting when z > n'/("~1 Thus, the lower bound can
hold only for z = O(n'/("=Y). When 7 € (2,3), we have that 1/(r — 1) € (1/2,1), and we
only need the lower bound to hold for z < n® for some « € (1/2,1).

We now give simpler conditions for (9.1.14) in special cases:

Exercise 9.9 (Power-law tails in key example of deterministic weights). Let w be defined
as in (6.1.10), and assume that F' satisfies

1—F(z)=2 ""YL(x), (9.1.15)

where the exponent satisfies T € (2,3), and where x — L(z) is slowly varying. Prove that
(9.1.14) holds.

Exercise 9.10 (Power-law tails for i.i.d. weights). For i.i.d. weights w = (wi)ic[n) with
distribution F satisfying that (9.1.15) with 7 € (2,3), and where x — L(z) is slowly
varying. Prove that (9.1.14) holds with probability converging to 1.

Our main result is as follows:
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Theorem 9.4 (Typical distances in NR,, (w) for 7 € (2,3)). Fiz the Norros-Reittu model
NR.,(w), where the weights w = (w;);cn) satisfy Condition 6.4(a)-(b) and (9.1.14). Then,
conditionally on H, < o0,

H, P 2

log log n - |log (T — 2)|"

(9.1.16)

The same results apply, under the same conditions, to CLy(w) and GRG, (w).

Theorem 9.4 implies that NR, (w) with w as in (6.1.10), for 7 € (2, 3), is an ultra-small
world when (9.2.14) is satisfied.

The main tool to study distances in NR, (w) is a comparison to branching processes,
which is particularly pretty for NR,(w). In the next two sections, we prove Theorems
9.3-9.4. When 7 > 3, then the branching process approximation has finite mean, and we
can make use of the martingale limit results of the number of individuals in generation k
as k — co. When 7 € (2,3), on the other hand, the branching process has infinite mean.
In this case, the number of individuals in generation k, conditionally on survival, grows
superexponentially, which explains why distances grow doubly logarithmically. See Section
10.6, where this is explained in more detail in the context of the configuration model. The
superexponential growth implies that a path between two vertices typically passes through
vertices with growing weights as we move away from the two vertices. Thus, starting from
the first vertex Vi € [n], the path connecting Vi to V2 uses vertices that first grow until
the midpoint of the path is reached, and then decrease again to reach V2. This can be
understood by noting that the probability that vertex with weight w is not connected to
any vertex with weight larger than y > w in NR, (w) is

e Tz wizy wwiltn — o~ wl=FRIW) (9.1.17)

where F;(y) = 3,. ,,<, wi/ln is the distribution function of Wy introduced in (9.1.6).

When (9.1.14) holds, it follows that [1—F}](y) is close to y ~ ("=, the size-biasing increasing
the power by one. Therefore, the probability that vertex with weight w is not connected to
any vertex with weight larger than y > w in NR,, (w) is approximately e ™" Take
w large, then this probability is small when y > w/("~?_ Thus, a vertex of weight w is
whp connected to a vertex of weight w/("=?. Since 1/(r — 2) > 1 when 7 € (2,3), we
obtain that vertices with large weights w are whp connected to vertices with weight at
least w?/ (7=,

The proof of Theorems 9.3-9.4 are organized as follows. In Section 9.2, we prove the
lower bounds on the typical distance in NR, (w), both when 7 > 3 and when 7 € (2,3). In
Section 9.3, we describe a stochastic domination of the neighborhoods in NR,, (w) in terms
of a marked Poisson branching process and prove the loglogn upper bound for 7 € (2, 3).
In Section 9.4, we investigate the number of paths between sets of vertices in NR,, (w), and
use this to prove the logn upper bound when 7 > 3. In each of our proofs, we formulate
the precise results as separate theorems, and prove them under conditions that are slightly
weaker than those in Theorems 9.3-9.4.

9.2 Lower bounds on typical distances

In this section, we prove lower bounds on typical graph distances. In Section 9.2.1, we
prove the lower bound in Theorem 9.32(i) in the setting of Theorem 9.3.
9.2.1 Logarithmic lower bound graph distance in finite variance case

In this section, we prove a logarithmic lower bound on the graph distance in NR,, (w).
The main result is as follows:
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Figure 9.1: A 12-step self-avoiding path connecting vertices 7 and j.

Theorem 9.5 (Logarithmic lower bound graph distances NR,, (w)). Assume that

limsup v, = v, (9.2.1)
n— o0
where v € (1,00) and
vn =EWRI/EW,] = > wi/ > w (9.2.2)
i€[n] i€[n]
Then, for any e > 0,
P(H, < (1 —¢)log, n) = o(1). (9.2.3)

The same results hold for CL,(w) and GRG, (w) under the same conditions.

Proof. We recall that H, is the graph distance in NR,,(w) between two vertices drawn
uniformly at random from [n]. The idea behind the proof of Theorem 9.5 is that it is
quite unlikely that a path exists that is much shorter than log, n edges. In order to show
this, we use a first moment bound and show that the expected number of occupied paths
connecting the two vertices chosen uniformly at random from [n] having length at most k
is o(1). We now fill in the details.

We denote the graph distance between i,5 € [n] in NRy(w) by distnr, ) (4,7) and
abbreviate k, = [(1 — €)log, n]. Then, conditioning on the uniform vertices chosen and
Boole’s inequality gives

P(Hp <kn) = — > P(distan, (i, 5) < kn)
irj€ln]
1 k’!l
== > P(distan,, ) (4, 4) = k). (9.2.4)

4,j€[n] k=0

We make use of path counting techniques. A path m = (mo,...,m) of length k between
vertices 4 and j is a sequence of vertices connecting mo = i to mp = j. We call a path 7
self-avoiding when it visits every vertex at most once, i.e., m; # m; for every i # j. Let
Pr(i,j) denote the set of k-step self-avoiding paths between vertices ¢ and j. See Figure
9.2.1 for an example of a 12-step self-avoiding path between i and j.

When distxr,, (w) (¢, j) = k, there must be path of length k such that all edges (7, m41)
are occupied in NR,(w), for = 0,...,k — 1. The probability in NR,(w) that the edge
(1, m41) is occupied is equal to

1—e vmmn/n < e, [l (9.2.5)
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For CL,(w) and GRG,(w), an identical upper bound holds.
We say that 7 is occupied when all edges in 7 are occupied in NR,, (w). Then, by Boole’s
inequality,

P(distxr,, (w) (3, J) = k) < P(37 € Pi(4,7): ™ occupied) < Z P(m occupied). (9.2.6)

TEP(4,4)
For any path 7 € Py(1, 7),
k—1 k—1
P(7 occupied) = H P((m;, m41) occupied) < H Wy Wrey [ (9.2.7)
s=0 1=0
WroW wiw; 1
= %me/en = [ wz. /e
=1 "=
Therefore,
wiw; Eow?
P(distar,, () (4, §) = k) < TJ 1= (9.2.8)
" orePR(ig)l=1 "
wiw; T w} wiw
_ o\ Yk
= (X 30) =5
=1 m€[n]
where v, is defined in (9.2.2), so that
k
1 ww; - L, vEnTl 1
P(Hp < kn) < — Lyl = = 2.
(Hn < kn) < — %Z vy 2§un e R (9.2.9)
4J =

By (9.2.1), limsup,,_,. vn = v € (1,00), so that, for n large enough, v, > (v —9) > 1
while £, /n = E[W,] — E[W] < co. Thus, since v — (v —1)/(v — 1) is increasing for
every integer k > 0,

P(H, < kn) < O((v — 8" /n) = o(1), (9.2.10)

when § = d(¢) > 0 is chosen such that (1 —¢)/log(v — §) < 1, and since k, = [(1 —
e)log, n].

The condition (9.2.1) is slightly weaker than Condition 6.4, which is assumed in Theorem
9.3:

Exercise 9.11 (Conditions (9.2.1) and Condition 6.4). Show that when there is precisely
one vertex with weight w1 = \/n, whereas w; = XA > 1, then (9.2.1) holds, but Condition
6.4 does not. Argue that the upper bound derived in Theorem 9.5 is not sharp, since the
vertex 1 can occur at most once in a self-avoiding path.

Exercise 9.12 (Lower bound on fluctuations). Adapt the proof of Theorem 9.5 to show
that for every e, we can find a constant K = K(g) > 0 such that

logn
P(H, < —K)<e. 2.11
( ~ logvy, ) =€ S )
Conclude that if logvn, = logv + o(1/logn), then the same statement holds with log, n

o
replacing loogg: .
n
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We close this section by extending the above result to settings where v, is not necessarily
bounded:

Corollary 9.6 (Lower bound graph distances NR,(w) for 7 = 3). Let v, be given in
(9.2.2). Then, for any e > 0,
]P’(Hn < (1-¢)log,, n) = o(1). (9.2.12)

The same results hold for CL,(w) and GRG,(w) under the same conditions.
The proof of Corollary 9.6 is left as an exercise:

Exercise 9.13 (Proof Corollary 9.6). Adapt the proof to Theorem 9.5 to prove Corollary
9.6.

Exercise 9.14 (Lower bound on typical distances for 7 = 3). Let w; = ¢/ (n/i), so that
7 = 3. Prove that vy /logn — c. Use Corollary 9.6 to obtain that for any € > 0,

P(H. < (1~ 5)101;1%) = o(1). (9.2.13)

Exercise 9.15 (Lower bound on typical distances for 7 € (2,3)). Let w; = ¢/i"/"= with

T € (2,3). Prove that there exists a constant ¢ > 0 such that v, > ¢n®=7/T=1 " Shoy
that Corollary 9.6 implies that Hy, > (1 —1)/(7 —3) in this case. How useful is this bound?

9.2.2 A loglog lower bound on typical distances in the infinite variance case

In this section, we prove a loglog-lower bound on the average distances of NR, (w) for
7 € (2,3). The main result we prove is the following theorem:

Theorem 9.7 (Loglog lower bound on average distances in NR,, (w)). Suppose that the
weights w = (wi)iem) satisfy Condition 6.4(a) and that there exists a 7 € (2,3) and c2
such that, for all x > 1,

[1— F](z) < o™ 7Y, (9.2.14)
Then, for every e > 0,
2loglogn
PlH, <(1—¢e)—F———) =o(1). 2.1
( <( 6)|log(7'—2)|) o(1) (9.2.15)

We follow the proof of Theorem 9.5 as closely as possible. The problem with that proof
is that, under the condition in (9.2.14), v, is too large. Indeed, Exercise 9.15 shows that
the lower bound obtained in Corollary 9.6 is a constant, which is not very useful. What
fails is that there are too many vertices with too high weight. However, it is quite unlikely
that a vertex with a high weight is chosen. Indeed, as argued in (9.1.17), when starting
from a vertex with weight w, say, the probability that it is directly connected to a vertex
having weight a,, is at most

> Gt =wl-Flw), (9.2.16)

Ji w2y

which is small when y is too large. On the other hand, the main contribution to vy,
comes from vertices having maximal weight of the order n'/ (*=1)_ This problem is resolved
by a suitable truncation argument on the weights of the vertices in the occupied paths,
which effectively removes these high-weight vertices. Therefore, instead of obtaining v, =
Zse[n] w? /¢,,, we obtain a partial sum of this restricted to vertices having a relatively small
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5t Wr, < bg

Ty Wa, < by T2 Wrg < by

T7: Wa, < b3

i wn, < by

Ty Wry < by

Mo = 11w, < by Mo = J: Wryy < by

Figure 9.2: A 10-step good path connecting i and j and the upper bounds on the weight
of its vertices. The height of a vertex is high for vertices with large weights.

weight. Effectively, this means that we split the space of all paths into good paths, i.e.,
paths that avoid vertices with too large weight, and bad paths, which are paths that jump
to vertices with too high weight.

We now present the details for this argument. We again start from

P(Hn < kn) = % Z P(distxg,, (w) (4, 5) < kn). (9.2.17)

i,5€[n]

When distxr,, (w) (%, 7) < kn, there exists an occupied path 7 € Pk (i, j) for some k < ky.

We fix an increasing sequence of numbers (b;);2, that serve as truncation values for the
weights of vertices along our occupied path. We determine the precise values of ()72,
below. We say that a path m € Pi(7,j) is good when wx, < by Abg—; for every I =0,...,k,
and bad otherwise. The condition wx, < b; A bx—; for every | = 0,...,k is equivalent to
the statement that wx, < b for | < [k/2], while wr, < bp—; for [k/2] <! < k. Thus, i
provides an upper bound on the weight of the I'® vertex and the (k — l)th vertex of the
occupied path, ensuring that the weights occurring in the occupied path can not be too
large. See Figure 9.2.2 for a description of a good path and the bounds on the weight of
its vertices.

Let GP (i, 7) be the set of good paths in Pk (s, ). Let

Er(i,7) = {37 € GPk(i,5): ™ occupied} (9.2.18)

denote the event that there exists a good path of length k.

When distxr,, (w)(%,7) < kn, but there does not exist a k < k,, and a good occupied
path m € GPy(4,J), then either there exists an | < [k/2] such that w., < b for every
s < I, while wx, > by, or there exists an ! < [k/2] such that wr, . < bp— for every s < [,
while wr, _, > br—;. Let Pr(2) = Uien)Pr (i, 1) denote the set of all paths of length k from
i, and let

BPi(i) = {m € Pp(i): wr, > b, wr, <bsVs <1} (9.2.19)
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denote the set of bad paths of length k, i.e., those m € P (i) that are not in GPy(i, 7).
Let Fi(i) be the event that there exists a bad path of length [ starting from i, i.e.,

Fi(i) = {37 € BP;(i): m occupied}. (9.2.20)
Then, since distnr,, (w)(4,7) < kn implies that there either is a good path or a bad path,
{distan, (i 7) < ka} € (Ful) UFG) U EL D)), (9.2.21)
k<kn

so that, by Boole’s inequality,

E

n

B(distar, o (6,7) < ka) € 3 [BEFW)) + BFL()) + B(E(i, ))]. (9.2.22)

E

0
In order to estimate the probabilities P(F(z)) and P(Ex (i, 5)), we introduce some notation.
For b > 0, let

1
vn(b) = - Z w?ﬂ{wigb}, (9.2.23)

" i€[n]

be the restriction of v, to vertices with weights at most b, and let
N 1
Fi@) = - .Z will{y, <z} (9.2.24)
i€[n]
be the distribution function of W), the size-biased version of W,,. The following lemma

gives bounds on P(F (7)) and P(E (3, 5)):

Lemma 9.8 (Truncated path probabilities). For every k > 1, (bi)i>0 with by > 0 and
[ — by non-decreasing,

B(Fe(i)) < will — F3)(00) [ v(br), (9.2.25)

and -
P(Ek (7)) < % [ vn(oe Abi). (9.2.26)

"=t

When b; = oo for each [, the bound in (9.2.26) equals that obtained in (9.2.8).

Proof. We start by proving (9.2.25). By Boole’s inequality,

P(Fi(t)) = P(3m € BP;(i): ™ occupied) < Z P(m occupied). (9.2.27)
TEBP(7)

By (9.2.7), (9.2.23) and (9.2.24),

k—1
BA@) < Y = [Tk /e (9.2.28)
TE€BP (i) =1

k—1
swe 3 el X i/

Tt Wry, 2b =1 m: wey; <b;

k
= wi[l — F;}(bk) HVn(bl)
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The proof of (9.2.26) is similar. Indeed, by (9.2.7),

k—1 k—1
.. Wi W; 2 Wi Wy
P(E (i, 7)) < Z e [ ws /. < A [ v Abe). (9.2.29)
TEGP(2,5) =1 =1
Now follow the steps in the proof of (9.2.25). O

We continue by proving upper bounds on [1 — F;;](z) and vy (b):

Lemma 9.9 (Bounds on sums). Suppose that the weights w = (w:)ic[n) satisfy Condition
6.4(a) and that there exist 7 € (2,3) and cz2 such that, for all x > 1,

[1—F)(z) < cox™ 7Y, (9.2.30)
Then, there exists a constant c5 > 0 such that, for all x > 1,
[1—F)(z) < a2, (9.2.31)
and there exists a ¢, > 0 such that for allb> 1,
Un(b) < cb® 7. (9.2.32)
Proof. For (9.2.32), we bound

b b *
vn(b) = E[Wy lgwy <py] <= / [1 - Fy](z)dz < ¢ / o "z = 3‘3—2#*2 (9.2.33)
" 0 0 -7
which implies (9.2.32) for ¢, = ¢5/(3 — 7). Write out
N | _ EWnliw, >0y
Now use the fact that, for any non-negative random variable X,
E[X] =/ P(X > z)dz. (9.2.35)
0
Applying this to X = W,lw, 43 yields
1 o0
1—-F; = — 1-F, . 2.
(1= @) = gy [ 1= Pawlds (92:36)
By (9.2.30),
. 1 R, Cca —(r=2) 4 —(r—2)
— < — = < 2.
1-F;(z) < B[] /c coy dy = Q)E[Wn}x < cx . (9.2.37)
when ¢3 = c2/[(7 — 2)(E[W] — ¢) and n is sufficiently large. O

With Lemmas 9.8 and 9.9 at hand, we are ready to choose (b;);>0 and to complete the
proof of Theorem 9.7:

Proof of Theorem 9.7. Take k,, = 2(1 —¢)loglogn/|log (7 — 2)|. By (9.2.17) and (9.2.21),

P(Hn < k)< -+ 3 2 BAM+ 5 > FEG)],

k=1 " i€[n] i,4€[n]: itj
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where the contribution 1/n is due to ¢ = j for which distxr,, (w)(%,%) = 0. We use Lemmas
9.8 and 9.9 to provide bounds on P(Fy(7)), P(Fx(j)) and P(Ek(4,5)). These bounds are
quite similar.

We first describe how we choose the truncation values (b;);2, so that [1 — F,;](bx) is
so small that P(F(¢)) is small, and, for this choice of (b;);2,, we show that P(E (1, 7)) is
small. Intuitively, this means that it is quite unlikely that ¢ or j is connected to a vertex
at distance k with too high weight, i.e., having weight at least bx. At the same time, it is
also unlikely that there is a path m € Pk(i,j) whose weights are all small, i.e., for which
Wr, < by for every k < ky, because k, is to small.

By Lemma 9.8, we wish to choose by so that P(Fy(z)) = [1 — F;](bx) ;:OI vn(br) is
small. Below (9.1.17), it is argued that by =~ bié(I_Q). In order to make this probability
small, we will take by somewhat larger. We now present the details. We take § € (0,7 —2)
sufficiently small and let

a=1/(r—2-46)> 1. (9.2.38)

Take by = e” for some constant A > 0 sufficiently large and define (b1)1>0 recursively by

bi=bl,, sothat b =b =eA207" (9.2.39)

We start from (9.2.22). By Lemma 9.8, we obtain an upper bound on P(F (7)) in terms
of factors vy, (b;) and [1 — Fyy](bx), which are bounded in Lemma 9.9. We start by applying
the bound on v, (b;) to obtain

k—1 k 1
[[vnb) < JJebi > = che@ D 2= (9.2.40)
1=1 1=

-1
1
137161((377)&/((171)

<c

= cgwicﬁflb?iﬂ/(ail).

Combining (9.2.40) with the bound on [1 — F};](bx) in Lemma 9.9 yields
P(Fi(i)) < chwickp, T7HTE/ (a1, (9.2.41)
Since 3— 7+ < 1 when 7 € (2,3) and § € (0,7 — 2),

(t-2)-@B-7)/la=1)=(1-2)—B-7)(r—=2-98)/3—T7+9) (9.2.42)
=46/83—=74+9) >4,

so that
P(Fi (i) < chwickby”. (9.2.43)

As a result, for each § > 0
1 il 1 1
. * * ki —6
o Z ZP(Fk(z)) < e Z willfw,>xy + - Z Caw; chbk <e, (9.2.44)
i€[n] k=0 i€ln] i€[n] k>1

when we take A = A(, ¢) sufficiently large.
Similarly, since b; > 1, by (9.2.40),

k—1
P(E(0,9) < 50 T wnlbe A by < 2= 02007, (9.2.45)
=1

n — én
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so that, using further that [ — b; is increasing,

wzw 2(3—T1 a—1
Yk X w5y X B e
i,5€[n] k=1i,5€[n
< an Cknqbz(s )/(a=1)

2l Oegy2)

Recall that k < k, = 2(1 — ¢)loglogn/|log(T — 2)|. Take 6 = () > 0 so small that
(1 —2—6)"*ntD/2 < (logn)'==/%. Then,

b, o) < T2 TR o alogm)t T (9.2.47)
and we conclude that
G| 0
> — P(Ex (i, §)) < nf’;knc’;" exp (2A4(3 — 7)(logn)' ~*/*) = (1), (9.2.48)
k=1 1,7 €[n]

since k, = O(loglogn) and £, /n* = ©(1/n). This completes the proof of Theorem 9.7. [

Exercise 9.16 (Lower bound on fluctuations™). Adapt the proof of Theorem 9.7 to show
that for every e, we can find a constant K = K(g) > 0 such that

( < 2loglogn

< og(r—2)] K) <e. (9.2.49)

Hint: choose b, = Lbié(I_Q), where the constant L > is chosen sufficiently large.

9.3 Branching process comparisons and the log log upper bound

In this section, we prove the log log upper bound on typical graph distances in the infinite
variance case. In Section 9.3.1, we start by comparing the neighborhoods of vertices in
NR,, (w) to branching processes, a technique that is crucial in the derivation of all our
lower bounds. In Section 9.3.2, we use this comparison to prove the loglog upper bound
on typical distances when 7 € (2, 3).

9.3.1 Comparison to branching processes

In this section, we describe a beautiful comparison of the neighborhoods of a uniformly
chosen vertex in inhomogeneous random graphs, such as the generalized random graph,
the Chung-Lu model and the Norros-Reittu model, and a marked branching process. This
comparison is particularly pretty when considering the Norros-Reittu model, where there is
an explicit stochastic domination result of these neighborhoods are bounded by a so-called
two-stage branching process with a mixed Poisson offspring distribution. *

Stochastic domination of clusters by a branching process. We shall dominate
the cluster of a vertex in the Norros-Reittu model by the total progeny of a two-stage
branching processes with mixed Poisson offspring. This domination is such that we also
control the difference, and makes the heuristic argument below Theorem 9.2 precise.

We now describe the cluster exploration of a uniformly chosen vertex V' € [n]. Define
the mark distribution to be the random variable M with distribution

P(M = m) = wm /n, m € [n]. (9.3.1)

Let (X )w be a collection of independent random variables, where

1In [102], the two-stage branching process is called a delayed branching process.
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(a) the number of children of the root Xz has a mixed Poisson distribution with random
parameter war, , where Mg is uniformly chosen in [n];

(b) X has a mixed Poisson distribution with random parameter way,, , where (My)wxe
are 1.i.d. random marks with distribution (9.3.1) independently of Mg.

We call (X, Mw)w & marked mized-Poisson branching process (MMPBP).
Clearly, wy = wa, has distribution W, defined in (6.1.13), while the distribution of
wyr,, for each w with |w| > 1 is i.i.d. with distribution was given by

P(wy < 2) = Y N, <a)P(M =m) = éi > winllp,, <oy =P(W,; <) = Fii(2),
m=1 " m=1

(9.3.2)
where W), is the size-biased distribution of W, and F); is defined in (9.2.24).

When we are only interested in numbers of individuals, then we obtain a two-stage
branching process since the random variables (X, ). are independent, and the random
variables (Xu)wze are i.i.d. However, in the sequel, we make explicit use of the marks
(My)we, as the complete information (X, My)w gives us a way to retrieve the cluster
of the vertex Mg, something that would not be possible on the basis of (X ). only.

In order to define the cluster exploration in NR, (w), we introduce a thinning that
guarantees that we only inspect a vertex once. We think of M,, as being the vertex
label in NR,, (w) of the tree vertex w, and X,, = Poi(was,) as its potential number of
children. These potential children effectively become children when their marks correspond
to vertices in NR,, (w) that have not yet appeared. The thinning ensures this. To describe
the thinning, we set @ unthinned, and, for w with w # &, we thin w when either (i) one
of the tree vertices on the (unique) path between the root @ and w has been thinned, or
(ii) when M,, = M, for some unthinned vertex w’ < w. We now make the connection
between the thinned marked mixed Poisson branching process and the cluster exploration
precise:

Proposition 9.10 (Clusters as thinned marked branching processes). The cluster of a
uniformly chosen vertex C(V') is equal in distribution to { M, : w unthinned}, the marks of
unthinned vertices encountered in the marked mized Poisson branching process up to the
end of the exploration. Similarly, the set of vertices at graph distance k from V has the
same distribution as

({Mw: w unthinned, jw| = k:}) (9.3.3)

k>0

Proof. We prove the two statements simultaneously. By construction, the distribution of
V' is the same as that of Mg, the mark of the root of the marked mixed Poisson branching
process. We continue by proving that the direct neighbors of the root @ agree in both
constructions. In NR, (w), the direct neighbors are equal to {j € [n]\ {l}: I;; = 1}, where
(Iij)jem\ gy are independent Be(p;;) random variables with pi; = 1 — e~ wiwk/tn,

We now prove that the same is true for the marked mixed Poisson branching process.
Conditionally on Mg = [, the root has a Poi(w;) number of children, where these Poi(w;)
offspring receive i.i.d. marks. We make use of the following fundamental property of the
Poisson distribution:

Lemma 9.11 (A Poisson number of multinomial trials). Let X have a Poisson distribution
with parameter \. Perform X multinomial trials, where the " outcome appears with
probability p; for some probabilities (p;)¥_,. Let (X;)¥_,, where X; denotes the total number
of outcomes i. Then (Xi)le is a sequence of independent Poisson random variables with
parameters (Api)F_;.
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Proof. Let (a:i)le denote a sequence of non-negative integers, denote x = Zle x; and
compute

B((X)5t = (@0)n1) = P(X = )B((X)y = (20)y | X = @) (9.3.4)

k )

o =A A* z T T —Ax; AT
= e 7' pl .. .pk fr e '.
TP \T1,T2y...,Tk (.TZ)

=1

O

By Lemma 9.11, the random vector (Xg,;) e(n], Where Xg ; is the number of offspring of
the root that receive mark j, is a vector of independent Poisson random variables with pa-
rameters wyw; /£,. Due to the thinning, a mark occurs precisely when Xg ; > 1. Therefore,
the mark j occurs, independently for all j € [n], with probability 1 — e™""i /en — p(zm
This proves that the set of marks of children of the root in the MMPBD has the same
distribution as the set of neighbors of the chosen vertex in NR, (w).

Next, we look at the number of new elements of C(V') neighboring the vertex which
has received word w. First, condition on M,, = [, and assume that w is not thinned.
Conditionally on M, = [, the number of children of w in the MMPBP has distribution
Poi(w;). Each of these Poi(w;) children receives an i.i.d. mark. Let X, ; denote the number
of children of w that receive mark j.

By Lemma 9.11, (X ;) e[ is again a vector of independent Poisson random variables
with parameters wjw;/f,. Due to the thinning, a mark appears within the offspring of
individual w precisely when X, ; > 1, and these events are independent. In particular, for
each j that has not appeared as the mark of an unthinned vertex, the probability that it

—w. NR :
occurs equals 1 — e~ %i%k/bn — p;k ) as required. O

The law of the branching process. For given weights (w;);c[n], Wwe now describe the
distribution of the marked mixed Poisson branching process (MMPBP). Since the marks
are mutually independent, the marked Poisson process is a branching process if we ignore
the information about the marks. The offspring distribution p™ of Zi, i.e., the first
generation of (Z;);>o, is given by

k
p;") = ]P’(POI(’U)V) = k‘) = Z P(POI(’LUz = k|V = 'L (V Z) = E Z e QZ? ) (935)
1€[n] i€[n]

for k > 0, so that p™ is a mixed Poisson distribution with mixing distribution W,, i.e.,

n — nW’r]f
pz>_E[e w F]

Recall that individuals in the second and further generations have a random mark
distributed as an independent copy of M given by (9.3.1). Hence, if we denote the offspring
distribution of the second and further generations by g™, then we obtain, for all k > 0,

(9.3.6)

gy =P(Poi(wy) = k) = Y P(Poi(w;) = k|M =i)P(M = i) (9.3.7)
i€[n]
1 —w; wf“
. 2o
i€[n]

We recognize the offspring distribution in (9.3.7) as a mixed Poisson distribution, where
the mixing random variable now has distribution W,;:
*\k

ko

g =E[e” (9.3.8)
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Together, (9.3.5) and (9.3.7) identify the distribution (Z;);>0 as a two-stage branching
process, where (1) the first generation has a mixed Poisson distribution with mixing random
variable wy, where V' € [n] is chosen uniformly at random, and where (2) the offspring
distribution of the second and further generations has a mixed Poisson distribution with
mixing random variable wy;, where M € [n] has distribution given by (9.3.1). This yields a
stochastic upper bound on the neighborhoods of a uniformly chosen V' € [n] in the Norros-
Reittu model NR,(w). In the case where w is constant, the above gives an interesting
direct upper bound of |C(V)| in terms of a Poisson branching process:

Exercise 9.17 (Erdds-Rényi random graph). Prove that NR,(w) = ER,(\/n) when w
is constant with w; = —nlog (1 — A\/n).

Exercise 9.18 (Erd8s-Rényi random graph (Cont.)). Show that Ezercise 9.17 together
with Proposition 9.10 imply that |C(V)| <X T*, where T™ is the total progeny of a Poisson
branching process with mean —nlog (1 — \/n) offspring.

The limiting two-stage branching process. In the previous section, we have de-
scribed the neighborhood of a uniform in terms of a (thinned) two-stage branching process.
This leads to the definitions of the probability mass functions p™ and g™ in (9.3.5) and
(9.3.7). We now study what happens when n — oco.

Recall the two-stage branching processes with a mixed Poisson offspring introduced in
Section 9.1.1. We proceed by proving that (9.1.2) and (9.1.3) are the limits of (9.3.5) and
(9.3.7):

Lemma 9.12 (Weak convergence of MMPBP). Let the weights w = (wi)icin) satisfy
Condition 6.4(a). Then, for every k > 0,

lim p{"” = p. (9.3.9)
n— oo

When, instead, the weights w = (wi);c[n) satisfy Condition 6.4(a)-(b) with E[W] < oo,
where W has distribution function F, then, for all k > 0,

lim g\ = gk. (9.3.10)
n— oo

Proof. By Condition 6.4(a), Wy, —%5 W, where W has distribution function F.. By (9.3.6),
and the fact that, for each k > 0, the function w — e~ “w" /k! is a bounded continuous
function, we obtain from the continuous mapping theorem that pgc") — Dk-

For (9.3.10), we note that
o _ B+ Dpiy

9" = g (9.3.11)

By Condition 6.4(b), E[W,] — E[W]. By (9.3.9), also p,(c’fﬁl — Pr+1, so that, indeed,
n k+1

i S g, :

Branching process notation. We now define the generation sizes of our branching
process. We define Zp = 1, and, for m > 1,

Zm = #{w: |lw| =m}. (9.3.12)

Since each individual in generation m has precisely one parent in generation m — 1, we can
alternatively write

Zm= > Xu (9.3.13)
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We see that (Zm)m>0 has the same distribution as the generation sizes of a so-called
two-stage mized Poisson branching process, in which the root has Z; ~ Poi(wy ) children,
where V is chosen uniformly in [n], and all other individuals have offspring distribution
given by Poi(wy). Throughout the remainder of this chapter, we use (Z;);>o denote the
n-dependent two-stage marked mixed-Poisson branching process (MMPBP) with offspring
distributions p™ in (9.3.6) for the root, and offspring distributions ¢ in (9.3.7) for all
later generations. We also let (Z;);>0 denote the limiting two-stage MMPBP with offspring
distributions p in (9.1.2) for the root, and offspring distributions g in (9.1.3) for all later

generations. We write (Z,,)m>o for the thinned MMPBP by Zy = 1 and

Zm = Z (1 - ]l{w thinned})- (9314)

w: |w|=m

Thus, Z,, denotes the number of unthinned words w of generation |w| = m. Then, ob-
viously, by the coupling between the two processes and the fact that the thinning only
removes vertices,

Zm < Zm a.s. (9.3.15)
We are interested in typical distances, which is the graph distance between the vertices
Vi and Vs, where Vi, Vs € [n] are chosen uniformly at random. Therefore, we sometimes

use a superscript (1) or (2), and write, e.g., 7 when we consider the constructions from
vertex V1 and Vs, respectively. A straightforward adaptation of Proposition 9.10 implies
that, on the event that H, > 2m,

ZW < zMW  and Z@ < z®  as. (9.3.16)

Indeed, when H,, > 2m, and conditionally on N,,(V1), in the graph exploration from Vz,
we must avoid the vertices in N, (V1), as well as thin the vertices in (N;(V2))Zo. This
explains (9.3.16).

Corollary 9.13 (Weak convergence of neighborhoods of two vertices). Let the weights
w = (wi)iepn satisfy Condition 6.4(a)-(b). Then, for each m > 1,

P(H, < 2m) = o(1), (9.3.17)

and ~ o~
(ZW, 72y L (2, 22), (9.3.18)

where (Zlm, Zz(2>)l20 are two independent limiting two-stage marked mized-Poisson branch-
iNng Processes.

Proof. We start by proving that Z{" 4y zom, By Lemma 9.12, Z 45 ZM | and, by
(9.3.16), ZY < Z{Y. Further, by Proposition 9.10, Z{Y = Z{ unless one of the vertices

in Z" has been thinned. Since Z(" —% 21 which is a bounded random variable, whp
we draw at most Zﬁ,? < a, marks for any a,, — oo. The probability that within these a,,
draws, the mark i appears twice, thus causing the second individual to be thinned, is at

most
wi\2 [ an (anw;)?
(z) <2> ST (9:3.19)

since there at most (a;) pairs of times that mark ¢ can be drawn. By Boole’s inequality,
the probability that an individual from the first a, individuals is thinned is therefore at

most
2

aTL
5 > wi. (9.3.20)
n i€[n]
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By Exercise 6.3, Condition 6.4(a) and (b) imply that max;c(,jw: = o(n), so that the

probability that an individual from the first a,, individuals is thinned is at most o(l)a%.

Choosing a, — oo sufficiently slowly proves that IP’(Z,(,{) # Z) = o(1), completing the

proof that Z® —%5 zW.
Further, let N<,, (V1) denote the vertices in NR,, (w) that are at distance at most m from

V1. Similarly as in the proof of Zﬁé) LN Z we can also show that N<,,(V1) converges

in distribution to the set of marks in the MMPBP up to generation m.

We continue show that H, > 2m occurs whp. We know that Zéiﬁl LN 25 which

is a finite random variable. Now, H, < 2m occurs precisely when V2 is one of the
2V individuals, which, conditionally on Z$), has probability Z5!) /n = 0s(1). There-
fore, P(H, < 2m) = o(1), as required. We condition on N, (Vi) and on H, > 2m.
Then, the cluster of Vo up to graph distance m is again an inhomogeneous random
graph on [n] \ N<,. (V1) with edge probabilities given by pi; = 1 — e %i%i/f»  Since

INew (V1) = ZEV 4, 2™ which is a finite random variable, it follows that, conditionally
on N<,,(V1), the number of vertices in [n]\N<,, (V1) at distance m from V2 converges in dis-
tribution to 2. Since this is true conditionally on N<,,(V1), and the limit is independent
of Ne,m(V1), also 2 and Z(?) are independent. This completes the proof. O

Exercise 9.19 (The diameter tends to infinity). Let the weights satisfy Condition 6.4(a)-
(b). Use (10.4.22) to show that the diameter of NR,(w) tends to infinity in probability.

9.3.2 A loglog upper bound for 7 € (2,3)

In this section, we prove a loglogn upper bound on the typical distance H, using
the comparison to branching processes obtained in the previous section. Throughout this
section, we assume that there exist 7 € (2,3), & > 1/2 and ¢; such that, uniformly in n
and r < n%,

[1—F)(z) > caz Y, (9.3.21)

The bound in (9.3.21) corresponds to the lower bound in (9.1.14). The main result in this
section is the following theorem:

Theorem 9.14 (A loglog upper bound on typical distance for 7 € (2,3)). Suppose that
empirical distribution function Fy of the weights w = (w:);cn) satisfies Condition 6.4(a)-
(b) and (9.3.21). Then, for every e > 0,

lim IP’(Hn < 2+e)loglogn oo) ~ 1 (9.3.22)
n=yoo |log (T — 2)|

Proof. The proof Theorem 9.14 is organized as follows. We start by showing that the
giant-weight vertices, i.e., the vertices with extremely high weight, are all connected to one
another. Thus, the giant-weight vertices form a complete graph. This is often referred to
as a clique in the random graph community. In the second step, we show that connections

from a vertex to the set of giant weight vertices occur at distance at most mijg_l;)g‘". The

latter is only true when the vertex is in the giant component, a fact we need to carefully
into account. In the final step, we complete the proof of Theorem 9.14. We now start by
defining the set of giant-weight vertices.

The giant-weight vertices form a clique. Recall the definition of & > 1/2 in (9.3.21).
Let
Giant, = {i: w; > n”} (9.3.23)
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denote the set of vertices with giant weights. Let A C [n]. We say that A forms a clique
when the edges ajaz are occupied for all a1,a2 € A. We continue by proving that, whp,
Giant,, forms a clique:

Lemma 9.15 (High-weight vertices form clique). Under the conditions of Theorem 9.14,

P(Giant, does not form clique) < ne " "/t (9.3.24)
Proof. Let g1,g2 € Giant,, so that wy, , wg, > n®. There are at most |Giant,|*> < n? pairs
of vertices in Giant,,, so that
P(Giant, does not form clique) <n> max P(gig2 vacant). (9.3.25)
91,92 €Gianty
The edge g1g2 is vacant with probability
2a

P(g1g2 vacant) = e Wo1We2/tn < o7 in (9.3.26)
since wy > n® for every g € Giant,,. Multiplying out gives the result. O

Connections to Giant, occur at loglogn distances. We next show that vertices that

survive up to disltarllce m have a high probability of connecting to Giant,, using a path of
oglogn .

at most (1 +¢) Tos (r—2)] edges:

Proposition 9.16 (Connecting to Giant, ). Let i € [n] be such that w; > 1. Under the

conditions of Theorem 9.1/, there exist ¢,ci > 0 and n > 0 such that

loglogn

IP’(distNR" (i, Giant,) > (1 + e)m) < co—civl

(9.3.27)

Consequently, with Ny, (i) denoting the vertices at graph distance m from i, N<,.(i) the
vertices at graph distance at most m from i, and Wi, (i) = Zkei\/f,n(z‘) wy denoting the

weight of vertices in N (i),

loglogn
|log (1 — 2)]

Proof. We start by proving (9.3.27). The bound in (9.3.27) is trivial unless w; is large.
We let 2o = i, and define, recursively,

}P’(distNRn(w)(./\/’m(i),Giantn) > (1+4¢) |Nsm(z')) < ce”IWm@" (9 3 98)

x¢ = max{j € [n]: z¢—1j occupied}. (9.3.29)

Thus, z¢ is maximal weight neighbor of z,_1. We stop the above recursion when w., > n®,
since then z; € Giant,. Recall the heuristic below (9.1.17), which shows that a vertex with

weight w is whp connected to a vertex with weight w'/("=2). We now make this precise.
We take a = 1/(7 — 2+ §), where we choose 6 > 0 so small that a > 1. By (9.2.24),

—wg cw >wa Wi/l W _p* a
P(ws,,, <wl, | (2s)ece) = 70 wizug, I _ gmwa, I-FIN W) (9.3.30)

We split the argument depending on whether wz, < n® or not. Firstly, when wz, < n®,
by (9.3.21) and uniformly for z < n?,

[1— F)(z) > %[1 —F](z) > cia~ 7Y, (9.3.31)
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where, for n large enough, we can take ¢y = c¢1/(2E[W]). Therefore,

« 5
P(wfﬂz+1 < w;e | (xs)sgz) <e Ve < e_clwzf, (9.3.32)

since a =1/(7 —246) > 1 so that 1 — (7 — 2)a = ad > 0.
Secondly, when w3, > n®, but w,, < n“, we can use (9.3.31) for x = n“ to obtain

—c* a(r— _x o all—(7—2)]/a _*x_ad/a
P(wzyy, <n® [ (zs)sce) < e 10" K <e a7 e <e ™ ! (9.3.33)
Therefore, in both cases, and with n = ad/a,
P(wze+1 < (na A wgz) | (xS)SSZ)eicTwzl- (9334)

As a result, when x, is such that w,, is quite large, whp, Wagpyy = Way This produces,
whp, a short path to Giant,,. We now investigate the properties of this path.

Let the recursion stop at some integer time k. The key observation is that when this
occurs, we must have that ws, , > wg, for each £ < k — 1 where k is such that w,,_, €

a/a

[n®/?,n?], and at the same time w,, > n®. Then, the following holds:

14 £
(1) we, > wg, =wi forevery £ <k —1,

(2) diStNRn(w)(i, Giantn) < k.
By (1), Way_, > w¢ , and wa,_, € [n‘)‘/“,no‘]. Therefore, w?k_l < n®%, which, in
turn, implies that

"' < alogn, or k—1 < (loglogn + log a)(loga). (9.3.35)
Let kn = (1 + &) 28082 By (1) and (2), when distxg,, w) (i, Giant,) > ky, occurs, then

[log (1—2)| "
there must exist an ¢ < k,, such that Wapyy < n% A wgz. We conclude that

kn
P(diStNRn(w)(ia Giant,) > kn) < ZIP’(wzHI < wg,) (9.3.36)
=0
kn
< EP(we,,, <wi, | (ws)s<e)]
=0
kn kn

sal

—e*aw _x, da kM

SE E[e Clwwz] SE e 1% < ce 1wy
£=0 £=0

The proof of (9.3.28) is similar, by conditioning on N, (i) and by noting that we can
interpret V., (i) as a single vertex having weight Wy, (i) = Do keNm (i) Wh- O

Completion of the proof of Theorem 9.14. To prove the upper bound in Theorem
9.14, for € € (0,1), we take
loglogn

b= 0 g (2

(9.3.37)

so that it suffices to show, for every ¢ > 0,

lim P(H, < 2kn| H, < 00) = 1. (9.3.38)
n—r oo
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Since P(H,, < 2ky)
P(H, < 2k,| H, === 3.
(H, < 2k,| < 00) B(H, < o0) (9.3.39)
this follows from the bounds
lim inf P(H,, < o0) < ¢, (9.3.40)
n— 00
limsup P(H,, < 2k,) > ¢, (9.3.41)
n—oo

with ¢ > 0 the survival probability of the underlying branching process approximation to
the neighborhood shells of NR,, (w). For (9.3.40), we split, for some m > 1,

P(H, < o0) <P(H, <2m)+P(ZY >0,Z2 >0,H, > 2m). (9.3.42)
By (10.4.22) in Corollary 9.13, P(H, < 2m) = o(1), and, by (9.3.18) in Corollary 9.13,
lim P(ZY > 0,22 > 0,H, > 2m) = P(Zm > 0), (9.3.43)
n— oo

which converges to ¢ when m — co. This proves (9.3.40).
To prove (9.3.41), we fix m > 1 and write

P(2m < Hyn < 2kn) > P(distxr,, (w) (Vi, Glanty,) < kn,i = 1,2, H, > 2m) (9.3.44)
>P(ZY > 0,22 > 0,H, > 2m)
— 2P(distar,, () (V1, Giant,) < kn, 25 > 0).

By (9.3.43), the first term converges to ¢2,, which in turn converges to ¢? when m — oo.

For the second term, we condition on N<,,(V1), N<..(V2), and use that Z,(,i) is measur-
able w.r.t. N<,.(V1) to obtain

P(distar,, (w) (V1, Giant,) < kn, Z) > 0) (9.3.45)

=K [P(diStNRn(w)(Vl, Gial’ltn) > kn ‘ Ngm(V1)) ﬂ{2£&>>0}:| .
By Proposition 9.16,
P (distxr,, () (Vi, Giant,) > ko | New (V1)) < ce™0Vm (V1" (9.3.46)

By Lemma 9.12 and the fact that (wx)ren,,(v;) are i.i.d. copies of the random variable
W, conditionally on being distinct and different from (wi)ien.,, ,(v1)s

zM
Win (V1) =5 S~ W (i), (9.3.47)

where (W(4))i>1 are i.i.d. random variables with distribution function F. Therefore,
Win (V1) — oo (9.3.48)

when first n — oo followed by m — 0o, and we use that Z{ -2 50 since Z > 0. As a
result,

P(distxg,, (w) (V1, Giant,) > ky | N, (V1)) 1 =0, (9.3.49)

{247 >0}
which by Lebesgues Dominated Convergence Theorem (Theorem A.9) implies that

— Wi n
E[e Wi (V1) 11{25,%0}] =0, (9.3.50)
when first n — oo followed by m — oco. This proves (9.3.41), and thus completes the proof

of the upper bound in Theorem 9.4. O
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9.4 Path counting and the log upper bound for 7 > 3

9.4.1 Path counting techniques

In this section, we study path counting techniques in the context of inhomogeneous
random graphs (IRGs). We generalize the setting somewhat, and consider an IRG on the
vertices Z with edge probabilities p;; = u;u;, for some weights (u;);cz. We obtain CL,, (w)
by taking u; = w;/v/Z, and T = [n]. Since the NR, (w) random graph is closely related to
CLy, (w), this suffices for our purposes.

For a,b€Z and k > 1, let

Ni(a,b) = #{m € Pr(a,b): m occupied} (94.1)
denote the number of paths of length k between the vertices a and b. Let
nk(a,b) = E[Ng(a,b)] (9.4.2)

denote the expected number of occupied paths of length k connecting a and b. Define

ﬁk(a,b):uaub( Z u?)k_l, Qk(a,b):uaub( Z u?)k_l, (9.4.3)

i€Z\{a,b} i€Lq b,k

where Z, 51 is the subset of Z in which a and b, as well as the k + 2 indexes with highest
weights have been removed. In Section 9.2, we have implicitly proved an upper bound on
E[Nx(a,b)] of the form

nk(a,b) < fig(a,b). (9.4.4)

Exercise 9.20 (Upper bound on the expected number of paths). Prove (9.4.4) for an
inhomogeneous random graph with vertex set T and with edge probabilities p;; = usu; for
every i,j € L.

Let

v = Zuf, vz = Zu? (9.4.5)

i€T i€L

denote the sums of squares and third powers of (u;);cz, respectively. Our aim is to show
that whp paths of length k exist between the vertices a and b. We do this by applying a
second moment method on Ni(a, b), for which we need a lower bound on E[Ny(a, bg} and an
upper bound on Var(Nj(a, b)), which are such that Var(Nk(a,b)) = o(E[Nk(a,b)]*) (recall
Theorem 2.15. We prove lower bounds on E[N(a,b)] and upper bounds on Var(N(a,b))
in the following proposition:

Proposition 9.17 (Variance of numbers of paths). For any k > 1, a,b € Z and (u;):cz,

E[Nk(a,b)] > n(a,b), (9.4.6)
while, assuming that vz > 1,
Var(Ni(a,b)) < ni(a, b) + 7k ( b)2<%l’% (Lelys 2 g
* K = Tl Tk vz — 1 ug Up Uqup(vz — 1)2 o

—|—k(1—l— z )(1+ Yz ) vz (e2k3’v%/u%_1)).

Uq VT upvz’ v — 1
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We apply Proposition 9.17 in cases where E[Ny(a, b)] = ni(a,b) — oo, by taking 7 is a
large subset of [n] and u; = w;//¢». In this case, vz ~ v, ~ v > 1. In our applications of
Proposition 9.17, the ratio iz (a,b)/n,(a,b) will be bounded, and k*y2/v2 = o0(1), so that
the last term is an error term. The starting and end vertices a,b € Z will correspond to
a union of vertices in [n] of quite large size. As a result, yz/u. and vyz/uq are typically
small, so that
1 1

+

Uq Up

2
Var(N(a,b)) ~ ﬂ(

p— ) (9.4.8)

is small. The choice of a,b and Z is quite delicate, which explains why we formulate
Proposition 9.17 in such generality.

Proof. We note that Ni(a,b) is a sum of indicators

Nk (a7 b) = Z ]I{Tr occupied}- (949)
7EP (a,b)

As a result,

E[Nk(a,b)] = Z P(m occupied) = Z Huﬂl Uy sy (9.4.10)

TEPE (a,b) 7EPg (a,b) I=0

k—1
2
S
nEPp(ab) I=1
For 7 € Pi(a,b), mo = a, 7, = b. Further,

k—1 k—1
oo Ilw = > I (9.4.11)

mTEP (asb) =1 i1,..,4 1 €Z\{a,b} I=1

where we recall that >°7 ., denotes a sum over distinct indices. Each sum over i;
yields a factor that is at least D, - u?, which proves (10.4.19).
To compute Var(N(a,b)), we again start from (9.4.9), which yields

Var(Ng(a,b)) = Z [P(7, p occupied) — P( occupied)P(p occupied)].  (9.4.12)
m,pE€P(a,b)

For 7, p, we denote by m N p the edges the paths m and p have in common. The occupation
statuses of m and p are independent precisely when 7 N p = &, so that

Var(Ng(a,b)) < Z P(m, p occupied). (9.4.13)
m, p € Pr(a,b)
TNp # D

Define p \ 7 to be the edges in p that are not part of m, so that

P(m, p occupied) = P(7 occupied)P(p occupied | m occupied) (9.4.14)

k
= I |u7rlu7w+1 I I UeUe,
=0

e€p\m
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where, for an edge e = {z,y}, we write € = z,e = y. When 7 = p, then
P(m, p occupied) = P(7 occupied), (9.4.15)

and this contributes nk(a, b) to Var(Ng(a,b)). From now on, we consider 7 # p.

The probability in (9.4.14) needs to be summed over all possible pairs of paths (, p)
with m # p that share at least one edge. In order to do this effectively, we start by
introducing some notation.

Let | = |7 N p| denote the number of edges in m N p, so that I > 1 precisely when
TNp#@. Since m # p, I <k —1. When 7 # p, we have that [ < k — 1, and since 7 and
p are self-avoiding paths between a and b, [ cannot be equal to k — 1, so that we consider
!l < k—2from now on. Let k — = |p\ 7| be the number of edges in p that are not part
of 7.

Let m denote the number of connected subpaths in p \ 7, so that m > 1 whenever
m™ # p. Since mg = po = a and 7, = pr = b, these subpaths start and end in vertices
along the path m. We can view these subpaths as excursions of the path p from the walk
7. By construction, between two excursions, there is at least one edge that m and p have
in common.

Fix m. We define Shape(, p), the shape of the pair (7, p), by

Shape(ﬂ-ap) = (fm+17§m7gm55m+177:‘m+1)7 (9416)
where

(1) #mt1 € Nt and 2; > 0 is the length of the subpath in pN in between the (j — 1)
and j* subpath of 7 \ p. Here z1 is the number of common edges in the subpath of
p N7 that contains a, while ,,+1 is the number of common edges in the subpath of
p N7 that contains b, so that 1 > 0 and zpmy1 > 0. For j € {2,...,m}, z; > 1;

Sm € and s; > 1 is the number of edges in the subpath of m ;
2) 5n € N™ and s; > 1 is th ber of edges in the ' subpath of 7 \ p

fm € N"and t; > 1ist e number of edges in the j°" subpath of p \ m;
3 N dt; > 1isth ber of ed he j*® subpath of

(4) Gm+1 € [m+1]™"! and o; is the order of the 5*" common subpath in pN7 of the path
m in p, i.e., 02 = 5 means that the second subpath that 7 has in common with p is
the 5 subpath that p has in common with 7. Note that o1 = 1 and opmy1 = m +1,
since 7 and p start and end in a and b, respectively;

(5) Fms1 € {0,1}™F is such that r; describes the direction in which the j*" common
subpath in p N 7 of the path 7 is traversed by p, with r; = 1 when the direction is
the same for 7 and p and 0 otherwise. Thus, 1 = ry,+1 = 1.

The information in Shape(rw, p) is precisely that necessary to piece together the topology
of the two paths, except for the information of the vertices involved in 7 and p. See Figure
9.4.1 for an example of a pair of paths (m, p) and its corresponding shape.

With [ = |7 N p|, we have

m—+1

> =1, isj :itj =k—1 (9.4.17)
j=1 j=1 j=1

Let Shape,,, ; denote the set of shapes corresponding to pairs of paths (m, p) with m excur-
sions and ! common edges, so that (9.4.17) hold. Then,

k—2 k-1
Var(Ng(a,b)) < ig(a,b) + Z Z Z P(m, p occupied). (9.4.18)
=1 m=1 o€Shape,, ; m, p € Pr(a,b)

Shape(m, p) = o
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p b

t
i3 ty
> O
T S1 X9 S9 xr3  S3 Ty 84 s
r = rg =1 rg=1 rg=0 "rs=1
01 = 02:2 03:4 04:3 05:5

Figure 9.3: An example of a pair of paths (m, p) and its corresponding shape.

When Shape(w, p) = o for some o € Shape,, ;, and since m and p both start and end in
a and b, the union of paths 7 U p visits k + 1 4+ [ — m distinct vertices. The vertex a is
in 1+ 6z,,0 edges, and b in 1 4 04, ,,0 edges. Of the other k — 1 vertices in 7, precisely
2m — 0z, 0 — 5zm+1,0 are part of of three edges, and k — 1 — 2m + 04,,0 + 5zm+1,0 are
part of in two edges. The remaining & — I — m vertices in p that are not part of m are
part of precisely 2 edges. By construction, the k + 1 vertices of both 7 and p are disjoint,
but the remaining k — [ — m vertices in p may intersect those of m. Therefore, denoting
ay = 611,07 Am+1 — 5zm+1,07

2m—a1—ami1 2(k—1)—l—m
P(r, p occupied) = u,11+a1u2+am+1 H ul, H us,, (9.4.19)

s=1 t=2m—ai—am41+1

where {(v1,...,Vks141-m)} € ZF71FIT™,
For a fixed o € ShapemJ now bound the sum over 7, p € Pi(a, b) such that Shape(w, p) =

o from above by summing (9.4.19) over all {(vi,...,vk_111-m)} € ZF¥71T"™ t0 obtain
for any o € Shape

m,l
Z P(m, p occupied) (9.4.20)

m, p € Pi(a,b)
Shape(m, p) = o

2 2k—1—3m—1 [ WaVT\ 5, UbVT NSy
< uaupys VI (=) e (== ) e
Yz Yz

(m+1)y;3(mfl)fl Vz 1—5m1,0< Tz )1—5mm+1,o.
Ua VT UpVz

=Nk (a7 b)zfyg

Therefore, we arrive at

k—2 k-1
Var(Ni(a, b)) < ni(a,b) + fig(a, b)) S~ A2 Dy 2mm (9.4.21)
=1 m=1

x Z ( Yz )1—6;”1,0( Yz )1—5,1m+110.

Uq V- UplV
o€Shape,, ; avz brz

We continue to compute the number of shapes in the following lemma.

Lemma 9.18 (The number of shapes). Fizm > 1 andl <k —2. For m =1, the number
of shapes in Shapemyl fixed a1 = 0z,,0,am+1 = (53;,,”1’0 equals | when a1 = am+1 = 0, 1
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when a1 + am+1 = 1 and 0 when a1 = am+1 = 1. For m > 2, the number of shapes in
Shape,, ; fized a1 = 021,05 @m+1 = Oz, 1,0 15 bounded by

2
E—1-1 l
2" im — 1) . 4.22
(m )<m—1><m—a1—am+1> 9 )

Proof. Since r1 = rmy1 = 1, there are 2™~1 directions in which the common parts can be
traversed. Since there are m distinct parts, there are m + 1 common parts. The first part
contains vertex a, the last part contains vertex b. Thus, there are (m — 1)! orders Gp41 of
the common parts when we have fixed the directions the paths can be traversed.

In counting the number of :E,,L+1,§m,fm, we repeatedly use the fact that there are
(‘;:i) possible sequences (y1,...,y5) € NY such that 23:1 y; = a. This can be seen
by representing a as a sequence of a ones, separated by a — 1 zeros. We draw b zeros,
which we can do in (Zj) possible ways. Then, we note that a sequence (y1,...,y) € Nj

such that 23:1 y; = a can be obtained uniquely by letting y; be the number of ones in

a+b—1
b—1

(y1,...,y) € N such that 22:1 y; = a, since we can apply the previous equality to
(y1+1,...,00+1) €N,

Using the above, we continue to count the number of shapes. The number of (s1, ..., $m) €
N such that s; > 1 and 377", s; = k — [ equals

k—1—1
( _— ) (9.4.23)

The same applies to (t1,...,tm) € N™ such that t; > 1 and 377" ¢; = l. In counting
the number of possible Z,,4+1 such that Z;";ll x; = I, we need to count their numbers
separately for x1 = 0 and 1 > 1, and for x;,+1 = 0 and Zym+1 > 1. When m = 1, the
number is zero when z; = x2 = 0, since 1 = x2 = 0 implies that the paths share no edges.

Denote a1 = dz,,0, @m+1 = dz,,,,,0, and suppose that m — a1 — am+1 > 0. Then, there are

< ! ) (9.4.24)
m—a1 — am+1

possible choice of Zp,41 with fixed a1 = 64,,0,am+1 = (523,,”“,0. The claim follows by

between the (i — 1)** and i*® chosen zero. Similarly, there are ( ) possible sequences

multiplying these bounds on the number of choices for ¥p4+1, Om+1, Sm, tm and Tm+1. O

We complete the proof of Proposition 9.17. By (9.4.21) and applying Lemma 9.18, it

suffices to sum
k—1-1\ !
el - YT 4.
2 (m ) m— 1 M=y — s (9.4.25)

% (%)m—lyfl( Yz )l—al( Yz )l—am+1

3 T
vy Ua VT UpVz

over l € [k —2], m € [k —1] and a1, am+1 € {0, 1}, where, by convention, (_ll) =0.
We start with m = 1, for which we obtain that the sum of (9.4.25) over the other
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variables equals

1 1 —(1-1) Vi o=, (-1
— 4+ — v + l
WZ(ua ub) ; * UgUp VT ; ’
2 2
Yzvr 1 1 YzVz
= —(—4+— _ 9.4.26
Vz—l(ua ub)Jr uqup(vr — 1)2’ ( )
where we use that, for a € [0, 1),
o0 oo
Za_l =a/(1-a), Zla_(l_l) =d’/(1—a)’ (9.4.27)
1=0 =0

The terms in (9.4.26) are the first two terms appearing on the right-hand side of (10.4.20).
This leaves us to bound the contribution when m > 2. We continue by bounding

k—1-1 1 (k—1—1)1\2  g2m=b
= ) < , 9.4.28
<m1>(m ) (mfl)!((kflfm)! = tm—1)! (9-4.28)
and, using that (Z) <ab/bl and I < k,
l [ —am+1
< <™ (9.4.29)
m — a1 — Gm+1 (mfal *am+1)!
Therefore, the number of shapes in Shape,,, ; is, for each [ > 1 and m > 2, bounded by
k‘2(m71) (2k3)m71
2 e kT =k 9.4.30
(m —1)! (m —1)! ( )

Since the above is independent of [, we can start by summing (9.4.25) over | > 1, and over
a1, am+1 € {0,1} to obtain a bound of the form

vz vz vz (2k3)m1 fq2\m—1
B ) () mz>:2 (D1 (y—%) (9.4.31)

_ Tz Yz vz 2k342 /03
=k(1+ uauz)(l + usz)vI — (e 7T/ — 7).

The term in (9.4.31) is the last term appearing on the right-hand side of (10.4.20). Sum-
ming the bounds in (9.4.26) and (9.4.31) proves (10.4.20). O

Exercise 9.21 (Variance of two paths). Prove that Var(Ny(a,b)) < E[Nk(a,b)] for k = 2.

Exercise 9.22 (Variance of three paths). Compute Var(N3(a,b)) explicitly, and compare
it to the bound in (10.4.20).

Exercise 9.23 (Variance on paths for ER,(A/n)). Let A,B C [n], and let Ny(A, B)
denote the number of paths of length k connecting A to B (where a path connecting A and
B avoids A and B except for the starting and end point). Show that for k < K logn,

A B
E[Nk(A, B)] = X*|A||B|(1 - Ln")ku +o(1)). (9.4.32)
Use Proposition 9.17 to bound the variance of Ni(A, B), and prove that

Ni(A, B)/E[Ny(A, B)] — 1 (9.4.33)
when |A|,|B| — oo with |A| + |B| = o(n/k).
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9.4.2 Logarithmic upper bound on typical distances in finite variance case

In this section, we prove that two uniformly chosen vertices that are conditioned to be
connected are with high probability within distance (1 + €)log, n, as formulated in the
following theorem:

Theorem 9.19 (Logarithmic upper bound graph distances NR,, (w)). Assume that Con-
dition 6.4(a)-(c) hold, where v = E[W?]/E[W] € (1,00). Then, for any e >0,

P(H, < (1+¢&)log,n | H, < 00) =1+ o(1). (9.4.34)

The same results hold for CL,(w) and GRG, (w) under the same conditions.

Organization of the proof of Theorem 9.19. We prove Theorem 9.19 by combining
the branching process comparison to a second moment method using Proposition 9.17 on
the number of paths of a given length. More precisely, we fix m > 1 large, and recall
that N<,. (V1) and N<,.(V2) denote the vertices at distance at most m from Vi and Vs
respectively, and let Ny, (V1) and N, (V2) denote the vertices at distance precisely equal to
m. We condition on N<,, (Vi) and N<,,(V2) such that N,, (V1) # @ and N,,(V2) # @. By
Corollary 9.13, the probabilities of the latter event is close to ¢2,, where ¢, = P(Z” > 0)
is the probability that the branching process survives to generation m. Then, (,, — ¢
when m — oo, and, conditionally on Z{ > 0, Z{" > M whp, for any M and as m — co.
This explains the branching process approximation. We take u; = w; /v/n,

a = Nn(WV1), b= Nm(Va), (9.4.35)
so that
1 1
Ua = > wi=Wa(Vi)/V, b= S wi = Wa(Va) V.
\/E PENm (V1) \/Z: 1ENmM (V2)
(9.4.36)

We formalize the above ideas in the following lemma:

Lemma 9.20 (Branching process approximation). As n — oo,

zW z

Win (Vi), Win (Va)) 2 ( Z W), Z W<2>(j)), (9.4.37)

where (2530, 282)) are the generation sizes of two independent branching processes, and
(WP (5))j>1 and (WP (5));>1 are two independent sequences of i.i.d. random variables
with distribution F'.

Proof. By Corollary 9.13, Z = |Nm(Va)| and Z{2 = |N;n(Va)| jointly converge in dis-
tribution to (Z$’, Z{2’), which are independent generation sizes of MMPBPs. Each of
the individuals in N, (V1) and N, (V2) receives a mark M;, and its weight is was,. By
Proposition 9.10, these marks are i.i.d. random variables conditioned to be distinct (if they
were not distinct, then the corresponding individuals would have been thinned). Since,
whp, the proof of Corollary 9.13 shows that no vertex is thinned, whp we can ignore the

Z(1)
thinning. Then, Wy, (V1) = Z].Z;”'l Wi (j), where (Wy(j)),;>1 are i.i.d. copies of W,. By

(1)
Condition 6.4(a), W, -2 W, so that Wy, (V1) —% Zf;"l W™ (5). The joint convergence
follows in a similar fashion. O
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Second moment method and path counting. Fix k = k, = (1 + ¢)log, n — 2m.
We next present the details of the second moment method that shows that whp, on the
event that N, (V1) # @ and N, (V2) # &, there exist a path of length k,, — 2m connecting
Nim(V1) and N, (V2). This ensures that, on the event that N, (V1) # @ and N;,, (V2) # &,
the event H,, < k, — 2m occurs whp. For this, we take u; = wz/\/a We fix K > 1
sufficiently large and take

I={ien]: w; <K}\ (N<cm(V1) UN<,(V2)). (9.4.38)
We investigate the constants appearing in Proposition 9.17 in the following lemma:

Lemma 9.21 (Parameters in path counting). Conditionally on N<,,(V1) and N<..(V2),
and with a = Nim (V1),b = Ny (Va), for k= (1+¢)log, n,

. _ . 7g(a,b)
nh_}rrolo nk(a,b) = oo, nh_)n;o n(ab) 1, (9.4.39)
and
Var(Ng(a, b)) = Kuv? 1 1 K22
+ + + o:(1). 9.4.40
EN@DP = v—1 Voww, " Voow) T = Do T 0440
Proof. By (9.4.3),
n(a,b) = uaubulzcnfi, (9.4.41)
and e (a.h)
nela, k—1
n, (a’ b) = (Vzn,,h/yza,,h,k) . (9'4'42)
We start by investigating vz. Denote
EW?1{w<xy)
K)y=—_"1"=2J° 4.4
oK) = =gl (9.4.43)

Then, by (9.4.38) and the fact that N<,,(V1) and N<,,(V2) contain a finite number of
vertices,
lim v; = v(K). (9.4.44)
n— o0
The same applies to vz, , and vz, , . Then, with K > 0 chosen so large that v(K) > v—¢/2
and with k£ = (1 + ¢) log, n,

Eﬁn‘”f’ logvz, ,/logv=1 _, (9.4.45)
n

v, s = Wn(Vi)Wi(V2)

where K and n are so large that (1+¢)vz/v > 1. This proves the first property in (9.4.39).
To prove the second property in (9.4.39), we note that the set Z, p 1 is obtained from
Zap by removing the k vertices with highest weight. Since w; < K for all ¢ € Z (recall

(9.4.38)), VI, , < 2 kK/t,. Since k < Alogn, we therefore arrive at
mx(a,b) h=1 _ K2K/(bavz, , )
— 22 < (1+kK/(bavz, )  =e abk’ 51, (9.4.46)
ny,(a,b) o

as required.

To prove (9.4.40), we rely on Proposition 9.17. We have already shown that nk(a,b) =
E[N(a, b)] — oo, so that the first term on the right-hand side of (10.4.20) is o(E[N(a, b)]?).
Further, by (9.4.38),

K
vz < vr(maxu;) < 22

na s (9.4.47)
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so that, for k < Alogn with A > 1 fixed,

Tz Yz 2342 /3
1+ —)(1+ —)k I — 1) = 0p(1). 4.4
1+ 20+ e ) = 0:(1) (9.4.48)
Substituting these bounds into (9.4.40) and using (9.4.39) yields the claim. O

Completing of the proof of Theorem 9.19. Now we are are ready to complete the
proof of Theorem 9.19. We must show that

P(kn < H, < 00) = o(1). (9.4.49)

Indeed, then P(H,, > k, | H, < oo) = o(1) since, P(H,, < c0) — ¢* > 0 by Theorem 9.2.
We rewrite

P(k, < Hy, < 00) = P(kn < Hp < 00, Niu (V1) # D, N (V2) # D) (9.4.50)
< P(Ni,, —2m (N (V1), N (V2)) = 0, N (V1) # D, N (Va2) # @).

Recall that & = k, = (1 + €)log, n. By the Chebychev inequality (Theorem 2.15), and
given N, (V1), N<..(V2), the conditional probability on {H, > ky} is at most

Var(Ni_2m(a, b)) Kuv? ( 1 n 1 ) n K22
ENe o (@ OF ~ 71V + Vicus) T 7= Dl
When N, (V1) # @ and N,,(V2) # &, by (9.4.36),

tor(1).  (9.4.51)

z) 23
\/Z%ua + \/éinub — ( ; W(”(j)y1 + (; W““)(j))f1 —0, (9.4.52)
when m — oo. Therefore,
P(Nk_zm(a, b) = 0 | N (Vi) # @, Nin (V2) # @) 50, (9.4.53)
and, by Lebesgues Dominated Convergence Theorem (Theorem A.9),
P(Hy > kn, No(V1) # B, N (V2) # @) — 0, (9.4.54)
which completes the proof. O

We close this section by describing what happens when 7 = 3, and there are no slowly
varying functions:

Distances for the critical case 7 =3 When 7 = 3, w; is approximately c(n/i)*/2. Tt
turns our that this changes the distances only by a doubly logarithmic factor:

Theorem 9.22 (Logarithmic upper bound graph distances NR,, (w)). Assume that Con-
dition 6.4(a)-(b) hold, and that there exists constants c2 > c¢1 > 0 and a > 0 such that for
all x < n%,

[1— F)(z) > a1 /a?, (9.4.55)
and for all x > 0,

[1— Fu)(z) < ca/a’. (9.4.56)
Then, conditionally on H, < oo,

Hnloglogn ¢ (9.4.57)
logn

The same results hold for CL,(w) and GRG,,(w) under the same conditions.
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The lower bound in Theorem 9.22 is already stated in Corollary 9.6. The upper bound
can be proved using the path counting techniques in Proposition 9.17 and adaptations of
it. We now sketch the proof.

Let n > 0 and let

(9.4.58)
Define the core of NR,, (w) to be

Core, = {i: w; > an}. (9.4.59)
The proof of Theorem 9.22 follows from the following two propositions:

Proposition 9.23 (Typical distances in the core). Under the conditions of Theorem 9.22,
let V{, Vs € Core, be chosen with probability proportional to their weight, i.e.,

=t
ZvECOren Wy '

and let H,, be the graph distance between Vi, V, in Core,. Then, for any e > 0, there exists
an n > 0 such that

PV = (9.4.60)

(1+¢) logn)

P(H, <
(< loglogn

- 1. (9.4.61)

Proposition 9.24 (From the periphery to the core). Under the conditions of Theorem
9.22, let V1, Va be two vertices chosen uniformly at random from [n]. Then, for any n > 0,

P(dnr,, (w) (V1, Coren) < v, dNR,, (w) (V2, Corey,) < V,ll_") - 2 (9.4.62)
To see that Propositions 9.23-9.24 imply Theorem 9.22, we note that

H,, = dxg,, (w)(V1,V2) (9.4.63)
< dNR,L(w) (Vh Coren) + dNR,,L(w) (‘/2, Coren) + dNR”(w) (Vll, Vg),
where V/, V4 € Core, are the vertices in Core, found first in the breadth-first search.

Then, by Proposition 9.10, V7, Vs € Core,, are chosen with probability proportional to
their weight. Therefore, when n is so large that v ™" < elogn/(4loglogn),

logn
P(H, < (14 ¢)—28"_ 9.4.64
(2 < (14 ) ) (9.4.64)
> P(dxr,, () (Vis Coren) < v~ i = 1,2, dxr,, (u) (V15 V3) < (1+s/2)71°g” ).
= n ) = Vn ) ) &y n ) = lOglOgTL

By Proposition 9.24, the probability of the first event converges to ¢2, and by Proposition
9.24, the probability of the second event converges to 1. We conclude that

logn

Since also P(H,, < 0o) — (2, this completes the proof. O

The proofs of Propositions 9.23-9.24 follow from path counting techniques similar to
the ones carried out above. We now sketch their proofs, starting with Proposition 9.23.
For Proposition 9.23, we take

a="Vi, b=1V3, T = {wi: w; € [K,/an]}. (9.4.65)
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The whole point is that there exists a constant ¢ > 0 such that

vz > clogom = cv 7", (9.4.66)
while uq > an/Vln, up > an/VLn, so that
E[Ni(a,b)] = a2 =" /0, — oo (9.4.67)

for k =logn/((1—n)logvs) < (14€/2)logn/log v, when n is such that 1/(1—n) < 1+¢/2.
Further,

Yz < NV /V (9.4.68)
so that Var(Nk(a,b))/E[Ny(a,b)]> — 0 by Proposition 9.17.

Exercise 9.24 (v, bound for 7 = 3). Prove that (9.4.55) and (9.4.56) imply that vz >
clog ay, by using

Qn

1
. > wi =EWiliw, ex. o) = 2/ 2[Fy(Vam) — Fo(z)]dz. (9.4.69)
i€z K

Exercise 9.25 (Expected number of paths within Core,, diverges). Prove that
E[Nk(a,b)] — oo
fora=V{, b=V and k =logn/((1 —n)logvy).
Exercise 9.26 (Concentration of number of paths within Core,). Prove that
Var(Ni(a, b)) /E[Nk(a,b)]> = 0

fora=V{,b=V; and k =logn/((1 —n)logvy).

For Proposition 9.23, we again condition on N, (V1) # @, N (V2) # @, the probability
of which converges to ¢ when first n — oo followed by m — oco. Then, we perform a

second moment method on the number of paths between N, (V;) and Core,. For this, we
take k = 17" and

a = Nn(V1), b = Core,, Z={i:w; <K}\ W< (V1) UN<,,(V2)).  (9.4.70)
Then we follow the proof in (9.4.51)—(9.4.54) to show that
P(dnr,, (w) (Vi, Corer) > vp " Non (Vi) # @, Non (Vo) # @) — 0, (9.4.71)
as required. Note, for this, that, conditionally on N<,,(V1), N<m(V2)
1
E[Nk(a,b)] ~ V(K)’Cwm(vl)T > i, (9.4.72)
" 1€Corep,
where v(K) — oo as K — oo, and where, by (9.4.55),
1
- i > an[l — Ful(an) > c/an. 4.
- Z w; > an (an) > ¢/ (9.4.73)

1€Corep,

Therefore, E[N(a,b)] — oo as soon as k > 2logay/logv(K), which is satisfied for K
sufficiently large and k = v~ ".

Exercise 9.27 (Completion proof Proposition 9.23). Complete the proof of Proposition
9.23 by adapting the arguments in (9.4.51)—(9.4.54).
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9.5 General inhomogeneous random graphs

In this section, we introduce the general setting of inhomogeneous random graphs. The
inhomogeneous random graph is a generalization of the Erdds-Rényi random graph ER,, (p)
as well as the inhomogeneous random graphs studied in Chapter 6. We start by motivating
its choice, which is inspired by Example 6.1.

Example 9.25 (Population of two types (Cont.)). Suppose that we have a complex net-
work in which there are n; vertices of type 1 and n2 of type 2. Type 1 individuals have
on average mi neighbors, type 2 individuals mo, where mi # mgy. Further, suppose that
the probability that a type 1 individual is a friend of a type 2 individual is quite different
from the probability that a type 1 individual is a friend of a type 1 individual.

In the model proposed in Example 6.3, the probability that a type ¢ individual is a
friend of a type j individual (where 4, j, € {1, 2}) is equal to m;m; /(£n+m;m;), where £, =
nimi + namz. Approximating this probability by m;m;/¢., we see that the probability
that a type 1 individual is friend of a type 2 individual is quite related to the probability
that a type 1 individual is friend of a type 1 individual. Indeed, take two type 1 and
two type 2 individuals. Then, the probability that the type 1 individuals are friends and
the type 2 individuals are friends is almost the same as the probability that first type 1
individual is friend with the first type 2 individual, and the second type 1 individual is
friend of the second type 2 individual. This relation seems quite artificial, and is in many
practical situations unwanted. The problem originates in the product structure of the edge
probabilities in the generalized random graph.

We assume that our individuals have types which are in a certain type space S. When
there are individuals of just 2 types, as in Example 9.25, then it suffices to take S = {1, 2}.
However, the model allows for rather general sets of types of the individuals, both finite as
well as (countably or uncountably) infinite. An example of an uncountably infinite type
space could be types related to the ages of the individuals in the population. We therefore
also need to know how many individuals there are of a given type. This is described in
terms of a measure p,, where, for A C S, pn(A) denotes the proportion of individuals
having a type in A.

In our general model, instead of vertex weights, the edge probabilities are moderated
by a kernel x: S* — [0,00). The probability that two individuals of types z1 and z2 are
friends is approximately k(x1,x2)/n. Since there are many choices for k, we arrive at a
rather flexible model, where individuals have types and connection probabilities are related
to the types of the individuals involved.

We start by making the above definitions formal, by defining what our ground space is
and what a kernel is:

Definition 9.26 (Kernel). (i) A ground space is a pair (S, u), where S is a separable
metric space and p is a Borel probability measure on S.

(ii) A vertex space V is a triple (S, u, (€n)n>1), where (S, 1) is a ground space and, for
each n > 1, x, is a random sequence (x1,T2,...,%n) of n points of S, such that

un(A) = #{i: z; € A}/n — p(A) (9.5.1)
for every u-continuity set A C S. The convergence in (9.5.1) is denoted by un 2.

(iii) A kernel s is a symmetric non-negative (Borel) measurable function on S*. By a
kernel on a vertex space (S, p, (€n)n>1) we mean a kernel on (S, u).
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Before defining the precise random graph model, we state the necessary conditions on
our kernels. We write E(G) for the number of edges in a graph G. Note that

E[B(IRG, (p))] = 3 i (9.5.2)
i<j
so that our model has bounded degree in expectation precisely when % > <; Pij Temains
bounded. In our applications, we wish that the average degree per vertex in fact converges.
This explains the main conditions we pose on the kernel s

Definition 9.27 (Graphical and irreducible kernels). (i) A kernel k is graphical if the
following conditions hold:

(a) K is continuous a.e. on S*;
(b)
//52 k(z, y)p(dz)u(dy) < oo; (9.5.3)

(c)
TEEIRG ()] = 5 [ [ s putdoutn). 054)

Similarly, a sequence (kn) of kernels is called graphical with limit x when
yn —y and 2z, =z implythat &n(yn,2n) = K(y, 2), (9.5.5)

where k satisfies conditions (a) and (b) above, and
lE E(IRG L d d 9.5.6
FEIBRG(p(r)] — 3 [ [ (e spuldoutay). (9.5.6)

(1) A kernel k is called reducible if
JACS with 0<p(A) <1 suchthat k=0 ae.on AXx(S\A);
otherwise k is irreducible.

We now discuss the above definitions. The assumptions in (9.5.3), (9.5.4), (9.5.6) imply
that the expected number of edges is proportional to n, and that the proportionality
constant is precisely equal to [[g, x(x,y)u(dx)pu(dy). Thus, in the terminology of Chapter
1, IRG,(p(k)) is sparse.

Roughly speaking,  is reducible if the vertex set of IRG,(p(x)) can be split in two
parts so that the probability of an edge from one part to the other is zero, and irreducible
otherwise. When « is reducible, then the random graph splits into two independent random
graphs on the two disjoint subsets A and S\ A. Therefore, we could have equally started
with each of them separately, explaining why the notion of irreducibility is quite natural.

In many cases, we shall take S = [0, 1], z; = ¢/n and p the Lebesgue-measure on [0, 1].
Then, clearly, (9.5.1) is satisfied. In fact, in [129], it is shown that we can always restrict
to & = [0, 1] by suitably adapting the other choices of our model. However, for notational
purposes, it is more convenient to work with general S. For example, where S = {1} is
just a single type, the model reduces to the Erdés-Rényi random graph, and in the setting
where & = [0, 1], this is slightly more cumbersome:

Exercise 9.28 (Erdés-Rényi random graph). Show that when & = [0,1] and pi; =
k(i/n,j/n)/n with k: [0,1]*> — [0,00) being continuous, then the model is the Erdés-Rényi
random graph with edge probability A\/n precisely when k(x,y) = A. Is this also true when
k: [0,1]% = [0, 00) is not continuous?
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Now we come to the definition of our random graph. Given a kernel s, for n € N, we let
IRG, (p(x)) be the random graph on [n], each possible edge ij, i,j € [n], is present with
probability

pig(8) = pis = (i, 25) A, (95:7

and the events that different edges are present are independent. Similarly, IRG, (p(kn)) is
defined with &, replacing x in (9.5.7).
For CLn(w) with w = (w:)¢c[n) as in (6.1.10), we take S = [0, 1], 2; = i/n and

fn(a,y) = [1— F] " @)1 = F] " (y)n /2. (9.5.8)

For CL,(w) with w = (wi);c[n) satisfying Condition 6.4, instead, we take S = [0,1],
z; = 1/n and
kn(i/n,j/n) = wyw; /E[W,]. (9.5.9)

We next study the Chung-Lu random graph:

Exercise 9.29 (The Chung-Lu model). Prove that when k is given by
K(w,y) = [1 = F]"'(2)[1 = F7" (y) /EW], (9.5.10)

then K is graphical precisely when E[W] < oo, where W has distribution function F. Fur-
ther, k is always irreducible.

Exercise 9.30 (The Chung-Lu model repeated). Let @; = [1 — F|7'(i/n)\/nE[W]/ln

and w; = [1 — F|7'(i/n) as in (6.1.10). Then CL, () and CL,(w) are asymptotically
. E[Wh] 2 _

equivalent whenever (=72 —1)° = o(n).

In [47], also the choices
(NR) _ —kn(zixj)/n
Py (kn) =1—e ; (9.5.11)
or

K(‘Thz]')
n+ "i(xivl"j)

(GRG)

piy (k) =pij = (9.5.12)

are investigated. All results in [47] remain valid for the choices in (9.5.11) and (9.5.12).
When ] ]
> wnlwi )’ = o(n®?), (9.5.13)
3,7 €[n]
this follows immediately from Theorem 6.17:

Exercise 9.31 (Asymptotic equivalence for general IRGs). Prove that the random graphs
IRG,(p) with p;; as in (9.5.7) is asymptotically equivalent to IRGy (p) with p;; = pgm(fin)
and to IRG, (p) with p;; = pE?RG)(nn) when (9.5.13) holds.

In the next section, we discuss some examples of inhomogeneous random graphs.

9.5.1 Examples of inhomogeneous random graphs

The Erd&s-Rényi random graph. If S is general and x(z,y) = X for every z,y € S,
then the edge probabilities p;; given by (9.5.7) are all equal to A/n (for n > X). Then
IRG, (p(k)) = ER,(A/n). The simplest choice here is to take S = {1}.
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The homogeneous bipartite random graph. Let n be even, ket S = {0,1}, let z; =0
for i € [n/2] and x; = 1 for ¢ € [n] \ [n/2]. Further, let x be defined by x(z,y) = 0 when
z # y and k(z,y) = XA when z = y. Then IRG,(p(k)) is the random bipartite graph
with n/2 vertices in each class, where each possible edge between classes is present with
probability A/n, independently of the other edges.

Exercise 9.32 (Definitions 9.26-9.27 for homogeneous bipartite graph). Prove that Defi-
nitions 9.26-9.27 hold for the homogeneous bipartite graph.

The finite-type case. Fix r > 2 and suppose we have a graph with r different types
of vertices. Let S = {1,...,7}. Let n; denote the number of vertices of type ¢, and let
tn(i) = ni/n. Let IRGL(p(k)) be the random graph where two vertices of types i and
j, respectively, joined by an edge with probability n~'x(i,5) (for n > maxk). Then & is
equivalent to an r X r matrix, and the random graph IRG, (p(x)) has vertices of r different
types (or colors). The finite-types case has been studied by Soderberg [205, 206, 207, 208].
We conclude that our general IRG covers the cases of a finite (or even countably infinite)
number of types.

Exercise 9.33 (Homogeneous bipartite graph). Prove that the homogeneous bipartite ran-
dom graph is a special case of the finite-types case.

Exercise 9.34 (Irreducibility for the finite-types case). Prove that, in the finite-type
case, irreducibility follows when there exists an m such that the m*™ power of the matriz
(k(4,7))s, e contains no zeros.

Exercise 9.35 (Graphical limit in the finite-types case). Prove that, in the finite-type
case, (9.5.1) holds precisely when

lim n;/n = p;. (9.5.14)

n—>r00

9.5.2 Degree sequence of IRG

We next turn to the degrees of the vertices of IRG, (p(kn)). As we shall see, the degree
of a vertex of a given type x is asymptotically Poisson with a mean

M) = / () u(dy) (9.5.15)

that depends on x. This leads to a mixed Poisson distribution for the degree D of a
(uniformly chosen) random vertex of IRG,, (p(x)). We recall that Ny denotes the number
of vertices of IRG, (p(k)) with degree k.

Theorem 9.28 (The degree sequence of IRG, (p(k))). Let (kn) be a graphical sequence of
kernels with limit k. For any fized k > 0,

k
Nie/n = / %efﬂ%(dag) (9.5.16)
s K
where © — \(z) is defined by

A(z) :/Sli(x,y)u(dy). (9.5.17)

Equivalently,
Ni/n — P(E = k), (9.5.18)



9.5 General inhomogeneous random graphs 235

where Z has the mized Poisson distribution with distribution Wy given by

P <) = [ Awuldy). (9.5.19)

In the remainder of this section, we shall give a proof of Theorem 9.28. We start by
proving Theorem 9.28 for the finite-types case, which is substantially easier. After this, we
give a proof in the general case, for which we shall need to prove results on approximations
of sequences of graphical kernels.

Proof of Theorem 9.28 in the finite-types case. Consider first the finite-type case. Take
a vertex v of type i, let D, be its degree, and let D, ; be the number of edges from v to
vertices of type j € [r]. Then, clearly, Dy =3, Dy ;.

Recall that, in the finite-types case, the edge probability between vertices of types i and
Jj is denoted by (x(4,j) An)/n. Assume that n > max k. The random variables (D, ;) e[y

are independent, and D, ; ~ Bin(n; — d:5, k(4,7)/n) LN Poi(p;k(i, 7)), where n; are the
number of vertices with type j and p; = lim,— . nj/n. Hence,

D, -4 Poi (Z ,LLj/i(i,j)) = Poi(A(i)), (9.5.20)

where \(i) = [ %(i,j)du(j) = 2, k(i, j)p;. Consequently,
P(D, = k) — P(Poi(A(i)) = k) = MF a0 (9.5.21)
v o . 5.

Let Ny i be the number of vertices in GY(n, k) of type i with degree k. Then, for fixed
Niy...,Np,

%E[Nk,i] _ %niIF’(Dv — k) = wP(Poi(A(i)) = k). (9.5.22)
It is easily checked that Var(Ny,;) = O(n). Hence,

%N,w- =5 P(Poi(A(i)) = k) = P(E = k), (9.5.23)
and thus, summing over i,
1 1 P C s
—Ni = — Nk P = i =P(E=k). .5.24
2= 30 N = PRGN = B = PE = K) (9.5.24)
This proves Theorem 9.28 in the regular finitary case. O

In order to prove Theorem 9.28 in the general case, we shall be approximating a sequence
of graphical kernels (k) by appropriate regular finite kernels:

Approximations of sequences of graphical kernels. Recall that S is a separable
metric space, and that p is a Borel measure on S with 0 < u(S) < co. We usually assume
that u(S) = 1; in this section, this makes no difference. Here the metric and topological
structure of S will be important.

Given a sequence of finite partitions Pp, = {Am1,..., Amm,, }, m > 1, of S and an
z € S, we define i, (z) by requiring that

x € Am,im(ac)~ (9525)

As usual, for A C S we write diam(A) for sup{|z — y|: =,y € A}. By taking P, as the
dyadic partition into intervals of length 27" in S, we easily see the following:
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Lemma 9.29 (Approximating partition). There exists a sequence of finite partitions Pm =
{An1, .. s Amm, b, m > 1, of S such that

(i) each Am; is measurable and p(0Anm;:) = 0;

(i) for each m, Pm+1 refines P, i.e., each Am; is a union |J Am+1,; for some set

Jmi ;

J€Imi

(iii) for a.e. x €S, diam(Ay, i, (z)) = 0 as m — 0o, where i, (x) is defined by (9.5.25)

Recall that a kernel k is a symmetric measurable function on § X S. Fixing a sequence
of partitions with the properties described in Lemma 9.29, we can define sequences of lower
and upper approximations to xk by

K (z,y) = inf{r(z’,y"): 2 € Ap i (2), ¥ € Amin )} (9.5.26)
HTtL(x7 y) = Sup{ﬁ(m',y/): ZE, S Am,im(m)a y, S Am,im(y)}' (9527)

We thus replace by its infimum or supremum on each A,,; X A,,j. As &, might be 400,
we shall use it only for bounded k.
By Lemma 9.29(ii),

Fm < Ky and k> K. (9.5.28)
Furthermore, if  is continuous a.e. then, by Lemma 9.29(iii),
km(x,y) = k(z,y) and kL (z,y) — k(z,y) for ae. (z,y) € S°. (9.5.29)

Since k,, < k, we can obviously construct our random graph so that IRG,(k,,) C IRG,(k),
D)

and in the sequel we shall assume this. Similarly, we shall assume that IRG, (x;})

IRG, (k) when & is bounded.
If (k) is a graphical sequence of kernels with limit x, we define instead
fm(T,y) = inf{(k A kn)(@",y'): 2" € Apiyi0): ¥ € Amiiwyon > m},  (9.5.30)
km(@y) = sup{(kV En) (@, ¥): 2 € A ), Y € Ami(y),n > m}. (9.5.31)
By Lemma 9.29, we have &, < x,,,,, and from Lemma 9.29(iii) and 9.27(ii) we see

that
km(z,y) S k(z,y) as m — oo, for a.e. (z,y) € S°. (9.5.32)

Moreover, when n > m, we have
En 2 Km, (9.5.33)

and we may assume that IRG, (k,,) C IRG, (kn). By the convergence of the sequence of
kernels (kr), we further obtain that also the number of edges converges:

Now we are ready to complete the proof of Theorem 9.28 for general sequences of
graphical kernels (k,). Define k,, by (9.5.30). Let ¢ > 0 be given. From (9.5.6) and
monotone convergence, there is an m such that

[ mtemtaontan > [ stetanucan = (9.5.34)

For n > m, we have k,, < kn by (9.5.33), so we may assume that IRG,(p(k,,)) C
IRG, (p(kn)). Then, by (9.5.6) and (9.5.34),

%E(IRGn (p(kn)) \IRGR (P(Km))) (9.5.35)
= ZB(G(, ) — = B(RG(p(r7,)))

=27 /S (o) - 5 [ /5 , o (@ y)a(de)(dy) < 3.
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so that, whp E(IRG,(p(kn)) \ IRG,(p(km))) < en. Let us write N\™ for the number of
vertices of degree k in IRG,, (p(k;,)). It follows that whp

N™ — Nyl < 2en 9.5.36
k

Writing 2™ for the equivalent of Z defined using &, in place of x, by the proof for the
regular finitary case, N,im)/n SN P(E"™ = k). Thus, whp,

‘Nli'm,)/n _ P(E(m) — k,)' < E. (9537)

Finally, we have E[Z] = [ MN(z)u(dz) = [[s2 w(z, y)p(dz)u(dy). Since X™ (z) < A(z),
we can assume that 2™ < Z, and thus

PEAE™) =PE-Z" > 1)

E_”("’)]—// k(z, y)p(dz)pu(dy) — // Ko (2, y)p(dz) p(dy) <

(9.5.38)

Combining (9.5.36), (9.5.37) and (9.5.38), we see that | N, /n—P(E = k))| < 4e whp. O

Let A be the random variable A(U), where U is a random variable on S having distri-
bution . Then we can also describe the mixed Poisson distribution of = as Poi(A). Under
mild conditions, the tail probabilities P(2 > ¢) and P(A > t) are similar for large t. We
state this for the case of power-law tails; the result generalizes to regularly varying tails.
As above, let D be the degree of a random vertex in IRGy(p(k»)). Let N>j be the number
of vertices with degree at least k.

Corollary 9.30 (Power-law tails for the degree sequence). Let (k,) be a graphical sequence
of kernels with limit k. Suppose that P(A > t) = p{x: Mz) >t} ~at= Y ast — oo, for
some a >0 and T > 2. Then

Nsp/n —>PE> k) ~ak ", (9.5.39)

where the first limit is for k fixzed and n — oo, and the second for k — oco. In particular,
limy, oo P(D > k) ~ ak™ ™Y as k — oco.

Proof. Tt suffices to show that P(2 > k) ~ ak~("~1); the remaining conclusions then follow
from Theorem 9.28. For any £ > 0, P(Poi(A) > t|A > (I14+e)t) — 1 and P(Poi(A) > t|A <
(1—e)t) =0t V) as t — co. It follows that P(E > t) = P(Poi(A) > ) ~ at~ "V as
t — oo. O

This result shows that the general IRG does include natural cases with power-law degree
distributions. Naturally, we have already observed in Theorem 6.6 that this is the case for
the GRG,, (w) when the weights sequence w is chosen appropriately.

9.5.3 Multitype branching processes

In order to study further properties of IRG, (p(x)), we need to understand the neigh-
borhood structure of vertices. For simplicity, let us restrict ourselves to the finite types
case. Then, for a vertex of type ¢, the number of neighbors of type j is close to Poisson
distributed with approximate mean k(7,j). Even when we assume independence of the
neighborhood structures of different vertices, we still do not arrive at a classical branching
process as discussed in Chapter 3. Instead, we can describe the neighborhood structure
with a branching process in which we keep track of the type of each of the vertices. For
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general k and p, we can even have a continuum of types. Such branching processes are
called multitype branching processes. See e.g. [16, Chapter V] or [115, Chapter I1I] for more
background on multitype branching processes. In this section, we shall only discuss the
basics and we shall quickly go to the special case of multitype branching processes where
every offspring has a Poisson distribution.

Multitype branching processes with finitely many types. Multitype branching
process can be analyzed using linear algebra. In order to do so, we first introduce some
notation. We first assume that we are in the finite types case, and denote the number of
types by r. We let j = (j1,...,7r) € Ng be a vector of non-negative integers, and denote by
p;.i) the probability that an individual of type i gives rise to an offspring j, i.e., j1 children
of type 1, j2 children of type 2, etc. The offsprings of the different individuals are all
mutually independent. Denote by Zf;)] the number of individuals of type j in generation
n when starting from a single particle of type i and Z$) = (Zf;,)u RN Zf;)J) We shall be
interested in the survival or extinction of multitype branching processes, and in the growth
of the generation sizes. In the multitype case, we are naturally lead to a matrix setup. We
now discuss the survival versus extinction of multitype branching processes. We denote
the survival probability of the multitype branching process when starting from a single
individual of type i by

¢ =P(Z # 0 for all n), (9.5.40)

(1)
y .

and we let ¢ = (g ..,¢"). Our first aim is to investigate when q = 0.

(1)

Multitype branching processes and generating functions. We write p(j) = (pj e

and we let
GV(s)=> _p§ I st (9.5.41)
J a=1

be the joint moment generating function of the offspring of an individual of type i. We write
G(s) = (GM(s),...,G"(8)) for the vector of generating functions. We now generalize
Theorem 3.1 to the multitype case. Let g satisfy ¢ = 1 — G(1 — q). By convexity of
s — G(s), there is at most one non-zero solution to the equation s = G(s) which is not
equal to 0. Define
. 0
GV (s)=E[] [ sa™"], (9.5.42)

a=1

and G (s8) = (G{(8),...,G47(s). Then, we have that G,41(8) = G.(G(8)) = G(G.(s))
and ¢ = 1 — limy 00 G (0). Naturally, the extinction probability depends sensitively on
the type of the ancestor of the branching process. On the other hand, under reasonable
assumptions, the positivity of the survival probability is independent of the initial type.
A necessary and sufficient condition for this property is that, with positive probability, a
particle of type i arises as a descendent of of a particle of type j for each type ¢ and j.

We note that when G(s) = Ms for some matrix M, then each individual in the Markov
chain has precisely one offspring, and we call this case singular. When each particle has
precisely one offspring, the multitype branching process is equivalent to a Markov chain,
and the process a.s. survives. Thus, in this case, there is no survival vs. extinction phase
transition. We shall assume throughout the remainder that the multitype branching pro-
cess is non-singular.

Survival vs. extinction and mean offspring. We continue to describe the survival
versus extinction of multitype branching processes in terms of the mean offspring. Let
ki; denote the expected offspring of type j of a single individual of type i, and let T, =

()
7pj7
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{Kij}i j=1 be the matrix of offsprings. We shall assume that there exists an I such that

the matrix M! has only strictly positive entries. This is sometimes called irreducibility, as
it implies that the Markov chain of the number of individuals of the various types is an
irreducible Markov chain. By the Perron-Frobenius theorem, the matrix M has a unique
largest eigenvalue ||Tx| with non-negative left-eigenvector x., and the eigenvalue |T||
can be computed as

[Txll= sup | Tex|2, where [x|2= (9.5.43)
x: xl2<1
We note that
E[Z,|Z7) = 72] = Txz, (9.5.44)
so that
E[Z;},] = Tre®. (9.5.45)

where T? denotes the n-fold application of the matrix T,, and e” is the vector which
has on the i*" position a 1, and further only zeroes. The identifications in (9.5.44) and
(9.5.45) have several important consequences concerning the phase transition of multitype
branching processes, as we shall now discuss in more detail.

First, when ||T«|| < 1, we have that

EZ;] < [Tl le®]l2, (9.5.46)

which converges to 0 exponentially fast. Therefore, by the Markov inequality (Theorem
2.14), the multitype branching process dies out a.s. When ||Tx|| > 1, on the other hand,
the sequence

M, = x:Z0 | Te|| " (9.5.47)

is a non-negative martingale, by (9.5.44) and the fact that x, is a left-eigenvector with
eigenvalue | Tx||, since x,Tx = || Tx||xx. By the Martingale convergence theorem (The-
orem 2.21), the martingale M, converges a.s. When we further assume some further
restrictions on M, for example that M, has finite second moment, then we obtain that
M, <55 M., and E[M,] — E[M.]. More precisely, there is a multitype analog of the
Kesten-Stigum Theorem (Theorem 3.10). Since E[M,] = E[My] = x.,e > 0, we thus

have that foj_l grows exponentially with a strictly positive probability, which implies that

the survival probability is positive. Theorem 3.1 can be adapted to show that foil =0
when || T,| = 1. See e.g. [115, Sections I1.6-11.7]. We conclude that, for non-singular and

irreducible multitype branching processes, we have that g > 0 precisely when || T.| > 1.

Poisson multitype branching processes. We call a multitype branching processes
Poisson when all the number of children of each type are independent Poisson random
variables. Thus, Z*) = (Zi”l, RN Z{’i) is a vector of independent Poisson random variables
with means (Ki1,,...,kri). As we shall see later, Poisson multitype branching processes
arise naturally when exploring a component of IRG,(p(k)) starting at a vertex of type x.
This is directly analogous to the use of the single-type Poisson branching process in the
analysis of the Erdés-Rényi graph ER,(A\/n) as discussed in detail in Chapters 4 and 5.
For Poisson multitype branching processes, we obtain that

. r () s
G (s) = E[J ] s2%] = eZo=t railea=l) — o(Tale=)i, (9.5.48)

a=1
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Thus, the vector of survival probabilities g satisfies
g=1-—¢Tr9, (9.5.49)

This leads us to the investigation of eigenfunctions of non-linear operators of the form
f — 1—e~T=/ We now extend the above setting of finite-type Poisson multitype branching
processes to the infinite type case.

Poisson multitype branching processes with infinitely many types. Let s be
a kernel. We define the Poisson multitype branching processes with kernel x as follows.
Each individual of type x € S is replaced in the next generation by a set of individuals
distributed as a Poisson process on S with intensity x(x,y)u(dy). Thus, the number of
children with types in a subset A C S has a Poisson distribution with mean [ 4 K@, y)p(dy),
and these numbers are independent for disjoint sets A and for different particles; see e.g.,
Kallenberg [138].

Let {x(z) be the survival probability of the Poisson multitype branching process with
kernel k, starting from an ancestor of type z € S. Set

- :/Scn(w)u(dw)- (9.5.50)

Again, it can be seen in a similar way as above that (x > 0 if and only if ||Tx| > 1, where
now the linear operator T is defined, for f: S — R,

(Taf)(a) = [ sl y) )n(dy), (9.5.51)
s

for any (measurable) function f such that this integral is defined (finite or 4+00) for a.e.

z €S.

Note that T, f is defined for every f > 0, with 0 < T.f < co. If k € L'(S x S), as
we shall assume throughout, then Tk f is also defined for every bounded f. In this case
T,.f € L'(S) and thus T, f is finite a.e.

As we shall see, the analysis of multitype branching processes with a possibly uncount-
able number of types is a bit more functional analytic. Similarly to the finite-type case in
(9.5.43), we define

ITall = sup {I T ll2s £ 20, 1fl2 < 1} < o0, (9.5.52)

When finite, ||T.| is the norm of T, as an operator on L*(S); it is infinite if T, does not
define a bounded operator on L?. The norm ||Ty|| is at most the Hilbert-Schmidt norm of
T

1/2
Tl < [Tl = Il = ([ steputanuan) = 0559

We also define the non-linear operator ®,.. by
(@nf)(x)=1—e TN pes, (9.5.54)

for f > 0. Note that for such f we have 0 < T,f < oo, and thus 0 < &, f < 1. We
shall characterize the survival probability (.(z), and thus (., in terms of the non-linear
operator ®,, showing essentially that the function x +— (. (z) is the maximal fixed point of
the non-linear operator ®, (recall (9.5.49)). Again, the survival probability satisfies that
¢ > 0 precisely when || Tx|| > 1, recall the finite-types case discussed in detail above.

We call a multitype branching process supercritical when | T| > 1, critical when
IT«| <1, and subcritical when ||Tx|| < 1. Then, the above discussion can be summarized
by saying that a multitype branching process survives with positive probability precisely
when it is supercritical.
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9.5.4 The phase transition for inhomogeneous random graphs

In this section, we discuss the phase transition in IRG, (p(x)). The main result shows
that there is a giant component when the associated multitype branching process is super-
critical, while otherwise there is not:

Theorem 9.31 (Giant component of IRG). Let (k) be a sequence of irreducible graphical
kernels with limit k, and let Cmax denote the largest connected component of IRGr (p(kn)).
Then,

|Canax| /1 — Ca. (9.5.55)

In all cases (. < 1, while ¢ > 0 precisely when || Tx|| > 1.

Theorem 9.31 is a generalization of the law of large numbers for the largest connected
component in Theorem 4.8 for ER,(A/n):

Exercise 9.36 (LLN for Cmax for ER,(A\/n)). Prove that, for the Erdds-Rényi random

graph, Theorem 9.31 implies that |Cmax|/n 25 Cx, where Cy is the survival probability of a
Poisson branching process with mean A\ offspring.

We close this section by discussing a few examples of Theorem 9.31.

The bipartite random graph. We let n be even and take S = {1,2} and
kn(,y) = (@, y) = Mz /2. (9.5.56)

Thus, for ¢ < j, the edge probabilities p;; given by (9.5.7) are equal to A/(2n) (for 2n > X)
when ¢ € [n/2] and j € [n] \ [n/2].

In this case, | Tx| = X with corresponding eigenfunction f(z) = 1 for all z € S.
Thus, Theorem 9.31 proves that there is a phase transition at A = 2. Furthermore, the
function ¢x (z) reduces to the single value ¢, /2, which is the survival probability of a Poisson
branching process with mean offspring A/2. This is not surprising, since the degree of each
vertex is Bin(n/2, A\/n), so the bipartite random graph of size n is quite closely related the
Erd8s-Rényi random graph of size n/2.

The finite-type case. The bipartite random graph can also be viewed as a random
graph with two types of vertices (i.e., the vertices [n/2] and [n]\ [n/2]). We now generalize
the results to the finite-type case, in which we have seen that k, is equivalent to an r X r-
matrix (kn (%, 5))i,jer], Where 7 denotes the number of types. In this case, IRG,(p(x)) has
vertices of r different types (or colors), say n; vertices of type i, with two vertices of type i
and j joined by an edge with probability n™ ", (i,4) (for n > max k). This case has been
studied by Séderberg [205, 206, 208, 207], who noted Theorem 9.31 in this case.

Exercise 9.37 (Phase transition for r = 2). Compute (. in the case of two types, and
give necessary and sufficient conditions for (. > 0.

Exercise 9.38 (The size of small components in the finite-types case). Prove that, in the
finite-types case, when (kn) converges, then sup,, , ,, kn(z,y) < oo holds, so that the results
of Theorem 9.33 apply in the sub- and supercritical cases.
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The random graph with prescribed expected degrees. We next consider the
Chung-Lu model or expected degree random graph, where x, is given by (9.5.9), i.e.,
kin(i/n, j/n) = wiw; /E[Wa].

We first assume that Condition 6.4(a)-(c) hold, so that in particular E[IW?] < oo,
where W has distribution function F. A particular instance of this case is the choice
w; = [1 — F]7(i/n) in (6.1.10). In this case, the sequence (x,) converges to , where the
limit & is given by (recall (9.5.10))

r(z,y) = ()¢ (y) /EW], (9.5.57)

where 9(z) = [I — F]"!(2) Then, we note that for each f > 0 with || f|2 =1,

i Js @S @)da)
(L)) = o) ST

sothat | Ty fll2 = [ (x)f(z)u(dz)/ [s(x)u(dr), which is maximal when f(x) = o (x)/|[1||2.
We conclude that || T | = [[¢[|3/ [ v (z)u(dz) = E[W?]/E[W]. Thus,

(9.5.58)

| T || = E[W?]/E[W], (9.5.59)

and we recover the results in [69, 72] in the case where E[IW?] < co. In the case where
E[W?] = 0o, on the other hand, we see that || T, f||2 = oo for every f with ||f||2 = 1 such
that [ () f(x)u(dr) # 0, so that | Tx|| = oo, so that CLy(w) is always supercritical in
this regime.

Exercise 9.39 (The size of small components for CL,(w)). Prove that, for CL,(w)
with weights given by (6.1.10) and with 1 < v < oo, the second largest cluster has size
|C2y| = Ow(logn) when W has bounded support or is a.s. bounded below by € > 0, while if
v <1, |Cmax| = O(logn) when W has bounded support. Here W is a random variable with
distribution function F'.

9.5.5 Small-world effect in inhomogeneous random graphs

In this section, we consider the distances between vertices of IRG,(p(rn)) where, as
usual, (kn) is a graphical sequence of kernels with limit .

Let us write dists(i,j) for the graph distance between the vertices i, j € [n] in a graph
G, where the graph distance is the minimum number of edges in the graph G that form
a path from 4 to j, and, by convention, we let dists(4,7) = oo when i,j are in different
connected components.

We define the typical graph distance to be H,, where H, = diste(V4, V2) is the graph
distance between two vertices V1, Vo which are chosen uniformly at random from [n]

We start by discussing logarithmic asymptotics of the typical graph distance in the
case where v = ||Tk| € (1,00). When |T«|| = oo, then our results also prove that
H,, = o:(logn), but they do not tell us much about their exact asymptotics.

Logarithmic asymptotics of typical graph distance in IRG,(p(%»)). The main
result on typical graph distances in IRG,, (p(kr)) is as follows:

Theorem 9.32 (Typical distances in IRG, (p(kn))). Let (kn) be graphical sequence of ker-
nels with limit k, and with v = || Tx|| € (1,00). Let € > 0 be fized. Then, for IRG,(p(kn)),

(@) Ifsup, , , kn(z,y) < 00, then

P(H, < (1 —¢)log, n) = o(1). (9.5.60)
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(i) If k 1is irreducible, then
P(H, < (1+4¢)log,n) = ¢ +o(1). (9.5.61)

In the terminology of Section 1.2, Theorem 9.32(ii) implies that IRG, (p(x)) is a small
world when « is irreducible and v = ||Tx|| < co. Theorem 9.32(i) shows that the graph
distances are of order ©(logn) when sup,, , , kn(z,y) < 00, so that IRG,(p(k=)) is not an
ultra-small world. The intuition behind Theorem 9.32 is that, by (9.5.45) and (9.5.47), a
Poisson multitype branching process with kernel x has neighborhoods that grow exponen-
tially, i.e., the number of vertices at distance k grows like || T\||*. Thus, if we examine the
distance between two vertices Vi and V2 chosen uniformly at random from [n}, then we
need to explore the neighborhood of vertex Vi up to the moment that it ‘catches’ vertex Va.
In this case, the neighborhood must be of size ~ n, so that we need that | T.||* = v* ~ n,
i.e., k = kn, ~ log,n. However, proving of such a fact is quite tricky, since there are far
fewer possible further vertices to explore when the neighborhood has size ~ n. The proof
overcomes this fact by exploring from the two vertices V1 and V2 simultaneously up to the
first moment that these neighborhoods share a common vertex. At this moment, we have
found the shortest path.

Discussion of the proof of Theorem 9.32(i). Theorem 9.32(i) is closely related to
Theorem 9.5. The proof of Theorem 9.5 can be extended to IRG, (p(kn)) for certain (k)
by noting that

(T Ty ) (9.5.62)

P(disting, e (i,4) = k) < Y .

k—1
i1,0ig—1€[n] 1

=0

where ig = 4,1, = 7, so that

k—1
1
P(H, =k) < — > 1] fn(@is i) (9.5.63)
=0

n . . . .
10,815yl 1,0k €[N]

If the above (k + 1)-dimensional discrete integrals could be replaced by the continuous
integral, then we would arrive at

k

k
L N
n/s [SH”($17$Z+1)HM(dxz) = T 1, (9.5.64)

1=0 =0

which is bounded from above by 2||T.||**'. Repeating the bound in (9.2.10) would then
prove that, when v = || T.|| > 1,

P(H, < (1 —¢€)log, n) = o(1). (9.5.65)

However, in the general case, it is not so easy to replace the (k + 1)-fold discrete sum
in (9.5.63) by a (k + 1)-fold integral. In the exercises below, we show how we can carry
through the above argument:

Exercise 9.40 (Logarithmic lower bound graph distances IRG, (p(k»)) of finite-types).
Suppose that IRG,(p(kn)) is of finite type, and assume that n;/n — p;, where n; is the
number of vertices of type i. Suppose further that the probability that a vertex of type i is
directly connected to one of type j is equal to [ki; A n]/n for some matriz (kij); je[r) with
largest eigenvalue v = |Tx|| > 1. Prove that

P(H, < (1 —¢)log, n) = o(1). (9.5.66)
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Exercise 9.41 (Extension to the setting of Theorem 9.32). Assume that the conditions
in Theorem 9.32 hold. Recall the bound in (9.5.31), which bounds r, from above by &\,
which is of finite-type. Then, use the fact that ||T + | | | T«|| = v > 1 to conclude that

P(H, < (1 —¢€)log, n) = o(1) holds under the conditions of Theorem 9.32.

Note that
{{v, w}: diste (v, w) < co}| = Z (C;”), (9.5.67)

where {v, w} denotes an unordered pair of distinct vertices of G and where C(;, denote the
connected components of G arranged in decreasing order, so that C1y = Cmax. Thus, by
Theorem 9.31, if & is irreducible, then

P(H, < 00) = (2 + o(1). (9.5.68)

Thus, Theorem 9.32(i-ii) can be reformulated by saying that if sup, , , kn(z,y) < co and
if v =||Tx|| > 1, then

Hy,
P(1-c< <leHn <o) 1. (9.5.69)
log, n

v

As a result, conditionally on H, < co, we have that H, /logn — 1/logv:

Exercise 9.42 (Convergence in probability of typical distance in IRG, (p(kn))). Suppose
that the graphical sequence of kernels (kn) satisfies SUp, , » Kn (z,y) < 0o, where the limit
k s irreducible and v = ||Tx|| > 1. Prove that Theorem 9.31 together with Theorem
9.82(i—i1) imply that, conditionally on H, < oo,

H,/logn — 1/logwv. (9.5.70)

Theorem 9.32 leaves open the case when ||Tx|| = oo, which, for example for CL,(w),
is the case when F has infinite second moment. [47, Theorem 3.14(iv)] states that when
||Tx|| = oo, the typical graph distance is smaller than logn. More precisely, [47, Theorem
3.14(iv)] states that if x is irreducible and ||Tx|| = oo, then there is a function f(n) =
o(logn) such that

P(H, < f(n)) = ¢+ o(1). (9.5.71)

Exercise 9.43 (Convergence in probability of typical distance in IRG,(p(xn))). Suppose
that the graphical sequence of kernels (kn) converges to k, where k is irreducible and || Ty|| =
00. Prove that Theorem 9.31 together with Theorem 9.32(iii) imply, conditionally on H, <
w)

H,/logn — 0. (9.5.72)
9.6 Related results for inhomogeneous random graphs

In this section, we discuss some related results for inhomogeneous random graphs. While
we give intuition about their proofs, we shall not include them in full detail.
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The largest subcritical cluster. For the classical random graph ER,(A/n), it is well-
known that in the subcritical case for which A < 1, the stronger bound |Cmax| = ©(logn)
holds (see Theorems 4.4-4.5), and that in the supercritical case for which A > 1, |C2)| =
O(logn). These bounds do not always hold in the general framework we are considering
here, but if we add some conditions, then we can improve the estimates in Theorem 9.31
for the subcritical case to O(logn):

Theorem 9.33 (Subcritical phase and duality principle of the IRG). Consider the inho-
mogeneous random graph IRG, (p(k»)), where (ky) is a graphical sequence of kernels with
limit k. Then,

(4) if s is subcritical and sup, , , kn(z,y) < 00, then |Cmax| = Oz(logn).

(i1) if k is supercritical, k is irreducible, and eitherinfy y n fin(2,y) > 0 orsup, , , kn(2,y) <
00, then |C(2)| = Op(logn).

When lim, o0 sup,, ,, kn(z,y) = oo, the largest subcritical clusters can have rather
different behavior, as we now show for the rank-1 case. Note that, by Theorem 9.31 as well
as the fact that | T,|| = v = E[W?]/E[W], a rank-1 model can only be subcritical when
E[W?] < oo, i.e., in the case of finite variance degrees. However, when T has a power-law
tail, i.e., when P(W > w) ~ w1V then the highest weight can be much larger than
logn. When this is the case, then also the largest subcritical cluster is much larger than
log n, as proved in the following theorem:

Theorem 9.34 (Subcritical phase for rank-1 IRG). Let w satisfy Condition 6.4(a)-(c)
with v = E[W?]/E[W] < 1, and, further, that there exists a constant c2 > 0 such that

[1— Fo)(z) < con™ 7Y, (9.6.1)

Then, for NRn(w) with A = max;cp,) wy,

A _
ICimax| = ——— + 0p(n*/ "7 V). (9.6.2)
1—v
Theorem 9.34 is most interesting in the case where the limiting distribution function F'
in Condition 6.4 has a power-law tail. For example, for w as in (6.1.10), let F satisfy

[1— F)(z) = cz™ " (1 + o(1)). (9.6.3)

Then, A = w; = [1-F]~}(1/n) = (en)" "~V (140(1)). Therefore, |Cmax| = (cn)* "~ /(1—
v) 4 o(n'/"=Y . Thus, the largest connected component is much larger than for ER,,(\/n)
with A < 1.

Theorem 9.34 can be intuitively understood as follows. The connected component of a
typical vertex is close to a branching process, so that it is with high probability bounded
since the expected value of its cluster will be close to 1/(1—v). Thus, the best way to obtain
a large connected component is to start with a vertex with high weight w;, and let all of its
roughly w; children be independent branching processes. Therefore, in expectation, each
of these children is connected to another 1/(1 — v) different vertices, leading to a cluster
size of roughly w;/(1 — v). This is clearly largest when w; = max;c[,) w; = A, leading to
an intuitive explanation of Theorem 9.34.

Theorems 9.33 and 9.34 raise the question what the precise conditions for |Cmax| to
be of order logn are. Intuitively, when A >> logn, then |Cmax| = A/(1 — v)(1 + 0:(1)),
whereas if A = O(logn), then |Cmax| = Op(logn) as well. In [216], it was proved that
|Cmax|/ log n converges in probability to a finite constant when v < 1 and the weights are
i.i.d. with distribution function F' with E[eaw] < oo for some a > 0, i.e., exponential tails
are sufficient.
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The critical behavior of rank-1 random graphs. We next discuss the effect of
inhomogeneity on the size of the largest connected components in the critical case. As it
turns out, the behavior is rather different depending on whether IE[W3] < 0o or not.

Theorem 9.35 (The critical behavior with finite third moments). Fiz the Norros-Reittu
random, graph with weights w(t) = w(1+tn""PT"V) " Assume that v = 1, that the weight
sequence w satisfies Condition 6.4(a)-(c), and further assume that

E[Wa] =EW]+o(n™""?),  EW:]=EW?]+o(n™"%),  E[W.]=EW’]+o(1)
(9.6.4)
Let (|Ciy(t))i>1 denote the clusters of NRy(w(t)) with w(t) = (1 +tn~/*)w, ordered in
size. Then, as n — oo, for allt € R,

(21 (O 150 = (3F®) 51 (9.6:5)

in the product topology, for some limiting random variables (’yf (t))i>14

The limiting random variables (v; (t)) ., are, apart from a multiplication by a constant

and a time-rescaling, equal to those for ER,(\/n) in the scaling window (see Theorem
5.4).

When E[W?~¢] = oo for some & > 0, it turns out that the scaling of the largest critical
cluster is rather different:

Theorem 9.36 (Weak convergence of the ordered critical clusters for 7 € (3,4)). Fiz the
Norros-Reittu random graph with weights w(t) = w(l + tn"~3 V) defined in (6.1.10).
Assume that v =1 and that there ezists a T € (3,4) and 0 < cp < co such that

lim 27 '[1 — F(z)] = cr. (9.6.6)

T —r 00

Let (|Ciy(t)])i=1 denote the clusters of NRy (w(t)), ordered in size. Then, as n — oo, for
allt € R,

(n= T TIen (1)) 0y 5 (i#)iz1, (9.6.7)

in the product topology, for some non-degenerate limit (v;(t))i>1.

In this chapter, we have already seen that distances depend sensitively on the finiteness
of E[W?]. Now we see that the critical behavior is rather different when E[W?] < oo or
E[W?] = co. Interestingly, in the power-law case as described in (9.6.6), the size of the
largest clusters grows like n<772)/(771), which is much smaller than the n?/3 scaling when
E[W?] < co. The proof of Theorems 9.35 and 9.36 also reveals that the structure of large
critical clusters is quite different. When E[IW?3] < oo, then the vertex with largest weight
is in the largest connected component with vanishing probability. Therefore, the largest
connected component arises by many attempts to create a large cluster, and each trial has
roughly the same probability. This can be formulated as power to the masses. In the other
hand, for weights w as in (6.1.10) for which (9.6.6) holds, the vertices with largest weight
are with probability bounded away from 0 and 1 in the largest cluster, while a vertex with
small weight is in the largest cluster with vanishing probability. Thus, to find the largest
clusters, it suffices to explore the clusters of the high-weight vertices: power to the wealthy!
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Fluctuations of distances in the finite variance case. We continue by studying the
fluctuations of the typical graph distance when E[W?] < co. We shall impose a slightly
stronger condition on the distribution function F' of W, namely, that there exists a 7 > 3
and ¢ > 0 such that

1—F(z) <cx 7Y, (9.6.8)

Equation (9.6.8) implies that the degrees have finite variance:

Exercise 9.44 (Finite variance degrees when (9.6.8) holds). Prove that (9.6.8) implies
that IE[W2] < 00. Use this to prove that the degrees have uniformly bounded variance when
(9.6.8) holds.

Theorem 9.37 (Limit law for the typical graph distance in CL, (w)). Assume that (9.6.8)
is satisfied, and let v = E[W?|/E[W] > 1. Fork > 1, define a, = |log, k] —log, k € (—1,0].
Then, for CLn(w) with w as in (6.1.10), there exist random variables (Ra)ae(—1,0) with
limsupye_, o SUP,e(—1,0) P(|Ra| < K) =1 such that, as n — oo,

P(H, — |log, n] =k | Hy < 00) =P(Ra, =k)+ o(1), keZ. (9.6.9)

While Theorem 9.32 implies that, conditionally on H, < oo, Hy/logn SN 1/logv,
Theorem 9.37 implies that the fluctuations of H, around log, n remain uniformly bounded
in probability.

The random variables (Ra)ae(—1,0) can be determined in terms of the limit law in a
branching process approximation of the neighborhoods of CL, (w), and depend sensitively
on a, which implies that although {H, — |log, n|}n=- is a tight sequence of random vari-
ables, it does not weakly converges.

Exercise 9.45 (Tightness of centered typical graph distances in CLy(w)). Prove that,
under the conditions of Theorem 9.87, and conditionally on Hy, < oo, the sequence {Hy, —
llog, n]}os is tight.

Exercise 9.46 (Non-convergence of centered typical graph distances in CLy,(w)). Prove
that, under the conditions of Theorem 9.37, and conditionally on H, < oo, the sequence
H, — |log, n] does not weakly converge when the distribution of Rq depends continuously
on a and when there are a,b € (—1,0] such that the distribution of Ra is not equal to the
one of Ry.

Exercise 9.47 (Extension Theorem 9.37 to GRG,,(w) and NR,,(w)). Use Theorem 6.17
to prove that Theorem 9.37 holds verbatim for GRG,(w) and NR, (w) when (9.6.8) holds.

The diameter in inhomogeneous random graphs. We shall also be interested in
the diameter of IRG, (p(kr)), which is defined to be the maximal finite graph distance
between any pair of vertices, i.e., the diameter diam(G) of the graph G equals

diam(G) = max diste (u, v). (9.6.10)

w,v: distg(u,v)<oco

We shall see that for IRG,(p(x)), the diameter tends to be much larger than the typi-
cal graph distances, which is due to long thin lines which are distributed as subcritical
IRG,(p(k)) with a subcritical x by a duality principle for IRG,(p(x)). Before we state
the results, we introduce the notion of the dual kernel:

Definition 9.38 (Dual kernel for IRG,(p(k))). Let (kn) be a sequence of supercritical
kernels with limit k. The dual kernel is the kernel & defined by k(z,y) = k(x,y), with
reference measure dpi(z) = (1 — (e (x))p(dz).
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The dual kernel shall describe the graph after the removal of the giant component.
Here, the reference measure i measures the size of the graph. In this case, a vertex x
is in the giant component with probability 1 — (.(x), in which case it must be removed.
Thus, 1 describes the proportion of vertices of the various types which are outside the
giant component. As before, we define the operator T by the equality

(T2 f)(x) = / Rz, y) f(y)da(y) = / (2, ) Q)L — Co(@)]a(dy), (9.6.11)

S

and we write ||Tz|| for

IT[| = sup {|Tzfll2: £ >0,]f]

a2 =1}, (9.6.12)

where

I£12.2 = / £ (@)ida). (9.6.13)

Theorem 9.39 (The diameter of IRG,(p(k)) in the finite-types case). Let (kn) be a
sequence of kernels with limit k, which has finitely many types. If 0 < | Tx|| < 1, then

diam(IRG,, (p(kn))) = 1
i AR (9.6.14)
asn — oo. If | Tx|| > 1 and k irreducible, then
diam(IRG, (p(kn))) = 2 1
n 7 9.6.15
fog n Iog [TH1 " * Tog [T, (019

where & is the dual kernel to k.

If we compare Theorem 9.39 to Theorem 9.37, we see that the diameter has the same
scaling as the typical graph distance, but that the limit in probability of diam(IRG, (p(k)))/ log n
is strictly larger than the one for H, /logn conditioned on H, < oco. This effect is particu-
larly noticeable in the case when 7 € (2, 3), where H,/loglogn, conditionally on H, < oo,
converges in probability to a finite limit, while diam(IRG,(p(k)))/logn converges to a
non-zero limit. This can be explained by noticing that the diameter in IRG, (p(k)) arises
due to very this lines of length of order logn. Since these this lines involve only very few
vertices, they will not contribute to H,,, but they do to diam(IRG,(p(x))). This is another
argument why we prefer to work with typical graph distances than with the diameter.

9.6.1 Clustered inhomogeneous random graphs

General inhomogeneous random graphs have rather low clustering. Indeed, assuming
that kn(z,y < n, we can compute that the expected number of triangles in an IRG,, (p(k))
is equal to

E[# triangles in IRG, (p(k))] = % Z Fon (X, ) Kn (T, Tk ) Kn (T, T3). (9.6.16)

i,5,k€[n]

Under relatively weak conditions on the kernel k,, it follows that

E[# triangles in IRG, (p(x))] — /53 k(z1, z2)k(x2, T3)K(23, x1)p(da1) pw(dre ) p(des).

(9.6.17)
Therefore, the clustering coefficient converges to zero as 1/n. In many real-world net-
works, particularly in social networks, the clustering coefficient is strictly positive. In this
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section, we discuss a model similar to the inhomogeneous random graph IRG, (p(x)) that
incorporates clustering.

The idea behind this model is that instead of only adding edges independently, we
can also add other graphs on r vertices in an independent way. For example, we could
study a graph where each pair of vertices is independently connected with probability
A/n, as for ER,(A\/n), but also each collection of triples forms a triangle with probability
u/n?, independently for all triplets and independently of the status of the edges. Here the
exponent 2 is chosen to as to make the expected number of triangles containing a vertex
bounded.

Exercise 9.48 (Clustering in model with edges and triangles). Show that the cluster-
ing coefficient in the model where each pair of vertices is independently connected with
probability A\/n, as for ER,(A\/n) and each triples forms a triangle with probability p/n>,
mdependgntly for all triplets and independently of the status of the edges, converges to
/(4 A%).

In social networks, also complete graphs of size four, five, etc., are present more often
than in usual random graph. Therefore, we also wish to add those independently. In order
to formulate this general version of the model, we start by introducing some notation.

Let F consist of one representative of each isomorphism class of finite connected graphs,
chosen so that if F' € F has r vertices then V(F) = [r] = {1,2,...,r}. Simple examples of
such F' are the complete graphs on r vertices, but also other examples are possible. Recall
that S denotes the type space. Given F' € F with r vertices, let kr be a measurable
function from 8" to [0,00). The function kr is called the kernel corresponding to F. A
sequence k = (kr)rer is a kernel family.

Let K be a kernel family and n an integer. We define a random graph IRG, (k) with
vertex set [n] = {1,...,n}. Firstlet 1, z2,..., 2, € S bei.i.d. (independent and identically
distributed) with the distribution p. Given x = (21, ...,zy), construct IRG, (k) as follows,
starting with the empty graph. For each r and each F € F with |F| = r, and for every
r-tuple of distinct vertices (v1,...,v,) € [n]", add a copy of F' on the vertices v1,...,v,
(with vertex i of F' mapped to v;) with probability

KE(Toyye oy To,)
n'rfl

p=pvi,...,v; F) = , (9.6.18)

all these choices being independent. Here, if p > 1, by convention we simply add a copy
with probability 1. We shall often call the added copies of the various F' that together
form IRG,(K) atoms as they may be viewed as indivisible building blocks. Sometimes we
refer to them as small graphs, although there is in general no bound on their sizes.

The reason for dividing by n"~! in (9.6.18) is that we wish to consider sparse graphs;
indeed, our main interest is the case when IRG,, (k) has O(n) edges. As it turns out, we can
be slightly more general; however, when xr is integrable (which we shall always assume),
the expected number of added copies of each graph F' is O(n). Note that all incompletely
specified integrals are with respect to the appropriate r-fold product measure p” on S".

There are several plausible choices for the normalization in (9.6.18). The one we have
chosen means that if kp = c is constant, then (asymptotically) there are on average cn
copies of F' in total, and each vertex is on average in rc copies of F. An alternative is to
divide the expression in (9.6.18) by r; then (asymptotically) each vertex would on average
be in ¢ copies of F. Another alternative, natural when adding cliques only but less so in
the general case, would be to divide by r!; this is equivalent to considering unordered sets
of r vertices instead of ordered r-tuples. When there is only one kernel, corresponding to
adding edges, this would correspond to the normalization used in [47], and in particular to
that of the classical model ER,(A/n); the normalization we use here differs from this by a
factor of 2.
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In the special case where all k7 are zero apart from Kk, , the kernel corresponding to an
edge, we recover (essentially) a special case of the model of [47]; we call this the edge-only
case, since we add only edges, not larger graphs. We write k2 for kx,. Note that in the
edge-only case, given x, two vertices ¢ and j are joined with probability

ko(xi, zj) + ko (zj, x5) 40 ((/iz(:m,:rj) +2/£2(xj,:vi))2) . (9.6.19)
n n
The correction term will never matter, so we may as well replace k2 by its symmetrized
version. In fact, we shall always assume that xp is invariant under permutations of the
vertices of the graph F.
For any kernel family K, let k. be the corresponding edge kernel, defined by

,y Z Z / (:Uh...,xifl,x,xzurh...,xj,17y,acj+1,...,m‘p|),
T ieBimy sV (i}
(9.6.20)
where the second sum runs over all 2E(F’) ordered pairs (z,j) with ij € Edges(F), and
we integrate over all variables apart from x and y. Note that the sum need not always
converge; since every term is positive this causes no problems: we simply allow k. (z,y) = oo
for some z,y. Given z; and x;, the probability that ¢ and j are joined in G(n, k) is at most
Ke(xi,x;)/n + O(1/n?). In other words, . captures the edge probabilities in G(n, &), but
not the correlations.
Before proceeding to deeper properties, let us note that the expected number of added
copies of F'is (14+O0(n™"))n fs‘p‘ k. Unsurprisingly, the actual number turns out to be
concentrated about this mean. Let

=Y E(F) /m /Sz Ke < 00 (9.6.21)

FeF

be the asymptotic edge density of K. Since every copy of F' contributes E(F') edges, the
following theorem is almost obvious, provided we can ignore overlapping edges.

Theorem 9.40 (The edge density in IRG,(K)). As n — oo, E[E(IRG,(K))/n] — £(K) <
0o Moreover, E(IRG,(K))/n converges in probability to the asymptotic edge density £(R).
In other words, if £(k) < oo then E(IRGn(K)) = £(K)n + op(n), and if {(K) = oo then
E(IRG,(R)) > Cn for every constant C, whp.

The main focus is the emergence of the giant component. By the component structure
of a graph GG, we mean the set of vertex sets of its components, i.e., the structure encoding
only which vertices are in the same component, not the internal structure of the compo-
nents themselves. When studying the component structure of IRG, (%), the model can be
simplified somewhat. Recalling that the atoms F' € F are connected by definition, when
we add an atom F' to a graph G, the effect on the component structure is simply to unite
all components of G that meet the vertex set of F', so only the vertex set of F' matters, not
its graph structure. We say that k is a clique kernel family if the only non-zero kernels are
those corresponding to complete graphs; the corresponding random graph model IRG,, (k)
is a clique model. For questions corresponding component structure, it suffices to study
clique models. For clique kernels we write k, for ki, ; as above, we always assume that
Ky is symmetric, here meaning invariant under all permutations of the coordinates of S".
Given a general kernel family %, the corresponding (symmetrized) clique kernel family is
given by K = (kr)r>2 with

1
K,T(l‘l,...,x,«) = Z F Z /ip(x,ru),...,xﬂ.(r)), (9.6.22)

FeF: |F|l=r  7w€G,
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where &, denotes the symmetric group of permutations of [r]. (This is consistent with
our notation k2 = Kk,.) When considering the size (meaning number of vertices) of the
giant component in IRG,(k), we may always replace k by the corresponding clique kernel
family.

It is often convenient to think of a clique model as a random hypergraph, with the cliques
as the hyperedges; for this reason we call a clique kernel family a hyperkernel. Note that
each unordered set of r vertices corresponds to r! r-tuples, so the probability that we add
a K, on a given set of r vertices is 7!k, (Zv,, ..., Ty, )/n" . (More precisely, this is the
expected number of K,s added with this vertex set.)

In our analysis we also consider the linear operator 7T}, defined by

To.(f)(x) = / e (2, 9) £ () dia(y), (9.6.23)

S

where k. is defined by (9.6.20). We need to impose some sort of integrability condition on
our kernel family:

Definition 9.41. (i) A kernel family & = (kr)rer is integrable if

/E = > |F| n BT < oo0. (9.6.24)

FeF
This means that the expected number of atoms containing a given vertex is bounded.

(i) A kernel family K = (kr)rer is edge integrable if

> E(F)/ KF < 00; (9.6.25)

F
FeF SIF|

equivalently, (k) < oo or fs2 Ke < 00. This means that the expected number of edges

i G(n,k) is O(n), see Theorem 9.40, and thus the expected degree of a given vertex is
bounded.

Note that a hyperkernel (k) is integrable if and only if 3 -, [s, kr < 00, and edge
integrable a

The main results concerning the phase transition on IRG,, (k) is that if ¥ is an integrable
kernel family satisfying a certain extra assumption, then the normalized size of the giant
component in IRG, () is simply ((K) + 0p(1). The extra assumption is an irreducibility
assumption similar to Definition 9.27(ii) that essentially guarantees that the graph does
not split into two pieces: we say that a symmetric kernel . : S — [0, 00) is reducible if

3A C § with 0 < p(A) < 1 such that ke =0 a.e. on A x (S\ A);

otherwise k. is irreducible. Thus, k. is irreducible if
ACS and ke =0 a.e. on A x (S\ A) implies u(A) =0 or u(S\ A) =0.

We are now ready to formulate the main result in this section involving the phase
transition in IRGy(K). Recall that |Cmax| denotes the number of vertices in the largest
connected component of the graph under consideration, and |C(»)| the number of vertices
in its second largest component.
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Theorem 9.42 (The phase transition on clustered inhomogeneous random graphs). Let
~

K = (kp)rer be an irreducible, integrable kernel family, and let & = (kr)r>2 be the
corresponding hyperkernel, given by (9.6.22). Then, there exists a (k) € [0,1) such that

|Cinax| = C(R)n + 0p(n), (9.6.26)
and |Ciz)| = op(n).

Theorem 9.42 is proved by showing that (in the hyperkernel case) the branching process
that captures the ‘local structure’ of IRG, (k). For Theorem 9.42 to be useful we would
like to know something about (&), which can be calculated from (z, which is in turn the
largest solution to the functional equation:

f=1—e 5xO®), (9.6.27)
The question when (k) > 0 is settled in the following theorem:

Theorem 9.43 (Condition for existence giant component). Let K be an integrable hyper-
kernel. Then, (k) > 0 if and only if ||Tx.|| > 1. Furthermore, if K is irreducible and
[|Tx.|| > 1, then (x(x) is the unique non-zero solution to the functional equation (9.6.27),
and (z(x) > 0 holds for a.e. x.

In general, ||T%,|| may be rather hard to calculate. When we suppose that each ki,
is constant, however, this can be done. Indeed, say that x, = c¢,. Then ke(z,y) =
>, r(r—1)e, = 2€(k) for all x and y, so

| Ts || = 26(). (9.6.28)

This is perhaps surprising: it tells us that for such uniform hyperkernels, the critical point
where a giant component emerges is determined only by the total number of edges added;
it does not matter what size cliques they lie in, even though, for example, the third edge
in every triangle is ‘wasted’. This turns out not to be true for arbitrary kernel families,
where, rather each atom needs to be replaced by a clique.

9.7 Notes and discussion

Notes on Section 9.1. Theorem 9.2 is taken from [133], where the giant component is
investigated for the configuration model. We explain its proof in detail in Section 10.1,
where we also prove how the result for the configuration model in Theorem 10.1 can be
used to prove Theorem 9.2.

Theorem 9.3 has a long history, and many versions of it have been proven in the litera-
ture. We refer the reader to [66, 68] for the Chung-Lu model, and [102] for its extensions
to the Norros-Reittu model and the generalized random graph. Theorem 9.4 has also been
proved in many versions, both fully as well as in partial forms, see [182], [66, 68], as well
as the recent paper [84].

Notes on Section 9.2. As far as we are aware, the proof of Theorem 9.5 is new in the
present context. Similar arguments have been used often though to prove lower bounds on
distances in various situations.

Notes on Section 9.3. Proposition 9.10 appears first as [182, Proposition 3.1], where
the connection between NR, (w) and Poisson branching processes were first exploited to
prove versions of Theorem 9.4.
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Notes on Section 9.4. The path counting techniques in Proposition 9.17 are novel.
Related proofs for the upper bound on H, when v < oo often rely on branching process
comparisons up to a generation m = m,, — co.

Notes on Section 9.5. Theorem 9.28 is a special case of [47, Theorem 3.13]. Theorem
9.31 is a special case of [47, Theorem 3.1]. Earlier versions for random graphs with given
expected degrees or Chung-Lu model appeared in [67, 72] (see also the monograph [70]).

The seminal paper [47] studies inhomogeneous random graph in an even more general
setting, where the number of vertices in the graph need not be equal to n. In this case,
the vertex space is called a generalized vertex space. We simplify the discussion here by
assuming that the number of vertices is always equal to n. An example where the extension
to a random number of vertices is crucially used is in [218], which studies an interpolation
between percolation and ER, (p).

In [47], there are various other results concerning the giant component of IRG,, (p(k)).
For example, [47, Theorem 3.9] proves that the giant component of IRG, (p(k)) is stable
in the sense that its size does not change much if we add or delete a few edges. Note that
the edges added or deleted do not have to be random or independent of the existing graph,
rather, they can be chosen by a adversary after inspecting the whole of IRG, (p(x)). More
precisely, [47, Theorem 3.9] shows that, for small enough § > 0, the giant component of
IRG,(p(k)) in the supercritical regime does change by more than en vertices if we remove
any collection of on edges.

Theorem 9.32 is a simplified version of [47, Theorem 3.14]. A first version of Theorem
9.32 was proved in [66, 68] for the expected degree random graph, in the case of admissible
deterministic weights. We refer to [68, p. 94] for the definition of admissible degree
sequences.

Theorem 9.4 for the expected degree random graph or Chung-Lu model is first proved
in [66, 68], in the case of deterministic weights w; = ¢-(i/n) """~ having average degree
strictly greater than 1 and maximum degree m satisfying logm > logn/loglogn. These
restrictions were lifted in [88, Theorem 4.5.2]. Indeed, the bound on the average distance is
not necessary, since, for 7 € (2, 3), v = oo and therefore the IRG is always supercritical. An
upper bound as in Theorem 9.4 for the Norros-Reittu model with i.i.d. weights is proved
in [182].

Notes on Section 9.6. Theorem 9.34 is [128, Corollary 4.4]. Theorem 9.35 is proved
in [33], a related version with a different proof can be found in [217]. Theorem 9.36 is
proved in [34]. Theorem 9.37 is proved in [102], both in the case of i.i.d. degrees as well
as for deterministic weights under a mild further condition on the distribution function.
Theorem 9.39 is a special case of [47, Theorem 3.16]. Even in the special case of ER,,(\/n),
it is new, and it negatively answers a question of Chung and Lu [65]. Related results for
the configuration model, which also imply results for the generalized random graph, can
be found in [107].






CHAPTER 10
CONFIGURATION MODEL REVISITED

In this chapter, we state some further results on the configuration model. This chapter
is organized as follows. In Section 10.1, we study when a giant component exists for
the configuration model. In Section 10.2, we study the connectivity of the configuration
model. In Section 10.3, we study the typical graph distance in the configuration model.
In Section 10.4, we prove the distance results for the configuration model, using path
counting techniques and comparisons to branching processes. In Section 10.5, we identify
the diameter of the configuration model when it has infinite-variance degrees. In Section
10.6, we study infinite-mean branching processes, as these arise in the configuration model
with infinite-variance degrees. In Section 10.8, we state further results in the configuration
model, using among others the results in Section 10.6.

10.1 Phase transition in the configuration model

In this section, we investigate the connected components in the configuration model.
We shall show that, alike for the Erd6s-Rényi random graph, there is a condition for the
configuration model such that with high probability a giant component exists. Again,
this condition has the interpretation that an underlying branching process describing the
exploration of a cluster has a strictly positive survival probability.

We start by recalling some notation from Chapter 7. We investigate the configuration
model CM,,(d), where in most cases, the degrees d = (di);cjn) are assumed to satisfy
Condition 7.5(a)-(b), and sometimes also Condition 7.5(c). We recall that D,, is the degree
of a uniformly chosen vertex in [n], i.e., D, = dv, where V is uniformly chosen from [n].
Equivalently,

P(D, = k) = nk/n, (10.1.1)

where ny denotes the number of vertices of degree k. For a graph G, we write vi(G) for
the number of vertices of degree k in G, and |E(G)| for the number of edges. The main
result concerning the size and structure of the largest connected components of CM,,(d) is
the following:

Theorem 10.1 (Phase transition in CMy,(d)). Suppose that Condition 7.5(a)-(b) hold
and consider the random graph CM,(d), letting n — oo. Assume that p» = P(D =2) < 1.
Let Cmax and C(2y be the largest and second largest components of CM,(d).

(a) If v =E[D(D — 1)]/E[D] > 1, then there exist £ € [0,1),¢ € (0,1] such that

[Comax|/n — (,
0k (Cmax) /1 —  pr(1— &), for every k > 0,

|ECaa)l/n 5 JEIDI(1 - €).
while |Ci)|/n — 0 and |E(C2))|/n — 0.
(b) If v =E[D(D —1)]/E[D] < 1, then |Cmax|/n — 0 and |E(Cmax)|/n —s 0.

255



256 Configuration model revisited

Reformulation in terms of branching processes. We start by interpreting the results

in Theorem 10.1 in terms of branching processes. As it turns out, we can interpret £ as the

extinction probability of a branching process, and ¢ as the survival probability of a related

branching process. Similarly to the cluster exploration for NR,, (w), we shall see that the

root of the branching process plays a special role. Indeed, the offspring distribution at the

root is equal to (pk)k>0, while the offspring distribution at any other vertex in the tree is
given by

_ (k4 Dprta

9k = 07

E[D]

We now heuristically explain this relation to branching processes by intuitively describing
the exploration of a vertex chosen uniformly from the vertex set [n]. By definition, the
probability that its degree is k equals P(D,, = k), which, by Condition 7.5(a), converges to
pr = P(D = k), for every k > 1. This explains the offspring of the root of our branching
process approximation.

To describe the offspring of the direct neighbors of the root, we examine the degree of
the vertex to which the first half-edge incident to the root is paired. We note that, by
the uniform matching of half-edges, the probability that a vertex of degree k is chosen is
proportional to k. Now, ignoring the fact that the root and one half-edge have already
been chosen, which has an effect on the number of available or free half-edges, we have
that the degree of the vertex incident to the chosen half-edge equals k with probability
equal to kp\" /E[Dy], where p"”’ = nj,/n is the proportion of vertices with degree k, and

E[D,] = % > di= % SO kllgg—ry =Y kpy”, (10.1.3)
k=0

i€n] i€[n] k=0

(10.1.2)

so that (kp\™ /E[Dy])k>0 is a probability mass function. However, one of the half-edges
is used up to connect to the root. Therefore, for a vertex incident to the root to have k
offspring, it needs to connect its half-edge to a vertex with degree k + 1. Therefore, the
probability that the offspring of any of the direct neighbors of the root is equal to k equals

k+1)py"
(n) __ ( k+1
e TR (10.1.4)

Thus, (g,(cn))kzo can be interpreted as the forward degree of vertices in the cluster explo-
ration. When Condition 7.5(a)-(b) hold, then also g\ — g, where (gx)x>o is defined in
(10.1.2). As a result, we will often refer to (gr)k>0 as the forward degree distribution.
The above heuristically argues that the number of vertices unequal to the root connected
to any neighbor of the root has asymptotic law (gx)x>0. However, every time we pair to
half-edges, the number of free or available half-edges decreases by 2. Similarly to the
depletion of points effect in the exploration of clusters for the Erdés-Rényi random graph
ER,(A/n), the configuration model CM, (d) suffers from a depletion of points and half-
edges effect. Thus, by iteratively connecting half-edges in a breadth-first way, the offspring
distribution changes along the way, which gives potential trouble. Luckily, the number of
available half-edges that we start with equals ¢, — 1, which is very large when Condition
7.5(a)-(b) hold, since then £,/n = E[D,]/n — E[D] > 0. Thus, we can pair many half-
edges before we start noticing that their number decreases. As a result, the degrees of
different vertices in the exploration process is close to being i.i.d., leading to a branching
process approximation. In terms of this branching process, we can interpret ¢ in Theorem
10.1 as the survival probability of the above two-stage branching process, so that ( satisfies

oo

¢=> p(1-¢£5), (10.1.5)

k=1
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where £ is the extinction probability of the branching process with offspring distribution
(gk) k>0, which satisfies

£=> gt (10.1.6)
k=0

Clearly, £ = 1 precisely when

v=> kg <1 (10.1.7)
k>0
By (10.1.2), we can rewrite
v = 3" k(k+ Dprsr = E[D(D — 1)]/E[D] (10.1.8)
= E[D] Pk+1 = s 1.

which explains the condition on v in Theorem 10.1(a). Further, there are ny = np;:') R NP
vertices with degree k. Each of the k neighbors of a vertex will survive with probability
1 — &, so that the probability that at least one survives equals 1 — €. When one of the
neighbors survive, the vertex itself will be part of the giant component, which explains why

Uk (Cmax)/n — p(1 — &*). Finally, an edge consists of two half-edges, and an edge is part
of the giant component precisely when one of the vertices incident to it is, which occurs
with probability 1 — ¢2. There are in total £,/2 = nE[D,]/2 =~ nE[D]/2 edges, which

explains why | E(Cimax)|/n — 1E[D](1 — £?). Therefore, all results in Theorem 10.1 have
a simple explanation in terms of the branching process approximation of the connected

component of a uniform vertex in [n] for CM,(d).

Reformulation in terms of generating functions. We next reformulate the results
in terms of generating functions, which shall play a crucial role throughout our proof. Let

Gp(x) = ipka:k = E[z") (10.1.9)
k=0

be the probability generating function of the probability distribution (px)r>1. Recall that,
for a non-negative random variable D, the random variable D* denotes its size-biased
distribution. Define further

Gh(x) =Elz""1 =Y gra® = Gh(2) /G (D), (10.1.10)
k=1
H(z) = E[D]z(z — G} (). (10.1.11)

Note that G, (1) = 1, and thus H(0) = H(1) = 0. Note also that

H'(1) = 2E[D] — Y " k’px = E[2D — D*] = —~E[D(D — 2)] (10.1.12)
k

For further properties of z — H(z), see Lemma 10.6 below. We conclude that if E[D(D —
2)] = >, k(k — 2)pr > 0, then there is a unique & € (0,1) such that H(§) = 0, or
equivalently G7,(€) = &, so that indeed £ is the extinction probability of the branching
process with offspring distribution (gx)r>0. The functions = — H(z) and z — G7,(z) play
a crucial role in our analysis of the problem.

We prove Theorem 10.1 in Section 10.1.2 below. We now remark upon the result.



258 Configuration model revisited

The condition P(D = 2) = ps < 1 and the role of P(D = 1) = p;. We start by
discussing what the role is of p1 = P(D = 1) and p2 = P(D = 2). Note that when p; = 0,
v =E[D(D - 1)]/E[D] = > 72, k(k — )pr/ > >0 kpr > 1, with strict inequality as soon
as pr > 0 for some k > 3. B

The case p1 = 0 and v = 1, i.e., pr, = 0 for all k£ # 0,2, is quite exceptional. In this
case, H(z) = 0 for all z. We give three examples showing that quite different behaviors are
possible. Because isolated vertices do not matter, let us assume py = 0 too, and consider
thus the case p» = 1.

One example is when d; = 2 for all i € [n], so we are studying a random 2-regular graph.
In this case, the components are cycles and the distribution of cycle lengths in CM,(d) is
given by the Ewen’s sampling formula ESF(1/2), see e.g. [14]. This implies that |Ciax|/n
converges in distribution to a non-degenerate distribution on [0, 1] and not to any constant
[14, Lemma 5.7]. Moreover, the same is true for |C2)|/n (and for |C(s)|/n,...), so in this
case there are several large components. To intuitively see this result, we note that in
the exploration of a cluster we start with one vertex with two half-edges. When paring a
half-edge, it will connect to a vertex that again has two half-edges. Therefore, the number
of half-edges to be paired is always equal to 2, up to the moment when the cycle is closed,
and the cluster is completed. When there are m = an half-edges left, the probability of
closing up the cycle equals 1/m = 1/(an), and, thus, the time this will take is of order n.
A slight extension of this reasoning shows that the time it takes to close a cycle is nT,,
where T), converges to a limiting non-degenerate random variable:

Exercise 10.1 (Cluster size of vertex 1 in a 2-regular graph). Let no = n, and let C(1)
denote the cluster size of vertex 1. Show that

c)l/n -, (10.1.13)

where P(T > z) =1//1 —«x.

A second case with p2 = 1 is obtained by adding a small number of vertices of degree
1. More precisely, let n1 — oo, n1/n — 0, and na = n — ny. It is then easy to see that
|Cmax| = 0p(n):

Exercise 10.2 (Cluster size in a 2-regular graph with some degree 1 vertices). Let ni — oo
with n1/n — 0, and na =n —n1. Let C(1) denote the cluster size of vertex 1. Show that

lc(n)/n —o. (10.1.14)

A third case with p; = 1 is obtained by instead adding a small number of vertices of
degree 4 (i.e., ny — 00, ng = n —n4.) By regarding each vertex of degree 4 as two vertices
of degree 2 that have merged, it is easy to see that in this case [Cmax| = n — or(n), so there
is a giant component containing almost everything.

We conclude that the case where po» = P(D = 2) = 1 is quite sensitive to the precise
properties of the degree structure that are not captured by the limiting distribution (px)r>1
only. In the sequel, we shall ignore the case where p2 = 1.

Organization of the proof of Theorem 10.1. Theorem 10.1 is proved using a clever
randomization scheme to explore the connected components one by one. This construction
is explained terms of a simple continuous-time algorithm in Section 10.1.1 below. The
algorithm describes the number of vertices of given degrees that have been found, as well
as the total number of unpaired half edges, at time ¢t > 0. It is proved that, when n — oo,
these quantities all converge in probability to deterministic functions described in terms
of the functions z — H(z) and z — G}, (z) above. In particular, the number of unpaired
half-edges is given in terms of z — H(x), so that the first zero of this function gives the
size of the giant component. In Section 10.1.2, the algorithm is analyzed by showing that,
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after a short initial period of exploring small clusters, the giant component is found, and
the exploration will explore it completely.

10.1.1 Finding the largest component

The components of an arbitrary finite graph or multigraph can be found by the following
standard procedure. Pick an arbitrary vertex v and determine the component of v as
follows: include all the neighbors of v in an arbitrary order; then add in the neighbors
of the neighbors, and so on, until no more vertices can be added. The vertices included
until this moment form the component of v. If there are still vertices left in the graph,
then pick any such vertex w, and repeat the above to determine the second component
(the component of vertex w). Carry on in this manner until all the components have been
found.

The same result can be more conveniently obtained in the following way. Regard each
edge as consisting of two half-edges, each half-edge having one endpoint. We will label
the vertices as sleeping or awake (= used) and the half-edges as sleeping, active or dead;
the sleeping and active half-edges are also called living. We start with all vertices and
half-edges sleeping. Pick a vertex and label its half-edges as active. Then take any active
half-edge, say « and find its partner y in the graph; label these two half-edges as dead;
further, if the endpoint of y is sleeping, label it as awake and all other half-edges there as
active. Repeat as long as there is any active half-edge. When there is no active half-edge
left, we have obtained the first component. Then start again with another vertex until all
components are found.

We apply this algorithm to CM,(d) with a given degree sequence, revealing its edges
during the process. We thus observe initially only the vertex degrees and the half-edges,
but not how they are joined to form edges. Hence, each time we need a partner of an half-
edge, it is uniformly distributed over all other living half-edges, with the understanding
that the dead half-edges are the ones that are already paired into edges. It is here that
we are using the specific structure of the configuration model, which simplifies the analysis
substantially.

We make the random choices of finding a partner to the edges by associating i.i.d.
random maximal lifetimes 7, to half-edge =, where 7, has an Exp(1) distribution. We
interpret these lifetimes as clocks, and changes in our exploration process only occur when
a clock of a half-edge rings. In other words, each half-edge dies spontaneously at rate 1
(unless killed earlier). Each time we need to find the partner of a half-edge x, we then wait
until the next living half-edge # z dies and take that one. This process in continuous-time
can be formulated as an algorithm, constructing CM, (d) and exploring its components
simultaneously, as follows. Recall that we start with all vertices and half-edges sleeping.
The exploration is then formalized in the following steps:

Step 1 When there is no active half-edge (as in the beginning), select a sleeping vertex and
declare it awake and all its half-edges active. For definiteness, we choose the vertex
by choosing a half-edge uniformly at random among all sleeping half-edges. When
there is no sleeping half-edge left, the process stops; the remaining sleeping vertices
are all isolated and we have explored all other components.

Step 2 Pick an active half-edge (which one does not matter) and kill it, i.e., change its status
to dead.

Step 3 Wait until the next half-edge dies (spontaneously, as a result of its clock ringing).
This half-edge is joined to the one killed in the previous step Step 2 to form an edge
of the graph. When the vertex it belongs to is sleeping, we change this vertex to
awake and all other half-edges there to active. Repeat from Step 1.
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The above randomized algorithm is such that components are created between the
successive times Step 1 is performed, where we say that Step 1 is performed when there is
no active half-edge and, as a result, a new vertex is chosen.

The vertices in the component created during one of these intervals are the vertices that
are awakened during the interval. Note also that a component is completed and Step 1
is performed exactly when the number of active half-edges is 0 and a half-edge dies at a
vertex where all other half-edges (if any) are dead. In the next section, we shall investigate
the behavior of the key characteristics of the algorithm, such as the number of sleeping
half-edges and the number of sleeping vertices of a given degree.

10.1.2 Analysis of the algorithm for CM,,(d)

We start by introducing the key characteristics of the exploration algorithm. Let S(¢)
and A(t) be the numbers of sleeping and active half-edges, respectively, at time ¢, and let

L(t) = S(t) + A(t) (10.1.15)

be the number of living half-edges. For definiteness, we define these random functions to
be right-continuous.

Let us first look at L(t). We start with £, half-edges, all sleeping and thus living, but
we immediately perform Step 1 and Step 2 and kill one of them. Thus, L(0) = ¢, — 1.
In the sequel, as soon as a living half-edge dies, we perform Step 3 and then (instantly)
either Step 2 or both Step 1 and Step 2. Since Step 1 does not change the number of living
half-edges while Step 2 and Step 3 each decrease it by 1, the total result is that L(t) is
decreased by 2 each time one of the living half-edges dies, except when the last living one
dies and the process terminates. Because of this simple dynamics of ¢t — S(t), we can give
sharp asymptotics of S(t) when n — co:

Proposition 10.2 (The number of sleeping half-edges). As n — oo, for any to > 0 fized,

sup |n"'L(t) — E[D,]e | = 0. (10.1.16)
0<t<tg
Proof. The process t — L(t) satisfies L(0) = ¢,, — 1, and it degreases by 2 at rate L(t). As
a result, it is closely related to a death process. We study such processes in the following
lemma:

Lemma 10.3 (Asymptotics of death processes). Let d,y > 0 be given and let (N (t));>0
be a Markov process such that N (t) = x a.s., and the dynamics of t — (N (t));>0 15
such that when it is in position y, then it jumps down by d at rate vy. In other words,
the waiting time until the next event is Exp(1/vy) and each jump is of size d downwards.
Then, for every to > 0,

E[sup ’N(I)(t) - efﬂ’dt:cﬂ < 8d(e"™° — 1)z 4 8d°. (10.1.17)
t<tg

Proof. The proof follows by distinguishing several cases. First assume that d = 1 and
that x is an integer. In this case, the process is a standard pure death process taking the
values x,x — 1, — 2,...,0, describing the number of particles alive when the particles die
independently with rate v > 0. As is well-known, and easily seen by regarding N (t) as
the sum of = independent copies of the process N™(t), the process (€”* N (t))i>0, is a
martingale starting in z. Furthermore, for every ¢t > 0, the random variable N (¢) has
a Bin(x,e™ ") distribution, since each of the z particles has a probability of dying before
time ¢ of 7%, and the different particles die independently. Hence, by Doob’s inequality,

E[sup |IN©(t) - e_71x|2] < E[sup "' N (t) — xﬂ < 4E[(e”tN(‘”)(to) - x)z]

t<tg t<to

= 4e®""Var(N™ (1)) < 4(e™" — 1)z (10.1.18)
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This proves the claim for x being integer.
Next, still assume d = 1, but let x > 0 be arbitrary. We can couple the two processes
(N (t))t>0 and (NV(t))¢>0 with different initial values such that whenever the smaller

one jumps by 1, so does the other. This coupling keeps

IN® () = ND(@)] < 1 (10.1.19)
for all ¢ > 0, and thus,
ts;tlz NG (@) — e 2]| < ts;tlf) INC(t) —e "] + 2, (10.1.20)
so that by (10.1.18), in turn,
E[sup IN@ (1) - e‘”fx|2] < 8™ — 1)z + 8. (10.1.21)

t<to

Finally, for a general d > 0, we observe that N*)(¢)/d is a process of the same type with the
parameters (v, d, x) replaced by (vd,1,z/d), and the general result follows from (10.1.21)

and (10.1.18). O
The proof of Proposition 10.2 follows from Lemma 10.3 with d = 2,z = ({, — 1) =
nE[D,] — 1 and v =1. O

We continue by considering the sleeping half-edges. Let Vi (t) be the number of sleeping
vertices of degree k at time ¢, so that

S(t) = i EVi (t). (10.1.22)
k=1

Note that Step 2 does not affect sleeping half-edges, and that Step 3 implies that each
sleeping vertex of degree k is eliminated (i.e., awakened) with intensity k, independently
of all other vertices. There are also some sleeping vertices eliminated by Step 1, though,
which complicates the dynamics of ¢ — Vi(t).

We first ignore the effect of Step 1 by letting Vi (t) be the number of vertices of degree
k such that all its half-edges have maximal lifetimes 7, > ¢. Thus, none of its k£ half-
edges would have died spontaneously up to time ¢, assuming they all escaped Step 1. It
is reasonable to ignore the effect of Step 1 in the leading order, as we perform Step 1
until we hit the giant component, and then it takes a long time to find the entire giant
component. The number of times we perform Step 1 until we find the giant component will
be small, as each time we have a strictly positive probability of choosing a vertex in the
giant component. Thus, intuitively, the difference between Vi (t) and Vi (t) can be expected
to be bounded.

For a given half-edge, we call the half-edges incident to the same vertex its brother
half-edges. Let further

S(t) =" kVi(t) (10.1.23)
k

denote the number of half-edges whose brother half-edges have escaped spontaneous death
up to time t.
Recall the functions Gp, G7, from (10.1.9), (10.1.10), and define
h(z) = zE[D])G (z). (10.1.24)

Then, we can identify the asymptotics of (Vi(t)):>0 in a similar way as in Proposition 10.2:
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Lemma 10.4 (The number of sleeping vertices). Assume that Condition 7.5(a)-(b) hold.
Then, as n — oo, for any to > 0 fized

sup |n” Vi (t) — pre ™| = 0 (10.1.25)
t<to
for every k > 0 and
sup [n”" Y " Vi(t) — Go(e ") = 0, (10.1.26)
t<to k=0
sup [n~'S(t) — h(e™")| = 0. (10.1.27)
t<tg

Proof. The statement (10.1.25) again follows from Lemma 10.3, now with v =k, z = ng
and d = 1. The case k = 0 is trivial, with ‘N/o(t) = ng for all ¢. We can replace pif') by pk
by Condition 7.5(a).

By Condition 7.5(b), D,, are uniformly integrable, which means that for every £ > 0
there exists K < oo such that for all n, >, kng/n = E[Dn|Dn, > k] < e. We may
further assume (or deduce from Fatou’s inequality) that >, . kpr < €, and obtain by
(10.1.25) that, whp,

sup [n"1S(t) —h(e™")| = sup Z k(n ' Vi(t) — pre™*)
t<to t<to |1
u ~ n
< > ksup In T V() — pre M+ > k(l+pk)
k=1 !Sto ki
< e4e+e
proving (10.1.27). An almost identical argument yields (10.1.26). O

Remarkably, the difference between S(t) and S (t) is easily estimated. The following
result can be viewed as the key to why this approach works. Indeed, it gives a uniform
upper bound on the difference due to the application of Step 1:

Lemma 10.5 (Effect of Step 1). If A := max;c[,) d; is the mazimum degree of CM,(d),
then
0<S(t)—S(t) < sup (S(s) — L(s)) + A. (10.1.28)

0<s<t

Proof. Clearly, Vi (t) < Vi(t), and thus S(t) < S(¢). Furthermore, S(t) — S(t) increases
only as a result of Step 1. Indeed, Step 1 acts to guarantee that A(t) = L(t) — S(t) > 0,
and is only performed when A(t) = 0.

If Step 1 is performed at time ¢ and a vertex of degree j > 0 is awakened, then Step 2
applies instantly and we have A(t) = j — 1 < A, and consequently

S(t) — S(t) = S(t) — L(t) + A(t) < S(t) — L(t) + A. (10.1.29)

Furthermore, S(t) — S(t) is never changed by Step 2 and either unchanged or decreased

by Step 3. Hence, S(t) — S(t) does not increase until the next time Step 1 is performed.
Consequently, for any time ¢, if s was the last time before (or equal to) ¢ that Step 1 was

performed, then S(t) — S(t) < S(s) — S(s), and the result follows by (10.1.29). O
Recall that A(t) = L(t) — S(t) denotes the number of awakened vertices and let

A(t) = L(t) — S(t) = A(t) — (S(t) — S(t)) (10.1.30)
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denote the number of awakened vertices ignoring the effect of Step 1. Thus, A(t) < A(t).
Then, by Lemmas 10.2 and 10.4 (and (10.1.11)), we have that, for any ¢, > 0,

sup [n tA(t) — H(e ") == 0. (10.1.31)
t<tg
Lemma 10.5 can be written
0<S(t)—S(t) < — inf A(s) + A (10.1.32)

By (10.1.30) and (10.1.32), we obtain further the relation

A(t) < A(t) < A(t) — inf A(s) 4+ A, (10.1.33)

s<t

which, perhaps, illuminates the relation between A(t) and g(t) Now, the function t —
H(e™ "), which acts as the limit of A(t), is strictly positive in (0, —log &) and H(1) = H(¢) =
0. Therefore, we expect A(t) to be positive for ¢t € (0, —log&), and, if so, infs<; A(s) = 0.
The idea is to continue our algorithm in Step 1-Step 3 until the giant component has been
found, which implies that A(¢) > 0 for the time of exploration of the giant component, and
A(t) = 0 for the first time when we have completed the exploration of the giant component,

which is ¢ = —log&. Thus, the term inf,<; A(s) in (10.1.33) ought to be negligible. When
Condition 7.5(a)-(b) hold, we further have that A = o(n), so that one can expect A(t) to
be a good approximation of A(t). The remainder of the proof shall make this intuition
precise. We start by summarizing the properties of x — H(z) that we shall rely on:

Lemma 10.6 (Properties of x — H(x)). Suppose that Condition 7.5(a)-(b) hold and let
H(x) be given by (10.1.11).

(i) If v =E[D(D —1)|/E[D] > 1 and p1 > 0, then there is a unique € (0,1) such that
H(&) = 0. Moreover, H(z) <0 for all z € (0,§) and H(z) > 0 for all x € (§,1).
If, instead, v = E[D(D — 1)]/E[D] > 1 and p1 =0, then H(z) > 0 for all x € (0,1).

(i) If v =E[D(D —1)]/E[D] <1, then H(x) <0 for all x € (0,1).

Proof. As remarked earlier, H(0) = H(1) = 0 and H'(1) = —E[D(D — 2)]. Furthermore,
if we define ¢(z) := H(x)/z, then ¢(x) = E[D](z — G, (z)) is a concave function on (0, 1],
and it is strictly concave unless py = 0 for all £ > 3, in which case H'(1) = —E[D(D —2)] =
p1 > 0. Indeed, when pr, = 0 for all £ > 3, we have that p; + p2 = 1. Since we assume that
p2 < 1, we thus obtain that p; > 0 in this case.

In case (ii), we thus have ¢ concave and ¢'(1) = H'(1) — H(1) >
concavity or the inequality strict, and thus ¢'(z) > 0 for all z € (0,
#(1) =0 for z € (0,1).

In case (i), H'(1) < 0, and thus H(z) > 0 for z close to 1. Further, when p; > 0,
H'(0) = —h/(0) = —p1 < 0, and thus H(z) < 0 for = close to 0. When p; = 0, instead,
H'(0) =0, and H"(0) = 2E[D](1 — v) < 0 since v > 1. Thus, H(z) < 0 for = close to 0.
Hence, there is at least one £ € (0,1) with H(£) = 0, and since H(z)/z is strictly concave
and also H(1) = 0, there is at most one such £ and the result follows. O

0, with either the
1), whence ¢(z) <

Now we are in the position to complete the proof of Theorem 10.1 in the following
section.
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10.1.3 Proof of Theorem 10.1

We start with the proof of Theorem 10.1(i). Let & be the zero of H given by Lemma
10.6(i) and let 7 = —log&, where 7 = oo if € = 0. Then, by Lemma 10.6, H(e™*) > 0 for
0 <t < 7, and thus inf;<, H(e™*) = 0. Consequently, (10.1.31) implies

n~'inf A(t) = inf n tA(t) — inf H(e™") =50 (10.1.34)

t<T t<T t<t

Further, by Condition 7.5(b), A = o(n), and thus n'A — 0. Consequently, (10.1.32)
and (10.1.34) yield

supnA(t) — A(t)] = supnt|S(t) — S(t)] — 0. (10.1.35)
t<t t<t
Thus, by (10.1.31),
sup [n TA(t) — H(e ") — 0. (10.1.36)
t<t

Let 0 < € < 7/2. To treat both cases 7 = co and 7 < oo at the same time, we abuse
notation to write [, 7 — €] for the interval [e,e7 '] when 7 = co. Since H(e™*) > 0 on the
compact interval [, 7 — €], (10.1.36) implies that A(¢) remains whp positive on [e, 7 — €],
and thus no new component is started during this interval.

On the other hand, again by Lemma 10.6(i) and when 7 < oo, H(e~("*®)) < 0 and
(10.1.31) implies n ' A(T + ) — H(e~"*9)), while A(r +¢) > 0. Thus, with § =
|[H(e™77%)|/2 > 0, whp

S(t+e)—S(t+e)=A(t+¢e)— At +¢) > —A(r +¢€) > nd, (10.1.37)

while (10.1.35) yields S(7) — S(7) < nd whp. Consequently, whp S(7+¢) — S(r+¢) >
S(7) — S(7), so Step 1 is performed between 7 and 7 + €.

Let T1 be the last time Step 1 was performed before time 7/2 when 7 < oo, and before
time 1 when 7 = co. Let 7% be the next time Step 1 is performed (by convention, 7> = oo
if such a time does not exist). We have shown that for any ¢ > 0, and whp 0 < Ty <¢
and 7 —e < Tb < 7 + ¢, where we recall that 7 — e = 1/e when 7 = co. In other words,
Ty 250 and Ts Py 7. We conclude that we have found one component that is explored
between time Ty — 0 and time T» — 7. This is our candidate for the giant component,
and we continue to study its properties, i.e., its size, its number of edges and its number
of vertices of degree k. These properties are stated separately in the next lemma, so that
we are able to reuse them later on:

Proposition 10.7 (Cluster properties). Let Ty and Ty be two random times when Step

1 is performed, with Ty < T3, and assume that Ty — t1 and T5 —s to where 0 < t; <
to < 7 < oo. If C* is the union of all components explored between Ty and Ty, then

Ve (C*)/n — pe(e” ¥t —e7¥2) k>0, (10.1.38)
C*|/n == Gp(e™™) = Gn(e™™), (10.1.39)
IBC/n 2 She™) - h(e™™). (10.1.10)

In particular, if ti = ta, then |C*|/n — 0 and |E(C*)| — 0. The same statements hold
for Ty = oo.
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We apply Proposition 10.7 to 71 = op(1) and T%, where T5 = 7 + op(1) when 7 < oo,
and either 75 = oo or Ts Py 50 when T = oo. It is here that the case Ty = oo is relevant.
We can identify the values of the above constants:

Exercise 10.3 (Limiting constants). Prove that fort1 =0 and t2 = 7, ek = 1,e7’“t2 =
€ Gple™™) =1, Gple ™) = 1 — ¢, h(e™™) = 2E[D], h(e™2) = 2E[D]¢?, where, for
T = 00, €2 should be interpreted as 0.

By Proposition 10.7 and Exercise 10.3, Theorem 10.1(i) follows when we prove that the
cluster found between times 77 and T3 is indeed the giant component. We now first prove
Proposition 10.7, after which we show that cluster found between times 71 and T3 is indeed
the giant component.

Proof. The set of vertices C* contains all vertices awakened in the interval [T7, Ty ) and no

others, and thus
ve(C*) = Vi(Tr =) — Vi (T5 —), k>1. (10.1.41)

Since Ty — t» < 7 and H is continuous, we obtain that infy<r;y H(e ') = inf,<,, H(e ) =
0, where the latter equality follows since H(1) = 0. Now, (10.1.31) and (10.1.32) imply, in
analogy with (10.1.34) and (10.1.35), that n~ " inf,<7s A(t) — 0 and

sup n~ | S(t) — S(t)] — 0. (10.1.42)

t<Ty

Since V;(t) > V;(t) for every j and t > 0,

Vi) = Va(t) < k7 ij(‘z‘(t) — Vi) =k (SE) - S(t), k=1 (10.1.43)

Hence (10.1.42) implies, for every k > 1, SUP, < 7 |Vi(t) — Vi(t)| = op(n). This is further
trivially true for k = 0 too. Consequently, using Lemma 10.4, for j = 1, 2,

Vi(T; =) = Vi (T} =) + 0s(n) = npre "7 + 0s(n) = npre " + op(n), (10.1.44)

and (10.1.38) follows by (10.1.41). Similarly, using 325° (Vi(t) — Vi(t)) < S(t) — S(t),

7= (Vi(T7 =) = Vi(T5 =) = D _(Vie(T =) = Vie(T3)) + 0x(n) (10.1.45)
=nGp(e ) = nGpe "2) + op(n), (10.1.46)

and

2B = k(Vi(Tr =) = Vi(T3)) = > k(Va(T7 =) = Vi(T5)) + 0s(n)  (10.1.47)
k=1 k=1

= nh(e_Tl*) — nh(e_T’;) + oe(n), (10.1.48)

and (10.1.39) and (10.1.40) follow from the convergence T;" —s ¢; and the continuity of
t— Gp(e ") and t — h(e™"). O

Let C},.« be the component created at T; and explored until T», where we recall that T}
is the last time Step 1 was performed before 7/2 (and before time 1 when 7 = 00), and let
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T be the next time it is performed if this occurs and T = oo otherwise. Then, T} =0

and T — 7. The cluster Cloax is our candidate for the giant component Cpax, and we
next prove that indeed it is, whp, the largest connected component.
By Proposition 10.7, with ¢ =0 and t2 = 7,

vk (Claax )|/ — pr(1 — ™), (10.1.49)
Choax|/n — Gp(1) = Gp(e™™) = 1 — Gp(€), (10.1.50)
, e 1 a1 E[D) .

|E(Conax) |/ —> 5 (R(1) = h(e™7)) = 5(R(1) = h(§)) = ——(1 = &), (10.1.51)

using Exercise 10.3.

We have found one large component Cl,,,. with the claimed numbers of vertices and
edges. It remains to show that whp there is no other large component.

For this, let n > 0, and apply Proposition 10.7 to 7o = 0 and 7. Then, we see that the
total number of vertices and edges in all components found before C,.y, i.e., before Ty, is

0s(n), because T) — 0. Hence, recalling that £, = ©(n) by Condition 7.5(b),
P(a component C with |E(C)| > nty, is found before Cp, ) — 0. (10.1.52)

We conclude that whp no component containing at least n¢, half-edges is found before
Cl ax is found.

In order to study the probability of finding a component containing at least 7/, edges
after Crnay is found, we start by letting T3 be the first time after 75 that Step 1 is performed
(if T < o). The argument below thus only applies when T> < oo. Since S(t) — S(t)
increases by at most A = o(n) each time Step 1 is performed, we obtain from (10.1.42)
that

sup (S(t) — S(t)) < sup (S(t) — S(t)) + A = op(n). (10.1.53)

t<T; t<Ty

Comparing this to (10.1.37), for every € > 0 and whp, we have that 7 +¢& > T3. Since also
Ts > Th ELEN 7, it follows that T3 Ly 1 IFC s the component created between T» and
T3, then Proposition 10.7 applied to T and T3 yields |C’|/n — 0 and |E(C")| — 0.

On the other hand, if there would exist a component C # Cp.y in CM,,(d) with at least
1l edges that has not been found before CL,,, then with probability at least 7, the vertex
chosen at random by Step 1 at T starting the component C’ would belong to C. When
this occurs, we clearly have that C = C’. Consequently,

P(a component C with |E(C)| > 1ty is found after Cpayx) <7 "P(|E(C")| > ntn) — 0,
(10.1.54)
since |E(C")] — 0.
Combining (10.1.52) and (10.1.54), we see that whp there is no component except Cpay.
As a result, we must have that Cj.x = Cmax, Where Cmax is the largest component. Further,
again whp, |E(C))| < nl,. Consequently, the results for Cmax follow from (10.1.49)-

(10.1.51). We have further shown |E(Ce)|/£n — 0, which implies |E(C@))|/n — 0 and
ICi2)|/n — 0 because £, = O(n) and |Cs)| < |E(C2))| + 1. This completes the proof of
Theorem 10.1(i). O

The proof of Theorem 10.1(ii) is very similar to the last step in the proof for Theorem
10.1(i). Indeed, let Ty = 0 and let T> be the next time Step 1 is performed, or T = co
when this does not occur. Then,

sup |A(t) — A(t)] = sup |S(t) — S(t)| < 2A = o(n). (10.1.55)

t<Ty t<Ty
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For every € > 0, we have by (10.1.31) and Lemma 10.6(ii) n~'A(e) — H(e °) < 0, while
A(e) > 0, and it follows from (10.1.55) that whp 7> < e. Hence, T> =5 0. We apply
Proposition 10.7 (which holds in this case too, with 7 = 0) and find that if C is the first
component found, then |E(C)|/n — 0.

Let € > 0. If |E(Cmax)| > €fn, then the probability that the first half-edge chosen by
Step 1 belongs to Cmax, and thus C = Cmax, is 2| E(Cmax)|/(2¢r) > €, and hence,

P(|E(Cmax)| > €ls) < e 'P(|E(C)| > ebn) — 0. (10.1.56)
The results follows since £, = ©(n) by Condition 7.5(b) and |Cmax| < |E(Cmax)| + 1. This
completes the proof of Theorem 10.1(ii), and thus that of Theorem 10.1. O

10.1.4 The giant component of related random graphs

In this section, we extend the results of Theorem 10.1 to some related models, such as
uniform simple random graphs with a given degree sequence, as well as generalized random
graphs.

In Section 7.4, we have introduced the notation UG, (d) for a uniform simple random
graph with degrees d. The results in Theorem 10.1 also hold for UG, (d):

Theorem 10.8 (Phase transition in UG, (d)). Let d satisfy Condition 7.5(a)-(c). Then,
the results in Theorem 10.1 also hold for a uniform simple graph with degree sequence d.

Proof. By Corollary 7.12, and since d = (d);e[n satisfies Condition 7.5(a)-(c), any event
&, that occurs with high probability for CM,(d), also occurs with high probability for
UG, (d). By Theorem 10.1, the event &, that {||Cmax|/n — C‘ < e} occurs with high
probability for CM,(d), so it also holds with high probability for UG, (d). The proof for
the other limits is identical. O

We next prove Theorem 9.31 for GRG, (w):

Theorem 10.9 (Phase transition in GRG,(w)). Let w satisfy Condition 6.4(a)-(c).
Then, the results in Theorem 10.1 also hold for GRG,(w), CL,(w) and NR, (w).

Proof. Let D; be the degree of vertex i in GRG,, (w) defined in (6.2.1). By Theorem 7.13,
the law of GRG, (w) conditionally on D = d and CM,(d) conditionally on being simple
agree. Assume that (D;);c[n satisfies that Condition 7.5(a)-(c) hold in probability. Then,
by Theorems 7.13 and 10.1, the results in Theorem 10.1 also hold for GRG,(w). By
Theorem 6.19, the same result applies to CL,(w). By Exercise 6.36, the same applies to
NR,,(w). Thus, we are left to prove that Condition 6.4(a)-(c) implies Condition 7.5(a)-(c)
for GRG,,(w), which is the content of the next proposition:

Proposition 10.10 (Relating the assumptions on weights and degrees). Let d = (d:)ic[n)
be the (random) degrees in GRGy(w). Let w satisfy Condition 6.4 (a)-(c). Then, Condition
7.5(a)-(c) holds for d, where the convergence holds in probability, and the limit law D equals
a mized Poisson random variable with mizing distribution W.

Proof. Condition 7.5(a) follows from Theorem 6.9. To avoid confusion, we denote by E,
the conditional expectation given the graph GRG,,(w), so that E,[D,] denotes the degree
of a vertex chosen uniformly from GRGy(w) given the realization of GRG,(w). Thus, for
Condition 7.5(b)-(c), we need to show that E,[D,] — E[D] = E[W], E,[D2] — E[D?] =
E[W (W +1)].

We perform the proof of Condition 7.5(b)-(c) simultaneously. Let p € {1,2}. Then, we
compute

En[D3) = kP, (10.1.57)
k=1
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where we recall that P,i") = % Zie[n] 1y4,—k; denotes the proportion of vertices with degree
k. Let K > 1 be a large constant, and split

K oo
En[Dh] =Y K'PM™+ > kP (10.1.58)
k=1 k=K+1
By Theorem 6.9,
K K
SRR =5 kPp = E[DPIp<iy). (10.1.59)
k=1 k=1

By the Dominated Convergence Theorem (Theorem A.9), E[D?1;p<}] — E[D?] when
K — oo. Therefore, we are left to show that, when first n — oo followed by K — oo,

o5}

> P 1 (10.1.60)
k=K+1
We rewrite
oo N 1
> ORPM = - > (10.1.61)
k=K+1 i€n]: d; >K+1

We split the above sum, depending on whether w; > d;/2 or not, to obtain

o]

" 1 1
> kP < - > AN a > k1w, <2y + - > Ak 1w,2a, 2y (10.1.62)
k=K 41 ic[n] i€n]

We bound each of these contributions separately. We start by bounding
1 2P
— D Ak za s < Y Wl s = 2EW Lw, > r/m ], (10.1.63)
i€ln] i€[n]
the right-hand side being deterministic. By Condition 7.5(b)-(c), for p € {1, 2},
E[Wﬁn{WnZK/Q}] — E[WPB{WZK/Q}] < 8/27 (10.1.64)

when we take K = K (¢) sufficiently large.
We continue to bound the expectation

1 1
EE[ Z[:] d$ﬂ{diZK+l,wi<di/2}] == Z[:]E[dfn{dp@wivm}]. (10.1.65)
i€[n i€[n

The random degree d; is stochastically bounded by a Poi(w;) random variable (recall
Proposition 9.10), so that

E[df 1{a, > (2w;vi)y] < E[Poi(ws)” Lipoi(w;)> (2w, vE)} - (10.1.66)
Let Y ~ Poi(A). Then, for each k > 2p,
EY " yory] S2PE[Y(Y = 1) (Y = p+ D)1y >i]

=2 "yly—1)---(y—p+ )P(Y =y)

[eS) Y —A
—S gy 1) (y—p+ 1) ye' —PNPP(Y > k—p).  (10.1.67)
y=k ’
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Therefore,
E[POi(wi)p]l{Poi(wi)>(2wi\/K)}] < QowP(POi(’wi) > (Qwi \Y K)), (10.1.68)
and we arrive at
VB[S Pl k] < 2 S wPB(Poi(wi) > Quws VK))  (10.169)
n - K2 1 yWa 7 —_ n - T
i€[n] i€[n]
= 2"E[Wy Lpoiw,,)> 2w, v} ]-
Again by Condition 7.5(b)-(c), for p € {1, 2},
EWR Lpoiw,)>w,vi)y] = E[W" Lipoiw)>ewvi)y]s (10.1.70)

which converges to zero when K — co. Therefore, for each € > 0, we choose first K and
then n sufficiently large, so that

1
#E[ > B rcsii<arzy| <72 (10.1.71)
i€[n]
By the Markov inequality (Theorem 2.14),
1 1
]P’(ﬁ D Mg re a2y > e) < %E[ > Vi k41 <ar/2) | < 2/2. (10.1.72)
i€[n] i€[n]
Combining (10.1.64) and (10.1.72), we see that,
P( > PM<e)>l-e (10.1.73)

E>K+1

As a result, together with (10.1.59),

SR —pi| = 1, (10.1.74)
k>0

as required. This completes the proof of Proposition 10.10, and thus also that of Theorem
10.9. O

We next extend Theorem 10.9 to the case where v = oo:

Theorem 10.11 (Phase transition in GRG,(w)). Let w satisfy Condition 6.4(a)-(b).
Then, the results in Theorem 10.1 also hold for GRG,(w), CLy(w) and NR,(w).

Proof. We only prove that |Cmax|/n —25 ¢, the other statements can be proved in a similar
fashion. Recall that N, (z) denotes the set of vertices at graph distance m from i € [n],
and let

(Clons] = #{i: Nnli) £ &}, (10.1.75)

Then, by Corollary 9.13, E[|Chax|/n] = (m = P(Zm > 0), and
Var(|Chax| /1) — 0. (10.1.76)

Therefore, |Clax|/n 5 Cm. Since Cmax has a diameter that tends to infinity (recall

Exercise 9.19), [Cmax| < |Cinax|, 50 that [Cmax|/n < &m + 0:(1). This proves the required
upper bound.
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For the lower bound, we bound NR,(w) from below by a random graph with edge
probabilities

pij(K) =1 — e (i ni)/in, (10.1.77)

Therefore, also |Cmax| = [Cmax(K)|, where Cmax(K) is the largest connected component in
the inhomogeneous random graph with edge probabilities (pi; (K));, jepn)- Let

wi(K) = (wi/\K)gi > (w; AK), (10.1.78)

" jeln]

so that the edge probabilities in (10.1.77) correspond to the Norros-Reittu model with
weights (w;i(K))ie[n)- It is not hard to see that when Condition 6.4(a) holds for (wi)ien],
then Condition 6.4(a)-(c) hold for (wi(K))icn], where the limiting random variable equals

(W A K). Therefore, Theorem 10.9 applies, and we deduce that |[Cmax(K)|/n — C(K),
which is the survival probability of the two-stage mixed-Poisson branching process with
mixing variable (W A K). Since ¢(K) — ¢ when K — 0o, we conclude that |Ciax|/n —

O

Exercise 10.4 (Number of vertices with degree k). Prove that also v (Cmax)/n — pr(1—
§k) by adapting the above proof.

10.2 Connectivity of CM,,(d)

By Theorem 10.1, we see that as soon as P(D > 2) = 1 (with an exception when
P(D = 2) = 1), |Cmax|/n — 1, as in this case the survival probability equals 1. In this
section, we investigate conditions under which CM,(d) is whpconnected, i.e., Cmax = [n]
and |Cmax| = n.

We first show that CM, (d) is with positive probability disconnected when either ni >
n'/2, or when P(D > 2) > 1. The main result in this section is Theorem 10.14, which
shows that for all possible degree sequences with n; = nz = 0, CM,,(d) is whp connected.
Remarkably, we do not even need Condition 7.5(a) for this result.

Proposition 10.12 (Disconnectivity of CM,, (d) when ni > n'/?). Let Condition 7.5(a)-
(b) hold, and assume that ny > n*/?. Then,
lim P(CM,,(d) connected) = 0. (10.2.1)

n—00

Proof. We note that CM,,(d) is disconnected when there are two vertices of degree 1 whose
half-edges are paired to each other. When the half-edges of two of vertices of degree 1 are
paired to each other, we say that a 2-pair is created. Then,

nl . nl
. . by —mn1—2i+1 n1
]P)(CMn(d) contains no 2-pa1r) = E W = E (1 — m). (10.2.2)
Since, for each ¢ > 1,
ni ni —ni /L
1-—<1—-——=< L/En 10.2.
bo—2it1-" 4, =° ’ (102.3)
we arrive at ,
P(CM,,(d) contains no 2-pair) < e~ "1/ = (1), (10.2.4)

since £, = O(n) and ni > n'/2. O
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Proposition 10.13 (Disconnectivity of CM,(d) when p2 > 0). Let Condition 7.5(a)-(b)
hold, and assume that p2 > 0. Then,

lim sup P(CM,, (d) connected) < 1. (10.2.5)

n—oo

Proof. We perform a second moment method on the number of pairs P(2) of vertices of
degree 2 that are only connected to one another. If this happens, then these two vertices
form a connected component of size 2, making the graph disconnected. The expected
number of such pairs equals

277,2 (ng — 1)
(ln —1)(4n — 3)
by Condition 7.5(a)-(b), which implies that nz/n — p2. We can use Theorem 2.6 to show
that P(2) —% Poi()2), so that

— 2p3/E[D]” = Ao, (10.2.6)

P(CM,,(d) disconnected) > P(P(2) > 0) =1 —e ™2 > 0. (10.2.7)

The proof that Theorem 2.6 can be applied is left as an exercise below. O

Exercise 10.5 (Factorial moments of P(2)). Let Condition 7.52(a)-(b) hold, and assume
that p2 > 0. Prove that, for every k > 1 and with A2 = 2p3 /E[D]?,

E[(P(2)k] = 5. (10.2.8)
Conclude that P(2) LN Poi(A2).

We continue to investigate when the configuration model yields a connected graph:

Theorem 10.14 (Connectivity of CM,(d)). Assume that d; > 3 for every i € [n]. Then
CM,,(d) is connected whp. More precisely, there exists a constant C > 0 such that for
every d,

P(CM,,(d) disconnected) = O(1/n). (10.2.9)

When Condition 7.5(a) holds with p1 = p2 = 0, then v > 2 > 1 is immediate, so we
are always in the supercritical regime. Also, when p; = p2 = 0, we have that ( = 1, since
survival of the delayed branching process occurs with probability 1. Therefore, Theorem
10.1 implies that the largest connected component has size n(1 + o(1)) when Condition
7.5(a)-(b) hold. Theorem 10.14 extends this to the statement that CM,(d) is with high
probability connected. However, we do not assume that Condition 7.5 holds here.

We note that this is an important difference between the generalized random graph
and the configuration model. Indeed, for the generalized random graph to be connected
with high probability, the degrees must tend to infinity. This can be observed already
for ER,(p) in Theorem 5.5. For the configuration model, it is possible that the graph is
connected while the average degree is bounded. Many real-world networks are connected,
which makes the configuration model often more suitable than inhomogeneous random
graphs.

Proof. We recall that a configuration denotes a pairing of all the half-edges. We note
that the probability of a configuration equals 1/(¢, — 1)!!. On the event that CM,(d) is
disconnected, there exists a set of indices Z C [n] with |Z| < [n/2] such that all half-edges
incident to vertices in Z are only paired to other half-edges incident to other vertices in Z.
For Z C [n], we let

0a(Z) = d. (10.2.10)

i€l
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Clearly, in order for the half-edges incident to vertices in Z to be paired only to other
half-edges incident to vertices in Z, £,,(Z) needs to be even. The number of configurations
for which this happens is bounded by

(o (Z) — DN (Z°) — DN, (10.2.11)
As a result,
P(CM, (d) disconnected) < IZH (4n(2) _(Z”E&{)(fc) AL (10.2.12)
a@/2,

-2 1 s
—2j+1 "7
where the sum over Z C [n] is restricted to Z for which |Z| < |n/2].
Exercise 10.6 (Isolated vertex). Use the above bound to show that, when d; > 3 for all

i € [n],
3n

P ] 3 < . 10.2.1
(there exists an isolated vertex) < ol — )20 —3) (10.2.13)
Define

2 —2j+1
f@)=1] 57—+ (10.2.14)

i by —25+1

We can rewrite
¥ (2r—2j+1 ’_0—12' 1) x—1
flaoy= DpmCro 22D o (20 H 2t (10.2.15)
[ —27—1) 2l — 2K+ 1) by — 2 —

where we write i = x —j and k = j—1 in the second equality. Thus, for x < £,/4, x — f(x)
is decreasing, since

f(jf(;r)l) = 2_:”2;1_ S<L (10.2.16)

Now, for every Z, since d; > 3 for every ¢ € [n] and since ¢, (Z) is even,
.(T) > 2[3|7)/2], (10.2.17)

which only depends on the number of vertices in Z. Since there are precisely (:;) ways of
choosing m vertices out of [n], we conclude that

n/2]
P(CM,,(d) disconnected) < > f([3|Z]/2]) = > (Z) f([3m/21), (10.2.18)

zC[n] m=1
with m = |Z|.

Exercise 10.7 (Isolated vertex). Use (10.2.18) to reprove Ezercise 10.7. Hence, the above
bounds are quite sharp.

Exercise 10.8 (A cluster of size two). Use (10.2.18) to prove that

15m(n — 1)
(26, — 1)(2¢,, — 3)(2¢,, — 5)°

P(there exists a cluster of size 2) < (10.2.19)
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Note that, for m odd,

f(2[3(m +1)/2]) _ f(Bm+1)/24+1) __3m+3 (10.2.20)
f(2[3m/2]) f(Bm+1)/2) by —3m —2 o
while, for m even,
F([3(m+1)/2]) :f(3m/2+2) __3m+5 3m +3 (10.2.21)
f([3m/2]) f(3m/2) by —3m — 540, —3m —3’ o
Define
n
hin () = <m>f([3m/21), (10.2.22)
so that
n/2]
P(CM,(d) disconnected) < Z hn(m). (10.2.23)
m=1
Then,
hn(m+1) :n—mf([S(m—Fl)/ﬂ) (10.2.24)
ha(m)  — m+1  f([3m/2])
so that, for m odd and using ¢,, > 3n,
hn(m+1) 3(n —m) n—m
= < 2.
hn(m) bp—3m—3 " n—m-—1’ (10.2.25)
while, for m even and using ¢,, > 3n,
hn(m+1) 3(n—m) 3m+5 n—m m+ 2
= < . 10.2.2
I (m) by —3m—56,—3m—-3 " n—-m—-1n—m-—2 (10.2.26)
Thus, we obtain that, for m < n/2, there exists a ¢ > 0 such that
hn(m +1) c
— < —. 2.
o <1 th (10.2.27)
We conclude that, for m < n/2,
m . [n/2]
hn(m) = h(3) 1) ha(3) T (1 +¢/m) (10.2.28)
iy ha() ol
< ha(3)(1 4 ¢/n)"* < ha(3)e?,
so that
en [n/2]
P(CM,,(d) disconnected) < > hn(m) < hn(1) + hn(2) + > hn(m) (10.2.29)
1 m=3

< (1) + Bn(2) 4+ nha(3)e”? /2.
By Exercises 10.6 and 10.8, h, (1), hn(2) = O(1/n), so we are left to compute h,(3). For
this, we note that [3m/2] = 5 when m = 3, so that
n IMn(n —1)(n —2)
hn(3) = 5) =
®) <3>f( ) 6(ln — 1)(bn —3)(ln —5)(ln — T)(n —9)

=0(1/n%). (10.2.30)

As a result,
P(CM,(d) disconnected) = O(1/n), (10.2.31)

as required. O
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10.3 The small-world phenomenon in CM,,(d)

In this section, we study distances in the configuration model, both in the case of
finite-variance degrees as well as in the case of infinite variance degrees.

Finite-variance degrees. In this section, we give an overview of the results on the
typical graph distance in the configuration model CM,,(d) when the (asymptotic) degree
sequence has a finite variance. We start by analyzing the typical graph distance.

Theorem 10.15 (Typical distances in CM,(d) for finite-variance weights). In the con-
figuration model CM,,(d), where the degrees d = (d:)icin) satisfy Condition 6.4(a)-(c) and
where v > 1, conditionally on H, < oo,

H,/logn — 1/logw. (10.3.1)

Theorem 10.15 shows that the average distances in CM,(d) are of order log, n. It is
similar in spirit as Theorem 9.3. We shall see that also its proof is quite similar.

We continue the discussion of distances in the configuration model by investigating the
diameter in the model. Before stating the main result, we introduce some notation. Recall
that G} (z) is defined in (10.1.9) as the probability generating function of g = (g&)r>0
defined in (10.1.2). We recall that & is the extinction probability of the branching process
with offspring distribution ¢ defined in (10.1.6) and further define

p=Gp&) =) ke gi. (10.3.2)
k=1

When £ < 1, we also have that ;x < 1. Then, the main result is as follows:

Theorem 10.16 (Diameter of the configuration model). Let Condition 7.5(a)-(b) hold.
Assume that n1 = 0 when p1 = 0, and that na = 0 when p2 = 0. Then,

dlam(CMn(d)) l} 1 (2 - Il{p1:0} - H{P2:O})
logn logv | log pl

. (10.3.3)

We note that, by Theorem 10.15 and Theorem 10.16, the diameter of the configuration
model is strictly larger than the average distances, except when p1 = p2 = 0. In the
latter case, the degrees are at least three, so that thin lines are not possible, and the
configuration model is with high probability connected (recall Theorem 10.14). We also
remark that Theorem 10.16 applies not only to the finite variance case, but also to the finite
mean and infinite variance case. In the latter case, the diameter is of order logn unless
when p1 = p2 = 0, in which case Theorem 10.16 implies that the diameter is o(logn). By
Corollary 7.12, Theorem 10.16 also applies to uniform random graphs with a given degree
sequence. This shall be used in the examples below:

Random regular graphs. Let r be the degree of the random regular graph, where r > 2.
By Corollary 7.12, the diameter of a random regular r-graph has with high probability the
same asymptotics as the diameter of CM,(d), where d; = r with probability 1. Thus,
pr = 1 and p; = 0 for any ¢ # r. We assume that nr is even, so that the degree sequence is
feasible. It is not hard to see that all assumptions of Theorem 10.16 are satisfied. Moreover,
we have that v = r — 1. When r > 3, we thus obtain that

logn log (r—1)°

(10.3.4)
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When r = 2, on the other hand, the graph is critical, so that there is no giant component.
Since v = 1, we have that 4 = v = 1, so that diam(CM,(d)) > logn. This is quite
reasonable, since the graph will consist of a collection of cycles. The diameter of such a
graph is equal to half the longest cycle.

Exercise 10.9 (Diameter of soup of cycles). Prove that in a graph consisting solely of
cycles, the diameter is equal to the longest cycle divided by 2.

Exercise 10.10 (Longest cycle 2-regular graph). What is the size of the longest cycle of
the 2-reqular graph?

Erdés-Rényi random graph. We next study the diameter of ER,,(A\/n). We let A > 1.

By Proposition 10.10, Condition 7.5(a)-(b) holds with px = e”‘%. Also, = px, the dual
parameter in (3.6.7).

Exercise 10.11 (Parameters for ER,(A\/n)). Prove that v =X and p = px.
We again make essential use of Theorem 7.13, which related the configuration model

and the generalized random graph. We note that ER,(\/n) is the same as GRG,(w),
where (recall Exercise 6.1)

nA
y = . 10.3.5
wi = —— ( )
From the above identifications and using Theorem 7.13, we find that
i ER, p 1 2
diam(ER (A/n)) e, + ‘ (10.3.6)
logn log A |log x|

This identifies the diameter of the Erdés-Rényi random graph.

Finite mean, infinite variance degrees. In this section, we study the typical distance
of the configuration model with degrees having finite mean and infinite variance. We start
by formulating the precise condition on the degrees that we shall work with. This condition
is identical to the condition on F, for NR,(w) formulated in (9.1.14). Recall that F,(x)
denotes the proportion of vertices having degree at most . Then, we assume that there
exists a 7 € (2, 3) such that for all § > 0, there exists ¢; = ¢1(J) and cz = c2(d) such that,
uniformly in n,

az T <1 - F)(2) < cor T, (10.3.7)

where the upper bound is expected to hold for every x > 1, while the lower bound is only
required to hold for 1 < z < n® for some o > 1/2. The typical distance of CM,,(d) is
identified in the following theorem:

Theorem 10.17 (Typical distances in CM,, (d) for 7 € (2,3)). Let the degrees d = (di)icin]
in the configuration model CM,,(d) satisfy Condition 7.5(a)-(b) and (10.3.7). Then, con-
ditionally on H, < oo,
H, LN 2
log logn |log (T — 2)|"

(10.3.8)

Theorem 10.17 is similar in spirit to Theorem 9.4 for NR,, (w). We will give a different
proof for Theorem 10.17.
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10.4 Proofs of small-world results CM,,(d)

10.4.1 Path counting techniques
A path 7 of length k in CM,,(d) means a sequence

m = {(mo,t0), (71,51, 1), ., (Me—1, Sk—1, tk—1), (Tk, 5K) }, (10.4.1)

where 7; € [n] denotes the ith vertex along the path, and s; € [d;] denotes the half-edge
that is paired to the half-edge ¢;+1 € [di+1]. In particular, multiple edges between m; and
Ti+1 give rise to distinct paths through the same vertices. We assume throughout that the
path is simple, i.e., mo, ..., are distinct vertices. In this section, we perform first and
second moment computations on the number of paths present in CM,(d). We start by
proving upper bounds on the expected number of paths.

Upper bounds on the expected number of paths in CM,,(d). Fora,b € [n],Z C [n]
and k > 1, we let Pi(a,b) = Pr(a,b;Z) denote the set of k-paths that only use vertices in
Z, and we let

Ni(a,b) = Ny(a,b;T) = #{r € Pi(a,b): 7 C CM,,(d)} (10.4.2)

denote the number of paths of length k£ between the vertices a and b. Then, we prove the
following upper bound on the expected number of paths connecting a and b:

Proposition 10.18 (Expected numbers of paths). For any k > 1, a,b € [n] and (di)icn),

dadbgn k—1
< 4.
ENe(@b)] s G s s — 2" (10-4.3)
where &i(d
ve= 3 di(di — 1) (10.4.4)

, Ln,
i€Z\{a,b}

Proof. The probability that the path 7 in (10.4.1) is present in CM,(d) is equal to

k

1
_ 10.4.5
1'1;[1 by —2i+1° ( )
and the number of path with fixed 7o, ..., 7 is equal to
k—1
dr, ( I do: (dm; — 1))d7rk. (10.4.6)
i=1
Substituting mo = a, T, = b, we arrive at
_dady d=; — 1)
E[N, —= - 10.4.
[Ne(a,b)] = ln—2k+1 Z H —2z+1 (10.4.7)

ST =1

where the sum is over distinct elements of Z \ {a,b}. Let R denote the subset of vertices
of Z\ {a,b} for which d; > 2. Then,

k—1

_ dady * dr, (dr; — 1)
BNt =g~ 2 550 (10-4.8)
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By an inequality of Maclaurin [?, Theorem 52], for r = |R|, 2 < k <r+1 and any (a;)ier
with a; > 0,

(r—k+1)! * 1 k—1
— > s (; Za) : (10.4.9)
T yeens mp_1€ER =1 iER
Let a; = d;(d; — 1), so that
D ai=tuvs. (10.4.10)
i€ER
We arrive at
E[Ny(a, )] = —Je ey/r“kf[l (r=itl) (10.4.11)
s ok 1 M, —2i+1) -
k—2 ;
dadb En k—1 ( — i)
< ) T S
by — 2k + 14, — 2k E}( _227)
Further, ¢, = Zie[n] d; > 2r, so that 1 — % <1- %. Substitution yields the required
bound. L)

Logarithmic lower bound typical distances CM,(d). With Proposition 10.18 at
hand, we can immediately prove the lower bound on the typical graph distance in the case
where the degrees have finite second moment (as in Theorem 9.5):

Theorem 10.19 (Logarithmic lower bound typical distances CM,(d)). Assume that

limsup v, > 1, (10.4.12)
n— o0
where
Vn = E[Dy(Dy — 1)]/E[D,]. (10.4.13)
Then, for any € > 0,
P(H, < (1 —¢)log,, n)=o(1). (10.4.14)

We leave the proof of Theorem 10.19, which is closely related to that of Theorem 9.5,
as an exercise:

Exercise 10.12 (Proof Theorem 10.19). Let Vi, Va2 be two independent vertices chosen
uniformly at random from [n]. Use Proposition 10.18 with a = V1,b = Va,Z = [n] to prove
Theorem 10.19.

Truncated first moment method and loglog lower bound typical distances CM,,(d)
for 7 € (2,3).

Theorem 10.20 (Loglog lower bound on average distances in NR,, (w)). Suppose that the
weights d = (di)ic[n) satisfy Condition 77 (a) and that there exists a T € (2,3) and ca2 such
that, for all x > 1,

[1—Fo)(x) < con™ 7Y, (10.4.15)
Then, for every e > 0,
]P’(H < (1—¢) 2loglogn ):0(1) (10.4.16)
|log (T — 2)|
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Second moment method for the number of paths in CM,(d). Define

k—1 k—1
nk(ab—uaub( Z ddl—l) , @k(ab—uaub( Z d(d—l) ,
i€Z\{a,b} i€Zq bk
(10.4.17)
where Z, 51, is the subset of Z in which a and b, as well as the k + 2 indexes with highest
degrees have been removed. Let

vi= - Zd vz = 3/2Zd )(di — 2). (10.4.18)

i€T n i€
Proposition 10.21 (Variance of number of paths). For any k > 1, a,b € Z and (u;):ez,
E[Nk(a,b)] > ny(a,b), (10.4.19)

while, assuming that vz > 1,

Var(Ng(a, b)) < ng(a,b) + nk(a b)2( A% (i + i) + ’}I%# +ex), (10.4.20)
RS = TS MO =1, T dy T dad (v —1)2 T T
where X
e = k(1+ ) (14 2) LE_ (22 ), (10.4.21)

dal/z deI vVr — 1

Proof O

_ 10.4.2 Branching process approximation

In this section, we give a convenient description of the breadth-first exploration in
CM,(d), and relate this to a branching process. We start by describing the algorithm.
Suppose we start in a vertex i having degree d;.

Proposition 10.22 (Weak convergence of neighborhoods of two vertices). Let the degrees
d = (di)ie[n) satisfy Condition 77 (a)-(b). Then, for each m > 1,

P(H, < 2m) = o(1), (10.4.22)

and
(Z0, 72y L (2, 22, (10.4.23)

where (Z(” Z<2))z>o are two independent branching processes with offspring distribution
D in the first generation, and offspring distribution D* — 1 in all further generations.

10.4.3 A loglog upper bound on the diameter core 7 € (2,3)

We take o > 1/(3 — 7) and define the core Core,, of the configuration model to be
Core,, = {i: d; > (logn)?}, (10.4.24)

i.e., the set of vertices with degree at least (logm)?. Then, the diameter of the core is
bounded in the following theorem:
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Theorem 10.23 (Diameter of the core). Fiz 7 € (2,3) and assume that (10.3.7) holds.
For every o > ﬁ, the diameter of Core,, is with high probability bounded above by

2loglogn

mu +o(1)). (10.4.25)

Proof. Without loss of generality, we assume that the degrees are ordered, i.e., di > d2 >
-+ > dp. We note that (10.3.7) implies that, for some a € (1/2,1/(7 — 1)),

di > w1, where wu; =n°. (10.4.26)

Define
Fl = {Z dl 2 ul}, (10.4.27)

so that I'y # @. For some constant C' > 0, which will be specified later, and for k£ > 2, we
define recursively

up = Clogn(uk_l)T_Q. (10.4.28)

Then, we define
T ={i: di > ux}. (10.4.29)

We identify uy in the following lemma:
Lemma 10.24 (Identification (ug)r>1). For every k > 1,
up = C* (log n) *n* (10.4.30)
where 1
c=a(r—2)"" ap=b,= T 2)F1. (10.4.31)
-7
Proof. We note that cg, by, ax satisfy the recursions, for k > 2,
[ (T — 2)(21@-_17 by =1+ (T — 2)bk_1, ar =1+ (’T — 2)ak_1, (10.4.32)
with initial conditions ¢; = «, a1 = b1 = 0. Solving yields our claim. O
The key step in the proof of Theorem 10.23 is the following lemma:

Lemma 10.25 (Connectivity between I'y_; and I'y). Fiz 7 € (2,3) and assume that
(10.3.7) holds. Fiz k > 2, and take C > 4E[D]/c. Then, the probability that there exists an

i € Ty that is not directly connected to Ty_1 is o(n™°%), for some § > 0 independent of k.

Proof. We note that, by definition,

> di > upa|Teoa| = up—an[l — Fo](ug—1). (10.4.33)

i€l _1
By (10.3.7), and since k — uy, is decreasing with u; = n®,

[1— Ful(ur—1) > c(up—1)""". (10.4.34)
As a result, we obtain that for every k, and with high probability

> di>en(ur)? (10.4.35)

i€l 1
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We note that for any two sets of vertices A, B

dadp

P(A not directly connected to B) <e” " (10.4.36)
where, for any A C [n], we write
da=>_di. (10.4.37)
icA
By (10.4.36), and Boole’s inequality, the probability that there exists an ¢ € I'y, such that
i is not directly connected to I',_; is bounded by

_ugnug_1[1=F(up_1)] eup(up_1)?7T 1. _ecC
ne n < ne E[Dn] =n  EDal, (10.4.38)

By Condition 7.5(a)-(b), E[D,] — E[D], so that, as n — oo and taking C' > E[D]/c, we
obtain the claim. O

We now complete the proof of Theorem 10.23. Fix

N loglogn

= Tog(r =1 (10.4.39)

As a result of Lemma 10.25, with high probability that the diameter of 'y« is at most
2k* + 1, because the distance between any vertex in I'y» and I'y is at most k*. Since
u1 = n® > y/nlogn, again with high probability, I'1 forms a complete graph. Therefore,
it suffices to prove that

Core,, C T'g=. (10.4.40)

For this, we note that
Tpr = {i: di > up~}, (10.4.41)

so that, in turn, it suffices to prove that ug~ > (logn)?, for any o > %(3 — 7). According
to Lemma 10.24,
ug = C** (logn)"** n** . (10.4.42)

We note that nc* = glosn(r=2"" Since, for 2 < 7 < 3,

log =
(T — 2)TToe Gl =gl = 1, (10.4.43)
we find with z = logn that
loglogn
logn - (7 —2)ToeG-201 =1, (10.4.44)

which implies that n°** = 1. Further, b, — 1/(7 — 3) as k — oo, so that (logn)’* =
(logn)l/w’*”*"(l), and ax = by, so that C9%* = CV/(T=3+e() Thyg,
upe = (log )"/ G He®) (10.4.45)

so that, by picking n sufficiently large, we can make 1/(3 — 7) + o(1) < o. This completes
the proof of Theorem 10.23. O

We continue to use Theorem 10.23 to prove a loglogn upper bound on H, in the case
where 7 € (2,3). We start by describing the setting. We assume that there exist 7 € (2, 3),
a > 1/2 and ¢; such that, uniformly in n and = < n®,

[1— Fu)(z) >z 7Y, (10.4.46)
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Theorem 10.26 (A loglog upper bound on typical distance for 7 € (2,3)). Suppose
that the empirical distribution function Fy, of the degrees d = (di);cn) satisfies Condition
??(a)-(b) and (10.4.46). Then, for every e > 0,

2(1 log1

lim ]P’(Hn < 20 +e)loglogn | 4 - oo) = 1. (10.4.47)
e [log (7 — 2)

Proof. In the proof, we make use of the branching process approximation in Section 10.4.2.
We let V1, Vo denote two vertices chosen uniformly at random from [n], and we recall that

Z£ denote the number of unpaired or free half edges incident to vertices in N (V).

By Proposition 10.22, (Z, Z2) < (2, 22)), which are two independent two-stage

branching processes where the root has offspring distribution D, and individuals in all
further generations have offspring distribution D* — 1.

We condition on N<,,(V1), N<m(V2) which are such that Z& > 1,22 > 1. Further,
conditionally on Z{" > 1,Zf > 1, in fact, for each A > 1 large, there exists an m =
m(A) > 1 such that, with probability at least 1 —¢, Z{ > A, Z8 > A occurs.

Then, conditionally on N<,,(V1),N<m(V2), and collapsing N, (V1) to a single vertex
a1 and N, (V2) to a single vertex as, the distribution of the resulting random graph is
again a configuration model, with degrees do, = Z{,du, = Z2 and vertex set R =
[n] U {a1,a2} \ N<m (V1) UN<,,(V2)). We apply Proposition 10.21 with k = loglogn,
a1 and b = Core,, and with Z = {i € R: d; < K}. Then, Proposition 10.21 gives that,
conditionally on N<,,(V1), N<.(V2),

P(Ni(a1,b) = 0) < Var(Ng(a1,b))/E[Ng(a1,b)]* < ... (10.4.48)

Hheorem 1020 _

O

10.5 Diameter of CM,(d) for 7 € (2,3)

In this section, we use Theorem 10.23 to study the diameter of CM,,(d) when 7 € (2, 3).

We continue by studying the diameter of CM,,(d) in the case where 7 € (2,3). Note
that when pi1 + p2 > 0, then the diameter is equal to a positive constant times logn by
Theorem 10.16. Therefore, we turn to the case where p; = p2 = 0. For this result, we
assume that there exists a 7 € (2, 3) such that, for some ¢ > 0 and all x > 1,

1—F(x)>ecx' . (10.5.1)
Observe that (10.5.1) is strictly weaker than (10.8.15). The main result is as follows:

Theorem 10.27 (Diameter of CM,(d) for 7 € (2,3)). Suppose that the empirical dis-
tribution function Fn of the degrees d = (di)icin) satisfies Condition 77 (a)-(b) and that
(10.3.7) holds. Assume further that dmin = min;ep,) di > 3 and pa,,;, = P(D = dmin) > 0.
Then,
diam(CM,(d)) = 2 2
loglogn - |log (T — 2)| + log (dmin — 1)

(10.5.2)

We prove Theorem 10.27 by proving an upper and a lower bound on the diameter. We
start with the lower bound, which is the easiest part:
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Proof of the lower bound on the diameter. We call a vertex v minimally-k-connected
when all i € Ng_1(v) satisfy d; = dmin. Let M} denote the number of minimally-k-
connected vertices. Then, we compute the first moments of My, in the following lemma:

Lemma 10.28 (Moments of the number of minimally-k-connected vertices). For allk > 2,

dpmin (dmin—1)" "2 d (’I’L (Z 1))
_ min dmin -
E[Mk] = Ny ]:[1 AT E— (10.5.3)
and ’
E[M2] < E[M)? + E[M] [dmin(dmin S #] (10.5.4)
n — Ndyi,

DO /. 0

The complete the proof of the lower bound on the diameter, we fix ¢ > 0 sufficiently

small, and take k = (l—a)bgszllio_g’_tl). We note that nq,, /n — p2 > 0 by Condition ??(a),

so that, dminfd,;,/ln — Ady,, Where we define Aa,;, = dminPd,,;, /E[D] by Condition
?7?(a)-(b). By Lemma 10.28,

min

E[Mz] > n(pa,... — 8)(Aa,,,, — 6)%min(dmin=D""% (10.5.5)
When k= (1 — e)bé‘z(gijni"ifl),
dmin (dimin — 1)*7% < (logn)' . (10.5.6)
As a result, E[My] > n(pa,,., — 0)(\a,,, — )" ™' Further,
Var(Mjy) = o(E[My]?), (10.5.7)
so that
My JE[M;] — 1. (10.5.8)

We conclude that, whp, M, > n'~°®. Since each minimally-k-connected vertex uses up
at most

k—1
1+ dein(dmin - 1)171 = ’I’LD(1> (1059)
=1

vertices of degree dmin, Whp there must be at least two minimally-k-connected vertices
whose k —1 neighborhoods are disjoint. We fix these two vertices and denote them a and b.
We note that these vertices have precisely dmin(dmin — 1)¥~" unpaired half-edges incident
to vertices in AMj_1(a) and Nj_1(b). By the truncated first moment method on paths,
performed in the proof of Theorem 10.20, it follows that

. 2loglogn
_ _ <(l—-¢g)r—F——) = . 0.
P(dlStCMn(d)(Nk 1(a), Nx—1(b)) < (1 —¢) Mog (7 — 2)|) o(1) (10.5.10)
Therefore, whp,
. 2loglogn 2loglogn 2loglogn
d Mn(d) > (1—e)m—FF— +2k=(1— ,
tam(CM(d)) = (=€)t gy) T 26 = 6)[|10g(7'—2)\ log(dmin—l)]
(10.5.11)
as required. O
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Proof of the upper bound on the diameter. For the upper bound, it is convenient to
explore the neighborhood of a vertex v by only pairing up the first dmin half-edges incident
to v and the dmin — 1 half-edges incident to any other vertex appearing in the tree. We
call this exploration graph the k-exploration tree. For k of order loglogn, the probability
that more than two collisions occur in the k-exploration tree is small, as we prove now:

Lemma 10.29 (At most one collision). Let k < (1 + s)logl‘z%llio_gfl). Then, under the con-
ditions in Theorem 10.27, the probability that there exists a vertex whose k-exploration tree
has at least two collisions before hitting the core Core,, is bounded by (dmin)4(log n)dﬁ,f,

where d = (1/(7 — 1) 4 €) log (dmin — 1) + 20.

Proof. In this proof, we abbreviate m = dmin. For any half-edge in the k-exploration
tree, the probability that it create a collision before hitting the core is bounded above by
(m + 1)m*~(logn)?£,*. The probability that two half-edges will both create a collision
is, by similar arguments, bounded above by [(m—l— 1)ym*~1(log n)”ﬁ;l] ®. The total number
of possible pairs of half-edges in the k-exploration tree is bounded by

[(m+1)A4+m+...+m" D < [(m+1)m"?,

so that, by Boole’s inequality, the probability that the k-exploration tree has at least two
collisions is bounded by

[(m + 1)m*]* (log n)*7 £, 2. (10.5.12)

When k < (1 + 5)101%);#, this is bounded by [(m + 1)mk]4(log n)? < (m 4+ 1)*(logn),
where d = (1+¢) + 20. O

Finally, we show that for k = C(m,¢)loglogn, the k-exploration tree, with high probabil-
ity, connects to Corey,:

Lemma 10.30 (Connecting the exploration tree to the core). Let k = (1+ 5)10;‘251%.

Then, under the conditions in Theorem 10.27, the probability that there exists an i such
that the distance of i to the core is at least k is o(n™").

Proof. By Lemma 10.29, the probability that there exists a vertex for which the k-exploration
tree has at least 2 collisions before hitting the core is o(n™"'). When the k-exploration tree
from a vertex 4 has at most one collisions, there are at least (m — 1)m”~! half-edges in the
kth layer that have not yet been paired. For k_ = (1 4 £/2) 228198 _ this number is at

log (dmin—1)
least equal to N = (logn)'T¢/2+°(M) We investigate the neighborhoods of these half-edges

one by one. Recall that k& = (1 +E)1ogszli%v and assume that the k-exploration tree has
at most one collision. Then, when we successively pair the half-edges in the k_th layer, we
connect to one of the other half-edges at most once.
Denote the different half-edges incident to the k_th layer by x1,...,zn, where N =
(logn)**=/2t°M)  We call a half-edge a success when it reaches Core, in at most | =
Alogloglogn steps. Denote the event that x; is a success by Az,. We start by giving a
lower bound on P(A;,). We start by pairing z; to y;, and let v; o be the vertex incident to
yi- Let v;; € [n] denote the vertex (if any) with maximal degree at distance ! from v; 0. Let
€ > 0 be so small that (1—¢)/(7—2) > 1. Let A > 1 be a large constant. When dy, , > A,
?nd, do,; ; > (d%j_l)ﬂfs)/(ff?) for each j =1,...,l, we have, withp=(1—¢)/(7—2) > 1
or
dyy > d > AP"EEET 2 glos Alloglog A os? (10.5.13)

)
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which is much larger than (logn)° when A > 1/logp. In particular, x; is a success and
Az, occurs. As a result,

P(As,) > Pldugg > Aydu, ;> (duy, )72 5= 1,000, (10.5.14)
O

10.6 Branching processes with infinite mean

When 7 € (2,3), the branching processes {Z;l)} and {ZJ(-2>} are well-defined, but has
infinite mean in generations 2, 3, etc. Under certain conditions on the underlying offspring
distribution, Davies [79] proves for this case that (7 — 2)? log(1 + Z;) converges almost
surely, as j — 00, to some random variable Y. Moreover, P(Y = 0) = 1 —n, the extinction
probability of {Z;}52,. Therefore, also (7 — 2)? log(Z; V 1) converges almost surely to Y.

Since 7 > 2, we still have that ¢, =~ E[D]n, so that the typical value of j for which (??)
holds satisfies

(1) (2) ~ (1) (2) ~
ZiG+n /2 Z G2 R EDI, o Mog(Z ) V1) +108(2 (1) V1) & logn.
This indicates that the typical value of j is of order

loglogn
Moy = 2—008T1 10.6.1
log(r — 2) o6y

as formulated in Theorem 10.17.

In the analysis of the configuration model, we shall also encounter branching processes
with infinite mean. Such branching processes are always supercritical, as the following
exercise shows:

Exercise 10.13. Prove that a branching process with infinite mean is always supercritical,
e.g., the probability that it survives forever is strictly positive.

In this section, we shall give a scaling result for the generation sizes for such branching
processes. The main result we shall make use of is the following theorem:

Theorem 10.31 (Branching processes with infinite mean). Let {Z,}52o be a branching
process with offspring distribution Z1 = X having distribution function Fx. Assume that
there exist a T € (1,2) and a non-negative, non-increasing function x — y(x), such that

2T <1 Fy(a) < 27D for large x, (10.6.2)
where x — y(x) satisfies
(i) @ — 2@ is non-decreasing,

(i) f~° (e ) dz < oo, or, equivalently, I yﬂiffgy dy < 0.

Then (1—1)"log(Z, V1) X5 Y, with P(Y = 0) equal to the extinction probability of {Z,},
whereas Y admits a density on (0,00).

Theorem 10.31 covers the case where the branching process has an offspring which has
very thick tails. Indeed, it is not hard to show that Theorem 10.31 implies that E[X°] = oo
for every s > a € (0,1) (see Exercise 10.15 below).

We shall not prove Theorem 10.31 in full generality. Rather, we shall prove it in a
simpler, yet still quite general case, in which v(z) = (log2)?~! for some v € [0, 1).
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Exercise 10.14. Prove that v(x) = (logz)?™" for some v € [0,1) satisfies the assumptions
in Theorem 10.31.

Proof of Theorem 10.31 for v(x) = (logz)?~'. The proof shall be divided into four main
steps. Let o = 7 — 1. Define
M, = a"log(Z, Vv 1). (10.6.3)

We shall first assume that P(Z; > 1) = 1, so that n = 1. We start by splitting M,, in a
suitable way.

The split. For ¢ > 1, we define

We can write
M,=Y+Yo+ - - +Y,. (10.6.5)

From this split, it is clear that almost sure convergence of M, follows when the sum Z;’io Y;
converges, which, in turn, is the case when

oo

S E[|Yi]] < oo (10.6.6)

i=1
This is what we shall prove in the following steps.

Inserting normalization sequences. We shall next investigate IEHYZ H . We shall prove
by induction on i that there exist constants x < 1 and C > 0 such that

E[|Yi|]] < Kr'. (10.6.7)

For ¢ = 0, this follows from the fact that, when (10.6.2) holds, the random variable Y1 =
alog(Z; V1) has a bounded absolute expectation. This initializes the induction hypothesis.
We next turn to the advancement of the induction hypothesis. For this, we recall the
definition of u, in (2.6.7) and define

i UZ;_1v1 i ZiV1
Ui =« log (m), VL =« lOg (7UZi71v1). (1068)
Then we have that Y; = U; + Vi, so that
E[|Yi]] <E[|Ui[] +E[|Vi]]. (10.6.9)

We shall bound each of these terms separately.

Bounding the normalizing constants. In this step, we analyse the normalizing con-
stants n +— wun, assuming (10.6.2), and use this, as well as the induction hypothesis, to
bound EHU’H

When (10.6.2) holds, then it follows from [39] that there exists a slowly varying function
n +— £(n) such that

un = n'/%U(n). (10.6.10)

Since n — £(n) is slowly varying, by Potter’s Theorem, we have that, for every € > 0, there
exists a constant Cr > 1 such that, for all n > 1,

C:'n™° <{(n) < Cen®, (10.6.11)
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so that, in turn, u, < ané‘“. This gives a first bound on n — u,. We next substitute
this bound into (10.6.2) and use that z — 27 is non-decreasing together with ~(z) =
(logz)?™', to obtain that

L\
1+0(1) = n[l — Fx(un)] > nfu, "7 > n[u;“*l’el“g (€ena) } (10.6.12)
which, in turn, implies that there exists a constant ¢ > 0 such that
w, < nt/eclos™)” (10.6.13)

In a similar way, we can show the matching lower bound u, > n'/®e~c(°s ™" As a result,
we obtain that )
E[|Ui]] < ca'E[(log (Zi-1 V 1))7]. (10.6.14)

Using the concavity of = — z” for v € [0, 1), as well as Jensen’s Inequality, we arrive at
E[|Ui]] < ca’ (E[(log(Zi,l v 1))])V =o'CVEM,; 4] (10.6.15)
By (10.6.5) and (10.6.7), which implies that E[M;_1] < Krx/(1 — k), we arrive at

(10.6.16)

EUU"”H < O/ﬂ*“/)c(ﬁ)w.

11—k
Bounding the logarithmic moment of an asymptotic stable random variable.
In this step, we bound E}|VZ|] We note that by Theorem 2.28 and for Z; quite large, the

random variable (Z; V 1)/(uz,_,v1) should be close to a stable random variable. We make
use of this fact by bounding

E[|Vi]] <o su>pIIEHlog (S /um)|], (10.6.17)

where Sy, = X1 + -+ 4+ X, and {X;}i~; are i.i.d. copies of the offspring distribution X.
We shall prove that there exists a constant C' > 0 such that, for all m > 1,

E[|log (Sm/um)|] < C. (10.6.18)

In order to prove (10.6.18), we note that it suffices to bound
E[(log (Sm/um)), ] < Cs,  E[(log (Sm/um))_] < C-, (10.6.19)
where, for # € R, z; = max{z,0} and _ = max{—=,0}. Since |z| = z; + z_, we then

obtain (10.6.18) with C = C4 + C_. In order to prove (10.6.18), we start by investigating
E[(log (Sm/um))_]. We note that (logz)_ =log (z~' V1), so that

E[(log (Sm/um))_] =E[log (tm/(Sm Aum))], (10.6.20)

where z A y = min{z,y}. The function z — log ((um/(m A um)) is non-increasing, and,
since Sy > X(m), where X(,,,) = maxi<i<m Xi, we arrive at

E[log (um/(Sm Aum))] < E[log (wm/(Xm) Aum))]. (10.6.21)

We next use that, for > 1,  — log(x) is concave, so that, for every s,

E[10g (wm/(Xom Aum))] = %]E[log () (Xomy Aum)))] < élog (B[t /(X A )]

IN

11
i ( PR[X S ) 10.6.22
S+ 5 log (unE[X(0] ( )
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where, in the last step, we made us of the fact that um /(x Aum) < 14 um/z. Now rewrite

my = (=Yimy)?, where Y; = —Xj_1 and Y{,,) = maxi<;j<m Y;. Clearly, since X; > 1, we
have that Y; € [—1,0], so that E[(—=Y1)°] < co. Also, umY(m) = —tm/Xm) converges in
distribution to —E~Y (=Y where E is exponential with mean 1, so it follows from [189,
Theorem 2.1] that, as m — oo,

E [(umYim)?] = E[E~Y Y] < . (10.6.23)

We proceed with E[(log (Sm/um))+], for which the proof is a slight adaptation of the

above argument. Now we make use of the fact that (logz)y+ =log(z V1) <14z for z > 0,
so that we must bound

S’rn

Um

1 . 1 .
E[10g (S V tm /t1m)] = ZE[10g (S V m um))")] < £ +log (E[(Z=)]. (10.6.24)
The discussion on page 565 and Corollary 1 of [113] yields, for s < 7—1, E[S;, = E[|S1|°] <
25/2)\4(t), for some function As(m) depending on s, m and Fx. Using the discussion on
[113, Page 564], we have that \s(m) < Csm®/ "= Vi(m =) where I(-) is a slowly
varying function. With some more effort, it can be shown that we can replace I(m!/(7=1)
by £(m), which gives
1 Sy s

E[log (Sm V i /um)] < 5 +log (E[(22)] <

Um

% s/(‘rfl)g(m)su;ns _ 1 +25/2%’
S

s
(10.6.25)
which proves the first bound in (10.6.19) with C, = 1 4 23/2C

E S

Completion of the proof of Theorem 10.31 when X > 1. Combining (10.6.9) with
(10.6.16) and (10.6.17)—(10.6.18), we arrive at

Kk

E[[Vif] <’ e({25) 4 Cat < K (10.6.26)

when we take k = a'~7 and we take K to be sufficiently large, for example K > 2C and
¥

K > 20(%) . We shall not prove that Y admits a density. This completes the proof

when the offspring distribution X satisfies X > 1.

Completion of the proof of Theorem 10.31. We finally extend the result to the
setting where X = 0 with positive probability. Since E[X] = oo, we have that the survival
probability & > 0 (recall Exercise 10.13). Conditionally on extinction, we have that Z, 2%
0, so that, on the survival event, (7 — 1)"log(Z, V 1) <% Y, where, conditionally on
extinction, Y = 0.

It remains to prove that (r — 1) log(Z, vV 1) £% Y on the survival event. By Theorem
3.12, we have that, conditionally on survival,

VA
g %650, (10.6.27)

where we recall that Z(> are the individuals in the n*" generation which have an infinite
line of descent. By Theorem 3.11 and conditionally on survival, {Z{}52, is again a
branching process, now with offspring distribution p® given in (3.4.2). Note that, in
particular, ]P’(Z{‘x’) > 1) = 1, and we wish to apply Theorem 10.31 to Z{ instead of Z,,.
We shall assume that also p in (3.4.2) satisfies the conditions in Theorem 10.31 with
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the function = — v*(z), given by v*(z) = v(z) + ¢ for some constant ¢ > 0. Thus, we have
that, conditionally on survival,

(1 —1)"log(Z{ v1) &5 v (10.6.28)

and combining (10.6.27) and (10.6.28), it immediately follows that, conditionally on sur-
vival, we also obtain

(1 —1)"log(Zn V1) L35 Y, (10.6.29)

We conclude that Theorem 3.12 holds, where Y = 0 with probability n = 1 — ¢ and
Y = Y with probability C. O

Exercise 10.15. Prove that E[X] = oo when the conditions in Theorem 10.31 are satisfied.
Extend this to show that E[X°] = oo for every s > a € (0,1).

Exercise 10.16. Show that, under the conditions of Theorem 10.31, also o log(Z, + 1)
converges to 'Y almost surely.

We finally state some properties of the a.s. limit Y of {(7 —1)" log(Z, V1)}a, taken from
[79], of which we omit a proof:

Theorem 10.32 (The limiting variable for infinite mean branching processes). Under the
conditions of Theorem 10.31,

lim logP(Y > x)

T—r00 x

-1, (10.6.30)

where is the a.s. limit of (T — 1)"log(Z, A 1).

Theorem 10.32 can be understood from the fact that by (10.6.3)—(10.6.4), we have

Y =>v, (10.6.31)
n=1
where
Yi = (r—1)log (Z1V1). (10.6.32)
By (10.6.2),
P(Y: > a) =P(Z > e ) = eo(te), (10.6.33)

which shows that Y; satisfies (10.6.30). The equality in (10.6.31) together with (10.6.4)
suggests that the tails of Y1 are equal to those of Y, which heuristically explains (10.6.30).

10.7 Related random graph models

In this section, we describe a few related models that have been investigated in the
literature.
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The directed configuration model. Many real-world networks are directed, in the
sense that edges are oriented. For example, in the World-Wide Web, the vertices are web
pages, and the edges are the hyperlinks between the pages, which are clearly oriented.
One could naturally forget about these directions, but that would discard a wealth of
information. For example, in citation networks, it makes a substantial difference whether
my paper links to a paper, or that paper links to mine.

One way to obtain a directed version of CM,(d) is to give each edge a direction, chosen
with probability 1/2, independently of all other edges. In this model, however, the correla-
tion coefficient between the in- and out-degree of vertices is close to one, particularly when
the degrees are large. In real-world applications, correlations between in- and out-degrees
can be positive or negative, depending on the precise application. Therefore, we formulate
a general model of directed graphs, where we can prescribe both the in- and out-degrees
of vertices.

Fix d™ = (d{"™);c[n) to be a sequence of in-degrees, where d{"™ denotes the in-degree

of vertex 7. Similarly, we let d"" = (d{"*");c[,) be a sequence of out-degrees. Naturally,

we need that )
Z dim) _ Z dgout) (10.7.1)

i€[n] 1€[n]

in order for a graph with in- and out-degree sequence d = (d“®, d°"?) to exist. We think
of d™ as the number of in-half-edges incident to vertex i and d\°*" as the number of out-
half-edges incident to vertex i. The directed configuration model DCM,,(d) is obtained
by pairing each in-half-edge to a uniformly chosen out-half-edge. The resulting graph is a
random multigraph, where each vertex i has in-degree d;'“) and out-degree dEO““ . Similarly
to CM,(d), DCM,(d) can have self-loops as well as multiple edges. A self-loop arises at
vertex i when one of its in-half-edges pairs to one of its out-half-edges.

The household model.

Random intersection graph.

10.8 Related results for the configuration model

In this section, we discuss related results for the configuration model. We start by
investigating the setting of

Infinite mean degrees. In this section, we investigate the distances in CM,(d) when
the degrees d are i.i.d. and have infinite mean. More specifically, we assume that there
exist 7 € (1,2) and ¢ > 0 such that

lim 27 '[1 — F](z) = c. (10.8.1)

T—r00

In the statement, we make heavy use of the notation used in Theorem 7.17, which we first
recall. Recall that the random probability distribution P = (P;)2; is given by

P, =2/Z, (10.8.2)

where Z; = I; /7Y and T, = E;:1 E; with (E;);>1 an i.i.d. sequence of exponential
random variables with parameter 1, and where Z = Z¢>1 I';. Recall further that Mp
is a multinomial distribution with parameters k and probabilities P = {P;}2,. Thus,
Mp . = (B1, Bz, ...), where, conditionally on P = (P;);>1, B; is the number of outcomes i
in k independent trials such that each outcome is equal to ¢ with probability P;. In Theorem
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Figure 10.1: Empirical probability mass function of the hopcount for 7 = 1.8 and N =
10°,10%,10°.

7.17, the random variable Mp p, appears, where D is independent of P = (P;);>1. We
let M ,(,fg , and M ,(,?332 be two random variables which are conditionally independent given
P = (Pl)ZZI

In terms of this notation, the main result on distances in CM,(d) when the degrees
have infinite mean is the following:

Theorem 10.33 (Distances in CM, (d) with i.i.d. infinite mean degrees). Fiz 7 € (1,2)
in (10.8.1) and let dy,ds,...,dn be a sequence of i.i.d. copies of D. Then,

lim P(H, =2)=1— lim P(H, =3) =pr € (0,1). (10.8.3)
n—o0 n—oo
The probability pr can be identifies as the probability that Mﬁ,f},l and M}?)E,Q have an iden-
tical outcome, i.e., there is an outcome that occurs both in M}J,gl and M}(D?)DQ.

Proof. We sketch the proof of Theorem 10.33. First, with high probability, both d1 < logn
and d2 < logn. The event that H,, = 1 occurs precisely when one of the d; half-edges of
vertex 1 is attached to one of the da half-edges of vertex 2. Also, with high probability,
b, > n'/—D—e Therefore, on the event that £, > n/T=ND=¢ and d; < logn and
d2 < logn, the probability that H, = 1 is bounded above by

(logn)?

/==

=o(1). (10.8.4)

Exercise 10.17 (Typical distance is at least 2 whp). Complete the argument that P(H, =
1) = o(1).

We note that the proof of Theorem 7.17 implies that M ,(,1’33 , denotes the number of edges
between vertex 1 and the largest order statistics. Indeed, M,(Df)Dl = (Bil), Bél), ...), where

Bil) is the number of edges between vertex i and the vertex with degree D(,11—;). The
same applies to vertex 2. As a result, when M }(;)D , and M 1(;‘?33 , have an identical outcome,
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then the typical graph distance equals 2. We are left to prove that the typical graph
distance is bounded by 3 with high probability. By (2.6.17), we have that &k ("1 5 1
as k — oo. Thus, when K is large, the probability that vertex 1 is not connected to any
of the vertices corresponding to {D.y1_+) }— converges to 0 when K tends to infinity.

Recall that P, denotes the conditional probability given the degrees (di);c(n). For
i=1,2,...,, we let v; be the vertex corresponding to the i*" order statistic D¢t1-4. By
(11.4.11), we have that

_Peti-i)Pnti—j)

P, (v; not directly connected to v;) < e tn . (10.8.5)

Moreover, D, 4+1-4), Dny1—j) > n'/("=1=¢ with high probability for n sufficiently large and
any € > 0, while £, < n/("~Y¥¢ with high probability. As a result, with high probability,

_pl/(r=1)=3¢

P, (v; not directly connected to v;) < e , (10.8.6)

which converges to 0 exponentially fast. Therefore, for every i,5 € {1,..., K}, the vertices
v; and v; are connected with high probability. This implies that the vertices corresponding
to the high order statistics form a complete graph. We have already concluded that 1 is
connected to v; for some ¢ < K. In the same way, we conclude that vertex 2 is connected
to v; for some j < K. Since v; is with high probability connected to v;, we conclude that

Pn(Hn <3) =1—-o0(1). (10.8.7)

This completes the proof. O

Fluctuation of distances for finite-variance degrees. We continue to study the fluc-
tuations of the distances in the configuration model. We need a limit result from branching
process theory before we can identify the limiting random variables (Ra)qe(—1,0. We in-
troduce a delayed branching process {Zx}, where in the first generation, the offspring dis-
tribution is chosen according to F' and in the second and further generations, the offspring
is chosen in accordance to g given by

U +Dpjm .
9= I=0L (10.8.8)

The process (2 /E[D]v" )i>1 is a martingale with uniformly bounded expectation and
consequently converges almost surely to a limit (see e.g., Theorem 2.21 and Exercise 2.23):

oz

In the theorem below we need two independent copies W™ and W® of W.

Theorem 10.34 (Limit law for the average distance). Assume that (77?) is satisfied, and
let v > 1. Fork > 1, let ap = |log, k| —log, k € (—1,0]. Then, there exist random
variables (Ra)ae(—1,0] Such that as n — oo,

P(Hn — |log, n| =k | Hy < 00) =P(Ra, = k) + o(1), kez, (10.8.10)
where, for a € (—1,0],
P(Rq > k) = E[exp{—rv* WO W HWOWSE > 0], (10.8.11)

where WO and W are independent limit copies of W in (10.8.9) and where k = E[D](v—
1)L
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In words, Theorem 10.34 states that for 7 > 3, the graph distance H, between two
randomly chosen connected vertices grows like the log, n, where n is the size of the graph,
and that the fluctuations around this mean remain uniformly bounded in n. Theorem 10.34
proves the conjecture in Newman, Strogatz and Watts [179, Section ILF, (54)], where a
heuristic is given that the number of edges between arbitrary vertices grows like log,, n.
In addition, Theorem 10.34 improves upon that conjecture by specifying the fluctuations
around the value log, n.

The law of R, is involved, and can in most cases not be computed exactly. The reason
for this is the fact that the random variables W that appear in its statement are hard to
compute explicitly. For example, for the configuration model with 7 > 3, we do not know
the law of W. See also Chapter 3. There are two examples where the law of W is known.
The first is when all degrees in the graph are equal to some r > 2, and we obtain the
r-regular graph (see also [46], where the diameter of this graph is studied). In this case,
we have that E[D] = r,v = r — 1, and W = 1 a.s. In particular, P(H, < co) =1+ o(1).
Therefore, we obtain that

P(Ra. > k) = exp{——

S (= 1)ty (10.8.12)

r—

and H, is asymptotically equal to log,._; n. The second example is when g is the probability
mass function of a geometric random variable, in which case the branching process with
offspring ¢ conditioned to be positive converges to an exponential random variable with
parameter 1. This example corresponds to

. 1 o )
¢ =p(1—p)’~', sothat p;=—p(l—p)Y73 Vj>1, (10.8.13)

JCp
and ¢, is a normalization constant. For p > %, the law of W has the same law as the sum
of D1 copies of a random variable ), where ) = 0 with probability =2 and equal to an

P

22=1  Fyen in this simple

P

exponential random variable with parameter 1 with probability

case, the computation of the exact law of R, is non-trivial.
We finally give two exercises discussing consequences of Theorem 10.34:

Exercise 10.18. ([117]) Fiz an integer ni. Prove that, under the assumptions in Theorem
10.34, and conditionally on H, < oo, along the subsequence ny = |niv* '], the sequence
of random variables H,, — |log, nk| converges in distribution to Ran1 as k — oo.

Exercise 10.19. ([117]) Prove that, under the assumptions in Theorem 10.34,

(i) with probability 1 — o(1) and conditionally on H, < oo, the random variable H, is
in between (1 +¢)log, n for any € > 0;

(ii) conditionally on H, < oo, the random variables H, — log, n form a tight sequence,
i.e.,

m limsupP(|H, —log, n| < K|H, < o0) = 1. (10.8.14)

li
K=o pnooo

As a consequence, prove that the same result applies to a uniform random graph with
degrees (di)icin). Hint: Make use of Theorem 7.15.

Fluctuation of distances for infinite-variance degrees. We next study the fluctua-
tions of the average distance in CM,(d), for which we need to make a stronger assumption
than in (??). For 7 € (2,3), we assume that there exists v € [0,1) and C < oo such that

g TG0 T 1 p(g) < 7 THIHCUEE) T g Jarge 1. (10.8.15)
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Figure 10.2: Number of AS traversed in hopcount data (blue) compared to the model
(purple) with 7 = 2.25,n = 10, 940.

The condition in (10.8.15) is slightly stronger than (??), and is such that the results in
Theorem 10.31 apply. Then, we can identify the fluctuations of the typical graph distance
in CM,,(d) as follows:

Theorem 10.35 (Fluctuations graph distance CM, (d) for infinite variance degrees). Fiz

T € (2,3) and assume that (10.8.15) holds. Then there exist random variables (Ra)ae(—1,0]
such that, as n — 00,

P(Hn = 2[&g”d +1 ‘Hn < oo) —P(Ra, =1) +0(1), 1€ @0.8.16)

|log(T — 2)
where a, = L|1l§gg(l:§;)|J — ngg(lff’;)‘ € (—1,0], and where, for a € (—1,0],

]P’(Ra > l) = ]P(Inelél [(7’ _ 2)*Sy(1) + (7_ _ 2)3761}/'(2)] S (T _ 2) ”/2—‘+G|Y<I)Y(2) > 0)7

where ¢; = 1 if | is even, and zero otherwise, and Y, Y'® are two independent copies of
the limit random wvariable in Theorem 10.31.

In words, Theorem 10.17 states that for 7 € (2, 3), the graph distance H, between two
randomly chosen connected vertices grows proportional to loglog of the size of the graph,
and that the fluctuations around this mean remain uniformly bounded in n.

Simulations indicating the properties of the typical graph distance for 7 € (2,3) can bee
seen in Figure 10.2. In it, the distances of the AS-graph in Figure 1.2, and these distances
are compared to the ones in CM,,(d) where n is equal to the number of AS and the best
approximation to the exponent of the power-law for the degree sequence of the AS-graph,
which is 7 = 2.25.

The near-critical behavior in the configuration model. In [133], also partial results
appear on the near-critical behavior of CM, (d):
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Theorem 10.36. Suppose that Condition 7.5(a)-(c) hold and that v = 1. Assume further

that an = E[Dn(Dn —2)] = 32,y di(di —2)/n > 0 and, moreover, n'3a, — oo, and that
> dit=0(m) (10.8.17)
i€[n]

for some e > 0. Let B :=E[D(D —1)(D —2)]. Then, 8 >0 and

|Crmax| QEﬂ[D] nan + oz(naw),
Uk (Cmax)| = %kpknan + or(naw ), for every k > 0,
BCdl = P na, + or(na)

while |C2y| = op(na,) and |E(C(2)) = op(nam).

_—| The critical behavior in the configuration model.

10.9 Notes and discussion

Notes on Section 10.1 This section is based on [133].

Notes on Section 10.2. These results are folklore, even though we were not able to
find a proof.

Notes on Section 10.3. Distances in the configuration model were first obtained in
[179, 180]. Theorem 10.16 is [107, Theorem 4.1]. A logn lower bound on the diameter is
also proved in [119]. Theorem 10.34 is proved in [117]. Theorem 10.35 is proved in [118].
The identification of P(H, = 2) is new. The proof of Theorem 10.23 is close in spirit to the
analysis in [195], the only difference being that we have simplified the argument slightly.

One might argue that including degrees larger than n — 1 is artificial in a network with
n vertices. In fact, in many real networks, the degree is bounded by a physical constant.
Therefore, in [103], also the case where the degrees are conditioned to be smaller than n®
is considered, where « is an arbitrary positive number. Of course, we cannot condition on
the degrees to be at most M, where M is fixed and independent on n, since in this case,
the degrees are uniformly bounded, and this case is treated in [117] as well. Therefore,
[103] considers cases where the degrees are conditioned to be at most a given power of n.
In this setting, it turns out that the average distance is equal to k43 with high probability,
whenever o € (1/(7 + k),1/(7 + k —1)).

_—| Notes on Section 10.4. Proposition 10.18 is adapted from [?, Lemma 5.1]

Notes on Section 10.5. Theorem 10.27 is novel, as far as we are aware.

Notes on Section 10.6. Theorem 10.31 is proved in [79]. A related result, under
stronger conditions, appeared in [78]. Branching processes with infinite mean have at-
tracted considerable attention, see e.g., [198, 200] and the references therein. There is a
balance between the generality of the results and the conditions on the offspring distri-
bution, and, in our opinion, Theorem 10.31 strikes a nice balance in that the result is
relatively simple and the conditions fairly general.
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Notes on Section 10.8. Theorem 10.33 is proved in [103].






CHAPTER 11
PREFERENTIAL ATTACHMENT REVISITED

In this chapter, we state some further results on preferential attachment models. We start
by discussing an important tool in this chapter: exchangeable random variables and their
distribution described in De Finetti’s Theorem. These results shall be applied to Polya
urn schemes, which can be used to describe the distribution of the degrees in preferential
attachment models. In Section 11.2, we investigate the connectivity of PA,, 5(¢). In Section
11.2.1, we investigate graph distances in PA,, 5(t).

Throughout this chapter, we shall work with the preferential attachment model defined
in Section 8.1 and denoted by {PA,, 5(¢)}i21, unless stated otherwise. We recall that this
model starts with a single vertex with m self-loops at time ¢ = 1, and at each time, a vertex
is added with m edges which are attached to the vertices in the graph with probabilities
given in (8.1.1) for m = 1, and as described on page 164 for m > 2. This model can also
be obtained by identifying blocks of m vertices in {PA1 s(t)}i2;. We shall sometimes also
discuss other variants of the model, such as {PA,, s(¢)}¢2, in which the m = 1 model does
not have any self-loops.

11.1 Exchangeable random variables and Polya urn schemes

In this section, we discuss the distribution of infinite sequences of exchangeable random
variables and their applications to Polya urn schemes. We start by discussing De Finetti’s
Theorem.

De Finetti’s Theorem for infinite sequences of exchangeable random variables.
A sequence of random variables {X;}i2, is called exchangeable when, for every n > 1,
the distribution of {X;}i_; is the same as the one of {X,;}iu; for any permutation
o:{1,...,n} = {1,...,n} of {1,...,n}. Clearly, when a sequence of random variables is
independent and identically distributed, then it is also exchangeable. Remarkably, however,
the distribution of an infinite sequence of random variables is always a mizture of inde-
pendent and identically distributed random variables. This is the content of De Finetti’s
Theorem, which we shall state and prove here in the case where {X;}{2; are indicator
variables:

Theorem 11.1 (De Finetti’s Theorem). Let {X;}{2 be an infinite sequence of exchange-
able random variables, and assume that X; € {0,1}. Then there exists a random variable
U with P(U € [0,1]) =1 such that, for all1 <k < n,

PXi=- =Xy, =1,Xpp1=---=X, =0)=E[U"1 -0)""". (11.1.1)

De Finetti’s Theorem (Theorem 11.1) states that an infinite exchangeable sequence of
indicators has the same distribution as an independent Bernoulli sequence with a random
success probability U. Thus, the different elements of the sequence are not independent,
but their dependence enters only through the random success probability.

From the proof, we shall see that Theorem 11.1 in fact holds more generally, for example,
when X; takes on at most a finite number of values. Since we shall use Theorem 11.1 only
for indicator variables, we refrain from stating this version.

When writing

Sn = Xy, (11.1.2)
k=1

297
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Theorem 11.1 implies that
P(S, = k) = E[P(Bin(n, U) = k)]. (11.1.3)

Equation (11.1.3) also allows us to compute the distribution of U. Indeed, when we would
have that

1i_>m nP(S, = [un]) = f(u), (11.1.4)
where f is a density, then (11.1.3) implies that f is in fact the density of the random
variable U. This shall prove to be useful in applications of De Finetti’s Theorem (Theorem
11.1). Furthermore, by the strong law of large numbers applied to the conditional law

given U, we have that S, /n <% U.
Exercise 11.1. Prove (11.1.3).

Proof of Theorem 11.1. The proof of this deep result is in fact quite simple. It makes
use of Helly’s Theorem, which states that any sequence of bounded random variables has a
weakly converging subsequence.

We fix m > n and condition on S,, to write

P(X;= =X, =1,Xp 1 ==X, =0)

=Y P(Xi==Xp=1Xep1 =" =X =0|Spn =j)P(S =j). (11.1.5)
j=k

Now, when conditioning on S,, = j and by exchangeability, each sequence {X;}i{*; con-
taining precisely j ones is equally likely. Since there are precisely (TJ") such sequences, and

m—n

precisely () ( jik) of them start with k ones and n — k zeros, we obtain

() (550)
(7))

[[D(Xl:...:Xk:LXkH:...:Xn:0|sm:j): (11.1.6)

We therefore arrive at

P(X1::Xk:17Xk+1::Xn:O)

Nkt ) mog) (=R 4 )
fz D) P(Sy = 5). (11.1.7)

When m — oo, we see that, for k < n fixed,

jo(G—k+1) ;Lm_(iz,;nj;)j_ (m—k)+1) _ (j )k(l_i)’“]ﬂro(l), (11.1.8)

Recall that S,, = j, so that

P(X1= =Xy =1, X401 =- =X, =0) = lim E[VE(1-Y,)""], (11.1.9)
m—>0o0
where we write Y, = Sy, /m. Note that it is here that we make use of the fact that {X;}{2;

is an infinite exchangeable sequence of random variables.

Since 0 < S,,, < m, we have that 0 <Y, <1, so that the sequence of random variables
{Ym }r=1 is a bounded sequence. By Helly’s Theorem, it contains a weakly converging
subsequence, i.e., there exists a {Ym, }72; with lim;, m; = oo and a random variable U
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such that Yo, —%, U. Since, for each k, n, the random variable Y2 (1=Y,)" " is uniformly
bounded, we thus obtain by bounded convergence that

lim E[Yh(1—Y.)" "] = llir{;E[Y,ﬁl(l —Yu)" ] =E[UF1-U)""*]  (11.1.10)

m— o0

This completes the proof. O

We close this paragraph by discussing some consequences of De Finetti’s Theorem. De
Finetti’s Theorem implies that when X} and X,, are coordinates of an infinite exchangeable
sequence of indicators, then they are positively correlated:

Exercise 11.2. Let {X;}{2, be an infinite sequence of exchangeable random wvariables.
Prove that

P(X) = X, = 1) > P(X), = D)P(X, = 1). (11.1.11)

Prove that equality holds if and only if there exists a p such that P(U = p) = 1.

By Exercise 11.2, an infinite sequence of exchangeable random variables is positively corre-
lated. This also allows us to discuss examples of finite exchangeable sequences of random
variables and their relation to De Finetti’s Theorem (Theorem 11.1). Indeed, in the proof
of De Finetti’s Theorem, it is imperative that the sequence {X;}{2, is infinite. This is
not mere a technicality of the proof. Rather, there are finite exchangeable sequences of
random variables for which the equality (11.1.1) does not hold. Indeed, take an urn filled
with b blue and r red balls and draw balls successively without replacement. Let X; de-
note the indicator that the i*® ball drawn is blue. Then, clearly, the sequence {X; ';'f is
exchangeable. However,

b(b—1) b

P =X=1 =1 < Gy

2 =P(X; = DP(Xo = 1),  (11.1.12)

so that X1 and X, are negatively correlated. As a result, (11.1.1) fails.

Polya urn schemes. An important application of De Finetti’s Theorem (Theorem 11.1)
arises in Polya urn schemes. An urn consists of a number of balls, and we successively draw
balls and replace them in the urn. We start with By = bg blue balls and Ry = 7o red balls
at time n = 0. Let W, W,.: N — (0, 00) be two weight functions. Then, at time n + 1, the
probability of drawing a blue ball, conditionally on the number B,, of blue balls at time n,
is proportional to the weight of the blue balls at time n, i.e., the probability of drawing a
blue ball is equal to
Wb(Bn)
Wb(Bn) + Wr(Rn) '

After drawing a ball, it is replaced together with a second ball of the same color. We
shall denote this Polya urn scheme by {(B,, Rn)}ne;. Naturally, we have that B,, + R, =
bo + 7o +n.

In this section, we shall restrict to the case where there are a,,a; > 0 such that

(11.1.13)

Wo(k) =ar+k  We(k) =ar+F, (11.1.14)

i.e., both weight functions are linear with the same slope, but possibly a different intercept.
The main result concerning Polya urn schemes is the following theorem:
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Theorem 11.2 (Limit theorem for linear Polya urn schemes). Let {(Bn, Rn)}ne:1 be a
Polya urn scheme with linear weight functions Wy, and W, as in (11.1.14). Then, as

n — oo,

B’VL a.s.
e S, (11.1.15)

where U has a Beta-distribution with parameters a = bo + ap and b = ro + a,, and

P(B, = Bo + k) = E[P(Bin(n, U) = k)]. (11.1.16)

Proof of Theorem 11.2. Let X, denote the indicator that the n'" ball drawn is blue. We
first show that {X,}5=; is an infinite exchangeable sequence. For this, we note that
Bu=bo+ Y X;,  Ro=ro+» (1-X;)=r9—bo+n—Bn. (11.1.17)

Now, for any sequence {x}{—;, we have that

P({X:}im1 = {2 }ima) H bt T Ig gr;;t, (11.1.18)

where by = by + 22:1 zj and ry = Ro — Bo +t — b;. Denote k = >, ®;. Then, by
(11.1.14) and (11.1.17), we have that

n n—1
[T (o) + W) = TT (B0 + 70 + ap +ar +1), (11.1.19)
t=1 t=0
while
n k—1 n n—k—1
[Twe@o) =[] (bo + as +m), H )= I (ro+ar+4). (11.1.20)
t=1 m=0 t=1 j=0

Thus, we arrive at

Hm 0(b+ )H;L:_Ok_l(r+])

P({Xi}im = {m}icn) = b4+ 1)

, (11.1.21)

where b = by + ap and r = 719 + a,. In particular, (11.1.21) does not depend on the
order in which the elements of {z;}}—; appear, so that the sequence {X,};2; is an infinite
exchangeable sequence. Thus, by De Finetti’s Theorem (Theorem 11.1), the sequence
{Xn}52 1 is a mixture of Bernoulli random variables with a random success probability U,
and we are left to compute the distribution of U. We also observe that the distribution of
depends only on bo, 7o, as, ar through b = by + ap and r = ro + a,.

We next verify (11.1.4). For fixed 0 < k < n, there are (Z) sequences of k£ ones and
n — k zeros. Each sequence has the same probability given by (11.1.21). Thus,

B = <n> [Tno®+m) IT25 " (r + )
k (bt
P'(n+1) XF(k+b)XF(nfk+r)>< r(b+r)
N'k+1)I'(n—-k+1) I'(b) I'(r) Fn+b+r)
b+ ) (/<:+b)><F(n—l~c+r)>< I'(n+1)
(r)F(b) I'k+1) Tn—k+1) Tn+b+r)

P(S, =

(11.1.22)
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For k and n — k large, by (8.2.8),

P(S, = k) = ggf);(’;)) ) (11.1.23)

Taking k = [un] (recall (11.1.4))

F(b —+ 7") b—1

. _ _ _ r—1
HILH;O nP(Sp, = [un]) = 7F(r)l"(b)u (1—w)" 7, (11.1.24)
which is the density of a Beta-distribution with parameters b and r. O

Applications to scale-free trees. We close this section by discussing applications of
Polya urn schemes to scale-free trees. We start at time ¢ = 2 with two vertices of which
vertex 1 has degree d; and vertex 2 has degree ds. After this, we successively attach vertices
to older vertices with probability proportional to the degree plus § > —1. We do not allow
for self-loops, so that indeed we obtain a tree. This is a generalization of {PA; s5(¢)}¢2,, in
which we are are more flexible in choosing the initial graph.

We now decompose the growing tree in two trees. For i = 1,2, we let T;(¢) be the tree
of vertices which are closer to 7 than to 2 —4. Thus, the tree T>(¢) consists of those vertices
for which the path in the tree from the vertex to the root passes through vertex 2, and
T1(t) consists of the remainder of the scale-free tree. Let S;(t) = |T;(t)| denote the number
of vertices in T;(¢). Clearly, Si(¢) + S2(t) = ¢, which is the total number of vertices of the
tree at time ¢.

Theorem 11.3 (Tree decomposition for scale-free trees). Ast — oo,

S1(t) a.s,
ST U (11.1.25)

where U has a Beta-distribution with parameters a = d;:; and b= d;:';, and

P(Si(t) = k) = E[P(Bin(t ~1,U)=k - 1)]. (11.1.26)

Theorem 11.3 implies that we can decompose a scale-free tree into two disjoint scale-
free trees, each of which contains a positive proportion of the vertices. This proportion
converges almost surely to a Beta-distribution with parameters a = dzlj'; and b = d;:f,
which is strictly bounded away from 0 and 1.

Proof of Theorem 11.3. The evolution of {S1(t)}{22 can be viewed as a Polya urn scheme.
Indeed, when Si(t) = s1(t), then the probability of attaching the (¢ + 1)** vertex to T4 (t)
is equal to
(281(t) +d; — 2) —+ 551(t)
(281(t) +di — 2) + 081 (t) =+ 2(82(t) + d2) + 052 (t) ’
since the number of vertices in T;(t) equals S;(t), while the total degree of T;(t) equals
(2Si(t) + d; — 2). We can rewrite this as

(11.1.27)

s1(t) + d21;62

— (11.1.28)
s1(t) + so(t) + Bfda—
which is equal to (11.1.13) in the case (11.1.14) when ro = bp = 1 and ap = 4=2,a, = 22

Therefore, the proof of Theorem 11.3 follows directly from Theorem 11.2. O
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Exercise 11.3. A uniform recursive tree is obtained by starting with a single vertex, and
successively attaching the (n+1)** vertex to a uniformly chosen vertez in {1,...,n}. Prove
that for uniform recursive trees, the tree decomposition described above is such that

S1 (n) a.s,
ST U (11.1.29)

where U is uniform on [0,1]. Use this to prove that, for each k € {1,...,n},

P(Sy(n) = k) = % (11.1.30)

We continue by discussing an application of Polya urn schemes to the relative sizes of the
initial degrees. For this, we fix an integer k£ > 2, and only regard times ¢ > k at which an
edge is attached to one of the k initial vertices. We work with {PA,, 5(t)}:>1, so that we
start at time ¢ = 1 with one vertices with one self-loop, after which we successively attach
vertices to older vertices with probability proportional to the degree plus § > —1, allowing
for self-loops. The main result is as follows:

Theorem 11.4 (Relative degrees in scale-free trees). Ast — oo,

Dy (t)
Di(t) + -+ Di(2)

2% B, (11.1.31)

where By has a Beta-distribution with parameters a =1+ 98 and b= (k —1)(2 + 9).

By Theorem 8.8, By = &k /(€14 - - +&k) (where we also use that these random variables
are positive almost surely). Theorem 11.4 allows to identify properties of the law of the
limiting degrees.

Proof of Theorem 11.4. Denote the sequence of stopping times {7x(n)}aron_1, by 7% (2k —
1)=k—1, and
Te(n) = inf{t: D1(t) + -+ Dr(t) = n}, (11.1.32)

i.e., Tx(n) is the time where the total degree of vertices 1,...,k equals n. Since P(§; =
0) = 0 for every j, Tk(n) < oo for every n. Moreover, since limy, o 7x(n) = 0o, we have
that

- Di(t) . Di(1x(n)) . Di(mi(n))
B DO e De() e Da(ra(n)) + - + Dalma(m) e m

(11.1.33)
Now, {(Dk(mx(n)), D1(1x(n)) + -+ + Dr—1(76(n)))}ni2x—1 is a Polya urn scheme, with
Dy(mx(2k — 1)) = 1, and D1 (7%(2k — 1)) + - -+ + Dr—1(7x(2k — 1)) = 2k — 2. The edge at
time 7(n) is attached to vertex k with probability

Dy (t)+ 0
—_— 11.1.34

ke ( )
which are the probabilities of a Polya urn scheme in the linear weight case in (11.1.14)
when ap = §,ar, = (K —1)d, bop = 1, 7o = 2(k — 1). Thus, the statement follows from
Theorem 11.2. O
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11.2 Connectivity of preferential attachment models

In this section, we investigate the connectivity of {PA,, s(t)}+>1. We start by describing
the connectivity when m = 1, which is special. For m = 1, we note that N;, the number
of connected components of PA; s(¢), has distribution given by

Ne=L+DL+ - +1I, (11.2.1)

where I; is the indicator that the " edge connects to itself, so that {I;}!_, are independent
indicator variables with

144
2+8)@E—-1)+1+46"

P(L; =1) = (11.2.2)

As aresult, it is not hard to see that N;/logt converges in probability to (148)/(2+46) < 1,
so that whp there exists a largest connected component of size at least t/logt. As a result,
we see that PA; s5(¢) is not connected, but has few connected components which are almost
all quite large. We shall not elaborate more on the connectivity properties when m = 1,
but leave the asymptotics of the number of connected components as an exercise:

Exercise 11.4. Show that the number of connected components Ny in PA1 s(t) satisfies a
central limit theorem with equal asymptotic mean and variance given by

146 1490
E[N:] = mlogt(1+o(1)), Var(N;) = 2+5logt(l+o(1)). (11.2.3)

When m > 2, then the situation is entirely different. Indeed, in this case, PA,, s(t)
turns out to be connected with high probability:

Theorem 11.5 (Connectivity of PA,, 5(¢) for m > 2). Fiz m > 2. Then, with high
probability, PA, 5(t) is connected.

Proof of Theorem 11.5. Again we let N; denote the number of connected components of
PA,, 5(t). We note that, I; = Ny — N¢y—1 = 1 precisely when all m edges of vertex t are
attached to vertex t. Thus,

m

2e —1+6
P =1 =]] (2m+0)t+ (2e—1+0) (11.2.4)

e=1

When m > 2, then

9]

> P =1) < oo, (11.2.5)
t=2
so that, almost surely, I; = 1 only occurs finitely often. As a result, since also N

<
1+ Y2, Ir, we have that N; < oo almost surely. This implies that, for m > 2, PA,, 5(t)
almost surely contains only finitely many connected components. However, PA,, 5(t) has a
positive probability of being disconnected at a certain time ¢ > 2 (see Exercise 11.5 below).
We next extend the proof to show that, with probability converging to 1, N = 1. For this,
we first fix K > 1 large. Then, with probability converging to 1 as K — oo, > ;2 - I, = 0.
We condition on »°.° . I; = 0, so that no new connected components are formed after
time K, and we are left to prove that the vertices 1,..., K are all connected in PA,, s(t)
for any m > 2. This proof proceeds in two steps. In the first step, we prove that with
high probability, the number of vertices that are connected to i € {1,..., K} is large when
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t — oo. In the next step, we show that this implies that in fact all vertices in {1,..., K}
are connected to 7 in PA,, 5(t).
To prove a lower bound on the number of vertices attached to vertex ¢ € {1,..., K},

we lower bound this number by a Polya urn scheme. We denote by = 1 and ro = i. We
recursively define the Polya urn scheme {(Bn, Rn)}nz1 as follows. We draw a ball, where
the color of the ball is blue with probability proportional to the number of the blue balls.
If we draw a blue ball, we replace it with an extra blue ball. If we draw a red ball, then
we replace it with an extra red ball. Then, we claim that C;(¢), the number of vertices
connected to vertex ¢ at time ¢, is bounded below by B;_;. We shall prove this by induction
on t > i. At time ¢, the number of vertices connected to vertex 7 is at least ¢ (namely, vertex
¢ itself), and this proves the claim since By = by = 1. Suppose that C;(t) > B—;. Then,
the total weight of the vertices connected to vertex ¢ at time ¢ is at least B;—;(2m+4), while
the total weight is equal to t(2m +6) + (146) < (t+1)(2m +6) = (2m +6)(Bi—i + Ri—s),
since Bi—; + Ry—; = (t — i) + bo + 10 = t + 1. Now, we say that at time ¢ + 1, we draw a
red ball when the first edge of vertex ¢ + 1 is attached to a vertex which is connected to
vertex ¢ at time ¢. If this happens, then indeed vertex t 4+ 1 will be connected to vertex
i, and C;(t) is increased by (at least) one. Thus, this advances the induction hypothesis,
and proves the claim.

Now, by Theorem 11.2, we have that C;(¢t) > B:—;, and B/t 2% U, where U has a
Beta-distribution with parameters ¢ = 1 and b = i. Since P(U = 0) = 0, we have that,
with high probability, C;(t) > e(t — 7) for all ¢ sufficiently large when € > 0 is small. We
conclude that, as t — oo,

P(liminf Ci(t)/t > ¢ Vi=1,...,K)=1-o(1) (11.2.6)

as € | 0. We claim that when C;(t)/t > ¢ and C;(t)/t > € for @ # j, then, with high
probability, ¢ is connected to j in PA,, s(2t). Indeed, let I € {¢t + 1,...,2t}. Then, when
the first edge of vertex [ is attached to a vertex connected to vertex i, and the second to
a vertex connected to vertex j, then ¢ and j will be connected in PA,, s(2t). In this case,
we say that [ is a t-connector for vertices ¢ and j. Independently of the attachment of the
edges of vertices t + 1,...,1 — 1, and conditionally on PA,, s(2t), the probability that [ is
t-connector for vertices ¢ and j is at least

Ci(t)(2m + 9) C;(t)(2m +9) > Ci(t)C;(t)
I2m+8)+1+61(2m+8)+2+6 = (2t +1)2°

(11.2.7)

When C;(t)/t > € and C;(t)/t > ¢, this is at least €?/16. Thus, the probability that there
is no t-connector for vertices i and j is at most

1= ) <ot 11.2.8
[E—— 16

(1-55) se i (11.2.8)
This tends to 0 exponentially when t — co, so that we obtain that the probability that the
probability that there exists 4,5 € {1,..., K} that are not connected in PA,, 5(2t) tends
to 0 as t — oo. This proves that PA,, s(2t) is connected with high probability for ¢ large,
which implies Theorem 11.5. O

Exercise 11.5. Compute the probability that {PA,, s(t)}21 is connected for all times
t > 1, and show that this probability is in (0,1).
11.2.1 Small-world effect in preferential attachment models

In the next sections, we shall investigate distances in preferential attachment models.
While the results are far from being as complete as the results for inhomogeneous random,
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graphs or the configuration model discussed in Chapter 9 and 10, respectively, the available
results are all consistent with the fact that distances in preferential attachment models
have the same asymptotics as distances in the configuration model with the same degree
sequence. This suggest a strong form of universality, which is interesting in its own right.
For distances in preferential attachment models, we shall focus on the diameter, since
results on the distances between a uniform pair of vertices have not yet been obtained. By
Theorem 11.5, PA,, 5(t) is connected with high probability for m > 2. When m = 1, this
is not true for PA,, s(t), but PA(lb%(t) is, by definition, connected. Thus, we shall define
the diameter of PA,, 5(t) to be the maximum graph distance between any pair of vertices
that lie in the same connected component.

The results on distances are organized as follows. In Section 11.3, we state and prove
logarithmic bounds on the diameter of PA,, 5(¢t) when 6 > 0 and when m = 1. In Section
11.4, we prove doubly logarithmic bounds on the diameter of PA,, s(¢) when § < 0 and
m > 2.

11.3 Small-world effect in PA models: logarithmic bounds

In this section, we prove logarithmic bounds on distances in PA,, 5(¢). In Section 11.3.1,
we investigate the case where m = 1, in which case PA; s(t) consists of a collection of trees.
The main results in this case are proved in [192]. In Section 11.3, we prove logarithmic

bound on the diameter in PA:Z)’(;(t) when m > 2.

11.3.1 Logarithmic distances in preferential attachment trees

When m = 1, one of the main results in [192] is as follows:

Theorem 11.6 (The diameter of scale-free trees). Fiz m =1 and 6 > —1. Let v be the
non-negative solution of
v+ (146)(1+logy) =0. (11.3.1)

Then, for every € > 0 and, with high probability, the diameter of PA; s(t) is in between

2(149 2(145
((2(+5)3/ —e¢)logt and ((2(+5)A1 +¢)logt.

In order to prove Theorem 11.6, it will be convenient to first consider a variation of the
PA; 5(t) model where there are no self-loops. Recall the growth rule in (8.1.2) and the
discussion below it. The main result for {PAffS (t)}2, is as follows:

Theorem 11.7 (The diameter of scale-free trees PA(ll:Z;(t)). Fizrm=1andé > —1, and let
v be the solution of (11.3.1). Then, for every € > 0 and with high probability, the diameter

of PAgfzs(t) is in between ((22(‘1:(;;2 —¢)logt and ((22(};‘(;;2 +¢)logt.

Theorem 11.6 implies that for m = 1, the diameter grows proportionally to the logarithm
of the graph size. Scale-free trees have received substantial attention in the literature, we
refer to [49, 192] and the references therein.

The proof of Theorem 11.6 relies on the fact that the case when m = 1 is special. In
this case, PA1 5(t) consists of a collection of trees each with precisely one self-loop. There
is a close analogy between these trees and so-called uniform recursive trees. In uniform
recursive trees, we grow a tree such that at time 1, we have a unique vertex called the root,
with label 1. At time ¢, we add a vertex and connect it to a uniformly chosen vertex in
the tree. See [204] for a survey of recursive trees.
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A variant of a uniform recursive tree is the case where the probability that a newly
added vertex is attached to a vertex is proportional to the degree of the vertices (and, for
the root, the degree of the root plus one). This process is called a random plane-oriented
recursive tree. For a uniform recursive tree of size t, it is proved by Pittel in [192] that
the maxlmal distance between the root and any other vertex is with high probability equal
to 2— logt(1 + o(1)), where v satisfies (11.3.1) with § = 0. It is not hard to see that this
1mphes that the maximal graph distance between any two vertices in the uniform recursive
tree is equal to %logt(l + 0(1)). We shall make use of similar arguments below to prove
Theorem 11.6.

In order to prove Theorem 11.7, we make use of a result on the height of scale-free trees,
which is proved by Pittel in [192]. The height of a tree is the maximal distance between
any of the vertices of the tree to the root. For a tree T', we denote the height of T by
H(T). Then the asymptotics of the height of scale-free trees is as follows:

Theorem 11.8 (The height of scale-free trees). Fiz m =1 and 6 > —1, and let v be the
solution of (11.3.1). Then,

H(PAYS(1) s, (1+40)
logt (249)y

(11.3.2)

We shall only prove the upper bound in Theorem 11.8. The lower bound, which is
somewhat more delicate, is proved in [192] using a result by Kingman in [145]. We remark
that the almost sure limit of the height in Theorem 11.8 does not depend on the precise
starting configuration of the graph PA% (2). We shall crucially rely on this fact.

In the proof of the upper bound, we shall make use of the following result which computes
the probability mass function of the distance between vertex vs and the root vi. Before
stating the result, we need some more notation. We write ¢ — s when in {PA(l}jzs(t)}tZI
one of the edges of vertex v; is connected to vertex vs. Note that for this to happen, we
need that ¢ > s. For s1 =t > s3 > -+ > s = 1, and denoting 5k = (s1,82,...,8k), we

write
k—1

Es, = [{si — sit1}. (11.3.3)
i=1
For a configuration of PA“’)( ), we let dist(vs,v1) denote the unique value of k such that

t =585 — 82 —> -+ — S,—1 —> Sk, = 1. Then the probability mass function of
dist(v¢, v1) can be identified as follows:

Proposition 11.9 (The distribution of dist(v¢,v1) in PAgffg(t)). Firm=1 and § > —1.
Then,

) 1+ 6\k-t (5+2+5

= = 11. .

P(dist(ve,v1) = k) (2+5) F(1+2+5 (s+1) E ||Sz (11.3.4)
Sk

where the sum is over ordered vectors S of length k, for which s1 =t and s = 1.

Proof of Proposition 11.7. We note that since the path between vertex v; and v is unique,
we have

P(dist(ve, v1) = k) ZIP’( ﬂ {si — 51+1}> (11.3.5)

where the sum is over all ordered vectors §j of length k, for which s; =t and s, = 1.
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We claim that the events {s; — s;+1} are independent, i.e.,

]P’( ﬁ{si — SH»I}) = 1:[ P(si — sit1)- (11.3.6)

We prove this independence by induction. First note that

P(hl{si - S“rl}) = E[P(hl{sz‘ — Si+1}‘PAiljzs(81 — 1))]

= E[ﬂ{ﬂf;;{sz'——wﬂ}}lp(sl — 82|PA(11325(81 — 1)):|, (11,3.7)
since the event ﬂi;;{sl — Si+1} is measurable with respect to PA(lljz;(sl —1). Furthermore,
from (8.1.2),

D52 (81 — 1) +9

P(s1 — s2[PA)(s1 — 1)) = TR IR (11.3.8)
In particular, we have that
so\S1 — 5
P(sy — 55) = E[%]. (11.3.9)
Therefore,
’H Ds,(s1—1)+6
P( Q{Sz — si+1}) = E[ﬂ{ﬂf:}l{sq,ﬁsz'-u}}—( (1 —1) }
1)+
( ﬂ {s: — sm}) [m} (11.3.10)

since the random variable Ds,(s1 — 1) only depends on how many edges are connected to

s after time sa, which is independent of the event ()\_1{s; — s;11}, which depends on
the attachment of the edges up to and including time so only. We conclude that

( ﬂ{sl — s,ﬂ}) =P({s1 — s2}) ( ﬂ {s: —> slﬂ}) (11.3.11)

Iteration leads to the independence claim in (11.3.6).
Combining (11.3.5) with (11.3.6) and (11.3.9), we obtain that

- 5
P(dist(ve, v1) = k) Z HE[;:_(S—)_F) ] (11.3.12)

5, 1=1

D;(t) + 5} —(1+9) F(t + %M)F Z) 1+ o F(t + %M)F(Z) (11.3.13)

(
2+ + 515)  2+0T(E+ DI+ 55)
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so that

-1 Tr S -
1+5)k . t+2+a) Zl:[l (11.3.14)

where we recall that the sum is over ordered vectors 5 of length k, for which s; = ¢t and
s = 1. This completes the proof of Proposition 11.7.

Proof of the upper bound in Theorem 11.8. We first use Proposition 11.7 to prove that,
almost surely,

dist(ve, v1) < (1+9)

I 11.3.15
l?isololp logt ~ (24 0)y ( )
To see (11.3.15), by (11.3.4) and by symmetry,
' 14+ 8\k—1 T(t+ 515) k=2 1
P(dist(ve, v1) = k) = = 11.3.16
k—2
where the sum now is over all vectors iy_o = (t1,...,tk—2) with 1 < ¢; < t with dis-

tinct coordinates. We can upper bound this sum by leaving out the restriction that the
coordinates of tx_o are distinct, so that

) 14§\ k-1 Lt + 515) 1 k-2
P(dist(ve, v1) = k <( ) ( 7) . (11317
(dist(ve, 1) = k) < (5775 D(1+ o)t + 1) (k ;s ( )
Since z +— 1/ is monotonically decreasing, we have that
“1
= g/ Zdx = logt. (11.3.18)
1z
Also, we use (8.2.8) to bound, for some constant Cs > 0,
k—2

1446
145 (mlogt)

P(dist(ve, v1) = k) < Cst™ 23 = (11.3.19)

The solution « to (11.3.1) is strictly in between (0, ™), so that, for any k > ((21-:56))7 logt+2,

we have that
146

2%6 lOgt

<7 (11.3.20)
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and we conclude that, for k& > ((21:;))7 logt+1,

k—1 l
148 14 t) oo (iﬂo t) (k —1)!
_ 146 (2+6 ) 2+s 08
i <
B(dist(ve, 1) > k) < Cst™ 38 S—pgiim— ) =y

=0

k—1 1
145 145
< Ost— 758 (%lOgt i 1 G5 148 (ﬁlogt)
= k-0 &7 "1, (k—1)!
(11.3.21)
Now we fix ¢ > 0 and we take k; = 812; (% +¢e)logt+ 1. We use
k!> ke, (11.3.22)

to arrive at

P(dist(ve, v1) > k) <

N
~
[N
+
i

Cs 7M(e(1+5)10gt)’“*1: Go -5 (O ety o tost
(ke —1) 1—7 1+~e

143 (A+68) 1
Cs tfm(e'y) z+o) (5 Te) logt

IN

Lo (Lie)[1+lo )
Cs 2+5( (5+e)[1+logn] _ Cs —a (11.3.23)

where
146

P=57%

1
(1 -G +5)[1+log'y]). (11.3.24)
Since v < e !, 14+1logy < 0, so that

146
P> 5l

(1+ 17i6) —1, (11.3.25)

1+90

1
1+ logfy]) =333

1—=
v

where the equality follows from (11.3.1). Thus, we conclude that, for k; = gig;(% +
€)logt+ 1 with € >, we have

P(dist(ve,v1) > ki) = Ot F), (11.3.26)
for some p > 1. As a result, by the Borel-Cantelli Lemma, the event {dist(vs,v1) > k¢}

occurs only finitely often, and we conclude that (11.3.15) holds. We finally complete the
proof of Theorem 11.8. For this, we note that

H(PAY)(1)) = mé.icdist(vs7v1)7 (11.3.27)

so that when {dist(v¢, v1) > k¢ } occurs only finitely often, we also have that {H(PA?} (t) >
ki} occurs only finitely often. Since € > 0 was arbitrary, we obtain Theorem 11.8. O

We next prove Theorems 11.6-11.7:
Proo{ of Theorems 11.6 and 11.7. We first prove the upper bound on the diameter of
PA(lljé(t) in Theorem 11.7, for which we use that

diam(PA{"}(t)) < 2H (PA{"(1)). (11.3.28)
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Equation (11.3.28) together with the upper bound in Theorem 11.8 imply that

‘ diam(PA{} (1)) 2(1 + 6)
lim sup : < .
00 logt v(2+9)

(11.3.29)

For the lower bound, we make use of the lower bound on the diameter of PA{"y(t) in
Theorem 11.7, we make use of the decomposition of scale-free trees in Theorem 11.3, which
states that the scale-free tree PA% (t) can be decomposed into two scale-free trees, having

a similar distribution as copies PAE?;)(Sl (t)) and PA(;? (t — S1(t)), where {PAglj?(t)}{’il

and {PA(lt:?(t)}{'il are independent scale-free trees. By this tree decomposition, we have
diam (PA{"(t)) > H (PA"Y (S1(1))) + H (PAT) (t — S1(1))). (11.3.30)

The two trees {PAf?(t)}{’il and {PA??? (t)}2, are not ezactly equal in distribution
to PA% (t), because the initial degree of the starting vertices at time ¢ = 2 is different.
However, the precise almost sure scaling in Theorem 11.3 does not depend sensitively on
di and ds, and also the height of the scale-free tree in Theorem 11.8 does not depend on
the starting graphs PAYZ?@) and PA%)(Z) (see the remark below Theorem 11.8). Since
S1(t)/t &% U, with U having a Beta-distribution, H(PA%)(Sl(t)))/logt 25y (40 and

(2+0)y
H(PA(J:? (t—Si(t)))/logt == (;1;56)2, we conclude that

. diam (PAY}(1)) _ 2(1 + 4)
lim sup > .

(11.3.31)

Combining (11.3.29) and (11.3.31) proves Theorem 11.7.

To prove Theorem 11.6, we note that the connected components of PA; s(¢) are similar

in distribution to single scale-free tree PA"} (1), ..., PA"Y* (ty,), apart from the initial

degree of the root. Since N:/logt LN (1+9)/(240) (recall Exercise 11.4), we have that,
with high probability, the largest connected component has size at least et/ log¢. Since

log (st/ logt) = logt(1 + o(1)), (11.3.32)

the result follows along the same lines as in the proof of Theorem 11.7. O

We complete this section by proving that the logarithmic bounds on the diameter for
{PA(le;(t)}{’il imply similar upper bounds for {PAWbLits(t)}fil:

Theorem 11.10 (A logt upper bound for the diameter in {PAiZ)’(;(t)}?il). Fizm > 1
and § > —m. Then, with v the solution of (11.3.1),

2(m+ )

P (diam(PAY 5 () > (Gmton

+e) logt) —o(1), t— oo (11.3.33)

Proof of Theorem 11.10. Since {PA" ;(t)}s2, is obtained from {PA(") (mt)}$2; by col-

m,5§ 1,6/m
lapsing m successive vertices, we have that diam(PAiZ{(S(t)) = diam(PA(lljzs/m (mt)), and the
result follows from Theorem 11.7. O
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11.3.2 Path counting in preferential attachment models

Denote by
{9(t,j)=s}, 1<j<m, (11.3.34)

the event that at time ¢ the 5 edge of vertex t is attached to the earlier vertex s. For the
models (a) and (b), this event means that in {PA1 s(mt)} the edge from vertex m(t—1)+j
is attached to one of the vertices m(s — 1) +1,...,ms. It is a direct consequence of the
definition of PA-models that the event (11.3.34) increases the preference for vertex s, and
hence decreases (in a relative way) the preference for the vertices u, 1 < u < ¢, u # s.
It should be intuitively clear that another way of expressing this effect is to say that, for
different s1 # s2, the events {g(t1,71) = s1} and {g(t2,j2) = s2} are negatively correlated.
In order to state such a result, we introduce some notation. For integer ns > 1, we denote
by

Ey = {9(t, ") = s}, (11.3.35)
i=1

the event that at time ¢; the ji edge of vertex t; is attached to the earlier vertex s. We
will start by proving that for each £ > 1 and all possible choices of tis)Ji(s), the events Fs,
for different s, are negatively correlated:

Lemma 11.11. For distinct s1, Sa, . .., Sk,

IP’( N E) < ﬁ]P’(Esi). (11.3.36)

Proof. We will use induction on the largest edge number present in the events Fs. Here, for
an event {g(t,j) = s}, we let the edge number be m(¢t—1)+j, which is the order of the edge
when we consider the edges as being attached in sequence. The induction hypothesis is that
(11.3.36) holds for all k& and all choices of t{*, j{*) such that max; s m(t'” — 1) + ;) <e,
where induction is performed with respect to e. We now complete the induction argument.
To initialize the induction, we note that for e = 1, the induction hypothesis holds trivially,
since ﬂle E;, can be empty or consist of exactly one event, and in the latter case there is
nothing to prove. This initializes the induction.

To advance the induction, we assume that (11.3.36) holds for all k and all choices of
5% such that max; s m(t'” — 1)+ 5 < e—1, and we extend it to all k and all choices
of ¢4 such that max; s m(t” — 1) 4+ j < e. Clearly, for k and ¢\, such that
max; s m(t' — 1) + ¢ < e — 1, the bound follows from the induction hypothesis, so we
may restrict attention to the case that max; s m(t{” — 1) + ;) = e. We note that there
is a unique choice of ¢, such that m(t — 1) + j = e. In this case, there are again two
possibilities. Either there is exactly one choice of s and tis),jgs) such that tis) = t,jl-(s) =17,
or there are at least two of such choices. In the latter case, we immediately have that
ﬂ]::l E, = @, since the ' edge can only be connected to a unique vertex. Hence, there is
nothin% to prove. Thus, we are left to investigate the case where there exists unique s and
5% such that t” = t,j{” = j. Denote by

E, = N {9(t,5¢) = s}, (11.3.37)
i=1:(60 55 £(,9)
the restriction of Fs to the other edges. Then we can write
k k
() Es ={ot.)=s}nEN [ Es,. (11.3.38)

i=1 i=1:s;7#s
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By construction, all the edge numbers of the events in E. N 05:1:51.;&5 E, are at most e —1.
Thus, we obtain

k
PV E) <E[gene s, Perlo(td) =), (11.3.39)
i=1 ¢ )

where P._; denotes the conditional probability given the edge attachments up to the
(e — 1)** edge connection.
We can compute

Ds(t—1l,e—1)4+46

P._1(g(t,j) = s) = . 11.3.40
1(g(t,5) = 5) Cm+0)t—1)+(—1)2+d/m)+1+0 ( )
We wish to use the induction hypothesis. For this, we note that

Di(t—lie—=1)=m+ > lggu n-s} (11.3.41)

(t,47):t/ <t—1

We note that each of the terms in (11.3.41) has edge number strictly smaller than e and
occurs with a non-negative multiplicative constant. As a result, we may use the induction
hypothesis for each of these terms. Thus, we obtain, using also m + § > 0, that,

k k
@m+o)(t—DP(()E) < m+oP(E) [ P(E)
i=1 i=1:8;7#s

k

+ > PEN{e,)=sh) ] PE).

(t,5"):t'<t—1 i=1:s;#s
(11.3.42)
We can recombine to obtain
k k
Di(t—1,e—1)+46
]P’( E) <JE[11 / 2 ] P(E,,),
Q D=l m 8t — 1)+ (e—1)(2+6/m)+1+0 =1H¢ (Es:)
(11.3.43)
and the advancement is completed when we note that
Ds(t—1l,e—1)4§
]E[]l , ) } = P(E.). 11.3.44
Eem+8)(t—1)+(e—1)(2+6/m)+1+0 (E:) ( )
O
We next study the probabilities of Es when ns < 2:
Lemma 11.12. There exist absolute constants Mi, Ms, such that
(i) for each 1 < j <m, and t > s,
. M,
Pg(t,g) = 5) < 7= 7 (11.3.45)
and
(i) for ta > t1 > s, and any 1 < j1,j2 < m,
. . M
P(t, — 5, g(t2, :)<7, 11.3.46
g9(t1, 1) = s,9(t2,j2) = 5 ) < (trta) 7520 ( )

where we abbreviate v = 5,70
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Proof. We prove (11.3.45) and (11.3.46) only for m = 1, for which we abbreviate g(t) =
g(t,1). By the definition of {PA,, 5(t)}$2; in terms of {PA; s/, (t)};2;, this implies the
result for general m > 1. Note, in particular, that g(¢,j) = s for m > 1 in {PA,, s(t)}§2,
is equivalent to g(m(t — 1) + j) € {m(s — 1) +1,...,ms} in {PA; 5/, (t)}321.

For (11.3.45), we use Theorem 8.1 to compute

Di(t—1)+6 ]

B(g(t) = s) = E[EMgye=sy PALs(t — D] = E[ =50 —- 575
B LT+ 532)
- (1+5)I‘(t+ O +1)

(11.3.47)

so that the result follows from (8.2.8).
We proceed with the proof of (11.3.46) for m = 1 by computing

P(g(tl) =s,9(t2) = 5) = E[P(g(tl) =s,9(t2) = s|PAm,5(t2 — 1))]

==t (G 2T 1159
B 1 L(t2)T(t1 + $33)
T (2= DR+ +1+0D(t2 — L+ LEOD(t + " [Mestenr=ey (Da(t2) +9)

~ D(2)D(t + 553)

C Tt + 3T (6 +1)
M3

< =B [Mgn=s) (Ds(tr) +0)] (11.3.48)
1%2

E [Uig(t,)=s) (Ds(t1) + )]

where we use, for t1 < u < t2 — 1, the iteration

1
2+8)(u—1)+1+0

)E [eytery—ey (Dol — 1) +6)]

(11.3.49)
We are lead to compute E [Il{g(tl)zs} (ds(t) + 6)] . We do so by recursion as follows

E [Ug(e1)=e) (Ds(w) +8)] = (1+

E [Tgg(t)=s} (Ds(t1) 4 6) [PAw s(t1 — 1)] = E [Tyg(,)=sy (Ds(t1) — Ds(t1 — 1)) [PA, (81 — 1)]
+E [Tiga1)=s) (Ds(tr = 1) +6) [PAy 5(t1 — 1)]
_ (Ds(t1 = 1)+ 6)(Ds(t1 — 1) + 14 6)
(ti—1)(2+0)+1+6 ‘

(11.3.50)

By Proposition 8.9, there exists a uniform constant My such that

E[(Ds(t) + 8)(Ds () + 1+ 6)] = CQ%E[ZS,Q@)] < Ma(t/s)>. (11.3.51)

Combining (11.3.48), (11.3.50) and (11.3.51), we find

M3 M4 t1 — 1\2v M2
P = = < < =
(9(t2) = 5,9(t=) = o) < (t?t;’”) [(2—1—6)(1&1 —1)+1+5( ) } = Tata) s
(11.3.52)
for some Ma>, as required. O
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We combine the results of Lemmas 11.11 and 11.12 into the following corollary, yielding
an upper bound for the probability of the existence of a path. In its statement, we call a
path I' = (so, s1,. .., s1) self-avoiding when s; # s; for all 1 <7 < j <.

Corollary 11.13. Let I' = (so, s1,...,51) be a self-avoiding path of length | consisting of
the I + 1 unordered vertices so, 1, .. .,S1, then

-1
1
P(T € PA,, o) ) 11.3.53
( 6( H Sz A S,+1 (SZ Vv Si+1)17’y ( )

i=

Proof. Since I is self-avoiding, we can write {I" € G} = N¥_, E,,, where either

Es ={g(t,j) = s} (11.3.54)
for some t > s and some 1 < j < m, or
Es ={g(t1,51) = g(t2, j2) = s}, (11.3.55)

for some t1,t2 > s and some 1 < j1,j2 < m. In the first case we have according to
(11.3.45),

P(Es) = P(g(t,j) = s) < A (11.3.56)

whereas in the second case, according to (11.3.46),

M2 M2

) = i) = i) = s) < — .
P(E) P(g(tlajl) Sag(t27.72) S) = (t1t2)1—'y82'y t}—wsyté—vsy

(11.3.57)

In both cases M;, i = 1,2, is an absolute constant. Lemma 11.11 then yields (11.3.53),

where the factor m? originates from the choices of j € {1,2,...,m}. O
Observe that for integers j > i we have

A
(f) <1, (11.3.58)

if and only if v < %, which happens if and only if § > 0, because v = Hence,

Tm s
§77YTY < (i) 7Y? precisely when § > 0. It now follows from (11.3.53) and the above
inequality that for § > 0,

P(I € PAy, s(t) < (m*C) HW
194+

11.3.3 Logarithmic lower bounds on distances for § > 0

(11.3.59)

We next improve the bound in the previous section in the case when § > 0, in which
case v = m/(2m + 8) < 1/2. From the above discussion, we conclude that

]P’(distc So(1,8) ) < ckz H L = (11.3.60)

(55 AN sj1)7(s5 Vst

where ¢ = mQC, and where the sum is over § = (so,...,sx) with s =t,50 =1, s > 1 for
alll=1,...,k—1and s; # s, for all | # n, since we may assume that our path (so,..., sk)
is self-avoiding. Define

o (85 AN sj1)7(s5 V s541)

Z H L — (11.3.61)
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where now the sum is over § = (so, ..., ;) with s, =t,s0 =4,y > 1foralll=1,...,k—1
and s; # sy, for all [ # n, so that

]P’(distcm’ﬂn(i,t) = k) < F (i, ). (11.3.62)

We study the function fx(i,t) in the following lemma:

Lemma 11.14 (A bound on f). Fiz v < 1/2. Then, for every b > v such that v+b < 1,
there exists a Cyp > 0 such that, for every 1 <i <t and all k > 1,

k

, C
fu(iyt) < ibtﬁ’b. (11.3.63)

Proof. We prove the lemma using induction on k > 1. To initialize the induction hypoth-
esis, we note that, for 1 <14 < ¢ and every b > a,

1 1 1/t\7 1 /t\? 1
1) = _ - —(—.) < —(—.) - 11.3.64
hi(i:t) (Z'/\t)w(i\/t)lf‘v Rk At t\3g t\3 ibgl—b ( )

This initializes the induction hypothesis as long as C,, > 1.
To advance the induction hypothesis, note that we have the recursion relation

i—1 oS}
, 1 1
fk(%t)gszkil(s’t)_'— Z Wfkfl(s,t). (11365)
s=1 s=i+1

We now bound each of these two contributions, making use of the induction hypothesis.
For the first sum, we bound
it < gb1 S 1 C:? =1 1 05171
Z; sYil—=v Frema(s,t) < C5y — VL= gbgl—b T gl—v¢l-b — st = 1 —y — b gbgl=b’
(11.3.66)

since v 4+ b < 1. For the second sum, we bound

> 1 = 1 1 s 1 1
S = feals ) <R YT e O e (11.3.67)

rst= i7sl=7 gbgl=b irst= ghgl—b
s=1+1 s=i+1 s=t+1
ST I SC R o E SS S TR S
A sl=vtb b §277=b = h— ybpl=b ] — oy — bbb’
s=i+1 s=t+1
since 1 +b—a>1,2—v—b>1,b>~and (t/i)” < (t/i)’. We conclude that
iyt 2 ch
i) < b ( ) < b 11.3.68
et < s g Y 1= =) S wne ( )
when
Cope —1 4 2 5y (11.3.69)
Ty Ty b = o
This advances the induction hypothesis, and completes the proof. O
Using Lemma 11.14 and (11.3.62), we obtain that
. cCy )k
P(dlstgmﬁ(t)(l,t) = k) < % (11.3.70)
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As a result, we obtain that

k+1
P(diam(Gn.s(1) < k) < P(disto,, ;0 (1,6) < k) < (cChp)

S e, —1) o(1), (11.3.71)

whenever k£ < ﬁ logt. We conclude that there exists co = c2(m, d) such that, with
Y
high probability diam (Gm7§(t)) > cologt. O

We next extend the above discussion to typical distances.

Lemma 11.15 (Typical distances for 6 > 0). Fizm > 1 and é > 0. Let Hy = dist+(A1, A2)
be the distance between two uniformly chosen vertices. Then, for ca = ca(m,d) > 0 suffi-
ciently small, whp, H; > c2logt.

Proof. For ca = ca(m,d) > 0, define
Be=#{i,j €lt] :i<j:dista, ,u(ij) < c2logt}, (11.3.72)

where #{A} denotes the cardinality of A.
By Lemma 11.14, with K =log (cCap V2) and v <b<1—+,and forall 1 <i < j <t,

Kk
. .. . €
P(dlstcmré(t)(z,]) = k) < felig) < ey (11.3.73)
As a result, we obtain that
) o thg eK
]P’(dlstcmyé(t)(z,J) <o 1ogt) T (11.3.74)
and thus, using also Zz;ll it <5170/ b)),
te2 Keot1
E[B]<0(1) w5 o(t ). (11.3.75)

1<i<j<t
It now suffices to note that

2E[Bi] +t
t2

by (11.3.75), for every c2 > 0 such that Kco +1 < 2. O

_ Note that (?7?) is also a lower bound on typical distances in case § = 0, which can be
| |proven as above.

11.3.4 Logarithmic bounds on distances when m > 2

P(H: < ca2logt) = E[I[distij(,,)(Al, Az) < ez logt]]= =0(1), (11.3.76)

In this section, we investigate logarithmic bounds on the distances in PA,, s(t) when
m > 2.

Theorem 11.16 (Diameter of PA,, s(t)). Fizm > 2,6 >0 and let € > 0 be fized. Then,
with high probability, the largest distance between two vertices in the same component of
PA,,.5(t) is bounded below by (1 — a)lolgoligotgt, i.e.,

logt

diam(PA,, 5(t)) > (1 —¢) Toglogt’

(11.3.77)
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The proof of Theorem 11.16 proceeds in two steps. The first step is to use the collapsing
of vertices to obtain

PA5(t)
from PAy 5/, (mt), so that we fix m = 1 for the time being. For the lower bound, it is

proved that the probability that vertex j sends it (unique) edge to vertex i is O ((ij)_l/ 2).

This suggests that the model is related to the Chung-Lu model with w; = ci~/2n~1/4
and an appropriately chosen constant c. However, the edge statuses are not indepen-

dent. A second result says that the probability that 7 and k both send their edges to i is
O((ij)fl/Q(i/’c)flﬂ)7 so that a weak form of independence is valid.

We finally state the complementary result from [48], which states that, when § = 0, the

diameter of PA,, s(¢) is asymptotically equal to lolgoi);t (1+0(1)):

Theorem 11.17 (Diameter of PA,, o(t)). Fizm > 2,6 =0 and let € > 0 be fized. Then,
with high probability, the largest distance between two vertices in the same component in
PA,,,,5(t) is bounded above by

logt

diam(PA,, 0(t)) > (1 —¢) Toglogt

(11.3.78)

The proof of Theorem 11.17 is given in [48] and is considerably more involved than the one
of Theorem 11.16, and will be omitted here. We now give the proof of Theorem 11.16.

Proof of Theorem 11.16. We prove that (11.3.59) implies that for § > 0,

log(t — 1)

= 11.3.
log(3C'm?2logt) (11.3.79)

is a lower bound for the diameter of PA,, s5(t). Consider a path of length [ consisting of
the vertices vo,v1 ..., v, then (11.3.59) implies that

-1 o\ =1
1 m?) 1
P(T € PA,.5(t <C“|| ||— 11.3.80
( ’6< )) - ( m ) izo \/Uk’l}k+1 4/ VoV Vk ( )

Thus, the expected number of paths of length | between vo =t and v; =t — 1 is bounded

by
-1
(Cm?)' 1_ (©m) 2>l ”1
_ (cm?)!
- t—-1

(logt)'"™" < (1/2)'(logt)™" = 0

precisely when (2Cm? log t)! <t —1, or, equivalently,
log(t — 1)
= log((2Cm?)logt)”

Equality in (11.3.81) holds for L in (11.3.79). This implies that the diameter is at least L
n (11.3.79), and completes the proof of Theorem 11.16. O

(11.3.81)
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11.4 Small-world effect in PA models: doubly logarithmic
bounds

In this section, we investigate PA,, s(t) with m > 2 and § € (—m,0). Since the degree
power-law exponent equals 7 = 3 + §/m, such graphs are such that 7 € (2,3). We know,
for CM, (D), that when 7 € (2, 3), the graph distances grow doubly logarithmically in the
size of the graph. We now state and prove a result from [?] that proves a similar result for
PA,, 5(t) when m > 2:

Theorem 11.18 (A loglogt upper bound on the diameter for 6 < 0). Fiz m > 2 and
assume that § € (—m,0). Then, for every o > 37— and with

4 4o

Co = |log (T — 2)| + logm’

(11.4.1)

the diameter of PAn 5(t) is, whp, bounded above by Cgloglogt, as t — oo.

The proof of Theorem 11.18 is divided into two key steps. In the first, in Theorem 11.19,
we give a bound on the diameter of the core which consists of the vertices with degree at
least a certain power of log¢. This argument is close in spirit to the argument in [195]
used to prove bounds on the average distance for the configuration model, but substantial
adaptations are necessary to deal with preferential attachment. After this, in Theorem
11.23, we derive a bound on the distance between vertices with a small degree and the
core. We start by defining and investigating the core of the preferential attachment model.
In the sequel, it will be convenient to prove Theorem 11.18 for 2¢ rather than for t. Clearly,
this does not make any difference for the results.

11.4.1 The diameter of the core
We adapt the proof of Theorem ?? to PA,, s(¢). We recall that

=342 (11.4.2)
m
so that —m < § < 0 corresponds to 7 € (2, 3). Throughout this section, we fix m > 2.
We take o > 31~ = — > 1 and define the core Core; of the PA-model PA,, 5(2t) to
be
Core; = {i € {1,2,...,t} : Di(t) > (logt)" }, (11.4.3)

i.e., all the vertices which at time ¢ have degree at least (logt)?.

For a graph G with vertex set {1,2,...,t} and a given edge set, we write dg(¢,j) for
the shortest-path distance between ¢ and j in the graph G. Also, for A C {1,2,...,t}, we
write

diamt (A) = max dPAm 5() (’L,j) (1144)
i,jEA ’
Then, the diameter of the core in the graph PA,, s(2t), which we denote by diama:(Core;),
is bounded in the following theorem:

Theorem 11.19 (The diameter of the core). Fiz m > 2. For every o > 3%7, whp,

4loglogt

diamQt(Coret) < (1 + 0(1))m

(11.4.5)
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The proof of Theorem 11.19 is divided into several smaller steps. We start by proving
that the diameter of the inner core Inner;, which is defined by

Inner, = {i € {1,2,...,t} : Di(t) > t37-D (logt) "2 }, (11.4.6)

is, whp bounded by Cs < oco. After this, we will show that the distance from the outer
core, which is defined to be equal to Outer; = Core,\Inners, to the inner core can be
bounded by a fixed constant times loglog¢. This also shows that the diameter of the outer
core is bounded by a different constant times loglogt¢. We now give the details.

Proposition 11.20 (The diameter of the inner core). Fiz m > 2 and § € (—m,0). Then,
whp,
diamy (Inner;) < Cs. (11.4.7)

Proof. We first introduce the important notion of a t-connector between a vertex i €
{1,2,...,t} and a set of vertices A C {1, 2,...,t}, which plays a crucial role throughout the
proof. Fix a set of vertices A and a vertex i. We say that the vertex j € {t+1,t+2,...,2t}
is a t-connector between ¢ and A if one of the edges incident to j connects to i and another
edge incident to j connects to a vertex in A. Thus, when there exists a t-connector between
1 and A, the distance between ¢ and A in PA,, 5(2t) is at most 2.

We note that for a set of vertices A and a vertex 7 with degree at time ¢ equal to D;(t),
we have that, conditionally on PA,, 5(t), the probability that j € {t+ 1,t +2,...,2t} isa
t-connector for ¢ and A is at least

(Da(t) + 6|A))(Di(t) +6)

Rtem+ P (11.4.8)

independently of the fact whether the other vertices are t-connectors or not, and where,
for any A C {1,2,...,t}, we write

Da(t) = _di(t). (11.4.9)
icA
Since d;(t) +d > m+ 8§ > 0 for every ¢ < ¢, and § < 0, we have that

Di(t) +6 = Di(t)(l + %(t)) > D;(6)(1 + %) = Di(t) m;: o (11.4.10)

and, thus, also D4 (t)+6]A| > Da(t) ™2, As a result, for n = (m+6)*/(2m(2m+6))* > 0,
the probability that j € {t + 1,¢t + 2,...,2t} is a t-connector for i and A is at least

w, independently of the fact whether the other vertices are ¢t-connectors or not.
Therefore, the probability that there is no t-connector for ¢ and A is, conditionally on
PA,,,5(t), bounded above by

(1 ) w)t . exp{_w}, (11.4.11)

We shall make use of (11.4.11) in several places throughout the proof.
From Theorem 8.2 whp, Inner; contains at least v/t vertices and denote the first v/t

vertices of Inner; by I. Observe that for 7 > 2 we have S J 0 so that, for any
i,7 € I, the probability that there exists a t-connector for i and j is bounded below by

1- exp{—ntﬁ_l(log 'y >pe= tﬁ_l(log )72, (11.4.12)

for ¢ sufficiently large.



320 Preferential attachment revisited

We wish to couple Inner; with an Erdés-Rényi random graph with n: = /¢ vertices
and edge probability p;, which we denote by ER(n,p:). For this, for ¢,5 € {1,2,...,n.},
we say that an edge between ¢ and j is present when there exists a t-connector connecting
the i*" and j*" vertex in I. We now prove that this graph is bounded below by ER(n, p:).
Note that (11.4.12) does not guarantee this coupling, instead we should prove that the
lower bound holds uniformly, when ¢ and j belong to I.

For this, we order the n:(n; —1)/2 edges in an arbitrary way, and bound the conditional
probability that the I'" edge is present conditionally on the previous edges from below by
p¢, for every I. This would prove the claimed stochastic domination by ER(n, p:).

Indeed, the I** edge is present precisely when there exists a t-connector connecting the
corresponding vertices which we call ¢ and j in I. Moreover, we shall not make use of
the first vertices which were used to t-connect the previous edges. This removes at most
ni(ny — 1)/2 < ¢/2 possible t-connectors, after which at least another ¢/2 remain. The
probability that one of them is a t-connector for the " and j*® vertex in I is bounded
below by, for ¢ sufficiently large,

1— exp{—nt7 2(logt)'t/2} = 1 — exp{—nt7™1 '(logt) "' /2} > p, = t7=1 ' (logt)*,
(11.4.13)
using 1 — e~ > /2 for x € [0,1] and n/2 > logt™! for ¢ sufficiently large.

This proves the claimed stochastic domination of the random graph on the vertices [
and ER(n¢,pt). Next, we show that diam(ER(n¢,p:)) is, whp, bounded by a uniform
constant.

For this we use the result in [44, Corollary 10.12], which gives sharp bounds on the
diameter of an Erd8s-Rényi random graph. Indeed, this result implies that if p?n?=! —
2logn — oo, while p?~'n4"2 —2logn — —oo, then diam(ER(n, p)) = d, whp. In our case,
n=nt=t"?andp=p: = tﬁ_l(logt)ﬁ, which implies that, whp, % <d< g +1.
Thus, we obtain that the diameter of I in PA, 5(2t) is whp bounded by 2(3=X + 1) in
this case.

We finally show that for any ¢ € Inner; \ I, the probability that there does not exist
a t-connector connecting ¢ and I is small. Indeed, this probability is, since Dr(t) >
\/ftﬁ(log t)71/2, and D;(t) > t2(*1*1> (log t)71/2, the probability of there not existing a
_ntl/(771)71/2(10g t)*l

t-connector is bounded above by e , which is tiny since 7 < 3. This
proves that whp the distance between any vertex ¢ € Inner; \ I and I is bounded by 2,
and, together with the fact that diama (1) < 2(3=% 4 1) thus implies that diama; (Inner) <

2(3=2 +2). O

Proposition 11.21 (Distance between outer and inner core). Fiz m > 2. With high
probability, the inner core Inner; can be reached from any vertex in the outer core Outer

using no more than % edges in PA,, s(2t). More precisely, with high probability,
. .. 2loglogt
< —— 4.
(B, S, dean s @0 (7)< ooy (11.4.14)
Proof. Recall that
Outer; = Core; \ Inner;. (11.4.15)
and define
N1 =Inner; = {i: D;(t) > W1}, (11.4.16)
where

W1 =1, = t7¢-7 (log t) " . (11.4.17)
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We now recursively define a sequence ug, for k > 2, so that for any vertex i € {1,2,...,t}
with degree at least ug, the probability that there is no t-connector for the vertex ¢ and
the set

Nk—1=1{j:D;(t) > Wk —1}, (11.4.18)
conditionally on PA,, 5(t) is tiny. According to (11.4.11) and Exercise 8.17, this probability
is at most

eXp{ - w} =o(t™), (11.4.19)

where we define )

Wk = Dlogt(Wk —1)""", (11.4.20)

with D exceeding (nB)™'. By Lemma ?? we have

Wk = D (log t)"* (11.4.21)
where
(1 —2)*! 1—(r—2)*"' 1 o1 1—(r—2)*!
Ch 2r—1) bk 3, 2(7‘ ) T ak p—
(11.4.22)

Then, the key step in the proof of Proposition 11.21 is the following lemmas:

Lemma 11.22 (Connectivity between Nk — 1 and N'k). Fiz m,k > 2. Then the proba-
bility that there exists an i € Nk that is not at distance two from N'k — 1 in PA,, 5(2t) is
o(t™).

Proof. We note that, by Exercise 8.17, with probability exceeding 1 — o(til), for all k,

> Di(t) > BtWk —1]*7". (11.4.23)
iENk—1
On the event that the bounds in (11.4.23) hold, we obtain by (11.4.11) that the conditional
probability, given PAm, §(t), that there exists an i € ANk such that there is no ¢-connector
between i and N’k — 1 is bounded, using Boole’s inequality, by

te MBIVE-IPTTWE _ yomnBDlogt _ 41y (11.4.24)
where we have used (11.4.20) and we have taken D > 2(nB)™*. O

We now complete the proof of Proposition 11.21. Fix

" loglogt
E=l——. 11.4.2
{|log(T—2)|J ( 5)

As a result of Lemma 11.22, we have that the distance between AN'k* and Inner; is at most
2k*. Therefore, we are done when we can show that

Outer; C {i: D;(t) > (logt)’} CNKk™ = {i: Di(t) > WK™}, (11.4.26)

so that it suffices to prove that (logt)” > Wk*, for any o > 5'—. For this, we note that,
by Lemma 7?7, we have that

WE™ = D** (log t)"** t°+* . (11.4.27)
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We have that t+* = O(1) = (logt)°®, (logt)*** = (logt)5 7 T°", and D** = (logt)°™".
Thus,
1
WE* = (log t)3=7 o), (11.4.28)

so that, by picking t sufficiently large, we can make o > i + o(1). This completes the
proof of Proposition 11.21. O

Proof of Theorem 11.19. We note that whp diams:(Core:) < Cs + 2k*, where k* is the
upper bound on max;ecouter, Miljecnner, dPA”L,é(gt)(’l:,j) in Proposition 11.21, and we have
made use of Proposition 11.20. This proves Theorem 11.19. O

11.4.2 Connecting the periphery to the core

In this section, we extend the results of the previous section and, in particular, study
the distance between the vertices not in the core Core,, and the core. The main result in
this section is the following theorem:

Theorem 11.23 (Connecting the periphery to the core). Fiz m > 2. For every o > ﬁ,

whp, the mazimal distance between any vertex and Coret in Gy (2t) is bounded from above
by 20 loglogt/logm.

Together with Theorem 11.19, Theorem 11.23 proves the main result in Theorem 11.18.

The proof of Theorem 11.23 again consists of two key steps. The first in Proposition
11.24 states that, for any two vertices 7,5 € {1,2,...,t}, the distance dPAmys(gt)(l‘,j) is
bounded by a constant times loglogt, i.e., diama¢ (PA,, s(t)) is bounded by some constant
times loglogt. The second in Proposition 11.27 shows that the distance between any vertex
in {t+1,t+2,...,2t} and {1,2,...,t} is bounded by another constant times loglog?t.

Proposition 11.24 (Connecting half of the periphery to the core). Fiz m > 2. For every
o> i, whp, the mazimal distance between any vertez in {1,2,...,t} and the core Core,

in PA, 5(2t) is bounded from above by ologlogt/logm.

Proof. We start from a vertex i € {1,2,...,t} and will show that the probability that the
distance between i and Core; is at least C'loglogt is o(t™') where C' = o/logm. This
proves the claim. For this, we explore the neighborhood of i as follows. From ¢, we connect
its m > 2 edges. Then, successively, we connect the m edges from each of the at most
m vertices that ¢ has connected to and have not yet been explored. We continue in the
same fashion. We call the arising process when we have explored up to distance k from
the initial vertex i the k-exploration tree.

When we never connect two edges to the same vertex, then the number of vertices we
can reach within k steps is precisely equal to m®. We call an event where an edge connects
to a vertex which already was in the exploration tree a collision. When k increases, the
probability of a collision increases. However, the probability that there exists a vertex for
which many collisions occur in the k-exploration tree before it hits the core is small, as we
prove now:

Lemma 11.25 (A bound on the probability of multiple collisions). Fiz m > 2 and § €
(=m,0). Fiz C = o/logm, ! > 1, b€ (0,1] and take k < Cloglogt. Then, for every
verter 1 € {1,2,...,t}, the probability that its k-exploration tree has at least | collisions
before it hits Core; U {7 : j < t°} is bounded above by

l
((log t)dtfb) = (log )™+,
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for some d > 0.

Proof. Take i € {[t"]+1,[t*]+2,...,t} and consider its k-exploration tree Tki. Since we
add edges after time t* the denominator in (8.1.1) is at least t°. Moreover, before hitting
the core, any vertex in the k-exploration tree has degree at most (logt)?. Hence, for I = 1,
the probability mentioned in the statement of the lemma is at most

D,(t)+46 (logt)® _ mF(logt)®
> —5—< ) 5 <5 (11.4.29)
vETki vETki

where the bound follows from § < 0 and |Tki|] < m”". For general [ this upper bound
becomes
mF(logt)® !
tb

When k = Cloglogt with C = ¢/logm, we have that m'®* = (logt)!. Therefore, the
claim in Lemma 11.25 holds with d = 20. O

Lemma 11.25 shall prove to be extremely useful, as it will imply that the shortest path
graph from any vertex is, with high probability, close to a tree up to the moment when
Core; U {j : j < t"} is hit. We recall that Core; consists of the vertices with high degree,
and it is reasonable to suspect that the early vertices are precisely the ones which have
high degree. This suggests that {j : j < t*} C Core;. We next prove that indeed, whp,
{j : j <t} is a subset of the core Core;:

Lemma 11.26 (Early vertices have large degrees whp). Fiz m > 1. There exists a

b > 0 such that, whp, min;,, d;(t) > (logt)?, for some 0 > %=. As a result, whp,

3—7
{j:j <t"} C Corey.
Proof. Note that, by Exercise 8.19, for all m > 1 and for é < 0,

- D(m)T(mi 4 2£5)
]P)(Di(t)g.])g.]r — ;*‘5‘ .
(mt + 3255 (ma)

(11.4.30)

Indeed, note that by (8.6.4), and when § < 0, we have that C; < 1. Thus, for m = 1, the
bound in (11.4.30) follows in this case. Furthermore, to conclude (11.4.30) from Exercise
8.19 for m > 2, we note that, by the relation between PA,, 5(t) and PA, 5/, (mt), the degree
of vertex ¢ in PA,, 5(t) is bounded from below by the degree of vertex im in PA; s(mt).
As a result,

P(D{™ (t) < j) < P(D§) (mt) < j), (11.4.31)

after which the result follows from (11.4.30) for m = 1.
Below, we shall rely on the obvious consequence of (11.4.30) that

D(mt)T (mi + 5225)

I'(mt + 2’21155 )T(mi)

P(Di(t) < j) < j (11.4.32)

Obviously, for ¢t and i large, we have that

P(Di(t) < j) < jt_%i%(l + o(1)). (11.4.33)
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m—+438
We finally use (11.4.32) to complete the proof of Lemma 11.26. Take 0 < b < Wffjil =
2m—+48
3213 5- Then, by Boole’s inequality,
P(3i <t": Di(t) < (logt)” <ZIP’ < (logt)?)
t° m+§
F mz +
S (log t)o' m+5 2m+6)
F( t + 2m+(5 i=1
T [(mt® + 2t 49
S (IOg t)a( m+ 6 + 1)71 (m2+5 ( 2'm;7+5 )
2m+4 F(mt+2m+5) T'(mtb)
=o(1), (11.4.34)
by a similar equality as in (11.4.33). This completes the proof of Lemma 11.26. O

Now we are ready to complete the proof of Proposition 11.24:

Proof of Proposition 11.24. By combining Lemmas 11.25 and 11.26, the probability that
there exists an ¢ € {1,2,...,t} for which the exploration tree Tki has at least I collisions
before hitting the core is o(1), whenever [ > 1/b, since, by Boole’s inequality, it is bounded
by
¢
> (logt)"t™" = (logt)**'t*"** = o(1), (11.4.35)

i=1

precisely when [ > % When the k-exploration tree hits the core, then we are done by
Theorem 11.19. When the k-exploration tree from a vertex i does not hit the core, but has
less than [ collisions, then there are at least m* ! vertices in k-exploration tree. Indeed,
when there are at most [ collisions, the minimal size of the tree is obtained by identifying
at most [ vertices and their complete offspring, and the size of the pruned tree has size at
least m*~".

When k = C'loglogt with C' = ¢/logm, this number is at least equal to (log#)? ™).
The total weight of the core is, by Exercise 8.17, at least

> (Di(t) +6) > Bt(logt)” "2, (11.4.36)

1€Coret

The probability that there does not exist a t-connector between the k-exploration tree and
the core is, by (11.4.11) bounded above by

—(1—2)o o+o(1)
oxp {_nBt(logt) t (logt) } —o(t™), (11.4.37)

by picking B sufficiently large, since o > 1/(3 — 7). This completes the proof. O

Proposition 11.27. Fiz m > 2 and § € (—m,0). For every o > 3%7, whp, the mazimal
distance between any vertex and Core, U{1,2,...,t} in PA,, s(2t) is bounded from above
by crllog logt )

ogm

Proof. Denote k = |2 llc(’)i I:r’Lg | —1. We again grow the k-exploration trees from the vertices

te{t+1,t+2,...,2t}.
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By Lemma 11.25 for b = 1, the probability that there exists a vertex whose k-exploration
tree contains at least two collisions before hitting the vertex set Core; U {1,2,...,t} is
bounded above by t72(logt)d1 for some d; sufficiently large. When the k-exploration
tree contains a vertex in Core; U {1,2,...,t}, then we are done by Proposition 11.24
and Theorem 11.19. If not, and there are at most 2 collisions, then there are at least
my = (m — 1)m*~! vertices in {t + 1, 4+ 2,...,2t} at distance precisely equal to k from
the original vertex. Denote these vertices by 41, ...,%m, , and denote the k-exploration tree
of vertex i € {t +1,t +2,...,2t} by Tki. We write

P(#j € {1,2,...,mx} such that i; — {1,2,...,t}|Tki) (11.4.38)

mp
= [[P(i; < (1,2, ... t}|is < {1,2,... t}Vs < j, Tki).
j=1

Now we note that, uniformly in the way all edges in PA,, 5(2t) are formed, we have that
for every s € {t +1,t +2,...,2t},

>i 1 (Di(s) +9)

>
(2m+9)s -

1
=. 11.4.

5 ( 39)
Thus, for any vertex ¢; in the boundary of T ki, the probability that it will be directly

connected to {1,2,...,t} is at least 1/2. As a result, we have that, uniformly in ¢, ¢ and j,

Pij < {1,2,... t}His < {1,2,...,t}Vs < j, Tki) < % = % (11.4.40)

Therefore, we obtain that
P(3j = 1,...,my such that i; < {1,2,...,t}|Tki) < 27", (11.4.41)

Since mi = ™1 (logt)?, with ¢ = 31= > 1, we have that 27 = o(t~"). Therefore, any
vertex i € {t + 1,t+2,...,2t} is, whp, within distance k + 1 from {1,2,...,t}. O

Proof of Theorem 11.23. Proposition 11.27 states that whp every vertex in PA,, 5(2t) is
within distance k + 1 = | 28181 | of Core, U {1,2,...,t}. Proposition 11.24 states that

logm
whp every vertex in {1,2,...,t} is at most distance k+ 1 from the core Core;. This shows
that every vertex in PA,, s(2¢t) is whp within distance 2(k + 1) from the core. O

Proof of Theorem 11.18. Theorem 11.23 states that every vertex in PA,, s(2t) is within
distance 2718198t of the core Core;. Theorem 11.19 states that the diameter of the core

logm
is at most %(1 + o(1)), so that the diameter of PA,, s(2t) is at most C¢ loglogt,
where Cg is given in (11.4.1). This completes the proof of Theorem 11.18. O

11.5 Notes and discussion

Notes on Section 11.1. The proof of Theorem 11.1 is adapted from [196]. More recent
discussions on exchangeable random variables and their properties can be found in [8] and
[188], the latter focussing on random walks with self-interaction, where exchangeability is a
crucial tool. There is a lot of work on urn schemes, also in cases where the weight functions
are not linear with equal slope, in which case the limits can be seen to obey rather different
characteristics. See e.g., [16, Chapter 9].
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Notes on Section 11.3. There is a beautiful result on the height of trees using branching
processes due to Kingman [145], which Pittel [192] makes crucial use of. This approach
is based on exponential martingales, and allows for a relatively short proof of the lower
bound on the height of the tree.



CHAPTER 12
SHORTEST WEIGHT ROUTING ON RANDOM
GRAPHS

Let a random weight X;; be assigned to every edge ¢j of the complete graph K,,. (Thus
Xji = Xij. We do not define X;; for i = j.) We assume that th (}) weights Xi;,
1 <i < j < n, are independent and identically distributed; moreover, we assume that they
are non-negative and that their distribution function P(X;; < t) =t + o(t) as t N\, 0, the
main examples being the uniform U(0,1) and the exponential Exp(1) distributions.

For two vertices ¢ and j, let W;; be the minimal total weight of a path between ¢ and
j. our main theorem is a set of three different asymptotic results for W;; (log denotes the
natural logarithm).

Theorem 12.1. Under the assumptions above, as n — oo

(i) for any fized i and j,
Wi g, (12.0.1)
logn/n

(it) for any fized i,
maxj<n Wij e, o (12.0.2)
logn/n

(iii)
maXiy<n Wij 2, g (12.0.3)
logn/n

Hence, with high probability, W;; is about logn/n for any fixed (or random) pair of
vertices, but there are pairs of vertices for which it is larger: up to 2logn/n if 7 is fixed
and up to 3logn/n globally.

Similarly, defining Y; = max, <, Wj;, we see from (4¢) and (4i7) that Y; typically is about
2logn/n, but that it is larger for a few vertices with max;Y; being about 3logn/n. A
companion result shows that, in contrast, Y; is not significantly smaller than 2logn/n for
any vertex 4.

Theorem 12.2. Asn — oo,

mini<, maxjcn Wiy v, o (12.0.4)

logn/n

In other words, interpreting the weights as distances, most pairs of vertices are at a
distance of about logn/n, the radius of the graph is about 2logn/n and the diameter is
about 3logn/n.

Remark 1. Theorem 12.1(i),(ii) may alternatively be stated in terms of first-passage per-
colation on the complete graph (the time to reach a given vertex is about logn/n and the
time to reach all is 2logn/n).

For completeness and comparison, we also state the corresponding simple (and well-
known) results for the minimal distance from a vertex. In this case there is less concen-
tration and we obtain convergence (in distribution) to a nondegenerate random variable
instead of to a constant.

327
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Theorem 12.3. Let Z; = minj»; Wi; = minj»; X;5. Asn — oo:

(i) for any fized 1,

nZ; - Exp(1); (12.0.5)
(i)
n? r_riin Z; =n? mén Xij LN Exp(2); (12.0.6)
i<n i,j<n

(iii)
i nZi

MaXisn Zi _* . (12.0.7)

logn/n

The proofs of (i) and (i¢) are simple exercises, while (#i%) is, in disguise, the well-
known threshold for existence of isolated vertices in a random graph [44, Exercise I11.2];
consider the graph with edges {ij : X;; < t}. We leave the details to the reader. (Note
that if X;; € Exp(1), then (n — 1)Y; € Exp(1) and n(n — 1) min; ¥; € Exp(2) exactly.)
Using Theorem 12.3(iii), we can give a simple informal explanation of the discrepancy
between the three parts of Theorem 12.1 as follows, interpreting the weights as travel
times. Most vertices are connected by efficient highways, which take you to almost any
other vertex within about logn/n (but rarely much quicker). Some vertices, however, are
remote villages (like Oberwolfach), from which it takes up to logn/n to get to any other
vertex at all. Hence, starting at a typical vertex, most travel times are about logn/n, but
it takes an extra logn/n (just for the final step in the path) to reach a few remote vertices.
Similarly, if we start at one of the very remote vertices, it takes about logn/n to get to
any other vertex at all, 2logn/n to get to most other vertices and 3logn/n to get to the
other very remote vertices.

Some further results on asymptotic distributions and moments are given in Section 12.2.
The lengths of the minimum weight paths are studied in Section 12.3.

12.1 Proofs

We first observe that the distribution of X;; does not affect the results, as long as it
satisfies the condition above. This is seen by the following standard coupling argument,
which we include for completeness.

Let F~' : [0,1) — [0,00) be the inverse function of the distribution function F(t) =
P(X;; < t) of X;;. If Uj; € U(0,1) are independent uniform random variables, then
F~'(Uj;) has the same distribution as X;;, so we may without loss of generality assume
that X;; = F~1(U;;). By assumption, F(t)/t — 1 as t \, 0, and thus also F~!(¢)/t — 1.
Let ¢ > 0. If W;; < 10logn/n, for some ¢ and j, then Xy = F YU, < 10logn/n
for each edge kl in the minimum weight path from ¢ to j, and thus, provided n is large
enough, 1 — e < Xy /Uw < 1+ e. Consequently, the sum of the Uy for the same path
is at most (1 — 5)71W2‘j, and thus, using Wi’j to denote the minimal path weight defined
by {Ui;}, W/; < (1 —e)"'W;;. Conversely, by the same argument, if W}; < 10logn/n
then Wi; < (1 +¢)Wj;. It follows that, if either W;; < 9logn/n or Wj; < 9logn/n, and
n is large enough, then both W;; < 10logn/n and Wi’j < 10logn/n hold, and moreover
(1—e)Wj; < Wi; < (14+¢)W;;. It now follows immediately that, if any part of Theorem 12.1
or 12.2 holds either for X;; or for the uniform Ujj, then it holds for both. In particular,
a proof of these results for any distribution with F(¢)/t — 1 as ¢ N\, 0 implies the same
result for U(0,1), and then for any other such distribution.

We may thus choose a convenient distribution of X;;; we use the exponential distribution
because of its excellent Markov properties. Hence, in the sequel we assume that X;; €
Exp(1).
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Proof of Theorem 12.1. for parts (i) and (ii), we may assume that ¢ = 1. We adopt
the first-passage percolation viewpoint (see Remark 1), so we regard vertex 1 as initially
infected, and assume that the infection spreads along each edge with an Exp(1)-distributed
waiting time. We first study when the other vertices get infected, considering them in order
of infection and ignoring their labels.

Since there are n — 1 neighbours of the initially infected vertex, the time Vi until the
second vertex is infected is exponentially distributed with expectation 1/(n — 1). More
generally, when k < n vertices have been infected, there are k(n — k) edges connecting the
infected and non-infected vertices, and thus the time Vi until the next vertex is infected
is Exp (1/(k(n — k))); moreover, this time is independent of Vi, ..., Viy_1. In other words,
te time S,, until m vertices have become infected can be written

m—1
Sm=>_ Vi (12.1.1)
k=1
where Vi,...,V,,—1 are independent with Vi, € Exp (1/(k(n — k))).

The times (Sm)m,=2 are just the minimal path weights (W1;)7_,, arranged in increasing
order. In particular,

n—1
Yi = max Xi; = S = ;Vk. (12.1.2)
Hence
n—1 n—1 n—1 n—1
1 1 1 1 2 1
M= Y BV =Y pot = 2 2 (k) “ 2
k=1 k=1 k=1 k=1
—olo8m L 5 l), (12.1.3)
n n

and similarly

n—1 n—1 2 n/
Var(Y;) = ZVar(Vk) = (ﬁ) <2 %ka(n —k)?

< =N =0n7?). (12.1.4)

Part (ii) now follows by Chebyshev’s inequality.
For part (i), fix j = 2. Observe that, if NV is the number of vertices before vertex 2,
then

N
Wiz = Sn1 = Z Vi, (12.1.5)
k=1
where, by symmetry, N is uniformly distributed over 1,...,n — 1 and independent of
Vi,...,Vn_1. We rewrite this equation as Wiz = 22;11 ll{NZk}Vk, using indicator func-
tions to eliminate the random summation limit. Hence,
n—1 n—1
EWi2] = Y E[lnsm Vil = ) P(N > k)E[V]
k=1 k=1
LN S o S
N n—1k(n—k) k(n—1)
k=1 k=1

_len o (1) . (12.1.6)
n n
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In order to estimate the variance, we further rewrite the sum as

Wiz =S (Vi ~EIA) + ) (£+ nik)

= Z(Vk —E[Vi]) + % (log N +logn —log(n — N)) + O (%) . (12.1.7)
k=1

We consider the three terms on the right-hand side separately. Since N, Vi,...,V,_1 are
independent,

N N 2 N
Var <Z(Vk - E[Vk])> =E (Z(Vk - ]E[Vk])> =E > Var(V)
k=1 k=1 k=1
n—1 n—1 1
< VarVy Z e k’)2
k=1 k=1
e = 4 1
< = — | . 12.1.
St X mrm=0(m) 0219
k=1 k=n/2
For the second term, we observe that
> N Y’ >
E[(log N —log(n —1))° ] =E || log T — [ 61(logz)"dr < o0 (12.1.9)
n-— 0

as n — oco. Hence Var(log N) = Var(log(n — N)) = O(1), and it follows that the variance
of the second term in (12.1.7) is also O(n~2). The same is trivially true for the third term.
Consequently, Var(W;;) = O(n~?), which together with (12.1.6) yields part (i).
The proof of (iii) is divided into two parts, considering upper and lower bounds sepa-
rately. First, by (12.1.2), for —co <t <1—1/n.

n—1 n—1 -1

t

Efe"] = [ E[e"*"] = -2 ) . 12.1.10

e =Tee =TT (- ot (12.010
k=1 k=1

Hence, for every a > 0, choosing t =1 —1/logn (n > 3),

n—1 —1
]P)(Yl > CLlOg n/n) S E[etnyl—ta log n} — eta logn H (1 _ k(nitk))

n —
k=1

(-5 e Eon )
< (1 - 1>26Xp (mlogH:Z: (lc(nni DN (kr(nni k>)2>>

=(1—t+0(n ") ?exp(—talogn + 2tlogn + O(1)) = O(n* *log® n).
(12.1.11)

This evidently implies

P(maxY; > alogn/n) < nP(Y: > alogn/n) = O(n® *log®n), (12.1.12)
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which tends to 0 as n — oo for every fixed a > 3.
For the lower bound, let £ > 0 be small. Partition the vertex set [n] of K, into the sets
A={1,...,bayand B={na +1,...,n}, where na = [n'7°]. Let np = |B| =n —na.
For i € A, let U; = minjep X;;. Then the random variables U;, ¢ € A, are independent
with U; € Exp(1/ng). In particular,
np
P(U; > (1 — 2¢)logn/n) = exp (—(1 = 25)7 log n)
> exp(—(1 — 2¢)logn) = n* " (12.1.13)
and thus
P(U; < (1 —2¢)logn/n for every i € A) < (1 — n25_1)"175 <e™™. (12.1.14)

For k € A, let & be the event that Ux > (1 — 2¢)logn/n but U; < (1 — 2¢)logn/n for
1 < k. Then the events & are disjoint and, by (12.1.14),

S P(E) =P <U 5k> >1—c . (12.1.15)

keA keA

The idea of the proof is to show that, conditioned on &, Y} is with high probability close to
3logn/n; in fact, as is shown in detail below, conditioning on U > (1—2¢) log n/n typically
increases Yy, (which is usually about 2logn/n) by (1 — 2¢) logn/n, while conditioning on
Ui < (1 —2¢)logn/n for i < k hardly affects the result.

We will use the following lemma.

Lemma 12.4. Suppose that p,b > 0 and X € Exp(u), and define
fl@) = —plog(e™ " + (1 — "/M)e™/m). (12.1.16)
(i) The distribution of f(X) equals the conditional distribution of X given X <.

(i5) If, further, 0 < a < 1 and b/p > a(l —loga)/(1 — «), then f(z) > az when
0<z<a 'b—pu. Consequently,

P(f(X) < aX) <P(X >a 'b—p)=e " ¥/ (12.1.17)

Proof. We may for simplicity, by homogeneity, assume that g = 1. Then eX is uniformly
distributed on [0, 1], and thus for 0 < ¢ < b,

B
P <0 =B+ (1—e e ¥ 2 e ) =P (e % 2 )
1—e?
=10 = P(X <X < B), (12.1.18)

which proves part (i).
For part (ii) we observe that (when pu = 1) f(z) > ax if and only if

e P+ (1—e e <e . (12.1.19)
Letting y = ™7, the left-hand side of (12.1.19) is a linear function of y, while the right-

hand side y® is concave; hence, in order to verify (12.1.19) for the interval 0 < & < o~ 'b—1,
it suffices to verify it for the endpoints.
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For x = 0, (12.1.19) is a trivial identity, while for = o™ 'b — 1 it is
el (1—et)em P < ot (12.1.20)

Now, by assumption, o b = b+ b(1 — a)a™' > b+ 1 —loga, and thus
el pe Tt comh y pmtHIoBe (1 4 4)e7 < %! (12.1.21)
this implies (12.1.20), which completes the proof of the lemma. O

Continuing with the proof of Theorem 12.1(iii), let k¥ € A be fixed, let f be as in
Lemma 12.4 with y =1/np and b = (1 — 2¢)logn/n, and define

f(ui)7 1< k»
Ui=4 Ui+b, i=k, (12.1.22)
U, i > k.

Then, by Lemma 12.4(i) for ¢ < k and the standard lack-of-memory property of exponential
distributions for s = k, the distribution of U; equals the conditional distribution of U; equals
the conditional distribution of U; given & for every i € A; moreover, by our independence
assumptions, this extends to the joint distribution. Furthermore, by the same lack-of-
memory-property, the family of random variables {X;; — U;} e is independent of U;, for
each i € A separately and thus for all i € A jointly too; hence the joint distribution of
{Xi; — Ui}jep is not affected by conditioning on E. It follows that if we define X7; for
1<i<j<nby
r_ Xij—Ui—f—Ui/, 1€ Aand j € B,
Xij = { Xij, otherwise, (12.1.23)

and let Xj; = Xj; for j > i, then the family {X;j} has the same distribution as the
conditional distribution of {X;;} given &. Note in particular that Xj; = Xx; + b when
j € B.

Suppose that {X;;} are such that

U > (1 —2¢)U;, forevery i€ A, (12.1.24)
1
Xip > 3%, for every i € A, (12.1.25)
and )
Vi > (2 — )20, (12.1.26)

We observe first that, by (12.1.23) and (12.1.24), then
Xi; > (1—2¢)X;;, for every i and j # i. (12.1.27)

Now consider the minimal path weights W;; defined by the edge weights X;; and the
corresponding Y; = max; W[J By (12.1.26), there exists a vertex ! such that every path
io =k,i1,...,im =l from k to | has weight W =3>"""  X; i, > (2—e¢)logn/n. Consider

such a path and the corresponding weight W' = > X; Either i1 € A, and

is—1is"
then, by (12.1.23) and (12.1.25), W' > X;, = Xj;; > 3logn/n, or i1 € B, and then
X1, = Xgi, + b, which together with (12.1.27) yields

logn logn logn

W' >b+ (1 —20)W > (1—2¢) +(1—-2¢)(2—¢)

> (3 —7¢) (12.1.28)

Hence W' > (3 — 7¢)logn/n for every path from k to I, and thus Wy; > (3 — 7¢)logn/n
and finally Y, > W}, > (3 — 7¢) logn/n.
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We have shown that, if (12.1.24)-(12.1.26) hold, then Y) > (3 — 7¢)logn/n. Conse-
quently,

P(Yy > (3 — 7e) logn/n|&) = P(Yy, > (3 — 7¢) logn/n)
> P((12.1.24) — (12.1.26) hold). (12.1.29)

Let ¢ denote the probability that (12.1.24)-(12.1.26) hold. We have so far kept k fixed,
but g is independent of k, and summing over k we obtain

]P’(rnZaXYi > (3—"7Te)logn/n) > Z P(Yy > (3 — 7e)logn/n|E)P(E)
keA

> P(&). (12.1.30)

keA

Now, by Lemma 12.4(ii) with a = 1 — 2¢, if n is large enough,

P((12.1.24) fails) < Y P(U] < (1 — 22)U;) < nae'"2108m/"

i€A
=0(n'"n"") = o(1). (12.1.31)
Similarly,
. logn logn
P((12.1.25) fails) < Pl X; — | < =o(1), 12.1.32
(( 5) alS)_Z < k<3n>_3nA . o(1) ( 32)

i€A

while P((12.1.26) fails) = o(1) by the already proven part (ii) of the theorem.

Consequently, ¢ = 1 — o(1), which by (12.1.30) and (12.1.15) yields P(max; Y; > (3 —
7e)logn/n) — 1 as n — co. This completes the proof of (iii). O
Proof of Theorem 12.2. We use (12.1.10), replacing ¢t by —¢, and, for every a and t > 0,
obtain

n—1

-1
P(Yl < alogn/n) S E[etalogn—tnYl] S etalogn H (1 + k( nt k))

n —
k=1

n—1
= exp (talogn—!— Z —log (1 + k(nnik)))

k=1
n—1 2
nt 1 nt
< tal S (T (L
_exp(a ogn—!—z ( K(n — k) + 5 (k(n—k:)) ))
k=1
= exp (atlogn — 2tlogn + O(t) + O(t2)) . (12.1.33)
If 0 < a < 2, we thus obtain for any constant ¢
P(minY; < alogn/n) < nP(Yy < alogn/n) = O(n* =2, (12.1.34)
which is o(1) provided ¢ > 1/(2 — a). On the other hand, Theorem 12.1(ii) implies
P(minY; > (2+4¢)logn/n) <P(Y1 > (2+¢)logn/n) — 0 (12.1.35)

for every € > 0, and the proof is complete. O
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12.2 Asymptotic distribution and moments

The method above also yields the asymptotic distributions of W;; and Y;: these are not
normal. More precisely, we have the following result. (We have to impose a slightly stronger
condition on the distribution of the Xj;; the condition is satisfied for the exponential and
uniform distributions.)

Theorem 12.5. Suppose that the distribution function P(X;; < t) =t + o(t/|logt|) as
t (0. Then, as n — oo,

— 1
nWij —logn—yﬁz%(fk—l)—kg (12.2.1)
1

and

=1
nYi—210gn—2*yi>ZE( +Z & — 1), (12.2.2)
1

where v is Euler’s constant, and the random variables &k, &y, k > 1, and ¢ are independent
with &k, &, € Exp(1) while ¢ has the logistic distribution P(¢ < x) = e /(1 + %).

Proof. By a slight modification of the coupling argument in the proof of Theorem 12.1,
it suffices to consider the case X;; € Exp(1); we omit the details.

We write A, ~ B, to mean that E[(A, — B,)?] = o(1) as n — oco. In the exponential
case (12.1.5) and (12.1.2) imply that

N N
aniZ " F Zk —1)+Z(%+ﬁ)
i{ 1
%Z% (e — 1) +log N + v + logn — log(n — N)
1
~ ilo: % ) + log % + logn + 7, (12.2.3)
and
n—1
nY; = Zk Zk k—1)+22%
Ln/2] el 1
~ 21: %(gkfl) Ln%ilm(fk71)+210gn+2'y
JCTEI m/21-1
4 ; 2 =1+ ; (6 — 1) +2logn +27. (12.2.4)

The result follows, since N/n LN n, where n € U(0,1), and ¢ = log(n/(1 —n)) has the
logistic distribution. O
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Since the moment generating function E[e®*] of & equals (1 —t)™!, Ret < 1, it follows
that the moment generating function of Y + (& — 1) is

- 1 = ok _¢yon 1
1—t/k) e /% = 1i e tximi
[0 =om7e™ = Jim (1157 )«
— lim F(n + 1)F(1 - t) eftlog n—ty+o(1l)
n—oo I(n+1-—1t)

=T(1—t)e™™, Ret<l; (12.2.5)

hence the moment generating function of A = > 1 (& — 1) + 7 equals I'(1 — t), Ret < 1.

Now, if X € Exp(1), then —log X has the moment generating function E[e™*°8*] =

EX™] = [F 2 "¢ ®dx =T (1 —t) too. Thus, A £ _log X. (Recall that the restriction of
the moment generating function to the imaginary axis yields the characteristic function,
which determines the distribution.) Hence,

P(A<z)=PlogX > —z)=P(X >e ") =e° , —oo<uz< o0, (12.2.6)

which is one of the standard extreme value distributions [156]. Consequently, the right-
hand side of (12.2.2) can be written A + A’ — 2, where A and A’ are independent random
variables with the distributions (12.2.6).

Moreover, the logistic distribution has the moment generating function, for |Ret| < 1,
with n € U(0, 1) as above,

1
Ele!los(m/(=m)] = / t'(1—z) "de = B(1+t,1—t)=T(1+t)0(1—1t), (12.2.7)
0

which equals the moment generating function of the symmetrization A — A’. Thus ¢ 4
A — A’. We can now restate Theorem 12.5 as follows.

Theorem 12.6. Suppose that the distribution function P(X;; < t) = t + o(t/|logt|) as
t \ 0. Then, as n — oo,

nWij —logn i> A1+ Ao — A3 (12,2.8)

and
nY; — 2logn -5 Ay + As, (12.2.9)
where A1, A2, As are independent random variables with the same extreme value distribution
P(A;<z)=e"°". O

The variables on the right-hand sides of (12.2.8) and (12.2.9) have the moment gener-
ating functions T'(1 — ¢)?I'(1 + ¢), |Ret| < 1, and T'(1 — )2, Ret < 1, respectively, and thus
the characteristic functions I'(1 — t)?T'(1 + it) and Gamma(l — it)?. The limit A; 4+ Ao
in (12.2.9) has a density function that can be expressed using modified Bessel functions as
2" Ko(2¢%/?) (cf., for instance, [?, (5.10.23)]). We do not know any simple expression
for the density function of A; + As — As.

Using the fact that the variance of the logistic distribution is 72/3 (which follows from
its moment generating function I'(1 + ¢)I'(1 — ¢) = #t/sinwt, |Ret < 1, or from the repre-
sentation A — A’ above), it is easily seen that the limiting variables in (12.2.1) and (12.2.2)
have expectations 0 and variances .5° k™2 +7°/3 = 7°/2 and 23 7° k™2 = 7° /3, respec-
tively. Since all approximations and limits in the proof hold in L? sense, we obtain that
these are the limits of the expectations and variances of the left-hand sides in (12.2.1) and
(12.2.2) too, provided X;; € Exp(1). This carries over to other distributions as well, in
particular to the uniform distribution; we have the following theorem.
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Theorem 12.7. Suppose that the distribution function P(X;; < t) =t + o(t/|logt|) as
t \¢ 0 and that E[X}] < oo for some p > 0. Then all moments converge in (12.2.1),
(12.2.2), (12.2.8) and (12.2.9); in particular

E[W;;] = logn + o +o (l) , (12.2.10)
n n n
B[y, = 21987 4 2V |, (l) , (12.2.11)
n n n

-2
Var(Wi;) ~ %7 (12.2.12)

-2
Var(Y;) ~ %, (12.2.13)

Proof. It suffices to prove that E[(nW;; —logn)™] = O(1) and E[(nY; —2logn)™] = O(1)
for every even integer m and n large enough, since this implies convergence of all moments
of order < m by a standard result on uniform integrability.

When T;; is exponentially distributed, this can be done as for the case m = 2 in the
proof of Theorem 12.1; we omit the details.

In general, we let a and b be two constants, to be chosen later, and split the expectation
into three parts. (We treat only W;;; the same argument applies to Y;.)

First, E[(nWi; — logn)™ Liw,; <alogn/ny] = O(1) by comparison with the exponential
case, using the coupling argument as in earlier proofs.

Secondly, by (12.1.11), E[(nW;;)" Ligtogn/n<w;;<by] < 0"n™P(W;; > alogn/n) =
O(n™ =% 1og? n); choosing @ = m + 3 this becomes bounded.

Finally, considering only the n — 2 paths of length 2 between i and j, we see that

P(Wi; > x) < P(Xir > x/2 or X, > x/2 for every k # i, 5)
< (2P(Xy; > x/2))" 2 (12.2.14)

Now, if E[X};] < oo, then z6pP(X;; > x) — 0 as  — oo; it follows that if b is large
enough, then 2P(Xy; > ©/2) < 7P when = > b, and thus

P(Wy >a) <2 "% 2>b. (12.2.15)

Consequently,
E[(nWi;)" Liw,,;>p3] = n™ 0" P(Wi; > m) + nm/ ma™ ' P(Wiy > x)da
b
=0(nmb" ") = O(1), (12.2.16)
provided n > 2 + m/p.

Combining these estimates we find E[(nW;; — logn)™] = O(1) as required. O

Remark 2. The asymptotic variances can also be obtained by refining the estimates used
in the proof of Theorem 12.1.
Remark 3. The condition that E[X};] < oo for some p > 0 is necessary tool if it fails then
Wi; has no finite moment for any n. In fact, suppose that, for instance, E[W;;] < co for
some n; then P(W;; > t) < 1/t for large ¢. Since P(W;; > t > P(X;x > t for every k #
i) = P(Xy; > )", this yields P(X;; > t) < t~/("=1 (¢ large), and thus for example
E[X,/"] < co.

We do not know any similar results for max; ; W;;.

What is the asymptotic distribution of max; ; W;i; (presuming that some exists)?
What is the order of Var(max; ; Wi;)? Is it ~ ¢/n?? If so, what is the constant ¢?
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12.3 Lengths of minimal paths

We have so far studied the weights of the minimal paths, but one might also ask how
long they are, disregarding their weights, that is, how many edges they contain. Let H;;
be the length of the path between i and j that has minimal weight.

For the case of exponentially distributed T5;, these lengths can be studied by observing
that the proof of Theorem 12.1 shows that the collection of minimal weight paths from a
given vertex, 1 say, form a tree (rooted at 1) which can be constructed as follows. Begin
with a single root and add n — 1 vertices one by one, each time joining the new vertex
to a (uniformly) randomly chosen old vertex. This type of random tree is known as a
random recursive tree, and it is known that, if Dy is the depths of the kth vertex, then
Dy /logn — 1 [171] and maxy<, Di/logn — e [192] as n — oo; see also the survey
[204].

This leads to the following result; our condition on the distribution of X;; is presumably
much stronger than really required.

Theorem 12.8. Suppose that X;; has a density function f(t) = 1+ O(t) fort > 0. Then,
as n — oo:

(i) for any fized i and j,
Hi =y, (12.3.1)

logn

(%) for any fized i,
7%’;2’;[{’ e (12.3.2)

Proof. The case when X;; € Exp(1) follows from the discussion before the theorem:
we have H;; = Dy, where N is uniformly distributed over 2,...,n and max,<, H;; =
maXg<n Dk.

In general, we first observe that we may, for a given n, modify the distribution of X;; on
the interval ¢ > 5logn/n without affecting the result, since, by Theorem 12.1, edges with
such large weights are hardly ever used. Hence we may assume that its density function
is 1+ O(logn/n) times the density function e™* of the exponential distribution, uniformly
for all t > 0. It is now easy to see that the minimum weight paths from ¢ = 1 form a
random tree, obtained by adding vertices one by one as above, with the modification that
the probability that the kth vertex (in order of insertion) is joined to the ith, for I < k, may
depend on the previous history of the tree but is always (1+ O(logn/n))/(k—1). We may
couple this random tree growing process with the one with equal probabilities 1/(k — 1) in
such a way that the probability that a vertex k is joined to a different preceding vertices in
the two trees is O(logn/n), even if we condition on the previous history. It follows that, if
we fix the end vertex j, the path from ¢ = 1 to j is the same in both trees with probability
1 — O(log® n/n), which, by the result for the exponential case, implies (i) for a general
distribution.

For (ii) we observe that, if Dy is the depth of the kth vertex (in order of insertion)
in the tree, and Dy is the depth in the random recursive tree with uniformly chosen
ancestors, then, by the above, D, = Dy, for every k < n1 = n/ log® n with probability
1—O(nilogn/n) =1—0(1/logn). Since maxy<n, Di/logni —s e by the result quoted
above [192], it follows that for every ¢ > 0, with probability 1 — o(1),

> = Dy, > (e — =(e—¢e— 3.
I]?SaZ(Dk_IICI%%ka II%EKD;Q_(e g)logn; = (e —e —o(1)) logn, (12.3.3)

which by max;<, Hi; = maxg<n Dy proves one half of the result.
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For the other half, define the generating functions

Fn(t)=E itf’k] (12.3.4)
and .
Fn(t)=E [Z tDk] . (12.3.5)

F,,(t) and thus

Frgi(t) = (1 + %) Fou(t), (12.3.6)

which together with Dy = 0 yields

- _ T(m+1t)

) = 5o 25 (12.3.7)

Choosing t = e we obtain, for every a > e,

P(max Dy > alogn) <P <Z Pk >n > <nT Fu(e) ~n T T(e+1),  (12.3.8)

k=1

which tends to 0 as n — oo.
For Dy we similarly obtain the inequalities, for some C' < oo and all ¢ > 0,

E[tPm+1] < % (1 + Clogn) Fon(t), (12.3.9)
Fria( ( (1 + Clog">> F(t), (12.3.10)

and thus
F(t) < Fp, ( (1+Clog”)), (12.3.11)

which yields, as above,

P(max Dy > alogn) <n”"Fu(e) < n~*Fy(e+ Celogn/n) ~n " /T(e+1), (12.3.12)

which tends to 0 as n — oo for a > e.

How large is max; j H;;?

We can show that, if a ~ 3.591 is defined by aloga — a = 1, then, for every ¢ >
0, P(e — ¢ < max;; Hi;j/logn < a+¢) — 1. Hence it is natural to conjecture that
max; ; H;;j/logn converges in probability to a constant in [e, a]. Which?



APPENDIX A
SOME MEASURE AND INTEGRATION RESULTS

In this section, we give some classical results from the theory of measure and integration,
which will be used in the course of the proofs. For details and proofs of these results, we
refer to the books [38, 106, 87, 114]. For the statements of the results below, we refer to
[106, Pages 110-111].

Theorem A.9 (Lebesque’s dominated convergence theorem). Let X, andY satisfy E[Y] <
00, Xn 5 X, and | Xn| <Y almost surely. Then

E[X,] — E[X], (A.13)

and E[|X]] < oco.

We shall also make use of a slight extension, where almost sure convergence is replaced
with convergence in distribution:

Theorem A.10 (Lebesque’s dominated convergence theorem). Let X, and Y satisfy
E[|Xn|] < 0o, E[Y] < 00, Xn -5 X, and |X,| < Y. Then

E[X,] — E[X], (A.14)

and E[|X]] < oo.

Theorem A.11 (Monotone convergence theorem). Let X, be a monotonically increasing
sequence, i.e., Xn < Xpi1 such that E[|X,|] < co. Then Xn(w) T X (w) for all w and some
limiting random variable X, and

E[X,] T E[X]. (A.15)

In particular, when E[X] = oo, then E[X,] 1 co.
Theorem A.12 (Fatou’s lemma). If X, > 0 and E[|X,|] < oo, then

E[lim inf X,,] < lim inf E[X,,]. (A.16)

n— oo n— oo
In particular, if Xn(w) = X(w) for every w, then

E[X] < lim inf E[X,.]. (A.17)
n—oo
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APPENDIX B
SOLUTIONS TO SELECTED EXERCISES

Solutions to the exercises of Chapter 1.

Solution to Exercise 1.1. When (1.1.6) holds with equality, then

1-Fx(z)= > fa= > k.

Therefore, by monotonicity of x +— =77,

oo 1—71
1= Fe@) < [y Ty =

-1’
while - Iy
1— Fx(z) > /Hly_fdy = %
As a result, we obtain that
T 1
1—Fx(z) = p— 1+ O(E))

For an example where (?7?) holds, but (1.1.6) fails, we can take fory1 = 0 for k > 0 and,
for k> 1,
1 1

f2k = fer—1 - (k+1)‘r—l'

Then (1.1.6) fails, while

1= Fela) = Y fu~ T ~

k>zx

O

Solution to Exercise 1.2. Recall that a function z — L(z) is slowly varying when, for
every ¢ > 0,

. L(ex)
1 =1.
eoe L(z)
For L(z) = logx, we can compute
L 1 1 !
lim 22 gy, losler) oy, loge tloge
z—oo L(x) 200 logx z—oo  logm
For L(z) = ¢"°¢*)"  we compute similarly
lim ELe8) i los (ea))T—(log )
= lim elog(z)'Y ((1+%§;>W71)
T —r 00
= lim °8(®7 Mvloge _ g
T —r 00
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When v = 1, however, we have that L(z) = €'°®® = z, which is regularly varying with
exponent 1. O

Solutions to the exercises of Chapter 2.

Solution to Exercise 2.1. Take

¥ = Y1 for n even,
"7 )Y, forn odd,

where Y7 and Ys are two independent copies of a random variable which is such that
P(Y; = E[Yi]) < 1. Then, since Y7 and Y are identical in distribution, the sequence
{Xn}nz1 converges in distribution. In fact, {Xn}o=; is constant in distribution.
Moreover, X2, = Y1 and Xa2,4+1 = Y2. Since subsequences of converging sequences are
again converging, if {X,}n>; converges in probability, the limit of {X,}7Z; should be
equal to Y1 and to Ya. Since P(Y: # Y2) > 0, we obtain a contradiction. O

Solution to Exercise 2.2. Note that for any € > 0, we have

P(|Xn| >€) =P(Xn =n) = = — 0. (B.1)

1
n
Therefore, X, LN 0, which in turn implies that X, i) 0. O

Solution to Exercise 2.3. The random variable X with density

1

fX(-T) = mv

which is a Cauchy random variable, does the job. O

Solution to Exercise 2.4. Note that, by a Taylor expansion of the moment generating
function, if Mx (t) < oo for all ¢, then

Mx(t) = Z]E[XT];

As a result, when Mx (t) < oo for all ¢, we must have that

T

lim E[X" ]t =0.

T—00 r!

Thus, when ¢t > 1, (2.1.8) follows. Thus, it is sufficient to show that the moment generating
function Mx (t) of the Poisson distribution is finite for all ¢. For this, we compute

Mx (t) = E[e"*] = ietk(f)‘)\k e i Qe _ exp{—A(1 —e")} < o
—o0 =0

for all ¢. 0
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Solution to Exercise 2.5. We write out
EX(X -1 (X—r+1)]=> a(@-1)--(z—7r+1)PX =)
=0

E[(X).] =
oo B A‘Z
ZZm(x—l)--~(m—r+1)e Ag
—,\TOO ANy B.2
B Ze (x—r) (B.2)
O
Solution to Exercise 2.6. Compute that
m 7/\ m 7)\ ml)\kl 7)\00 7711A m—1
= Zk o= Zk = Z (1) gy = AB[(X+1)™ ).
O

Solution to Exercise 2.7. By the discussion around (2.1.16), we have that the sum
= k). Thus, it suffices

is alternatingly larger and smaller than P(X

Sr (1) EO
to prove that, when (2.1.18) holds, then also
(X _ 5 E[(X)-]
k+'r7 _ _1\ktr _H\A )]
nhlr;oz )1k T:Zk( DA PR TTEE (B-3)
This is equivalent to the statement that
N E[(X)-]
_1\ktr =\ A )]
] ;( 1 -k~ (B-4)
To prove (B.4), we bound
‘Z k+r E[ ‘ Z -0, (B5)
by (2.1.18). O
Solution to Exercise 2.8. For r = 2, we note that
E[(X)r] = E[X”] - E[X], (B.6)
and, for X = >, ;- I; a sum of indicators,
EX*) =) E[LL]=Y P(Li=I=1)+>» P(I=1). (B.7)
irj i '
Using that E[X] = . P(I; = 1), we thus arrive at
E[(X)T] = ZIP(I'L =1I;=1), (B.8)

i

which is (2.1.21) for r = 2.
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Solution to Exercise 2.9. For the Poisson distribution factorial moments are given by
E[(X)] = A*

(recall Exercise 2.5.) We make use of Theorems 2.4 and 2.5. If X, is binomial with
parameters n and p, = A\/n, then

E[(X)k] = E[Xn(Xn —1) - (Xn—k+1)]=nn—1)...(n —k+1)p" = AF,

when p = A/n and n — co. O

Solution to Exercise 2.10. We prove Theorem 2.7 by induction on d > 1. The induc-
tion hypothesis is that (2.1.21) holds for all measures PP with corresponding expectations
E and all r1,...,74.

Theorem 2.7 for d = 1 is Theorem 2.5, which initializes the induction hypothesis. We
next advance the induction hypothesis by proving (2.1.21) for d + 1. For this, we first
note that we may assume that E[(Xat1,n)ry,,] > 0, since (Xa+1,n)ry,, > 0 and when
E[(Xdt+1,n)rg,,] =0, then (XdJrl,n),«(H_1 =0, so that (2.1.21) follows. Then, we define the
measure Px 4 by

E[(Xd+1,n)rd+1 ]15]
E[(Xd+17n)rd+1} ’

for all possible measurable events £. Then,

Px.q(€) = (B.9)

E[(X1n)rn -+ (Xam)ra(Xart)rars] = El(Kartn)ras JBox.a [ (Xin)rn -+ (Xa)ra-

(B.10)
By the induction hypothesis applied to the measure Px 4, we have that
Ex,a [(Xl,n)m ~~-(Xd,n)rd} = S YT PP =1vi=1,.. d&s =1,
iV, en i(ld),.u,i(%)ezd
(B.11)

Next, we define the measure P;d by

P (€) = eIl (B.12)
WP =1vl=1,...,d, s=1,...,m1)’ ‘

so that
E[(Xat1,n)rg i Pxa(I) =1Vi=1,...,d, s=1,...,7m)
=E; [(Xat1n)ra, P(IY =1VI=1,...,d, s =1,...,m). (B.13)

Again by Theorem 2.5,

Bz, [(Xatin)rgpn] = > Py, (I = = 1D = 1), (B.14)

gy
(d+1 (d+1
1(1 + )7~~,1$(1+ )EId+1

Then, the claim for d 4+ 1 follows by noting that
o _ _ _ Lol L plat)
P(I;V=1Vi=1,...,d, s = 1,.,.,rl)IP’id(Ii1 =...= Il.w+1 =1) (B.15)

=P(I" =1Vi=1,...,d+1, s=1,...,m).
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Solution to Exercise 2.11. Observe that

Z Ipe — qa| = Z(Zh = ¢2)Vp,>q,1 + Z = Do) Vg, >p.} (B.16)
0=1-1= Z(Pz — ) = Z( @) p,>q,) + Z = @) g, >p,y- (BAT)

x x

We add the two equalities to obtain
Z|p:c_Qx| —22 @) Uip, >q.)-

Complete the solution by observing that

> _(pr —min(pr, g2) = Y _(0r — @) Uiy, >0,

T x

O

Solution to Exercise 2.12. The proof of (2.2.11) is the continuous equivalent of the
proof of (2.2.9). Therefore, we will only prove (2.2.9).

Let Q be the set of possible outcomes of the probability mass functions {p:} and {¢z}.
The set €2 can be partitioned into two subsets

N ={z€Q:ps>qs} and Q={z€Q:ps < gz}

Since {p,} and {g.} are probability distribution functions, the sum > _¢,(p= — ¢z) equals

zero. Therefore,
Z|px_qoc| = Z(px_qx)_ Z(pm_qw)

zEQ zeEN TEQ
0= Pe—a) = D> (Pe—d)+ Y (pr—a)
zeN zeN rEQ

Adding and subtracting the above equations yields

Dolpe—aal =2 (pe =) = -2 (po—q0).

zeQ e zE€Q

Hence, there exists a set A C Q such that [F(A) — G(A)| > >, ¢ [p2 — g=|. It remains

to show that |F(A) — G(A)| < § >, cq lpe — ga| for all A C Q.
Let A be any subset of 2. Just as the set 2, the set A can be partitioned into two
subsets
A1:Aﬂ91 and AQZAQQQ,

so that

IF(A) = G(A) = > (pr— @)+ D (o — @) | =|oa + Bal.

T€EA, TEA

Since a4 is non-negative and S84 non-positive, it holds that
|ova + Ba| < max (oa, —Ba).

The quantity a4 satisfies

aa < Z(px—qx)Z%ZWx—’hL

€N zEQ
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while 84 satisfies

Therefore,

1
F(A) = GA) < 5 Y Ipe—asl - VACE,

zeQ

which completes the proof. O

Solution to Exercise 2.13. By (2.2.13) and (2.2.18)
drv(f,9) SP(X £Y). (B.18)

Therefore, the first claim follows directly from Theorem 2.9. The second claim follows by
(2.2.9).

Solution to Exercise 2.15. Without any loss of generality we can take o2 = 1. Then
for each ¢, and with Z a standard normal variate

P(X >t)=P(Z>t—px) SP(Z2t—py) =P(Y > 1),

whence X <XY. O

Solution to Exercise 2.16. The answer is negative. Take X standard normal and
Y ~ N(0,2), then X <Y implies

P(Y >t) >P(X >t) =P(Y > tV2),
for each t. However, this is false for ¢ < 0. O

Solution to Exercise 2.17. Let X be Poisson distributed with parameter A\, then

© n e t\n
] =3 etre 2 o2 3 AT oxetn),

Put

g(t) = at —logE[e"] = at + A — e’
then ¢'(t) = a— Xe’ = 0 & t = log(a/\). Hence, I(a) in (2.4.12) is equal to I(a) = Ix(a) =
a(log (a/A) — 1) + A and with a > X\ we obtain from (2.4.9),

P> Xi >an) <e A,
=1

This proves (2.4.17). For a < A, we get ¢'(t) = a — Ae’ = 0 for ¢t = log(a/\) < 0 and we
get again
In(a) = a(loga/X —1) + A.
By (2.4.9), with a < X, we obtain (2.4.18).
Ix(A) = 0 and -L1,(a) = loga — log A, so that for a < A the function a +— I(a)

decreases, whereas for a > A the function a — I)(a) increases. Because Ix(A) = 0, this
shows that for all a # A, we have I(a) > 0.
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Solution to Exercise 2.19. By taking expectations on both sides of (2.5.2),
E[M,] = E[E[Mp41|M1, Mo, ..., My]] = E[M,41],
since according to the theorem of total probability:
E[E[X|Y1,..., Y]] = E[X].
O

Solution to Exercise 2.20. First we show that E[|M,|] < co. Indeed, since E[|X;|] <
o0, Vi, and since the fact that X; is an independent sequence implies that the sequence
| X;| is independent we get

n

E[| M| = []E[X:]] < oc.

i=0
To verify the martingale condition, we write

n+1

E[HXi

i=1

E[Mnt1]X1, X2, ..., Xn]

Xl,Xz,...,Xn]

(HX) E[Xns1|X1, Xo, ..o, Xn] = MuE[Xng1] = M, aus.
i=1

O

Solution to Exercise 2.21. First we show that E[|M,|] < co. Indeed, since E[|X;|] <
Vi,

E[|M,|] :E]ZXi
=1

=1

To verify the martingale condition, we write

n+1
E[M 1| My, Ma, ..., Ma] = E[>_ Xi|Xo, X1,..., X,]

i=1

> Xi + E[Xnp1|Xo, X1, Xo] = My + E[Xp1] = My, as.

i=1
O
Solution to Exercise 2.22. Again we first that E[|M,|] < co. Indeed, since E[|X;|] <

Vi,
E[|M,|] = E|E[Y|Xo,..., Xn]

< JE[]EUYHXO,...,XnH = E[]Y]] < oo.

To verify the martingale condition, we write

E[My 1| Xo, ..., Xn] ]E[E[Y|Xo, e Xo] Xo,...,Xn]

= E[Y|Xo,...,Xn] =M, +E[Xn1] =M, as.
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Solution to Exercise 2.23. Since M, is non-negative we have E[|M,|] = E[M,] = p <
M, by Exercise 2.19. Hence, according to Theorem 2.21 we have convergence to some

limiting random variable M. O
Solution to Exercise 2.24. Since X; > 0, we have M,, = :L:o X,; > 0, hence the claim
is immediate from Exercise 2.23. O

Solution to Exercise 2.25. First,

E[|M,]] < Z [[ME]] < oo. (B.19)

Secondly, since E[max{X,Y}] > max{E[X],E[Y]}, we obtain

E[Myi1|Xo, ..., Xn] = E[maxM”

nH\XO,...,Xn] > niax BIM{?, | Xo, .., Xa]  (B.20)

= maxM( D = M,, (B.21)

=0

where we use that {MS7}52, is a sequence of martingales with respect to {X,}52,.

Solution to Exercise 2.26. We can write
M, => "I —p, (B.22)
i=1

where {I;}52, are i.i.d. indicator variables with P(I; = 1) = 1 — P(l; = 0) = p. Then,
M —n has the same distribution as X —np, while, by Exercise 2.21, the sequence { M, }7Zq
is a martingale with

|Mp — My—1| = |In — p| < max{p,1 —p} <1-p, (B.23)

since p < 1/2. Thus, the claim follows from the Azuma-Hoeffding inequality (Theorem
2.23).

Solution to Exercise 2.27. Since E[X;] = 0, we have, by Exercise 2.21, that M,
>, X is a martingale, with by hypothesis,
1< My — My = Xn <1,
so that the condition of Theorem 2.23 is satisfied with a; = 8; = 1. Since E[M,] = 0, we
have =0 and 3" (a; + Bi)* = 4(n + 1), hence from (2.5.18) we get (2.5.31).
We now compare the Azuma-Hoeffding bound (2.5.31) with the central limit approxi-
mation. With a = 2v/n + 1, and o = Var(X;),

P(|Mn| > a) =P(|Mn| > zvn+1) = P(|My|/ovn+1>z/o) = 2(1 — ®(z/0)),

where ®(t) = e’/

du. A well-known approximation tells us that

\[ —t2 /2
\/7 )
so that by the central limit theorem and this approximation

P(|My,| > a) ~ OV2 o w2pper _ 0V2H D) a2 jaminye

x\/om aym

Finally 02 < 1, so that the leading order term and with a = zv/n + 1, the inequality of
Azuma-Hoefding is quite sharp! O

7=

2(1 = (1)) ~ 29(t)/t =
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Solutions to the exercises of Chapter 3.

Solution to Exercise 3.1. When n = 0, then, since 7 is a solution of n = Gx(n), we
must have that

po = Gx(0) = 0. (B.24)
O

Solution to Exercise 3.2. We note that for p = {pz}32, given in (3.1.15), and writing
g =1 — p, we have that E[X] = 2p, so that n = 1 when p < 1/2, and

Gx(s) = q+ps°. (B.25)

Since 7 satisfies n = G(n), we obtain that

n=q+pn’, (B.26)
of which the solutions are
1+/1-14

Noting further that 1 —4pg = 1 — 4p(1 — p) = 4p® —4p+ 1= (2p — 1)?, and p > 1/2, we
arrive at

1+£(2p—1)
=—— 7 B.2
n 5 (B.28)
Since n € [0,1) for p > 1/2, we must have that
1-(2p—1) 1-p
n= = . B.29
R » (B.29)
O
Solution to Exercise 3.3. We compute that
Guls) =1 bjp+ 3 b1 -t =1 by b8 (B.30)
X o p 1—gqs’ '
so that
b
p=Gy%(1) = el (B.31)

As a result, n = 1 if u = b/p> < 1 follows from Theorem 3.1. Now, when pu = b/p*> > 1,
then 1 < 1 is the solution of G x(n) = 7, which becomes

bn n, (B.32)

b
1— -+ =
p l—gn

which has the solution given by (3.1.18). O



350 Solutions to selected exercises

Solution to Exercise 3.4. We note that s — Gx(s) in (B.30) has the property that for
any points s, u, v
Gx(s) —Gx(u)  s—ul—qu
Gx(s) —Gx(v)  s—vl—qu’

Taking u = n,v = 1 and using that Gx(n) = n by Theorem 3.1, we obtain that, if n < 1,

(B.33)

Gx(s)=m _s—n_p
Gx(s)—1 s—11—gqn’ (B.34)

By (3.1.18), we further obtain that

p -1 2
= = p*/b, B.35
= (B.35)
so that we arrive at G (s) )
x(s) —n 55—
=— . B.36
Gx(s)—1 pus—1 ( )
Since Gr(s) is the n-fold iteration of s — Gx(s), we thus arrive at
Gn(s) —m 1 s—n
= B.37
Gn(s)—1 purs—1’ ( )
of which the solution is given by the first line of (3.1.19).
When g = 1, then we have that b = p?, so that
Gr(s) = 1= (a=P)s (B.38)

1—gs

We now prove by induction that Gy (s) is equal to the second line of (3.1.19). For n =1,
we have that G1(s) = Gx(s), so that the induction is initialized by (B.38).

To advance the induction, we assume it for n and advance it to n + 1. For this, we note
that, since G (s) is the n-fold iteration of s — Gx(s), we have

Gnt1(s) = Gn(Gx(9)). (B.39)

By the induction hypothesis, we have that G, (s) is equal to the second line of (3.1.19), so
that

_ng—(ng—p)G(s) _nq(l—gs)—(ng—p)(qg—(qg—p)s)
O = g — G (s) ~ ) —gs) —ngla—(a—p3)’ 40

Note that, using p =1 —g,

ng(1 —gs) — (ng — p)(¢ — (¢ — p)s) = [ng — (ng — p)a] + s[(¢ — p)(ng — p) — nq’]
(B.41)

= (n+ 1)gp — s[gp(n + 1) — p],

while

(p+nq)(1 — gs) —ng(qg — (¢ —p)s) = [(p +ng) — ng’] + s[(q — p)ng — (p + nq)q]
(B.42)

= [p+ngp] — s(n + 1)pg = plp+ (n + 1)q] — s(n + 1)pg,
and dividing (B.41) by (B.42) advances the induction hypothesis. O
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Solution to Exercise 3.5. We first note that

P(Z, > 0, 3m > n such that Z,, = 0) =P(3Im > n such that Z,, = 0)—-P(Z, = 0) = n—P(Zx

We next compute, using (3.1.19),

L=t when b £
lP’(Zn—O)—Gn(O)—{ nq# o when b#p

ptngq

(B.44)

when b = p?.

Using that = 1 when b < p? gives the first two lines of (3.1.20). When 1 < 1, so that
© > 1, we thus obtain

P(Z >0, 3m > n such that Z,, = 0) = (1 —n)[ - 71]:(1_7")’7. (B.45)
= =

This proves the third line of (3.1.20). O

Solution to Exercise 3.6. By (B.25), we have that G(s) = ¢ + ps®. Thus, by (3.1.23),
we obtain

Gr(s) = s(q + pGr (8)2), (B.46)
of which the solutions are given by
14 4/1—4s?
Gr(s) = =V~ 2P (B.47)
2sp
Since Gr(0) = 0, we must that that
1—+/1—4s2
Gor(s) = — Y- — =P (B.48)
2sp
O
Solution to Exercise 3.7. By (B.30), we have Gx(s) = 1—%—}— lisqs. Thus, by (3.1.23),
we obtain b bGe(s)
—sl1— 24228 | B.4
Gr(s) s[ p+1_qGT(S)] (B.49)

Multiplying by p(1 — ¢G(s)), and using that p 4+ ¢ = 1, leads to
pGr(s)(1—=qGr(s)) = s[(p—b)(1—¢Gr(s)) +bpGr(s)] = s[(p—b)+(b—pg)Gr(s)]. (B.50)
We can simplify the above to
paGr(s)® + (p+ s(b— pqg))G(s) + s(p — b) =0, (B.51)

of which the two solutions are given by

Since Gr(s) > 0 for all s > 0, we thus arrive at

Gr(s) = Y5O —pa))? —ziz;qs(p —b) — (p+ sba) (B.53)
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Solution to Exercise 3.8. Compute

E[Zn|Zn-1 =m] =E[X7" XnilZoo1 = m] = E[Y7, XnilZn-1 = m)]

=2t E[Xn] = mu,
so that, by taking double expectations,
ElZn] = E[B[Zn|Zn-1]] = EluZn—1] = JE[Zn-1].

O

Solution to Exercise 3.9. Using induction we conclude from the previous exercise that
E[Zn] = pE[Zn_1] = p°E[Zn_2] = ... = u"E[Z0] = p".

Hence,
Eln " Zn) = u"E[Za] = 1.

Therefore, we have that, for all n > 0, E[|u™"Z,|] = E[u""Z,] < 00
By the Markov property and the calculations in the previous exercise

E[anzl, ey anl] = E[Zn‘anl] = /Lanl,

so that, with M, = Z,/u",
1
E[Mn|Zn, ..., Zn-1] = E[My|Zn-1] = EMZn—l =My,
almost surely. Therefore, M,, = =" Z, is a martingale with respect to {Z,}nZ;. O

Solution to Exercise 3.10. For a critical BP we have u = 1, and so Z,, is a martingale.
Therefore, for all n,
E[Z,) =E[Zo] = 1.

On the other hand, if P(X = 1) < 1, then, n = 1 by Theorem 3.1, and by monotonicity,

lim P(Z, =0)=P(lim Z,=0)=n=1.

n—oo n—oo
O
Solution to Exercise 3.11.
P(Zn > 0) =P(Zn > 1) <E[Zn] = 1",
by Theorem 3.3. O
Solution to Exercise 3.12. Since T =1+ Y77 | Z,, we obtain by (3.2.1) that
E[T]:l—FiE[Zn]:1—|—iu":1/(1—u). (B.54)
n=1 n=1
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Solution to Exercise 3.13. For k = 1, we note that, in (3.3.2), {T' =1} = {X; = 0},
so that
P(T =1) = po. (B.55)

On the other hand, in (3.1.21), T' = 1 precisely when Z; = X1,1 = 0, which occurs with
probability po as well.
For k = 2, since X; > 0, we have that {T' =2} = {X: = 1, X» = 0}, so that

]P)(T = 2) = pop1- (B56)

On the other hand, in (3.1.21), T' = 2 precisely when Z1 = X171 =1 and Z> = X271 = 0,
which occurs with probability pop: as well, as required.
For k = 3, since X; > 0, we have that {T' =3} = {X1 =2, X0 = X3 =0} U{X; =
X2 =1, X3 =0}, so that
P(T = 3) = pop2 + pop?. (B.57)

On the other hand, in (3.1.21),
{T:S}:{Zl =Zy= 1,73 ZO}U{Zl =2,75 :O}, (B.58)
so that {T = 3} = {X1,1 = X2,1 = 1,X3,1 = O}U{le = 2,X2,1 = X2,2 = 0}7 which occurs

with probability p3pz + pop; as well, as required. This proves the equality of P(T = k) for
T in (3.3.2) and (3.1.21) and k = 1,2 and 3. O

Solution to Exercise 3.14. We note that
P(So = Sk41=0,8>0V1<i<k)=pP(51=1,8 >0Vl <i<k,Ser1 =0), (B.59)
since the first step must be upwards. By (3.3.2),
P(S1=1,8 >0V1<i<k, Spp1=0)=P(T=k), (B.60)

which completes the proof. O

Solution to Exercise 3.15. We note that p,, > 0 for all x € N. Furthermore,

D= 0" =n"" Y 0 =n"'G). (B.61)
=0 z=0

=0

Since 7 satisfies n = G(n), it follows also that p’ = {p,}3> sums up to 1, so that p’ is a
probability distribution. O

Solution to Exercise 3.16. We compute

= x / = xr Tr— — = x 1
Ga(s) =D s"pe=> 8" 'pa=n"">_ (ns)p. = Cx(ns). (B.62)
x=0 =

=0 =0

Solution to Exercise 3.17. We note that
EX'T=Y ap, =Y 2" 'p. = Gx(n). (B.63)
=0 =0

Now, 7 is the smallest solution of = Gx(n), and, when n > 0, Gx(0) = po > 0 by
Exercise 3.1. Therefore, since s — G (s) is increasing, we must have that G (n) < 1. O
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Solution to Exercise 3.18. Since M,, = =" Z, <% W, by Theorem 3.9, by Lebesques
dominated convergence theorem and the fact that, for y > 0 and s € [0, 1], we have that
s¥ <1, it follows that

E[s*"] — E[s">]. (B.64)

However,
—_n

E[s™"] = E[s”"/#"] = Gn(s* ). (B.65)
Since G, (s) = Gx(Gn-1(s)), we thus obtain

E[s""] = Gx (Gnoa(s" 7)) = Gx (GH ((sﬂ’l)f””)) — Gx (Gw(s'"),  (B.66)
again by (B.64).
Solution to Exercise 3.19. If M,, =0, then M,, = 0 for all m > n, so that
{M =0} = lim (M, =0} = N3Z{M, = 0}.
n— oo

On the other hand, {extinction} = {In : M,, = 0} or {swrvival} = {Vn, M, > 0}. We
hence conclude that {survival} C {M. > 0} = UsZo{M, > 0}, and so

. P(M, > 0N {survival P(M, >0
P(Mo > O|survival) = ( P(survi{val) b _ K T ) _ 1,

because it is given that P(W,. >0) =1—n. O

Solution to Exercise 3.20. By Theorem 3.9, we have that M,, = p~™"Z, 25 W, By
Fubini’s theorem, we thus obtain that

EW.] < lim E[M,] =1, (B.67)
n— o0
where the equality follows from Theorem 3.3. O

Solution to Exercise 3.30. The total offspring equals T' =1+ > | Z,, see (3.1.21).
Since we search for T' < 3, we must have EZO:1 Zn <2 or Zizl Zn < 2, because Zx > 0
for some k > 3 implies Z3 > 1,72 > 1,71 > 1, so that > .2 | Zn > 22:1 Zn > 3. Then,
we can write out

2
P(T=1) = P Z.=0)=P(Z1=0)=¢",
n=1
2
P(T=2) = PO Za=1)=P(Z1=1,2=0)=P(X11 = DP(Xz,1 = 0) = Ae”
n=1
2
P(T=3) = PO Zn=2)=P(Z1=1,Zy=1,Z3=0)+P(Z1 =2,7, =0)
n=1
= ]P(Xl,l = 1,X2,1 = 1,X3’1 = 0) +]P)(X1’1 = 2,X2,1 = 07X2’2 = 0)
2
= e et e (NY2) e e = eﬁ%%‘

These answers do coincide with P(T' = n) = 6771“,1)\%717 for n < 3.



355

Solutions to the exercises of Chapter 4.

Solution to Exercise 4.3. We start by computing P(T" = m) for m = 1,2,3. Form =1,
we get

P(T=1)=P(S; =0) =P(X; =0) =P(Bin(n —1,p) =0) = (1 —p)" .
For m = 2, we get

P(IT=2) = P(51>0,8=0=PX1>0,X1+Xo=1)=P(X1=1,X2=0)
P(X: =1)P(X2 =0|X;1 = 1) = P(Bin(n — 1,p) = 1)P(Bin(n — 2,p) = 0)
(n—=1p(1=p)" % (1=p)" " = (n—1p(1 —p)" "

For m = 3, we get

P(T=3) = P(51>0,5>0,S5=0=P(X;:>0,X1+X2>1,X1+Xo+X3=2)
P(X;=1,Xo=1,X3=0)+P(X; =2, X2 = 0, X5 = 0)
= P(Xs=0/X2=1,X1 = DP(Xz2 = 1|X; = YP(X; = 1)
H+P(X5 = 0] X2 = 0, X1 = 2)P(X2 = 0|X; = 2)P(X; = 2)

— P(X3=0|S: = DP(Xs = 1|5 = DP(X; = 1)

FP(X5 = 0|5y = 1)P(Xs = 0|5y = 2)P(X; = 2)
= P(Bin(n — 3,p) = 0)P(Bin(n — 2,p) = 1)P(Bin(n — 1,p) = 1)

+P(Bin(n — 3,p) = 0)P(Bin(n — 3,p) = 0)P(Bin(n — 1,p) = 2)
= (1-p)"(n=2)p(1 —p)"*(n—1)p(1 —p)"~?

+1=p)" 1 =p)" (0= —2)p"(1 —p)" /2
= (n=1)(n-2)p"1—p)" "+ (n = 1)(n—2)p*(1 - p)* /2

3

= (n=Dn-2p"A-p)" (5 - p).

We now give the combinatoric proof. For m = 1,
P(C(v)| =1) = (1L —p)" ",
because all connections from vertex 1 have to be closed. For m = 2,
P(IC(v)| =2) = (n = p(1 - p)*" "

because you must connect one of n — 1 vertices to vertex v and then isolate these two
vertices which means that 2n — 4 connections should not be present.

For m = 3, the first possibility is to attach one vertex a to 1 and then a second vertex
b to a, with the edge vb being closed. This gives

(n—1p1—p)" 2 (n—=2)p(1 —p)" *1—p)" * = (n—1)(n—2)p*(1 —p)*" %

The second possibility is to attach one vertex a to v and then a second vertex b to a, with
the edge vb being occupied. This gives

<n 9 1>p(1 =p)" p(l=p)" (1 =p)" P = (n N 1) p’(1—p)* "
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The final possibility is that you pick two vertices attached to vertex v, and then leave both
vertices without any further attachments to the other n — 3 and being unconnected (the
connected case is part of the second possibility)

<n; 1>p2(1 -p)" T (1-p)* T = <n y 1>p2(1 -

In total, this gives
ne n—1 n— n—1 e
(n—1)(n—2)p*(1 - p)° 8+< ) >p3(1—p)3 9+< ) )pz(l—p)3 ° (B.68)

= (- D -2 - p 01 —p+ B LD
= (n—)(n - 2p*(1 - p)*" (2 — p).
O

Solution to Exercise 4.5. We first pick 3 different elements ¢, 7,k from {1,2,...,n}
without order. This can be done in

n

3

different ways. Then all three edges ij, ik, jk have to be present, which has probability
p®. The number of triangles is the sum of indicators running over all unordered triples.
These indicators are dependent, but that is of no importance for the expectation, because
the expectation of a sum of dependent random variables equals the sum of the expected
values. Hence the expected number of occupied triangles equals:

()

Solution to Exercise 4.6. We pick 4 elements i,7,k,l from {1,2,...,n} This kan be

done in
n
4

different ways. This quadruple may form an occupied square in 3 different orders, that is
(4,4, k,0), (i,k,7,1) and (3, 4,1, k). Hence there are

3. @

squares in which all four sides should be occupied. Hence the expected number of occupied
squares equals

O
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Solution to Exercise 4.7. We define the sequence of random variables { X, }n=; where
X, is the number of occupied triangles in an Erd6s-Rényi random graph with edge prob-
ability p = A/n. Next we introduce the indicator function

Ign =

’

0 trianglea not connected,
1 triangles connected.

Now, according to (2.1.21) we have

lim E[(Xa),]= lim > P(layn=1Jagn =1, . Loy = 1). (B.69)
n—oo n—oo

a1,ag,...,ar €L

Now, there are two types of collections of triangles, namely, sets of triangles in which all
edges are distinct, or the set of triangles for which at least one edge occurs in two different
triangles. In the first case, we see that the indicators Io, n, lag,n, - - -, la,.,n are independent,
in the second case, they are not. We first claim that the collection of (a1, a2,...,a,) for
which all triangles contain different edges has size

(1+0(1)) <’;> . (B.70)

T
To see this, we note that the upper bound is obvious (since ((2)) is the number of

collections of r triangles without any restriction). For the lower bound, we note that
a; = (ki,l;,m;) for ki, l;,m; € [n] such that k; < I; < m;. We obtain a lower bound on the
number of triangles containing different edges when we assume that all vertices ki, l;, m;
for ¢ =1,...,r are distinct. There are precisely

1:[ <n N Z) (B.71)

i=0

of such combinations. When 7 is fixed, we have that

H( ; > —(1—|—o(1))<3> : (B.72)

=0

Thus, the contribution to the right-hand side of (B.69) of collections (ai,as,...,a,) for
which all triangles contain different edges is, by independence and (B.70), equal to

3

(1+o(1))(g>r(j;)r _ (1+0(1))(%)T. (B.73)

We next prove that the contribution to the right-hand side of (B.69) of collections (a1, az, . . .
for which at least one edge occurs in two different triangles. We give a crude upper bound
for this. We note that each edge which occurs more that once reduces the number of
possible vertices involved. More precisely, when the collection of triangles (a1, az,...,ar)
contains precisely 3r —1 edges for some [ > 1, then the collection of triangles (a1, az, ..., ar)
contains at most 3r — 2[ vertices, as can easily be seen by induction. As a result, the contri-
bution to the right-hand side of (B.69) of collections (a1, a2, ...,ar) (a1,az2,...,ar) contains
precisely 3r — [ edges is bounded by

)T = AT = o(1). (B.74)

ar)
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Since this is negligible, we obtain that

lim E[(X,),] = (Aj) (B.75)

n—r00 6

Hence, due to Theorem 2.4 we have that the number of occupied triangles in an Erd&s-
Rényi random graph with edge probability p = A/n has an asymptotic Poisson distribution
with parameter \*/6. O

Solution to Exercise 4.8. We have

]E[Ag]:E Z ﬂ{i]’,ik,jkoccupied} = Z E[]l{ij,ik,jkoccupied}] (B76)
i,7,k€G i,5,k€G
A 3
= —1 -2)| =
- 1m-2) (2)
and
E[WG]:E Z I[ij,jkoccupied] = Z ]E[]l{ij,jkoccupied}] (B77)
i,j,k€G i,j,k€G
A 2
=nn-1)n-2)(2) .
- D=2 (2)

This yields for the clustering coefficient
CCq = A/n.

O

Solution to Exercise 4.9. We have E [Ws] = n(n — 1)(n — 2)p*(1 — p). According to
the Chebychev inequality we obtain:

2
lim P[We —E[W]| >¢ < lim —C,
n— oo n— 00 €
2
_ g
lim P[Wo — (0)(n — D(n—(2)2("2)>¢d < lim 2¥e,
n—oo n n n—oo €

lim P[[We —n)\’|>¢ < 0.
n— oo

Hence, Wg/n —5 A2 and, therefore, n/Wa 1 /A%, We have already shown in previous
exercise that the number of occupied triangles has an asymptotic Poisson distribution with

parameter %. A¢ is three times the number of triangles and thus Ag i) 3- Poi(’\;).
Slutsky’s Theorem states that

X, s candV, -5 Y = XY, -5 ey

Hence T;ﬁ—é" LI =Y where Y ~ Poi(\*/6). O
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Solution to Exercise 4.10. We have to show that for each z, the event {|C(v)| > =}
remains true if the the number of edges increases.

Obviously by increasing the number of edges the number |C(v)| increases or stays the
same depending on whether or not some of the added edges connect new vertices to the
cluster. In both cases {|C(v)| > z} remains true.

O

Solution to Exercise 4.11. This is not true. Take two disjoint clusters which differ by
one in size, and suppose that the larger component equals Cmax, before adding the edges.
Take any v € Cmax. Now add edges between the second largest component and isolated
vertices. If you add two of such edges, then the new Cmax equals the union of the second
largest component and the two isolated vertices. Since originally v did not belong to the
second largest component and v was not isolated, because it was a member of the previous
largest component, we now have v ¢ Cmax.

O
Solution to Exercise 4.12. As a result of (4.2.1) we have
oo [e o] 1
=D PIC)| 2 k) <D Puyp(T 2 k) = [T]:m7 (B.78)
k=1 k=1
where
u = E[Offspring] = np = A.
Hence,
Ex[lC)l] < 1/(1 = A).
O
Solution to Exercise 4.14. We recall that Z>; = 2?21 gjciy >k} -
|Cmax| < k = |C(2)| < kVi, which implies that Z>, =0
|Cimax| > k = |C(2)| > k for at least k vertices = Z>y > k.
O

Solution to Exercise 4.15. Intuitively the statement is logical, for we can see M as
doing n trails with succes probability p and for each trial we throw an other coin with
succes probability q. The eventual amount of successes are the successes where both trails
ended in succes and is thus equal to throwing n coins with succes probability pq.

There are several ways to prove this, we give two of them.

Suppose we have two binomial trials N and Y both of length n and with succes rates
p, q respectively. We thus create two vectors filled with ones and zeros. For each index
i=1,2,...,n we compare the vectors and in case both entries are 1, we will see this as a
succes. The now counted amount of successes is of course Bin(n, pq) distributed.

Now we produce the first vector similarly by denoting ones and zeros for the successes
and losses in trail N. For each ’one’, we produce an other outcome by a Be(q) experi-
ment. We count the total number of successes of these experiments and those are of course
Bin(N, q) distributed. But now, this is the same as the experiment described above, since
all Bernoulli outcomes are independent. Hence if N ~ Bin(n,p) and M ~ Bin(N, ¢), then
M ~ Bin(n, pq).
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We will also give an analytical proof, which is somewhat more enhanced. We wish to
show that P(M =m) = () (pq)"™ (1 — pg)"~™. Off course we have

P(M =m) = ZP(N—i)~<;>-qm'(1—Q)i—m,
_ Z(?).(p)i.(l_p)ni.<;).qm.(1—q)i—m.

i=m

Rearranging terms yields

P(M =m)= 1_172])31 | < ><>1f$p)1(1_q)1

Further analysis yields

= a _p)n(l%q)m% ; (n— z)'l(z —m)! (p(ll:pq))i

ym nlm!"=m 1 (p(l ) ) k+m

P(M =m)

= (1-p)"(

l—q Zko(n—k m)(m—i—k m)I\ 1—p
g 4 — p(l —g)\Ftm
= (=p) (1fq) m'nf 'Z) nfk m'k'( 1fp)

n g n—m k+m n—m—k _m k+m—m
= 1— 1-
<m) kZ:O < B )p (1-p) q"(1—q)

<;)pmqm 3 (nkm>pk(1—p)”_m_k(l —q)"

It is now sufficient to show that Y7 —o* (".™)p"(1 —p)" " *(1 —q)* = (1 — pg)" ™.

b G ( SR

k= k=0
_ )= m(1+p pq)
_ nm(l pt+p— pq) —m
= (I-p)" ™"

Now we can use this result to proof that Ny ~ Bin(n, (1 — p) ) by using induction. The
initial value No =n — 1 is given, hence

No = n-—1;
N = Bin(n-1,1-p);
N: = Bin(Ni,1—p)=Bin(n—1,(1—p)?);

Ny = Bin(n—1,(1-p)").
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Solution to Exercise 4.17. The extinction probability n satisfies

M = Gx(m) = E[pR] = e 2™
Hence,

OG=l-m=1—e M =1_¢

This equation has only two solutions, one of which is {x = 0, the other must be the survival

probability.

Solution to Exercise 4.18. We compute that

x(A) =EA[IC(1)]] = Ex [Z ﬂ{jecm}} =14 Ea[lgeca)y]

j=1 j=2
=14+> Eallgejl=14> Pa(1¢j) =1+ (n—1)Py(1+ 2).

j=2 j=2

components ordered by their size. Relation (4.4.1) reads that for v € (

Solution to Exercise 4.19. In this exercise we denote by |Cy| > [Cioy| > .
1
5,1
29

]P’(“Cmax\ — nQ’ > n”) = O(n_‘;).

Observe that

PA(1 > 2) PA(3C(K) : 1 € C(k), 2 € C(k))

= > PA(1,2€Cw) =Pa(1,2€Cy) + > _Px(1,2 € Cay)
>1 1>2

v\2
_ w +0(n™%) + ZPA(L? €Cuw)-

n
1>2
For [ > 2, we have |C()| < K logn with high probability, hence

K?log®n

]P)A(LQ S C(z)) < 2

+0(n™?),
so that
ZPA(1,2 € C(z)) <

1>2

Together, this shows that

2 2
Klog"n 1Zg "L O 0.

Pr(l > 2) =3 +0(n™%),
for some § > 0.

Solution to Exercise 4.20. Combining Exercise 4.18 and Exercise 4.19, yields

X(\) =1+ (n— 1D (1 +0(1)) = n¢i(1 +o(1)).

O

(B.79)

O

.., the
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Solution to Exercise 4.16. We have that the cluster of 7 has size [. Furthermore, we

have Py (i «— j||C(i)| =) + Px (i < j||C(i)| =1) =1 Of course 4, j € [n] and j # i. So,

having i fixed, gives us n — 1 choices for j in ER,(p) and I — 1 choices for j in C(¢). Hence,
-1

Px(i < j|IC(i)| =1) = —

and thus
-1

n—1"

Pa(i < jllc()| =1) =1 -
O

Solution to Exercise 4.21. According to the duality principle we have that the random
graph obtained by removing the largest component of a supercritical Erdés-Rényi random
graph is again an Erd6s-Rényi random graph of size m ~ nny = #2% where ux < 1 < X are
conjugates as in (3.6.7) and the remaining graph is thus in the subcritical regime. Hence,
studying the second largest component in a supercritical graph is close to studying the
largest component in the remaining graph.

Now, as a result of Theorems 4.4 and 4.5 we have that for some ¢ > 0

lim (u»(i‘li;;' > 1t o) el o por 0) =o.

n—soc0 logm

Hence, \ﬁ:gia%\ - I;!. But since we have that n —m = (an(1 + o(1)) and thus m =

P —
n(1 — ¢x), we have that llogm — 1 as n — co. Hence [Cmaxl 2, =1 O
ogn logn DN

Solution to Exercise 4.22. Denote

X’n - anpn
V anpn(l — pn) ’

so that we need to prove that Z,, converges is distribution to a standard normal random
variable Z. For this, it suffices to prove that the moment generating function M, (t) =
E[e*?"] of Z, converges to that of Z.

Since the variance of X,, goes to infinity, the same holds for a,. Now we write X, as
to be a sum of a, Bernoulli variables X,, = > ¢" Y;, where {Yi}1<i<q, are independent
random variables with Y; ~ Be(p,). Thus, we note that the moment generating function
of X,, equals

Zn = (B.80)

My, (t) = E[e"*"] = E[e"]*". (B.81)
We further prove, using a simple Taylor expansion,

t2
log E[e"™"] = log (pne" + (1 = pn)) = pat + 5 pa(l = pn) + O(|t’pn)- (B.82)

Thus, with t, = t/\/anpn(1l — pn), we have that

w2 :
My, (t) = Mx, (tt)eanpntn — eon log E[e* 1] _ eTPn(lfpn)JrO(\tnldanpn) _ et2/2+0(1)'

(B.83)

We conclude that lim,—e0 Mz, (t) = etz/Q, which is the moment generating function of a

standard normal distribution. Theorem 2.3(b) implies that Z, SN Z, as required. Hence,
the CLT follows and (4.5.14) implies (4.5.15). O
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Solution to Exercise 4.25. We have that nA/2 edges are added in a total system
of n(n — 1)/2 edges. This intuitively yields for p in the classical notation for the ER
graphs to be p = n(ziiﬁ/z and A = n - p, so that one would expect subcritical behavior
|Conax|/logn — T 5. We now provide the details of this argument.

We make use of the crucial relation (4.6.1), and further note that when we increase M,
then we make the event \Cmax\ > k more likely. This is a related version of monotonicity
as in Section 4.1.1. In particular, from (4.6.1), it follows that for any increasing event F,
and with p = A/n,

n(n—1)/2
PA(E)= > P, (E)P(Bin(n(n—1)/2,p) =m) (B.84)

> Y P.(E)P(Bin(n(n — 1)/2,p) = m)
> Py (E)P(Bin(n(n —1)/2,p) > M).

In particular, when p is chosen such that P(Bin(n(n — 1)/2,p) > M) = 1 — o(1), then
Py (E) = o(1) follows when Py (F) = o(1).

Take a > I, ' and let k,, = alogn. Then we shall first show that Py, a7 (|Cmax| > kn) =
o(1). For this, we use the above monotonicity to note that, for every X,

P nt (|Coax| > kin) < P ([Conase] > kin) /P(Bin(n(n — 1)/2, X' /n) > M). (B.85)

For any A" > A, we have P(Bin(n(n —1)/2,\'/n) > M) = 1+ o(1). Now, since A > I " is
continuous, we can take \’ > X such that [;,1 < a, we further obtain by Theorem 4.4 that
Py (|Cmax| = kn) = 0o(1), so that Py as(|Cmax| > kn) = o(1) follows.

Next, take a < I, !, take k, = alogn, and we next wish to prove that Py as(|Cmax| <
kn) = o(1). For this, we make use of a related bound as in (B.84), namely, for a decreasing
event F', we obtain

n(n—1)/2
PA(F)= > P, (F)P(Bin(n(n—1)/2,p) =m) (B.86)
> > P,.(F)P(Bin(n(n — 1)/2,p) = M)

m=

> By (F)B(Bin(n(n — 1)/2,p) < M).

Now, we take p = X'/n where A" < A, so that P(Bin(n(n — 1)/2,p) < M) = 1 — o(1).
Then, we pick A’ < X such that I;,l > a and use Theorem 4.5. We conclude that, with
high probability, [Cmax|/logn < [;1 + ¢) for any € > 0, and, again with high probability,
|Cimax|/logn > I' —€) for any € > 0. This yields directly that [Cmax|/logn — Iy, O

Solutions to the exercises of Chapter 5.

Solution to Exercise ??. Using (3.6.20) we see that

Py(T* > k) = (2n)"'/2 i n*2[1+0m™). (B.87)

n=~k
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The sum can be bounded from above and below by an integral as follows

/ 2 3% dg < Z n =32 < / 3% dy
k

n=k k-1

Computing these integrals gives

(e o)
ok~12 < Zn—3/2 <20k — 1)—1/2

n==k

Similar bounds can be derived such that

oo

> nPom™) = ok,

n==k

Combining both bounds, it follows that

. 2\1/2 _ _
PL(T* > k) = (;) EVL 4+ 0%k
O
Solution to Exercise 5.1. Fix some r > 0, then
rn2/3 rn2/3
x(1) > > P(C) = k)= > Poy(l). (B-88)
k=1 k=1
By Proposition 5.2, we have the bounds
Per(D) 2 .
Substituting this bounds into (B.88) yields
rn2/3
C1 r..1/3
x(1) = Y — =i,
= vk
where ¢; > 0 and r > 0. O

Solution to Exercise ??. By Theorem 3.16, we have that

A, 1 i toenye Y
Z e Ikt]P)l(T :t):7e (A—1—log A\t e t.

A t!

Rearranging the terms in this equation we get

Itk gk 1 et )
e I,\t]pl(T —t) =~ (elogA> At (At) At

. e
A A t! t!
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Solution to Exercise ?7?7. Let G(n) be the collection of all possible simple graphs on n
points. The set G(n, m) is the subset of G which contains all possible simple graphs on n
points which have m edges. Then,

(%)
P(1 +— 2) = |g(n)|_1 Z Z P(G){1—2in ¢}

m=1 GegG(n,m)

@y Y (2)’"(1_2)(3)_”111{1%“@,

m=1 Geg(n,m)

which is polynomial in A. Furthermore, the maximal degree of the polynoom is (g)

Solution to Exercise ?7. Take some [ € N such that [ < n, then Xn_l()\”T_l) is the
expected component size in the graph ER(n — [, p). We have to prove that the expected
component size in the graph ER(n — [, p) is smaller than the expected component size in
the graph ER(n — [+ 1,p) for all 0 < p < 1. Consider the graph ER(n — [ + 1,p). This
graph can be created from ER(n — [, p) by adding the vertex n — [ + 1 and independently
connecting this vertex to each of the vertices 1,2,...,n —1[.

Let C'(1) denote the component of ER(n — I, p) which contains vertex 1 and C(1) rep-
resents the component of ER(n — [ 4 1, p) which contains vertex 1. By the construction of
ER(n — 1+ 1,p), it follows that

(1—p)nt*t if k=1,
B(C()| = k) = { B(C(1)| = k)(1—p)* +B(C' ()| =k = 1)(1— (1 —p)}") if2<k<n,
P(IC’'(1)] =n)(1 = (1 —p)") if k=n-+1.

Hence, the expected size of C(1) is

n+1

Eflc(1)]] = Y P(C(1)| = k)k

n

= (=)™ 4 3 [BUC )] = (1 - )t +BICD)] = k= (1 = (L= p)* )] k
+P(C' (D] =n)(1 =1 =p)")(n+1).

Rewriting this expression for the expected size of C(1) yields

Ellc()]] = (1 —p)" " +P(C'(1)] = 1)2p + iP(IC'(l)I =k)k

k=2
+ 3R (1) = )1 — (1 -5+ BIC ()] = )+ (1= (1= p)™)
k=2
> (14 p)P(C(1)] = 1) + 3 KP(C'(1) = k) > B[]
k=2
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Solution to Exercise ??7. By (?7), we have that

0

S XN = (1)

aTn(A).
For the derivative of 7,,(\) we use (?7?) to obtain

0
arxn

) < DB (C)] = Dxn A",

The function I — yn—i(A%1) is decreasing (see Exercise ??), hence

) < xa ) S BACD)] = 1) = xa (W2,
=1
or 8 ()\)
oxXn
S (B.89)

The second part of the exercise relies on integration. Integrate both the left-hand and
the right-hand side of (B.89) between A and 1.

1 1
— <1-—-2A
Xn(A)  xa(1) T
Bring a term to the other side to obtain
1 1
< + 1=
Xn(A) Xn (1)
which is equivalent to
1

Solution to Exercise 5.2. Using (5.2.8) and (5.2.10) we see that

:n(l— i)n_l +n(n—1) (1— 2)%_3
(-2 e (-2)7).

Consider the first power, taking the logarithm yields

Ex[Y?] = nPA(IC(1)| = 1) + n(n — 1) ( A Y + 1) Pa(lc(1)] = 1)*

logn +t
n

lognJr(nfl)log(lfé):logn+(n71)log(1f ).
n

Taylor expanding the logarithm gives

logn+t, logn +t logn +t,2
logn+(n—l)log(l—T)—logn—(n—l)[ - —I—O(( - ) )]
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The latter expression can be simplified to

logn — (n — 1)[lognT—|—t +O((lognT—|—t)2)] =logn — n-

2
:_t_i'_loﬂ_l'_i _‘_O(M)
n n n

_ 2
110gn—n 1t+o((logn+t) )
n

k]

and, as n tends to infinity,

logn

—t+ i +O(M)—>—t.

+7
n

n—1
lim n(l— é) =e "
n— oo n

A similar argument gives that as n — oo
AN\
lim (1 — 7) =e "
n— o0 n

lim E\[Y?]=e "(1—e"),

n— 00

Hence,

Therefore, we conclude

which is the second moment of a Poisson random variable with mean e~¢.

Solutions to the exercises of Chapter 6.

Solution to Exercise 6.1. By the definition of p;; (6.1.1), the numerator of p;; is
(nA)?(n — A)72. The denominator of p;; is

zn: ni n n\ 2_ n2\ n n\ 2_n2)\(n—/\)+(n)\)2_ n3A
n—A n—XA)  n-—2X\ n—X\) (n—X)2 T (n— A2

i=1

Dividing the numerator of p;; by its denominator gives

(nA)? A

Pis = s T o

O

Solution to Exercise 6.2. Consider the distribution function F,(z) = P(wyv < z) of a
uniformly chosen vertex V' and let > 0. The law of total probability gives that

Pwy <z) = iﬂ”(wv <z|[V=9)P(V =1)

=1

1 n
. > Mw,<as z >0, (B.90)
=1

as desired. m
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Solution to Exercise ??. By (6.1.13), F\,(z) = 1 (|nF(x)] 4+ 1) Al. To prove pointwise
convergence of this function to F(:Jc), we shall first examine its behavior when F(z) gets
close to 1. Consider the case where < (|nF(x)|+ 1) > 1, or equivalently, [nF(z)] >n—1,

which is in turn equivalent to F(x) > “~L. Now fixing x gives us two possibilities: either
F(xz) =1 or there is an n such that F(:r) < 2=1_1n the first case, we have that

[t

=[1-1]=0. (B.91)

l[%([nF(aﬁ)j +1) /\1] _ F()| =

In the second case, we have that for large enough n

1 1 F
HE(LnF(x)J +1)A 1} — F(o)| = 'f(LnF(ac)J - M)
_|nF@ )J_nF()4r1’S o (B.92)
n n
which proves the pointwise convergence of F,, to F', as desired. O

Solution to Exercise 6.5. We note that © — F(x) is non-decreasing, since it is a
distribution function. This implies that z — 1 — F(z) is non-increasing, so that u +—
[1 — F]™*(u) is non-increasing.

To see (6.1.15), we let U be a uniform random variable, and note that

iih(wi) :]E[h([l —F]_l([Un]/n))]. (B.93)
Now, [Un]/n > U a.s., and since u + [l — F]™'(u) is non-increasing, we obtain that
[1—F]7([Un] /n) < [ F)7Y(U) a.s. Further, again since « — h(x) is non-decreasing,
h([l - F]*l([mﬂ/n)) < h(l1 = F]"1(U)). (B.94)

Thus,
. Z h(w) <E[n(1L - FI7'(0))] = E[b(W)], (B.95)

since [1 — F]7}(U) has distribution function F when U is uniform on (0,1) (recall the
remark below (6.1.12)). O

Solution to Exercise 6.6. Using the non-decreasing function h(z) = z% in Exercise
6.5, we have that for a uniform random variable U

*sz [ru-m (1) Lo,
n
- E[([l — ! ([Un]/n)) ] (B.96)
We also know that [Un]/n > U a.s., and since u — [1 — F]'(u) is non-increasing by
Exercise 6.5 and = +— x® is non-decreasing, we obtain that

1

— (L= F ([Un]/n))" < — (1= FI7' ()" (B.97)

S
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The right hand side function is integrable with value E[WW¢], by assumption. Therefore,
by the dominated convergence theorem (Theorem A.9), we have that the integral of the
left hand side converges to the integral of its pointwise limit. Since [Un]/n converges in
distribution to U, we get that [1 — F]™'([Un]/n) — [1 — F]~*(U), as desired.

Solution to Exercise 6.7. By (6.1.10),
w; = [1— F]7'(i/n). (B.98)
Now apply the function [1 — F] to both sides to get
(1 — Fl(wi) = i/n, (B.99)
which, by the assumption, can be bounded from above by
i/n=[1-Fl(w) < cw, Y. (B.100)

This inequality can be rewritten to

1 1

i1 (en) ™1 > wy, (B.101)
where the left hand side is a descending function in ¢ for 7 > 1. This implies
wi <wy < eTIn I, Vi€ [n), (B.102)

1
giving the ¢’ = ¢71 as desired. O

Solution to Exercise 6.9. A mixed Poisson variable X has the property that P(X =
0) = E[e~"] is strictly positive, unless W is infinite whp. Therefore, the random variable
Y with P(Y = 1) = 1 and P(Y = 2) = 1 cannot be represented by a mixed Poisson
variable. O

1=

Solution to Exercise 6.10. By definition, the characteristic function of X is

E[¢"] =Y ¢P(X =n) =) " ( / R dw) !
n=0 n=0

where fu (w) is the density function of W evaluated in w. Since all terms are non-negative
we can interchange summation and integration. Rearranging the terms gives

E[e"™] = /Ooo fw (w)e™™ (Z (e"w) ) dw = /OOO fw (w)e™ exp(ew)dw

n!
= /OOO fw (w) exp((e” — 1)w)dw.

The latter expression is the moment generating function of W evaluated in e — 1. O
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Solution to Exercise 6.11. By the tower rule, we have that E[E[X|W]] = E[X]. Com-
puting the expected value on the left hand side gives

EE[X|W]] =) E[X|W = w]P(W = w)

=" pw Zk *w“’

=> w-P(W=w)= ]E[WL (B.103)

so E[X] = E[W]. For the second moment of X, we consider E[E[X (X —1)|W]] = E[X (X —
1)]. Computing the expected value on the left hand side gives

E[E[X (X — DW]] =Y E[X(X — )W = w]P(W = w)
= {4 Zk —1e —”“l;'
=Y w P(W =w) *wz Wl
=> w PW =w) = ]E[Wz]. (B.104)

Now, we have that Var(X) = E[X?] — E[X]? = E[W?] + E[W] — E[W]?, which is the sum
of the variance and expected value of W. O

Solution to Exercise 6.13. Suppose there exists a ¢ > 0 such that ¢ < w; < ¢! for
every i. Now take the coupling Dj as in (??). Now, by (??), we obtain that

(D1, D) # (D1, D)) <2 ipij

4,j=1
L wiwy

=9 B.105
Z ln + wle ( )

i,7=1

Now I, = Y"1, w; > ne and 2 < wiw; < €72, Therefore,
WiW; 2 g2

2 <2 =o(1 B.106
”2211 +wiw; ~ " e + €2 o(L), ( )
since m = o(y/n). O

Solution to Exercise 6.14. We have to prove

max [E[P™] — prl (B.107)

l\.‘J\ﬂ)
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We have c
mkaX\E[P,i")] Pkl < 5 © Ve E[pyY] — pi| < 3 (B.108)
Furthermore the following limit is given
lim E[P{"] = lim P(D; = k) = py. (B.109)
n— o0 n— oo
Hence we can write c
Ve 0V, Vas a, B[P — pi| < 5 (B.110)
Taking M := max M} we obtain
Ves0ImViVnsm [E[PV] — pr| < §
<~
Ve>03MmVn>nr maxy |E[P;£”)] — k| < 5.
O
Solution to Exercise 6.15. Using the hint, we get
‘ax W; > < ;>
IP’(I?:alx W; >en) < §P(Wl >en)
=nP(W1 > en). (B.111)
This probability can be rewritten, and applying the Markov inequality now gives
nP(W1 > en) = nP(liw, >eny W1 2 en) < P(W1 > en)E[W1] — 0. (B.112)
Therefore, maxj—; W; is o(n) whp, and
= ZW <= maXW -0, (B.113)
as desired. O

Solution to Exercise 6.17. Using partial integration we obtain for the mean of W;

EWi] = /Oooxf(x)dx:[a:F(:r)—m]f:O—/OooF(:r)—ldx: (}%ijanF(R)—R)—0—1—/0001—F(x)d:c

/000 1— F(x)dx

Hence,
E[W1] = o0 & / [ — F(z)de = co. (B.114)
0
O
Solution to Exercise 6.20. It suffices to prove that H1§i<j§n(uiuj)zij =TI d ()

i 1 ’
where d;(z) = > 7_, zi;.

The proof will be given by a simple counting argument. Consider the powers of uj in the
left hand side, for some k =1,...,n. For k < j < n, the left hand side contains the terms
ui’” , whereas for 1 < i < k, it contains the terms u;**. When combined, and using the fact
that x;; = x;; for all ¢, j, we see that the powers of ui in the left hand side can be written

as Zxkj. But since, z;; = 0 for all 4, this equals >°7 | @i; = di(z), as required. O
ik
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Solution to Exercise 6.21. We pick tx =t and t; = 1 for all i # k. Then,

ln + wiwgt
Et™ = ] +————
1<i<n:ith In + wiwk
= "D Dacignizn TR (B.115)
where
wW; Wit W; Wk Wi
R, = .Z. log (1+ T ) —log <1+ I ) —wy(t —1) ,Z, .
1<i<n:i#k 1<i<n:i#k
= Z log(ln + wiwgt) — log(ln + wiwy) — wi(t — 1) Z et} (B.116)
1<i<n:izk 1<i<n:izk
A Taylor expansion of z — log(a + z) yields that
x z?
log(a + z) = log(a) + -+ O(?). (B.117)

Therefore, applying the above with a = [,, and © = w;wy, yields that, for t bounded,
2 = wl_z
= O(wkzl—z) = o(1), (B.118)
i=1 "

by (?7?), so that

E[tDk] — Wkt D) Eaci<niizk %(1 +0(1))
_ ewk(t—l)(l +0(1)), (B.119)

since wy, is fixed. Since the generating function of the degree converges, the degree of
vertex k converges in distribution to a random variable with generating function e®*(~1
(recall Theorem 2.3(c)). The probability generating function of a Poisson random variable
with mean A is given by e Y which completes the proof of Theorem 6.6(a).

For Theorem 6.6(b), we use similar ideas, now taking ¢; = t; for ¢ < m and ¢; = 0 for
i > m. Then,

s[I- T Resh o[t o), @)
iy ) - w; Wy iy
i=1 1<i<m,i<j<n =
so that the claim follows. O

Solution to Exercise 6.22. The degree of vertex k converges in distribution to a random
variable with generating function e***~V . We take w; = ﬁ which yields for the
A(t—1)

generating function e?=*/n. This gives us for the degree a Poi( random variable,

A
1-\/n )
which for large n is close to a Poi(\) random variable.

Solution to Exercise 6.23. The Erd6s-Rényi Random Graph is obtained by taking
Wi = 1_% Since p;; = A/n — 0, Theorem 6.6(b) states that the degrees are asymptoti-

cally indé’i)endent.
O
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Solution to Exercise 6.24. Let X be a mixed Poisson random variable with mixing
distribution YW ™. The generating function of X now becomes

Gx(t) =E[t*] = Zt]P’

7W"'71 (’YWT_l)k]
k!

Mx

W So Wty

l—|O

=k k!
k=0
= E[e* ") (B.121)
O
Solution to Exercise 6.25. By using partial integration we obtain
Eh(X)] = / h(x
= [h@)(F() —uzo—/ W (@)[F ()~ 1]da
- (ngnoo h(R)(1 — F(R))) — h(0)(1 — F(0)) + /OOO W (2)[1 - F(x)|dz
= /000 B (z)[1 — F(x)]dz.
O

(n)

Solution to Exercise 6.27. By definition, p™ and ¢ are asymptotically equivalent

if for every sequence (z,) of events

lim p qft’;) =0. (B.122)
n—0o0
By taking the sequence of events z, = x € X for all n, this means that asymptotical
equivalence implies that also
lim max Ip¢” — ¢8| = lim drv(™,¢™) = 0. (B.123)
n—oo r€X n— oo

Conversely, if the total variation distance converges to zero, which means that the maximum
over all z € X of the difference p{™ — ¢{™ converges in absolute value to zero. Since this
maximum is taken over all x € X, it will certainly hold for all x € (zn) C X as well.
Therefore, it follows that for any sequence of events, pz" q;:? must converge to zero as

well, Whlch implies asymptotical equivalence. /ensol

Solution to Exercise 6.28. We recall that
drv(M,M") = sup [P(M € A) —P(M' € A)|. (B.124)
ACLZ
Now, for binomial random variables with the same m and with success probabilities p and
q respectively, we have that
P(M = k) _ (B)k(l—p
P(M'=k)  ‘q" “1—g¢

l1-p

oDy, (B.125)

)" = (
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which is monotonically increasing or decreasing for p # ¢. As a result, we have that the
supremum in (B.124) is attained for a set A ={0,...,j} for some j € N, i.e.,

drv (M, M") = sup |P(M < j) = P(M" < j)]. (B.126)

jEN

Now assume that limy o m(p — q)//mp = a € (—00,00). Then, by Exercise 4.22,

(M —mp)//mp —2 Z ~ N(0,1) and (M’ —mp)//mp —= Z'simN (a, 1), where N'(1, o)
denotes a normal random variable with mean yu and variance o%. Therefore, we arrive at
dry(M, M) = sup [P(M < j) —=P(M' < j)| =sup|P(Z < @) = P(Z' < )| +o(1)

JEN z€R

= @(a/2) — ®(—a/2), (B.127)

where z +— ®(z) is the distribution function of a standard normal random variable. Thus,
drv (M, M') = o(1) precisely when o = 0, which implies that m(p — q)//mp = o(1).

Solution to Exercise 6.29. We write

dev(p ) = 5 3 e — aal = 5 S (Ve + VEVFE — Vil

5 S VIV — Va5 S VEE - VL (B.125)

By the Cauchy-Schwarz inequality, we obtain that

> PelV/Pe — Vel < \/sz\/Z(\/ﬁ\/qu <27Y2dy4(p, q). (B.129)

The same bound applies to the second sum on the right-hand side of (B.128), which proves
the upper bound in (6.6.11).
For the lower bound, we bound

du(p, q)* = %Z(\/pfr Viz)® < %Z(\/p?+ V@) VPr — /@a| = drv(p,q).  (B.130)

Solution to Exercise 6.30. By exercise 6.27, we have that p™ = {p{”}.cx and
g™ = {qg{ }zex are asymptotically equivalent if and only if their total variation distance
converges to zero. By exercise 6.29, we know that (6.6.11) holds, and therefore also

27 2y (p™,q™) < du(p'™,¢™) < VVdrv (p, g). (B.131)
Both the left and right hand side of those inequalities converge to zero if drv (p™, ¢™) — 0,
which implies by the sandwich theorem that dy (p™, ¢™) — 0. Conversely, if d (p'™, ¢'™) —
0, by (6.6.11) we have that drv(p™,¢"™) — 0. O

Solution to Exercise 6.31. We bound

p(,0) = (Vo - v+ (V1I-p—V1-0)°’ =00 (Vo +vO) >+ (V1-p+V1-q 7).

(B.132)
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Solution to Exercise 6.32. We wish to show that P(Y = k) = e~ 7 (’\p) . We will use
that in the case of X fixed, Y is simply a Bin(X,p) random variable. We have

> ]P’(i[i:k)
_)\Az X — _)\ rx—k
- E:ke = (k> (1—p)*F = Z : 7'1@"’ "(1-p)

N O e e e (s D L p’“ N (A= Ap)”
T TR & @k >

— e (Ap)k — P (Ap)k

k! k!

=
>~<
I
=
I
=
—~
.Mx
&
N
(]
ac)

x=0

If we define Y to be the number of edges between ¢ and j at time ¢ and X the same at
time ¢t — 1. Furthermore we define I, to be the decision of keeping edge k or not. It is

given that X ~ P01( 71]') and I ~ Be(1l — %) According to what is shown above we

now obtain for Y to be a Poisson random variable with parameter

WiW, W, 1 Li—W, 1 L. WiW,
- 20 —wawy—— 2 wwy, -
Li g A Ly )= TLici Ly "Lii Lt Ly

Solution to Exercise 6.33. A graph is simple when it has no self loops or double edges
between vertices. Therefore, the Norros-Reittu random graph is simple at time n if for all
Xii =0, and for all 4 # j X;; =0 or X;; = 1. By Exercise 6.32, we know that the number
of edges X;; between ¢ and j at time n are Poisson with parameter wly 1. The probability
then becomes

P(NRn (w) simple) = ]P(O S Xij S 1,Vi 7& ‘])IP(X” = 0 V’L)

= J] ®&i;=0)+PXy=1)]]P(Xk =0)
1<i<j<n k=1
wiw, n 2
= H 67 n wLwJ H efk
1<i<j<n k=1
— e Yi<i<j<n # H (1+ wzwj ). (B.134)

1<i<j<n

O

Solution to Exercise 6.34. Let X;; ~ Poi(~;—2) be the number of edges between vertex

n
i and j at time n. The degree of vertex k at time n becomes Z Xkj, and because Xy is
j= 1
n
. . WrW; D1 Wi
Poisson with mean w’“ , the sum will be Poisson with mean Z ke A Wk ]K t
Jj=1 "
Wy. Therefore, since the w; are i.i.d, the degree at time n has a mixed Poisson distribution
with mixing distribution Fi,
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Solution to Exercise 6.35. Couple X,, = X(G,) and X, = X(G},) by coupling the
edge occupation statuses X;; of G, and X/; of G, such that (6.7.11) holds. Let (X, X,)
be this coupling and let E,, and E,, be the sets of edges of the coupled versions of G, and
G, respectively. Then, since X is increasing

P(X, < X,) > P(E, C E,) = P(Xy; < X[3Vi,j € [n]) = 1, (B.135)

which proves the stochastic domination by Lemma 2.11.

Solutions to the exercises of Chapter 7.

Solution to Exercise 7.1. Consider for instance the graph of size n = 4 with de-
grees {di,...,ds} = {3,3,1,1} or the graph of size n = 5 with degrees {d,...,ds} =
{4,4,3,2,1}. O

Solution to Exercise 7.2. For 2m vertices we use m pairing steps, each time pairing
two vertices with each other. For step i + 1, we have already paired 27 vertices. The next
vertex can thus be paired with 2m — 2i — 1 other possible vertices. This gives for all pairing
steps the total amount of possibilities to be

2m-1)2m—-3)---2m—(2m—2) —1) = (2m — 1)!L. (B.136)

O

Solution to Exercise 7.8. We can write

P(Ln is odd) = P((—I)L" = —1) = %(1 - E[(—l)L”D. (B.137)

To compute E[(—1)“"], we use the characteristic function ¢p, (t) = E[e*"?] as follows:
oo, (m) = E[(-1)"] (B.138)

Since (—1)f" = (=1)2P¢ where {D;}?, are i.i.d. random variables, we have for the
characteristic function of Ly, ¢r,, (1) = (¢p, (7))". Furthermore, we have

¢p, (m) = —P(D: is odd) + P(D; is even). (B.139)
Now we assume P(D; is odd) ¢ {0,1}. This gives us
—1 < P(D; is even) — P(D; is odd) < 1, (B.140)

so that |¢p, (m)| < 1, which by (B.137) leads directly to the statement that P(L,, is odd)
is exponentially close to %
O

Solution to Exercise 7.10. We compute

e} n

N o1& 1 = 1 ln
> kp = ;k(g;m:k})ﬁZZkﬂ{@:w;ZdF;

k=1 i=1 k=1 i=1
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Solution to Exercise ?7. First we shall prove that the degrees P,i") converge to some
probability distribution {pi}7>;. Obviously,

1
P = - Z b, =k, (B.141)
=1

and the variables {ll{p,—x}}i=1 are ii.d. random variables with a Be(py) distribution.
Thus, by the strong law of large numbers, P “ py.

To see (?7?), we note that the mean of the degree distribution is finite precisely when
E[D;] < oo. Since pr = P(D; = k), we have

(oo}
p="> kp. (B.142)
k=0
Now, by definition, the total degree equals
L,=Y D (B.143)
i=1

where, since the degrees are i.i.d. {D;}i-; is an i.i.d. sequence. Moreover, we have that
w=E[D;] < co. Thus, (??) follows from the strong law of large numbers, since

1< as
L, = — D; — E|D;| = . B.144
/n n?:l [Di] = p ( )
O

Solution to Exercise ??. We need to prove that (??) and (??) imply that
D kpy == kpk. (B.145)
k=1 k=1

We note that, as m — oo,

NE

kpr + o(1). (B.146)

w= kak =
k=1

Moreover, by (??), we have that

B
Il

1

oo ; 1 oo . 1 0o .
Do okp < — D k(=1 < k(k = Dp” = O0(1/m). (B.147)
k=m+1 k=m+1 k=1
Thus,
> kpl ==k —pr) +o(1). (B.148)
k=1 =1

Now, for every m fixed, by (?7?),

m

lim k(" —pr) =0, (B.149)
N —oc0
k=1
and we conclude that, by first sending n — oo followed by m — oo that 3 7>, kpgc") —

I
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Solution to Exercise 7.11. We start by evaluating (7.3.20) from the right- to the
left-hand side.

. e . e M k & Te—,u, k+1
MEICC+1Y 7] = 3G = S 1y
k=1 ' k=1 '
I O T = S T
= Y n' =) ¢~ =E[X]
n=1 =0

Now we can use the independency of the two random variables and the result above for
the evaluation of (7.3.21).

EXYT) = EIXTEDY) = EIX JavB(Y + 1) = B (Y + 1))
O

Solution to Exercise 7.12. We use a two-dimensional extension of Theorem 2.3(e),
stating that when the mixed moments E[X,Y,]] converge to the moments E[X"Y®] for each
r,s =0,1,2,..., and the moments of X and Y satisfy (2.1.8), then (X,,Y,) converges in
distribution to (X,Y’). See also Theorem 2.6 for the equivalent statement for the factorial
moments instead of the normal moments, from which the above claim actually follows.
Therefore, we are left to prove the asymptotics of the mixed moments of (Sy, My).

To prove that E[S}, M,;] converge to the moments E[S"M?], we again make use of in-
duction, now in both r and s.

Proposition 7.9 follows when we prove that

lim E[S;] = E[S"] = usE[(S +1)"""], (B.150)
and
lim E[S)M;] = E[S"M*] = unE[S"(M +1)°7"], (B.151)

where the second equalities in (B.150) and (B.151) follow from (7.3.20) and (7.3.21).
To prove (B.150), we use the shape of S,, in (7.2.20), which we restate here as

Snzzn: > avs. (B.152)

i=1 1<a<b<d;
Then, we prove by induction on r that

lim E[S7] = E[S"]. (B.153)

n—00

The induction hypothesis is that (B.153) is true for all v’ < r—1, for CM,,(d) when n — oo
and for all {d;};=; satisfying (??). We prove (B.153) by induction on r. For r = 0, the
statement is trivial, which initializes the induction hypothesis.

To advance the induction hypothesis, we write out

E[S;]:i > Ellan: S

i=1 1<a<b<d;

:Zn: > P(laps = DE[S;  Lavs = 1]. (B.154)

i=1 1<a<b<d;



379

When I.;; = 1, then the remaining stubs need to be paired in a uniform manner. The
number of self-loops in the total graph in this pairing has the same distribution as

148, (B.155)

where S, is the number of self-loops in the configuration model where with degrees {d; }7_,
where dj = d; — 2, and d; = d; for all j # i. The added 1 in (B.155) originates from I,p.;.
By construction, the degrees {d;}i; still satisfy (??). By the induction hypothesis, for all
k<r—1

lim E[(S})*] = E[S"]. (B.156)
As a result,
lim E[(1+ S TN =E[(1+8). (B.157)

Since the limit does not depend on i, we obtain that

lim E[S;] =E[(1+5)""] lim > > Pl =1)

i=1 1<a<b<d;

E[(1+ )] i S0 DD

= gE[(l +8)" 1 =E[S"]. (B.158)

This advances the induction hypothesis, and completes the proof of (B.150).

To prove (B.151), we perform a similar induction scheme. Now we prove that, for all
r >0, E[S;, M,;] converges to E[S"M°] by induction on s. The claim for s = 0 follows from
(B.150), which initializes the induction hypothesis, so we are left to advance the induction
hypothesis. We follow the argument for S,, above. It is not hard to see that it suffices to
prove that, for every ij,

lim B[S, My sy ty.00t0.i5 = 1] = E[S™(1 + M)*™1]. (B.159)
n— oo

Note that when I, ¢, ,s0¢5,i; = 1, then we know that two edges are paired together to form a
multiple edge. Removing these two edges leaves us with a graph which is very close to the
configuration model with degrees {d;}}-;, where d; = d; — 2, and d; = d; — 2 and d; = d,
for all ¢ # ¢, j. The only difference is that when a stub connected to ¢ is attached to a stub
connected to j, then this creates an additional number of multiple edges. Ignoring this
effect creates the lower bound

E[S’TLM:L_1|Isltlvs2t2aij = 1] > E[S:L(Mn + 1)3_1}7 (B~16O)

which, by the induction hypothesis, converges to E[S™(1 + M)*~!,] as required.
Let I;1t1,52t2,ij denote the indicator that stub s; is connected to ti, s2 to t2 and no
other stub of vertex i is connected to a stub of vertex j. Then,

1 1
2 Z Z Z Iéltlysﬁzvij <M, < D) Z Z Z Lsyty 50t
1<izj<n 1<s1 <s2<d; 1<t1#t2<d; 1<i#j<n 1<s1<s2<d; 1<t1#t2<d;
(B.161)
Hence,
1 _
E[SiMi <5 >, D ST PUaytr sty = DE[SEM Lsyiy 0,5 = 1],

1<izj<n 1<s1<sz<d; 1<t #t2<d;

(B.162)
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and

T S 1 T s—
]E[SnMn] S 5 Z Z Z P(I;1t1132t27ij = ]‘)E[STLMTL 1|I‘;1t1,32t2,ij = 1]
1<iz#j<n 1<s1<sp<d; 1<ty #t2<d;
(B.163)
Now, by the above, ]E[SZM,SL_IHSNLSQQ,U = 1] and E[S;MS‘I\I;NI,SﬁQ,U = 1] converge
to IE{S’”(M+1)371], independently of s1t1, sat2,ij. Further,

% DD S P = 1) = 12/2, (B.164)

1<iz#j<n 1<s1<sz<d; 1<t1#t2<d;

and also

% Z Z Z P(Is,¢),50t0,5 = 1) — 1/2/2. (B.165)

1<iz#j<n 1<s1<sz<d; 1<t1#t2<d;
This implies that
E[Sp My Loty sat0.05 = 1] = E[S),_ M 1] + o(1). (B.166)
The remainder of the proof is identical to the one leading to (B.158). O
Solution to Exercise 7.13. To obtain a triangle we need to three connected stubs say

(s1,t1), (s2,t2), (s3,t3) where s1 and t3 belong to some vertex ¢ with degree d;, s2 and 1
to vertex j with degree d; and s3,t2 to some vertex k with degree di. Obviously we have

1< s < d;
1< t1 < d,
1< 52 < dy,
1< 2 < di,
1< 835 dy,
1 ts < d;.

The probability of connecting s1 to t1 is 1/(l, — 1). Furthermore, connecting sz to t2
appears with probability 1/(l,, — 3) and s3 to t3 with probability 1/(l, — 5). Of course we
can pick all stubs of ¢ to be s;, and we have d; — 1 vertices left from which we may choose
ts. Hence, for the amount of triangles we obtain

did;  (dj —1)di (di —1)(di —1) _ 5 di(d; — 1) dj(dj — 1) dy(dy — 1)
- — .

L [, =1 ln—3 ln—5 & In ln—3 ln —5
i<j<k 1<j<k
(B.167)
1/ di(d; —1)\3
)

We will show that

Z dl(dl —1) ) d]'(dj —1) ) dk(dk — 1) N 1( n dz(dz —]_))3
ln—1 ln —3 ln—5 6\ 4 In

i<j<k i=1

by expanding the righthand-side. We define

S = (zn: M)B. (B.168)

l
i=1 n
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Then, we have

S-S (HESU) a3 3 (HED)(EGD) G
by GldimD) dild— 1) de(de = 1) (B.170)

T ln ln ln ’
i#j7#k

where the first part contains n terms, the second n(n — 1) and the third n(n — 1)(n — 2).
So for large n we can say that

di(d; — 1) dj(dj —1) dr(de —1)
s Z R s e (B.171)
i£jFk

Now there are six possible orderings of i, j, k, hence
1 di(d; — 1) dj(d;j —1) di(di —1) di(d; — 1) dj(d;j —1) di(dp — 1)
1<j<k 1<j<k

(B.172)

O

Solution to Exercise 7.17. In this case we have d; = r for all ¢ € [n]. This gives us

N~ didi—1) e r(r—1)
p—nh_{lgO; » = nh_)rrolo; e =T 1. (B.173)

Furthermore we obtain
n

n
[Ta!=1]r=0Hm (B.174)
i=1 i=1
Finally we have for the total number of stubs l,, = rn. Substituting these variables in
(7.4.1) gives us for the number of simple graphs with constant degree sequence d; = r

oy on? (rn —

(rh)m

e (14 o(1)). (B.175)

O

Solutions to the exercises of Chapter 8.

Solution to Exercise 8.1. At time ¢, we add a vertex v:, and connect it with each
vertex v;, 1 < i < t with probability p. In the previous chapters, we had the relation
p= %, but since n is increasing over time, using this expression for p will not result in an
Erdos-Rényi random graph. We could off course wish to obtain a graph of size NN, thus
stopping the algorithm at time ¢ = N, and using p = %

O

Solution to Exercise 8.2. We will use an induction argument over ¢. For ¢ = 1 we have
a single vertex v, with a self-loop, hence di(1) =2 > 1.

Now suppose at time ¢ we have d;(t) > 1V,.
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At time t + 1 we add a vertex vir1. We do not remove any edges, so we only have to
check whether the newly added vertex has a non-zero degree. Now the algorithm adds the
vertex having a single edge, to be connected to itself, in which case diy1(t + 1) = 2, or
to be connected to another already existing vertex, in which case it’s degree is 1. In the
latter case, one is added to the degree of the vertex to which v;y1 is connected, thus that
degree is still greater than zero. Hence we can say that d;(t + 1) > 1V;

We can now conclude that d;(¢t) > 1 for all ¢ and ¢t. The statement d;(¢t) + d > 0 for all
6 > —1 follows directly. O

Solution to Exercise 8.3. The statement

1+9 di(t)+96
= .1

240+ (149) +;t2+6) T 19 (B.176)

will follow directly if the following equation holds:
(1+9) +Z )4 06) = t(2+0) + (149). (B.177)

Which is in its turn true if
t

> (di(t) +6) = (2 +9). (B.178)

i=1

But since Z:zl di(t) = 2t by construction, the latter equation holds. Hence, the upper
statement holds and the probabilities do sum up to one.
O

Solution to Exercise 8.6. We will again use an induction argument. At time ¢t = 1 we
have a single vertex v; with a self-loop, and the statement holds. At time ¢t = 2 we add a
vertex ve and connect it with v1 with the given probability

P(vy = v1|PA15(1)) = =—— = 1. (B.179)

Now suppose at time ¢t we have a graph with one vertex v containing a self-loop and
t — 1 other vertices having only one edge which connects it to vi. In that case di(t) =
24 (t —1) =t+ 1 and all other vertices have degree 1.
At time t + 1 we add a vertex v;41 having one edge which will be connected to v1 with
probability

t+1-1

P(vi41 — v1|PA15(t)) = — = 1. (B.180)

Hence, the claim follows by induction. O

Solution to Exercise 8.7. The proof is by induction on ¢ > 1. For ¢t = 1, the statement
is correct, since, at time 2, both graphs consist of two vertices with two edges between
them. This initializes the induction hypothesis.

To advance the induction hypothesis, we assume that the law of {PA“’ J(t)}i_, is equal
to the one of {PA(I’ (s) 2 1, and, from this, prove that the law of {PA“’ )(s)} 1 is equal
to the one of {PA(lbfs( )}._1. The only difference between P‘Aglj)5 (t+1) and PA(lljf;( ) and
between PA(f?of (t+ 1) and PAY")(t) is to what vertex the (t + 1)* edge is attached. For
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{PA(b) (t)}2, and conditionally on PA(b) 5(t), this edge is attached to vertex ¢ with proba-
bility
D;(t)+ ¢
t2+9)’
while, for {PA] ,(t)}2, and conditionally on PA} (), this edge is attached to vertex i
with probability

(B.181)

1 D;(t)
— 1l—a)—/—=. B.182
ot + (-2 (B.152)
Bringing the terms in (B.182) onto a single denominator yields
D;(t) + 2+
y, (B.183)
ot
which agrees with (B.181) precisely when 2%~ = 4, so that
a= L (B.184)
+46
O
Solution to Exercise 8.9. We write
L(t+1) = / ze "da. (B.185)
0
Using partial integration we obtain
rE+1) = [—z'e "2, +/ te' e de =0+t - / e de = tI'(¢t).
0 0
In order to prove that I'(n) = (n — 1)! for n = 1,2,... we will again use an induction
argument. For n = 1 we have
ra = / 2%e "dr = / e “dr=1=(0).
0 0
Now the upper result gives us for n = 2
r@) =1-I1)=1=(2-1). (B.186)
Suppose now that for some n € N we have I'(n) = (n —1)!. Again (8.2.2) gives us for n+1
I'(n+1)=nl'(n) =n(n—1)! =nl (B.187)
Induction yields I'(n) = (n — 1)l for n =1,2,.... O

Solution to Exercise 8.10. We rewrite (8.2.9) to be

cHTEVIT <T(t+1) < e V32 (1 + 1—%)

STE+D < (VIR ),

t

E t

tt/ ¢

;) - <) < (e) V2 (1“‘@)

WL <t < (DY o).
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Using this inequality in the left-hand side of (8.2.8) we obtain

t\t 27 1 t\t 2 1
(W71 e . OWEVIOH )
(S0 iZavt—a(l + ma—) e Y =t =
tt e r(t) tt e (1 +1/12t)

< <
t—a) =" tvi(l+12/(t—a)) ~ 97 (t-a)7  Vi-a
We complete the proof by noting that t —a = t(1+O(1/t)) and 1+1/12t =14+ 0(1/t). O

Solution to Exercise 8.11. This result is immediate from the collapsmg of the vertices
in the definition of PA,, s(t), which implies that the degree of vertex v\™ in PA,, s(t) is

equal to the sum of the degrees of the vertices vin)(l D41 v in PAmt(l, d/m). O

Solution to Exercise 8.16. We wish to prove

P(|sz( ) — B[P ()] > C/tlog ) = o(t™). (B.188)

First of all we have P5,(t) = 0 for k > mt. We define, similarly to the proof of Proposition
8.3 the martingale

My = E[Ps1.(t)|[PAm,s(n)]. (B.189)
We have
E[Mp+1|PAm,5(n)] = E[E[Poi(8)[PAm.s(n + 1] [PAm,s(n)] = E[Pos(t)[PAm.5(n)] = M.
(B.190)
Hence M, is a martingale. Furthermore, M,, satisfies the moment condition, since
E[M,] =E[Ps.(t)] <t < oo. (B.191)
Clearly, PA,, s(0) is the empty graph, hence for My we obtain
Mo = E[Ps1,(t)[PAm s(0)] = E[P>(t)). (B.192)
We obtain for M;
My = E[Ps.(t)|PAm.s(t)] = [Psr(t), (B.193)
since P> (t) can be determined when PA,, s5(¢) is known. Therefore, we have
Psi(t) — E[Ps(t)] = My — Mo. (B.194)

To apply the Azuma-Hoeffding inequality, Theorem 2.23, we have to bound |M,, — M,,_1].
In step n, m edges are added to the graph. Now P-, only changes is an edge is added
to a vertex with degree kK — 1. Now m edges have influence on the degree of at most 2m
vertices, hence, the maximum amount of vertices of which de degree is increased to k is at
most 2m. So we have |M,, — M,,—1| < 2m. The Azuma-Hoeffding inequality now gives us

a2
P(|sz(t) — E[Ps.(8)]] > a) < 2¢” EmT. (B.195)
Taking a = C+/tlogt, C? > 8m, we obtain

P(|sz( ) P>k | > C\/tlog ) (B.196)



385

Solution to Exercise 8.18. We have for ki (t) and 7% (t) the following equation.

1 t 1 t
rr(t) = (2+5_t(2+5)+(1+5))(k_1+6)p’“‘1_(2+6_t(2+6)+(1+5))(k+5)p’“’
1+6 1446
w®) = -Wk=1 o s i T W= eyt are

We start with C,. We have

1+6 1 1
t)| < < < . B.197
|7‘“()|*t(2+5)+(1+5)*t(%)+1*t+1 (B-197)
So indeed C,, =1 does the job. For ki (t) we have
1 t
= - k—1400)pr—1—(E+6 . B.1
This gives us
1 t
(] < ’2—}—57t(2—|—5)+(1+6)’.‘(k71+5)pk_17(k+5)pk’
1 t
< - .
= ‘2+6 t(2+5)+(1+6)‘ i‘;?(“‘”pk’
t2+0)+1+5)—(2+)t
= : k+ 0)pr,
| 12102+ (1+0)2+0) | sup(k + O)px
149
= -sup(k + 6)px,
’t(2+5)2+(1+5)(2+5)‘ sup(k + 0)px
1 1
= |— —5—" k 4+ 0)pk,
b t(ﬁ—g)ﬂ‘ AR
1
< |————1|sup(k + 0)px,
- ’t(%)Jrl kZI;( ke
. k+ 0)pk.
P it;r;( +0)pr
Hence, C\, = supy>;(k + 9)px
B O
Solution to Exercise 8.17. We note that
> Di(t) > IN=.(t), (B.199)

i:Dy (t)>1

where we recall that N»,(t) = #{i < t: D;(t) > [} is the number of vertices with degree
at least [.

By the proof of Proposition 8.3 (see also Exercise 8.16), there exists C; such that
uniformly for all [,

]P’(|N21(t) — E[Nx(t)]| > C1y/tlog t) —o(t™). (B.200)
By Proposition 8.4, there exists a constant C5 such that

sup |E[P;(t)] — tpi] < Co. (B.201)
1>1
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Therefore, we obtain that, with probability exceeding 1 — 0(2571)7

Ni(t) = E[NN( )] = C1y/tlogt > E[N>(t)] — E[N>2(t)] — C1y/tlogt
Z tpr — O] — Cin/tlogt > Cstl' ™™ — Cal — Ch/tlogt > Btl>™7,  (B.202)

whenever [ is such that

t'T >, and  tl,”7 > +/tlogt. (B.203)

1 1
The first Condltlon is equivalent to | < ti, and the second to | <« t2-1 (logt) 20--1).
Note that 1 = > ey for all 7 > 2, so the second condition is the strongest, and follows
when 1277 2 K\/tlog t for some K sufficiently large.
Then, for | satisfying tI>~7 > K+/tlogt, we have with probability exceeding 1 — o(t™'),

> Dit) =Bt (B.204)
Dy (£)>1
Also, with probability exceeding 1 — o(t™1), for all such I, Nx,(t) > V. O

Solution to Exercise 8.19. We prove (8.6.3) by induction on j > 1. Clearly, for every
t> 1,

! i — D)@+ 32
po=1)= [] (1- Lo )= () =+ (>g$2%>
i b @ -D+ A48/ L Ns—1+ 558/ T+ 53)T0)
(B.205)
which initializes the induction hypothesis, since C; = 1.
To advance the induction, we let s < t be the last time at which a vertex is added to 3.
Then we have that

t

)= )= P j—1+6 o
P(Di(t) = j) —S:;AIF’(D,(S )=j-1) (2+5)(8_1)+1+§]P’(D1(t) = j|Di(s) = j).
(B.206)
By the induction hypothesis, we have that
) (s — 1)+ 3£9)
P(Di(s —1)=j—1) < cj,lr(s — H;ﬁé). (B.207)
245
Moreover, analogously to (B.205), we have that
t
. . j+o
P(D;(t) = j|Di(s) = j) = 1- B.208
(Di(t) = j|Di(s) = ) q:lll( (2—|—5)(q—1)+(1—|—5)) (B-208)
B R A )
a=st1 41 %g It + ;ig)l“(s - %)
Combining (B.207) and (B.208), we arrive at
: T(s — DI + 555) j—1+46
P(Di(t) = j) < Cj- 20
s:;_l ( T T(s— 1+ FDNG )) ((2+5)(s -+ +5))
It - [(s+ £
x ( (t — 555)T 2*‘5)). (B.209)

Lt + 3306~ 555)
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We next use that

140 146

P(s =14 57 (2 8)(s = 1)+ (L+8) = 2+ )T (s + 575, (B.210)

' Jo14 8T+ 3Tt - 43 I(s—1)
P(D;(t) = j) < Cj_1 . _— (B.211)
246 T@) (+§1—§)5:§4F(8—%)
We note that, whenever [ +b,l4+14+a >0anda—b+1 >0,
Z 1 [F(t-kl-i—a)il“(l-i-l-l-a)} 1 It+1+a) (B.212)
Fs+b Ta-b+1 I'(t +b) r'C+d) 1 ~a-b+1 T@E+b) -~ 7

Application of (B.212) for a = —1,b =
when j > 1, leads to

2+6,l—z+]—1 sothata —b+1=1 2+5 >0

) 148
, j-1+6TE+ 5 Tt-455) 1 1@
P(Di(t) =) < Cj-1745—— - 249 g — ( 3_1 (B.213)
+ @ T+ 535 555 T~ 555)
j—1+60G+53) T
j—1 - .
ST e
Equation (B.213) advances the induction by (8.6.4). O

Solution to Exercise 8.24. Suppose adin +7 = 0, then, since all non-negative, we have
v =0 and either &« = 0 or &n = 0.

Since 7 = 0, no new vertices are added with non zero in-degree.

In case of @ = 0 we have = 1, and thus we only create edges in Go. Hence, no vertices
exist outside Go and thus there cannot exist vertices outside Go with in-degree non zero.
In case of din = 0 (and v = 0 still), vertices can be created outside Go, but in in it’s creation
phase we will only give it an outgoing edge. And this edge will be connected to a vertex
inside G, since din = 0 and the possibility to is thus zero to create an ingoing edge to a
vertex with d;(t) = 0. Similarly, in case edges are created within the existing graphs, all
ingoing edges will be in G for the same reason. So, during all stages all vertices outside
Go will have in-degree zero.

Now suppose v = 1. Then the only edges being created during the process are those
from inside the existing graph to the newly created vertex. So once a vertex is created and
connected to the graph, it will only be able to gain out-going edges. Hence, the in-degree
remains one for all vertices outside Go at all times.

Solutions to the exercises of Chapter 9.
Solution to Exercise ??. Let x(z,y) = [1—F]"*(z)[1—F]~*(y)/E[W], which consists of

the product of two functions that are continuous a.e. on S, and therefore satisfies 9.27(a).
To see 9.27 is satisfied, consider the double integral

J [, r@man@an) = g [1-17"w) / 1 — FI ™ (2)dp(x)dp(y)

W]/ [1— F]7 (y)EW]du(y) = E[W], (B.214)
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which is finite if and only if E[W] is finite.
The expected number of edges in the graph is half of the sum of expected degrees over the

vertices, due to the handshaking lemma, which is %* in this case. Therefore,

:L [E(IRG,( |— = // k(z,y)du(z)du(y) = 2u, (B.215)

which proves 9.27(c), and thus the kernel is graphical exactly when E[W] is finite.
For irreducibility, note that [1 — F]~!(x)[1 — F]™*(y) = 0 if and only if x = 1 or y = 1,
which gives rise to two sets that both have measure 0 in S2. []

Solution to Exercise 9.30. Denote by p and p the edge occupation probabilities for
CL,(w) and CL,(w), respectively, i.e.,

Pij = min{1, w;w; /1, } = min{1l, wyw;/(np)} pi; = min{1, wyw; /I, }. (B.216)

We assume without loss of generality that I, > un, when [, < pn the argument can easily
be adapted. Then, p;; < p;;, and

(K" — 1)pi. (B.217)

Dij — Pij < I
n

We note that

S By — i) b < (=17 D By < (5= = 1) =o(1), (B.218)
1<i<j<n 1<i<j<n In
pn )2 _

whenever (l— - = o(n). Theorem 6.17 then proves the claim. O

Solution to Exercise ?77. Assume (9.5.13) holds. Note that this means that for each
¢ and j, k(zi,x;)/n — 0 as well. Asymptotically, when considering min{x(z,y)/n,1}, we
get that k(z,y)/n < 1, and we will write k;; = k(z;,z;). We now apply Theorem 6.17
with p;; as in (9.5.7) and ¢;; = piljR)(n). To approximate ¢i; = 1 — e ®i/™ we use the

Taylor approximation ki /n — k3;/2n* + O(k}; /n®).

i — Qij)> Kij/n — Kij/n+ K3;/2n° + O(K3;/n®))?
Z(p ij) :Z( / / / (ri;/n°))

i<j Pij i<j i /1
_ > A O/ B219)
i<j Hij/n ’ .

as n — 00, by (9.5.13). Therefore, the random graphs are asymptotically equivalent by
Theorem 6.17.
Now we apply Theorem 6.17 with p;; as in (9.5.7) and ¢;; = pifRG)( ).

Z (pis — 4ij)° = Z <Rij/n B "il'gw>2

pij Kij /n

i<j

= n(# -0, (B.220)
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as n — 00, by (9.5.13). Therefore, the random graphs are asymptotically equivalent by
Theorem 6.17, as desired. O

Solution to Exercise 9.32. Definition 9.26(i) holds because S = {1,2} is finite and
therefore a separable metric space, and because p given by p({1}) = p({2}) = 1/2 is
a Borel probability measure. Since @, consists of n/2 vertices of each type, vn({1}) =
vn({2}) = (n/2)/n=1/2 = pu({1}) = pn({2}), and Definition 9.26(ii) holds. Now, k can be
written as an |S| x |S| matrix, which makes it a linear and therefore continuous function.
Since continuity implies Borel measurability, Definition 9.26(iii) holds as well.

We have seen that  is continuous, so k satisfies Definition 9.27(i)(a). As for Definition
9.27(i)(b) and (c),

//52 k(z,y)dp(z)dp(y) = A/2 < oo (B.221)
TEEIRG(p()] = (50°2 = 5 [ [ sendu@ant).  (B222)

There are only two subsets A C S such that 0 < pu(A) < 1: {1} and {2}, and k = X # 0
on {1} x {2}. Therefore  is irreducible.

Solution to Exercise 9.34. The proof goes by contraposition. Assume x is reducible.
This means there is some nonempty proper subset A C S such that k = 0 a.e. on Ax(S\A).
Since S is finite, k is an 7 X r matrix such that for each x € A and y € (S\ A), the matrix
element K.y is zero. Therefore, the submatrix of k restricted to A and the submatrix of x
restricted to (S '\ A) contain amongst them all nonzero elements of s, the other elements
must be zero. Under the right permutation of rows and columns, x will be of the form

( ar ) (B.223)

where A is the | A| x | A| submatrix of  restricted to A, D is the |(S\ A)| x|(S\ A)| submatrix
of k restricted to (S\ A), and B and C are zero matrices. Repeatedly multiplying this
matrix with itself will not change the form of the matrix, because the blocks B and C

will always remain zero. Therefore, there is no m such that k™ contains no zeros, as
desired. O

Solution to Exercise 9.33. Consider the finite types case where r = 2, s1 =1, 52 = 2,
and u({i}) = 1/2 for i = 1,2. Now take n even and take n1 = n/2 vertices of type 1 and
ng = n/2 vertices of type 2. Then n;/n = 1/2 for both i = 1,2 and for all n. Let

. ( ¢ ) (B.224)

be the 2 x 2 matrix, such that vertices of the same type are not connected by an edge with
high probability, and vertices of differing types are connected by an edge with probability
A/n, independently of the other edges. This is exactly the homogeneous bipartite random
graph, as desired. O

Solution to Exercise 9.42. Assume that « is irreducible, sup, , k(z,y) < oo and v =
|Tx|| > 1. Now, by Theorem 9.31 and the irreducibility of x, we have P(H, < c0) =
¢2 4+ o(1). Furthermore, since sup, , k(2,y) < oo, Theorem 9.32(i) gives P(H, < (1 —
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€)log, n) = o(1). Finally, since & is irreducible and v = ||T«|| > 1, Theorem 9.32(ii) gives
that P(H, < (1+¢)log, n) = (2 + o(1). We now rewrite the probability

H, H,

Hy,
Pl-e<—"-<1 H, < =P <1 H, < P
(12 € o < Lely < 00) = B < 12l < 00) — P )
P <1+e) P(Ha <1-¢)
P(H, < o)  P(H, < c0)
¢z +o(1) o(1)
— - 1, B.225
Gt ol) @+l (1229
as n — oo. Because log, b = logb/loga, we now have that conditionally on H, < oo,
bgf% —5 1, or equivalently H,/logn —s 1/logv, as desired. O
Solution to Exercise 9.43. Under the assumptions, and using Theorem 9.31 and the
irreducibility of x, we once again get that P(H, < co) = (2 + o(1). Furthermore, we have
that there exists a function f(n) = o(n) such that P(H, < f(n)) = (2 + o(1). When
rewriting this, and conditioning on H, < oo, we get
P(H,/logn < f(n)/ lognl|H, < 50) = P(H, < f(n)|H, < )
_ Getod) 1, (B.226)
TG to(l)
as n — co. Since f(n) = o(n), we get that H, /logn — 0, as desired.
Solutions to the exercises of Chapter 10.
Solution to Exercise ??. We note that pr < px(n) when k& < n®, while px(n) = 0 for
k > n®. Therefore, we obtain that
drv (p,p Zpk( ) > pe=5F0)( ! —1)+1[1—F(na)] —1—F(n%).
’ F(n2) 2

k>n‘L

Solution to Exercise ??7. We use Exercise 7?7 and a coupling argument. We take
{D;}7_, and {D{™}_, to be two i.i.d. sequences of random variables, where D; has prob-

ability mass function {px}32,, while DE") has probability mass function {px(n)}iZ;.
By the coupling in Section 2.2, we can couple each of the D;, D™ with (D;, D{™) such

that . .
P(Di # D;™) = drv(p, p(n)).
By Exercise 77, and (2.6.8), we obtain that
P(ﬁl 75 ﬁin)) S na(l—-r).

Therefore, by Boole’s inequality,

PUD™ Yy # {Di}iey) < ZHD(Dz‘ # D)
i=1

nP(Dy # D{™) < pttet=7),
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