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Geometric inhomogeneous random graphs (GIRGs) are a class of random graphs where
each vertex has an assigned weight coming from a power law distribution, and a spatial
location according to a Poisson point process on the underlying geometric space. We
consider GIRGs on the d-dimensional torus T¢ := [—n!/?/2 n'/4/2)? and perform
percolation with edge-retention probability 7, = An(3~7)/2 for some A > 0. We prove
that there exists a A., such that for all A > A, a largest component unique in its
order of magnitude exists within the highest [an(7=%)/2] weight vertices (the core) for
some a > 0. Furthermore, we also prove novel results on the spatial distribution of
the highest weight vertices. Starting from some fixed distance rg, we sweep through
the powers of 2 by defining 7; := 2%y and show that the amount of vertex pairs
between r; and r;41 concentrates within its own expectation. We then consider the
slightly supercritical regime, where we have already established the existence of a
giant within the core. Extending the core to the entire graph, we establish that the
largest component consists of mostly the emerging giant inside the core, together with
the vertices reached outside the core, which we call its span. We then show a law of

large numbers result on the size of the span of the giant component inside the core,

N Span(?f(al)ﬂ N
where we show that for any € > 0, we have that (* — e < —n < (M +e.
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1 Introduction

Networks are at the core of nature, sociology, technological advancements [42], and
are a key structure of almost everything that exists. The way that networks appear
in life are vast and has an incredibly broad area of applications and occurrences. For
instance, consider mycelium, fungal networks that allow fungi to communicate with
each other which have been around billions of years. Alternatively, we have the much
more recent introduction of social media into our daily lives, where social networks
have become increasingly larger and more important to the average person. Lest we
forget about airport networks, or electrical grids [1], even the neuronal structure of
the brain and how information passes through [45, 46]. Networks are everywhere,
and when something is such an all-encompassing force throughout all aspects of life,
leave it up to mathematicians to figure out a way to model and analyze the different
properties that may occur.

1.1 Graph Theory

The introduction of graphs and graph theory is wildly regarded to have been in 1736,
when Euler published a paper on the seven bridges of Konigsberg [26]. The core idea
of graph theory and why it is significant, is the analysis of objects (graphs) where
there are directed or undirected relationships between nodes, or what we call vertices.
These relationships can be for instance connections in a social network, but also a link
between airports when there are flights happening between them.

A graph in its simplest form consists of only two things, its wvertices, and its edges.
We will commonly use the notation G = (V, E) to indicate the vertex set V', and
edge set E of graph G. Edges can be directed, meaning the link between vertices
u and v only happens one way, i.e a hyperlink on a webpage that directs the user
to a new website, or undirected, where the edge always exists in both directions, i.e
in molecular structures, where atoms are connected to one another or are not. The
vertex and edge sets together completely define a graph, and can be used to analyze
different properties of different graphs.

A commonly studied property of graphs is the degree distribution of a network. Each
vertex has a number of outgoing edges to other vertices, each node it connects to is
called a neighbour, and the degree of vertex v, D,, is its total number of neighbours.
The degree distribution of a graph on n vertices is then defined as

ng

== 1.1
Pk n’ ( )
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where ny is the amount of vertices with degree k. Within real networks it is often
observed that the degree distributions follow a power law distribution, i.e pp o< k=7
for some 7 which is called the power law parameter, where typically 7 € (2,3). When

the degree distribution of a network follows a power law, we call the graph scale-free
[48].

Scale free networks have been observed in multitude, ranging from paper citations, to
webpage hyperlinks, to social networks |2, 6, 27, 34, 49]. The discovery even lead to a
new model of random graphs called the preferential attachment model, introduced by
Albert and Barabéasi [5], where vertices with high degree are more likely to connect
to new vertices that join the graph.

Another property commonly studied is what we call the small-world property. First
coined by Strogatz and Watts in 1998 [50], this is a property in graphs that more
colloquially known as siz degrees of separation, stemming from the famous experiment
of Stanley Milgram in the 1960’s [40], where he tried to connect any two randomly
chosen people in the United States through letters to acquaintances. This showed
the remarkable fact that on average it took around 5 or 6 connections to reach the
intended target. Within graph theory, we consider this with respect to the graph-
distance dg(u,v) between two vertices v and v, which is defined as the length of the
shortest path. We then call a graph on n vertices small-world, if for two uniformly
chosen vertices u and v, we have

da(u,v) x logn. (1.2)

1.1.1 Random graphs

Networks are naturally found, but the creation of one can be modelled in a stochas-
tic manner. By connecting any two vertices v and v according to some connection
probability, typically denoted by p,,, we have created a random graph. The simplest
example of this is the Erdgs-Rényi model [24], where we independently flip a coin for
each possible edge present in the graph with the same probability p.

However, the Erdgs-Rényi random graph does not exhibit the scale-free property in
its degree distribution. As every edge exists independently with probability p, the
degree distribution ends up being being a binomial distribution, and does not follow
a power law. Therefore, in the pursuit of finding models that mimic real networks,
new advancements had to be made to incorporate the scale-free property which is so
often observed.

There are many more random graph models that exist and are far more complex than
the Erdés-Rényi model. However, there is a particular subset of them that we are
especially interested in with regards to the connection to real networks.

Chung-Lu random graphs [17, 18, 19] are a precursor to the main model of this
thesis, geometric inhomogeneous random graphs. On a set of n vertices, each vertex
is prescribed a (random) weight such that the degree sequence follows a power law.
Then we connect any two vertices u and v, with respective weights w, and w, with
probability

Wy Wy )
W b

where W is the total sum of all the weights ZieV(G) wj.

pur = (1A (1.3)
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There however, is no inclusion of any spatial dimension yet. As we will see, geometric
inhomogeneous random graphs are a generalization of Chung-Lu graphs, where a
spatial dimension is added.

1.2 Spatial Random Graphs

Random graphs as we have discussed them so far have simply been a collection of
vertices where edges are formed between them randomly, yet what we often observe
is that many networks have some underlying spatial structure. If we consider social
networks, be it a social media network or simply considering the theoretical framework
of people in your life, then there is a very obvious spatial component at play as we
are much more likely to connect to people close to us geographically. This is where
spatial random graphs come in, essentially all we add to the set of vertices is a location
for each vertex on some space. The interesting part comes from how the connection
probabilities change depending on the distance between two vertices.

The simplest model of a spatial random graph is the random geometric graph [44].
Here we first place n vertices randomly in some space according to some specified
distribution, and then connect any two vertices if their distance is less than some R.
This model however lacks long range edges and is purely formed by short (less than
R) edges, taking R "too large" simply creates a complete graph and rids the network
of any complexity.

Graphs formed from real networks often exhibit a few key characteristics, they are
often scale-free, small-world, and include spatiality, where predominantly the networks
are formed by short range edges but the long edges (sometimes called weak ties) do
exist and create important connections between the local components [29].

1.2.1 Geometric Inhomogeneous Random Graphs

Geometric Inhomogeneous Random Graph (GIRGs) [14] are a group of synthetic mod-
els that carry all of the aforementioned properties. GIRGs exhibit a scale-free degree
distribution, the small-world property, high clustering (many triangles are present in
the graph), and an existence of weak ties. Due to this they are an excellent candidate
for modelling many real networks.

Vertices within a GIRG are ascribed a random weight, sampled from a power law
distribution with parameter 7. Independently from their weight, all vertices are ran-
domly placed in space, which we will always assume to be the d-dimensional volume-n
torus T¢ := [—n'/4/2,n!/4/2)? according to a Poisson point process with intensity
1. Then, any two vertices are independently connected according to their weight,
distance, and the long-range parameter o > 1 in the following way:

o
Pup = min <1, wuwv> . (1.4)

This definition of the connection probability ensures that vertices very close together
will always connect. However, it is also extremely likely that very high weight vertices
also connect to each other. This creates a true hub structure within the graph, where
hubs are formed from high weight vertices that connect to low weight vertices at small
distances, but also connect to other high weight hubs far away.
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(a) GIRG with parameters (B) GIRG with parameters (¢) GIRG with parameters
T=3.7, a=06. T=37 a=1.1. T=28, a=06.

FIGURE 1.1: Illustration of the Geometric Inhomogeneous Random
Graph model for three different settings of the parameters 7 and a.
The graphs were generated by assigning a position (chosen uniformly
at random in the unit square [0, 1]?) and a random weight w (following
a power-law with exponent 7) to 2000 vertices. Each pair of vertices
{u,v} draws an i.i.d. uniform variable E,,, € [0,1], and is connected by
a link if Ey, < c¢1- (1A co - (wyw,/(E[W]|lu—v]|?))®). The constant c,
was set to co = 0.7 here, while the constant ¢; was varied so that the
three graphs all have ~ 5800 links. The position, weights, and link-
existence random variables are coupled on the three graph instances.
The size of a node is proportional to its weight.

Increasing the long-range parameter o penalizes edges further away more, and dictates
how many weak links are present within the graph. In Figure 1.1, three different
realizations of GIRGs are given with various parameters, to showcase the effect of
changing both 7 and «.

Many results about GIRGs are already known, such as the fact that the average
distance is of order O(loglogn) [13] and thus the graph is ultra-small world. Further-
more, in [13] it is also shown that GIRGs exhibit a giant component and the diameter
of the graph is poly-logarithmic, in the threshold model (o = 00) the diameter turns
out to even be O(logn) [8]. Another key algorithmic property that helps in apply-
ing GIRGs is the fact that they can be sampled in expected linear time [12], which
was an original motivation of the introduction of the model as it was a significant
improvement over the expected sampling time of hyperbolic random graphs.

1.3 Percolation

Percolation theory on random graphs is the study of a phase transition with respect
to a giant component. Edges in a (random) graph on n vertices are deleted with
probability p (possibly dependent on n), the phase transition occurs at some critical
value p., where for every p > p. a giant component arises.

Originally introduced by Broadbent and Hammersly in 1957 [16], percolation processes
were used to study the contrary of diffusion processes regarding fluid movement in-
side a medium. Percolation here focuses on the random properties of the medium,
as opposed to diffusion processes that focus on the stochastic nature of the fluid.
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Therefore, the problem now known as bond percolation was the first venture into per-
colation theory. Bond percolation is a problem posed as the question, can a fluid move
its way through a porous material from top to bottom? Within this porous medium
the gaps, or holes through which the fluid must pass are randomly created, making
this a stochastic problem that very naturally lends itself to graph theory.

Earlier we mentioned the Erdés-Rényi (ER) graph, where for n vertices we add an
edge with probability p independently for each possible edge. This is the same as
simply performing percolation on the complete graph of n vertices, making the ER
graph the same as a percolation problem. It has been shown in [25] that the critical
percolation probability for Erdgs-Rényi graphs is 1/n, more specifically, if we let the
percolation probability be of the form A/n, then for A < 1 we have that all components
are the same order of size, namely ©(logn), where as when A > 1 we have a giant
component that arises which has a size that is linear n. This is what we call sub and
super-criticality of the graph respectively.

Typically, the term super-criticality is used when there the giant that appears is of
linear size. However, what we will see is that in GIRGs and in similar models the giant
that arises is of lesser order, which is why we will use the term slightly supercritical
to describe the graph.

In fact, the Erd6s-Rényi random graph also exhibits slight supercritical behaviour in
its phase transition, see for example [3]. Where for connection (percolation) proba-
bility with parameter A — oo, p = %, with € := An~1/3, we have that the largest
connected component is of size 2An?/3. However, the second largest component is of
order ©(n?3A=21In)\). What we will show in GIRGs is that the slightly supercriti-
cal regime looks very different, in the sense that the largest component will have a
magnitude of order ©(y/n), and the second largest component o(y/n).

1.3.1 Percolation on GIRGs

GIRGs are much more complex than the Erdgs-Rényi model, with the added compo-
nent of spatiality we have a lot more to consider when analyzing the critical percolation
probability and the size of the components. If we consider the absence of a spatial
dimension, and look at models that are also scale-free and have weights associated
to its vertices, then we get a strong intuition for how we could proceed and on the
conjectured orders of the components, and their corresponding critical percolation
probabilities. This is exactly what is done in [9]. Bhamidi, Dhara, and van der Hof-
stad show that the critical percolation probability in a class of random graphs that
are variants of the Chung-Lu model, meaning vertex weights follow a power law dis-
tribution, is of order @(/\n%s), where there also exists a critical A, such that for all
A > A, the graph is (slightly) supercritical and the giant that arises has size ©(y/n).

1.3.2 First-passage Percolation and Applications

First-passage percolation (FPP) is a generalization of the classic percolation problem
[32, 36]. Each edge is given a (random) time, and we are interested in the time it
takes for a vertex to be reached from some source node. Here, we will focus mainly
on its application to epidemiology, this is due to the fact that GIRGs are a natural
candidate to model social networks. Social networks have been shown to exhibit for
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instance the small world property [40], contain weak ties [29], and high clustering [50].
These are all properties that GIRGs also exhibit.

The connection of FPP to epidemiology is also natural, consider patient zero being the
source node of the network, then the analysis of how fast other vertices are reached
and how the infection travels throughout the network is of utmost importance when
trying to understand the spread of an epidemic.

To show this in practice we consider the Gowalla dataset [38], a social network with
geographical locations for each user. We have modelled the Gowalla dataset as a GIRG
in [7] and even a simple eye-test of Figure 1.2 shows the similar structure between the
graphs.

&kn=0.562
T=1+1/6,=278

10°

107!

1072
10° 102 104 \

d(l-a)= -0.387, a=1.194

10° 10t 102 10° 104
(©) (D)

FiGURE 1.2: The Gowalla network. Visualizations of the network
restricted to (a) the US and (b) Europe, as well as (c) the entire
network. Figure (d) shows its cumulative degree distribution function,
revealing a power-law tail. We estimated the power-law exponent using
three different estimators (dashed), with consistent estimates around
1.78, yielding Tgow = 2.78. The inset shows the link-length cumulative
distribution, which follows a truncated power-law. We estimate the
exponent using non-linear regression (that recovers the true parameter
for synthetic GIRGs) on the well-behaved region of the plot from 10km
to 100km, giving Tgow,link = 1.4 £ 0.02.

GIRGs have proven to model the Gowalla network relatively well, we can fit the
parameters 7 and « by examining the degree and edge-length distribution of a real
network respectively. In Figure 1.2 (D) we can see how the degree distribution of the
Gowalla network does indeed follow a power law distribution, and by methods used
in [49] we estimate the 7 of the network. In [7] we also perform a simple epidemic
process on both synthetic GIRGs as well as the Gowalla network, and show that it
yields similar results. This demonstrates the application of GIRGs to real networks,
as we can go further than just the theoretical framework that we outline and indeed
recreate the theory on real networks.
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1.4 Thesis outline and Contributions

This thesis will focus on the slightly supercritical regime of GIRGs. We will start
by defining the model as introduced by Bringmann, Keusch, and Lengler in [14] and
describing some of its features and known results. We closely follow the work done in
[9] on the multiscale genesis of the giant component, adding spatiality into the fold to
apply it to the GIRG setting.

We aim to make progress on Conjecture 2.3.1 which describes when the graph is
subcritical, at criticality, and slightly supercritical. Where this thesis focuses on the
slightly supercritical part.

To deal with the added geometric component of GIRGs, there is a need to condition on
the locations of high weight vertices. This is due to problems that can arise when many
high weight vertices are clustered in space together, as this would remove the inter-hub
connectivity that we so often see in typical GIRGs and also real networks. On this
note in Chapter 3 we prove novel results on what we consider a "good configuration”
of a GIRG, i.e one where the high weight vertices are dispersed through space evenly.
We show that the probability that its complement (the bad event) occurs can be
pushed below any ¢ that we desire.

The high weight vertices that we consider in the good configuration are the main
component of the way we approach the problem. We consider the core of a GIRG, not
to be confused with the typical k-core definition, we call the top [an(S*T)/ 2] vertices
for some a > 0 the core of a graph. The idea throughout the whole thesis is that the
induced subgraph formed from this core has a giant component which extends to the
giant component of the full graph when considering all n vertices if we let a — oo.
Which is why in Chapter 4 we start by expressing this core as an inhomogeneous
random graph (IRG) using the theory from Bollobas, Janson, and Riordan from [11].
IRGs have a known phase transition and clear conditions on when a giant arises by
making a connection to branching processes, which is formalized in Theorem 4.3.1.
Here we show that an emerging giant exists in the core of a GIRG, and we can
characterise the condition by finding an implicit expression for A, in terms of the
associated integral operator.

Finally, we consider the aforementioned emerging giant of the core which has size
©(y/n) and look towards at its embeddings in the full graph in Chapter 5. As we have
left out the small weight vertices in every step until now we need to start carefully
adding them back in. Effectively what we analyze is what we call the span of core,
meaning the vertices reached outside of the high-weight subgraph. We prove a lower
bound on the order of magnitude of the emerging giant, together with the vertices
reached outside of the core withing a single edge in Section 5.3, which is of order
©(y/n). In Section 5.4 we show an upper bound on the same object of the same order.
There is however one caveat, within the high-weight subgraph there might be so-called
return paths between two vertices. These are paths that connect two vertices within
the core through vertices outside the core, and these need to be counted too for an
upper bound. The idea is that these contributions are negligible, just as in [9], we
manage to show that return paths of length 2 are negligible, but the problem of longer
paths remains open. This means we are able to show that the largest component in
the slightly supercritical regime is of order ©(y/n), and that all other components are
of order o(y/n).



Commonly Used Notation in this

Thesis

The following are commonly used notations used in this thesis and their meanings:

G(V.E)

Wy,
Puv

alb
1(x)
Td
With high probability (w.h.p)

G denotes the graph with vertex set V' and edge set
E, G(V) and G(E) are used respectively to indi-
cate the vertex or edge set belonging to G.

The weight of vertex w is denoted by wy,.

With p,, we denote the probability of an edge exist-
ing between vertex u and v.

When an edge exists between vertices u and v we
denote it by u <> v.

By G(m,) we denote the graph G percolated with
probability 7.

The i-th largest component in a graph G is denoted
by €4

A function f(n) is considered to be f(n)
for some function g(n) if f(n)/g(n) —

= o(g(n))

0asn —
00.

A function f(n) is considered to be f(n) = ©(g(n))
for some function g(n) if there exists constants
N,c1, and co such that for all n > N we have
cig(n) < f(n) < cag(n).

[n] denotes the integers starting from 1 to n, i.e [n] =
{1,2,--- ,n}.

We denote the minimum of ¢ and b by a A b.

The indicator function of = taking only values 0 or 1.

The d-dimensional torus is denoted by T¢.

We say a sequence of events F, holds w.h.p if
lim,, oo P(E,) = 1.



2 Geometric Inhomogeneous Random
Graphs

We start by defining the model which will be studied in the rest of the paper. Then
we discuss percolation in a general setting, and its application to the GIRG model
by defining the restrictions under which we will work moving on. We also provide a
heuristic argument for the intuition behind the critical percolation parameter and the
size of the giant in the supercritical regime.

2.1 Model Definition

In the typical definition of a GIRG, the weights are sampled randomly and follow a
power law (pareto) distribution. However, to study percolation, which is essentially
the effect of deleting edges by flipping a coin for each one with a set percolation
probability, it is very helpful to know the set of high weight vertices, and therefore
have higher expected degrees. For this reason we will consider a GIRG where the
weights still follow a power law distribution with exponent 7, but the randomness of
the weight sequence is removed. This allows us to more carefully analyze the effect
of high or low weight vertices on the percolation later on. This definition agrees with
the typical stochastic definition of the weights and is also defined in a more general
setting in [13].

Definition 2.1.1 (GIRG with Deterministic Weights).
For fized parameters o > 1, 7 € (2,3), and dimension d € N, consider the vertezr set
[n] for fixed n. For each v € [n] set its weight determined by its index:

1

n\ =—1
Wy = Cp | — 2.1
v=cr (2 (2.1)
for some tunable constant cp > 0. Furthermore, each v € [n] is uniformly placed at a
location x,, on the volume-n torus T% = [—n/? /2, nY/)e. We connect any two vertices

u and v independently with connection probability
. 1 wuwv “ (2 2)

=min (1, —— | , :
puv |$u _ .’Ev|d

with | - | denoting the co—norm on the torus between w and v. Furthermore, the

following is an equivalent expression of the connection probability

o= e (- (222, o
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This results in a GIRG with deterministic weights for each vertex.

The different connection probabilities behave qualitatively similarly, however in cer-
tain cases it might be easier to analyze or bound one or the other, meaning we will
use both formulations in the remainder of this thesis, and mention when we change
definition. With this definition of a GIRG all of the known properties still follow
through, i.e. expected degrees are proportional to weights, high clustering, and the
small world property [14]|. This is due to the fact that the geometric part of a tradi-
tional GIRG is still present in the same way, and the weights still follow a power-law
distribution, in fact one that is even closer to a theoretical one than an i.i.d sample
would. This implies all theorems from [14| and other relevant literature on GIRGs all
follow through.

2.2 Percolation on GIRGs

We introduce the concept of percolation first by a few definitions, then show a short
heuristic argument that provides intuition in the GIRG case. However, before we start
we need to cover a little bit of notation. We use the Bachmann-Landau big O notation
O(-),0(-), O(-) to describe the asymptotics of functions. We also use Op(-), op(-), Op(-)
for the probabilistic equivalent. Formally,

Definition 2.2.1 (Probabilistic Big O Notation). Let X,, and Y, be sequences of
random variables, we say that

o X, =O0p(Y,) if for all e > 0 there exists an M >0 and N > 0 such that
P(|Xn|/|Yn| > M) <& for alln> N,

o X, =op(Yy) if Xn/Yy 20,
o X, =0p(Y,) if both X,, = Op(Y,,) and Y, = Op(X,,).

Definition 2.2.2. Let G be a graph on n vertices. Let €; denote the i-th largest
connected component in G. We say G is slightly supercritical if

62| = op(|C1) ), (2.4)

[6(1)| is unique and additionally |6(1)| = op(n). We call G slightly subcritical if for
any fized k > 2 and some function f we have that

(1€l 1€l [Cm)) »
e 2.5
f(’n,) *> (615627 7C]C)7 ( )
for some constants c1,ca,--- ,ci. Lastly we say that G is at criticality if there exists
some function g, and random wvariables X1, Xo,--- , Xi such that

The important distinction between the definitions of slightly subcritical and at crit-
icality is that while in both cases the sizes of the components are of the same order
and there is no unique giant, the sizes in the slightly subcritical case converge to a
deterministic vector of constants. While at criticality the limit is a stochastic vector.
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Typically in percolation, we consider a giant to be of linear size in the number of
vertices, which is what we call supercritical, however as we will see in the GIRG
case, the giant is not of linear order. Which is why the previous definition of slightly
supercritical is more useful. Hence we only require the largest component 467 to be
unique, and its size to be of higher order than that of 3. The problem that remains
is under which conditions the graph G is slightly super, or subcritical.

Definition 2.2.3. Given a graph G on n wvertices, let G(p) be the random graph
obtained by keeping each edge of G independently with probability p. If there exists
a pe such that for all p > p., G(p) is (slightly) supercritical, then we call p.(G) the
critical percolation probability of G.

GIRGs mimic lots of real world properties, including robustness under random fail-
ures [20], [37] when considering the infinite case. An infinite GIRG obtained by the
vertices forming a Poisson point process has p. = 0 [22]. Yet for any finite GIRG
we can investigate the critical p.(G,,) such that the percolation makes the giant fall
apart. Something noteworthy to mention is that this question can only be answered
asymptotically on a sequence, and not on a single graph because of its requirement
to be finite.

Analyses of giant components in percolated graphs have been done in many other
models before, as for example Erdés-Rényi [25], Norros-Reittu [43], Chung-Lu [18],
and generalized random graphs [15]. In particular, the Norros-Reittu and Erdds-
Rényi random graphs and its critical percolation probabilities are of interest to us.
The Norros-Reittu model is essentially a GIRG without a spatial component, meaning
that it is natural to try and extend the work of [9], where they determine the critical
percolation parameter, and analyze the conditions under where the graph has a giant
component.

There is however a caveat in the case of GIRGs, the infinite graph G has an infinite
largest component in the local weak limit sense of the graph when 7 € (2,3), and is
robust under percolation. However, for fixed n, G,, loses its robustness and the critical
percolation probability p. > 0. r percolation/ sparse just means expected degree finite
This means that p.(Gs) = 0 and p.(G,) | 0 as n — oco. But for a finite graph we
can determine the critical percolation probability as a function of n.

The Erdss-Reényi graph with connection probability p and n vertices (ER(n, p)), pro-
vides a very natural intuition for the finite GIRG case. It is known that when p = A/n,
where n is the number of vertices, that when A > 1, a unique giant component arises
[25] with a size that is linear in the number of vertices. If we consider a GIRG and
restrict to a subset of vertices that are of high enough weight, then we obtain a com-
plete graph. Recall the connection probability between u and v from (2.2), the typical
distance between u and v is of the form n!/¢ (see for example [44]), this makes it that
if we restrict to vertices of at least weight /n, up to some constants, we obtain a
complete graph. Ignoring constants, the order of the amount of vertices in this subset
in the general GIRG case can be easily computed by

oo

n-P(W=>+vn)=n- /\/ﬁ w dw=mn- [wl_T]f/oﬁ =n-(Vn)' = n'e. (2.7)
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In the formulation of Definition (2.1.1), we can compute the amount of vertices di-
rectly.

We require w,, > v/n this gives:

cminT >w (2.8)
And the same result on the order of n appears.

As the n3=7)/2 vertices form a complete graph, if we decide to percolate the edges
3—7

with probability m,, it is now simply the FR(n 2 ,m,) problem. Which means a giant

arises in the subgraph when

1

W = n_(3_T)/2. (29)
n T

T >
This is simply a heuristic argument, but it gives a strong intuition on the order of the
critical percolation probability in GIRGs.

2.3 Main Results

We set out to make progress in proving the phase transition of graph in terms of
the critical percolation parameter in GIRGs. This is summarized in the following
conjecture;

Conjecture 2.3.1. Let G,, be a GIRG as in definition 2.1.1, with T € (2,3) on n
vertices. Let »

Ty = AN 2

(2.10)

be the percolation probability for G,,. Then there exists a A., such that for every X > A\,
we have that Gy (my,) is slightly supercritical. Furthermore, we have that as n — oo,

€11y ()| B o |€(2) ()| L

N , and NG (2.11)
Where ¢* is the limit as a — oo of
Q= )\/ cFUT;—llpé‘(u)du, (2.12)
0

and p) is the survival probability of a multi-type branching process which will be ex-
plicitly defined in Section .2.1.
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Additionally, when m, = o(n_(3_7)/2), we have that G is slightly subcritical, and as
n — oo we have that for any fized i € [n]:

1€ (M)l B creq
mnt/(T=1) 1/ (r=1)"

(2.13)

Conjecture 2.3.1 tells us that when G is supercritical, our largest component is unique
and of order /n. When we are in the subcritical case however, the sizes of the
components are determined uniquely by the weights of the vertices. Meaning that the
components are also disjoint from each other. In fact, it concentrates around m,w;,
which is intuitively easily understood as in GIRGs the expected degrees of vertices
are directly proportional to their weight [14]. Moreover, it is clear to see that there is
no giant in this regime, and the largest percolated component will be formed by the
vertex with the largest weight.

2.3.1 Our Contribution

We make progress in proving Conjecture 2.3.1, the novel results we do manage to
show are summarized in the following theorem,

Theorem 2.3.2 (Summarization of Results). Let G, be a GIRG as in definition
2.1.1, with T € (2,3) on n vertices. Let

T—3

Tn=An"7 (2.14)

be the percolation probability for G,. Then there exists a A, such that for every A > A,
we have that
€y ()|

— > - (2.15)

The critical percolation probability \. can be implicitly expressed as the reciprocal of
the integral operator norm

Ae == ||T|| 7Y, with

(T f) (0, 30) = //Oa (1 —eXp(—(m>a>f(v,3?v)dvdfcv. (2.16)
Bq

Furthermore, the constant (* is the limit as a — oo of the object
a —1
Q= )\/ cru™1 p(u)du, (2.17)
0

and p) is the survival probability of a multi-type branching process which will be ex-
plicitly defined in Section /.2.1.
Lastly, we show a partial upper bound on the largest component €(1y(my) of the form
€0 (7))
N4

where ’R?l) s a set of vertices as defined in definition 5.2.3.

< e+ Ry USpan, (RY))], (2.18)
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We give a brief outline on how we prove the results of Theorem 2.3.2. In the super-
critical regime we will start by establishing the existence of a giant in a subset of high
weight vertices. We will do this by first showing that the core (of high weight vertices)
of a percolated GIRG can be expressed as an inhomogeneous random graph (IRG) as
defined in [11]. Where we have an extra type for the spatial component. Using the
theory of IRGs we can then show that under certain conditions of A an emerging giant
exists when restricting to the core of a GIRG, which we will call the tiny (or emerging)
giant. We also connect the theory of branching processes to these graphs, by using
the theory of [11] that states that the local weak limit of an IRG is, in our case, a
multi-type branching process. We analyze the averaged survival probability of the
BP ¢} and show that it converges as we extend the scope of the tiny giant by letting
a — o0o. However, the emerging giant clearly does not cover the full scope of the giant
in the entire graph, which is why we investigate further outside of the core. We are
interested in the component in the full graph that engulfs the tiny giant, we analyze
this component by counting the paths that extend from the emerging giant into its
complement, defining the set of vertices that are added as the emerging giants span.
We prove a lower bound on the size of the tiny giant and its span by counting two
step paths, a partial upper bound is found by showing that paths with length larger
than two are of lesser order than the two step paths.

The spatial dimension of GIRGs is often an obstacle in these computations, this is
why we also prove a number of results on the distribution of vertices in space. Namely,
we show that what we call a "good configuration" of a GIRG, that is a configuration
where the high weight vertices are well distributed in space, and not clustered together
in a tiny pocket. In particular, in Chapter 3 we show that for the right choice of some
starting distance, if we sweep through different distances by powers of 2, the bad
event where vertices are clustered too much together can always be pushed below any
arbitrary §. We also compute the expected number of pairs of vertices in each distance
range and its variance.
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3 A Good Configuration of a GIRG

In this chapter we will prove novel results about what we consider to be a good config-
uration of a GIRG. This includes results on the expected amount of pairs within some
distance r from each other, together with variance computations and concentration
bounds.

3.1 The Geometric Picture

We will henceforth consider a GIRG on n vertices, as the results we will prove are
solely based on the locations of the vertices, the result of Theorem 3.1.1, holds for
the GIRG as defined in Definition (2.1.1) as for a GIRG with i.i.d random weights
according to some power law distribution.

Our aim in this section is to establish a condition which we will call a "good configu-
ration" of a GIRG. This entails that the vertices, specifically the high weight ones, are
well spread out through space. The intuition behind this definition follows from the
fact that if all high weight vertices are clustered in space, they can easily dominate
the core and any extensions. This means that paths to lower weight vertices might
cease to exist, causing us to obtain a graph that is unlike the typical GIRG we are
used to seeing. We will show that the probability of such a distribution of vertices in
space can be pushed below § for any § > 0.

We will assume to be working on the volume-n torus T?. For a graph G, we fix some
distance rg, and let '
Ty = 2Z7°0 (3.1)

be distances sweeping through the powers of 2. Then we denote by

Pr(V) = {(u,v) € Vi |u—v| € (ri,rig1)}H, (3.2)
the amount of pairs within distance r; and r;11. The main result we will be working
towards proving is the following:

Theorem 3.1.1. Let G be a GIRG where we order the vertices by weight such that
wy > wa - > wy. Fiza >0 and take the first Ny(a) := [an(:)’*T)/zl vertices, denote
them by Vi, (a)- For some M > 0, fix ro = (Mn7™=2)14 and then define the good
event

Agood(Nn(a)) = {\V/Z >0 P (VNn(a)) € %E[Pn (VNn(a))]a ZE[PTI(VNn(a))]] } :
(3.3)
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Then for all 6 > 0 we have that

P(AGooa(Nn(a)) < 6. (3-4)

3.2 Concentration of Distances Around their Mean

To prove Theorem 3.1.1 we will need a few intermediate results. To start we will com-
pute the expectation and variance of P (VNn(a)). We should mention that continuing
on in this chapter we will always assume that the vertices in G are ordered by weight
as stated before in Theorem 3.1.1.

Lemma 3.2.1. Let G be a GIRG, and consider the first [an®=7)/2] vertices. Then
for all i with 2rg < n/2

a2n27‘rrd )
E [P (Vi ()] = TOQZdA(l/Q)(l —o(1)), (3.5)
Var(P"(Vy, () = OE[P" (Vn,(@a)]); (3.6)

where A(1/2) denotes the volume of an d-dimensional annulus with inner and outer
radii 1/2 and 1 respectively.

Proof. We first consider a single pair of vertices (u,v). Due to the translation in-
variance of the torus, we can take, for example u, to be at the center of space. The
probability of the pairs’ distance being in the range (r;, r;41) is then a simple geomet-
ric argument of v being in the annulus between r;; and r;, this probability is given
d .

exactly by %02“114(1 /2). Because all points are independently placed in space, and
as such the distances of each individual pair are also independent of each other, it
suffices to consider all (‘m(g;w) pairs. Expressing P"(Vy, () as a sum of indicators,
and denoting X, = 1(Ju — v| € (ri,7i+1)), we find

ri anB-7)/2
E [P"(VN,(@)] =E > Xuw | = ( 9 )P(\U —v| € (r3,7i41))

(u,v)€fan(3-7)/2]

a2n3—7' d aQnQ—T d

"0 oid 70 5id
= ——22A(1/2) = ———2"A(1/2). 3.7
- oita(1/2) = T T0ai A1) (37)
Note that we use an approximation of the binomial coefficient in the third step which
gives the expectation in (3.5). Next is the variance, which requires a little bit more in-
sight into the independence of the pairs. Expressing P"i(Vy,, (4)) as a sum of indicators
again, we get that

Var(P" (Viv, (o)) = > Var(Xu) +2 Y Cov(Xyw, Xg)
(uﬂj)e[an(?’*"')/Q] (u,v);é(k,l)
=E[P"(Vn,@)] +2 > Cov(Xuv, Xp). (3.8)

(u,v)#(k,0)
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To now estimate the covariance term, we first observe that when w,v,k,[ are all
distinct vertices, their respective pairwise probabilities of being in the interval (r;, 741
are fully independent, and their covariance terms are 0. This means that we are left
with the case where (u,v) and (k,1) share some vertex, i.e the case where v = k. Our
claim is now that even in this case, because our vertices are placed on the torus, the
covariance is still 0.

We analyze the term P(Ju — v| € (rs,7i41), |v — 1| € (74,741)). Because we work on
the torus we can shift v to be the "center" vertex. Then this probability is simply the
probability that both u and v lie in the annulus defined by r;, which is completely
independent of the location of v and of each other. We can do this for each triple
of vertices by choosing the common vertex as the center, giving that the sum of
covariances as a whole is 0. This concludes the expression in (3.6). O

Next we make use of Chebyshev’s inequality to show concentration of P"(Vy, (a))
around its mean.

Lemma 3.2.2. Let G be a GIRG, and consider the first [an®=7)/2] vertices. Then
for ro as defiend in Theorem 5.1.1, and any i such that 2'rg < n/2

P (!P”(VNn(a)) —E[P"(VN, ()l = ;E[P”(VNn(a))]) <g . (3.9)

[’P?”i (VNn(a))] .

Proof. This follows immediately from applying Chebyshev’s inequality and Lemma
3.2.1

P <\7>Ti(an(a)) —E[P" (Viv, ()]l = ;E[P”(VM(@)])

AVar(P" (V@) _ 4
— E[Pi(Vy,)]? E[P"i(V,(a))]

(3.10)

3.3 Few Pairs have Tiny Distance

Now all that is left for us to show is that the amount of pairs of vertices that are
at distance less than ro = (Mn”™2)Y/? is also small. For this we fix £ > 0 and first
show that the amount of pairs at distances [en(7=2/4 Mn(7=2)/4] is small, we denote
by PsM (VNH(G)) exactly this quantity. Then similarly we provide an argument for all
distances less than en("=2/4 denoted by P (Vi (a))

Theorem 3.3.1. Let € > 0. Then for any § > 0, we can find M := M () such that

P(PM (Vi () = M*a*Vol(1)) < 6, (3.11)

where Vol(1) denotes the volume of the d-dimensional ball with radius 1.
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Proof. Let § > 0 and take M > 1/§. This time Markov’s inequality suffices, E[PM (Vy, (4))]
is computed in the same way as in Lemma (3.2.1), however we simply bound the ex-
pectation by the volume of the 1-ball instead of the annulus. Which gives us

aQnQ—T d

I oyt (3.12)

E[P=M (Viy, (a))] < 5

Then by Markov’s inequality

EPM(Vy,@)] 1
ZI Vol 1) <47 <0, (3.13)

P (P (Vi () = M?a*Vol(1)) <

O
Lastly, we prove a statement for P*(Vy, (a))-
Theorem 3.3.2. Let e > 0. Then
eda?
P(P*(VN,(a)) = 1) < TVol(l). (3.14)

Proof. As before, the expectation of P*(Vy,, () is given by a225d Vol(1). Then Markov’s
inequality immediately provides the desired result. O

Now we can prove Theorem (3.1.1).
Proof of Theorem 3.1.1. Let 6 > 0. Then by Lemma 3.2.2 and our choice of 7“61 =

Mn™2 we obtain

4 8 8

< = = -
T E[Pri]  a2n2-Trd2dA(1/2)  a®M2i4A(1/2)

P (1P - BIP| = 55P )

Now to upper bound the event Agood we use the previous inequality

i=0 =0
16

< m. (3.16)
Now, Theorem 3.3.2 shows the £ dependence, meaning that for tiny e, there are also
little pairs. The e independency of Theorem 3.3.1 follows from the fact that we can
bound it from above by the ball instead of the annulus, making it so that we simply
have to set M to be such that M > max(%, %), such that for any 6 we can push
the aforementioned probabilities to be tiny. O
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4 The Core of a GIRG

In this chapter, we analyze the core of a GIRG by starting with discussing the theory
of inhomogeneous random graphs (IRGs), we then show that a subset of the highest
weight vertices of a percolated GIRG can be expressed as an IRG. The existing results
of IRGs then tell us that a critical percolation parameter exists and a giant appears
in the percolated core of a GIRG in the form of an operator norm. Furthermore,
we connect the theory of branching processes to IRGs in the local weak limit sense,
and finally show that the survival probability of the limiting branching process is
convergent and finite.

4.1 Inhomogeneous Random Graphs

We start by treating the general theory of IRGs as created by Bollobas, Janson, and
Riordan in [11], and defining generalized vertex spaces and kernels. By S we will
denote seperable metric spaces which will be equipped with a probability measure
1. Continuing on in the thesis we will typically take it to be equal to the Lebesgue
measure. We will consider sequences of n points in § that can be of random or
deterministic origin, denoted by w,, = (u1,ug2, -, uy).

Using the typical §,, measure to ascribe mass 1 to u we can write

Up 1= 2’1:5““ (4.1)
i=1

for the empirical distribution of u,. The probability measure p that we equip S
with will be assumed to be the limit of v, in the sense of probabilistic convergence.
Formally we assume that

Un(A) == #{i s z; € Al /n 5 p(A). (4.2)

Now we define kernels and vertex spaces formally

Definition 4.1.1. Let S be a seperable metric space, u denote a Borel probability
measure, and for each n > 1 (Up)p>1 = (u1,ug,...,uy) is a (random) sequence of
n points of S, such that (4.2) holds. Then we call the tuple V = (S, u, (Up)n>1) @
vertex space.

Definition 4.1.2. Given a vertex space V = (S, pt, (Up)n>1), let & : (S,S) — [0,00)
be a function that is symmetric and Borel-measurable. Then we call k a kernel on

(87 22 (Un)nzl) .



Chapter 4. The Core of a GIRG 20

The space S is what we consider to be the type space. Each vertex in our graph has
a type in S, and it may be discrete or continuous. A famous example of a random
graph that works with types specifically is the stochastic block model, see for example
[21, 39, 41].

Given a vertex space V and kernel x, we can now define a random graph as follows,

Definition 4.1.3 (Inhomogeneous Random Graph). Let V = (S, i, (Un)n>1) be a
vertex space and let k be a kernel on V. If we take [n] to be the vertex set where we
connect two vertices u; and u; with i # j with probability

pi; = min(1, k(ui, uj)/n), (4.3)
independently, then with GY(n,r) we denote the random graph formed by r on n
vertices. We call G¥ (n, k) an inhomogeneous random graph.

Definition 4.1.4. Let V = (S, p, (un)n>1) be a vertex space, and. A kernel k is called
graphical if

(i) K is continuous a.e on S X S,
(i) K € LY(S x S, u x p),
(iii) yE[|E(GY(n, k)] = 5 [ [o2 w(@, y)du(z)dp(y).

Condition (iii) requires GY¥(n, ) to be sparse in the number of edges. This is an
important distinction, and when moving forward we will show that the core of the
percolated GIRG is in fact a sparse graph.

The definition of a graphical kernel naturally extends to a sequence of kernels in the
following way:

Definition 4.1.5. Let V = (S, i1, (up)n>1) be a vertex space, let k be a kernel on V.
A sequence of kernels (ky)n>1 is graphical on V with limit k, if for (z,y) € S* with
sequences (x,) — = and (y,) — y we have that

"‘Qn(mmyn) — K&(l’,y) (4'4)

and K satisfies conditions (i) and (ii) of Definition (4.1.4). Furthermore we require

CEBG ) = 5 [ [ wa)dute)duty) (45)

4.2 The Percolated Core of a GIRG as an IRG

We now move on to define a kernel that satisfies the aforementioned conditions and
gives us back our desired GIRG as defined in Definition 2.1.1. To do this we start by
looking at a subset of only the highest weight vertices, specifically, for a fixed a > 0,

we define
Np(a) = [anB~7)/2], (4.6)

We will restrict our graph to the first [V, (a)] vertices, as our weights are deterministic
these are the first N, (a) highest weight vertices. We then have that for any u € (0, a],
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a vertex has weight

_1

n T—1 —1 n 7—% -1
wNn(u) =CF (Nn(u)> =crpuT1 <W) ! (1 + 0(1)) =cpur-1 \/’E (47)

Where we get a small error as we ignore the integer part of N, (a) in the computation.
However, as is clear to see this error is tiny and dependent on only n.

-1
We then take u = a to see that all vertices in [INV,,(a)] have at least weight /na71.

The idea moving forward is the following, we will consider the percolated GIRG G(my,),
with 7, as in Conjecture 2.3.1. As we are currently studying the supercritical phase,
we will always assume that A > A.. A GIRG itself is sparse in its number of edges,
however the core, is not sparse. We will however show that the percolated core is again
sparse. The induced subgraph on [N, (a)] will be denoted by Gy, (4), we will define a
kernel as in the theory discussed in Section 4.1 which will show that we can express
GN,(a) as an IRG. We then move on to more results and theory of [11], which state
that given an IRG we can find a unique giant component of linear size under some
conditions.

Let us continue in the previous setting, we will consider the measure space S, =
((0,a], #(0,a]), A,), where # denotes the Borel sigma-algebra, and Aq(dz) = % is
the normalized Lebesgue measure. With p,, we denote the percolated connection
probability in our GIRG. Note that the connection probability in Definition 2.1.1 is
an upper bound to the alternative formulation that is

=m0 (= (2222 )') (18)

ju— vl

Theorem 4.2.1. Let S, = ((0,a]x[0,1)¢,%(0,a]), Aa, (Wp)n>1) be a vertex space
equipped with the Borel sigma-algebra and the normalized Lebesgue measure A,. Let
(up)n>1 denote the vertices from the Ny (a)-discretized interval (0,a] and their uni-
formly chosen positions in the d-dimensional unit torus [0,1]%. Then for (u,z.), (v, z,) €
Sa, the kernel

K (1, 7)., (v, 70)) = N (@)P(N,, (u) 1145 (N (v) 01/ 45,) | A (4.9)

characterizes an IRG on Ny(a) vertices on the space S,. Furthermore, the percolated
core G, (a) has the same distribution as this IRG, and HS\(Z)L s a sequence of graphical

kernels.

Essentially the idea here is that we can rewrite the connection probabilities of the
GIRG within its core to fit the IRG definition. This is a purely formal rewrite to
be able to use the machinery of IRGs from [11]. We then show that the number of
edges in the percolated GIRG core is sparse and its expectation can be obtained by
integrating the re-writing IRG kernel on a new state space. This proves at the same
time that the sequence of kernels is graphical.

Proof. We set out to prove that mg\?i is a sequence of graphical kernels. We start by
defining sequences for the vertices, we set u; = i/N, (1), then note then that u; is uni-

form on (0, a] then for all ¢ € [N,,(a)], we have that p;; = /\55\2 ((wi, ), (vi,x5))/Np(a).
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We can rescale the positions z; and z; to the d-dimensional unit box [—1/2,1/2]%, for
any i, let z; = n'/%%;, then |v; — ;|4 = |n'/%%; — n'/93;|? = n|z; — 7;|7.

=1
Furthermore we know that w; = cpu; ' /n. Let us now look at the kernel as defined
n (4.9), we express the connection probability in an alternative way first, using the

equally valid representation of (4.8)

—1 1
T T—1 2
n|Zy — a:v]d

-1
—(8=1) (U‘U')ﬁc2 a

—(3—71) _u
p(Nn(u)vxu)(Nn('U)vxv) = >\n 2 (1 - exp(—(

I
>
S

—(B=7) ., . .
The prefactor term of n™ 2 is almost the reciprocal of the number of vertices, lest

we only need to multiply and divide by a to arrive at the correct order. This means
that by multiplying with N, (a)/X\ we find that

A (s ), (0,2,)) = a(l —exp(—(w>a>. (4.11)

| T, — xv|d

Now, for any (un)n>1, (Vn)n>1 C (0, a] such that u, — u € (0,a] and v, — v € (0, qd]
we have that

0 (.20, (0,20) = K (0,2 022) = 01— exp(— (WLE)). qane)

| T — $v|d

Clearly £(®) is bounded and continuous so all that is left to show is that x(®) satisfies
Equation (4.5). Let Bg = [—~1/2,1/2]¢, then

1
Ny (a)

:N < )//// (1, 20), (v, 0)) du dv iy diy
:N o <N (“)/// / 7 (1 = exp(— GZ:)—;:@) ) dudvdi, dz,

(4.13)

E[|E(GY (Nu(a), s )]
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Nn(a)

Now we use the estimate that (N "2(“)) ~ * to find that continuing from (4.13) we

have
1 @ re (uv)f;}lc% o

By By

= i / / / / )\K/(a) ((u’ fL’u), (U, LEU)) du dU diu djv
2a o Jo

By By
_ % / / /O ' /O D (), (0 20)) Adu) Ado) dity dFyy  (4.14)
By By

(4.14) then shows the sparsity of the percolated core. With this we have now verified

that Iﬁg\(;i ((u, xy,), (v, x,)) is a sequence of graphical kernels. As the sequence of kernels
in (4.9) is graphical, we can now see that the percolated [N, (a)] core of a GIRG can
be seen as an IRG as in Definition 4.1.3. O

We will now treat some more theory from [11], specifically to understand the conditions
under which a giant emerges in Gy, () and its properties. To this end, we start by
defining the irreducibility of a kernel k.

Definition 4.2.2. A kernel k on a vertex space V = (S, 1, (un)n>1) is trreducible if

ACSandk=0ae on AxXxS\A = u(A)=0o0rpu(S\A) =0. (4.15)

Intuitively this definition means that if a kernel is irreducible, there does not exist a
nonempty set A C S such that the probability of edges forming from A to everywhere
else, is zero. Effectively meaning that there can always be edges formed between any
types of vertices.

4.2.1 Branching Processes

Next we need to discuss some general theory on branching processes. We will be
adapting some theory from multiple sources, as for example classical ones [4] [33], and
more modern ones |31, 48|.

A single type branching process, sometimes also called a Galton-Watson process, is a
simple model for the evolution of a population in time. We start with a root node,
a single individual, who has a random amount of offspring, according to an offspring
distribution p; = P(#offspring = i). Each individual offspring then independently
follows the same offspring distribution and a branching process is born. A branching
process naturally also defines a possibly infinite tree-graph. Branching processes are
often found to be the local weak limits of random graph models. For a formal definition
we refer you to for example [4, 48].

Multi-type branching process [33] are a natural next step. The number of offspring are
independent across individuals given their types, and the distributions of each node
with the same type are identical. We allow multiple offspring distributions to happen
according their types, where types are part of a type space. The type describes the
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reproduction, i.e., it determines the probability for a node of type 7 to have a number
of offspring of type j, and usually has a deterministic root node of which we know
the offspring distribution. In our case we will consider a multi-type branching process
where the offspring is determined by an inhomogeneous Poisson process, the advantage
of the offspring being Poisson is that the joint distribution is fully determined by the
intensity measure, which may depend on the type of the parent node.

In our application of multi-type branching processes to random graphs, each vertex
in our graph has it’s own type, uniquely determined by its weight, as well its loca-
tion. Forming "offspring" is akin to forming edges between vertices according to the
connection probability of one’s graph. Visually one could represent this as one large
n X n matrix for a graph of n vertices. This can be represented by the kernel which
we use to form the connections. In this case we have that the kernel x defined on the
ground space (S, i), defines the branching process by having a vertex of type x € S
have offspring according to a Poisson process on § with intensity s(z,y)du(y).

In the following sections we will make use of the following branching process with
associated survival probabilities,

Definition 4.2.3. Let S, = ([Ny(a),[0,1))%) be a type space and let A,(dx) = %"”
denote the normalized Lebesque measure. For any vertex u € S, we write

U= (u, i), (4.16)

for its type. Then we define X, to be the multi-type branching process on S, where
each vertex uw produces offspring according to a Poisson process on S, with intensity
Me(u,x)A, (dy)dE. We write X} (@) to be the branching processes started from root .

The survival probability of X is expressed as p) (i), and we let pé,zk denote the
probability that X} (@) has at least k individuals. We define accordingly:

= [ | p@sdanas = [ [ (4.17)

a . B 1 a . B
Pé,zk = // Pa/\,zk(u)/\a(d“) = a// Pé\,Zk(u)du (4.18)
By 0 By 0

Now the integral operator defined by the kernel as in (4.12) is given by

and

(Tor ) (1 ) = / /0 "R, B0, B0) £ (0, F0) Aa((dv, d7,))
Ba

_ //Oa(1 — exp(— (W)a)f(v,zv)dvdfv. (4.19)

| T, — xv|d

Consequently, we then have an operator norm of T, which we will denote by ||T}]|.
This operator can be intuitively understood as the expected sum over f(-) over all its
children. Taking for instance f = 1 gives the expected number of children of a type x
individual.
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4.3 The Emergence of a Giant

We now turn to the main result of [11], which will provide us a clear condition under
which a giant arises in an inhomogeneous random graph.

Theorem 4.3.1 (Existence of a giant component in an IRG [11]). Let (kn)n>1 be a
sequence of graphical kernels on a vertex space ¥V = (S, pt, (un)n>1) with limit k > 0.
Let T,; denote the associated integral operator of k. Then:

(i) If ||Tx|| < 1 we have that
‘5(1)(Gv(n, Kn)) = op(n). (4.20)
However, If ||Tx|| > 1, then

%1)(GY (n, k) = O(n) (4.21)
(ii) Furthermore, with p(k) as in (4.17)

%%(1)(0"(71, W) B o). (4.22)

(111) If also sup kp(z,y) < oo, then with high probability we have

$7y7n

|‘€(2)|(Gv(n, k)) = O(logn) (4.23)

An immediate consequence of Theorem (4.3.1) is the following,

Corollary 4.3.2. Let k be a graphical kernel on a vertex space V = (S, t, (Un)n>1),
and consider the random graph associated to k, GY (n, \k), for some constant A > 0.
Then the threshold for the existence of a giant component as in (i) of Theorem 4.5.1
is precisely at A = ||T,c||~!.

As we have before shown that the percolated core can be viewed as an IRG, we would
like to now define the corresponding multi-type branching process and use Corollary
4.3.2 to have an expression for the existence of the giant component inside the core.

Let ||T,.(a)|| denote its operator norm and let 7¢, denote the set of vertices that belong
to some component of size at least k in Gy, (4)-

We can now apply Corollary (4.3.2) to our case.

Proposition 4.3.3 (Existence of a Giant in Gy, (q))- Let k(@) be the limiting kernel

of a sequence of graphical kernels iigf;) as defined in Theorem (4.2.1).

Then for any a > 0 we have that if A > Tt then

66| = Nu(a)py (1 + 0p(1)) and 6| = Op(log(Na(a))). (4.24)
Furthermore, we also have that ’7’;,C is stable, meaning that for every ¢ > 0, there
exists a 0 > 0, such that with high probability removing at most on edges from Gy, (a)
changes Tzak by at most en wvertices.
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Proof. This follows immediately from Theorem 4.3.1 and Corollary 4.3.2, and the

observation that clearly sup,, , , “5\2 (z,y) < co. The stability of the giant is proved
in [11]. 0

4.4 The Multi-Type Branching Process and its Survival
Probability

In the previous sections we have shown that the percolated core of our GIRG can
be characterized using the theory of inhomogeneous random graphs. The local weak
limit (LWL) of an IRG is a multi-type branching process as defined before with inho-
mogeneous Poisson offspring reproduction [11].

In this section we will analyze the object
a
A =L A
¢ = )\/ crum1 po (u)du, (4.25)
0

where p) is as in (4.17). This object can be viewed as the 1-neighbourhood of the

emerging giant, as the cFuill term is the rescaled weight within the IRG definition
of the core, and p)(u) is the survival probability of a vertex of type u. If we then
let a — oo and extend the core further, the one-neighbourhood of the emerging giant
approximates the giant in the full graph.

We aim to show that the limit as a — oo exists and is finite. Through observing ¢}
we see that © =71 is not integrable when we let a — oo, yet we will show that the
limit still exists and is finite by upper bounding (.

To show this convergence we will define a collapsed branching process that closely
resembles the branching process obtained through the local weak limit of the IRG
with the kernel defined in (4.9), and show that is an upper bound. The collapsed BP
will be shown to be integrable and thus gives us the desired finiteness of (2.

Recall the setting of the IRG with kernel (4.9) with limit (4.12). Here we have a d+ 1

dimensional type space Sy, (q) = ([Nin, N%L’ SR M]]\XL"W] x [0,1)%), which corresponds

to the weight of the vertex given by the NN,, discretized interval of (0, a], which we will

denote by I](\?Tz, and the d-dimensional position in the unit torus. Our type measure is
a discrete uniform (DU) measure on I](\?g, and a d-dimensional Lebesgue measure on
(0,1)4. This causes the LWL of the IRG to be a multi-type branching process with
Poisson reproduction, where the root has random type according to the type measure

ul) == DU(I) @ Leb((0,1)%).
Given that a vertex has type (u, Z,,), its offspring form an inhomogeneous Poisson point
process on the type space Sy, (o) With intensity measure x((u, Zy), (v, Z))dZ,dAq(v),

with £ as in (4.9). We will refer to this resulting branching process as defined in 4.2.3
by BP(x(®)) using the theory of Janson, Riordan and Bollobas from [11].

We want to first investigate the expected offspring of a type (u,Z,) individual in

BP(k®). Let Dfﬁ%u denote its degree in the branching process. Then it follows from
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the offspring being Poisson distributed that

E[D\") ] = / / K9 (4, £, (v, ) dEpdAg (v). (4.26)
u 0
[0,1]4

Before we move on we first define an important constant.

_6204
M, ;:/ 1—exp< £ >d:ﬁv. (4.27)
Rd [ERES

Then, we need the following lemma

Lemma 4.4.1 (Scale and Translation Invariance). For any (u,Z,) and (v,Z,) we

have that e
2 (uv)i —1
l—exp|— | £"~— dz, = (uv) 7T Mjy. (4.28)
/Rd ( (”xu_mvnd

Proof. We do a d-dimensional change of variables, we first define
Y 1= Ty — Ty, (4.29)

applying this yields

2 T_fl « 2 T;—ll @
/ l—exp|— % dz, :/ l—exp|— % dy. (4.30)
Rd |xu - xv| R4 ‘y|
We then set

z = y(uv)l/(T_l)d Sy = z(uv)_l/(T_l)d (4.31)

and note that
dy = (uww) YDz, (4.32)

Using this in (4.30) we get

2 =L\ _ 2a
/ 1—exp| — M dy = / 1 —exp CF (uv)fl/(‘rfl)dz
R |y| R | 2|

—1

= (uv) ™1 My, (4.33)

as desired. O

Then continuing on from (4.26) and using the scale and translation invariance, we
have that

E[D(a)

(u’fu)] g/o /\a(uv)f;—llMdAa(dv)
-1 [ -1
—/\Mdufl/ vT-1dw
0

-1 4__1 7—1
= AMyu=—1g' " 71 .
T—2

(4.34)
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This then means that the offspring of a type (u, %) individual in BP(x(®) is stochas-
tically dominated by a Poisson random variable with parameter )\Mduill al_% :—:%
A quick observation tells us that the expected degree grows as a — oo, which is a
very intuitive statement by the fact that the core grows as a grows, and the giant has

size Ny, (a)p.

We now define a new collapsed branching process BP®! that has a type space only
consisting of IJ(&) The root has a uniformly chosen type from I](\L,g and each node u
has offspring distributed according to a Poisson point process with intensity measure

e (dv) = Mgha(uv) =T Ag(dv). (4.35)

It is clear to see that the survival probability of the collapsed branching process p2 (u)
also stochastically dominates the survival probability of BP(,%(“)), meaning we have

sz\ (Ty,u) < PSOI(U)~

The following well known theorem about Poisson point processes will help us in the
analysis of BP!, for a proof see for example [30].

Theorem 4.4.2. Let u be the intensity measure of a PPP, and let A be any set.
Denote by Na the amount of points in A, then given Na, (z1,%2, - ,zN,) has the
same distribution as the i.i.d sample of size N from the normalized measure

©()
AT (4.36)

We can then apply this theorem to prove the following lemma about the children in
BPCOl.

Lemma 4.4.3. In BP, given the total number of children D' of node u, each
child has an i.i.d type from the normalized measure
—9 _
v, (dv) = a%_l%vf—lldv on [0,a). (4.37)

Proof. We know by (4.34) that in BP! a vertex of type u has Poisson many children

1=t
T—27

given D and using Theorem 4.4.2 each child has an i.i.d type according to the
measure

-1
with parameter AMyu=—1a which is also the total measure of [0,a). Then

col =1 = - —
Mgu=Tav™IA, i
v (dv)  AMgurtaoT T Aa(dv) T =2 g (g g

VQCLOI([Ov a’)) B )\Mduf%llalfrfl % T—1

v (dv) =

O

*

Importantly, v} is completely independent of the type w. This means we can show

the following proposition
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Proposition 4.4.4. BP! is a rank-1 branching process on (0, a)] where a type u node
has a total Poisson(\,) number of children, with

T—2 1 —1

1a1_ﬁuﬁ. (4.39)

Ay 1= Mg

T —

and each child has an i.i.d type from the distribution v;(dv) as defined in (4.37) on
(0,al.

Proof. This follows directly from (4.34) which shows that the expected number of
offspring is simply a constant times «~ ("= and the independence of the parent’s
type from Lemma 4.4.3, causing the expected offspring matrix to factorize. O

We now study the survival probability of BP®! when the root node is uniformly
chosen from v}(dv). No matter what the type of the root is, for each of its children
the subtree that spans from them are all i.i.d with the same survival probability as per
Lemma 4.4.3. If the root has given type w, then it produces Poisson()\,) offspring,
where each child’s subtree survives with probability py. Then

P (w) = E[1 — (1= p})"P"]
=1—e M

T—2 __1 1

=1—exp <Md)\u . Mu”pﬁ) . (4.40)

a
T —

If the root u is chosen uniformly at random from v, then by the law of total probability
we can find the survival probability by integrating over all possible types and find

o= / P2 ) (du)
0

a 1 -2 -1
:/ pCOI(u)aﬁ 1T7u771du
0

“ T—1
@ -1 1 -1 1 4 T—=2 -1
= /0 <1 — exp <Md/\u:__2a1_ri1 T PZ>> a7 1: - 1uf—11 du. (4.41)
We now define the indicator
A; := 1(the i'th subtree survives), (4.42)

col

“(u) as a sum of indicators.

to express p

DZOl D101.01
M) =P (34> 1) <E|YAi| =EDP;
=1 i=1

_ 1
= )\Mduillakﬁ :ipz (4.43)

We now define the following variable M
M* = a7t 4.44
=a T1pg, (4.44)

and prove the following proposition about M*.
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Proposition 4.4.5. limsup M* exists and is finite.
a

Proof. We start by considering (4.41) and rewriting it such that we have
_ “ -1 = -2 -1
M* = g"" 7 pn = / <1 — exp <Md)\uT A e ,02)) T du (4.45)
0 T 2 T 1

S/ min (Md)\u
0

(MgAu ::éM*)T71 T—2 -1 a —2
= / uT1du +/ Mg yumTM*du  (4.47)
0 7—1 (MdAu%M*)T—l

T —

1 - 2 _
Ly V| w1 du (4.46)
T—2 -1

< O(M*)T VO = o), (4.48)

Here we end up collecting all constants in C, and we see that eventually after rear-
ranging we end up with M* < C(M*)™ 2 as 7 € (2, 3), we now see that limsup, M*
exists and must be finite. O

Now we prove the convergence of () as defined in (4.25).

Proposition 4.4.6. For any A > A., as a — 00,
a -
< /\/ cFufi—llpZOl(u)du — (M € (0,00). (4.49)
0

Proof. Recall from the definition of BP! that the first inequality holds. Then,
through the elementary upper bound

col : -17—1 *
P (u) < min [ 1, A\AMgu71 2M , (4.50)

we find that
—1 —

Q< C'/ min(l,uﬁ)uilldu. (4.51)
0

Where all constants are collected in C', and we can treat M* as a constant by Propo-
sition 4.4.5. Now this integral is integrable at both 0 and a as a — oo, and thus
converges to the limit ¢*. O
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5 The Slightly Supercritical Regime

Here we treat the slightly supercritical regime, where the percolation probability is
given by m, = An(73/2 for X\ > A.. We first give some general estimates for the
moments of the weights, and then move on to the analysis of the tiny giant by defining
and investigating spans and return paths of the largest component in the core.

5.1 Moment Estimates for Weights

In the following section we will need the moment estimates of random variables that
follow a power law distribution, sometimes truncated. For this we prove a few general
results that are summarized in the following two lemmas.

Lemma 5.1.1. Given a random variable W which follows a power law distribution
with density w™" on [1,00) and constants r,d,w;,,w;,,n,b, we have the following
moment estimates:

r d d 24+a—T1
IEWHO‘]l(ngin(T @)}:(T /\\/ﬁ> ,

1
wiQ b‘rfl wiz b‘rfl

r d d 2a+1—-7
IEWQQH(ngin(T ,\/ﬁﬂ—(’"‘A\/ﬁ) :

1
w’ig bT—l

( 4 14+a—71
T ‘/f fa>1—1
Wiy pF—T

=
S
2
=
A
=
I QL
[N
A
g,
5
A
gl=
S o
o
>
S
~__
~_
_ 1
\
&lx
s
Q 2
T
A la
=
> A/
o
K
TH3

s (2 cw min (2N =0T (e )

1
Wiy Wiy p7—1 wi, b1 Wiy

Lemma 5.1.2. For a uniformly chosen vertex in [Ny, (g), Np(a)] with weight distribu-
tion again a power law with parameter T, we have that
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if v <1 —1, then E[W?] = n®2q=%/7—1,
Ifx=1—1, then EW™ 1 = n"=D/2logn.
If £ > 1 — 1, then B[W?*] = n®/2e=%/7-1,

For proofs of these moment estimates see for instance [10].

5.2 Spans and Return Paths

In this section, we continue towards the proof of Conjecture 2.3.1 for the slightly
supercritical regime. We will consider the giant in [N,(a)], which we have shown
exists in the supercritical regime in Proposition 4.3.3. We want to show that this
giant of size N, (a)p)(1 + op(1)) evolves into the giant of the full graph when letting
a — oo and investigate its size.

To approach this problem let G,, be a GIRG as in Definition 2.1.1, let us denote the
induced subgraph of the top N,(a) vertices by ON,(a) as before, and we now write
(5((11) for the largest component in Gy, (q). Let Cfg)* denote the component of G,, that

contains 55(“1), and more generally let ‘5(05* be the component in G that contains the

i’th component in Gy, (,). Clearly we always have €/ C ‘ﬁ(‘;’*, however the question is
how much the components change in size. First, we have to account for the vertices
in [V, (a)]¢ that have connections to the ones in [V, (a)]. To this end, define

Definition 5.2.1 (Span of a Vertex). For some u in [Ny(a)], let Span,(u) be the set
of vertices outside of [Ny, (a)]|® such that there exists a path from u, entirely in [Ny (a)]°.
Formally:

Span,(u) = {v € [N,(a)]®: 3 (ig, -+ ,ix) € [Nn(a)] (5.1)

st (usig - < ip <> v) € Gpl} '

It is important to note that this definition requires the path that connects u and
v to be entirely outside of Gy, (q)- The case where a path potentially returns to the
subgraph will be treated later. Consequently, for a subset V' C [N, (a)] we analogously

define
Definition 5.2.2 (Span of a Component). For V' C [N, (a)| define,

Span, (V) = U Span,, (u). (5.2)
ueV

In the later analysis of the giant we will pick V = ‘5(‘1) and look at the span of the tiny

giant to fully extend it to its component in G,. The span of ‘Kl(a) however accounts
for only some of the vertices that get added when considering the full graph. It is
possible that through vertices in [V, (a)]¢ a connection is formed between %(“1) and
any other smaller component 4, with ¢ > 1. In this case the whole components gets
added to (ﬁ(‘i) To also cover this possibility, we define

Definition 5.2.3 (Return Path). Let u,v € [Ny,(a)], we say there exists a return
path between u and v, if there exists a path between them with at least one vertex in
[Nn(a)]¢. Define R, as the set of vertices v € [Ny, (a)] such that v is connected to
some u € CK(‘;?) only by a return path.
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FIGURE 5.1: An example of a vertex v € Span(u) reached by the black
path, and for instance a realization of a return path in red reaching
the vertex w.

Using these definitions we can then express ‘5&’)* , the component that contains ‘5(%)
in G, as follows,

The idea is as follows, we will show that %al’* is mostly formed by 4], and its span.
and that the contribution of return paths is negligible. In fact what we will see is that

Spana(%(“l)) is asymptotically close to the one-neighborhood of ‘5(“1) as a — oo. To
show this we start by proving upper and lower bounds on the span of (5(“1).

5.3 Lower Bound on the Span of ‘Ka)

We start by fixing our a > 0 and work in the usual setting. For a subset V' C [N, (a)]
let NV;(V) denote the vertices in Span, (V') that are at graph-distance [ from V, and
let NZZ(V) = Ul’gl/\/‘l’(v)‘ Then,

Span, (V) = N1(V) U N>o(V). (5.4)

Clearly the lower bound |Span, (V)| > |[N1(V)| holds. Estimating the size of [N7 (V)] is
what will be our first step. In order to do this we will require the results of Chapter 3.
By conditioning on the good configuration of a GIRG we reveal the vertices completely,
their locations and their weights are known to fit the good event of Theorem 3.1.1
and we will use this to estimate the span of the largest component.

To do so we will apply a standard inclusion-exclusion argument, which is why we need
an estimate on the expected number of two-step paths that leave V for one vertex
outside of [N, (a)]. We define the following for some b > a.

T3P (V) = {y 1y > Nu(b),Jir,iz € V 1 iy <3 y ¢ in} (5.5)
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Where i1 <> y denotes an edge existing between both vertices. We then compute the
expected size of Ty ’b(V) through the following proposition.

Proposition 5.3.1. Let V' C [Ny(a)]. Then for every realisation of Gy, () satisfying
Agood event of Proposition 5.1.1 for fived a,b >0 and b > a, we have

E[Zs" (V)| | G (a)] = c(b)n®7/2, (5.6)

where ¢(b) is an explicitly computable constant that tends to 0 as b — oo.

We will prove this proposition in this general form, then we proceed to first apply it
in the case where b = a to prove a lower bound on the span of €,. Later on when
considering the upper bound we will require the case where we no longer take b = a
and b — oo.

Proof. We fix a,b > 0 with b > a. Then |I§’b| can simply be expressed as the sum of

indicators
<Y D Y U ey (5.7)

1€V i2€V y¢[Np (b)]

Taking the conditional expectation over the good configuration event then gives us

EIZ5 ) On@) <D0 Y. 72BiyPisy- (5.8)

i€V i2€V y¢[Nn (b)]

Where with p; , we denote the conditional connection probability in the case where
the locations are revealed. We will define

TjIlyIQ = P(’il Y ig\xil,xi2) (5.9)

To indicate the conditional probability over uniformly chosen i1,iy € [IV,(a)]. Note
that in this conditioning it is now a random weight that we take expectation over
regarding i; and ia. By Lemma 3.2.1 we know that within [V, (a)] between any
distance r and 2r, there exist ‘IQ—ZnQ*TrdV many pairs. Because we condition on the
entire graph being known we can upper bound by uniformly choosing i; and iy in
[Ny, (a)] such that

2 ELS a’ N2yl —
Z Z Z T DiyyPiy Z 5" TV Z Pryyl,- (5.10)
i€V i2€V y¢[Ny (b)] k=1 y¢[Nn ()]
We will WLOG assume that w;; < w;,. Furthermore we set r := |i; — i2|,r; =
ly — 1|, 72 := |y — i2|. We now have to consider the distances of i; and i to y. In the

case that r1 < ry, we have that ro > max(r/2,r1). This means that we can replace
ro in the connection probability for is and be only dependent on ri. Of course the
opposite can also happen of o < r1. In this case the symmetric case holds, which we
will both treat at the same time. Now by the percolated connection probabilities we
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upper bound py 7,

2 nl/d
T Wy W; Wy W;
D <J1T<r / yll/\la yH2 /\la’rd_ldr
Priy, > n (r1 < 7o) rl:o( Tii ) (—max(rk/Q,ril) ) 1 1
1/d
+131(r2 < r1)/n (— w0 gy (Wi p qyapd=lg,  (5.11)
n - ro—0 max(rg/2, rg) Tg 2

We can immediately see that these cases are very symmetric, and we will usually only
consider the integral over rq, and adjust the symmetric results accordingly after.

Another thing to notice is the immediate obvious case distinction that happens in 7y,
we have assumed that w;, < w;,, and with that as all weights are positive also that
wyw;;, < wyw;,. This makes it that there are three possible options for 7, and we
will split the sum over y into these three possible cases depending on the size of 7y,
and on the restriclztion that y ¢ [N,,(b)]. Note that all vertices in [N, (b)] have at least

weight cpy/n b1, such that the restriction on the weight of y can be reformulated
-1

as wy < cpy/n b1,

Continuing on we will consider each case separately, as the sum over y in equation

(5.10) is simply a summation of the three case distinctions over ry, it suffices to show
that each case is of order n(®~7)/2 and the constant ¢(b) tends to 0 each time.

Before we move to the first case, let us recall the definition and discreteness of rg =
2'rg, with rg the same as in Theorem 3.1.1, we will now first define the necessary

constant k* such that .
—T

k*d n
< — .
24 < N (120) /D) (5.12)

This k* will prove to be useful in the next case.
Case 1: (Large r)

d —
This is the case where min (;—k, N4D bT7—11> > wy. If we now consider the integral in

io

(5.11) we can split it in the following way

(wywi, )/ wyWi, \ /2 wywi; \ & wyw;
Pryl, 5/ 4 ( de2> ar +/ i < ydﬂ) (=5 2)%dr
r1=0 Tk (wywsy )1/ 4 1 Tk

yWiq
nt/d Wy W; Wy Wy
+/ TN () (L 2) Yy, (5.13)
/2 1 51

multiplied by the indicator 1(r1 < r9). The symmetrical case where ro < r1 will show
up in the final computation but as simply the maximum term switches we leave it out
for now.

Evaluating this integral gives the following:

@ _ \1/d) @ _
_ Wy W; g1 71 =(wywiy) Wy W; d(1—a)]T1=T/2
phy[g < < Z;d 2 > |:T1:| + (wy’wh)a ( Y d22 > |:T1( Oé)i|

d =0 e ri=(wyw;, )1/

_,1/d
d(27a)] ri=nt/

+ () (O] (5.14)
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which gives us

« d
Wo W Woy W r
= Yy Hi2 « Y2\« 11—« 2 a 'k
Prunns < (M2 ) i) + (a0 () Y o () ok
k k
(5.15)
After elementary rearrangements we arrive at
jE Y ( 2000 oy, )a d
w WEW;, Wiy )T
= Y e y ot k
leZUIQ S do wigwil + 2da (516)
Tk T

Now we consider also the case where 1o < r1, and it is easy to see that only the powers

in the first term flip between w;, and w;, giving rise to the final solution of the case
rkd

where w, <
y i

14+o 1+« (w2w, W; )oa,r.d

5 y a Yy a y ) Tk

Pryn, < 1(r1 <r2) o Wiy Win + 1(re <) —da Wiy Wi + — e (5.17)
k k k

We now take expectation over w, and apply the moment estimates for the w, from
Lemma 5.1.1. This results in the following:

a ) d 24+a—T1 d d 204+1—71
Wi, Wiy <7°k vn > n (wiy wiy ), <7“k A vn >

_ < _Vn _Vn
Py, = ,,,ga N AVICEY T.zda wy, b/

(5.18)
Now we do a second case distinction with respect to the value of r;, using k* as defined
in (5.12). We first treat the term where k& < k* such that for all k¥ < k*

at Vi (5.19)

wT.Q = pl/(r—-1)’
this is due to the fact that by definition of &* we have that

Qk*dn772M \/ﬁ k*d \/ﬁw
< -V
Wiy Sy 277 < T2 /- N (5.20)

Using that w;, = T‘/ﬁ_l), then shows us that for all £k < k* the minimum is indeed
>

d
obtained at QZ—’“ We then find
2

o . d \ 2+o—T o Naod d N\ 204+1-7
— 1 <wi2 Wiy Tk + (wllwlz) Tk Tk (5 21)
leyIQ k<k* = do . 2da . :
L Wiy L Wiy
2 d(2—r —a—1 d2—71
=w,, wilrk( )+ wiw; rk( ), (5.22)

Notice here that in the second term we have the quotient (%)a, due to our initial
i2

assumption that w;, > w;,, this ratio is clearly less than 1 and so it does not blow up

for large a.
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After using the moment estimates for w;, and w;, from Lemma 5.1.2 we then find
that the order of this expression in terms of n is equal to

log(n)n (™~ 1D/2,4C=7) (5.23)

Recall the full summation over k£ from (5.10), we should not fail to mention the
addition of the factor n that comes from taking the expectation over the w, here
that replaces the summation over said vertices. We then find, ignoring constants and
simply looking at the order of n,

k=k*

DD D TaPuyPiy < Z n? T ﬂ” n(7=D/2, (5.24)

i€V i2€V y¢[Ny (b)]

Now we can upper bound the sum of Zﬁi]f* rg(S_T) by 21”Z£3_T) which by definition

of k* is equal to
3—71
3—71,,7—2
ad@-r) _ (" " 7 2
(%) (bl/(T—l)i;/(T—1)> ' (5.25)

Using this in (5.24) then gives the order of n to be

2 T2 (T-1)/2 Z 7GZ(B—T) < N2~ T3 (T=1)/2),3=7)(3=7) , (7-2)(3-7) _ ,,(3-7)/2
(5.26)

and the constant ¢(b) clearly converges to 0 as b — oo.

Now in this first case we are left with the part of the sum that starts at &* and the

minimum is attained at This gives us the remainder of the sum over k where

Vi
Y=

k:kmax 2+04—T
25 5 27 _2 d(1-a) Vn
YL 3 im0 (o) i

i€V i2€V y¢[Nn (b k=k*

2a+1—1
d —a n

Now we analyze the order of n similarly as before, taking the moment estimates for
the weights w;, and w;, and as we see that the exponent of r in this case is negative,
we can upper bound the sum by the lower boundary k*. This provides the following
expression of powers of n

n2 T2 ((p3TpT2) o o7 afl
> > ToPiyPiy <1 (0¥ T ) T

1€V i2€V y& [Ny (b)]

-

2a+1—1

+ (nP T 2)20me) e e p(3-7)/2(598)

furthermore it is also again clear to see that ¢(b) — 0 as b — oco. This concludes case
1. In the following cases we will use the same methodology to analyze the order of n
and the limit of ¢(b).

Case 2: (Small 1)
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Now we have entered the case where \/n b1 > wy > rl , this means that the product
1

of the weights will always be larger than r. We split the integral in the following way,
where again we first only treat the r; < ro case.

(wywzl)) 1/d (wywiz)l/d

_ d—1 d—1 wy’wn

Priyr, S/ rydry +/( Ty ( )*dry
T

1=0 wywil))l/d Tl
nt/d Wy Wy Wy W;
+/ ri TN (L) ()% (5.29)
(wywiQ)l/d ’I"l 7’1

Evaluating this integral gives

(g1 g0 (e

= d o\«
phng < {7" :|0 + (wyw21) [Tl (wywil)l/d

pl/d

+ (wzwilwiz)a {rd(lfm)} (5.30)

(wywig)l/d
which after some elementary analysis gives rise to

2

Pryr, Swywi; + (wywh)a(wywh)l_a + (wywhwiz)a(wywiz)l_m

= wyw;, + wywy, wl e, (5.31)
Note that in this case, it doesn’t actually matter whether we have r; < ro or vice

versa, the maximum of 7/2,r; (or r2) is never attained at r/2 except when the term
in both connections probabilities is 1 anyways.

If we now want to apply the moment estimates for w, there is no case distinction
to make as there is no minimum that shows up. This means we can directly apply

pT—T io
trying to prove holds, so we will simply consider the case where it is met.

Lemma 5.1.1. Clearly if the indicator 1 ( ‘/15 > urjd ) is not met, then what we are

Then we find in the small r case that when ignoring constants we get the expression

k krnax
d(3—
ZZ Z Wnpuypwy Z n*7 721 ( T)(wzl—l-w w1 ),
1€V i€V y&[Np (b)] k=1

which after applying Lemma 5.1.2 and taking the sum at its upper boundary, which
is where k is such that r, = n!/? gives us

n2—T7T2n3—Tn(T—1)/2 _ n(3—7’)/2. (532)

Case 3: (Medium r)

Recall that at the start WLOG we assumed that wZl < wj,, this means that now
we are in the case that -— < w, < min(y/n = ,LZ—Z) A quick observation tells us
that in the case that r; <1 ro, this integral is actuall}zf exactly the same as in case 2.
As we can simply split it the exact same way and the maximums of the connection
probabilities will be attained at the same places as in the small r case. However in
the ro < ry case this integral does act slightly differently.
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Here we get that

/2 . (wywi) /9 |
= d—1,WyWiy \ o 2 d—1,WyWiy \o
Pron < [ AN [ g (P
T T

2=0 /2 L)
nt/d Woy W; Wy W
+/ rg () (L) Yy (5.33)
(wyw;y)t/d T2 T3

Which comes out to be

o WyW; d(1— (wywig)l/d
phylz < (%)ard + (wywh)a [TZ( 04:| r/2
+ (wiw;, w;,)® [rd(1_2a)}nl/d (5.34)
y P g 2 (wywiy)'/d ’

which gives us the following solution in the third case which is

_ Wy Wy _ _
p11y12 < ﬂ(?”g < Tl)((%)ard + (wywil)ard(l @) + wywilg Oéwial)'

Note that in the second term there is no reason to do a case distinction on k, so we will
now consider first the case again where k < k* for the first term, and apply Lemma
5.1.1 where the minimum is attained at 7¢/w;,. This gives us

d N\ 1+a—T1
(TI“) w?lrz(lfa) = TZ(QfT)wal. (5.35)

. i1
Wiy

Then the summation over & becomes

k=k*

o_ 2—7, d(3-T)_2 (r—1)/2
DD D by < 3 TSmO,
i€V i2€V yg[Nn (b)] k=1

which after a quick observation tells us is the exact same equation as (5.26) and so

the same holds. When k& > k*, we then find in terms of powers of n
n2—7ﬂ_721(n(3—7')n7'—2)2—an71+2§_7 — p3-71)/2 (5.36)

Although a small observation here might be made here by the reader that this only
happens if a > 2, however if a < 2 and a > 7 — 1, we can upper bound the sum
through its upper boundary where rg = n!/? and doing that we arrive at the same
order of n either way. Another note is that when o < 7 — 1, then by symmetry of the
moment estimates for w;, and w;,, it is exactly the same order as in the k < k* case.

Now all that is left is the second term of this case. Where we have wywilz_o‘wf‘1 , here
there is no minimum, so we simply apply Lemmas 5.1.1 and 5.1.2 to estimate the

moments after taking expectation, and we find

k:kmax
Z nszW%rZ(Sff)n(Tq)/z — p3-1)/2 (5.37)
k=1

Which is the same expression as in the small r case. This proves the proposition.
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Lemma 5.3.2. Let V C [Ny(a)]. Then for fired a > 0, for every realisation of Gy, (a)
satisfying Agooa event of Proposition 5.1.1, and € > 0, as n — oo we have that

P <’|/\/'1(V)\ —cdiesznwi

where cq 18 an explicitly computable constant.

> eV | GNn(a)> Bo, (5.38)

Proof. By definition we have that
NVi(V)[ = > 1(i > j for some i € V), (5.39)
3¢[Nn(a)]
such that by union bound
E [|N1(V)| | GNn(a)] < Z Z Wnpij- (540)
i€V j¢[Nn(a)]
At the same time, by inclusion-exclusion we have

E[IMO) ] O] 2D D Tabig— D > > Topinbinj.  (5.41)

i€V j¢[Nn(a)] 1€V i2€V j¢[Ny(a)]

We will now compute the value of > >  m,p;; and furthermore show that
i€V jE[Nn(a)]

Z Z Z TDi, i Pigj = 0(V/).- (5.42)

1€V 12€V j¢[Nn(a)]

Let us first compute » >  m,p;;. Note that in a GIRG, for a fixed vertex i we
i€V j¢[Nn(a)]

Y By < Y by = Eldeg(i)] = cqws. (5.43)

J¢[Nn(a)] Jj€ln]

For an explicitly computable constant ¢y, which we will compute later. Then

Z Z TnPij < Cd ernw, (5.44)

i€V j¢[Nn(a)] iev

have that

Now we apply Proposition 5.3.1 with b = a, to immediately see that

DX D mabubiy = OmPT) = o(va). (5.45)

1€V i2€V j¢[Np(a)]

Which proves the upper bound for the lemma, now all that is left to show is that we
can find a lower bound close to this upper bound, however, a very naive upper bound
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already does the job,

S S mBy < ma(Na(@)? = O(nE12) = o(y/m). (5.46)

1€V j€[Nn(a)]

and this proves the lemma. O

We now need one more lemma before we can prove the main result that we need for
the lower bound on the span of ‘K(“l).

Lemma 5.3.3. For any fived a > 0, as n — oo, we have

TnW;
ca Z 5N (5.47)

ze(o”(“l)
with ¢ as defined in 4.25.

Proof. First note that for all vertices ¢ < NV,,, we have that

CFnl/(T 1) Ce 1--L

= M@ Zfl/fl — (5.48)

1<5N

Then we can apply Theorem 9.10 from [11], such that we have

T W; acy w;

t :<@Zwﬁwﬁww%m<>@-wm
NS n S

€% €ty

Now we prove the following lower bound on the span, recall the definition

Proposition 5.3.4. For a fized A\ > A., and any € > 0, there exists an ag := ag(e) >
0, such that for all a > ag,

. [Span, (¢(3))]
Jim P (\m >t e =1 (5.50)

Proof. As mentioned before we clearly have that [Span, (V)| > |N1(V)|. We now apply
Lemma 5.3.2 and take V = ‘5(‘?[), then together with Lemma 5.3.3 and Proposition 4.4.6

we can take a large enough such that ¢} > ¢(* — /2, and this proves the proposition.
O

We have now shown a lower bound on the span of %(l), and all that is left to show is
an upper bound of similar form.

5.4 Upper Bounding the Span of (Ka)

We set out to prove the following law of large numbers result on the span of ‘5(“1),
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Theorem 5.4.1. Fiz A > A.. For any ¢ > 0, there exists a; := ai(e) > 0, such
that for all a > ay, there exists a ko = ko(g,a), such that for all k > ko, with high
probability we have

|Spana((€(‘i) )

n

t—e< < e, (5.51)

with ¢* as in Proposition J.4.6.

The lower bound we have already proved in the previous section, for the upper bound
we first need a few intermediate results to prove the following proposition, from which
Theorem 5.4.1 immediately follows. Let 7<;, denote the set of vertices that belong to
some component of size at least k, and fix A > ). as always, then

Proposition 5.4.2. For any € > 0, there exists ay := ai(e) > 0, such that for all
a > ay, there exists a ko = ko(e,a), such that for all k > ko

i p (S

A _
NG <Mt s) =1. (5.52)

n—o0

To prove Proposition 5.4.2 we first show that the contribution to the span of any set
V' C [Np(a)] of vertices further than graph-distance 2 away, is negligible in comparison
to the contribution of Ni(V'). This is summarized in the following lemma:

Lemma 5.4.3. Let V C [Ny(a)] be such that ) ;.\ mpow; < Coy/n for some constant
Co > 0. Then conditioned on the good event from Theorem 5.1.1, for any e > 0, there
exists ag = ap(g) > 0 such that for any a > ag as n — 0o

P(INs2(V)| > ev/n| Gy, (a)) — 0. (5.53)

Proof. As per usual we start by conditioning the graph on Agyoq from Theorem 3.1.1.
We will first show that

E[N22 (V)]G )] < 5V (5.54)

Let A;(i,j) be the event that there exists a path (4,417,492, -+ ,4;_1,7) between i €
[Ny (a)] and j € [Ny (a)]€ of length [, such that the path lies entirely outside of [V, (a)],
ieip---1_q1 € [Nn(a)]c

Now in the conditioning of the locations, we only reveal the locations within [N, (a)],
such that when considering the probability P(A;(4, 7)|Gn,, (a)) We have to integrate over
the locations of the path. This gives us the following upper bound in the form of an
I-fold integral:

PAE DI, @) < / // < w]ﬁzz’ >a

(1,02, i1—1 E[Nn(a T, ®y_, T

: (1 A M) Az, - da,_ dz; (5.55)
7 i1



Chapter 5. The Slightly Supercritical Regime 43

Then evaluating each integral in the same way as we have done before in the proof of
Proposition 5.3.1, we find that

. TnCa 2,2 2
P(AI(Z,J)|gNn(a)) < Z Zl WiW;, Wiy - Wy, Wy
(t1,82, 1) €[Nn(a)]°
-1
TnCd TnCd TnCd _ —
= 2 wiw;j | — Z wZ = 7;1 w,;wjun(a)l L (5.56)
Y€[Nn(a)?]
where 7, (a) := ™ ZyG[Nn(a)c] wf/. Furthermore, we have that

201 O p2/(=1)

_ TnC n Py
Un(a) = nd Z % <y> — Z y2/(=1)

y>an(3-7)/2 y>an(3-7)/2
éﬂ'nnz/(‘r_ 1)
< zmr

(an®-7/2)1=5 = O, (5.57)

n
which is clearly decaying in a. Then
B[N (MGl <D0 Y. PAGLH) |G, ()
[>2 i€V je[Np(a)]®

< %ﬁn(a) anwi Z wj < Cop(a)y/n, (5.58)

eV JE[Np(a)]c

where in the last inequality we used the condition ), maw; < Cpy/n which we
assumed at the start. Now as 7,,(a) is decaying in a, it is clear to see that we can find
some ag(e) such that for all a > ag we have that E[|N>2(V)||Gn, )] < 5v/7.

As we wish to use a second moment method to show the convergence in probability
we must next estimate the conditional variance of [N>o(V)].

We consider |[N>2(V)[2, which can be formally expressed as
No2 (V) = [{(j1,52)  d1. 52 € [Na(@)]®, 51 ¢ [Nu(a)], j2 ¢ [Na(a)]}.  (5.59)

The key idea here is that we are counting pairs (ji, j2) that both have a path to [NV, (a)].
At this point we are not counting paths yet, but really just the pairs themselves.
We can then decompose |[N>o(V)|? into the following three cases for choices of i1, ia, j1, jo
e Case 1: j; = jo,j1 <> [Np(a)],
e Case 2: jj; # jo : Jiy € [Ny(a)], 51 > i1, J2 <> 11,
e Case 3: j1 # jo : Ai1 € [Ny(a)],J1 < i1,j2 <> 1.

In case 3, both j; and jo still connect to [Ny (a)], which means that there are two
vertex disjoint paths that connect them. Let I;; be the indicator that ¢ € V' connects
to j € [Nn(a)]¢ through a path of length [ > 2 completely in [Ny (a)]¢. Which is why
in case 3 we consider i1,i2 € [N,(a)]. For a visual representation of the cases see
Figure 5.2.
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N

() (D)

FIGURE 5.2: These drawings depict the three possible cases for ver-
tices counted in |N>o(V)[2. Sub-figure (A) is case 1: i3 = iy and
j1 = Jo, sub-figures (B) and (C) are both case 2: i; = i2 and j; # jo,
where in (B) the paths are completely vertex disjoint, and in (C) the
paths are joint until vertex k, (D) is case 3: i1 # i3 and j1 # ja.

It will turn out that the case where i1 # i3 and j; = jo is already counted in case 2,
which is why we do not treat it separately. It is clear to see case 1 is exactly the same
as (5.58), so we start by treating case 2.

Let I;; be the indicator that i € V' connects to j € [Ny(a)]¢ through a path of length
[ > 2 completely in [Ny (a)]°.

Then starting with case 2 we can use the following union bound:

E[JN>2(V)|*1(Case 2 occurs)|Gy., (@) Z Z P(Iij, = Lij, = 1|GnN,(a))-
1€V j1,j2€[Nn(a)]®

(5.60)
There are now two subcases that can happen, either ¢ connects to j; and jo through
completely disjoint vertex paths, or there is an intermediate vertex k such that we
have the disjoint vertex paths [i, k], [k, j1], [k, j2]. We use the Van den Berg-Kesten
(BK) inequality [47] to bound the probability in both cases, starting with case 1 we
find

oD Py =T =Unw) <Y Y, Py, = 1P, = 1)

1€V j1,52€[Nn(a)]¢ 1€V j1,j2€[Nn(a)]®
2
7T2 7'['2
<5 Y whouy < 5O Wi Y w
n n
iV 1 j2ENa(a)le eV \jelNa(a)
< 720%Y w? < Tlwan™1)? = o(n). (5.61)

eV
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Where in the second inequality we use (5.56). Now in the second sub-case we can
again use the BK-inequality to arrive at a similar bound.

Z Z P(Lik = Ixj, = Ikj, = 19N, ()

i€V j1,j2€[Nn(a)l®

<> > > P(Iip = 1)P(Igy, = VP(Iij, = 1)

1€V j1,§2€[Nn(a)]® kE[Nn(a)]®

303 w2
S Y Y <SRG Y
i€V j1,52€[Nn(a)]® k€[Nn(a)]® ke[Nn(a)l®
3

< Cmpna' 71, (5.62)

Where we once again used the assumption on ) ;. m,w; and estimate Zkze[Nn(a)]c wi’
in the same way as we did the second moment earlier in (5.57), this concludes case 2.

For the last case we assume that 41,492, j1,j2 are all disjoint vertices. There is the
possibility that their paths intersect, however these vertices have already been counted
in case 2 and as such do not need to be considered anymore. Which is why we only
treat the case where i; connects to j; and io connects to jo through completely disjoint
vertex paths.

We assume that the path from 4; to j; is of length m; with vertices ly,--- ,ln,, and
likewise the path from 42 to jo is of length mg with vertices kq,--- ,kp,. Then as
before we take conditional expectation:

E[|N>2(V)[*1(Case 3 occurs NGN,(a Z Z P(Liyj, = Liyj, = 1)

117%26‘/]1 J2€[Nn(a)]®
/ / / / Wi, Wiy ) (1A M)a (5.63)
|$11 - xl1|d ’l'ka B xj2|d '

Now similarly as before we integrate over the locations and get out the weights such

that
|$11 - xl1| |ka2 - xj2|

mi m2
2 2
N wilelﬂncd Z wl Tn wiijQWnCd Z wkﬂ'n
n n n
I€[Nn(a)]© k€[Nn(a)]®
Wi, Wi T Cq_ Wiy Win T Cq
= nrnd jnl T (a)m 22 ﬁ T (a)™2. (5.64)

Summing over m; and ma now gives exactly E[|N>o(V)||Gy, ()]*- as in (5.58).

Now we are ready to use Chebyshev’s inequality. Note that

E[N>2(V)I? | Gn, ()] = EIN>2 (V) | G, (o)) + 0(n) + E[N>2(V)] | G, )] (5.65)
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such that
Var([N>2 (V)] | Gw, @) = ElW=2 (V)P | G, ()] — EIN>2(V)] | G, 0]
= o(n) (5.66)
Then, on the event that E[JN>2(V)| | Gn,(a)) < 5v/7, which occurs with high proba-
bility as shown in (5.58), we have that
5
P(IN>2(V)| > ev/n | G, (a) < P(|[IN>2(V)] = E[[N>2(V)] | Gnw)l] > 5\/71 | OGN (a))

o WVar(No2 (V)] | Gra) e
= 2n

— 0. (5.67)
Which proves the claim. ]
Furthermore, we also need the following result on the weight of small sets of vertices

which follows verbatim from [9]:

Lemma 5.4.4. For any 6 > 0 and V C [Ny(a)] such that |V | < §N,, we have that

1
61 T—1

Y mwg < © T (5.68)
\F e

keV

Proof. Recall the definition of the weights wy = CF(%)I/(T_I), such that

\Fanwkg \F Z TpWg = CEN = Z = (5.69)

keV k<éNp, k<ONn

Approximating the sum by an integral we then find

— 1— 1
-1 =3 _1
CFN = E k7T <ecpn'2 2Traa M = T (5.70)
k<§Nn T—1 7—1

Now we are ready to prove Proposition 5.4.2.

Proof of Proposition 5.4.2. Let A > A, and fix any € > 0. We will first show that for
there exists an aj(g), such that for all @ > a1(e) there exists a kg, such that for all
k > kg we have that

nlLH;oP Z Taw; < N+ =1 (5.71)
ZETﬁk
To show this intermediate result we set § = (&= )1/ (1-757) , with Cp = ——. Now by

T—1

definition of p)>‘ i» it is decreasing in k, so that we can choose ko(e, a) such that for all
k > kg, we have pé,>k < p%, +9/2a. Now by Proposition 4.3.3 with high probability
we have that

IT2%] <16+ 6Nw = T2\ 68| < 6N, (5.72)
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Now by Lemma 5.4.4 and the aforementioned &, we have that
1

v S maw; < O+ % (5.73)

ieTZ‘lk
which shows (5.71).

Now taking V' = 7%, in Lemma 5.3.2 and Lemma 5.4.3, gives that for all a > {ag, a1},
with ap as in Lemma 5.4.3, that

San7'>“ CqTTnW;
ST _ )L ) 5

) (5.74)
v €Ty, v

which proves the proposition. ]
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6 Conclusion

As a conclusion to this thesis we briefly summarize the results and approaches we have
taken, we then also discuss future steps that are yet to be taken in this particular field
of research and provide a general outline on what approaches might work.

We have considered a GIRG with deterministic weights that follow a power law dis-
tribution with parameter 7 € (2,3). Our goal was to show that by percolating the
graph with probability m,, = )\nTTig, there exists a critical A, such that for all A < A,
there is no unique giant component, and for all A > A, there does exists a unique giant
component of size ©(y/n). As a useful tool, we have defined a good configuration of a
GIRG, one where the highest N, (a) := [an3~7)/2] weight vertices are well-distributed
in space. We show that for this good event Agy.q, the probability of its complement
P(ASy0q(Nn(a)) can be pushed below any § > 0.

Continuing on, we show that the core of a GIRG can be expressed as an inhomogeneous
random graph, using the established theory of IRGs we then show that within the core
a giant component does exist, and with that A\, exists, and we are able to express it
in terms of the associated operator norm of the kernel of the IRG. After an excursion
into the local weak limit of an IRG being a multi-type branching process, we show
that Cé‘ has a converging limit as a — oo which is finite.

Finally, we consider the giant in the full graph, where we condition the graph on the
good event of Chapter 3. We establish that it consists of the giant inside the core, its
span, the set of vertices connected by return paths, and its respective span as well. We
then show an upper and lower bound on the size of the span of the largest component
inside the core, Cﬁ(‘?‘l). We prove that for any € > 0

’Span(cgﬁ)) |

vn

This lower bound on the span already provides the lower bound on the magnitude of
the emerging giant which is of the right order as claimed in Proposition 2.3.2.

P—e< < e (6.1)

To prove Conjecture 2.3.1 fully, it is only left to show the negligible contribution of the
return paths and their span. This should be the first step in continuing the analysis
of the supercritical case. Likely the ideas of [9] could be followed for the most part
with some minor adjustments. Up until Lemma 5.11 in [9] could be adapted to the
GIRG case easily as Proposition 5.3.1 is already in a generalized form. Given more
time, this is the obvious next step as well as adapting the remainder of the proofs
with regards to the added spatiality.
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To show a true multiscale genesis akin to the one in [9] there would also need to be a
consideration of the subcritical case, which is something that is not included in this
thesis, also the possible existence of a critical window would need to be looked into.
The proofs of Bhamidi, Dhara, and van der Hofstad in the subcritical case rely heavily
on the "connectivity structure between hubs", where they show that when the graph
is heavily percolated there asymptotically in n, exist no two-step paths between hubs
in the subcritical regime. In GIRGs this is not immediately clear, as when hubs are
close together they might still have a very good chance of connecting to each other,
which is why the good configuration of Chapter 3 might prove to be useful once again.
However, it is unclear exactly how to approach this problem.

Outside of the main subject of this thesis there is also another generalization of the
problem that could be looked into that is much more complex. Consider for example
GIRGs that have a power law parameter 7 > 3, this causes hubs to disappear almost
immediately as the weights are now much less, causing the percolation to become
much more difficult to analyze. It is still very much an open question how this affects
the critical percolation probability and the size of the giant in the supercritical regime.

On a bigger scale, other similar models’ phase transition could be studied as well,
consider for instance the robust version of the spatial preferential attachment model
[35], or the soft boolean model [28]. A multiscale genesis for the giant could be derived
in these models perhaps similarly with the methods used in this thesis.
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