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Introduction

1 Motivation

The theory of random graphs has a wide range of applications in real life networks. It is
a useful tool when studying the world wide web, neural networks or social networks. To
explain what a graph is, we can take a basic example of a social network like affinities in
a class. We model each student as a vertex and if the students are friends then there is an
edge between the two vertices assigned to the students to show the connection. When
studying such a graph, questions arise like:

Are there any isolated student?

Are they all connected to anyone else through a path of friends or are there disconnected
groups?

Who's the most popular student?

Is there a big group of friends that outnumbers other groups?

These questions are part of the study of the structure of the graph. They all seem very
simple but become much more complicated when one deals with large networks such as
internet where there are billions of web pages linked in a large network. These questions
can even become crucial in epidemiology studies, for example if one wants to know how
to contain the spread of a virus with a limited stock of vaccine. Who should we vaccinate
to stop the contamination?

2 Definition and terminology

Let us introduce some notations to study the structure of the graphs rigorously. We
emphasise each definition with an example in real life networks to avoid a heavy accumu-
lation of concepts without explanation of their purpose and illustrate definitions in figure
1.

Definition 1. A graph G is an ordered pair of disjoint sets G = (V, L) such thar L, the set
of edges is a subset of the set V2=V xV of unordered pairs of the set of vertices V.

In the modelling of a network, the vertices often represent the entity and the edges
are the connections or acquaintances if one thinks about a social network.

If # and v are two vertices of the graph then we denote the edge between these two
vertices by (#, v). If (#,v) € L (i.e. we have an edge between the vertices # and v) then
we say that the vertices # and v are connected through the edge (u,v). If a vertex w is



Introduction

connected to no other vertex, that is
weV,YweVv£w (wv)¢L

then it is Zsolated.

In modelling a network of acquaintance by a random graph as above, we assume
that the fact to know someone is mutual. This assumption is not always true. Another
example of a network where the connections are oriented is the graph of the streets of a
city. Some streets are two ways which corresponds to an edge and some are only one way.
Therefore we must introduce the notion of orientation in a graph.

If the graph is directed (i.e. the edges are directed) then the pair (%, ) denotes that
there is an edge from the vertex # to the vertex v.

Consider that two vertices are connected through an edge if the persons modelled by
those vertices are close enough to exchange germs. Someone ill might give the sickness
to anyone with which it is connected. This person might in turn give the infection
to its contacts and so on. If a virus appears in a very dense place then its more likely
to spread than in a scarcely inhabited one. This example allows us to introduce two
important notions: the connected component and the degree of a vertex.We define the
connected components as the sets of vertices linked by a chain of edges. An isolated vertex
is the smallest possible component. The largest connected component is denoted C;. If you
are in a component disconnected from the original place of the infection then you cant
be infected.

In a graph, the vertices can be linked to several other vertices. The vertices which are
linked to # are called the neighbours of # and their set is denoted I'(#). The number of
edges to which # is an endpoint is the degree of the vertex u which we denote

d(w) = |{(u,v),v € V}|.

In a densely populated city you encounter more people and exchange more germs than in
an unpopulated countryside. You are connected to more people which translates in terms
of graphs as a vertex with a high degree.

In the case of directed graphs, we make a distinction between edges (7, %) and (#, ).
Thus we make the same distinction by considering the in-degree &, and the out-degree
dpur Of the vertex where the in-degree is the number of incoming edges

dy(w) = {(v;5),v € V}

and the out-degree is the number of out-coming edges. We define the degree of a vertex
u as

d(u) = diy(1) + dypur (1)

In the figure 1 we consider an example of a non-directed graph to visualise the notions
introduced in this section. Circles represent vertices V' = {1,2,...,10} and the couple
(#, v) where u, v € V indicates the edge connecting vertices # and v.

2



2. Definition and terminology

(1,3) (3,10)

,2)
° e (6,9) @
(1,4)
©
(4,8) U
9,9)
(4,7)

5 )
W

The neighbourhood of the vertex 1 is I'(1) = {2, 3,4}.

The degree of the vertex 1 is 3, d(1) = 3.

The vertex 5 is isolated.

There’s a loop on vertex 9.

The vertices {1,2,3,4,7,8,10} form a connected component.

Figure 1: Example of graph.
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3 The degree sequence

The study of the degree sequence gives indications on the homogeneity of the graph. If
the degrees are concentrated around a certain value then we can consider that the vertices
are hardly distinguishable. If instead we have a very wide range of degrees then we will
have highly connected vertices and not highly connected ones.

3.1 The degree sequence in classical random graph

The results given in this introduction about classical random graphs are taken from the
book Random Graphs by Janson, Luczak and Rucinski (2000) (13) and from the book
with the same name by Bollobds (1985) (5).

The classical model of random graph denoted G, , was introduced by Gilbert (1959)
in (11) but it is commonly called Erdés-Rényi random graph since they first set the basis
of the probabilistic treatment of G,, , in a series of papers in the 60’s (see (9)).

Definition 2. The model G, , consists of all graphs with vertex set V.= {1, ..., n} in which
all possible edges are chosen independently and with a probability p where p € 10, 1].

Consider a vertex »; which is connected to any vertex independently from the other
connections with probability p. Let 4; denote the degree of the vertex v;, the probability
that the vertex »; has degree £ in the graph G, , is binomial (» — 1, p)

P{k; = k} = (”; 1>pk(l —p it 3.1)

where p* is the probability that the vertex has £ edges,
(1 — p)"~'~* s the probability of absence of further edges
and (";1) is the number of ways of selecting the neighbouring of ;.

The events {k; = k} and {k; = /} are not independent. It is for example impossible
that a vertex has a strictly positive degree while the others have degree 0. The distribution
of the number of vertices with degree £ doesn't follow straightforward from (3.1).

Let X; be the number of vertices of degree # in the graph then for a large range of
probability p we have the following.

Theorem 3.1 (see (5)). Let € > 0 be fixed and let en3 < p=pn <1-— en=3. Let
Xe = n(", )P (L= p)" "1 then X, has asymptotically a Poisson distribution with mean )y

AV
P{X, = r} ~ e ML (3.2)

7!

Jor every fixed r, where ~ means asymptotically distributed.

4



3. The degree sequence

However, in real life networks we see a totally different type of behaviour. It has been
found over the last decade that many different networks such as the citation patterns
where each manuscript is a vertex and edges represent citations (i.e. there exists and
edge directed from # to v if the manuscript # cites the manuscript v) have a power law
distribution of the degrees. In the real life networks, the proportion of vertices with degree
k is best described as a power law:

P(k) ~ & 7. (3.3)

Redner (1998) (17) showed that v = 3 for the network of citations. In the internet where
a vertex represents a web page and the edges are links pointing from one page to another,
the proportion of vertices with degree £ follows a power law with y = 2,1 40,1 (3).

3.2 Preferential attachment model

Recently, many new models of random graphs have been introduced motivated by the
power law sequence explained above. Barabdsi and Albert (1999) (3) introduced the
preferential attachment model based on two observations:

1. Most real world networks are open and continuously incorporate new vertices to
the system. An example is internet where new pages appear on the web everyday.

2. Attachment is not uniform but is preferentially to vertices that already have a large
number of connections. Such as in the citation network mentioned above where a
new manuscript is more likely to cite a well known and thus much cited paper. As
an example, have a look at the bibliography of this thesis.

In this model, at each time step # a new vertex v; is introduced with # edges linking v,
to the previous vertices with probabilities proportional to their degrees or attractiveness.
Note that the same principle has been previously introduced in the little cited paper by
Szymaftiski (1987) (21).

Start with G, the graph with one vertex and one loop. Given G'~! we form G’

by adding a vertex # together with a single edge (t, g(t)), where g(#) is a random vertex
chosen as follows. Let D;(#) denote the degree of vertex 7 at time ¢.

if1<i<r—1,

2%—1° lfl:t

_di

P(g(t) =iDi(t—1) = di) = {2;1—1’

Barabdsi, Albert and Jeong (1999) (4) showed by heuristic arguments supported by sim-

ulations that the degree distribution is proportional to 4. Rigorous proof of the power

law distribution of degrees was given in (7). Here we give the Theorem where the number
of edges introduced at each step is 1.
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Theorem 3.2 (Bollobds, Riordan, Spencer, Tusnddy (2001)). Let §”(d) denote the number
of vertices with in-degree equal to d (i.e. with total degree d + 1). Ler

4

A = T+ D3

and let € > 0 be fixed. Then with probability tending ro 1 as n — 0o we have

§"(d)

n

(1 —gad) < <(1+ead)

Jor every d in the range 0 < d < "

By construction vertices with a high degree attract more edges and therefore become
even more attractive. This phenomenom leads to a graph which accumulates most of the
edges on the first vertices. The expected degree at time # of the vertex 7 introduced at time
i is given by

t .
2j .
E(Di(r) = U o1 Vt/i.
j=i
This leads to a graph where the first vertices maintain the structure of the graph. Thus
the model is robust against random deletion of vertices and edges but is vulnerable to an
attack on the first vertices. This is explained by Bollobds and Riordan (2003) (8). The
introduction of the deletion has another purpose but just checking the strength of the
network. In the preferential attachment model, vertices and edges are added at each time
step but never deleted. However replacement is a natural rule in a network. A social
network increases by the introduction of new arrivals but also evolves in a manner that
connections can disappear. Using this premise, we consider the graph where an edge is
deleted a time A after its introduction. We prove in paper A that for any fixed time A the
expected degree is uniformly bounded by a constant ¢2. This shows a phase transition at
A = 00 and proves that the preferential attachment is not robust against the ageing of
edges. Moreover we prove that for any fixed A, the degree of any vertex goes to 0 with
time.

Similar deletion was studied by Turova in (22), (23), (24) and (25). Moreover, there
the life time A of any edge is exponentially distributed. We consider in paper A a life time
of any edge to be a constant just for mathematical tractability. However, it is clear that our
model admits generalisations. Allowing some freedom on the deletion of edges would be a
closer fit to reality. If for example, the deletion happens randomly on an interval of a fixed
length 6 centred on A, then our results are still valid. Consider now a few examples of
real-world networks which topological or dynamical properties are similar to our model.

Biological networks
Our model fits the description of evolution where each vertex is a species and the in-degree

6
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quantifies the influence of the species in nature. Each species rise up to a climax and fi-
nally fade away until extinction. The growth phase refers to the period after each great
extinction event when there’s little or no competition between species until new species
evolve better adaptations increasing come. Our model fulfils conditions of an evolution
model stated by Newman (1996) in (16). “Constant change is a natural feature of evolu-
tion, on a sufficiently large scale in time, there’s nothing remotely stable about evolution.”
It is also noted that “one billion species have inhabited the planet since Cambrian (~ -500
millions years), only a few million are still living and most species become extinct about
10 millions years after their first appearance.” Our model is in good agreement with that
observation. It is also assumed (16) that “the number of species the ecosystem can sustain
is roughly constant over time” which is verified in our model where the number of acti-
vated vertices for m = 1 is between 2 A and 2A (making the natural assumption that old
vertices are connected by only one edge).

Neural networks
We may say that the vertex “dies” as soon as its degree becomes zero, and the entire graph
is being renewed and evolves over time. Hence our model is also in good agreement with
the models of neural networks (see, Iglesias et al. (2005) (12) for a relevant description
and citations). Roughly, it is often assumed that the synaptic connection is lost if it was
not activated by an impulse for some time. Also, in a neural network a new edge (impulse)
from some vertex is created if this vertex receives enough energy from other vertices. This
resembles a preferential attachment: a probability of sending out a new edge is increasing
with in-degree.

Social Networks
Jin, Girvan and Newman (2001) (14) consider a model of social networks where acquain-
tances between pairs of individuals who rarely meet decay over time. They find an upper
limit on the number of friendships (links) an individual can maintain. Our model agrees
with this result: the links are deleted after a while and any vertex can maintain only a
finite number of connections.

Our model can be applied to other networks evolving in time in which competition
occurs. The same analysis can be also done for the model of Antal and Krapivsky (2005)
(1) where edges carry a weight and the vertices” weight is the sum of the weight of the
adjacent edges. Assigning the same weight to every edge, we recover the Preferential
Attachment model. If we introduce deletion in this model, one can show that with time
the weight and therefore the degree converges to 0 when time goes to infinity. If the
weight assigned to newly introduced edges converges with time to a constant different
from O then the degree is also uniformly bounded in A.

In the Growing Network by Copying model of Krapivsky and Redner (2005) (15),
every new vertex attaches uniformly to a previously attached one and to those, the “target
vertex” already points to. If one introduces deletion then the vertices incorporated before
t — A have out-degree 0. The probability that the new vertex is connected to a vertex
with out-degree 0 goes to one when 7 goes to infinity and the expected number of links

7
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goes to A. This incites us to add the condition that the target vertex has a strictly positive
out-degree (which is not a condition with the inner model since all the vertices have out-
degree strictly positive). With this assumption, the total number of links is increasing and
is concentrated on the A last vertices. Hence, the maximal expected degree increases too
in this model.

4 The largest connected component

The size of the largest connected component is a major study in the theory of random
graphs. A simple application is to know whether or not a virus might spread to a large part
of the population. Since the celebrated paper by Erdss and Rényi (1960) (9) the size of
the largest connected component is well known in the classical random graph according
to the probability p. We are mainly interested in the range when the size of the largest
connected component abruptly jumps from a size of order log 7 to a positive part of the

graph (order 7).

4.1 The largest connected component in classical random graph

Consider a graph G, ,. When p = 0 then with probability 1 there is no edge. The
graph is totally disconnected and consists of isolated vertices. Conversely, if p = 1 then
with a probability 1 any vertex is connected to all other vertices and the graph is fully
connected. In the intermediary cases, we have very different structures depending on the
value of p. In the study of random graphs, we consider p as a function of the number
of vertices p = p(n). When we increase p, the properties of the random graph change as
the graph becomes denser in the sense that we have more edges. It is striking to see that
the changing are sudden. The probability that a property holds can rapidly change from
0 to 1 as we increase p(n). The range of the probability where this occurs is called the
threshold function.

Definition 3. (see (13)) We define the threshold function [ (n) of a property P by

. p(n)
P(P) — {Ozfm—>0¢zsn—>oo

1g‘j%—>ooasn—>oo

A monotone increasing property is a property that still holds by addition of new
edges.

For every monotone property, the threshold function exists. As an example, the prop-
erty that the graph is connected is an increasing property since addition of new edges
cannot disconnect the graph. The size of the largest connected component can only in-
crease by addition of new edges. Moreover, the addition of new edges can merge together
two components into one big component. The increase of p implies the introduction of
new edges which are more likely to link large components together than small ones. That

8



4. The largest connected component

way, the largest connected components increase their size. For p(n) sufficiently large, the
largest connected components merge into a giant component. This phase is called phase
transition. The threshold function for the property that the largest connected compo-
nent contains a positive part of the graph which corresponds to the phase transition is

fn) = % This result has been proved in a Theorem by Erdds and Rényi (1960)
Theorem 4.1 (Erdos, Rényi (1960)). Lez p(n) = <, where ¢ > 0 is a constant.

o Ifc <1 then

lim ]P’{|C1| < 7logn} =1
n—00 1 —c—loge

o Ifc> 1, let Be) € (0, 1) be uniquely defined by the equation
Bo) + e PO = 1. (4.4)

Then for any € > 0

Jim P{’@ —,@(c)’ > s} =0.

n—oo

See (13) for a proof of the supercritical case using a branching process argument.

4.2 Infinite component in percolation

The results from this section can be found in the book Percolation (1999) (10) by G.
Grimmett. Conversely to the classical random graph, in percolation theory, the graph
has a geometric structure. In bond percolation theory, the vertices are located on a square
lattice and there is an open edge with the nearest neighbours with a probability p. In
dimension 1 the vertices are ordered on a line and can have a link with the previous
and the next vertices. In dimension 4 the neighbourhood is composed of the 24 vertices
surrounding the vertex. To give an example in nature of an environment that can be nicely
modelled by percolation, consider a volcanic stone that you immerge into water. Water
goes through the holes modelled by open edges. Will the water reach the centre of the
stone? We can consider the problem the other way around, start from the centre and want
to know with which probability there is a path of open edges to the borders. Considering
an infinite lattice the question comes down to ask if with a positive probability there is
an infinite connected cluster of open edges. In dimension 1, the critical probability above
which there exists an infinite connected cluster is obviously p, = 1 because if p < 1
then the probability that the cluster has a size larger than 4 decreases exponentially fast
to 0. This problem is for higher dimension as simple to state as it is complex to study.
Actually, only the critical probability in dimension 2 is exactly known p,(2) =  while for
higher dimension, we can approximate the value of p.() through algorithm supported by
computers. Denote the lattice in dimension & by Z#, we can restate the previous remark.

9
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Theorem 4.2. (see (10))
The critical probability of bond percolation on VA equals %

1

If p < p.(2) = 3 then the lattice is composed by finite open clusters separated by an
infinite closed cluster.
For p = 1 then the probability of having an open and a closed edge is equal. The graph
is composed of finite open and closed clusters.
If p > 1 then conversely to the first case there is a infinite open cluster. Moreover, this
cluster is with probability 1 unique.

Theorem 4.3. (see (10))
Ifp > pe, then

P, (there exists exactly one infinite open cluster) = 1.

The percolation transition is markedly similar to the phase transition in random
graph. They both show a phase transition where the size of the largest connected compo-
nent suddenly increases from something negligible with respect to the whole graph to a
unique giant connected component which contains a positive part of the graph.

However, the models are very different in nature since there is no distance between
the vertices in the classical random graph model while the geometry is fundamental in
percolation. By not incorporating distance between vertices, the classical model misses
properties of real world networks. On the other hand, the restriction to the nearest
neighbours in percolation is not in agreement with observations. In a social networks for
instance we are more likely to have acquaintance with neighbours or colleagues but we
do not restrict our relations to such a narrow selection. A model that would capture the
feature of both classical random graph model and percolation model would better model
the connections in networks.

4.3 A model merging classical random graph and percolation

The model introduced in the paper B incorporates the classical model of random graphs
and percolation. It is highly motivated by the model designed to study biological neural
networks and introduced by Turova and Villa (2007) in (26) where vertices correspond
to neurons which are connected by axons represented by edges. In papers B and C, we do
not concentrate on the spread of the activation in the neural networks but on the structure
of the networks and more precisely on the phase transition. The exact formulation of the
model is as follows.

10



4. The largest connected component

We consider a graph on the set of vertices Vi := {1,..., N}¥ in Z“, where the edges
between any two different vertices 7 and j are presented independently with probabilities
o Hli-ji=1,
Pi = { ¢/N?, if|i—j| > 1,
where 0 < p < 1and 0 < ¢ < N are constants. This graph, call it Gf\,(p, c) is a mixture
of percolation model, where each pair of neighbours in Z7 is connected with probability
> and a random graph model, where each vertex is connected to any other vertex with
probability TN

This model can be seen as an attempt to generalise classical models into a single
model. A generalisation of the classical random graph into an inhomogeneous random
graph for which the classical model is a special case has been introduced and studied by
Soderberg (2002) in (18), (19) and (20). It was later extended in the manuscript by
Bollobds, Janson and Riordan (2007) (6).

We prove in paper B that in the case when the dimension of the lattice is 1 there is a
phase transition along both parameters ¢ related to the classical random graph model and
p for the percolation model. Suppose that 0 < p < 1 is fixed then there exists a critical ¢
denoted by

cr 1 B P

) =7 T
such that if ¢ < ¢“(p), we are in the subcritical case when the largest connected com-
ponent denoted by Cy(G) has a size of order log N with a probability tending to 1 as
N — oo. If ¢ > ¢“(p) then we are in the supercritical case when C (G) spans over a
positive part of the graph and

|G (Gn(p, )] 2 5
N

as N — oo, with 8 = [3(g, ¢) defined as the maximal solution to
1 —c

In paper C, we extend the results above to any dimension 4. Let C denote an open

cluster containing the origin of 7% in the bond percolation model and B(V) be the box

of length V then

cr _ 1
(p) = —IE|C|

If ¢ < ¢”(p) then with a probability tending to 1 as # — o0 we have |C1(G)| <
alog|B(V)| with o given in paper C.
If ¢ > ¢ (p) then
G (Gvip.0)] 1,
|B(N)|

11
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|G| = pn

/—fzm

|C1| = alogn

Figure 2: Phase diagram in dimension 1.

as N — oo, with 8 = B(p, ) defined as the maximal solution to

f=1 —E{e—fﬁlcl}. (4.6)

Even if given in terms of ¢ for p fixed, it is possible to state the same result for p”
with a fixed ¢. The phase transition happens along both parameters. The duality of the
parameter p and ¢ is manifest in dimension 1(see figure 2), where

l_P cr 71_[
1_’_Pandp (o) = T

Notice that if we choose p = 0 then we do not have anymore influence from the

Pl (P) —

percolation model and the model is equivalent to a classical random graph then equations
(4.6) and (4.5) become (4.4).

This model is the combination of two homogeneous random graph models in the
sense that the probability law of connection is the same for any vertex. It is itself an
homogeneous random graph model. However, we use the theory of inhomogeneous
random graph developed in (6) to tackle this problem. We consider the clusters formed
by percolation (we know that for p < p, their size is finite) and consider each cluster as
a macro-vertex. We build a graph on macro-vertices where each macro-vertex is of type
k if the cluster contains # vertices and clusters are connected if there exists at least one
edge between two vertices belonging to each macro-vertex. We derive size of the giant
connected component in equations (4.5) and (4.6) directly from (6) while the subcritical
case requires an entire treatment.

12



5. Process of activation on random graphs

5 Process of activation on random graphs

The last manuscript (paper D) of this thesis is dedicated to the spread of activation on
a classical random graph. In the paper B and C, we studied the structure of the graph
proposed in (26) to model neural connections. Here we focus on the activation aspect and
study the conditions under which the activation starting from a random set of activated
vertices A,(0) at time 0 on a graph of 7 vertices spreads through the graph. In terms of
biological network, it corresponds to an information that spreads in the neural network.
It is known that a neuron needs several excitory impulses to become in turn excited. In
paper D, we consider a simple process of activation where any vertex becomes activated
if it has a link with at least two activated vertices. This model resembles a contact process
and fits definition of a probabilistic cellular automata given in (2).

Definition 4. Ler A be a finite set of state. A probabilistic cellular automaton on 7% isa
stochastic process giving rise to a sequence of configurations

@, :7° — A

where the state P,(x) of x € Z% at time t is determined randomly with probabilities dependent
on the states of the points of the neighbourhood of x at time t — 1.

In our model, the neighbourhood as stated in the definition 4 is the entire set of
vertices which can take two different states, activated or non-activated. A vertex changes
from non-activated to activated with a probability depending on the probability of con-
nection p of the vertices and the number of activated vertices.

We show that if the probability of connections is p(1) = < where ¢ is some constant
and 7 is the number of vertices then the activation can't spread from a negligible part
of the graph to a positive part of the graph. Taking p(#) to be larger, we exhibit two
different phases depending on the size of the original set of activated vertices |4,(0)|.
With probability tending to 1 as 7 — 0o we have the following

o If |4,(0)] = O(W) then the activation doesn’t spread and the limiting set of
activation has a size negligible with respect to 7

e If for any v > 0, we have |4,(0)| > n;k(:) then the activation spreads through the

entire graph.

Both the connections and the size of the inner set of activated vertices play a role in the
transition.

This phenomenon is very natural. For instance, either you manage to contain virus
or the infection expands faster and faster as the number of infected people increases. If
the disease spreads to a positive part of the population, it is more likely that almost all the
population will be infected leaving a few healthy people. This picture is fully described
in the model of paper D. We summarise the results in the figure 3. This gives the size of
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[4(0)]
”(W ﬁ n;j(; n%)z)
< o(n) t t v
P | £ << o(n) > | (1= o) | (1 —0(D)
ﬁ Vv *n(l — 0(1)) 71(1 — 0(1))
o Vv v | Vv n(1—o(1))

Figure 3: The results are given with a probability tending to 1 as » — o0 except for
the case marked with * where the event happens with a positive probability. In the cases
marked with | we already have |4y ()| > en for some € > 0. The case marked with /
have no sense since either |4y ()| = o(1) or |Ay(n)| > n.

the limiting set of activated vertices A, () with respect to the probability of connections
p(n) and the size of the inner set of activated vertices 4,(0).

Notice that in the two cases marked with a T, we can have |4,(0)| > 7 depending on
the constant c.

5.1 Further research

The properties of the model for |4,(0)| = ﬁ(l + 0(1)) with 0 < v < 1 are not yet
known. This implies a lack of knowledge on the type of phase transition. The analysis
of the model can be extended to the case when the vertices need # > 2 connections with
already activated vertices to become activated. From that, it would be possible to consider
a model closer to the one exposed in (26).

Each vertex is given a random potential X,(0) € [0, 1]. A vertex is activated if its
potential is 1. Start with a set of activated A4,,(0), each activated vertex sends a potential @
through the edges to its neighbours. This increases the potential of the targeted vertex

X, () = min{1, X,(0) + kw}

where £ is the number of activated vertices at time # — 1 which share an edge with the
vertex v. The vertex v in turn becomes activated if its potential reaches 1. The study of
such a process would be of great interest in modelisation of neural networks.
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Chapter A

Robustness of Preferential Attachment
under Deletion of Edges

T. Vallier

Centre for Mathematical Sciences, Lund University, Sweden

Abstract

We study the effect of deletion of old edges in the preferential attachment model intro-
duced by Barabdsi and Albert (1). We consider a model where every edge is deleted after a
time A. The resulting graph has only A edges and with a high probability (1+¢) A nodes
for some positive c. However, its structure doesnt resemble the structure of the former
model even for large A. In particular, we prove that the expected degrees of the resulting
graph are uniformly bounded by a constant which does not depend on A. We discuss
applications of our model for the evolution of networks where competition occurs.

Key words: Preferential attachment, degree sequence
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1 Introduction

Recently many new random graph models have been introduced, inspired by certain fea-
tures observed in large-scale real-world networks such as the world wide web, interactions
between proteins, genetic networks or social and business networks (see, e.g., (2), (6) for
asurvey or (10) ). The main observation is that in many real-world networks, the fraction
P(d) of vertices with degree 4 is proportional to 4~ where v is a constant independent
of the size of the network. The study of these so-called scale-free random graphs is highly
motivated by the model of preferential attachment introduced in (1). Barabdsi and Albert
showed by approximate arguments supported by simulation that this model leads to a
graph with degree distribution proportional to 473. Rigorous proof of the power law
distribution of degrees was given in (3). In this model, at each time step # a new vertex v,
is introduced with 7 edges linking 2, to the previous vertices with probabilities propor-
tional to their degrees or attractiveness. Note that the same principle has been previously
introduced in the little cited paper by Szymanski (15). This concept models real networks
where the attractive components are more likely to receive new connections (as frequently
visited sites are likely to get links from new sites). This process was rigorously redefined
in (5).

Start with G, the graph with one vertex and one loop. Given G*~! we form G
by adding a vertex ¢ together with a single edge (t, g(t)), where g(z) is a random vertex
chosen as follows. Let D;(#) denote the degree of vertex 7 at time #. The degree is the
number of edges incident to the vertex.

f1<i<r—1,
ifi=zt.

P(g(t) =iDr—1) = di) — {%7

2r—17

Thus closed loops are allowed to occur when new vertices are nucleated, although in such
cases the new sites are disconnected from the existing graph. Apart from short loops
resulting from the connection of a site to itself, all connected components of the graph
are essentially tree-like. However if we introduce several connections () from a single
vertex then the graph features will differ and cycles may occur but the essential property
of the graph will remain i.e. the degree distribution follows a power law (3).

In the preferential attachment model, vertices and edges are added at each time step
but never deleted. However an evolving graph model incorporating deletion may model
the evolution of the web graph more accurately. In this view, Cooper, Frieze and Vera
introduced random deletion of vertices and edges to the process (7) to model networks
such as P2P. Their model yields y €]2; co[ according to the parameters of accumulation
and deletion.

The first paper on the deletion of vertices in the preferential attachment model is
(4). The authors raised the following question: “How robust and vulnerable are scale free
graphs ?” The robustness of a graph is defined in (4) as the stability of its properties under
a random deletion of vertices. The vulnerability is defined as the stability of the properties
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1. Introduction

of a graph but under a malicious attack, i.c., when a specific part of the graph is deleted.
It was proved in (4) that a scale-free random graph is more robust than a classical random
graph but is also more vulnerable. Due to the definition of the preferential attachment
process, vertices with a high degree attract more edges and therefore become even more
attractive. This phenomenom leads to a graph which accumulates most of the edges on
the first vertices. This observation incites the authors of (4) to delete the first (or the
oldest) vertices in order to change the structure of the graph.

The introduction of deletion can allow the generalization of a model. Slater et al.
introduced death of vertices with a rate either constant or proportionnal to their degree
on a continuous time model of stochastically evolving networks (14).

The growth-deletion model introduced in (8) incorporates deletion of both vertices
and edges which are chosen uniformly at random. In another model of duplication-
deletion (9) describing genes, vertices are again deleted uniformly at random.

In this paper, we introduce another growth-deletion model where the choice of dele-
tion is not made uniformly at random conversely to (8) and (9). Note that need for such
models is discussed in (6). Instead of considering deletion of the vertices, we will consider
the effect of deletion of the first edges. More precisely, we delete any edge at time A after
its introduction in the graph. Thus each edge is given a lifetime of A. The choice of
this attack is natural if one thinks about social, biological or in particular neural networks
where the connections (impulses) are temporal in their nature (see, e.g., (11) for a relevant
description and citations).

One typical property of the preferential attachment model is the accumulation of
most edges on the first vertices. The deletion introduced in our model thwarts this effect.
We prove that for any fixed A, the degree of any vertex will reach zero with time. Fur-
thermore, when the degree of a vertex becomes zero it remains at zero forever (Theorem
3.1).

Our mechanism of deletion of edges is similar to the one introduced in (16). It was
shown in (16) that if old connections are abandoned, it is still possible to keep some
macro-properties of the original graph (uniformly grown in the case of (16)) almost un-
changed.

Here, we observe totally different behaviour. The main result of our study shows that
the expected degree of any vertex is uniformly bounded in A. To be more precise, no
matter how large one chooses A the expectation of the degree in the resulting graph is
bounded by a constant me? (Corollary 3.1). On the other hand, if A = 0o we recover the
model of preferential attachment where the expected degree is unbounded. This yields a
sharp transition at A = 0o proving that the preferential actachment model is not robust
against the ageing of edges. All results are still valid if instead of considering the lifetime
of any edge to be constant, we allow the deletion to happen randomly on an interval
of fixed length centered on A. Here, unlike in the previous study (16), abandoning
old connections leads to a loss of original properties. But as a result of the introduced
dynamics our graph becomes more homogeneous and in turn less vulnerable than the
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original preferential attachment model. Examples of possible applications of our model
are given in the conclusion.

2 Model

We denote by G* = (V?, L’) the graph at time # = {1,2,...} where V* = {1,...,¢} is
the set of vertices and L’ is the set of edges. Set G' to be the graph with one vertex and
one loop. Fix A > 0 to be the life-time of any edge in the graph. This means that an
edge introduced at time # is no longer present in the graph at time s > # + A. Then as
long as # < A, the graph evolves as in the preferential attachment model (5). Namely,
given G'~! we form G’ by adding a vertex # together with a single edge (t, g(t)), where
£(2) is a random vertex chosen as follows.

Let DiA (#) denote the degree of vertex 7 at time z. The degree is the number of edges
incident to the vertex.

fl1<:<r—1,
ifi=r¢.

_di
P(g(r) =ilDP(e—1) = di) = {2‘1“
2—1°

Hence L' = 1'71 U {(t,g(t))}.
The graph first accumulates vertices and edges (the growth phase) until it reaches its
maximum capacity of A edges. Then the oldest edge is deleted to make way for the new

one.

When ¢ > A, we define

L= L7 U {(, gD} \ {(r = A, g(e — A))},
ie.,
L' ={(s,g(5),t — A <s <t}

Clearly, if A = +00, we recover the model of preferential attachment
(1). From this point on, we will denote Df° the degree of the vertex 7 in this case.
For all # > A we have |L’| = A since every time one edge is introduced one edge is

deleted. This implies that for all > A,

iDiA(t) =24,

=1

and the transition probabilities are

d: .

4 f ,
P(g() = iiDAG— 1) = d) = { AT DI

m, lfl:t.
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3. Results

We can consider an extension of the previous model where each new vertex is in-
troduced together with 7 edges (i.e it has out-degree 7). Each new edge attaches to
previous vertices independently to the other edges introduced at the same time. Thus
multiple edges are allowed and for each edge, the probability law is

d .

. ait— ifi < t,
L R Gaia

AT fi=t

3 Results

When A = oo (model of preferential attachment (3)) the vertices with the highest degree
are first. The deletion of edges in our model leads to the opposite situation. Namely, with
probability one, every vertex introduced in the graph will have degree 0 after some time
as it is stated in Theorem 3.1.

Theorem 3.1. For any out-degree m > 1 and any i > 1
lim P{D?(x) = 0} = 1.
t—00

Recall that when A = o0, the expected degree has the following formula (3) for

m=1
t

E(Dj(2) = H 2]2—i1 ~\/t]i, (3.1)
j=i

i.e. the expectation is unbounded in .

In our case the expected degree of a vertex is no longer a monotone increasing function
of time. In Theorem 3.2 below we give the time when the expected degree of a fixed vertex
reaches its maximum.

Theorem 3.2. Letm > 1. Foranyi > 1

maxE(DP (1) = E(DA (G + A - 1)), (3.2)
t>1
and for anyt > A
lrg?%(tE(DiA(t)) =E(D2 5,,(). (3.3)

Next corollary shows that the expectations of the degrees in our graph are uniformly
bounded unlike in the corresponding model without deletion (3).

Corollary 3.1. Letm > 1. Foranyt > 2A

max E(DiA(t)) = m(l + ﬁ)A, (3.4)

1<:i<r
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and
lim lim max E(DA(r) = me?. (3.5)

A—o0 t—00 1<i<r

One should remark that in the model of preferential attachment,

lim lim max E(DiA(t)) = lim max E(D?O(t)) = 00. (3.6)
t—o00 1<i<¢

t—00 A—oo 1<i<t

Relations (3.1), (3.5) and (3.6) show that the transition of the expected degree be-
tween the model with ephemeral edges and the model with infinite-lived connection is
not continuous.

Remark 3.1. Using the bound (3.5) in Corollary 3.1 and the fact thatfori > A, t > i+ A,

k
we have E(Di(t + /eA)) < (%) E(Di(t)), one can prove that the variance is also bounded
independently of A.

Remark 3.2. It is clear that our model admirs generalizations. Allowing some freedom on the
deletion of edges would fit reality even more. If for example the deletion happens randomly on
an interval of a fixed length 0 centered on A then our results are still valid.

4 Proofs

4.1 Proof of Theorem 3.1

Without loss of generality, here we consider the case m = 1.
Let us fix a vertex 7 and consider DiA (), t+ > i. We introduce a Markov chain
{X(#)};>; with
X(1) = (Xo(8), Xi(8), ..., Xa () € {0, 1327,

Xo(2) is deterministic

1 ifi<r<itA,
Xo(r) = ) .
0 ifr>i+ A,

and

SR t
X(6) = 0 %f(z‘,t k+1) ¢Lt,
1 if(Gt—k+1)el’.

Xi(2), 1 < k < A is the number of edges introduced at time # — £ + 1 incident
with 7. According to the definition of our model at each time r > 7 a new vertex is added
together with an edge (t,g(t)). If g(¢) = 7 then Xj () = 1 and X (¢) = 0 otherwise.
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4. Proofs

At time ¢ + 1, the value X (¢) is translated to the next coordinate : X5(z + 1) = X;(2)
and X ¢+ 1) =X3(#), 1 <k <A—1.Then

A
> Xi(0) = D), forall £ > i.
k=0

Set

X0 = (1,0,0,...,0) w%th probab%l%tyl - AT
(1,1,0,...,0) with probability TATT

The endpoint g(¢) of the edge (t, g(t)) introduced at time ¢ is chosen according to the
transition probability

d;
min{2A + 1,2¢— 1}

P(g(t) —iDAG— 1) = d,) -

A
_ YA X
_ P(Xl(t) = 1X(— 1) :x) - min{mff’l 2’;_ 7 (4.7)

To prove the statement of Theorem 3.1, we need to show that the vector (0,...,0) is
absorbing and reachable from every state. Indeed, according to the transition probability

(4.7) we have
PX(+ 1) = (0,...,0)|X(z) = (0, ...,0)) = 1,

i.e. (0,...,0) is an absorbing state.

Now, we show that (0, ..., 0) is reachable from any state. For any X € {0, 1},
there exists with a positive probability a sequence of states from X to (0,...,0).

Assume that X(r) = X € {0,1}2*! and art each time 5, # < s < # + A enforce
Xi(s) = 0. After A steps, it reaches (0,...,0).

PX(r+ A) = (0, ...,0)|X(z) = X) >

2 h@+) 241 o
QA+DA T (A-DI2A-1)(2A+1)A T 24"

This implies that the limit distribution is concentrated on the point (0, ..., 0),

tlin;oP(X(t) =(0,..,0)) = 1.

Hence lim, oo P{D? () = 0} = 1 as stated in Theorem 3.1.
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4.2 Recursive formula for the expectation

From now, we fix 1 < mand 0 < A < 0o arbitrarily and write DiA(t) = D;(t).

In order to prove Theorem 3.2 and Corollary 3.1, we first need the following propo-
sition.

Proposition 4.1. For alli > A > 0, we have the following recursive formulas:

0, t < i,
m~+ 530 t =i

E(D;(0) = { (1 + 72 E(Dir — 1)), i+1<t<i+A-1,
(14 57 E(Dit — 1) — (m+ 527), =i+ A,

(14 53 EDit = 1) — sz7E(Di(r —A—1)), t>i+A

Proof of proposition 4.1. Lett > i > A. Given D;(s) = di(s), t — A < s < ¢ we have

Dz(l) =m+ m[{g(t):i}a

and
0, ifi<r<i+ A,
Di(r) = D;j(r — 1) + m[{g(t):i} —q 1+ m[{g(t—A):z‘}7 ifr=i+ A,
mlfo(— A)=i 5 ifr>i+ A.

We prove here only the last case when # > 7 + A. The rest can be found in the same
way.

E(Di(9)| Di(z — 1), Di(t — A — 1))
= Dl‘(t — 1) + E([{g(t):i}u)i(t — 1)) — E([{g(th):i}|Di(t A 1))
: _be—a-1

)D;i(z — 1)

= (1
I+ 23 A+ 1

Taking the expectation of both sides we derive

1

E(D,(1) = (1 + 57—E(Di(e = 1)) =

E(D;(t — A —1)),

2A 2A+1

as required.
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4. Proofs

4.3 Maximum of expectation

Proof of theorem 3.2 and corollary 3.1.
Consider E(Di(i + n)) We may refer to z > 0 as the age of the vertex 7.
Thenif n < A — 1 we have

The right hand side is obviously increasing in 7 and reaches its maximum value for
n=A-1.

To prove that m(1 + ﬁ)A is the maximum of the expected degree we need the
following lemma.
Lemma 4.1. Setk > 1. IfE(D;(i + n+ 1)) < E(Di(i 4+ n)) fork < n < k+ A then
E(Dz‘(i—i— n—+ 1)) < E(Dz‘(i—i— n)) forn > k.

Thanks to this lemma, we will only need to prove that the sequence E(D,'(z' + n)) is
decreasing for A — 1 < n < 2A — 1 to prove that it’s decreasing for n > A — 1.

Proof of lemma 4.1.

For k£ > A + 1, the expectation follows the recursive formula
E(Dii+ £+ 1) = E(Di(i+ ) + 2 (E(Di(z' +B) —E(Dili+ k- A))).
We deduce that E(D;(i+£)) < E(D;(i+k—A)) implies E(D;(i+4)) < E(Di(i+4)).
Finally, if
E(Di(i+k—A) ZE(Di(i+k—A+1) > ... > E(D;(i + &),
then
E(Di(i + n)) > E(D,'(z' +n+ l)) forany n > k
[l

Let A < n < 2A — 1. We are going to show that the expectation of the degree is
monotone decreasing. One can find by induction that

E(Di(i+n) = m(1 + 1+ )"+ A+ 2))

1
n+1 1—
a1 U aa
= me T T8 (1 - Cn+ A 4 2),

2A+1

Let f(x), A < x < 2A —1 be the extension toRofE(Di(z'—i-n)), A<n<2A-1.

We differentiate this function and prove that for every x, it has the same sign.
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fx) =m(1+ _ el (ln(l +

A J(1- Cle+ A+2) =€),

2A+1

1-C(A+2) 1
c

It vanishes for xy =
0 0+ 7

3 but xp < A forany A > 0 which
contradicts A < x <2A — 1.

So f'(x) # 0 ¥V x € [A;2A — 1] and is continuous which implies that all the
derivatives have the same sign.

We now show that the derivative is negative for one precise 7z and with this result, we
know that the expectation decreases for A < n <2A — 1.

sgn(f" () = sgn(f’ ()| _a s

B 1 1 4
_Sgn(l“(l+2A+1)(l+2A+1) T2A+1

) <0 VA>o.
To use the Lemma 4.1, we need a A + 1% consecutive point for which it’s decreasing.
E(Dii + A—1)) —E(Di(i + A))

! )A—m((l—i—

— m(1
ml+ o3

1 an 1
— - (1 ) >0
2A + 1) 1+ 2A + 1)

One may remark that if we consider the in-degree then the inequality is reversed and
the maximal in-degree is attained at time 7 + A.

As we have A 41 consecutive points for which the expectation is monotone decreas-
ing, we can conclude that

E(Di(i + A — 1)) > E(D;(i + n)) V.

This proves Equation (3.2) of Theorem 3.2 .
Even if for convenience, the proof has been done for 7 > A, it is also true for i < A
since then edges are more intensively deleted.

The formula (3.3) of Theorem 3.2 and the Corollary 3.1 follow immediately.

rthaIXE(Dl‘(t)) =EDii+A-1)), Vi,
1 A .

As a consequence:

lim lim max E(DiA(t)) = me?.

A—o0 t—00 1<i<¢
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5 Conclusion

We examined the impact of deletion of edges in the Preferential Attachment model. We
showed that the transition of the expected degree between the model with ephemeral
edges and the model with infinite-lived connection is not continuous. Our results (Theo-
rem 3.1) show that the deletion of edges implies that with a high probability, the vertices
are renewed too. In our model, the connections are not static and the system is more
applicable to the real world.

The model is separated into two phases. The first is the growth phase when the
graph follows the rules of the model of preferential attachment. In this phase, the graph
accumulates vertices and edges until it reaches a maximum size A. Once reached the
graph can’t continue to grow. This is followed by the renewal phase where competition
occurs. In this phase, the oldest edge is deleted so as to be replaced by a new one.

The model captures essential features of social networks: people with multiple con-
nections are more likely to acquire new frienships but there is ultimately a limit on the
number of friendships that one individual can maintain (12). Our model fulfills con-
ditions of an evolution model stated in (13) ("Constant change is a natural feature of
evolution, on a sufficiently large time scale, there’s nothing remotely stable about evolu-
tion.") and is in good agreement with observations such as the number of species, their
lifetime and renewal. In particular, our model fits the description of neural networks

We proved that the property of accumulating edges on the first vertices is removed
by the concept of lifetime for edges. However, by keeping the principle of preferential
attachment for the newly introduced edges our graph is still robust to random deletion as
it has a part with high degree vertices but is also much less vulnerable than the preferential
attachment model as the attractive vertices are numerous. Moreover, by changing the
parameter 7 which is the number of edges introduced into the graph with every vertex,
we control the connectivity of the limiting graph.
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Chapter B

Merging percolation and classical
random graphs: Phase transition in
dimension 1

T. S. Turova, T. Vallier

Centre for Mathematical Sciences, Lund University, Sweden

Abstract

We study a random graph model which combines properties of the edge percolation
model on Z% and a classical random graph G(n,c/n). We show that this model, be-
ing a homogeneous random graph, has a natural relation to the so-called "rank 1 case” of
inhomaogeneous random graphs. This allows us to use the newly developed theory of inho-
mogeneous random graphs to describe completely the phase diagram in the case d = 1.
The phase transition is similar to the classical random graph, it is of the second order. We
also find the scaled size of the largest connected component above the phase transition.

Key words: Classical random graphs, phase transition, percolation.
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1 Introduction.

We consider a graph on the set of vertices V& := {1,...,N}¥ in Z4, where the edges
between any two different vertices 7 and j are presented independently with probabilities

e li—j=1,
Pi = { ¢/N?, if|i—j| > 1,
where 0 < ¢ < 1and 0 < ¢ < N are constants. This graph, call it Gf(,(q, ¢) is a mixture
of percolation model, where each pair of neighbours in Z# is connected with probability
¢, and a random graph model, where each vertex is connected to any other vertex with
probability ¢/| V|
The introduced model is a simplification of the most common graphs designed to
study natural phenomena, in particular, biological neural networks (8). Observe the
difference between this and the so-called "small-world" models intensively studied after
(9). In the "small-world" models where edges from the grid may be kept or removed, only
finite number (often at most 24) of the long-range edges may come out of each vertex,
and the probability of those is a fixed number.
We are interested in the limiting behaviour of the introduced graph Gj”\’,(q, c)asN —
00. One can consider this model as a graph on Z% or on a torus, in the limit the results
are the same. The one-dimensional case which we study here, is exactly solvable. We shall
write Gy1(g, ) = Gy(g, o).
Let X be a random variable with Fs(1 — g)-distribution, i.e.,

P{X=k=»0-94" k=12,..., (1.1)

with )
EX=—.
I—q
Let further G (G) denote the size of the largest connected component in a graph G.

Theorem 1.1. Forany 0 < q < 1 define

(q) = % - 1—;3’] . (1.2)
i) If ¢ < ¢ (q) then there exists a constant o = a(q, ¢) > “%gq‘ such that
P {Cl (GN(q, c)) > alogN} -0, (1.3)
and for any oq < @
P {Cl (GN(q, c)) < 1ogN} o, (1.4)
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1. Introduction.

as N — oo.
ii) If ¢ > ¢ (q) then

Ci(Gn(g,e)
# Lp (1.5)

as N — oo, with B = [3(q, ¢) defined as the maximal solution to

f=1- g E{x}, (1.6)

Observe the following duality of this result. For any ¢ < 1 we know that the subgraph
induced in our model by the long-range edges may have at most O(log V) vertices in a
connected component. According to Theorem 1.1, for any ¢ < 1 there is

1—¢
14+¢

q”(f) —

such that for all 4”(c) < g < 1 our model will have a giant component with a size of
order N, while any g < ¢“(c) is insufficient to produce a giant component in Gy (g, c)
. Hence, Theorem 1.1 may also tell us something about the "distances" between the
components of a random graph when it is considered on the vertices of Z.

Remark 1.1. In the proof of (1.3) we will show how to obtain olq, c), and will discuss how
optimal this value is. Statement (1.4) is rather trivial (and far from being optimal): it follows
[from a simple observation (see the details below) that

1
logN} <P {Cl(GN(q, O)) < |10—gq|10gN} — 0.

1

P{CI(GN(q, f)) < Tiogd

Remark 1.2. For any fixed c function 3(q, c) is continuous at g = 0: if g = 0, i.e., when our
graph is merely a classical G, ., random graph, then X = 1 and (1.6) becomes a well-known
relation. Equation (1.6) can be written in an exact form:

P

S o PR

It is easy to check that if ¢ < ¢ then the equation (1.6) does not have a strictly
positive solution, while 8 = 0 is always a solution to (1.6). Therefore one can derive

(Ex2)3 5 (1—42)2

EX)2E(X3) ~q2+4g+1 (1.7)

Bl | cter=2
(
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This shows that the emergence of the giant component at critical parameter ¢ = ¢
becomes slower as ¢ increases, but the phase transition remains of the second order (ex-
ponent 1) for any g < 1.

We conjecture that similar results hold in the higher dimensions if ¢ < Q% (), where
Q7 (d) is the percolation threshold in the dimension 4. More exactly, Theorem 1.1 (as
well as the first equality in (1.7)) should hold with X replaced by another random variable,
which is stochastically not larger than the size of the open cluster at the origin in the edge
percolation model with a probability of edge 4. It is known from the percolation theory
(see, e.g., (3)) that the tail of the distribution of the size of an open cluster in the subcritical
phase decays exponentially. This should make possible to extend our arguments (where
we use essentially the distribution of X) to the general case.

Our result in the supercritical case, namely equation (1.6) looks somewhat similar to
the equation obtained in (2) for the "volume" (the sum of degrees of the involved vertices)
of the giant component in the graph with a given sequence of the expected degrees. Note,
however, that the model in (2) (as well as the derivations of the results) differs essentially
from the one studied here. In particular, in our model the critical mean degree when
¢=c¢"and N — o0 is given by

- 202
714292 (1.8)

2q 4 =2g 4 — 9 =
1T =TTy, 144

which is strictly greater than 1 for all positive g. This is in a contrast with the model
studied in (2), where the critical expected average degree is still 1 as in the classical random
graph.

Although our model (when considered on the ring or torus in higher dimensions) is a
perfectly homogeneous random graph, in the sense that the degree distribution is the same
for any vertex, we study it via inbomogeneous random graphs, making use of the recently
developed theory from (1). The idea is the following. First, we consider the subgraph
induced by the short-range edges, i.e., the edges which connect two neighbouring nodes
with probability 4. It is composed of the consecutive connected paths (which may consist
just of one single vertex) on Vv = {1,...,N}. Call a macro-vertex each of the com-
ponent of this subgraph. We say that a macro-vertex is of type £, if k is the number of
vertices in it. Conditionally on the set of macro-vertices, we consider a graph on these
macro-vertices induced by the long-range connections. Two macro-vertices are said to be
connected if there is at least one (long-range type) edge between two vertices belonging
to different macro-vertices. Thus the probability of an edge between two macro-vertices
v; and v; of types x and y correspondingly, is

Bo)i=1- (1- %)y (1.9)

Below we argue that this model fits the conditions of a general inhomogeneous graph
model defined in (1), find the critical parameters and characteristics for the graph on
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2. Proof

macro-vertices, and then we turn back to the original model. We use essentially the results
from (1) to derive (1.6), while in the subcritical case our approach somewhat differs from
the one in (1); we discuss this in the end of Section 2.4. We shall also note that our graph
on macro-vertices is similar to the model studied in (5), and our results on the critical
value agree with those in (5).

Finally we comment that our result should help to study more general model for
the propagation of the neuronal activity introduced in (8). Here we show that a giant
component in the graph can emerge from two sources, none of which can be neglected,
but each of which may be in the subcritical phase, i.e., even when both g4 < 1 and
¢ < 1. In particular, for any 0 < ¢ < 1 we can find ¢ < 1 which allows with a positive
probability the propagation of impulses through the large part of the network due to the
local activity.

2 Proof

2.1 Random graph on macro-vertices.

Denote X a random number of the vertices connected through short-range edges to the
vertex 1 on VL = {1,2,...}. Clearly, X has the First success distribution defined in
(1.1). Let X1, X5, . . . , be independent copies of X, and define for any N > 1

n n+1
T(N):==min{n>0:Y X; <N, > X >N},

i=1 i=1

where we assume that a sum over an empty set equals zero.

Consider now the subgraph on Vy = {1, ..., N} induced by the short-range edges.
This means that any two vertices 7 and i 4+ 1 from V}y are connected with probability g
independent of the rest. By the construction this subgraph, call it GI(\S,) (9), is composed of
a random number of connected paths of random sizes. We call here the size of a path the
number of its vertices. Clearly, there is a probability space (£2, F, P) where the number
of paths in GI(\’,)(q) equals T(N) if ZITZUIV) X; = N, or T(N) + 1 if ZIT:UlV) X, < N.
Correspondingly, the sizes of the paths follow the distribution of

T(N)
X=X, %,. .., Xrq, N = > X) @.1)
i=1

(where the last entry may take zero value).

On the other hand, the number of the connected components of Gz(\? (g) exceeds
exactly by one the number of "missed” short edges on Vjy. This means that on the same

probability space (£2, F, P) there is a random variable Yy distributed as Bin(N —1, 1 —g),
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such that either 7(N) = Yy + 1 or T(N) + 1 = Yy + 1, and in any case
0<T(N)—Yy<1. (2.2)
This together with the Strong Law of Large Numbers implies

Proposition 2.1.
TN) as 1
MY e = —
N 7 Ex
as N — o0. O

Also the relation (2.2) allows us to use the large deviation inequality from (4) (formula
(2.9), p-27 in (4)) for the binomial random variables in order to obtain the following rate

T(N) 1 R 62
n[F -l > o < 2o (g ) 2

forall 6> 0and N > 2/6.
Define for any # > 1 an indicator function

L) = { 1, ifx=k,

0, otherwise.

of convergence

As an immediate corollary of Proposition 2.1 and the Law of Large Numbers we also get
the following result.

Proposition 2.2. For any fixed k > 1

T(N)

1 P -
) D L) = PX =k = (1= g = b (2.4)

i=1
as N — oo. O

Given a vector of paths X defined in (2.1), we introduce another graph Gy (X, q,c)
as follows. The set of vertices of 5N(X, g, ¢) we denote {v1, ..., vru)}. Each vertex v; is
said to be of type X;, which means that v; corresponds to the set of X; connected vertices
on Viy. We shall also call any vertex v; of EN (X, g, ¢) a macro-vertex, and write

{1,....%}, ifi=1;
v = , , (2.5
DA A WIS P D NN TS §

With this notation the type of a vertex v; is simply the cardinality of set ;. The space of
the types of macro-vertices is § = {1, 2, ...}. According to (2.4) the distribution of type
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2. Proof

of a (macro-)vertex in graph Gy (X, ¢, c) converges to measure 4 on S. The edges between
the vertices of Gy (X, g, ¢) are presented independently with probabilities induced by the
original graph Gy (g, ¢). More precisely, the probability of an edge between any two ver-
tices v; and v; of types x and y correspondingly, is p,, (V) introduced in (1.9). Clearly, this
construction provides a one-to-one correspondence between the connected components
in the graphs Gy X, g, c) and Gn(q, ¢): the number of the connected components is the
same for both graphs, as well as the number of the involved vertices from Vj in two cor-
responding components. In fact, considering conditionally on X graph Gn (X, q,¢) we
neglect only those long-range edges from Gy (g, ¢), which connect vertices within each ;,
i.e., the vertices which are already connected through the short-range edges.
Consider now

~ _ c\Y . }(N(%}’)
Py(N) =1 — (1 - N) = S, 2.6)
Observe that if x(V) — x and y(IV) — y then
Wy (), y(N)) — exy 2.7

for all x,y € S. In order to place our model into the framework of the inhomogeneous
random graphs from (1) let us introduce another (random) kernel

xran (x,y) = %}/N(x,y),

so that we can rewrite the probability p,,(/V) in a graph EN(X7 g, ¢) taking into account

the size of the graph:

vy (x, )
T(N)

(We use notations from (1) whenever it is appropriate.) According to Proposition 2.1 and

(2.7), if x(N) — x and y(IN) — y then

Po(N) = (2.8)

sran (V) y(IN)) = (x, y) = &xy 4.5, (2.9)

as N —ooforallx,y € §.

Hence, in view of Proposition 2.2 we conclude that conditionally on T'(N) = #(IV),
where #(N)/N — 1/EX, our model falls into the so-called "rank 1 case" of the gen-
eral inhomogeneous random graph model GY (¢(V), %)) with a vertex space V =
(S, u, X1, ..., X)) v>1) from (1) (Chapter 16.4). Furthermore, it is not difficult to
verify with a help of the Propositions 2.1 and 2.2 that

x€ LIS X S, ux u, (2.10)

since
S - - ape = (1)

y=1 x=1 1= q
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and for any #(V) such that #(N)/N — 1/EX

1 _ 1 o0 o0
v EleON K g, NI TV = 1)} — 5 DO e puup), @11

=1 x=1

where ¢(G) denotes the number of edges in a graph G. According to Definition 2.7 from
(1), under the conditions (2.11), (2.10) and (2.9) the sequence of kernels x,(y) (on the
countable space § x S) is called graphical on V with limit .

2.2 A branching process related to E;N X, g, ¢).

Here we closely follow the approach from (1). We shall use a well-known technique
of branching processes to reveal the connected component in graph Gn (X, g, ¢). Recall
first the usual algorithm of finding a connected component. Conditionally on the set of
macro-vertices, take any vertex v; to be the root. Find all the vertices {v1;,, v1,,, ..., v1; }
connected to this vertex »; in the graph Gy X, g, o), call them the first generation of v;,
and then mark v; as "saturated". Then for each non-saturated but already revealed vertex,
we find all the vertices connected to them but which have not been used previously. We
continue this process until we end up with a tree of saturated vertices.

Denote ty(x) the set of the macro-vertices in the tree constructed according to the
above algorithm with the root at a vertex of type x.

It is plausible to think (and in our case it is correct, as will be seen below) that this
algorithm with a high probability as V' — oo reveals a tree of the offspring of the fol-
lowing multi-type Galton-Watson process with type space S = {1,2,...}: at any step,
a particle of type x € § is replaced in the next generation by a set of particles where the
number of particles of type y has a Poisson distribution Po(s(x, y)u(y)). Let p(x; x) denote
the probability that a particle of type x produces an infinite population.

Proposition 2.3. The function o(x; x), x € S, is the maximum solution to

c06x) =1 — ¢ 2=t Xelublebe), (2.12)
Proof. We have -
Z x(x, y)u(y) = &%q < oo for any x,
y=1
which together with (2.10) verifies that the conditions of Theorem 6.1 from (1) are satis-
fied, and the result (2.12) follows by this theorem. O

Notice that it also follows by the same Theorem 6.1 from (1) that p(3;x) > 0 for all
x € S ifand only if

EX2 1

2
EX l1—g¢q

& Zﬂu(ﬁ =c > 1 (2.13)
y=1
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2. Proof

otherwise, p(3 x) = 0 forall x € S. Hence, the formula (1.2) for the critical value follows
from (2.13).

As we showed above, conditionally on 7'(NV) (so that 7(N)/N — 1/EX) the se-
quence X7 is graphical on V. Hence, the conditions of Theorem 3.1 from (1) are
satisfied and we derive (first, conditionally on 7°(/V), and therefore unconditionally) that

Cl(GvX.q,0) »
W - P(%)7

where p(2) = Y2, p(x x)u(x). This together with Proposition 2.1 on the a.s. conver-
gence of 7' (V) implies

W 21— gelo. (2.14)

Notice that here C; (EN(X7 g, ¢)) is the number of macro-vertices in EN(X, q,c0).

2.3 On the distribution of types of vertices in Z?N(X, q,c).

Given a vector of paths X (see (2.1)) we define a random sequence
N ={MN,... Ny},

where

T(N)
N = NiX) =) (X))
i=1

In words, N}, is the number of (macro-)vertices of type £ in the set of vertices of graph
Gn(X, g, ). We shall prove here a useful result on the distribution of A" (which is stronger
than Proposition 2.2).

Lemma 2.1. For any fixed e > 0
P{|N./T(N) — uk)| > cku(k) forsomel <k <N} =o(1) (2.15)
as N — oo.
Proof. Let us fix £ > 0 arbitrarily. Observe that for any K > 1/¢
P{|N./T(N) — u(k)| > cku(k) forsomel < k< N} (2.16)
=P > 1

+P{|N./T(N) — (k)| > ku(k) forsomel < k< K}.
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Next we shall choose an appropriate K = K (V) so that we will be able to bound from
above by o(1) (as N — 00) each of the summands on the right in (2.16).
Let us fix 6 > 0 arbitrarily, and define an event

TV 1
./45,1\] = {'—N — < 5} . (2.17)
Recall that according to (2.3)
02

as N — oo. Now we derive

P{ max X; > K} < P{ max X, > K | A&N}P(Ag,[\]) + P{.A,S,N} (2.19)
1<i<T(N) 1<i<T(N)

| _
< (a + 6) NP{X; > K | As n}P(As n) + P{ A5 n}

< (é + 5) NP{X; > K} +P{As n}

as N — o0o. Making use of the formula (1.1) for the distribution of X; we obtain from
(2.19) and (2.18)

P{lggr%a;;w) > K} < CNg® + 2exp <—ﬁ2_q) N) (2.20)
as N — 00, where C' = C(0, ¢) is some finite positive constant. Let now w; (V) < N be
any function tending to infinity with V, and set

1
[logg|
Clearly, bound (2.20) with K replaced by K (V) implies

K(WN) = log N + w; (). 2.21)

P{ max X;>K({IV)}=o0(1) (2.22)
1<i<T(N)

as N — oo.
Now we consider the last term in (2.16). Let us define

by = max{ H , {;} } ey (2.23)
e] " [|logg|

Then we obtain making use of (2.18)
P{|N,/T(IN) — u(k)| > cku(k) forsomel < k< K(N)} (2.24)
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2. Proof

ko W)

< ZP{l T(N) Z 1X5) — (k)| > eku(h)}
=1

K(N) 1 TWN)
+ > P (N)Zik(X) ub] > e kulk) | As.xYP(As) +o(1)
k=ko+1

K(N) 1 TWN)
= 2 Pl 200 — 4Bl > A | Ao }P(s) + ol
k=ky+1

as N — oo, where the last equality is due to Proposition 2.2. Notice that for each £ > £y
we have € £ > 1 and therefore

"

1 T(N)
_p {m g TX) — k) > e kuh) | Asw}

T(N)

1
m ; LX) — ulk)

> € ku(k) | A&N} (2.25)

N N
<P W ; L(X;) > ulk) + €ku(fk) | Asn p =: P(k).

Set t(NV) = [(ﬁ + 5) N} + 1. Then using the bound

(gz — 9N SEY 5
for all N > 2/8, we derive
1 & SEX
P(k) < P{ V) - Z[k(X) > uk)(1+ k(1 — —5) | As N} (2.20)

forallN>2/5 Now forall £ > 4y and 0 < 6 < 357 we have (1 + €4£)(1 — TF‘X o) >
1 + 5 k, and therefore

(V)
1 €
P(k) <P {W ;Ikoc) > uB 1+ 58| AS,N} 2.27)

t(V)
1
<P { (N)Zlk(X) >u(/e)(1+;/e)} / P(As ).
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Note that ng) 1,(X;) follows the binomial distribution Bin(¢(N), u(4)). This allows us
to use the large deviation inequality from (4) (see (2.5), p.26 in (4)) and derive

t(N)
1 €
P {W ; 1) > ul)(1 + > k)} (2.28)
(S hulk)H(N))2 1
= (— Tehabr() + zwe)ruv)) < e (= ggehulrv)

for all £ > ky. Substituting this into (2.27) we obtain

1
P(k) < exp(— l—OE/e‘u(/e)t(N)) / P(As,n) (2.29)
for all £ > ky. The last bound combined with (2.25) and (2.24) leads to
P{|N,/T(IN) — u(k)| > cku(k) forsomel < k< K(N)}

K(N)

< 3 ep (= 1 ekuBHN) + o),
k=ko+1

as N — oo. Taking into account that function Au(k) is decreasing for £ > ko we derive
from the last bound:

P{|N,/T(N) — u(k)| > cku(k) forsomel < k< K(N)} (2.30)

<exp(-— %OEK(N)H(K(N))t(N) + log K(N)) + o(1),

as N — oo.
Setting now w (V) = logloglog N in (2.21), it is easy to check that for
1

KO = Tiog4

log NV + logloglog N

the entire right-hand side of the inequality (2.30) is o(1) as N — oco. This together with
the previous bound (2.22) and inequality (2.16) finishes the proof of lemma. O

2.4 Proof of Theorem 1.1 in the subcritical case ¢ < ¢7(g) .

Let us fix 0 < ¢ < 1 and then ¢ < ¢”(g) arbitrarily. Given X let again »; denote the
macro-vertices with types X;, 7 = 1,2,..., respectively, and let L denote a connected
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component in E;N(X, g, ¢). Firstly, for any K > 0 and 0 < 6 < 1/EX we derive with
help of (2.18)

p{Gi(6vian0) <&} <p{c(6rg.0) <k} ={ max x <}
o (2.31)

< P{ max  X; < K | AS,N} +o(1) < (1-P{X > K})N(ﬁ”’) + o(1),
1<i<T(N)

as N — o0, where X has the F5(1 — g)-distribution. Since
P {X > K} = 7](717
we derive from (2.31) for any 1 < @ and K = a; log N
P{Ci(Grlg.9) < alogN'} = o(),

which proves statement (1.4).
Consider now for any positive constant  and a function w = w(N) > log N

P{Cl (GN(q, c)) > aw} = P{mzax ZXi > aw}. (2.32)
v,EL

We know already from (2.14) that in the subcritical case the size (the number of macro-
vertices) of any Lis whp o(N). Note that when the kernel 5(x, y) is not bounded uni-
formly in both arguments, which is our case, it is not granted that the largest component
in the subcritical case is at most of order log IV (see, e.g., discussion of Theorem 3.1 in
(1)). Therefore first we shall prove the following intermediate resul.

Lemma 2.2. Ifc < ¢“(q) then
P{Ci(GvX.q.9) > N2} = o(1). (2.33)

Proof. Let us fix € > 0 and 6 > 0 arbitrarily and introduce the following event

2 N
= < N — < .
By == AsnN <1<Iz'2aTX(N)XZ = Thogq] logN)ﬂ(ﬂk_l { W) y(/e)’ < Sky(/e)})
(2.34)
According to (2.18), (2.22) and (2.15) we have
P{By}=1-0(1) (2.35)

as N — oo.
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Recall that Ty7(x) denotes the set of the macro-vertices in the tree constructed accord-
ing to the algorithm of revealing of connected component described above. Let |ty (x)]
denotes the number of macro-vertices in T (x). Then we easily derive

P {C1 (EN(X, 7, f)) > N‘/Z} < P{ max  |t(0)| > N2 | BN} +o(l) (2.36)
1<i<T(N)

N
< NZ(I + s/e)p(/e)(5+ l/EX)P {|TN(/e)| > N2 | BN} + o(1)
k=1

as NV — 0o. We shall use the multi-type branching process introduced above (Section
2.2) to approximate the distribution of |ty (£)|. Let further X*4(k) denote the number
of the particles (including the initial one) in the branching process starting with a single
particle of type 4. Observe that at each step of the exploration algorithm, the number of
new neighbours of x of type y has a binomial distribution Bz'n(Ny’ , ry(N)) where Ny’ is
the number of remaining vertices of type y, so that N < N,.

We shall explore the following obvious relation between the Poisson and the binomial
distributions. Let Y}, , € Bin(n, p) and Z, € Po(a), where 0 < p < 1/4and 2 > 0. Then
forall />0

P{Y,, =k} <1+ Cp2)” P{Zn%}) =k}, (2.37)
where C' is some positive constant (independent of 7 and p). Notice that for all x,y <
2 log N
[log g1 )

~ c\¥ c
Fy(N) =1— (1 - N) = o (14 o(1)), (2.38)

and clearly, p,, (V) < 1/4 for all large N. Therefore for any fixed positive € we can
choose small € and 0 in (2.34) so that conditionally on By we have

Ao 2@

},% < (A +ye)u)xx,y) (2.39)

for all large V. Let us write further

UO) = 14,0), g =Y jug0) (S BX),  xlx, ) = x(x,y)

y21

emphasizing dependence on g and ¢. Then for any £, > 0 and any ¢’ > ¢ such that
%lz—q, < 1+ &, we can choose £, < log(q’/q), and derive from (2.39)

-
9 ) = ) (2.40)

Y 1 _;xy(N) {uq
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2. Proof

Setting now ¢’ := (1 + Ez)%/ ¢ we rewrite (2.40) as follows

, Py@V)

a < Uy () g (3, 9). 2.41
7’1 _ny(N) S Yy ()/)Jf q (x J’) ( )
Recall that above we fixed g and ¢ < ¢”(g), where ¢”(g) is decreasing and continuous in
gq. Hence, we can choose ¢ > gand ¢/ := (1 + 6‘2)% ¢ so that

c<d <(g) < g, (2.42)

and moreover ¢’ and 4’ can be chosen arbitrarily close to ¢ and ¢, respectively.
Now conditionally on By we can replace according to (2.37) at each (of at most V)

step of the exploration algorithm the Bin(Ny), p., (V) variable with Po(Ny 15%:\(/1)\/))’ and

further replace the last variables with the stochastically larger ones Po(uy (). 4 (x,))
(recall (2.41)). As a result we get the following bound using branching process:

P {|TN(/e)| > N2 | BN} (2.43)

N2
< (1 +C ( max ;xy(zv)> z> p{xr () > N2

xy<2log N/|log ]

This together with (2.38) implies
P {|TN(/e)| > N2 | BN} < Mo p {X/’ql(k) > Nl/z} L (2.44)
where & is some positive constant. Substituting the last bound into (2.36) we derive

P {Cl (EN(X, 7 c)) > N1/2} (2.45)

N
< NHES Tl (O {4 (B > N2 4 o(1)
k=1

as N — 00, where &, is some positive constant. By the Markov’s inequality
P{X T (B) > N2} < 2N EX T (2.46)

for all z > 1. Denote /,(k) = EzX[/’q/ ®; then with a help of (2.46) we get from (2.45)

N
~ o _arl/2
P{Ci(Gh(X.g.0) > N2} < by NeHosh25=N ;k(uqz(k)/ﬂz(k) +o(1). (2.47)
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Now we will show that there exists z > 1 such that the series
B q) = kg (R)he(k)
k=1

converge. This together with (2.47) will clearly imply the statement of the lemma.
Note that function 4,(£) (as a generating function for a branching process) satisfies
the following equation

heh) = zexp {2 2o Uk, g () hele) — 1)}
= zexp {;—;/k (Zfil iy (%) D (%) — (uq/)}

= sexp { S HBAL ) — )}
Multiplying both sides by 4, (#) and summing up over £ we find
0 /
B.(,q) = Z ke (R)z exp {{:—/e(Bz(c', q)— yqz)} )
k=1 7

Let us write for simplicity B, = B,(c, ¢). Hence, as long as B, is finite, it should satisfy
equation

B, = zEX ¢t X(B:—E0) (2.48)

which implies in turn that B, is finite for some z > 1 if and only if (2.48) has at least one
solution (for the same value of z). Notice that

B, > B, = EX (2.49)

forz > 1. Let us fix z > 1 and consider equation
y/z = EX eixX0"EN) —. [(y) (2.50)
for y > EX. Using the properties of the distribution of X it is easy to derive that function

er(ﬁ—l)

1
Fly) = —___ ¢~
V=8 1 eE )2

is increasing and has positive second derivative if EX < y < y, where y is the root of
1 = gexp {c(£& — 1)}. Compute now

0 c c
—F®)|y=px = =—EX2 = —. 2.51
5 e = grEX2 = 2.51)
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2. Proof

Hence, if ¢ < ¢ then there exists z > 1 such that there is a finite solution y to (2.50).
Taking into account condition (2.42), we find that B,(¢’, ¢’) is also finite for some z > 1,
which finishes the proof of the lemma. ad

Now we are ready to complete the proof of (1.3), following almost the same argu-
ments as in the proof of the previous lemma. Let Sy(x) = va cont Xi denote the
number of vertices from V)y which compose the macro-vertices of 7y (x). Denote

By =By N ( max |ty(X))| < N1/2) .
1<i<T(N)

According to (2.35) and Lemma 2.2 we have
P{By}=1-o0(1).

This allows us to derive from (2.32)

P {Cl (GN(q, c)) > aw} <P {1<52a7¥(1v) SN(X;) > aw | B}v} + o(1) (2.52)

N
< NS (1 + ehu(k) (5 + I/EX)P {Sn(k) > aw | By} + o1).
k=1

Let now $4(y) denote the sum of types (including the one of the initial particle) in
the total progeny of the introduced above branching process starting with initial particle
of type y. Repeating the same argument which led to (2.43), we get the following bound
using the introduced branching process:

hNVN
P{Sy(k Br<(1+cC Do (V) ) 2 P{s (b
{Sw () > aw | By} < ( * (xvySZIEgl?\;(/bngy( )> ) { ©> aw}

as N — 00, where we take into account that we can perform at most v/N steps of
exploration (the maximal possible number of macro-vertices in any L). This together
with (2.38) implies

P {y(k) > aw | By} < (1 +o(1)P {5’4’ *) > aw} (2.53)

as N — oo. Substituting the last bound into (2.52) we derive

P{Ci(Grg.0) > an} < Nbé/quq/ BP {7 (B > aw} +o1)  @254)
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’ 7
. .« . g . .
as N — 00, where & is some positive constant. Denote g, (k) = Ez® ®; then similar to

(2.47) we derive from (2.54)
N
P{Ci(Gulg.0) > aw} < oY kuy (Bg. Bz~ 4 o(1).  (255)
k=1
We shall search for all z > 1 for which the series
A q) =) vy B)g (k)

k=1

converge. Function g,(#) (as a generating function for a certain branching process) satis-
fies the following equation

FAGRES 2F exp {Zjil et g (ks %) g () (g () — l)}
=z exp {#E_;//e (2 g (9gx) - {uq/)}

= shexp { AU ) — )}
Multiplying both sides by 4, (#) and summing up over £ we find
x /
A, q') = Z /e‘uq/ (/e)zk exp {{:—/?(AZ(C/, q') — Hq’)} . (2.56)
k=1 7

It follows from here (and the fact that A;(¢’, ") > u, for all z > 1) that if there exists
z > 1 for which the series 4,(c, ') converge, it should satisfy

1
z < —. (2.57)

/!

According to (2.56), as long as A, = A,(c, ¢) is finite it satisfies the equation
A, = EXz" eixXA—E0)

which implies that 4, is finite for some z > 1 if and only if the last equation has at least
one solution

A, > A, = EX. (2.58)

Let us fix z > 1 and consider equation

y = EXg" e 07BN —. (5 5, (2.59)
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2. Proof

Using the properties of the distribution of X it is easy to derive that

2
zetlix =1

1
f,2) = ﬁm'

We shall consider f'(y, z) fory > EX and 1 < z < %e_”(é_l). It is easy to check that in
this area function f(y, z) is increasing, it has all the derivatives of the second order, and
g—;zf(y, z) > 0. Compute now

0 c c
3_yf(y’ 2)y=1,2=1 = aEXZ = (2.60)

Hence, if ¢ > ¢ there is no solution y > EX to (2.59) for any z > 1. On the other
hand, if ¢ < ¢ then there exists 1 < zp < 1/g such that forall 1 < z < z; there is a
finite solution y > EX to (2.59). One could find z for example, as the (unique!) value
for which function y is tangent to f'(y, z9) if y > EX.

Now taking into account that ¢ > ¢ and ¢’ > g can be chosen arbitrarily close to ¢
and ¢, respectively, we derive from (2.55) that forall 1 < z < z

P{Ci(Grlg.0) > aw(t } < b)N + o(1) (2.61)
as N — 00, where b(z) < co. This implies that for any 2 > 1/logzy > 1/|logg|

P{C(Grlg.0) > alogN } = o() (2.62)
as N — oo, which proves (1.3). O

To conclude this section we comment on the methods used here. It is shown in (6)
that in the subcritical case of classical random graphs the same method of generating
functions combined with the Markov inequality leads to a constant which is known to
be the principal term for the asymptotics of the size of the largest component (scaled to
log V). This gives us hope that a constant @ chosen here to satisfy 2 > 1/ log z is close
to the minimal constant for which statement (2.62) still holds.

Similar methods were used in (7) for some class of inhomogeneous random graphs,
and in (1) for a general class of models. Note, however, some difference with the approach
in (1). Itis assumed in (1), Section 12, that the generating function for the corresponding
branching process with the inital state # (e.g., our function g,(#), # > 1) is bounded
uniformly in 4. As we prove here this condition is not always necessary: we need only
convergence of the series A,, while g,(£) is unbounded in 4 in our case. Furthermore, our
approach allows one to construct constant (g, ¢) as a function of the parameters of the
model.
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2.5 Proof of Theorem 1.1 in the supercritical case.

Let C; denote the set of vertices in the 4-th largest component in graph Gy(g, ¢), and
conditionally on X let C; denote the set of macro-vertices in the 4-th largest component
in graph EN(X, g, ¢) (ordered in any way if there are ties). Let also C; and 5/? denote
correspondingly, their sizes. According to our construction for any connected component
Lin E;N(X, g, ¢) there is a unique component L in Gy (g, ¢) such that they are composed
of the same vertices from Vly, i.e., in the notations (2.5)

L=U, 7 Use, {k} = V(D).

Next we prove that with a high probability the largest components in both graphs consist
of the same vertices.

Lemma 2.3. Forany0 < g <1 ifc > ¢ (q) then
P{C, = V(C)}=1—o0(1) (2.63)
as N — oo.
Proof. In a view of the argument preceeding this lemma we have
P{C, # V(C1)} = P{Ci = V(Cy) for some £ > 2}.

According to Theorem 12.6 from (1), conditions of which are satisfied here, in the
supercritical case conditionally on 7(V) such that 7(N)/N — 1/EX, we have whp
62 = O(log(T'(IV))), which by Proposition 2.1 implies 62 = O(log N) whp . Also we
know already from (2.14) that in the supercritical case 61 = O(N) whp, and therefore
C) = O(N) whp. Hence, for some positive constants # and &

P{C, # V(C))} = P{C, = V(Cp) for some k > 2} (2.64)

<P { (maX|V(5/€)| > bN) N (max C, < alogN) } + o(1).
E>2 £>2
Define now for any K = K(V) a set
By :={3X; > K forsome 1 < i< T(N)}.

According to (2.20)
P(By) < CNg* + o(1)

as N — oo for some constant C independent of K and N. Setting from now on K =
/N we have P(By) = o(1) as N — oo. Then we derive
P { (maX|V(5/€)| > bN) N (max E}? < alogN) } (2.65)
£>2 b>2
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2. Proof

< P{(T§§(|V(@)| > bN) N (rkn>a§< Gy < alogN) N ( max X; < \/N)}—i—o(l)

1<i<TWN)
<P{VNalogN > bN } + (1) = o(1).
Substituting this bound into (2.64) we immediately get (2.63). O
Conditionally on C; = V/(C;) we have

(V) 5
% = % >im1 Xil{wi € Ci}

= % Z'T(N) Zi\]:l X = k}1{v; € 51} (2.66)

=1
N -
= LS ki #{v € Cr X = k).

Note that Theorem 9.10 from (1) (together with Proposition 2.1 in our case) implies that

v (k) == ﬁ#{”" € CLV) - X; = k} 5 o6 k)u(k) (2.67)

for each £ > 1.
We shall prove below that also

N o)
Wy =D hkw(k) =Y koG Du(k) =: BEX. (2.68)
k=1 k=1

Observe that o(3; 4) is the maximal solution to (2.12), therefore 3 is the maximal solution
to

1 & RS -
B= % Z ko(6 B)u(k) = X Zk (1 o 2 xkub)el ,y)) u(k)
=1 =1

!
—1— —E(Xffxﬁ).
EX

This proves that 3 is the maximal root of (1.6). Then (2.68) together with Proposition

2.1, which states that 7(N) /N %> 1/EX, will allow us to derive from (2.66) that for any
positive €

P{|M—,@|>s|clzv@)}—>o

as N — oo. This combined with Lemma 2.3 would immediately imply

G(Gnea) ,

N ) (2.69)
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and hence the statement of the theorem follows.
Now we are left with proving (2.68). For any 1 < R < N write Wy := ng + wﬁ,,
where

Wy = Z kvy (), wyy = Z kvn (k).
k=1 k=R+1
By (2.67) we have for any fixed R > 1

R

WE 5N kele Rtk (2.70)
k=1

as N — oo. Consider w%.. Note that for any £ > 1

T(N)

Evy (k) = EE{ (@) | T(N)} < Em Z PLX, = k| T(V)). 2.71)

Using events A v with bound (2.18) and Proposition 2.1 we obtain from (2.71) for any
fixed 0 < 6 < 1/(2EX)

T(N)
Evy (k) < Em Z P{X; = k| T(N)}1{Asn} + P{Asn}
< T PG = AH1 + o) + P}

= 1= oEX)
Bound (2.18) allows us to derlve from here that

Bvy (k) < Ay (uk) + V) (2.72)

for some positive constants 4; and 2; independent of # and N. This yields

N
Ewy = Y kEvy(k) < Ay F (2.73)
k=R+1

for some positive constants A, and ;.
Now for any € > 0 we can choose R so that

> kel Ruk) < €/3,

k=R+1

and then we have

P{| Wy — > kp( R)u(k)| > €} (2.74)
k=1
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R [e%s)
= P{|(W — Z k(o R)u(k)) + wh — Z ko( k)u(k)| > €}

k=1 k=R+1

R
< P{WS = kol buk)| > e/3} + P{uf, > ¢/3}.
k=1

Markov’s inequality together with bound (2.73) gives us

3Ew§, < 34,0 2R

P{uwk > ¢/3} < . (2.75)
Making use of (2.75) and (2.70) we immediately derive from (2.74)
> 3A2€_ﬂ2R
P{| Wy — > ke Ruk)| > €} < o(1) + — (2.76)

k=1
as N — oo. Hence, for any given positive € and &y we can choose finite R so large that
Jim P{|Wy — /; ko(e (k)| > €} < . 2.77)

This clearly proves statement (2.68), and therefore finishes the proof of the theorem. O
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Chapter C

Merging percolation on Z¢ and classical
random graphs: Phase transition

T. S. Turova, T. Vallier

Centre for Mathematical Sciences, Lund University, Sweden

Abstract

We study a random graph model which is a superposition of the bond percolation model
on Z¢ with probability p of an edge, and a classical random graph G(n, ¢/n). We show
that this model, being a homogeneous random graph, has a natural relation to the so-
called "rank 1 case" of inhomogencous random graphs. This allows us to use the newly
developed theory of inhomogeneous random graphs to describe the phase diagram on the
set of parameters ¢ > 0 and 0 < p < p,, where p. = p.(d) is the critical probability for
the bond percolation on Z#. The phase transition is similar to the classical random graph,
it is of the second order. We also find the scaled size of the largest connected component
above the phase transition.

Key words: Classical random graphs, phase transition, percolation.
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C

1 Introduction.

We consider a graph on the set of vertices B(V) := {—N, ... N} inZ% d > 1, with
two types of edges: the short-range edges connect independently with probability p each
pair # and v if |u — »| = 1, and the long-range edges connect independently any pair of
two vertices with probability ¢/|B(N)|. (Here for any set A we denote |A| the number of
the elements in A.) This graph, call it Gy (p, ¢) is a superposition of the bond percolation
model (see, e.g., (4)), where each pair of neighbours in Z¢ is connected with probability
2> and a random graph model G,, ./, (see, e.g., (6)) on n = |B(IV)| vertices, where each
vertex is connected to any other vertex with probability ¢/#; all the edges in both models
are independent. By this definition there can be none, one or two edges between two
vertices in graph G (p, ¢), and in the last case the edges are of different types.

The introduced model is a simplification of the most common graphs designed to
study natural phenomena, in particular, biological neural networks (12). Notice the dif-
ference between Gy (p, ¢) and the so-called "small-world" models intensively studied after
(13). In the "small-world" models where edges from the grid may be kept or removed,
only finite number (often at most 24) of the long-range edges may come out of each
vertex, and the probability of those is a fixed number.

We are interested in the connectivity of the introduced graph G (p, ¢) as N — oo.
We say that two vertices are connected, if there is a path of edges, no matter of which
types, between them. Clearly, if ¢ = 0, we have a purely bond percolation model on Z,
where any edge from the grid is kept (i.e., "is open" in the terminology of percolation
theory) with a probability p, or, alternatively, removed with a probability 1 — p. Let us
recall some basic facts from the percolation theory which we need here. Denote C an
open cluster containing the origin of Z# in the bond percolation model. It is known (see,

e.g., (4)) that for any 4 > 1 there is p, = p.(d) such that

=0, ifp<p,
P{|C| = oo}
>0, ifp>p,

where 0 < p, < 1, unless 4 = 1, in which case, obviously, p, = 1. We shall assume here

that 0 < p < p., and thus the connected components formed by the short-range edges
only are finite with probability one. Recall also that for all 0 < p < p, the limit

{p) = limy—. o (—% logP{|C| = n}> (1.1)

exists and satisfies {(p) > 0 (Theorem (6.78) from (4)).
Let further C; (G) denote the size (the number of vertices) of the largest connected

component in a graph G.
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1. Introduction.

Theorem 1.1. Assume, thatd > 1 and 0 < p < p.(d). Define

(o) = ﬁ (12)
i) If ¢ < 7 (p) define

{ the root of E¢|C|eI€lV = 1, ifE|C|el€IC®) > 1,

L) /e, otherwise,
and set .
op, ) = (C +o— Ece”‘c‘}') . (1.3)
Then for any a > ap, c)
P {Cl (GN(]), c)) > a10g|B(N)|} —0. (1.4)

as N — oo.

i) If ¢ > ¢ (p) then
a(Gveo) ,
—B

as N — oo, with B = [(p, ¢) defined as the maximal solution to

ﬁzl—E{e"mC‘}. (1.6)

(1.5)

Remark 1.1. Only when d = 1 we know the exact distribution of |C| (see (1.7) below),
in which case E|C|elC1%0) = oo. This obviously yields (for d = 1) that the constant y in
Theorem 1.1 is defined as the root of E c|C|e&1°V = 1 for any ¢ < ¢ (p).

In view of (1.1) it is obvious that y(p) := E|C| < oo forall 0 < p < p,. It is also
known (see Theorem (6.108) and (6.52) in (4)) that y(p) is analytic function of p on
[0,p.) and y(p) — oo as p T p,. This implies that ¢”(p) is continuous, strictly decreasing
function on [0, p,) with ¢(0) = 1 and ¢”(p,) = 0. Hence, ¢ has inverse, i.e., for any
0 < ¢ < 1 there is a unique 0 < p7(c) < p, = p.(d) such that ¢ (p”(c)) = ¢. This
leads to the following duality of the result in Theorem 1.1.

Corollary 1.1. Forany 0 < ¢ < 1 there is a unique 0 < p“(c) < p, such that for any
p7(0) < p < p graph Gn(p,c) has a giant component with a size O(|B(N)|) whp (i.c.,
with probability tending to one as N — 00), but for any p < p“(c) the size of the largest
connected component in Gy (p, c) whp is at most O(log | B(V)]). O
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Hence, Theorem 1.1 may also tell us something about the "distances" between the
components of a random graph when it is considered on the vertices of Z7.

It is worth mentioning that the symmetry between ¢ and p is most spectacular in
the dimension one case, when p,(1) = 1. Notice, that & = 1 case is exactly solvable, and
this is the only case when we know the distribution of |C|:

P{|C|=Fk}=QQ—pk'", k>1. (1.7)

Hence, if d = 1 we compute forall 0 < p < 1 = p.(1)

1—-p
(p) = 1.
<" (p) 5 p (1.8)
which also yields
() = 1—¢
7= 14¢

forall 0 < ¢ < 1. (For more details on 4 = 1 case we refer to (11).)

Remark 1.2. For any fixed ¢ function B(p, ) is continuous at p = 0: if p = 0, i.e., when
our graph is merely a classical G, ., random graph, then |C| = 1 and (1.6) becomes a

well-known relation.
Furthermore, for any fixed ¢ < 1, if p = 0, it is not difficult to derive from (1.3) that

1

0,0) = ————.
20,9 c—1+|logc|

(1.9
But logn/(c — 1 + |logcl) is known (see Theorem 7a in (3)) to be the principal term
in the asymptotics (in probability) of the largest connected component of G, ./, when
¢ < 1. This inevitably leads to the following (open) question. Will

P{Cl(GN(p, c)) <a 1og|B(N)|} 0 as N — o0, (1.10)
hold also for all o < a(p, ¢) when 0 < p < p. and ¢ < 7 (p)?

It is easy to check that if ¢ < ¢”(p) then the equation (1.6) does not have a strictly
positive solution, while 8 = 0 is always a solution to (1.6). Therefore we derive for all
0<p<p

3
o) (E[C])
_- L ()= 2 0. 1.11
a[ﬁ(])v c) | Le7(p) E(|C|2) > ( )

This confirms that the phase transition remains to be of the second order for any p < p,,
as it is for p = 0, i.e., in the case of classical random graph.
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1. Introduction.

More similarities and differences between our model and the "mean-field" case one
can see in the following example. Let 4 = 1, in which case (1.7) holds. Introducing a
random variable X with the first-success distribution

P{X=Fk=Q0-pp* Y, k=1,2,...,

one can rewrite (1.6) as follows (see the details in (11))

ﬁ:l-—é§E{Xf”ﬁ}

This equation looks somewhat similar to the equation obtained in (2) for the "volume"
(the sum of degrees of the involved vertices) of the giant component in the graph with
a given sequence of the expected degrees. Note, however, that in our model the critical
mean degree when ¢ = ¢/ (p) and N — o0 is given according to (1.8) by

_ P
L=p 2 (1.12)

29+ "(p) = 2p 4+ —2L =
P+ <) T, 1+

which is strictly greater than 1 for all positive p < 1. This is in a contrast with the
model studied in (2), where the critical expected average degree is still 1 as in the classical
random graph.

Although our model (it can be considered on a torus, in the limit the result is the
same) is a perfectly homogeneous random graph, in the sense that the degree distribution
is the same for any vertex, we study it via inhomogeneous random graphs, making use
of the recently developed theory from (1). The idea is the following. First, we consider
the subgraph induced by the short-range edges, i.e., the edges which connect two neigh-
bouring nodes with probability p. It is composed of the connected clusters (which may
consist just of one single vertex) in B(V). Call a macro-vertex each of the connected com-
ponents of this subgraph. We say that a macro-vertex is of type £, if £ is the number of
vertices in it. Conditionally on the set of macro-vertices, we consider a graph on these
macro-vertices induced by the long-range connections. Two macro-vertices are said to be
connected if there is at least one (long-range type) edge between two vertices belonging
to different macro-vertices. Thus the probability of an edge between two macro-vertices
v; and v; of types x and y correspondingly, is

~ c v
Below we argue that this model fits the conditions of a general inhomogeneous graph
model defined in (1), find the critical parameters and characteristics for the graph on
macro-vertices, and then we turn back to the original model. We use essentially the
results from (1) to derive (1.6). The result in the subcritical phase (part 7) of Theorem
1.1) does not follow by the theory in (1); we discuss this in the end of Section 2.4.
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Notice also that in order to analyze the introduced model, we derive here some result
on the joint distribution of the sizes of clusters in the percolation model (see Lemma 2.1
below), which may be of interest on its own.

The principle of treating some local structures in a graph as new vertices ("macro-
vertices"), and then considering a graph induced by the original model on these vertices
appears to be rather general. For example, in (5) a different graph model was also put
into a framework of inhomogeneous graphs theory by certain restructuring. This method
should be useful for analysis of a broad class of complex structures, whenever one can
identify local and global connections. Some examples of such models one can find in (7).

Finally we comment that our result should help to study a model for the propagation
of the neuronal activity introduced in (12). Here we show that a giant component in the
graph can emerge from two sources, none of which can be neglected, but each of which
may be in the subcritical phase, i.e., even when both p < p, and ¢ < 1. In particular,
for any 0 < ¢ < 1 we can find p < p, which allows with a positive probability the
propagation of impulses through the large part of the network due to the local activity.

2  Proof

2.1 Random graph on macro-vertices.

Consider now the subgraph on B(V) induced by the short-range edges only, which is
a purely bond percolation model. By the construction this subgraph, call it G¥(p), is
composed of a random number of clusters (of connected vertices) of random sizes. We
call the size of a cluster the number of its vertices (it may be just one). We recall here
more results from percolation theory which we shall use later on.

Let Ky denote the number of the connected components (clusters) in Gz(\:/) (), and let
X={X1,%,..., X, } (2.1)

denote the collection of all connected clusters X in Gl(\’,) (p). We shall also use X; to denote
the set of vertices in the /—th cluster. By this definition Zﬁ’l |X;| = |B(IV)].

Theorem [(4), (4.2) Theorem, p. 77]

Ky 1
_— =EFE— 2.2
B P = Eg 2.2)

a.s. andin L' as N — oo. a

Note (see, e.g., (4)) that x(p) is strictly positive and finite for all 0 < p < p,. Next we
cite the large deviations property of K from (14).
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2. Proof

Theorem [(14), Theorem 2] Given x(p) > € > 0, there exist 0;(€, p) > 0 forj = 1,2 such
that

-1 Ky -
. T e (a2 0 ) = e
and

K
i |B(N)| logP <|B(N)| < ) = ) = 2(ep).

This theorem implies that for any 0 < 0 < »(p) there is a positive constant o = o(0, p)
such that
»{

for all large V. Define for any # > 1 and x > 0 an indicator function:

% - x(p)‘ > 5} < OB (2.3)

0, otherwise.

Proposition 2.1. For any fixed k > 1

s Zlkq — 5 = .4

a.s. andin L' as N — oo.

Proof. Let Cy(2), z € B(INV), denote a connected cluster in B(N) which contains vertex
z, and let C(z) denote an open cluster in Z* which contains vertex z. Then we write

K
e BV 11
Ky 2= & [BV)| L(|Ch (). 2.
KN; W == |B(N)|Z§N) (@) 25)

Observe, that

ST (Cv@) = Y LIC@D+ D U(|CnE)) — L CG))
zEB(N) zEB(N) 2EB(N)

= Y wlc@h+ Y @lev@D - ic@D), (2.6)

ZEB(N) 2dB(N)

where the last summation is over all vertices z of B(/N) which are connected to the surface

OB(N) = {x € B(N) : max |xl| N},
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and hence the last sum in (2.6) contains at most #|0B(/V)| non-zero terms. Now we can
rewrite (2.5) as follows

Ky
1 [BIM|1 1 |[BIN)| An
— N n(x) = S L(CE)) + =22 .7
e ; XD = =2 2 B ZGXB(;V) WC@D+ == e @)
where
|Ax| < |0BAV)].
Taking into account (2.2) it is easy to see that
|BIV)| Ay
2.8)
Ky BV (
in L' and a.s.. By the ergodic theorem
1
— L(C —P{|C|=F 2.
|B<N>|Z§(N> H(CR@) — P{|C| = &} (2.9)
a.s.as N — 00, and in L' as well, since
1
0< L(C <1.
< B ZEBZ(N) H(C@)) <
Hence, statement (2.4) follows by (2.7), (2.8) and (2.9) combined with (2.2). O

Given a collection of clusters X defined in (2.1), we introduce another graph EN(X, 2,0
as follows. The set of vertices of EN(X,p, ¢) we denote {v1, ..., v, }. Each vertex v; is
said to be of type |X;|, which means that v; corresponds to the set of |X;| connected ver-
tices in B(NV). We shall also call any vertex v; of EN(X, 2, ¢) a macro-vertex, and write
sometimes

v; = X, (2.10)

With this notation the type of a macro-vertex v; is simply the cardinality of set v; = X;.
The space of the types of macro-vertices is S = {1,2,...}. According to (2.4) the dis-
tribution of type of a (macro-)vertex in graph EN(X7 », ¢) converges to measure U on S.
The edges between the vertices of Gn(X, 2, ¢) are presented independently with proba-
bilities induced by the original graph Gy (p, ¢). More precisely, the probability of an edge
between any two vertices »; and v of types x and y correspondingly, is p,, (V) introduced
in (1.13). Clearly, this construction provides a one-to-one correspondence between the
connected components in the graphs 5N(X, 2,¢) and Gy(p, o): the number of the con-
nected components is the same for both graphs, as well as the number of the involved
vertices from B(/V) in two corresponding components. In fact, considering condition-
ally on X graph Gy (X, 2, ¢) we neglect only those long-range edges from Gy (p, ), which
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2. Proof

connect vertices within each v;, i.e., the vertices which are already connected through the
short-range edges.
Consider now

~ c v (%, 9)
Gy (N) =1~ (1 — ) = 2 2.11
25 ) ( IB(N)I) BV 210
Observe that if x(V) — x and y(IV) — y then
Xy (x(N), y(N)) — exy (2.12)

for all x,y € S. In order to place our model into the framework of the inhomogeneous
random graphs from (1) let us introduce another (random) kernel

Ky

Xy (x,9) =
so that we can rewrite the probability p,,(/V) in a graph EN(X7 , ¢) taking into account
the size of the graph:

XKy (%, 9)

Ky
(We use notations from (1) whenever it is appropriate.) According to (2.2) and (2.12), if
x(N) — x and y(N) — y then

iy (x(N), (V) =5 (e, y) = ex(p)xy (2.14)

as N — ooforallx,y € S.
Hence, in view of Proposition 2.1 we conclude that conditionally on Ky = #(V),
where #(N)/|B(N)| — E(|C|™"), our model falls into the so-called "rank 1 case" of the

general inhomogeneous random graph model GY (t(N), %y ~)) with a vertex space

;xy(N) = (2.13)

V=S, u @, .., 0u)N>1)
(see (1), Chapter 16.4). Note, that according to (1.1) function u(k) (defined in (2.4))
decays exponentially, which implies

x(x,y) € LN(S x S, u x w). (2.15)

Furthermore, it is not difficult to verify with a help of (2.2) and Proposition 2.1 that for
any () such that #(V) /[B(V)| — E(|C|™1)

1

_ 1 o0 (o]
) EeGN X p ) Ky = vN)} — 5 DD e, u)ub), (2.16)

=1 x=1

where ¢(G) denotes the number of edges in a graph G. According to Definition 2.7 from
(1), under the conditions (2.16), (2.15) and (2.14) the sequence of kernels s,y (x, y) (on
the countable space S X §) is called graphical on V with limit x(x, y).
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2.2 A branching process related to Gy (X, . ).

Here we closely follow the approach from (1). We shall use a well-known technique
of branching processes to reveal the connected component in graph Gy (X, p, ¢). Recall
first the usual algorithm of finding a connected component. Conditionally on the set of
macro-vertices, take any vertex v; to be the root. Find all the vertices {v} ,v},...,} }
connected to this vertex »; in the graph 61\/(X7 2,0, call them the offspring of #;, and
then mark »; as "saturated". Then for each non-saturated but already revealed vertex,
we find all the vertices connected to them but which have not been used previously. We
continue this process until we end up with a tree of saturated vertices.

Denote 1 (x) the set of the macro-vertices in the tree constructed according to the
above algorithm with the root at a vertex of type x.

It is plausible to think (and in our case it is correct, as will be seen below) that this
algorithm with a high probability as IV — o0 reveals a tree of the offspring of the fol-
lowing multi-type Galton-Watson process with type space § = {1,2,...}: at any step,
a particle of type x € § is replaced in the next generation by a set of particles where the
number of particles of type y has a Poisson distribution Po(x(x, y)u(y)). Let g(x) denote
the probability that a particle of type x produces an infinite population.

Proposition 2.2. The function p(x), x € S, is the maximum solution to
o) =1—¢ X2 el (2.17)

Proof. We have

o0

Z x(x, Y)u(y) = cE(C|Nx

=1

=x <0

_
E(C™)

for any x. This together with (2.15) verifies the conditions of Theorem 6.1 from (1), by
which the result (2.17) follows. O

Notice that it also follows by the same Theorem 6.1 from (1) that g(x) > 0 for all
x € Sifand only if

-1 S 2 _ —1 - 2 1 P{|C|:)’}7 i
E(|C] >y2_;y uG) = cE(C| >y_21y Boy -y~ cEC>L

(2.18)
otherwise, p(x) = 0 for all x € S. Hence (2.18) yields formula (1.2) for the critical value
C”(P).

As we showed above, conditionally on Ky so that Ky/|B(N)| — E(|C|™!), the
sequence X, (x, y) is graphical on V. Hence, the conditions of Theorem 3.1 from (1) are
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2. Proof

satisfied and we derive (first, conditionally on K}y, and therefore unconditionally) that

Cl(Gy(X,p,0) p
alowdpd r, o,
N

where o = Y7, p(x)u(x). This together with (2.2) implies

GGy X.p.0) »,

-1
B E(C|™Y) p. (2.19)

Notice that here C; (E'N(X, 2, 0)) is the number of macro-vertices in the largest connected
component of Gy (X, p, ¢).

2.3 On the distribution of types of vertices in Gy(X, p, 0).
Given a collection of clusters X (see (2.1)) we define for all 1 < £ < |B(N)]

Ky
Ni = NiX) = > L(1X)).
i=1

In words, AV}, is the number of (macro-)vertices of type 4 in the set of vertices of graph

Gy (X, p, ¢). We shall prove here a useful result on the distribution of N' = (V. .., MB(N)|)-

Lemma 2.1. Ser -
k) =Y P{|C| = n}.
n=k
Then for any fixed v > 2 and € > 0
P{Wk/J(N —uB)| > ek TR forsomel < k< |B(N)|} ~0 (2.20)
as N — o0.
Proof. Let us fix v > 2 and € > 0 arbitrarily. Fix also constant L arbitrarily but so that
ely > E(C|™h. (2.21)

Then forall £ > L,
ek’ u(k) > ulk),

and for any L > L,

P{| N,/ Ky — u(k)| > ek” u(k) forsome 1 < k< |B(N)|} (2.22)
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<P X| > L
< {lgg@l | > L}

+P{|N,/ Ky — (k)| > ek 1i(k) for some 1 < k< L}.

We shall choose later on an appropriate L = L(IV) so that we will be able to bound from
above by o(1) (as N — 00) each of the summands on the right in (2.22).
First we derive

P X;| > L} <P L} <|B P L}, 2.2
{ mas X > 2} < P{ max [C)| > L} < [BOV|P{ICI > 2}, (223)

where C(z) is an open cluster containing z. For a further reference we note here, that
according to (1.1) for any 0 < a < {(p) there is constant & > 0 such that

P{|C| > L} < be (2.24)

for all L > 1, which together with (2.23) implies, in particular, that

2
P{ max |Xj|> ——

1<i<Ky () log [B(N)[} — 0 (2.25)

as N — oo.
Now we consider the last term in (2.22). Let us define for any 0 < 6 < E(|C|™!) an
event

_ Ky _ -1
As,N—{|B(N)| E(IC|)

< 5} . (2.26)
Recall that according to (2.3)
P(Asn) > 1 — e ?BMI =1 _ (1) (2.27)

as N — oo. Then we can bound the last term in (2.22) as follows

P{Wk/[(N — u(k)| > ek*H(k) forsome 1 < & < L}
< P{|Nk/KN — (k)| > ek*T(k) forsome 1< k< LO}
+P{ (Ni/ Ky > ek k) + k) for some Ly < k< L) N Agx | +P{Asx}
< P{(Ni/Ky > ek (k) + k) forsome Ly < £ < L) (1 Ag | +o(1), (2.28)

as N — oo where the last inequality follows by Proposition 2.1 and bound (2.27). Write

Plk) = P{ (& — ol > s/evgz(/e)) N AB,N}. (2.29)
Ky
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2. Proof

Clearly, we have by (2.28):

L
P{|M/KN — (k)| > eR"H(k) forsome 1 < k < L} < Y P +o(1), (230)
k=Lo+1

as N — oo. Substituting now (2.30) and (2.23) into (2.22) we derive

P{|N,/Ky — u(k)| > ek (k) for some 1 < & < |B(N)|} (2.31)
L L
< [BW)|P{ICI > LY+ > PR +0(1) < [BUIL) + > P(k) + (1)
k=Ly+1 k=Lo+1

as N — oo.
Next we shall find an upper bound for P(). Due to the definition (2.26) of Ajs x,
we have

Plk) < P{Nk > (elp) — OBV (=" 08 + k) } (2.32)
We shall use the following special case of the Talagrand’s inequality.

Proposition 2.3. Forevery0 < a <r

Y
P{./\/'k < a}P{Nk > r} < exp {— (gde } . (2.33)

Proof. We shall derive this result as a corollary to the Talagrand’s inequality (8) which we
cite here from the book (6).

Theorem. [(6), p. 40.] Suppose that Z,, ..., Z, are independent random variables taking
their values in some sets Ay, ..., A, respectively. Suppose further that W = f(Z, ..., Z,),
where f 2 Ay X ... x A, — R is a function such that, for some constants c;, k = 1,...,n,
and some function W, the following two conditions hold:

1) Ifz,2' € A =[]} A; differ only in the i — th coordinate, then |f(z) — f(2')| < ¢;.

2)Ifz € Aandr € R with f(z) > r, then there exists a set ] C {1,...,n} with
Zie] & < W), such that for all y € A with y; = z; when i € ], we have f(y) > r.
Then, for every r € R andt > 0,

P(W < r—P(W > 7) < ¢ £ /470, (2.34)
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We shall show now that function N, satisfies the conditions of this theorem. Let
{e1,...,e,} be the set of all edges from the lattice Z¢ which have both end points in
B(N). Define

o 1, ife isopenin Gy (p),
! 0, ifeisclosed in Gy (p) .

According to the definition of our model, Z; € Be(p), i = 1,...,n, are independent
random variables, and

M :M(Zla"'vzn)

since the number of the components of size # (open k-clusters) in G, (p) is defined com-
pletely by Z;, ..., Z,. Furthermore, it is clear that removing or adding just one edge in
Gy (p), may increase or decrease by at most 2 the number of 4-clusters. Hence, the first
condition of the Talagrand’s inequality is satisfied with ¢; = 2 forall 1 < 7 < n: if
configurations z, 2’ € {0, 1}” differ only in the 7 coordinate, then

IN(2) — Ni(2)| < 2.

Next we check that the second condition is fulfilled as well, and we shall determine
the function ¥. Assume, z € {0, 1}” corresponds such configuration of the edges in
B(N) that N(2) > r, for some r € {1,2,...}, i.e., there are at least r clusters of size
k. Let {¢j,j € J} C {e1,...,e,} be a set of edges which have at least one common
vertex with a set of exactly 7 (arbitrarily chosen out of NV} (2)) clusters of size k. Clearly,
/| < 2dkr, and for any 2" € {0, 1}” with 2/ = z; if j € /, we have

Nu(Z') > r.

Hence, the second condition of the Talagrand’s inequality is satisfied with W (r) = 8dkr

for positive integers 7, since

> et = 4lJ| < 8dkr. (2.35)
ic]
The case when 7 is not integer is treated as explained in Example 2.33, page 41, in (6).
Then the inequality (2.33) follows by (2.34). O
Set now

ky = (x(p) — O)|BWIV)],
and consider the inequality (2.33) with

ro= by (kB + ub)
(2.36)
4 = /eN(g PR + p(le)).
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2. Proof

By the Chebyshev’s inequality

P{MS&:}ZI—%. (2.37)
Consider now .
- 1
Ne=Y nxh =7 Y KCyt), (2.38)
=1 ZEB(N)

where Cy(z) denote an open cluster in B(V) which contains vertex z. Let further C(z)
denote an open cluster in Z? which contains vertex z. Then by (2.6) we have

Y (@D < Y RIC@D+ D L(Ch), (2.39)
zEB(N) zEB(N) z«+OB(N)

where the last sum contains at most £|{0B(/V)| non-zero terms. Note also that for any
z < OB(N)
P{|Cn(2)| = k} < P{|C(2)| > k} = P{|C| > k}.

Therefore we derive from (2.38) and (2.39)
1
EN, < ;|B(N)|P{|C| =k} + |0OBWN)|P{|C| > k} (2.40)

= xp)u(k)|BN)| + [0BWN)|u(k).
This yields the following bound for all £ > L, (in which case k¥ u(k) > u(k))
EN, EN}
T ) = B (58 W + (b))

PR BV) | + 9BV )
" Gdp) — OB (5 £ R + k)

x() (2 , 0BV )

“dp)—6\3 ' T[BUV)|ek”
Choosing 0 < & < x(p)/18 we derive from the last bound that for all large NV such that
2 '@ﬁf,’;’fs‘ < 1/24
% <3/4

uniformly in # > L, which together with (2.37) implies

) (2.41)

AN

P{N/@ < a} >
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Using (2.41) in the Talagrand’s inequality (2.33) with 7 and a defined in (2.36), we derive

forall £ > L,
- (r—a)?

_ Ghvkaw)’
=few { 324k (/eN2 (e/ev’p(/e) + u(k))) }

< ‘4exp {—M} =4exp {—M|B(N)|/€V1ﬂ(/e)} .

284k 284
Substituting (2.42) into (2.32) we get

P(k) < dexp {—b|BIN)|&* ' Tk},

where

e(x(p) — )
284

The last bound combined with (2.31) yields

b=

p{m/zqv — ul)| > e kK forsome 1< k < |B(N)|} (2.43)

L
< |BN)| L) +4 > exp {—b|BUN)|&* ' (k) } + (1),
k:Lo
as N — oo forany L > L.

Next we shall show that for any A > 0 one can choose a finite constant Ly and
numbers L = L(NV) so that

L(N)
> exp {—blBO)|F T ER)} < A, (2.44)

k=Loy

for all large V, and
|B(N)| i(L(N)) — 0, (2.45)

as N — oo. This together with (2.43) will clearly imply the statement of Lemma.

We claim that both (2.44) and (2.45) hold with

L(N) = min {/e >1:k%ulk) < (2.46)

o)
IBV)| )

74



2. Proof

where

which is positive by the assumption of Lemma.
Recall, that along with the result (1.1) it is also proved in (4) that forall 0 < p < p,

2 = b (L logP (1C1 2 ). (2.47)

For the further reference we note here that (1.1) and (2.47) immediately imply the exis-
tence and equality of the following limits for all 0 < p < p,

{p) = limy—. oo (—i log,u(n)) = lim,— oo (—i logﬁ(n)) , (2.48)

i.e., that both u(n) and () decay exponentially fast, and moreover with the same expo-
nent in the limit.

Hence, £°u(k) — 0, as # — oo for any fixed o, but #*l(k#) > 0 for all £ > 1. This
yields that L(N) — 00 as NV — o0, which in turn implies that there exists

Jim (L) [BAV)| < lim L(N)™* =0,

and (2.45) follows.
To prove (2.44) first we note that by the definition (2.46) of L(V)
1
(LN) = DFU(LN) = 1) > ——. (2.49)
3 [BV)

Recall that according to Lemma 6.102 from (4) (p.139), for all 7, m > 0
L p(Cl = nt m) = p1 - )2 LP(C] = mip(IC] = ). (2.50)
m—+n m n
When 7 = 1 the inequality (2.50) implies
P(C| =n+1) > p(1 — p)*“"VP(|C| = n), (2.51)
for all # > 0. This clearly yields
tn+1) > p(1 — p)*“Vi(n)
for all # > 0, and in particular
GLIN)) > p(1 — p)* " DELIN) — 1). (2.52)
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Notice that y := p(1 —p)z(”{_l) <p < 1foralld > 1. Combining (2.49) with (2.52)
we immediately get

~ Y
LIN)*u(L(N)) > ———, 2.53
(V) *u(L( ))_|B(N)| (2.53)
and also by the definition (2.46) for all £ < L(V)
P > — > T (2.54)
40 = TBan] = BT ‘
Making use of (2.53) and (2.54) we derive
L(N)
> exp {—6|BO) | 1)} 2.55)
k=L,
L(N)
< Z exp {—by/e‘“l*"‘} < a exp {—bng_z_“} ,
k=L,

where 4 is some positive constant independent of Lg. It is clear now, that for any A > 0
we can fix Ly so large that (2.55) will imply (2.44), and in the same time L, will satisfy
(2.21) and Ly < L(V). This completes the proof of the lemma. a

2.4 Proof of Theorem 1.1 in the subcritical case ¢ < ¢“(p) .

Let us fix 0 < p < p. and then ¢ < ¢ (p) arbitrarily. Given X consider graph Gy (X, , c).
Recall that we denote v; the vertices of types |X;|, i > 1, of this graph. Let L denote a

connected component in Gy (X, p, ¢). Clearly, for any positive constant  and a function
w = w(N)

P {Cl (GN(]), c)) > aw} =P{max Y X > aw . (2.56)
L y,veZ

We know already from (2.19) that in the subcritical case the size (the number of macro-
vertices) of any L is o(/) with probability tending to one as N — oo. Note that when
the kernel (x, y) is not bounded uniformly in both arguments, which is our case, it is not
granted that the largest component in the subcritical case is at most of order log | B(V)|
(see, e.g., discussion of Theorem 3.1 in (1)). Therefore first we shall prove the following
intermediate result.

Lemma 2.2, Ifc < ¢“(p) then

P {C1 (E;N(x,p, c)) > |B(N)|1/2} — o), (2.57)

as N — oo.
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Proof. Let us fix v> 2, £ > 0 and 6 > 0 arbitrarily and introduce the following event

2
— s N | <
BN AO’N (152§1ka |)(l| o C(P)

(25| <)

According to (2.27), (2.25) and (2.20) we have

log |B(N)|> (2.58)

P{By}=1-o0(l) (2.59)

as N — oo.

Recall that i (x) denote the set of the macro-vertices in the tree constructed accord-
ing to the algorithm of revealing of connected component described above. Let |ty (x)]
denote the number of macro-vertices in Ty (x). Then we easily derive

P {C1 (EN(x,p, f)) > |B(N)|1/2} < P{ max |t (X)) > [BAV)['/? | BN} +o(1)

1<i<Ky
(2.60)
[B(V)]
< |BVI(5+E(CI™) D (k) + kTR {|sn (8] > 1B/ | By } + ol1)
k=1

as N — oco. We shall use the multi-type branching process introduced above (Section
2.2) to approximate the distribution of |tx(£)|. Let further X'“?(%) denote the total
number of the particles (including the initial one) produced by the branching process
starting with a single particle of type £ (see the definition of this branching process in
Section 2.2).

Proposition 2.4. For any p < p. and ¢ < ¢ (p) one can findp < p' < p, andc < ¢’ <
¢ (p') arbitrarily close to p and c, correspondingly, such that for all k > 1 and all large N

P {|TN(/e)| > |BOV)|'/? | BN} < gl B p {X”/’P/(/e) > |B(N)|1/2} . (.61)

where by is some positive constant independent of k and N.

Proof. Observe that at each step of the exploration algorithm, the number of the type y
offspring of a particle of type x has a binomial distribution Bz'n(Ny’ , Pry(N)) where ]V;,' is
the number of remaining vertices of type y, so that N; < N,.

We shall explore the following obvious relation between the Poisson and the binomial
distributions. Let Y, , € Bin(n, p) and Z, € Po(a), where 0 < p < 1/4and 2 > 0. Then
forall2>0

P{Y,, =k} <1+ 7p")'P{Z, 2 =k}, (2.62)
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where y is some positive constant (independent of 7, # and p). Notice that for all 1 <
%,y < 75 log |BUV)

Xy
~ c
V) =1 (1 , 6
B0 =1 - (1= i) =m0 e

and clearly, p,, (V) < 1/4 for all large N. Therefore for any fixed positive € we can
choose small € and ¢ in (2.58) so that conditionally on By we have

s Py

) < (uO) +y eu())xx, y) (2.64)
for all large V.
Let us write further
1 C _ -
L) = () = M, EO) =00),  xle,y) = xe,(x,9) = cx(p)xy,

x(p)

emphasizing dependence on p and c. The result (2.48) allows us to find for any p < p’ <
e positive constants &, and €] = € (&2, p’) such that

LO) + e, () < (1+ e)uy (), (2.65)
and moreover &, | 0 as p’ | p. Setting now

(p)
x(p ¢

we derive from (2.64) with a help of (2.65) that conditionally on B with an appropriate
choice of constants

d=1+e)

, PoN)

T = 59 @) < (A + &)y e p(x,9) = Wy ()1 pr (i, ). (2.60)

Recall that above we fixed p and ¢ < ¢“"(p), where ¢ (p) is strictly decreasing and contin-
uous in p. Furthermore, function x(p) is analytic on [0, p.). Hence, we can choose p’ > p

and ¢ = (1 + &) Z2-¢ so that

X(p)
c<d < c”(p/) < 7 (p), (2.67)

and moreover ¢’ and p’ can be chosen arbitrarily close to ¢ and p, respectively. Now
according to (2.62) and (2.66)

P{Yy 5,0n 2 £} < (1 + Yo (NN P{Z L >k} (2.68)

N 1—pxyuv>
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<1+ YEW(N)Z)‘B(N)‘P{ZMP, O o) = K}

Hence, if conditionally on By at each (of at most |B(V)|) step of the exploration algo-
rithm which reveals T (£), we replace the Bz'n(]V},/ , Pxy(IV)) variable with the Po (W W)y (x, )/))
one, we arrive at the following bound using branching process:

P{|TN(k)| > [BV)|/? | BN} (2.69)
N
<|1+cC (N P{x’? (k) > |BUV)|/2
- < <x,yg210f;|’§fm|/g@]”‘y( )> ) { ® > [BW)] }
This together with (2.63) implies statement (2.61) of the Proposition. O

Substituting (2.61) into (2.60) we derive with a help of (2.65)

P {Cl (E;N(X,p, c)) > |B(N)|1/2} (2.70)

[B(N)|
< by| BV) | leg 1B > kuy (R)P {Xf’-f’ (k) > |B(N)|1/2} + o(1)
k=1

as N — o0, where b, is some positive constant. Using the Markov’s inequality we derive
from here _
P{Ci(GvX.p.0) > 1B} 2.71)
< by BUN)|er0os BN ;= IBWI2 (7 41y 4 o(1),
where

D.(c,p) =Y hup(WEY®.
k=1

It is clear now that if we can show that for some z > 1
D,(,p)) < o0, (2.72)

the right-hand part of (2.71) will go to zero as N — o0, which will prove the statement
of Lemma 2.2.
Set
ho(k) = Bz

and consider the series

D.e,p) =Y kuy(B)ho(k) = x(p) "> P, {|C| = k}ha(k). (2.73)
k=1 k=1
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Note that function 4,(4) (as a generating function for a branching process) satisfies the
following equation

hao(k) = zexp {3272 e plk, )t (x) (ho(x) — 1)}

= zexp {c}f(p)/e(Dz(f,])) - %(P)fl)} .

Multiplying both sides by 4u, (%) and summing up over £ we find

Do(e,p) =Y kuy(Bzexp {cxp)k(Du(c, p) — x(p) ")}

k=1

= xp)""P{|C| = ktzexp {cxp)k(Dulc,p) — x(p) ™)} .
k=1
Let us write for simplicity D, = D,(c, p). Hence, as long as D, is finite, it should satisfy

equation

D, = x(p)~ 'z EeflCIAD=D) (2.74)

which implies in turn that D, is finite for some z > 1 if and only if (2.74) has at least
one solution (for the same value of z). Notice that by the definition (2.73)

D, > Dy = x(p)~" = (E(|C|~")~! (2.75)
forz > 1. Let us fix z > 1 and consider equation
y/z = E&ICI07D = F(y) (2.76)

for y > 1. Using the property (1.1) of the distribution of |C] it is easy to derive that
function F(y) is defined on [0, {(p)/c) where it is finite, increasing and has positive second
derivative. Compute now

gF(y)b:l = CE|C| = —. 2.77)
)y c

Hence, if ¢ < ¢ then there exists z > 1 such that there is a finite solution y to (2.76),
and therefore (2.74) also has at least one solution for some z > 1. Taking into account
condition (2.67), we find that D,(¢/, p’) is also finite for some z > 1, which confirms
(2.72) and therefore completes the proof of Lemma 2.2. O

Now we are ready to complete the proof of (1.4), following almost the same argu-

ments as in the proof of the previous lemma. Let Sy(x) = >y ) |X;| denote the
number of vertices from B(/V) which compose the macro-vertices of T (x). Denote

Bl = By N (c1 (E;N(x,p, c)) < |B(N)|1/2) :
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According to (2.59) and Lemma 2.2 we have
P{By}=1-o0(1).
This allows us to derive from (2.56)

P {Cl (GN(]), c)) > aw} < P{ max Sy(X) > aw | B;v} +o(l)  (2.79)

1<i<Ky
1BV

< |BWV)| (5+ E(|C|*1)) S () + R ER)P {Sy(8) > aw | By} + o).
k=1

Let now S“?(y) denote the sum of types including the one of the initial particle, in
the total progeny of the introduced above (Section 2.2) branching process starting with
initial particle of type y. Repeating the same argument which led to (2.69), we get the
following bound using the introduced branching process:

P {Sy(k) > aw | B}

o\ b IB)/ BV
) )

<[1+ max  po(NV P{Sf’-f” £ > aw}
< Y <x,yszlog8<zv>/c<p>]’ 4 (

as N — 00, where we take into account that we can perform at most \/|B(/V)| steps of
exploration (the maximal possible number of macro-vertices in any L conditioned on B,

). This together with (2.63) implies
P {tn(k) > aw | Biy} < (1+ o(1)P {Sf/’f’/(k) > aw} (2.79)

as N — oo. Substituting the last bound into (2.78) we derive

[BAV)|

P {C1 (GN(p, f)) > aw} < OBV S gy (BP {SC“P’(/@) > aw} +o(l) (2.80)
k=1

as N — 00, where & is some positive constant. Now similar to (2.71) we derive from

(2.80) with w = log |B(V)|
P {C1 (GN(p, c)) > alog|B(N)|} < BBWN) |z~ 1BV (! 5y +o(1),  (2.81)

where -
Ale,p) =) hu,(WEZ"".
k=1
It is clear that if 4,(c,p’) < oo for some z > 1, than for any 2 > @ the right-hand

part of (2.81) goes to zero as N — 00. Therefore we shall search for all z > 1 for which
the series A, (c, p) converge.

81



C

Proposition 2.5. Let 0 < p < p, and ¢ < ¢ (p). Then A,(c, p) < oo for all
0 <z < 2 := exp{e(l +yo — E&ICb0)}
where
]y, Z'fEc|C|€\C\C(P) > 1,
J0= Lp)/c, otherwise,

Proof. Denote g,(k) = Ez*"® . Function 2:(k) (as a generating function for a certain
branching process) satisfies the following equation

k) =2 exp {300, xpk, )1y (0)(go(x) — 1)}

=zt exp {ckOc(p)A.(c,p) — 1)} .
Multiplying both sides by 4u, (%) and summing up over £ we find
Ale,p) = i kit (R)2* exp { ck((p)As(e, p) — 1)} .
k=1
Denoting for simplicity A, = A,(c, p), we can rewrite the last equation as follows:
A, = i ky(R)2* exp { ck(x(p)A, — 1)} . (2.82)
k=1

It follows from here (and the fact that A, > 1/x(p) = A, for all z > 1) that if there exists
z > 1 for which the series A, converge, it should satisfy by (1.1)

z < &V, (2.83)
According to (2.82), as long as A, is finite it satisfies the equation

A, = (x(p)"'E (zICI gflcl(%(p)Az—l)) 7

which implies that A, is finite for some z > 1 if and only if the last equation has at least
one solution

A, > Ar = 1/x(p). (2.84)

Let us fix z > 1 and consider equation
y=E (zICI €f|C|<y—1>) (2.85)
for y > 1. It is easy to check that at least for some y > 1 and z > 1 function
f,2) :=E (z|C| gc\cww)
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. . . . . . 2
is increasing, it has all the derivatives of the second order, and g—yz f(y,2) > 0. Compute
now

)
5/ 2)|y—1 01 = cE|C| = [i (2.86)

Hence, if ¢ > ¢ there is no solution y > 1 to (2.85) for any z > 1. On the other hand,
if ¢ < ¢ then there exists 1 < zy < 5@ such that for all 1 < z < z, there is a finite
solution y > 1 to (2.85).

Let us rewrite (2.85) as follows. Set

1
a= —logz,
c
then (2.85) is equivalent to
y = E eI+ (2.87)

which after the change x = y — 1 + a becomes
x+1—a=Eelk (2.88)

Here on the right we have a convex function with a positive second derivative (for all

x < {(p)/c). Hence, function
0
| Clx c|Clx
3xE e E (c| Cle )

is strictly increasing in x when x < (p)/c, and continuous on the left at x = {(p)/c. By
the assumption

0
EEEC‘CV li—o=E|C| < 1.

Hence, if

0
5B = Ec|Cl 10 > 1,
X

then there exists unique y > 0 such that

0
aEgr\C\x |x:},: E (C|C|€f|C|}’) =1. (2.89)
Define now
|y, ifEc|ClelC1e0) > 1,
0= {(p)/c, otherwise,
and set

ay = 1 +_)/0 - Efrlcb«), (290)
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which is strictly positive due to the preceeding argument. (Notice that function x+1—4
is tangent to EI€%) Hence, for all 2 < 4 equation (2.88) has at least one solution,
which implies due to (2.87) that for all

z < zp =" = exp{c(l +y — Ee”‘c‘}"’)} (2.91)

equation (2.85) has also at least one finite solution y > 1. This yields in turn that A4, is
finite for all z < 7. This finishes the proof of Proposition 2.5. O

Now taking into account that ¢/ > ¢ and p’ > p can be chosen arbitrarily close to ¢
and p, respectively, the statement (1.4) of Theorem 1.1 follows by (2.81) and Proposition
2.5. O

To conclude this section we comment on the methods used here. It is shown in (9)
that in the subcritical case of the classical random graph model G, ./, (i.e., p = 0 in
terms of our model) the same method of generating functions leads to a constant which
is exactly (0, ¢) (see (1.9)). The last constant is known to be the principal term for the
asymptotics of the size of the largest component (scaled to log#) in the subcritical case.
This gives us hope that the constant a(p, ¢) is close to the optimal one also for p > 0.

Similar methods were used in (10) for some class of inhomogeneous random graphs,
and in (1) for a general class of models. Note, however, some difference with the approach
in (1). It is assumed in (1), Section 12, that the generating function for the corresponding
branching process with the inital state # (e.g., our function g,(#), # > 1) is bounded
uniformly in k. As we prove here this condition is not always necessary: we need only
convergence of the series A,, while g,(#) is unbounded in 4 in our case. Furthermore, our
approach allows one to construct constant a(p, ¢) as a function of the parameters of the
model.

2.5 Proof of Theorem 1.1 in the supercritical case.

Let C;, denote the set of vertices in the 4-th largest component in graph Gy (p, ¢), and
conditionally on X let Ci denote the set of macro-vertices in the 4-th largest component
in graph EN(X, 2,¢) (ordered in any way if there are ties). Let also C; and 6/? denote
correspondingly, their sizes. According to our construction for any connected component
Lin E;N(X, 2, ¢) there is a unique component L in Gy (p, ¢) such that they are composed
of the same vertices from B(/V), i.e., in the notations (2.10)

L=Uy 7 Ueex, {2} = V(D).

Next we prove that with a high probability the largest components in both graphs consist
of the same vertices.
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Lemma 2.3. Forany0 < p < p, if ¢ > ¢ (p) then
P{C, = V(C)} =1—0(1) (2.92)
as N — o0.

Proof. In a view of the argument preceeding this lemma we have
P{C, # V(C~1)} =P{C, = V(Cp) for some k > 2}.

According to Theorem 12.6 from (1), conditions of which are satisfied here, in the su-
percritical case conditionally on Ky such that Ky /|B(N)| — E(/C|™'), we have whp
C, = O(log(Ky)), which by (2.2) implies C; = O(log|B(V)|) whp. Also we know

already from (2.19) that in the supercritical case C; = O(|B(V)|) whp, and therefore
C1 = O(|B(IV)|) whp. Hence, for some positive constants # and &

P{C; # V(C1)} = P{C, = V(Cp) for some £ > 2} (2.93)

<P { <max|V(C~'/e)| > b|B(N)|> N <max C, < alog|B(N)|)} + o(1).
¥>2 ¥>2
It follows from (2.25) that

P{lg?[i(N 1Xi| > V/|B(N)[} = o(1)

as N — oo. Now we derive

P { (max|v@)| > b|B(N)|> N (max Ci < alog |B(N)|> } (2.94)
£>2 £>2

<P { (Tfﬁ"v(@” > b|B(N)|> N (rkn>a§( Ci < alog|B(N)|) N (lgg% 1X;| < \/|B(N)|>}

Yo(1) <P {\/|B(N)| alog |[BIV)| > b|B(N)|} +o(1) = o(1).
Substituting this bound into (2.93) we immediately get (2.92). O

Conditionally on C; = V(al) we have

G 1 K a
B = B i XX € Ci}

\B&V)\ Zzlivl ‘/:9:(11\1)‘ R{|X| = k}1{X; € C1} (2.95)

B(N) g
= A S k(X € G« X = £}
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Note that Theorem 9.10 from (1) (together with (2.2) in our case) implies that
1 ~
(k) == K—N#{)g €C: X = £} L p(k)u(k) (2.96)
for each £ > 1 as N — o0, where p(#) is the maximal solution to (2.17).

We shall prove below that also

|BWV)|

Wy = kw®) 5> kolbutk) = (E(C|™H) (2.97)
k=1

k=1

as N — o0. Observe that according to (2.17) constant 3 defined above is the maximal
solution to

B=E(CI™)Y  ke(Bulk) =E(C|™) & (1 — e ’f“evy)u@w) (k)

k=1 k=1
=1- E(eicmﬁ) .

This proves that § is the maximal root of (1.6). Then (2.97) together with (2.2) will
allow us to derive from (2.95) that for any positive &

p{‘M—,@] >e|C=VvEn}=p

BOV)] WN—,@’>E}—>0

Ky
|B(V)]
as N — oo. This combined with Lemma 2.3 would immediately imply

a(Gvpa) ,

BOV)] — (3, (2.98)

and hence the statement (1.5) of the theorem follows.
Now we are left with proving (2.97). For any 1 < R < |B(N)| write Wy =
WE + wk, where

R |BWV)|
Wi = k), wiy= > kw(k).
k=1 k=R+1
By (2.96) we have for any fixed R > 1
» &
W = ko(k)uk) (2.99)
k=1
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as N — 00. Consider wX,. Note that for any & > 1

Ne

2.100
X (2.100)

Ky
1
vy (k) < T lelkqx,-b =

Using events As n defined in (2.26), we obtain from (2.100) for any fixed 0 < 6§ <
E(C|™")/2and £ > 1

Evy(k) <E (g—;l{A&N}) +E (%HH})
EN,
E(|C]7Y) = 6) |B(V)]

< ( + | BN [P{A5 v }-

Substituting bound (2.40) into the last formula we obtain

x(P)u(k)|BIN)| + |0BWV)|u(k)

Evy (k) <
k) = (E(C|7Y) — 8) |BQV)|

+[BV)|P{A5 v}

Bound (2.27) allows us to derive from here that
Evy (k) < A; (uk) + (k) + e 1B (2.101)

for some positive constants A; and #; independent of #and N. This together with (2.48)
yields
[B(N)|

Ewfy = ) kEwy(k) < e F (2.102)
k=R+1

for some positive constants A, and ;.
Clearly, for any € > 0 we can choose Ry so that for all R > Ry

> koBulk) < €/3,
k=R+1

and then we have

P{|Wy — Y ko(Bu(k)| > c} (2.103)
k=1

R 00
= P{(WE — > kobu®) + uwfy — > ko] > €}

k=1 k=R+1

R
< P{IWE = kolk)uk)| > /3} + P{w) > ¢/3}.
k=1

87



C

Markov’s inequality together with bound (2.102) gives us

E Ao R
P{uf > e/3} < 2 :’ﬁ’ <3 2‘; . (2.104)
Making use of (2.104) and (2.99) we immediately derive from (2.103)
> 31‘1267‘121?
P{|Wy — Y ke(huk)| > e} < o(1) + — (2.105)

k=1
as N — oo. Hence, for any given positive € and &) we can choose finite R so large that
Jim P{|Wy — ; ko(R)u(k)| > €} < . (2.106)

This clearly proves statement (2.97), and therefore finishes the proof of the theorem. O
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Chapter D
Spread of Activation on Random

Graphs

T. Vallier

Centre for Mathematical Sciences, Lund University, Sweden

Abstract

We consider the spread of activation in the Erdés-Rényi random graph G, , from a fixed
set of activated vertices A,(0) with |4,(0)| depending on 7. Any vertex which is linked
to at least 2 activated vertices becomes activated. We describe and analyze the process
of activation. In particular, when p = £ and |4,(0)] = o(n), the activation does not
spread through a positive part of the vertices (as # — 00). When % = o(n) we show that,
depending on |4,(0)| the total number of activated vertices varies from o(7) to 7 — o(n).

This indicates existence of a phase transition along different parameters of the model.

Key words: Classical random graphs, phase transition, contact process.
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1 Introduction

In the last decade a number of models of random growth were introduced in probability
to study natural phenomena. Here we study a marginal case of a network designed to
study the spread of activity in a neural network and introduced in (5) . A special feature
of such a network is that a neuron often needs several incoming impulses to be activated.
To model this effect we introduce the following model.

Let G, denote an Erdés-Rényi random graph on the set of vertices V, = {1, ..., n}
where the edges between any two different vertices 7 and j are present independently with
probabilities

pii(n) = p(n).

Here we denote (7, ) as an edge between 7 and j in G. The set V,, is separated in two types
of vertices, the activated and the non activated. Let all the vertices with indices in

be activated.

Any vertex v which is connected to at least two vertices in 4, (0) becomes activated and
is a vertex of the first generation which we denote » € B). The vertex v remains activated
and now contributes to the activation of other vertices through its edges. At each step, any
non activated vertex becomes activated if it is connected to at least 2 activated vertices.
Since the original set of activated vertices 4,(0) is not necessarily connected, the maximal
set obtained along the process of activation which we denote 4, (%) does not need to be
connected either. Thus |4,(n)| has no connection with the size of the largest connected
component. However, any vertex of A,(n) is connected through a path to a vertex of
A,(0). Consider during the process of activation the link between activated and non
activated vertices as directed in the sense of activation, a vertex v is in the #” generation,
v € Bt if the longest path through directed edges from 4,(0) to » has length .

This model resembles contact processes (4), models of random growth (e.g., (2)). It
fits a general definition of a probabilistic cellular automata (1) (which are known to be
extremely difficult to analyse in a full generality), and is rather close to a "semi-totalistic"
mean-field model also defined in (1). However in the "semi-totalistic" mean-field model
the neighbourhood is deterministic while in this paper the neighbourhood is defined
through the links in the random graph.

2 Results

Theorem 2.1. Let p(n) > < for some ¢ > 0 arbitrarily fixed with lim, o /np(n) = 0.
Iflim,,—, o |A,(0)|np*(n) = O then

|4, (n) | np?(n) = 0. 2.1)
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2. Results

Corollary 2.1. Under conditions of Theorem 2.1

|An (7’1)| P
— =
n

0. (2.2)

Theorem 2.2. Let p(n) = %”) Jor some w(n) such that lim,_, o w(n) = 0o and

lim,, o0 2(n)/7 = 0. IF|A0)| > XE% where v > 0 then
? np2 ()

|An(n)| P
_—
n

1. (2.3)

Corollary 2.1 tells us that starting with a set of vertices of size |4,(0)| = 0(%) as

n — 00, with a probability tending to 1 as 7 goes to infinity, the activation doesn’t spread
through a positive part of the graph. On the other hand, if we start with a set of size at least

n;"f(:) then the size of the set of activated vertices rescaled by 1 converges in probability
to one. (We activate almost all vertices.) The change occurs when |4,(0)| ~ W We
study the case p(n) = ﬁ separately where ¢ > 0 for which the range of the threshold is

of order constant.
Theorem 2.3. Lez p(n) = \/Lz
1. If|4,(0)| = k > 2 then there exists {(k, c) > 0 such that for any € > 0

1> lim ]P’{M >1-— s} > Lk, c). (2.4)

7n— 00 7

2. If14,(0)| = aln) where a(n) is such that lim,—oc o(n) = o0 then

|An (7’1)| P
— 1
n

(2.5)

If we start with a finite number of vertices with a positive probability lower than
1, we activate almost all the graph. If we start with a number of vertices o) where
lim,, o0 () = 00 then with a probability tending to 1 as 7 goes to infinity we activate
almost all the graph.

In the case when the probability of connection is much larger than ﬁ, even starting

with a finite number of vertices, the size of the set of activated vertices rescaled by 1
converges in probability to 1.

Theorem 2.4. Let p(n) = %for some w(n) where lim,,_, 00 w(n) = 0o. If|A0)| = k >

2 then
|[A(n)| »
AN

n

(2.6)
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3

Basics

3.1 The algorithm

To analyse the size of A,(n) we shall introduce the following algorithm which uncovers
the vertices of A,(n). This algorithm can be compared with the well-known algorithm of
finding a connected component in a random graph (see, e.g., (3)).

On agraph G € G, , we construct a process (An(t), E(t)), t=0,...,n, as follows.

The set V, is separated in two types, the activated vertices and the non activated

vertices. Let A,(#) denote the set of activated vertices at time # € {0, 1,...}. We start
with

The spread of activation is defined according to the following algorithm.
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o Step 0. Let #) be a vertex chosen uniformly at random among the vertices of 4,,(0).
Denote this distribution as %y € U(A,,(())).

1. Find all the neighbours of #) in G (i.e. the vertices connected to % in G).

Call that set NV (ug).

2. Set a directed edge from the vertex uy to any vertex # € N(up) and denote it
(g, %). Call £,,(0) = {(o, %), u € N(up)} the set of directed edges at time
0.

3. Mark # as saturated. Denote S,(0) = {up} the set of saturated vertices at
time 0. Notice that the set of saturated vertices will always be included in the
set of activated vertices

Su(t) € A,(#) for any ¢ > 0.

e Step 1. Letuy € U(An(O) \ Sn(O)).

1. Find all the neighbours of #; in the graph G among the vertices V,, \ 4,(0).
Call them N(u1) = {u € V, \ 4,(0), (u1,u) € G}.

2. Set directed edges (u1,#) from u; to u € N(u;) and denote AL, (1) =
{(ur, %), u € N(u;)} the set of these edges. Then

L,(1) = L£,(0) U AL, (1),

is the set of directed edges at time 1.

3. Mark #; as saturated and set



3. Basics

4. Find all the vertices among N (u1) with in-degree 2 (i.e, vertices # having two
incoming edges in £,,(1)). Call them AA4,(1). The set of activated vertices at
the end of step 1 is

Up to step £ = |4,(0)| — 1, we choose u;, € U(An(O) \ S, (k- 1)) and follow the
same procedure as above, setting

L, (k) = Lk — 1)U AL,(k),

Su(k) = S,(k — 1) U{u},
An(k) = A,k — 1) U AA,(k),
Then at time ky = |A4,,(0)| we have
(ko) = A,(0). (3.7)
Call
B, = A, (ko) \ 4,(0),

the first generation of activated vertices. We shall say that 4,,(0) is the generation 0
of activated vertices.

We now define recursively further generations as follows. Suppose we constructed
the / > 1 first generations and at time 4, = |A4,(0)| + Zle |B: | we have (as in
(3.7)

/
Suk) = A, U B,.

i=1
Call )
Bw—&W\PWWU@}
i=1
the generation / + 1 of activated vertices. We can now define the algorithm at any
time 4.

o Step k > |A,(0)|. Let w; € U(B{;\Sn(k)) where j = min{i > 1: B/ \ S,(k— 1) #
0}.

1. Find all the neighbours of #; in G among the vertices of V, \ 4,(k — 1) and
call this set N (u).

2. Set directed edges (u, %) from u, to u € N(w) and denote AL, (k) =
{(u, 1), u € N(uy)} the set of these edges. Define

L, (k) = L,(k—1) U AL, (k),

which is the set of directed edges at time 4.
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3. Mark wu; as saturated and set
S, (k) = S,k — 1) U {u}.

4. Find all the vertices among N (#;) with in-degree 2. Call them AA,(#). The

set of activated vertices at the end of the step 4 is
A, (k) = A,(k— 1)U AA, (k).

We denote A, () the limiting set of activated vertices and £,,(#) the limiting set of directed
between 2 vertices of A,,(n). The graph of activated vertices is thus

Gu(n) = (Au(n), L,(n))

The algorithm stops after step # < 7 in two different cases: either all the vertices are
activated i.e.,

|4, (k)| = n, (3.8)

or

A, (k) = S,(k), 3.9)

in which case we have explored the neighbourhood of all the activated vertices and
A,(n) = A, (k).

To simplify the notations, we will only write A(k) for A, (k) omitting the index 7.

The limiting set of activated vertices A(7) is function of the given graph G and the
original set of activated vertices A(0) where A(0) is chosen randomly. The order in which
we choose the vertices in the algorithm has no incidence on A(7). Similarly as in (1), the
only information of relevance is the number of activated and saturated vertices at time #
in the algorithm.

The following lemma implies that starting with a set A(0) of activated vertices and
picking the vertex #, in any order O = (ug, #1, ...) among the activated vertices at time ¢,
we generate the same set of activated vertices A,,.

Lemma 3.1. Let A(0) C V and let A(n) and A'(n) be the limiting set of activated vertices
in the algorithm with an order O and respectively, O" on a graph G € G, , then

An) = A (n).

Proof of lemma 3.1. By definition a vertex v € A(n) if there exists a path of directed edges
from a vertex of A(0) to v:

A(”) = {7/ eV:due A(O)7 Elula s U € Va (m)a (uia ui—l)a ey (742, ul)a (m)}

Suppose that there exists a vertex v € A(n) such that v ¢ A'(n). Since v € A(n) there
—_—

exists two vertices # and #} € A(n) such that (w1, 2) € L(n) and (#},v) € L(n) where
L(n)is the set of directed edges generated along the algorithm.
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4. Proofs

If u; € A'(n) and | € A’ (n) then v € A’ (n). This implies that either u; ¢ A] or
u] ¢ Aj. Suppose that #; ¢ A'(n), using the same argument as above, we show that at

least one of the vertices uy, #) with (uz, u1) € L(n) and (¢5, #1) € L(n) doesn’t belong to

A'(n). Say that uy ¢ A'(n). Recursively, we find a vertex #; € B! is such that #; ¢ A(n)’.
—

If (ug, u;) € L(n) and (upy, u;) € L(n) then uy ¢ A'(n) or uy ¢ A'(n) which contradicts

the fact that #), and uy € A(0) C A’ (n). Finally, for any v € A(n) we have v € A'(n) from

which it follows A’ (n) = A(n). O

Although unnecessary to find |A(n)|, we order the vertices in the algorithm in gen-
erations. This notion provides information on the spread of activation and allows us to
give a more extensive picture of the graph of activated vertices. It is however meaningless
to consider the limiting set of edges £(#) in the graph G,(n) as the edges are directly
dependent of the order O in which we picked up the vertices in the algorithm. Suppose
for example that a vertex of the first generation is the neighbour via undirected edges with
at least 3 vertices of A(0), say u1, uy, u3. A vertex becomes activated if its in-degree is 2,
we see that picking first #; and u,, then (u3,4) ¢ L(n) while if we choose u, and u; first
then we will have (u3, %) € L(n) but (uy, %) & L(n).

3.2 Probability of activation

In the following, we call probability of activation at step # the probability that a non
activated vertex u ¢ A(t — 1) becomes activated at step ¢ in the algorithm, u € A(z).
Let u ¢ A(t — 1). The probability that at step # the vertex # becomes activated is

pa(t) =P{u e A() \ At — 1)}
= P ) N B i < 1, 0}

t—1
=Pl i)y P{ann}y [ P{@ a7
i=0

<t

:pz(n)t(l —_p(n))t_l.

4 Proofs
4.1 Proof of Theorem 2.1

In this part, we prove Theorem 2.1 which states that if we start with a number of activated
vertices |A(0)| = m where lim,,—, o 2(n) = 00 then with a probability tending to 1
as 7 goes to infinity, the size of the set of activated vertices remains in this region.

The following lemma states that if the size of A(0) is sufficiently small then with a

probability tending to 1 as 7 goes to infinity, no vertex is activated.
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Lemma 4.1. Let p(n) > < for some ¢ > 0 such that lim, .o p(n)\/n = 0. Let a(n) be a

Sfunction such that lim,_ o o(n) = co. If|A(0)] < W then
lim P{|A(n)| — |A(0)] > 1} = 0. (4.10)

Proof of lemma 4.1. Suppose that |A(0)| = {

becomes activated at time s is p,(s) with

WJ The probability that a vertex #
2a5) =P{u € As) \ A — 1)}
zpz(n)s(l —p(n))ﬁl.

The number of activated vertices at time s follows a binomial law
Y(s) = [A(0) \ AGs — D)| € Bin(n — |As = D], pa(s))-
The fact that )
A@®) = AO0) U {46 \ A6 - 1},
o

for any # > 1 implies
t
A@)] = 1A©)] + Y Y(s), (4.11)
s=1

for any t > 1. The probability of activation of a vertex at time s is bounded from above
by
2a(s) < P2 ()s.

The random variable Y(s) is stochastically dominated by the random variable U™ (s) €
Bin(n, p*(n)s). Therefore

|A0)|—1 |A0)|—1
IE( > Y(;)) g]E( > U*(.«)).

s=1 s=1

with E(U+ (5)) = np?(n)s. We deduce that

|40)]—1 |4(0)| —1
E( Z Y(s)) < npz(n) Z s
s=1 s=1
< 205 (4O ~ 40)]). 4.12)
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4. Proofs

By assumption |A(0)| = {WJ Equation (4.12) implies
2031 2 1
np (71)5(|A(0)| - |A(0)|) < otz—(n)’

from which we derive
[40)|—1

1
IE( > Y(;)) < 2o (4.13)

s=1

Using Markov inequality

EX
P{XZE}§?7

where X is a nonnegative random variable and equation (4.13) we find that

|4(0)] -1

nli)rgo]P’{( > Y(:)) > 1} =0.

s=1

which implies by (4.11) that
lim ]P’{|A(|A(0)| —1)| - |40©)] > 1} ~0 (4.14)

With a probability tending to one as # goes to infinity, the process of activation of the
vertices stops at time |A(0)| since all the activated vertices are saturated

lim P{IA(J4O)))] — 1S(4O] = 1)| =0} = 1.
The condition (3.9) is fulfilled and
lim ]P’{|A(|A(O)| —1)| = |A(n)|} —1. (4.15)
Together, (4.14) and (4.15) imply equation (4.10)
lim P{|4(»| - 40| > 1} =o.
which proves Lemma 4.1 O

If A(0) doesn’t fulfil the conditions of Lemma 4.1 then vertices are activated with a
positive probability. We show that if the number of activated vertices non-saturated is
of order constant then there is no further activations with probability tending to 1 as
7n— 00.
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Lemma 4.2. Let p(n) > < for some ¢ > 0 such that lim, oo p(n)\/n = 0. Let a(n) be

such that lim,_, o a(n) = oo, t(n) = m and C a positive constant. Then
Tim P{|A()| — G| > 1][ ()| — ) < C} =0, (416)

Proof of lemma 4.2. By the definition of saturated vertices in the algorithm, we have
|S (t(n))| = t(n) + 1 therefore the number of activated vertices which are non saturated
is

|A(t(n))| - |S(t(n))| = |A(t(n))| —t(n) — 1.
For

tn) = {WJ (4.17)

we have in the condition in (4.16)
|A(t(n))| =t(n)+ C.

The expected number of vertices activated between time #(7) and |A(t(n))| =t(n)+Cis

t(n)+C t(n)+C
IE< Z Y(;)) gE( Z Uﬂ;))

s=t(n)+1 s=t(n)+1
t(n)+C

<) Y s

s=t(n)+1

< npz(n)(Ct(n) + Ct+ C).

By (4.17) we have

t(n)+C 2

c  , C+cC
< — .
]E<S_Zt(”)+l Y(S)) S TP

By assumption lim,, ., 7p*(1n) = 0 and lim,,_, o o(n) = 0o therefore

t(n)+C
lim E( > y(.«)) =0. (4.18)
e s=t(n)+1
Using Markov inequality and equation (4.18) we find
t(n)+C
lim ]P’{ Y vz 1} =0. (4.19)

s=t(n)+1
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Similarly as in the proof of Lemma 4.1, (4.19) implies

tn) = {;J} —0  (420)

Tim P{1A(1A(0n)1) | = 1A(:00)] = 1 2 ()

This shows that with a probability tending to one as 7 goes to infinity, there is no further
activation after time |A(t(n)) |. Using (4.20) we deduce that if |A(t(n))| = t(n) + C then

Tim P{146) |~ |A(m)] > 1|e0) = {m“ —0.

O

Now that we know under which condition the process of activation stops we can
prove that the conditions of lemma 4.2 are fulfilled if lim,,—, o |A(0)|7p* (1) = 0.

Proof of theorem 2.1. Write

0] = | (4.21)

1
)

where a(#) is an arbitrary fixed function such that lim,,—, o a(n) = 0.
We study separate cases.
A. In the case when lim,, .

W = 0 which implies lim,,_, o0 |4(0)|/7p(n) = 0
then the condition of lemma 4.1 is fulfilled and

lim P{|4(s)| — [40)] > 1} =o.

B. Suppose now that there exists ¢ > 0 such that a(n) < m The expected size of
the first generation B' is by (4.12)

1
E(|B']) < np*(m)5 (14O — [40)])
I, 5 1
< omp (m)|A©O)[*(1 — m)
Using (4.21) and the fact that |A(0)| > 2, we have

w11
E(|B']) < EMVI(O)W - m)
1
< 2oy MO (4.22)
B;. Consider the subcase when
c
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for some ¢ > 0. Equation (4.22) gives
E(18']) < G,
for some C} > 0. Let € > 0 and let M = L%J + 1. Consider the event
D= {B] > M},

Then by definition of M and using equation (4.24), we find
E(|B
P{D} < ]P’{|Bl| > Q}

Using Markov inequality, we have
P{D} <e.
Under the condition that |B'| < M and by (4.21) we deduce

lim P{|B* > 1|D} =0,

n— o0

where D¢ = {|B'| < M}. We derive that for 7 large

P{|B’| > 1} < P{|B’| > 1|D°} + P{D}
< 2e.

By the definition of the algorithm we have the equality of the following events

{l40)| > |AO)] + (B[} = {|B*] = 1}.

By (4.26) for n large
P{|A(n)| > |A(0)| + |B'|} < 2e.

By the assumption (4.23) we have lim, .o, [4y| = 00 and using (4.25) we find

lim P{|B'| > |A(0)|} = 0,
which together with (4.26) implies

lim P{|A(n)| > 2|A(0)|} = o.

By assumption lim,, ., [A(0)|np*() = 0, thus

lggo P{|A(n)|np*(n) = 0} = 1.
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4. Proofs

This proves Theorem 2.1 in the case a(n) = \/—; o

B;;. From now on, suppose that hmnﬂ00 \[(”) =0.

Define for any 7 such that lim,, ( o ) |A(0)] = oo, the event

5= {15 < (o) o) }.

We shall prove that for a certain 4
ko—1
lim ]P’{ N B/e} (4.27)
k=1

This would imply that

ko—1 k—1 ¢
P{|A()]| > 21A0)]} < IP’{|A(n)| > 2140 Bk} + p({ N Bk} )
k=1 k=1

ko—1

ﬂ Bk} + 0(1) as n — 0.

< P{|A<n>| > 214(0)
k=1

To prove (4.27), consider the conditional expectation

A0+ 5]
E(|Bk| \ 1B, .., |B’H|) < S s

[AO) [+ 327 | B/|+1
< npz(n)wf?*w%(zm(on bt 2B 4 BY).
(4.28)
The inequality (4.28) holds almost surely and for any B;, we have
B; € o(B"),
where 6(B') is the sigma algebra generated by the random variable B'. Hence we find

k—1

|B|‘Bl,,_ Bit) < mpt( ())k_llA(o)P(Hz ( (n)))

=1

k—1

. ﬁ(ﬁ)“ (1 +zz((i)i) A0, (429)
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for any k such that lim, ( a(ﬂ)) |A(0)| = co. Notice that for any € > 0 there exists

N such that for any » > N we have

k—1

(ﬁ)i <1+g¢,

i=1

which implies

2+s(i k=1
aln) \ a(n)

E(|Bk|‘ Bl,...,Bk_l) <

Define

A
/e() = mm{/e |O(%(((7)’1))| < Cl},

for some C; > 0. Consider the following

]P’{B,Q}Bl,...,Bk,l}_ {|Bk|>( )|A(O)|‘Bl,...7 }

Using (4.31) and Chebyshev inequality we find

{IB/el >( ) |A(0)|‘317” B/@} of(n)

We can find the probability for the event By N ... N By, —;

ko—1 ko—1 O/e(i’l)
PMW&}ZHOfﬂAM)
=1

which converges to 1 as 7 goes to infinity if

)

Jim, Z [A(0)] —

The sum in (4.33) is bounded from above as follows

ko—1
 (n)
< 20!
Zﬂmmrwmw )
By definition of kg (see (4.32)) we have
0—1 _
lim W&f (n) = 0.
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4. Proofs

We find that
fg—1

lirgop<{ ﬂ Bk} > =0. (4.34)
k=1

For & = kg there exists C such that

ko—1

N Bk) <cC.
k=1

By (4.34) and using Markov inequality we find that for any € > 0, there exists M such

that we have .
0—1
N Bk} <. (4.35)
k=1

E(|8")

]P’{|B"’"| >M

k
Let t(n) = |A0)| + ﬁ|A(O)| Zj’:l (ﬁ) . Using Chebyshev inequality, equations
(4.29) and (4.34) we find for any £y > 0 and 7 large

P{la(s* )| < 10} < P{14(8%) < 0 n .} +P{kﬁl .}

k=1 k=1

< 0.

By (4.30), we have
1) < 2|4(0)].

By assumption, |A(0)| = thus #(») fulfils the conditions of Lemma 4.2. Similarly

1
a(n)np*(n)
to the case B;. we find using (4.35) that

]P’{|B’€°+1| > 1} <e

With a probability tending to one as 7 goes to infinity the process doesn't activate fur-
ther vertices after the generation ky. Using (4.29) we find that the expected number of
activated vertices is

ko—1 o)

) 5:) < b0+ 140/ > (=)'
k=1 k

=1

E (|40

< |A(0)|(1+£1_%).

an)
We deduce using Chebyshev inequality that

lim ]P’{|A(n)| > 2|A(0)|rh1 Bk} —0.
k=1
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By (4.34) we can conclude that
lim P{|A(n)| > 2]4(0)|} = 0.

Since lim,,—, o0 |A(0)|7p*(n) = 0, we have for any € > 0
lim P{|A(n)|np*(n) > €} = 0.

which implies theorem 2.1. O

4.2 Proof of Theorem 2.2

The proof of Theorem 2.2 is splitted in several propositions. We first prove that if we
activate a positive part of the graph then with a probability tending to 1 as # — oo, we
activate almost all the graph. Then we find under which condition we activate a positive
part of the graph. In the Proposition 4.2, we show that it is sufficient that we can activate
at least @ vertices with ¢ > 0. Propositions 4.2, 4.3 and 4.4 give a chain of conditions
under which we activate at least ]ﬁ vertices for some ¢ > 0 coming off with the condition
[AO)] = 5505, v > 0.

The following proposition implies that in a graph if the probability of connection
between the vertices is p(n) = ()

n

part will activate almost all the graph.

then if a positive part of the graph is activated, this

Proposition 4.1. Let p(n) = ("}(1") Sfor some w(n) with lim,_, o w(n) = oco. Consider the

graph G, , = (V,L). Let 9 > 0 and Sy C V with |S9| = |In]. For any set S>. with
|S>c| > enand Sy NS> = 0:

lim P{ﬂv € Soe, Jur,uy € Sp i (m,0) € L, (ug,v) € C} =1

n—0o0

With this lemma, we only need to show that we activate a positive part of the graph
to show that we activate almost all the graph.

Proof of proposition 4.1. Consider a set Sy with |Sy| = |¥n], the event that a vertex
has less than 2 connections (i.e. 0 or 1) with the vertices of Sy is

|92 [9n]
= [P [ Un 0 o))
=1 =1

I£i,1< | 9]
which has a probability
[ 9n] [ 9n]
P{F} = IP’{ ) (@1, w) U { Ue,wn (vl,unf}}
i=1 =1 I£i 1< 9n

= (1 —p(ﬂ))mnJ + 9] n_p(n)(l —p(n))wnj_l.
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By assumption p(n) = ©0) with lim,_ 0o w(7) = 0o, then for any g > 0 there exists
Ny > 0 such that for any n> Ny

P{F} < %0 1 Ye(m)e "M (1 + &).

The probability that any vertex v € S¢ is connected to at most 1 vertex of Sy is

re= (L) (6}

L(l _ ,19)” Len] [9n] [ 9n]
N ( |en] > {ﬂ ﬂ(v’” )" U { U(%%z)ﬂ ﬂ (4, %/)f}}
k=1 i=1 I#£i,1< | 0n)
< (L(l L;ﬂ'lj)”J) (e—ﬁzo(n) + ,lgw(n)e—t%)(n)(l 4 EO)) En(l Lo, 436

Using Stirling formula in (4.36), we find

b 1L VIZ9 1 ( -9 )ﬂ—w"
en < \/—n\/gm\/— 1-9—¢
(71 — ::9_ 8) (5_19")(" + Je(n)e” "M (1 + 50)) En(l + &)
and

Considering Se as a subset of §>. we can extend (4.37) to S>.. This proves Lemma

4.1. (|

The following lemma states that at step #(z) such that lim,_,o #(#)p(n) = 0, then
up to time #(n), for any € > 0 the number of activated vertices is less than ez with a
probability tending to 1 as # goes to infinity. This shows that the condition [A(s(n))| >
P( 5 for some ¢ > 0 is the right one. More important, this implies that up to time
#(n) with lim,,_, o #(n)p(n) = 0 then the number of vertices non activated is larger than

n(1l — ¢) for any € > 0. This condition will be used along the following proofs.

Lemma 4.3. Suppose that |A(0)| = m Jfor some on) with lim, oo a(n) = 00. Let
p(n) > ‘ with ¢ > 0 and lim, .o p(n) = 0. For t(n) such that lim,_ o t(n)p(n) = 0
consider the event

Ag(t(n)) = {|A(t(n))| < en},

lim P(A(+()) =

n—oo

then
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Notice that we have A.(s + 1) C A.(s) which implies ﬂjﬁ A:(5) = Ae (t(n))

Proof of lemma 4.3. Using the fact that the random variable Y'(s) is stochastically domi-
nated by the random variable U (s) € Bin (n, pz(n)s), we have

t(n) +
P(A:(e(m)) < ]P’{ |Ai°)| LA E}'

n
By assumption lim,,_, o W—no)‘ = 0. Therefore, for 7 sufficiently large, we have
S Ut e
¢ < =1 7 — 5. .
P(A:(e(m)) < IP’{ —— >~ (4.38)

Since U™ (s) € Bin(n,pz(n)s), we have
E(U+(5)) = npz(n)s (4.39)

and Var(U""(s)) < E(U+ (5)) The random variables U1 (s), s = 1, ..., #(n) are inde-
pendent. This gives

t(n) t(n)
Var(Z U+(5)) = Z WV(U+(5))

s=1 s=1
t(n)
<) E(UT). (4.40)

s=1
Using the result (4.40) and Chebyshev inequality, we find

i

t(n) t(n

) LS
S Ut - ;E(UJF(;)) > gn} V(5 UT0)

s=1 B (%)2;12
t(n +
O E(UHE)
< Z—l(i)—gnz"f) (4.41)
By (4.39), we have
l‘(ﬂ) 2
S EU0) = 2T (4.42)
s=1
By assumption lim,,—, o #(n)p(n) = 0 so for n large (4.42) implies
(n) c
Y E(UTW) < & (4.43)
s=1
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4. Proofs

Using (4.43) in (4.41) we find

Hence o
t(n +
lim P{M > f} —o. (4.44)
n—0o0 n 2
By (4.38) and (4.44) we deduce that
lim P(A- (1)) = 1. (4.45)

O

w(n)
n

Lemma 4.4. Let p(n) = Jfor some w(n) such that lim,_, o (1) = 00 and
lim,, o0 p(n) = 0. Suppose that lim,,_, W—no)l =0. Let t(n) = L% + t(n)] with3 >0
and lim,_, oo p(n)t(n) = 0. Then for any 0 < 0 < 1, we have for n large

P{|A(t(n))| > (1= B+ De )1+ ) @'

[A(e00)] > 1)} <

where C(B) > 0 forany 3 > 0.

Prof of lemma 4.4. We first bound from above the expected number of activated vertices
and then using Chebyshev inequality, we find a bound on the probability.

The random variable ¥ (s) is stochastically dominated by the random variable

U™ (s) € Bin (n,])z(n)s(l —p(n))s_l). Therefore

P{|A(t(n))| >n(l— B+ l)efﬁ)(l +9))
t(n)
< P{lAO]+ Y U0 2 n(1 = B+ D)1+ 8) A1) > 100} (4.46)

s=1

A(e(m)| > t(n)}

We have
s—1
IE(U+(5)) = npz(n)s(l —p(n)) .
We bound the sum in (4.46) using integrals. Consider the function g(s) = npz(n)s(l -

_p(n))j_l for s € R. It has a single maximum at 5y = ﬁ + 0(%) with

2(s0) = np(n)eil + O(npz(n)). (4.47)
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We have
#(n)—1 #(n) #(n)+1
/ 0 — glop) < S E(UF0) < / (Odstgl).  (448)
1 p 1
Suppose that #(n) = 1% + ©(n), with lim,,_, o p(n) T(n) = 0. We change the variable into

s= 5, ds = ﬁdx. The upper bound in (4.48) becomes

(1)’
Ho)+1 B+ () +1p() )
/ g(s)ds = n/ x((l —p(n))’(”’) dx.
0 0
1
Since (1 —_p(n))”‘”) < ¢! we have

t(n)+1 B+ (t(m)+1)p(n)
/ g2(8)ds < / xe ¥dx
0 0
< (=1 = (B+ () + Dplm)e P 1,

By assumption lim, .o p(7) = 0 and lim, . p(#)t(n) = 0 so for any g > 0, there
exists Ny such that for any #n > Ny we have

t(n) t(n)+1
Y EUOS [ b+
s=1 0

< (1+e)n(l— B+ DeP).

For the lower bound, we use the fact that for any €;, there exists N} such that for any

n> Ny wehavee (1 —g) < (l —p(n))ﬁ which gives

tH(n)—1 B+(z(n)—1)p(n) 1\ x—p(n)
/ g2(s)ds = / x((l — ])(n)) 20 ) dx
1 p(n)

B+(z(m)—1)p(n) x
> / x(e_l(l - 51)) dx.

=p(n)

There exists IV, such that for any n > N,

t(n)—1
/ g()ds — f(s0) > (1 — 351)(1 —(1+2e)(B+ l)eiﬁ). (4.49)
1

Similarly to the proof of Lemma 4.3 equation (4.40), we use the fact that the random
variables U (s) are independent, have a binomial distribution
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4. Proofs

Ut(i) € Bin(n,pz(n)s(l —p(n))ﬁl) and szr(UJr(s)) < E(U+(s)). Thus for any
€ > 0 we have

L) 11 1
P Ut(s) > (1+e)n(1—(B+1)e? }g — - .
{Z ’ n(1=EDe) en(— 351)(1 —(1+2e)(B+ l)e*ﬁ)

s=1

By assumption lim,—, W—”O)‘ = 0, we have forany 8 > 0

]P’{|A(t(n))| >n(l—@B+DeP)1+e

|A(t(n))| > t(n)} < CT(’B) (4.50)

where C(8) > 0 for any 3 > 0. Notice that C(f) is a decreasing function of 8 and
ﬁhir}) C(B) = oc. (4.51)

O

Lemma 4.4 gives us a lower bound on the number of non-activated vertices. Thanks
to this bound, we can find a lower bound on the number of activated vertices and prove
in the following proposition that if we have at least }% activated vertices with 5 > 0 then
we activate a positive part of the graph.

w(n)
n

Proposition 4.2. Let p(n) =

lim, o0 2O = 0. Let t(n) = | -2 | with 8 > 0 andlim, .o p(n) t(n) = O then for

p(n)+t(n)
anye >0

Jor some w(n) with lim,,_, o w(n) = 00 and

|A(t(n))| > t(n)} =0.
(4.52)

nlin;OP{|A(t(n))| < n(l — (%ﬁz +0+ l)g—Zﬁ)a —g)

Proof of proposition 4.2. We suppose that {|A(t(n))| > t(n)} is fulfilled. We first notice

that for any s; < s, we have {|A(s1)| > 51} C {]A(s2)| > 52} since if we have {|A(s;)] =
51} then the process of activation stops and {|A(s2)| = s1}. Thus {|A(s2)| > 5} C
{]A(s1)| > 51} and we have the required inclusion for s; < 5,

{lAGD] > s} € {A(s2)| > 2}

Conditioning on {|A(#(n))| > #(n)}, we have {|A(s)| > s} for any s < #(n). Denote
fG)=1- (%,82 +B+ l)efzﬁ. Let 6 > 0, consider the following events.

o If|s= ﬁz) + t(n) | with o < 6 and lim,,—, o0 T(m)p(n) = 0, define

As) = {|A(;)| < n(l — (54 1)6—5)(1 n g)‘m(m > s}. (4.53)
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o Ifs= Lﬁi) + t(n) | with @ > 6 define
As) = {|A(;)| < n(l ~ (a+t 1){01)(1 + g)‘m(m > s}. (4.54)

We fix 6 > 0 to avoid the problem of control on C(a) since by equation (4.51) we have
limg,—¢ C(a) = oo.
We consider the following probability measure

P, (X} = P{X’|A(t(n))| > t(n)}.

We shall prove that

Foy
lim IP’,(”){ N AE(;)} =0. (4.55)

s=1

This would imply that

P{’A(t(n)) <nf(B)(1—e) |A(t(n))| > t(n)}
5 L5 L6 c
< P,@{]A([MJ)] <#©-9| Asm} +1Pz<n>({ N Asm} )

L5

m AE(S)} +o(1)asn — oco. (4.56)

s=1

< P»w{w <nf(B)(1 — e

n

Lets = Lﬁ + ()| with @ < 8. The number of activated vertices is a monotone

increasing function of time thus

P (AL () = P,(n){|A(:)| > n(l — 6+ 1)5—6) 1+ s)}

< P,(,,){‘A(L%J)‘ > n(l — G+ 1)175)(1 n s)}.

By (4.50) we have for any €5 > 0 and for 7 large

CcC(o
By (A09) < %(1 ey,

Lets = Lﬁ + ©(n)] with « > 6. By the same reasoning as above, we find

C
B (4:0) < S 201 46,
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4. Proofs

Since C(a) is a decreasing function of &, we have

t(n) (A[ (5)) < L(1 + 83)

Summing up over the 5 first steps, we find

Lir ) N
> Py (Ai(o")) < PO
s=1

np(n)
Hence
L6 ,3 )
ol {10 ) <.
By assumption lim,—.oc —— = 0. We can conclude that

np(n)

Fol ¢
s=1

In the case (4.53) where |s = #’(f) + t(n)| with & < 6 the random variable (Y(5)|.AE(5))

stochastically dominates the independent random variable U; (s) defined as

Uy () € Bin({n(l — g)(5+ l)eiﬁJ ,p,,(s)).

In the case (4.54) where s = L}#"‘Z) + t(n) | with @ > 6 the random variable (Y (5)|A5(5))

stochastically dominates the random variable U, (5) defined as

Uy () € Ban(l - g)(a—l- 1)[“J ,pﬂ(;)).

Define

U () = {Ul (5) ifs= Lp(n) + t(n) | with o < &
Uy, 5) ifs= Lp(n) + t(n) | with & > &
Suppose that #(n) = Lﬁi) + t(n)]. Changing the variable into s = S0 We find for any
€1 >0

t(n)

6 B
S E(U0) z<1—s><n<6+1>e5 | s | x<x+1>e2xdx> — ¢o),
s=1 p(n) 6
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where g(so) is given by (4.47). Notice that this inequality holds because x(x + 1)e™* <
xe~*. Computations give

t(n)
STE(U() >0~ E)n((6+ De (1= pln)e ™ = (1+ )
s=1
1oy 25 (1 -6\ _
+ (2() +5—|—1)e (zﬁ —i—ﬁ—i—l)e 2(s). (4.57)
We can bound from below the right hand side of (4.57) as follows. For any & > 0 then

there exists 0p small enough such that for any 6 < 6y and 7 large we can bound from

below the right hand side of (4.57) by £(8)(1 — ). This gives that for 7 large

t(n)

Y E(UT0) = nf (B — &)
s=1

The random variables U™ (5),s = 1, ...z are binomial and independent. Therefore
t(n) t(n)
I/er(z U—(;)> <> E(U()).
s=1 s=1

Let |4, (¢(n)| = |A0)| + Zt(")l U~ (s). Using Chebyshev inequality, we find for #(n) =

Ll% + 1(n) | -

lim P{|A* (¢00)| < nf(B)1 — 220)

A(x(m))] > t(n)} —0.  (4.58)

By equations (4.56) and (4.58) we have

,,IL“;OP{M(“”))' < n<1 - (%ﬁz +5+ 1)e—zﬁ)(1 — 2¢9)||A(¢(m))| > t(n)} =0.

which proves Proposition 4.2. O

This result implies that conditioned on the fact that we activate at least | 2= | vertices

2(n)
}%J in the process of activation, we have already activated

a positive part of the graph. So for any x > 0 we will continue the process of activation

then when we reach the step |

for any step i and we will activate at least 17 vertices. The following part is dedicated

to the investigation of the weakest conditions under which with a probability tending to
s

1 as 7 — 00 we activate at least | MJ vertices for some 8 > 0.
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4. Proofs

1
- T
n 2kp 2k (n)

We first prove that if we have |B/| = then with a probability tending

to 1 as 7 goes to infinity |[B#| = £~ In a second part, we prove that if we have ()

FiON
activated vertices such that #(n) np?(n) — oo as 7 goes to infinity which means that

where lim,_,oc #(7) = oo, then with a probability tending to 1 as # goes to infinity

we activate at least ———— vertices. Finally, we prove using a branching process

n 2kp k()
argument that if we start with |A(0)| > m(l + 0) vertices then we activate #(7) vertices
with #(n) fulfilling the condition (4.2).
The following lemma implies that in our case, when the number of activated vertices
is |A(¢(n)] = n;ﬁ?i) then with probability tending to 1 as 7 — 00, the size of the new
generation is much larger than the set of previously activated vertices.

Lemma 4.5. Let p(n) = with lim,,_, o0 w(n) = co. Suppose that
lim,,— o to(n)n_pz(n) = +00 and lim,,—, o ty(n)p(n) = 0 then

to(n) P

_ (4.59)
YY)
Proof of Lemma 4.5. Suppose that #(n) = Ln;§?;)J with lim, oo (n) = oo. Sup-
pose that lim,_, Z((';)) = 0 so that lim, o p(n)2y(n) = 0. The random variable

(Y (9)|Ae (to(n))) stochastically dominates the random variable Y, (s) € Bin(n(1—g), p,(s))
with € > 0. Write

P{ﬂ > El} Sp{ﬂ > g
Z;‘o:(i;) Y(S) Zl‘o(”) Y(S)

s=1

As(t()(n))} + P{Ag(to(n))}.

By equation (4.45) this gives
g > o) <H{ s
Z:Zl Y(S) Z:Zl Y(S)

< ]P’{ to(7)
>

% (’;) Y* ( S)

s=

Ae (to(n))} 4+ 0(1) as n — 00

1

€ As(to(n))} +o(l)asn — o0o. (4.60)

For n large, we have

E(Y*(s)) > n(1 — 26)p2(n)s.
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This implies for 7 large

1o (n)
E(Z Y*(s)> > n(l — ZE)pz(n)%té(n)(l + L)

—1 ty(n)
> %n(l — 38)_p2(n)tg(n). (4.61)
By assumption #(n) = Ln;?(’;)J which gives

7o(n)
E( Y*(S)) > %n(l — 3e)a(n)ty(n).
1

=

We deduce
to(7)

E(Y1 1.0)

By definition of a(#), we have lim,,_,» a(n) = co. We find

2
< —.
~ a(n)

lim ——2 .

Using Markov inequality, we find that

]P’{ﬂ > 81} < iE<f70) €62
Ziﬁ) Yi(s) & Zf‘i’? Y.0)

Using Jensen’s inequality in (4.62) we find

{ ty(n) S 51} <1 t(n)
EH e (T )
1 2

6 O((?l) '

By (4.60), we can conclude

to(72)

nmeo L3IV Y ()
which is equivalent to equation (4.59) from Lemma 4.5 O
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4. Proofs

The Lemma 4.5 implies that when we compute the size of the next generation then
if we approximate it with the total number of activated vertices, we have a good approxi-
mation. We use this fact in the following proofs to simplify the computations. Moreover
by Lemma 4.5 we have for any ¢ > 0

) |AQ)| + |B| + ... + | B
lim ]P’{ - - } =0,
|B'| + ... + |B| + | Bt

n— 00

or simply

. |A)| + |B| + ... + | B
lim ]P’{ 5] >E}=O.

n—0o0

Proposition 4.3. Suppose that p(n) = # and there exists x > 0 such that p(n) < \/iz
then there exists C > 0 such that for any i > 0

. C , 1
1 l+k [ g > _— =
lim P{|B | > 20 ’|B | ; } 1. (4.63)

71— 00 - nl_?pz_zik(n)

Proof of proposition 4.3. Suppose that |B'| = #(n) = Lﬁ

*p k)
|B| = l‘o(ﬂ)} = 1 then proposition

J . If we prove for

such |B’| that we have lim,,_, oo P{|Bi+k| > ﬁ

4.3 is proved. If | B'| > then the subset B of size

ﬁJ activates

1
i n 2kp 2k (n)

1 1
n ka 2% (n)

vertices such that we have lim, o ]P’{ |BTE| > ]%

it for | B"T*| too.
We consider the following process which underlies the process of activation. We start

|B| = to(n)} = 1. Thus we have

n 727[,2727(”)

in the algorithm the neighbourhood of the vertices, comparing it with the neighbourhood

with a set of activated vertices of size |G°| = |B'| = 7, = {%J . We explore as

of the previously activated vertices. When all the vertices of G° are saturated, we have
the first generation of vertices G'. We do not consider anymore the vertices of G°. We
compare the neighbourhood of the vertices only among the vertices of G' during the
process of activation. This process is dominated by the process of activation because we
do not consider the vertices activated by ancestors being from two different generations.
However, it is very close to the inner model because by Lemma 4.5 the size of the previous
generations is with a probability tending to 1 as 7 — 00 negligible with respect to the size
of the last generation. The main contribution to the process of activation comes from the
last generation.

Define for any j < &
1
l}'+1(ﬂ) = E”_ﬁz(?’l)l}?(”)-
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Hence

5(n) = (1)2&11;. (4.64)

2)

k
—1
We notice that #;,_(n) = (%) %() so we are in the case when
n2p2(n
lim,,— o0 p(n)t;—1(n) = 0. Consider the event

Ac(2010) = {4201 () < en.
We consider the following probability measure

IP’,O{X} - IP’{X‘|G°| - to}.

We write

P, {I64| < ]%} SREE ]%

By (4.45) this gives

Ac(20100) } + P { A 201 ) }.

C C
Pm{|Gk| < M} < P:(){|Gk| < M AE(Zt;e_l(n))} +o(l)asn — oco. (4.65)

Consider the random variables Y, (s) € Bin([n(l -9, pﬂ(s)) which are stochastically
dominated by the random variable (Y ()| Ae (2t/€_1 (n))) and call | G| the /” generation

where in the process explained above where here the vertices are activated at time s with a
distribution Y (s). Suppose |G?| = |G°|, using equation (4.65), we have

]P),O{|Gk| <,Ti)} SP;O{|Gf| < ]%} + 0(1) as n — oo.

Consider the events ‘
|GL]

C = {Z Yo(s) > (1 — 45)5-“}.

i=1

We write
k ¢ k ¢ ¢
— < —_— . .
P,0{|G*| < P(”)} < 1}»,0{|G*| < ckl} +P, (C“) (4.66)
We shall prove that
lim P, (Cg_l) =0, (4.67)
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which combined with (4.66) will give

k C k C
IP’;O{|G|< ()} to{|G*|<M‘C/e1}+0(1)asn—>00.

To prove (4.67), we consider the development of (4.67) into conditional probabilities in
the following way

cj) +P, (c;) . (4.68)

k=2
]P)to (C/ifl) < Z ]P)fo (C]’CJrl
j=1

We first compute the probability of C§

B, (c;) =P {i:y w<a —4s)¢1}

where the condition G° = £(#) is inserted in the sum. By (4.61) we have
70 (n)

(139100 < Y E(X.0) < a0n(1+ T)
s=1

The random variables Y. (s) are binomial and independent. Thus
0] Vl) t()(n

I/er(z Y. (;)) < ZE (Y.)

< tl(n)(l T %) (4.69)

We have

2o (n)
{Z Yo() < (1— 45)1‘1} < ]P’{

=1

1(n) to(n)

ZY(;)—ZEY(;)

=1 =1

< et;(n) } (4.70)

We use Chebyshev inequality in (4.70). With the help of equation (4.69) we find

to(n) 1 + %
P Vo)< (1—4 < o
{; ) <( s)n} < =

Hence

lim P, (c;) —0. 4.71)

121



D

The conditional probabilities are

JoAN |G|
Pt(){ j[+1 C]} = ]P){ Z Y*(-‘) < (1 - 4€)j+21}’+2(”) Z Y*(-‘) > (1 - 4E)j+1tj+l(”)}
s=1 s=1
(A—4ey 51,
< JP{ S orw<a- 4e>f+2z;+z<n>}. (472)

s=1

The event conditioned on ZEJ’{‘ Y.(s) > (1 — 4ey "4 (n) is independent to |G°| =

to(n). By (4.61) we have

t1(n)
1 1 1
(1— 35)Enp2(n)l‘12(”) < ;E(Y*(:)) < Enpl(n)t/z(n)(l + t;(n))'

By definition of #(n) in (4.64) we have

#(n)

(1 =38)t41(n) < ZE(Y*(X)) < l‘l+1(”)(l + L)

t)(n)

s=1

This gives

=4y 11 (n)
(1-390 -4y 50 < Y E(X0)

s=1

. 1
<(1- 4€y+2l}'+2(”)(1 + m
/i

). (4.73)

We find with the help of the first inequality of (4.73) in (4.72)

(=4 511(n) (1—4ey 51, (m)
P,O{C;H C]} < P{ o vw- Y ERO)|>e1- 4€)j+ltj+2}-
s=1 s=1
(4.74)
The random variables Y, (s) are binomial and independent. From (4.73) we have
(1—4eY T 11(n) (1—4ey Ty
Var( Z Y*(s)) < Z E(Y*(s))
s=1 s=1
. 1
< (1 — 4ey T2 (1 7) 4.
<040 (14 o) 679
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Using Chebyshev inequality in the equation (4.74), we find with the help of (4.75)

lim ]P)to{cj-i-l C]} =0. (476)

We have a finite number of generations 4, therefore we deduce by (4.68) that
lim P, (C;_,) =0.
For the 4% generation we have

b —
[

c“} = Pm{ Y V) < (1 —40 ()

s=1

k

2k
P,0{|Gf| <a —45)’6“(%)

1
p(n)

C/el}

=P, {ck Coos } (4.77)

Using equation (4.76) in (4.77), we find

1,21 1
lim IP’,O{|G*|_(1 4e) (2) e c“} 0. (4.78)
If we combine (4.78) with (4.68) and (4.71), we find
1721 1
- < (1 — qett1( 1 1l .
nh;gopf(>{|G*|_<1 401(3) P(ﬂ)} 0 (4.79)

k

which proves equation (4.63) with C = (1 — 4g)kt! (%) > 0 in the case

|B| = \‘ﬁJ. Equation (4.79) still holds if we consider |B’| > { — 127_15 J
n 2*p  2%(n) n p M
instead,
) C , 1
lim P{|B’+k| > —‘|B’| > ﬁ} =1.
n—00 ]J(ﬂ) nl—zf/epl—? (}’l)

This proves Proposition 4.3.
O

Proposition 4.4. Let p(n) = %") Jor some w(n) with lim,_, w(n) = oo and suppose
there exists ¢ > 0 such that p(n) < \/LZ Let a(n) be a function with lim,,_, o a(n) = 00 and
let € > 0. Then there exists k > 0 and C > 0 such that

. , C ,
lim P{|B+| > nlspzs(n)’|31| > ) =1 (4.80)

n—00 = np*(n)
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Proof of proposition 4.4. We consider the process of activation described in the proposi-
tion 4.3. We start with G® = #y(n) = L;&ZL)J and follow the process until we reach
a generation G* such that With a probability tending to 1 as » — oo the size of that
generation fulfils | G#| > By Proposition 4.3, we know that with a probability

1525'
I

tending to 1 as » — oo, if |G¥| > we need several generations k. to reach

G
7!175[)275(7!)
the size | G¥T*<| > 1%. Thus as we consider the process of activation until the new gen-
(8] k
= < |G| < o= s},z <o)

4.5 this implies that the number of activated vertices has with probability 1 the same

eration of activated vertices reaches a size by Lemma

property. Thus we have the following event with a probability tending to 1 as z — oo

1 1 1
A(n%p%(m):{lA(n%p%<n>)|< % E(n>}

]P’,O(X):]P’{XMGS| - zo}.

We denote

We have

C C
k k
]P)m{|G*| < m} < ]P)to{|G*| < nl_gpz_g(n)

A(niplzi(n))}+P<Ac( 3 12(,»))

The random variable (Y (s |A(s)) stochastically dominates the random variable

. 1 Pr(n)
Y. € Bin(n - T T (1= ().

Consider the process where the number of vertices activated at time s is distributed as
Y. (s) then if | G?| = £y(n) we have for any ¢, there exist 7 sufficiently large such that

1 1
SR - < E(Gi) < St

Therefore we introduce the sequence #41(n) = %npz(n)tz(n) and starting with #(n) =
a(n)

, we have that

np?(n)
1,1 2t 1
This sequence reaches the required size ﬁ for
> logloglnp(m)) (4.82)
log2
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4. Proofs

We have
1 1051(1[,5(”))
) g2 log(log() 1 <1
(E o)) = log(3 )

— elog(ﬂp(ﬂ)) log(} ()
= (np(n))leg(%a(n)) > (np(n))s for any € > 0. (4.83)

It means that if we can show that the number of vertices in each generation is close to

log(log(np(n)

the sequence of #, then we need at most Tog 2 ) generations so as to reach the size

< 7 We can see in the equation (4.83) that the exponent log(3a(n)) is very large

7!1 5P275
. . log(l
which is not needed. It comes from the fact that we need about w

. np(n) : .. . .
reach a size u and then, the size increases to —~ in a finite number of steps.

np* (n) p(n)
Let |GY| = #(n) = |G°|. Consider the events

o0 == (3 )

We prove that for £ as in (4.82)

SthS SO as to

Jim P (P®) =0

which implies that |G¥| > m for some € > 0. We write

P, (D(/e)) < zk: P, (D(k)‘Df(/e - 1)) +P, (D(1)). (4.84)
=1

We first treat the last term of the right hand side of (4.84). By definition of the event, we
have

1
Pfo(D[(l)) = ]P)to{|G}<| < Etl}'

We compute this probability using Chebyshev inequality and the fact that Var(|GL|) <
E(|G.]). This gives
E(|G1])
10
4
n(n)

P, {IGlI < 300} <

IN

We immediately notice that
1
lim Pm{|6’i| < Etl(n)} —o. (4.85)
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We turn to the conditional probabilities which appear in (4.84). By definition of the

event, we have
2k—1 1,211
k—1
R O Y &

2=ty
%) t;_is independent from |G?| =

P, ('D(/e)"D”(/e - ) =p{Ict < (

A~~~ NI

where the event conditioned on |G~1| >

to(n). Considering the fact that

) 1,21 ) 1,271
las () o= (3) o)
2 2
) 1,21 ) 1,271
<e{ir< (3) = | (37}
2 2

then one can find by use of the Chebyshev inequality similarly as it is done for (4.85) that
5

, 1\ 21 , 1,271 2
i (3 = |3 <2
2 2 7

Hence we can compute the sum of the conditional probabilities and prove that it con-
verges to 0. We have

k i i—1

k
N7 i 1\>! i1y _ (1!
;}P’m(l}(z)l}(z—l))_;P{|B*|§(E) 4| |_(E) ti,l}
koo
<N
7

=1

By definition of #; given in (4.81) this gives

zk: P, (D)
i=1

2i

M»

D — 1))

— O{( ))2x npz(n)

i

< 2mp*(n) Z(%) . (4.86)
i=1

Since lim,, o a(n) = o0, for n large, we have iﬂ) < 1 and we can bound (4.86) the
following way

DG—1) < 2mp (”)Z(a(n))l

< 2mp?(n)— ( m (4.87)

P P, (D)
=1
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4. Proofs

By assumption p(n) < \/Lz so we have

npz(n) < C? and lim,— oo 0t(n) = 00,

SO
k
lim > P, (D(;’) DG — 1)) —o. (4.88)
=1
We conclude by (4.85) and (4.88) that
lim P, (D(/e)) —o. (4.89)

This implies that with a probability tending to 1 as 7 — 00, the process underlying our
process of activation activates at least #ﬁz,s vertices for some £ > 0 so

. ; C i ofn)
lim ]P’{|B+k| > 7115])25(71)’|3| > } =1

=00 ~ mp*(n)
which proves proposition 4.4. O

We now turn to the last proposition needed to prove Theorem 2.2. We use branching

. 1+e . . ™, .
process argument to show that starting from LWJ vertices, with probability tending to
1) vertices with lim,,_ o a(n) = 0o.

np?(n)

1 as 7 — 00 we activate at least

Proposition 4.5. Under conditions of Theorem 2.2, i.e. suppose p(n) = # Jor some w(n)
with lim,_, o0 w(n) = 00 and

lim, oo /1p(n) = 0. Suppose that |A(0)| = Lni)}"'(;)J with v > 0 then there exists a(n)

with lim,_, oo a(n) = 00 and t(n) such that

lim ]P’{ \A(t(n))| > “g”) } —1

n— 00 np (n)
Proof of proposition 4.5. To prove Proposition 4.5, we are going to prove that with a prob-
ability tending to 1 as 7 goes to infinity for a non negligible part of the Ln;r(;)
the process of activation survives. Denote by D C A(0) the set of vertices which have

J vertices,

infinitely many descendant. Let y(7) be any function such that lim,,—, . y(n)np*(n) = 0

and let 8 > 1 then for ¢t = L% + y(n)] > npzl(,,)

palt) = ﬁ;(l —p(n))hl (1 + n;’z(?i)) For 7 sufficiently large we have

the probability of activation is

(1-51) if1<p<2
pa(t) > 5 ifg =2 (4.90)

2 ifg > 2.
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We treat here the first case in (4.90). The other cases can be proved the same way. The
process of activation can be bounded from below for any € > 0 by a branching process
with distribution X, (¢) € Bz'n(n(l — ), %,@(1 — %)) Whereﬁ( — %) > 1. For
such a process, the probability of survival 1 — xg(n) is strictly positive where xg(n) is
the probability of ultimate extinction. Thus, the probability of survival for any process
starting from any of the vertices v € [nl;—é); n;r(;)
below by the probability of survival of the branching process with distribution X, (z) €
Bin(n(1 =9, 5(1+3)(1-3)).

We notice that the probability of survival for each of the vertices is bounded away
from 1 as there is a positive probability that they have no descendant at the first genera-
tion.

} is strictly positive and bounded from

. 143 .
If we can prove that among the vertices v € [npz—(zn); %} , the probability that at

most y(z) survive with lim,, o Y()np?(n) = 0 converges to 0 then we have our result.
Let H denote the set of vertices with a branching process which survives. The proba-

1+ L.
—ZF(;) |) survive is

bility that exactly 4 branching processes with distribution X, ( |_np—

P{|H| = h} = (H

where 1 —xp(#) is the probability of survival, we have 4 branching processes which survive

1

np?
b

X
2 _

WJ) (1= x5 (n)) w5 ()70

¥ vy _1
and {WJ — b which don’t and (L 2 ”ZZWJ) way to choose the 4 vertices

The union is disjoint so the probability that at most y(7) vertices are activated is

P{LOM |H|*/o})* Lyz(”fj L3575 (1 b Gy 491
= = f — xg(n))"x3(n) . (4.91)

h=0 h=0

Suppose that there exists y1(n) with lim,—.. v1(m)np*(n) = 0, such that there exists
¥ > 0 and for any Ny > 0, there exists n > N, with

[v1(m)]
IP’{ U 1#l= /7} > 9. (4.92)

h=0

or in other words mnﬂmp{ukﬁém |H| = /7} > 1). Equation (4.92) implies using
(4.91) that

Lri]( LX 1 J 3,
Z ( Zn]/);(n) )(1 — x5 () xg(m) 70" > 4. (4.93)
h=0
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By assumption lim, o v1(7)7p*(n) = 0 then there exists 6 and for any / < v1(n), we

have ,
v 1
\_% [,21( )J ( 2w () ) o
ZACER I 1—
( ) ) = 00
This gives for (4.93)
M LYIJ(”)
Z L/jv 1 |1—xg(n)\* o
eI —_(|= - 7 1— 0.
art ; /7!({2 npz(n)J xg(n) ) ( 9>

By assumption lim,,, », #np? (1) = 0, therefore the function

10 =5l 50)

is increasing with A.
Now, consider the sum from 0 to 7(n) y1 () where n(n) is such that
lim,,— 00 n(7) Yl(n)n_pz(n) = 0 and lim,—, o 7(7) = 00, we have

() v1(m)] Lr1(n)]

> n(n)Y¥ — oo as n — 00,

— xg(n)\” —xg(n
o S 1

which is impossible as it is the lower bound on the probability that at most () y1 ()

vertices survive.
Then for any 71 (n) such that lim, .o v1(n)np*(n) = 0

Ly1(m)]
lim 1}»( U f1H] = /7}) =0,
n—oo =0
This proves that there exists &y > 0 such that

{2 <

This in turns implies that

, on)
Jim B{A(r0) | 2 55} =1

for some function a(n) with lim,,_, o, o(7) = 0o, which proves Proposition 4.5.
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We now have all elements to prove Theorem 2.2. We described the conditions to
activate almost all the graph trying to find weaker and weaker conditions. To prove
Theorem 2.2, we start from the last proposition and take them in reverse order.

Proof of Theorem 2.2. Let p(n) = w(”) for some w(n) with lim,_, o, w(72) = 0o and

lim,,— o0 \/7p(n) = 0. Suppose that |A0)| > nif;) with v > 0.

By Proposition 4.5, there exists a time #(7) and a(n) with lim,_, o a(n) = oo such
that 0
an
lim PqA > 1 =
nirgo { (t(ﬂ)) - npz(n)}

Lemma 4.5 implies that for any € > 0 then for 7 large we have

A0+ X 1B
lim ]P’{ B 1 <E}:1

n—0o0

and we derive that there exists 7 such that

o)
‘>
lim ]P’{|B 26 o )} (4.94)
By Proposition 4.4, we have there exists £ > 0 such that
: o
tim P15 > 2| = 62} <, (4.95)
Combine (4.95) with (4.94), we find that if |4(0)| > n;"";) then there exists / > 0 such
that c
lim P |B/|> ——2——1=1. 4.
nggo {| > nl_gpz_g(n)} (4.96)
By Proposition 4.3 we have that for £ > %
C C
lim P [BH) > |8 > ———— 1 =1. 4.
Jm P{1 > 581> S ) (497
Combine (4.97) with (4.96), we find that if |A(0)| > 1f
that G
nlin;OP{|B | > ()} 1. (4.98)
By Proposition 4.2, we have that there exists C4 > 0 such that
A5 ] C C
im Py —L2— > Cn| A | = =1 4.
Pty { n (L)(n)J))‘ >p(n)} (4.99)
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4. Proofs

Combine (4.98) with (4.99), we find that if [4(0)] > n;"f(:) then there exists a step
tH(n) = L}%J such that

n—0o0

lim P{M > C4n} =1 (4.100)
n

By Proposition 4.1, we know that if we activate a positive part of the graph then with a
probability tending to 1 as # — 00, we activate almost all the graph. For any € > 0 then

lim P{"“—:)'<1—5‘|A(t7:“))|>c4}=o (4.101)

Combine (4.100) with (4.101), we find that if |A(0)| > % then for any € > 0

lim ]P’{M<1—E}=O
n— 00 n

which proves Theorem 2.2 O

4.3 Proof of Theorem 2.3

We consider the case when the probability of having an edge between two vertices is

p(n) = = In such a case L and the critical size is of order constant. We prove

1
np*(n) —
in the following that starting with a constant number of vertices greater than two then
with a positive probability, we activate almost all the graph. Notice that Propositions
4.1, 4.4, 4.3, 4.2 and Lemma 4.5 apply under conditions of Theorem 2.3, i.e. with

p) = .

Proof of Theorem 2.3. Let p(n) = ﬁ where ¢ > 0 is a constant. Let |4(0)] = £ > 2,
suppose that 7 is a constant then the probability of activation is

-

2

> %:(1 (- 1)%). (4.102)

Let £ > 0 then there exists NV > 0 such that for » > /N we have

2
palt) > %t(l — 9. (4.103)

In the case when ¢ = o(/), the probability of activation increases with the number
of activations. We can bound from below the process of activation after time # by a
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branching process where the number of offspring from a point is distributed as Bin(n(1 —
2
g), SH(1 —¢)).
If ?#(1 — €)* > 1 then with a positive probability, the branching process survives and
hence the process of activation too.
If we start with # vertices and ¢*# < 1 then with a positive probability, we can activate

| 4] 4 1 — ¢ vertices. Atstep g = | 5] + 1, we havecz(L}ZJ + l) > 1sofore> 0

small enough this gives ?#(1 — €)* > 1 and we have

1
Palto) > —
n

and then as before, the process of activation survives with a positive probability. We know
that there exists a(7) with lim,—. o, () = 00, a time #(») and a positive constant & such
that

lim ]P’{|A(t(n))| > a(n)} —&>0. (4.104)

Moreover Propositions 4.1, 4.2, 4.3 and 4.4 apply in the case of p(n) = ﬁ Using the
same chain of arguments as in the proof of Theorem 2.2, this gives

n—0o0

lim P{@ <1-— g‘ |A(2(n))| > a(n)} =0, (4.105)

which implies equation (2.5) of Theorem 2.3. Combine (4.104) with (4.105), we can
conclude that if |A(0)| = %# > 2, with a positive probability, we activate almost all the
graph.

The probability that the activation spreads through a positive part of the graph is
bounded away from 1 as the probability that we have no activation after |A(0)| steps is
positive. We have equation (2.4) of Theorem 2.3

1> lim ]P’{M > 1 —s} > Lk, ).

7n— 00 n

4.4 Proof of Theorem 2.4

We consider the last case when the probability of having an edge between two vertices
is much larger than ﬁ Suppose that p(n) = % where lim,,_, o ®(7) = 0o and that
|A(0)| = % > 2 then with a probability tending to 1 as 7 goes to infinity the process of

activation survives and so we activate almost all the graph.
w(n)

Proof of Theorem 2.4 . Let p(n) = N where lim,,_, o w(#) = 00 and lim,,_, p(n) = 0
. Suppose |A(0)] = £ > 2 is a constant then the probability of activation is p,(k) =
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k-1
@ (k (1 — %) . The probability of activation p,(#) increases with #. We can bound

from below the process of activation after time 4 by a branching process where the number
of offspring from a point is distributed as X € Bin (n(l — ), ")Z(T")k(l — Eo)).
For such a process, the probability of ultimate extinction is the smallest nonnegative
root of the equation.
tu = gx(u), (4.1006)
where gy(#) = Eu" is the probability generating function of the random variable X. By
assumption X € Bin(n(l — ¢), %), (4.106) becomes

(1 Q)

7

n(l1—e)
k(1 — eo)(1 — u)) = (4.107)
We know that
n(l—e) 5
(1 _ lwz(}’l)k(l _ E)(l _ u)) < e (n)/e(lfs)(lfso)(lfu)'
n

and uy = 1 is always solution. For any #; > 0 there exists /Vp such that for any n > IV,
we have e~ @Wk1—e)1—e)(1—u) « 4 and so u; > 0 is not a solution.

We know that lim,,— o e @ WRI=)(1=e)(1=1) _ () then lim,— o (1 + %wz(n)/e(l -

e)(u — 1))n = 0 and # = 0 is the limiting solution to the equation (4.107). So the

probability of ultimate extinction of the process is 0 and the survival probability of the
branching process bounding from below our process converges to 1 as 7 — o0.

Hence the process survives with probability tending to 1 as 7 — 00 and reaches a size
(7). From that point we can bound from below our process with the process where the
probability of a link between two vertices is p(n) = \/LZ then using Theorem 2.3 we find

that y
lim ]P’{M <1—s}=0.
n

n—oo

which proves Theorem 2.4.
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