UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Bootstrap percolation and the geometry of complex
networks

Candellero, Elisabetta; Fountoulakis, Nikolaos

DOI:
10.1016/j.5pa.2015.08.005

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Candellero, E & Fountoulakis, N 2015, 'Bootstrap percolation and the geometry of complex networks', Stochastic
Processes and their Applications, vol. 126, no. 1, pp. 234-264. https://doi.org/10.1016/j.spa.2015.08.005

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Eligibility for repository: Checked on 29/10/2015

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 25. Apr. 2024


https://doi.org/10.1016/j.spa.2015.08.005
https://doi.org/10.1016/j.spa.2015.08.005
https://birmingham.elsevierpure.com/en/publications/dc2cea23-7c38-44d9-aa6c-6f6040d80ae7

Accepted Manuscript g - o

stochastic

processes
and their
applications

Bootstrap percolation and the geometry of complex networks

Elisabetta Candellero, Nikolaos Fountoulakis

PII: S0304-4149(15)00217-3
DOI: http://dx.doi.org/10.1016/j.spa.2015.08.005
Reference: SPA 2828

To appear in:  Stochastic Processes and their Applications

Received date: 3 December 2014
Revised date: 19 August 2015
Accepted date: 22 August 2015

Please cite this article as: E. Candellero, N. Fountoulakis, Bootstrap percolation and the
geometry of complex networks, Stochastic Processes and their Applications (2015),
http://dx.doi.org/10.1016/j.spa.2015.08.005

This is a PDF file of an unedited manuscript that has been accepted for publication. As a
service to our customers we are providing this early version of the manuscript. The manuscript
will undergo copyediting, typesetting, and review of the resulting proof before it is published in
its final form. Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.spa.2015.08.005

*Manuscript

CoO~NOOUPAWNLPE

Bootstrap percolation and the geometry of complex networks*

Elisabetta Candellerof Nikolaos Fountoulakis?

August 17, 2015

Abstract

On a geometric model for complex networks (introduced by Krioukov et al.) we inves-
tigate the bootstrap percolation process. This model consists of random geometric graphs
on the hyperbolic plane having N vertices, a dependent version of the Chung-Lu model.
The process starts with infection rate p = p(N). Each uninfected vertex with at least
r > 1 infected neighbors becomes infected, remaining so forever. We identify a function
pe(IN) = o(1) such that a.a.s. when p > p.(N) the infection spreads to a positive fraction
of vertices, whereas when p < p.(IN) the process cannot evolve. Moreover, this behavior
is “robust” under random deletions of edges.

1 Introduction

Bootstrap percolation is a deterministic process, characterized by a cascade behavior, in which
every vertex has two possible states: either infected or uninfected (sometimes also referred
to as active or inactive, respectively). A fixed integer r > 1, called the activation threshold,
determines the evolution of the process, which occurs in rounds.

Initially, on the graph G = G(V, E) there is a subset .4y C V which consists of infected
vertices (vertices belonging to V'\ Ay are uninfected) that can be selected deterministically
or at random.

Subsequently, in each round, if an uninfected vertex has at least r infected neighbors,
then it also becomes infected and remains so forever. This is repeated until no more vertices
become infected. We denote the final infected set by A;.

This process was introduced by Chalupa, Leath and Reich [CLR79] in 1979 in the context
of magnetic disordered systems and has been re-discovered since then by several authors
mainly due to its connections with various physical models.

These processes have been used as models to describe several complex phenomena in di-
verse areas, from jamming transitions [TBF06] and magnetic systems [SDS02] to neuronal
activity [Amil0, ACM14, TE09]. A short survey regarding applications of bootstrap percola-
tion processes can be found in [ALO3].
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In the present paper, we consider a geometric framework for complex networks that was
introduced by Krioukov et al. [KPK"10]. The theory of complex networks has been developed
as a unifying mathematical framework that expresses features of a variety of networks: bio-
logical networks, large computer networks such as the Internet, the World Wide Web as well
as social networks that have been recently developed over these platforms. Experimental evi-
dence (cf. [CLO06], [AB02]) has shown that these networks exhibit a few basic characteristics:
their degree distribution seems to follow a power-law, they exhibit local clustering and, finally,
the typical distances between vertices are small (this is known as the small world effect). In
fact, most of these networks appear to have a degree distribution that has a power-law tail
with exponent between 2 and 3 (see [AB02]).

During the last 15 years there has been a continuous effort to develop models of random
networks which typically exhibit all the above features simultaneously. Among the most influ-
ential models was the Watts-Strogatz model of small worlds [WS98] and the Barabési-Albert
model [BA99], which is also known as the preferential attachment model. The framework of
Krioukov et al. [KPK™10] represents the inherent inhomogeneity of a complex network with
the use of the hyperbolic plane. Intuitively, the intrinsic hierarchies that are present in a com-
plex network induce a tree-like structure which is effectively embedded into the hyperbolic
plane. The aim of this work is to shed some light on the evolution of a bootstrap percolation
process and how this is determined by the geometry of the underlying network.

1.1 Random geometric graphs on the hyperbolic plane and inhomogeneous
random graphs

The most common representations of the hyperbolic plane are the upper-half plane represen-
tation {z =z + iy : y > 0} as well as the Poincaré unit disk which is simply the open disk
of radius one, that is, {(u,v) € R? : 1 —wu?—v? > 0}. Both spaces are equipped with the
du?+dv?
(I—u2—v2)2"
It is well-known that the (Gaussian) curvature in both cases is equal to —1 and that the
two spaces are isometric. In fact, there are more representations of the hyperbolic plane of
curvature —1, which are isometrically equivalent to the above two. We will denote by H? the
class of these spaces.

In this paper, following the definitions in [KPK"10], we shall be using the native repre-
sentation of H2. Under this representation, the ground space of H? is R? and every point
x € R? whose polar coordinates are (r,0) has hyperbolic distance from the origin equal to
its Euclidean distance, which is equal to r. Alternatively, the native representation can be
thought of as a mapping of the Poincaré disk into R?. Under this representation, a point p in
the Poincaré disk that is at hyperbolic distance r from the origin and angle 6 with respect to
the horizontal axis is mapped to the point p’ of Euclidean distance r from the origin of R?,
preserving the angle.

We are now ready to give the definitions of the two basic models introduced in [KPK™10].
Consider the native representation of the hyperbolic plane. Let N be the number of vertices
of the random graph. This is the parameter with respect to which we do asymptotics. For
some fixed constant v > 0, let R > 0 satisfy N = |ve®/2]. For simplicity, we will omit |-] as
this does not affect our calculations. We select randomly and independently IV points from
the disk of radius R centered at the origin O, which we denote by Dg.

Each of these points is distributed as follows. Assume that a random point u has polar

hyperbolic metric; in the former case this is y%dyQ whereas in the latter this is 4
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coordinates (r,6). The angle 6 is uniformly distributed in (0,27 and the probability density
function of r, which we denote by pxn(r), is determined by a parameter o > 0 and is equal to

a sinh ar ifo<r<R
r) = coshaR—1’ - = . 1
pr(r) {O, otherwise M

The above distribution is simply the uniform distribution on Dg, but on the hyperbolic plane
of curvature —a?. With elementary but tedious calculations, it can be shown that the length
of a circle of radius 7 (centered at the origin) on the hyperbolic plane of curvature —a? is
2% sinh(ar), whereas the area of the circle of radius R (centered at the origin) is i—g (cosh(aR)—
1). Hence, when a = 1, the above becomes the uniform distribution.

An alternative way to define this distribution is as follows. Consider the disk DY, of radius
R around the origin O’ of (the native representation of) the hyperbolic plane of curvature
—a?. Select N points independently within DY, uniformly at random. Subsequently, the
selected points are projected onto Dg preserving their polar coordinates. The projections of
these points, which we will be denoting by V, will be the vertex set of the random graph.

Note that the curvature in this case determines the rate of growth of the space. Hence,
when a < 1, the N points are distributed on a disk (namely D7) which has smaller area
compared to Dg. This naturally increases the density of those points that are located closer
to the origin. Similarly, when o > 1 the area of the disk D, is larger than that of Dg, and
most of the N points are significantly more likely to be located near the boundary of D%, due
to the exponential growth of the volume.

Given the set Vy on Dy we define the random graph G(N; a, v) on Vy, where two distinct
vertices are joined precisely if they are within (hyperbolic) distance R from each other.

1.1.1 G(N;a,v) and the Chung-Lu model

The notion of inhomogeneous random graphs was introduced by Soderberg [S6d02] but was
defined more generally and studied in great detail by Bollobés, Janson and Riordan in [BJRO7].
In its most general setting, there is an underlying compact metric space S equipped with a
measure g on its Borel o-algebra. This is the space of types of the vertices (defined below).
A kernel k is a bounded real-valued, non-negative function on § x S, which is symmetric and
measurable. The vertices of the random graph can be understood as points in S. If z,y € S,
then the corresponding vertices are joined with probability w A1, independently of every
other pair (N is the total number of vertices). The points that are the vertices of the graph
are approximately distributed according to u. More specifically, the empirical distribution
function on the N points converges weakly to u as N — oc.

Of particular interest is the case where the kernel function can be factorized and can be
written k(z,y) = t(z)t(y); this is called a kernel of rank 1. Here, the function ¢(x) represents
the weight of the type of vertex z and, in fact, it is approximately its expected degree. The
special case where t(x) follows a distribution that has a power law tail was considered by
Chung and Lu in a series of papers [CL02a], [CL02b] (see also [vdH]).

In the random graph G(N; a, ) the probability that two vertices are adjacent has this form.
The proof of this fact relies on Lemma 2.1, which we will state and prove later. This provides
an approximate characterization of what it means for two points u,v to have hyperbolic
distance at most R in terms of their relative angle, which we denote by 6, ,. For this lemma,
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we need the notion of the type of a vertex. For a vertex v € Vy, if r, is the distance of v
from the origin, that is, the radius of v, then we set t, = R — r, — we call this quantity the
type of vertex v. As we shall shortly see, the type of a vertex is approximately exponentially
distributed. If we substitute R — ¢ for r in (1), then assuming that ¢ is fixed that expression
becomes asymptotically equal to ae™*. By Lemma 2.1, two vertices u and v of types t, and
t, are within distance R (essentially) if and only if ., , < 2ve's/2¢*/2/N. Hence, conditional
on their types the probability that u and v are adjacent is proportional to e«/2et»/2/N. 1If
we set t(u) = et/2, then P(t(u) > x) = P(t, > 2Inz) =< e 2*"% = 1/22*  In other words,
the distribution of ¢(u) has a power-law tail with parameter 2. Thus, the random graph
G(N;a,v) is a dependent version of the Chung-Lu model that emerges naturally from the
hyperbolic geometry of the underlying space. The fact that this is a random geometric graph
gives rise to the existence of local clustering, which is missing in the Chung-Lu model. There,
most vertices have tree-like neighborhoods.

In fact, it can be shown that the degree of a vertex u in G(N;a,v) that has type t, is
approximately distributed as a Poisson random variable with parameter proportional to etu/2,
This is shown only implicitly in Lemma 2.7.

Gugelmann, Panagiotou and Peter [GPP12] showed that the degree of a vertex has a
power law with exponent 2a + 1. If o > 1/2, then the exponent of the power law may take
any value greater than 2. When 1 > « > 1/2, this exponent is between 2 and 3. They also
showed that the average degree is a constant that depends on « and v, and that the clustering
coefficient (the probability of two vertices with a common neighbor to be joined by an edge)
of G(N; a,v) is asymptotically bounded away from 0 with probability 1 — o(1) as N — oc.

Furthermore, the second author together with Bode and Miiller [BFM15] showed that
G(N; a, v) with high probability has a giant component, that is, a connected component con-
taining a linear number of vertices if 1 > a > 1/2. When « > 1, the size of the largest com-
ponent is bounded by a function that is sublinear in N. Recently, Kiwi and Mitsche [KM15]
showed that in the supercritical regime, the order of the second largest component is bounded
by a polylogarithmic function of NV a.a.s.

1.2 Results

The main result of this paper regards the size of the final set Ay of a bootstrap percolation
process with activation threshold r > 1 on G(N;«,v), with 1 > « > 1/2. We shall assume
that the initially infected set Ag is a random subset of Vjp, where each vertex is included
independently with probability p. We call p the initial infection rate. We shall be assuming
that p does depend on N. In fact, we will identify a critical infection rate (cf. Theorem 1.2)
such that when p “crosses” this critical function the evolution of the bootstrap process changes
abruptly. This critical density converges to 0 as N grows. Our results imply that a sub-linear
initial infection results with high probability in the spread of the infection to a positive fraction
of VN.

Our hypothesis is that 1/2 < a < 1, whereby the random graph G(N; «, v) exhibits power
law degree distribution with exponent between 2 and 3. The second author and Amini [AF14]
showed a result analogous to Theorem 1.2 for the Chung-Lu model with the exponent of the
power law between 2 and 3.

In the present work, we additionally show that this phenomenon is robust under random
deletions of the edges of G(N;«,v). Assuming that we retain each edge independently with
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constant (independent of N) probability p > 0, we let G(N;a, v, p) denote the resulting ran-
dom graph. Since the number of edges of G(N; a, V) is proportional to N with high probability,
it follows that if we allow p = o(1), then G(N;«,v, p) has only sub-linear components with
high probability.

Remark 1.1 (Notation). We say that a sequence of events €y on the space of graphs incurred
by G(N;a, v, p) occurs asymptotically almost surely (a.a.s.) whenever P(Ex) — 1 as N — oo.
If X is a random variable defined on G(N; a, v, p), then we write liminfy_oc Xy > 0 a.a.s.,
if there exists a real number ¢ > 0 such that Xy > ¢, a.a.s..

For any two functions f,g : N — R we write f(IN) = g(N) to denote that there is a
constant C' > 0 such that f(N) > Cg(N) eventually as N — oo. Analogously we write
f(N) < g(N) if there is a constant ¢ > 0 such that f(N) < cg(N) eventually as N — oo.
Moreover, we write f(IN) < g(N) if both f(N) < g(IV) and g(N) < f(N) hold simultaneously.
Finally, we write f(N) < g(N) or f(N) > g(N) if f(N)/g(N) — 0 or f(N)/g(N) — o
respectively.

Now we can state our main result.

Theorem 1.2. Let r > 2 be an integer, let p € (0,1] and 1/2 < a < 1. Consider a bootstrap
percolation process on G(N; v, v, p) with activation threshold r and initial infection rate p(N).
Then the following hold

(i) pr(N)Nl/Qa — 00, then lim inf |A—j\;€| >0 a.a.8.;

— 00

(i1) ifp(N)Nl/zo‘ — vy €RT, then lg\rfn inf % > 0 with positive probability;
— 00

(iii) if p(N)NY2* = 0, then |Af| = |Ao| a.a.s.

The proof of Theorem 1.2 effectively makes use of a dense core that G(N;«a,v) has. In-
tuitively, the proof is based on considering the set of vertices appearing “very close” to the
circumference of radius R/2«. In fact, if p(IV) is large enough, then at least r of such vertices
either belong to Ay, or will be infected after the first round (and hence they will spread the
infection throughout the graph). On the other hand, if p(N) < N 7i, then a.a.s. the process
does not evolve and the final set of infected vertices will coincide with the initial set.

When considering the case for G(N;a,v,p), we have that this central core is a dense
binomial random graph where each edge is present with probability p. The condition on p(NV)
ensures that the core becomes completely infected even in this case. Thereafter, we apply
an inductive argument which shows that with high probability the infection spreads from the
core to a positive fraction of V.

Note that when r = 1 the final set of infected vertices is the union of connected com-
ponents that contain at least one infected vertex at the beginning of the process. Hence, a
reformulation of part (i) of Theorem 1.2 for r = 1 implies that the graph G(N; «a, v, p) for any
1/2 < a < 1 and any p > 0 contains a giant component. In other words, the graph G(N; o, v)
contains a giant component which is robust under random edge deletions. Let ¢1(G) denote
the number of vertices in a largest component of a graph G.
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Corollary 1.3. For all p € (0,1] we have a.a.s.

oo (G ., p))
N—oo N

> 0.

A further consequence of part (i) of Theorem 1.2 is the existence of an r-core in G(N; «, v, p).
Recall that for any integer r > 2 the r-core of a graph G is the maximum subgraph of min-
imum degree at least r. This is a well-studied notion in the theory of random graphs and
hypergraphs (see for example [PSW96], [Coo04], [CWO06]). Let ¢(G) denote the number of
vertices of the r-core of a graph G.

Theorem 1.4. For all integers v > 2 and all p € (0,1] we have a.a.s.

N—o0 N

> 0.

In other words, Theorem 1.4 implies that the r-core of G(N; a, v) is robust under random
edge deletions.

The proof of Theorem 1.2 is based on an inductive argument, and it is spread over Section
3 (the base step), and Section 4 (the inductive step). Finally, in Section 5 we show the proofs
of Corollary 1.3 and Theorem 1.4.

Acknowledgments. The authors are grateful to Peter Morters for suggesting the problem
of the robustness of the giant component under random edge deletions.

2 Preliminaries

Throughout the paper, we will be working with the notion of the type of a vertex, rather than
its distance from the origin: denoting by r, the distance of vertex u from the origin, its type
is defined as t,, := R — ry,.

It is not hard to show that the type of a vertex follows the exponential distribution with
parameter ov. More specifically, it follows from (1) that for any ¢ < 1, uniformly over ¢,, < ¢- R,
we have

plta) = plr) = e~ (1 - o(1)). 2)

We will use this asymptotic equality several times in our proofs, a proof of this easy fact can be
found in [CF15]. The above expression implies that the probability that ¢, > R/(2a) + w(N)
is o(1/N), provided that w(IN) — oo as N — oco. Therefore, a.a.s. all vertices have type that
is bounded by R/(2a) + w(N), where w(N) can be any slowly growing function that tends to
infinity.

2.1 Distances on the hyperbolic plane

We will need a general tool that will allow us to deal with distances on the hyperbolic plane
(because these characterize whether or not two vertices are adjacent). The following lemma
provides an almost characterization for two points u,v to have hyperbolic distance less than
R in terms of their types and their relative angles in Dg. This is a key lemma whose proof
is based on the hyperbolic law of cosines and allows us to estimate the probability that



CoO~NOOUPAWNLPE

OO OUUUIUUUUIUIUULAAMDDADLNDIARAWWWWWWWWWWNNNNNNNNNNRERRRRRRRER
ORWNPOOONONPRONROOOIDOUIRWNROODNONBRWONROOONOURAWNRPOOONOUDNWNRO

two vertices are adjacent. More specifically, assuming that the points have types t, and t,,
respectively, this condition is effectively an upper bound on the relative angle 6, between u
and v so that d(u,v) < R.

Lemma 2.1. For any € > 0 there exists an Ng > 0 and a cg > 0 such that for any N > Ny
and u,v € Dp with t, +t, < R — cg the following hold.

o If0,, <2(1—c)exp (5(tu +ty — R)), then d(u,v) < R.
o If0u,>2(1+¢e)exp (3(tu +ty — R)), then d(u,v) > R.
Proof. We begin with the hyperbolic law of cosines:
cosh(d(u, v)) = cosh(R — t,,) cosh(R — t,,) — sinh(R — t,,) sinh(R — t,,) cos(6y,)-
The right-hand side of the above becomes:
cosh(R — t,,) cosh(R — t,) — sinh(R — t,,) sinh(R — t,,) cos(fy)

_ certtt)) (14 ) (14 20w

4
- <1 B e_z(R—tu)) (1 _ e—z(zz—m)) cos(Hu,v)} (3)
- 6(QR_Z“H“) [1 — coS(0yp) + (1 + cos(0y,v)) (e_z(R_tu) T e_Z(R_tv))

L0 (6—2(2R—(tu+tv)))} .
Therefore,
cosh(d(u,v)) <

€<2R_Z“+t”)) {1 — c08(0u,0) + 2 (e‘Q(R*t“) + e*2(R7t”)> +0 (672(2&(%“”)))} '

Since t, +t, < R— co, the last error term is O(N~%). Also, it is a basic trigonometric identity
. . 02
that 1 — cos(fy,,) = 2sin? (9“7”> The latter is at most —5=. Therefore, the upper bound on

0., yields:

(2R—(tuttv)) [ G2
cosh(d(u,v)) < Lo A 4 (u’v +2 (G_Q(R_t“) + 6_2(R_t”)) +0 (1>>

N

1 2 Nt
(2R—(tu-ttv))
£ eT (2(1 ettt R) 4 o (e—Z(R—tu) n 6—2(3—%))) +O(1)

R
=(1- 5)2% + % (e(t"*t”) + e(t”*t“)> +0O(1).

At this point we choose ¢y such that e~ < %, hence the above is bounded from above by
1 R

R
_2¢ 2 (9p(tutts) €
(1—¢) 7 +€2<26 )+O(1)< 5
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for N large enough, since t,, +t, < R — ¢o and t,,t, > 0. Also, since cosh(d(u,v)) > %ed(“’”),

it follows that d(u,v) < R.

To deduce the second part of the lemma, we consider a lower bound on (3) using the lower
bound on 6, ,:
2R~ (tutty))
e (1= cos(ua)) + O(1)

(4)
(2R—(tu+tv))
e _ L(ty+t,—R)
> 1 (1 cos (2(1+5)e2 )) +0(1).

Using again that 1 — cos(#) = 2sin® (4) we deduce that

cosh(d(u,v))

v

1
= oon (21 + ekt ) 2t (3 aqpepbieoon).

Since t, + t, < R — ¢g, it follows that ¢, + t, — R < —cg. So the latter is

L(tu+to—R)
sin ((1 4 5)eé(tu+tv—R)> > (1+ 5)622 |
for N and ¢g large enough. Substituting this bound into (4) we have

1 2
1 L(tutts—R) (tutto—R)
cosh(d(u, v)) > 2 (( + 8)622 ) o) =(1+ 5)2% +0(1).

Thus, if d(u,v) < R, the left-hand side would be smaller than the right-hand side which would
lead to a contradiction. O

2.2 Sketch of proof and the setup of the induction argument

The proof of Theorem 1.2 relies on an inductive argument which shows

1. that if p > N~Y/(29) then a.a.s. all vertices of type at least R/2 (which we call the core
vertices) become infected;

2. how the infection spreads to the remaining vertices.

To implement the second part, we divide the disk Dg into homocentric bands and effectively
show that if most of the vertices of a band are infected, then this is also the case for the next
band. This is the inductive step. The partition is defined as follows. We set ¢y := R/2 and

for i > 0,
47
t; —2In | ————t; | = M1, 5
(st = o 2

where A :=2a — 1. Since 1/2 < a < 1, we have 0 < A < 1. We set
By:={veDgr : R/2<t, <R},

and for 7 > 0
B; = {U €eDr : t; <t, < tifl}.

We shall restrict our analysis to ¢ < T', where the value T will be determined explicitly in
Appendix A. In particular, we have the following result whose proof is rather technical and
hence deferred to Appendix A.
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Lemma 2.2. The number of bands T is of order O (InR).

Also, for ¢ > 0 denote by C; the circle centered at the origin O that has radius R — ;.
Hence B; is delimited by C; and C;_1.

We will use some standard concentration inequalities to show that the number of vertices
in each band is concentrated around its expected value. Once we have established this, we
will condition on the sets of vertices that belong to each band.

Let N; denote the set of vertices in Vy that belong to B;, and let N; := |Nj]|.

Claim 2.3. We have
E [No] = Q(N'7).

Proof. We use (2) and deduce that

E[No] > (1 — o(1))Na /3R/4 eotdt = (1 — o(1))N (e_O‘R/Z - e—3aR/4) = QN9

to

O
The next claim deals with ¢ > 0.
Claim 2.4. Let ¢ > 0. If T is such that fori <T
e ti-1=ti) g, (6)
then for any N sufficiently large and for every 0 < i < T we have
(1 —¢)® Ne i <E[N;] < (1+¢)?Ne .
Proof. Note that by (2) (since t; < R/2, for all ¢ > 0) we have uniformly for all i > 0
E[N;] = (1 - o(1))Na /t eOtdt = (1 — o(1))N (&0t — ¢~ati-1). (7)
t;

The upper bound follows trivially. For the lower bound we use (6) which together with (7)
imply that for N sufficiently large

(6)
E[N] = (1= o(1))Ne @ (1— emotmt)) 5 Nemoti(1 — e)2, (8)
which finishes the proof. O

For the sake of completeness, we recall here two classical results that will be used through-
out the paper: Chernoff bounds and the bounded-differences inequality.

Chernoff bounds. Consider a binomial random variable X ~ Bin(n,p). f EX = np — oo,
as n — 00, then for every constant £ > 0 we have

(EX — ¢)? ( np)
PX>/0)>1-— —_— | > 1- ——
(X>10) > eXp( sEx ) 2o () (9)
provided that n is large enough. Analogously, we have
P(X > 2EX) < exp (f@). (10)
8
9
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Bounded-differences inequality (Hoeffding-Azuma). Suppose Xi,...,X, is a col-
lection of independent random variables, and f : R® — R is a real-valued function. Let
C1,C2,...,Cy satisfy

sup |f(m1,a32,...,xi,...,$n) — f(1317«702,~-7517;a~-,«70n)| < ¢,
Il@Z:---@naz;

for 1 <i <n. Now, let X := f(X;,Xs,...,X,). Then for every 0 < € < 1 we have
2¢2(EX)?
Y )

Now we apply all these results to our setting, by showing the next lemma.

P(X < (1 - ¢)EX) gexp{— (11)

Lemma 2.5. For any € > 0 with high probability we have
(1—¢)’Ne ™ < N; < (1+¢)’Ne . (12)

Proof. Applying the Chernoff bound (9), and since T' = O (In R) (by Lemma 2.2), a simple
first-moment argument shows that with probability 1 — exp (—Q (N 1_0‘)) we have

(1-)E[N] < N; < (1 +)E[N)],
for all 0 < i < T. More precisely, for 0 < i < T, define the event
& = {(1 - e)E[N;] < N; < (1 +¢)E[N]}. (13)

Since P(&;) > 1 — e~ N uniformly for every ¢ < T', then the probability of the event

1

is bounded from below by
T-1 T—1
PE)> [T (1-e ™)) 213 e @) 21 - pen (), (14)
i=1 =1
Again, using Lemma 2.2, one has P(€) =1 — o(1). Note that when & occurs, then for any N
sufficiently large, by Claim 2.4 and (13) for all i = 1,...,T we have the statement. O

Remark 2.6. Throughout the rest of the paper, we will be assuming that the event £ has
been realized, and hence that (12) holds.

Now we show an intermediate result about the degree distribution of a vertex v € Vy
conditional on its type. For two random variables X and Y we write X < Y to denote that
the random variable Y stochastically dominates X.

Lemma 2.7. Let d,, denote the degree of a vertex v conditional on its type t,,. There are two
constants 0 < Hy < Hy such that for any N sufficiently large, if t, < R/2a + w(N), then we

have
otv/2 otv/2
Bin ( N, Hy N < d, < Bin N7HQT )

10
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Proof. For every vertex u € V y, the probability that u ~ v (conditional on ¢,) can be bounded
from above using Lemma 2.1 and (2) as follows

R—ty=C ,(tu+ttv)/2
Plu ~ v | ty) 5/ At + Bty > R— 1, = C | 1),
0
where C' > 0 is an arbitrary large constant. On the other hand, a lower bound is given by
R—t,—C' ,(tutts)/2
Plu~uv|ty) 2 / Tﬁ(tu)dtu.
0
The first step of the proof consists in estimating the integral

Reto—C y(tu+t,)/2
I = / )b,
O N u u

and subsequently in showing that the quantity
Io:=P(t, >R—1t, — C | t,)

satisfies

12 = 0(11), (15)

uniformly over ¢,. We start with the first task, where we use (2) and write

R—ty—C (tuttv)/2
I]_ = (1 —|— O(l))A ‘N e_at"‘dtu
etv/Q R—t,—C a>1/2 etv/Q
= (1 1 —(a=1/2tu gy T .
o) [ SE

We can bound Is similarly:

R oto/2 2a
I, 5 / efatudtu - e~a(R7tvfc) - efoa(thv)eaC - .
R—t,—C N

By direct comparison we see that (15) holds, since o > 1/2.
It is now easy to see that the above must imply that there are two constants 0 < Hy < Hs
such that for any N sufficiently large

otv/2 oto/2
H1 N SP(UNU|tU)§HQ N .

Therefore, since the (conditional) degree of v is given by
Bin (N,P(u ~ v | ty)),
for any u € Vy, then we have the statement. O

Remark 2.8. Without loss of generality, we can choose the constant Hy such that Hy > 1.

11
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Of particular interest will be what we call the light degree of a vertex v. This is defined as
follows: given a constant C' > 0 (that is to be specified later during our proof, cf. Appendix
A), the light degree of vertex v is the number of neighbors of v that have type less than C' > 0.
To emphasize the dependence on C' we denote it by de(v). Arguing as in the proof of the
above lemma we can show the following statement.

Lemma 2.9. Let C > 0 and let de(v) be the light degree of a vertex v conditional on its
type t,. There are two constants 0 < H] < HY that depend on « and C' such that for any N
sufficiently large, if t, < R/2a + w(N), then we have

) ,6t“/2 . /etv/g
Bin N,HlT < d¢(v) < Bin N’HzT .

3 Base Step for Induction

In this section we show that under assumption (i) (resp. (i7)) of Theorem 1.2, with high
probability (resp. positive probability) all vertices in By become infected. This will be the
base case for an inductive argument that will eventually show how the infection will spread
from By to almost every vertex in B;, for all ¢ < T'. Finally, we will show that the number of
these vertices is linear a.a.s.

3.1 The bootstrap percolation process inside B,

Let us condition on having Ny vertices in By, where Ny satisfies (12). Note that by the triangle
inequality, any two of them are within distance at most R and, therefore, they form a clique.

The random deletion of the edges incurs a random graph on Ny vertices, whose edges
appear independently with probability p. That is, this subgraph of G(N; a, v, p) is distributed
as the binomial random graph G(Ny, p). Since p is constant, G(Ny, p) is connected a.a.s., and
it will play the role of the “seed” graph from which the bootstrap process evolves.

Now assume that we infect each vertex independently with probability p = p(IN), where
pN'/2¢ = Q(1) (as in Theorem 1.2(i)(44)). Let Go denote the subgraph of G(N; a, v, p) which
is induced by the vertices of type less than C together with the vertices of By. The constant
C will be specified later in our proof. We will show that if p(N) satisfies the conditions of
Theorem 1.2 (i) and (ii), then By becomes infected a.a.s., in the former case or with positive
probability, in the latter case, through the subgraph Go. More precisely, having shown this,
we will further show that the infection spreads to most of the vertices of type at least C.
Clearly, the two stages use disjoint sets of edges and we can expose them separately.

We now proceed with the analysis of the first stage. By Lemma 2.9, conditional on the
type ty, a vertex v has expected light degree (before the random edge deletions) H{et”/ 2 <
Edc(v) < Hjet/?, where H}, H depend only on o and C. Thus, each vertex v in the set

D1 = {u : ;Z—w(N)gtuggfier(N)}, (16)

has (conditional) expected light degree

Ede(v) > Hiexp(t,/2).

12
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Hence, applying (9) we obtain that

ty /2
P (dc(v) < H{GT | tv> < e=O(e"?),

which tends to zero exponentially fast for v € ©1, implying that in fact the conditional light
degree of a vertex v € ®; is, with high probability,

/
deo(v) > H{etv/Q/Q > % exp (; <2R —w(N))) — Nome—w()/2.
(0%

Now assume we are in case (i) of Theorem 1.2, and set ¢(N) := p(N)N'/2%; hence p(N)
is some increasing function growing to infinity. This implies that for any vertex in 1, the
(conditional) expected number of its neighbors that have type at most C' and are externally
infected is at least (up to multiplicative constants)

p(N)pNzee M2 < o(N)eme (M2,
Choosing w(N) such that () = o((N)) one has
PN)e D2 oo
which further implies that as N — oo we have
P(v € D has at least r initially infected neighbors) — 1.

Also, it is not hard to see that a.a.s. ©;1 contains at least r vertices. Let vi,...,v be an
arbitrary collection of those. Conditional on their degrees being as above, the FKG inequality
implies that as N — oo

IP’(vl, ..., Up become infected) — 1.

(The FKG inequality is applied on the product space of initial infections, using the fact that
the event that a vertex has at least r initially infected neighbors is increasing.) In other
words, the random graph G(Ny, p) contains at least r vertices which become infected after
round 1. Now, Theorem 5.8 in [JLTV12] implies that a.a.s. the bootstrap percolation process
in G(Ny, p) with this initial set of infected vertices results in complete infection of the vertices
in Bo.

Similarly, now assume we are in case (i) and set limy_,oo @(IN) = v > 0. It is not hard
to show that the set

D '—-{v : fi<<t <}g—kw(N)} (17)
2 "2~ "7 2a ’

is non-empty with probability which remains bounded away from 0 as N grows. In fact,
the number of vertices therein follows asymptotically a Poisson distribution with constant
parameter. In particular, looking at what happens asymptotically when N — oo, we have
that with probability bounded away from 0, it contains at least r vertices. Conditional on
their degree, the expected number of infected neighbors that have type less than C' of anyone
of these vertices is

pp(N) — p.

13
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Hence, as N — oo the probability that a vertex v € ®3 has at least r initially infected
neighbors of type less than C is bounded from below by some positive constant. Using again
the FKG inequality, we deduce that with asymptotically positive probability these vertices
become infected after the first round, and a.a.s. subsequently infect all vertices in By.

Therefore, from now in cases (i) and (i7) we will use these vertices as the root of the
infection for those vertices that have type at least C.

We will denote by ICp(Bp) the connected component induced by the infected vertices
containing the (infected) vertices in Bp. In our construction, we will inductively “discover” a
subgraph of IC(By).

In particular, assume that we have discovered a certain set of vertices in K (Bp) contained
in the union U;;}) Bj. Our inductive step consists in proving that with high probability there
are many vertices in B; which are connected to those in K;(Bp) through at least r edges that
are retained after the percolation process.

3.2 The base step starting from B,

In this section we show that the infection spreads from By to the external bands by showing
that the core is very well connected with vertices in the outer bands. More precisely, we show
that with very high probability outer vertices are contained in the disk of radius R of at least
r vertices which are located inside By, and, moreover, at least r of such connections survive
the percolation process. Now we proceed with making this approach rigorous.
For ¢ > 1, define
9 = 2(1 — g)ea(titti-1—R), (18)

Consider a point u on B;_1. Lemma 2.1 implies that all points v € B; with 60, , < 6 belong
to the disk of radius R that is centered at uw. The set of these points is illustrated by the
shaded area in Figure 1.

Figure 1: Set of points v € B; with 0, < (). by Lemma 2.1, they are all inside the disk of
radius R centered at u.

14
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For every 7 > 0 we set
/10
Bi = <19)
t;
Now consider the circle C; (i.e., the set of points of type ¢1), divide it into consecutive blocks
of angle By, and discard the (unique, if it exists) remaining block of angle smaller than B;.
In what follows we shall be referring to these blocks as

1 1 1
FIR AR

where the subscript is the index of the block (with Ky := |27/Bji|) and the superscript
denotes the index of the circle.

For each j € {1,..., K}, corresponding to each block I ](1) we define a region (which will

be called active area — cf. Figure 2) A

;0 as follows:

A§1) ={x=(r0) : R—t; <r<R—tp, 96]}1)}.

Figure 2: Active areas in Bj.

By taking the union over all blocks we define
1 . )
AW = | ] ALY,

with r; = R — t;, the above can be expressed as
AY = {x =(rf) : z€ Agl), for some j € {1,...,K1}} . (20)

We color each block I ](-1) according to the following rule:

(i) black, if for some integer k > r, there are vertices mgo), xgo), e ,xg)) in By such that I](-l)
is completely contained in the k disks of radius R centered at xgo)’ a:éo), . ,:c,(co);
15
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(ii) white, otherwise.

If a block I](-l) is black, then any vertex that falls inside A;l) will be connected to xg0)7 xgo), cee a:,(go).
We show the following intermediate result.

Lemma 3.1. The expected number of black blocks is bounded from below by
Kl(l - €_t1).

Proof. If a vertex v € B falls inside the active area Ag-l) of a black block IJQ), then v will be
connected to at least r vertices in By. As a consequence, if all vertices in By are infected, then
vertex v will become infected as well. Moreover, if at least r of these edges incident to v are
retained during the percolation process, then vertex v will be added to IC(Bp).
Define the event
B\" := {block I\ is black}.

The probability of Bg-l) is the probability of I ](»1) to be completely contained in the disk of

k > r vertices in By. The probability that the disk of a certain vertex in By contains [ 3(1) is
at least 0(V(1 —t;1)/(2n). Note that these events are independent. Therefore

(11 — ¢
PBY) > P (Bin No, LTI ) ) S 1) 5 g - omdoo®/(am) (21)
J ’ 2T ’

where the second inequality would follow from (9), provided we had Ny — 0. Now, to
bound this expression for arbitrary i, we use (12). In particular, we have

(1 — e)tesltitti-—ation < QU N, | < 2y(1 4 &)Pezlitti-D)=atio,

Furthermore, from (5) it follows
Lttt —atig =1 ir__
Slti+ticn) —atiy =In | o————1; |,
24" ! ! 20(1 — )

which in turn yields
(1+ 5)347rt_
(1-et

Thus NgfM) — co. As 0D Ny > 4rty, now (21) implies

drt; < 0N,y < (22)
(1) —t
P(B) > 1 e

Denote by &1 the set of all black blocks and by .57 its cardinality. By what argued above, we
have that ES; is bounded from below by the quantity L, defined as

Ly:=Ki(1—e™), (23)

which finishes the proof. O

16
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Let S; be the collection of black blocks that will similarly be defined on C;, for ¢ > 1. From
now on, let ©; denote the total angle that these blocks cover, and set ©g = 2.

We will show that a sufficient number of them are black, so that ©; > 7/2 a.a.s. (see
Appendix A). Below we show this for Si, starting with the following Lemma.

Lemma 3.2. There is a decreasing function €1 := £1(N) = o(1) such that with high probability
we have S1 > L1(1 —¢e1).

Proof. Note that changing the position of one vertex in By affects the number of black blocks

on C; by at most
p(1) (1)

— =2 = 21.
B oWy

This is the case as the disk of radius R around each vertex in By contains at most 61 /B,
intervals T §1). Hence, by inequality (11) we have

e2E%S e2L?
]P[Sl < (1—51)E51 |N0,@0] Sexp{—m} §exp{—]vo(12t1)2}. (24)

Now we need to find €; such that the absolute value of the exponent above tends to infinity.
Using the definitions of Ly (=< 1/B;) and of By (= 6 /t;) (cf. (23) and (19) respectively), this
reduces to finding £ such that

MONy.— &
1T (N) = BINoE — (02N,

Here we recall relation (22) (that is, #)) Ny < t1), which implies that the above holds if

g1 > VO, (25)

Now, by (24) we have that the number of black blocks S (at this first stage) is, with high
probability, bounded from below by

1:=Li(1 —e1), (26)
for any function 1 = £1(IV) = o(1) for which (25) holds. O

Now, let ©; denote the total angle covered by the blocks in §1. We conclude this section
by showing the following result.

Proposition 3.3. Asymptotically almost surely we have
©1 > .
Proof. By definition, ©1 > B; L} which, by Lemmas 3.1 and 3.2 is bounded from below by
01 >21(1—e ™)1 —e1) >, (27)

provided that IV is sufficiently large. O

17
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4 Inductive Step

In this section we show that the infection spreads throughout the graph, and eventually
reaches a linear fraction of vertices.

4.1 Black Blocks

Assume that at step i — 1 (for any 2 < i < T — 1) we have a collection of pairwise disjoint
black blocks S;_; each covering an angle equal to B;_; (recall its definition from (19)). The
total angle that is covered by these black blocks is equal to ©;,_1 = S;_1B;_1, which we will
show to be at least 7/2 a.a.s. (see Appendix A).

We need to show that when passing from level ¢ — 1 to level 4, we still obtain a sufficient
number of black blocks. We proceed with the details. First, we consider the projection of the
blocks in S;_1 (i.e., the set of black blocks found on C;_;) onto the outer boundary of B; (i.e.,
on the circle C;), and declare the images of these projections uncolored.

Subsequently, we divide each block (in the projection) into three parts, namely:

e Parts (1) and (3): the first and the last part of the block, both of angle 6();
e Part (2): the remaining (central) part of the block, which has angle B;_; — 26,

Such a subdivision is shown in Figure 3.

B_1 — 20

Figure 3: Subdivisions of inherited blocks.

Now, we keep only the central part of each block, discarding all the rest which as we will
see later is negligible. We denote the collection of all remaining blocks of angle B;_; — 26
by S/_,. Note that |S/_;| = [Si—1] = Si—1. We split each such part into smaller uncolored
blocks of angle B;. Finally, discard the blocks that are leftover (if any). It is now clear that
the number of (uncolored) blocks of angle B; is bounded from below by

, Bi—l — 29(Z) _ Q. Bz’—l o )
|Si-1] \‘Bi = Si—1 B, 2t; | . (28)

18
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Recall that ©;_1 is the total angle covered by black blocks on the circle C;_1, that is, the
blocks in S;—1. We denote the blocks in S/_; by I](.l), forj=1,...,K;, with K; := |©;_1/B;].
Analogously to (20), we define the active area below the circle C; as

AW = {x =(r0) : riog<r<mr, fe I](-i) for some j € {1,...,Ki}}.

Given a block I ](i) we define the following event:

Bgi) = {for some k > r there are vertices :cgi_l), xéi_l), e ,xl(f_l) €S 1,

such that I](i) is completely contained in the k disks of radius R, centered

at xgifl), :Egifl), o ,x,(jfl)

mgifl)

, AND at least r edges connecting each

with any vertex in §;_9 are retained during the edge percolation process}.

Now we color each block I ]@ black if and only if the event B;i) is realized. At this point we
show a generalization of Lemma 3.1.

Lemma 4.1. The expected value of black blocks on C; is bounded from below by

B;_ et

for some ¢ > 0 that does not depend on i.

Proof. By the definition of the event Bgl), we first need to ensure that the interval I J(»Z) is
contained in the disk of radius R of k > r vertices, belonging to S;_1. We claim that for each
vertex in v € B;_; this occurs with probability at least (8%) — B;)/(21) = 0@ (1 —t; 1)/ (27).
To see this, note that by Lemma 2.1, the intersection of the disk of radius R around v with
C; is an arc I(v) of angle at least 20(). Therefore, I(v) covers a block IJ@ for a range of the
angle of v which is at least 20 — B; (as the length of Ij(-i) is equal to B;).

Moreover, at least r edges must be connecting each such vertex with a vertex in S;_o and
are retained after the edge percolation process. Since this last event occurs with probability
at least p', we have that

. 0 (1 — ¢t Hr
P(le)) >P (Bin (Nih Al Gk 0 Ll Zr|Ni
2m
>1-— eiCt”’r,
which again follows from (9), for some ¢ = ¢(¢) > 0, uniformly for all ¢ > 0.
Denote by S; the collection of black blocks that we end up with, and set S; := |S;|. Thus,

)

B;_ ot
E(51 | 51;1,]\71',1) > S ( I3 LI Qti> (1 —e P tl) =:L;, (29)

which concludes the proof. O

At this point we proceed as in Section 3 and show an analogue of Lemma 3.2.
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Lemma 4.2. For every i > 0 let g; := (H(i))l/ﬁ. For any 0 < i < T, conditional on S;—1 and
Ni_1, with probability at least 1 — exp (—© (1/(ti(9(i))2/3)) we have

Si > Li(1 — &),
where L; is defined in (29).

Proof. Analogously to Lemma 3.2, we see that by changing the position of one vertex in B;_1,
one can change the number of blocks in §; by at most

g0 o)

=2— = 2t;.
B; H(l)/tZ !

Hence, by (11) we get

e2(E(Si | Si—1, Ni—1))? }

P[S; < (1 — &)E(S; | Si—1, Ni—1) | Si—1, Ni—1] < exp {— N 1 (20)2

We will specify €; so that the absolute value of the above exponent tends to infinity. Recall
that
O;—1=S5-1B;_1. (30)

Furthermore, if we demand that for i« < T we have ©;_; > 7/2 (see the definition of 7" in the
next section), then the absolute value of the above exponent is bounded as follows:

efE*(Si | Si—1,Ni-1) o €7(8i—1)*(Bi-1/Bi)* (30) 707 |
Ni—1(2t;)? ~ Ni—1(2t;)? © Ni_1t2B?

2 2

- ) _ i

TNio1(t)2B? N1 (0®)2°

By (22) we get

2 2
9 €;

Ni 10090 190

Hence, analogously to the base case, we get that ¢; should satisfy

g > tie(i).

We choose

- (0@.))1/67

MO(N) = L Vi>1 31
o ()= 100 reoyes =T (31)

and set

In other words, we apply Lemma 4.1 and get that with probability at least 1 — e_@(Mi( ()

we have
Sz' 2 Ll(l — Ei) = L;,

where L; has been defined in (29). The proof of the fact that MZ-(2)(N ) — oo is deferred to
Appendix C, hence the proof of the Lemma is concluded. O
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(2
This in turn implies that conditional on S;_1, with probability at least 1 — e~ O (N )),

the total length ©; of the set of blocks in §; is bounded from below by
i N\ 1/6
LiBi = Si_1(Bi_1 — 2Bit;)(1 — e~"t) (1 - (0@)) ) .

By putting together these facts, we deduce the following result.

Proposition 4.3. For any 1 <i < T, conditional on ©;_1, we have

o) . N\ 1/6
. . _ IR —cp't; (2)
0,>0;,1 (1 (26(i1)tz—1 +e + (9 ) )) )

with probability at least 1 — exp (fG(Mi(Q) (N)))

Proof. By Lemma 4.2, with high probability we have

B

Q) — ,
— S, 1Bis (1 - 29(1._1)@»1) (1— e~oPti) (1 - (9“)) )

, . \1/6
O, = 8;B; > L'B; = S;_1 B (1 _o B ti> (1= e~crt) (1 - (9(0) / )
1/6

A 32)
o) . N\ 1/6 (
— 0. _ , _ oCptti _(p@®
— 0, (1 20(1._1)@1) (1— e=<rti) (1 (9 ) )
9(1) —Cprt' (’I,) 1/6
>0;-1|1- QWti—l +e + (9 > )
which concludes the proof. ]

4.2 Proof of Theorem 1.2
4.2.1 Parts (i) and (i7)

Given a small value 0 < e < 1, we choose a suitable large constant C' = C(«, v, ¢) (which will
be defined explicitly in Appendix A) and we set

Ty :=min{i : t; < C}, Ty:=min{i : O; < 7/2}. (33)

We take
T := min{T},T>}. (34)

Let us denote by N/ the number of vertices in B; which belong to Kp(Bp). The random
variable N stochastically dominates a binomial random variable. More specifically, with =
denoting stochastic domination, conditional on N; and ©;, we have

N = Bin (Ni, Gi,or> : (35)
27

This is the case because each vertex in B; falls inside A®) with probability at least ©;/(2m)
and, given this, it is connected to at least r of the vertices in A1) with probability at least
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p*. Furthermore, these events are independent for the set of vertices in B;, whereby (35)

follows.
For i < T < T (cf. Definitions (33), (34)), the stochastic inequality (35) implies that

pI'

O;
E(NZ- |NZ,®Z) > N127r'0 > N; 1

Now, for any value 0 < 0 < 1, we can apply a standard Chernoff bound (9), which leads to
I
P <N; <(1- 5)N,~pZ | N;, @,») < e O*Nip"/8, (36)

Hence conditional on &; (defined in (13)), for any ¢ € (0,1), we have that a.a.s.

r

N> (1= )N (37)

Each of these vertices will be connected to the previous band by at least r edges, hence we
conclude showing that there is a positive constant k = k(a, C, g, 6, p,r) for which

T—1
Ke(Bo)| = > N/ > kN, (38)
i=0
Let us set
MY(N) := 62N, /8.
Hence, by choosing § to be an arbitrarily small constant, with probability at least
-« MO (N M3 (N
1—2(6_1‘()+e_i()>, (39)
i=1

(where MZ-(2)(N) was defined in (31)) we have for 0 < i < T

r

N > (1-8N2.

Thus, the above implies that

/ P p
N> ZNZ(l —0)7 2 ZENl(l —e)(1 -85
i=1 =1 i=1
, T-1
Claim 2.4 r
> (1-¢)31-9) N(e i —¢ atzq)%
=1
o T—1
> o 3 o L —at; o —Oé(ti_l—tq;)
(1—e)°(1 5)4 2 Ne (1 e )
(49) r T-1
> (1—e)*(1— 5)%N ot
=1
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Recall from Section 2.2 that A\ = 2o — 1. In Appendix A, we show that

T-1
Ze—ati > eaC/)\. <40)
=1

Setting, for example,

(1—e)*(1—09)p" o—aC/
4 b)

k= k(a,C,e,0,p,r) =

we deduce (38), concluding the proof of parts (i) (a.a.s. case) and (i) (with positive probability
case).

4.2.2 Part (iii)

In this case it suffices to show that if ¢(N) = p(N)N'/2% = o(1) and r > 2, then

P(there exists v € Vy has at least r initially infected neighbors) = o(1). (41)

The proof is based on the fact that for any vertex the probability of having at least r > 2
infected neighbors after the first round is o(N~1).

More precisely, we resort to Lemma 2.7, which states that the degree d(v) of vertex v € Vy
(conditional on the type) is such that

N
H ty/2
d(v) < ZBer ( 2; ) , (42)
(=1

where Hy > 0 is as in Lemma 2.7, and Ber(p) denotes a Bernoulli random variable with
parameter p. At this point we can distinguish between two cases: either ¢, > R/10, or
ty < R/10, hence divide the set V into two disjoint sub-sets:

D3:={v : R/10<t, < R/2a+w(N)},

and
Dy:={v : 0<t, < R/10}.

In the first case, by Lemma 2.7 we have

2 Hye'v/? 2
P(d(v) > 2Hse™/? | t,) <P [ Bin | N, i > 2Hyel/

(10) to/2 (43)
10 v
< exp <H26 ) =o(N71).

8

Now we proceed as follows: to simplify the notation in the next calculation, denote by in(v)

23



CoO~NOOUPAWNLPE

OO OUUUIUUUUIUIUULAAMDDADLNDIARAWWWWWWWWWWNNNNNNNNNNRERRRRRRRER
ORWNPOOONONPRONROOOIDOUIRWNROODNONBRWONROOONOURAWNRPOOONOUDNWNRO

the number of initially infected neighbors of v. Hence
R/2a+w(N)

P(v € 3 and in(v) >r) = /R/10 P(in(v) > r | t,)p(ty)dt,

R/2a+w(N)
_ / P(in(v) > r | o, d(v) > 2Hael/2YP(d(v) > 2Hae™/2 | t,)p(ty)dty
R/10

R/2a4w(N)
+ / P(in(v) > r | t,,d(v) < 2Hse"/?)P(d(v) < 2Hae™/? | t,)p(ty)dt,
R/10

R/2a4w(N)
< / P(d(v) > 2He™/? | t,)p(t,)dt,
R/10

R/20+w(N)
+ / Plin(v) > 1 | t, d(v) < 2Hae/2)5(t,)dt,

R/10
(43) and Lemma 2.7 R/20+w(N)
<o+ [ P (Bin (262, p(N)) > r | ) p(tu)dto.
R/10

Recall that r > 2. Hence we obtain

R/204w(N)
/ P (Bin (2Hac"/2,p(N)) 2 v | 1) p(t)dt,
R/10

R/2a+w(N) >
S / (2ngt/2p(N)) e dt
R/10
R/2a+w(N
= p(N)* / (N) o(r/2=a)t gy r§2 p(N)re(r/Qfa)(R/Qaer(N))

R/10
=~ (p(N)Nl/Qa)r N¥16(1‘/2—Oé)w(N) -~ SO(N)erle(r/Qfa)w(N)'
By choosing w(N) such that
o(N) = o(e~(H/2=a/mw(N)),

then the above calculation leads to

R/2a+w(N) r
/ <2ngt/2p(]\7)> e dt < o(N)TN~LelF/2=)wN) — o(N—1),
R/10

Therefore we have
P(v € D3 and in(v) > 1) = o( N7 ).

Now we take care of the vertices v € ®,4. For simplicity of notation, we set
m := Hyel/?, (44)
By Remark 2.8 we have that for every r > 2

m > Hy > 1. (45)
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At this point on (42) we apply Le Cam’s Theorem, and conditional on ¢, we have

where ﬁv denotes a random variable following a Poisson distribution with parameter m, and

drv is the total variation distance. Hence we obtain
H2 to H2 R/10
2¢ <9 2?\] = o(1). (46)

drv(d(v),D,) <2

This immediately implies that d(v) is, with a very good approximation (as N — o0), dis-
tributed like D,,. Furthermore, inequality (10) implies that for every v € ®4 we have

P(d(v) > 2Hye/? | t,) < exp(—Hae?0/4). (47)

From now on we shall be conditioning on the event that every v € ®4 has degree at most
ty<R/10
2Hqet/2 "< 2H,e/20) which by (47) occurs with probability 1 — o (%)

To simplify the next calculation, set
n:= 2H2€R/20.

This leads to

P (Bin (dy, p(N)) 2 | £,) = > P(Bin (6,p(N)) = r | d, = £,4,) P(d, = £| £,)
l{=r

< Z (Ep(N)) (P(ﬁv =0)+P(dy =L | t,) —P(D, = z))

(46)

H2eR/10
<Z£p1v) P(D, = {) +Z tp(N QT

n l
T T 7mm r r _
<> p(N) (z e ﬂ> + ' p(N)TH2e 2R/,

{=r
Now it is easy to see that there is a constant K := K(r) > 0 such that for all £ € N we have

Y4 r l
g o dom
£ dmr* /!

Therefore we obtain

P (Bin (dy, p(N)) > r | t,) < Kp(N)Te™ Z — + n' (N HZe21/5

dm‘r

r —-m R/QO r+1 r —2R/5
< Kp(N dmr g, p(N)'e

= Kp(N)refmem _|_€(r+1)R/20p(N)r672R/5‘
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Now we show that e(*+DR/20y( N)re=2F/5 — o(N~1). This is easy to see, since r > 2. In fact
we have:

6(r+1)R/20p(N)re—2R/5 - N(r+1)/1ONr/2a—r/2ap(N)rN—4/5
_ 90(N)rNr(1/1071/2a)+1/1074/5
st (N N—2/5=7/10 = (N N—I3/10 — 5N,
Hence, we can write
P(v € ®4 and in(v) > r | t,) < Kp(N)* +o(N71).

By integrating over the types and reasoning similarly as in the case of v € ©3 we have

R/10
P(v € Dy and in(v) > 1) = / p(NYFeldt 4+ o(N™)
0
= p(N)" +o(N71).

But p(N) < N~V Moreover, since 1/2 < o < 1 we have 2o < 2. So as r > 2 it follows
that 5 > 1, whereby p(N)" < N~ Hence,

P(v € ®4 and in(v) > r) = o( N7 1).

The fact that this probability decreases asymptotically faster than N ! implies that no vertex
becomes infected during the first round. In other words, |A¢| = |Ag| a.a.s. which concludes
the proof of Theorem 1.2.

5 Proof of Corollary 1.3 and Theorem 1.4

In this section we show how to obtain Corollary 1.3 and Theorem 1.4 from Theorem 1.2.

Proof of Corollary 1.5. To show that there is a giant component, it suffices to set r = 1, and
apply Theorem 1.2 with a high infection rate. In fact, if there is at least one infected vertex
in a connected component, then the bootstrap percolation process will eventually infect the
whole component. In this case, we can assume that p = p(N) is a positive constant. This
implies that a.a.s. at least 1 vertex in By is initially infected and as the graph induced by
these vertices is complete, it follows that all these vertices become infected during the second
round. But by (38), it follows that a.a.s.

|/C1(Bo)| > kN,
for some x > 0. Hence, the largest component of G(N; «, v, p) has at least KN vertices. [

Proof of Theorem 1.4. The proof of this theorem is a byproduct of our proof. In fact, K\(By)
by its construction is a subgraph of minimum degree at least r. O
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A The definition of 7" and the proof of Lemma 2.2

The first step to show Lemma 2.2 is given by the following result.

Claim A.1. Ifv > 1 is such that

2 47
1— —In| —¢; 48
o2 (). (48)
then
t, < at;_1.
Therefore
i<ag.

Proof. Recall the definition of ¢; from (5) and that A = 2a — 1. Notice that Condition (48)
can be rewritten as

21n <V(141T5)4ti) <(1-a)t.

This condition implies that

47 ti<ti—1 4m
ti = Nt 21 —t; < A— 21 —ti_
1 “(v(l—e)‘l) ot “(u(l—e)4 )

<()\+1—a)ti,1:(2a—1+1—a)t¢,1:ati,1.
O

Now we make the definition of 7" more precise. In particular, recalling Equations (34) and
(33), here we specify the constant C' = C'(«, v, €), which must large enough so that all the
following relations are satisfied:

el <, (49)

if x —2In (,/(;lirg)zlx> > AC, then V(14;€)4 <z, (50)

o (o) <5 o
—cptAC

1_—% < é (52)

/:Zn%oxe_xdx < 116(1;77172)’ (53)

C>max{jl\1féa2’(1—a)2;.zl+a)}' (54)

Let us see now what some of these conditions imply (the rest will become clear in the next
few pages). Claim A.1 implies that

e—a(tifl—ti) < e—octi,1 (1—05) )
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Thus, (49) implies that for any 1 <14 < T we have

ti_1>C
emaltiot) T g (55)

Condition (50) is used in order to ensure that for all 1 < i < T we have t; > Atg. Indeed,
using (5) we have that for any 1 <i <T

4d

But then Condition (50) implies that ¢; > %, whereby In <u(14+e)4ti) > 0. In turn,
t; > M;_1 > M\C, for any i < T. (56)

Condition (51) together with the previous observation (t; > AC, for any ¢ < T') imply that
the hypothesis of Claim A.1 holds for all ¢ < T'. Hence, T'= O(log R) as in Lemma 2.2

Proof of (40)

As shown in Proposition 4.3, for all 0 < ¢ < T with probability bounded from below by
1—exp(—© (MZ@(N)) we have

9(2) —cp't; i)\ 1/6
©; > 0;_1 (1 — <29(i1)ti—1 e Pt 4 (9( )) )

Now note that if this event is realized for all j < i < T, we deduce that

16))

0, > 6, H (1 — <29(j1)tj1 Loty (9(1‘))1/6>>
=2

=17 p0) - G\ 1/6
>0 |1- Z QWt]’_1 et 4 (0 J))

Jj=2

In the next section we use Conditions (52)—(54) to show that for N is sufficiently large we
have

T-1 0 T-1 T-1
00 1 oo 1 N6 1
E . y . E —cpti o . E (@) -
‘ g(ifl)tz_l < 16’ and ‘ e < g and ' (9 ) < 3 (57)
1=2 =2 =2
Hence, for all 0 <i < T (with T} defined in (33))
3 7r
S 1-2 Z
@z e @1 < 8) > 5 (58)

which in turn implies that in relation (34) we have T' = min{T},T>} = T1. Moreover, this
occurs with probability at least 1 — 37, exp (—@(Mi@)(N))). If T =T, then (56) implies
that

1
e~ Oti > e*thT > e*aﬁc > e—aC//\.
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B Bounds on the error terms in (57)

Bound on first error term Here we show that Z 6 ti—1 < 1/16, when N is large

i=2 g(i—1)
enough. First note that
T g0)
Ze(z 1) Ztl 16 i—ti— 2)/2 Zte it1—ti— 1)/2
i=2

By Claim A.1, we have t;11 < at; and t;_1 > t;/a. Thereby, ;11 —ti—1 < t;(a — 1/a). So we
have . - -

6@ t(1a) 200 —1/1 _ti(1_,
2 gt Z* ) z<a‘“>tie e

1=2

Now, the last sum can be bounded as follows:

T-1
1/1 t o0 o

E - ( _ a) tie_i(é_o‘) S/ xe *dx S/ re Tdx.

- 2\« 1 1

2(7—o<)tT 1 2(7—04))\0 1

Let us set n := % (é — a). Indeed, this is bound holds provided that C' is large enough so

that for any x > nAC — 1, the function xe™7 is decreasing, namely for x > 1, and, moreover,
n(ti-1 —ti) > 1.

In particular, the former holds if C > 7%, which is implied by Condition (54).

Moreover, we have

ti1—t; > (1 < Oé)tz;1 > (1 — Oé)C

So if n(1 — a)C > 1, then n(t;—1 —t;) > 1 and the approximation of the sum by an integral is
valid. This condition is C' > n(ll_a) — (ka);'zl Ta) which is again implied by (54) Therefore,
bounding the sum by the integral is valid.

Bound on the second error term Now, we verify that

T
. 1
—cpt;
e < —-.
2 5
Jj=2
Ast; —ti_1 < (a—1)C, we can write
T 00
Z efcprtj < efcp"tT Z efjcp"(lfa)c"
j=2 Jj=0
Also, as we have shown above tp > A\C. Therefore,
o —cptAC 52
e_CPrtT Ze_]cpr(l_a)c < e (52) 1
Jj=0
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Bound on the third error term Now we need to check that, when N is large enough,

we get
T
S (69)” < s

i=2
To show this, we use Claim A.1, which holds by assumption (51). We have that

ti<Rr/2 L

T, 16 L
Z <9(1)> _ Zel/IQ(ti—f—ti_l—R) < 261/12(t1——R/2)

=2 =2 =2

ti<a'to o 1/12(ai=1)R/2 _ —R/24 ¢ a'R/24
< E e =e g e

o1 i—1

< o R/24p aR/24

Since « < 1 and T'= O (In R) by Lemma 2.2, the bound follows.

C Proof of (39)

We conclude our proof showing that the sum of the the error terms obtained in (36) and (31)
is of order o(1), i.e., that (39) is 1 — o(1).

Since the event &; (defined in Equation (13)) is realized, the lower bound on N; given by
(12) implies that there is a constant £€) > 0 such that for N large enough

MIP(N) > DN 0<i< T

A straightforward calculation gives

T-1
St e
i=1

where we used the fact that T'= O(In R).

Now we seek the analogous relation for Mi(z)(N ), which was defined in (31). Using the
definition of #®) and the fact that t; < R/2 for all i > 0, we see that there is a constant & > 0
such that forall 1 <i< T

H(0DY2/ < ReltimR/2)/3 TE M e (@i B/2-R/2)3

< £Rel@"DR/6 < p(a=1R/12.
where the last asymptotic inequality holds for large enough N, and the one before the last is

due to the fact that a < 1.
Therefore, there is a constant £2) > 0 such that for N sufficiently large for all 0 < i < T

MO (W) 'S e ya-ars
which implies

T-1
(2) 2 1—a)/6

i=1
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Hence (38) holds with probability bounded from below by

=

I1(i- e_Mi(l)(N)) (1- e‘MfQ)(M) >1- Tz_l (e—Mf”(N) + e—Mf”(N)) —1-o(1).

1=
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