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INTRODUCTION

1.1 MOTIVATION

How is it possible that COVID-19 could spread so quickly around the
world? What are the main reasons that can make a (fake) message go
viral? Although these two questions are of a very different nature, they
are similar from a mathematical perspective. A way to model information
diffusion (or disease spreading) in a real-world network mathematically,
is by representing the topological structure of the underlying network as
an (un)directed graph § = (V, E), where the vertices V represent people,
and two vertices are connected by an edge e € E C V x V if they see
each other regularly, or are friends in the social network. Each edge has a
non-negative weight attached to it, standing for the time that it takes to
transmit a message from one side of the edge to the other.

Since the underlying networks are often unknown (let alone the weights),
random graph models can be used that share topological properties with the
original network [201]. To qualitatively understand processes in real-world
networks (such as information diffusion), one can model the process on a
random graph, and translate the results back to the original network. An-
other advantage of modelling real-world networks as (weighted) random
graphs, is that many networks are believed to share universal properties,
that we highlight in the following paragraphs. As a result, by studying a
simplistic random graph model that shares the same universal properties
as real-world networks, one could gain qualitative insight in structures in
multiple real-world networks at once. We highlight four properties that
many real-world networks are believed to share.

Scale-free degree distribution. The degree sequences are scale-free, i.e., the
number of connections (degree) per vertex decays as a power law: there
exists T > 1 such that, writing py for the proportion of vertices with degree
k,

Pk~ k" (1.1.1)

Here, px ~k ™™ means that k™" ¢ <p, <k "¢ for any ¢ > 0 when k is
sufficiently large. For example in the WWW), social networks, and protein
networks, the power-law exponent T is estimated to be in (2,3), see e.g.
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INTRODUCTION

[7, 8, 201]. When T € (2,3), the asymptotic degree distribution has infinite
second moment. In this case, the degree dispersion is very high, which
indicates the presence of hubs in the network.

Supercriticality. Typically, a large proportion of nodes are part of the
same connected component C'"': the largest set of nodes in a network such
that for all u,v € C'" there is a path of edges in the network from u to v.
Mathematically, we consider sequences of graphs (G, )n>1 for which the
number of vertices in G, tends to infinity, and say that the graph sequence
(9n)n>1 is supercritical if a linear-sized connected component exists with
probability tending to one.

Small-world property. Although real-world networks may contain billions
of nodes, the graph distances, i.e., the minimal number of edges to connect
two nodes, is very small compared to the size of the network [15, 191,
201, 222]. We say that (Gn)n>1 satisfies the small-world property if the
graph distance between two vertices chosen uniformly at random from
the largest connected component in G, also called typical graph distance,
grows at most logarithmically with the number of vertices. The network
is an ultra-small world if the typical graph distance is at most of doubly
logarithmic order in the number of vertices.

Clustering. Empirically, clustering quantifies the effect commonly known
as “a friend of a friend is also likely to be my friend”. Mathematically,
clustering refers to the presence of triangles in the network. A natural way
to model a network that contains triangles, is by embedding the vertex
set in Euclidean space, such that vertices that are close to each other are
more likely to be connected. The presence of underlying geometry is easily
motivated through real-world networks: people living nearby (or having
similar interests, which could be represented by a so-called feature vector)
tend to know each other with higher probability. On the other hand, there
has been a large interest in embedding real-life networks (in which the
spatial embedding is less obvious than just the geographical location of
a person) into Euclidean space [111]. In this case, the spatial nearness
of two vertices represents similarity of these vertices in the (partially)
observed network: for example, the obtained spatial location could encode
an unobserved feature vector of a node in the network. These spatial
embeddings could then be used for machine learning tasks, such as link
prediction or community detection.



1.1 MOTIVATION

1.1.1  Aim of the thesis

In this thesis we study (theoretical and generative) supercritical random
graph models from three different perspectives.

(i) In Part i we study first-passage percolation, a model for information
diffusion and epidemic spreading, and the small-world property on
preferential attachment models: a class of random graph models that
gives a possible explanation to the emergence of the power law in
the degree sequence of real-world networks [20]. This class of model
exhibits the scale-free and small-world property, is supercritical
[71] and in some cases connected [124], but it does not satisfy the
clustering property [99].

(ii) In Part ii we study the sizes of connected components in a framework
called kernel-based spatial random graph models. Random graph models
in this class can exhibit all four properties mentioned above. The
vertices are embedded in Euclidean space and the degree distribution
has a heavy tail. When the inhomogeneity in the graph is sufficiently
large, the obtained scalings on the sizes of connected components
are vastly different from the only known scalings for spatial random
graphs, i.e., random geometric graphs and the graph obtained by
nearest-neighbour percolation on Z4.

(iii) In Part iii we conduct two simulation-based studies of spreading
processes on networks motivated by COVID-19. We demonstrate
the influence of space and the presence of long-range edges in spa-
tial networks on various spreading processes that are more realistic
than first-passage percolation. We compare characteristics of these
spreading processes to classical non-spatial models (e.g., effect of
temporary immunity, shape of the epidemic curve, number of per-
sons in quarantine over time) and illustrate how the spatial models
can be used to give intuition for qualitative implications of the in-
tervention strategies, and to model contact-tracing applications for
infection spread.

In the remainder of this chapter we introduce the random graph models
that are studied in this thesis, and explain the relations between the these
models. Moreover, we give extensive references for the random graph
models that have the main focus: preferential attachment models and
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kernel-based spatial random graphs; at the end of the chapter we summa-
rize the main contributions of the thesis. In the following chapters that
describe the detailed results, we motivate and define the properties that
are investigated in the specific chapter (e.g., graph distance, first-passage
percolation, cluster-size distribution, and spreading process characteristics)
in detail. Eventually, in Chapter 9 we discuss the main contributions and
present directions for future research.

1.2 NON-SPATIAL RANDOM GRAPH MODELS

Non-spatial random graph models are often used as null-models to com-
pare network data to “purely random” networks. The preferential attach-
ment model (PAM) mentioned above is an example of such a model, and
this model has the main focus in Part i. To contrast PAMs against more
classical null-models, and to motivate a new research line for PAMs, we
first introduce two more classical models: the configuration model and the
inhomogeneous random graph. Besides, the notion of inhomogeneous ran-
dom graphs will serve as motivation for the kernel-based spatial random
graphs (KSRGs) that have the main focus in Parts ii and iii. We introduce
KSRGs below in Section 1.3.

1.2.1  Configuration model and inhomogeneous random graph

The configuration model and inhomogeneous random graph allow to spec-
ify the (expected) degrees of the vertices in the resulting graph. Amongst
others, this makes it possible to mimic the scale-free degree distribution
observed in real-world networks. The configuration model is used in Part
iii as one of the underlying networks to model the spread of diseases.

Configuration model

The configuration model is a well-studied object in the mathematical
literature. It dates back to Bollobas [34] and Molloy and Reed [188, 189],
we refer to [124] for references.

Definition 1.2.1 (Configuration model). Fix n > 1 the number of vertices.
Prescribe to each vertex u € {1,2,...,n} its degree deg(u) > 0, so that the
total degree h,, := Zugn deg(u) is even. To form a graph, to each vertex u
we assign deg(u) number of half-edges and the half-edges are then paired
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uniformly at random to form edges. The resulting random multi-graph is
the configuration model.

The random pairing of the half-edges ensures that the configuration
model is a random (multi)graph, even though the prescribed degrees
might be deterministic. The configuration model naturally allows for the
scale-free property, since one specifies the degree distribution. Besides that,
the configuration model also satisfies the small-world property [129, 130]:
when the degrees follow a power law with parameter T > 2, the typical
graph distance d\¥! (u,v), i.e., the number of connections on the shortest
path between two vertices u, v that are sampled uniformly at random from
a graph on n vertices, satisfies

log N h ,
d'S(u,v) = { O(logN), when T >3 (1.2.1)

O(loglogN), when € (2,3).

While the configuration model easily accommodates power-law degrees
and satisfies the small-world property, it does not contain clustering [82,

217].

1.2.1.1 Inhomogeneous random graph

Alternatively to the configuration model, one can use the Chung-Lu [50]
and the similar Norros-Reittu model [204] as null-models. These random
graph models are also referred to as rank-1 inhomogeneous random
graphs. Contrary to the configuration model, in a rank-1 inhomogeneous
random graph only the expected degrees of vertices are prescribed, rather
than their exact degree. The expected degree of a vertex u is encoded by a
non-negative mark W,, (also called weight).

Definition 1.2.2 (Chung-Lu model). Fix n > 1 the number of vertices.

Prescribe to each vertex u € {1,2,...,n} a non-negative mark W;,. To form

a graph, we connect each pair of vertices {u, v} by an edge with probability
W, W, : }

nEW]" " J’

independently of other possible edges.

Puwy i=min { (1.2.2)

For the Norros-Reittu model, one replaces the connection probability by
the function py, =1 —exp ( — W W,/ Zy Wy). Similar to the configura-
tion model, these models satisfy the small-world property [50], but violate
the clustering property [217].
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We proceed to a special case of the inhomogeneous random graph
introduced by Bollobds, Janson, and Riordan in [37]. As in rank-1 inho-
mogeneous random graphs, each vertex is equipped with a non-negative
mark W,,. However, they generalise the connection probability by replac-
ing the product of the two marks in the numerator in (1.2.2) by an arbitrary
non-negative symmetric function k, called the kernel.

Definition 1.2.3 (Inhomogeneous random graph). Fix n > 1 the number
of vertices, and let «(-, -) be a non-negative symmetric function. Prescribe
to each vertex u € {1,2,...,n} a non-negative mark W,,. To form a graph,
we connect each pair of vertices {u, v} by an edge with probability

K(Wu,W\,)/ : }/

wv (= min {
P n

independently of other possible edges.

Indeed, k(Wy,, W, ) = W, W, vields the same connection probability as
in (1.2.2), up to a scaling of the marks by a constant. We call this kernel
also the product kernel. In Section 1.3 below, we generalise this model to
a spatial random graph, where the vertices are embedded in Euclidean
space.

Static models

The configuration model and rank-1 inhomogeneous random graph are
examples of static random graph models. The vertex set is a fixed set, and
the degree distribution of a sampled graph is determined by the specified
degree or mark distribution. Moreover, these models are not projective:
the graph on n + 1 vertices cannot be obtained by simply adding a vertex
and the edges emanating from this vertex to the graph on n vertices. This
is in contrast to preferential attachment models, that we introduce next,
which have the main focus in Part i of this thesis.

1.2.2  Preferential attachment models

Unlike the configuration model and the inhomogeneous random graph,
the preferential attachment model (PAM) is an example of a model where
the vertex and edge set grow dynamically over time. A model similar
to PAMs was introduced by Yule to study biological processes [229], but
the model became increasingly popular after the paper [20], that uses the
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model to give an explanation to the emergence of power-law degrees in
various real-world networks. Bollobas, Riordan, Spencer, and Tusnady
were the first ones to define and investigate the model rigorously from a
mathematical perspective [33].

We introduce the models informally. The construction of a preferential
attachment graph is initialized with a graph PA;. Arrivals of vertices
happen deterministically at times t € {2, 3,...}. We denote the graph at time
t by PA¢ and label all the vertices by their arrival time, also called birth
time. In the models that we study, arriving vertices favour connecting by
an edge to vertices that have a high degree. Writing {t — v} for the event
that vertex t connects by an edge to a vertex v < t that is present in PA_1,
we assume for some T > 2 that

Dv(t_”
t(rt—1)

where D, (t — 1) denotes the degree of vertex v directly after the arrival of
vertex t — 1. As a result, the asymptotic degree distribution has a power-law
decay (as defined in (1.1.1)) with exponent T [70, 124], that we therefore
call the power-law exponent.

We call the number of connections that a new vertex establishes upon
arrival the outdegree. We study three variants of this model: one with fixed
outdegree, which we call fixed preferential attachment (FPA), and two with
variable outdegree (i.e., random outdegree), which we call variable prefer-
ential attachment (VPA), and generalised variable preferential attachment
(GVPA), respectively.

The fixed preferential attachment model appeared formally in [23, 38],
using a parametrisation that only yields preferential attachment graphs
with T > 3. In this thesis, we consider the model with power-law exponent

€ (2,3). We recursively grow the graph PA¢ for t > 2 from a starting
graph PA;. At time t we sequentially add m outgoing edges to the arriving
vertex that has label t. After the j-th edge has been formed, the defining
connection probabilities are updated. We write D{; ;) (v) for the indegree,
the number of incoming edges, of a vertex v r1ght after the (tm +j)-th
edge is added to the graph. Similarly, we write FPA ¢ ;) for the constructed

P({t = v} |PA4) = (14 0(1)),

graph right after the moment it contains exactly (tm +j) edges. Let {t 2R v}
be the event that the j-th edge of vertex t € IN is attached tov € [t —1].

Definition 1.2.4 (FPA(m, 3)). Fix m € IN, 0 € (—m, o). Let FPA;(m, 3) be
the graph with a single vertex without any edges. The model FPA(m, §) is
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defined by the following sequence of conditional edge-connection proba-
bilities
D<(:,j—1 | (V) 4+m(1+56/m)

P({t v} | FPA(,j)) = 2.
(S VHFPAW) = G gmz s o/m i —Tomes (2D
where v € [t — 1]. The power-law exponent of the model is
Tm,s =3+ 0/m. (1.2.4)

The asymptotic degree distribution in FPA decays as a power law with
exponent T 5 in (1.2.4), see [124, 193], so that for FPA T € (2,3) when
d € (—m,0). The constraint 5 > —m ensures well-defined probabilities in
(1.2.3). We remark that there are multiple versions of the fixed preferential
attachment model in literature, e.g., some versions allow for self-loops,
and in other versions the connection probabilities are updated only after
the formation of all m edges of a single vertex. We chose to present a
single version of the model here, in which no self-loops are allowed, but
multi-edges are allowed. This specific version allows us to re-use directly
some results from [24]. With the recent results from [98], all derived results
in Part i extend to the versions of PAMs introduced in [124], to which we
refer for an extensive overview of the fixed preferential attachment model.

In FPA the total number of edges in the graph is deterministic, making
some explicit calculations easier. On the contrary, the events {t — v} and
{t = v2} are negatively correlated for vertices vi # v;, yielding more
involved computations.

The next models that we introduce behave to some extent as the opposite
of FPA, as the edges are conditionally independent, leading to a random
outdegree of vertices. These two models were introduced by Dereich and
Morters [70], and they call the graph preferential attachment with conditionally
independent edges. It appears in [124] as Bernoulli preferential attachment. Let
D (v) be the indegree of the vertex v right before time t.

Definition 1.2.5 (VPA(f), GVPA(f)). Let f : N — (0,00) be a concave
function satisfying f(0) < 1 and f(1) —f(0) < 1. We call f the attachment
rule. Let GVPA; (f) be the graph with a single vertex without any edges.
Conditionally on GVPA¢_1(f), vertex t connects to v € [t — 1] by an edge
with probability
f(DF W)/,

independently of the other existing vertices. Important parameters of the
model are

v¢ = lim f(t)/t, Tei=1+1/vy, (1.2.5)

t—o0
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which are well-defined by the concavity of f. We call t¢ the power-law
exponent. For general f, we call the model generalised variable preferential
attachment (GVPA). For affine f, i.e., f(k) = yk +n for some y,n > 0, we
call the model variable preferential attachment (VPA).

The asymptotic degree distribution decays as a power law with exponent
T, in (1.2.5), see [70]. In the more restricted model VPA, calculations
become explicit and more precise results can be derived, e.g., degree
distribution in [70], or the ‘graph-distance evolution” in Chapter 3.

The three models FPA, VPA, and (even the more general model) GVPA,
behave qualitatively similar in terms of their degree distribution and
typical graph distance when t € (2,3) [69]. Hence, we refer to the models
by their power-law exponent 7, and to call them PA collectively. In this
thesis, we distinguish them only when different proofs are required, or
when referred to different results from literature.

1.2.3 DPreferential attachment: literature overview

We recall some previous results on the three preferential attachment mod-
els FPA, VPA, and GVPA: first we reflect on the four universal properties
in real-world networks described in Section 1.1. After that, we mention
results in a wider range of preferential attachment models than FPA and
(G)VPA, identifying that a majority of the PAM literature takes a typical
approach, which we call snapshot analysis: this approach allows to compare
the dynamical PAMs to static random graph models, such as the configura-
tion model, or inhomogeneous random graphs. In this thesis, we take a
different approach: we do not aim to compare PAMs to static models, but
study the dynamical changes in the preferential attachment graph itself.

Properties of real-world networks

The models FPA and GVPA that we study in this thesis are the most
commonly used pure PAMs in the literature, i.e., in these models it is
solely the preferential attachment mechanism that drives the changes in
the graph topology. These PAMs are mathematically defined by Bollobés
and Riordan [38], and Dereich and Morters [70]. The models satisfy the
scale-free property [70, 193], small-world property [46, 69, 81] (together
with results in Part i in this thesis), and supercriticality [71, 126]. In [97]
it is shown that FPA does not satisfy the clustering property, and it is
expected that these results extend to GVPA.
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Spatial variants where vertices have a location in an underlying Eu-
clidean space are studied in [3, 142, 143]. Here, closeness in Euclidean
distance is combined with preferential attachment. The age-dependent
random connection model [105, 109] is a recent spatial version, that we
consider also in Part ii in this thesis as a special case. In the age-dependent
random connection model, the connection probabilities are not governed
by the degree of vertices, but by their relative age compared to the arriving
vertex.

Snapshot analysis

Since the introduction of FPA in [38], many variants with more involved
dynamics and connection functions have been introduced, of which we
highlight some. In [147, 213], the vertex set is fixed and only edges are
formed dynamically. The variations introduced in [10, 65] allow for edges
being formed (or deleted in [57, 65]) between existing vertices. References
[70, 71] consider a version where the attachment function can be sublinear
in the degree. In [51, 68, 73, 94] vertices are equipped with a fitness
and in [180] the arriving vertices have a power of choice: for each edge
formed at time t, two present vertices i1, 1, are sampled with probability
proportional to the degree, after which the edge {t,i,} is added to the
graph, where 1, := argmax;; ;,D¢(i). Stochastic processes on PAMs
have been analysed in [23, 43] for the contact process, in [11] for bootstrap
percolation, and in Part i of the thesis for first-passage percolation.

The above mentioned results and papers provide statements about static
snapshots of the graph PA; in the large network limit: the network is
considered at a single time t as t tends to infinity. This snapshot analysis
allows for comparison to (simpler) static random graph models, such as
the configuration model [34, 188], Chung-Lu model [50], and the Norros-
Reittu model [204], and aims to classify properties of random graphs as
either universal or model-dependent.

An example of a universal property is the typical graph distance: in
the configuration model, Chung-Lu model, Norros-Reittu model, and
preferential attachment models FPA, VPA, and GVPA, with parameters
such that the asymptotic degree distribution decays as a power law with
exponent T € (2,3), the typical graph distance grows doubly logarithmic
in the network size [46, 50, 69, 81, 129].

On the other hand, the configuration model (under mild assumptions
on the degree distribution) and fixed preferential attachment model lead
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to a connected graph as the number of vertices tends to infinity [89,
126], while the Chung-Lu and Norros-Reittu model, and the variable
preferential attachment models have several connected components [49,
71], so connectivity of the graph is an example of a model-dependent
property. We refer to [124, 126] and its references for other universal and
model-dependent properties.

Evolution of graph properties: a novel approach

We take a different approach and deviate from the snapshot analysis: we
study the temporal changes of graph properties, i.e., we fix the graph PA¢
at a large time t, and study the graph sequence (PA/)¢/>+ at all times t' >t
from the perspective of the vertices that are present at time t.

This approach has only been considered in papers on the degree of fixed
vertices [70, 193], a local graph property. In Chapter 3, we study how a
global graph property, i.e., the graph distance between two fixed vertices
(typical vertices at time t), changes as the surrounding graph evolves over
time. Our obtained results reflect the temporal dynamics of the graph, and
this approach commences a new type of research on PAMs.

The preferential attachment is the considered random graph model in
Part i in this thesis. We proceed to the spatial random graph models that
have the main focus in Parts ii and iii.

1.3 KERNEL-BASED SPATIAL RANDOM GRAPHS

None of the models introduced in Section 1.2 satisfies the clustering
property that many real-world networks are believed to share [217]. In
Part ii and iii in this thesis, we study (instances of) a large class of random
graph models where the vertices are embedded in Euclidean space, i.e.,
each vertex u has a location x,, € R9. In these models, the connection
probabilities are such that spatially nearby vertices are more likely to be
connected by an edge. This naturally leads to clustering in those graphs
[60, 91, 135, 217]. The models that we study are parameterized such that
both the degree distribution and the edge-length distribution can be heavy-
tailed, i.e., there is structural inhomogeneity present in the graphs. Here,
the length of the edge {u, v} refers to the Euclidean distance ||x,, — x|
between the vertices forming the edge.

Long-range percolation and continuum long-range percolation (LRP and
CLRP) [4, 216] are examples of classical models in which the edge-length

11
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distribution has a heavy tail. In these models, each potential edge {u, v} is
independently present with probability proportional to *|juw—v||~4* for
some «, 3 > 0. However, in the graphs formed by these models, the degree
distribution is light-tailed. We study long-range percolation in Chapter 6.

Our main focus in Chapter 5 and Part iii is on models where both the
degree- and edge-length distribution are heavy-tailed. Recently, several
such spatial random graph models have been introduced that gained
significant interest in the literature; they were introduced amongst oth-
ers to accommodate the need for modelling degree inhomogeneity (i.e.,
scale-free property) in real-life networks [7, 32, 83, 200, 198]. Examples
of such models include scale-free percolation (SFP) [63]; geometric inho-
mogeneous random graphs (GIRG) [40], continuum scale-free percolation
(CSFP) [67], hyperbolic random graphs (HRG) [169], the ultra-small scale-
free geometric network [228]; scale-free Gilbert model (SGM) [122], the
Poisson Boolean model with random radii [103], and the age- and the
weight-dependent random connection models (ARCM) [105, 107].

We consider a framework unifying these models, which we call Kernel-
Based Spatial Random Graphs (KSRG). Beyond the above models, our frame-
work also contains the following classical models: the graph obtained
by nearest-neighbour bond percolation on Z¢ (NNP), and the random
geometric graph (RGG) [182, 210]. The framework was essentially present
in [166], and then refined in [107]. A random graph model in the KSRG
class requires four ingredients to be specified:

* a vertex set V: any stationary ergodic point process embedded in a
metric space with norm || - ||; typically a Poisson point process (PPP)
= on RY or a lattice Z4.

* a mark distribution W for vertices, the mark w,, of vertex u describing
its ability to form connections.

* a profile function p, describing the influence of spatial distance on
the probability of an edge. The choice of p potentially leads to a
heavy-tailed edge-length distribution.

* a kernel k that describes how marks rescale the spatial distance be-
tween vertices.

Conditionally on the vertex set and the marks, two vertices u and v are
connected by an edge, independently of other possible edges, with a
probability given by the connectivity function, which is the composition of
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the kernel and the profile, and a parameter 3 > 0 that controls the edge
density (high values of 3 correspond to higher edge density):

P(vertex u is connected to vertex v by an edge)
_d (1.3.1)
= p(BK(Wu/Wv)Hu_\)H )/
where P is a measure on V x V, conditionally on V and {W, },cy. These
components together define a random graph model G(V, £), where € is a
random set of edges.
The role of marks. Throughout the thesis, we will assume that the marks
are power-law distributed with tail-exponent T — 1 for some T > 1, that is,

PW>x) = x—(t=1) for x > 1. (1.3.2)

We shall see that the mark distribution regulates the tail of the degree-
distribution. Marks have different names in the literature: in geometric
inhomogeneous random graph [40] and scale-free percolation [63], they
are called ‘vertex-weight” or ‘fitness’, while for hyperbolic random graphs
[169] the mark corresponds to the ‘radius’ of the location of a vertex in
the native representation of the hyperbolic plane. For the age-dependent
random connection model [105] the mark corresponds to the rescaled
‘age’ of a vertex. For nearest-neighbour percolation, random geometric
graphs and long-range percolation marks are not used for the formation
of the graph, then we set W = 1, and formally T = co. Other nonnegative
mark distributions than (1.3.2) are allowed, e.g., exponential or Poisson.
However, for the problems considered in this thesis, lighter-tailed mark
distributions behave qualitatively similar as setting T = co.

The role of the profile function. The profile function is generally either
threshold or long-range type in the literature, and two typical choices are as
follows:

Penr (t) = 111 /R 0011 (1), P (t) = min{l,t*}. (1.3.3)

Since the inverse distance 1/[|u—v||4 is used in (1.3.1), pi corresponds to
connecting all pairs of vertices at distance at most R'/¢ by an edge, while
P« — originating from long-range percolation [216] — allows for long-range
edges. The parameter « > 1 in (1.3.3) calibrates this effect: the smaller «,
the more long-range edges, and the condition « > 1 ensures a locally finite
graph. With slight abuse of notation we say that « = co when considering
a threshold profile. Both parameters «, T requlate exceptional connectedness,
but differently: « in (1.3.3) controls the presence of exceptionally long

13
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edges, whereas T in (1.3.2) controls exceptionally high-degree vertices.
Non-threshold profiles with subpolynomial tails can be considered. For
the results in this thesis, we conjecture that those models fall in the same
universality class as threshold profiles, i.e., one can set formally set & = oo.

The role of the kernel function. The kernel function « in (1.3.1) is a sym-
metric non-negative function that rescales the spatial distance so that
high-mark vertices experience ‘shrinkage of spatial distance” and hence,
the connection probability increases towards high-mark vertices. It has the
same role as the kernel function in inhomogeneous random graphs, see
Definition 1.2.1.1. Models in the literature commonly use the trivial, the
product, the max, sum, min, and preferential attachment (PA) kernels, the last
one mimicking the spatial preferential attachment model [3, 142]:

Kiiv(%,Y) = 1, Kprod(xzy) =Xy,
Kmax(X,Yy) = max(x,y), Ksum (X, Y) =X+ Y, (1.3.4)
Kmin = min(x,y)~, Kpa(%,Yy) = max(x,y) min(x,y)* 2,

where T € (2, 00) corresponds to the tail exponent of the mark distribution
in (1.3.2). The trivial kernel kg, includes classical models into the class of
KSRGs, e.g., the graph obtained by bond percolation on Z¢ (in which each
edge between two vertices at Euclidean distance 1 is included indepen-
dently with probability p), the random geometric graph, and (continuum)
long-range percolation. The parametrisation in all nontrivial kernels in
(1.3.4) give rise to a power-law degree distribution with the same tail-
exponent T — 1 as for the marks in (1.3.2)[107], establishing the scale-free
property often desired in complex network modelling [32, 83, 198, 200].
The choice of the kernel k can influence the amount of correlation between
degrees of two endpoints of an edge, called assortativity, see Section 1.3.1
below.

We refer to Table 1 for an overview of models that fit into the framework
of KSRGs.

Properties of the giant component in KSRGs. Many graph properties and
processes on graphs have been studied on special cases of KSRGs with
non-trivial kernels in the past years: the degree distribution to establish the
scale-free property in [40, 63, 105, 122, 134, 179, 228]; graph distances in the
giant component in [39, 63, 67, 106, 122, 228], establishing the small-world
property for certain parameter settings; first-passage percolation on the giant
component in [136, 165, 166]; the random walk on the giant component
[52, 107, 121, 161]; the contact process on the giant component [104, 177];
bootstrap percolation in [44, 164]; the clustering coefficient in [40, 60, 91, 135,
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Model v Kernel Profile
Bond percolation on Z94 [113] z4 Ktriv, K0,0 Pthr
Random geometric graph [210] PPP Pthr
Long-range percolation [216] z4 P
Continuum long-range percolation [4] PPP Po
Scale-free percolation [63] z4 Kprod- K1,1 P
Continuum scale-free percolation [67] PPP Po
Geometric inhomogeneous random graph [40] pPPP Pocs Pehr
Hyperbolic random graph [169] PPP Pthr
Age-dependent random connection model [105] PPP  Kkpa,Ki,t—2  Pa/Pthr
Scale-free Gilbert graph [122] PPP  Kmax, K1,0 Pthr
Ultra-small scale-free geometric network [228] z4 Kmin, K0,1 Pthr
Interpolation KSRG PPP K1, Pos Pthr

Table 1: Models belonging to the KSRG framework, their vertex sets (either the
lattice Z4, or a Poisson point process, abbreviated by PPP), kernels, and
profiles. Horizontal lines separate models with different kernels. The
Interpolation KSRG is the model that has the main focus in Part ii in this
thesis.

217]; and the existence of subcritical and supercritical phases in [63, 67,
108, 109], and subcritical phase in the more general model [144] that allows
for dependencies between edges.

Thus, the giant component in the supercritical phase is relatively well
understood. However, there are no results yet for smaller components
in the graph. This is the main topic of Part ii. In Part iii we perform
simulation studies of more involved stochastic processes than the contact
process or first-passage percolation on the giant component in geometric
inhomogeneous random graphs (a KSRG that uses the product kernel
Kprod)- There, we use it as a model for real-life networks.

1.3.1  The interpolation KSRG (i-KSRG)

We will study models belonging to the class of KSRGs in a unified way,
using a parameterized kernel that contains the kernels in (1.3.4) as special
cases. We call this the interpolation kernel, and the corresponding random
graph model an interpolation KSRG. Independently of this work it appeared
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before in [108, 179], and it is also used in [135]. Formally, we define the
kernel as

Ks,0(%Y) = max(x,y)® min(x,y)°, (1.3.5)

for some & > 0 and o € R. Non-negativity of & ensures the fairly natural
requirement that a higher mark corresponds to a higher expected degree.
The parameters &, o affect the tail exponent of the degree distribution,
as stated in the next proposition that considers the degree distribution
of a typical vertex 0 with location at the o (whose mark is power-law
distributed with tail-exponent T —1, see (1.3.2)). For two functions f, g, we
write f < g if there exist constants ¢, C > 0 such that cg(k) < f(k) < Cg(k)

forallk > 1.

Proposition 1.3.1. Consider a supercritical i-KSRG model with kernel ks,; with
6,0 > 0 from (1.3.5), and parameters o« > 1,T > 2 and d € IN. Whenever
T — 1> & (needed for a locally finite graph), the tail of the degree distribution is

given by

K—(t=1)/5 if t—1 > max(§, 0),

P(deg(0) > k) <
k—(’c—l)/(6+0—("t—1)) l:f6< T—1<o0.

We refer the reader for a proof to [179], and to similar results for specific
KSRGs in [63, 105, 122, 228].

In models with kernels Kmax, Kpa, Kprod in (1.3.4) we set & = 1, while
for kKmin we set & = 0 and o = 1. The kernel kg, cannot be directly
expressed using the interpolation kernel. However, since max(x,y) < x +
y < 2max(x,y), and all known phase transitions regarding macroscopic
behaviour are the same for models with kgym and with kmax, we consider
this a minor restriction. By appropriately changing the mark distribution,
unless & = 0, any KSRG with kernel ks, can be re-parameterized to have
o = 1. Even if 6 = 0, it can still be approximated with the kernel k; ¢, as
we show below in Section 1.3.2. Hence, from now on we fix = 1.

The parameter o affects assortativity (amount of correlation between the
degrees of two vertices that are connected by an edge): a larger value of o
increases min(x,y)? in (1.3.5), and in turn the connection probability in
(1.3.1). In a natural coupling of these models using common edge-variables,
edges incident to at least one low-mark vertex are barely affected by
changing o. However, edges between two high-mark vertices are created
rapidly if o increases. Thus, changing o gradually affects the assortativity
in the graph.
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Using the interpolation kernel allows for unified proof techniques. We
believe that i-KSRGs are of independent interest beyond the unification
they allow, because of the interpretation of o as assortativity parameter.
Varying o may affect the structure of the graph in different problems of
interest, e.g. clustering coefficient or the behaviour of (the mixing time of)
the simple random walk on the graph.

1.3.2 Approximating the min-kernel

We will argue now that the kernel ko . (corresponding to the min-kernel
Kmin in (1.3.4)) can be approximated by the kernel kj, by taking an
appropriate limit in the parameter space of KSRGs. Let T > 1 be the desired
tail-exponent for the degree distribution in (1.3.2) that is also reflected in
the parametrised kernel kmin = Ko, in (1.3.4). We will construct a sequence
(Te, 0¢)e>1 and a coupling of KSRGs, such that the edge probabilities
in a KSRG with kernel k7,5, and mark-parameter 1, tend to the edge
probabilities in a KSRG with kernel ko  and mark-parameter T as { tends
to infinity. Let (T¢)¢>1 be sequence tending to infinity. Let U denote a
Unif[0, 1] random variable, and W, W, denote random variables satisfying
PW>=x)=x""Dand P(W, >x) =x" ("D forallx > 1, respectively.
Then,

u—V(Te—UgWe; u—V(T—UgW — Wegw(T—U/(Tz—])'

Thus, letting W,"" and W;”’ be two independent copies of W, we can
couple them with two independent copies W', W? of W, such that
under this coupling
K1,0(W, ", W) = max{W,", W} min{w,", W;»'}°
_ max{W“),W‘z’}(T*] )/ (te—1)
-min{W®, w@jo(t=1)/(te=1)

For a fixed value of T > 1, the exponent of the maximum tends to zero
if Ty tends to infinity. Hence, when choosing 0 = o; = o¢(T,T¢) as the

solution of
og(t—1)/(te—1) =1,

we obtain under a sequence of couplings that
Kmin(wm,wm) — KO,T(W“)/W(Z)) — min{W“’,Wm}T
= lim k1,6, (W,", W),

Tg—00
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concluding that under limits the min-kernel is contained in the parameter
space (T, «, 0, d) of i-KSRGs with kernel k7 ;.
This finishes the introduction to i-KSRGs.

1.4 MAIN CONTRIBUTIONS AND OUTLINE

We proceed to a summary of the the main contributions of the thesis.
The thesis studies various structures and processes in/on supercritical
scale-free random graphs and is split into three parts: in Part i we study
the non-spatial preferential attachment model introduced in Section 1.2.2,
while Parts ii and iii focus on (instances of) KSRGs: instances of spatial
random graph models.

In the following chapters, we define the studied properties in more and
state the results formally, provide additional motivational context from the
literature. Eventually, in Chapter g we present open questions and future
research directions.

Part I: Distances in preferential attachment models.

In Chapter 2, we study three preferential attachment models (PAMs) where
the parameters are such that the asymptotic degree distribution has infinite
variance, i.e., with parameters such that the power-law exponent t € (2, 3).
Each edge is equipped with a non-negative i.i.d. weight. We study the
weighted distance between two vertices chosen uniformly at random from
the largest component, the typical weighted distance, and the number of
edges on this path, the typical hopcount. We prove that there are precisely
two universality classes of edge-weight distributions, called the explosive
and conservative class.

For edge-weight distributions in the explosive class, we show that (for
any T € (2,3)) the typical weighted distance converges in distribution
to the sum of two i.i.d. finite random variables, that correspond to the
explosion time (originating from the study of age-dependent branching
processes, see [12, 14, 117]) of the local-weak limit.

For edge-weight distributions in the conservative class, we prove that the
typical weighted distance tends to infinity, and we give explicit expression
for the main growth term. This growth term can be tuned to be any
function g = O(loglog(t)) by appropriately choosing the edge-weight
distribution L = L(g). Under a mild assumption on the edge-weight
distribution, the fluctuations around the main term are tight. Our proof
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techniques allow to obtain tight fluctuations around the main term for
the typical weighted distance in the configuration model with power-
law exponent T € (2,3) (under the same assumption on the edge-weight
distribution), partially proving a conjecture from [2].

Chapter 3 initiates a research line that studies how graph properties
defined on a fixed set of vertices evolve as the surrounding preferen-
tial attachment graph grows. We consider the graph-distance evolution, a
discrete-time stochastic process denoted by (d(tG,)(ut,vt)) st Here, uy
and v are two typical vertices, i.e., they are sampled uniformly at random
from the vertices in the largest component in PA;. The graph distance
d(t(f) (ut, vi) is the number of edges on the shortest path between uy and
v¢ that uses only vertices that arrived at latest at time t’. We identify a
function K¢ ¢/ such that (supt,>t ‘d(t(f)(ut,vt) — 2Ky ¢/ ) > forms a tight
sequence of random variables. We generalise the result to a setting where
each edge is equipped with a non-negative i.i.d. weight.

Part 1I: Cluster-size decay in kernel-based spatial random graphs.

In this part, we study component sizes in i-KSRGs (introduced in Section
1.3.1). For nearest-neighbour Bernoulli percolation on Z4 [113] it is well
known that when p > p.(Z4) - the critical percolation probability on Z9-
the number of vertices in the cluster containing the origin |C(0)| satisfies
that

P(k < [€(0)| < 00) = exp (—O(k%)), (1.4.1)

with ¢ = (d — 1)/d. Intuitively, the stretched exponential decay with expo-
nent (d — 1)/d reflects that all Q(k(d—1)/4d) edges on the boundary of a
cluster € with |C|] > k need to be absent: the tail decay in (1.4.1) is deter-
mined by surface tension. In Chapter 5 and the accompanying paper [151],
we study P(k < [C(0)] < oo) for i-KSRGs where the degree distribution
and the edge-length distribution are heavy-tailed. We identify when this
structural inhomogeneity changes the surface-tension driven behaviour of finite
clusters: in those cases, the cluster-size decay in (1.4.1) is still stretched
exponential, but the exponent ¢ changes. The value of ¢ undergoes sev-
eral phase transitions with respect to the four main model parameters
(«, T, 0,d). Besides establishing cluster-size decay (related to smaller com-
ponents in the graph), we also determine a law of large numbers for the
size of the largest component when the graph is restricted to the vertices
in a finite box of volume n.
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Chapter 5 presents the proof for the region in the phase diagram where
the model is a generalisation of continuum scale-free percolation and/or
hyperbolic random graphs. The component sizes depend heavily on the
amount of degree-inhomogeneity and the amount of long-range connections
in the graph. This is in large contrast to the degree distribution, typical
distance [64, 67], first-passage percolation [166], and clustering coefficient
[40, 60, 91, 135, 217], for which the main scalings are only determined by
the degree inhomogeneity and not influenced by the presence of long-
range connections when T € (2,3).

To complement these results, we study a classical model in Chapter 6: the
graph formed by supercritical long-range percolation on Z¢ (LRP), where
two vertices x,y are connected by an edge with probability proportional to
[x —y||~*4, independently of other edges. Under the (technical) condition
that the edge density is sufficiently high, we prove that the cluster-size
decay is still determined by surface tension when o« > 1+ 1/d. The proofs
for other regimes of the phase diagram (including LRP with o« < 1+1/d)
are presented in an accompanying paper [151] that is not included in the
thesis.

Part 1II: Agent-based modelling: infection spreading.

Motivated by COVID-19, we conduct two simulation-based studies of
epidemics on networks: we demonstrate the influence of space and the
presence of long-range edges on various characteristics of epidemics (e.g.,
number of infected or quarantined people over time, the influence of
temporal immunity, and the time between two peaks of the epidemic) by
comparing them to more traditional models.

We present how the spatial models can be used to model intervention
strategies, which gives intuition for qualitative implications of the inter-
vention strategies in Chapter 7, and present how to model contact-tracing
applications for infection spread in Chapter 8.

1.5 NOTATION

We conclude this chapter by introducing some notation that is commonly
used throughout the thesis.

For min{m, n} and max{m, n} we write respectively m /An and mV n.
Furthermore, [x]| := min{ly € Z,y > x} and [x] := max{y € Z,y < x}.
For n € N, the set {1,2,..,n} is denoted by [n]. For two functions f(x)
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and g(x), we say f(x) = o(g(x)) if limsup, ,__[f(x)/g(x) = 0, and write
f(x) = O(g(x)) if limsup, _, _[f(x)|/g(x) < oo.

The complement of an event € is denoted by —€. A sequence of events
(En)n>1 holds with high probability (whp) if limp o P(€n) = 1. Let
(Xn)n>o0 and (Yn)n>o be two sequences of random variables. We say that
a random variable Xy dominates a random variable Y, if there exists
a coupling (Xo,Yo) such that P(Xo > Yo) = 1. Similarly, the sequence
(Xn)n>o0 dominates (Yn)n>o if there exists a coupling of the sequences
such that P(Vn >0 : Xn > Yn) = 1. A random graph G = (Vg, Eg) domi-
nates a random graph H = (V, Ey) if there exists a coupling such that
IP(VH D Vs, Bl 2 Eg) = 1. If a random object X dominates Y, we write
X =Y. We say that (X,,)n>0 converges in probability to a random variable
Xoo, 1.€., Xn x, Xoo, if for all € > 0 it holds that IP(|X,, — Xso| > €) = o(1).

If in a graph G there is an edge incident to both u and v, we write
u <+g v, and u g v otherwise. We leave out the subscript G if the graph
is clear from the context. Similarly, for a set of vertices S, we write u <+ S
if there is a vertex v in S such that u < v. Moreover, for a set of vertices
(11)icn € Vg we write {7g <> -+ <>} i={mo <> 1N~ -N{TTn_1 < T}

The sequence (or path) (71;)i<n is called self-avoiding if 7ty # 71 for all

i,

21






Part 1
Preferential attachment models:

Distances







WEIGHTED DISTANCES

Based on [154]:

Weighted distances in scale-free preferential attachment models,
J. Jorritsma, |. Komjdthy,

Random Structures & Algorithms, 2020(57): 823— 859.

2.1 INTRODUCTION

First-passage percolation is a model that was introduced to describe the
flow of a fluid through a porous random medium [114]. One starts with
a graph G = (V,E) and equips each edge e € E with an i.i.d. copy of a
random weight, that represents the time for a fluid to “cross” the edge. It
can also be viewed as the time to transmit a message or disease in graphs
that represent real-life networks. Natural questions for FPP are amongst
others:

(i) For two vertices u and v, what is the transmission time of a message
from u to v? How does the passage time depend on the size of the
graph?

(i) How many edges are on the shortest weighted path from u to v? In
telecommunication networks, the signal loss increases in the number
of edges on a path.

In the last decades, first passage percolation on random graphs has gained
increasing attention, and the process is quite well understood on static
graphs, i.e., graphs that do not grow over time. It has been studied on
the Erd6s-Rényi graph in [27], on configuration models (CM) with finite
variance degrees in [26, 28, 29, 74], and with infinite variance degrees in
[2, 22, 21, 74]. FPP on spatial models as scale-free percolation, geometric
inhomogeneous random graphs, and hyperbolic random graphs is studied
for infinite variance degrees in [136, 166]. In this chapter, we focus on
FPP on a dynamically growing model, the preferential attachment models
introduced in Section 1.2.2 (FPA, VPA, and GVPA). To the extent of our
knowledge, no formal results are known for FPP with non-trivial weights
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on dynamically growing models such as PA, except for the results in Part
i in this thesis. However, if all weights are equal to one, then the time to
transmit a message between two vertices u, v¢, sampled uniformly at
random from the largest component in the graph at time t, corresponds to
the typical graph distance d\°' (1, v). When the variance of the asymptotic
degree distribution is infinite, i.e., when the power-law exponent T € (2, 3),
precise asymptotics are known as shown in the next theorem.

Theorem 2.1.1 (Graph distances for PA [46, 69, 81]). Consider PA¢ with
power-law exponent T € (2,3). For all € > 0, there exists a constant M > 0 such
that for all t sufficiently large

P(2Kf —M < d (ug, vi) <2(1+e)KP) > 1—¢, (2.1.1)

where
K; == 2loglog(t)/|log(t—2)| .

In [190] it is shown that for VPA the upper bound in (2.1.1) can be
improved to 2K + M. Corollary 2.2.7 below shows that this upper bound
can also be improved to 2Ki + M for FPA. Little is known for graph
distances in FPA and GVPA when T > 3. For FPA it is shown in [81] that
the diameter of the graph and the typical graph distance are of order
O(log(t)), but the precise main order of growth remains unknown. This is
in sharp contrast with the configuration model, where the graph distance
grows as O(log(t)) and the precise order is found in [131].

We introduce edge-weighted preferential attachment models.

Definition 2.1.2 (Edge-weighted preferential attachment models). Let L
be a non-negative random variable with cumulative distribution function
Fr(x) :=P(L < x). In the edge-weighted versions of FPA and (G)VPA from
Definitions 1.2.4 and 1.2.5, respectively, each edge e is equipped on its
creation with an i.i.d. copy of L, denoted by Le.

We assume throughout the chapter that indexed weight random vari-
ables with different indices are i.i.d. Let d}"'(u, v¢) denote typical weighted
distance, the sum of the weights along the least-weighted path from u, to
vy, two vertices that are sampled uniformly at random from the largest
component in PA¢. We show in this chapter that there are exactly two
universality classes of weight distributions for the three edge-weighted
preferential attachment models defined in Section 1.2.2 when T € (2,3).

The universality classes are determined by a computable characteristic
of the weight distribution L. We present the characteristic and an informal
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version of our main result here, precise results can be found in Theorems
2.2.5 and 2.2.10 below. For a random variable L, we define its cumulative
distribution function as Fy (x) := IP(L < x), and its generalised inverse by
F-D(y) ;= inf{x € R: F(x) > y}.

Definition 2.1.3 (Explosion characteristic I1(L)). Let L be a non-negative
random variable with distribution function F;. We define the explosion
characteristic I7 (L) as

Ii(L) := i F(Lf]) (e*ek> . (2.1.2)
k=1

We call {L : I1(L) = oo} the conservative class, and {L : I1(L) < oo} the
explosive class.

The term explosion originates from the study of age-dependent branching
processes, see e.g. [12, 14, 117]. In these branching processes we say that
explosion happens if infinitely many individuals are born within finite
time. The relation to explosion in trees comes from the fact that the
neighbourhood of a typical vertex in PA; converges in distribution to a
random tree, the local weak limit. Local weak convergence is shown for
the three models in [24, 71, 97]. It is interesting in its own right to study the
edge-weighted version of the local weak limit tree. We prove that infinitely
many vertices are within finite weighted distance from the root in the local
weak limit if the weight distribution is in the explosive class. This fact is
then used to show convergence in distribution for the typical weighted
distance in PA if I (L) < oo, the first part of our following main result.

Theorem 2.1.4 (Meta theorem). Consider PA with power-law exponent T €
(2,3). If I1 (L) < oo, then the typical weighted distance converges in distribution
to an almost surely finite random variable. If 1; (L) = oo, then

d(L”(u,v) ~ 2Q¢ +op(Q+),

where
Ki = | 2loglog(t)/Ilog(t—2)|],
Qe T (op(—eo2 ). 1)
k<K}

Under a mild extra condition on L, the error term op(Q¢) is tight.
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This meta theorem is formalized below in Section 2.2.1. There, we describe
the limiting random variables if I (L) < oo and state the computable, mild
condition on L that yields tight error terms. As a side result of the second
part of Theorem 2.1.4, when I (L) = co, we show that if the weights are
of the form 1+ X, I(X) < oo, the typical weighted distance and typical
hopcount are both tight around 4loglog(t)/|log(t — 2)| for the models
FPA and VPA. This indicates that the addition of an excess edge-weight
X does not affect the topology of the shortest paths drastically. Constant
weights are a special case of these. So, our result extends results from [46,
69, 81, 190], by showing that the fluctuations of the typical graph distance
around 4loglog(t)/|log(t — 2)| are tight.

Organisation

The next section formally introduces the necessary concepts to describe the
limiting random variables for the explosive case. Afterwards, we state our
main results, and discuss them by formulating some open problems and
recalling relevant results from literature. In Section 2.3, we prove upper
bounds for the weighted distance in the finite graphs by constructing a
path, and show that the local weak limit tree is explosive if and only if
the edge-weight distribution L is a member of the explosive universality
class. Then, in Section 2.4, we prove the corresponding lower bounds for
both the conservative as the explosive regime. In Section 2.5 we prove a
theorem on the hopcount. Lastly, in Section 2.6 we extend the results for
conservative distributions on finite graphs to the local weak limit.

2.2 DEFINITIONS AND MAIN RESULTS

In this chapter we look at typical least weighted paths, that is, we assume that
every edge in PA; is equipped with an i.i.d. weight, and we are interested
in the sum of the weights on the least weighted path between two vertices,
and the number of edges on this path, called hopcount.

Definition 2.2.1 (Distances in graphs). Consider the graph § = (V, E) and
assume every edge e € E is equipped with a weight L. For a path m,
we define its length as ||7t|| :== 3 ... 1 and L-length as ||7t|{ := } .. Le.
For w,v € V, let Q,, := {7 : mis a path from u tovin §}. We define
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the distance, L-distance (also called weighted distance), and H-distance
(hopcount) between u and v in the graph G as

d§'(u,v) == min |||,
ey
d(gu(u,v) = min ||7t||g,
us w,v
Al (u,v) = H arg min |7t
€] 7 L g Li|,

TTEQ v

respectively. If Q,,,, = (), the above distance-metrics are defined as co. If
there are several paths 7y, ..., minimizing the L-distance, the hopcount
is defined as min;<y ||7;||. For a letter O € {G, L, H}, the typical O-distance
of a graph § is defined as the [J-distance between two typical vertices. For
q € Vand a set A C V, we generalise distances and define the [J-diameter
of A by
dg'(q,A):=mindg’(q,w),  diamg’(A) = max dg'(x ).

For a vertex q, its (J-neighbourhood with radius r > 0 and its boundary
are defined as

B(gm)(q,r) ={w: d(gm)(q,w) <, aB‘SG)(q,r) ={w: d(gG](q,w) =[]}

We write %g (q,r) for the induced subgraph of G on the vertex set B% (q,7),

with edges (u,v) from § if both u and v are in 3§(q,r). If § = PA(, we
abbreviate (PA¢) by t in the subscript.

An alternative way to look at an edge-weighted graph is to view the
weights as passage times, i.e., the time that it takes to send a message from
one side of the edge to the other. The notions of time and weight are used
interchangeably. We stress that the passage time of a single edge is not
related to the time t in the construction of the graph PA;.

We introduce the concepts of explosion time and local weak limit to
describe the limiting random variables for the typical weighted distance
in the explosive class in Theorem 2.2.10 below. We recall the definitions
of the graph neighbourhood B(QG) and weighted neighbourhood B(SL) for a
graph G from Definition 2.2.1.

Definition 2.2.2 (Explosive graph). Let § = (V, E) be a weighted graph
that is locally finite. For the time to reach graph distance k and the time to
its n-th closest vertex in L-distance from a vertex q, we write

Bsx(q) = dg'(q,0B5"(q,k)), ogn(q):=inf{r:|[Bg'(q 1)l >n}.
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If V| = oo, we define the explosion time of q as
Bg,e0(q):= lim Bg(q).
k—o0

If there is a q € V with finite explosion time, then we call § explosive. For
G = PA, we write ¢ and oy, if the g in PA; is a typical vertex, i.e., it is
sampled uniform at random from the largest component in the graph at
time t. If G is a tree rooted in ©®, we abbreviate g x := g k(®).

The local weak limit of graphs can be used to describe the neighbourhood
of a typical vertex. For an introduction we refer to [125, Chapter 2] and its
references. Let G, be the space of all (possibly infinite) rooted graphs.

Definition 2.2.3 (Local weak limit in probability). Let (G¢)¢>0 be a se-
quence of finite random rooted graphs, and let (G, q) be a rooted random
graph following law . The sequence (G¢)¢>o converges in probability in
the local weak convergence sense to (9, q), when

E¢[h(St, q¢)] — E[R(S, q)],

for every bounded and continuous function h : G, — R, where the
expectation on the rhs is w.r.t. (G, q) having law p, while the expectation
on the lhs is w.r.t. the typical vertex q¢ only.

Berger et al. [24] identify the local weak limit of FPA. They give an explicit
construction of the limit that they call the Pdlya-point graph (PPG), an
infinite rooted tree derived from a multi-type branching process. While
the construction of FPA in [24] is slightly different from Definition 1.2.4, it
can be related to our model for 6 > 0. In [97, Chapter 4], it is shown that
the result remains valid for a wider class of models, in particular when
6 <0.

Turning to the local weak limit of GVPA, Dereich and Morters [71]
introduce a similar concept for the GVPA-model, the idealized neighbourhood
tree (INT). While local weak convergence is only stated briefly before [71,
Theorem 1.8], they construct a coupling similar to the PPG. Contrary
to FPA, the graph (G)VPA model is not asymptotically almost surely
connected, and the INT could consist of finitely many vertices. Throughout
the remainder, we assume that the INT is conditioned to consist of infinitely
many vertices. For our proofs it is not important how the local weak limits
can be constructed, only that they exist. In fact, we consider the PPG and
INT as a black box and yet obtain results. If a statement holds for both
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models, we refer to the INT or PPG as LWL (local weak limit). We write
LWLy for the tree restricted to vertices that have graph distance at most
k from the root. We call the vertices that are at graph distance exactly k
away from the root the k-th generation of the LWL. We state the combined
result on local weak convergence for the reader’s convenience. We call two
rooted graphs (G, x), (§/,x’) rooted isomorphic, and write (9, x) ~ (§',x’),
if there exists an isomorphism from § to G’ that maps x to x’. Recall the
graph neighbourhood B¢ from Definition 2.2.1.

Proposition 2.2.4 (Local weak convergence [24, Theorem 2.2, Proposition
3.6], [71, Section 5, 6]). The local weak limits of PA are the Pélya-point graph for
FPA(m, d), and the idealized neighbourhood tree for GVPA(f). Moreover, let q be
a typical vertex, then for all 8, 2 4 > O there exists a function Ks, , ,(t) that tends
to infinity with t, such that BY®'(q, ks, , ,(t)) and LWLy, . can be coupled,
such that, denoting by © the root of the LWL,

(t)
]P(%ECG) (q/ K&524 (t)) ~ LWLK5242.4(‘[) (@)) >1—0274, (2.2.1)

2.2.1  Main results

Recall the explosion characteristic I7 (L) from (2.1.2). We start with the
results on the typical weighted distance in PA;, where the edge-weight
distribution satisfies I;(L) = oo. In this case, we show that the typical
weighted distance tends to infinity as the graph size tends to infinity. We
determine the first order of growth and the number of edges used on this
path. For FPA and VPA, we strengthen our results by showing that the
fluctuations around the first order term are tight under a mild condition
on L. Recall K§ and Q¢ from (2.1.3).

Theorem 2.2.5 (Weighted distance, conservative case). Consider PA with
power-law exponent T € (2,3), i.i.d. weights on the edges with distribution F.
satisfying 11 (L) = oo. Let u,v be two typical vertices. Then, for the typical
weighted distance in PAy,

dy (w,v)/2Q¢ Lo, as t — oo. (2.2.2)

Moreover, for the models FPA and VPA from Definition 1.2.4 and 1.2.5, if
I (L) = oo and Fyr satisfies

F(L 1) (e*ek> —sup{x: FL(x) = O}) < 00, (2.2.3)
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then
(d(t”(u,v) _th)t>1

forms a tight sequence of random variables, i.e., the fluctuations are of order O(1)
whp.

We believe that (2.2.3) is only a technical condition. Only distributions L
that are extremely flat around the origin (triple exponentially) violate it.
An artificial example of such a distribution is if F; in the neighbourhood
of 0 satisfies

FL(x) =exp (—exp (ex_ﬁ))
for some 3 > 1. If Fi satisfies this equality for some 3 € (0,1), then
condition (2.2.3) is satisfied.

We proceed to the typical hopcount for a class of conservative weight
distributions.

Theorem 2.2.6 (Hopcount, weights bounded away from zero). Consider PA
with power-law exponent T € (2,3), i.i.d. weights on the edges with distribution
FL satisfying a = sup{x : F(x) = 0} > 0". Let u, v be two typical vertices. Then,
for the typical hopcount in PA¢

dy" (w,v) /2K§ Lo, as t — oo. (2.2.4)

Moreover, for the models FPA and VPA from Definition 1.2.4 and 1.2.5, if
I(L—a) < oo, then
(¢ (u,v) — 2K7) i1 (2.2.5)

forms a tight sequence of random variables.

Setting the weights L = 1 in Theorem 2.2.6 immediately implies the
following corollary, extending results in [46, 69] on the typical graph
distance in FPA up to tight error terms, and confirming the tight error
terms for VPA from [190].

Corollary 2.2.7 (Tight graph distances). Consider FPA or VPA with power-law
exponent t € (2,3). Let u,v be two typical vertices. Then, for the typical graph
distance in PA¢

(di¥ (u,v) — 2K})

t>1

forms a tight sequence of random variables.

1 This implies that I; (L) = oco.
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Before we move on to the results on finite graphs for weight distributions
satisfying I (L) < oo, we discuss first passage percolation on the LWL.
The following theorems show that the LWL is explosive if and only if
I[1 (L) < co. We start with conservative edge weights. Afterwards we prove
explosiveness of the LWL for explosive edge weights. This is then used to
state the last theorem on the weighted distances in PA; for explosive edge
weights.

Theorem 2.2.8 (FPP on the LWL, conservative case). Consider a PPG or INT
rooted in © with power-law exponent t € (2,3) with i.i.d. weights on the edges
with distribution Fy satisfying 11 (L) = oo. If Fy satisfies (2.2.3), then, for FPA
and VPA,

(BLWL,k(@) - Z F(L_” (exp (—(t— 2)_1/2)) > 1 (2.2.6)
, K>

i=1

is a tight sequence of random variables. Regardless of (2.2.3), for FPA, VPA, and
GVPA, as k tends to infinity,

k
Bowrk(@) / > FV (exP(—(T—Z)_k/z)) 25, (2.2.7)
i

Observe the similarities between Theorem 2.2.5 and Theorem 2.2.8. In fact,
the proof of Theorem 2.2.8 heavily relies on couplings between the LWL
and PA¢, which are possible by Proposition 2.2.4. These couplings allow for
the intermediate lemmas and propositions to consider whichever object,
i.e., PA; vs. LWL, is more suitable and lead to the similarities between the
two theorems.

We now proceed to the universality class of weight distributions satisfy-
ing I7 (L) < oo. This holds for most well-known distributions with support
starting at o, e.g. the exponential distribution. After stating that for these
weight distributions the LWL is explosive, we proceed with a theorem on
the typical weighted distance in finite graphs. Recall Definition 2.2.2 of an
explosive graph.

Theorem 2.2.9 (FPP on the LWL, explosive case). Consider a PPG or INT
rooted in © with power-law exponent T € (2,3) with i.i.d. weights on the edges
with distribution Fy_ satisfying 17 (L) < oo. Then the explosion time of the LWL
is an almost surely finite random variable, i.e.,

P (Brwr,co < 00) = 1.
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Theorem 2.2.10 (Weighted distance, explosive case). Consider PA with
power-law exponent T € (2,3), i.i.d. weights on the edges with distribution Fp
satisfying 17 (L) < oo. Let u,v be two typical vertices. Then, for the typical
weighted distance in PA¢

d(uv) -5 gl 2, as t — oo,

where BIE\]/\}L,OO and BS\}L,OO are two i.i.d. copies of the explosion time of the LWL.

It is remarkable that the limiting random variable does not depend on t
and thus the graph distance is of much larger order than the weighted
distance. The underlying intuition is that in the graph neighbourhoods
of u and v there is a vertex with sufficiently high degree. The weighted
distances to these vertices converge in distribution to BﬁWLm and B]E“;\;L,OO'
There are many paths connecting these high degree vertices, where the
number of edges on these paths is similar to the graph distance, allowing

to bound its total weight from above and show that it tends to zero.

2.3 UPPER BOUND ON THE WEIGHTED DISTANCE

In this section we prove the upper bounds for Theorems 2.2.5 and 2.2.10,
respectively. The upper bound of Theorem 2.2.8 which follows from the
same proof techniques, is postponed to Section 2.6. Recall I (L) from
(2.1.2), and Q¢ from (2.1.3).

Proposition 2.3.1 (Upper bound on the weighted distance, conservative
case). Consider PA under the same conditions as Theorem 2.2.5. Recall 11 (L) =
oo. Then for every 5, ¢ > 0, when t is sufficiently large

P (d{"(w,v) < (1+€)2Q¢) = 1-5.

Moreover, for the models FPA and VPA from Definition 1.2.4 and 1.2.5, if Fi
satisfies (2.2.3), there exists a constant Mz 41 = M2.4.1(8) such that for t
sufficiently large

P (d(w,v) 2Q¢+2Mp47) > 1-56.

Proposition 2.3.2 (Upper bound on the weighted distance, explosive case).
Consider PA under the same conditions as Theorem 2.2.10. Recall 11 (L) < oo.
Then, there is a coupled probability space, such that for every 6, ¢ > O there exists
a constant N € IN such that for t sufficiently large

P (d-(tL)(ulv) < BLWL[u),N + BLWL(V),N + 5) >1- 5, (2'3'1)



2.3 UPPER BOUND ON THE WEIGHTED DISTANCE

Figure 1: The constructed five-segment path from u to v, via vertices with suffi-
ciently high degree u” and v’ and Inner.

where LWL, LWL are the LWL trees coupled to the neighbourhood of u, v,
respectively.

Throughout this section, we look at the graph at times t and t" := «t, for
some « € [1,1). For the upper bound on d{"'(1,v) it is enough to construct
a path between u and v, and study its weight. The path that we construct,
consists of five segments of three different types. First, for q € {u, v}, we
construct a path, consisting of one segment of type (a) and one of type (b),
to : 1

Innery :={w € [at] : Dy (W) > (at) 2 log(oct) 2}, (2.3.2)

i.e., vertices with a very large degree, also called inner core, see Figure 1.
The total weight of one path contributes almost half of the total weight of
the entire path from u to v. The segment of type (a) connects q € {u, v} to
a vertex q’ that has degree at least so € IN. It only passes through vertices
that arrived before time «ot, old vertices. To do so, we shall condition on
q < «t, which happens with probability close to one if « is close to one.
The segment of type (b) connects q’ to the inner core and alternatingly
passes through old vertices and o-connectors, vertices that arrived after
time «t. Similarly for segment type (c), see Figure 1, we construct a path
with negligible total weight that connects two vertices in the inner core,
by alternatingly using «-connectors and other vertices in the inner core.
By construction, all edges on segments of type (a) arrived before time «t,
while on types (b) and (c) all edges arrived after ot.

We present now three segment-specific propositions, used in both the
explosive and conservative case. Afterwards we introduce some necessary
notation to construct the path. Lastly, we show how these propositions
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together prove Propositions 2.3.1 and 2.3.2. Starting with segment (a), we
show that the number of edges on the path between q and q’ is bounded,
for q € {u,v}. In the conservative case, its total weight is negligible com-
pared to Q. In the explosive case, this part is the main contributor and
later we show that its total weight tends in distribution to the (finite)
explosion time of the LWL.

Proposition 2.3.3 (Bounded graph distance to a vertex with degree at least
s). Consider PA with power-law exponent T € (2,3), i.i.d. weights on the edges
with distribution F and fix 8233 > 0. Let q be chosen uniformly at random
from [t]. For any s;33 € IN, there is a constant C233 = C233(52.3.3,02323)
such that for t sufficiently large

]P< m {d{"(q,q") > Cz.3.3}) <0233

q’€ltl:Dt(q’)>5233

We write & ;23 (q,s2.3.3) for the complement of the above event between brackets.

The proof for FPA follows from a minor adaptation of the proof of [81,
Theorem 3.6]. For GVPA it follows from an adaptation of [190, Proposition
5.10]. We refer the reader to the cited paper and thesis to fill in the details.
We emphasize that we apply Proposition 2.3.3 at time «t, rather than t.

From the vertex q’ with degree at least so at time at, we construct a
path to the inner core, corresponding to segment (b). We show that there
are many such paths, allowing to bound the weight. The next proposition
is the main (technical) contribution of the chapter. Due to this statement,
we obtain tight bounds for the various distances in FPA, improving upon
existing results [46, 69]. Its proof can easily be adapted to obtain tight
fluctuations on the typical weighted distance in the configuration model if
condition (2.2.3) is satisfied, improving results in [2].

Proposition 2.3.4 (Upper bound on the weighted distance to Innery).
Consider PA with power-law exponent T € (2,3), i.i.d. weights on the edges
with distribution Fy. Fix 8534,€234 > 0, a € [1/2,1). There exists sy =
$0(82.3.4) € IN and a constant My 3 4, such that for s > s, and any q’ € [«t]
with Dt (q’) = s, if t is sufficiently large, for FPA or VPA, if Fy satisfies (2.2.3),

Ki+|h(s)|+4

ot b 3 -2
k=|h<(s)]

< 0234, (2.3.3)
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where h(s) = 2loglog(s)/|log(t — 2)| + c for some constant c.. Without
(2.2.3), it holds that

Ki+[h(s)]+4
P(a(q" Innera) > (1 +e23.4) 3~ P (exp (—(x=2)7/2)))
k=|h<(s)]

<0234, (234)

where the constant c in the function h might be different and can depend on
€234

This part of the path is the main contributor to the upper bound in the
conservative case. If I1(L) < oo, it follows that the value of the sum in
(2.3.3) can be made arbitrarily small by increasing s, because h(s) tends
to infinity. For the conservative case, comparing the sum in Q¢ in (2.1.3)
to the sum in (2.3.3), one sees that they are identical up to a shift of the
summation boundaries.

In the next proposition we bound the graph and weighted distance
within the inner core, segment (c) in Figure 1.

Proposition 2.3.5 (Inner core has negligible weighted distance). Consider PA
with power-law exponent T € (2,3), i.i.d. weights on the edges with distribution
Fr. Recall Innery from (2.3.2) and fix 6335 > 0, € [1/2,1). Then there exists
C2.3.5 > 0, such that for all sufficiently large t, and for any two fixed vertices
w1, Wy in Inner,

P (4, (w1, w2) > C235) < 8235 (2.3.5)

Moreover, if Fr satisfies Fy (x) > O for all x > 0%, then for any e> 35 > 0, if t is
sufficiently large,

P (d{” (w1, w2) > €235) < 8235. (2.3.6)

Proof of Proposition 2.3.5. We give a proof similar to [81, Proposition 3.2].
We construct a path from wy to w; via a subset of the inner core, in which
we can bound the weighted distance between two vertices whp. We show
the latter first, after which we show that if w; or w; is not contained in
this subset, the (weighted) distance to this subset is also small.

By Lemma 2.3.9, there are at least ny = [v/t] vertices in the inner
core. Let I be the set of the first n; vertices that have degrees at least

2 This constraint holds whenever I (L) < oo, but might not hold when I; (L) = co.
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(xt)1/(2(=1)) log(oct)*]/z. We construct a graph H¢ on these vertices as
follows. Recall the definition of an «-connector from Definition 2.3.6. Let
i,j be connected in H; if there exists an x-connector y. The weight on the
edge (i,j) is L(yy) + L(j,y)- As explained in the proof of [81, Proposition
3.2] for the model FPA, H; stochastically dominates a dense uniform
Erd6s-Rényi graph G(n,p¢), where

L

Pt = ngt

Here, we say that a random graph G dominates a random graph H if
there exists a coupling such that every edge in H is also contained in G.
Using [70, Theorem 1.1], one can verify that the same holds for GVPA. In
[36, Chapter 10.2] the diameter of the dense ERRG is discussed, and it
is shown that the diameter is bounded. Hence, the first assertion (2.3.5)
follows. From now on, we assume that F; (x) > 0 forall x > 0. Let A = A(71)
denote the diameter of the G(n¢, pt). The proof techniques in the above
mentioned book chapter rely on the exploration around two vertices. In
particular, it can be derived that the number of disjoint paths between two
vertices of length A tends to infinity with the size of the graph. Hence,
there is a function r¢ tending to infinity with t, such that there are at
least ¢ disjoint paths between u and v. The weight on the i-th path is
distributed as L,(f) = Lg” + ..+ LgiA). As Fr(x) > 0 for any x > 0, the same
holds for Fi,. Thus,

lim IP(minI_ii) > £) =0,

t—o00 1ETL

for any ¢ > 0. Hence, for wj,w) € Tand any €, 35,8235 >0,

P (dy” (Wi, w)) > €235/3) < 8235/3. (2.3.7)

Assume that there is an i € {1, 2} such that w; ¢ I, and observe that we are
done if we prove

P (di”(wi, 1) > €235/3) < 8235/3. (2.3.8)

Analogously to the proof of Lemma 2.3.10, one can verify that whp the
number of x-connectors between w; and I tends to infinity with t. Hence,
the weighted distance becomes small, and we conclude by a union bound
over (2.3.7) and (2.3.8) twice (for both w; and w;) that the result (2.3.6)
follows for t large. O
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Before outlining the proof of Proposition 2.3.4, we state the formal
definitions of notions that are of particular importance throughout the
proof.

Definition 2.3.6 (Layers, x-connectors, and the greedy path). Fix « €
[1/2,1). Let for k € N
! 1 1
Sk = min {sk_] , (at) 2= Jog(axt) ™2 } , (2.3.9)

k:sy > (oct)z(TL” log(oct)_%} , (2.3.10)

where sp > 1 and (ex)k>0 is a sequence that tends to o for FPA and VPA
under condition (2.2.3), and ¢x = eg for some small constant eg > 0
otherwise. For (si)x>0, we define the k-th layer as

Ly ={x € [at] : Dgt(x) = sk}

A vertex y in [t]\[«t] is called an «-connector of (x, z) if it is connected both
to x and z. Let Ax(x) :={(y,z) € [tI\[xt] x Ly : x <> y <> z}. For a vertex
T :=q’ € Lo, we construct a greedy path

8" = (70, Y1, 71,Y2, T2, ., YK —1, TIK, )

of length 2K by sequentially choosing

(yom) =  argmin  {Lir )+ Lz}
(y,z)eAK(mmr—1)

if it exists. If Ay (mc—1) = ), we say that the construction of the greedy
path fails at step k.

Note that on the greedy path 78", m¢ € Ly and yi is an a-connector of
(70, Teq1)-

Outline of the proof of Proposition 2.3.4

The idea of Proposition 2.3.4 is to construct a greedy path to the inner core
and use its total weight as an upper bound for the actual shortest path.
We outline the proof for FPA and VPA under condition (2.2.3). The other
cases follow by similar steps.

(I) The greedy path consists of K; cherries, i.e., of 2K edges. Recall K}
from (2.1.3). We show for a specific choice of ¢y that

2K < KP+4.
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(I)

(III)

We show that the sizes of the sets Ay (7x_1) are bounded from below
by a doubly exponentially growing sequence (ny)x>o, i.e., for & >0,
there is an s such that for large t

IP( U {Ax 1 (me)l < nk}> < 6. (2.3.11)

ke[Ki]

As a result, the greedy path actually exists, with probability at least
1 — 5. To prove this, the choice of the exponent of (sy)ik>0 in (2.3.9) is
crucial, and in particular the choice of (e )x>0. In [81, Theorem 3.1]
and [69, Proposition 3.1] similar constructions of greedy paths are
used. In those proofs, the exponent of (si)x>0 is equal to 1/(t —2)
and every term is corrected with a log(t)-term to ensure that every
vertex in layer £y has at least one t-connector. In contrary, we correct
the exponent by —ei /(T —2), implying that (sx)x>0 grows slower. In
return, every vertex in £y has many t-connectors whp, that allows for
small weighted distances.

By the construction of 78", the weighted distance between 7y and 7k,
can be bounded by
d"(q’,mk,) < min L +L . (2.3.12)
¢ (@' ke%t] wocmin - ALmen tla ) @3

As the minimum is non-decreasing if we consider less elements,
conditionally on the complement of the event in (2.3.11), we may
weaken the bound to

d\”(q’,mx,) < min {L)F] + 1L, } (2.3.13)

We show that the generalised inverse F(L?l)Lz can be related to the gen-

eralised inverse F(L_”. This allows us to bound the rhs of (2.3.13) and
obtain the asserted bound (2.3.3) from Proposition 2.3.4 as we make
the error probabilities arbitrarily small by choosing sy sufficiently
large.

We start with Step (I) by proving an upper bound for K.

Lemma 2.3.7. Let K¢ be as in (2.3.10), Kf as in (2.1.3), T € (2,3), € [1/2,1).
For FPA and VPA, if (2.2.3) holds, set

e = (k+2)7%, keNN.
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There exists a constant ¢ 3.7 > 0 such that for s sufficiently large
Sk = 582‘3'7“72)%, 2K¢ < K§ +4. (2.3.14)
For FPA and VPA if (2.2.3) does not hold and GVPA, set eg > 0 such that

log (1/(T—2))
log (1—e6)/(t—2)

Then for so sufficiently large

] =1+4+¢€234. (2.3.15)

2Ke < (1+e23.4)K; +4. (2.3.16)

Proof. First we consider FPA and VPA under condition (2.2.3). Recall the
definition of (sy)k>0 from (2.3.9). By iterating the recursion, we obtain

5 = Sg[jk;(; ((1—&)/(x=2))

By our choice of ¢, = 1/(k+ 2)?, the product H;’L (1 —¢;) > 0, which
yields the first bound in (2.3.14) for some constant c; 3.7 > 0. Hence, by
the definition of Ky in (2.3.10),

(t—2)7%

K¢ < min {k: s> > (oct)NTL” log(oct)_%} )

By taking logarithms twice in the inequality between brackets above, we

obtain

log (ﬁ log(oct) — % log log(oct)> —loglog(so) —logl(c)
[log(t —2)|

K¢ < . (2.3.17)

If sy is sufficiently large, the numerator of K; above is smaller than
loglog(t) for t sufficiently large. Bounding the rounding operations yields
by the definition of Kf in (2.1.3)

loglog(t)
| log(t—2)|

For proving (2.3.16) for GVPA, and FPA and VPA without condition (2.2.3),
we use a similar reasoning. By taking logarithms twice in the definition
of K¢ in (2.3.10), we obtain a similar formula to that in (2.3.17), and after
bounding the numerator as before, as well as using the implicit definition
of ¢g in (2.3.15) and that of Kf in (2.1.3), we arrive to

2K, <2 +2< K43,

2Ky < (T4 €234)Kf+3+¢€234 < (1+e234)K) +4,

finishing the proof. O
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We recall two preliminary lemmas from [81] that help us control the
error probability in (2.3.11).

Lemma 2.3.8 (Probability on being a a-connector for an arbitrary set [81]).
Consider PA under the same conditions as Proposition 2.3.4. Let « € [1/2,1). For
x € [at], a set V C [«t], conditionally on PA ¢, the probability that y € [t]\[«xt]
is an o-connector of (x, V) is at least

M2.3.8D«t (x)D (V)
(oct)?

= poct(X/ V)/ (2318)

where n2.3.8 > 0 is a constant, and D (V) := }_, oy D«t(z). Moreover, with
probability at least p .+ (x,V), the event {y is an «-connector of (x,V)} happens
independently of other vertices in [t]\[ot].

We use the above lemma for layers V = £y and a vertex x € Lx_1. The
following lemma allows us to bound the total degree of vertices in Ly,
Dt (£Lx), from below. Although it assumes for the model GVPA(f) that
the function f(x) needs to be affine for x sufficiently large, we show below
that this restriction does not propagate to the requirements of Proposition

2.3.4.

Lemma 2.3.9 (Impact of high degree vertices [81, Lemma A.1], [70, Theorem
1.1(a)]). Let PAy satisfy the same conditions as Proposition 2.3.4, and additionally
for GVPA(f), assume that the function f(x) is affine for all x larger than some
xo € R. Let « € [1/2,1), and ¢ € R satisfy xo < ¢ < (at)ﬁ(log(oct))*%.
There exists a constant ¢ 3.0 > 0 such that

P Y Darle) > cansmo? T) =1 -o(t)
z:Dat(2) 2

Moreover, whp the number of vertices with degree at least ¢ is at least v/ oct.

Our version of the above lemma is slightly different from [81, Lemma
A.1], as we do not assume that ¢ = ¢(t) tends to infinity with t, while
[81] does. We refer the reader to the proof of [81, Lemma A.1] to see that
the proof is also valid for constant ¢. Also [70, Theorem 1.1(a)] is slightly
different from the statement here, as it states convergence of the degree
distribution in total variation norm. However, especially in combination
with [70, Example 3.1], it is easy to check Lemma 2.3.9 is an immediate
corollary. We continue with the main lemma of Step (II). Recall K¢, (sk)k>o0,
and {Ly }x>o from Definition 2.3.6 and ¢y from Lemma 2.3.7.
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Lemma 2.3.10 (Lower bound on the number of x-connectors). Consider FPA
or VPA under the same conditions as Proposition 2.3.4. Let « € [1/2,1). There
exists constant ¢ 310 > 0, ¢/ > 0, such that for an arbitrary set {m, ..., Tk, —1},
where Ty € Ly, and so, t sufficiently large

11’( U {|~Ak(7'tk7] )l < C2.3.1081ik_1]/2}> < Zexp <—C227'1058,)
ke K]

= 6;‘}0.)1 o (2.3.19)

Proof. First, we show a stochastic domination argument of GVPA to VPA.
Afterwards, we prove the existence of a binomial random variable A that
is dominated by |Ay (mx_1)|. Lastly, we apply Chernoff’s bound to A and
show that the result follows.

In order to apply Lemma 2.3.9, f(x) must be an affine function for large
x. Recall y¢ from (1.2.5) and assume f is non-affine. For any v, € (1/2,v¢),
there are xo € N, n € R, such that

Fx) > 1.0 = {”") xS xo

Yf1X+T] X > Xo,

which is concave and affine for x > xo. Hence, the model GVPA(f) is
well-defined and is stochastically dominated by GVPA(f). Assume that
so > Xo so that we can apply Lemma 2.3.9 on GVPA(f7). As y¢, can be
chosen arbitrarily close to y¢, we can choose it such that the power-law
exponent T¢, is close to Ty, in particular so that the inequality

1—8(;/2 Tﬁfz
> 3.
p— (2.3.20)

1—8@

holds with ¢g from (2.3.15). Assume that sy > x¢, and write ¢, = ¢ for
the model GVPA. Define

, T for FPA, VPA,
T’=
for GVPA.

Tfl

Let m_1 € Ly for some k € [K{]. By Lemma 2.3.8, the probability
that y € [t]\[«t] is an a-connector of (71, L) is at least pot(T—1, Lk),
independently of other vertices in [t]\[«t], see (2.3.18). Since there are
in total (1 — &)t possible x-connectors, the random variable A (rr—1)]
stochastically dominates a binomial random variable, i.e.,

Ak (me—1)] = Bin (1 — a)t, poct (m—1, £x)) =t Axe. (2.3.21)
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Here, the notation = is used for stochastic domination. Conditioning on
D, (ot) yields by Lemma 2.3.9 for T/,

E[A]>E[Ax |Dg, (at) =c2300ts7 " ]]P<Dak(0€t) > 02.3.90¢t3i_T,),

where the latter factor equals 1 — o(t™"). Since x_1 € Ly_7 and thus
Dut(mk—1) = sk—1 by the construction of Ly_; in Definition 2.3.6, we
substitute the value of p¢(7k—1, Lk ) in (2.3.18) to bound the expectation
of the binomial random variable Ay further to obtain

2—1’
C ots Sk—_
N2.3.8€2.3.9 k k—1 (1 —o(t_1))

E[A] > (1 —a)t
> 2C2.3.105i_T/3k—1

) 1—
1 ( [/)< TE}Z ]>
> 2231081

1/2

> 2C2,3,10$1ik_7] (2.3.22)

for some constant c23.10 € (0, (1 —«)c23.9M2.3.8/(2c)) if t is sufficiently
large, by the recursive definition of sy in (2.3.9). The last inequality is a
consequence of (2.3.20). Next we apply Chernoff’s bound, see e.g. [186], in
the following form: for 1 > 0,

P(Ax < (1 —V)E[AL]) < exp (—WEE[AL]/2).

Choosing Py = (1—c2.3. 1oskk 1/2 /E[AL]), yields by (2.3.22) that . > 1/2.
Hence, we can bound wﬁ [Ay] > ca3 1oskk g /2 /2, so that

P (Ak 23108, ] 1/2 ) < exp (—02.3.1083‘:{/2/4) :

Applying a union bound over k € [K{] and switching back to the dominat-
ing random variable |Ay (mx_1)| as in (2.3.21) results in

11’( U {[Ax(me—1)l < c23.108¢" /2 )
ke[Ky] (2323)
< D) exP< 23108 1‘/2/4)-

ke[K¢]

Because ¢y is a constant for GVPA, the asserted bound in (2.3.19) follows
immediately for so sufficiently large. For FPA and VPA, it remains to
bound the sum on the rhs. We apply the lower bound on sy from (2.3.14)
and observe that (T —2)7k grows much faster than (k + 2)2, so

2 —2) K (k+2)2 rck
gEK— 1/ 502,3.7(T )7 (k+2) > SSC

k1/0

4
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for some ¢,c’ > 0, whence the asserted bound (2.3.19) follows for all
sufficiently large so. O

The above lemma ensures that there are many x-connectors. However, we
still need to bound the probability that the weighted distance between
m—1 and Ly is sufficiently small, given that there are enough o-connectors,
as described in Step (III) of the outline.

Lemma 2.3.11 (Minimum of i.i.d. random variables). Let Ly, ..., Ly, be i.i.d.
random variables having distribution Fy. Then for all & > 0

o (x)
]P(min L > F(L 1 (n‘”‘z)) < e
jen]

(x) (2.3.24)

. (—1) —1— —
]P(mlnngFL (n &)) <n &,
j€m]

Proof. Since the random variables are i.i.d.,

Il’(jrg[ig] L > z(n) = (1= Fzm))™,

We substitute z(n) = F(L_” (n=1%%), so that applying (1 —x)™ < e ™
yields (%) in (2.3.24), and applying (1 —x)™ > 1 —nx yields (x). O

We are ready to prove Proposition 2.3.4.

Proof of Proposition 2.3.4. Consider the greedy path 78" starting from some
q’ = q’(so) as defined in Definition 2.3.6. The definition of K; in (2.3.10)
ensures that 78" ends in Innery. By construction of 7®", its total weight
is bounded by the formula in (2.3.12). Lemma 2.3.10 ensures that with
probability at least 1 — 6?;?10, the number of x-connectors (ny)x>1 in
(2.3.11) is at least

—(k=1)

P C2.3.10382'3'7(T_2) 5k—]/2'

By Lemma 2.3.7, nx > 1 for all k > 0 when sy is sufficiently large. We
bound the total weight on the greedy path using (2.3.13). Applying (x) in
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(2.3.24) from Lemma 2.3.11 and a union bound over k € [K¢], we obtain
for some & > 0 and all s sufficiently large

: (%) (k) (=1) —(1-§)
113( U {;-2}511<L” +1) = L (e )})
k

€[K¢l
Eex—1/2
< Q) exp <_C§.3.108k£—k1 1 )
kelKy]
g Eex—1/2) _, s(so)
<D exp <—02.3.105kik1 ] ) = 8525  (23:25)
kelN
which can be made arbitrarily small by choosing so large enough, similar
to the reasoning below (2.3.23). We can choose sg so large that the error
probabilities fulfil §Lso) + 622’_)1 o < 02.3.4. As we recall the formula for

(2.3.25)
(sx)k>0 from (2.3.9) and the weakened upper bound on the total weight

(2.3.13), we obtain for any q’ such that D4/ (axt) > so, with error probability
at most 87 3.4,

diL)(q,/LKt)

— —(1— —(1— _ oy~ (k=T) -2
YR (Cz.g1 £) g (1-E)caaz(1-2) (k1) /z>, (EV),
kelK]

-1 —(1—¢&) —(1— 1— —2)) Ve 2
SR (cz,§,1 )¢ (1-8leaar((1—ec)/ (=2 Vea >,(G),
ke K]

where we annotated the lines with (FV) if it holds for FPA and VPA under
condition (2.2.3), and with (G) otherwise. We continue to do so below.
Using (2.3.14), there exists a constant ¢, such that

d\"(q’, Lx,)

> R (exp (—clog(so)(t—2) X (k+1)72)),  (EV)
ke [Ky] (2.3.26)

Z F(LTPLZ (exp (—clog(so) (1 —eg)*(1—2) " eg)), (G)
ke[K¢]

with probability at least 1 — 62 34 if s is sufficiently large. We bound the
above sums, so that the terms match the terms of Q. in (2.1.3): first we
remove the convolution, then we switch to an integral, apply a variable
transformation, and eventually switch back to a sum. The sum in (2.3.26)
is taken over F(LTJL)LZ, while the summand in Q. is taken over F(Lf] ) We
relate the two inverses for x < 0 by

Fr,in,(x) = P(Ly + Ly < x) > P (max{Ly, L2} < x/2) = (Fp (x/2))*.
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Hence, for any z > 0, it holds that F(LTJL)LZ (z) ZF(Lf1 ) (vz). Applying this
to the rhs of (2.3.26), we obtain for a different constant ¢

dy”(q’, £x,) (2.3:27)
2 Y " (exp (—cloglso)(r— 2Kk +1)72) ), V),
ke K]

2 Y 7 (exp (~cloglso) (1 - ea) (1 —2) ) ), (G)

ke[Ki]

For technical convenience, we define a := inf{x : F(L_] ) (x) >0tand L’ :=
L — q, so that for (FV)

di’(q",Lx,) (2.3.28)

<2aK¢+2 Z F{T”(exp (—clog(so)(t—2) " (k+1 )*2)>.
ke[Ki]

Observe that for monotone non-increasing functions g, g(1) < oo

I_bJ b (*) \.bJ
Y glk J x| gdx S Y gk (@32

k=|a] a k=[a]+1

We apply (%) to switch in (2.3.28) from a sum to an integral. We discuss FPA
and VPA under condition (2.2.3) first. We apply the variable transformation

y loglog sp +1og (c) —2log(x + 1)
S =x+ Tog (1—2)| , (2.3.30)

that has a solution for all x > 1 if sg is sufficiently large. Now the integrand
matches the summands of Q¢ in (2.1.3). Differentiating both sides and
rearranging terms gives an implicit formula for dx, that by (2.3.30) can be
bounded by a function that only depends on y for some C > 0, i.e,,

1 2/|log (t—2)| 1 C
dX_Z<1+x+1—2/|10g(’r—2)|>dy<2<1+y>' (2.3.31)

Thus, (2.3.28) and (2.3.31) together yield
d¢'(q’, Lx,)
4log(K¢+1)

he(so)+2K¢— 0o (T—
<2aKt+J o 2)<1+C>F§_/”(exp< (t—2) 9/2>) dy.
h(so)
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where h(sg) = 2(loglogso +log(c))/Ilog(t—2)| and sp is chosen so
large that (2.3.31) holds for all x,y in the integration domain. When condi-
tion (2.2.3) on L holds, there exists M > 0, such that
he(so)+2K¢ C 1 Cu
LT(SO) EFL/ <exp (— (t—2)"Y/ >> dy < M.

We apply (*) in (2.3.29) to switch back to a sum. As this sum contains at
most 2K¢ + 1 terms, there exists a larger M, recalling that L = L’ + a, so
that

[he(s0)+2K¢]

at(a, ex) <2ake+ > R (exp (< (1-27Y2) ) M
k=|h<(so)]
[hr(so)+2K¢]
< Z F(L_” (exp (— (t— 2)*k/2)> + M.

k=|h<(so)]

Application of the bound (2.3.14) on 2K, yields the assertion (2.3.3) for
FPA and VPA under (2.2.3).

For FPA and VPA if (2.2.3) does not hold, and for the model GVPA, we
use a similar variable transformation to (2.3.31) for the integral in (2.3.28),
ie.,

y |log (t—2)| B loglog so +log (ceg)

= X ,
2log (1 —eg)/(t—2)) log (1 —eg)/(t—2))
which yields combined with the second line in (2.3.27)

HT(SO)+ﬁKt

d"(q’, L)<+ 82.3.4)J FO W (exp (< (1=2)7)) dx,

he(so)

where hc(so) = 2 (loglog so +log (ceg)) /|log (T — 2) |. After applying the
bound (2.3.16) on K and switching back to a sum using () from (2.3.29),
we obtain the desired bound (2.3.4). O

This establishes all prerequisites. We turn to the upper bound for the
conservative case.

2.3.1 Conservative case

Proof of Proposition 2.3.1. We first show the result for FPA and VPA under
(2.2.3). At the end of this proof, we argue how to adapt the proof for GVPA
and VPA or FPA if (2.2.3) does not hold. Fix 6 > 0, and let 6,33 = 0234 =
6/8, « =1—58/16. We can choose t sufficiently large, such that
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(i) by Proposition 2.3.3 for s 3.3 = so that we choose below in (ii), there
exists a constant C, 3.3 = C2.33(9, s0), such that for q € {u, v} there is
a vertex q € [«t] with degree at least sy within graph distance C33
with probability at least 1 —5/8.

(ii) by Proposition 2.3.4 there is an so = s0(d,€2.3.4) > 0, such that for
q’ € [at] with Dt(q’) > so, the weighted distance to the inner core
is not too large. As the terms in the sum in (2.3.3) are decreasing, we
shift the summation bounds to match the bounds from Q¢ in (2.1.3),
so that

)
]P(d(t“(q’, Innery) > My 34+ Qt) < 3 (2.3-32)
(iii) by Proposition 2.3.5 for 6,35 = 8/8, the graph distance between
w1, w3 € Inner is smaller than C; 3 5 with probability at least 1 —6/8.

(iv) for (Lj)j»o i.i.d. copies of L, the sum of constantly many weights is
negligible compared to the diverging sequence Q¢ defined in (2.1.3),
i.e., there exists M’ > 0 such that

)
1P<. Z L > M') < 3 (2.3-33)
j€l2C233+Ca35]

Conditionally on the intersection of the complements of the events in
(2.3.32) and (i) for q € {u, v}, we can construct greedy paths from u and v
to the inner core. Hence,

4 7

(2.3.34)
where the sum between brackets in (2.3.34) represents the weighted dis-
tance from g to some vertex with degree at least so. By (iii), we can bound
the distance between two vertices in the inner core, and thus we have
constructed a path from u to v. Hence, by a union bound over the events
in (iii) and (2.3.34), we can bound the total weight on this path, i.e.,

1P< U {d{"'(q,Innery) > Q¢ + M2.34 + Z L]Fq)}

30
uv<oat)<—
qgef{u,v} jelCa33l

70
H’(d(tu(u,v) >2Q¢ + Z L; ‘ u,v< oct) < 3 (2.3.35)
jel2C233+Ca35]

Combining (2.3.33) with (2.3.35) yields by our choice of o« =1—5/16 that

P (dy” (w,v) > 2Q¢ +2Ma34 + M) <3, (2.3.36)
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finishing the proof for FPA and VPA under (2.2.3). For the more general
case, only (2.3.32) does not hold, which can be replaced by

d

P(a! (¢, Innera) > (1+€254)Q:) < 3.

Propagating the rhs between brackets through (2.3.34) and (2.3.36) yields
the result for GVPA. O

2.3.2  Explosive case

Similarly to the conservative case we create a path from u to v and use
the total weight on the path as an upper bound for the weighted distance.
Again, by applying Propositions 2.3.3, 2.3.4, and 2.3.5, this path goes from
q € {u,v} to a vertex q’ with degree at least so, after which we connect
this vertex to the inner core. The total weight on the segments to the
inner core can be made arbitrarily small for large t and so. However, it is
not straightforward to see that the weight on the first parts of the paths
converge to the explosion times of two LWLs, as we increase the degree
so. We start by showing that the explosion time of the LWL is finite, for
which we use Propositions 2.3.3 and 2.3.4. Recall the formal statement of
Theorem 2.2.9.

Proof of Theorem 2.2.9. Fix & > 0. Recall K¢ from (2.3.10) and C,33 for
0233 = 8/4 from Proposition 2.3.3. Let a(t) := min{k(t), 2Ky + C233},
where k(t) denotes the maximum number of generations in the LWL to
maintain a coupling with PA; with probability at least 1 —5/4, from (2.2.1).
As k(t) and K; tend to infinity with t, the same holds for a(t). Denote the
first k generations of the LWL rooted in @ by LWLy (®). Define

Xy = dy” <q(t), 0B ('Y, 2K + Cz.s.s)) ,
Yi = dEcL) (q(t), a‘chG)(q(t), a(t))) Lt coupling succesful}
= BLWLQ(t)(q(t)),a(t]]l{coupling succesful}

Observe that X can be viewed as an upper bound of the weighted distance
to Inner . By the choice of a(t), X; stochastically dominates Yy, i.e., P(Yy <
X¢) = 1. Consider the subsequence of times, defined recursively as

1, i=0,
t; =
' {min{t ra(t) > a(ti1) and Ky > K§, |}, 1>0.
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By construction of Y and (ti)i>o,
P(BwLeo <Yy) = lim P(Yy, <vy).
1—00

Since X, dominates Yy,

P(BrwLe = 00) = lim P(Brwre = M)
M—o0

= lim lim P(Yy, > M)
M—=001—00
< lim lim P(Xy, > M). (2.3.37)

M—o00i—0

Below we find a bound on IP(X¢, > M) that does not depend on t or i
to obtain the result. Recall Q¢ from (2.1.3) and define Qo := lim{ ;o Qy,
which is finite since I1(L) < co. By a union bound on the events in
Proposition 2.3.3 and Proposition 2.3.4, for any 9, ¢ > 0, if 1 is sufficiently
large,

JP(xti >(1+6Qu+ Y Lj) <3
jelCa33]
Note that (1+¢)Q¢, < (T+ ¢)Qe. Choose M’ = M’(8) so that M'/2 >
(1+¢)Qu and Zj €lCyssl L 2 M’ /2 with probability at most 5/2, similarly
to (2.3.33). Hence,
lim P(Xy, > M') <56.

1—00

Recall (2.3.37) to obtain P(Brwr,eo = 00) < . Since & > 0 was arbitrary,
BLWL,00 < 00 almost surely. O

Recall the definitions of the graph neighbourhoods in Definition 2.2.1
and the explosion time in Definition 2.2.2. Using the finiteness of the
explosion time, we bound the weight on a path to a vertex with degree at
least so. To do so, we need the following general lemma.

Lemma 2.3.12 (Reaching a high-degree vertex in an explosive tree). Con-
sider a (possibly random) locally finite tree T, rooted in ©, where every edge is
equipped with an i.i.d. edge-weight from distribution L, where Fy (0) = 0, such
that T is explosive. Write D(x) for the degree of vertex x. Fix 82312 > 0. For
any s € IN, there exists N = N(82.3.12,8) < oo such that

P (B (@, 0rN)N{x€T:D(x) =} #0) > 1—82312. (23.38)

Proof. The event in (2.3.38) means that among the N closest vertices to ®,
there is a vertex with degree at least s. We argue by contradiction. If the
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tree T is explosive and the vertices contained in (J,, ¢ B(TL (o, 0T n) would
all have degree at most s, then the forest restricted to vertices in T with
degree at most s is also explosive. This forest consists of trees with at most
exponentially growing generation sizes. Hence, [166, Lemma 4.3] applies
and explosion is impossible, i.e.,

(ﬂ{B (©,01n)N{xeT:D(x) > s}:®}>:o.

n>l1
Since Uneng B (©,08) =B} (®, o)) by definition, we obtain the result,
ie.,

N —o00

hm]P({fB @O‘TN)Q{XET D(x S}#@})

:1\}13100]1)< U {BY (®,0rn)N{x €T:D(x) s};é@}):L
hence, the lhs will have probability at least 1 — 6,312 for a sufficiently
large N. O

In the next lemma, we exploit the coupling to LWL to find a vertex with
sufficiently high degree. This lemma can be viewed as an extension of
Proposition 2.3.3.

Lemma 2.3.13 (Weighted distance to a vertex with degree at least s).
Consider PA under the same conditions as Theorem 2.2.10 at time t. Let q be a
typical vertex. For any 83.3.13,50 > 0, there exists N2 3.13 € IN, such that when
t is sufficiently large

]P<B(tu (q,0¢,N,505) N{x € [t] : De(x) = so) = @) < 82313

Proof. From Lemma 2.3.12 for 623,12 = §/2, we obtain that in the limiting
object LWL(®) for a root ©®, there is an N such that a vertex of degree
at least sy is reached before time on with probability at least 1 —5/2. By
Theorem 2.2.9 the LWL is explosive. By applying Proposition 2.2.4, we can
assume t is so large that we can maintain a coupling between with proba-
bility at least 1 —6/2 up to graph distance N, so @f)(q, N) ~ LWLN (®).
As the N-th closest vertex in L-distance is within the G-neighbourhood of
size N, we obtain the result. O

We are now ready to prove the upper bound for the explosive case.
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Proof of Proposition 2.3.2. Let sg be the constant we obtain from Proposition
2.3.4 when setting 6,34 = 6/8, 234 = 1—08/16 and €234 = ¢/3, such
that the sum in (2.3.3) is smaller than ¢/6. Abbreviate t’ := | «t|. Observe
that

P(fug tHu{vgt']}) <5/8 (2.3.39)

We call the above event between brackets €. Recall o,, from (2.2.2). Let
for q € {u, v}

N*(q) =min{n: 3Ix € Bf[%)(q,ot/,n) :Dy(x) > soh

Let u’ be the vertex in B(tL,) (u, O¢/ N* (u)) that has degree at least sp, and v’
analogously. The key observation is that, conditionally on £, we can use
a sprinkling argument and look at the graph at two moments in time, i.e.,

dy” (wv) < dl(wu)) +d (v,v) +d (V).

The above is true, since for fixed vertices the weighted distance between
them is non-increasing in time. Conditionally on the event £{, u and v are
uniform vertices in [t'], so that we can still apply Lemma 2.3.13 for sp and
52313 = 0/8, i.e, for t sufficiently large and some N2 313 = N23.13(9, s0),

P U Na) > Nasna ) < 5 (2:3.40

q G{u/v}

We call the above event between the P-sign &,. By the choice of u’ and v/,
we obtain that
P (d;”(u,v) <ol wroy) (v +dP v Esn 83) —1.

Assume t’ is so large that we can maintain a coupling with LWL with
probability at least 1 —5/8 for q € {u, v} up to generation N3 3 13, possible
by Propositions 2.2.4. If the coupling is successful, then for q € {u, v} we
have oy N, 5 ,5(q) < Bryp N, ,,,» Where the two random variables are
independent copies of BrwLN,5 ;- Thus, combining the coupling error
and the error probabilities on €7 and &; in (2.3.39) and (2.3.40),

P (di”(u,v) < Brwrw Ny, T BLwL®) + d(t”(u/,v’)) >1-58/8,
(2.3.41)
where IP denotes the probability measure on the coupled probability space.

Recall (2.3.1), we observe that we are left with proving

MN2313

P (dy (uw/,v') > ) < 35/8. (2.3.42)
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By our choice of 5,34 = 0/8 and €334 = ¢/3 above, we obtain by Proposi-
tion 2.3.4

]P( U {d{"(q’,Innery) > £/3}> < 5/4. (2.3.43)
q’efu/ v’}

It is important to note that although u’ and v’ are special vertices at
time «t, (2.3.43) holds independently of N3 3 13, as the path to inner core,
constructed in the proof of Proposition 2.3.4, uses only edges that arrived
after ot. To apply Proposition 2.3.5, we let 6,35 = 0/8 and €235 = ¢/3.
By a union bound over the events in Propositions 2.3.4 and 2.3.5 there is
a path from u’ to v/ of weight at most ¢/3, yielding (2.3.42). Combining
(2.3.41) and (2.3.42) yields the desired bound (2.3.1). O

2.4 LOWER BOUND ON THE WEIGHTED DISTANCE

The next propositions state the lower bounds for Theorem 2.2.5 and 2.2.10,
which are the counterparts of Propositions 2.3.1 and 2.3.2. The lower
bound of Theorem 2.2.8 which follows from the same proof techniques, is
postponed to Section 2.6.

Proposition 2.4.1 (Lower bound on the weighted distance, conservative
case). Consider PA under the same conditions as Theorem 2.2.5. Recall 1; (L) =
oo. Let u,v be two typical vertices. Then for every b,e > 0, if t is sufficiently
large,

P (di(w,v) > (1—¢)2Q¢) > 1-5. (2.4.1)

Moreover, for the models FPA and VPA from Definition 1.2.4 and 1.2.5, there
exists a constant M 4.1 = My 4.1(8) such that for t sufficiently large

P (di"(w,v) > 2Q¢ —2My41) > 18, (2.4.2)

Proposition 2.4.1 gives a tight lower bound on the weighted distance for
any distribution, i.e., it does not depend on the tightness condition (2.2.3).
Thus, only the upper bound in (2.3.1) needs be improved to prove (2.2.2)
regardless of (2.2.3).

We proceed to the main proposition for the explosive edge-weight
distributions.

Proposition 2.4.2 (Lower bound on the weighted distance, explosive case).
Consider PA under the same conditions as Theorem 2.2.10. Recall 11 (L) < oo.
Let u, v be two typical vertices. Then, there is a coupled probability space, such
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that for any & > 0, there exists some function a(t) that tends to infinity with t,
such that

(L)

LWL a(t) and By ( W a(t)
in the LWLs coupled to u, v, respectively.

where 3 are the times to reach graph distance a(t)

As the proofs of the propositions are partly based on the same principles,
we outline the proofs simultaneously, after which we prove the required
lemmas, and then give a separate proof for the above propositions. For
notational convenience, we only outline the models FPA and VPA.

Outline of the proofs

Let u,v be two typical vertices. Recall Ki from (2.1.3). From [69, Theorem
2] it follows that any path connecting u and v has whp at least 2K{ — M{
edges with probability close to 1, for some function M{ = o(K}). The idea
of the proof of Proposition 2.4.1 is to show that any path starting from u
or v that has Kf — M| edges, has total weight at least Q¢ — M4 1, or total
weight at least By, q(t), for some function a(t) that tends to infinity, for
the conservative and explosive case respectively. The main steps that make
this succeed, which we formalize further below, are as follows, where (I-11I)
apply for the conservative case, while the explosive case follows from (I).

(I) We use results from [69, 81] to conclude that the neighbourhoods
TB '(u, k), B '(v, k) are disjoint whp for k < Kf — M{. These neigh-
bourhoods up to graph distance a(t) are coupled to two independent
LWLs, from which the lower bound for the explosive case will follow.

(II) We show that dB°' (u, k) has whp at most exp (B(t—2)~*/2) vertices,
for B sufficiently large and k < Ki — M, by counting the number of
paths of length k starting from q € {u, v}. The number of such paths
is an upper bound for the number of vertices in dB.%'(q, k).

(I) From (1) it follows that d|”’(u,v) is at least the weighted distance
from u to dB\%’ (1, Kf — M!) plus the weighted distance from v to
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3B\ (v, Ki —M{). Along the same reasoning as shown by Adriaans
and Komjathy [2, Lower bound (2.11)], we obtain the lower bound

di” (w,v) > d” (u, 6B(Gt) (u, K§ — M{))

+am (v, 0B (v, Kt — Mg))
[Ki—M{ |1

22 Z - .min oo Lixy)- (243)
qe{uv} i=0 x€0B; ' (q,i),ycoBs (q,i+1)

The weight L, ) is the weight attached to the edge (x,y) in the graph
if it is present. Otherwise, it is a new i.i.d. copy of L. Note that this is
a valid lower bound, as the minimum is non-increasing when adding
more edges. Using the bounds established in (II), we show that this
sum of minima is at least 2Q¢ —2Mj .4 1.

Before proving Proposition 2.4.1 and 2.4.2, we formally introduce the
lemmas and proposition that correspond to Step (I-III). We start with a
proposition from [69] that implies the first part of (I).

Proposition 2.4.3 (Typical graph distance [69, Theorem 2]). Consider PA
with power-law exponent t € (2,3). Let u,v be two typical vertices. For any
0243 > 0, there exists a function M 43(t) such that if t is sufficiently large,
then

P ({d(w,v) > 2Kf —2Moa3(t)}) > 1—8243, (2.4.4)

where the function M 4 3(t) is of order O(1) for the models FPA and VPA, and
o(K}) for the model GVPA. We denote the above event between brackets by € éti 3

Indeed, as a result of Proposition 2.4.3, on the event & 52.3,
'BEEG](LL, k)N BiG)(V, k) = 0 fork < K: — My 43(1),

establishing (I). We continue with the lemmas implying (II) and (III) from
the outline and prove the conservative case first. We make use of some
results from Dereich, Monch, and Morters [69, Theorem 2] where they
prove lower bounds on graph distances for random graphs. They work
under the following general condition and prove that it holds for FPA and
GVPA.
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Proposition 2.4.4 (PA(y) [69, Proposition 3.1, 3.2]). We say that PA satisfies
the condition PA(Y24.4) for some y244 € (0,1), if there exists a constant
V2.4.4 > 0, such that for all t and pairwise distinct vertices vy, ..., vi € [t]

P(vo <> vi < v2 ¢ - & vg) < H P(vk—1,vi) = pvo, ..., ve)  (2.4.5)
k=1

where p(m,m) := vy 44(MAN) Y244 (m\ n)Y244-1. The above condition is
satisfied for FPA or VPA, with y244 = 1/(t—1); and for GVPA for any
Y244 > Yt

Step (II) in the outline follows from the next lemma.

Lemma 2.4.5 (Small probability of too large neighbourhoods). Consider
PA under the same conditions as Proposition 2.4.1, that satisfies Proposition
2.4.4 for some y2.4.4 € (1/2,1). Let q be a typical vertex. There exist a constant
B2as = B2as(v24.4,v244) > 0, such that for any 5245 > 0, there exists a

sequence of events & 54)1.5 (q), such that for all t sufficiently large

P (822.5(‘3[)) =z 1—"5245, (2.4.6)

and for any B > Boas, v € [y24.4,1) and My 43(t) from Lemma 2.4.3 with
parameter 843 = 83435,

1P< N {PBE (K <exp (2B (v/(1-v)*?)} ‘ egfi,S(q))
kel

Ki—Mo243(t)]

> 1—2exp(—B). (2.4.7)

Proof. For notational convenience we abbreviate y = y244 and A, =
v/(1 —7v). We use a path counting technique similar to [69, Theorem
2], see also [46, Proposition 4.9]. Consider paths m = (7o, my,...,7K)
of length K < Ki —Mj43(t), such that mp = g,k = w, and where
K < Kf —Mj43(t). For a non-increasing sequence ({y)>o, we call a path
7t good if m > & for all k < K, and bad otherwise. Let &' := 8,45/3,
o := [8't]. We define for a vertex q € [t] the event

3 bad path of length K from q,}

8 a = < f U
bad(q) :={q < Lo} { for some K < Kf —Mj.43(t)

(2.4.8)

The event {q < (o} occurs with probability at most §’ 4+ 1/t. The second
event in the union of (2.4.8) occurs with probability at most &', which
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follows from [69, first inequality after (18)] for a given choice of {y that we
also use here, see (2.4.14) below. Hence, for a vertex q chosen uniformly at
random from [t]

P(Epad(q)) < 28"+ 1/t < 8245,

whent > 3/82.45. Let 8;}1.5(‘1) = (€pad(q)) . The key element is to prove
that for B large enough

E[0B,'(q, %)l | £)35(q)] < exp (BAY'?). (24.9)
Indeed, once we have shown that (2.4.9) holds, applying Markov’s inequal-
ity yields
P (103 (q, k)| > exp (2BAY?) | €13 5(a)
<ERBE (q,K)1 1 €55 5(q)) exp (—2BAY?)
< exp (—BAY?). (2.4.10)

Given (2.4.9), applying a union bound on (2.4.10) leads to the result in
(2.4.7):

K
P((U 103001 > oxp (28AY?) 45l
k=1

< Z exp (—BAE,/Z) < 2exp(—B).
Ke[K]

We are left with proving (2.4.9). We use the number of paths to 3B°'(q, k)
as an upper bound for the number of vertices in GBEEGJ(q,k). For k <

K¥ —M; 43(t), conditionally on &€ (22_5, there are only good paths of length

k emanating from q. Let ﬂ%t) (q) be the set of such paths. Recall Proposition
2.4.4, and observe that we can bound

EI0B)(q, k)11 &3 5a)) < E [[Mi&(a)] 1 €4 5(a)]

S 1-8245
We can bound ]E[Iﬂ](f,z(q) |] using (2.4.5), with p defined in (2.4.5), as

t

t t
E Hnlig,’z(q)H < Z Z Z p(qrnll“’/’nk—1rw)

w=[l ] mi= o1 =Lk 1

t
= Z fk,t(qlw)-

w=[ly]
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Intuitively, when w > {y, fy ((q, w) is an upper bound for the expected
number of good paths from q to w of length k. From [69, Section 4.1] it
follows that for q > {y there is a majorant of the form

fiee(qw) < ouow ™ + Liysg 1 Bw? ', (2.4.11)

where the sequences oy, Bk, {x are defined recursively as

v2.4.4(8t)Y! ifk=1, ( )
o = 2.4.12
b c (ock_1 log(t/fx—1) + Bk_1tzy_]) ifk>1, 4
V244(8't)7Y ifk=1, ( )
k= _ . 2.4.13
cloae 167 + Br1loglt/t1))  ifk>1T,
[6/t] if k=0,
F— /
be = arg max { 1 oaex! 7Y < 6262} if k>0, (2.4.14)
xem\({o,1} L1 —Y mek

with a constant ¢ = c¢(y,Vv244) > 1 chosen in [69, Lemma 1]. Recall
€ (1/2,1). Using the above definitions and majorant in (2.4.11), we
return to the bound (2.4.5), and see

t

E [‘ﬂ%,z(q)‘] < Z (ockw_y+]l{w>ek_]}[3kwy_]) (2.4.15)
szk
t

:ock(fgv—i- i W_V>+Bk Z wY~ !

w={+1 w={l_1+1

Observe that for a,b >0, n € (0,1)

b b b17p.
Z w”éj w*“dW<1_ ,
w=a+1 a H

so that we can bound (2.4.15) from above by

1—y
(g)(q)‘ < o o kb -y, Bryy
]Ean,t }\cxkek T W)Y TR

=T +T,+T;s. (2.4.16)
As a result of (2.4.14), we obtain for the first term, since {, > 1,

_ 65 _
Ty = ouly " Zkzu —) ' < Zkzm —v) <&, (2.4.17)
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To bound T, and T3, we use a claim from [69, Theorem 2, (19)] that the
sequence t/{ does not increase too fast, i.e., there exists B*(y,v2.4.4) such
that for t sufficiently large

t/le < exp (BAk/z) (2.4.18)

for any B > B*(y,Vv2.4.4). Consider T, and substitute the bounds from
(2.4.14) and (2.4.18)

aely Y 65’
—y (t/6)"Y < 232 &P <B(1 —y)A$/2>

< 8exp (BAk/2>

1- (2.4.19)

For T3, we substitute (2.4.13) for 3y to obtain

1 c _ c
T3 = —Brt = o 1(t/bc1)Y4 Y + —Br1tY log(t/bi 1)
Y Y Y
=:Tz1 + T32. (2.4.20)
We use (2.4.14) and (2.4.18) to bound

6(:6’(1 —v)
S Y1)
/

cd K/2
< — . 4.
S5 exp (BAy ) (2.4.21)

C
T = (/1 oo el L exp (ByA (k=1 /2)

Observe that by (2.4.12), fx—1 < t'=2Y o, /c. Hence, the second term in
(2.4.20) is bounded by

1
T32—*f3k 1t log(t/€—1) < ;t] Yoy log(t/lk—1).

By (2.4.14), if 8’ < 72 /6, then o < (1/€)1 Y. After substituting (2.4.18)
for B sufficiently large

1 B (x_
T32 < ;(t/fkﬂ*y log(t/fk—1) < ;Agxk D72 exp (8(1 —Y)A$/2) .

As the first factor grows exponentially in k, by increasing B, we obtain
T32 < exp (BAk/z) Combining this with (2.4.16), (2.4.17), (2.4.19), (2.4.20),
and (2.4.21) gives us that there exists a constant B2 45 > B*(y,v244) >0
such that for B > B, 4.5 we obtain the desired bound (2.4.9). ]
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We are ready to prove the lower bound of the conservative case.

Proof of Proposition 2.4.1. We recall € 52'3 and & ;25 (q) and their error prob-
abilities 67.4.3,02.4.5 in (2.4.4), (2.4.6). First we introduce some notation to
work with the models FPA, VPA, and GVPA simultaneously. Eventually
we dinstinguish GVPA vs. FPA and VPA again. Recall ¢ from the statement
of Proposition 2.4.1. Observe that if t is sufficiently large, by Proposition
2.4.3,
P(d (w,v) > 2(1—€¢/2)K}) > 1—8243.

In order to apply Lemma 2.4.5, relying on Proposition 2.4.4, for GVPA we
set v2.4.4 as the solution of

log (v2.4.4/(1—v244)) 1
|log (t—2) | C1—¢/2'

(2.4.22)

so that indeed v2.4.4 > 1/(t—1) as required for Proposition 2.4.4. For FPA
and VPA, we set y244 = 1/(t1—1), where 7 is the power-law exponent of
the considered model, as defined in Definition 1.2.4 and Definition 1.2.5.
To avoid double notation, we define

. {m —¢/2)KE|, for GVPA(f),
Ki =

. (2.4.23)
Ki —M2.43(t), for FPA and VPA.

Apply Proposition 2.4.3 and Lemma 2.4.5 for 8,43 = 8245 = 6/6 so that
with probability at least 1 — 8/6 the neighbourhoods are disjoint and not
too large for k < K{. Assume that t is so large that

P(es) Nl (wnel (v) >1-5/2, (2.4.24)

by a union bound on the complements of the events between brackets.
Throughout the remainder of this proof, we write A =v2.4.4/(1 —v2.4.4)
and condition on the above event between brackets. On this event, the
bound in (2.4.3) holds. We now bound the minimal weights in (2.4.3).
Assume B > B 45. By (2.4.7) in Lemma 2.4.5, for q € {u,v}, between
9B'%(q,k) and dB\*’(q, k + 1) there are at most

0B (q, k)| - 0B (q,k+ 1) < exp (2B(1+ VA)A*2) = ny
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edges with cumulative error probability (over k) at most 2exp(—B) =: 6581 ),
By (¥) in (2.3.24),

H’<kU { min L <A™V (n k‘a)}>

clK! jemy]

< Z exp (—2]35(1 +\/K)Ak/2)
ke[K{]

< 2exp (—2BE(1+ \/K)) = 61(32), (2.4.25)

following from a union bound over k € [K{]. Combining (2.4.3) and (2.4.25)
gives for q € {u, v}

]P< '(q,0B\” ZF (exp 2B(1+£(+\f)Ak/2)>>

ke[K{]

< 6](3” + 61(32), (2.4.26)

when B > Bj 4 5. In particular, we choose B so that 6%; )4 6%2) < 6/4. Recall
(2.4.24) and the reasoning before (2.4.3), so that by the law of conditional
probability and a union bound for q € {u, v} on the event in (2.4.26), we
obtain with probability at least 1 — 0 that

>2 Z F (exp 2B(1+4¢&)(1 —i-\F)Ak/Z)) =: 25x;.

(2.4.27)
It remains to show that 2Sy; is larger than the rhs between brackets in
(2.4.1) and (2.4.2) for the corresponding models. Similarly to the upper
bound, we rewrite the sum in Sy, to match the summands in Q¢ in (2.1.3),
then we bound the sum from below by switching to integrals, apply a
variable transformation, and go back to sums. Applying (x) in (2.3.29) to
Sk, yields

K{
Sk > J Fiol (exp (—2B(1+&)(1+ \/X)AX/Z)) dx. (2.4.28)
1

For the models FPA and VPA, A = 1/(t—2), while for GVPA, A =
(1+¢ ) / (T 2), for some ¢’ = ¢’(¢). After the variable transformation
2B(1 14+ VA)AX/2 = (1—2)7Y/2 on the rhs of (2.4.28), the function
over Wthh we integrate matches the function in the sum in Q¢ in (2.1.3),
ie.,

1 rK{+s(B) (1)
Skr > J Fi (exp (— (1—2)79/2)> dy, (2.4.29)
¢ T r+s(B)
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where s(B) := 2log (2B(1+ &)(1 + \/K))/Ilog (t—2)|, and by our choice
of v in (2.4.22)

log(A) 1 " for the model GVPA,
re{Tlog(t=2)]  T=¢/2 (2:4:30)

1, for the models FPA, VPA.

We abbreviate a, := Fl ') (exp(—(t —2)~*/2). Applying (%) from (2.3.29)
to the rhs of (2.4.29) gives

[TK{+s(B)]

SK{ = % Z Ay.

k=[r+s(B)]+1
For FPA and VPA, using r = 1 and K{ in (2.4.23), we bound

Ki—M43(t)+[s(B)] _
Sk = Z ax =: Q.
k=[s(B)]+2
Up to a shift in the boundaries, the above summands match the summands

in Q¢ in (2.1.3l To obtain (2.4.2), we should choose M 4.1 such that
Qt —M2.4.1 < Qy, which is equivalent to

N K Ki—Ma43(t)+|s(B)]
M2412 Qi — Q¢ = Z ak — Z R
k=1 k=[s(B)]+2

Ki—=Msa43(t)+[s(B)]

[s(B)]+1
= Z ax + Z ay,

k=1 k=K;+1

where we define the second sum as o if [s(B)] — M43 < 1. The first sum
on the rhs can be bounded by a constant. As the sequence ay is decreasing,
we shift the summation boundaries of the second sum on the rhs and
choose

[s(B)]+1 —Mz43(t)+[s(B)]
Maagq = Z ax + Z ax.
k=1 k=1

Observe that we can bound the second sum here by a constant, since
M2.43(t) = O(1) for FPA and VPA by Proposition 2.4.3. As a result, we
bound the lhs (2.4.27) from above and obtain the result

P(d" (w,v) > 2(Q¢ —Mz.41)) = P(d" (uw,v) > 2Qy)
>P(d" (u,v) > 2Sk;) > 1-8.
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We turn now to GVPA. Recalling K{ from (2.4.23) and r from (2.4.30), we
bound rK{ in the upper summation boundary in (2.4.27) from below by

0= = ((-Dk-) k-

Thus, we further bound Sy, by

[Ki—1/(1—¢/2)+s(B)]
Sk; > (1—¢/2) > Q.

k=[1/(1—¢/2)+s(B)]+1

We rewrite the boundaries of the sum and use that ¢ < 1 and hence
1/(1—¢/2) < 2,50

[Ki—=1/(1—¢e/2)+s(B)]

SK/ 1—6/2( Z ay + Z ax

Ke[Kz] k=Ki+1

kel[1/(1—e/2)+s(B)])
> (1—¢/2) < Z ax — Z ak>, (2.4.31)
1

kel2+[s(B)]]

As the second sum in (2.4.31) is a constant, it can be bounded by ¢/2 times
the first sum in (2.4.31) when t is sufficiently large. Thus, we have that

d(Lt)(uv) 2(1—¢/2)? Z ag = 2(1—¢) Z ax =2(1—¢)Q¢

with probability 1 — 9, for any fixed B and t sufficiently large. This is the
asserted bound in (2.4.1). O

To finish the section, we prove the lower bound for the explosive class.

Proof of Proposition 2.4.2. Recall Kf from (2.1.3) and let M, 43(t) be the
function we obtain by applying Proposition 2.4.3 for 6,43 = 8/2. As a
result, we obtain for any K < Kf — M 43(t),

1)
]P< (u,v) < Z d '(q, )))gz.
qe{u,v}

Let a(t) := min{ks (), Ki —M2.43(t)}, where k5 ,4(t) denotes the maxi-
mum number of generations in LWL to maintain a coupling with PA; with
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probability at least 1 —8/4, as in Proposition 2.2.4 and 2.2.4. Hence, we
obtain dﬁg” (q, aB(t‘”(q, a(t))) = BLWLL‘}i),a(t) if the coupling is successful

for q € {u, v} and thus

IP(d LLV < Z BLWL ()><61

ie{1,2}

which finishes the proof. O

2.5 HOPCOUNT

In this section we prove Theorem 2.2.6. It follows from an adaptation of
the proof of Theorem 2.2.5.

Proof of Theorem 2.2.6. Since the hopcount is at least the graph distance,
Proposition 2.4.3 implies that for any ¢ > 0

P(dy" (w,v) = 2(1—e)K) — 1, ast — oo, (2.5.1)

for the model GVPA(f), and shows lower tightness for FPA and VPA. It
suffices to prove the matching upper bounds. By rescaling the weights to
L/a, all weights are at least one. For any two vertices u and v, the shortest
path with the unscaled weights uses the same edges as the shortest path
with the scaled weights Hence, d '(u,v) < df(L/ “(u,v). Observe that
for any x > 0, F{,0)(x) = 1+F 1) |(x). Fix a small § > 0 and recall
steps (i), (iii), and (iv) from the proof of Proposition 2.3.1. Analogously
to the reasoning leading to (2.3.36), for any s there exists constants
C2.3.3,C2.35, M such that for t sufficiently large

P d(L/(1 * hT(SO)JrK k/2
(wv)<2Ki+2 Y R (exp(’t 2)” )+M >1-5/2,
k= hT(So)

where we used the upper bound in (2.3.3) from Proposition 2.3.4 on the
weight of the segment reaching the inner core. Thus, we did not shift
the summation bounds as in step (ii) in the proof of Proposition 2.3.1. If
I(L/a—1) < oo, then the above sum is finite and thus yields the result for
tightness in (2.2.5). If the sum is infinite, we choose s so large that all
the terms are bounded by a fixed ¢/2 > 0, hence the sum is bounded by
eKi/2. As Kf is increasing in t, for t sufficiently large, eK} > M. Thus,

P (d{"(u,v) <2(14+e)K}) > P (d{"(w,v) <2(1+e)Kf) = 1-0.
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Combining this upper bound with the lower bound (2.5.1) yields the
desired asymptotics in (2.2.4). O

2.6 CONSERVATIVE WEIGHTS ON THE LWL

We are left with proving Theorem 2.2.8.

Proof of Theorem 2.2.8. We prove (2.2.6) in Theorem 2.2.8 for the LWL of
FPA and VPA such that the weight distributions satisfies (2.2.3). At the
end of the proof we describe briefly how to prove (2.2.7). The proof is split
in an upper bound and a lower bound. Both bounds rely on a coupling of
the LWL to the finite graph for some large t and follow from adaptations
of the results in Section 2.3 and Section 2.4. Fix k and & > 0.

For the upper bound we show that there exists M = M(8), not depend-
ing on k, such that

P(Brwrk(®) < Q™ +M) >1-5/2, (2.6.1)

where .
QY=Y F " (exp (—(x—2)72)).
i=1

Recall Q¢ in (2.1.3) and observe that Q¢ = Q*t). Set 8,4 = 8233 = 8/12,
0234 =0/6,and «x =1—05/12. Let t be sufficiently large such that all the
following hold.

(i) By Proposition 2.2.4 the LWL and the graph neighbourhood of a
typical vertex q can be coupled up to generation k with probability at
least 1 —6/12. Recall Brwr k(@) from Definition 2.2.2. Conditionally
on the event that the coupling is successful,

Buwrk(®) = di"(q,0B,"(q, k).
Thus, the upper bound in (2.6.1) follows if we show that
P(d{"”(q,9B;(q,k)) <Q™ + M | coupling successful) >1— Hs.

Since q is a typical vertex, the event {q < «t} holds with probability
at least 1 —115/12. By a union bound, the event

el .— {g < at} N {coupling successful}
holds with probability at least 1 —56/6, leaving to show that
IP(d{"(q,9B(q,k)) < QW +M|ED) >1-5/3. (2.6.2)



(ii)

(iii)

On

(G)
Bt

2.6 CONSERVATIVE WEIGHTS ON THE LWL

By Proposition 2.3.3 for s; 3.3 = so that we choose below in (iv), there
exists C233 = C2.33(6,sp), such that, for

e :=(3q" € B ,)1(4,C233) : Dr—ayela’) > so),

H’(&gﬁ) | €W) > 1-8/12. All edges on a possible path of length C 33
from q to q’ are equipped with ii.d. copies of L. Hence, there exists
M) = M (5, C5 53) > 0 such that

C233 B
H’( > Li< M(“)> >1-5/12.

i=1

Let
By a union bound we obtain that

Pe® | edy >1-5/6.

With K¢ in (2.3.10), the inequality C; 3.3 4+ 2K¢ > k holds for all suffi-
ciently large t. Then, we construct a greedy path to the inner core as
described in the proof of Proposition 2.3.4.

By Proposition 2.3.4 there is an so = s0(5,€2.3.4) > 0, such that for
q’ € [at] with Dt(q’) > so, the weighted distance to the inner core
in PA; is not too large. The graph PA; is coupled to LWL for at
least k generations. Hence, if the coupling succeeds, then any path
of k — C2.33 many edges emanating from q’ is also present in the
LWL, as q’ is at graph distance at most C 3 3 from q by (ii). Hence,
we can use the first k — C; 3 3 edges of the greedy path described in
Definition 2.3.6 and follow the proof of Proposition 2.3.4 to estimate
its total weight. By (iii), k < 2K + C2 3.3, so ultimately, we obtain that
for some that M) > 0, that is not dependent on k, that

P(d" (0B (q/,0V (k= C233))) < Q¥+ M™) > 1-5/6.

Denote the above event between brackets by £1V).

the event ) N elit) 0 eliv) there is a path from q to a vertex in
(q’,%), whose total weight is bounded from above by Q) + M) +
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M) If the coupling succeeds, this path is also present in the LWL by
Proposition 2.2.4.

To conclude the proof of (2.6.1), we recall that showing (2.6.1) was
reduced to showing (2.6.2), which holds for M = M + M) - gince
Pei nev) ey >1-5/3 by a union bound.

We proceed to the lower bound of Theorem 2.2.8, i.e., we show that for
some M = M(9)

P(Brwrk(®) < Q™ —M) >1-5/2. (2.6.3)

Let 6245 = 8/8, and let B in Lemma 2.4.5 be sufficiently large. Let t be so
large that

1. Kf —Mas5(t) > k.

2. by Proposition 2.2.4 the local weak limit can be coupled to the
neighbourhood of radius k of a typical vertex q with probability
at least 1 —6/8. Conditionally on the event that this coupling is
successful, Brwr k(®) = d(t”(q, dB%'(q,k)).

Hence, by (2) it is for (2.6.3) sufficient to show that there exists M such
that

P(d{"” (q,0B"(q,k)) < Q™ — M | {coupling successful}) > 1—35/8.

This follows from easy modifications of the proof of Proposition 2.4.1. We
leave it to the reader to fill in the details.

Now that (2.6.1) and (2.6.3) have been established, (2.2.6) follows for
weight distributions satisfying (2.2.3). For other weight distributions, (2.2.7)
can be proven for FPA and VPA using the same steps. For the model GVPA,
one can prove (2.2.7) using the same couplings from GVPA to VPA as in
the proofs of Proposition 2.3.1 and Proposition 2.4.1. We leave it to the
reader to fill in the details. O



DISTANCE EVOLUTIONS

Based on [153]:

Distance evolutions in preferential attachment models,

J. Jorritsma, |. Komjdthy,

The Annals of Applied Probability, 32(6), 4356-4397, 2022.

3.1 INTRODUCTION

In 1999, Faloutsos, Faloutsos, and Faloutsos studied the topology of the
early Internet network, discovering power-laws in the degree distribution
and short average hopcounts between routers [88]. Undoubtedly, the Inter-
net has grown immensely in the last two decades. It would be interesting
to investigate what has happened to the graph structure surrounding the
early routers (or their direct replacements) that were already there in 1999,
ever since. Natural questions about the evolving graph surrounding these
early routers are:

¢ How did the number of connections of the routers gradually change?
Did the early routers become important hubs in the network?

¢ Can we quantify the number of hops needed to connect two early
routers? Particularly, did the hopcount decrease or increase while
their importance in the network changed, and more and more con-
nections arrived? If so, how did the distance gradually evolve?

These kinds of questions drive the mathematics in the present chapter.
We initiate a research line that studies how certain graph properties de-
fined on a fixed set of vertices evolve as the surrounding graph grows.
We consider the weighted-distance evolution in two classical preferential
attachment models (PAMs), the fixed preferential attachment model (FPA)
and the variable preferential attachment model, both defined in Section
1.2.2. Studying the evolution of a property on fixed vertices may sound as
a natural mathematical question. Yet, only the evolution of the degree of
fixed vertices has been addressed so far in the PAM literature [70, 193].
The graph-distance evolution is a discrete-time stochastic process that we

denote by (dﬁf) (ut,vt)) >t and define formally in Definition 3.3.2 below.
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Here, u and v are two typical vertices, i.e., they are sampled uniformly at
random from the vertices in largest component in PA;. The graph distance
d\%'(ut, v¢) is the number of edges on the shortest path between u, and
v¢ that uses only vertices that arrived at latest at time t’. The distance
evolution (dff/) (ut,vt)) >t is nonincreasing in t’, since new edges arrive
in the graph that may form a shorter path between u; and v{. We will
now state our main result for the graph-distance evolution. To describe
the graph distance we define for t’ > t, writing a Vb := max{a, b},

loglog(t) —log (log(t’/t) V1) Vi
|log(t—2)| ’

K =2 { (3.1.1)
A sequence of random variables (X, )y, is tight if limp o sup,, P(|Xn| >
M) =0.

Theorem 3.1.1 (Graph-distance evolution). Consider the preferential attach-
ment model with power-law exponent T € (2,3). Let w, vy be two typical vertices
in PA¢. Then

<sup ‘d(tG,](ut,vt) — 2Ky v/ ) (3.1.2)
t/>t t>1

is a tight sequence of random variables.

Theorem 3.1.1 tracks the evolution of dELG,) (U, v¢) as time passes and the
graph around u¢ and v grows, since in (3.1.2) the supremum is taken over
t’. Below, in Theorem 3.3.3, we extend Theorem 3.1.1 to a general setting
and consider the so-called weighted-distance evolution (d;(uy,v¢)) .y
There, we equip every edge in the graph with a weight, an i.i.d. copy of a
random variable L. We consider the evolution of the weighted distance,
the sum of the weights along the least-weighted path from u to v that is
present at time t’. We obtain results for any non-negative random variable
L that serves as edge-weight distribution.

As a consequence of Theorem 3.1.1, we obtain a hydrodynamic limit,
i.e., a scaled version of the distance evolution converges under proper time
scaling uniformly in probability to a non-trivial deterministic function.

Corollary 3.1.2 (Hydrodynamic limit for the graph-distance evolution).
Consider the preferential attachment model with power-law exponent T € (2,3).
Define T¢(a) := texp(elog®(t)) for a > 0 and arbitrary ¢ > 0. Let uy, vy be
two typical vertices in PAy. Then, as t tends to infinity,

Ay o) (e, ve) 4 P

Z‘;P(’) W_(] —mln{all})m — 0. (3.1.3)
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This can be verified by computing the value of K, T,(4) using (3.1.1),
substituting this value into (3.1.2), and then dividing all terms by loglog(t).

Observe that in Corollary 3.1.2 all loglog(t)-terms have vanished when
a = 1. The following consequence of Corollary 3.1.1 illustrates the rate
at which smaller order terms appear and vanish. In particular, the graph
distance is of constant order as soon as t’/t is of polynomial order in t.

Corollary 3.1.3 (Lower-order terms). Consider the preferential attachment
model with power-law exponent T € (2,3). Let u, vy be two typical vertices
in PAy. Let g(t) be any4 function that is bounded from above by 2Ky ¢, and set
Ty(t) ==t =207 Then, for two typical vertices 1y and vy in PA,

(e v —9(t)

is a tight sequence of random variables.

Indeed, setting any g(t) that tends to infinity with t results in a time
scale Tg(t) ~ t! Tt for some €g(t) — 0 as t tends to infinity.

Remark 3.1.4. Using a similar martingale arqument as in Lemma 3.5.3 below for
the degree of the vertices wy and vy, one can show that when t' = O(t2/B—1),
there will be a vertex that connects to both u and v¢. Hence, the distance evolution
settles on two.

3.2 METHODOLOGY

The proof of Theorem 3.1.1 and Theorem 3.3.3 below consist of a lower
bound and an upper bound. For the upper bound we prove that at all times
t’ > t there is a path from u; to v¢ that has length at most 2K+ + Mg
(from (3.1.1)) for some constant Mg and contains only vertices born, i.e.,
arrived, before time t’. We first heuristically argue that the scaling for
the graph distance in (3.1.3) is a natural scaling. After that, we turn to
the difficulties that arise in handling the dynamics. The degree Dq, (t’)
of a vertex q¢ € {u, v} at time t’ is of order (t’/q¢)!/(*=1). Writing
t’ = T¢(a) := texp(log®(t)) and approximating the birth time of the
uniform vertex q: by t, we have that

Dy, (Te(a)) ~ exp (log®(t)/(t—1)) = s,

Generally, a vertex of degree s is at graph distance two from many vertices
that have degree approximately s'/(*=2). This allows for an iterative two-
connector procedure that starts from an initial vertex with degree at least
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Figure 2: Construction of a path from ¢ to the inner core at the times (t;)i<3,
where ty = t. The y-axis represents the degree of vertices at time t; and
the connected dots the vertices on the path segments from g+ via q¢,0
to the inner core. The x-axis represents graph distance from q¢o. The
black dashed horizontal lines represent the degree-threshold sequence,
while the continuous black lines represent the maximal degree in the
graph at time t;. The degree of q¢, the maximal degree in the graph
and the degree threshold for the inner core all increase over time. The
degree of vertex q¢ satisfies the inner-core threshold at time t3. The
red dashed segment from gt to q¢,o is the same for all i, while the blue
segment from q¢ ¢ is constructed at the times (t;)i<3.

s'* and reaches in the k-th iteration a vertex with degree approximately
(s (™27 We call k — (s) (727" the degree-threshold sequence.
At each iteration, we greedily extend the path by two edges, arriving
to such a higher-degree vertex. In the edge-weighted version, these two
edges are chosen to minimize the total edge-weight among all such two
edges. This two-connector procedure to vertices with increasing degree
is iterated until the well-connected inner core is reached. The inner core
is the set of vertices with degree roughly T;(a)'/(2(*=1)) at time T(a).
Hence, for a < 1, the total number of iterations to reach the inner core is
approximately

loglog(t)

m. (3.2.1)

min {k: (sl (T=2)7" > Tt(a)V(Z(T*m} ~(1—a)
By construction, the graph distance from u¢ and v; to the inner core is two
times the right-hand side (rhs) in (3.2.1). The graph and weighted distance
between vertices in the inner core are negligible, yielding the scaling in
(3.1.3), as well as the upper bounds in Theorems 3.1.1 and 3.3.3.

There are three main difficulties in the outlined procedure. Firstly, it
is not good enough to start the two-connector procedure from u; (or
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v¢) because the error terms coming from controlling the growth of the
degree of u (or v¢) at t’ close to t are too large. To resolve this, we start
the procedure from a vertex — say g0 — that has degree at least s at
time t for some large but universally bounded constant sy’. The segment
between q¢ and q¢,0 is fixed for all t’ > t, so that we only have to account
for a possible error once. Secondly, we need to bound the degree of the
vertex (¢,0 from below over the entire time interval [t, c0), not just at a
specific time t’. For this we employ martingale arguments. Lastly, to make
the error probabilities summable in t’, we argue that the two-connector
procedure does not have be executed for every time t’ > t, but only along
a specific subsequence of times (t;)i>o, where

ti € [texp (t—2)"""), texp ((t—2)"171)].

This sequence is chosen such that at time t;;; one iteration less than at
time t; is needed to reach the inner core from the initial vertices, and these
are exactly the times when K (s crosses an integer and hence a previously
present path is no longer short enough. See Figure 2 for a sketch. On the
time scale T¢(a), the number of iterations scales linearly in a € [0, 1].

For the lower bound we first bound the probability that the graph
distance dff,) (u¢,ve) is ever too short and then extend it to weighted
distances. To estimate the probability of a too short path being ever present,
we develop a refined truncated path-counting method inspired by [69]. Let,
for a fixed t, (eg,)t/)kZO,t?t be an array of birth times, i.e., arrival times of
vertices. The path-counting method first excludes possible paths from
to v¢ that are unlikely to be present in PAy/, called bad paths. A bad path
of length k reaches a vertex born before time E%;jt, using only vertices born
before t’. The longer a path is, the more likely it is that an old vertex can be
reached. Moreover, as the graph grows, it becomes more likely that there
is a short path to an old vertex. The array of birth times (ﬂg{’t,)k%,t/?t
is therefore nonincreasing in both parameters. Among the other possible
paths that are too short, the good paths, the method counts the expected
number of paths from . to v that are present in PA{/. More precisely, the
expected number of these paths of length at most 2K s — Mg is shown to
be much smaller than one for some Mg > 0. The decomposition of good
and bad paths is done for every t’ > t, in an interlinked way. The crucial
observation is that if there is no too short path present at time t’, but there
is a too short path present at time t’ + 1, then the vertex labelled t’ + 1
must be on this connecting path and thus it must be either on a bad path
or on a too short good path. This trick allows us to develop a first moment
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Figure 3: Good and bad path decomposition for the lower bound. The y-axis
represents arrival time of vertices and the x-axis the graph distance
from . Bad paths are displayed in red, good paths are green and
dashed. The blue dotted paths represent possible paths that are absent
at time ty. Let t; > t7 and k > j. The black tiny-dotted horizontal lines
represent the birth-threshold array (f](z,]t, )k>0,t'>t Which is decreasing
in t’ at the times ty,t, and also decreasing in k. At time t; there is
neither a bad path of length at most k present, nor a good path of
length 2k that connects u and v. Then, if u and v are at time t; at
graph distance 2k, there must be either a bad path of length at most k
emanating from u or v that traverses a vertex in (t7, t;], or there must
be a short good path traversing such a vertex. Observe that the good
path is allowed to traverse a vertex in [€%§,{£2,€{§’{£] ). In particular, this
holds for t; =t7 +1.

method much sharper than a union bound simply over t’, since we only
need to bound the expected number of bad or too short good paths that
are restricted to pass through the newly arrived vertex t’. These bounds
are a factor 1/t’ smaller than similar bounds without the restriction. As a
result, the error bound is summable in t’ and tends to zero as t tends to
infinity. See Figure 3 for a sketch of the argument.

To extend the result from graph distances to weighted distances for
Theorem 3.3.3 below, we observe that if the graph distance between
and vy is at least 2K 1 — Mg /2, then the graph neighbourhoods of radius
Kt 1 —Mg/2 must be disjoint. A path that connects u; to v¢ must cross
the boundaries of these graph neighbourhoods. We bound the number
of vertices at distance precisely k from q¢ € {uy,v¢} from above, for
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k < K¢t/ —Mg/2. This allows to bound the weight of the least-weight
edge between vertices at distance k and k 4 1 from ¢ from below. The
sum of these minimal weight bounds is then a lower bound to reach the
boundary. However, the error probabilities are not summable in t’. To
resolve this, we show that it is sufficient to consider only a subsequence of
times, similarly to the upper bound.

Organisation

In the next section we rigorously state the results. The lower bound is
proven in Section 3.4. In Section 3.5 we present the proof of the upper
bound.

3.3 GENERAL RESULTS

We now formalize the notion of paths for (PA)>1. This definition is used
below to define distance evolutions.

Definition 3.3.1 (Paths). We call a vertex tuple (7, ..., 7,) = 7™ a g-path
if my = q, and we call it a (u,v)-path if mp = u, m, = v, and u # v. Let
t’ € IN. The path = is called t’-possible if maxi<n i < t’ and t’-present if
it is t’-possible and all edges {(7o, 711), ..., (Ttn—1, 7n )} are present in PA,/.

For ug,ve € Vg, let QW (ug,ve) = {w: wisa t’-present (u¢, v¢)-path}
denote the set of t’-present paths. Since the edge set and vertex set are
increasing in t/, new paths between u; and v emerge. Hence, we have
that Q") (u,v¢) € QO (uy,vy) for T > t’. Similar to Chapter 2, we equip
every edge with a weight, an i.i.d. copy of a non-negative random variable
L. Recalling the definitions of graph distance d;;’ and weighted distance
d(tL,) from Definition 2.2.1, we define distance evolutions.

Definition 3.3.2 (Distance evolutions). Consider the edge-weighted graph
PA¢ = (Vi, E¢) where every edge e is equipped with a weight L.. Let u
and v¢ be two typical vertices, i.e., they are sampled uniformly at random
from the largest component in PA;. We call the discrete-time stochas-
tic processes (df[G,)(ut,vt))t,> ‘ and (df,)(ut,vt)) >t the graph-distance
evolution and weighted-distance evolution, respectively.
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The following function will be used to describe the weighted distance
evolution. Define for a,b € IN

b

Q(a,b] := Z F(L_ )(exp (—(t—2)7%2)), (3.3.1)
k=a+1

—_

so that Q(a, b] is a sum consisting of b — a terms. Recall K¢ ¢ from (3.1.1)
that describes the graph distance. We define for t’ > t its weighted-distance
counterpart

Qe = QK — Ke,pr, K el (3-3-2)

Lastly, we recall for the edge-weight distribution Fy the explosion char-
acteristic I1 (L) from (2.1.3), and the tightness-criterion I (L) from (2.2.3).
We are mostly interested in distributions satisfying I (L) = oo to observe
how the distance decreases from O(loglog(t)) to constant order: by The-
orem 2.2.10 the typical weighted distance is already of constant order if
I (L) < oo, making it less suitable to study evolutions. Observe also that
in this case Q¢+’ in (3.3.2) is bounded from above by some constant.

Theorem 3.3.3 (Main result). Consider the preferential attachment model with
power-law exponent T € (2,3). Equip every edge upon creation with an i.i.d. copy
of the non-negative random variable L. Let u, vy be two typical vertices at time t.
If 15(L) < oo, then

(sup |d[tL/)(ut/Vt) —2Q¢ ) (3-3:3)
>t t>1

is a tight sequence of random variables. Regardless of the value of 15(L), for any
5, e > 0, there exists M| > 0 such that

IP(Vt' >1:2Qu —Myp < d(tL,)(ut,vt) <2(1+€)Qee + ML) <4. (3:3.4)

Theorem 3.3.3 tracks the evolution of d}'(u, V) as time passes and the
graph around u and v grows, since in (3.3.3) the supremum is taken over
t’ and t’ is inside the IP-sign in (3.3.4). It is the (1 + ¢)-factor in the upper
bound in (3.3.4) that makes (3.3.4) different from (3.3.3). Thus, the lower
bound is tight for any non-negative weight distribution. A special case
of Theorem 3.3.3 is when the edge-weight distribution L = 1. Then the
weighted distance and graph distance coincide, yielding Theorem 3.1.1,
since 15(1) = 0.

Observe that 2Q¢ 1/ = 29(K¢+ — K¢,t/, K¢,¢] in (3.3.2) could be seen as
two sums, each consisting of K ¢/ terms: the number of terms in Qy ¢/ is
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equal to the number of edges on the shortest graph-distance path. The
additive constant My ensures that there will be many almost-shortest
paths, from which we are able to choose one with low edge-weight. As
time passes, the degrees of u; and v; increase, so that it becomes more

likely that there are edges close to u; and v that have small edge-weights.

Since the terms in Q¢ are decreasing in k, this intuitively explains that
Q¢ consists of the smallest K 1/ terms of Qy, rather than the largest
K¢ terms of the sum defining Q. However, if L = 1+ X for some
random variable X that satisfies I1 (X) < oo (e.g., X exponential, gamma, or

a power of uniform on [0, 1]), then [K¢ 1/ — Q¢/| < M for some constant M.

Consequently, the graph distance and weighted distance are of the same
order (up to additive constants). This phenomenon has also been observed
for the Configuration Model [21]. As a result, for weight distributions
with [ (X) < oo the location of the summation interval in (3.3.2) does not
influence the main result: there exists a constant M; such that Q(0, Ky /] —
Q(Ket —Kitr, Ket) < My for all t/ > t > 0. For the other case, if L =
1+ X such that I;(X) = oo, such a constant does not exist. For such
distributions, the fact that the lower summation boundary in (3.3.2) is
shifted to K¢, — K¢t/ from 0 matters and influences the growth rate. As
an example, we set L such that the terms in the sum in (3.3.1) are equal to
1+1/k, yielding Q(0, K¢ /] ~ Ky ¢/ +log(K¢,¢/), while for t’ large enough
that Kt,t - Kt,t’ > 1:

Q(Ket — Ky, K o) = K g +10g(Ki ) —log(Ke e — K p) < Q(0, Ky ¢/].

We now recall the hydrodynamic limit for the graph-distance evolution in
Corollary 3.1.2. A similar limit can be derived for the weighted-distance
evolution if the weight distribution satisfies I7 (L) = oco. The proper scaling
and the constant prefactor, similar to (3.1.3), can be determined through
studying the main growth term of Q¢ in (3.3.2) if F{ " is explicitly
known.

Like Remark 3.1.4, one can show that at the time scale ©(t*/ (3-7)) the
weighted distance between u; and v; tends to 2b where b := inf{x €
R : Fr(x) > 0}. At this time scale, many vertices connect to both u and
v, allowing to bound the weighted distance from above by 2(b + ¢) for
arbitrarily small & > 0.
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3.4 PROOF OF THE LOWER BOUND

Now we prove the lower bound of Theorem 3.3.3, i.e., we show that with
probability close to one there is no too short path between u; and v; for any
t’ > t. The main contribution of this section versus Chapter 2 and existing
literature, e.g. [46, 69], is the following proposition concerning the graph
distance. In its proof we develop a path-decomposition technique that uses
the dynamical construction of PA; in a refined way to get strong error
bounds that are summable over t’ > t. After the notational and conceptual
set-up of the argument, we state and prove some technical lemmas. In
the end of the section, we extend Proposition 3.4.1 to the edge-weighted
setting, using refinements of the error bounds in Chapter 2. We abbreviate
u = u and v := vy, respectively.

Proposition 3.4.1 (Lower bound graph distance). Consider the preferential
attachment model with power-law exponent t € (2,3). Let u,v be two typical
vertices in PA¢. Then for any & > 0, there exists Mg > 0 such that

P(3t' >t:d7 (uw,v) < 2Kpp —2Mg) < 6. (3.4.1)

Observe that t’ is inside the P-sign. Hence, (3.4.1) tracks the evolution of
d[ﬁ) (u,v) as time passes, and the graph around u and v grows. To estimate
the probability of a too short path, we use a truncated path-counting
method similar to [69]. This method first excludes possible paths that are
unlikely to be present, called bad paths. Then, among the rest, the good
paths, it counts the expected number of paths that are too short and present
in PA/. More precisely, the expected number of paths between u and v of
length at most

2Ky = 2Ky —2Mg (3:4-2)

is shown to be much smaller than one. We do this decomposition in an
interlinked way that ensures that paths are only counted once.

3.4.1 Set-up for the graph-distance evolution

Recall that the arrival time of a vertex is also called birth time. The decom-
position of good and bad paths is based on an array of birth times ((’,;:t,)
for which we make the following assumption throughout this section.

Assumption 3.4.2. The array of birth times (ff)t/)kgo,t’% is a positive integer-

valued array that is nonincreasing in both parameters and satisfies Eéfg, <t We
call it the birth-threshold array.
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Recall the definition of paths in Definition 3.3.1.

Definition 3.4.3. Let ((’,k t’)k>0 t'>t be an array sat1sfy1ng Assumption 3.4.2.
A t’-possible g-path (7, ..., m) is called t’-good if t' > m; > fZ], for all
j < k, otherwise it is called t’-bad. A t’-possible (u,v)-path (m, ..., )
is called (n,t')-good if 7t; A 75 > (’,;f,l, for all j < [n/2], otherwise it is
called t’-bad.

This definition calls any path bad if it has a too old vertex, where the
threshold €k +» depends on the distance from 7p. Thus, all vertices on a
good path are sufficiently young. We decompose t’-bad paths according to
their first vertex violating the threshold.

Definition 3.4.4. Let ((’,kt/)k>0 t'>t be an array satisfying Assumption
3.4.2. We say that a mp-path (o, ..., 7, ) of length n is (k,t’)-bad if the
path is t’-possible and 7t; > (%(.”, for allj <k, but m < Eg)t,.

Observation 3.4.5. Let (fk ' Vkso0,t/>t be an array satisfying Assumption 3.4.2.
Then

1. if a path is t'-good, then it is T-good for all t > t’
2. if a path is t'-bad, it is possible that it turns t-good for some t > t'.
3. ifapath (o, ..., T ) is t'-bad, then it is t-bad for any T € [max{m;}, t'].

4. if for all i <k no (i,t’ — 1)-bad path is present in PAy/_q, then a (k, t’)-
bad path can only be present in PAy, if it passes through vertex t'.

All four observations follow directly from the definitions of good and bad
paths, and the fact that (Ek t/)k>0 t'>t is decreasing in both parameters,
see Figure 4(A-B). The fourth observation turns out to be crucial in our
decomposition argument. We define the events whose union implies the
event between brackets in (3.4.1). We start with the event of having a bad
path emanating from q € {u,v} fork > 1, i.e.,

L9k, t) :== {3(k, t)-bad g-path}, (3-4.3)
and fort’ >t
Eéag(k t') := {3(k, t')-bad q-path, Vicx : #(i,t' — 1)-bad q-path} (3.4.4)

Here the sign 3 indicates that a path is present. For completeness, we
define for t’ > t, k =0,

8baol(o t) = {q<loy}C Ebad(o t), (3-4.5)
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Figure 4: Good and bad path decomposition for the lower bound. Bad paths are
displayed in red, the green dashed lines are the good paths, and the
blue dotted lines represent possible paths that are absent. The y-axis
represents the birth time of the vertices and the x-axis the graph distance
from g and u, respectively. In Flgure (A) we see that if a path is t1-good,
then it is also t-good since t’ — Ek 1 is decreasing. However, the red
(k, t1)-bad path turns (k, t;)-good. Figure (B) shows that if there is no
(k, t1)-bad path, a red (k, t;)-bad path must pass through a vertex in
(t1,t2]. Note that the green path in Figure (B) is t;-good. Although it
violates a birth threshold valid at time time t;, the path is not t;-bad
because it is not t1-possible. Figure (C) shows that if there is neither a
good, nor a bad t-present (u,v)-path of length 2k, then a t,-present
(good) (u,v)-path must pass through a vertex in (t7,t2]. We apply the
observations in these figures for t; =t +1.

where the inclusion follows since t’ + {3, is nonincreasing. By the
additional restriction on bad paths in (3.4.4), the events Ségg(k,t’ ) are

disjoint in both parameters. For Eégg(k,t/ ) and t’ > t, as a result of
Observation 3.4.5(4) and the restriction in the definition (3.4.4) of not
having a bad path at time t’ — 1, we only have to consider paths that pass
through the vertex t’. This motivates to decompose the (k, t’)-bad paths
passing through vertex t’ according to the number of edges between the
initial vertex q € {u, v} and t’. Indeed, consider a (k, t’)-bad g-path where
t’ is the i-th vertex, i.e., it is of the form (q,7y,...,m_1,t/, i1, ..., 7).
Then, by Definition 3.4.4, the constraints that this path satisfies is that
forj <k, m > B;ti, This means that on the segment (7i;1,...,m) =
(01,...,0%x—i) the indices of the constraints have to be shifted by 1, giving

rise to oj > (') +,0 for j < k—1. Hence, we introduce good paths on a
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segment. Recall that {7y <> - - - <> 71} means that (7, ..., 7, ) is t’-present
for t’ = maxi<n 7.

Definition 3.4.6. Given an array (£,,,)x>0,t/>t satisfying Assumption 3.4.2,

let

X =T >0 > T <—>y}

[in) ...
X~ , .= < disjoint (71, ..., Th_1
{ vl { joint(7t; n-1) Vion i € [egt')t/’t/]

If {x[iég)y } o # @, we say that there is a t’-good x-path on segment [i,n).

We write
1 M 1 ,M
{x - y}t’ o {y g z}y
for the set of self-avoiding (x, z)-paths that are t’-good on the segment
[i1,n) from x to y and t’-good on the segment [i,,n;) from y to z.

Note that there is no birth restriction on the last vertex on the segment,

explaining the half-open interval superscript [i,n). Thus, if 7 < Egl)t,, then

> 1

{0 {7 ma

precisely means that there is a (k, t’)-bad g-path from q to 7t that has t’
as its i-th vertex. For notational convenience we omit the subscript t’.
Having set up the definitions for the bad paths, we define the events

that allow to count the expected number of too short good (u,v)-paths.

Let, forn>1,andt' =t

g(“f")(n,t’) := {3(n, t)-good (u,v)-path}, (3.4.6)

short

and forn>1,t' >t

8(u,v)( ) = {Ei(n,t/)_good (u,v)-path, }

short Vi_¢ @ Blu,v)-path of length n J’ (5-47)

setting for completeness

8short (O t ) { = V}.

Observe that in (3.4.7) we require that at previous times there was neither
a good, nor a bad path of length n between u and v. This is a stronger
requirement than the one in (3.4.4), where we do not put any restrictions
on good paths at a previous time, but there only one endpoint of the path
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(u or v) is fixed. By definition, for a f1xed n the events &™ n,t’) are

short (
disjoint. Moreover, we observe that if gl short ( n,t’) holds, then there is a
t’-present (u,v)-path of length n connecting u and v that traverses the
vertex t’, which is a similar observation to Observation 3.4.5(4), see Figure
4(C). Using the definitions of the events &y,,q and Egport, We can bound the
event between brackets in (3.4.1), and hence its probability of occurring,
as stated in the following lemma.

Lemma 3.4.7. Let (Ek t/)k>0 t/>t be an array satisfying Assumption 3.4.2. Then

P(3t" >t:dS (uv) < 2K, /)
t t/
< ) Z Y Las2ov—gPEh(k )  (348)
qe{u v}t'=t k=0
o 2Ky
+ Z Z ]l{n>2 ort'= t}]P(Eshort (TL t )) (349)
t’=t n=0
Proof. To prove the assertions in the statement, we will first bound the
event between brackets on the left-hand side (lhs) in (3.4.8). Eventually,
the bound then follows by a union bound.
Bounding the events. We write o(u,v) := {(u,v), (v,u)}. We aim to show
that if (Ek t’)k>0 t/>t is an array satisfying Assumption 3.4.2, then

LAY
{3t' >t:d ) (w,v) <2Ky v} C U << U U Ebad (k, t') )

t'=t k=0 qge{u,v}
ZKtt/

u U 8Sh0rt ’). (3.4.10)

Moreover, for k,n > 2and t’ > t

e

Kt/ k—1
[0, (i,
Ebna (K U {I{u Phyo {1 x) | > 1} (3.4-11)
x=1 i=
Y1 |n/2)—1
8§}11L0:t) (n,t') C U U U (3-4.12)
(q1,92) =gV i=1
co(uw,v) [n/2)t!
{‘{q] [%‘:)t/} o {t/[irLMZJ)X} O{qz[o,fnw/z-l)x}‘ > 1}
U{H OL“/ZJt} { sz}h{z])t/}‘>1}'
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We first prove (3.4.12). Let 7 be any path of length n > 2 whose presence

implies gln t’) for some t’ > t, so that 7 is a t’-good (u, v)-path by

short (
the definition of &\* short vV (n,t') in (3-4.7). From (3.4.7) it also follows that t’ is
on T, as there was neither a good, nor a bad (u, v)-path of length n before
time t’. Thus, the t’-good (u, v)-path 7 can be decomposed in a t’-good
u-path of length |[n/2] and a t’-good v-path of length [n/2]. Considering
all possible positions of t’ on the path, the presence of w implies the
event on the rhs in (3.4.12). There, we denoted by x # t’ the vertex at
distance |[n/2] from q; that satisfies the constraint x > E(L‘]l 2 Thus,
x is at distance [n/2| from q;, and since j — E;.f,l, is nonincreasing also
X > B([?l J210 So the inclusion in (3.4.12) holds, since = was an arbitrary
path.

Similarly, let @ = (q, ..., k) be any path of length k > 2 whose pres-
ence implies Ek()gé(k,t’ ) for some t’ > t,q € {u,v}, so that my < E{zjt,. By
Observation 3.4.5(4), vertex t’ must be on 7 and by a similar reasoning as
before we obtain (3.4.11).

Lastly, we prove (3.4.10) for which we rewrite the lhs as a union over
time and paths, i.e,,

{3t/ >t:d (w,v) < 2K}

00 ZKtt’
U U U fuem e o m eV
t'=t n=0 (7m1,...,7Tn_1)

E[t ™,

disjoint

Let 7 := (79, ...,7n) be any self-avoiding path from mp := u to 7, = v
in this set. The smallest time t” at which 7 can be present in the union
on the rhs is at t’ := tV maxi<n 7ti. Then, n < 2K, » must hold due to
the fact that t’ — K, ,, is nonincreasing. We will show now that the event

that m is t’-present is captured in either Eshort (n,t’) or é’b d(k t) for some
<t/ k<n/2, q €{u,v}. For any lengthn > 0, if uA\v < (’,O,t,, then

{m present} C &™) (0,t)UEY)(0,1),

sincet’ — (’,g ]t/ is nonincreasing. From now on we assume that u/Av > ﬂg Jt,

If n < 1, that is when {u = v} or {u + v}, then @ must already be present
at time t, i.e.,

{m present} C Ui¢(o, 1}8 (1,t).

short
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From now on we assume that the length n > 2. Moreover, if 7 is a t’-good
path, then
{m present} C Egnort(n, t').

Assume 7 is not a t’-good (u,v)-path. Consequently, there is a t’-bad
path emanating from either u or v, which is a subpath of 7. So, recalling
Observation 3.4.5(1) and (2), the first time that this bad subpath is present,
ie.,
N N <n/2st (u,m,...,7T
t::min{tét' m < n/2st (um ) L:L/ZJ)Or }
(V, Tln—1y++,TTn— [In/2] ) 18 (t/ m)_bad

is well-defined and at most t’. By Observation 3.4.5(3), 7 is bad at {, so
that for some m < n/2

{m present} C qu{ulv}Eégo{(m,f).

Union bound. Having bounded the events between brackets on the lhs
in (3.4.8) and (3.4.9), the assertions follow directly from a union bound
on the events in (3.4.10). We argue now that the events where one of the
indicators in (3.4.8) and (3.4.9) equals zero, happen with probability zero.
We start with (3.4.9): 1j>2 ort/—t} = 0 when both t’ >t and n € {0, 1}.
Since no new paths connecting u and v of length one, i.e., a single edge,
can be created after time u\V v < t we have that for t’ > tand n € {0, 1}

(uwv)
8short (n’tl) =9,

as by its definition in (3.4.7) we require that there was no path of length n
before time t’. Similarly, bad paths of length at most one must already be
present at time t since t’ — (’,k ¢ is nonincreasing and starts at a value at
most t. So for q € {u,v}, t' > t, k €{0,1}

ek, 1) = 0
3.4.2 Bounding the summands

The main goal of this section is to prove the following lemma for two
suitably chosen sequences k — oo x), Bio,x), defined below in (3.4.22) and
(3-4.23). We will obtain bounds on the individual summands in (3.4.8) and

(3-4.9) in Lemma 3.4.7.
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Lemma 3.4.8. Let k — x[o), Biox), 45 in (3.4.22) and (3.4.23) below, re-
spectively. Then there exists C > 0 such that for k > 2,n > 2 and t' > t,

q € {uv}

o
P(Epai(k,t) < Ct' T(k=Tappy > x 7, (3-4.13)
P(Egn (N, 1) < 2B%y ot 2 (3.4.14)
t'—1
_ _ 1\2
+Cnt'! Z (“[O,[n/ﬂ)x Y4+ B[olfn/znxy 1) .
X=lin/ap v

Fort' =1t,k,n > 1and q € {u,v}, it holds that

t) 1
P (& (1) < &po) Z xY, (3.4.15)

t

) _ N2
P(EG ) < Y (o m/anx Y +Bomanx’ )" (3416)
t)
n/2|,t

X:B(L

We prove the lemma at the end of this section after having established
the necessary preliminaries and identified the sequences k — oo k), B0 k)-
The decomposition method counting paths that traverse the vertex t’
(for t’ > t) yields a bound in (3.4.13) and (3.4.14) that are a factor 1/t’
smaller than their counterparts with t" = t in (3.4.15) and (3.4.16). By
small refinements of the methods in [69] we obtain that the individual
sums on the rhs in (3.4.13) and (3.4.14) are of order 1/log3 (t’). This is why
the error terms are summable in t’. The extra factor 1/t’ illustrates the
necessity of our decomposition method versus previous methods.

In view of (3.4.11) and (3.4.12), it is crucial to understand the probabil-
ities on having self-avoiding paths that are restricted to have specified
vertices at some positions. For this we rely on the function p from Proposi-
tion 2.4.4, that originally appeared in [69].

For k > 1 > 0 and a vertex 7t; > BS}E, and another vertex i € [t’] we define

fﬁﬁ;‘) (7ty, i) = Z p(my, ..., m), (3-4.17)

(704 1,e e TT—1)
Pl

where for a vertex set V C [t'], CPV ) denotes the set of pairwise disjoint
vertex tuples (i y1,...,mTc—1) such that N > > ) it TG ¢Vioralli<j<k.
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/)

Intu1t1vely, ; )(nl,rtk) is an upper bound for the expected number of

t’-good paths on the segment [i, k) from 7; to .

We derive upper bounds for the summands in (3.4.8) and (3.4.9) in terms

(tt")
of f[i,k)'

Claim 3.4.9. Consider the preferential attachment model with power-law parame-
ter T > 2. Let ((’,k t/)k>o />t be an array satisfying Assumption 3.4.2. Then for

/Zandt’>t

P (€04 (1)) < for) (@ I () x),

t'—1  [n/2]-1
P(el) (n, ) < > Z

(d1.92)€0(wv) 5 “(Ln)/zw

f(gtf]n/z] (q1,x)-f (CI2, ) f )(t X)
+f (n/Z} (q1' ) ([O,Ln/ZJ)(qZIt))I

while forany k,n > Tand t' =t

P&l t) < 3 figh (a,%),

t
Plehrnt) < Y >

(g1,92)€0(w,v) —p(t

(
[n/2)t/

f(gt[n/ﬂ (Gh, ) 0|_T1/2J (qZ;X))-

(3.4.18)

(3-4.19)

(3-4.20)

(3-4.21)

Proof. Recall the set of paths {m; [iv']i)nk} from Definition 3.4.6. Then by

Markov’s inequality, (3.4.17), and Proposition 2.4.4

Pl “'md] > 1) <Elx E'mdl = Y Plm o -

(7'[1+1/{---/7Tk)—1 )
T
€PN

N

(741,007 —1)
eplmimd

Z p(ﬂfi,...,ﬂk)

< )
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Now for concatenated paths, due to the product structure in (2.4.5), and
by relaxing the disjointness of sets, we have

IP(|{mo [%]Wi}o{ﬂi ﬁjj)ﬂk}! >1)

< Z Z p(nO/-"/ni)p(ﬂiI"'/’nk)
(7T12---,7T'171}) (7Ti+l(r--~/7'[k—}1)
Pl enfiy
< f([o 13 (700, 7'[1)1:([1 k)) (7ei, T ).

Recall now (3.4.11), so that (3.4.18) follows by a union bound and choosing
o = q,7; = t/, and 7 = x. Similarly (3.4.19) follows by union bounds
over the rhs in (3.4.12). The bounds (3.4.20) and (3.4.21) follow analogously
from their definition in (3.4.3) and (3.4.6). O]

We establish recursive bounds on f([it];)) similar to [69, Lemma 1]. Let
(eg,)t’)k>0/t/>t be an array satisfying Assumption 3.4.2 such that n; s :=

(t’/ﬂ;t}(,) > eforallj > 0andt’ > t. Define fory := 1/(t— 1) and some
c>1

v—1 j =
oc([z)/)i) = v tt//] (t") 12y—1 ] o (3-4.22)
' C(“[o,;‘q) log(mj—1,6/) + B 1)t ) i>1
—v P
B([E)/;) . {Veo,(tt/’) 1—2y (t" ] o (-423)
’ ¢(oj-n it + Bioj—1)logMi—re)) §>1,

(t’
[OJ'))J'21
closely is related to the expected number of self-avoiding t’-good paths

(1o, ..., m;) of length j from 7y € {u,v} to 7; such that 7r;_; > 7;. The

sequence (B([BI;)))N is related to those paths where 7;_1 < ;. Observe

similar to the recursions in [69, Lemma 1]. The sequence (oc

that since ¢ > 1, 15,1/ > e, and ot o 1) Bl 0.1) > 0, it follows that k — oc[o X)

and k — B! 0.x) are non-decreasing. We define for the same constant ¢ > 1
the non-decreasing sequences

(t)) vt/ YT i=1
(I)[ i1 = (') (t") 2y—1 !
L,i+j) C(d)[;i_._)._” log(ni+5_1,t/) +l|)[§,i+j_1)t, Y ) i>1,
(3-4-24)

(t") 0 j=1

Liti) T / 1-2 ¢ .

i) C(‘b([;,%ﬂ i e t "‘ll)(ﬁ,;ﬂf])log(niﬂf],t’)) j>T.
(3.4.25)
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These sequences are related to the t’-good paths emanating from t’ that
are good on the segment [i,1+ j). Observe that the recursions are identical
to (3.4.22) and (3.4.23), except that their initial values are different. This
is crucial to give summable error bounds in t’ later on. Below, we leave
out the superscript (t’) for notational convenience, but we stress here that
these four sequences are dependent on both t” and t.

Claim 3.4.10 (Recursive bounds for number of paths). Under the same
assumptions as Proposition 3.4.1, let (ﬂ%:t/)k%,t/;t be an array satisfying As-
sumption 3.4.2. Let nj 1 = t’/ﬁgz, and v = 1/(t —1). For sufficiently large

c=c(1),v="v(7) in (3.4.22), (3.4.23), (3.4-24), and (3.4.25), it holds that
fiti) (%) <x7Ydp,ing) + 11{

X>€i+j71,t’

(0 }Xy_]q)[i,i+j)~ (3-4.26)
Moreover,

(t)
x>€j7],t,

floi) (4,%) < Txapyx Yoo ) + ]1{ }qu Boj)- (3-4-27)
We postpone the proof to Section 3.A.1, which follows by induction from
arguments analogous to [69, Lemma 1]. As a consequence of (3.4.27), we
have for q € {u, v}

! - -1 -1
f([gfi;(q,t') < Lprent™ Vo +]1{t/>ef”1 }’EW Broj) =t 'Broj)-
j—1,t/

Moreover, since x < (’,Lt]t/ implies that also x < 652]_1 ¢ since k — (’,S )t, is
nonincreasing, for x < (’,E ’t, it follows from (3.4.26) that
(v — -
fri (V%) <XV g4 +]l{x>el(:_)”/}lb[i,k) =x"Ybit)-
Hence, we can bound the summands in (3.4.8) using Claim 3.4.10 to obtain
fork>2,t >t,

o® 4
kt! k—1
Pk t1) < 5 (g0 (1)
- (3.4.28)
e(t] 1
Kt/ k—1
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Similarly to (3.4.28) we bound the summands in (3.4.9) from above using
(3-4.19) and replacing the first sum over the permutation o(u,v) in (3.4.19)
by a factor two, i.e., forn > 2and t' > t,

t/
PES™ (nt) <261 Y (Lo iy @i,y x Y +Bo,ny2nx ™)

X=Linya) 40
[n/2]-1
(ﬂ{x<t/} Z w2 Y+ BoWin2)xY )
T Lx—t1yBio,[n/2] J)' (3-4-29)

Both (3.4.28) and (3.4.29) contain convolutions of the sequence 3o ;) with
$i,x) and Py k). This motivates to bound these convolutions in terms of
the original sequences op 1) and g ).

Claim 3.4.11. Let §(i k), Wii k), X(0,k), Blox) be asin (3.4.24), (3.4.25), (3.4.22),
(3-4.23), respectively. Then there exists C > 0 such that for k > 2

BY .—Zﬁol C(k—2) Bt Y, (3.4-30)

BY = Z BrouPrik) < Clk—Taxp ot ™. (3-4.31)
i

Proof. We prove by induction. We initialize the induction for k = 2, the
smallest value of k for which the sums in (3.4.31) and (3.4.30) are non-
empty. Indeed, then (3.4.30) holds by the initial value of ;1) = 0 in
(3.4.25), i.e.,

BY = Bo1)W1,2) = Bio1) -0 < C-0-Broat’ ™.

For k = 2 in (3.4.31) we substitute the recursion (3.4.22) on g ). Thus,
we have to show that

BY = Bio 1,2y < cClaxo,1)logm,er) + Broa)t?Y 1)t/ Y.

Using the initial values in (3.4.22), (3.4.23), and (3.4.24), this is indeed true
for C > v/c, ie.,

B;b = vyt T <eC(vey ov log(t Sl et TY vl Y h.
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Now, we advance the induction. To this end, one can derive the following
recursions using (3.4.24) and (3.4.25):

g _ ch’EL t/Zy + cB}f log(Mkt), ifk>1T (3.4.32)
1, ifk=1, -

ho cBY O 7Y +cBY logny), ifk> 1 (5433
k+1 V2t 120 1//, Fk=1. 3-4-33

The first term in (3.4.33) is a result of the non-zero initial value of ¢(; ;1) in
(3-4-24), while V{; ;4 1) = 0, so that there is no such term in (3.4.32). Since
the two recursions depend only on each other’s previous values, we can
carry out the two induction steps simultaneously. By the two induction
hypotheses (3.4.30) and (3.4.31), and the definition of By 1) in (3.4.23),
we have that

2
BE’H = ch’E‘Lt, Y 4+ CBE’ log(My,¢/)

< Ce((k—Dago b ¥ + (k—2)B o) log(i,e))t' ™Y
<Ck=1)Bopsnt ™7,
proving (3.4.32). For (3.4.33), we assume that cC > v so that using the
induction hypotheses and (3.4.22) the proof is finished, i.e.,
B](f_'_] = ClOg(T]k,t/)Bd) + CBlp‘t,Zyi1 + 'thyil B[O,k)
< clog(ni,t/)Clk —Negjo iyt Y
+et Y IC (k- 2)(50k vt Brox
< Clk—Nogopqnt ™. O

We combine Claim 3.4.11 with (3.4.28) and (3.4.29) to arrive to the proof
of Lemma 3.4.8.

Proof of Lemma 3 4 8. We start with (3.4.13). We recall from (3.4.28) the
bound on lP(Sb d(k t’)), and observe that (3.4.31) implies (3.4.13), since
there is C > 0 such that for k > 2

e, -1

P (€ (k) <tV Z Boybix Y x 7
x=1

(t)
(’,klt,f1

< C(k— ])tli] X[0,k) Z x Y.
x=1
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For (3.4.14), we recall the bound (3.4.29) and bound using (3.4.31) and
(3-4.30) the factor on the second line in (3.4.29) by

Lix—t1Bio,n/2)) + Lix<tn C 7Y (/2] = Voo, ny2yx Y
+ (/2] = 2)Bro, ny2)) X" )

Now (3.4.14) follows by distinguishing the summands in (3.4.29) between
x < t’ and x = t/, and using that j — «p;) and j — Bo;) are non-
decreasing so that we may round up their indices to [n/2] to obtain the
square. Lastly, the bounds (3.4.15) and (3.4.16) follow directly from (3.4.20),
(3-4.21), and (3.4.27), where we again round up the indices to obtain the
square. O

3.4.3 Setting the birth-threshold sequence

After the event decomposition in Lemma 3.4.7 and the bounds on the
individual summands in Lemma 3.4.8, we are ready to choose the birth-
threshold array (eg,)t/)k%,t’?t to ensure that the sums in (3.4.13), (3.4.14),
(3-4.15), and (3.4.16) are sufficiently small. Our choice of (egz,)t/)k>0,t’>t
will make the error probabilities in (3.4.8) and (3.4.9) arbitrarily small. Fix

5" =8'(8) > 0 that we choose later to be sufficiently small. We define

[6t] k=0, (3.4.342)
(. (®) _
b arg max {oqo,k)xly < (klog(t") 3} k=1 (3.4.34b)
x€N\{0,1}

Since k + o) is non-decreasing and 1 —+vy > 0 by (3.4.34b), k
ﬂst, must be nonincreasing in both indices. Using the upper bound on
t'/ (’,Q’)t, in the postponed Lemma 3.A.1 in Section 3.A.1, one can verify
for t sufficiently large that €§:t, > 2 for all k < Ky /.. This makes the
array (eiz,)t/)k%,t/)t well-defined. The choice of (EE,]t’)k>0/t/>t in (3.4.34)
is similar to the choice in [69, Proof of Theorem 2] for t" = t. The main
difference is the extra log_3 (t") factor on the rhs in (3.4.34b). This factor,
in combination with the 1/t’-factor from Lemma 3.4.8 yields a summable
error in t’ in (3.4.8) and (3.4.9). We comment that the additional log{3 (t")
factor could be changed to another slowly varying function, but the choice
has to be o((t')€) for all € > 0, otherwise the entries of ((’,;ctl]t,) would not
be at least two, whence the array would be ill-defined.
We are ready to prove Proposition 3.4.1.
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Proof of Proposition 3.4.1. To prove (3.4.1), due to Corollary 3.4.7, we need
to show that the rhs in (3.4.8) and (3.4.9) is at most , for t sufficiently large.

To keep notation light, we write {y ¢/ := Bizjt,. First, we consider the terms

in (3.4.8) where t’ = t. Recalling the definition of Eég(i(o,t) from (3.4.5)
and the upper bound on its probability in (3.4.15), we have for q € {u, v}

Kt,t Kt,t b e—1
Y PR D) <8O/ + Y ooy Y x Y, (3.4.35)
k=0 k=1 x=1

where the term &’ + O(1/t) comes from the probability that ¢, the uniform
vertex in [t], is born before o = [6t]. Now approximating the last sum
in (3.4.35) by an integral and using (®) in (3.4.34b), we have for some
c1>0,q¢€{uv}

Et,t Kt,t
Y P t) <8 +oll)+er Y apomlh” (3-4-36)
k=0 k=1

Kix
=8 +o(1)+crlog (1) ) k3 =8"+0(1).
k=1

We move on to the terms on the rhs in (3.4.8) for t’ > t and show that their
sum is of order O(5’). Recall for q € {u, v} the bound on P(Ségi(k,t’)) in
(3.4.13), and observe that there is C’ > 0 such that, approximating the sum
over x in (3.4.13) by an integral gives for t’ > t, k > 2

(q) / 1y 1—1 1—y C’
P(E 1k t)) <Ct™ ' (k—Daply ), < ————.
( bad( )) ( ) [0,k) %%, t kzt’log3(t’)
The last inequality follows from (®) in (3.4.34b). The rhs is summable in k
and t’ so that, only considering the tail of the sum,

K

Dt/

> Y P(edikt) = 0(log 2 (1) (3-4-37)

t'=t+1 k=2

Combining (3.4.36) and (3.4.37), this establishes that the rhs in (3.4.8) is at
most 25’ 4 o(1) for t sufficiently large, when summed over q € {u,v}.

We continue by proving that the summed error probability in (3.4.9) is
small. First we consider the terms where t’ > t. Recall (3.4.14). We use
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now that (a +b)? < 2(a? +b?) for a,b > 0, so that there exists C’ > 0
such that

t/—1

(u,v) o C n _
P(Egume (N, t)) S22V 72BG 1 ogy + = Bloyfnsay D X7
X:eln/zJ,t/
Cn t/—1 .,
T %o, [n/21) > X
X:(]'Ln/zj,t’
=T t")+Ti2(n, t') + Ta(n, t). (3-4.38)

Approximating the sums by integrals and using that k +— {y s is nonin-
creasing, there exists a different C’ > 2 such that, relaxing the first two
terms in (3.4.38),
Tii(n, t') + Tia(n, t') < 2C7 nﬁo[n/ﬂ /22
<

TZ( n, ) 1-2y t/ 1

C'nocfy, ) efn/ﬂ v
For Ty :=Ty1 + Ty2, by (3.4.22) we obtain
cBio,fn/21) < Xfo,rny21+1t" 2,
yielding by (®) in (3.4.34b)
Ti(n,t") < ZC’nocfol[n/ZH])t’_zy/cz

_ 2 2-2 _
:zc’n(oqo,[n/zm)f]fn/yzuw) (V' /Uny2101,0) " et 2
< 2C'n
= (n/2] + 1) 1og® (/) (ct’)?

Rewriting T, similarly,

2-2
(t//el'n/Z'\Jr],t’) v (3-4-39)

2
T2(n,t') < C'“(“[o,(n/zw)f;;yﬂ,t,) (t'/Crny21e)t' 2
C'n (3-4-40)

/
S Tn/21%log® ()12 (/81 0)-

Recall that {[,, /2111,¢» > 2 as mentioned after (3.4.34b). Thus, both (3.4.39)
and (3.4.40) are summable in t’ and n. They tend to zero as t tends to
infinity, using for (3.4.39) that 2 —2y < 1.

We are left with verifying that the terms where t’ = t in (3.4.9) are of
order O(8’) when summed over n. For this the same reasoning holds as
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above, starting after (3.4.37), where the initial bound is the one in (3.4.16)
instead of (3.4.14). Here, all terms are a factor t’ = t larger than before.
This yields that

K K
Kt o tt

P (el V)nt =o(1)+ ———(t/t ' E n/2]°
ZO ( short( )) = o(1) lo 6(‘t)t( /Bt,tJr],t ) ][ / —|

= O(log°(t)) = o(1).

Recalling the conclusions after (3.4.37) and (3.4.40), we conclude that the
error terms in (3.4.8) and (3.4.9) are of order O(d’), so that (3.4.1) follows
by Corollary 3.4.7, when &’ is chosen sufficiently small so that the error
probabilities are at most 8, and no = t/lpr > e as required by the
definition of «[g ;) and B ;) before (3.4.22). O

3.4.4 Extension to weighted distances

We extend the result on graph distances from Proposition 3.4.1 to weighted
distances, refining the results in Chapter 2. For this we recall Q' from
(3-3-2).

Proposition 3.4.12 (Lower bound weighted distance). Consider the prefer-
ential attachment model with power-law exponent Tt € (2,3). Equip every edge
upon creation with an i.i.d. copy of the non-negative random variable L. Let u, v
be two typical vertices in PAy. Then for any & > 0, there exists My > 0 such that

P(3t > t:d (wv) <2Qu —2My) < 6.
Proof. Fix &' sufficiently small. Define

tt’ 2Ett/
ggood ﬂ ( ﬂ m _‘E’bad k t ) ( ﬂ _‘Esllllort (T‘L t )>

t'=t \ k=0 qe{u,v} n=0

for K, ¢/ := K¢t/ — Mg, where Mg > 0 is such that the above event holds
with probability at least 1 — &’ by the proof of Proposition 3.4.1. Define
the conditional probability measure Pg(-) := IP( - | €go0d(t)). On the event
Egood (1), dff)(u,v) > 2K, s for all t’ > t. Hence, recalling the definition
of the graph neighbourhood B\*’ and its boundary 9B,%’ from Definition
2.2.1, at all times t’ > t also the graph neighbourhoods of u and v of
radius K ;, are disjoint, i.e.,

o0
1Pg< N {B(f,](u,ﬁt,t,)mBE[G,)(v,Kt,t,) :@}> —1.

t'=t
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Since any path connecting u and v has to pass through the boundary of
the graph neighbourhoods, IP;-a.s. for all t/,

d( )(U. V Z dt/ q/aBt/ (q/Ktt ))
qe{uv}
o1 (3.4-41)
> Y Z dy (0B (q, k), 0B (q,k+1)),

qe{u v} k=0
where for two sets of vertices V, W C [t/] we define

dY(V,W):= min 45 (v, w).
Jv W)= min ) (vw)

This leaves to show that, for some M = M (§'), q € {u,v},C >0,
Kp—1
P <Elt/ >t Z dch/) (GBS)(q,k), 635)(q,k+ 1 )) < Qi — ML)
k=0
<C. (3442

We argue in three steps: we prove that it is sufficient to consider the error
probabilities only along a specific subsequence (t;);i>o of times. This is
needed to obtain a summable error bound in t’. Similarly to Proposition
2.4.1, we prove along the subsequence (ti)i>o an upper bound on the
sizes of the graph neighbourhood boundaries of u and v up to radius Ky ;..
This allows to bound the minimal weight on an edge between vertices at
distance k and k+ 1 from q € {u, v}.

By the definition of Q. and K in (3.1.1) and (3.3.2), due to the
integer part, K, ;» and the rhs between brackets in (3.4.42) decrease at the
times

ti == min{t’: Kyt — Ko = 21}, forie€{0,...,K¢t/2}, (3.4.43)

while the lhs between brackets in (3.4.42) may decrease for any t’ > t.
Because the addition of new vertices can create new (shorter) paths, we
have fori > 1

{Ht/ S [tif1/ti) : dg)(q/ aBE(G/)(qIKt,t’)) g Qt,t' - ML}
C {d{(q,0B(q, Ky i, +2)) < Qer,y —Mi},

where K¢/ = K¢, +2 for t’ € [ti_1,t;) follows from (3.4.43). By construc-
tion of t; and Q¢+’ in (3.3.2), where the summands are nonincreasing,
there exists M > 0 such that for all t

1Qtt; — Qe ;| < My.
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This yields that we can bound (3.4.44) further to obtain

{3t € [timi,ti) 1 A (q,0B5(q, K o)) < Qv — My}
< {dfﬂ? (q, an)(q/Et,ti + 2)) < Qe — ML +M;y }

Hence, by a union bound over i, we can bound (3.4.42), i.e.,

Pg (Ht’ >t:dy(q,0B7(q,Kee)) < Quer— ML) (3-4-44)
Kii/2

< Z ]Pg<d£cLiJ (qr aBS)(q/Kt,ti +2)) < Qe — M+ Ml)-
i=1

Below, in Lemma 3.A.2 in Section 3.A.1, we show that a generalisation of
Lemma 2.4.5 gives for B sulfficiently large (depending on ') and mSL(B) =
exp (2]3(1 VIOg(ti/t))(T—Z)*k/z) that

Kt/tisz
H’g( IR {CENCAY] 2”1(%1(3)}) (3-4-45)

k=1
< 2exp (—B(1Vlog(ti/t))).

We denote the complement of the event inside the P-sign by €'\ gh(q)

for a fixed i. Define the conditional probability measure ]Pg,n(‘) = IP( |
€go0d N EHEIgh( u)n EHEIgh( )). The number of edges connecting a vertex at
distance k from q to a vertex at distance k 4 1 from q can then be bounded
forall k <Ky +2 ie, ]P(gi,)n-a.s.

0B (q, %) - B (q,k+1)| < m{.(B) - ml}, (B)
< exp(4B(1Vlog(ti/t))(t—2)~ K+1)/2)
= Mk (3-4-46)

Since all edges in the graph are equipped with i.i.d. copies of L, and as the
minimum of K i.i.d. random variables is nonincreasing in K, we have by
Lemma 2.3.11 for & > 0 that for k < Ky, +1

P (al (03 (a,10,08, (q, k+1) <FL ' (ngl74)

1 (_1) —1—5,
<]Pt(g)n<]€n[}ink}LJk Fio ik ))

< exp (—4BE(1V log(ty/1))(t—2)~(K+1)/2),
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Recall (3.4.41). We apply the inequality in the event in the first row above
for k < K, + 1 to obtain a bound on the lhs between brackets in the
second row in (3.4.44), i.e., by a union bound

Ko +1

(4l ook 20 € 3 R )
Ky, +1
< Z exp (—4BE(1Vlog(ti/t))(t—2)" k+1)/2)
k=0
< 2exp (—4BE(1Vlog(ti/1))(t—2)7"). (3.4.47)

We now bound the sum in the above event from below to relate it to
the rhs between brackets in (3.4.44). We do so by modifying the proof
of Proposition 2.4.1. Afterwards, we bound the total error probability by
taking a union bound over the times (t;)i>o.

To bound F(L_] ) (nal*a) from below, we need an upper bound on n; x

in (3.4.46) since z — F[“ ) (1/z) is nonincreasing. We first establish a lower
and upper bound on t;. Recall the integer K, s defined in (3.1.1), so that
we may write for t’ < tg,, /2

K¢ = 2(loglog(t) —log (log(t'/t) V' 1)) /|log(t—2)| — ay

for some ay/ € (0,1) being the fractional part of the expression. Using this
notation one can verify that for i < Ky,/2

ti € [texp ((T—Z)_iﬂ),texp ((1—2)_1_])} = [ti, Ti]. (3.4.48)

Substituting the upper bound on t; into ny ; in (3.4.46), yields that there
exists C = C(&,B) > 0 such that

nii& e [exp ((t—2)7%/C),exp (Clr—2)"F2)],

which implies that, recalling Kit, = Kty —Me for some constant Mg > 0
by (3.4.2),

Ky, +1 Kee, —Mg+1
Z ™) 2 Y R (ew(—Clr-2)7 ),
k=0

Observe that for a monotone nonincreasing function g, g(1) < oo

L] () () 2
> g <J dx <Y glk (3.4-49)

k=[a]+1 k=|a]|

97



98 DISTANCE EVOLUTIONS

Since z — Ff“ ) (1/z) is nonincreasing and bounded, we obtain by (x) that

Kt,tifMG+]

> R UMY

k=0

Ket; .
>J F({”(exp(—B(T—Z)_l_x/z))dx—M.
x=0

Applying the change of variables y = x + 2i + 2log(B)/|log (T — 2)| yields
for C = 2log(B)/|log(t — 2)| and some constant M| > M that

Kt,tifMG+]
—1 —(1
SR
k=0
2i+Ke;, +C
[ (exp (- -2 9y
y=2i+C
2Ky
>J o R (exe (< (r= 27 2)dy - My,
y=2i

again using that z — F(L_] ) (1/z) is bounded and nonincreasing. By trans-
forming the integral back to a summation using (%) in (3.4.49), we obtain
by definition of Q¢ in (3.3.2), and K¢t — Ky, = 21 in (3.5.15)

Kt,ti—Mg-O-]
> R
k=0
2i4Kq,
> Y R (ep(—(r-27¥2)) My
K=2i+1
Kyt

— Z F(L_”(exp(—(’t—Z)*k/z))—ML

k:Kt,t*Kt,tiJr‘l
== Qt,ti - MI_

Using this lower bound inside the event in (3.4.47), yields that

]P(i] (di-_? (q/ a'B(G)(q/Kt,ti + 2)) g Qt’ti a ML)

gn
< 2exp (—4BE(1VIog(ti/t))(t—2)"). (3-4.50)

Recall that we would like to show (3.4.42). Its proof is accomplished by
a union bound over the times (ti)igﬁt,t, P if we show that there is a B
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sufficiently large such that the error probabilities on the rhs in (3.4.45) and
(3.4.50) are smaller than &’ when summed over i < K, ;,/2. For this it is
sufficient to show that for any § > 0 and C’ > 0 there exists B > 0 such
that

Zexp — C'B( 1\/10g(t1/t)))

This follows from the lower bound on t; in (3.4.48), since for B large
Z exp — C'B(1V log( tl/t Zexp \/log(tl/t)))

- Zexp (—C'BOV (=2
i=0

<2exp (—C'B(t—2)) <. O
3.5 PROOF OF THE UPPER BOUND

The upper bound of Theorem 3.3.3 is stated in the following proposition.

Proposition 3.5.1 (Upper bound weighted distance). Consider the preferential
attachment model with power-law exponent T € (2,3). Equip every edge upon
creation with an i.i.d. copy of the non-negative random variable L. Let u, v be two
typical vertices in PAy. If 1(L) < oo, then for any & > 0, there exists M > 0
such that

P(3t: 4 (w,v) > 2Quu + My ) <5, (3:5.1)

Regardless of the value of 1(L), for any 8, > 0, there exists My > 0 such that
lP(EIt d "(w,v) = 2(1+ €)Q .t + ML) <. (3.5.2)

To prove Proposition 3.5.1, we have to show that for every t’ > t there
is a t’-present (u, v)-path whose total weight is bounded from above by
the rhs between brackets in (3.5.1) and (3.5.2), respectively. We construct
a t’-present five- segment path 71" of three segment types. We write it
as wit) = ?uo o ? o wég/r)e o ?S/? o ?Lﬂo Here, we denote for a path
segment 7 = (110, . . T(n) its reverse by o= (7tn, ..., o). The path
segments are constructed similar to the methods demonstrated in Chapter
2.3. However, now we need stronger error bounds, so that the error terms
are also small when summed over t’ > t. Let 8’ > 0 be sufficiently small,
and (M;)ig3 be suitable positive constants.
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Step 1.

Step 2.

Step 3.

Step 4.

For q € {u,V}, the path segment ?(qtfo :=(q,...,qo) connects q to
a vertex qo that has indegree at least sé)o) > 0 at time (1 —3’)t. The
path segment uses only vertices that are older than (1 —3’)t. The
path segments are fixed for all t’ > t. The number of edges on ?“’
is bounded from above by M; = M;(8,s") with probability Close
to one.

a) Since the number of edges on ?(qt)o is bounded, its total weight
can also be bounded by a constant. This is captured by the
constant My in the statement of Proposition 3.5.1.

b) For the end vertex qo of ?(qtj], for q € {u,v}, we identify the
rate of growth of its indegree (D (t'))t/>¢. We bound D (t")
from below during the entire interval [t, co) by a sequence that
tends to infinity in t’ sufficiently fast.

For the path segments ?u 1 ﬂcore, and ? ) we argue, similar to the
proof of Proposition 3.4.12, that it is suff1c1ent to construct these path
segments along a specific subsequence (t;)i>0, as the ti-present path
segments have small enough total weight when compared to Qs
for all t’ € (ti, ti+1]. With a slight abuse of notation we abbreviate
for the path (segments) 'V = 7.

For q € {u,V}, the path segment ?231 consists of at most K, + M2
edges and connects the vertex qo to the so-called i-th inner core,
i.e., the set of vertices with a sufficiently large degree at time (1 —
5’)ti. These path segments use only edges that arrived after time
(1 —208')t; and the total weight of any such path segment is therefore
independent of the total weight on the segments 73 and 7\) o
that use only edges that arrived before (1 —8’)t. For the weighted
distance, we construct the path segment ?231 greedily (minimizing
the edge weights) to bound the weighted distance between qo and
the inner core from above by Q¢ ¢, + M3.

Denote the end vertices of ?‘11)1 and ?‘JA by wil and wi?, respec-
tively. The middle path segment 7. connects the two vertices
wi, wi in the inner core. The number of disjoint paths of bounded
length between from wi to wl is growing polynomially in t’. This
yields that d\" (wLL ,wy) is bounded by a constant for all i. This

weight is captured by M1 in Proposition 3.5.1.
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deg(i)‘
Core®
_______________________________________ )
-------------------------------------- \vz«\
T
Wgé)re
0 s 3

Figure 5: The five-segment path =Y from u to v at a single time t;. The y-axis
represents the degree of the vertices at time t;. The connected dots form
the constructed path V) from u to v that is present at time t;. The top
continuous black line is the maximal degree in the graph at time t;,
while the dashed horizontal lines represent a degree-threshold sequence
(SE) )i>0,k>0 defined in the proof of Proposition 3.5.6 for the segments

?(i)l and ?\()11)

u,

Step 5. Eventually we glue the different path segments together and obtain
the results (3.5.1) and (3.5.2). The path segments 7{%,7&'&,}2, and
?i}t]’]) change at the times (t;)i>0, while the segments ?330 and ?3)0
stay the same for all t’ > t.

See Figure 5 for a sketch of the constructed path and Figure 2 in the
introduction for a visualization of the construction of the subsequence
(ti)i>o0 and the control of the degree of the vertex q¢. Recall that the proof
of the lower bound was based on controlling the dynamically changing
graph neighbourhood up to distance K, ;, = K¢+ —Mg. For the proof of
the upper bound, the dynamics of the graph are mostly captured by
controlling the degree of only two vertices, see Step 1b in the outline.

Step 1. Initial segments and degree evolution

Recall DS (t'), the indegree of vertex v at time t’.

Lemma 3.5.2 (Finding a high-degree vertex). For any sy, 8’ > 0 there exists
M > 0 such that for a typical vertex q in PA¢

P(Bqoel(1—8"t:d} 4, (q,do) <M and DG (1 —8")t) >s5") < 38",
(3-5-3)
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Proof. Let Eq1q :=1{q < (1 —8’)t}. Since q is chosen uniformly among the
first t vertices,
P(Egg) =1—8"+0(1/1).

Recall B(tG] (x,R) from (2.2.1). From minor adaptations of the proofs of [81,
Theorem 3.6] for FPA, and [190, Proposition 5.10] for VPA it follows for all
5’ > 0 that there exists M such that

(B

Glsne(a M) N{x: D ((1-8")t) > s0) # D | Equa) = 18"

We refer the reader there for the details. Conditionally on the above event
between brackets there is a (1 — §’)t-present path segment from q to qy,
whose edges carry i.i.d. weights. Hence, there exists M, > 0 such that the
weight on the segment can be bounded, yielding (3.5.3). O

The following lemma bounds the degree evolution from below. It uses
martingale arguments that are inspired by [193]. However, here the state-
ment only refers to the process of a single vertex that has initial degree
at least s where [193] considers a set of vertices for any initial degree in
FPA. Our statement applies to both FPA and VPA. Moreover, we consider
the degree during the entire interval [t, c0). See also [24, Section 5.1] for
results on the degree of an early vertex in FPA(m, 8), where the considered
vertex is born at time o(t).

Lemma 3.5.3 (Indegree lower bound). Consider the preferential attachment
model with power-law parameter T > 2. Let qo be a vertex such that Dy (t) >
s > 2. There exists a constant ¢ > 0, not depending on s, such that for all 5’ > 0

P (Elt’ >t:DE (1) < 6’s(t’/t)1/(T_”) < s, (3.5.4)

Proof. Lety :=1/(t—1). Both for FPA and VPA, it holds by Definitions
1.2.4 and 1.2.5 that

P (Di(t'+1) > Dy (t') + 1] PAy) > yDi (t)/t'

for any t’ > t. Let (X¢/)¢/>¢ be a discrete-time pure birth process satisfy-
ing X¢t = s and

P(Xt,t’+1 =Xpor +1 [ X = X)

=1-PXy,41 = Xeer | Xpor = x) = v/t (3:5:5)

Then the degree evolution (Da(t’ ))t/>t and (X¢,¢/)¢>t can be coupled
such that the degree evolution dominates the birth process in the entire
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interval [t, co). We first show that for any k > —s and y € (0, 1), provided
thatt’ >t > ky,

S0 _ Tt) Tl+ky) MXe +k)
LY P ky) (1) MXer)

(3-5.6)

is a non-negative martingale. The result will then follow by an application
of the maximal inequality for k = —1. Clearly IE[IZS?/I] < oo, as the
arguments in the Gamma functions in (3.5.6) are bounded away from 0.

Moreover, since

Fix)=Mx—=1rkx-1), (3.5.7)
and using (3.5.5),
MNX¢era1+k
IE[ ( t,t/+1 ) |Xt,t/}
I Xger41)
. t'—yXeo T X +K) - vXeo TXger +k+1)
o t/ F(Xt,t’) t/ F(Xt,t’ + ])
_ "Xt +k) (1 kl)
IM(Xeqer) t /)’

making it straightforward to verify that the martingale property for Z,gf[)/

holds for t’ > t. Due to Kolmogorov’s maximal inequality, for any T >
t,A>0

AN A (Xer)  Al(s)
(3-5-8)

(k) (k)
ElZ Z
1P< sup ngc), ;)\> < [ t/T] _ St MNXee+k)  T(s+k)

t<t/'<T

Substituting (3.5.6) and k = —1, we see, using (3.5.7),

1) , M) Tt—v) M(Xee 1) }
supZ, ., ZAp=q3t' >t > A

o - re) re—vy)1
= {Eit Zt: Xy —1< rt’ —vy) T(t) 7\}
o rit) ri—vy)1

D {Et Zt: X < Ft’'—vy) T(t) 7\}

Since I'(x)/T'(x + a) = x~ (14 O(1/x)), by (3.5.8) there exists ¢’ such that
for t sufficiently large

rit)y Tit—v)

M-y ry <o
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Choosing A = ¢’/(sd’) yields

1
lP(at’ >t: Xep < Xc’(t//t)y) =P (3t' > t: Xep < 8's(t'/1)Y)
&'s
< —.
Scel(s—1)

a
Now (3.5.4) follows, since s > 2 and (Dgq,(t')) 15, = (Xe,t)) sy O

Remark 3.5.4. The proof of this lemma can be adapted to obtain an upper bound

on the degree evolution, by applying Kolmogorov’s maximal inequality to the

(m

martingale Z., .

Step 2. Sufficient to construct the path along a subsequence of times

Lemma 3.5.5 (Subsequence of times). Consider the preferential attachment
model under the same conditions as Proposition 3.5.1 and let (t;)i>0 be as defined
in (3.4.43). If there exists My > 0 such that

P(3i € [Ket/2l:dy (w,v) 2 2Que, + Mp) <3, (3.5.9)
then (3.5.1) holds. Similarly, (3.5.2) holds if there exists M| > O such that for
any € > 0 and t sufficiently large

IP(EIi € Kt /2] : df[”(u,v) > 2(1+¢€)Qet, + ML) <. (3.5.10)

Proof. Recall (3.3.2). The rhs between brackets in (3.5.1) only decreases
at the times (ti)i>o, while the lhs is nonincreasing in t’. By (3.3.2), for
i>Kgt/2, Qe = Qt,tht ,, and the asserted statements follow. O

Step 3. Greedy path to the inner core

Define the i-th inner core, for t; from (3.4.43), and with t; := (1 —§')t;, as

1
Core” :={x € [ti] : Dy () = /™" log*%({i)}. (3.5.11)

Proposition 3.5.6 (Weighted distance to the inner core). Consider the prefer-
ential attachment model under the same conditions as Proposition 3.5.1. There
exists C > 0 such that for every 8’ > 0, there exist sy, M > 0 such that for a
vertex qo satisfying Dq, ((1—38')t) > sy, when I(L) < oo,

]P( U {d&](qo,Core“)) > Qe + M}) < Co'. (3.5.12)

<K /2
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Regardless of the value of 15(L), there exists M > 0 such that for every ¢ > 0,
there is an sy’ > 0 such that for a vertex qo satisfying Dq,((1—28")t) > sy,

]P( U {d{(q,Core™) = (14 ¢)Qu, + M}) < Co. (3.5.13)

1<Ky, /2

The bounds on the weighted distance in Proposition 3.5.6 are realized by
constructing the segments 73)] and 7&)] , whose total weight we bound
from above. For this we follow the same ideas as in Proposition 2.3.4,
up to computational differences. Therefore, the proof we give here is not
completely self-contained and for some bounds we will refer the reader
back to Chapter 2.

Preparations for the proof of Proposition 3.5.6

For some constants sg’), &’ > 0, the sequence ¢y := (k+ 1)*2, and t; from
(3.5.11), define the degree threshold sequence

1

. 8'sy (ti/t) ™" k=0, (3.5.14a)
Sy, = ) _ —2) a3t N
« min { (s%i)i])U e/ (T m,ti“‘” log}(ti)} k>0. (3.5.14b)

For each time t;, the initial value sg ) is chosen such that it matches the
bound on the degree in (3.5.4). The maximum value of sﬁ], for each fixed t;,
matches the condition for vertices to be in the i-th inner core, see (3.5.11).
Set

(i)

k" = min{k : SL”H =s ') (3.5.15)

Denote by L%i] the k-th vertex layer: the set of vertices with degree at least
s at time iy, i.e.,

L =1{x € ] : Dx (1) = s}

The path segment 72)1 to the inner core has length 2«x'V and uses alter-
nately a young vertex Yy %2) € [ti, t1] and an old vertex nﬁ) from the layer L{i’.
Thus, for 7y == qo, 7:)1 has the form

(L S (1) (1) (1) (1)
?q,] - (TIOIU] /T[] /---ryK(i)/T[K[i))'

To keep notation light we omit a subscript q for the individual vertices on
the segments ?2)1 for q € {u,v}.
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In the next lemmas, we show that ?SH exists for all i with probability
close to one, and bound its total weight. We outline the steps briefly. Using
the choice of s;?, we bound k" in terms of Ky ,. Then, since the number
of vertices that have degree at least s}, ; at time {; is sufficiently large, it
is likely that there are many connections from a vertex 7, via a connector
vertex yy,; to the (k+ 1)-th layer We denote the set of connectors by
AQ)H (m))), ie., for a vertex m' € £},

AL”H (ﬂt’) ={y € (t, il : EIX{?H € L%?H :7'[52) Sy e XE’H}.

Given (7o, n(]”, .. .,71%)) we greedily set, if Ak yalm (”) is non-empty,

(Wi )= argmin {L o+ L o)) (3.5.16)
(yxlil”e '
(Bt }XLlill

If there exists k < k¥ such that AQL] (7’[;2]) = @, we say that the con-
struction has failed. When the construction succeeds, we can bound the
weighted distance to the inner core, i.e.,

d(t?(ﬁo,Core“))g Z d[t,)(ﬂL),Tt;:lq)
k=0
(3.5.17)
< (L(nm W +L. o _m ])-

k Y1) (Ui 1M

We show that for all i there exists a sequence (n;'), <« such that
IAELr1 ()| = ny for all k < k¥ with probability close to one. This
allows to bound the minimal weight in the rhs of (3.5.16) from above, so
that eventually this yields an upper bound for the rhs in (3.5.17).

We start with a lemma that relates Ky ¢, to k¥, half the length of ?
Also, we show that k — s, is bounded from below by a doubly exponen—
tially growing sequence.

Lemma 3.5.7. Let (s%:) as in (3.5.14b), with sy’ sufficiently

)igkt,t/z,kgnd“
large. Then
c/(t-2)*

sy > (6’30 (tl/t)]/T ”) (3.5.18)

for some constant ¢’ > 0. There exists M € IN such that for k" defined in

(3-5.15) and i < Ky /2
' < Kt /2 +M. (3.5.19)
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Proof. By our choice ey, = (k+1)~2 before (3.5.14b), it holds that ]_[;)0:] (1—
ex) > 0. The bound (3.5.18) follows immediately from the definition of
(sy’) in (3.5.14b). By Lemma 2.3.7, the bound (3.5.19) immediately follows
for i = 0, leaving to verify the bound for i > 1. By the choice of 'V in
(3.5.15) and (s) in (3.5.14b), and the bound (3.5.18), for any k > k¥ it
holds that

]

R _ c/(t=2)"% 1 _ R
(6/550) (ti/t)]/(T ”) > tiZ(Tfl) log—%(ti)

Taking logarithms twice, and rearranging gives that for k > ',

A N1 6/ (0)
klog(1/(t—2))+log log(t:/1) + log (1 = lfjg?é/(t) : )>

L T 1loglog(t:)
2¢" 2¢" log(ti) /)

> loglog(ti) +log (

From (3.5.11) it follows for all i < Ky (/2 that t; > (1 —§')t. Thus, the last
terms on both lines are bounded by a constant for large t. Hence, there is
M = M(7) such that if sgo) >1/8,i>1

0 < loglog(t;) — loglog(t:i/t)

< +M'.
|log(t—2)|

By construction of (ti)ick,,/2 in (3.4.48), there exists b > 0 such that
ti < tb, for all i < Ky,1/2. This relates loglog(t;) to loglog(t). Hence,
there exists M such that (3.5.19) holds for i > 1, recalling ti=(01-08t,
and the definition of Ky ¢/ in (3.1.1). O

We now prove Proposition 3.5.6. We construct the segment ?[q”] for
i< kWand q € {u,v}.

Proof of Proposition 3.5.6. Let €geg :={Vi > 0: D¢, (t) > sg'}. By Lemma
3.5.3 and the choice of (58))120 in (3.5.14a) we have that

IP(_'gdeg) <cd.

We write Pyeg(-) := P(- | €geg). We will first show that with probability
close to one, the sets of connectors are sufficiently large. More precisely,
for a set of vertices {7} < 1 i<k, /2, such that 7 € £} and setting

7(8 ):= my = qo for all i, we show that

IP( U U {iﬂszg(nsz))i@a:})<s1<s3”>, 65520

1<Kyt /2 k@)
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where 84 ( ) is a function that tends to o as s0 ' tends to infinity and, for
c1 >0 chosen below,

ny =cy8’(s))) . (3.5.21)

Then, conditioning on the complement of the event in (3.5.20), we will
bound the minimal weight of connections to £, ; via the sets A}, (')
using (3.5.16) and arrive to (3.5.12) and (3. 5.13) using the construction of
the greedy path in (3.5.16). We follow the same steps as in Lemma 2.3.10.
For notational convenience we leave out the superscript (i) for the various
sequences and sets whenever it is clear from the context. For a set of
vertices V C [t], define D3, (t') := ) , .y D5 (t'). By Lemma 2.3.8, the
probability that an arbitrary vertex in (i, ti] is in Ay 1(7y), is at least

1 R
P, Lir1) = Aanﬂk(tl)DZk+1 (ti), (3.5.22)

for some constant n > 0, where this event happens independently of
the other vertices. Since the set (1;, t;] contains 5’t; vertices, the random
variable [Ay 41 ()| stochastically dominates a binomial random variable,
ie.,

d
Ax1 ()] = Bin(8'ty, pic (i, Lici1)) =t Ax. (3-5-23)

Let c; = c239 be the constant from Lemma 2.3.9. Conditioning on
D%, ., (t1) yields that
EA] > E [Ak | Dz_k-m (’El) > szisij;” . ]P(ch_k-ﬂ (’E ) > Czt Sk+])
(3.5-24)
where the latter factor equals 1 —o(1) by Lemma 2.3.9. Since my € Ly,
we have that D (t;) > sk. We substitute this and the conditioned bound
on D Zeit (i) in (3 5.24) into pi(my, Lx41) in (3.5.22). By the recursive
definition of sﬁz) in (3.5.14b) and nﬁ) in (3.5.21) we obtain that there exists
¢1 > 0 such that

c-t S() 2— TS
E[Ay] > 8"t n“( ‘}*;) K (1—o(1)) = 2¢18"(s))* = 2n.

An application of Chernoff’s bound and the constructed stochastic domi-
nation (3.5.23) yields for 7, € £} that

Paeg (M1 ()| < i) < exp (—my'/4).
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For details we refer the reader to the proof of Lemma 2.3.10. We return to
(3.5.20). By a union bound over the layers k < k¥ and times (t;);<x x/2s
it remains to show that

Kie/2 k)

Z Z exp (—n'/4) — 0, as sy’ — oo, (3.5.25)
im1 k=1

with nj!’ from (3.5.21). We postpone showing this to the end of the proof.
Define the conditional probability measure

Ket/2
Pgc(-) == < ’Sdegﬁ ﬂ ﬂ{mkﬂ |>nk }>
i=1 k=1

Thus, the path segment ?q,] from qo to the inner core exists P4 .-a.s. We
greedily choose the vertices (y,’, ﬂt’ﬂ ) as in (3.5.16). We bound the weight
of the segment, i.e., the rhs of (3.5.17) to prove (3.5.12) and (3.5.13). Let
Lﬁ{,n be i.i.d. copies of L. Since the minimum of N ii.d. random variables
is nonincreasing in N, the weighted distance between 7\’ and 7}’ can be
bounded for k < k¥ —1, i.e, for k < k™ and 1 < K ¢/2, Py -a.s.

Applying (x) in (2.3.24) yields for & € (0, 1) that

i —1 i —1+& &
Pac(ar (md,mly) = FL L (1) 717F)) <exp (- (n)9),
where F(LTPLZ denotes the generalised inverse of the distribution of the sum
of two i.i.d. copies of L. Recall the bound (3. 5.17). By a union bound over
the subsegments (', yi, ﬂkH ) for k < k(¥ and the times (t)ick /2

S

1<Kt /2
Kt/2 k(-1

Z Z exp ( ))a). (3.5.26)
i=0 k=0
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To bound the error probabilities in (3.5.25) and (3.5.26), and the sum inside
the event in (3.5.26), we bound n;’’ from below. By its definition in (3.5.21),
the bound on t; in (3.4.48) and the bound on s}’ in (3.5.18)

ny =cq8’(s))) "

>c16’(5’s0 (t/t)"/ ”)
c/(t—2)"key

— / /..(0) _sn1/(t—1) T—2 9 —1i

16 (530 (1-8") exp(T_1(T 2) ))

Assuming that sé)o) > §2(1—5")2/(7=1) we obtain since e = (k+1)2 by
definition above (3.5.14a)

. 1 T—2 . ¢/ (1—2)Fex
n > cy8’ (exp( log(sy) + T_](T—Z)_l)>

=c18/ exp<?log( Nk+1)"2(t=2)"k

c/(t—2) ey

+ T7_2(k—|— )2 (1 —2)~ i+ ) (3-5.27)
T—1

Since (T—2)"k grows exponentially for T € (2,3), while ¢y = (1 + k)2

decreases polynomially, there exist c3 > 0, c4 > 1 such that n}’ >

¢’ exp(log(so)03c4 + C3c§“) Substituting this bound into (3.5.25) and

(3.5.26), we observe that the terms are summable in both 1 and k and tend

to zero as sy tends to infinity.

We are left with relating the sum on the rhs in the event in (3.5.26) to
the rhs in (3.5.12) and (3.5.13), respectively, assuming that s’ is large.
Recalling (3.5.27), we assume 38” is sufficiently large so that there exists
cs >0

(nf)“ié) > exp (2cs5(k+1) "% (t— 2)~(i+k) )
Since z — Ff”(]/z) is nonincreasing, and k'Y < Ki,/2 + M by (3.5.19),
we obtain
kM1
—1+&
Z FL]+L2< )

Kty /2+M—1

< Z F(LTJL)LZ<GXP (—2C5(k+1)* (t—2)(i+K) ))
k=0



3.5 PROOF OF THE UPPER BOUND

Recall € > 0 from the statement of Proposition 3.5.6. In Claim 3.A.3 we
show that for all € > 0 there exists M > 0 such that

Kit, /24M—1
7] _ (3
> R (e (eslkor 02 (e -2 ()
k=0
< (1 + 51{IZ(L):oo})Qt,ti + M.

Substituting this bound inside the event in (3.5.26) and recalling that 58))
is chosen sufficiently large so that the total error probability from (3.5.25)
and (3.5.26) is at most Cd’ yields Proposition 3.5.6. O

Step 4. Bridging the inner core

We prove a lemma that shows that the path segments (ﬂégre)igKlrt /2 exist
and their total weight is bounded from above by a constant for all i. Recall
Core' from (3.5.11).

Lemma 3.5.8. Consider the preferential attachment model with power-law ex-

ponent T € (2,3). Let {wﬂ),wg]}igKtlt /2 be a set of vertices such that for all i,

wii, Wy € Core'. Then for every &' > 0, there exists M > 0 such that

11’( U {aovwy) > M}) <8 (3.5.28)
1<Kt /2
Proof. From [81, Proposition 3.2] it follows for FPA that for fixed i, whp,
) ) 2(t—
P (diam(Gt‘) (Core'V) < (;_ T” n 6) >1—o(1/t1), (3.5.29)

where diam(Gt/)(V) = MaXy, w,eV dff)(whwz) for a set of vertices V C
[t']. The statement (3.5.29) holds also for VPA as explained in the proof of

Proposition 2.3.5. A union bound yields that

Kit/2
]P( U {diamg (Core'") > 2(31_—!) +6}> = Z o(1/ti) =o(1),
i<Kyi/2 i=1

since K¢ = O(loglog(t)), and t; is increasing in i. We sketch how to
extend this result to weighted distances, using the construction in the
proof of [81, Proposition 3.2] which in turn relies on [36, Chapter 10]. In
[81, Proposition 3.2] it is shown that the inner core dominates an Erds-
Rényi random graph (ERRG) G(ny, pi), where there is an edge between
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two vertices x,y € Core'” if there is a connector in [(1 —8')t;, ti] in PAy,,
where
len-1, 2
ni =Vt pPi= fti log™~ (t3).

The weight on the edge (w7, w2) in the ERRG is Ly + L ;), where
y is a uniformly chosen connector of wi and w; in PA,. Now, for the
construction used in [36, Chapter 10], one can embed two ri-regular trees
of depth A > 0 in the ERRG, rooted in wi;' and wy’, respectively, whp.
Here 1; > t{, for some a > 0, and A is a constant such that all vertices at
distance A from their root are members of both trees. Denote this event by
Etree- On this event, there are at least r; disjoint paths from wi to wl in

PA¢; of 4A edges, and we can bound

(L) ()0 i : (n)
d, (W, wy') < min ) L™,
N

for i.i.d. copies of L. Moreover, for F(ijr)...LM being the distribution of the
sum of 4A i.i.d. copies of L, for C sufficiently large

4A Kyie/2 u
JP< U {min) 1" >C}> <Y (1=Frr, Q) <9,
1

i<te
i<Ki/2 S =1

since by choosing C large, but independently of t, F ;. .1,,(C) can be
brought arbitrarily close to 1. The asserted bound (3.5.28) follows from a
union bound over the above event and —&yee. ]

Step 5. Gluing the segments

We are ready to prove the main proposition of this section.

Proof of Proposition 3.5.1. Recall Lemma 3.5.5. We have to show that at the
times (ti)i>o there is a path from u to v such that its total weight is
bounded from above by the rhs between brackets in (3.5.9) and (3.5.10),
with probability at least 1 — 8. Let C3 54 be the constant from Proposi-
tion 3.5.6. Set 8’ = 8/(7 4+ 2C3.56). Let M35, and M3 56 be the constants
obtained from applying Lemma 3.5.2 and Proposition 3.5.6 for &', respec-
tively. Lastly, let M3 53 be the constant from applying Lemma 3.5.8 for
&’. The existence of the path segments follows now directly from a union
bound over the events described in Lemma 3.5.3 and Proposition 3.5.6
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for q € {u,v}, and Lemma 3.5.8. Hence, the summed error probability is
(2-34+2C+1)8’ = 6. The total weight of the constructed paths (7'");> is
bounded from above by 2Q¢+, +2(M352 +M356) + M358 forall i > 0.
Thus, setting My :=2(M3 52+ M356) + M3z 5.8 in the statement of Propo-
sition 3.5.1 finishes the proof. O

3.A REMAINING PROOFS
3.A.1  Lower bound

Proof of Lemma 3.4.10. We verify (3.4.26) by induction. Recall the initial
values in (3.4.24) and (3.4.25). We initialize the induction for j = 1. By
(2.4.5), since x < t

f[tt

L () =Pt x) = vx YT = vt Y 0,

establishing (3.4.26) for j = 1. We advance the induction so that we may
assume (3.4.26) for j = k. Then, using the definition of f in (3.4.17), which
counts only the good paths and relies on the product form of p in (2.4.5),
we can write

(tt))
f[;,ti+k+1 Z f u+k ,2)p(z,x).

z=i oy

This bound does not hold with equality, because the first factor on the
rhs counts the good self-avoiding paths from t’ to z, but the vertex x is
not necessarily excluded in these paths, while these paths are excluded
on the lhs. Recall from (2.4.5) that p(z,x) = v(x Az) Y (xV z)Y~!. Since f
only counts the good paths, observe that if z < x, then x > £;;y /. Thus,
splitting the sum in two, whether z > x or z < x, we obtain that

t/

W) <vx Y Y

:
[Litk+1) i (227 (3.A.1)

z=; 1 VX
x—1

1 ’ —
+]l{x>el+kt,}\/xy Z f11+k (t',z)z7 .

z= el+k t/
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By the induction hypothesis (3.4.26), we have that

t/
(tt”) ’ —y —1
it (8 X) S VXV Z z
z=; VX
t/
— 2vy-2
v g ) 2

2=y g0 VX

x—1
Y=14,. . Z —2y
+ ]l{x>ei+k,t’}vx ¢[l’l+k) ‘ z
2=t/
x—1
Y= . —1
Lo Y i EZ 2
Z=i -1t/

where the lower summation bounds in the second sum on both rows
changed as a result of the indicator in (3.4.26). Approximating the sums
by integrals yields that there exists ¢ = c(v,y) such that

i J(t%) <xTYe (b logt/ivk—1,0) it

v—1 - 1-2y
g€ (¢[1,1+k)€i+k,t’

+WU,i4x) log(t//fwkq,t/))

+ ]l{x>2

it+k,t

and (3.4.26) holds by the definitions (3.4.24) and (3.4.25), as shifting the
index of the terms in the logarithm is allowed because k +— {y {/ is non-
increasing. The bound (3.4.27) follows analogously. The first indicator
follows since the sum on the rhs in the analogue of (3.A.1) is equal to zero
if x =t/, since p(t’, t’) = 0 by definition in Proposition 2.4.4, i.e.,

t/

Y flo(@2plzt) =g (4, et t) = figh) (g, 1) -0=0. O

Z:€i+k,t’\/t/

Lemma 3.A.1 (Upper bound on t’/ (’,;:t/). There exists a constant B3 o1 =
Bg_A.] (’Y,V) such thatfor B> BgvA_],

t’/ﬂt}t, < exp (B(1 \/log(t’/t)) (T—Z)*kﬁ).

Proof. Lety =1/(t—1) so that 1/(t—2) =v/(1 —v). We omit the super-
script (t) of (%Ef,ﬂ,. We prove by induction. For the induction base k = 0,
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t'/lor < t'/(8't). The advancement of the induction follows from [45,
Lemma A.5, after (A.29)], which contains the appendices of [46]. Recall
0,k), Biox), bkt from (3.4.22), (3.4.23), and (3.4.34b), respectively. Write
Nkt = t'/lt, and let ¢ = c(y,v) be the constant from Lemma 3.4.10.
To use the same calculations as [45, Lemma A.5, after (A.29)], we need to
show that there exists C = C(y,v) > 1, such that

_ Y _
(nedow+1/¢) <y +niY vlogiien)) . (A2)

We start bounding the lhs. Observe that (®) in (3.4.34b) holds by definition
of the argmax in the opposite direction when we replace { ' by €y« +1,
ie.,

t — -3
(X[O'k)(e;g)t’ +1)17Y > (klog(t))

Combining this with (3.4.22) yields

bero o+ 1\ YT
<k+2t> <log?(t/)(k+2)° 0k+2)t1_y

t/
=clog®(t')(k+2)% o1yt Y log (ks 1,¢7)
+clog? (t')(k+2)3Brop 1t
=T +T. (3-A.3)

Substituting (®) from (3.4.34b) in Ty yields
Ti = clog® (') (k+2)3 oo 1 1yt"" Y log(Mis1,07)

1 _
ek +2’ 5733 (k+1)3 Tt log (it o)

k+2 T—y
S ¢ (k+1> nk+1 v 10g(Mic41,17).- (3.-A.g)

Hence, Ty is bounded by the second term on the rhs in (3.A.2) for C
sufficiently large. For T, we substitute (3.4.23) and (3.4.34b) to get

T, = clog® (t')(k+2)*B o ks 1yt”Y
= log? (t)(k+2)? (tapo 07 +"Bioye log(m))

N

k
=:cTy1 + cTry.

2 k+2 ¥ Y 2 347 3.0y
T]k,t/-i-c 10g (t )(k+2) t B[O,k) IOg(T]k,t/)
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The term cT1 can be captured by the first term on the rhs in (3.A.2).
For T22, by (3.4.22), Bjo)t”Y < ¢ ook 1)t’' Y. Using (3.4.34b) and that
Mk,¢/ is nonincreasing, we further bound

Too <log?(t')(k+2)3 log(mi,e ) ooyt Y

1 _
< (k+2)3 10g(nk,t’)(k+” QH] t't/1 Y

k+2)° -
< <k+1> log(nkﬂ,t/)nkﬂ,t/- (3-A.5)

Thus, cT,, can be captured by the second term on the rhs in (3.A.2) for C
sufficiently large. The desired bound (3.A.2) follows by combining (3.A.3),
(3.A.3), and (3.A.5) by increasing the constant C in (3.A.2). Now that we
have established (3.A.2), the proof is finished by step-by-step following
the computations in [45, Lemma A.5, after (A.29)]. O

Recall 8bad from (3.4.4), and define 8g00d = f:(; ﬁﬁégi(k,t/). We de-

fine the conditional probability measure

]qugood( )= ( | Sgood)
and write Eg_go0q for its corresponding expectation.

Lemma 3.A.2 (Upper bound on neighbourhood size). Consider the preferen-
tial attachment model under the same assumptions as Proposition 3.4.12. Let q be
a typical vertex in PAy. Then for t' >t

tt’+2
Pa- good( U {5 l>e><p(28(1v10g(1))(r—zr’</2)})

<2exp(—B(1\/log(%))). (3.A.6)

Proof. We ftirst bound Eq—good [Ia%g/) (q, k)l] , and let the result follow by
a union bound on the events in (3.A.6) and Markov’s inequality. Condi-

tionally on ') all vertices at distance k < K¢ 1/ can only be reached via

g0 od’

t’-good g-paths. Recall f[[gi)) (q,x) from (3.4.17) and its interpretation as
an upper bound for the expected number of good paths from q to x of
length k. Thus, we have by the law of total probability, and the definition
of good paths in Definition 3.4.3,

]Eq—good“a‘Bg/)(q/k)H ]P( Z f

good x= 1/
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Recalling (3.4.36), we see that it is sufficient to bound the sum on the rhs.

Now, applying the bound in (3.4.27) on f yields for some c1,c2 >0,

t/ t/
_ 1
Z fio Xox) Y X VHBroxy ) X7
X= gkt’ Xzek,t’ X:€k71,t’
]7
<t (oot ™Y + By t’)
< oot Y. (3-A.7)

The last line follows since by (3.4.22), t"YBox) < ajors1)t’Y ' /c, and
k = a0 k) is non-decreasing. We bound the rhs in (3.A.7) in terms of
(t'/lk.t/). By (®) in (3.4.34b) and Lemma 3.A.1

< ((k+ 1) 1og(tN) 3 (" /licsr, )Y

< ((k+1)log(t")

-exp (B(] —v)(1 \/log(t//t))(T—Z)*kTH).

o
x[ok+1)t’

This yields that for B sufficiently large

2c

P (4000

<exp (B’(1 vlog(t'/t))(T—zrk/z),

Eq gooa[0BE (g, 1] < exp (B(1 V log(t/ /1)) (1 —2)7/2)

where the last bound follows for some B’ > B as

ﬂ’(ﬁémd) 1-8"+0(1)

by (3.4.36). The assertion (3.A.6) follows by a union bound over (3.A.6)
and summing over k. O

3.A.2  Upper bound

Claim 3.A.3. Recall Ky, from (3.1.1), Iz (L) from (2.1.2), and Qv ¢, from (3.3.2).
Let L1 and L, be two independent copies of the random wvariable L. For all
cs, &, M > 0, there exists My > 0 such that

Kue, /24+M—1
(1) _ K
> P L (e (<2es(k4 (- 2) 7)) GAS)
k=0
< (T4 el (1)=00}) Qt; + ML
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Proof. We proceed along the same lines as in the proof of Proposition 2.3.4.
To shorten notation, we define

K, /24+M—1

Qi == Z F(LTPLZ (exp (—2cs5(k+1)"2(1—2)" %) ))
k=0

First, we relate the inverse F(LTJL)LZ (1) to F([1 ) () by observing that for x > 0
2
FLi+1,(x) = P(Ly 4+ Lz < x) > P(max{L;, L2} < x/2) = (FL(x/2))".

Hence, for any z > 0, it holds that Fr,1,(z) < ZF(L_”(\/E), so that for
some M > 0

Kit, /2+M—1
Quu<2 Y F{*”(exp(—q—,(kﬁ)* (t—2)" 1+k))
k=0
K, /2
<My +2 Z (exp —C5(k+1)7 (t—2)"(+k) )),

since z — F(;] ) (1/z) is nonincreasing and bounded. Define b := inf{x :
F(L_] ) (x) > 0}and L' :== L —b, so that by (%) in (3.4.49)

Qut, < My +bKyy,
Kt
2 .
—|—2J FOV (exp (—cs(x+1)72(1—2)717%))dx
x=0
< MZ + bK‘t,ti

Kt

—|—2J j Fi.' (exp (—cs(x+ 1)*2(T—2)*i*"))dx (3.A.9)

for some large constants xo, M, > 0. Apply the change of variables

log(x+1)

—2( =X _ (m_ \—Yy/2 e
(k+1)"“(t—=2)""=(t—2)"Y & y=2 4|10g("c—2)|’

Differentiating both sides, rearranging terms, and using y = ©(x) yields a
bound for dx, i.e.,

2/|log(t —2)| 1 1 C
L o 7 — — < — -
(1 — )dx zdy = dx < <1 + ” >dy,
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for some constant C > 0 and x > xo sufficiently large. Continuing to
bound (3.A.9) from above, we obtain if xg is sufficiently large

Qt,ti < MZ + bKt,ti
log(1+Kt,t.)
Kt t. N Qi b A M
st [log(T—2)| C -1 iy
+J o <1 —|—>F , (exp (— cs5(Tt—2) 2)>dy
g(xo+1) L

y=2xo-amirop\ Yt

< MZ + bKt,ti (3A10)

K .
+J (1+yJCr1)F(L/”(GXP(—Cs(T—Z)_l_y/z))dy-

Y=Xo

Recall I(L’) from (2.1.2). We first assume I,(L’) < oo. In this case, there
exists M3 > 0 such that

J 1Jlf_1F[L/1)(exp (— (T—Z)*}zi))dy < Ms.
Y=Xo

Using that the integrand in (3.A.10) is bounded, we obtain for some
My >0

~ Keg .
Qut; < M+ M3 +bKyy, —i—J F(L/ 1)(exp (— C5(T—2)7179/2))dy
Y=Xo

Ky

< My 4+ bKyg, + J F%_Tl ) (exp (—cs(t— 2)4*‘-’/2))(319. (3.A.11)

Since L’ = L — b by definition, and using that the integration interval has
length K¢ ¢,, we obtain

. Kt,ti 5
Qui, <My +J B F(L_”(exp (—05(’[—2)7(13*21)/2))(:11‘;
?(t,ti+zi 1
:M4—|—J F(Lf )(exp(—05('r—2)_‘~”/2))dy
y=2i

by shifting the integration boundaries. Recall K¢ — K¢, = 2i by (3.5.15),
yielding

Kt

Qt/ti < M4+J Ff”(exp(—c5(fr—2)*y/2))dy.
Y=Kp 1=Ky
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We leave it to the reader to verify using another change of variables and
(%) in (3.4.49) that, similarly to the proof for the lower bound after (3.4.49),
there exists M5 such that

Kt
J F(L_”(exp(—C5(T—2)*y/2))dy
Y=Kt—Kgy;
Kt
— Z Ff”(exp(—(’r—Z)*k/z))dy < Ms.

k=K =K, +1

This establishes (3.A.8) when I>(L) < oco. If I3(L) = oo, we observe that
there exists Mg such that

Kit:
e Cen —y/2
— f4 —c5(t—2)7Y/?))d
o gt (e (estr—27)ay
Key
<M6+£J " F(LT”(exp(—C5(T—2)*y/2))dy.
Y=xo

We use this bound in (3.A.10), bound b < (1 + ¢)b, and follow the same
steps as from (3.A.11) onwards, carrying a factor (1 + ¢) for the integrals.
O



Part II
Kernel-based spatial random graphs:
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CLUSTER-SIZE DECAY ON KSRGS

4.1 INTRODUCTION

In this part we study component sizes in i-KSRGs, introduced in Section
1.3. For nearest-neighbour Bernoulli percolation on Z¢ [42], it is a result of
a sequence of works [5, 9, 47, 110, 158, 171] that, considering a supercritical
model, i.e., p > pc(Z%) - the critical percolation probability on Z - and
|C(0)| being the number of vertices in the cluster containing the origin,

IP(k < [€(0)| < 00) = exp (—O(k%)), (4.1.1)

with ¢ = (d —1)/d. Intuitively, the stretched exponential decay with
exponent (d — 1)/d emanates from the fact that all the Q(k(d=1)/d) edges
on the boundary of a cluster € with |C| > k need to be absent: the tail decay
in (4.1.1) is determined by surface tension. More recently, these results have
been extended to Bernoulli percolation on general classes of transitive
graphs [56, 139].

In the next chapters and the accompanying paper [151], we consider
P(k < |C(0)] < o0) for i-KSRGs for which the degree distribution and/or
the edge-length distribution are heavy-tailed, and identify when this
structural inhomogeneity changes the surface-tension driven behaviour of finite
clusters. We will see that in those cases, the cluster-size decay in (4.1.1) is
still stretched exponential, but the exponent ¢ changes. Its value (together
with our proof techniques) reflects the structure of the infinite/giant
component in spatial graph models: it describes the size and structure
of a “backbone” decorated with “traps” — almost isolated peninsulas
attached to a well-connected component. This topological description is of
independent interest, e.g., it affects the behaviour of random walk [59].

Our starting points are continuum and classical long-range percolation
(CLRP and LRP) [4, 216], examples of models where the edge-length
distribution has a heavy tail, while the degree distribution is light-tailed.
Relating to the distribution of small clusters in supercritical settings as
in (4.1.1), the autors of [58] gave a polylogarithmic upper bound on the
size of the second-largest component |C};’| of long-range percolation in a
box of volume n, with unidentified exponent, which is the only known

123



124

CLUSTER-SIZE DECAY ON KSRGS

result in this direction. In long-range percolation, each potential edge
{uvieZz4x7Z4is independently present with probability proportional to
B|lu—v|~4* for some « > 1, B > 0. Our combined results (Chapters 5-6,
and [151]) show that, under the additional assumption that 3 is sufficiently
large if (d—1)/d >2—«,

]P(k < |€(O)‘ < OO) = exp (_kmax{27a+o(1),(df1)/d})’

l(i’if)l _ (lognﬂ/max{zfowro(] ),(d—1 )/d}’

showing stretched-exponential decay similar to (4.1.1), up to a o(1)-error
term in the exponent when 2 —« > (d —1)/d.

Our main focus is to prove (4.1.1) for models where both the degree- and
the edge-length distribution are heavy-tailed, such as scale-free percolation
(SFP) [63], continuum scale-free percolation (CSFP) [67]; geometric inho-
mogeneous random graphs (GIRG) [40], hyperbolic random graphs (HRG)
[169], the ultra-small scale-free geometric network [228]; scale-free Gilbert
model (SGM) [122], the Poisson Boolean model with random radii [103],
the age- and the weight-dependent random connection models (ARCM)
[105, 107]. Concerning sizes of small clusters in these models, the only
known result concerns the asymptotic size of the second-largest com-
ponent of HRGs [162]. Among the more classical models, for random
geometric graphs and Bernoulli percolation on them, the papers [175, 211]
identify e,

In Chapter 5 we prove the stretched exponential decay and identify the
values of C in (4.1.1) for (regions of the parameter space of) supercriti-
cal continuum scale-free percolation, geometric inhomogeneous random
graphs, and hyperbolic random graphs (CSFP, GIRG, HRG). We intro-
duce a novel proof technique, the cover expansion, and give a quantitative
backbone-and-traps description of the giant component; which is novel
for these models. Additionally, we unfold the general relation between the
cluster-size decay and the size of the second-largest component, which
yields a weak law of large numbers for the size of the giant component as a
side result. In [151], we establish (4.1.1) for the scale-free Gilbert model, for
the age-dependent random connection model, for continuum long-range
percolation, and other regions of the parameter space of CSFP, GIRG, and
HRG. The results here and in the accompanying paper [151] together also
determine the speed of the lower tail of large deviations for the size of the
giant component |G| for all these models. With the same C as the one in
the cluster-size decay, for all sufficiently small p > 0,

P(le)| < pn) = exp (—n&toM), (4.1.2)



4.2 FOUR REGIMES OF ( IN THE PHASE DIAGRAM

In Chapter 5 we present the lower bound and in [151] the upper bound.

4.2 FOUR REGIMES OF ( IN THE PHASE DIAGRAM

In KSRGs in general, one can determine the value of the exponent ¢ of
the cluster-size decay via the following back-of-the-envelope calculation,
that is based on the lower bound and aims to find a spatially localized
component of size ®(k). Consider two neighboring boxes A, A}? of
volume k in R¢, and compute, as a function of k, the expected number
of edges ]E[IS(/\L”,/\L2 "] between vertices in these boxes, and also the
expected number of Vertices in A} having at least one edge towards a
vertex in /\%< , EIV(AL —>/\ M. If these two quantities are the same order,
and are both ©(k¢), then the probability that none of the potential edges is
present is exp(—©(k¢)). The non-presence of all these edges is necessary
for a large isolated cluster of size @( ) to be confined to its original box. If,
however, we find E[[V(A —>/\ N =o(E lE(AL /\g))l]), and the former
quantity is ©(k%), then typlcally there are a few high-mark vertices that
have many edges to the neighboring box. The most likely way to have
a component of size O(k) is then to simply not have any of these vertices
present in the two boxes, again happening with probability exp(—©(k®)).
Clearly, large finite clusters can be non-localized, so the rigorous version of
this argument only gives lower bounds. Nevertheless, it describes the most
likely way of connectivity towards and within the infinite/giant component
and gives a conjecture for the value of (.

Based on this intuition, we distinguish four possible types of connectivity
that describe how neighboring boxes are connected. We call the type of
connectivity that produces the largest contribution to E[[V(A" — Al
the dominant type. Changes of the dominant type give the phase dlagram
of C in the parameter space. We visualize these phases in Figure 6a for

models using Kprod, Kpa, OT Kmax- All arguments below are meant as k — oo.

We say that the model shows dominantly

(1) low-low-type connectivity if the main contribution to E[|[V(A, Sl
is coming from pairs of low-mark vertices (vertices w1th rnark @( ))
at dlstance O(k'/4) from each other. We find E| V(AL P S A 2))H =

O(EIE(AL, AZ)))] = O(k%), where

i=2—«, (4.2.1)

which neither depends on k nor on T since low-mark vertices are
not affected by those. Models with parameters falling in this regime
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(Ih)

behave qualitatively similarly to long-range percolation. We present
proofs for parameters regimes where (;; is dominant in [151]. In KSRGs
with kernels in (1.3.4) this regime may occur if both x < T—1 and
o < 2.

low-high-type connectivity if ]E[|8(/\§<”, /\{f))] > ]E[l\?(/\{!) —>/\%f))|] and
the main contributions are coming from edges between a high-mark and
a low-mark vertex (©(1)) at distance @(k'/4). A vertex has high-mark
here when its mark is Q(kYh), where

Yhi=1-1/x

is the smallest exponent such that a linear proportion of vertices of mark
Q(kYm) in /\L” is connected to some low-mark vertex in /\%<2 ). Vertices
of mark (k) have to be absent to find a large but finite component
confined to /\L”, and since IE[W(/\%!) — /\%f))l] = Ok Ym(*=T)) we
obtain

Gh=1—-vym(t=1)=1— (=11 —-1/a). (4.2.2)

We prove in our accompanying paper [151] that this type of behaviour
is dominant in KSRGs with kernels kmax, Ksum, and kpa (e.g. for the
age-dependent random connection model [105] and scale-free Gilbert
model [122]) when both «x € (t—1,(t—1)/(t—2)), and T € (2,3)
holds.

high-high-type connectivity if E[IE(AY, A7) > E[V(AY — A2,
and the main contributions are coming from edges between two high-
mark vertices at distance ©(k'/4). A vertex has high mark here when
its mark is Q(kY®), where vy, is the smallest exponent such that a
linear proportion of vertices of mark Q (k) in A} is connected by an
edge to a high-mark vertex in A;”. This leads in expectation to © (k%)
many high-mark vertices in /\g) and /\L2 " (which have to be absent
to find a large but finite component), where (== 1 —vypn(T—1).
The formula of vy, depends on the choice of the kernel k. For the
interpolating kernel k1 ; from (1.3.5) that we use in this chapter we
find
1—1/x
o+1—(t—1)/a
1
o+1

ift<2+o,

Yhh = (4-2.3)

, ift>2+o0,
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leading to*

24+0—1 .
, ft<2+o0,
o+1—(t—1)/x
Chh =1 —Ynu(T—1) = (4-2.4)
24+0—71 .
-, ft>2+o0.
o+ 1

In Chapter 5 we focus on this phase and show that this type of
connectivity can be dominant in KSRGs with kernel kp;oq: (continuum)
scale-free percolation (SFP) [63, 67], geometric inhomogeneous random
graphs (GIRG) [40] and hyperbolic random graphs (HRG) [169]) when
T<3and ax>1t—1.

(nn) nearest-neighbour-type connectivity if
EllE(AY, A = OEIVIA = AD),

and the main contributions are coming from edges of length O(1)
between low-mark vertices close to the shared boundary of the two
boxes. The expected number of such edges and vertices is O(k&m)
where

Con == (d—1)/d. (425)

KSRGs with kernel kyiy and threshold profile show this type of con-
nectivity behaviour in their entire parameter space, e.g., random geo-
metric graphs and nearest-neighbour percolation on Z4. KSRGs with
either non-trivial kernel or long-range profile also show this phase
in a region of the parameter space, e.g. long-range percolation when
o« > 1+ 1/d. Chapter 6 treats sub-regions of this phase in the («, )
parameter-plane.

In general we conjecture that for any model belonging to the KSRG frame-
work, the value of Cin (4.1.1) is determined by whichever connectivity type
yields the largest contribution to E[|E(A}’, A)] and E[[V(AY — A2
Formally we may only compute

max{{j, Cih, Chhs Gan) =: G,

yielding the conjectured exponent in (4.1.1). See also the overview in Table
2, and Figure 6a.

1 We will never use the formula for (p, when it is negative: then, some other connectivity
type is dominant.
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Model Kernel ¢
Bond-percolation on z4 [113] Ktriv, K0,0 Cnn
Random geometric graph [210] Cnn
Long-range percolation [216] max{{jj, Cnn}
Continuum long-range percolation [4] max{Cy, Cnn}
Scale-free percolation [63] Kprods K1,1 max{Cppn, (i1, Can}
Continuum scale-free percolation [67] max{Chp, (11, Cnn)
Geometric inhomogeneous random graph [40] max{Cpn, 1, Can}
Hyperbolic random graph [169] Chh
Age-dependent random connection model [105]  Kpa, K1,t—2 max{(p, (1, Can}
Scale-free Gilbert graph [122] Kmax, K1,0 max{(jn, (1, Cnn}
Ultra-small scale-free geometric network [228] Kmin, K0,1 max{Cpp, (nn}
Interpolating KSRG Kl,o max{qy, Gk, Chhs Gnn}

Table 2: Models belonging to the KSRG framework, their kernels, and the (con-
jectured) value of their cluster-size decay exponent (. Horizontal lines
separate models with different kernels. See Table 1 for the vertex sets
and profiles that are used by these models.

The interpolation kernel allows for unified proof techniques, and shows
how the possible dominant regimes (ll, lh, hh, and nn) fade into each other
as the interpolation parameter o changes gradually, see Figure 6b. We then
state our conjecture, visualized in Figure 6, see also Table 2.

Conjecture 4.2.1. We conjecture that for supercritical KSRGs in R¢ with kernel
K10, for all (o, T) € (1,00] X (2,00], (4.1.1) and (4.1.2) hold with

C - maX{CH/ C]_h/ Chh/ Cnn}

whenever ¢ > 0. When o = oo and/or T = oo, the value of C is obtained by taking
the corresponding limit of ¢ = (e, T).

4.2.1  Three related works

The results in this chapter, combined with [151], prove Conjecture 4.2.1 for i-

KSRGs on Poisson point processes (PPP) whenever max{{y;, Cjn, Chn)} = Gnn =
% and 0 <t—1 (the non-green regions in Figure 6). When max{(y, (i} >

Chh (the blue and yellow regions in Figure 6), or when the maximum is
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‘ Models using kproa: CSFP, GIRG, and HRG ‘ ‘ Models using fipa OF Kmax: ARCM and SGM ‘
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Cn Cn M G B G [ ] suberit.

(a) Phase-diagrams of ¢ = {(7, ) for models with kernels Kprod- and Kpa Or Kmax, plotted

(b) Phase-diagrams of { = ((o, 1) for fixed values of « in (1.3.3), plotted as a function of

as a function of 1/(t—1) and 1/«. The y-axis (i.e., 1/(t — 1) = 0) also describes the
phase diagram of (continuum) long-range percolation that has kernel ky;,, while the
models on the x-axis (1/x = 0) coincide with models using a threshold profile function
in (1.3.3). When 1/« > 1 or 1/(t—1) > 1, then G is connected and each vertex has
infinite degree almost surely [121]. A white color within the square means that the
model is subcritical for each value p,  in (1.3.1) [108].

‘ a € (2,00) ‘

- Cn
Cin
— B G
I
i - Crm
[ ] subecrit.
i
N
~s

b an-HiL - 1

—

=

1/(t—1) on the x-axis and o/(t — 1) on the y-axis. The identity line y=x corresponds
to models using kernel Kprod = K1,1, the x-axis to models using kmax = k71,0 and the
cross-diagonal x+y = 1 to models using kpa = k1,r—2. The origin captures models
with kyiy =Ko 0. Observe that (j, (blue) is never dominant above the diagonal y > x
(equivalently, o > 1), while ¢y} (red) is never dominant below the cross-diagonal
x+y =1 (equivalently, o < 1—2). In the quadrant x+y > 1,y < x all four exponents
‘compete’ for dominance. Each of the diagrams (except « > (d —1)/(d — 2)) can be
extended to y=o0/(t— 1) >1, by simply extending the linear boundary lines separating
the regions; when o> (d —1)/(d — 2), the line separating the nn- from the hh-regime is
given by x+y=1+(d—1)(1—1/a).

Figure 6: Phase diagrams of the (conjectured) cluster-size decay for kernel-based spatial

random graphs. Theorem 5.1.2 proves the upper bound in the red regions, and it
gives the lower bounds above the x +y > 1 line on Figure 6b, for all four colors
simultaneously, with logarithmic correction terms on phase boundary lines.
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non-unique (on region boundaries), we have a o(1) error in the exponent ¢,
while in the open red region our bound is sharp. Regarding the speed of
the lower tail of large deviations (LTLD) for the size of the giant component
(as in (4.1.2)), we prove Conjecture 4.2.1 up to a o(1) error whenever
max{{j, (i, Chn} >0 and o<t — 1 (all parameters for which the model can
be supercritical in d =1). Thus, up to o(1)-errors in some regions, these
results prove Conjecture 4.2.1 fully for locally finite i-KSRGs on PPPs when
d=1and oc<1—1. In dimension d > 2, the present chapter and [151] leave
open (only) the regime where (,, is maximal, but we still obtain partial
results in this regime (see the following paragraphs). In Chapter 6, we
prove Conjecture 4.2.1 fully for long-range percolation on Z4 whenever the
edge density is sufficiently high, i.e., also when (,, is maximal.

Upper bounds. In this chapter we prove the upper bound on the cluster-
size decay and |C};| for { = (y,, which is sharp in the red regions in
Figure 6, and still non-trivial whenever T <2+ o (above the cross-diagonal
in Figure 6b), using a “backbone construction”. In [151] we show upper
bounds on the speed of LTLD for the size of the giant component using
a renormalization scheme driven by vertex-marks. This yields an upper
bound that matches the conjectured exponent C in (4.1.2) up to o(1) when
max{(yj, i, Chn} > 0. In [151] we use this LTLD-type result to construct a
backbone (whose construction is different from the construction in this
chapter). Using that, we prove the upper bounds on the cluster-size decay
and |C}Y| when (% (o, obtaining up to o(1)-matching upper bounds for
Ce{qy, ¢n} in (4.1.1) (blue and yellow regions in Figure 6). Only the hh-
regime requires o <t—1. All upper bounds for (= (; extend to i-KSRGs
where the vertex locations are given by Z<. In Chapter 6 we show the
upper bounds for long-range percolation on Z¢ when (nn > (), assuming
sufficiently high edge-density. We use combinatorial methods in Chapter 6,
since the backbone construction fails for LRP when (,, is dominant.

Lower bounds. This chapter proves, for the whole parameter-space, the
lower bound for the speed of LTLD for the size of the giant component in
(4.1.2). LTLD is related to the lower bound on the cluster-size decay and
|G|, once we additionally prove that a box with appropriately restricted
vertex-marks still contains a linear-sized component. Here, we prove this
when t<2+0 using the backbone construction; the (different) backbone
construction in [151] yields it for T > 2+o0. In Chapter 6, the high edge-
density assumption ensures the existence of a giant in a box. The lower
bounds do not require o < 1—1, extend to i-KSRGs on Z4, and do not
contain o(1)-error terms.



THE HIGH-HIGH REGIME

Based on [149]:

Cluster-size decay in supercritical kernel-based spatial random graphs,
J. Jorritsma, |. Komjdthy, D. Mitsche,

Preprint arXiv:2303.00712, 2023.

The next section makes definitions and our findings formal for our results

in the hh-regime.

5.1 MODEL AND MAIN RESULTS

We start by defining kernel-based random graphs, similar to the definition
in [107], but specifically for the interpolating kernel k7 s in (1.3.5). We
denote by ||x —y|| the Euclidean distance between x,y € RY, and for
x € R4, s > 0, we denote a box of volume s in R? centered at x by

As(x) = Alx,s) == x+ [—s'/4/2,51/4 /24 (5.1.1)

If x = 0, we write Ag. For a discrete set V we write (\2/) = {{u,v},u e
V,v € V,u # v} for the list of unordered pairs in V.

Definition 5.1.1 (Interpolating kernel-based spatial random graph, i-K-
SRG). Fix x > 1,T > 1,d € N, 0 € R. Let = denote an inhomogeneous
Poisson-point process on R% x [1,00) with intensity measure

we(dx x dw) := Leb ® Fyy/(dw) :=dx x (t—1T)w™ "dw (5.1.2)

For some p € (0,1], p > 0, we define the connectivity function with k1 ¢

from (1.3.5) as
X
pmin{1, <BK]U(WWWV)> }, if ¢ < o0,

pﬂ{BK]'G(Wu,WV) S ]}, if o = oo.

(5.1.3)
Conditionally on Z, the infinite random graph G = (V(59), €(9c0)) is

given by V(9 ) = = and for each pair u = (X, Wy ),V = (xy, Wy) € = the

P (O W), (kv wh)) =
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edge {u, v}is in €(Gs) with probability p((xy, wu), (xv, wy)); conditionally
independently given =.

Write for [a,b) C Ry, =, [a,b) := =N (A x [a, b)). For the finite induced
subgraphs of G, on =, [a, b) and =, := Z,[1, 00), we respectively write

gn[a/b) = (Vn[alb)l 8T‘L[a/b))/ 9T1 = (vnr 8“) (514)

We call = a realization of the vertex set. We denote the measure induced
by the Palm version of = where a vertex at location x is present (with
unknown mark) by P*.

Both the vertex set V and the profile function p in (5.1.3) can be replaced
to obtain more general KSRGs. We expect that our results generalise to
KSRGs with lattices as vertex sets, although some of our current proof
techniques do not apply, since they make use of the independence property
of PPPs. The projection of the vertex set V = = onto the spatial dimensions
is a unit-intensity Poisson point process. The formula in (5.1.3) restricts
to models with either a threshold-profile (x=00) or a specific long-range
profile (cf. p(t) in (1.3.3)), for readability. Our results readily extend to
more general regularly varying profiles and fitness distributions, i.e., they
allow slowly varying functions in (1.3.3) and (5.1.2), but then the exponent
C needs to be corrected by an additive o(1) term.

The interpolating KSRG model includes models with kernels kmax, Kpa,
Kprod s special cases. The parameter p governs Bernoulli percolation of
the edges, and a higher 3 increases the edge density. While p, 3 do not
affect ¢, they may influence supercriticality for certain values of (x, T, 0, d),
see [63, 108, 109] on robustness of some KSRGs. See Section 1.3 above for
the role of («, T, 0,4d).

Main results

We proceed to the main results of this chapter. Define the multiplicity of the
maximum of a finite set Z C R as:

m(Z) :=mg = Z 1{¢ = max(2)}. (5.1.5)
cez
Recall ¢y, G, Chh, and Cnn from (4.2.1), (4.2.2), (4.2.4), and (4.2.5), respec-
tively.
Theorem 5.1.2 (Subexponential decay). Consider a supercritical i-KSRG model
in Definition 5.1.1, with parameters « > 1,71 € (2,2+0), 0 > 0, and d € N.
Then there exists A > 1 such that, for all k > 1:



5.1 MODEL AND MAIN RESULTS
(i) For Z. = {Cu, Cin, Chn, Con} and n € (Ak, o0]
P°(|Cn(0) =k, 0 ¢ €CL)) > exp (— Ak™™Z) 1og™= 1 (K)), (5.1.6)
(i) if additionally o < T—1, then for all n € (Ak! T/ o]
P°(|Cn(0)] >k, 0 ¢ C) < Aexp (— (1/A)kSmn). (5.1.7)
The results also hold when o« = oo by taking the appropriate limit in (yy(x) in
(4.2.4).

We will obtain the following statement as a corollary from Theorem
5.1.2.

Corollary 5.1.3 (Law of large numbers for the size of the giant component).

Consider a supercritical i-KSRG model in Definition 5.1.1, with parameters
a>1,1€(2,24+0),0¢e (0,T—1],and d € IN. Then,

el
Cn | N P°(|Cx(0)] = 0), as n — oo. (5.1.8)

The analogue for the size of the second-largest component in G, is the
following theorem.

Theorem 5.1.4 (Second-largest component). Consider a supercritical i-KSRG
model as in Definition 5.1.1, with parameters o« > 1,7 € (2,24 0), 0 > 0, and
d € IN. Then the following hold:

(i) For Z ={Cy, Cih, Chn, Con), there exist constants A, d,ng > 0, such that for
alln € [1,00)

P(le?| > (1/A) (log(n)/((loglog(n))™=~1)'/ ™%} > 1 —n=2,
(5.1.9)

(ii) If additionally o < T—1, then for all & > 0, there exists A > 0 such that
forallm € [1,00)

P(ley] < Alog”cf‘h(n)) >1-—n?. (5.1.10)

The results also hold when o« = oo by taking the appropriate limit in Cpp () in
(4.2.4).
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We make a few remarks about the two theorems. The assumption
T€ (2,2+0), (corresponding to x +y > 1 on Figure 6b) ensures that the
model is supercritical for all p, > 0 in (5.1.3), see Proposition 5.4.13
below, implying that there exists a unique infinite component C4,. The
condition T < 2+ o also ensures (pp > 0. In part (i), the condition o <t—1
is automatically satisfied for models with kernels k7 ; with o<1, including
Kprod = K1,1, because T > 2. While we believe the restriction o <t—1is a
technical condition, it reflects the change of the tail exponent of the degree
distribution at 0 = T — 1: the contribution of higher-fitness vertices to the
degree of a vertex is negligible compared to the total degree only when
o<T—1 [179]. The assumption n > k! /% in Theorem 5.1.2(ii) is also a
technical artifact of our proof, and can be relaxed to n > k! *¢ using results
from [151]. The lower bound in (5.1.6) is the same as in Conjecture 4.2.1,
here we prove it in the region 1€ (2,2+0), and in [151] when T>2+ 0.

The next theorem shows that the stretch-exponent ( is also related to
lower large deviations of the largest component. Contrary to the theorems
above, it holds also for T > 2+ o.

Theorem 5.1.5 (Speed of lower-tail large deviations of the giant). Consider a
supercritical i-KSRG model as in Definition 5.1.1, with parameters o > 1,7 > 2,
0 > 0, and d € IN. There exists a constant A > 0 such that for all p > 0, and n

sufficiently large, with Z ={Cy, Cn, Chn, Gonl,y
P(lCY)| < pn) > exp (— Aip nmax(2) [pgmz 1 (n)). (5.1.11)

In [151], we give an almost matching upper bound for the left-hand side
in (5.1.11) for some p > 0, with an error of o(1) in the exponent of n. Next,
we interpret our results for Kproq models.

Example 5.1.6 (Matching bounds for product-kernel models). In the open
region in the (o, T, 0, d)-phase diagram where (y, is the unique maximum
— corresponding to the (hh)-regime — our bounds in (5.1.6) and (5.1.7), and
in (5.1.9) and (5.1.10) are matching. This gives sharp bounds for scale-free
percolation, geometric inhomogeneous random graphs, and hyperbolic random
graphs. In these three models o = 1, and whenever max{{y;, (in, Chh, Gan} =
Chh = (3—1)/(2—(t—1)/x) (the red region in Figure 6a), then

IP(k < |€(0)] < 00) = exp(—O(k™)),
P(IC < pn) = exp (— A]pnChh)
P(A~ " log'/ ™ (n) < €] < Alog'/ ‘i (n)) > 1—n"~

\

WV
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In [151], we present similar bounds for these kpoq-KSRGs when max(2) =
(1 = 2 — o, which occurs when « € (1, min{t— 1,1+ 1/d}) (corresponding
to the yellow region in Figure 6a). For kp0q models, ¢, is never maximal,
hence these models present only three phases in their phase diagram for
C. For (threshold) hyperbolic random graphs (HRG), [162] proved that
o)) = O((log n)2/83=7)), which is included in Theorem 5.1.4: there is an
isomorphism between HRGs and a 1-dimensional KSRG model with =1,
T € (2,3),x = oo (see [40] or [166, Section 9]). Since for HRG we have
o = 0o, all small components are localized in space in HRGs. However,
when « < oo, the long-range edges lead to de-localized small components.
This makes proofs of lower bounds somewhat more and upper bounds
significantly more complicated than those in [162] (at least up to our
judgement).

5.1.1  Notation

For a discrete set S, we write |8 for the size of the set. For a subset X C R4,
let Vol(X) denote the Lebesgue measure of X, 0K be its boundary and K¢
its complement. We denote the complement of an event A by —A. Formally
we define a vertex v by a pair of location and mark, i.e., v := (x,, w,), but
we will sometimes still write v € K if x,, € K. We write for Q C R4 and
a<b

Zola,b):=ZN(2x [a,b)), and Zla,b):=Zx,la,b) (5.1.12)

for the restriction of the vertices with mark in [a, b) and location in Q and
As from (5.1.1) respectively. By convention, we set (x —1)/oc:=1if « = 00
throughout the chapter.

52 METHODOLOGY
5.2.1  Upper bounds
After sketching the strategy for upper bound on the size of the second-

largest component, we explain how to obtain the cluster-size decay from
it, then we sketch the lower bound.
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5.2.1.1 Second-largest component

We aim to show an upper bound of the form
P(1e?] > k) < (n/c) exp(—ck®hn) =: errp k. (5.2.1)

for arbitrary values of n > poly(k) and some constant ¢ > 0. Such a bound
yields (5.1.10) when one substitutes k = Alog'/“"(n) for a sufficiently
large constant A = A(8) > 0. Throughout the outline we assume that
(n/k)"/4 € N. The proof consists of four revealment stages, illustrated in
Figure 7.

Step 1. Building a backbone. We set wy, := O(kYhh) with yp, > 0 from
(4.2.3). We partition the volume-n box A, into n/k smaller sub-boxes
of volume k. In this first revealment step we only reveal the location
and edges between vertices in =, [Whh, 2Why), obtaining the graph G, 1 :=
Gn [Whh, 2Whp ). We show that Gy,,7 contains a connected component Cy,
that contains ©(k%h) many vertices in each subbox, that we call backbone
vertices. We show that this event — say Ay}, — has probability at least
1 —err, x. We do this by ordering the subboxes so that subboxes with
consecutive indices share a (d — 1)-dimensional face, and by iteratively
connecting © (k") many vertices in the next subbox to the component we
already built, combined with a union bound over all subboxes. The event
App, ensures us to show that independently for all v € =, 2wy, 00),

IP(v <> Cpp | Apb,V € Zn[2Whn, 00)) = 1/2, (5.2.2)

regardless of the location of v. We call vertices in = 2wy, 00) connector
vertices.

Step 2: Revealing low-mark vertices. We now also reveal all vertices with
mark in [1,wyy), and all their incident edges to 9,1 and towards each
other, i.e., the graph Gy 2 := Gnl1,2Whn) 2 G-

Step 3: Pre-sampling randomness to avoid merging of small components.
To show (5.2.1), in the fourth revealment stage below we must avoid
small-to-large merging: when the edges to/from some v € = [2wy,, 00) are
revealed, a set of small components, each of size smaller than k, could
merge into a component of size at least k without connecting to the
giant component. If we simply revealed =,, [2wyy,, o) after Step 2, (5.2.2)
would not be sufficient to show that small-to-large merging occurs with
probability at most 1 — erry . So, we pre-sample randomness: we split
Zn[2whp, 00) into two PPPs:

= (sure)

Zn[2whp, 00) = 257 2w, 00) U 28 2wy, 00),
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sure ) unsure

where =3 2wy, 00), 20" [2why, 00) are independent PPPs with equal
intensity: using (5.2.2) and helping random variables that encode the
presence of edges, we pre-sample whether a connector vertex connects
for sure to Cy}, by at least one edge; forming =y ) [ 29y, 00). Vertices in
S VWi, 00) might still connect to Cp}, since 1/2 is only a lower bound
in (5.2.2), but we ignore that information. We crucially use the property
that thinning a PPP yields two independent PPPs. The adaptation of our
technique to lattices as vertex-set seems non-trivial due to this step. We
reveal now =" 2wy, 00). Let Gn,3 2 Gn,2 be the graph induced on the
vertex set

Vi3 = Znll, 2Whn) U ZE™ 2wy, 00). (5.2.3)

Step 4: Cover expansion, a volume-based argument. We now reveal

5" 2w, 00) and merge all components of size at least k with the largest
component in G, 3 with probability at least T — erry ;. Small-to-large
merging cannot happen since vertices in =y =5 2w, 00) all connect to Cpyp.
We argue how to obtain (5.2.1).

Step g4a: Not too dense components via proper cover. For a component € C
Gn,3, the proper cover X (£) C Ay, is the union of volume-1 boxes centered at
the vertices of € (the formal definition below is slightly different). Fixing a
constant > 0, we say that C is not foo dense if

Vol(Xn (€)) = 8[€l. (5.2.4)

Using the connectivity function p in (5.1.3) and wy, = O(kYhh), there exists
ko such that for any k > ko and any pair of vertices u € Vy, 3 in (5.2.3) and

v € 282wy, 00) within the same volume-1 box,

plu,v) >p/2. (5.2.5)

Using this bound and that =7 ) [2Whn, 00) is @ PPP, when |€| > k, with prob-
ability at least T — erry, i, at least O (k) many vertices of = ) 2w, 00)
fall inside X, (€) and at least one of them connects to € by an edge. Since
these vertices belong to =} ) [ 29, 00), they connect to Cpp, by construction,
merging C with the component containing Cyp,.

Step 4b: Too dense components via cover-expansion. We still need to
handle components € C G, 3 with [€] > k but the opposite of (5.2.4).
These may exist (outside the component of Cpp) since the PPP =,, contains
dense areas, e.g., volume-one balls with ©(log(n)/loglog(n)) vertices. We
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introduce a deterministic algorithm, the ‘cover-expansion algorithm’, that
outputs for any (deterministic) set £ of at least k vertices a set K®P(L) C
R4, called the expanded cover of £, that satisfies (5.2.4) and a bound similar
to (5.2.5) (provided that o < t—1). In the design of the set XP(L) we
quantify the idea that a connector vertex can be farther away in space from
a too dense subset L’ C £, while ensuring connection probability at least
p/2to L/, as if L' contains a single vertex. We apply this algorithm with
L = € for components of size at least k of Gy, 3 that do not satisfy (5.2.4)
and do not contain Cpp. The remainder of the proof is identical to Step 4a.
Steps 4a, 4b, and a union bound over all components of size at least k in

Gn,3 yield (5.2.1).

5.2.1.2 Subexponential decay, upper bound.

Consider k fixed. We obtain the cluster-size decay (5.1.7) for any n €
[poly(k), ny] with ny = exp(©(k%h)) by substituting ny into (5.2.1). To
extend it to larger n, we first identify the lowest mark w(n) such that all
vertices with mark at least W(n) belong to the giant component eV cg,
with sufficiently high probability (in n). Then we embed A, in A, and
show that

P°(|Cn(0)l =k, 0 ¢ €l))
<P(je? | > k) +P°(el) ¢ el) (5.2.6)
+P°(ICn(0) =k, 0 & €, 1Cn, (0)] < Kk).
l Step 1 and 2 ‘ l Step 3 ‘ l Step 4

2whn

w,

0O O | 0O a® O
l- C*:Cy, CC* ‘ IO C:|C| <k, andCZC* ‘ IO C:|C| >k, and C g C* ‘ IA unsure-connector

O sure-connector

Figure 7: Upper bound. The y-axis represents marks, the x-axis represents space.
After Steps 1 and 2 there is a component C* containing the backbone
that is connected to some small components from G [1, wyy, ). After Step
3, the unsure connectors are revealed: there is small-to-large merging;
some unsure connectors connect to the backbone. After Step 4, each
component of size at least k merged with the largest component via a
sure-connector; unmerged small components and unsure-connectors
outside €\’ remain.
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The first term on the right-hand side has the right error bound by (5.2.1).
We relate the second term to the event that for some fi € (ny, n] there is no
polynomially-sized largest component or the second-largest component
is too large. The event in the third term implies that one of the at most
k — 1 vertices in Cp, (0) has an edge of length Q(nL/ d /k), which will have
probability at most erry,, i, since these vertices have mark at most w(ny).

5.2.2  Lower bound

For the subexponential decay, we compute the probability of a specific
event satisfying k < |€(0)| < co. We draw a ball B of volume O(k) around
the origin, and compute an optimally suppressed mark-profile: the PPP = must
fall below a (d + 1)-dimensional mark-surface M := {(x, f(x)),x € R4}, i.e.,
w, < f(x,) must hold for all (x,,, w,,) € =. We write {Z < M]} for this event.
The value of f(x) is increasing in ||x — 0B|| since high-mark vertices close
to 0B are most likely to have edges crossing 9B. M is optimized so that
P(Z < M) ~P(B 4 B | = < M), where {B 4 B¢} is the event that there
is no edge present between vertices in B and those in its complement.
Both events occur with probability exp(—@ (k™ & tm i tn})) up to loga-
rithmic correction terms. We then find an isolated component of size at
least k inside B using a technique that works when T < 2+ 0. We use
a boxing argument to extend this argument to the lower bound on the
second-largest component of G, similar to [162], and to obtain a lower
bound on P(|€})| < pn).

5.2.3 Generalisation of results

Most of our results extend to more general (interpolating) KSRGs than
that in Definition 5.1.1. In particular, one can replace the spatial location of
vertices to be Z4 (or any other lattice), called i-KSRGs on Z4. To prove this
generalisation, one needs to replace concentration inequalities for Poisson
random variables by Chernoff bounds for Binomial random variables
and replace integrals over R¢ by summations over Z9. We believe that
Theorems 5.1.2-5.1.5 fully extend to o > T— 1 and i-KSRGs on Z4, by
pre-sampling more information (similar to Step 3) already before Step 1.
We decided to not include this, avoiding the extra amount of required
technicalities. We highlight the lemmas and propositions that do not
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immediately generalise by adding a % to their statement (e.g. Proposition
5.4.1).

Besides that, all results extend to i-KSRGs where the number of vertices
is fixed to be n, where each vertex u has an iid mark from distribution Fy/
in (5.1.2) in Definition 5.1.1, and an independent uniform location in the
volume-n box Ay.

Moreover, all results (even when restricted to the graph in A,,) extend to
the Palm-version IP* of IP where the vertex set = is conditioned to contain
a point at location x € A, with unknown mark (which is not a priori
obvious, since the model restricted to a finite box around the origin is not
translation-invariant). We will omit this in our statements and proofs, and
only add the superscript x to our notation if we explicitly use the Palm
version.

Organisation of the chapter

In Section 5.3 we explain the cover expansion from Step 4 in the outline
of the upper bound. This technique is a novel technical contribution and
is interesting in its own right. We use it also in [151]. In Section 5.4 we
prove the upper bound on the size of the second-largest component. Then
in Section 5.5 we extend it to the cluster-size decay, and show Corollary
5.1.3. In Section 5.6 we discuss the lower bounds, including the proof
of Theorem 5.1.5. The first propositions in Sections 5.4—5.6 immediately
imply the proofs of Theorems 5.1.2 and 5.1.4, as we verify near the end of
Section 5.6.

5.3 THE COVER AND ITS EXPANSION

The goal of this section is to develop the cover-expansion technique in Step
4b of Section 5.2.1.1. The statements apply also to KSRGs on vertex sets
other than a PPP. First we define a desired property for a set of vertices
based on their spatial locations. Recall the definition As(x) = A(x, s) from

(5.1.1).

Definition 5.3.1 (s-expandable point-set). Let § C R x [1, 00) be a discrete
set of points, and s > 0. We call § s-expandable if for all x € Z% and all
s’ e{s+1/(ed4/2234) . { ¢ N},

ISNAg(x)/s" <e.
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A discrete set 8 ¢ RY is s-expandable if there are no large boxes,
centered at any site z € Z4, with too high ratio of number of vertices in
8 in the box vs its volume. Further, if § is s-expandable, then any subset
of § is s-expandable; also, if § is s-expandable, then for all § > s, § is
also 3-expandable. The next proposition solves the problem of too-dense
components in space, cf. (5.2.4).

Proposition 5.3.2 (Covers and expansions for s-expandable sets). Consider
an i-KSRG with connection probabilities between vertices given by (5.1.3) with
kernel k1, and profile function with parameter « > 1 and (arbitrary) marked
vertex set V = {(xy, Wy)yev. For a given w > 24d4/2 /B, let s(w) > 0 satisfy

s(w) = (29pw) /171, (5:3.1)

Then, for any s(w)-expandable L C V N Ay, of vertices (for some n > 0), there is
a set X (L) C A with

1

Vol(Kn (L)) = WVH; (5.3-2)

such that all vertices v € VN Ky (L) with mark w, > w satisfy independently
of each other that

P(v L|V)>p/2. (5.3.3)

We use two different constructions for the set X, (£). If £ is not too
dense (see (5.2.4)), we will use a proper cover (see Definition 5.3.6 below).
If, however, the points of £ are densely concentrated in small areas, we
will use a new (deterministic) algorithm, the cover-expansion algorithm,
producing an expanded cover (see Definition 5.3.7 below) that still satisfies
the connection probability in (5.3.3). This will prove Proposition 5.3.2. We
start with some preliminaries:

Definition 5.3.3 (Cells in a volume-n box). Let B, be a box of volume 1
centered around z € Z4. For any two neighbouring boxes B., B,, allocate
the shared boundary 0B, N 0B to precisely one of the boxes. For each
u € Z9 such that u ¢ A, but By N Ay # 0, let z(u) := arg min{|ju —z|| :
z € An NZ4}, and then define for each z € Z4 N A,, the cell of z as

B, = (ﬁz m/\n> U ( U (Bu m/\n)).

ueZd:z(u)=z

In words, boxes that have their center inside A,, but are not fully con-
tained in A, are truncated, while boxes that have their centers outside
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An but intersect it are merged with the closest box with center inside A,.
Clearly, at every point of A,, at most 24 cells are merged together, and
only 1/2 of the radius in each coordinate can be truncated. Thus, for each
cell B,

sup{|[x —yl| : x,y € B} < 2Vd; and 274 < Vol(B,) <24 (5.3.4)

Definition 5.3.4 (Notation for cells containing vertices). Let £ C Ay, be the
set of locations of a set of vertices in any given realization (V, (Wy)yev).
Let {Bzi}}i1 be the cells with LN B,, # 0. Let £; := LNB,,, ¢; :=[Li] and

L=10l=Y M, .

We will distinguish two cases for the arrangement of the vertices among
the cells: either the number of cells is linear in the number of vertices, or
there is a positive fraction of all cells that all contain ‘many” vertices. To
make this more precise, we prove the next combinatorial claim.

Claim 5.3.5 (Pigeon-hole principle for cells). Let 6 € (0,1), v > 1, and
y,..., 0w = 1integers such that Zigm' G =L Ifm' <L(1—-3)/v then

FICm]: Yied: 4>y, and Z ¢; > 6L (5.3-5)
=

Proof. Assume for contradiction that §,v,{1,..., ¢ are such that m’ <
L(1— 6)/v holds but (5.3.5) does not hold. Let J :={j : {j < v} C [m'] and
let J¢ := [m']\d. Then Vi € J¢ : {; > v and hence, we assumed the opposite
of (5.3.5), it holds that Zje gc 5 < L. Since the total sum is L, this implies
that Zjeﬂ & > (1-9)L. Moreover, since ¢; < v for j € J, it must hold that
|dl > (1 —8)L/v, which then gives a contradiction with the assumption in
that m/ < L(1—6)/v. O

We define the first possibility for the set X, (£), which is inspired by
Claim 5.3.5 with v = ed9/223d and 5 = 1/2.

Definition 5.3.6 (Proper cover). We say that £ admits a proper cover if
m’ > |£|/(2ed9/2234), in Definition 5.3.4, and we define the cover of £ as

1
Kn (prop.) U B,, satisfying Vol(K®&™)) > WILI.

By (5.3.4), v = ed4/2234 and § = 1/2, hence, we obtain the desired
volume bound on the right-hand side above, establishing (5.3.2) for sets
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admitting a proper cover. Moreover, consider now (x,,wy) € (B,, N L) x
(1,00) and u = (xy, Wy) € B, X [w,00) with B,, C K" Then [|xy, —
xv|| < 2v/d by (5.3.4). Since we assumed w > 24d4/2/8 above (5.3.1),
using (5.1.3) and (1.3.5),

p(u,v) = pmin{l, (Bx1,0(w, 1)/(2Vd)*)%)

3.6
— pmin{l, (Bw/(2VD)Y)% > p. (530

This shows (5.3.3) for sets admitting a proper cover. The argument for
o = oo is similar.

The remainder of this section focuses on sets £ that do not admit a
proper cover, i.e., the number of cells that contain vertices of £ is too
small. We define an “expanded” cover, obtained after applying a suitable
volume-increasing procedure to U;c(,/ B2, that will be explained at the
end of the section.

5.3.1  Cover expansion

In this section we assume that £ does not admit a proper cover. By
Claim 5.3.5, and re-indexing cells in Definition 5.3.4, without loss of
generality we may assume that J = [m] C [m/] satisfies (5.3.5) with v =
edd/223d and § = 1/2. We use A(x, s) in (5.1.1) here for the box of volume
s centered at x € RY.

Definition 5.3.7 (Cover expansion). Let £ be a set of locations of vertices
that does not admit a proper cover in the sense of Definitions 5.3.4 and 5.3.6.
Letm]:={j: ¢ > edd/2234} C [m/] satisfying (5.3.5) with v = edd/2234d
and & = 1/2. The cover expansion is defined as a subset of labels J*) C [m]
and corresponding boxes (BJ[.*))je g C R4, centered at (z; )je g0+, together

with an allocation 5 of the cells B, : i < m to these boxes, with

Cellsg*] = U {i:B, & B;”}, (5.3.7)

i<m
satisfying the following properties:

(disj.) the boxes (B]E*))j6 40+ are pairwise disjoint sets in RY;
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(vol.) for allj € J*; we have

. 1
B = A5 gz 2 b):

iECellsj(*] 8
Vol(B!) = — ! Y 6 (5.3-8)

i 77 edd/223d v

ieCellsj(*)
(near) foreachie [m];ie Cells](.*)
Iz — ;|4 < d%/*Vol(B]"). (53.9)
We define the expanded cover of £ as

KEP(L) = An N ( U B;”) (5.3.10)

jeg™)
and call B](.*) the expanded boxes.

A few comments about Definition 5.3.7: (disj) and (vol) together ensure
that the total volume of the expanded cover is proportional to |£|. Further,
(vol) ensures that Vol(B;*)) is proportional to the number of vertices that
are in cells allocated to B ](.*). Finally, (near) ensures that the center z; of
each cell B, is relatively close to the center of the box to which it is
allocated. Observe that when the final box B;*) is large, (5.3.9) allows for

large distances between allocated initial cells and the center of B ]E*).

Proposition 5.3.8 (Every set has either a proper cover or a cover expansion).
Assume L does not admit a proper cover defined in Definition 5.3.6. Then there
exists a cover expansion for L in the sense of Definition 5.3.6 and 5.3.7. Further,
the total volume of the expanded cover is linear in |L], i.e.,

1
Vol(K#'(£)) > W\LL (5.3.11)

We defer the proof of existence of the desired cover expansion to the end
of the section. Assuming that a cover expansion exists, we show now the
linearity of its volume along with some other observations. Afterwards,
we show how Proposition 5.3.2 follows from Proposition 5.3.8.

Observation 5.3.9 (Cover-expansion properties). Consider the cover expan-
sion of a set L that does not admit a proper cover according to Definition 5.3.6.
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(i) Every expanded box has volume at least 1, i.e., forall j € ), Vol(B;*)) > 1.
(i) For any cell with B, B,

sup {[[xu —xv| : xu € Li, %y € B;”} < 4v/dVvol( B n1/d,
(iii) For every box B;*), there exists a box Bj’ centered at z; such that
Vol(B)) = d%/22*4Vol(B}”), and |CNBJ| > eVol(B)). (53.12)
(iv) If £ is s-expandable, then for all j €
Vol(B;*)) < d9/22734g, (5.3.13)

(v) The total volume of a cover expansion is linear in |L|, i.e., (5.3.11) holds.

Proof. Part (i) is a consequence of Definition 5.3.7: every cell with label at

most m has ¢; > ed%/23¢, so by (vol), i.e., (5.3.8), Observation (i) follows.
For part (ii) we apply the triangle inequality: since x,, € £j, it holds

that x., € Bz, and 50 by (53.4), [ — 2] < < 2v/d; and by (5.3.9) [z -

zj|| < VdVol(B{")1/4; hence |xy — z|| < Z\f d+ \FVOI ] "1/4. Also,

for any x, € B; g it holds that ||z — x| < (v/d/2)Vol(B )]/d by (5.3.8).

Combining these bounds and using Vol(B N1/d > y1e1ds

e — x| < 2Vd+ (3Vd/2)Vol(B]) /4

and part (ii) is proven. For part (iii), note that part (ii) applied to u € £; C
B, and z;, yields that

sup  {|Ixu—zj|| i xu € Li} < 4\fVolB* 174,
i€Cells;”

Consequently, the box Bj’ centered at z; of volume
Vol(BJ) = dd/223dv01(13;*>)
contains all u € £; with1i € Cells;*). Hence, using (5.3.8), we obtain

LNBil > ) = ed?/223Vol(B}"') = eVol(B]), (5.3.14)

iECells].(*)
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and part (iii) follows. For part (iv), by combining (5.3.14) with Defini-
tion 5.3.1 we see that £ can only be s-expandable if Vol(B]-’ ) < s. Rear-
rangement of the first part of (5.3.12) yields (5.3.13).

Finally, for part (v), by an argument similar to (5.3.4), Vol(B;*) NAR) >
Z_dVol(B;*)) for all j € J. Since all boxes of the cover expansion are
disjoint, and each cell is allocated once, (5.3.8) and (5.3.10) imply that

Vol(Kw?(£)) = D Vol(B{'NAn) =27 ) Vol(B}")
jeg™) jeg™)

1
- e24ddd/2 Z Z ei
j€d™ ieCells!”!
1 1
~ edd/224d 2 Lz edd/24d+1 L
i<m

where the last bound follows by the assumption in Definition 5.3.7 that
0; > edd/2234 for i < m, and the initial assumption that (5.3.5) in Claim
5.3.5 holds for [m] with 6 =1/2. O

Proof of Proposition 5.3.2 assuming Proposition 5.3.8. For sets £ that admit a
proper cover, we recall the reasoning below Definition 5.3.6 (in particular
(5.3.6)) which implies both bounds (5.3.2) and (5.3.3) in Proposition 5.3.2.
Let £ be an s-expandable set that does not admit a proper cover. Let Ky’

be an expanded cover given by the boxes (B;*)))- cg»,d" C [m] and an

allocation 5 of the initial cells (B zi)ie[m] to these boxes. The existence of
this cover expansion is guaranteed by Proposition 5.3.8. The volume bound
(5.3.2) follows from (5.3.11) in Proposition 5.3.8. Hence, it only remains to
verify (5.3.3).

Let u = (X, Wu) € K% x [w, 00). By (disj), and (5.3.10), there exists
j € 3™ such that x,, € Bg*). Recall from (5.3.7) that Cells;*) are the cells
allocated to B;*], and from Definition 5.3.4 that £; = £ N B,. Let now

) .
LJ‘ T UiGCellsj(

(5.1.3).
Case (1): & < oo. By Observation 5.3.9(ii) for any v = (xy, wy,) € £

«Li. Recall the formula of the connection probability from

;*), and
any x, € B ;”, using the lower bounds for the marks w, > 1,w, > w, and
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that k(wy, wy) = (Wy Vwy, ) (W Aw,,)° for some o > 0, we obtain using
(5.1.3) that

p(wv) = Pmln{] Bam}
ZPmin{1 BXw* }:: .

" (4V/d) Vol (B«

By (5.3.8), ILJ[.*)| = ZieCelIS}*) 6 = edd/223dVol(B§*)). Hence, we have

]P(E(wav) € L;*) D (W) < (X\)/WV))
<( _T)edd/zﬁdvol(slf*))
<

exp (—ped?/?2*¢ min {Vol(B"), B w™(4v/d) Vol (B{")'~*}).

Since « > 1, and £ is s-expandable, we can use the upper bound in (5.3.13)
on Vol(B! ; ) to bound the second term in the minimum on the right-hand

side of the last row, and we use Vol(B;*’) > 1 by Observation 5.3.9(i) to
bound the first term. We obtain

]P(ﬁ(xwwv) € L;*] D (xuw,wy) & (XVIWV))
< exp (—pedd/223dmin{],[5°‘ o 4\/> —ad 17(x(d7d/2273d)17(x})
= exp(—pemin{d?/239, (29B)*w™s'~*}) < exp(—ep) < p/2,

where we used in the last row that d%/23¢ > 1 and also that the bound on
w in (5.3.1) ensures that the second term inside the minimum is at least 1,
and that exp(—ep) < p/2 for p € [0, 1]. This concludes the proposition for
x < 00.

Case (2): « = oco. Using the same bounds as for & < co on the distance,
mark and volume of boxes, but now (5.1.3) for & = oo, for any u =
(X, Wy) € Bg*] x [w,00) and any v = (x,, Wy) € Lg*] that

p1{pw > (4v/d)*Vol(B;*))
pL{pw > (4vd)4d~9/2273ds}
=pl{Bw >2"9s}=p >p/2,

P ((xw wa), (xv, wy)) =
Z

where in the one-but-last step we used (5.3.1), finishing the proof of
o = oo0. ]
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We observe that the case @« = oo does not use of the size of £ ;*), and only
requires a single vertex in it, which is intuitive considering the threshold
nature of p in (5.1.3). It remains to prove Proposition 5.3.8, which is the
content of the following subsection.

5.3.2 The algorithm producing the cover expansion

Now we give the algorithm producing the expanded cover of any discrete
set £ without a proper cover, thence, proving the desired proposition.

Setup for the algorithm.

Recall the notation from Definitions 5.3.4 and 5.3.7. Throughout, we will
assume that £ does not admit a proper cover in Definition 5.3.6 and that
(B2, : i € [m]) are the cells satisfying (5.3.5). Contrary to Definition 5.3.7,
which allocates the initial cells B, to boxes B ;*), the algorithm allocates the
labels i, i < m of the initial cells B, towards each other in discrete rounds
r € IN. We write i - j to indicate that label i is allocated to label j in the
allocation of round r. We also write

D= 1{(1,7) 11 jiems

Cells;” = U {i:i AN i};
i<m

Jm={: Cells;” # 0}.

In each round r > 0, the boxes {B;r)}jE 4, and the centers of these boxes

are completely determined by L by the formula

) 1 .
B; ) = /\<Z5, W Z ei) fOi’ ) € H( ); (5315)
i€Cells;"”

where A(x, s) is a box of volume s centered at x € R9 (see (5.1.1)). Since
label j corresponds to center z; across different rounds, by slightly abusing
notation we also write B, B;” if and only if i +> j. We say that +

satisfies one (or more) conditions in Definition 5.3.7 if (B;”)iegm with
allocation + satisfies the condition(s).
The algorithm starts with the identity as initial allocation % that induces

possibly overlapping boxes B\”, ..., BR; we will show that S already
satisfies (near) and (vol.) of Definition 5.3.7. In each stage the algorithm
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attempts to remove an overlap — a non-empty intersection — between a pair
of boxes by re-allocating a few cell labels, while maintaining properties
(near) and (vol.); we achieve (disj) in the last round r*. The last round
™ < 0o corresponds to the final output, by setting J* := J"); Bg*) = B;m

and defining B, > Bg*) if and only if i U j.

The cover-expansion algorithm.

(input) (Bz,)icpm) and £; = £ N B,, satistying (5.3.5) with v = edd/223d
and 6 = 1/2.

(init.) Set r := 0, and allocate j A jforall j < m.

(while) If (B;T))jeam in (5.3.15) are all pairwise disjoint, set r* := r; and
return J* = H[T*);B][.*) = B;m and & == 5.
Otherwise, let j1(r) € 3 be the label corresponding to the largest
box B;:)( . with an overlap with some other box in round 1, and let
j2(r) be the label of the largest box that overlaps with B][.:)(T) (using
an arbitrary tie-breaking rule). Define
" (r) . noy1/d ~
gl = Cellsj;r) N{i:l|lzi — 2z, < \/aVol(B]E])m) / }igm'
Yo (T) T
J(z) = Cellsjzrm \T1 .
(5.3.16)
Then we define ' by only re-allocating labels in Cellsg()r) as fol-
lows:

(i) for i € J({) we allocate i =5 j1(r), i.e., the labels of cells in
Cells].(;) 1 that are sufficiently close to the center of B;:](  in
order to satisfy (5.3.9) are re-allocated to ji(v);

(ii) for i € J[ZT " we allocate i "' i, i.e., the labels of cells that are
potentially too far away from the center of B;T(L)) are re-allocated

back to themselves;
(iif) for i € [m]\ (Cells|?), we set i "' k if and only if i +" k (that
is, jart agrees with s outside labels in Cells][.;)(r )).

Increase T by one and repeat (while).

We make the immediate observation:
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Observation 5.3.10. In each iteration of (while), 37" in (5.3.16) is always non-
empty. Moreover,

Vo 1( r“ ) Vol( )) > 1. (5.3.17)

Proof. It can be shown inductively that j + j holds for all j € J™. Since
the boxes B]§ and B 1 overlap, the distance of their centers 125, (r)

. (n y1/d
zj, (v is at most the dlameter of Bj1 (r)» Which is v/dVol(B B sy /4. Hence,

ja(r) € 32”. Since each cell contains ¢; > ed¢/223¢ many vertices by the
assumption in (input), we obtain by (5.3.15)
¢

]Z(T) > 1. D

Vol(B11) = Vol(B) > 7a7ap3a >

Proof of Proposition 5.3.8. Once having shown that a cover expansion of £
exists, the bound on its volume (5.3.11) holds by Observation 5.3.9(v). So
it remains to show that the algorithm produces in finitely many rounds an
output satisfying all conditions of a cover expansion given in Definition
5.3.7.

The algorithm stops in finitely many rounds. We argue using a monotonicity
argument. We say that a vector a = (ay,...,am) € R™ is non-increasing
if a; > ajqq for all i < m —1. We use the lexicographic ordering for
non-increasing vectors a,b € R™: let a > b if there exists a coordinate
j < m such that ag = by for all { < j and ag >bg for £ =j.

Forallr € N, J™ C [m], and hence, m™ := | ”I <m. Let a™ € R™ be
the non-increasing vector of the re-ordered (Vol( j ))je () appended with
(m—m™)-many zeroes. By Observation 5.3.10, the entry corresponding to
Vol(B]‘. )) in @' increases in a'”'. Moreover, the entry corresponding to

Vol(B;2 (r)) ‘crumbles” into smaller volumes (corresponding to boxes with
label in J5) that appear in a™. Since by definition, j; () corresponds to
the largest box among (B! j )] ¢4 that has an overlap with some other box,
so also Vol(B[ L) ) Vol(B ) and the allocation of labels except those
in Cells ) remains unchanged these together imply that a™" > a'”.

Finally, for anyr and anyj € J™ Vol( ) 1£]/(ed4/223d) =: b by (5.3.8),
implying that for all r, (b,...,b) > a ). S0, (a")y>0 is an increasing
bounded sequence with respect to >p, with an increase of at least 1
per step by (5.3.17). Hence, (a'”),>0 converges and attains its limit after
finitely many rounds, i.e., 1* < oo.

The output corresponds to a cover expansion. We now prove that the output
g%, % and the corresponding boxes in (5.3.15) satisfy the conditions of
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Definition 5.3.7. By the stopping condition in step (while) of the algo-
rithm, (B;”)j ¢yt satisfy (disj.), and by their definition in (5.3.15), also
(vol.). We need to still verify (near). We show this by induction: initially,

for (B;O))je 3(0),&, (near) holds, since in (init.) all labels are allocated to

themselves, so Cells]@] = {j}, and thus the left-hand side in (5.3.9) is O.
Assume then r > 0. We prove that (near) holds for ey assuming that it
holds for . Recall from (while) that j; (r) is the label of the largest box
that has an overlap, jz( ) is the label of the largest box overlapping with

by (5.3.16), I} is the set of labels in Cells ) re- -allocated to jq (1),
and Jz = CellsJZ (1) \ g4 1 is the set labels allocated in round T t0 j2(r), and
in round r + 1 to themselves. We distinguish between four cases for the
proof of the inductive step:

e Assume i ¢ (Cells“) U Cells](.r;(r)) and let k be such that i ™ k. By
(while) part (iii), Cells 1 = Cellsy”, so by the induction hypothesis,
(5.3.9) holds for ey

* Assume i € Cells;]( - Since BJ m & B]T(] by (5.3.15) and (5.3.17),
considering ||z; — Zj, (r )|l and the left- hand side in (5.3.9) stay the

same, while the right- hand side increases, so the inequality required
for (near) still holds.

o Assumeic€ ) C Cells . The definition of J}” in (5.3.16) forces

that ||zi —z;, (+) || sat1sf1es (5 3.9).

* Assume i € 32 = Cellsjz \J1 : (5.3.9) holds for the same reason as
for the base case, i.e., since 1 ! i, [|zi — zi|| = 0 trivially satisfies
(5-3-9)-

Having all possible cases covered, this finishes the proof of the induction.
Since 1* < oo, this finishes the proof of Proposition 5.3.8. O

5.3.3 Poisson point processes are expandable

We end this section by showing that a Poisson point process is typically
s-expandable for s sufficiently large. Recall A, = [-n'/4/2,n1/4/2]4

Lemma 5.3.11 (PPPs are expandable). Let I" be a Poisson point process on R4
equipped with an absolutely continuous intensity measure p such that p(dx) <
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Leb(dx). Then there exists a constant Cs 311 = Cs3.11(d) > 0 such that for
any s >0,

IP(I'N An is not s-expandable) < Cs 3.11mexp(—s).

Proof. Using stochastic domination of point processes, without loss of
generality we can assume that I' has intensity measure Leb(dx). Let us
define R(s) := {s + {/(ed9/2234) : £ € N}, the range of volumes of boxes
that we need to consider in Definition 5.3.1. By a union bound over the at
most n possible centers of the boxes in Ay, and by translation invariance

of Leb, it holds that
IP(I'N An is not s-expandable)
=P(3x € Z9N Ay, 3s" €R(s): [Ag(x) NT| > es’)

<n Z P(IAsNT| > es’).

s’€R(s)

(5.3.18)

Since the intensity of T" is equal to one, by Lemma 5.C.1, each summand is

at most exp(—s’) on the right-hand side. Hence, using that ) > f({) <
o0 . . . .

fa—1 f(x)dx for a monotone non-increasing function, we obtain for the

summation in (5.3.18)

IP(I"'N Ay, is not s-expandable) < nexp(— Z exp ( edd/223d))

< nexp(—s)J exp (—x/(edd/223d))dx
-1
=nexp(—s)ed??23%exp (1/(ed?/223%)).

The proof of the lemma follows for Cs 311 = ed/223d exp (1/(ed?/2234)).
OJ

5.4 UPPER BOUND: SECOND-LARGEST COMPONENT

The main goal of this section is to prove the following proposition for
general values of n and k, which readily implies Theorem 5.1.4(ii), i.e.,
(5.1.10). Recall {p, = 1 —vypn(T—1) from (4.2.4). We restrict ourselves to
o€ (t—2,1—1], since 0 < T—2 implies that (,, < 0. We recall from
Section 5.2.3 that the superscript » below indicates that the result does not
generalise to i-KSRGs on Z4.



5.4 UPPER BOUND: SECOND-LARGEST COMPONENT

Proposition* 5.4.1. Consider a supercritical i-KSRG model in Definition 5.1.1,
and parameters « > 1,7 > 2 and d € IN. Assume further that also o € (T —
2,7t — 1. There exists a constant cs.4.1 > 0 such that whenever n > k'+Cnn/e jt
holds that

P(Ie| > k) < (n/cs4.1)exp (—cs.4.1kn). (5-4.1)

We follow the steps of the methodology from Section 5.2.1.1. The bulk
of the work is to establish Steps 1 and 3, since we already developed the
cover expansion of Step 4 in Section 5.3. We first introduce some notation.
We aim to partition the box A, into disjoint subboxes of (roughly) volume
k. Define

n’ == k[(n/k)"/¢4, (5.4.2)

The box A,s € Ay, is the largest box inside A, that can be partitioned
into n’/k disjoint subboxes of volume exactly k (boundaries are allocated
uniquely similar to Definition 5.3.3). Let the boxes of this partitioning
of A/ be Qy,...,9,/ )k, labeled so that Q; shares a boundary (that is,
a (d — 1)-dimensional face) with Q; 1 for all i < n’/k. Define for each
U= Xy, Wu) €Zn C An

Q(u) := arg min ||x, — Q4 ||, (5.4.3)
Qi
with the convention that ||x,, — Qi|| = 0 if x,, € Q;, and take the box with
the smallest index if the minimum is non-unique. Similarly to (5.3.4), we
observe that for any pointu € =, C Ay,

sup [Jxu —y| < 2Vdk!/4. (5.4-4)
yea(u)

Step 1. Construction of the backbone

Recall the definition of S, [a,b) from (5.1.4) in Definition 5.1.1. We first
show that, for some wy, = wyp (k), the graph Gy 1 = Gn[Whp, 2Why) con-
tains a so-called backbone, a connected component Cy, that contains at
least s = ©(k%n) vertices in every subbox. Using « and 3 from Defini-
tion 5.1.1, define the constant C; to be the solution of the equation

(p/16)peCy VT V)7 —og(2),  ifa<oo,  (5.4.5)

pe; 1+ (v g-d/2y-da-20 _ ifx =00. (5.4.6)
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We set, with vy, from (4.2.3),

Whh = Whh(k) = C]_1/(T_1 )thh,

(5-4.7)
sic:= (C1/16)k (™1 — g 771 /16,

To avoid cumbersome notation, we assume that sy € IN. Recall the notation
Zola,b) from (5.1.12). Let

Gn,1 contains a conn. component G, (n, k) s.t.
App = App(n, k) := { "

forall i < (Tll/k) : EQi[Whh, 2Whn) N Crpl > sk
(5.4.8)
On Ay, let Cpp == Cpp(n, k), the backbone, be the largest component in
Gn[Whn, 2wpy) that satisfies the event App. In the following lemma we
obtain a lower bound on the probability that there exists a backbone.
Observe that s, = ©(k%h) in (5.4.7), so the decay on the right-hand side in
(5.4.9) below is of the same order as the desired decay in Proposition 5.4.1.

Lemma 5.4.2 (Backbone construction). Consider a supercritical i-KSRG model
as in Definition 5.1.1, and parameters o« > 1,1 € (2,24 0), 0 > 0,d € N.
There exist constants c5.4.2 = ¢54.2(p,B,d, «,T,0) > 0and ki € IN such that
for k > kq and all n satisfying n > k! 50/ we have

P (—App (1, k) < 3(n/k)exp (—c5.4.25k). (5-4.9)

Proof. Towards proving (5.4.9), we reveal =y, [Wyp, 2why), i.e., only the vertex
set of Gy 1, and define

Apoi == {Vi < n'/k: [Zg, [Whh, 2Whh)| > 4s1c). (5.4.10)

On Apoi, every box contains enough vertices in G;, 1. Reveal now the edges
of Gn,1 only within each of the boxes (Qi)i<n/x: let i1 be the induced
subgraph of Gy,1 on =g, [Whn, 2Why ), and define

] := min{i: 3 ; contains a component € with |C| > si}. (5.4.11)
We write | = oo if no such box-index exists. Then

P(—App) < 1P(_'-Apoi) +P(J =00 -Apoi)
n’'/k
+ Y P =1] Apoi)P(—App | {] = 1} N Apoi)-

i=1

(5.4.12)
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We first bound IP(—Ap;) from above. The distribution of [Zg, [Whh, 2Whp )|
is Poisson' with mean kw;h(T_”(] —27T= )y = 16(1 =27 (T D)y > 8sy
by (5.1.2), (5.4.7) and since T > 2. Lemma 5.C.1 yields

P (I=0, Whh, 2Whn )| <4si) < IP(Poi(8sk) <4sk) < exp (—4si(1 —log(2))).

Since 1 —1log(2) > 1/4, by a union bound over the at most n’/k < n/k
subboxes we get

P(—Apoi) < (n/k) exp(—si). (5-4.13)
We will now show an upper bound on the summands in (5.4.12) that
holds uniformly in i. For this, we iteratively ‘construct” a backbone. The
subboxes Q1,...,Q,,//, are ordered so that Q; and Q;, share a boundary
for all i. On {J = i}, we know that J{; ; inside Q; contains a connected
component € with at least sy many vertices. We now reveal edges between
Qi and Qi41, and bound the probability that there are at least sy many
vertices in Q; 7 that are connected by an edge to C: denote this set of
vertices by Vii1. Next, we apply the same bound to show that at least sy
many vertices in Qi connect by an edge to \~71+1 ,and so on. For £ < i,
we proceed similarly. Although {J = i} implies that the induced graph
Je,1 € Q¢ does not contain a large enough connected component, we can,
thanks to conditioning on Ay, still ensure that at least s, many vertices
in Q;_7 connect directly by an edge to the connected component C in Q;,
irrespective of the vertex positions in Q;_1. Again, denote these vertices by
\71_1. We repeat this procedure for £ € {i—2,...,1}. Hence, for { > i, we
need to analyse the probability that a vertex in Qg4 1 connects to a vertex in
\~7g, conditionally on |\~7g| > sy. Since by assumption T < 2 + o, by definition
of yph in (4.2.3) for all T < 0+ 2 and « < oo, it holds that

1—(14+0)Yyah =20, and 2+o0—71>0. (5.4.14)

Let ¢4 be the volume of the unit d-dimensional ball. Then let k; be the
smallest integer so that, depending on the value of «, the following bounds
hold (with Cy = Cy(«) from (5.4.5)-(5.4.6), respectively):

5.4.15
(C1 /4K < exp (pBea2 4 (Cy /(T iy ) o jg),

The Euclidean distance between vertices in neighbouring boxes is at most
2v/dk!/4 (twice the diameter of a single box), and all considered vertices

In fact, since = is conditioned to contain o in Definition 5.1.1, the density of = in Q(0) is
slightly different. This effect is negligible, and we ignore it in our computations throughout.
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have mark at least wy,. When o = oo, we use that vy, = 1/(1 + 0) (see
(4.2.3)), and so w1+0/k = O(1) by (5.4.7). We obtain using (5.4.6), p in
(5.1.3), that for any u = (xy, wy) € Zg,,, Whn, 2Whp),

B N W1+U s
P ((xw, Wu) ¢ Ve [ Vel = s1) > 1— (1 _p]l{ S\f dy 2 1}> k (5.4.16)

—1-(1-p)™ =172,

for all k > kj by the first criterion in (5.4.15). When « < oo, using p in
(5.1.3) for u € Qg1 with wy > wyy, either the minimum is at 1 below in
(5.4.17) (in which case the right-hand side of (5.4.16) remains valid) or, the
minimum in p is attained at the second term below in (5.4.17): then we
substitute sy from (5.4.7),

P((xu,wu) Vel [Vel > si)
>1—(1—pmin{1,*2Vd) *w HU kD)™ (5.4.17)
=1—(1—pp*(2vd)~ whyc] kK~ "‘)kwhhT e
>1—exp(—(p/16)B *(2v/d)~ ]Hy) (Tq)k]*“).
By choice of wyy, and yp, and C; and as defined in (5.4.7), (5.4.5), and
(4.2.3), respectively, factors containing k cancel, and after simplification we
arrive at
P(us Ve | Vel > 1) = T—exp (— (p/16)p*(2v/d)~*dc) (1o r=1)y
=1/2. (5.4.18)
Combining (5.4.18) with (5.4.16), we obtain a lower bound of 1/2 for
all a > 1 for any u € Zg,, [Whn, 2whp). On Apo; (see (5.4.10)) there are
at least 4sy vertices in Zg, , [Whn, 2Whp). Each of these vertices connects

conditionally independently by an edge to vertices in Ve with probability
atleast 1/2,so forall £ > 1

P(IVes1] > sic | Vel > 4sk, Apoi) = P(Bin(4sy, 1/2) > s)
1

>
> 1—exp(—si/4),

where the last bound follows by Chernoff’s bound, see e.g. [145, Theo-
rem 2.1]. When ] = i and { < i, we can analogously bound the probability
that [V¢| > sy, conditionally on [V¢, 1| > sk. By a union bound over the at



5.4 UPPER BOUND: SECOND-LARGEST COMPONENT

most n’/k subboxes (with indices both smaller as well as larger than 1),
we obtain

P(—App | {J = N Apoi) < (n'/k)exp(—si/4)

(n/k) exp(—sk/4).

N IN

The bound holds for all i < n’/k. Using this in the summation on the
right-hand side of (5.4.12), and using (5.4.13) to bound IP(—Api), (5.4.12)
turns into

P (—App) < (n/k)exp(—sk) +P(] = 0o | Apoi)
+ (n/k) exp(—sk/4)P(] # oo | Apoi) (5.4.19)
< 2(n/k) exp(—sk/4) +P(] = oo | -Apoi)-

It remains to bound IP(] = oo | Ape;), with ] from (5.4.11). For this we show
that the graph 3 ; induced on Zq, Wy, 2why) stochastically dominates
a soft random geometric graph above its connectivity threshold. Indeed,
consider (x,, wy) and (x,,w, ) in Zg, [Whn, 2ZWhp). Then using (5.1.3), for
X =00,

p (%, W), (xy, wy)) = pmin {1, 4wl T % I, —x, |79} > p,

whenever [|x, — x| < B/ dW}(ILJrU)/ 4 = rph. The calculation for « = oo is
analogous yielding the same radius 1, and same lower bound p. Hence,
Hi,1 = RG; where in RG; is a soft random geometric graph: conditioned
on Ap.i, there are say N; > 4s, many vertices in Zg, [Whp, 2Whp ), and two
vertices are connected by an edge with probability p whenever they are
within distance m,, = p'/ dw}(lllﬂy)/ 4 of each other. Writing B, for the
Euclidean ball of radius r around the origin and for some dimension
dependent constant cq, the expected degree of a vertex at any location in

RG; is thus, conditional on Nj:

Vol(B,,)/2¢

Eldeggg, (v) | Ni] > pNi=——2 — Ny -pea2 4wl “/k. (5.4:20)

We apply [212, Equation (2.6) below Theorem 2.1] to RG;, and combine it
with H; 1 = RG; to obtain

IP(3;,1 not connected | N;) < IP(RG;j not connected | N;)
< Njexp (—IE[degRGi(v) | NiJ )
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On the event Api, Ni > 4sy holds for all i. Hence, by (5.4.20), uniformly
foralli < n’/k,

IP(H,1 not connected | Apoi) < sup Njexp (— E[degrc (V) | Nil)
Ni=>4sy

4syexp (—4sy -pcap2? -w;}fd/k)

<
< (Cq/4)k M exp (—peaPwiy ©7/4),

where we used sy from (5.4.7) to obtain the last row. Using the second
criterion in (5.4.15), for all k > k1,

IP(3;,1 not connected | Apoi) < exp(—pcq BZ_dwﬁ}TG—T/S) =:p1.

By (5.4.14), the exponent of wyy, is positive. Since the induced subgraphs
(H4,1)ign’/k are independent (being contained in disjoint boxes Q;), and
the number of boxes is n//k = | (n/k)"/4|¢ > n/(2k), using the definition
of wyy, from (5.4.7), we get

P(J=o00[Apoi) < P(Vi < n’/k : Hi 1 not connected | Apoi) < p?/(Zk)

exp (—pca BZ*d*‘l(n/k)wﬁﬂL"*T))

<
<exp (—peap2d4c, BT (i) Kym 2o,

Using (4.2.3) and (4.2.4), it is elementary to check that yph(2 40— 1) =
(hn(1 — 1/x). Hence, whenever n/k > k&nh/% the exponent of k on the
right-hand side is (at least) (py,. Since we assumed n > k! +Gn/  this
is indeed the case. Furthermore, since s, = (C7/16)k%n by (5.4.7), with
¢y == (pcgP2—9+! )CT(ZHT_T)(T_”_], using C; from (5.4.5)), we obtain
that P(] = oo | Apoi) < exp(—c2sx). Combined with (5.4.19), this yields
the statement of the lemma in (5.4.9) with c5 4., := min{c,, 1/4}. O

We will end Step 1 with a claim that shows (5.2.2), using notation for the
construction of the graph G, that facilitates later steps that we introduce
first. We recall the definition of i-KSRG from Definition 5.1.1. Given the
vertex set Z, it is standard practice to use independent uniform random
variables to facilitate couplings with the edge-set. This definition here
is more general and allows for other helping random variables as well,
leading to different distributions on graphs. This will be useful later.

Definition 5.4.3 (Graph encoding). Let & C RY x [1,00) be a discrete set
and assume that ¥z = {@uy : @uy € [0,1],{u,v} € (é‘)} is a collection
of random variables given &. For a given connectivity function p : (R9 x
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[1,00))? —[0,1], we call §’ = (V’,&’) the (sub)graph encoded by (&, V¢, p)
if V' = & and for all {u,v} € (%), with u = (xy, Wy),v = (xv, Wy),

{{u/ vie 8/} — {(Pu,v < p((Xu, W), (X, Wv)) } (5.4.21)

Given Z in (5.1.2), and p from (5.1.3), let ¥= be a collection of independent
Unif[0, 1] random variables given =. G, in Definition 5.1.1 is then the graph
encoded by (Z,¥=,p). Writing Ynla,b) := {@uy € Y= : {u,v} € (Frl¢)))

and ¥y, :=W¥,[1,00), G, in (5.1.4) is then the graph encoded by (=, ¥n, p).

An immediate corollary is the following:

Corollary 5.4.4. Assume S, § are two random graphs, encoded respectively by
(Z,¥,p), and 5V, p) for respective point processes ;,; on R4 x [1, 00) using
the same connectivity function p. If (Z,¥) and (= , W) have the same law then
the encoded graphs S and G also have the same law.

The collection of (conditionally) independent uniform variables ¥, =
{our : {u,v} € (EZ“)} and the connectivity function p determine the
presence of edges in Gn. By (5.4.21), if for some r > 0 it holds that
Puyv < 1 < p(u,v), then {u + v}. Writing Q(u) for the box containing
or closest to u € =, (see (5.4.3)), let vy, (1), vy (2),...,vu(sk),... denote the
vertices in Q(u) N Gy, in decreasing order with respect to their marks. Let

uw) == {vu(1),...,vulsi)}. (5.4.22)

Claim 5.4.5 (Connections to the backbone). Consider an i-KSRG satisfying the
conditions of Proposition 5.4.1. Fix n and k and assume Gy, 1 satisfies the event
App(n, k). Let Wi = {@uy : {u,v} € (5)} be a collection of i.i.d. Unif[0, 1]
random variables and vy :=1— 271/ Then, for all w € =, 2wy, (k), 00) and
vesu), plu,v) > ryand

IP(VV € S(u) CPuy > T | 9n,1/-Abb)

(5-4.23)
= IP(HV € S(LL) L Pu,v < Tk | 9n,11Abb) = 1/2

Proof. On the event Ay, Cp, C Gy, satisties (5.4.8) and in particular S(u)
in (5.4.22) is well-defined and has size sy. Since {¢,,} is a collection of
iid Unif[0, 1] random variables, (cf. Definition 5.4.3), one must set 1y :=
1—2"1/sx for (5.4.23) to hold. Hence, it only remains to show p(u,v) > 1y
in the statement.

With Q(u) and 8(u) from (5.4.3) and (5.4.22), respectively, by (5.4.4),
every u € Zn[2wy,, 00) is at distance at most 2V/dk from any vertex in
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v € 8(u). Then since wy, = 2wy, = Wy, and [S(u)| = sk, the computations
(5.4.16) — (5.4.18) word-by-word carry through with V, replaced by §(u),
obtaining

P(u ¢ 8(w) | Gn1,Zn, A) =1— [ (1—puv) = 1—(1—z)%*>1/2,
ves(u)

with zy either equaling p in the right-hand side of (5.4.16) or the appro-
priate expression in the right-hand side of (5.4.17), that bound individually
each p(u,v) from below. Following now the calculations towards (5.4.18)
ensures that in both cases zi > 1—2"1/5«. The assumptions on k > k in
(5.4.15) are also needed for this (for instance that p > ry). O

Step 2. Revealing low-mark vertices

Having established that G, 1 contains a backbone with sufficiently high
probability, we define G 2 := Gnl1,2wWpp) 2 G 1.

Step 3. Presampling the vertices connecting to the backbone

We make Step 3 of Section 5.2.1.1 precise now. Step 3 ensures that during
Step 4 below no small-to-large merging occurs when revealing the connector
vertices of =, [2wyy, 00). That is, components of size smaller than k do
not merge into a larger component via edges towards a connector vertex
Vv € Zh[2Whp, 0o) that is not connected to the backbone @y, (Cp, will be
contained in the giant component of G,,). So, we partially pre-sample some
randomness that encodes the presence of some edges.

For a pair n,k, we now present the alternative graph-encoding Gn
of KSRGs (cf. Definitions 5.1.1 and 5.4.3) and verify that G, and G in
Definition 5.1.1 have the same law. The difference between the encoding
in Definition 5.4.3 and the construction of G, is that in the latter the edge-
variables ¢, are no longer independent Unif[0, 1] random variables, but
are sampled from a suitable (conditional) joint distribution, whenever
u € Z2whn(k),0) and v € 8(u) from (5.4.22). Recall 1o = 1 —21/5x
from Claim 5.4.5, with wyy (k) := wyy, and sy defined in (5.4.7).

Definition 5.4.6 (Alternative graph construction). Fix n and k. Let G2 =
Gnl1,2wpn(k)) from Definition 5.1.1 be the graph encoded by the tuple
(Zn[1,2wpn), Wall, 2win), p). Let Z3™" 2wy, 00) and Z3" 2wy, 00) be
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two independent Poisson point processes on An, x [2wyy, 0o) with intensity
(1/2)Leb ® Fw (dw), with Fy as in (5.1.2), and let

gn [2wWhp, 00) == /‘:\ unsure) [2Whp, 00) U éﬁure) [2Whp, 00). (5.4.24)

Let £, == (Uyy : U € Zn2Whn, 0),v € Znll, 2win) U S0 [2wh,, 00)} be
a collection of i.i.d. Unif[0, 1] random variables (conditionally on these
PPPs).

() If Sn,1 = Gnlwhn, 2whn) € Gn,2 does not satisfy the event Ay, in
(A5.4.8), then set ‘T’n = ‘Pn[L, 2wpn) U Xy in Definition 5.4.3 to construct
Gn 2 Gn,2 on Zu |1, 2why) U Zn 2wy, 00), ie.,

G = (Enll, 2Whn) UZn[2Whh, 00), Wal1, 2Whn) U Zpy, ).

(ii) If Gn 1 € Gy 2 satisfies the event Ay, then we construct §n O G%n2
conditionally on Gy 7 as follows. For each u € =, 2wy, 00) in (5.4.24), the
set of vertices 8(u) C Z,[1, 2wyy,) is a deterministic function of G 1 C Gn 2,
given by (5.4.22). Let

\/Pgd,unsure] = {uu,v ‘u € ‘_’T:.msure [ZWhh, ),

ve :;;nsure [2Whn, 00) U Zn[1, 2win) \ S(w)},
117 (iid,sure) = {uulv ‘u e (sure) [2whh/ )’
Ve uﬁ“re [2Whh, 00) UZn (1, 2whn) \ S(u) },
{Pgid,both) = {uu,v ‘u e _’Tslure [thh/ OO),

ver (unsure) [ZWhh, OO)}

(5.4.25)

be disjoint subsets of 2, and write Plid) . lidunsure) | {plidsure) | yliid both)
for the union. Conditionally on =3 S ATV ),_ﬁm) [2whp, o0) and the

graph Gn (1, 2wy ), define also the collections of random variables

{Pﬁor\d,ur\sure — {(puv u 6 (unsure) [ZWhhr OO),V c S(u)}, (5426)
Yleomdsure) . — (G Lt u € 25 2wy, 00),v € S(u)}, (5.4.27)

so that for different vertices wi,u, € chn [2Whp, 00), the sets {®w; vives ()
and {@w, v/ hves( (uy) are independent. The joint distribution of {@®w v }yves(w)
(unsure

for a smgle u € Zp" 2wy, 00) is as follows: for any (zuy)vesu) €
[0, 118(w) of length sy, and with 1y =1 — 2-1/sx,

P (W € 8(u) : Puy < zuy |1 € Slunsure '[2Whh, 00)) (5.4.28)
=P (W € 8(u) : Uyy < zuy | W € 8(u) : Uyy > T).
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Similarly we define the joint distribution of {@ v}yes) for a single

u € =8 2wy, 00) as follows: for any sequence (Zu\;)veg e [0, 18!
of length sy,

P(Vv e 8(u) : Puy < zuy U €= “‘”e) [2Whp, 00))
=P (W € 8(u) : Uyy < zuy | Iv € 8(u) : Uy < k).

(5-4.29)
We define G, as the graph encoded by (Z,,, ¥, p), where
Zn = Znll, 2Whn) UZE) 2y 00) UZE™ 2w, 00),
-~ @ ) - (5-4.30)
\yn o q[n [] , thh) U \yTlll U \PTion ,unsure) U q]gon ,sure).

An immediate corollary is the following statement.

Corollary 5.4.7. Consider an i-KSRG G following Definition 5.4.6 for some
n, k. On the event Ay (1, k), every vertex in _Ti‘"e [2Whp, 00) is connected by an
edge to Cpp (M, k) in Gn.

Proof The conditioning in (5.4.29) guarantees that for all vertices u €

(w29, 00) at least one Puv < Tk occurs among the edge-variables
{(pu,\, v € 8(u)}, where 8(u) C Cpp (cf. (5.4.22)). Since @y,v < Tk < plu,v)
holds by Claim 5.4.5, this ensures that {u, v} is in the edge set of G by the
graph-encoding in Definition 5.4.3. O

Proposition 5.4.8. Fix a connectivity function p. The law of the random graph
Gn formed by Definition 5.4.6 is identical to the law of the random graph Gn
formed by Definition 5.4.3.

Proof. By Corollary 5.4.4 it is sufficient to show that (én,q’n) defined in
(5.4.30) has the same distribution as (Z,,,¥r,) from Definition 5.4.6. By
standard properties of PPPs, =, can be written as two independent PPPs
defined on the same space, each having half the intensity measure of =,,.
Thus, by the construction of énﬂ , 2wy ) in Definition 5.4.6, it holds that
the PPPs =,, and =, have the same law. Hence, we may couple the vertex
sets so that a.s. Z,, = En, and only need to show that the collection of
variables encoding the edges, ¥,, and ‘I’n, share the same law, conditionally
under the given vertex set realization (say) Zn. By (5.4.30) in Definition
5.4.6, the graph 9, , spanned on Z,[1,2wy,) C én is determined by
Woll, 2whn) = {@uwyv 1w, v € Zx[1, 2wy )} in Definition 5.4.3. Thus G, 2 has
the same distribution both in Definition 5.4.3 and in Definition 5.4.6.

(i) If now Wn[1,2wyy) is such that the graph Gy, does not satisfy
the event Ay, by (i) of Definition 5.4.6, the statement holds since both
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{@uv} and {U,, ,} are ii.d. uniforms whenever u € :n[thh, ), i.e.,
‘I’ \VYrll,2wp,) = £ and Wi \ Wi 1, 2wyy) have the same distribution.

(ii) If Wi, 2wyy) is such that the graph G, does satisfy the event
App, then we work conditionally on a realization of the graph G, > =
(Znl1, 2whn), Y1, 2why), p), and also on the coupled realization of the
PPPs =, [2wWhp,, 00) = én [2Whp, 00). Let us define the conditional probability
measure (of the edges) under the coupling by

P*(-) := P(- | Sn,2,Zn [2Whp, 00)) = P( - | G 2, unlabeled =, 2wy, 0)),

(5-431)
where in the cond1t10n1ng we do not reveal to which sub-PPP (either
(oure) [ZWhh,oo) or Zumue) [ZWhh, )) a vertex in =, [2wyy, 00) belongs to.

Usmg Y, from (5.4.30) and Y 5 from (5.4.25) (containing independent
copies U, , of Unif[0, 1] random variables, like ¥ in Definition 5.4.3), we see
that variables in ¥, \ Wi [1, 2wy ) and ‘I’n \Wn[1,2wyy) also share the same
(joint) law of i.i.d. Unif[0, 1] whenever u and v are such u € o [2Whh,e0) and
that v ¢ 8(u). Moreover, in (5.4.26)-(5.4.27), the collections {®wv}ves ()
are independent across u for different vertices u € En [2Whp, o0). So for
§n 4 Gn we are left with showing that for any fixed u & én 2wy, o0) =
Zn[2Whp, 00), under the measure P*,

{@uvvESW} E {Funvesu)} (5.4.32)

We first analyse the distribution of the left- hand side, i.e., @y, being
i.i.d. from Definition 5.4.3. Let (zuv)ves(u) € [0, 115(") be any sequence of
length si. By Claim 5.4.5, and the law of total probability

P* (Vv € 8(u) : vy < zuy) (5.4.33)
= (]/Z)IP*(\V/V €8(u): Puyv < Zuyv | Vv e 8(u): Puy > T‘k)

+ (1/2)P* (W € 8(u) : 9uy < Zuy | IV ES(U) : Py < k).

We now analyse the right-hand side in (5.4.32). By the construction in
(5.4.24), Zn[2Whp, 00) is the union of two ii.d. sub-PPPs. Under P* in
(5.4.31) we did not reveal to which sub-PPP vertices belong to. Hence, for
each u € En [2wpp, 00), independently of each other

P* (1 € Zlmsere) [ZWhh, ) | u € Zn[2Wp, 00))
= P*(u € 25" 2wpy, 00) | U € Zn 2wy, 00)) = 1/2.
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Thus, by the law of total probability, and using the distributions of
(@uv)ves(u) given by (5.4.28), (5.4.29),

P*(vv € 8(u) : Puv < Zuy) (5.4.34)
= (1/2)P* (W € () : Puv < zuy | U € 0 2wy, 00) )
+(1/2)P* (W € $(1) : Pupy < Zuy | u € Z5 2wy, 00))
:(]/Z)IP*(VVGS( )t Uy < zyy [ VW e 8(u) : Uy, >Tk)
+ (1/2)P* (W € 8(u) : Uy < zupy |3V € (1) : Uy < 1i).

Note that {U}u,v and {@.v},v are both sets of independent Unif[0, 1]
random variables by Definitions 5.4.6 and 5.4.3, respectively. Hence, (5.4.32)
follows by combining (5.4.33) and (5.4.34). O

For the remainder of this section, we assume that we construct G,
following Definition 5.4.6 and write

5ure

Zn [ZWhh, OO) = Erllm [Zhh, ) Uz bure) [ZWhh , 00 )

as the union of two independent Poisson point processes of equal inten-
sity, such that if G5, » = G[1,2wyy,) satisfies Ay, in (5.4.8), every vertex in
2" [2Whp, 00) connects by an edge to Cpp, by Corollary 5.4.7.
To finish Step 3, on the event Ay, we define Gy, 3 := (Vn 3, ¥n 3,p), with

Vi3 = Znll, 2wpp) UZE™ 2, 00),

(5-4.35)
WTL,S :: n [*I i 2whh) U WTI:d,unsure U \yriond,unsure)’ 5 4 35
i.e., the graph spanned on V,, 3. We call the vertices in = ) 2, 00)

sure-connector vertices. If the event App, does not hold then we say that the
construction failed and we leave G, 3 undefined.

Step 4. Cover expansion

In this step, we ensure that all components of size at least k of G, 3 merge
with the giant component of G;, via edges towards sure-connector vertices,
with error probability err,, x from (5.2.1). The next lemma proves this using
the cover-expansion technique of Section 5.3. The notion of expandability
is from Definition 5.3.1, and sy is from (5.4.7). Let for some c£ , o > 0

Aexp(€5.4.9) = Aexp(M, K, 5.4.9) == {Vn 3 is (¢} 4 oSk )-expandable }.
(5-4.36)



5.4 UPPER BOUND: SECOND-LARGEST COMPONENT

Lemma* 5.4.9 (Cover-expansion and o < ©— 1). Consider an i-KSRG satisfy-
ing the conditions of Proposition 5.4.1. For any cf 4o > 0

IP(—Aexp(C54.9)) < Cs.3.11M€XP(—C5 4. 05K)- (5-4.37)

Moreover, if o < T— 1, there exist k3,¢54.9,¢5 4 o > 0, such that conditionally
on any realization of Gn, 3 satisfying App N Aexp(Cs 4.0), for all k > k3 and any
connected component C of Gn 3 with [C| > k

P(€ ¢ =" [2Wph, 00) | Gn 3, Abb N Aexp(C5.49)) < exp (—c54.95K).
(5-4.38)

Proof. The statement (5.4.37) follows directly for any cf , o > 0 from its
definition in (5.4.36) and Lemma 5.3.11. In Proposition 5.3.2, for a given
mark w, the function s(w) in (5.3.1) describes the necessary “expandability
parameter”, such that all vertices with mark at least w in X, (£) connect
to any s(w)-expandable set £ of vertices with probability at least p/2. We
shall take w = 2wyy,, the lowest possible mark in =y [sure) . By Definition
5.3.1 of expandability, if Vy, 3 is (¢ 4 oSk )-expandable, it is also s(2wpp)-
expandable whenever

$(2wWhn) > €5 4 05k (5.4.39)

We compute the left-hand side using the value of wyy, from (5.4.7) and the
function s(w) from (5.3.1):

s(2whp) = (Zd“{SC]_]/(T_]))1/“_]/“)kvhh/(1—1/o¢)_

By (5.4.7) and (4.2.4), it holds that s, = ©(k'~Ym(T=1)) = @(k%n). Using
(4.2.4), it is elementary to verify that ynn/(1 —1/«) > Gy, if and only if
0 < T— 1. Thus, if 0 < 1—1, (5.4.39) holds for some c{ , o > 0, whenever
k > k> for some suff1c1ently large k, > 1, that ensures the condition w >
24d49/2/B in Proposition 5.3.2. On the event Aexp(cf 4 o), Vi 3 is thus also
s(2wpp )-expandable (since it is cf 4 oSk expandable). Since expandability
carries through for subsets of V, 3 (below Definition 5.3.1), any subset
of V;, 3 is s(2wpy )-expandable. Hence, Proposition 5.3.2 is applicable for
any set £ C V;, 3 and w = 2wy, and guarantees the existence of a set
Kn(L) C Ay satisfying (5.3.2) and (5.3.3).

Consider an arbitrary connected component C of G, 3 that satisfies
IC] > k. With X,,(C) from Proposition 5.3.2, we define the set of sure-
connector vertices inside X, (€) connected to € as

He ={v € Kn(€) NZE"2wpp, 00)) : v 4+ €. (5.4.40)
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Since =" 2wy, 00) is a Poisson process, the number of its points in
Kn(C) follows a Poisson distribution. Since each of these points connects
by an edge independently to C with probability at least p/2 by (5.3.3), and
an independent thinning of a PPP is another PPP; we obtain using the
intensity measure in Definition 5.4.6 by the volume bound (5.3.2) on X, (C)
for |G| > k and ¢ := (p/4)2~(#d+1)2=(t=1)q-d/2 /e > 0

P(|Hel =0 Gn,3, Abb N Aexp(C54.9))
< IP(Poi((p/2) - (1/2) - Vol(Xn(€)) - (2wrp)~ 1) =0)

exp (— (p/4)Vol(Kn (€)) 2wiy) 1))

<
< T— 1))

exp (—c- kwhh =exp (—16¢-sk),

where we used sy from (5.4.7) in the last step. Since {|He| > 0} in (5.4.40)
—(sure)

implies {€ + =3 [2wpp, 00)}, this finishes the proof of (5.4.38) with
C5.4.9 := 16(p/4)2—(4d+1)=(t=1)q=d/2 /g, O

Combining everything: preventing too large components

Proof of Proposition 5.4.1. Assume that k > max{kj, k>} defined in Lemmas
5.4.2 and 5.4.9, respectively, and that n > k!*n/® je  n satisfies the
bound in Lemma 5.4.2. We construct G, O 9, 3 following Definition
5.4.6, where G, 3 from (5.4.35) is the subgraph of G,, induced on V;, 3 =
201, 2Whn ) UZR™ 2whn, 00). The events Ay, in (5.4.8) and Aexp(€5 49) =
Aexp in (5.4.36) are measurable with respect to Gy, 3. By the law of total
probability (taking expectation over realizations of G, 3), we obtain

IP(|€ﬁ)| = k) < ]E[]l{ﬂbbmlexp}]l)(|€[é)| > k| 9n,3/Aexp mAbb)]
+ ]P(_'Abb) + 11)(_'Aexp)- (5-4-41)

5ure

The not-yet revealed vertices after Step 3are Vo \ Vi3 = =0 2wy, 00),
and by Corollary 5.4.7 each vertex in ="' [2wyy,, 00) connects by an edge
to Cpp. Thus each component € 2 C, of Gy 3 either remains the same in
Gn or it merges with the component containing Cy} via a vertex in V\ V, 3.
Hence, conditionally on Ay, and Gy, 3,

{Ie¥] > k} C {3 a component € of Gy, 3 : [C] =k, € 4 =5 2wy, o)}

(5-4-42)
By a union bound over the at most [V;, 3|/k components of size at least k,
(5.4.38) of Lemma 5.4.9 yields

P(IC2] = % | Gn 3, Aexp NAbb) < (Vn,31/k) exp (—c5.4.95x).
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Substituting this bound into (5.4.41), and using Lemmas 5.4.2 and 5.4.9 to
bound the last two terms yields

P(ICR)] > k) < (E[|Vn,3l]/k) exp (—cs5.4.95K) + (3n/k) exp (—c5.4.25k)

+Cs31 inexp ( — c§.4.9sk).

Since V3 C =, by construction, E[|=,,|] = n by (5.1.2), and sx = O(kCnn)
by (5.4.7), this finishes the proof of Proposition 5.4.1 for k > max{kj, kz}
and n > k't&m/® For k < max{ky,k2}, (5.4.1) is trivially satisfied for
c5.4.1 > 0 sufficiently small. O

The backbone: intermediate results

We state two corollaries of the proof of Proposition 5.4.1, and two propo-
sitions based on the backbone constructions for later use. We defer the
detailed proofs to the appendix and only give a sketch here. We start with
a corollary of the proof of Proposition 5.4.1.

Corollary™* 5.4.10 (Backbone becoming part of the giant). Consider an i-
KSRG satisfying the conditions of Proposition 5.4.1. Then conditionally on the
graph Gn 2 = Gnll, 2wny) satisfying App(n, k) in (5.4.8),

P(Cyp(n, k) € €4 | Gn2, App(n, k) < (n/c5.4.1) exp (—c5.4.1kh).
(5-4-43)

Proof sketch. By definition of the backbone in (5.4.8), the backbone contains
at least k vertices. The proof of Proposition 5.4.1 “merges” each component
of size at least k with the backbone, with error probability given on the
right-hand side of (5.4.43). Hence, the component containing the backbone
is the only remaining component of size at least k. ]

The next corollary follows from Lemma 5.4.2. It is not sharp but it yields
a useful temporary estimate.

Corollary 5.4.11 (Lower bound on largest component). Consider a super-
critical interpolating KSRG model as in Definition 5.1.1 with parameters « > 1,
T€(2,2+0),0>0,d¢c IN. Foreach b > 0, there exists a constant A > 0 such
that for all n sufficiently large

P(len| < n(Alog(n))~"/&m) <n .
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Proof. If App(n, kn) holds for some k,, then the largest component €y’
must have at least the size of the backbone C,(n, ky ). Setting k = k,, =
(Alog(n))!/%n in (5.4.9), the backbone exists with probability at least
1—n~3 for A = A(8) sufficiently large, since s = sy, = (C1/16)Alog(n)
by (5.4.7). Then its size is at least (n//k)s, > (n'/k) = @(nk;]/cm‘) by
definition of n’ in (5.4.2), finishing the proof. O]

The next proposition shows that all vertices with a sufficiently high mark
(simultaneously) belong to the largest component C;,’ with polynomially
small error probability.

Proposition* 5.4.12 (Controlling marks of non-giant vertices). Consider an
i-KSRG in the setting of Theorem 5.1.2(ii). For all & > 0, there exists M5 > 0
such that for w(n, §) = (Ms log(n))1 =vn)/Cmn

P(Ju € =, [W(n,8),00) :u ¢ ) <n°. (5-4-44)

Proof sketch. We give the detailed proof in the Appendix on page 197, and
here a sketch. We consider k as a free parameter, so using Lemma 5.4.2
with k = kn = O( log'/ Chh(n)), a backbone Gy, (1, ky,) exists and satisfies
Cpb(n, kn) C €', with probability at least 1 —n~° by Corollary 5.4.10
and Lemma 5.4.2 (the same calculation as the proof of Corollary 5.4.11).
The choice of W = W(n, ) is so that a vertex u with mark w,, > w(n, §)
connects to each backbone-vertex in its own subbox with probability at
least p in (5.1.3). For u to not be contained in CY) these Sk, many edges
must be all absent. Then we apply concentration inequalities to obtain the
result. O

Remark. Combined with the proof of the lower bound of Theorem 5.1.4
below in Section 5.6, one may show that Proposition 5.4.12 is sharp up to
a constant factor, i.e., there exist constants 5, m,, > 0 such that for all n
sufficiently large

IP(3v € Znl(myy log(n)) 1 —0Vm)/ G 0o) iy ¢ @D) > 1 —n—?.

We state a proposition that o is with constant probability in a linear-
sized component in the induced subgraph Gy 2 = Gn (1, 2whn(k)) with k =
kn = polylog(n) and wy (k) from (5.4.7). Let €y, 2(0) be the component
containing 0 in G52 C Gn, by setting C,, 2(0) to be the empty set if wy >
ZWhh(k)
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Proposition 5.4.13 (Existence of a large component). Consider a supercritical
i-KSRG model as in Definition 5.1.1, with parameters x > 1, T € (2,2 + 0),
o > 0, d € IN. There exist constants p, m > 0 such that for all n sufficiently
large, when k = kn, = (mlog(n))”chh,

P°(ICn2(0) = pn) = p, and  P°(ICx(0)=00) = p.  (5.445)

Proof sketch. For the first inequality in (5.4.45), we build a connected back-
bone on vertices with mark in [wp(kn), 2Whn(kn)) using Lemma 5.4.2.
Then we use a second-moment method to show that the origin and lin-
early many other vertices are connected to this backbone via paths along
which the vertex marks are increasing. The second statement follows simi-
larly, forming an infinite path along which the marks are increasing. The
detailed proof can be found in Appendix 5.A.1. O

5.5 UPPER BOUND: SUBEXPONENTIAL DECAY

In this section we prove Theorem 5.1.2(ii). We carry out the plan in Section
5.2.1.2 in detail. Instead of arguing directly for KSRGs with parameters
described in Theorem 5.1.2(ii), we derive general conditions that ensure
that a bound on the size of the second-largest component as in Proposition
5.4.1 readily implies subexponential decay. Recall from Definition 5.1.1 that
IP* denotes the conditional measure that V contains a vertex at location
x € An, that has an unknown mark from distribution Fyy .

Proposition 5.5.1 (Prerequisites for subexponential decay). Consider a
supercritical i-KSRG model as in Definition 5.1.1, with parameters x > 1,T > 2
and d € IN. Assume that there exist (,m,c,c’,n,Mc > 0, and a function
no(k) = O(k'*¢"), such that for all k sufficiently large constant and whenever
n € [no(k), 00), with w(n, ¢) :== M. log" (n) it holds that for any x € An

P* (|| > k) <n¢ exp (—ck%), (5.5.1)
P(jey)| <nf) <n~'7F, (5.5-2)
P*(3v € Za[W(n,c),00) :v ¢ L)) <n™ €. (5.5.3)

Then there exists a constant A > 0 such that for all k sufficiently large constant
and n satisfying n € no(k), o],

P°(ICn (0) > k,0 ¢ €1))) < Aexp (—(1/A)KE), (5:5-4)
and

6(1]
Cn | r, P°(|€s0(0)] = 00), as n — oo. (5.5.5)
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Observe that (5.5.4) does not follow from a naive application of (5.5.1),
since we sharpened the polynomial prefactor on the right-hand side of
(5.5.1) to a universal constant A in (5.5.4), and in (5.5.4) n = oo is also
allowed in (5.5.4). The inequalities (5.5.1)—(5.5.3) are satisfied when T €
(2,24 0) and o0 < T— 1 by Propositions 5.4.1 and 5.4.12 and Corollary
5.4.11 (we leave it to the reader to verify that the results hold also for the
Palm-version IP* of IP). Thus, Theorem 5.1.2(ii) follows immediately after
we prove Proposition 5.5.1. We state and prove an intermediate claim that
we need for Proposition 5.5.1. We write GS) for the largest component in
the graph induced on vertices in Q C R9.

Claim 5.5.2 (Leaving the giant). Consider a supercritical i-KSRG model as
in Definition 5.1.1, under the same setting as Proposition 5.5.1. Assume that
(5.5.1)—(5.5.3) hold, n is sufficiently large and let N € [n, ool. Then there exists
d > 0 such that for any box Qn C AN with Vol(Qn) =n, any x € Qn, 1
sufficiently large, and all N > n, it holds for w := (x, Wy, ) that

P*(ueeg ugel)<n (5.5.6)

Proof. We will first prove the following bound that holds generally for
a sequence of increasing graphs G, C Gn41 C ..., whose largest and
second-largest components we denote by C};’ and C},, respectively. Let
(kn)n>o and (Kyn)n>o0 be two non-negative sequences such that k., 1 <
Ky forall n > 0. Then, forall 0 < n < N < oo,

N
Plue Cug C) < 3 (PICHI<Kn) +P(ICY > ka)).  (5.57)

n=—mn

We verify the bound using an inductive argument. We define for i > n
the events
A(ﬁ) = {|Ci~l > Kq } N {|Cn+]| <k i+ 1 }

Since by assumption k11 < Ky, the event A(fl) ensures that IC(T{]I is al-
ready larger than IC?H |, hence A(fl) implies that C - Cn - Iteratively
applying this argument yields that Nz ¢ N A(TL) imphes that {Ci,) € C/}.
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We combine this with the observation that given that u € V;,, it holds that
fueClY, u¢ Cg\]])} c{Ch ¢ C%\?}. This yields

Pue CY,u¢Cy) <P(CY ¢ cy) (5.5.8)
N—1 N—1
< ]P({cgp ¢ cyin N A(ﬁ)) + ) P(-AR)
n=n fi=n
N
<0+ Y (P(CHI<Kn) +P(CT| > ka)),
Ai=n

showing (5.5.7). We move on to (5.5.6) for which we have to define the
increasing sequence of graphs. Consider any sequence of boxes (Qs)a>n
such that Q, € 9,,,7 C --- C QN := An and Vol(Qp) = 11, and let Gj
denote the induced subgraph of § on Q4 for it € [n, NJ, that is conditioned
to contain a vertex at location x € Q,,. Using the assumed lower bound
on IG(T{]l in (5.5.2), we set Ky := 1%, and using the assumed upper bound
on |C)] in (5.5.1), there exists a large constant A so that whenever n is
sufficiently large, and i > n, by setting ks := (A log(i))!/ %, it holds that

Pr(leg) | <Kn) SRS, PY(CE) | > ka) <A

Clearly kn+1 < Ki for il > n, so that substituting the bounds into (5.5.8)
and summing over fi > n yields the assertion (5.5.6) for any 6 < cand n
sufficiently large. O

We continue to prove Proposition 5.5.1, starting with some notation. For
some ¢ € (0, min{oc — 1, T—2}), and using ¢, c’, 1, {, and W(n, c) from the
statement of Proposition 5.5.1

Ny = exp(kSc/(2c”)), ng == Ng,

Wi, = W(N, ¢) = Mc (k91 (55)", e =np/9/(2K). (5.5.9)

Note that Ny, ny = exp(@(k‘:)). For n < Ny, the statement (5.5.4) follows
directly from (5.5.1), since when n = Ny, the right-hand side of (5.5.1)

becomes kd¢’ exp(—kbc/2) < exp(—kbc/4), so we may set any A such that
1/A < ¢/21in (5.5.4). So we may assume in the remainder of the section that
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n > Ny. We write for € ) (1) the component of vertex u := (x,wy) € V
in the graph G, restricted to A(x, n). Define for x € R¢ the two events

Alow—edge (X, T, N, W, ) (5.5.10)
@A (Wl <k, Tvi,va € ZAx Ny [1,WN, ) such that
. {w € Caxng) (W, Xy, —xv, || = tx, and vi <> v, }
Along—edge (X, e, Nie, Wi, ) (5.5.11)
= {3\)1 € ZA(xn ) [LWN), V2 € 2\ A (N ) VT & vz}.

The next lemma relates the probability of the event {|C,(u)] > k,u ¢
e} to the events Alow—edge and Ajong—edge using the assumed bounds in
Proposition 5.5.1.

Lemma 5.5.3 (Extending the box-sizes). Consider a supercritical i-KSRG
model as in Definition 5.1.1, under the same setting as Proposition 5.5.1. Assume
that (5.5.1)—(5.5.3) hold. Then there exists A’ > 0 such that for all n with

n € [Ny, ool, whenever u = (x, wy,) € Vis a vertex with ||x —dAn|| = N./¢/2,

]PX(IG (u)l k,u ¢ Cl)) (5.5.12)
A'ex p ( - (]/A )kc) +IP° (‘Alowfedge(or Ny, Nk/WNk))
+1P° (-Alongfedge (0/ Ny, Ny, WNk )) .
Proof. Let L > 1, and denote by C? n) the largest connected component

in the induced subgraph of G, 1n31de the box A(x, 1) C A;,. For a vertex
u = (x,wy) € V define

‘Aleavefgiant(xz fi):={ue e(/]\](x,ﬁ)’u ¢ eg]}/ (5.5.13)
\Amarkfgiant(xz Nk/ WNk) = {V\) € E/\(X,Nk) [WNk/OO) ve e(/l\)(X,Nk) }
(5.5.14)

The first events relates to (5.5.6) in Claim 5.5.2, while the second one to
(5.5.3) of Proposition 5.5.1. The values of nix < Ny < n from (5.5.9) and that
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we assumed ||x — 0A, | = N]‘jd/z ensure that A(x,ny) C A(x, Ny) C An.
Then we bound

{lenul >k u g ey'y
C{len(Wl>kudey, ug ey
U{ueCliyn ugen}
u{lenwl>kud ey, udel, X, <k}
C {ICR (x| = K} U Aleavegiant (X, k) (5.5.15)
U {len(wl =k ué e, ué €l /1A n,) Wl <k}

(2)
1C A n | = K}

XMy x,ny)

Applying probabilities on both sides we obtain the inequality stated
in (5.2.6) for x=0. We introduce a shorthand notation for the third event
on the right-hand side of (5.5.15), i.e.,

Agoal = {‘en(u” > ku¢ @Q),u ¢ e(/]\)(x,nk)' |e/\(x,nk)(u)‘ < k}

Define the auxiliary events

Abecomesflarge = {|€/\(x,nk)(u)| <k, |en(u)| = k}/

(5.5.16)
Aoutof—giant M) 1= {u & €, w g €Y},

and observe that Agoal = Apecomes—large N Aoutof—giant(Ttk, ). In order to
bound IP(Agea1), we distinguish whether u enters the giant at the interme-
diate box of size Ny € (ny,n) or not:

Agoal € {u e €Y\ u g el)
U{|en(u)| = k,u ¢ e[/]\)(x,Nk)’u % e()\)(x,nk)’ |G/\[X,T‘Lk)(u)| < k}

= ‘Aleavefgiant(xr N k) U (‘Abecomesflarge N ‘Aoutoffgiant(nk/ N k))/
(5.5.17)

with Ajeave giant(X, i) defined in (5.5.14). We observe that Apecomes—large iN
(5.5.16) implies that at least one of the at most k — 1 vertices in € (x,n, ) (1)
has an incident edge crossing the boundary of A(x,ny), and so there must
exist a “fairly” long edge either inside the cluster € (, n,)(u) or between a
vertex in € (x n,)(u) and a vertex in €y (u) \ € (xn,)(1). More precisely,
recalling ty = nIL/ d /(2k), define

ICA(x ) (W <k, vy € e/\(x,nk)(u)/} (5.5.18)

A =
edge {Vz € vy <—>\12,H\11 —Vz” >t
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We argue that Apecomes—large © Aedge- By the pigeon-hole principle, if all
edges adjacent to all vertices in €A (xn,)(u) were shorter than ty, the
furthest point that could be reached from x with at most k — 1 edges has
Euclidean norm at most (k — 1)t < n:(/ d /2, and thus its location would
be inside A(x, ny), contradicting the definition of Apecomes—large in (5.5.16).
Returning to (5.5.17), we obtain that

'Agoal - ‘Aleavefgiant (x, Ny )U (‘Aedge ﬂ'Aoutoffgiant (nx, Nk))
- ‘Aleavefgiant (X/ N k) U (Aedge ﬂ{u ¢ e(/]\)(x,Nk)}) .

In order to bound the existence of long edges, we put restrictions on the
marks: we distinguish whether all vertices in Z (N, ) \G[/]\)(X,Nk) have
mark at most Wy, — this is the event Amark—giant(X, N, WN, ) in (5.5.14) —
or not. We obtain

‘Agoal - -Aleave—giant(xl Nk) U (_'-Amark—giant(xr Ny, W))

U (‘Aedge N {u ¢ e(/]\)(x,Nk) N ‘Amarkfgiant(xr Ny, W)}) . (5519)
The intersection with {u ¢ G()\](X,Nk)} N Amark—giant(X, Nk, Wn, ) in the last
event ensures that all vertices in the cluster of u with location in A(x, Ny) D
A(x,ny) have mark at most Wi.. We make another case distinction, with
respect to the locations of the vertices the edge e>, of length at least t,
that exists on the event Acegge in (5.5.18). Namely, e+, either has both end-
points in Ay, or it has one endpoint inside Ay, and the other one outside
AN, - For the first event, we obtain the event Alow,edge(x, Ny, Ny, Wy ), and
for the latter Ajong—edge (X, Mk, Nk, W), respectively (defined in (5.5.10)—
(5.5.11)). Hence,

'Aedge N {u g G(/l)(x,N k)} N -Amarkfgiant (X/ Ny, Wi k)
C -Alowfedge (X/ ny, Ny, Wk) U Alongfedge (X/ Ny, Ny, Wi ) .
Using this in (5.5.19), then substituting (5.5.19) back into (5.5.15), and then
taking probabilities yields

P*(ICn(u)l = k,u ¢ €\)) (5.5.20)
<P* (|e[/2\)(X,nk)‘ > k) +P* (_"Amark—giant(xr Nk/ W))

+ Z P> (‘Aleavefgiant (X/ ﬁ))

Ae{nk, Ny}
+IP* (-Alowfedge (X/ Ny, Ny, W)) + P (\Alongfedge (X/ Ny, Ny, W)) .
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The event Ajeavegiant(X, 1) ={u € G(/T\)(X,ﬁ),u ¢ Cn'} considers the graph
in the box A, (which is centered at the origin) and therefore does not
necessarily have the same probability for all x € Ay. The four other events
consider the graph in boxes centered at x. Hence, we translate those events
(and the Palm measure IP*) by —x to obtain

P*([Cn(w)] = ku & €y)
< IPO(|€'§U P k) + P° (_'-Amarkfgiant(or Nk/ W))
+ ) Pruell i ugey)
fie{ng, Ny}
+1P° (Alow—edge (0,ny, Ny, W)) +1P° (-Along—edge(oz Ny, Ny, W))/

The first two terms can be bounded by substituting the definitions ny, Ny =
exp (@(kc)) in (5.5.9) into the assumed bounds on the probabilities in
Proposition 5.5.1. The terms in the sum are bounded from above by
n,.® = exp (—O(k%)) by Claim 5.5.2. This finishes the proof of (5.5.12).

O

We move on to bounding IP°(Ajgy —edge) On the right-hand side of (5.5.12)
in Proposition 5.5.3, with Aoy edge from (5.5.10). To do so, we need an aux-
iliary claim that controls the probability that for every point in Zn, [1, Wn, )
there are not “too many” points at distance at least ti, with tx = n:{/ d /(2k).
We define first for i > 1, and u = (x, Wy, ) € =, [0, W) the annuli

Ri(xu) = (Al (270 D)\ A (27 T8)9)) x 1,00). (5.5.21)
With the measure 1 from (5.1.2), we then define the bad events
HAdense = {Hi >1l,ue Enk[]/WNk) : |ENk ﬂyi(xu” >2- UT(Ri(Xu))}-
(5.5.22)

In the following auxiliary claim we give an upper bound on lP(Adense). Its
proof is standard, based on Palm theory and Chernoff bounds, see page
206 of Appendix 5.B.

Claim 5.5.4. For all ¢, > 0, there exists ng such that P°(Agense) < My € for
all nx > max{ng, k4+2}.

We can now analyse IP°(Ajow—edge) in Lemma 5.5.3. The next claim
holds for the specific choices of ny, Ny, wy, and ty in (5.5.9) for all k is
sufficiently large, but extends to more general settings, e.g. KSRGs defined
on any vertex set that satisfies A genge in (5.5.22).
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Claim 5.5.5 (No low-mark edge from a small component). Consider an i-
KSRG that satisfies the conditions in Proposition 5.5.1. For any ¢ € (0, min{x —
1,7 —2}) in (5.5.9), there exists a constant A’ > 0, such that for k sufficiently
large

Alexp(—(1/A"KS), if x < oo,

0, if x = oo.
(5-5-23)

IP° (Alowfedge (0, Ny, Ny, W) | _'-Adense) < {

Proof. Assume first « = oco. The event Ak,w,edge(o, nyi, Ny, Wy, ) is by
definition in (5.5.10) restricted to vertices of mark at most wy, = W(Njy, c)
in (5.5.9). We write ty in (5.5.9) as t, = exp((e/d)k%)/(2k), which is larger
than BWLJ;U = BMI*9((c/(2¢"))k&)Me+1) for k sufficiently large. Hence,
the indicator in p(u,v) is then 0 by (5.1.3), so a connection between u, v
can not occur.

Assume « < oo. To obtain an upper bound on the left-hand side of
(5.5.23), we condition on the full realization = satisfying the event —Agenge
containing 0:

P° (-Alow—edge (0, e, Ny, W) | _'Adense)

. _ (5.5.24)
=IE° []PO (‘Alow—edge(or Ny, Ny, WNk) | S, _"Adense)] . 224

Let us denote the subgraph of §,,, with edges of length at most ty =
“11/ d /(2k) by Gn, (< ti) and write Cy, (0, < ti) for the component in this

graph containing the origin. Clearly,

ICn, (0)] < k,3vi,v2 € EN, (1, WN, ) st
V1 € Cn, (0), Xy, =%y, || = tx, and vi <> v

c ICn, (0, < ty)l < k, vy, v2 € EN, [1,WN, ) such that
- Vi € enk(01< tk)/ HXV1 7XV2|| 2 tk/ and Vi <2 Vv2

where the left-hand side is the definition of Ajowedge in (5.5.10). Condi-
tionally on Z, all edges of length at least ty are present independently of
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edges shorter than tx. We obtain by a union bound over all vertices in
Enk []’WNk) - E/
IP° (ﬁﬂlow—edge (0, i, Ny, Wiy k) | 2, _'Adense)
< ) Pvi €8, (0,< 1), 1Cn, (0, < 1) < k| Z ~Adense)

Vi Esnk [1/WNk)

> plvi,va). (5.5.25)

V2E€EN, [TWn, ):
”XV] 7XV2 H>tk

=T(v1)

Using the definitions of p in (5.1.3), k1,¢ from (1.3.5), the upper bound on
|Ri(v1)] in Agense in (5.5.22), and mark bounds w,,,, w,, < Wy, and the
distance bound ||x,, — Xy, || = 2- =D when Xy, € Ri(xy,) in (5.5.21),
the following bound holds uniformly for all v; € Zn, [1, Wy ):

Tv)<) ) plvi,va)

izl vye=n, [1,wWy)
v2E€Ri(v1)

< Z Z pB“K%U(WNk/WNk)Z_(i_])“dtz(xd

iz1vye=N, [T Wy)

v2E€R;(v1)
<2) (2 =20 D ppf (N, W, )27 ey
i>1
—2(24 _1 a—o(o+1), (1—o)d 2~ (a=1)(i-1)d 6
=2( BNy Y : (5.5.26)

i>1
Since « > 1 by assumption in Theorem 5.1.2, the sum on the right-hand

side is finite. This gives a bound on T(v7) in (5.5.25) that does not depend
on vi. Hence, returning to (5.5.25),

D P°(vi € Cny(0,< 1), Cn, (0, < 1)l < K | 2, ~Adense)

VI€Zn, [1WN, )

=E|Ije, o<toiek} D Lvieen, (0t} | 5 Adense| <K,

Vi eEnk []IWNk)

since on realizations of the graph satisfying {C,, (0, < ti) < k}, the sum
that follows is at most k — 1. Substituting this with (5.5.26) into (5.5.25)
yields for (5.5.24), that for some constant C > 0

__ _ 1 1—x)d
P° (-Alowfedge(ol Ny, Nk/WNk) | ﬁ-Adense) < CkW]oq((kG+ )t](< ) .
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Substituting on the right-hand side the choices of ty = n,L/ d /(2k), and
Ny = exp(e(c/2)k%) from (5.5.9), yield (5.5.23) for any & > 0 (using Wy, is
polynomial in k). O

The last claim bounds the last term in Lemma 5.5.3. Recall Ajong—edge
from (5.5.11).

Claim 5.5.6 (No long edge from a small component). Consider a supercritical
i-KSRG model in Definition 5.1.1 with parameters « > 1,7 > 2 and d € IN.
Assume N >n > 1,and w > 1 such that

(N4 —n1/4)/2 > max {Vdn'/¢, (Bw'T)V/4 N/d/4). (5:5.27)
There exists a constant Cs 5. ¢ > 0 such that

1130(3\)1 € Znl,w),Ivy € Z\ 2N 1 V1 <—>\)2)

. .5.28
< C5'5.6WC5_5_6nN—mm{oc—l,”t—z}(] + ]l{o(:»r,UlOg(N)). (5 5 )

In particular, for ny, Ny, W, as in (5.5.9), if € = ¢(Mc,m) € (0, min{ox —
1, —2}) is sufficiently small, then for k sufficiently large, with Ajong edge
defined in (5.5.11),

IP° (-Along—edge(or Ny, Ny, WNK)) < exp ( - €kChh) . (5529)

Proof. We defer the proof of (5.5.28) (based on a first-moment method)
to Appendix 5.B on page 207. The bound (5.5.29) follows directly from
(5.5.28) by substituting ny, Ny and Wy, from (5.5.9) to (5.5.28), then using
that wy, and log(Ny) are polynomial in k and of much smaller order than
Ny and Nk. OJ

Having bounded all terms on the right-hand side in (5.5.12), we finish
the section:

Proof of Proposition 5.5.1. For n < Ny, using that Ny = exp ((¢/2)k¢),
Proposition 5.5.1 follows directly from (5.5.1), since

P°(ICn(0) = k,0 ¢ 1)) <P°(Iel| > k) < Nyexp (—ck)
=exp (— (c/2)k°).
We now consider n > Ny. Recall the values of ny, Wy, , and ty from (5.5.9).
Lemma 5.5.3 and Claims 5.5.4-5.5.6 directly imply (5.5.4) in Proposition

5.5.1. We will now prove the law of large numbers (5.5.5). In [134] it is
shown that finite i-KSRGs G, = (Vn, En) rooted at a vertex at the origin
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(see Definition 5.1.1) converge locally to their infinite rooted version (G, 0)
as n — oo. We refer to [127] and its references for an introduction to local
limits. We use the concept of local limits as a black box and verify a
necessary and sufficient condition for the law of large numbers for the
size of the giant component for graphs that have a local limit by Van
der Hofstad [128, Theorem 2.2]. We state the condition: let (G )n>1 be a
sequence of graphs with |V,,| = n that converges locally in probability to
(Goo, @) (here @ denotes the root of the graph). Assume that

k111rn limsup — ]E[ Z Lye, )iz 1en(v)i= e(u#e(\;)}} =0, (5.5.30)
T n—oo u,veVy,
then, as n — oo,
(S
— ]P(IGOO(Q)I = oo).

To verify condition (5.5.30), we have to consider a model satisfying |V, | =
n. Therefore, we consider i-KSRGs on A, that are conditioned to have
[Vn| = n. All our previous results extend to this model, as remarked in
Section 5.2.3. We analyze the indicator random variables in (5.5.30) for a
tixed pair u,v € V,,. We distinguish whether one of them is part of the
largest component to obtain

{lCh(W)l = Kk, [€n (V) 2 k, Cnlu) # Cn(v)}
Cllenwl > ku g Cltu{len(v) > kv ¢ e’}

Using linearity of expectation over the n? vertex pairs in the sum of (5.5.30),
and that all n vertices are identically distributed, we obtain that

lim 11msup ) [ Z Ljen (w)izk € (v) 2k, (w)£C(v )}}

k=00 noo u,vev
n

< lim limsup 2IP(|Cx (U)] > k, U ¢ CL),

k—>oo n—o0

where U is a vertex with a uniform location X € A,, and mark w,, fol-
lowing distribution Fyy. We condition on the location X = x, to obtain
that

P(en (W) > kU g €)) < P(IX— x| <Ny/%/2)

3!
T P (| (W) >k, u ¢ €11)dx
T xeAn:|x— a/\n||>N‘/d/2( n)

The first term tends to zero as n — oo, while the second term is of order
exp (— Q(kc)) by Lemma 5.5.3 and Claims 5.5.4—5.5.6 that apply for all
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n > Ny and x such that |[|[x —0AL|| > NL/ 4/2. Thus, the second term tends
to zero as k — oo. This finishes the proof of the condition (5.5.30). The law
of large numbers (5.5.5) follows. O

5.6 LOWER BOUNDS

In this section we prove Theorem 5.1.2(i). We first show that certain pre-
requisite inequalities imply the lower bound on the cluster-size decay, and
afterwards we verify these inequalities for T € (2,2 + o). Eventually, we
prove Theorem 5.1.5. We define for some constant 1 > 0 the function and
set

wy (£) := (log(€))", Ay = Ag x [1,wy(£)),

6.1
Cgn (0) := the component containing (0, wg) in G¢[1, Wy (£)), (56.1)

i.e., Cgn(0) is the component of (0, wo) in the graph induced on vertices in
Ay —and let Co .y (0) == 0 if wo > wy (£). We recall m(Z), the multiplicity
of the maximum of Z, from (5.1.5); and the exponents (j, (in, Chh, Can from
(4.2.1), (4.2.2), (4.2.4), and (4.2.5). Define for some small constant ¢ > 0 to
be defined later, and Z = {1, (in, Chny Con)

. (e log(n)/(loglog(n))mz_1)]/max(z), if max(Z) >0,

B exp ((slog(n))V(mZ_”), if max(Z) =0, mg > 1.
(5.6.2)

Note that ¢ = %, which is equal to o only if d = 1, and positive

otherwise. Thus, only in dimension d = 1 one can have k,, . different from
O(polylog(n)). More precisely, for d = 1, k,, . = ©(poly(n)) if only one
out of {(j, Cin, Chn) is zero, and the others are negative; and it is stretched
exponential in the logarithm if at least two elements out of {(j, (i, Chn}
are zero, and none of them is positive. If the three values (j, (jn, Chp are all
negative, then the model is always subcritical when d = 1 [108].

By an “i-KSRG on Z%” we mean the model mentioned in Section 5.2.3,
i.e.,, when = is replaced by vertices in Z% having iid marks from distribu-
tion Fy in (5.1.2) in Definition 5.1.1.

Proposition 5.6.1 (Lower bound holds when linear-sized giant on truncated
weights exists). Consider a supercritical i-KSRG model in Definition 5.1.1 with
parameters o« € (1,00], T € (2,00], 0 > 0, d € N, or a supercritical i-KSRG
on Z4& with additionally min{p,pR*} < 1 in (5.1.3). Assume that there exist
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constants n, p > O such that for all € sufficiently large, and with Cg,,(0) from
(5.6.1),

P°(1C¢n (0) = pt) = p. (5.6.3)
Then there exists A > 0 such that for alln € [Ak, ool, with Z = {Cy1, O, Chny Gans
P°(ICn(0)] = k,0 ¢ CL) > exp (—Akmax(z) log™=~! (X)). (5.6.4)

Moreover, there exists 6, > 0, such that for all n sufficiently large, with Xn,e

from (5.6.2),
P(ICY >k ) =1 —n?%, (5.6.5)

By Proposition 5.4.13, the condition (5.6.3) is satisfied when t € (2,24 0),
implying Theorem 5.1.2(i). In [151], we show that (5.6.3) holds whenever
max{(yy, (n, Chnt > 0 and the model is supercritical. We prove Proposition
5.6.1 by formalizing the reasoning at the beginning of Section 4.2. First, we
assume that the vertex set is given by the PPP = in Definition 5.1.1. Then
we explain how to extend to i-KSRGs on Z¢.

5.6.1 Finding a localized component

The goal of this section is to prove Proposition 5.6.1. First we aim to bound
the probability of {€,,(0) > k,0 ¢ €'} in (5.6.4) from below. To do so, we
write it as the intersection of “almost independent” events, for which we
introduce some notation now:

Two large components.

We write A(x,s) = Ag(x) for a box of volume s centered at x, see (5.1.1).
We define for a constant M;, > 0 the radius and Euclidean ball

= (kMin) 9, Biw,, = {x € R x| < 1y, (5.6.6)

where Mi, > 1/p is implicitly defined given p from Proposition 5.6.1, such
that [[0Ay /, — 0Bym,, || = T/2, implying also that Ay, C Bxm,,. We
would like to constrain €y, (0) to the ball Byxm,,, and we would like to find
a component outside Bypy,, that is larger than [C,, (0)]. We ‘construct” these
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W)

(&m)"

1 *—.

2Cg 0 T 27y

Figure 8: A visualization of the y-suppressed profile M,. The horizontal axis
represents space, the vertical axis represents marks. {Z < My} demands
no vertices in the yellow region. Apoedge(Y) demands that there is no
edge between vertices in the inner and vertices in the outer blue region,
HAcomponents Tequires that the two red areas contain large components;
Aregular(n) ensures that = is “close to being typical’ in the red areas Rin
and Rout.

two components, with the constant My := 24+2M;,, on vertices in the
(hyper)rectangles (see also (5.6.1))

Rin = A /pn = A0, k/p) x [1,wy(k/p)),
Rout := A(Xout, kMout/p) X []/Wn(kMout/p))r
Ain = A(0,k/p),
Aout = A(Xout, (KkMout/p)),

(56.7)

where xgyut := (x?‘“ 0,...,0) € R4 is defined implicitly given p such that
IO (xout, kMout/p) — aBkMinH := 1/2. We assume that n is sufficiently
large so that Ajn U Agut € An. Let Cin(0) be the component of (0, wop)
in the subgraph of G, induced on vertices in Ri,, where Cin(0) = 0 if
wo = wy(k/p). Since Rin € Bim,,, it is immediate that Ci,(0) C Engm.

Let €\, be the largest component in the subgraph of G,, induced on
vertices in Ryyt. Define the events

‘Ai(rli;;iant = {I(‘Zm(O)| = k} ‘Ai)l;tglant = {|eout| kMout}
‘Ai(r]i;mall = {Egkm | < kMou’t/ 2} Acomponents = ‘Amgmnt N ‘Aoutglant
(5.6.8)
Isolation

On Acomponents, Cn(0) D Cin(0) could still connect to the giant/infinite
component. To prevent this, we will ban edges that cross the boundary of
Brm,, as follows. In Section 5.2.2 we informally described an “optimally-
suppressed mark-profile”. We first define a suppressed mark-profile, then
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optimise its shape. Let v € (0,1/(c + 1)] be a constant. We define, for
Cp == (2B)'/4, and for x € R with [[x —3Bim,, || = l|[x|| — Tk| = z, the
v-suppressed profile by

1 if z < Cg,

fy(z) == < (z/Cp)¥? if z € (Cp,1il, (5.6.9)
(z/Cp)%(r/Cp) 4V ifz > 1y,

My = {(xy, fy (llIxv]| —TKl)) : %y € R9}. (5.6.10)

We say that v is below, on, or above M., if w,, is at most, equal to, or strictly
larger than f, (|||x,| — rk|), respectively. We say = < M, if all points in
= are below M, see Figure 8. We split the PPP = into four independent
PPPs, whether points fall below or above M, and inside or outside Bym,,:
E%My ={(xw, Wyu) €Z:xy € 'Bka, u < fy(|HXu|| —1l)}

—out .

—in .

H>M'\/ .

{ (5.6.11)
( 5.6.

(

(XV/WV) S E . XV ¢ BkMin/wV < f‘Y(|HXVH _Tk|)}/
(X, wu) € Zixy € Brmy,, Wu > Fy (Il xull =1k}
(

22, 1= 00 we) €2 5%y & B, wo > iy lpl] =)}
For A, B C = we denote by |€(A, B)| the number of edges between vertices
in A and B. Define

(E<My) = {0, U, | =00, AN (1) = [E(E,, 225, ) = 0
(5.6.12)

Under {Z < M, }N A%, dge V), the vertices in By, are not connected to
the unique infinite component when n = oo and are isolated from the rest
of G when n < co. We comment on the profile function f, in (5.6.9). The
event {2 < M, } demands no vertices within distance Cg from 0By, , since
yUlIx]| =7kl) =1 for || x —9Bym,, || < Cp, and vertex marks are above 1
a.s. The function f, is continuous and increasing in z: the closer a point
x is to the boundary of Bxm,,,
= < M,. This is natural since vertices with higher mark close to 0B m,,
are more likely to have an edge crossing this boundary, which we want
to prevent. While the event {Z < M, } becomes less likely when 7y is small,

A ge (v) becomes more likely. This naturally leads to an optimization

the stronger the restriction on its mark in

183



184

THE HIGH-HIGH REGIME

problem, that we set up next. Let Y ={0,x— (t—1),(0+ 1) —2(t—1)},
and define

(%)
max {y:1—vy(t—1) > 2—a+ymax(Y)}, if x < oo,
Y—nn:=1 0<y<1/(0o+1)

1/(o+1), if o = o0,
C—nn =1 _'Yﬁnn(T_ 1), (5613)

The inequality (%) holds for vy = 0 since & > 1 by assumption, therefore
Y-nn > 0 and is well-defined. We call f, := f,_  the optimally-suppressed
mark-profile (and show below that it is indeed “optimal”) and write M, :=
M, _...- We define the isolation event using the events in (5.6.12), see also
Figure 8:

‘Ai(;;lation = {E = } N ‘Anoedge (‘Yﬁnn) (5-6-14)

Ensuring almost independence

The events ‘Alsolatlon and {|Cin(0)] > k} in (5.6.8) are correlated, since
{ICin(0)| = k} may push up the number of high-mark vertices in R;,, mak-
ing ‘Alsolatlon less likely. To overcome the dependence, we introduce two
auxiliary events that ensure regularity of = in the hyperrectangles Rin, Rout
from (5.6.7). Using wy, from (5.6.1), define, using cin := 1/p, Cout := Mout/p:

an ==min{j € N : Wn (kcin)/zj <1},

.* . j (5.6.15)
jout =min{j € IN : wy (keout) /20 < 1)1
and writing loc € {in, out}, define
Igoc = [W‘r] (kcloc)/zjrwn (kcloc)/zj_] )/ 1 < J < jl*oc' (5616)

Using Ain, Aout in (5.6.7), the intensity measure . of = in (5.1.2), and
ElOC(IIJP“) for the vertices in = N (Ajpe X Il]."c), consider the following events
(see also Figure 8) for loc € {in, out}:

Areantar M) = {7 <foc ¢ [Z1oe (1] < 2 (Asoe x I,

(5.6.17)
(%) . g (kin Jou
‘Angular (n) T ‘Angular ( ) n ‘Angutlar (T‘)

Finally, fix a realization of the induced subgraphs

R, U GRow = (Ex,, E(92,)) U (Er,u €(GR0))
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so that the vertex set Z¢, UZg,, satisfies the event ‘Aregular( n) for some
n > 0, and define the conditional probability measure and expectation by

IlASiO( ’ ) = IP( | 992in U 9fRout’"Lll(‘];)gular(]’]))’
]Eio[ ]= IE:io [ | ngin U 9fRout"A1(*Zg)gular(n” :

In the conditioning we reveal both the vertex and edge sets in the disjoint
boxes Rin, Rout- The event Aregular( 1) checks the number of vertices in hy-

perrectangles inside Rin, Rout, hence A rz;;ul o+ (M) is measurable with respect
to Gx,,, G, and in principle can be left out of the conditioning in (5.6.18).

We state a lemma that will imply Proposition 5.6.1.

(5.6.18)

Lemma 5.6.2 (Lower bound for isolation). Consider a supercritical i-KSRG
model in Definition 5.1.1 with parameters & € (1,00], T € (2,00], 0 > 0, and
d € IN, or a supercritical i-KSRG on Z.¢ with additionally p < 1 in (5.1.3). For
any constant 1 > 0 in (5.6.1), there exists A > 0, such that for any realization of

992m U 9320 t tl’lﬂt SﬂtZSﬁES ‘Aregular( )/ WZth Z = {CH/ Clh/ Chh/ Crm}/ WZth Iff)io ff’Om
(5.6.18)

Pio (Ai(:)lation) > exp (— ATS max(2] 10%"‘27] (ric)). (5.6.19)
The same bound holds for the Palm-version ]f’fo of ;.

We now show that Proposition 5.6.1 follows directly from Lemma 5.6.2.

Proof of Proposition 5 6.1, assuming Lemma 5. 6 2. We first show (5.6.4). Re-
call A% Al from (5.6.8), and A.* AY (1) from (5.6.14),

components' 1nsmall 1solat10n’ regular

(5.6.17) respectlvely The intersection of these events implies {|C,, (0)] >
k,0 ¢ @}, since |Cn(0)] = |Cin(0)] = k, and ‘Alsolatlon ensures that G, (0)
is fully contained in Byn,,. Hence, [ (0)] < I_(Bka\ < kMgut/2 and
|Coutl = kMoyt ensure that €, (0) is not the largest component of §,. So,
by the law of total probability
P (|Cn (0)] > k,0 ¢ €4)
> >P° (‘Acomponents a ‘Alsolatlon N ‘Amsmall n ‘Aregular (n))
> IP° (‘Acomponents N ‘Alsolatlon N ‘Aregular( )) IP° (ﬁ‘Amsmall)
=P° (‘Acomponents N ‘Aregular( ))]PO (‘Alsolatmn | ‘Acomponents N ‘Aregular (n))
—P° (ﬁ‘Amsmall) (5'6'20)

Recall ‘Amsmall {IEngm| < kMou/2} from (5.6.8), and Moy = 2942 My,
above (5.6.7). The box with side-length 21y = 2(kMj,) /4 (by definition in
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(5.6.6)) centered at the origin is the smallest box that contains Bynm,,. Using
the intensity measure (i from (5.1.2), and writing Bme = {(x,wy) €
R*T:x € Bym,; (x, wy) < My}, we have

He(Bip,) < 2%Min = 297 2kMin /4 = Moutk/4,

and by a standard concentration inequality for Poisson random variables
(see Lemma 5.C.1 for x = 2), there exist ¢/,¢c > 0 such that, since r =
ek!/9),

P (_“Alnsmall) exp( C/Tg) - eXP(—Ck)- (5.6.21)
Returning to (5:6.20) the event Ayt (1) = A, () A (), de-

fined in (5.6.17), holds with probability tending to 1 as k — oo, again by
concentration inequalities for Poisson random variables (see Lemma 5.C.1
for x = 2). Hence,

P? (‘Acomponents N ‘Aregular( )) > P° (‘Acomponents) P° ( (‘Arezgular (T]))
=1P° (‘Acomponents) - Ok(] ) (5.6.22)

We recall from (5.6.8) that Acomponents {1Cin(0)] = KN {ICIL = kMout)-

Translate the hyperrectangle Royt in (5.6.7) containing €.}, to the origin of
R4 (using wy (¢)) in (5.6.1)):

‘,Rc/mt = A0, kMout/p) x [T, Wy (kMout/p)) = AkMour/ 17 (5.6.23)

and write C" out’” Cout’ (0) for the largest component and for the component
containing (0, wp) in the subgraph of G, induced by vertices in R/ ;. As
before, we ignore the conditioning (0, wg) € = in Definition 5.1.1 in our
computations. By the translation invariance of the annealed measure and
that the events {|Ci»(0)| > k} and {|CJ ;| = Mouik} are independent because
they are induced subgraphs of the disjoint hyperrectangles Ri, and Rout
in (5.6.7),

]PO (A(k]

components )

IP( out/| MOUtk’)
II)0(|€0ut’(o > Moutk)-

The bound IP° (/€ (0)] = pﬂ) > p in (5.6.3) in Proposition 5.6.1 holds for all
¢ sufficiently large. In particular, since Ci,(0) = Cy /., (0) by definition of
Rin in (5.6.7), and Cour’ (0) = Cxm,,,/pm (0) by definition of Rj; in (5.6.23),
we obtain for k sufficiently large

IP? (‘AcomponentS) = (|€k/p n 0) = k) P (|€kMout/pm (0) = Moufk)

> 02, (5.6.24)

1= k)
0)l > k)
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1mplylng that IP° (‘Acomponents N ‘Aregular (Tl)) > pZ - Ok“ ) > 392/4 in (5622)

Since the event Acomponems N Are ular (1) is measurable with respect to the
o-algebra generated by the subgraph 9, U Sz, we take expectation over
all possible realizations of the latter, and recalling the measure IP;, from
(5.6.18),

0
P (‘A1solat1on | ‘Acomponents a ‘Aregular (ﬂ))

= [IPO (‘Alsolatlon | 9me U 9:Rout’ ‘Ai'egular (n))]
= E°[PS, (ALY

isolation ) ]

Apply now Lemma 5.6.2 on the right-hand side, and substitute the bound

3p? /4 below (5.6.24) into (5.6.22) and then in turn into (5.6.20) and (5.6.21),

to obtain for k sufficiently large

IP? (‘A((:t))mponents N ‘A1solat10n N ‘Amsmall N ‘Aregular (ﬂ))
> (p2/2) exp (— Are ™) jogmz=T (1)) (5.6.25)
> (p?/2) exp (— A'KMX(Z) Jog™= T (k).

We obtained the second row by substituting 1 = (kMiy) 1/4 in (5.6.6) and
setting A’ := AMQaX(Z) /2 that also compensates for the constants from
the log-correction term. Observe that max(Z) < 1, so that the right-hand
side in (5.6.21) is of smaller order than the right-hand side in (5.6.19). By
(5.6.20) this finishes the proof of (5.6.4). We turn to the proof of (5.6.5).

Lower bound on second- largest component We generalise an argument from
[162]. We have to bound IP( el < K, 5) from above for a suitably chosen
¢ in the definition of k,, . in (5.6.2). To do so, we fix & > 0 to be specified
later, and assume for simplicity that n('=?)/d ¢ IN. We then partition
Aqn into my :=n'"? many subboxes /\g], o AT ””, centered respectively
at x1,...,xm,, each of volume 7 := n?. By disjointness, the induced
subgraphs G4’,..., G in these boxes are independent realizations of
9a, translated to x1,...,Xm,. We write §g),,ﬂ9v($ ™ for the induced
subgraphs, translated back to the origin; égﬁ* for the vertex set in §5.3
that is below M, and inside Bym,, after the translation, see (5.6.11); and

11’11

write =25 for the same vertex set before the translation. For the translated

subgraphs (9 1 )i<m,, we define for k = k,, . the same events as in (5.6.8),
(5.6.14), (5.6.17),

good " Components 1solat10n msmall regular
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where now in the definition of these events we replace Ch(0) with the
component containing the point of = closest to the origin 0 € R¢ for
O € {in, 1}. We also assume that . = n? is sufficiently large compared to
k.,  in (5.6.2) so that the spatial projection of the box Roy; still fits within
As. This can be ensured even if kn . = ©(n®) is maximal in (5.6.2) by

choosing & < 9. If A" good holds for some 1 < my, then the induced graph

n1

9[~ in subbox /\~ contains a component G~ in _‘ (Wthh we call a

‘candidate’ second-largest component of G;,) with size at least k, . that

is not the largest component in its own box, and all vertices in AL’ are

below M, (xi), i.e., M, shifted to x;. If additionally for all i there is no
—=(in, 1)

edge between = <, to a vertex outside /\%), then the component Gg) is
not the giant and is larger than ky . Taking complements we obtain that

{lePI <k, JC{Ei< :(@% & Zn \ZWIU ( ﬂ (ﬁﬂgood)>

i<my
By translation invariance, a union bound, and the independence of the
graphs (9 )1<mn in disjoint boxes,
P(IC] < kne) <mnP(E2y, ¢ Zn\Eal) + (1 =P (Aggeq)) ™"

=T +Ts. (5.6.26)
By the definitions in (5.6.11) and (5.6.6), each u € Z¢;, has [jxy| <
T with k = ky ¢, and mark wy, < f*(rkm), (fx, = fy_,, is from below
(5.6.13)), hence =25 C =5, all, fulri, ) C =, whenever (2ry )¢ =
kn,EMmZd < n%, which holds whenever ¢ < 9 by (5.6.2). Hence we can
bound T; as

T < man(E(ZTkM)dﬂ,f*(rknla)) < Zn \ Zal).
We can directly apply Claim 5.5.6 on the right-hand side, i.e., setting
there N := i = n¥ and n = (Zrkn,g)d = kn,eMin2¢ (by (5.6.6)) and
w = fi(rk, ). The profile f, = f,__ is defined below (5.6.13), using (5.6.9)
with exponent y—nn and 1y = (Mink)'/4 in (5.6.6), and finally kn, e from
(5.6.2) we obtain

W = f*(rk ) CB‘Yﬁnnd ‘]\(iﬁnnd CBYﬁnndM%ﬁnnk}r{,ﬁﬁn

—n, €&

Condition (5.5.27) holds since N = n? > k,, . > w. Then Claim 5.5.6
yields for some C > 0

TG, (2, ) 0T og(n?)
<C log(n) . KLZVﬁnnC&sg . TL] —d min{a,T—1 }‘
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Since k, . in (5.6.2) is at most n¢, as long as 1 — 9 min(a,T—1) < O,
we can choose ¢ > 0 in (5.6.2) sufficiently small such that for any & €
(0,9 min{a, T — 1} — 1), for all n sufficiently large,

T <n o, (5.6.27)

We turn to bound T in (5.6.26) using (1 —x)™" < exp(—mnXx), where we

apply (5.6.25) on x = ]P(Ago) -q) to obtain a lower bound on the exponent

mnP (AL

o) > (0%/2In" 2 exp (— AT 10g™ (ke )

— (p2/2) exp (1 —9)log(n) — AR log™= (K, ,)).

In order to show T, < n~? in (5.6.26), it is much stronger to show that
with m(Z)—1=m’

Ve’ > 0, there exists €7 > 0 such that for all ¢ < 1

, (5.6.28)
A/kﬁix(z) log™ (k,, ) < ¢'log(n). >

We recall the definition of k,, . in (5.6.2). While k, . may be as large as
n¢, only when max(Z) = 0, so effectively the expression in (5.6.28) is still
small. We formally check:

Case 1. max(Z) > 0. We substitute k,, . in the first row of (5.6.2) to
(5.6.28)

nemax(2)joomq oy _ar €108 ) wr elog(n) y1/max(z)
Ao log  lkn, ) =A e Togmy)m 1 (((mglog(n))“") )

The last factor is at most (max Z,)_‘“'(log log(n))m’, and (5.6.28) follows
whenever ¢ < ¢/(maxZ)™ /A",

Case 2. max(Z) = 0. We substitute k,, . in the second row of (5.6.2) to
(5.6.28)

A'k?:ix(z) logm/(knla) = A'(log (exp [(elog(n))”m/]))m/ = A’elog(n),

and (5.6.28) again follows. Choose now any ¥ < 1/ min{x, T — 1}, and then
combine (5.6.27) with T, < n~% to bound (5.6.26). This finishes the proof
of (5.6.5) and hence Proposition 5.6.1 subject to Lemma 5.6.2. O

5.6.2 Isolation

We aim to prove Lemma 5.6.2. We suppress the superscripts (k) of events,
and leave it to the reader to verify that the results extend to the Palm-
version IP§ of IP;,, which is defined in (5.6.18). We work towards bounding
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the event in (5.6.19) via a few lemmas/claims, also related to the back-of-
the-envelope reasoning of Section 4.2. Recall f,, M., from (5.6.9), (5.6.10),
the PPPs in (5.6.11), and (= % from (4.2.5).

Lemma 5.6.3 (Vertices above M ). Consider a supercritical i-KSRG under the
conditions of Lemma 5.6.2. For eachy € (0,1/(0+ 1)], there exists a constant
Cs.6.3 > 0 such that

d(1—y(t—1))

C5.6.3rk ’ Zf] _’Y(T_ ]) > Cony
Eio [[Z25¢, UZ%,|] < { Cse3mpo™log(ty), i 1—v(t—1) = lon,
Cs.63Tp™, if1—vy(t—1) < lan-

(5.6.29)

Recall the multiplicity m of the maximum from (5.1.5).

Lemma 5.6.4 (Edges between vertices below M, ). Consider a supercritical
i-KSRG under the conditions of Lemma 5.6.2 with & < oo. Let Y = {0, x —
(t—1),(c+1)a—2(t— 1)} Foreachy € (0,1/(c + 1)] there exists a constant
Cs.64 = Cs.6.4(p) > 0 such that for any realization of Z¢, UZx,, that satisfies

Aregular (m) in (5.6.17) for somen > 0,

Eio lE(Z2ne, =25, ]

out

C5.6'4T](2.(27(X+Ymax(y)) logm(y)fl (Tk)/ ZfZ* OC+'YmaX(H) > Cnn/

< { Cspatpomlog™ @) (1), if 2— o+ ymax(Y) = (o,
Cs.6aTalm, if 2— a+ymax(¥) < Can-
(5.6.30)

Proof sketch of Lemmas 5.6.3 and 5.6.4. We defer the lengthy integrals to the
appendix on page 210 but we give some intuition. The expectation FEj,
in (5.6.18) is conditional on =N (Rj, U Rout) where Ry, Rout in (5.6.7) are
hyperrectangles below M,, for all n, since wy, (£) is poly-logarithmic in £ in
(5-6.1). Hence =, is independent of the conditioning in E;o, SO

Eio[[Z2t, Y%, ] = E[IZ20¢, UE%5,[] = 1o (ReY:,),  (5:631)

with the intensity ¢ in (5.1.2), and where we denote le;Jngy the points

of R4*! above the d-dimensional surface M,, see (5.6.10). Define the
hyperrectangle RT := [-2ry, 21, ]4 x [r),00) and Ap = {x € RY,||x|| €
[r — Cp, 1 + Cpl} x [1,00), an annulus in RY times all mark-coordinates.
Then by definition of f, in (5.6.9), (RTUAp) C R and po(RTU Ap) =

>M,
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@)(rg“ﬂ/h*1 )+ rd=1). Careful integration shows that the right-hand
side of (5.6.31) is of the same order, unless 1 —y(t—1) = (d—1)/d = Cun,
when we get an extra log(ry) factor.

For Lemma 5.6.4, we use independence of = in disjoint sets: inside
and outside of Rin, Rout. When counting edges with at least one point
in Rin U Rout, we use that = in these sets is regular, i.e., Are gular holds,
and outside these sets we integrate using the intensity . in (5.6.29). We
explain now how the exponents of ry in (5.6.30) arise: the expected number
of edges between vertices of constant mark within constant distance of
0By, is @(r%q) = @(rg(:m), which yields lower bounds for all cases
in (5.6.30). Let 0 < y1 < v2 < v such that oy; —i—yz < o+ 1. Using ¢
in (5.1.2), the expected number of pairs (u,v) € = x Z%t . within
distznce O(rk) frf))m 0Bikm,,, and maF;ks Wy = @(k"1<)3\1{/\r\, = (;(3\11[0’2) is

E[Pairs(y1,v2)] ;:@(Tk(] —vi(t=1)) g“ —v2(T— 1)))
:@(Tk —(v1+v2)(t— )J)

The typical Euclidean distance between such vertices is O(ry ). Therefore,
by the connection probability p in (5.1.3), a pair of such vertices are

do(oyi+v2— 1))

connected with probability roughly ©(r, , and hence there

are

E[Edges(y1,v2)] .= E[Pairs(y1,v2)] .@(rg“(cvwnﬁ))

_ (- (oo (=) +yala— (1), (5:6.32)
such edges in expectation. The proof below on page 211 reveals that the
expectation of |€(Zg . , =, )| can be bounded by maximizing (5.6.32)
with respect to v1,v2, ie., edges between vertices of mark ©(kY7) and
©(k2), with the optimal pair (y7,v3) dominate the whole expectation.
Depending on (o, «, T), the optimal (y7,v3) is either

(1) (0,0), pairs of low-mark vertices, which, when substituted in (5.6.32)
yields 0 € Y in (5.6.30);

(Ih) (0,v), pairs of one low-mark vertex and one high-mark vertex, which,
when substituted in (5.6.32) yields « — (1 — 1) € Y in (5.6.30);

(hh) (v,v), pairs of high-mark vertices, which, when substituted in (5.6.32)
yields (0 +1)ax—2(t—1) € Y in (5.6.30);

or the convex combinations of these if the maximum in Y is non-unique,
leading to the poly-logarithmic correction terms in (5.6.30). These three
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options of (y%,v%), combined with the ®(r$~') many low-mark edges
close to the boundary explain what we call the dominant types of connectivity
in Section 4.2. We remark that without the assumption that y < 1/(c+1),
the optimal solution in (hh) would change to (y A1/(oc+ 1),y A1/(c+
1). O

Lemmas 5.6.3 and 5.6.4 hold for any y < 1/(0+ 1). Now we show that
setting v = yY—nn from (5.6.13) minimizes the sum of (5.6.29) (increasing in
v) and (5.6.30) (decreasing in ).

Claim 5.6.5 (The optimally-suppressed mark-profile). Consider a supercrit-
ical i-KSRG under the conditions of Lemma 5.6.2. Let Z = {Cy1, (n, Chin, Con-
There exists a constant Cs g5 > 0 such that when o < oo

Eio[IZ2 5, U2 1] < Cs, 651E10[|8(~<M* :°<“‘M )]

ax( (5.6.33)
*log

mzqul (

m.
< C565C564Tk ™),

and when o« = oo

Eio[[Z2 5, U2 [] < Csesmp ™% log™= " (ry). (5.6.34)

We postpone the proof, based on elementary rearrangements of the

formulas of {y, G, Chn, and Gy, to the appendix on page 217. We proceed

with a claim towards boundmg the event Anoe dge in (5.6.12), its proof

explaining the restriction vy < 1/(oc+ 1) in y—nn in (5.6.13). We recall
p(u,v) defined in (5.1.3).

Claim 5.6.6 (Cross-edge probability bounds). Consider a supercritical i-
KSRG under conditions of Lemma 5.6.2, and assume y < 1/(o+1). For any

—out

(u,v) € E'%My X 2,

27%, ifa< oo,
plu,v) < 0 i o= oo (5.6.35)

Proof. We show that whenever u, v are below M, and on different sides
of 3Bxm,,, then Bki oWy, Wy)/ [[xu —xv]|¢ < 1/2. By definition of p
in (5.1.3), this directly implies (5.6.35). To see this bound, for ¢ > 0 the
connection probability p is increasing in the marks. Therefore, without loss
of generality we will assume that u € Bim,, and v ¢ By, fall exactly on
My, and that k is large enough that r > Cg. Since f, in (5.6.9) switches
formula at T outside 9By, we distinguish two cases.
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Case 1. Assume |||xy|| — k| < 1. Since f, in (5.6.9) and the explanation
below (5.6.12) both u,v are at least Cg distance from 0Bynm,, . Thus, for
any (u,v), there exist t > 2Cp, v € (0,1) such that ||x,, — 0Bxm, || =
Tk — |[xu|| = (1 —=v)t, and ||xy, — 0B, || = ||Xv]| — Tx = Vvt. By the triangle
inequality ||xy, — x| > t. Hence, w, = Cg Yd(vt)y wy = Co Y‘jl((1 —
v)t)Y¢ by assuming u,v being on M, and fy in (5.6.9). Usmg Ki,o in
(1.3.5), and v € (0, 1)

o+1)ymax{(1 —v)t, vt)Yd min{(1 —v)t, vt}°rd

K1 U(Wu/Wv) —vd(
S <BC,
P Tra— e <P @
< ﬁcg'Yd 0‘+1)td(y(0~+1)71).
The right-hand side is non-increasing in t whenever y < G—H Since t >
2Cp > Cp,and Cp = (2p)1/4
K1,0 (W, Wy) ay(o+1) ~d(v(o+1)=1) _ pmed
BW\BC CB =pCs  =1/2.

Case 2. Assume |||xy| — k| > 1k. In this case [|xy —0Bxm, || = [xu —
0Bxm, |, and [xy —xu| = [[xv —0Bxm,, || = IlIxv|| — 1kl Since f,(z) is
increasing, w, = fy (l|[xy| —7kl) = fy(ri) = fy(l|xu] —1kl) = wu. We
obtain by definition of k1, in (1.3.5) and (5.6.9)

B <L o (Wu,wy) ply fy (vl = meD fy (%l = 1D
X —xv |4 S |||7<v||—Tk|d
d 1) —d(1
< BCB'Y (o+1) H|XVH_Tk|d (1—v) O'Yd|||va_Tk| d
— 1) —d(1 1)
= pC, Yoy Yo .

where to obtain the second inequality we used that fy (|||x.|| —1kl)®
rgyd and to obtain the second row the power of [||x, || — k| canceled. The

bound 1/2 follows because 1 > Cg, vy < 1/(0+1)and Cg = 2p)V/4. O
We are ready to prove Lemma 5.6.2.

Proof of Lemma 5.6.2. We will obtain a lower bound on lf’io ({E <My N
A () for arbitrary y € (0,1/(c+ 1)]. Then we maximise this bound

noedge
by setting v = Y—nn, yielding the event A" ation
in Lemma 5.6.2. The events {Z<M} and A*

in (5.6.14) and the bound
(defined in (5.6.12)) are

noedge
independent of each other under Py, in (5.6.18), since having no points
above M, is independent of the conditioning in IPj, (since each point in
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Rin U Rout is below M, if k is sufficiently large), and AX
on points of = below M, . Hence

jl;io ({E Y} N ‘Anoedge( )) = ]I~)io (E < MY)IT)iO (‘Ag:edge ('Y)) . (5636)

We analyse the two probabilities separately. For the first term, by the above
independence,

Pio (2 < My) = Pio (1=, U2, | = 0) = exp (—Eio [0, UZ25, 1)),

(5.6.37)

for which we will use Lemma 5.6. 3 shortly. We now turn to the second fac-
tor in (5.6.36). By definition of A'* in (5.6.12), and using the conditional
independence of edges,

only depends

noedge

noedge

]f)io (‘Aillz)]edge (Y)) = ]Eio H (] - p(u/v)) . (5638)

—out
UEZYy VEELY,

We distinguish now the two cases & = oo and a < oo.

Case o = oo. By Claim 5.6.6, since Y < 1/(o+1) by assumption, p(u,v) =0
for each factor, hence ]Plo (An‘;)e dge( )) = 1. Since the right-hand side of
(5.6.37) is increasing in v, we set y = 1/(0 + 1) = Y—nn When o = oo by
(5.6.13). Combining then (5.6.36) with (5.6.37) and Claim 5.6.5, it follows

that
Pio ({2 < M} N A gge (Y-mn)) = exp (— cs.e,sr;i mxE og™a T (1)),

finishing the proof of the lemma for o« =

Case o« < oo. By Claim 5.6.6, for all (u, v) € :QM X =¢%, it holds that
1—plu,v) > 1-2"%since y < 1/(0+ 1) by assumption. Hence, there
exists a constant ¢ > 0 such that for all such (u,v) we have T —p(u,v) >
exp(—c - p(u,v)). Using this in (5.6.38) and that s — exp(—s) is a convex
function, Jensen’s inequality gives a lower bound in terms of the expected
number of edges between vertices below M,, i.e.,

(e 5 o)

u€_<M

IT)io (Aﬂz,)edge ('Y)) > IE:io

vezot
<y

: ]

u :m
HOU
vE_.<MY

= exp (— cEio[|€(Z2 ¢, 2%, ) 1])- (5.6.39)

> exp <— c]Elo
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Together with (5.6.36) and (5.6.37), we obtain that

Pio (12 < MyINAY ()

noedge
> exp (— (]EO [ Ei;My U E‘;“Myl} + ¢y [IE(EQMY,E%‘*My)I] )) (5.6.40)

By Lemmas 5.6.3 and 5.6.4, the first expectation is decreasing, while the
second one is increasing in y on the right-hand side. By (5.6.33) in Lemma
5.6.5, when we set Y = Y—nn in (5.6.13), we obtain that (5.6.40) turns into
(5.6.19), finishing the proof of Lemma 5.6.2 when V = =. O

Proof of Lemma 5.6.2 for i-KSRGs on Z4. We explain how to adapt the proof
for i-KSRGs on Z9 using the extra assumption min{p, p*} < 1 in Lemma
5.6.2. Since the vertex set V = Z4, the event = < M, as defined in (5.6.10)
would never hold, since Z4 does have points within distance Cp from
0Bywm,, (see fy in (5.6.9) and the reasoning below (5.6.12)). Hence, we
must adjust the definition of f, within distance Cg of 9By, to be any
constant ¢ > 1. Then the upper bound 2~ on p(u,v) in Claim 5.6.6 can
be replaced by min{p, p3*} < 1 (the edge-retention probability for vertices
at distance 1 in (5.1.3)), that only affects constant prefactors in (5.6.39) and
(5.6.40).

The proofs of the preliminary Lemmas 5.6.3 and 5.6.4 remain valid by
replacing concentration bounds for Poisson random variables by concen-
tration bounds for Binomial random variables, and replacing integrals over
R¢ by summations over Z<. The proof of Claim 5.6.5 remains verbatim
valid. O

Proofs of Theorems 5.1.2, 5.1.4. Proposition 5.6.1 yields the lower bounds
for both theorems, since its condition (5.6.3) on having a large enough
component on restricted marks occurs with positive probability by Propo-
sition 5.4.13, under the assumption T < 2 + 0. The assumption T > 2 is
necessary to have a locally finite graph. Propositions 5.4.1 and 5.5.1 imply
the upper bounds (i.e., part (ii)) in Theorems 5.1.4 and 5.1.2, respectively.
The conditions in Proposition 5.5.1 are satisfied by Propositions 5.4.1, 5.4.12
and Claim 5.5.2. The condition T < 2 + ¢ is needed for Claim 5.4.5, which
yields that a constant proportion of high-mark vertices, i.e., vertices having
mark Q(kYh), is connected by an edge to another high-mark vertex. This
allows to construct a backbone of high-mark vertices (Lemma 5.4.2), and
to merge components of size at least k with the backbone via a high-mark
vertex in (5.4.42). The additional condition 0 < T— 1 in Theorems 5.1.2
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and 5.1.4 is needed in the cover-expansion step (Lemma 5.4.9) in the proof
of Proposition 5.4.1. O

It remains to prove Theorem 5.1.5, whose proof is based on Lemma
5.6.2.

Proof of Theorem 5.1.5. For p > 1 the statement is trivial. There exists a
constant C > 0 such that for any p € (0,1) and n > 1 a box of volume n
is contained in the union of [C/p] (partially overlapping) balls of volume
np/2. Fix p € (0,1), and write =% for the vertices in the i-th ball of such a
cover of balls of volume np/2. Recall that |E(A, B)| denotes the number of
edges between the sets A, B. Then

{ley)l < pn} 2 ﬂ {EEY,2\NZY) = 0}n{=7] < pn} (5-6.41)
i<[C/p]

Indeed, on the event on the right-hand side, each connected component of
Gn is fully contained in some ball (or the intersection of some balls) with
at most pn vertices. We apply an FKG inequality to bound the probability
of intersection from below.

We give a (natural) definition of increasing events, using the collection
Y from Definition 5.4.3 that encodes the presence of edges using a set of
uniform random variables Y= = {¢,, : u,v € Z}. We say that a function
f(Z, ¥=) defined on the marked vertex set = and edge-variable set W= is
increasing if it is non-decreasing in = with respect to set inclusion (formally,
ifZ/ D Z,¥Y=, D ¥z, then f(Z/,¥=/) > f(Z,¥=) holds), as well as coordinate-
wise non-increasing with respect to the edge variables (formally, if W
satisfies @] , < @y, for all u,v € (%), then f(Z,¥L) > f(Z,¥=) holds).
Intuitively this means that more vertices and edges increase the value of f.
Similarly to [79], we obtain that for two increasing functions fy, f2,

]E[f1 (E/WH) : fZ(E/\yH)] = ]E[IEH:1 /\PE) : fZ(E/\yE

by applying FKG to the random graph conditioned to have = as its vertex
set for the first inequality, and then FKG for point processes for the second
inequality [173, Theorem 20.4]. We say that an event A is decreasing iff the
function —1 4 is increasing. It follows that for decreasing events A, A’

P(ANA") = El(~14(5,¥2)) - (—1a/(Z,¥=))]

.6.
> L[z, ¥=)] ElLu(E ¥e) = P(A) (). 004
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Observe that the events on the right-hand side in (5.6.41) are all decreasing
(adding vertices/edges make the events less likely to occur) so that (5.6.42)
applies. Hence,

P(lel<pn) > [ P(EEY,Z\ZW) =0)-P(Z7| < pn). (5643)

i< C/p]

Since each ball has volume np/2, the event {|=V'| < pn} holds with probabil-
ity at least 1/2 by concentration inequalities for Poisson random variables
(Lemma 5.C.1 for x = 2). To bound P (|&(Z%,Z\ V)| = 0), we consider
the optimally-suppressed mark profile translated to the center of the i-th
ball, with kM;, replaced by np/2. We restrict = to be below the mark
profile, and to have no edges between =" and =\ =". We apply Lemma
5.6.2, integrate over all realisations of Gin, Sout satisfying Aregutar, and use
that the event A,egylar in the conditioning in ]I~’iO in (5.6.18) holds with high
probability by Poisson concentration (Lemma 5.C.1 for x = 2), see the
argument below (5.6.21). We obtain that for all i < [C/p],

P(IEEY, 2\ EV)|=0)-P(EV|<pn) > J exp (— OM™™(*) log™=" 1 (n))),

which yields the desired statement in (5.1.11) when taking the product
over [C/p] balls in (5.6.43). O

5.A PROOFS BASED ON BACKBONE CONSTRUCTION

We present the proofs of the propositions at the end of Section 5.4.
Proof of Proposition 5.4.12. We will first derive a bound on
P(3v e Znw,00) :v ¢ CL)

for arbitrary w > 1. We make use of the backbone construction from
Section 5.4: we will show that vertices with mark at least w are likely to
connect to the backbone Cyp,, which will be a subset of the giant component.
Observe that the event in (5.4.44) allows us to choose the size of the boxes
when we build the backbone, i.e., the value of k is not yet defined with
respect to w. We define k = k(W) implicitly by w =: A; k!'=9Vm where A;
is a large enough constant to be determined later. We aim to show that for
some Ay >0,

1P(_"Amarkfgiant(n/ W)) = ]P(E]V € Zn [A1k1*01/hh’ OO) ‘v ¢ eﬂ])

A
<nexp (— Azkchh). (5.A.1)
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If this bound holds, then substituting w = w,, = (M,, log(n)) (1=0Yhn)/ Crn
yields

k(Wn) :Al_]/“_UYhh)W_L/U_UYhh) :A1—1/(1_0th)(Mw logn)]/Chh,

which, when substituted back to (5.A.1) yields (5.4.44) if M,, is chosen
sufficiently large.

Recall App(n, k) and Cpp(n, k) from (5.4.8). Distinguishing two cases
depending on whether Ay, (n, k) holds for Gn 2 = Gn 1, 2why) or not (with
whn (k) in (5.4.7)), by Lemma 5.4.2,

P (_"Amarkf giant (nr W)) <P (_‘-Abb)
+E []1 {Abb}]P (ﬁﬂmark—giant (Tl, W) | 9n,2/ Abb)]
< 3nexp(—cs5.4.25k)

+E []l {Abb}]P (_'-Amarkfgiant (nz W) | 971,21 -Abb)] .
(5.A.2)

On the event Ay, there is a backbone Cp;,. This backbone is either not
part of the giant component, or if it is, then a vertex with mark at least w
outside the giant has no connection to any of the vertices in the backbone.
Hence, conditionally on the event Ay,

ﬁ-Amark—giant(n/W) - {ebb ,g @Q)}U{HV € En [W/ OO) Y §L> ebb/ ebb C G(Tl]}
By a union bound and Corollary 5.4.10, this implies that
P (_"Amark—giant (m, W) | 9n,2/ Abb)

<(n/csa1)exp (—cs4.1k ) +P(3v € Zn[W, 00) : v % Cop | G2, Apb)-
(5.A.3)

Recall that Gy, > is the graph spanned on vertices with mark in [1, 2wyy),
see Definition 5.4.6. With C; from (5.4.5)—(5.4.6), we may assume Aj >
2(:1_1/(T_1 ). Since Whh = C1_1/(T_1)kYhh defined in (5.4.7), and since 1 —
(T4 0)vnn = 0 (see (5.4.14)), this implies that

W= Ark! OV > 2wy, = 2¢; /T D orm, (5.A.4)

Hence, vertices of mark at least W are part of =, [2wy,, 00) and are not
revealed in G, ;. Conditioning on the number of vertices |=,,[W, o0)|, the
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location of each vertex is independent and uniform in A,,. Taking a union
bound over these vertices in =, [W, o), yields

IP(3v € Zn[W, 00) : U 4 Chp | Gn 2, Abb)
< |‘—'T1 w, OO)H (V §L> ebb | 9T1,2/‘Abbrv € EH[W/OO))
< TL]P(V % Cob | Gn,2, Apb, v € En[W,OO)). (5.A.5)

Let Q(v) be as in (5.4.3). Conditionally on Ay, Q(v) contains at least
sk = O(kh) vertices in Gy, with mark in [wpp, 2wy, ), where wyy, is defined
in (5.4.7), yielding the set of vertices §(v) in (5.4.22). We use the distance
bound in (5.4.4), and p, k1, defined in (5.1.3), and (1.3.5), respectively, and
the value W in (5.A.4), to obtain that for any v € Z,,[W, 00) and u € 8(v),
when o < oo,

p(w,v) = pmin {1, (Bk1,o(Whn, A1k V™) (2V/d) *dkf‘)"‘}
— pmin {1, (BC; %/ Dkovm A K=oV (2v/d) 1)) = p,

whenever A; > (2v/d)4C f/ (==1) / (3, since the exponent of k in the second
term of the minimum is 0. The same bound holds when & = co. Since v
connects by an edge to each of the s, = @(k%") many backbone vertices
in 8(u) with probability at least p, conditionally independently of each
other, we bound (5.A.5) by

IP(Iv € Zn[W,00) : v # Cpp | Gn,2, Apb) < (T —p)°*

Since sx = ©(k%n) in (5.4.7), combining this with (5.A.2) and (5.A.3)
yields (5.A.1) for A; sufficiently small. As argued below (5.A.1), this yields
(5-4-44)- O

5.A.1 Construction of a linear-sized component

This section presents the proof of the first statement of Proposition 5.4.13.
At the end of the section, we comment how the proof can be adjusted to
obtain the second statement considering the infinite model. Throughout
the proof, we will consider the Palm version of IP, conditioning = to contain
a vertex at location o. We will leave it out in the notation. We will show
using a second-moment method that linearly many vertices connect to
the backbone Cpp (1, k) for a properly chosen k. First we introduce some
notation. Recall C; from (5.4.5)-(5.4.6). We implicitly define k =k, as the
solution of the equation

(C1/16)k5h := (2/c5.4.1) log(n), (5.A.6)
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yielding m = (2/cs5.4.1 )1/¢n16/Cq in the statement of Proposition 5.4.13,
and the mark-truncation value in the definition of G, > at 2wy (kn) =
2C, V=1 from (5.4.7), with Wi (kn) = (Mo log(n)) Y/ for some
constant M,,. We reveal the graph Gn,1 = Gn[Whn(kn), 2ZWhn(kn)) (defined
above (5.4.5)), conditioned to satisfy the event App(n, kyy) in (5.4.8). Recall-
ing the intensity measure of the Poisson vertex set 1 from (5.1.2), for any
constant m,, > 1 we define the event

Aleg = {Enlmu, 2m)l/ie (An x [myw, 2my)) € 1/2,21},  (5.A.7)

that is, that the PPP in A, is regular in the sense that the number of
constant-mark vertices is roughly as expected. Writing wy for the mark of
0, we define the conditional probability measure

P () =P (- | Alog, Apb (1, kn), Gn,1,Wo € My, 2myy)), (5.A.8)

with corresponding expectation [Ep,. We state a lemma that implies Propo-
sition 5.4.13.

Lemma 5.A.1 (Constructing a component). Consider a supercritical i-KSRG
under the same conditions as Proposition 5.4.13. Take kn, as in (5.A.6). For any
w = 1, for all sufficiently large n,

]P('Arlegr-Abb(n/ kn)/WO € [my, me)) = m;v(T_”/Z. (5A9)

Moreover, there exist constants m., > 1, p > 0, such that for all sufficiently large
n

Pob (1Cn,2(0)] = ps.a1m) = P51 (5.A.10)

To prove the lemma (in particular the second statement), we need
to define auxiliary notation and an auxiliary claim: we define for u :=
(X, Wy ) € Znlmy, 2m,, ) the event

Ja path in Gy, > from u to Cpp(n, kn), s.t. }
vertices (except u) having mark in R* \ [m,,, 2m,,)

(5.A.11)
Recall A(0,s) from (5.1.1) the box centered at 0 of volume s, and that
u = (xu, Wy ) denotes the location and mark of a vertex u € =. The next
claim states that if u and 0 are both vertices with mark in [m,,,2m,,),
falling into different subboxes Q(0) # Q(u) ((5.4.3)) with respect to the
boxing defined by k, above (5.4.3), then the event that both 0 and u
connect to the backbone €y}, happens with constant probability.

{u "5 Cp) = {
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Claim 5.A.2 (Paths to the backbone). Consider a supercritical i-KSRG under
the conditions of Proposition 5.4.13. There exist positive constants m.,, qs.A 2,
Cs.A.2 > 0 such that for all u € =, [my,, 2m,,,) with xy & A0, Cs5 A 2kn), and
n sufficiently large

& ({o L5 Cop(m, k)t | w e Znlmy,2my,),

7 Z g5.A.2-
N{u — Cpp(n, kn )} Xu Z A(O, CS.A.an)>

Proof. We will build what we call "mark-increasing paths". Recall k,, =
(mlog(n))l/chh in Prop. 5.4.13 and that wy,(kn) = (M, log(n))yhh/(:hh
computed below (5.A.6). Define

jo :=max{j : 27 my, < win(kn)}, (5.A.12)

and define for 0 < j < j. and x € A, the following boxes and disjoint
mark intervals
Qj(x) = Ax,p277d" 4P m,, )7 ) N Ay,

I)‘ = [Zj My, 2+ My ), (5-A.13)
and write Qj, 1 := Q(x), i.e., the volume-k;, subbox containing x in the
partitioning of A, for the backbone construction given in (5.4.3), and
define also Ij, 41 := [Whn(kn), 2Whn(kn)). Even with the truncation by A,
in (5.A.13), the volume bound

Bz—c—dd—d/z (2]' mw)G—H < VOI(Q]' (X)) < Bz—od—d/Z(zj mw)0+1

(5.A.14)
holds for all x € A, and j < j. similarly to (5.3.4). By (5.1.2), the number

of vertices of Z in Qj(xy) x I; has Poisson distribution with mean
ke (Qj(x) x Ij) = 271 B(Pm,, ) T2 074 V2 (I m,,, )0, (5.A.15)

where we used that 1 —2-("=1) > 2T for T > 2. Moreover, (5.A.12)
implies 2Jm,, < whn(kn) for all j < j, and substituting this in (5.A.13)
1

with wyp, (kn) = CTV(T* I from (5.4.7) yields

Q;(x) € A(x, B2 7d™ Y (wyy (n)) )
A(x, ﬁZ*Udfd/ZC]—(G—H)/(T—])klhh(d_kn)
C A(x, ﬁZ*Gdfd/ZC]*(G+1]/(fr—])kn) 00,

where the last inclusion follows from vy, < 1/(0+ 1) by (5.4.14). Let
diam(Q*(x)) =: Ckll/d denote the diameter of Q*(x), and let Q¢ :=
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A(0,21/4Ck,, ) denote the box centered at 0, so diam(Q®) = 2diam(Q*).
For any x,, ¢ Q°, and all pairs j,j’ < j,, it holds that

Qj(xu) N Q;(0) =10, (5.A.16)

and thus the PPPs restricted to Qj(x..) x I; are independent of each other
and of Q;/(0) x Ij» for all j,j’ < j«. On the conditional measure PPy, defined
in (5.A.8), we fixed (revealed) the realization of = [Wnn(kn), 2Whn(Kn))-
Edges among =, [Whh(kn), 2Whh(kn)) and 2N (Qj, (xu) x I;,) are thus also
present conditionally independently. We define for u = (xy, Wy ) =: up the
event of having a "mark-increasing path" (a subevent of {u— G} defined
in (5.A.11)):

Jwr, oy, 41),45, 41 € Cpp -
Vi€ [« +1]:uy € Qj(xu) X I, uj—1 ¢

{u~ Cppti= { } (5.A.17)
on which there is a path from u to the backbone, where the jth vertex on the
pathisin Qj(x..) x Ij (that are disjoint across j). The mark of u;, ;1 is in the
right range by definition Ij, ;1 of below (5.A.13). By this disjointness and
(5.A.16), the events {0 ~» Cpp,} and {u ~ Cpp} are independent conditionally
on Zn [Whh(kn ), 2Whn (kn)).

To bound Ppp(u ~+ Cpp) from below, we greedily ‘construct” a path
from u = up to the backbone. By assumption w,, € [m,,,2m,,) hence
uo € Qo(xw) x Io. We first bound the probability that uy connects by an
edge to a vertex uy € Qq(xy) x Iy. Then, if there is such a connection, we
choose u; to be an arbitrary vertex connected to up, and give a uniform
lower bound (over the possible u7) on the probability that it connects by
an edge to a vertex u; € Qz(x.) x I>. We continue this process until we
reach u;, that has mark just smaller than the minimal mark of vertices in
the backbone, by definition of j, in (5.6.15). Then we find a connection
from u;, to the backbone. We now bound the probability that two vertices
uj_1 and u; are connected by an edge.

By construction, wy, , > 2-Tm,,, Wy, > 2im,,. Hence, with the kernel
K16 from (1.3.5), and volume bound (5.A.14), we obtain

BK1,0-(Wuj—]/Wuj):ng]—71wuj > Bm&+12(6+1)i*6 > Bzfc(zjmw)6+1
> d/?Vol(Q; (xw)).

Further, ||xy,;_; —xu, 14 < d92Vol(Qj(xw)) = B27°(2Im,,,) ! by (5.A.13),
hence

(BKLG(WuszuH]))a} —p

(wi_q,u) > min{]
PU—1 %) =P " g — X 159
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The same computation (without « in the exponent) is valid for « =
oo. Having already chosen u;_7 on the path, each v € Z,, N (Qj(xy) X
[;) connects independently by an edge to u;_; with probability p. The
conditioning in the measure Py, in (5.A.8) only affects the number of
vertices with mark in [m,,,2m,,) and in [wpy,, 2wy, ). Due to independence
of the number of points of PPPs in disjoint sets, for j < j., the number of
candidate vertices for the role of u; is thus stochastically dominated from
below by a Poi (puT(Q]— (xu) x I )) random variable. The mean is at least
pp2-°-4-1d=4/2(2m,,)?+° T by (5.1.2) and (5.A.15). For j = j. + 1 we
use that the vertices in the backbone in Qj, 1 x Ij, 41 are exactly those in
Q(u) X [Whp, 2wy, ), that we denoted by $(u) in (5.4.22):

Pyp (—{it ~ Cup)) < Prp (1, # S(w))
j*
+ > P(Poi(pp2 o4 Td"4/2(2Jm,, ) TOT) = 0)
=1

< P (u, # 8(w)) (5.A.18)

00
+ Z exp (_pﬁz—c—d—l d—d/Z(zjmw)Z—i—c—T)‘
j=1

Since T < 2 + 0 by assumption, the sum is finite and decreasing in m,,,.

By definition of j, and Ij, in (5.A.12), Wy, = 2+ m,, > W /4. We recall
that Q(x,,) is the subbox of volume k,, in the partitioning for the backbone
containing x,, ((5.4.3)), that contains at least sy, backbone vertices of
mark at least wy (ky ), both defined in (5.4.7). When o < oo, we follow
the computations in (5.4.17), (that are also valid under the conditional
measure ]1~’bb from (5.A.8), ensuring that Cpp(n, k) exists and [S(u)| > sy,
by App in (5.4.8)), and use that wu;, is at distance at most Zﬁkll/ 4 from
any vertex in 8(u), to obtain

Py (15, # 8(1)) (5.A.19)

>1— (] —pmln{1, Bocd—(xd/Zz—(ZG—l—d)(XW}(ILJrO‘)CXkT—Loc})Skn

>1—exp (p min{sy,, B‘Xd_“d/zz_(z“”)“wﬁfc)‘xkg“skn}).
Using that sy, = knw}Th(T71)/16, Whh = C?V(T*”k?{hh, and ypp = (& —
1)/((c+1)oc—(t—1)), we have

w}(il+6)cxk;ocskn > 2_4W}(1L+G)“_(T_”kll_°‘ _ 2—4C}—(1+<T)CX/(T—1).
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Using this bound on the right-hand side in (5.A.19), this yields combined
with (5.A.18) that there exists a constant q > 0 such that if m,, is suffi-
ciently large Py, (u~~ Cpp) > q establishing Claim 5.A.2 when « < oo, by
the reasoning about independence below (5.A.17).

When o = oo, the choice of C;y in (5.4.6) ensures that for any vertex
Upp € Cpp N Q(u) that

K1,0 (Whh/4, Whh)
= > 1} =p,

p(uj,, tpp) > P]l{ﬁ 24qa/ 7).

establishing Lemma 5.A.2 for & = co when combined with (5.A.18) for
m,, sufficiently large. O

We are now ready to prove Lemma 5.A.1.

Proof of Lemma 5.A.1. We first show (5.A.9). By a union bound, concen-
tration inequalities for Poisson random variables (Lemma 5.C.1 for x €
{1/2,2}) and Fw/(dwo) = (T — T1)w, "dw in Definition 5.1.1, it follows that
P(~Aleg) = exp(—O(nmy, ™)) = o(1), and thus
]P(_‘ (‘Alfeg N App N{wo € My, zmw)}))
< P(—App) + P(wo ¢ My, 2m,,)) + o(1)

<P(=Ap) +1—(1=2" T m T 4 o(1),
By the choice of k = k;, in (5.A.6), the first term tends to zero by Lemma
5.4.2 as n tends to infinity. Since 1 —27(==1 > 1/2 for T > 2, for n
sufficiently large (depending also on the constant m,, ) it follows that
P (—(Aleg N App N {Wo € My, 2my)})) < 1-my ™ (1 =277 40(1)
<1-myV7,
and (5.A.9) follows. We proceed to (5.A.10). Conditionally on the realiza-

tion of G, 1 satisfying App (present in the conditioning in Py in (5.A.8)),
we define the following set and random variable:

U= {u € Znlmyw, 2my, ) u —= Chp),

X:= B{OQbe} Z 1{ui>€bb}' (5.A.20)

UEZn [Mmy,2myy ):
xu&A(0,Cs5.a2kn)
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with = from (5.A.11). The measure ]lgbb is a conditional measure where

reg (defined in (5.A.7)) holds and so

Zn M, 2ma)| < 2pe(An X My, 2myy ).
Using i in (5.1.2), we obtain that deterministically under ]I~’bb:
X2 <A (e An X [y, 2my))* < 4(mey ™ )2,

When 0 € U holds, then [C2(0)] > U] > X, and so we apply Paley-
Zygmlmd’s inequality to X under the measure ]Pbb, which yields for
p’ :=E,[X]/(2n) that

Pyp (1€n,2(0) = p'n) = Py (IU = p'n, 0 € U) = Pyp (X = Eyp[X1/2)

Ey,[X]2 Ey, [X]2
> (/4= > bb_m -
Epp (X2 16n2m

(5.A.21)
We now bound the numerator on the right-hand side from below. Con-
ditionally on [=,,[m,,, 2m,, )|, the vertices have a uniform location in A,
SO

Pup (xu # A0, Cs.a2kn) |1 € Znlmay, 2muy), [En [May, 2msy )
= (n—Csa2kn)/mn>1/2,

where the last inequality follows from assuming that n is sufficiently
large (recall kn, = ©(log'/“™"(n)) by (5.A.6)). The conditioning on Aleg
implies that |=, [y, 2my)| = pe(An x [My,, 2my,)) /2. Using linearity of

expectation of X in (5.A.20), and the tower rule, (by first conditioning on
|=n [myy, 2m,,)[) we obtain for n sufficiently large

Epp [X] > (ur(An x [may, 2ma))/2)
B[ Pon (xu # A0, Cs.a2Kn) | 1 € B[y, 2y, [y, 2ma0))]

Py (10 7 Cop) N{t 7 Cop) | U € Zn[May, 2may), X0 & A0, Cs 4 2kn))

nm,, " ”(1 —271)(1/2)-(1/2) - q5.1.2

>
)4
> nqSAzm 1273,

where the second bound follows if m,, is chosen as in Claim 5.A.2, and
from the definition of p; in (5.1.2); the last bound holds since 2- (=1 <
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1/2 for T > 2. Substituting the last bound (5.A.22) in the numerator on the
right-hand side to (5.A.21), we have obtained that

Pyp (1Cn 2(0) = p'n) = 27102 4 5,

holds with p’ = ]Ebb X]/(2n) > gs.A. 2mw Hy—4 , which yields which
yields the statement of Lemma 5.A.1 for

P5.A1 = min{qs A~ 274,27 1993 20 O

Proof of Proposition 5.4.13. We start with the first inequality in (5.4.45). Us-
ing Py, in (5.A.8), we observe that the bound in Lemma 5.A.1 holds uni-
formly over all realizations of G, 1 satisfying App. Hence, by first taking
expectation over these possible realizations, we obtain that

IP( ( ) |‘Areg/‘/4bb(nl kn)/WO S [le zmwn P P5.A.1

also holds. The statement now follows with p := ps.a. 1mw /2 by
the law of total probability combining (5.A.9) and (5.A.10) of Lemma
5.A.1. The second inequality in (5.4.45) for n = co follows from the same
construction as the greedy path in the proof of Claim 5.A.2 below (5.A.17),
making the greedy path infinitely long. We leave it to the reader to fill in
the details. O

5.B PROOFS USING FIRST-MOMENT METHOD

We start with the proof of Claim 5.5.4.

Proof of Claim 5.5.4. By Palm theory and symmetry of the PPP p on R¢,
recalling that we conditioned on 0 € = in Definition 5.1.1, we consider
Ri(0) in (5.5.21) for some i > 1. We estimate the mean from below using

te =n,/4/(2x)
A= Be(Ri(0)) = (21) ¢ — (27 ') = 2 T4 (24 - 1)
> 2d(i*1)(2k)7dnk > Zd(ifz]nléc
Hence, since [Zn, N R (0)| is distributed as Poi(A;) with A; > 2¢(=2)nd by
Chernoff bounds for Poisson random variables (see Lemma 5.C.1 applied
with x = 2, using 1+ 2log(2) —2 > 1/4),
]P(ENkﬂfRi(ON>2'LLT(.'Ri(O))) \exp( (1 +210g2—2))
<exp (—24(-2-2p3),
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and the statement follows for every ¢ > 0, i.e.,

IP(-Aclense) = IP(Eh,L € Zn, 1, W), 1 |~Nk NRi(xu )l >2- P'T(:R (x )))
< E[Zn, 0,W)I - IP(31 |-Nk NR(0)] > 2 e (Ri(0)))
<n kZexp —2d(i=2)— )

i>1
< 2nyexp (—Z_d_znﬁ) =o(n. ). O

Now we prove Claim 5.5.6 used for the upper bound of subexponential
decay.

Proof of Claim 5.5.6. For compact sets K1, K, C R4, we define ||K1 —
K2l :=min{||x —y||,x € K1,y € K,}. We define

t == |0AN — 0AL|| = (NV/d —nl/d) /2,
The definition of Ajong—edge in (5.5.11) implies that
Along—edge(, N, W) C {Fu € Zn[1,W),v € Z: [xy —xu|| > T, U+ v},
so that after conditioning on =, [1,w) it follows by a union bound that

P (‘Alongfedge (TL, N, W) )

<E| ) PEveZ:xu-—xl >t ueviueZul,w)
uezn[1,w)

=E Z q(u)] (5.B.1)
uezZ,[1,w)

Assume « < oo. Since the diameter of A, is vVdn'/4, the lower bound
on N in the statement of Claim 5.5.6 implies that [|x, —x,[| < . for
all xy, %y, € An. Hence, v ¢ =, whenever |[|x, —x,| > tx. This implies
by Markov’s bound, using the connection probability in (5.1.3), and that
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wy, < W and the intensity . and the translation invariance of the intensity
of Zin (5.1.2), that for all u € =,

. K],O‘(W/W\)) *
Y e () }]

VEZ: Xy —xy || >tk

:p(T—UJOO J min {1,<BI<]’G(WW>(X}WVTdWVdXV

q(u) < E

wy=1 xv:qu—x\,H}{k qu_x\l”d
(5.B.2)
o0
=p(t— 1)J w_TJ - dw, dx,,
wy=1 XV:HXV|‘>terXv||d<BK],G(W/Wv)
o0
+p(T—1)J (BK1, 0 (7, W))Wy ©
wy,=1

J B Hx\,||_°‘ddwvdx\,
XV:”XV”>tk/|lxvl|d>BKl,U(Wer)

=T +T, (5-B.3)

where we cut the integral into two based on the value on the minimum.
We analyse the two integrals separately. Analyzing T;, the integration with
respect to x, gives the Lebesgue measure of the set {x, : t& < |[x&|| <
BKk1,o (W, w, )}, which is nonzero only if this set is nonempty, and then can
be bounded from above by c4pk1,6(W, w, ) for some constant depending
only on d. So we obtain

T < Cde(T_ 1)J : H{FJE]% < BK1,U(WIWV)}K1,O'(WIWV)W\TTdWV
Wy =
W ~
= Cde(T—U(J 1{td < pwwlwws Tdw,
wy=1

oo
—I—J ]1{%{3 < ﬁWGWV}WUWl_TdWV),
Wy, =W

where in the last step we used the definition of k1 in (1.3.5) and cut
the integration into two based on the minimum of w and w,,. Since we
assumed ty > RWC*1 in the statement of the lemma, and wy < W?, the
indicator in the first integral is 0. Moving the indicator in the second
integral into the integration boundary yields

T < capBw® (T8/(Bw)) (72 = cqpp™ 'wo T I T2 (5.B.y)
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We turn to T, in (5.B.3). For some d-dependent constant ¢ :11 using again
K1, in (1.3.5)

(o0}
T < PCE(T —1 ) J (BKLG(W/WV))“W\TT max{’tv]%/ BK1,U(W/WV)}17“dWV

wy,=1
W o~

—pehlr=T) | (Bwwg) Ty Tmax(E, pwd) tdw, (5B
wy=1

+pch(t—1) J (BW W, ) *w;, T max{td, pwow,}' " *dw,. (5.B.6)
Wy =W

For the first integral, we bound w{ < w?, and observe that by the assump-
tion ti, > W ™! in the statement of the lemma, the maximum is always
attained at td. Hence,

(5:B.5) < peg(pwoH) g (< (5-B.7)

We split the integral in (5.B.6) according to where the maximum is attained,
ie.,

(oe]
(5:86) = peipw(r—1) | wy ™ Vdw,
Wy, :max{W,’{ﬂ/ (W°pB)}
/ T—(x—1)d ¥lC!/(WGB)—G oy, —T
e (o) >w)PCa (Tt C(BWOwy )Wy Tdw,
Wy, =W
_ ! Q750 oo —(t—1)
=pcaPw(t—1) - wy, dw,,
wy=td/(W°p)
(1) i/ (wop)
+peg(t—1)t, (BwW°)* J wd Tdw,,
Wy, =W
_ peh (W)™ T (t— 1)¥7d(*r72)
T—2 k
~ (a_1)d /(WO B)
+peg(t—1)t, (ch)“J W& Tdw,, (5.B.8)
Wy, =W

where the second step follows from the assumption that t, > pw°*! in
the statement of the lemma. For the remaining integral on the right-hand
side of (5.B.8), say T2, we consider three cases, i.e., for some C > 0
ct W) /W)Y T a1,
T2z < ¢ Ct, VY BWo) % log (T2 /(WOB)) ifa=1-1,

cwo (r D (D gipoy ifo<t—1,
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Elementary rewriting of the first and third case yields

ct A (pwe)! ifoa>t—1,
To2 < S Ct YV (W) ¥ log (t/(WOB)) ifx=T—T1,
ct 4 pogmelot)—(t=1) ifo>t—1.

Combining this bound with (5.B.8), then (5.B.7) and (5.B.4), gives in (5.B.3)
and (5.B.1) that for some C > 0,b > 0

P (‘Along—edge (m,N, W))

~—dmin{x—1,t—2}

< C'wbt, (14 Lg—r_1} log(ti))E[IZn [T, W]
< CwPN—dmintem T2k g o)) log(N))n,

where the last bound follows by the assumed bound in (5.5.27), since
t = (N/d_n1/d)/2 and the intensity of =, [1, W) in (5.1.2). This finishes
the proof of (5.5.28) when « < co.

It remains to show the bound for the case & = co. In this case, the same
calculations hold, with only Ty in (5.B.3) present, since the connection
probability is 0 when the minimum in (5.B.2) is not at 1. O

We proceed with the proofs of two lemmas for the lower bound.

Proof of Lemma 5.6.3. We recall from (5.6.31) that it is sufficient to bound
uT(]R‘inggy) :]E[ E‘;My ]+1E[ E‘;‘tmy } We introduce some notation: for two
functions g(k), h(k), we write g Sh if g=0O(h). Since f., (x) is symmetric
around the boundary of 0By, (see its definition in (5.6.9)), it is easy
to see that [E||=" <E||=zou . Since (pn = (d —1)/d by (4.2.5), for
(5.6.29) it is sx[lfﬁzijgﬁt’ ]to shc[)w>t}3:ztayt | g

E|

EO>MMYH <0 (T4 1 e1)=1-17ay log(1)r4 7. (5.B.9)

Using the intensity measure of = in (5.1.2), switching to polar coordi-
nates in the first d directions, and integrating with respect to the mark-
coordinate, we obtain using the exact form of f, in (5.6.9)

E| =%, [Bs J B (z+1)4! L (Z)(T— 1w Tdwdz (5.B.10)
- Y
Cﬁ Tk
,<VJ (z+rk)d_]dz+J (z4 1) T z7dv (=g,
z=0 z=Cp

—I—J (z—l—rk)d_](zdr;d“_w)_“_”dz =11 +1+1s.

Z=Tyx
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The integration length of I is a constant, so Iy < rg*]. For I, we apply
the binomial theorem, i.e.,

I, < Z J (=v(r=1))d=1-54,, (5.B.11)
Analyzing the summands separately, we obtain for j < d —1
rg YD) a1 —y(t-1)) >,
[Tk : .
] 2 s < Jioglrarl il —y(e-1) =5
C .
° o if d(1—vy(t—1)) <j.
Using these bounds, which are increasing for j € [d — 1], in (5.B.11), we
obtain
L<S(+1 1 SRR B
2 S+ 10 yeot)=1-1/a) logm)) i " +1y . (5.B.12)

It remains to bound I3 in (5.B.10). Using that T > 2 by assumption, and
z+T1K < ZZ,

I < rdI-=1) J“’ ,-d(t-2)-14,

Z=Ty

< A=y (=N)=(1=2)) _ d(1—y(r=1)),

Together with the bound on I; below the definitions of Iy, 1, and I3 in
(5.B.11), and on I, in (5.B.12), this proves (5.B.9) and also finishes the proof
of (5.6.29). O

Proof of Lemma 5.6.4. We split the expected number of edges depending
on the locations of the endpoints of the vertices.

Eio |1€(Z20,, 22, )| | = Bio | 1€(E20, 12 T80\t ]

+IE 0[‘8(3 s ZENM L\ o) }
+E 0[‘8(5 Rins :Rout ‘]
+E [‘8(:2My\3zmr Rout)u (5.B.13)

We analyse the first term on the right-hand side and at the end we
sketch how the bounds could be adapted for the other three terms. Since
Aregular(N) is measurable with respect to Zx,, UZx,,,, it can be left out of
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the conditioning. Further, points of = in disjoint sets are independently
present, hence

—out

E “8 (EzMy\fRin/ ;ng\Rout) | ‘ ZRiy U EfRoutr'Aregular (n)]
= E[[ (Z a0 Tzl 5:B14)

<E[€(Z2n, 280 ) []:

We use the notation g < hif g = O(h). We integrate over the locations and
marks of the vertices in EEM_Y QE‘%‘MY Py wr‘iting z(x) = ||x - 0Bxm
and upper bound the connectivity function p in (5.1.3) to obtain

E[l€(Z2ae, 225, )]

J J ny(z(xu)) J’fy(z(xv))
<
™ xwilxll<re Ixvil = Jwa=1 Wo=1 (5.B.15)

(K1,G(Wurwv))o‘ —T., —T
o — xo ][4 wy wy, tdwy, dwy dx, dxy,.

inH/

We analyse the double integral over the marks. Define

fy(ll) fy(ZZ)
—T —T
J K1, (W1, W2)w] "w; "dwidw;.

g1(z1,22) ::J

W1:1 W2:]

Using the definition and symmetry of k1 s in (1.3.5), we reparametrise by
w < W and using that f, is increasing

K1,o(w, W) (ww)™ "dwdw

fy(z1/\z2) pfy(21Vz2)
g1(z1,22) SJ J

w=1 w=w
fy(z1/\z3) fy(z1Vzy)

= J wox—T J w* Tdwdw.
w=1 w=w

The definition f., in (5.6.9) undergoes a change at z = 1. When integrating,
we have nine cases depending on whether the exponents are below, equal
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to, or above —1 each. This yields for z, < min{zy, 7} (so fy(z2) =1V
(z2/Cp)Y9) that g1(z1,22) < g(z1,22), with

g(z1,22) ==
fy(z1)"‘*(T*”z}/dw“*“*m, fa>t—1,000>7t—1,
fy(z1)°‘_(T_1)log(zz), fa>t—1,00=71—1,
fy(z1)°‘_(T_”, fa>t—1, 00 <T—1,
(1+1log (REZ%))z}’duaﬂm_zh_m, ifao=1—1,000>1—1,
log(fy(z1))log(z2), fa=1t—1,00=71—1,
log(fy(z1)), fao=1—1,000<T—1,
gydllotDe=2(x=1)) foa<t—1,(0+Na>2(t—1),
log(z2), fa<t—1,(c+1a=2(t—1),
1, ifa<t—1,(c+Na<2(t—1).
(5.B.16)

Returning to (5.B.15), we use g(z1,z2) to bound the inner two integrals
from above. We take a case-distinction on whether the vertex u (inside)
or v (outside) is closer to the boundary 0By, . Then we obtain (since
fy(x) = T when z(x) < Cg by (5.6.9)),

E[l€(Z2a, =25, )]

5| | e = %o |~ g 2(xa), 200 )byl
Xu:[xu | <= Cp Ixy:]|xy || >271

+| [ el gz, 2 dxd,
Xui[xu ]| Sre—Cp Ixyviz(xy) <z (xu)

+| | e — %o =g z(x,), 2(xv) )y
Xv:Cp <Ixy [ =T < Ixuz(xu) <z (%)

=L +Lqe+DLy=1+1. (5.B.17)
To evaluate the integrals we change variables. For I; we use z(x,,) < 7y,

and g is increasing in both its arguments, and that ||x, —x, || > [[|[xy| —
] = z(xy) := t and use polar coordinates in the second row below.
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Then ||xy|| = t + k. Thus, since there are ©((t + )¢~ ') points outside at
distance t from 0B m,,,

hs J J [Pevll =Tl =4 g (e, 2(xv))dxydxa
x| xu|[<r—Cp Iy :|[x0 || >21

< rgJ (t+ 1) Tt *dg(ry, t)dt < rgJ tde==Tg(r t)dt.
t>ri t2>r

(5.B.18)

Before substituting the definition of g into the bound, we recall that
fy(t) = Cgvdtdr;d“*w for t > 7 by (5.6.9). The following elementary
integration inequalities will be helpful soon:

rgj prdle )T (e (t1)gy
tZTk

grﬁd“y“‘"“”)J (A2 g4
t}T‘k
< pd2—octy(a—(x=1)), (5.B.19)
rﬂJ tdle—1gp < pd2me), (5.B.20)
t2>ry

Substituting the definition of g in (5.B.16) into (5.B.18), since 1 < t, we
must set z; = 1y in g in (5.B.16). We obtain then by elementary integration
on (5.B.18) and the bounds in (5.B.19)-(5.B.20) that:

Tg(z_a+y((c+1)oc—2(T—1))), ifao>1t—1,000>71—1,
TS(Z—“+Y(°‘_(T_1)])1og(rk), ifa>1t—1T,000=7—-1,
Tg(270¢+‘y[ocf(”f*1))), fa>t—1,000<T—1,
pd@retyllothea2lt=1)) g — 11, 00> 11,

I < TS(Z—oc)logZ(rk), fa=1t—1,00=71—1,
Tg(zfcx) log(T1.), fa=1—1, 00 <11,
pd@mecty((otDe=2(t=10)) - if o v 1, (0+ 1) > 2(t—1),
rd27%) Joo(1y), fa<t—1,(0+Nax=2(t—-1),
rg(z_“), ifa<t—1,(0+1a<2(t—1).

(5.B.21)
We turn to I4 in (5.B.17), handling the case when the outside vertex v
is closer to the boundary 0By, than u, implying z(x,) < z(xy). We
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reparametrise this integral based on the distance z,, from 0Bym,, of the
inside vertex u. Indeed, when z,, € [Cg, 1] then ||xy || = T — zy. Since
v is closer, we must also have that z,, = ||x,| — Tk € [Cg,z.], and hence
t = |xu —xy|| € [z + Cp, 2r]. Hence,

Tk

Z'I‘k Zu
Zu.:Cﬁ Xu:rkfl‘XuHZZu t:zu+CB ZV:CB Xv:z(Xy)=2y,

[Ixu—xv[[=t
t_"‘dg (zw, zv )dx, dz, dtdx dz,,.
The integrand does not depend on x, anymore, hence the most inside
integral, over x,, can be bounded from above by maximizing the Lebesgue
measure of where x, may fall: x,, has distance t from x,, and distance
z, from the boundary. Some geometry shows that x, is then on the
intersection of two spheres with radii t and ry + z,, respectively, with
Lebesgue measure then at most ©(t472). We can also integrate over all
the potential locations x,,, giving a factor O((ry — z4)971), so we obtain

T 21y Zy
Lo S J (re —2zy) 4! J td_z_“dJ g(zy, zy)dz,dtdz,

Zu:CB t:ZquCB Zv:CB
Tk Zu
1. —d(x—1)—1
SJ (re —z) 4 T 2g (ec=1) J g(zw, zy)dzydz,, (5.B.22)
Zu:C[S Z:CB

where we integrated over t to obtain the second row. Treating I, in
(5.B.17) is very similar, but now we reparametrise the integral based on
the distance z,, of v from the boundary and the distance t = ||x,, — X, ||. We
obtain

P

3T‘k Zy
Jz=Cp Ixvillxn | =ri—zy Jt=zy+Cp Jzu=c; xwizu=z(xu),

[xu—xv[|=t

t=%4g(zy,, 2y )dx, dzy dtdx, dz,
" 1 —d(a—1)—1 [*
S (re +2v)9 2y J g(zu, zv)dzydz,,.
uZV:CB Zu:C[S

This bound dominates the bound on I, in (5.B.22). Applying the binomial

theorem on (1 +z,)9~!, we obtain
Tk Zy
Q(Zu,l\,)dludl\,.

a1
L=Da+thv< ) TiJ

L 4(2-0)-2-] J
]-:0 ZVZCB

Zu:CB
(5.B.23)
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We evaluate the inner integral using the definition of g in (5.B.16), and
since z,, < z, we set z1 = z,,z2 = 2z, in (5.B.16), and f(z) = (z/C(g,)Vd,
and obtain the nine cases:

Zy
J g(zw, zv)dzy
zu=Cp

Zl/d((0+])0(72(T*]))+1’ foa>t—1,000>71t—1,

vd(a—(t—1))+1 log(z\,)

zy fa>t—1,00=71—1,

z},’d(“_(T_mH, fa>t—1,00<1—1,

z},’duaﬁ)(x*zh*mﬁ, ifao=1t—1,00>1—1, (5.B.24)
S zvlogz(z\,), fa=1—1,00=71—1,

zy log(zy), fao=1—1,000<t—1,

gy et De=2t=TDHT - ye g v 1, (o D> 2(t—1),

zy log(zy), fa<t—1,(c+1)a=2(t—1),

Zy, ifa<t—1,(c+Na<2(t—1).

ForY ={0,x—(t—1),(0c+1)ox —2(t — 1)}, recall that m(Y) counts the
multiplicity of the maximum in Y. Substituting (5.B.24) into (5.B.23), the
nine cases can be summarized as obtaining the integrand of

Z/S(Z_OC‘FYmaX(H))_]_)' logm(H)—1 (Zf\))/

so that following the similar reasoning as from (5.B.11) to (5.B.12),

rp 2oyt oemE T (1), if d(2— o+ ymax(Y)) > d— 1,
I $ { pdlemetymaxt@oom¥ )i d(2 — a+ymax(Y))) = d—1,
rd=1, if d2—o+ymax(y))) <d-—1,
where the second bound follows from similar reasoning as in (5.B.11)
leading to (5.B.12). The presence of a (d — 1) term and the additional

log-factors ensure that the bound on I, dominates the bound on I; in
(5.B.21). Recalling that Iy + I; dominates the expected number of edges
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below the y-suppressed profile from (5.B.17), this yields by (5.B.14) and
(on = (d—1)/d that

IE[“QJ(EQMY\%'E?M\RM \’% U ZRouer Aregular (1)

rd@roctymaxi)joom=T (1) if 2 — a4y max(Y)) > an,
S ety iogn (), if 2— ok ymax(Y)) = Gun,
,‘} T if 2— o+vymax(Y)) < Can.

To obtain bounds on the other three expectations in (5.B.13), one can
replace the integrals over the marks in (5.B.15) by summing over the mark
intervals I; defined in (5.6.15): the upper bounds on the number of vertices
using the deflrutlons of A rZ;ﬂar( ) and A r: ":’ltlar( ) in (5.6.17) ensure that
the total number of points in each interval only differs from its expectation
by a constant factor. Then one can use an upper bound on the mark of each
vertex in I‘j"C in (5.6.16), given by I;"C = [wy (kcioe) /29, Wi (keioe) / 271, and
thus also the mark is at most a factor two larger than the mark of a typical
vertex in Ilj"c. Lastly, the distance between vertices in R, and outside By,
(but within distance ¢ of Byxm,,) can be bounded from below by 1y /2
by Lemma 5.A.1, and analogously we can bound the distance between
vertices in Rout and vertices inside Bynm,,. We leave it to the reader to fill
in the details. ]

5.C AUXILIARY PROOFS

It remains to prove Claim 5.6.5.

Proof of Claim 5.6.5. We first assume « < co. We set Y := y—nn defined in
(5.6.13) in Lemmas 5.6.3 and 5.6.4, and compare the exponents of 1 on the
right-hand sides of (5.6.29) and (5.6.30), respectively. We will show that
the three cases there can be ‘merged’ by taking the exponent of rd = @(k)
to be max(Z), and the exponent of the log-factors in (5.6.29) and (5.6.30)
is then at most my — 1. We distinguish whether () in (5.6.13) holds with
equality or inequality. Let Y = {0, x — (t—1), (0 +1)oxc—2(1— 1)} as defined
above (5.6.13) and Z = {{y1, (jn, Chh, Can) as usual.

Case 1A. Assume 1 —y—pn(T—1) > 2 — &+ yY-nnmax(Y), and o < oo.
This, by (5.6.13) implies that y—nn = 1/(0 + 1). Considering that Y =
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{0,x—(t—1),(c+1)x—2(t—1)}, the assumed inequality of Case 1A turns
then into the following three inequalities after elementary rearrangements:

(c+ 1) (x—1)>71—1,
a< (o+1)(a—1), (5.C.1)
(c+Na—(t—1) < (oc+ 1N (ax—1).

Solving the last inequality yields o < T — 2, which readily implies (p, < 0
by its definition in (4.2.4). The second inequality implies that « > 1+1/0 >
14 1/(t—2), which is equivalent to (j, < 0. We are left with showing that
(1 =2 — a < 0. The first inequality, and (o +1)/(T—1) < 1 (coming from
the third inequality), yield

1 <0+1
o— 1 T—1

<1,

which is equivalent to « > 2. Summarizing, we obtained that under the
assumption of Case 1A, max{(y, (n, Chn} < 0 < Cnn, hence max(2) = Cnn
and m(Z) = 1. We also check that in this case the exponents of ¢ in (5.6.29)
and (5.6.30) are respectively at most (nn = (d—1)/d > 0. This is true since

T—1
o+ 1

2— o+ vVY-mmax(¥Y) < 1—vy—m(t—1)=1— <0,

where the first inequality follows by the assumption of Case 1A, and the
second one by the last inequality in (5.C.1). Hence, under Case 1A, the
third case holds in (5.6.29) and (5.6.30), the exponent of rg is (nn = max(Z)
in this case, and there are no logarithmic factors, which is also reflected in
m(Z) —1 = 0. Hence, both inequalities in the statement of (5.6.33) hold in
Case 1A.

Case 1B) Assume {—qpn =1 —Y-mn(T—1) =2 — +y—nnmax(Y) and « <
oo. The exponents of rg in (5.6.29) and (5.6.30) match by assumption, and
the three cases can be summarized as this exponent being max{C—nn, Cnn}-
By the equality assumption for Case 1B, we compute that

B oa—1
- max(Y) +t—1

a—1 a—1 oa—1
1" o’ ((H—])oc—(’c—”}'

(5.C.2)
Since Y—nn < 1/(0 4 1) by (5.6.13), it is elementary to verify that the third
term may be minimal only when T < 2+ 0.

Y—nn = min {
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Assume T < 2+ 0. Using (5.C.2), (4.2.1), (4.2.2), (4.2.4), it is elementary
to verify that
ax—1 ou—1 o—1
—1
1" « '(G+1)06—(T—1)}(T ) (5.C.3)

= max{(j, Ch, Chh}-

C—pn =1 —min{

It immediately follows that max{C—nn, Can} = max(Z). Hence, the expo-
nents of T¢ in (5.6.29) and (5.6.30) equal to max(2), which is what we
aimed for in (5.6.33). We now treat the exponent of the logarithm in
(5.6.30) and in (5.6.29). Recall that m in (5.1.5) denotes the multiplic-
ity of the maximum of a set. From (5.C.2) and (5.C.3) it follows that
m(Y) = m({Cy, G, Chn})- Hence, using that (—nn = max{{yi, (i, Chnl,

m(2Z) = m({Cy, Qn, Chns Con))

(5.C4)
=m(D e >y T (M) + D —t + L <o

The relations between (,n and 1 —vy—nn(T— 1) on the one hand, and
and 2 — & 4 y—nn max(Y) on the other hand, are the same by our equality
assumption in Case 1B. This confirms that the log-factor in (5.6.29) is at
most the log-factor in (5.6.30), showing therefore the first inequality of
(5.6.33), and that the log-factor in (5.6.30) equals what we aimed for in the
second inequality of (5.6.33), thereby finishing Case 1B when T < 2+ o.

Assume T > 2+ 0. The minimum in (5.C.2) is never attained at the
third term (and equivalently the maximum in Y is never attained at
(0+T)x—2(t—1)). Similarly to (5.C.3), we obtain that (—nn = max{(y, ().
Moreover, (pn < 0 < (Gon by the formula for Gy in (4.2.4), yielding
max(Z) = max{{y, (ih, Can} = Max{C—nn, Can}. Hence, the exponents of
rd in (5.6.29) and (5.6.30) equal to max(2), which is what we aimed for
in (5.6.33). For the log-factor we argue similarly as in (5.C.4) and below,
with the additional restriction that the maximum in Y is never attained at
(0+1)a—2(t—1), and the maximum in Z is never attained at (.

Case 2. Assume o« = oo. Since () = 2—a = —o0, ¢, = —(1—2) <0
(T > 2 by assumption in Lemma 5.6.2), and (i = (d—1)/d > 0, we
obtain max{Cy, (i, Chh, Can} = Max{Cpn, Can} = max{1 —ypn (T —1), Can} by
the formula of (y in (4.2.4). Since Ypn, = Y—nn When a = oo, it follows
that the exponents of T¢ and log(ry) in (5.6.29) and (5.6.34) coincide. This
finishes the proof. O

Lastly, we state a Poisson concentration bound (without proof) that we
often rely on in the chapter.
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Lemma 5.C.1 (Poisson bound [186]). For x > 1,
IP(Poi(A) = xA) < exp(—A(1 +xlog(x) —x)),
and for x <1

IP(Poi(A) < xA) < exp(—A(1 —x —xlog(1/x)).
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Based on [150]:

Cluster-size decay in supercritical long-range percolation,
J. Jorritsma, |. Komjdthy, D. Mitsche,

Preprint arXiv:2303.00724, 2023.

6.1 MODEL AND MAIN RESULTS

In the previous chapter and the accompanying paper [151], we investi-
gate(d) the influence of inhomogeneity in the graph on the cluster-size
distribution in i-KSRGS, see Section 1.3, where both the degree distribution
and the edge-length distribution have heavy tails. We show(ed) that if the
tails are “heavy enough”, that IP(k < |C(0)| < co) decays stretched expo-
nentially with exponent at least (d —1)/d. We leave the part of the phase
diagram open where the model parameters are such that the conjectured
exponent in (4.1.1) stays (d —1)/d.

In particular, the paper [151] also considers long-range percolation (LRP)
[4, 216] (see Theorem 6.1.3 below for the result), and leaves open a region
of the phase diagram of cluster-size decay. This missing region for LRP is
the main focus in this chapter.

Definition 6.1.1 (Long-range percolation (LRP)). Fix constants d € IN, o« > 1,
p € (0,1), and B > 0. We consider the random graph Goo = (V(90), E(G0))
with V(Seo) = Z¢ such that each edge {x,y} is included in E(Go,), independently
of all the other edges, with probability

p(lx—yl) =p- (min{1,|xﬁ}> , (6.1.1)

—yll4

where || - || := || - ||2 denotes the (Euclidean) 2-norm throughout this chapter. We
set A :=Z3N[n""42 04/ 04 and B, = {{x,y} € Es : {x, Y} C An},
and write G = (An, En) for the induced subgraph of So, on Ay. We write
C(0) and €, (0) for the connected component containing the origin in G, and
Gn, respectively.
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Throughout the chapter we assume that the parameters are such that the
graph is supercritical, i.e.,

P(|C(0)] = 00) > 0,

implying that there exists a unique infinite component almost surely [4,
96]. We write CY for the i-th largest component in Gy, and for n = oo,
ey for the unique infinite component in G,,. We will also assume that
min{p, p*} < 1, so that the graph is not connected almost surely. We state
our main result.

Theorem 6.1.2 (Second-largest component and cluster-size decay). Consider
supercritical long-range percolation on Z9 for d > 2 and o > 1+ 1/d. If B in
(6.1.1) is sufficiently large (depending on p, &, d), or if 3 > 1 and p is sufficiently
close to 1, then there exist constants A, d > 0 such that for all n sufficiently large,

P (4 (log(n)) /4= <|eR) < A(log(n)) /14 1) > 1—n"2.

Under the same assumptions, for all k sufficiently large, whenever n = oo or
n(log(n))—24/(d=1) > i,

—k 4=/ d o0 (P(ICn(0)] = k,0 ¢ C1))) € [1/A, Al (6.1.2)
Lastly, under the same assumptions,

el
Cn | r, P(I€(0)] = o0), asm — oo. (6.1.3)

Note that (6.1.2) allows for n = co. Our results can be extended to hold
when 3 < T and pR* are sufficiently close to one. In Remark 6.1 we discuss
a further generalisation. Theorem 6.1.2 complements the result of [151]
applied to long-range percolation that we state here for completeness.

Theorem 6.1.3 (Complementary result for x < 14 1/d [151]). Consider
supercritical long-range percolation on Z% for d > 1 and o« < 1+ 1/d. There
exists constants A, 5 > 0 such that for all ¢ > 0 and n sufficiently large,

P (L (logn))"/ 2= <@ < A(log(n))/27%78)) > 1—-n=° (6.1.4)
Moreover, for all k sufficiently large, whenever n € [Ak, o0],
—k 27 log (P(I€n(0) > k,0 ¢ CV))) € [1/A, Ak®]. (6.1.5)

Lastly, under the same assumptions,

L P(e(0) =0),  asn— oo

[
n
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In Theorem 6.1.3 we do not require 3 or p sufficiently large, and also
allow one-dimensional models: when d = 1, LRP is supercritical when
o <2 =1+1/dand when p, 3 are sufficiently large [86, 216]. When d =1
and o > 2, LRP is subcritical for any p, 3 > 0 such that p(1) < 1 [216], s0o
Theorems 6.1.2 and 6.1.3 together give a complete picture for the cluster-
size decay for supercritical long-range percolation (under the additional
assumption that 3 or p is sufficiently large when « > 1+ 1/d). In [151],
we also study the phase boundary o = (d — 1)/d. In that case the lower
bounds (6.1.4) and (6.1.5) contain lower order correction factors, that we
conjecture to be sharp. We omit further details here. To the extent of our
knowledge, for LRP, the only related results regarding the distribution
of smaller clusters in supercritical LRP is an upper bound on the second-
largest component with unidentified exponent by Crawford and Sly [58]
for ¢ € (1,2) in dimension 1 and « € (1,1+2/d) in dimensions 2 and
higher. For (sub)critical LRP with o« € (1,2), a polynomial upper bound on
P(|€(0)| > n) is established in [138].

Before proceeding to the technical contributions, we remark that our
results could be generalised to a more general class of random graph
models on Z4. Theorem 6.1.2 extends to random graph models on Z¢ with
independent edges for any connectivity function that has a lighter tail than
p in Theorem 6.1.2, provided that the probability of ‘short-range” edges is
still sufficiently large. In particular, it extends to spread-out percolation, in
which two vertices within distance R are connected independently with
probability p, or long-range percolation models in which the connection
probability decays subpolynomially. We refrain from proving the result in
this generality, since it would require many technically involved changes
in the already technical Chapter 5.

Remark. Consider the percolation model on Z¢ where each pair of vertices
x,y € Z4 is connected by an edge with probability p(||x —y||) for some
function p : [0,00) — [0,1), independently of other vertex pairs. Let
J :[0,00) — [0, 1) be a function that satisfies sup,._,J(r) <1, and

[ Iyt < oo 616
x:x€R4

Then we have the following two cases:

1) If the connectivity function p is of the form

pUIxIP) = TCIx[l/B),
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and there is an ¢ > 0 such that J(x) > ¢ whenever x < ¢, then
(6.1.2)—(6.1.3) hold for all sufficiently large 3 depending on e.

2) If the connectivity function is of the form

p(lxID) = {p if x| =1,
T if [1xl| > 1,

then (6.1.2)—(6.1.3) hold for all p sufficiently close to 1.

The integral in the condition (6.1.6) represents the order of the expected
number of edges {x,y} for which the line-segment (x,y) crosses a fixed
box of volume one. If this number is finite, Theorem 6.1.2 holds in more
generality. The connectivity function p from Definition 6.1.1 satisfies the
integrability condition (6.1.6) if and only if & > 1+ 1/d. We conjecture that
the upper bounds in (6.1.2)—(6.1.2) remain valid if (6.1.6) is violated (but no
longer match the lower bounds). However, this would require a different
proof technique.

We state a proposition that contains the main technical contribution of
this paper. Together with statements from Chapter 5, where we establish
the relation between the second-largest component and the cluster-size
decay for spatial random graph models more generally, this proposition
will readily imply Theorem 6.1.2.

Proposition 6.1.4 (Second-largest component, upper bound). Consider
supercritical long-range percolation on Z4 for « > 1+1/d,d > 2. If B in (5.1.3)
is sufficiently large (depending on p, &, d), or if 3 > 1 and p is sufficiently close
to 1, then there exists a constant A > 0 such that for all k sufficiently large and
for all n satisfying n(log(n))*Zd/(d*” > ks

P(IC?] > k) < nlog(n)exp (—kld=1)/d),

We believe that Proposition 6.1.4, and hence Theorem 6.1.2, should
hold for any values of 3, p that lead to a supercritical graph: however,
this would require non-trivial adaptations of our proof techniques. This
proposition also can be extended to 3 < 1 such that p* is sufficiently
close to 1.

6.1.1 Idea of proof

The proof of Proposition 6.1.4 relies on a careful first-moment analysis
in which we count all possible candidates of isolated components of size
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at least k. The starting point is the classic isoperimetric inequality that
says that any set 8 of at least k vertices has an edge-boundary of size
98| = Q(k(d=1)/d) These edges need to be absent when 8 is a connected
component (or simply component below), i.e., detached from the rest of
the graph. The combinatorial difficulty arises when we account for all
possible candidate components 8: the structure of 8 is more complex than
for nearest-neighbour bond percolation in Z4 since 8 can be “delocalized”
in space. The second difficulty arises in the finite box A,, C Z4 where
we need to take boundary effects into account caused by possibly shared
boundary of 9§ and 0A,,.

To resolve these two complications, we distinguish two types of compo-
nents: the first type consists of several “blocks” connected by long edges:
each block is a connected subset of Z¢ (with respect to nearest-neighbour
relation in Z4). We consider each possible combination of blocks with
fixed total outer edge-boundary size m, and give an upper bound on the
probability that these blocks form a connected component by counting all
possible spanning trees on these blocks. We show that the combinatorial
factor arising from counting all potential components with boundary m
is at most exponential in m. We then use the large value of 3 or p in our
favor to prove that the probability that such a component is formed and
isolated is sufficiently small.

The second type of potential component § contains a large block that
has a large overlap with the boundary of A;,, and consequently [08| inside
An may be small. In this case we enumerate all such blocks and use an
adapted isoperimetric inequality to still ensure that many edges need to
be absent, thereby showing the right error probability.

Organization

In Section 6.2, we derive an intermediate upper bound for ]P(IG(T?\ >
k), defining the two types of components formally. Then, we state two
lemmata and show that they imply Proposition 6.1.4. We prove the two
lemmata in separate sections. In the last section we use the result of
Proposition 6.1.4 to prove Theorem 6.1.2.

Notation

For A C Vi, we write H[A] for the induced subgraph of H on vertices in
A. Denote by Z$ the graph on the vertex set Z¢ and an edge between
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x,y € Z4 if and only if ||x — Y|/ = 1. Similarly, let Z¢ be the graph on the
vertex set Z9 and an edge between x,y € Z% if and only if |[x —yl[; = 1.
As already mentioned, we write || - || := || - ||2. For two sets A,B C Z9,
denote by ||A —B||, = min{||x —yl|p | x € A,y € B}. We say that a path
= (V1,V2,V3,...) is self-avoiding if its vertices are all distinct.

6.2 PRELIMINARIES AND SETUP

Throughout the rest of the paper, we assume that d > 2, « > 14 1/d, and
n!/4 ¢ IN. We will now formalise the concepts from the proof outline
in Section 6.1.1 that eventually lead to two lemmas for each of the two
described types of components. To ensure that the upcoming definitions
naturally follow each other, we will postpone the (sometimes standard)
proofs of intermediate claims to the appendix. We start with a definition to
describe sets of A, that form (subsets of) the second-largest component.

Definition 6.2.1 (Connected sets and blocks). We call a set A C Z9 of
vertices 1-connected or a block, if the graph Z$[A] consists of a single
connected component. We similarly define A being -connected if the graph
Z3 [A] consists of a single connected component. We write

A:={A C Ay | Ais 1-connected },

] (6.2.1)
A, :={A C An | A is *-connected }.

We say that a sequence of sets A1, Az,... C 74 is 1-disconnected if ||A; —
Ajll1 > 1foralli# j. We say that a set A C Ay, consists of blocks A1, ..., Ay
if A; is a blocks for 1 <1i < b, if the sequence (A;)i<p is T-disconnected,
and their union equals A.

We say that a vertex x is surrounded by A € A if each infinite T-connected
self-avoiding path starting from x contains a vertex of A. We define for
A € A its closure A as

A =AU{x € Z% : x surrounded by A}. (6.2.2)

We call the maximal 1-connected subsets of A \ A the holes of A, and write
Ha for the collection of holes.

We make a few comments. The closures of blocks will be used for the
first type of components described in Section 6.1.1. Take now a block
A C Ay. Then x can only be surrounded by A if x € A, too, hence
A C A, implies that A C A,,.
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Due to the presence of long-range edges, a component in long-range
percolation may consist of multiple 1-disconnected blocks (some of them
possibly consisting of a single vertex). We define the notion of a block

graph.

Definition 6.2.2 (Block graph). Let A;,...,Apy € A be a sequence of
blocks, and consider a graph G on vertices Vg 2 Ui<vAi. The block graph
He((Ai)icv) = (Vagg, Egce) of G on blocks Ay, ..., Ay is defined as

VQ{G = {1,...,b}, Eg{G = {{i,j}:Ai G A]'}.

In words, the vertices of each block are contracted to a single vertex in
the block-graph, and two corresponding vertices for the blocks i and j
are connected in the block graph if and only if there exists an edge in the
original graph G between (some vertices in) the two blocks. We continue
with a simple claims, with proof in the appendix on page 261.

Claim 6.2.3 (Unique block-decomposition of components). Let C be a finite
component of a graph G with vertex set either Ay, or Z9. Then € can be uniquely
decomposed into a 1-disconnected sequence (Ai)i<p of blocks, with b < oo, so
that he block graph Hq((Ai)igp) is connected.

Later, we will enumerate subsets § C A, of vertices that potentially form
a component of LRP in A,,. To ensure that a subset is isolated from the
rest of the graph, there must be no edges from § to its "surrounding" inside
An. This motivates the following definition of boundaries with respect to
An.

Definition 6.2.4 (Boundaries). Let A C A,,. We define the exterior boundary
of A with respect to Ay, and 74, respectively, as

OextA i ={x € Ay i x—Al; =1},

~ (6.2.3)
dextA i={x € Z% 1 ||x — Alj; = 1}.
We define the interior boundary of A with respect to A, and Z9, respectively,
as
OintA :=={x € A1 |[x — 0extA|1 = 1},

_ ~ (6.2.4)
OintA :={x € A : || x — VextAl|1 = 1}.

If, in words, we mention the exterior, interior, or outer boundary of A then
— unless explicitly specified differently — we mean with respect to A,,.
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We mention that 5int/\n is the ‘usual” vertex boundary of A,. The
boundary 5extA may contain vertices outside A,,, and will be useful in
the enumeration of subsets forming isolated components below. It may
happen that a block A contains (many) vertices of Oint/An. On such regions,
A may not have external boundary vertices, implying that there 0;,A
is also empty. The next claim contains basic properties of blocks, their
closures, and their boundaries, with proof in the Appendix on page 262.

Claim 6.2.5 (Blocks, their closures and their boundaries). The following four
statements hold:

(i) For any block B, dintB C dinB.
(ii) Let By, B, be 1-disconnected blocks such that By N B, # (. Then either
B] g Bz O}’Bz g B].

(iii) Let B1, By be 1-disconnected blocks such that By N By = (). Then By, B>
are also 1-disconnected from each other.

(iv) For any block B, QintB and dex B are x-connected.

(v) For any hole H of a block B, we have that H = H, so dintH and dextH are
x-connected.

We point out that the fourth statement of the preceding claim is [76,
Lemma 2.1]. The next claim shows that the sizes of the boundaries with
respect to A, and Z4 are of the same order, provided that the set is
smaller than 3n/4. Moreover, it contains an isoperimetric inequality that we
extensively use below. The proof is given in the appendix on page 263.

Claim 6.2.6 (Boundary bounds and isoperimetry). There exists § > 0 such
that for all A C Ay, with |A| < 3n/4 or AN dingAn =0,

dintA| > 8|0 A 5Ad1
|1nt | |1nt | | | (625)

Rl > Sl > SIAIID
The inequalities with (%) hold for any A C Ay, without conditions on A.

The next lemma is due to Peierls (its proof is given in the appendix on
page 266) and is crucial for the enumeration of blocks that satisfy A = A.

Lemma 6.2.7 (Peierls’ argument). There exists a constant cpej > 0 such that
forallx € Z% and m € N,

HA € A:A 3% A = A, [inAl = m)| < explcpeim). (6.2.6)
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We remark that the proof relies on the fact that 5,-mA is x-connected [76,
Lemma 2.1] (which would not hold if A contained holes, or may not hold
if one replaces 5imA by OintA).

In (6.2.5), we would like to replace dintA by 0intA from (6.2.2) (enumera-
tion of sets that are equal to their closure would allow us to use Peierls’
argument). However, then the isoperimetric inequality (6.2.5) may not hold
anymore if the total boundary size of the holes in A is too large compared
to OintA, which could happen if |A| > 3n/4. We define two types of blocks,
based on the size of the closures of the blocks (that is, whether Claim 6.2.6
applies to A or not), i.e.,

Agmal ={A € A:|A| <3n/4, and A = A},

- 6.2.
Aparge = {A € A:1A| > 3n/4, and |A| < n/2}. (6.2.7)

For each of the sets we define an event, i.e.,

(UdintAt) 5, (An\UiAy),

€1(b) := ¢ F1-disconn. (Ai)icb € Asmal Ui A4] >k, ,
%Sn((Ai)igb) connected

(6.2.8)

€2 ={3FA € Alarge : A #3,, OextAl. (6.2.9)

The following deterministic claim holds for any graph on vertices in A,.
It shows that the union of these events contains the event {|C\?'| > k}. In
particular, the proof reveals why we could restrict to sets with A = A in
the definition of Agpay in (6.2.7).

Claim 6.2.8. Consider the graph Gy, from Definition 6.1.1, with C}’ the second
largest component of Gn. Then

[n/2]
fepizrpceu( |J a).
b=1

Proof of Claim 6.2.8. Clearly {|C%'| > k} C {3 a component € of Gy, : €| €
[k, |n/2]1}. The size restriction n/2 is needed since otherwise €}y’ would
be the largest component. Take any such €. We use Claim 6.2.3 to first
uniquely decompose C into 1-disconnected (hence disjoint) blocks Ay, ...,
Ayp for some b > 1. Since k < |€] < 1/2, |Ai] < n/2also holds for alli < b,
and also b < n/2, and Zigb |Ail > k.

We distinguish two cases. Either (1) there is at least one block that is in
Alarge O (2) all the blocks are in A \ Ajarge. In the first case the event &;
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in (6.2.9) holds: the block of € satisfying Ajarge (Say A1) is per definition
1-disconnected from the other blocks of €, and since € is a component of
Gn, A1 is Gn-disconnected from its exterior boundary, hence £, holds for
A = A7 in (6.2.9).

In case (2) all the blocks (Ai)i<p are in A \ Alarge, and, since they form
the component C, the graph G, spanned on Ui<pA; is connected, while
their union is disconnected in G, from the rest of the graph. Finally their
disjointness and |C| € [k, n/2] ensures that [Ui<y, Ayl € [k, n/2]. Formally
we describe this event as (changing the sets to be denoted by B; to avoid
clash of notation later):

Gn[Ui<bBil connected,
€1(b):=<J1-disconn.(Bi)igy €A\ Ajarge | [Ui<pBil € [k, n/2],
(UigvBi) #g, (An\UigpBi)

Taking a union over the number of blocks and combining the two cases,
we arrive at

{lex' =k}

C {3 a component € of Gy, : €| € [k,n/2]} C &, U (LJLTL/ZJ &1(b)).

We will show that
[n/2]

[n/2]
U &mc (U &) (6.2.10)
b=1 b/=1
Take now any 1-disconnected blocks (Bj, ..., By) for which 51 (b) holds.
The conditions of Claim 6.2.5 are satisfied for any pair By, Bj with i # j,
hence for each pair, B; and Bj are either 1—disconnected disjoint sets, or
one contains fully the other one. Choose now those sets in {By,..., By}
that are not contained in any other set in the same list. We then obtain an
integer b’ < b and a 1-disconnected subset {Bi,, ..., Bib,} C {By,...,Bp}
such that

!/

b b
U Bi U U (6.2.11)
i=1 i=1

j=1

o

Let By,...,Bp in A\ Ajarge be an arbitrary sequence of 1-disconnected
blocks satisfying €;(b), and assume without loss of generality that the
indices 1iy,...,1p’ correspond to indices 1,...,b’, and we may thus as-
sume that the sets By,..., By satisfy (6.2.11). Since (By,...,By/) is a 1-
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disconnected sequence of blocks that are equal to their own closure, (6.2.10)
follows if

{Sn[Ui<pBi] connected} C {Jg, ((Bi)igp’) connected},  (6.2.12)

{|Uicob Bil € [k, n/2]} C {|Uigcp Bil = X, (6.2.13)
{(Ui<bBi) %6, (An\UictBi)} € {(UicpdintBi) ¥, (An \UicpBi)},
(6.2.14)

since then all conditions for €1 (b’) defined in (6.2.8) are satisfied by setting
Ai; =Bjforalli<b’.
For the first inclusion (6.2.12) we observe that

{9n[Ui<pBil connected} C {Hg, ((Bi)igp) connected }
C {Hg, ((Bi)igp’) connected },

since the left-hand side was assumed in € (b), the block graph being
connected is a less demanding event than the actual spanned graph being
connected, and the second containment follows since each set of edges
in G, that ensures that Hg, ((Bi)i<p) is connected, also ensures that the
block graph on the closures of (Bi)i<p is connected.

The second inclusion (6.2.13) is trivial since Ui<,Bi C Uiy Bi by
(6.2.11). For the third inclusion (6.2.14) we have to argue that the set
of edges that is excluded on the right-hand side is smaller than the
set of excluded edges on the left-hand side. Clearly (A, \ UicpBi) 2
(An \Uigp/Bi), and by part (i) in Claim 6.2.5 it follows that 9;,¢B; C B;. [

We state two lemmas that together with Claim 6.2.8 prove Proposition
6.1.4.

Lemma 6.2.9 (Unlikely block graphs). Let Gy be long-range percolation on
An as in Definition 6.1.1 with d > 2, « > 14 1/d. There exists a constant
C6.2.9 > 0, such that for all p € (0,1), there exists 3. = B.(p, d, ) > 0 such
that for all > B, and k, n sufficiently large,

[n/2]
IP( U 81(b)> < nlog(n)exp (—06_2,9 log(ﬁ)ﬁ]/dk(dq)/d).
b—1

(6.2.15)
Moreover, there exists pq < 1 such that 3, <1 forallp € (pg,1).

Lemma 6.2.10 (No large isolated component). Let Gy, be long-range percola-
tion on Ay, as in Definition 6.1.1 with d > 2, « > 141/d. There exists a constant
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€6.2.10 > O such that for all p € (0,1), there exists 3, = B«(p,d, &) > 0 so that
for all B > B, and n sufficiently large

1 ypla—1yantd1/d
P(82> eXp ( —C6.2.10 log (ﬁ) B logz(Tl)> . (6216)

Moreover, there exists pq < 1 such that 3, <1 forallp € (pg,1).

We prove the two lemmata in the following sections.

63 SPANNING TREES ON BLOCK GRAPHS

We work towards proving Lemma 6.2.9. Recall the event €7 (b) from (6.2.8),
and Agnap for the blocks of A, without holes and closure of size at most
3n/4 from (6.2.7) on which there should be a connected block graph
Hg, ((Ai)igp) (see Definition 6.2.2). By a union bound over all possible
1-disconnected sequences of blocks (A7,...,Ap) C Asman Whose total size
is at least k, we obtain

)<y X,

where the factor 1/b! corrects for the permutations of (Aq,..., Ap) yielding
the same blocks, but ordered differently. Using the independence of edges
in long-range percolation in Definition 6.1.1, we obtain

Hg, ((Ai)igp) is connected,)
(UicbOimeAr) 6, (An\UicpAi)/’

b' Z Z IP(Hg, ((Ai)icp) is connected)
A (6.3.1)

P ((UicbOintAi) #g, (An\UicbAi)).

The block graph Hg ((Ai)igp) can only be connected if it contains a
spanning tree on its blocks. To count these spanning trees, we introduce
the rooted labeled f-tree. In the following definition, we use that each tree on
b vertices has b — 1 edges.

Definition 6.3.1 (f-tree). Let Fy, be the set of vectors f = (fq,...,fp) € ]Ng
satisfying } ;cpfi = b—1,f1+...+f; > jforallj € [b—1]. We call
f the vector of forward degrees. A rooted labeled tree on b vertices is an
f-tree if the root has label 1, and it has an outgoing edge to each of the
vertices with labels 2,...,f1 4+ 1, vertex 2 has an outgoing edge to each
of the vertices with labels f; +2,...,f1 +f2 + 1, and so on, the vertex



63 SPANNING TREES ON BLOCK GRAPHS

with label j has an outgoing edge to each of the vertices with labels
2+ 213 fi,..., 1+ ZL] fi. If (1,j) is a directed edge in an f-tree, then
we say that i is the parent of j and j is the child of i. We say that the
labeled block graph Hg, ((Ai)i<v) is f-connected, if it contains an f-tree on
its vertices (1,2,...,b).

Given a forward-degree vector f and a labeled set of vertices, the f-tree
is uniquely determined. The construction ensures that the block with
label b must be a leaf, i.e., it has forward degree fy, = 0, and its parent
corresponds to the label of the last nonzero entry of f. Further, given a tree
T with labeling f € Fy, upon removing the leaf with label b, we obtain a
tree T\ {b}on {1,...,b— 1} with a labeling in Fy_.

Further, an f-tree always has vertex 1 as its root, and the forward
neighbours of any vertex have consecutive labels. Hence, not all the
b! labelings of a tree T are valid labelings, i.e., no vector f € JF}, can
be associated to some labelings. However, for a fixed tree T on a con-
nected block graph Hg, ((Ai)igv), there is at least one permutation o of
(1,2,...,b) with o(1) = 1 and a vector f € Fy, such that Hg, ((Ag(i))igp)
is f-connected. In other words, we can relabel the blocks so that the new
labeling (1,0(2),...0(b)) is a proper labeling of T, for some f € J} in
Definition 6.3.1. We denote the set of permutations of (1,2,...,b) with 1 a
fixed point by 8} . Note that the choice of the spanning tree T may not be
unique if Hg, ((Ai)i) is connected. We obtain on the first factor inside the
sum in (6.3.1) that

IP(Hg, ((Ai)i<p) connected)

:]P< U U {Hg, (As(i))igp) is f—connected}). (6.3.2)
feFy oes]

If, for a given (f, o) the block graph is Hg, ((As(i))igv) is f-connected,
then there are []; fi! other pairs (f’,0’) such that Hg, ((Ag/(i))igp) is
f’-connected, counting the isomorphisms of rooted trees: namely, the
(consecutive) labels of the forward neighbours of any vertex v may be
permuted (yielding the factor f,! for each vertex), resulting in permuting
the labels in the forward-subtrees of v accordingly. For any such (£, o) and
(f/,0"), we then also have that []"_; ;! = []?_; f/!. Hence, in the above
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union each rooted tree T (with root fixed) on Hg, ((Ag/(i))igp) is counted
[T;_; fi! times. Thus, we obtain from (6.3.2) that

IP(Hg, ((Ai)i<b) connected)

b
< Z (H f11'> Z P (Hg, ((Ag(i))icp) is f-connected).

feF, “i=1 ces)

We substitute this into (6.3.1), and use that the second factor inside the
sum in (6.3.1) is invariant under label permutations. So we arrive at

b

P(el(b))<;z<iﬂ]>z b Z

feTFy oes] Az

(H’(J—an((AG(i))Kb) is f-connected)
P((UBinAs(n) 5, (An\UiRo()) )-

We will now argue that the sum over the permutations and the factor
1/(b —1)! cancel each other. Given Aq, let (By,...,By) be an arbitrary
1-disconnected sequence of 1-connected blocks in Ay, of total size at
least k —|A1| (also T-disconnected from A1). Then, for any permutation
o € 8! in the summations over the blocks A5, ..., Ay, there is precisely
one combination of blocks such that A;;) = B; for all i < b. Hence,
when summing over all permutations o € 8], we counted the case that
the blocks are Ay, By, ..., By exactly (b —1)! times. This cancels the factor
1/(b—1)!, and we arrive at

P(&1(b)) < %Z <H > Z P(Hg, ((Ai)igp) f-connected)

feFp, =1
'P((Uigbaint/\i) #g. (An\UicpAi)),

where we omitted under the summation of the blocks Aq,...Ay are 1-
disconnected from each other. Lastly, we prescribe the sizes of the bound-
aries of the blocks. We introduce the possible boundary-length vectors:

My (k) = {m = (my)?; CIN®: I(A)P; C Agman

QintAi] = my,
|Uico Ail >k
(6.3.3)
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P(€1(b)) <% > > (H f],) R > (6:3.4)

meM, (k) f€F, “ielb] V7 Ar.L Ay
[OintAil=my

P(Hg, ((Ai)i) f-conn.) - P(Ui OintAi 425, An \ UiAi)>/

where we omitted under the summation that the blocks are 1-disconnected
from each other and in Agpap. In what follows we we omit these descrip-
tions under the sum for readability. The next two statements will imply
Lemma 6.2.9.

Statement 6.3.2 (Counting spanning trees). Let Gy, be long-range percolation
on Ay as in Definition 6.1.1 with d > 2, o« > 1+ 1/d. There exists c32 > 0
such that for all fixed m € My (1)

S ( I1 f1!> > IP(Hg, ((Ai)1) is f-connected)
N

feFy ie[b] t A sor s Ab €EAgmall,
[OintAil=m; Vi<hb (6.3.5)
<nexp ((66.3.2 +log(pp™)) D mi)-
ie[b]

Statement 6.3.3 (Isolation). Let Gy be long-range percolation on A, as in
Definition 6.1.1 with d > 2, « > 1+ 1/d. There exists c¢33 > O such that
foreach 3 > 1, any m € My, (1), and any 1-disconnected blocks Ay, ..., Ap €
-Asmall with |5intAi| =my fOT’ all i,

P((UiBimAs) s, | n\uiAi))<exp(—c63310g [3”dZ )

(6.3.6)

We prove the two statements below and show first that Lemma 6.2.9
follows from them.

Proof of Lemma 6.2.9, assuming Statements 6.3.2 and 6.3.3. We substitute the
bounds from Statements 6.3.2 and 6.3.3 into the right-hand side of (6.3.4)
and obtain

IP(&1(b)) (6-3.7)

1
<3 Znexp< (c63.3log (1= p)f51/d—66.3.2—10g(Pf5“))Zmi)-

meMy (k) ie([b]
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In what follows, we evaluate the summation over the vectors m € My, (k).
We recall from (6.3.3) that m represents the vector of interior boundary
sizes of 1-connected sets (Ai)i<p € Asman With total size at least k, and
Ai = A; < 3n/4 for all 1 < b by the definition of Agpgay in (6.2.7). In (6.3.3),
the boundary is taken with respect to Z4, i.e., not with respect to An.
By the isoperimetric inequality in Claim 6.2.6, for all blocks (A;)i<p it
simultaneously holds that |5intAi| > |A;|/(d=1)/4 Gince the function gk) =
k(d=1)/d i5 concave, we obtain for all m € My (k) and any A1,...,Ap €
Asmall that

mp ... +mp = |51ntA1|+---+|5intAb|
> A4/ d A4/ d > g (d=T)/d

We define the set My(k,{) = (m € Mp(k) : mj +...+mp = {}. By
standard estimates (using that each summand is at least one), we bound
My, (k, €)] < (etb) < (zf) < 2%% < e?!. Hence, separating the summation
in (6.3.7) according to the possible values of Y ; m; = ¢ > kl4=1)/d we

arrive at

IP(&;(b)) (6.3.8)
% Z nexp(—€(063310g( )B]/d—c“z—log(pﬁ )—2)).
¢=k(d=T)

Since b < [n/2], we obtain by a union bound over the number of blocks
that

P( Ub<n/2) €1()) (6.3.9)
LTL/ZJ o0
Z Z nexp (—(ce33log (7 p)BVd c—log(pB%))).
b=1 e K(d=1)

We investigate the factor after £ in the exponent. For fixed p € (0, 1), this
factor is positive whenever f3 is sufficiently large, depending on p, d, x,
yielding B.(p, d, «) in Lemma 6.2.9. Evaluating the geometric summation
yields (6.2.15), where the factor logn comes from the first summation
in (6.3.9). Whenever p is sufficiently close to 1 (larger than p4, for some
dimension—dependent Pa < 1), B* =1 can be also chosen since in this case
the factor log( )[31/ 4 dominates the term —log(pp*) for all B > 1, and
the statement holds with * =1. O
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6.3.1  Proof of Statement 6.3.2

We start with a geometric claim.

Claim 6.3.4. There exists a constant Cg 3.4 > O such that for each block A €
Agman i1 An and all r € N

Hxy) €ZdxZ4:xe Ay ¢A,[x—yl € (r,r+11}| < Cozam0meAl
(6.3.10)

Proof. We start counting line-segments of the right length with endpoints
in Z4 crossing a single unit square that will be centered later at some
vertex in 5intA.

Let By := [-1/2,1/2]4. For two vertices x,y € Z9, let L,y denote the
segment between x and y on the unique line connecting x and y. Define

Cross(r) :={(x,y) € Z¢ x 2% : |x —yl]2 € (v, + 11, L5y NBo # 0}
We will show that there exists a constant Cg 34 > 0 such that
|Cross(r)| < Ceg.3.419. (6.3.11)

Indeed, for each pair (x,y) € Cross(r), at least one of the inequalities
x|l = r/2 and ||y|| > r/2 is satisfied. Without loss of generality we may

assume that ||x|| > r/2, and then also ||x|| < r+ 1. Fix then such a vertex x.

Let §« denote the smallest spherical cone with apex at x that completely

contains By. This cone has then radius between ||x|| + 1/2 and ||x|| + v/d/2.

Let 8x(r) denote a cone with apex x that has the same boundary lines (and
the same angle) as 84, but radius exactly r. Then, every y € Z4 such that
(x,y) € Cross(r) must be contained in S (r+ 1) \ 8x(r), since all half-lines
emanating from x that cross B, are contained in 84(c0), and ||x —y|| €
(v, 14 1]. Since the radius of 84 (r+ 1) is at most by a factor two larger than
the radius of 8 for all r > 1, by homothety of the cones, |(8;41\ 8;) N Z4
is bounded from above by a dimension-dependent constant, and so for
each x with ||x|| € [r/2,r + 1], the number of pairs (x,y) € Cross(r) is
bounded from above by a dimension-dependent constant. Summing over
all the at most O(r4) many such x, we obtain (6.3.11) for some Cg34 > 0.

To arrive to (6.3.10), the block A € Agmay in (6.2.7) ensures that A = A.

Its inner boundary 0intA is then *-connected by Claim 6.2.5 Part (iv) ([76,
Lemma 2.1]). This implies that there exists a continuous surface fully

contained in 6mtA separating vertices in A \ amtA from vertices in A, \ A.

Hence, for each pair x € A and y ¢ A, there exists (at least one) vertex
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z e 5,-mA such that £, , intersects the axis-parallel box z + By. Here x = z
may occur. The statement of the claim now follows by (6.3.11) when
summing the at most Cg3.47¢ such pairs for each vertex z in the boundary
of A. O

We continue with a lemma treating the connectedness of the block
graphs, i.e., the inner summation on the left-hand side of (6.3.5) in State-
ment 6.3.2. We point out that in this lemma we only bound the event that
the block graph Hg, is connected, not the event that the actual graph is
connected.

Lemma 6.3.5. Let G, be long-range percolation on Ay, as in Definition 6.1.1
with d > 2, « > 1+ 1/d. There exists a constant Cg 35 > 0 such that for all
m < My (1), f € Fy,

Y P(Hg, ((Addicp)) f-conn.) < n(Ce35pp*)° [ eri™m,
At Ab EAsmal, ie[b]
[OintAil=m; Vi<h
(6.3.12)
where we omitted from the summation that Ay, ... Ay are 1-disconnected from
each other.

We comment that it is this lemma in the proof that crucially uses that
a>14+1/d.

Proof. We will prove the statement by induction on b. We first define the
finite constant, using that o« > 14 1/d as follows:

(9]
Cess:=Cg3a )y 1 (19 (6.3.13)
r=1
We start with the initialization. Assume first that b = 1, which corresponds
to a tree on a single vertex (representing the block Aj), so its forward
degree f; = 0. A tree on a single vertex is connected by convention. We
obtain

> P(Hg, (A1) fconn) < D A1 € Agman : A1 3%, [dineAl=my ).
~A1 EAsmal: XEAR
[OintA 1=
Since A = A for all A € Agpan by definition in (6.2.7), we can apply Peierls’
argument in Lemma 6.2.7, that yields, since [A,| =n,

Z IP(Hsg, ((A1))) is f-connected) < Z eCrei™l — 1 elpeiMi,
~A1 E-AsmaH: Xe/\'ﬂ
[Qint A1 |=m,
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Since m? = m? =1, this finishes the induction base for (6.3.12). We now
advance the induction. Assume (6.3.12) holds up to b —1. Let f € Ty,
and consider the summation over Ay € Agnan on the left-hand side in
(6.3.12). By construction of the f-tree in Definition 6.3.1, the b-th block
is a leaf in the f-tree, and fy, = 0. Its parent in the f-tree is the largest
vertex-label { in f that is nonzero, and the remaining labeled graph upon
removing b is a tree, with a labeling in J},_1 (see the comment below
Definition 6.3.1). Then, the forward degrees of this new tree are given by
£/ = (f1,...,feo1,fe—1,feq1,...,fo_1) € Fp_1, since the forward degree
of the vertex { decreased by one upon removing the leaf b. With this
notation at hand,

{Hg, ((Ai)icp)) is f-connected}
={Hg, ((Ai)ierp_1]) is f’-connected} N{A¢ <>g, Ap}.

Independence of edges in G, by Definition 6.1.1 yields

Y P(%s,((Ai)ierw)) f-conn) (6.3.14)
A1, Ap

< Z ]P(HSH((Ai)ie[bfﬂ) f/-COIlIl.) Z]P(Ae G, Ab)
A, ,Ab_1 Ay

where in the subscripts of the sums (and also in the remainder of the proof)
we omitted the conditions that the sets have to satisfy: A1,..., Ay € Asman,
and |0intAi] = my foralli < b.

We focus on the summation over Ay. Here, Ay € Agpnan and Ay, is 1-
disconnected from A;. We decompose the sum according to the length r
of an edge (x,y) connecting x € A¢ and y € Ay, and use that ||x —y|| > 1
by the 1-disconnectedness of Ay, Ay,. By the connection probability (5.1.3)
and a union bound, it follows that

D PArerg, Ab) <) D Igpeyjemrriy ) Plx e, v)

Avp T=1x€A,,yeZI\A, Apdy
o0
o —ad
<R > Lylenrsy D 1.
r=1 XEA,YEZINA, ApdyY

(6.3.15)
In the last row the sum over y runs over a larger set than the actual
allowed set of vertices: we did not exclude vertices from the other blocks
{A1,..., A1, Aes1,. .., Ap—1). Using (6.2.6), we bound the last sum over
Ay from above by exp(cpeimyp) . Next, we can apply Claim 6.3.4 to evaluate
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the summation over x € Ay, y € Z9\ Ay, since this sum equals the set
described in (6.3.10) with A = A,. The conditions of the claim are satisfied
since A¢ = A¢ by assuming A € Agpan. Hence,

Cpei T d|a
Z Lijx—yjle(rr+11} Z T =™ Cg 34770t A
xEAYEZINA, Apdy

= eCpeiMo C6,3,4Tdmg.

Substituting this back into (6.3.15) yields with the constant Cg 35 from
(6.3.13),

o0
Z P(A¢ <35, Ap) < PR meeri™ Cg 34 Z r!
Ap r=1

= Ce.3.5PB myeerei™e,

We substitute this bound back into (6.3.14), and use the induction hypoth-
esis:

Z P(Hg, ((Ai)ier)) f-conn.)
Aq,...,Ap

< Ceasppimees™ 3 - P(JHg, ((Ai)ierp-1y) f'-conn.)
Aq,...,Ap 1

< Ces 5pﬁ“m€ecpe1mbn(c6 3 SPB H ecpelmlm
16 [b—1]

We used that f{ = f; forall i # (,i < b—1, and f; = f¢ — 1 by construction,
yielding the 1/m, factor. We can rearrange the expression and obtain
(6.3.12), using that f, = 0 (the last block is a leaf). This finishes the
proof. O

We are ready to prove Statement 6.3.2.

Proof of Statement 6.3.2. Using Lemma 6.2.9 in (6.3.5) of Statement (6.3.2),
we arrive at

Z ( H f]'> Z P(Hsg, ((Ay)i) is f-connected) (6.3.16)
AL A

f€F, “ielb] t
<n ) (CezspB™)°! H

feFy

©CpeiMi mf
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We first analyse a single summand, i.e., the value for a fixed f € Jy. By
Stirling’s approximation, there exists a constant ¢ > 1 such that f;! >
(fi/e)i/c. Thus,

Cpﬁlml f
n(Ce35pB*)°~ 1H 71“
ie([b]
B m; -e\ fi
n(Ce35pB%)° " exp <Cpei > mi)cb 11 < 2 )
ic[b] ieb] "

It follows from standard differentiation techniques that for any a,x > 1,

the function gq(x) = (ae/x)* is maximized at x = a. Maximizing all

factors (mie/fi)" at f; = m; yields that (mie/fi)™ < e™ for all i < b.

Since by definition of I} in Definition 6.3.1, we have f1 +...+f, =b—1
for all f € Fy, we have

n(Ce35pp™)° " H

ie[b]

<n(Co35PB*) T exp ((cpei +1) Y mi)cPel™

ie([b]

<nexp ((log(p[&“) + 24 Cpei +¢') Z mi>
ie[b]

Cpen mi mf

1

for ¢/ = c¢’(c, Cg.3.5), where to obtain the last row we used thatb—1 < b <
mj + ...+ my, by the fact that each block has at least one inner boundary
vertex. Substituting this back into (6.3.16), we obtain with ¢ := 2+ cpe; + ¢’

n ) (Ce35pp*)°" H

feFy

Cpelmlm

<nexp ((c +log(pp™) Z m1> Z 1.
fe Ty,
Using again that f1 +...+ fy, = b —1 for all f € Jy, and using the same
combinatorial bounds as for m above (6.3.8), we obtain |[Fy,| < (be) <
22b eXp (2 Zle i)/ flnlshmg the prOOf Wlth C63.2 = CN + 2 O

Proof of Statement 6.3.3

We start with a geometric claim. Recall Agy,y from (6.2.7), and holes from
Definition 6.2.1.
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Claim 6.3.6. Let (Aq,...,Ap) C A be a 1-disconnected sequence of blocks
without holes (i.e., Ay = Ay for all i <'b), with A := UicpAi € An. Then,
(A \A) (UlgbamtA ) 2 amt/\ . Moreover, ( n\A) (UlgbamtA )
x-connected.

Proof. We first show that that (A, \ A)U (UigbémtAi) ) 5int/\n. When x €
(5int/\n \ A), then x € A, \ A. The (only) other case is when x € Sint/\n NA.
Then there must exist A; C A, such that x € A;. Since x € 5mt/\n and
A C Ay, it follows from (6.2.3) in Definition 6.2.4 that there is a vertex
y in Z9\ A, neighbouring x. Since x € A; C Ay, we evidently have
y ¢ Ay, hence y € 0extAj. As a result of (6.2.4), x € amt/\l, establishing the
statement.

We turn to prove s-connectedness of (An \ A)U (UigbgimAi). Using
Claim 6.2.3, we decompose the set A, \A into a 1-disconnected sequence
of 1-connected blocks (Bj)j<p for some b’ > 1:

Ujgb'Bj = /\n \ A. (6317)

To keep track of indices, for each set 5mtA we associate a vertex a; for

< b, and also for each block B; a vertex t;, for j < b’. Define the subsets
J C{aj,...,aptand J; C {t1, ..ty lsothat foralli < b, a; € Jq if
and only if amtA M intAn # 10, and for all j < b/, tj € J¢ if and only if
Bj N Oint/An # 0. In words, these are the vertices corresponding to the sets
that intersect the boundary of A,.

By the first statement of the claim and (6.3.17), 5intAn is completely
contained in (Uigbgmt/\i) U (Uj<b/Bj), hence Jy UJ, is non-empty. Since
the indices of the sets/blocks that have an intersection with 0;,:A,, are all
collected in J, and Jy, respectively, we have

FintAn C( U amtA> ( U Bj) —D. (6.3.18)

i:ai€Jq jitj €Ty

Since we assumed that A; = A; for all i < b, Claim 6.2.5(iv) is applicable
and hence E)mtAl is x-connected for each i < b. Further, (Bj);j<p- are blocks,
i.e., 1-connected and also *-connected. So, because 5im/\n is 1-connected
in dimensions 2 and higher, it is also *-connected, and hence the set D on
the right-hand side of (6.3.18) is also *-connected.

We now decompose the set (Uj<p/Bj) U (UigbgimAi) (using the edges
of graph Z4) into *-connected components, in other words, sets that are
x-connected themselves but they are x-disconnected from each other. Our
goal is then to show that there is only a single component, namely, the
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one containing vertices of D. Assume now that there exists another *-
connected component C of (Uj<p/Bj) U (Ui<pdintAi) that does not contain
any vertices of D in (6.3.18). Being a component in Zg also means € is
then not *-connected to D. By the *-connectedness of each set in (Bj;);<p-
and (amtA )igb, this is only possible if € is a union of some of (B;);j<v-
and (0 mtA )i<b. Define then Je C {ay,...,ap}U{ty,...t{} so that a; € Je
if and only if 0intAy C C, and similarly tj € Je if and only if B; C C. With
formulas

C= (Ui:aiejegintAi) U (Uj:tjegij) *-connected component,

JeN(TaUdy) =0,

where the second statement is equivalent to CN'D = (). Take now the

closest vertex in Uj:t;e70Bj to 5int/\n, i.e., let (with arbitrary tie-breaking
rule)

(6.3.19)

X4 = argmin | — intAnll1, and X« € Byj» with t;, € Je. (6.3.20)
x€Bj: tjeTe
Since tj, € Je, by our assumption in (6.3.19) the block Bj, does not intersect
Sint/\n- So _ _
X4 = OineAnl[1 = [[Bj, — OintAn|[1 = 1. (6.3.21)

Hence, there exists a vertex y, € An \ Bj, such that [ly,.— OintAn 1 = [|xs—
dintAn|l1 — 1 and |x,—y,||; = 1. This vertex y, cannot be part of Uj.,ceB;j
since x, was minimal, and y, cannot be part of (Uj<v/Bj) \ (Uj:t;ecBj)
by 1-disconnectedness of the sets (Bj);j<v/, see above (6.3.17). So, there
exists a block Ay such that y, € A for some ¢ < b. Then immediately also
Yy € 5intAg, since x, € Bj, serves as an external boundary vertex for y, in
Ag.

We also observe that via the pair (x,,y.) the block Bj, is 1-connected
(and *-connected) to A¢. Hence, since we assumed € O Bj, is a *-connected
component, A¢ C C, equivalently, a; € Je and so by (6.3.19), a¢ ¢ Ja. This
then 1mphes that Ay N OiptAn =0 by definition of J4 above (6.3.18). Hence,
|[Ag —intAn|l1 = 1 and in turn OextA¢ € Ay. By the same reasoning as
for the existence of x,,y, below (6.3.21), we find a vertex y, € JintA¢ that
is closest to 6mt/\ within almAg, and a vertex x, € 6extAg that is strictly
closer to ding/An than yo, with ||xo —yo|[1 = 1. We arrive at the sequence
of (in)equalities:

%o — OintAnll1 + 1 = Yo — dintAnll1 = ||dintAe — dintAn |1
< lys — dintAn |1 (6.3.22)
= [[x%4 — dineAnl1 — 1,
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where the inequality in the middle follows since y, € 5,-ntA¢ by construc-
tion, and the equalities follow by the choices of y., X, and x,,y, below
(6.3.21).

Since y, € 5intAe,Xo € 5extAg and the sequence of blocks (Ai)icp is
1-disconnected, x, is not in (Uj<pAi) = A. Hence, x, € An \ A = Uj<y/Bj,
so there exists some j, < b’ so that x, € Bj_.

The block Bj, is then 1-connected via the pair (x,,y.) to dintA¢, which
is itself x-connected, and via the pair (x,,y.) the set 51ntAe is T-connected
to B;,. Hence, Bj, ,Ag, B;, are all in the same *-connected component C.

However X0 — OintAnll1 < [Xx — OineAn 1 by the inequality (6.3.22),
which contradicts that x, was a vertex in (U]_tjege ;) that minimized
X — OintAnl|1. S0, the *-connected component that contains D in (6.3.18)
contains all blocks Uj<,/Bj = An \ A.

Startmg from (6.3.20) with reversing the role of the blocks (B;);j<v- and
the sets (amtA )i<b, the same reasoning yields that Je N{aj,..., ap} =
and hence the x-connected component that contains D in (6.3. 18) contams
also all sets Uigyp amtA Together, we conclude thus that Ui¢p amtA U
(An \ A) is x-connected. d

Proof of Statement 6.3.3. We assume 3 > 1. Let Ay,...,Ap € Agman, and
denote A := Uij<pAi. We define the set of potential edges between the
interior boundary of A with respect to Z4 and the set of vertices outside
A within distance f'/4 as

A(A) = {{x, Y} | x € UicpOimAi, Y € (An\A) : [y — x| € [1,3/9]}.

Considering the event on the left-hand side of (6.3.6) in Statement 6.3.3, we
would like (Ui<p0intAi) to be not G, -connected to the rest of the graph.
In order to achieve this, in particular, all edges in A(A) must be absent.
Hence,

P((Uigbgint/\i) #35, (/\n\UigbAi)) < (1—p)atd) (6.3.23)
= exp ( —log( L5 )IA(A)]).

Our goal is to show that for some constant ¢ > 0,

AA) = e [BinAil =cp/T Y my, (6.3-24)

i€[b] i€[b]

which then immediately yields (6.3.6) in combination with (6.3.23). In
what follows we estimate |[A(A)|. In order to do so, we will make use of
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the boundary 0intAj, i.e., the interior boundary with respect to the box
An. Using that all blocks in Agn,y have size at most 3n/4 by definition
in (6.2.7), the conditions of the isoperimetric inequality in Claim 6.2.6 are
satisfied, and hence dm; < |0intAi|l < my for all i < b. Hence, (6.3.24)
is equivalent to showing that that there exists ¢’ > 0 such that for any
1-disconnected blocks A1, ..., Ay € Agman, With A = Uicp Ay

AA) = c'BYE Y BintAdl, (6.3.25)
ie[b]

since then (6.3.24) holds with ¢ = ¢’$.

In order to show (6.3.25), our goal is to find enough pairs of vertices in
A(A) around a linear fraction of vertices in Uj<p 0intAy. For this, we claim
that a set 7 := {(x¢, y¢)}e>1 with the following properties exists:

(i) x¢ € UiOintAi, Yo € Ui0extAyq, and |[xg —yel| =1 forall £ > 1;
(ii) each vertex z € A,, appears at most once in a pair in T;

(i) |71 > 3 icp) [OintAil/(2d).

Note that requirement (i) implies that all (x¢,y¢) € T are elements of
An X An. We now show that a set T exists. Consider the following greedy
algorithm: order the vertices in U; 9intA4 in an arbitrary order, to obtain the
list (vi,v2,...,vm) With M = Zie[b] |0intAil. Since each vj is in U;dintAy,
for each v; there is at least one vertex y; € UidextAi C (An \ A) with
lvi —=y;l| = 1 by Definition 6.2.4 (recall that the sets Aq,...,Ap are 1-
disconnected). Starting with 77 := {(v1,y1)}, going through the ordering of
(vj); one-by-one, append the pair (vj,y;) to the list Tj_1, if and only if y;
has not been contained in any pair of 7j_; yet and so obtain TJj. Set then
T := Tm. Since any y € U;0exAi neighbours at most 2d many interior
boundary vertices, adding a certain pair (vj,y;) only affects at most 2d — 1
other indices where a pair may not be added later. Hence,

1
7= 54 Z [QintAdl. (6.3.26)
ielb]

Next, assume that p'/4 > 2/d +2 and set R := (B4 —1)/Vd] > 1.
Take any pair (x¢,y¢) € T. Since Ui<p0intAi U (An \ A) is x-connected by
Lemma 6.3.6, there exists a self-avoiding path

(xe) = (xe, 20, .o, 2pY) C UigpOintAi U (An \ A) (6.3.27)

245



246

THE NEAREST-NEIGHBOUR REGIME

(since the set on the right-hand side contains 5mt/\n, which has size
Onld=1/d) the set on the right-hand side has size at least R for n
sufficiently large, so such a self-avoiding path of length R then exists). By
the triangle inequality,

% —z;XE)H <VArR < pl/q, llye —z;X”H <VAR+1 <B4 (6.3.28)

Define now the type typ(z;”)) = xg if ZJEX“ € (An \A) and set typ(z;.x“)) =
yg if Z;X” € UigbéintAi. Then define the set of (unordered) pairs represent-
ing potential edges in G,

Alxeye) = {7 P R PR S AR (6329)

The inclusion holds since for each of these pairs, exactly one element is in
An \ A and the other one is in Uj<p0intAi, and the distance between the
two vertices of each pair is at most pl/d by (6.3.28). We claim that

171

ARz U Akeyd| > (1/2) Y 1Koyl =171-R/2. (6:3.30)
(xeye)eT =1

To see the inequality with ¢, we show that each potential edge {z,z'} €
An X Ay appears at most twice in a set in the union in the middle. Consider
{z,z'} € A, x An. First, assume that there exists { such that (z,z') =
(xe,ye) € Tor (z/,z) =(x¢,y¢) € T. Without loss of generality, we assume
that the pair is ordered such that (z,z’) = (x¢,y¢) € T. Then there is no
(xj,y5) € T different from (x¢,y¢) such that {z,z'} € A(x;,y;), since each
element in A(x;,y;) contains either x; or y;, which are different from x,
and from y, by requirement (ii) in the construction of T. Moreover, the
element {z, z'}={x¢, y¢} is contained at most once in the set A(x¢, y¢), since
the first coordinates in (6.3.29) are all different as they form a self-avoiding
path, and the first coordinates do no not contain x; = z by (6.3.27).

Next, assume that (z,z'), (z/,z) € T, but {z,z'} is contained in some
A(xg,ye). Then, either z or z’ must be equal to either x; or to y¢ by
(6.3.29). Assume without loss of generality that z € {x¢,y¢}, and therefore
z' ¢ {x¢,ye}. Thus, {z,z'} is contained exactly once in A(x¢,y¢). The only
way that {z,z} could be in a set A(xg/,yg:) for some (x¢7, yer) # (x¢,Ye),
is when z’ € {x¢/,y¢/} and (x¢/,y¢/) € T for some ¢’ # (. This implies that
the element {z,z'} can be contained at most twice in a set in the union in
(6.3.30), namely in A(x¢,ye) and A(x¢/,yer), and the inequality ¢ in (6.3.30)
holds.
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Combining (6.3.30) with (6.3.26), R = [ (B'/4 —1)/+/d], and the assump-
tion that B'/4 > 21/d + 2, (see before (6.3.28)), we arrive at

R 1 17d _1q
IA(A)| > id Z |0intAil = id VS\/EJ Z |0intAs]

i€[b] i€[b]
1/d
Sﬁd\f Z ‘amtA |

since whenever x > 2v/d + 2, then [(x—1 /\FJ X/Z\F

This proves (6.3.25) whenever 3'/¢ > 2/d + 2. For the case 1 < B'/¢ <
2v/d + 2, we use that each vertex on the interior boundary is within
distance one from a vertex on the exterior boundary, hence

Z |amtA | Z |amtA |
Z\f 2

ie[b]

and so (6.3.25) holds for both cases with ¢ := 1/ max{8d+v/d, 2v/d + 2}. This
finishes the proof of Statement 6.3.3. O

64 COUNTING HOLES

We turn to the proof of Lemma 6.2.10. We set up a few preliminaries about
holes. Recall that A denotes the 1-connected blocks in A, from (6.2.1),
and that Ajyree = {A € A |A| > 3n/4, |A| < n/2} from (6.2.7). Recall also
from Definition 6.2.1 that the holes $H5 of a T-connected set A € A are
the 1-connected subsets of A \ A. By Definition 6.2.1, each hole H € A is
surrounded by A. This implies that H does not intersect the boundary of
the box 0int/An. Hence, it follows by Definition 6.2.4 of the boundaries that
forallH e $Ha

aintH = aintH - aextA. (641)

Hence, comparing this to €3 = {JA € Ajarge : A #g,, OextAl from (6.2.9),
we obtain that

]P(EZ) < ]P(EA € Alarge tA %Sn (UHE,ﬁA aintH))- (642)

The following definition (and claim) of principal holes will ensure that the
total size of the boundaries of the holes of A in (6.4.1) is sufficiently large
compared to the combinatorial factor arising from the number of possible
sets A there.
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Definition 6.4.1 (Principal holes). Let A C A;,,. A hole H € 4 has type
ie Nif 2171 < [H| < 21 We write $4 (i) € HA for the set of holes of A of
type i. A hole-type 1 is called principal for a set A if

DA =HH:HeHAMH =271 n = hy(d). (6.4.3)

Since [H A (1)| is an integer for all i, the inequality [ ()| > [hn(1)] also
holds whenever the inequality in (6.4.3) holds. Hence, we define for i € IN

Alarge(i) ={A € -Alarge : |~6A(1)| = [hn (lﬂ }/ (644)
and observe that A may appear in both Ajge (1) and Ajarge (j) if both type i
and type j are principal for A. Define the following (3-dependent constants
174
R, =R =maxy |——|,1¢,
2 =R2(B) {{ a J } (6.4.5)
i, =1(B) =1+ ﬂogz(Rzﬂ .

Claim 6.4.2 (Large blocks have a principal hole-type). For all A € Ajarge,
there exists i < [log,(n)| such that hole-type i is principal, i.e.,

-Alarge C U Alarge (1) . (646)
i< [log, (n)]

There exists a constant cg.4.3 > 0 such that for all A C Ay, with ia a principal
hole-type for A,

Z QintHil > cea21322 A/ 9n. (6.4.7)
HENA(iA)

Moreover, for each hole H with type i > i, in (6.4.5),
exiH| > RU/4, (6.4.8)

Proof. We argue by contradiction for the first part. By definition of Ajarge
in (6.2.7), |A] > 3n/4, and also |A| < n/2. Hence, the total size of the
holes is at least n/4, i.e., |Uneg, Hl = ZHem [H| > n/4 hold. Suppose
(6.4.3) holds in the opposite direction for all i > 1. Since the holes are
1-disconnected and form together the complement of A \ A, it follows
from the size requirement in Definition 6.4.1 that

‘ U H‘: > |H|<Z|5A(i)|2i<%Zr2<n/4,

HeHA HeHA i>1 i>1
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since the sum converges increasingly to 712 /6 = 1.64... < 2. This contradicts
the assumption that the total size is at least n/4, so there must be at least
one principal hole-type, say ia. The restriction i < [logz( n)| follows since
the number of vertices in Ay, is n, and H > 2! ﬂogz JT+1)=1 thus can never
be satisfied. This shows (6.4.6).

We turn to (6.4.7). As argued before (6.4.1), holes do not intersect the
boundary of the box 0int/An. SO, OextH = 5extH, and |dexH| > [H|(d-1)/d by
Claim 6.2.6 for each hole. Combined with [H| > 22~ for all H € $4 (ia)
and the lower bound [$ (ia)| > 2712 7317?n in (6.4.3), this yields that

> PHI> ) HlT/d

HeNA (i) HeNA(1A)
2tald=1)/dpld=1)/d)g , (ia)]
zf(dfl)/dzi/\(dfl)/d_271A73iR2n

A\VARR\VARR\V}

-2 ia/d
C6.421, 27t/ n,

for some constant cs 42 > 0. Lastly, we prove (6.4.8). Using again that
dextH = |H|(d4=1)/4 for each hole, we obtain for any hole H with type
121y,

QextH| > [H|(d—1)/d 5 p—1)(d=T)/d 5 (zlogz(kz))(d—1)/d _ Rgd—l)/d.
This finishes the proof of the claim. O

We use a union bound on (6.4.6) first in (6.4.2) (with the convention that
the empty sum from 1 to i, is 0). We arrive at

i,—1
P(€) < ) P(IA € Alarge(i) : A #45, Unesa dintH) (6.4.9)
i=1
[log, (n)]
+ Z ]P<3A € Alarge( ) A %9 UHEYJA ath> (6'4"10)
i=i,

We will now bound these two sums, the first one corresponding to small
principal hole types, the second one corresponding to large principal hole

types.

Excluding small principal hole types

We bound the two sums on the right-hand side of (6.4.9) separately and
start with the first one.
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Claim 6.4.3 (Sets with small principal hole-types are unlikely components).
Let Gy, be long-range percolation on Ay as in Definition 6.1.1 withd > 2, « > 1,
and 1, () from (6.4.5). Then there exists c¢4.3 > 0 such that forall § > 1

11
Erfomat = ) P(IA € Aarge(1) 1 A #5g, Unien s dintH) (6.4.11)
i=1

< 2% exp (—negas(log (755) B4/ ¥ /(1 +1og, (B'/9))2)).

The claim shows that the probability that large sets with small princi-
pal hole types appear as a component of §,, decays exponentially in n
whenever (3 is sufficiently large or p sufficiently close to 1.

Proof. We may assume that i, () > 0 in (6.4.5), since otherwise the sum
would be empty and the bound holds trivially. We start estimating a single
summand on the left-hand side of (6.4.11). Consider some A € Ajyrge(i).
By Definition 6.4.1,

ha =194l = 194 1)] = ha(i) =273 20,

We now find enough potential edges that all must be absent in order for
the event {A g, Uneg, OintH} in (6.4.11) to occur. By (6.4.7) in Claim
6.4.2, since 1 is a principal hole-type of A € Ajarge(1)

|Utesa OintHl = ) QinHl > ca0i 227 VI = 4. (6.4.12)
HENA(Y)

We now obtain a lower bound on |A] using the isoperimetric inequality
of Z4 in Claim 6.2.6. By definition of 9i,tA in Definition 6.2.4, and since
amtA - amtA by Claim 6.2.5(i), it follows from Claim 6.2.6 applied to A
that for all A € Ajarge,

A2 Al > QineAl > A4/ 4 > (3/4) 471 dpla=tia,

Take now a vertex x € OjntH C 0extA and recall R, () from (6.4.5). Then,
since |A| diverges with n and A is 1-connected, whenever n is sufficiently
large compared to 3,

Hy € A:lly—x|| < R2(B)} = Ra(B), Vx € Uneg, OintH.

Hence, by (6.4.12),

[{{xy} 1 x € Unep0intH, y € A: ly —x|| < R2(B)}| = R2 - | Uneg, OintHl

>R
P Rzel
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These edges must be all absent in order for {A g, Uneg, OintH} to occur
for A € Alarge(1) in (6.4.11). Using a union bound and the independence
of edges, we obtain

]P(HA S ‘Alarge(i) A %Sn UHGﬁAaintH)

< Z P(A 43, Unena OintH)
Ae‘Alarge(i)

< XY O-pRtera-pR,
Ae‘Alarge(i)

where we used that Ajge(i) counts subsets of Ay, and the number of

subsets of Ay is at most 2™. This bounds a single summand in (6.4.11).

To evaluate the sum, recalling that {; = cg4.21722~"9n from (6.4.12), we
have

i (B)—1
Errsmall < Z 2“(1 _p)RZZi

i=1
L(B) _
=2" Z exp (—nlog(ﬁ)chw;,zrzZﬂ/d)
i=1

< 2Mexp (—nc6.4,22*]/dlog (ﬁ)Réde/d/(logz(Rz) +1 )2),

where for the last inequality we used that for all i < i, —1 = [log,(R2)],
we have that 2=/d{—2 > 2*1/dR2_1/d/(log2(R2) +1)2. Recalling that
R, = max{|B"/4/v/d],1} from (6.4.5), the statement in (6.4.11) follows
by changing the constant factor in the exponent to obtain cg 4 3. O

Excluding large principal holes

We turn to the second sum in (6.4.10).

Claim 6.4.4 (Sets with large principal hole-types are unlikely components).
Let Gy, be long-range percolation on Ay, as in Definition 6.1.1 with d > 2, & > 1,
and 1, () from (6.4.5). Then there exists cg4.3 > 0 such that

[log, (n)]

Errlarge = Z IP(HA € -Alarge(i') DA %Sn UHESﬁA ain’cH>
i=1i, (6.4.13)

S exp <_ Ce.4.4log (ﬁ)ﬁ(d—1 )/d? log 2 (n)n(d-" )/d>.

when B(d=1)/d% g sufficiently large or p is sufficiently close to one.
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Proof. Similarly to the small principal hole-types, we will find enough
potential edges that all must be absent in order for the events on the
left-hand-side in (6.4.13) to occur. Take a fixed ordering L of vertices in
An so that x1 <p x2 <p -+ <p xn with respect to this ordering (e.g.,
the lexicographic ordering). For a block A € Ajyree(i) (Which has at least
[hn(1)] holes of type i by (6.4.3)), we order its holes $a in such a way
that the holes of type i are HS\’, e, H'XA“”, and that forall r < s < |Ha(1)]
the vertices smallest in the ordering within H}' and H} - say x, € H}’
and xg € H(;\) — satisfy x; <1 xs. We obtain, when excluding edges from A
towards only its first [h;,(i)] holes of type i

IP(EA € -Alarge(i) tA %SH UHEﬁA ain’rH)

SP(IA € Atarge(D) : A #5, Ui na(019ineHR ), (6.4.14)
< ]P(HA € Alarge(1) 1 Uj<ha (1)] aextH(}j\] #60 Ui<Thn(1)] aintH(}j\)),
(6.4.15)

where to get the second row we only look at edges emanating from A that
are on the exterior boundaries of the holes. This is an upper bound since
dextH € A by (6.4.1) for all j < [hn (1)]. If for two blocks A, A’ € Alarge(1),
the first [h, ()] holes coincide, also the exterior boundaries of these first
[hn(1)] holes coincide, and the event in (6.4.15) excludes the exact same
edges. So, a simple union bound over A in (6.4.15) would overcount the
non-presence of those edges too many times. Instead, we carry out a union
bound over all possible lists of the first [hy (i)] holes. To this end, we
consider for all A € Ajge(i) the following:

D(A) == A \{Uj<hn (0] HY'Y,
D) :={D : JA € Aarge(1),D = D(A)}
Since D(A) shares the first [hy, (i)] holes with A,

(6.4.16)

{Ujg[hn(i)-l antH(ljD)(A) %Qn U)'<|—hn(iﬂ athg(A)}
= (Ui (070extHA 60 Ui (11 ineHA -

Hence, in (6.4.15) we can group the blocks in Ajage (1) that all map to the
same D € D(i), and obtain that

P(3A € Auarge(1) : Uy, (170extHR 55, Uy 61 2imeH ),
- ]P<E|D € D(A) : Uj<rny ()] extHD #5, Ujg(hn(maintH%))

< Z 1P<U)'<[hn(m dextHD #g., Ujg[hn(i)]aintH%))- (6.4.17)
DeD(i)
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We combine the following three observations to bound a single summand
in the last row. First, each vertex x € aintH%J is at distance one from at
least one vertex yx € 6extH%) C D C A, (by definition, a hole H%) does
not intersect 5int/\n). Second, for all j < [hn(1)], IaextHg\ > Rédf] )/d by
(6.4.8) and the fact that i > 1i,. Third, the exterior boundary of a hole
aextH%) is *-connected by Claim 6.2.5(v).

Hence, for each vertex x € aimHg, starting from yx € aextHg, one can

find a *-connected set of vertices By C aextHg that satisfies
Bu >R, and Vze B x—z] < VARY /4,

Then, the edges {{x,z} : x € athg,z € By} all need to be absent for
the event in (6.4.17) to occur, and the distance bound on ||x — z|| ensures,
using (6.1.1) and that R; = max{B'/4/+/d, 1} in (6.4.5), that all these edges
are present with probability p whenever 3 > 1. Combining then (6.4.14),
(6.4.15) with (6.4.17), it follows by the independence of edges in G, that

(HA S Alarge ) A §L>9n UHena ath)

(d—1)/d
<Y II p)lmeHB IRy

DeD(i)j< hn (i ]

We will now encode the holes of D € D(i) similar to the encoding
of the blocks in Section 6.3. We write xp = (x1,...,x[hn(m) for the
vertices with the smallest label in the L-ordering within the respective
holes HY), ..., HZ™"T. Let us write AL (W< o1 the vectors x € Al (V1
with x, <p xs for all v < s. By the initial ordering of the holes above
(6.4.14), xp € A= Let then m; := [93HY| for all j < [hn(i)], and
write mp = (my,..., M, (1)) Define then for all x € /\Lh“(m’<, and
mec thn(iﬂ;

D(i,x,m):={D € D(i) : xp = x,mp = m}.

The set D € D(i) has the first [hy (i)] holes of some A € Ajyree(i) where
D(A) = D, and for that A, hole-type i was principal in terms of Defi-
nition 6.4.1 and (6.4.4). Definition 6.4.1 readily implies that Claim 6.4.2
is applicable to already the first [hy (1)] many holes of A, and in turn,

hn(i)]

D. Hence, the total interior boundary size m := }_ ).L*]‘ m; satisfies

that m > cg4 2122 Y9n. So for m > cgq21 22 9 we introduce the
possible boundary-length vectors with total size m:

Mi(m) = {m e NMn Ty 4 +Mp, ()] = m}. (6.4.18)
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Returning to (6.4.17), we decompose the summation on the right hand
side as follows:

IP(3A € Alarge(1) : A #35,, Unega OineH) (6.4.19)
< Z Z Z Z (6.4.20)
m>cea2i722-Vdn meM;(m) yc A M (U1< DED (i,xm)
[T oo
j<Thn(i)]
R > g-pmTt ¥ > > o
m>cgaai—22-Vdn meMi(m) ye AP (1< DED(i,xm)

Now we evaluate the number of terms of the last three summations. Each
block D € D(i,x,m) is uniquely characterized by its [h,(i)] holes by
(6.4.16). Having fixed the vectors x and m, we apply Lemma 6.2.7 to each
hole H%] with H%) > x; and IaimHgl = m; to count the size of D(i,x, m).
The lemma is applicable since for each hole H, we have H = H by Claim
6.2.5(v). Hence, there are at most exp(cpeim;) possible holes of interior

boundary size m; containing x;. So, for all x € /\Lh“(iﬂ and m € M;(m),
ID(i,x, m)| < H exp (CpeiMmj) = exp(Cpeim).
j<[hn(1)]

Moreover, by (6.4.18), m > [hn(i)], and so [M;i(m)| < (mH:ln(iﬂ) <
22m < e2™m Next, since the vertices in x are qrdered, there are at most
(fhy(1)7) many choices for the vector x € A= Using these bounds
in (6.4.19) and evaluating the geometric sum in m it follows for some
C > 0 that

IP(HA € -Alarge(i) A §L>9n UHEﬁA aintH) (6.4.21)
: ([h:ﬁ)o 2 (1—p)™R" " exp ((cpei +2)m)

m266_4_2 i*ZZ*i/dn

n (d—1)/d i
<C((hn(m)eXP<(Cpei+2—10g(1‘]D)Rz Jegaai 22714 )

whenever (1 —p)Réd_Wdeclﬁ’ei+2 < 1 (see R2(B) in (6.4.5)). We recall from

(6.4.3) that hy (i) = 27731 7%n, and using (1) < (e-n/h)" it follows

<[h n(iﬂ) < (e21F342)1 727 n

<exp ((i +4+2log(i))(i 227" Pn+ 1)), (6.4.22)
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where we also used that 2 < e to obtain the right-hand-side. Using
this bound in the right-hand side of (6.4.21), we may compare the ex-
ponents. Let i, be the smallest i € IN such that for all m > 1 and all

i € [iOI ﬂogz (Tlﬂ],
(144 +210g(1)(i 227 3n 4 1) < coani 227 Vn,
Then for i > 1o,

IP(HA € Alarge( ) A %Sn UHEJ’)Aath)

. 6.4.
< Cexp ((cpei+3—log (W)Réd 1)/d)c6421—2271/dn)‘ (6.4.23)

Using that i, is a constant that only depends on d, (comparing the coeffi-

cients of cg42m in (6.4.21) to (6.4.22)) we require that Rgd_] )/d log (ﬁ)

is large enough so that for all i <1,
(Cpei +2)i7227V 4+ (i+4 4+ 2log(i)) (2273 +1) /c642
< ;Rgd 1) /dlog( ) —szi/d‘

In this case we obtain that for all i < i,

IP(HA € -Alarge(i) A %gn UHGY)A ath) (6 )
: 4.2
< Cexp (— Jlog (ﬁ)Rgdq)/d0642i*22*1/dn). 24

We recall that R, = ©(B'/¢) from (6.4.5), so by combining (6.4.23) and
(6.4.24) it follows for some ¢’ > 0 that, whenever p(d-1)/d" Jog (ﬁ) is
sufficiently large,

P(IA € Aparge(1) : dintA 75, Unies o (1) dinH)
< Cexp (—c'log (W)B(d 1)/d2—25- i/dn)'

We apply this bound to all summands in (6.4.13), use that the terms
are increasing in 1, that the last term is i = [log,(n)] (so 2=¥/4{~2n >
274(log,(n) + 1)~2nld=1)/4 for all 1), and obtain for some cg4.4 > 0
and n sufficiently large

[log,(1)]

Z ]P(ElA € *Alarge(i) : OintA %Sn UHEY)A }ath)
i=1,+1

Sexp(—c6.4.410g(ﬁ)ﬁ(d 1/ (log(n))~2n(d=11/d)

This finishes the proof of Lemma 6.2.10. O
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We are ready to give the final proofs of the section.

Proof of Lemma 6.2.10. We recall the bound (6.4.9) — (6.4.10) on the proba-
bility on the event £€; = {JA € Ajarge 1 A #g,, (Unen, OintH)}, splitting
it into two sums: one sum (6.4.9) for small principal holes, and one sum
(6.4.10) for large principal holes. As an immediate corollary of Claims 6.4.3
and 6.4.4, we obtain for the constant i, from (6.4.5) that

P(€2) < 1.2 exp (—negas(log (+55) B4/ 4 /(1 +1og, (B'/))?))

nla=1/d

(d—1 )/dz)_
logfz(n)

+exp ( — Cé.4.4 l0g (ﬁ) B

If log (ﬁ) pld—1)/d% i sufficiently large, the first term decays exponen-
tially in n. Under this assumption, the second term on the right-hand
side dominates the expression. The existence of B, (p, d, x) the follows
for fixed p immediately. Similarly, whenever p is sufficiently close to 1,
then log (ﬁ) pld—1)/d* jg already sufficiently large for f = 1, and hence
B«(p,d, ) = 1 can be set in this interval, finishing the proof of the final
statement. O

Proof of Proposition 6.1.4. The proof is immediate from Claim 6.2.8 and
Lemmata 6.2.9 and 6.2.10. The condition n(log n)—2d/(d=1) > implies
that k(d=1)/d < pn(d=T Vd/(log n)?, so that the error bound from (6.2.15)
dominates the error bound from (6.2.16). The coefficient of —k(d—1)/d
in the exponent can be made at least 1 by choosing either {3 sufficiently
large or p sufficiently close to 1 and 3 > 1 so that the total coefficient
€6.2.9 10g(ﬁ)f31/d +06.z.1010g(ﬁ)f3(d7”/d2 > 1 holds. O

6.5 PROOF OF THEOREM 6.1.2

We will verify the statements in Theorem 6.1.2, based on Proposition 6.1.4.

Upper bounds

The upper bound on the second-largest component in (6.1.2) follows im-
mediately from Proposition 6.1.4, by substituting k = A(log(n))d/ (d=T)
for some large constant A = A(8). For the upper bound on the cluster-size
decay and the lower bounds, we recall two statements from Chapter 5
which considers a more general class of percolation models where vertices
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have associated vertex marks. The model long-range percolation in Def-
inition 6.1.1 hence forms a subclass of the model in Chapter 5 in which
the vertex set is Z< and all the vertex marks are identical to 1. Due to this,
conditions that regard vertices with high vertex-marks in Chapter 5 are
automatically satisfied for the long-range percolation model in Definition
6.1.1. We rephrase Proposition 5.5.1 to the setting of long-range percolation
of Definition 6.1.1 by setting all vertex marks identical to 1 in Chapter 5.

Proposition 6.5.1 (Prerequisites for the upper bound). Consider supercritical
long-range percolation with parameters « > 1, and d € IN. Assume that there ex-
ist ¢, c, ¢’ > 0 and a function g(k) = O(kHC/) such that for all n, k sufficiently
large, whenever n > g(k), it holds that

" exp (—ck®), (6.5.1)

P(C2]>k) <n
<né)<nlTe (6.5.2)

P(lCy|

Then there exists a constant A > 0 such that for all n, k, sufficiently large such
that g(k) < n < oo

P(ICn(0)] >k, 0 ¢ C)) <exp (—(1/A)KE),

and

(1)
'61:”’ P(IC(0)| = 0),  asn — 0.

We have just proved the prerequisite (6.5.1) for our case in Proposition
6.1.4 with { = (d—1)/d, c =1 and ¢’ = 2. The other prerequisite (6.5.2) is
a consequence of the following lemma ((6.5.3) below in particular). The

second statement of the lemma, (6.5.4) will be needed for the lower bound
of Theorem 6.1.2 shortly.

Lemma 6.5.2. Consider long-range percolation in Definition 6.1.1 with & > 1
and d > 2. Forall p € (0, 1), there exists . = B«(p, d, «) > 0 such that for all
B > P, there exists p > 0 such that for n sufficiently large

P(ley| > pn) > 1—exp (—pnld-1/9), (65.3)
P(ICn(0)] = pn) = p. (6.5-4)
For each d > 2, there exists pq < 1 such that 3, < 1 forall p € (pqg,1).

Proof. We start with showing (6.5.3). If p is sufficiently close to one, then
we can do the following. Taking G;, as a realization of LRP in A,, and
retaining only the edges of G, that are between nearest neighbor vertices
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in Z§, we obtain the classical iid nearest-neighbor Bernoulli percolation
in Ay,. Denote this graph by G and its largest component by e (GhE).
Then since £(Gy") C &(Gn), for the sizes of the largest components it
holds that |G| > |€}(G™)]. Since p is sufficiently close to 1, the surface
order large devation result of [76, Theorem 1.1] applies to e (G™), and
(6.5.3) immediately follows.

Assume now that p is not sufficiently close to 1 for the nearest-neighbor
subgraph to ensure the required result. Let

nl/d d
= || 29

Partition A, into m(n) identical boxes Q1, Q2, Q(n), each of sidelength
r(n) =n"4/mmn)"/4 < p'/4/(2y/d). Denote n; := [Z¢ N Q;| the number
of vertices in box Q;. Then, for n large enough, for all i < m(n) it holds
that ny € [C(P),4C(B)], where for all n sufficiently large

P B ]
42vd)4 202V ]
Let us say that Qi, Q; are adjacent boxes if they share a (d — 1)-dimensional

face. Since the diameter of each box is at most f'/4/2, by (5.1.3), if Qi, Q;
are adjacent boxes,

C(B) = Vol(Q1)/2 = r(n)d/2 € [ (6.5.6)

P({x,y}€€(Gn)) =p forallxe QinZ%yecQ;nzZ? (657)

independently of other edges. The same is true when x,y € Q; N Z4% both.

Let us denote the subgraph of G, induced by the vertices in the box Q;
by Sn(Qi). Gn(Qi) then stochastically dominates an Erdés-Rényi random
graph with n; € [C(3),4C(p)] vertices and edge probability p. Since p is
constant, for any fixed & > 0, by choosing 3 (and hence also C(f3)) large
enough depending on ¢, the probability that §,,(Qi) is connected is at
least 1 — ¢ by [35]. Further, the graphs (3, (Qi))ig<m(n) are independent
since they are induced subgraphs of long-range percolation on vertices in
disjoint boxes, and edges are present independently in §,, by Definition
6.1.1.

We define an auxiliary graph G. First we define the vertex set. Every box
Qi corresponds to a vertex v, for each i < m(n), and two vertices v, vj
in G are adjacent if the corresponding boxes Q;, Q; are adjacent, i.e., they
share a (d — 1)-dimensional face. Similarly, one can define the 1-distance
between any two vertices vi, v by the length of the shortest path between
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Vi, v; via adjacent vertices. Hence, the vertices of G then form a box /N\m(n )
of volume m(n) of Z?. This we call the re-normalised lattice.

Now we define the edge-set of G. We declare a vertex v; of G active
when G, (Q1) is connected. Edges of G will be only present between active
(and adjacent) vertices. Assuming that two vertices v;, v; € G are adjacent
and both active, we declare the edge between v and v, open, equivalently,
present in &(G), if there exist vertices x € Qi NZ%,y € Q; NZ% with
the edge {u,v} € &(Gn). Conditional on vi,v; being active, by (6.5.7),
the nearest-neighbor edge between vy and v, is open with probability
T—1=p)™™m >1—(1 —p)C(B)2 > 1 — ¢, where the last inequality holds
for arbitrarily small ¢ > 0 by making C = C(f3) in (6.5.6) large enough.
Different edges of £(G) are present conditionally independently given that
the end-vertices are active.

Let us denote by H the induced graph obtained from G on active vertices
and open edges £(G). By the observation above, the vertices (Vi)i<mn)
form a box /~\m(n) of volume m(n) of Z?. Then H stochastically dominates
a site-bond percolation of Z} in /~\m(n).

More precisely, since vertices of G are active independently with proba-
bility at least 1 — ¢, and edges of G between adjacent vertices are present
conditionally independently again with probability at least T — ¢, each
edge in the renormalised lattice /N\m(n) is open with probability at least
(1 —¢)3. The model is 1-dependent, since the state of any edge {vi,v;} of
H depends only on edges sharing at least one vertex with {vi, v;}.

Since ¢ can be chosen arbitrarily small, by [176, Theorem o0.0], the graph
H therefore stochastically dominates iid nearest-neighbor bond percolation
G* on /~\m(n) with parameter p* that can also be made arbitrarily close
to 1. Hence for the sizes of the largest connected components U (H)| >
|4 (G*)| holds. Thus, [76, Theorem 1.1] applies to Ieh)(G*)|, and so for
some c(f3) > 0 we obtain that using (6.5.5)

(d—=1)/d

P (€% (H) > pm(n)) > e ™™ >1—e BT (658)

Since in each box Q; that an active vi € G corresponds to contains at least
C(B) vertices and the graphs G(Q;) are connected, it holds deterministi-
cally that 1€ (Sn)l = C(B)ICY (H)|. This, combined with (6.5.8) implies
(6.5.3).

We turn now to prove (6.5.4). Consider a smaller box A,-4,,. Define then

Ze= ) e, e

XGAZ*dn
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We argue that {C’ > €} C {Z, > (}. Indeed, if the largest component is at
least of size { then in Z; at least { many indicators are 1. Then applying
a Markov’s inequality with £ = p2~9n followed by a union bound yields
that

P(CY > p2 %) <P(Z,5-a, = p2 %)
< E[szfdn] < 1
p2—dn p2—dn

D P(€an(x)l = p2 ).
XEAZ*dn

If for all x € A,-4,, it would hold that ]P(l@zfdn(x)I > pZ_dn) < p/2, then
the right hand side would be at most 1/2. This would then contradict
(6.5.3) for 2~ 9n in place of n.

Hence, there must exist x € A, a,, such that P(|€; a,,(x)| > p279n) >
p/2. Let x € A,—a,, be such a vertex. Then, by the translation invariance
of the infinite model G, looking at the component of the origin G(ZZX;“(O)
inside the box A,-a, (—x), it holds that

1P(|e‘21*;n(0)| > p2 ) =P(1€, an (x) = p27%n).
However, the shifted box A,-a,, (—x) C Ay, for any x € A,-4,,, and hence
G(zix(in(O) C G (0). Hence, we obtain
P(ICn(0) > p27n) > P(ICy-ay (X)| > p2~ 1) > p/2.
Hence, (6.5.4) follows by adapting the constant p. O

Since both prerequisites of Proposition 6.5.1 are satisfied, this finishes
the proof of the upper bounds of Theorem 6.1.2.

Lower bounds

For the lower bound we adapt the lower bound from Chapter 5, rephrased
to the model of long-range percolation of Definition 6.1.1, by setting the
vertex set to Z9 and all vertex marks to 1. Proposition 5.6.1 —the lower
bound of cluster-size decay and second-largest component- requires that
in a box of volume { a linear sized (at least p{) giant component on vertices
with marks in the interval [1, polylog({)] exists, with probability at least
p > 0. Since in long-range percolation all vertex marks are identical to 1,
this requirement (5.6.3) turns into the requirement (6.5.9) below.
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Proposition 6.5.3 (Prerequisites for the lower bound). Consider supercritical
long-range percolation with parameters o« > 14 1/d, d > 2, and assume that
min{p, pp*} € (0, 1). Assume that there exists a constant p > 0 such that for all
n sufficiently large,

P(ICn(0)| = pn) = p. (6.5.9)

Then there exists A > 0 such that for all n € [Ak, o0],
P(ICh(0) >k, 0 ¢ C)) > exp (— Akld~1)/d), (6.5.10)
Moreover, there exists 5, & > 0, such that for all (finite) n sufficiently large
P(lel)] < e(log(n))d/(d_”) <n s, (6.5.11)

Since Lemma 6.5.2 has just proved in (6.5.4) the requirement (6.5.9),
and in Theorem 6.1.2 we have also assumed that min{p, p*} < 1, the
lower bounds in Theorem 6.1.2 follow from Proposition 6.5.3, in particular,
(6.5.11) implies the lower bound in (6.1.2), and after taking logarithm of
both sides, (6.5.10) implies the lower bound in (6.1.2).

6.A PROOFS OF PRELIMINARY CLAIMS

Proof of Claim 6.2.3. Identify a path on Z¢ with its vertex set. We define
an equivalence class ~¢,1 on the vertices of €, where x ~¢ 1 y if and only if
there is a 1-connected path 7 consisting of vertices of C that connects x and
y (i.e., the edges of this path are not necessarily part of the edges of G). We
then define the blocks A1, A3, ..., Ay, as the equivalence classes of ~¢ 1. In
other words, start from any vertex x € € and define its block as all vertices
that x is 1-connected to using paths only vertices of € (but the edges of
Z{), and then we iterate this over all x € €, yielding the (different) blocks
AL A, ..., Ap.

Each A; is 1-connected since every pair of vertices in A; is connected
by a 1-connected path by the definition of ~¢ 1, i.e., Aj is a block. Further,
if i # j then ||A; — Aj||; > 1 must hold, since otherwise there would be
a 1-connected path from some x € A; to some y € A;j, and that would
contradict x ¢ 1 y. Uniqueness of this decomposition follows because ~¢
is an equivalence relation.

We show that the block graph Hg((Ai)igw) is connected. Suppose
otherwise. This means that there is a subset of blocks whose union is
not connected to the union of all the other blocks (w.l.o.g. we may as-
sume that for the first k blocks for some k € [1,b — 1] this happens, i.e.,
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(UickAi) #g (Ui=kAi). However, this contradicts that € is a component
of G. OJ

Proof of Claim 6.2.5. We show that 5intl_3 - 5intB. We argue by contradiction.
Assume that there exists x € ;B \ dintB. Since ;B C B = BU (UnengH)
and B is disjoint jrom B\ B, there are two cases. Either x € B \5intB or
x € (Uneny H) \ OintB. N

For the first case assume that x € B\ 0;,:B. Then all its Zﬁl—neighbouring
vertices were also in B by Definition 6.2.4 of the interior boundary. Thus x
is surrounded by B, and hence x € B. Similarly, the neighbouring vertices
are also in B, contradicting that x € dineB.

For the second case assume that x € (Upcg, H). Then x was surrounded
by B, but then also all its Z{-neighbouring vertices were either a member
of B or surrounded by B, contradicting again that x € OintB.

We move on to part (ii). Assume that By N B, # (), then there exists x €
B1 N By. Since By and B; are Z{-disconnected, it is excluded that x € By N
B,. Assume x € (B, \ B2) N Bj. Since x is surrounded by B,, any vertex
y € By must be surrounded by B, since ||B1 —B2||1 > 2 and B itself is Zﬁl-
connected. Hence, By C B,. The argument for x € (B; \ B1) N B, follows
analogously. Lastly, assume that there exists x € (B1 \ B1) N (B2 \ B2). Then
there exists, for some j > 1, a path ™ = (x,x1,...,%j) on Z? such that
Xj € OintB1 UdintB2 and x¢ € (B1\ B1) N (B2 \ B2) forall { < j— 1. Assume
w.l.o.g. that x; € 0i¢B1. Since there were no vertices from B, on the path
and x is surrounded by B, it must follow that also x; is surrounded by
B,. Similar to the previous case, it follows that By C B;.

Part (iii) claims that when By N B, = 0, and initially By, B, are 1-
disconnected, then ||B; — B2||; > 2. By definition of the distance || - ||
between sets, we have

IBi—Ba2fi= _ min _ {|B1 =Bz,
x1E€B1\B1,x26B,\B2
bt =Bzl By —xally, 641
Ix1 —x2l|1 }-

Eagh T-connected path from x; € B \ B; to any y ¢ B; must cross a vertex
in Oin¢Bi. Consequently,

|x1 —5intB1 ll1 + ||5intB1 — B2zl
X1 — 0ineB1 |1 + [|0ineB1 — B2 |1 =2,

[x1 —Bzll1 > |
> |

where the second inequality follows since Smtl_% C 5intB1 by part (i), and
the third inequality since by 1-disconnectedness of By and B, the second
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term on the right-hand side is at least two. The third and fourth term in
the minimum in (6.A.1) can be bounded similarly. It follows that By and
B, are 1-disconnected.

The fourth statement is immediate from [76, Lemma 2.1] which states
that the interior and exterior boundaries with respect to Z9 of any x-
connected set are *-connected as well.

We turn to the last statement, and show that for any hole H of a block B,
H = H, i.e., that H does not contain holes. This is true since H was formed
as a maximal 1-connected subset of the vertices in A;, \ B surrounded by
B, see below (6.2.2) in Definition 6.2.1. So if there were a hole ] inside H,
then ] must be part of B, which would then contradict the 1-connectedness
of B, since ||J] — dextH|| > 2 as H fully surrounds J. The fact that the
interior and exterior boundaries of a hole are *-connected follows now
from Part (iv). O

Proof of Claim 6.2.6. The proof is inspired by an argument by Deuschel
and Pisztora [76, Proof of (A.3)]. The inequalities with (x) in (6.2.5) follow
by standard isoperimetric inequalities, but we will also derive them below.

We will first show the bounds for 0;,; and 5int. At the end of the proof
we adjust it to ext and 5ext. We start by showing that there exists 6’ > 0
such that 0;;A > &’ 5intA for all A C A, of size at most 3n/4. Fix such a
set A C Ay. We recall an inequality related to the isoperimetric inequality
by Loomis and Whitney [178, Theorem 2]. For a set A C A;, let S;
denote the projection of A onto the i-th coordinate hyperplane. That is,
for a vertex with coordinates x = (x1,...,X{_1,X{,Xit1,...,Xq) we define
X = (x1,...,%i-1,0,%Xi41,...,%a). Then

A< TT Isil (6.A.2)
ield]

Let i, be the dimension that contains the largest projected set S;, (ties
broken arbitrarily), so that as a result of (6.A.2),

1Si.| > |A|(d=D/4, (6.A.3)

We abbreviate S = S;,, and write 7, for the the i,-th projection. For s € S
we define the preimage of s as

711 ={yeA:m(y) =s}

We now call a vertex s € S a fiber if there is no vertex in 9i,:/A that projects
to s via 7t,. Formally we define the fibers of S as

F:={s€S: Py € O A with 7, (y) = s}. (6.A.4)
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The pre-image of any fiber vertex does not contain any vertex of 9i,tA
within A, hence, it contains a full length—n1 /4 line £ connecting the two
opposite faces of Ay, with m,(Ls) = s. This is because all vertices that
share all coordinates with s except the i,th coordinate, project to s via m,,
so A must contain all of them (the possibility of A containing none of £ is
excluded by assuming s € S), otherwise there would be a boundary vertex
of A among them. Then the pre-image of any such fiber vertex intersects
the box-boundary 5int/\n in exactly 2 vertices:

70 (s) N OineAn| = Il (s) N OmeAl =2, Vs €F.

The pre-image of vertices in F does not contribute to 0i,tA by their
definition in (6.A.4). By the same definition, the pre-image of each vertex
z € S\ F contains at least one vertex in 0intA. A similar argument as the
one for fibers shows that the pre-image of each vertex z € S\ F contains at
least two vertices in 5mtA. Formally

ml(z) NOimeAl =1 and |7l(z) NOmAl =2 Vz e S\F

The difference between the above two intersections is the number of
vertices that A N L4 N 0int/An contains. We obtain

7l (2) N OineAl — Il (2) N OieAl <2 Vz € S\ F.

We characterise z € S\ F according to this difference. For i € {0, 1,2} we
define

(S\F)i == {z € S\ F:|nl(z) N dineA| — 7L (2) N OineA| = i}
Then
PineAl =Y Il(s)NdmeAl+ Y Y Iml(2) N 3ineAl

seF i1€{0,1,2} ze(S\F)i

=2+ Y > Iml(z)NdnAl

1€{0,1,2} ze(S\F);

=2F+ > > (Inl(z) N oAl + ).

1€{0,1,2} ze(S\F);
Now we consider the ratio of the boundaries, i.e.,
|0intAl
[DinAl

B Y ie(0,1,2) L ze(s\p), 7 (2) N BinAl
2F IS\ )11+ 215\ Flal + S rero1.2) S oe sy 174 (2) N e
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Taking the set sizes |(S \ F)il, [F| fixed, it is elementary to see that the ratio
is increasing in the summands of the double sum, i.e., its minimal value is
attained when all summands are minimal. Now we use that each of the
summands is at least 1, and obtain

|aintA| > |S \ F|
BiAl ~ 2IF 1S\ F) 11+ 2I(S\ F)al + IS\ FI'

We bound the denominator from above, i.e.,
IFl IS\ FI 4 [F 4+ [(S\F) 1[4+ [(S\ F)2l + [(S\ F)2| < 3[S|,
to obtain
dimeAl _ IS\F]
OineAl ~ 3IS]
We focus on the ratio on the right-hand side. For each vertex s € F, there

are n'/4-many vertices in A that are projected onto it (namely £). Using
also [S| > |A|(d—1)/d by (6.A.3) and n > (4/3)|A], we get

_ IH F
i AT Al > (4/3) 1/ A AL

Al > [Fn'/d =
|S| IS|

After rearranging we obtain [F| < (3 /4)V/4S|, and
BintAl = (1 (3/4)"/9) [0ineAl/3

follows. The second inequality in (6.2.5) follows immediately from (6.A.3),
since each projected vertex corresponds to at least two boundary vertices
with respect to Z4, i.e., QintA| = 2IS| > 2/A|(d-1)/4d,

We turn to the 1nequa11ty concerning OextA and aextA in (6.2.5). The
inequality with (%) in (6.2.5) holds for the same reason as for OintA. To
obtain a lower bound on the ratio |0exiAl/ |5extA|, we use that each exterior
boundary vertex is within distance one from an interior boundary vertex,
which holds for both for @ and 9. Since each vertex has at most 2d vertices
within distance one, it follows that

1 11— EMe o
|aextA| |amtA| = 2d g)'|aintA|
1 1—@3/M)V/d 1 L
> — .. o) A,
2d 3 Zd |ext |

and the proof is finished for 6 = (Zd)*2(1 — (3/4)1/‘1)/3. O
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Proof of Lemma 6.2.7. We first show that there exists cpel > 0 such that for
allx € ZYand m e N

HA C An i A3 x,|A| =m, A is s-connected}| < exp(c peim). (6.A.5)

Let A be in the set on the left-hand side. Since A is #-connected, the
induced subgraph Z¢ [A] contains a spanning tree containing x, which
can be associated to a walk on the spanning tree (for example, walking
through the tree in depth-first order), visiting each vertex in A at most
twice. Since the degree of any vertex is 3¢ — 1 in Z4, the walk has at most
39 —1 options at each step for its next vertex, and has length at most 2m.
This shows (6.A.5).

For (6.2.6), we observe that each set A without holes (A = A) can be
uniquely reconstructed from its interior boundary OintA (a vertex is in
A\ 5intA iff it is surrounded by 5mtA), which is x-connected [76, Lemma
2.1]. Since we assume IgimAl = m, the isoperimetric inequality (6.2.5)
ensures that [A] < C;m%/(4=1) for some C; > 0 for all m € N. This
interior boundary must either contain x or surround x as defined in
Definition 6.2.4.

We claim that there is a constant C > 0 such that ||[x — OintAll> <
Cm!/(a=1) for all x, A with A > x and A = A. Indeed, suppose oth-
erwise. Then, on Z4, vertices in the Euclidean ball of radius Cm'/(d—1)
around x would be contained fully in A (without containing a vertex of
5intA). This would mean, for some dimension-dependent constant cq, that
IA] > cq(Cm'/(d=11)d which contradicts that |A| < md/(d—T) by Claim
6.2.6 when C is chosen sufficiently large.

Hence, we may find a vertex y € 9ijntA N Ball(Cm'/(d=1) x) where the
latter set denotes the Euclidean ball of radius Cm!/(d—1) around x. Then,
since 5intA is a *-connected set of size m, (6.A.5) ensures that the number
of possible sets S that may form 5mtA is exp(cpeim). Summing over the
possible choices of y € Ball(Cm'/(4=1) x), we arrive at

HA € A:ADx A =A,[dinA| = m} < cgCimd/(d=T1) Vexp(clym).

pei

The result follows by absorbing the factor cqCm%/(4=1) into the constant
Cpei~ ]
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NOT ALL INTERVENTIONS ARE EQUAL FOR THE
SECOND PEAK

Based on [152]

Not all interventions are equal for the second peak,
J. Jorritsma, T. Hulshof, ]. Komjdithy,

Chaos, Solitons & Fractals, 2020 (139).

7.1 INTRODUCTION

When recovering from a disease grants temporary immunity against it, it
can happen that an epidemic dies out locally, but survives elsewhere, re-
turning at a later point in time. We observe a “second peak”. A second peak
can also happen when interventions are effectively applied to slow down
the spread of a disease locally, but are then lifted. This phenomenon has a
clear geometric component. Standard compartmental models for epidemic
curves are inherently a-geometric, because they assume a perfectly mixed
population. Although there are variants of standard compartmental mod-
els that do allow for geometric influences [80, 120, 224], we focus here on
agent-based epidemiological models that allow for a natural embedding of
the population in a geometric space. As a result of our modelling choices,
the underlying contact network cannot be approximated by branching
processes as in [17, 18, 19, 93], and the epidemic cannot be approximated
well by a system of differential equations, making explicit calculations less
tractable than in the mentioned papers.

In this chapter, we study this geometric effect empirically. We conduct
a simulation study about the effect of temporary immunity on the spread of
a disease on various agent-based models. Immunity being only tempo-
rary has been observed for various types of coronaviruses, see [95] and
references therein. When this simulation study was conducted, it was still
debated whether the COVID-19 epidemic provides lasting or temporal
immunity, see e.g. [159]. Besides temporary immunity, we investigate the
effect of three different interventions:

¢ Intervention Jso: social distancing,
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¢ Intervention Ji,y: traveling restrictions, and
* Intervention Jgeg: limiting the number of social contacts.

Our simulation results may serve as a qualitative indication of possible
outcomes of epidemic spread and intervention strategies for highly infec-
tious diseases, such as the COVID-19 pandemic. It also gives qualitative
predictions about the ways an epidemic might (or might not) return, de-
pending on the average duration and level of temporary immunity. The
focus is twofold: first, on understanding how the underlying space affects
the outcome of the simulations, and second, to see and compare the effect
of the three intervention strategies on the pandemic. For the first goal, we
compare four scenarios with various underlying geometries:

* Scenario Sgrig: The underlying network is “purely geometric”, ig-
noring long-range connections. For this scenario we use the square
nearest-neighbour torus Z?2 as the base graph.

* Scenario 8.m: The underlying network is a “mean-field network”,
ignoring the spatial component. For this scenario we use the configu-
ration model, which can mimic the local statistical properties of real
human contact networks, such as degree distributions.

* Scenario Sgirg: The underlying network is a mixture between a geomet-
ric and mean-field network. For this we use Geometric Inhomogeneous
Random Graphs, which possess geometric features and can match the
statistical properties of real human contact networks.

* Scenario Syqe: The epidemic is modeled in a “mean-field continuous
space”, ignoring the spatial component and approximating the dis-
crete population by a continuum. For this we use systems of ordinary
differential equations (also called: a compartmental model), which are
currently the most popular tool for epidemic curve modelling.

Our aim is to compare these models, and see what the effect is of consider-
ing more realistic representations of the underlying space and spreading
mechanisms. We emphasize that this chapter provides qualitative esti-
mates, not quantitative ones. As a result, the study here might underpin
or support certain intervention strategies more than others, but we refrain
from (and see no justification for) using these simplified models to make
numerical predictions with respect to the COVID-19 outbreak.
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Organisation.

We first introduce the epidemic model and define the four underlying net-
works (corresponding to the four scenarios). In Section 7.3 we present the
results of the first experiment that compares the four different scenarios.
After that, in Section 7.4, we elaborate on the intervention methods and
present the results of a second experiment which compares these inter-
vention methods. We remark that this chapter focuses on the main results
from the paper [152]. For a more detailed and quantitative discussion of
the simulations and results, including extra figures that confirm the results,
we refer to the original paper [152].

7.2 MODEL DESCRIPTION: EPIDEMICS WITH TEMPORARY IMMUNITY

We choose the simplest possible model that shows the behaviour that
we would like to observe: the effect of temporary immunity. Other states
could easily be added, such as an incubation period (exposed state) (as e.g.
in [170]), deaths, asymptomatic cases, etc. The model is similar to the one
studied in [62]. For simplicity, we describe the dynamics in discrete time.
A continuous-time version is analogous and shows the same qualitative
behaviour. The spreading process changes at discrete time steps, t =
{0,1,2,...}. We fix the network G in advance and think of nodes in the
network as individuals. Each node in the network can be in three possible
states: susceptible (S), infected (1) or temporarily immune (R). The temporarily
immune state is often called temporarily removed, hence the abbreviation
(R). The neighbours of a node u are nodes with a direct connection (also
called link, or edge) to u. A connection may correspond to a friendship or
an acquaintance, or simply a contact event. The discrete time dynamics
between the three states are described as follows (see also Figure 9):

* Infecting: Each infected node, while being infectious, infects each of its
neighbours within the network with probability (3 at every time-step.
Infections to different neighbours happen independently.

* Healing: When infectious, each node heals with probability vy at ev-
ery time-step, independently of other nodes, and independently of
infecting other nodes. The average infectious period of an infected
node is 1/7y time-steps. Upon healing, the node becomes temporarily
immune.

271



272

NOT ALL INTERVENTIONS ARE EQUAL FOR THE SECOND PEAK

n

. f, from each v -
Susceptible Infected Temporarily

infected neighbor Immune

independently

Figure 9: Schematic diagram of node states and their transition probabilities. A susceptible
node u may only become infected when it has at least one infected neighbour.
Each of the infected neighbours infects u with probability 3, independently, in
each step.

* Losing immunity: Each temporarily immune node loses its immunity
with probability 1 at every time-step, independently of other nodes.
The average immune period of a node is thus 1/1 time-steps. After
losing immunity, the node becomes susceptible again.

We run these dynamics on three different networks, obtaining the scenarios
Scm, Sgirg, and Sgrids and adapt the dynamics to obtain the continuous
model §,4.. We introduce the four scenarios, and afterwards explain the
intervention methods.

7.2.1  Scenario Sgriq: Lattice network models

Arguably the simplest geometric network model is the nearest-neighbour
lattice. To avoid boundary effects, and make the network completely
homogeneous, we shall study epidemics on the torus Z2. For simplicity,
we assume that y/n € IN.

Definition 7.2.1 (Nearest-neighbour tori). Arrange nodes on a square grid,
and label them with two coordinates u = (x,y), for x,y € {1,2...,y/n}. To
obtain Z%L, connect u = (x1,y1) to v = (x2,y2) when either x; = x, and
ly1 —y2/ =1 mod y/n ory; =y and [x; —x2/ =1 mod /n. To obtain
2ﬁ, connect u = (x1,y1) tov = (x2,y2) when [x; —x2/ < 1T mod n and
ly1 —y2/ <1 mod /n. The networks have n nodes.

Lattice models are homogeneous and the typical graph distance within
the network is large, it grows polynomially with the number of nodes.
We recall that the typical graph distance d'y’ (1, v) denotes the number of
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connections on the shortest path between nodes u and v that are sampled
uniformly at random from the graph on n vertices. We have

di’ (1, v) = 6 (vn). (7.2.1)

7.2.2  Scenario S.m: The configuration model and other a-geometric network
models

A-geometric random network models are often used as null-models to
compare network data to purely random networks. In Section 1.2.1, we
described a commonly used model, the configuration model, and men-
tion rank-1 inhomogeneous random graphs as alternative that behaves
qualitatively similarly. The main advantage of these simple models is that
they can mimic the degree distribution of real-life networks. We choose
the erased configuration model for baseline comparison, which is obtained
from the Configuration Model from Definition 1.2.1 by removing any
possible multi-edges and self-loops to obtain a simple graph.

While the configuration model easily accommodates power-law node
degrees, and has the small-world property, it neither contains communi-
ties nor clustering [82, 217]. Communities are parts of the network that
have significantly more connections towards each other than the same
number of randomly selected nodes. One could argue that clustering and
communities in human contact networks often arise due to spatial effects:
people living nearby tend to know each other with higher probability. The
following network accommodates for clustering and communities, while
also keeping node degree variability high.

7.2.3  Scenario Sgivg: Geometric Inhomogeneous Random Graphs

For our last class of networks we run the SIRS epidemic on a mixture of
pure geometric and purely random network models. For this we use a
general Geometric Inhomogeneous Random Graph (GIRG) model, that is
a state-of-the-art model for real-world social and technological networks,
embedded in geometric space. The presence of underlying geometry
underpins the model: individuals are embedded in space, just like in real
life, allowing for local community structures to be present in the contact
network, leading to strong clustering [40, 217]. The GIRG incorporates
edges bridging spatial distance on all scales, ranging from short to long-
range edges, as well as a high variability of node degree: in fact, the model
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is scale-free in two respects: both in spatial distance that edges cover, and
in node-degree variability [40].

Contact- or activity networks of humans have been found to show similar
behaviour, including heavy-tailed degree distributions, strong clustering,
and community structures [7, 32, 195, 200, 202], as well as heavy-tailed
distance-distribution for edges, see references in [140].

The kernel-based spatial random graphs described in Section 1.3 were
amongst others developed to incorporate these features and contain ge-
ometric inhomogeneous random graphs as a special case [7, 32, 83, 200,
198]. We formally define GIRGs. We denote by x Ay the minimum of two
numbers x, y.

Definition 7.2.2 (Geometric Inhomogeneous Random Graph (GIRG)). Fix
n > 1 the number of nodes, and a dimension d > 1. Assign to each
node u € {1,2,...,n} an iid. fitness w,, > 1 such that P(w, > w) =
w~ (=1 for some T > 1, and a spatial location x,, chosen uniformly in a
d-dimensional box of volume n. Fix « > 0. For any pair of nodes u, v with

fixed wy,, Wy, Xy, Xy, connect them by an edge with probability

IP(u is connected by an edge to v) =< (Wuiwvd) “A 1, (7.2.2)
[Xu —xvl]
where || - || denotes the Euclidean norm, independently of other edges.
Throughout the chapter, we set the dimension d = 2 for all considered
graphs.

GIRGs have a natural interpretation: the fitness expresses the ability of
nodes to have many connections, and « is the long-range parameter (the
smaller « is, the more the model favors longer connections). This gives
an intuitive way of modelling travel restrictions: increasing «, decreases
the probabilities of long edges. Indeed, in (7.2.2), for two nodes u, v with
locations x., x,,, the ratio

Wy Wy,
Ruv =

7

qu—vaZ

is raised to the power «, so as long R, < 1, increasing « reduces the
chance of a long connection being present. When t > 3, the node fitnesses
are, typically, not high enough' so that, typically, Ry, < 1, hence the
intervention of increasing o is very effective. The typical distance increases
from poly-logarithmic to polynomial in the network size. On the other

1 Node fitnesses are less than y/n for all nodes, with high probability.
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hand, when T € (2,3), node pairs with ratio Ry, > 1 happen frequently
enough (even on global scale, nodes with fitness Q(y/n) are present),
hence, increasing o turns out to be ineffective in reducing the typical
distance in the network, since many long-range edges remain.

The parameter space of GIRG is rich enough to model many desired
features observed in real networks.

(a)

(b)

()

(d)

Extreme variability of the number of neighbours (degrees). In net-
works this corresponds to the presence of a few individuals with
extreme influence on spreading processes, the hubs or superspreaders.
Mathematically, this corresponds to the empirical distribution of
node degrees following a power-law, as in (1.1.1) above. Hence, we
choose a power-law fitness distribution for the fitnesses.

Connections present on all length-scales. The abundance of long-
range connections is tuned by « in (7.2.2): the smaller «, the more
likely are long-range connections.

Small and ultra-small distances. The power-law exponent T and the
long-range parameter « tune the typical graph distance dyy’(u,Vv),
see [30, 39, 63, 66, 116]:

O(loglogn) whente (2,3), x> 1
A (Up, Vi) = O((logn)¢) whent>3,ac(1,2) (723
Q(y/n) when T > 3, o0 > 2.

Comparing this to the typical distance in the configuration model
and to the lattice models in (7.2.1), one sees that geometry and long-
range connections play a role with respect to distances when t > 3,
and the model interpolates between the small-world configuration
model and the lattice.

Strong clustering and local communities. Empirically, clustering
quantifies the effect commonly known as “a friend of a friend is
also likely to be my friend”. Mathematically, clustering means the
presence of triangles in the network. Communities and clustering are
naturally present in GIRG, because the model favors connections
between nodes that are close to each other in space.

For the spread of information or infections in such networks, it is known
that large-degree nodes and many triangles have opposing effects. On the

275



276

NOT ALL INTERVENTIONS ARE EQUAL FOR THE SECOND PEAK

n

p-S-I/N y -
Susceptible - / Infected 7 Temporarily
Immune

Figure 10: Schematic diagram of states and their transition rates in the continuous com-
partmental model. Infected individuals make contact at rate 3 to randomly
chosen individuals, as a result, the number of susceptibles increases at rate
f3-S-I/N. This is a mean-field approximation of the graph model in Section 7.2,
see Figure 9.

one hand, nodes of large degree (also called hubs, super-spreaders, or
influencers) contribute to fast dissemination, and foster explosive propa-
gation of information or infections [84, 112, 207, 209]. On the other hand,
clustering and community structures provide natural barriers that slow
down the process, while long-range edges accelerate the spread [16, 141,

148, 157, 184].
7.2.4 Scenario Syge: SIRS compartmental model

For baseline comparison to continuous epidemic models, we use a contin-
uous SIRS model, where there are only three possible states, susceptible
(S), infected (1) or temporarily immune (R), in a total population of N in-
dividuals. Susceptible individuals may become infected via a contact to
infectious individuals, while infectious individuals heal and thus become
temporarily immune. The assumption is that individuals make contact
with a random individual at rate 3. Immune individuals loose their im-
munity at a certain rate n and become susceptible again. The deterministic
ordinary differential equation (ODE) model is governed by the three main
parameters:

¢ [3: rate of infecting a susceptible individual when being infected,
* 7: rate of healing, and becoming temporarily immune,
* 1: rate of losing temporal immunity and becoming susceptible again.

See Figure 10 for a schematic diagram. We assume the population size
is N and that each infected individual can infect any susceptible person
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(the underlying graph is the complete graph), denote by S(t),I(t), R(t) the
number of susceptible, infected and temporarily immune individuals at
time t, then the corresponding ordinary differential equation becomes:

ds  BIS
a- N R
i BIS
eI Y |
ETRENN

dR

For the infection to survive, 3 > vy is necessary, otherwise lim_,, I(t) = 0.
When (3 > vy holds, this ODE has a stationary state, which is explicitly
computable:

S(c0) = N%, I(00) = N#O —%) R(c0) = aniy@ - %)

Observe that the equilibrium proportion of infected is roughly linear in n,
as long as 1 < y. One can also compute the basic reproduction number,
Ro = B/v, and observe that R(co) = I(oco) - (y/n). Qualitatively, the ODE
exhibits either (sub)critical behaviour, implying extinction, or supercritical
behaviour, as described in Section 7.3.2 below.

We remark that the above model can be generalised to incorporate spatial
structures by adding extra compartments [80, 120, 224] that represent the
spatial locations. For such models, the value of Ry remains explicitly
computable and is influenced by the spectrum of the adjacency matrix
that describes the underlying network [224].

7.3 EXPERIMENT 1: NEW PHENOMENA IN GEOMETRIC NETWORKS

We highlight the most important results of our first experiment, and illus-
trate these results using figures. A complete overview of the simulations
can be found in [152], which considers a larger set of parameters, and
states more quantitative results.

7.3.1  Simulation setup

Throughout this chapter, the underlying networks for the different sce-
narios are sampled once per parameter setting and kept constant over the
simulation runs. On every graph, for every described parameter setting of
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(a) Supercritical: § = 0.38. (b) Subcritical: =0.13, 1=0.005.

Figure 11: Solutions of the ODE when N = 160000, y = 0.14 with 100 initially infected
nodes. The infection almost seemingly disappears from the system before the
second peak appears when 1 = 0.001. The infection is subcritical when 3 <.

the SIRS model, the results are based on 100 simulations of the epidemic
spreading starting from a single node. This node is sampled uniformly
at random at the beginning of every simulation, and differs per run. All
networks have the same number of N = 160000 nodes, all with the same
average degree E[deg(u)] = 8: two configuration models with T = 2.5 and
T = 3.3, respectively, three geometric inhomogeneous random graphs
(GIRG) with (1, x) = (2.5,2.3),(3.3,1.3) and (3.3,2.3) respectively, and the
modified lattice Z2. The continuous line on the figures, see e.g. Figure 12
shows the median of infected individuals, the shaded area covers 95% of
all runs for which the number of infected nodes was positive.

7.3.2  Phases of SIRS on continuous compartmental models

For Scenario 8,4e, the parameters may be set such that the epidemic is
either subcritical, critical, or supercritical, see Figure 11. We briefly describe
these so-called phases for comparison.

1) Subcritical and critical phase: Immediate extinction. Whenever the basic
reproduction number, Ry = 3/v < 1, the epidemic dies out without
producing a peak. For 3/y < 1, it dies out quickly (logarithmic in
the initial number of infected), while for 3/y = 1 it dies out slowly
(polynomial in the initial number of infected).

2) Supercritical phase: Peaks of decreasing magnitude towards a limiting
stationary proportion. Whenever 3/y > 1, the proportion of infected
population stabilizes at 7= (1 — §). There are several larger peaks
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before the equilibrium is reached. The incline and decline of peaks
are exponential.

7.3.3 New supercritical phases in SIRS epidemics on network models

The presence of the network structure, as well as the underlying space,
combined with temporary immunity has a surprising effect on the quali-
tative behaviour of the epidemic. More specifically, new phases arise in
the phase diagram compared to those in Section 7.3.2. The duration of
the immune period plays a more profound role than in the continuous
compartmental model of Section 7.2.4, where the single supercritical phase
is entirely determined by the ratio 3/y = R¢ of the infection rate and the
healing rate.

The final size of the epidemic is, at least for the most commonly known
SIR model, often computable even for network models. We refer to the
works [17, 18, 19, 93, 146, 192, 197, 208, 223] for SIR models in mean-field
type networks, and the phase diagram for SIRS on the lattice [62, Figure
1]. Many of the cited papers assume that the degree distribution of the
underlying has finite variance, while we consider infinite-variance degree
distributions as well.

For the GIRGs that we consider, the branching process approximations
used in the cited papers are no longer valid, and there is no explicit
formula known for the value of Ry or an alternative threshold parameter
that describes whether a first peak occurs with probability bounded away
from o.

For the SIRS epidemic spread on all three network models (Scenarios
Sgrids Sem, and Sgirg) we observe the following phases?, with 2S below
being new compared to Scenario Syge.

1) Subcritical and critical phase: immediate extinction. The epidemic goes
extinct almost immediately (for all runs), and the number of infected
decays exponentially in this case. When Ry ~ 1, the epidemic may
die out more slowly. We emphasize that the critical and subcritical

Due to the stochastic nature of the model, the phases 1, 25, 2M are, (at least on a finite
but large network) intertwined. This means that for a given fixed set of parameter 3,v,n,
a single run of the SIRS epidemic may enter any of the three phases, with different
probabilities. However, the probability of entering a given phase undergoes a sharp
transition in the parameter values: for fixed 3,7y, a small change in 1} results in a shift from
almost always seeing phase 2S to almost always seeing phase 2M. We believe that the
long-survival probabilities are monotone in 1.
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(a) Single peak when immunity is long-lasting (n = 0.002). Fewer long-
range connections leads to slower incline and decline of the curves.
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(b) Later peaks when immunity is short-lasting (n = 0.009); time starts

at 50 days. Fewer long-range connections yield heavy oscillations
after the first peak.
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Figure 12: Supercritical phases for network-based models. The network CM(3.3) corre-
sponds to Scenario 8cm (without intervention), GIRG(3.3,1.3) and GIRG(2.5,
1.3) to Scenario Sgirg (without intervention), and GIRG(3.3,2.3) to Scenario Sgirg
(with intervention Jiay, see Section 7.4 below). GIRG(2.5, 1.3) corresponds to
a network where the degree distribution asymptotically has infinite variance
(corresponding to many hubs being present in the network), while GIRG(3.3,

1.3) corresponds to finite variance (fewer hubs).
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phase do not separate so clearly on the stochastic SIRS model on
networks: due to the stochastic nature, the epidemic might die out
quickly even when Rop > 1. For the extinction time (logarithmic
vs polynomial of the network size), the initial number of infected
individuals plays a more important role. This is, however, out of
the scope of our current study and we do not pursue this direction
further.

2) Supercritical phases: possible large outbreak. With positive probability,
there is a large outbreak. For network-based SIRS, the supercritical
phase separates into two sub-phases:

2S) Extinction after a Single peak: when the duration of the immune
period is long, the epidemic has a single peak, after which it
immediately goes extinct. Heuristically, the reason for the ex-
istence of this new phase is that after the first epidemic peak,
earlier infected nodes become immune and maintain their im-
munity long-enough to provide barriers in the network that the
infection cannot pass through. This phenomenon is known as
‘depletion of susceptibles’ [218] and visualized in Figure 12a.

2M) Long-time survival, Many peaks: when the duration of the immu-
nity period is relatively short, the epidemic follows a (qualita-
tively) similar curve to the one observed in the ODE in Section
7.2.4. There is a first major outbreak, followed by smaller sec-
ond, third, etc., peaks, decreasing in magnitude, and eventu-
ally settling on a (meta-stable) stationary proportion of infected
and immune population. This is visualized in Figure 12b. We
mention that this equilibrium is a meta-stable state, since the
all-susceptible configuration is an absorbing state. The time to
reach that, however, is exponentially long in the network size,
see [48]. Figure 13 visualizes when the epidemic can exhibit
phase 2M.

Contrary to networks, the 8,4 scenario discussed above is a continuous
system. As a result, the second peak is always present, which explains the
absence of phase 2S in this compartmental model.

The first peak. The height of the first peak, in all models, is insensitive to 1,
just like for standard continuous compartmental models, visualized below
in Figure 17 for Scenario Sgjrg. A possible explanation for this insensitivity
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Figure 13: A comparison of the frequency of entering phase 2M during 100 simulation
runs on eight different networks with the same average degree 8 and number of
nodes N = 160000, as a function of the n. The frequencies were computed using
a 100 runs for all parameter values (1) and models, with 3 = 0.225,y = 0.2. For
all networks we see a sharp transition at a critical value of 1 where the system
moves from phase 2S (single peak followed by extinction) to 2M (survival with
multiple peaks).

is that during the initial spread, the SIRS process is closely approximated
by an SIR process, where temporarily immune nodes are simply removed.

The configuration model with the smallest T has the smallest threshold
¢, followed closely by GIRG with (1, «) = (2.5,1.3). The grid 2% and
GIRG with T = 3.3 and « = 2.3 have the highest 1. (=~ 0.085 and ~ 0.01),
these are networks where the typical distance is linear.

Shape and location of the first peak: For Scenario S.m, the shape of the first
and later peaks are similar to that of Scenario 8,4, i.€., exponential incline
followed by exponential decline, see Figure 12. Scenario 8414 (not present
in the figures) is different: it has a linear incline followed by linear decline
when 7 is large. The shape of the curve for Scenario g,y depends on the
parameter values: as long as there are many long-range connections, and
hubs in the network (nodes with very high degree), the curve resembles
that of Scenario Scm. When this is not the case, Scenario Sy starts to
gradually resemble the epidemic curve of the grid (Scenario 8i4): linear
incline followed by linear decline, see Figure 12a.

Besides that, we find that the epidemic curves for Sgy and the a-
geometric scenario S.n are in good match, as long as the long range
parameter « of GIRG is in the interval (1,2) when T > 3, see Figure 14.
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(c) Long immunity (1 = 0.002), (d) Shorter immunity (n = 0.009),
few hubs (T = 3.3): single peak. few hubs (T = 3.3): many peaks.

Time starts at 50 days.

Figure 14: A comparison of the number of infected on the configuration model versus
GIRG with matching parameters. The two scenarios match unless T > 3 and
o > 2, corresponding to the green curves. Figure (c) and (d) coincide with
Figure 12(a-b) and included again for comparison to T = 2.5.

For T € (2,3), hubs dominate the network, and the role of the parameter
o is insignificant. This is in accordance with theoretical results (7.2.3),
where distances are doubly-logarithmic regardless of the value « as long
as T € (2,3).

When T > 3, the effect of the long range parameter « plays a crucial
role. When o > 2, even when keeping the average degree and the degree
distribution the same, the curve is flattened significantly. In this parameter
range, even though hubs are present in the network, they mostly connect
to nearby nodes. As a result, the typical distance is significantly larger (see
(7.2.3)) and the infection needs more time to spread.

The linear growth was also investigated in a similar setting recently in
[221]. There, the authors proposed to model the contact network using the
related (one-dimensional) Newman-Watts model [199]. The mathematical
explanation for seeing a linear growth curve is as follows: these models
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are embedded in geometry, and the parameters are such that long edges
do not dominate yet, and hence the typical ball-growth is polynomial. This
is in accordance with theoretical results related to the typical distance in
the network being short (poly-logarithmic) when there are many long-
connections but long (polynomial) when these are scarce, see (7.2.3). See
[170] and references therein for the role of long-connections.

After the first peak: topology-dependent fluctuations. The fluctuations
after the first peak are highly dependent on the network topology as can
be seen in Figure 12c. For power-law networks with infinite asymptotic
variance (T < 3), there is no second peak and the system reaches equilib-
rium very quickly after the first peak. For finite variance networks (t > 3),
several further peaks occur. The transition is even more profound when
interventions change the topology, see Section 7.4.2 below.

We mention that for Scenario Sy the way the second peak happens is
entirely different from the first peak: the initial spread is local, emanating
from the source, (with some long connections causing non-local new
infection centers), while the second peak is spread out, infections occur
everywhere in space. This is quite natural, since during the initial wave,
the epidemic fills the space, and thus the second peak happens roughly
when the immunity arising from the first wave starts to wear off, at which
time the epidemic is endemic. This is why we never see the epidemic to
die out after a second peak. It either dies out after the first peak, or many
peaks occur and the system reaches equilibrium.

We conclude that epidemics modeled on networks can exhibit phenom-
ena, mostly related to the later behaviour of the epidemic, that continuous
ODE approximations or a-geometric networks fail to capture.

7-4 EXPERIMENT 2: MODELLING INTERVENTION METHODS ON GIRGS

We turn to the second experiment, which compares intervention methods
under the SIRS epidemic. These intervention methods we model only
on GIRGs, since GIRGs offer an intuitive way of modifying the original
network to model interventions. We introduce the methods, and explain
how we modify the topology of the ‘original” network.

(Jsoc) During the COVID-19 outbreak, many governments issued a collec-
tion of social distancing measures: keeping 1.5 meter distance from
each other, wearing face masks and gloves, washing hands frequently,
and so on. Such measures reduce the number of contact moments



7-4 EXPERIMENT 2: MODELLING INTERVENTION METHODS ON GIRGS

between individuals and thus decrease the chance for the virus to
spread. When the social distancing measures are not combined with
travel restrictions, this results in the underlying contact network
to lose its connections roughly randomly, see also [75]. Hence, we
model the effect of social distancing by randomly removing a certain
proportion of edges in the network, such that each edge is removed
independently of other edges. The same method is used to model
social distancing in e.g. [206].

(Jtrav) During the COVID-19 outbreak, there was restricted travel between
countries, and even within countries. As a result, the underlying
contact network loses some of its long connections. Such travel re-
strictions are modeled in two different ways. First, it is modeled
by drawing for each present edge a random exponential threshold
with a common mean L, and cutting the edge if it exceeds its thresh-
old value, resulting in a connection-length distribution that decays
exponentially above the threshold L. We call this intervention the
strong travel restriction. Secondly, it is also modeled by increasing the
long-range parameter o to & (see Section 7.2.3 for a discussion of
the model parameters of GIRGs).

(Jgeg) Another intervention measure is to limit the maximal number of
contact a person can have. On the contact level, this rule barely affects
individuals with a low number of contacts, but it aims to decrease
the number of contact of ‘superspreaders’ in the network: nodes
that have a relatively high degree. Limiting the maximal number
of contacts per person is modeled by prescribing a maximal node
degree M. For each node u with degree higher than M, randomly
chosen connections of u are cut until at most M connections remain.

7.4.1  Simulation setup

We choose the parameters M, L, "V so that the average degree is the same
after all interventions to enable comparison between the interventions.
We model the interventions on two GIRGs, corresponding to the first two
universality classes with respect to the typical distance from (7.2.3). The
GIRG with T = 2.5 has average degree 9.6 and contains N = 160000 nodes.
The networks after intervention have average degree ~ 4.9. The GIRG
with T = 3.3 has average degree 8.7 and contains N = 160000 nodes. The
networks after intervention have average degree ~ 4.7. As before, the
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(a) GIRGs with many hubs: T = 2.5. (b) GIRGs with few hubs: T = 3.3.

Figure 15: The first peak under interventions. The hard no-travel rule is most effective in
flattening the curve: both in its height as well as the day of the peak. The first
peak disappears before day 60 in all cases. The curves for the weak no-travel
rule and social distancing are almost identical. Explanation of the legend: social
distancing (“GIRG(2.5,1.3) perc” and “GIRG(3.3,1.3) perc”), the hard no-travel
rule (“GIRG(2.5,1.3) long” and “GIRG(3.3,1.3) long”), limiting the maximal
number of contact (“GIRG(2.5,1.3) hub” and “GIRG(3.3,1.3) hub”), and the
weak no-travel rule (“GIRG(2.5,2.37)” and “GIRG(3.3,1.9)").

results are based on 100 simulations of the epidemic spreading starting
from a single node. This node is sampled uniformly at random at the
beginning of every simulation, and differs per run. The continuous line
on the figures shows the median of infected individuals, the shaded area
is covers 95% of all runs for which the number of infected nodes was
positive.

7.4.2  Comparison of intervention methods Jsoc, Jtrav, Jdeg 0 GIRGs

We state the most important, qualitative findings of the intervention
methods on Scenario Sgirg, the geometric scale-free network model. For
additional quantitative values and additional figures we refer to [152].
Long-survival probabilities drop. Each intervention pushes the probability
of the system entering phase (2M) lower for a fixed parameter setting
B,v,m. When increasing 1 (thus decreasing the immunity duration), at
a critical n¢ the system abruptly goes from dominantly phase 2S from
dominantly phase 2M, (a sharp threshold). The threshold n. of long sur-
vival is increased under all interventions, see Figure 17b. In this respect,
interventions Ji4y and Jdeg perform best.
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long edges) is the first peak of the epi-
demic, contrary to the others.

Figure 16: Effect of interventions on GIRGs.

The height of the first peak drops. In all interventions, the height of the first
peak is dropping, by at least as much as the shrinkage in average node
degree (intervention Jsoc) and even more with other interventions. The
most effective intervention in this respect is the strong no-travel rule, see
Figure 17a. The first peak is insensitive to the immunity rate 7.

Elongated first peak. The time and duration of the first peak is later /longer
than without intervention. For keeping physical distance, the time shift is
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(a) First peak under interventions. (b) Second peak under interventions.

Figure 17: The effect of interventions on the height of the first and second peak, as a
function of n (the inverse of the average immunity period). The height of the
first peak is insensitive to the duration of immunity , and cutting long edges
is most effective in reducing the first peak. For the second peak, limiting node
degree pushes the critical n for appearance of the second peak from 0.002
to 0.006. However, for larger 1 the second peak is twice as high as for other
interventions. Abbreviations in the legend: ‘hub’: limiting maximal node degree,
‘long’”: strong restriction on travel, ‘perc’: social distancing. GIRG(3.3,1.3) is the
original network, GIRG(3.3, 1.9) corresponds a weak restriction on travel.

the least apparent (a few time steps), while for intervention Ji,y it is the
most profound, a factor of 10, see Figure 15b.

Higher second peak. Intervention Jiray and Jdeg result in a higher second
peak, or even make a second peak appear where originally it was not
present. The worst intervention in this respect is intervention Jgeg (limiting
the maximum degree), where the second peak can be as high as 1/3 of the
first peak, see Figure 17b. For infinite variance degree GIRG, the strong
travel restriction also causes a second peak, while social distancing and
increasing « do not, see [152, Figure 21].

We give a possible explanation for a higher second peak. Under in-
tervention Jgee (limiting number of contacts via limiting node degree)
and Intervention Ji.y (cutting long-edges), there are no more hubs in the
network: nodes with very high degree. In networks that contain hubs,
the hubs infect a large proportion of their neighbours roughly. Moreover,
hubs are much closer to each other (in terms of graph distance) than in
networks without hubs, thus the infection can travel quickly between hubs.
The randomness ensures that the infection times are not synchronized,
explaining the absence of oscillations in the epidemic curve. To summarize,
hubs stabilise the system.
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We give a possible explanation for a higher second peak. Under in-
tervention Jgeg (limiting number of contacts via limiting node degree)
and Intervention Jiray (cutting long-edges), there are no more hubs in the
network: nodes with very high degree. In networks that contain hubs, the
typical graph distance is much smaller than in networks without hubs,
and there are typically many short paths from low-degree vertices to
hubs. As a result, once a node loses its immunity, it is almost immediately
infected afterwards via an infected hub, shortening the the time spent in
the susceptible state. This happens for almost all nodes in the network,
and the randomness ensures that the infection times are not synchronized,
explaining the absence of oscillations in the epidemic curve. To summarize,
hubs stabilise the system.

Once the hubs are removed, the typical graph distance increases, nodes
stay susceptible for a longer time, which leads to oscillations in the system
since vertices close to each other in graph distance are infected around
the same time. Limiting node degree without travel restrictions has the
strongest effect on the removal of hubs. Limiting travel reduces the degree
of hubs, but does not remove them completely: nodes that were hubs
before the intervention, have typically many local connections as well.

More oscillations to reach equilibrium. Interventions Jdeg and Jiay, while
they are most effective regarding the first peak, introduce high oscillations
in the system, and the time to reach equilibrium can be much longer than
in the original model (from a few days to more than a thousand days).
Again, these oscillations are explained by the lack of stabilisation. See
Figure 16 for these later effects.

To summarize, we conclude that the effect of interventions vary to a
high extent and depend on the precise way the intervention changes the
network topology. Non-geometric models such as the configuration model
fail to capture these various effects.
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INCREASING EFFICACY OF CONTACT-TRACING
APPLICATIONS BY USER REFERRALS AND STRICTER
QUARANTINING

Based on [100]:

Increasing efficacy of contact-tracing applications by user referrals and stricter
quarantining,

L.A. Goldberg, |. Jorritsma, ]. Komjdthy, |. Lapinskas

PLoS One, 2021, 16(5): €0250435.

8.1 INTRODUCTION

Agent-based epidemiological models allow a population to be embedded
in a geometric space to capture the effect of the “local” and “long-distance”
contacts that arise in real populations. We use a stochastic susceptible-
exposed-infected-removed (SEIR) type agent-based model to study the
efficacy of contact-tracing applications such as the mobile phone contact-
tracing applications that have been introduced during the COVID-19
epidemic. Our simulation study compares the efficacy of four different
uptake scenarios for the contact-tracing application (CTA), combined with
the effect of quarantining measures of various strengths.

We compare four uptake scenarios of the CTA given a probability
p €01l

* Siand: €ach individual uses the CTA independently of the rest with
probability p;

¢ the users are selected by one of two different recommender scenar-
ios: each individual is an initial user with probabability pjni¢ and
recommends the CTA to some of their contacts:

— Spasic: @ uniformly chosen neighbour;

— Sring: roughly half of its neighbours (each neighbour uses the
app with probability 1/2 independently of the rest);
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® Sdeg: a (hypothetical) degree-targetted uptake scenario, in which
CTA-users are the (p - 100)% individuals with the highest number of
connections.

For the recommender-based scenarios we choose pinit such that the final
uptake percentage is (p - 100)%. In each of these CTA-uptake scenarios,
we assume that individuals in the population will quarantine themselves
as soon as their symptoms are sufficiently strong (exceeding a certain
threshold). At this point, users of the CTA also notify their CTA-using
contacts, who also quarantine themselves.

The ring recommendation method has some connections with a certain
vaccination protocol, called ring vaccination, hence the name. Ring vac-
cination has been successful in the past to eradicate small pox [219] and
has also been used against Ebola [119]. Such recommender scenarios have
previously been shown to be effective in the context of vaccines [137] on
synthetic models.

Basic recommendation also has connections to a vaccination protocol
called acquaintance vaccination which typically outperforms random vac-
cination in network models [41, 54]. The main difference between the two
scenarios is that in acquaintance vaccination, only the neighbours of the
randomly-chosen set of “initial users” receive the vaccine rather than the
users themselves. This makes sense in the context of trying to allocate a
limited supply of vaccines, but not in our context — it is reasonable to
assume that anyone recommending the app to a friend will also install it
themselves.

We remark that degree-targetted uptake is an unrealistic scenario to
consider, since it requires a complete knowledge of the contact network.
However, studying the performance of this hypothetical scenario gives a
baseline comparison for determining the potential performance of a given
uptake percentage.

We examine the combined effect of differing CTA-uptake scenarios and
different symptom thresholds for quarantine. We decouple the effects of
CTA-uptake scenarios and symptom thresholds from the effects of testing
delays, which have been studied in [167]. In order to focus on the former,
we work in an idealised hypothetical scenario where testing is immediate
upon symptom onset (or where there is only a single virus present in
the population that could cause the symptoms) and where the symptom-
severity does not influence the probability of a virus transmission between
two individuals. We emphasise that our study is qualitative, rather than
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quantitative, and we aim for universally valid observations in terms of the
performance of CTA-uptake scenarios.

Main observations

In our first experiment (Section 8.3) we qualitatively compare the four
uptake scenarios. In all uptake scenarios, we find that contact-tracing
applications (CTAs) are effective in decreasing the size of an epidemic (the
total number of people that get infected) and in decreasing the maximum
number of people who are simultaneously hospitalised, and typically this
effectiveness increases linearly or super-linearly with the percentage of
the population that use CTA. In these respects, we show that CTAs are
effective even with low uptake rates. This confirms the results of a recent
study modelling CTAs in Washington state [1].

The novelty of our study is to compare recommendation-based uptake
with random uptake, where we find that recommending can significantly
improve the efficacy of the CTA. In brief, we find that in scenarios where
the CTA is recommended to acquaintances the epidemic size and maxi-
mum hospital load decrease at a much higher rate than the rate that would
be achieved by randomly selecting the same number of CTA users. One
might expect these advantages of recommendation-based uptake to come
at the cost of increased quarantine. This is true, however in networks with
fewer super-spreaders the quarantine load decreases with uptake percent-
age (after an initial increase). Once the uptake percentage is sufficiently
high, recommendation-based uptake leads to less quarantine, rather than
more. Finally, we emphasise that the uptake percentage necessary to com-
pletely eradicate the epidemic from the population is generally very high,
as was also found in [172], though this is not the focus of this chapter.

In our second experiment (Section 8.4) we study the impact of the
severity of quarantine measures, both on the epidemic itself and on the
economic disruption that it may cause (measured in terms of the time that
people spend in quarantine over the course of the epidemic). Already un-
der “mild” quarantine measures, the maximum hospital load is drastically
reduced and the size of the epidemic is somewhat reduced. However, the
economic disruption caused by quarantine is very high. Perhaps surpris-
ingly, imposing stricter quarantine measures (i.e., quarantining individuals
already with less severe symptoms), ensures not only that the epidemic
is better contained, but also that the economic disruption is lower (under
strict enough social distancing measures, travel restrictions, and suffi-
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ciently high app uptake). The critical point on the ‘quarantine-strictness
scale” above which the social disruption starts decreasing comes earlier
in recommender scenarios and degree-targetted uptake than in random
uptake, and even earlier if individuals are more restricted in their move-
ments, i.e., the underlying contact network does not have many long-range
connection, ranging over large spatial distances.

As a disclaimer, we recall that we study a case where a single SEIR
(susceptible-exposed-infected-removed) epidemic is present in the pop-
ulation (see Section 8.2.2) and individuals who are not infected do not
show any symptoms similar to those that are caused by the virus under
investigation. This might be unrealistic for certain types of diseases, but
might be a better approximation of reality for others. Finally, we emphasise
that we aim for qualitative, comparative results that are robust against
changes in the dynamics and the underlying contact network. We refrain
from making numerical predictions.

Organisation

In the following section we describe the underlying contact networks
that model the population and the epidemic model. We then explain
and interpret our main findings regarding the CTA-uptake scenarios and
the quarantining measures. For additional baseline comparisons and the
robustness of parameters, we refer to [100]. The software used for the
simulations is available at [155]. Besides our own code, we used [220]
to run simulations in parallel, and [31] to sample the four underlying
networks for the population (geometric inhomogeneous random graphs).

8.2 MODELLING THE EPIDEMIC

We use a SEIR-type (susceptible-exposed-infected-removed) agent-based
models to model the spread of the epidemic, where individuals may or
may not show symptoms. The model is defined precisely in Section 8.2.2.
Roughly, each agent goes through the following stages upon infection: ex-
posed, infected, either symptomatic or asymptomatic, and finally removed.
Upon showing symptoms, individuals using the CTA send notifications
to the other CTA users that they are in contact with, who then move to
quarantine for a fixed duration of time. The model involves a quarantin-
ing scheme: agents who show sufficiently severe symptoms and agents
notified via the CTA both move into quarantine.



8.2 MODELLING THE EPIDEMIC

We start by introducing the underlying network.

8.2.1  Networks to model the population

To be able to carry out our study, we represent the underlying contact
network of individuals (nodes, or agents) as a network. Based on the
universality results in Chapter 7, our primary choice for the underlying
contact network is a mixture of pure geometric and purely random network
models, called Geometric Inhomogeneous Random Graphs, which possess
geometric features and can match the statistical properties of real human
contact networks, such as degree distributions and clustering, as well as
long-range connections.

We recall that there are two robust parameters of GIRGs that control the
qualitative features of the network: a parameter T controls the variability
in the number of neighbours that individual nodes have (the number of
neighbours of a node is called its “degree”). Smaller values of T correspond
to more variability, while keeping the average the same.

A second parameter « controls the number of long-range edges: long-
range edges would tend to be present in populations without travel re-
strictions, (as observed in real-life contact networks, see e.g. [61, 102, 225]).
A value of « close to 1 corresponds to having many long-range edges, in
this case the network resembles an ageometric (or mean-field) network
model; while increasing « reduces the number of long-range contacts,
thus transforming the network into one where the underlying geometry
is intrisically more apparent. For more information, we refer to Section
7.2.3 above. The following summary will help the reader to understand
the experimental results reported below.

e 1 =2.3: a GIRG with plenty of “super-spreaders” (nodes with many
connections) due to degree variability,

¢ 1 =3.3: a GIRG with fewer super-spreaders,

* « = 1.3: a GIRG with many long-range edges, hence the underlying
geometry is "less apparent”,

* o = 2.3 a "more geometric" GIRG, i.e., a network that resembles a
lattice better, since it does not have too many long-range connections.

The parameter values (1, &) are chosen to represent each universality class
of GIRGs with respect to typical distance in the network, see (7.2.3).

For baseline comparison, in the paper [100], we also study the case when
the underlying network is a “mean-field network”, ignoring the spatial
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component. For this scenario we used the configuration model, which can
mimic the local statistical properties of real human contact networks, such
as degree distributions. We refer to [100] for these results, that are all
similar to the results on GIRGs that we present in the current chapter.

8.2.2  SEIR with quarantining: The epidemic model

The epidemic model that we use is a refinement of the agent-based version
of the discrete-time SEIR model. The spreading process changes at discrete
time steps, t ={0, 1,2, ...}, each time step corresponds to, say, a day. We fix
the network G in advance. We think of nodes in the network as individuals,
and denote the set of nodes by V. The neighbours of a node u are nodes
with a direct connection (also called link, or edge) to u. A connection may
correspond to a friendship or an acquaintance, or simply a contact event.

The model has a parameter q € [0,1] corresponding to quarantine-
strictness. The quantity q is the fraction of individuals whose symptoms
would be so severe that they would go into home-quarantine if infected.
Determining the value of q is a social/economic decision. The model
reflects this decision as follows. For each node, independently, and in
advance of the epidemic simulation, it is determined randomly, with
probability q, whether the individual corresponding to this node will,
upon infection, develop symptoms exceeding the socially-determined
symptom severity threshold, and then go into home-quarantine. The set of
nodes which will do so is called V., and the set of nodes which will not is
called V4. During the epidemic, nodes in Ve, that become infected will
go into home-quarantine. One may worry about uncooperative individuals
who do not self-isolate, despite having sufficiently severe symptoms. We
do not need to adjust the model to account for these, since the quarantine-
strictness q can be viewed as the fraction of individuals that would develop
sufficiently-severe symptoms, and would be willing to self-isolate. Note
that the actual distribution of the symptom-strength in the population is
irrelevant to the problems that we study; the only relevant parameter is
the final proportion q. The assumption that we do make, however, is that
each individual has an independent symptom-strength variable, making
Veev @ random set of nodes.

Definition 8.2.1 (SEISeR model). Determine the node sets Vg, and Viig-
Nodes in Vg, can be in five possible states: susceptible (S), exposed (E),
infectious but not yet showing severe symptoms (1), infectious and showing severe
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symptoms (Se), or removed (R), while nodes in V4 can only be in state
(S),(E), (I) or (R). At t =0, a subset of nodes £y C V is put in state (E),
all other nodes are in state (S) (susceptible). The discrete time dynamics
between the states are described as follows (see also Figure 18):

¢ Infecting: Each infectious node (in state (I)), infects each of its suscep-
tible neighbours within the network with probability 3 at every time
step. Infections to different neighbours happen independently. These
neighbour nodes enter state (E), exposed to the virus.

® Exposed — Infectious (not (yet) severely symptomatic): When exposed to
the virus, each node becomes infectious (transitions to state (I)) with
probability v at every time step, independently of other nodes.

e Infectious — Severely Symptomatic: When a node in Vsey is in state (I),
(infectious but does not show severe symptoms yet), it transitions to
state (Se) with probability ysey = 1/2.5 at each time step.

¢ Infectious — Removed: When a node in V ;4 is in state (I), infectious
but does not show severe symptoms, it heals and transitions to state
(R) with probability ny,jq = 1/7 at each time step.

* Severe Symptomatic — Removed: When a node is showing severe
symptoms, it heals with probability nsey = 1/4.5 at every time step,
independently of other nodes. Upon healing, the node enters state R
(removed).

We emphasise that in our model, severely symptomatic nodes do not
infect anymore. We assume that they self-quarantine until being removed.
In reality, some infectious individuals may choose not to self-quarantine,
but we have already incorporated this into the model: Ve, contains only
nodes that would develop sufficiently severe symptoms, and would go
into home-quarantine.

To keep the parameter space tractable, we set vy = 1/3, g = 1/7,
Ysev = 1/2.5, and ngey = 1/4.5. Thus, in the model, after being exposed to
the virus, it takes on average 3 days to become infectious and a further 7
days to heal completely for each individual. Nodes in Vs, infect for an
average of 2.5 days before showing symptoms and moving to isolation
(that lasts until their perfect healing) while nodes in V4 are infectious for
an average of 7 days before removal. These values are based on empirical
tindings e.g. in [115, 167, 168, 174], where we emphasise that our results
are robust in these parameters. Experiment 2 varies the value of ¢, which
is the expectation of Vseyl/|VI.
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Figure 18: An illustration of the dynamical change of states. On the first transition arrow,
np denotes the number of neighbours in state (I) of a susceptible node. Only
nodes in Vsey transition to state (Se). By setting 1/npiq = 1/Vsev + 1/Nsev the
average duration of having the virus in an individual’s system is 1/1yjq for
each node. Only nodes in the red circle can infect, while nodes in the blue circle
stay in home isolation.

Next, we describe our model for the CTA and define the necessary
modifications to the dynamics of the SEISeR model above to incorporate
the presence of a CTA. We recall the four uptake scenarios described in
Section 8.1.

Definition 8.2.2 (Random, basic-recommender, ring-recommender, and
degree-targetted CTA uptake). Before the epidemic starts, we determine
the sets V,,, V. of users and non-users of the application. We denote
by p = 100/V,.|/|V| the empirical uptake percentage after determining the
CTA-users according to one of the scenarios in Section 8.1.

Note that, to achieve the same uptake ratio p, the initial ratio of users
for the recommender-based scenarios pinit is smaller than p, see Figure 20.

Next, we describe the necessary modifications to the SEISeR model in
the presence of a CTA. Informally, a CTA user, upon either being tested
positive or simply showing sufficient symptoms, will notify its contacts
to stay in quarantine for a duration of T days (T = 14 in most countries),
regardless of whether these contacts themselves show symptoms.

Definition 8.2.3 (SEISeR with a contact-tracing application (CTA)). In
addition to the original states (S), (E), (I), (Se) and (R) of the SEISeR model,
there are five new states (NS), (NE), (NI), (NSe) and (NR), corresponding
to “notified” versions of the original states — we refer to these as “N-states”
and we refer to the original states as “O-states”. Only CTA-users (nodes in
V) will ever enter the N-states. They enter the N-states when they receive
a notification, via the CTA. They stay in the N-states until T = 14 days
have elapsed since the last notification received. While in N-states, they
self-quarantine, so cannot spread infection.
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The transitions between the N-states are exactly the same as the tran-
sitions between the original versions of these states, except that there is
no transition from (NS) to (NE), because the notified nodes in state (NS)
will be quarantining, so will not become exposed. See the black arrows
denoting transitions in Figure 19.

All nodes start in O-states, exactly as in the SEISeR model. After each
time step t, nodes move between the O-states and the N-states as follows:

* Notification: If a node in V,, starts to show sufficient symptoms
at time t (i.e., either it transitions from (I) to (Se) at time t or it
transitions from (NI) to (NSe) at time t) then it sends a notification
to all of its network-neighbours that are in V,,.

* Moving to N-states: If a node in an O-state receives a notification, it
moves to its corresponding N-state (following the corresponding red
arrow in Figure 19).

* Moving to O-states: If a node is in an N-state and it has not received a
notification for T = 14 time steps, then it moves to its corresponding
O-state (following the corresponding blue arrow in Figure 19).

8.2.3  Justification of modelling choices and robustness

We make a few comments to justify our modelling choices. Nodes in the
N-states and in state (Se) are assumed to be self-quarantining, so they
cannot spread infection. These are the blue nodes in Figure 19). Only
nodes in state (I) (coloured red) can spread infection.

Sending Notifications: The reason that nodes entering state (NSe) send
notifications (even though they are already self-quarantining) is that they
may have spread infection before entering the N-states (and starting to
quarantine): their neighbours may be in exposed or infectious states when
receiving the notification. In fact, while this model does not include testing,
such a scenario also happens in real life when an individual, already part
of a contact tracing chain, receives a positive test. In this case, the rest of
the contacts of this individual need to be notified as well.

Removed nodes in quarantine: The underlying SEISeR model assumes that
individuals can only be infected once (so “removed” nodes do not become
susceptible again). Despite this, in light of possible re-infection, many
countries (e.g. the Netherlands, where two of the authors are located) do
ask individuals who are notified to self-isolate, even if they have already
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have Covid-19. While transitioning from (R) to (NR) has no effect on the
course of the epidemic, it does have an effect on the total population’s
effective workforce (which we also study). Indeed, the self-isolating blue
nodes represent a social cost, since all of these nodes are self-isolating,
and cannot go to work. A node who is say, exposed when it receives a
notification via a CTA may go through all the phases (NE), (NI), (NSe),
(NR) before the T days are over. In this case it cannot become simply
removed and go back to work immediately, but has to wait out the T
days and then transition to state (R). For the same reason we make a
distinction between nodes in (Se) and (NSe): nodes in (Se) may leave home

R
Removed

1
Infectious

Susceptible

Thmild

set of notified nodes

T days after last notification received
vertical edge colors:

upon notification by the CTA

Figure 19: An illustration of the dynamical state changes in the presence of a contract-
tracing application. The black arrows represent the transitions of the SEISeR
model and the corresponding transitions in the notified versions of the states.
After each time step, nodes move between the O-states (S), (E), (I), (Se) and (R)
and the N-states (NS), (NE), (NI), (NSe) and (NR). Moves to N-states (depicted
by red arrows) follow from CTA notifications. CTA users (nodes in V,,) receive
such notifications when neighbouring CTA users show sufficient symptoms,
thus transitioning from (I) to (Se) or from (NI) to (NSe). Nodes in blue states
are required to self-quarantine so cannot spread infection. Moves to O-states
(depicted by blue arrows) occur when a node has received no new notifications
for T = 14 days.
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isolation immediately after healing, while nodes in (NSe) have to wait for
the necessary total T days even after healing to be able to leave isolation.

Multiple notifications extend the quarantine time: We make a further com-
ment on why we choose to extend the quarantine by T days after an
additional notification is sent to a node already in an N-state. The reason
for this is again based on real life experience: since not all contacts and
hence notifications lead to infection, a second notification should not be
ignored. Whether individuals are actually willing to comply with such
rules belongs to behavioural science and is out of the scope of the current
study. We assume an idealised scenario where each node in V,, complies
with the rules. Varying the size of V,, captures the effect of less compliance
as well.

Robustness of choices: To conclude the justification, we emphasise that we
conduct a qualitative and comparative study. The model is sufficiently robust
that the conclusions of our study also apply under small changes to the
model. For example, if an uptake scenario performs better than another
with regard to this particular model, it will also perform better in a model
with slight changes, e.g. a model that does not extend the time of home
isolation when a second notification is received, or a model that does not
require already-removed nodes to go into quarantine.

We note that since each infectious node infects each of its susceptible
neighbours with probability (3 at each time step, this model is a reactive
process in the sense of [101].

8.2.4 Key performance indicators (KPIs)

To compare the performance of the four uptake scenarios as well as
the strictness of quarantining, we study three KPIs as a function of the
parameters.

¢ Size: The size of the epidemic, meaning the total number of individ-
uals ever infected during the whole course of the epidemic.

¢ HMax: The (approximated) maximum hospital load. In our study,
we define the hospital load at any time to be 5% of the number of
agents in infected states (symptomatic or asymptomatic) individuals.
Of course, the 5% is just a scaling, and changing this factor does not
change the shape of the curve. HMax is then the maximum of this
hospital load, over the course of the epidemic. This concept (without
scaling) is also known as ‘peak prevalence’ [181], which is arguably
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a better name: recovery after hospitalization can take longer, and,
moreover, there is a time lag between the onset of symptoms and
the moment of actual hospitalization. However, to keep the notation
and figures in line with [100], we will refer to HMax throughout the
chapter.

* Quar: The average number of days spend in quarantine per person,
over the course of the epidemic. We obtain this quantity as the
accumulated number of days spent in quarantine by the population,
divided by the total population size.

83 EXPERIMENT 1: APPLICATION-UPTAKE SCENARIOS

An important aspect of our study is a comparison of the efficacy of four
different CTA-uptake scenarios. Suppose that p% of the population use
and also comply with a CTA, in the sense of reporting symptoms and
also going into self-quarantine when instructed to do so. We compare
the effectiveness of the CTA in terms of reducing the total size of the
epidemic (which we denote Size) and the maximum hospital load HMax,
when this p% uptake is achieved by the four uptake scenarios described
in Section 8.1. In terms of controlling the epidemic, one would expect
that it is desirable if the p% most influential members of the population
use the CTA, rather than a randomly-chosen p%. However, targetting the
application in this way incurs cost (it is necessary to determine which
members of the population have the most influence, and to persuade them
to use the application). The recommender scenarios provide a less-costly,
easier-to-implement solution.

8.3.1 Setup

We varied the CTA-uptake percentage for the four uptake scenarios on
six networks, each with 500, 000 individuals and average degree 13 (aver-
age degree 13 roughly corresponds to empirical findings concerning the
number of contacts per individual [194]), using the network models from
Section 8.2. In each case, we studied the effect of the CTA-uptake percent-
age and the uptake scenario (randomly chosen, degree-targetted, basic
recommender or ring recommender) on the three KPIs from Section 8.2.4.
We explain our results using the GIRGs from Section 8.2 with T € {2.3, 3.3}
and o« ={1.3,2.3}.
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Figure 20: The initial app uptake pjpit% in relation to the final app uptake p% on four
networks and the different uptake scenarios. The curves for random uptake
degree-targetted uptake coincide and are straight lines, since it holds that
P% = Pinit%, while for recommender scenarios p% > pinit%. Increasing p%
increases the probability that a node is recommended by multiple persons,
explaining the concave curves corresponding to the recommender scenarios.

The figures should be read as follows (unless mentioned otherwise).
For each parameter value, the plotted result is the median over 10 runs.
The shaded region around the plot covers the results of all 10 simulations.
The epidemic is started by infecting 100 individuals, chosen uniformly at
random. Simulation is halted when there are no more exposed or infected
vertices.

8.3.2  Hospital load and Epidemic Size: recommenders perform very well, ring
recommender best

The main message indicated by our simulations (row 2 of Figure 21) is
that introducing recommender scenarios strongly increases the efficacy
of a CTA in terms of reducing hospital load: having achieved uptake
p% via any recommender scenario is significantly more desirable (in
terms of reducing the maximum hospital load) than having achieved p%
uptake by randomly chosen members of the population. Furthermore, the
degree-targetted scenario works best, and the ring-recommender scenario
is almost as good as this. Adding the subscripts rand, deg, basic, and ring
to indicate the uptake scenarios, we find typically that

HMaXdeg(p) < HMaXring(p) < HMaxpasic (p) < HMaxyang (p) (831)

We explain what we mean by “typically” and in what sense Inequal-
ity (8.3.1) is intended. Obviously, it is not strictly true — for example if
the uptake percentage p% is 0% or 100%, then all uptake scenarios are
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Figure 21: The KPIs (Size, HMax, Quar) as a function of the CTA-uptake percentage p%
for the four CTA-uptake scenarios can be found in the rows. The population is
modeled using four GIRGs (arranged in the four columns): T = 2.3 has more
super-spreaders and T = 3.3 has fewer super-spreaders, « = 1.3 is less geometric
and o = 2.3 is more geometric. The x-axis shows the uptake percentage p%
varying from 0 to 100% at step size 5%. Simulations are done for the 21 values
of p% corresponding to these steps. The y-axis shows the corresponding value
of the KPI. The four uptake scenarios correspond to the four curves on each
figure. The simulations use 3 = 0.05 and q = 0.6.

equivalent. Furthermore, our results are numerical, and hence have some
inaccuracies. As can be seen from the second column of row 2 of the figure,
if the CTA works well enough to suppress the epidemic then the various
uptake scenarios are roughly equivalent, and cannot be compared. What
we mean by “typically” is that, as is apparent from row 2, when the CTA
uptake does matter, our data strongly suggest that the hospital max is
smallest under the degree-based scenario, next smallest under the ring
scenario, and largest (by some measure!) under the random scenario.

The same inequalities typically hold true for the size of the epidemic
(first row of Figure 21):

Sizedeg(p) < Sizering(p) < Sizepasic(P) < Sizerand (P)-
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Figure 22: Simulations of an epidemic on two GIRGs with few super-spreaders (T = 3.3)
and less geometry («x = 1.3), with uptake percentage p% = 55%. The x-axis
shows the time steps over which the epidemic is simulated. The y-axis of the
left figure shows the number of removed individuals over the course of the
epidemic. The y-axis of the right figure shows the number of hospitalised
individuals over time (in the same simulation). The plotted curves correspond
to the median over 20 runs (in the four scenarios); the shaded area covers
the 25th-75th percentile of these runs over time. The left figure shows that
the random uptake scenario is outperformed by all other scenarios and has a
steeper incline, leading to a situation where more people get infected. The right
figure shows that the number of hospitalised individuals is also higher under
the random uptake scenario. This figure corresponds to the p = 55% value in
the first two rows of the leftmost column of Figure 21.

Figure 22 shows a different depiction of this phenomenon at p = 5%. There,
the course of the epidemic is plotted against time. The epidemic curve on
the left represents the total number of infected individuals (during the
course of the epidemic). The epidemic curve on the right represents the
number of individuals that are currently infected. The figure demonstrates
how the random-uptake scenario is outperformed by the other uptake
scenarios.

The reason that recommender scenarios always perform better than the
random uptake scenario is explained by the so-called friendship-paradox
[90]: a friend of a random user is likely to have a higher number of contacts
than the random user itself, so a recommender scenario intrinsically finds
users with high numbers of connections. This effect is more pronounced
when the node-degrees are highly varying (t = 2.3) and it is even more
pronounced in the ring-recommendation scenario. The reason for this is
that ring recommendation introduces highly connected clusters of CTA
users, and it is hard for the epidemic to thrive in such an environment: the
CTA clusters block its spreading.
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8.3.3 Improving CTA efficacy by slightly increasing uptake rates

We study the shape of the curves Sizep(p) and HMaxg(p) as p varies and
O = rand, basic, ring, deg. Intuitively, we examine what happens when we
slightly increase the CTA-uptake percentage, especially in the (at least in
Europe) more realistic low-uptake regimes (< 50%).

Our first finding (see the second row of Figure 21) is that random uptake
decreases HMax roughly linearly in the uptake percentage p%. Here we
do not mean that the plotted yellow curves in the second row (which are
numerical approximations to HMax,nq(p)) are precisely linear — instead
we mean that the rate at which the hospital maximum decreases is roughly
constant, as the uptake percentage p% increases. This rate of decrease
depends on the underlying network (the four columns). It appears that
the epidemic size Size;,nq(p) when T = 2.3 (see the first row of Figure 21)
decreases concavely as the uptake percentage p% increases, meaning that
the size decreases more quickly for larger percentages p%.

A similar phenomenon has been observed for HMax for higher values
of the infection rate, 3: the function HMax decreases concavely as p%
increases [100] for all networks (also when T = 3.3).

We explain why the approximately linear decline is intuitively surpris-
ing, where it appears. For an infection to be prevented via the CTA, both
the infector and the infected individual have to use the CTA, and the
chance of this by random uptake is (p/ 100)? < p/100. Thus one’s first
guess would be that HMax;,nq(p) and Size,,nq(p) would be concave in p,
not linear, over all infectiousness parameters. Yet, our results combined
with [100] show that the curve is concave only in scenarios with high
infectiousness and in contact networks with strong underlying geometry.
The conclusion is that, even with random uptake, the CTA works better
than might be expected, decreasing Size and HMax roughly linearly for a
large range of parameter values (of infectiousness, and of the underlying
network), rather than concavely.

The recommender scenarios react even better to small increases in the
uptake percentage (for small values of p). Our experiments show (see
the first row of Figure 21) that all recommender scenarios (and especially
the ring-recommender scenario) react more strongly (than the random-
uptake scenario) to a slight increase in the uptake percentage p%. That
is, the epidemic size curves decrease at a faster rate under basic and
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ring recommendation, as compared to under the random uptake scenario.
Roughly, we find that for p% < 50% and a small positive number dp,

Sizering(p) - Sizering(p + dp) > Sizerand (p) - Sizerand(p + dp) > O/
Sizepasic (p) — Sizepasic (p + dp) > SiZ€rand (p) — Siz€rand (p + dp) >0,

meaning that (apart from perhaps for T = 3.3, x = 1.3), the total size of the
epidemic as a function of p decreases substantially more steeply for ring-
recommender and basic-recommender uptake than for the random uptake.
While this is true for both T = 2.3 and T = 3.3, in the situation where
there are many super-spreaders (t = 2.3), the curves seem in addition
to be convex (meaning that the rate of decay is highest when the uptake
percentage is small).

For the maximum hospital load HMax, the effect is similar, but stronger
(see row 2 of Figure 21). Here the HMax curve is a convex curve for all
recommender scenarios.

In summary, we find that for many underlying contact networks, the
functions Size;ing(p), Sizepasic(P), HMax;ing (p), and HMaxy,qsic(p) are con-
vex, having a steep decline when p% < 50%, while Size n4(p) and
HMax,,nq(p) are linear or concave functions. This is illustrated further
in [100, Figures 4-5] where the level of infectiousness is varied: the phe-
nomenon is robust in the “supercritical” regime where there is a large
outbreak, apart from in graphs with few super-spreaders in situations
with very high infection rates. In this latter case the curves might coincide
or are more concave.

8.3.4 Geometry helps the CTA

A less obvious observation that we make is that (considering networks with
the same average number of connections per node), the more geometric
the underlying contact network is, the better the performance of the CTA
in terms of reducing the size of the epidemic and the maximum hospital
load, across the four uptake scenarios. In other words, lack of long-range
connections helps CTAs. This agrees with existing work on classical contact
tracing [87, 160], despite the increased heterogeneity introduced by random
app uptake; see [196] for a detailed survey.

Moreover, the positive effect of recommending becomes more exagger-
ated in geometric networks, see Figure 23. Emphasising in notation by
adding a superscript ‘geo” and ‘ageo’ to emphasise whether the underlying
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Figure 23: The reduction in epidemic size achieved by CTAs with user recommendation
improves when the network has stronger geometry (for all values of p% < 85%).
Subfigures (A) and (C): The red dashed curve shows Sizeffg a(p)— Size{f:(s)ic(p),
while the blue continuous curve shows Size:;gsg (p) — Size;“i:ii(p) as a func-

tion of the uptake percentage p%. In subfigures (B), and (D), the red dashed

curve shows Sizeif;) q(P)— Sizefii(;(p), while the blue continuous curve shows
ageo

Size,> 4(P) — Size?igneg0 (p) as a function of the uptake percentage p%. Observe
that the red dashed curves are (typically) above the blue curves. In subfigures
(A) and (B) the underlying network contains many super-spreaders, while in
subfigures (C) and (D) the network contains fewer: observe that the presence of
fewer super-spreaders makes the red dashed curve, the epidemic size difference
in geometric networks between recommender and random uptake, more spiky.
The simulation details are the same as those in Figure 21. For each parameter
value, the plotted result is the median over 10 runs.

network has strong geometry (x = 2.3) or less geometry (x = 1.3), we
typically find that (for fixed T and reasonable uptake percentages)

Size®:" (p) — Sizel: o (p) > Size 5 (p) — Sizeyoey (p), 632)
Size®, (p) — Size;g;(;(p) > SizelS(p) — Sizejﬁg)(p). e

This is illustrated on Figure 23, where the epidemic size difference (corre-
sponding to the number of infections that are prevented by the recommen-
dation) is plotted. Observe that the dashed red curve, corresponding to the
epidemic size difference in geometric networks stays above the blue curve,
corresponding to the epidemic size difference in ageometric networks. We
emphasise that both curves are positive, i.e., recommendation performs
better than random uptake in both geometric and ageometric networks.
The intuitive explanation for Inequality (8.3.2) is the same as what we gave
in Section 8.3.2: recommending has two main effects. The first effect is
finding the super-spreaders via the friendship-paradox effect. The second
effect of recommending is only present in geometric networks: recom-
mending also forms geometric barriers of CTA-users around a central
node. These barriers are hard for the infection to pass through.
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On the empirical side, we mention that a way to introduce more ge-
ometry into the underlying contact network is via travel restrictions as in
Chapter 7.

8.3.5 How costly is quarantine?

One might be afraid that using a CTA might cause a high quarantine
load on the population. However, row 3 of Figure 21 demonstrates that,
at least in the case of fewer super-spreaders (T = 3.3) the average number
of days that an individual has to quarantine does not rise very steeply
with the CTA-uptake percentage p%. Note that the date for the case with
more superspreaders (T = 2.3) has very high variance, so we do not draw
conclusions about this case. Note also that the conclusions are relevant in
situations where social-distancing measures make the underlying infection
rate not too high, this corresponds to the choice of 3 = 0.05 here. Though it
is beyond the scope of this study, note that quarantine time can be reduced
by providing prompt testing to people who are notified to quarantine by
the CTA.

Here we note a surprising feature that applies to underlying networks
with relatively few super-spreaders (t = 3.3) in Figure 21. In this case,
Quar(p) is roughly unimodal, meaning that when the uptake percent-
age p% is small, the amount of quarantine time per person increases as p
increases. However, roughly, the amount of quarantine is maximised for
some p*% < 100%, and decreases above p*.

This means that using CTAs only increases the average quarantine time
below uptake p* but not above it. We mention that p* depends on the uptake
scenario, and comes earlier with recommendation scenarios than with
random uptake. In [100, Figure 7] the same phenomenon is observed for
various levels of infectiousness of the disease: this rough unimodality in
Quar(p) is robust for these underlying networks. However, it disappears
for networks where either there are more super-spreaders (so the data is
too noisy to draw conclusions) or the geometry is less apparent.

We conclude that, in this particular setting, using CTAs at high uptake
rates is effective not only for reducing the epidemic size and maximum
hospital load of the epidemic but also in reducing the average quarantine
length.
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8.3.6  Other parameter values

The experiments in Figure 21 assumed an epidemic model (see Sec-
tion 8.2.2) with a low rate of infection 3 = 0.05. This means that each
infectious node infects each of its susceptible neighbours with probabil-
ity B at every time step (e.g., every day). Low rates of infection can be
achieved by social-distancing measures. The results that we have men-
tioned so far are robust over other infection rates, see [100, Figure 4-7].

84 EXPERIMENT 2. STRICTNESS OF QUARANTINE MEASURES

It has been observed that the severity of symptoms varies with the individ-
ual [53, 183, 205, 226]. In our model, we assume that there is an underlying
probability distribution that determines whether an individual would be
symptomatic in the case that this individual is infected, and also that there
is an underlying probability distribution determining the severity of these
symptoms. Policy makers may then impose quarantine or home isolation
on individuals that have symptoms above a certain severity-threshold;
setting the threshold is a political /economic decision. In our model, the
strictness of quarantine measures is represented by a value q € [0, 1]. This
quantity q is the fraction of individuals whose symptoms would be so se-
vere that they would go into home-quarantine if infected. Strict quarantine
measures correspond to large values of q — in the extreme, taking q = 1
means that all infected individuals would go into home-quarantine. We
recall that we work under the assumption that all relevant symptoms are
caused by this virus, which is important for interpreting the results in this
section.

For any given epidemic, there is an underlying probability qsymp, which
is the proportion of infected individuals that experiences any symptoms
upon infection (mathematically, the probability of showing symptoms
upon infection). Implementing a quarantine-strictness q > gsymp would
require a program of mass testing. The implementation of such a test-
ing program is beyond the scope of this chapter, however we make two
remarks:

(1) For many epidemics, the value of qsymp is fairly high (for COVID-19,
the literature is varied, [214] finds a qsymp ~ 0.3 over all population,
varying in age, [187, 203] find it ~ 0.6 and ~ 0.7, respectively, while
[118] finds it as high as ~ 0.85).
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(2) our results indicate that setting quarantine-strictness even below
qsymp can still be effective for decreasing the epidemic size and
maximum hospital load.

The social benefits of quarantining measures are nuanced. While quar-
antining clearly helps to reduce the size of the epidemic (Size) and the
maximum hospital load (HMax), it also comes at the high societal cost
of reduced work capacity. As a policy maker, one might like to balance
the reduction in Size and HMax against Quar, the average number of
days spent in quarantine per person, over the course of the epidemic.
In Experiment 1 we took the fixed value q = 0.6. In Experiment 2, we
study how the setting of the quarantine-strictness q affects all of these
KPIs. In this experiment, we vary the quarantining strength q and the
CTA-uptake percentage p% for the four CTA-uptake scenarios. Our results
are summarised in Figure 24, that we elaborate below.

8.4.1 Reducing epidemic size & hospital load by stricter quarantining

Increasing the quarantine-strictness q (i.e., requiring individuals to quar-
antine even with mild symptoms) reduces the number of individuals who
are able to spread the virus, and hence reduces the epidemic size and
maximum hospital load of the epidemic. This is a very natural observa-
tion, valid across all parameter settings and underlying contact networks.
The top row of Figure 24 shows how the size of the epidemic decreases,
for various CTA-uptake percentages p%, as the quarantine-strictness q
increases. We observe that for q1 > q3, for any fixed p and uptake scenario
O = rand, basic, ring, deg,

Sizen,(q1) < Sizepp,(q2), HMaxg,(q1) < HMaxg,(q2).

However, the rate of decrease varies across uptake scenarios. Figure 25
shows that in the case with fewer super-spreaders (t = 3.3) typically

Sizegeg,p (q) < Sizering,p(q) < Sizepasicp(q) < Sizerand,p(q), (8.4.1)

by plotting the various uptake scenarios on the same diagram. To some
extent, Inequality (8.4.1) also holds with more super-spreaders (t = 2.3)
but the curves for the recommendation scenarios are close, or overlapping,
in these cases. Similar results hold for HMax, as shown in [100].

Going back to Figure 24, we find that the Size and HMax curves are
steepest under degree-targetted uptake, ring recommendation is second
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Figure 24: Influence of the quarantine strictness q for various uptake percentages p%
and the four uptake scenarios: the KPIs are plotted against g, the quarantine
strictness. We work here with a fixed underlying GIRG with T = 3.3 (fewer
super-spreaders) and o = 2.3 (more geometric). Each column represents a
given uptake scenario (random, basic-recommender and ring-recommender,
and degree-targetted). The x-axis shows the quarantine strictness q varying
from O to 1 at step size 0.05. Simulations are done for the 21 values of q
corresponding to these steps. There is an additional simulation point at 0.02 (in
order to avoid division by o in the computation for HMax and still have a point
close to 0). The y-axis shows the corresponding value of the KPI. The curves
on each figure correspond to the different uptake percentages, as labelled. For
each parameter value, the plotted result is the median over 5 runs. The shaded
region around the plot covers the results of all 5 simulations. The infection rate
is p = 0.05.
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(d) More geometric (x = 2.3), many super-spreaders (T = 2.3).

Figure 25: Experiment 2 on four GIRGs. Each column represents an uptake percentage.
The x-axis shows the quarantine strictness q varying from 0 to 1 at step size 0.05.
Simulations are done for the 21 values of q corresponding to these steps. The
y-axis shows the corresponding value of the KPI. The curves in each figure
correspond to the different uptake scenarios, as labelled. For each parameter
value, the plotted result is the median over 5 runs. The shaded region around
the plot covers the results of all 5 simulations.
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best, while basic recommendation still performs better (declines more
steeply) than random uptake. This is similar to what we have already
observed in Section 8.3.

Figures 13-15 in [100] are qualitatively similar to Figure 24 and consider
GIRGs with other parameters. For network with more super-spreaders, the
effects are even more exaggerated. The observation that recommending
helps significantly already at very low uptake rates remains valid.

8.4.2 Improving CTA efficacy by slightly increasing quarantine strength

We next study the shape of the curves Sizep,,(q) and HMaxg,(q) for
fixed p as q varies and [J = rand, basic, ring, deg. Intuitively, we examine
what happens when we slightly increase the quarantine strength q, espe-
cially in the mild-quarantine scenario where q < 0.5. We first note (From
Figure 24) that without a CTA present (p = 0%), HMax decreases roughly
linearly as a function of q. Whenever a CTA is present, (p% > 0%) HMax
becomes a steeply decreasing convex function of q for low q.

The main message is: a somewhat stricter quarantine rule can already
lower the maximum hospital load and thus “flatten the curve” very well
in the presence of a CTA. A similar observation is valid for Size, (q): the
curve is concave for p% = 0%, while it becomes linear or convex when p
increases.

When the value of q is small (so the quarantine measures are not strict),
Figure 24 also shows that another way to flatten the curve is to increase
the uptake percentage: the rate at which Size and HMax decrease is
much higher for large CTA-uptake percentages: our numerical simulations
indicate that (for the values of p that we have tested) when p; > p, and
dq is a small positive number,

Sizey, (q) — Sizep, (q +dq) > Sizey, (q) — Sizep, (q +dq),
HMaxy, (q) — HMaxy, (q +dq) > HMax,, (q) — HMaxp, (q +dq).

Thus a high(er) CTA uptake rate makes it possible to impose less strict
quarantine measures and yet keep the epidemic size and hospital load
under control.

We mention that these findings are robust across underlying networks.
Figures 13-15 in [100] illustrate qualitatively similar behaviour for net-
works with more long connections and super-spreaders.
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8.4.3 Reducing quarantining by quarantining

Although it is valuable to increase quarantine-strictness in order to re-
duce Size and HMax, one may wonder whether stricter quarantine mea-
sures require more social sacrifice. Our experiments demonstrate that
the picture is not this simple: Row 3 of Figure 24 shows that, for ev-
ery positive CTA-uptake percentage p% and every uptake scenario O =
rand, basic, ring, deg, the curve Quarglp(q) is roughly unimodal. Thus,
once ( is sufficiently large (larger than some value qp; , depending on the
uptake scenario O and the uptake percentage p%), increasing q actually
decreases the average number of days that people have to quarantine. One
reason for this might be that the quarantining decreases the spread of
the epidemic (so other individuals do not get infected and cause further
quarantining).

This observation is most useful if the CTA-uptake percentage p% is
high enough that q*D,]D < {symp, SO that quarantine-strictness quantities
q > qry,, are easy to implement in reality. Note that qf;  also depends on
the infectiousness of the disease. Stricter social distancing, corresponding
to lower reproduction number, leads to lower value of q*D,p. Thus, when
social-distancing measures are in place, it will be more possible to reduce
the average time that people quarantine by setting q > qp .

85 CONCLUSION AND OUTLOOK

The research leading to Chapters 7 and 8 was performed in the early
stage of the COVID-19 pandemic (first six months of 2020), during which
there were many uncertainties about the evolution of the epidemic and the
impact of intervention measures (including contact-tracing applications).
Some of the results were presented to local governments. Although the
addressed research questions are less pressing at the moment, some of
the insights could still be of future importance from an epidemiological
perspective. Besides that, the simulation-based results show interesting
phenomena, which would be interesting to study from a mathematically
rigorous perspective.

We have used scale-free networks embedded in a geometric space to
study interventions methods. The geometry allows for intuitive modelling
of several intervention methods as seen in Chapter 7 for an SIRS epidemic:
social distancing, travel restrictions, and meeting a limited number of
people. We compared the effect of these interventions by ‘permanently’
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modifying the underlying contact network, while maintaining the same
average node-degree across interventions. We found that the strong travel
restrictions are most effective in elongating and diminishing the first peak:
the shape changes from exponential to linear. However, travel restrictions
and meeting a limited number of people result in a higher second peak,
where the latter restriction yields the highest second peak. We could
explain the effects of the intervention measures on an intuitive level, by re-
lating it to different universality classes for the typical graph distance. Our
main conclusion was that the behaviour of the epidemic highly depends
on the topology of the network.

An interesting topic for future research is to study the fluctuations of the
epidemic curve immediately after the first peak. In models with infinite
variance degrees (T < 3, similar to the preferential attachment models
considered in Part i), the oscillations seem to be less significant than in
models with T > 3. This result is even more exaggerated if the typical
graph distance is not of poly-logarithmic order.

One of the main goals of Chapter 7 was to compare the effect of an un-
derlying geometry influences the spread to two inherently non-geometric
network models: the configuration model and standard continuous com-
partmental models. It would be of interest to involve spatial variants of
the compartmental models into this comparison [80, 120, 224].

Several adjustments can be made to make the model more realistic.
Other compartments could be added, or one could study a scenario where
interventions are only applied once certain thresholds in the number of
infected nodes are exceeded, or are being lifted.

In Chapter 8 we considered a different epidemic model: instead of
temporary immunity we considered long-lasting immunity; besides that,
the presence of a contact-tracing application that induces quarantining
changed the dynamics significantly. While some of the observations (i.e.,
concavity or convexity of the size of the epidemic as the percentage of
CTA-users/quarantining-strictness is varied) are possibly hard to prove
rigorously, it would be of interest to prove that stricter quarantining can
lead to less quarantining for large enough values of q (possibly for a
simpler model than GIRGs), i.e., to show theoretically that the curve
Quary, (q) described in Section 8.4.3 is indeed unimodal.
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DISCUSSION AND OPEN PROBLEMS

In this thesis, we studied graph and weighted distances, and component
sizes in various scale-free random graphs. Our theoretical results from
Part i on distances in random graphs whose degree distribution has infinite
variance, gave (together with related results from literature) intuition for
the possible spread of COVID-19 as illustrated in our simulation-based
studies in Part iii. These studies showed that the underlying (possibly
spatial) structure of networks heavily influences epidemics. In Part ii we
studied the component structure in a large class of spatial random graph
models, which contains geometric inhomogeneous random graphs (the
random graph model used in Part iii) as a special case.

In Section 8.5 we have already mentioned possible directions for future
research related to Part iii. As Parts i and ii form the main contribution
of this thesis to the mathematical literature, we conclude the thesis by
discussing some possible avenues for future research that are related to
these parts.

9.1 FIRST-PASSAGE PERCOLATION IN SCALE-FREE RANDOM GRAPHS

In Chapter 2 we established the first results on weighted distances in the
three preferential attachment models (PAMs) defined in Section 1.2.2: fixed
preferential attachment (FPA), variable preferential attachment (VPA), and
generalised variable preferential attachment (GVPA). The same universality
classes of weight distributions from Definition 2.1.3 appear for static
models as the Configuration Model (CM) [2, 22, 21], and for the spatial
models scale-free percolation (SFP), geometric inhomogeneous random
graphs (GIRG), hyperbolic random graphs (HRG) [136, 166], when T €
(2,3). Our technique developed for a dynamic model can be adapted to
obtain similar results on static models for weight distributions in the
conservative class. In particular, the improved recursion on (si)ik>0 in
(2.3.9) above can be used to prove tightness of typical weighted distances
in CM for T € (2,3) around the main term under condition (2.2.3), proving
part of [2, Problem 2.10].
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For a fixed T € (2,3), the main difference between CM and the pref-
erential attachment models studied in Part i is that all distances in the
three PAMs are roughly twice the distance in CM. For CM, the main
term of the graph distance is 2loglog(t)/|log(t —2)| [132], compared to
4loglog(t)/|log(t — 2)| in PA. Combining the results on weighted dis-
tances in CM [2] with our results, after a variable transformation on the
sum in Q: in (2.1.3), the factor two extends to weighted distances, i.e.,

d(CLl{/It(T) (U-,V)/d};itm (wv) —2, as t — oo.

This is due to the difference of the geometry of typical shortest paths: in
CM high-degree vertices are often directly connected via an edge, while in
the PAMs we need two edges to connect two high-degree vertices. This
factor two is studied in [72], where it is illustrated how this factor two
vanishes in GVPA(f) (see Definition 1.2.5) with power-law exponent T = 3
and a function f that has logarithmic corrections.

For spatial preferential attachment as introduced in [142], an upper
bound on the graph distance is established in [123]: it uses a similar two-
connector procedure that we also use in Chapters 2 and 3. In the proof for
the upper bound, the authors show that two vertices with high degree
are connected via two edges, similarly to the non-spatial models. To the
extent of our knowledge, no matching lower bound for spatial preferential
attachment is known, although for the age-dependent random connection
model (a variant of the spatial preferential attachment), matching upper
and lower bounds are known when the typical graph distance scales as
O(loglog(t)) [106]. Thus, it would be interesting to translate our results
on the typical weighted distance to these models.

Another interesting property is the hopcount, the number of edges on
the least-weighted path. For Erdés-Rényi random graphs (ERRG) with
i.i.d. exponential weights on the edges, it is known that the hopcount is
much larger than the graph distance [27]. We conjecture that a similar
result should hold for preferential attachment models with explosive edge
weights, as these models contain a subgraph on at least 1/t vertices (called
the inner core in Section 2.3) that dominates a dense ERRG. Moreover,
we expect that the hopcount in variable preferential attachment and fixed
preferential attachment is tight around the sequence 2K} for any weight
distribution of the form L = 1+ X with I(X) = oo, improving Theorem
2.2.6. To show this, however, a better upper bound is necessary. For the
conservative class, extending Theorem 2.2.6 on the hopcount to weights
that are not bounded away from zero is more difficult, and requires a
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detailed study of the hopcount within the dense inner core. We also believe
that (2.2.3) in Theorem 2.2.5 is not a necessary condition. However, we
were not able to remove it in our proof of the upper bound.

Lastly, it would be interesting to study the geodesic (i.e., the least-
weighted path) in the neighbourhood of u and v in more detail. Would
it be possible to prove local weak limits of the geodesic of the parts close
to u and v? For CM, local weak limit theorems are established in [74]. We
conjecture that using Theorem 2.2.9 in the present chapter and results from
[24, 71, 97], similar results can be derived for PAMs. Another interesting
question would be to analyse the age distribution of the vertices on the
geodesic beyond the local neighbourhood of u and v.

9.2 EVOLVING PROPERTIES IN PAMS AND RELATED MODELS

Chapter 3 commences a research line by studying an evolving graph
property (other than the degree of fixed vertices [70, 193]). Statements
involving the evolution of a property describe the structure of the graph
during a time interval, rather than at a single time. We consider the evolution
of a global graph property: the distance evolution in two classical PAMs,
FPA and VPA. Studying a global graph property requires a more fine-
grained control of the entire graph than required for a local graph property,
such as the degree evolution of a fixed vertex, and yields more insight on
the evolution of the structure of the graph.

One of the main reasons to consider distances for these PAMs is that
they display a notable change over time. The growth terms decrease from
loglog-order to constant order as the graph grows. This is in contrary
to, for example, the local clustering coefficient, a graph property related
to the number of triangles which a typical vertex is a member of. The
local clustering coefficient of a typical vertex is of constant order and
tends to zero for typical vertices due to the locally tree-like structure in
classical PAMs. However, one could analyse the local clustering coefficient
in versions of PAMs that are not locally tree-like. Static analyses of the
local clustering coefficient on spatial variants of PAMs have been done in
[105, 142]. The local clustering coefficient of the age-dependent random
connection model, a spatial variant of PAMs, has been done in [135].

A natural extension would be to study the distance evolution in PAMs
where the asymptotic degree distribution has finite variance. For this
regime, it is known that the static typical graph distance is of order
O(log(t)), but the precise constant has not been determined [81]. We
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expect that in this regime the time-scaling of the growth is different from
the scaling of the hydrodynamic limit in Corollary 3.1.2 and to see the
distance drop by a constant factor when t’/t is of polynomial order, rather
than stretched exponential in the logarithm.

As mentioned above, matching lower and upper bounds were estab-
lished for graph distances for some regimes in the age-dependent random
connection model [106]. Parts of our techniques should help to establish
results on the distance evolution for this spatial model. The age-dependent
random connection model is a special case of the kernel-based spatial
random graphs (KSRGs) studied in Part ii (it uses the kernel kp,, and
the marks should be interpreted as a rescaled age). Relating Parts i and
ii of this thesis, it would be of interest to understand the evolution of
the component-size distribution in the age-dependent random connection
model.

In most PAMs the graph and its edge set are increasing over time. In
[57, 65] variations of PAMs are introduced where edges can be deleted. As
a result the distance evolution is no longer monotone and other behaviour
may be expected. The variations of PAMs mentioned in Section 1.2.3 all
have properties that can be considered from a non-static perspective.

9.3 CLUSTER-SIZE DISTRIBUTION IN SPATIAL RANDOM GRAPHS

In Part ii and the accompanying paper [151] we study the cluster-size
decay of kernel-based spatial random graphs (KSRGs), and consider the in-
terpolating kernel k1 s in (1.3.5) to obtain the interpolation KSRG (i-KSRG)
that contains many well-known models as special cases. These works open
up several avenues for future research beyond proving Conjecture 4.2.1
for the entire parameter regime (without o(1)-errors, and also for i-KSRGs
on Z4).

Monotonicity of ¢ in the nearest-neighbour regime

In the regimes where we have proofs for the cluster-size decay (6.1.2),
the stretch-exponent ¢ = ((«, T, 0, d) is monotone in the parameters. For
parameters such that (nn = max{(y, (n, Chn) (see (4.2.4), (4.2.2), (4.2.1),
(4.2.5)) we can still show that the stretch-exponent C equals Cnn. Moreover,
for «, T = oo (corresponding to nearest-neighbour bond percolation or the
soft random geometric graph), the cluster-size decay is also known to be
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stretched exponential with parameter { = (d —1)/d [110, 158] (for the soft
random geometric graph it is only proven for d = 2 in [175, 211]).

This naturally raises the question whether ( exists for any parame-
ters o, T, 0, d, p, B that give rise to a supercritical i-KSRG. The non-
monotonicity of the second-largest component under inclusion of edges
makes this highly non-trivial. A positive answer to the question would
prove Conjecture 4.2.1 additionally for the parameter regime where (nn >
max{(y, Cih, Chn}-

Deviation principles for the size of the giant component.

Our results characterise the speed of the lower tail bound of large devi-
ations (LTLD) for the size of the largest component (up to o(1) error in
the exponent). It would be a natural (but far from trivial) extension to
remove the o(1)-error and determine also rate of the LTLD, thus obtaining
a large-deviation principle for the lower tail.

Instead of considering the lower tail bound for large deviations (of
which we show that it has stretched-exponential decay in many cases), an
alternative is to consider the upper tail bound. We expect that this bound
decays as a polynomial in n, rather than stretched exponentially. A related
work in progress is [133], which studies the upper tail bound for the total
number of edges in KSRGs.

As a side result of our study of small components, we established a weak
law of large numbers for the size of the largest component. Besides studying
large deviations of the size of the largest component, it would be of interest
to study lower-order deviations for the size of the giant component, and
to see when a central limit theorem (CLT) is satisfied. In [92], it is shown
that the number of isolated vertices in hyperbolic random graphs, a 1-
dimensional KSRG using the product kernel, satisfies a CLT if T > 3 (when
the degree distribution has finite variance) and does not satisfy a CLT when
T € (2,3) (corresponding to a degree distribution that asymptotically has
infinite variance). Of course, limit theorems could also be proven for other
graph properties than the size of the giant component, e.g. independence
number, domination number, set- and vertex-cover, similar to the laws of
large numbers established for the random geometric graph [185].
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Scaling limit of random walks.

The understanding of the geometry of clusters (both the largest/infinite
component and isolated component) could help in studying other prop-
erties of i-KSRGs, in particular simple random walks on these graphs.
Transience and recurrence of simple random walks on (special cases of)
i-KSRGs with non-trivial kernels have been studied in [107, 121], while
more recently the mixing time, and cover and hitting times have been
studied in [52, 161, 163].

Related to the study of evolutional properties in Chapter 3, it would be
of interest to study the evolution of the mixing time of a random walk in
the age-dependent random connection model.

(Sub)critical and dense i-KSRGs.

While supercritical KSRGs with non-trivial kernels have been studied ex-
tensively in the past years, the (sub)critical counterparts have received less
attention. The existence of subcritical and supercritical phases by varying
(3 are studied in [108, 109, 144], and first steps to study properties of sub-
critical KSRGs are made in [79] for higher dimensions. Yet, further steps
need to be taken before results for the cluster-size decay can be obtained
similar to [6] for nearest-neighbour percolation (in which case the decay is
exponential). For (sub)critical long-range percolation, a polynomial upper
bound on P(|€(0)] > n) is obtained in [138], but no lower bounds are
proven (for subcritical long-range percolation it is expected that the decay
is exponential, rather than polynomial).

For some parameter regimes of i-KSRGs, i.e., when T < 2+ 0 or o <
1/(t —2), the model is supercritical for every value of 3 € (0,00) and
p € (0,1) and the model is called robust [109]. For those parameters it
would be of interest to study sequences (. )n>1 tending to zero so that the
sequence of KSRGs with parameters (o, T, 0, d, B ) is in a critical window,
or chosen barely supercritical. Defining and identifying such regimes —
and finding a potential relation to (- would already be interesting, and
would allow for comparison to (non-spatial) analogues of the models:
the configuration model and rank-1 inhomogeneous random graph with
infinite variance degrees. For such models and parameters, the critical
window, and component sizes have been studied in a sequence of papers

[25, 77, 78].
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On the contrary, instead of considering sequences (Bn)n>1 tending to
zero, one may consider sequences (B )n>1 that tend to infinity, so that
the average degree is increasing in n. To the extent of our knowledge, no
results on KSRGs are known for such dense models.

Variations and generalisations of KSRGs

We highlight a few variations of KSRGs that could be interesting from
both a mathematical and (more) applied perspective. For instance, the
vertex set could be embedded in other metric spaces, e.g. a Riemannian
manifolds, or be formed by other point processes, or the edges may be
directed.

Alternatively, the role of the marks could be changed and could lead
to interesting behavior: instead of assigning an i.i.d. non-negative marks
W, to each vertex u, one could assign i.i.d. vectors W, := Wy, ..., W)
whose entries are dependent. The kernel k(Wy, Wy), described near (1.3.4)
for the traditional KSRG, should still be symmetric and map to R;.. The
simplest kernel to work with, corresponding to Kproq in (1.3.4), is to take
the inner product of the weights. The obtained graph with this inner-
product kernel could be viewed as a superposition of dependent KSRGs.
Thus, by choosing the distribution of W such that the entries are nega-
tively (respectively positively) correlated, one could model disassortative
(respectively assortative) communities, which could lead to graphs where
the giant component is non-unique. For non-spatial random graphs, this
model is known as the random dot product graph [227], which has gained
significant attention in the field of statistical inference (see [13] for an
overview).
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SUMMARY

This thesis is centered around the analysis of supercritical random graphs
in which the parameters are tuned such that the degree distribution has
infinite variance, similar to many real-world networks. The theoretical
understanding of the models that is obtained in the first two parts of the
thesis, is used in the third part to give qualitative answers for questions
that arised during the COVID-19 pandemic, based on simulations.

Part I: Distances in preferential attachment models. In Chapter 2 we study
first-passage percolation, a theoretical model for information or disease
spreading, on three preferential attachment models: a dynamic random
graph model in which vertices arrive over time, and connect to vertices
that are already present in the graph, favouring connecting to already
high-degree vertices. Each edge is equipped with a non-negative i.i.d.
weight, representing the transmission time of a message to cross an edge.
The weighted distance between two vertices is the sum of the edge weights
along the least-weighted path in the graph between the two vertices. We
study the weighted distance between two typical vertices, i.e., vertices
chosen uniformly at random from the largest component when the graph
has size t, and the number of edges on this path, the typical hopcount.

We prove that there are precisely two universality classes of weight
distributions, called the explosive and conservative class, and describe
the limiting behavior precisely for any weight distribution. If the edge-
weight distribution is in the explosive class, the typical weighted distance
converges in distribution to a finite random variable that we describe in
terms of the explosion time of the local weak limit of the graph. If the
edge-weight distribution is in the conservative class, we prove that the
typical weighted distance tends to infinity, and we give explicit expression
for the main growth term around which the fluctuations are tight under
mild conditions on the weight distribution L.

In Chapter 3 we study how the weighted distance between two fixed
typical vertices u¢, v¢ (sampled uniformly from the graph at time t) evolves
as the surrounding preferential attachment graph grows for time t’ > t.
We identify a function Q¢+’ such that the weighted distance between ¢
and v¢ measured at time t’, stays within a tight strip around the function
Q4 for all t’ > t and any t sufficiently large.

Part 1I: Cluster-size decay in kernel-based spatial random graphs. In Part ii
we study the distribution of the sizes of finite connected components in a
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framework called kernel-based spatial random graph models (KSRGs). In these
models, the vertices are embedded in a d-dimensional Euclidean space
(nearby vertices are more likely to be connected), and equipped with a
positive mark (high-mark vertices are more likely to form connections).
The parameters are tuned such that the model is supercritical, that is, the
graph contains an infinite connected component almost surely. We show
for a wide range of KSRGs that the probability that a typical vertex is
in a finite component of size at least k, decays stretched exponentially
with k, i.e., exp(—0(k®)) for some { € (0,1). We explicitly identify a
formula for ¢ which undergoes several phase transitions in terms of the
model parameters: it depends amongst others on the amount of degree-
inhomogeneity and long-range connections in the graph.

In Chapter 5, we are specifically concerned with KSRGs that are similar
to continuum scale-free percolation and/or hyperbolic random graphs,
but also give intuition for the cluster-size decay for other models, such
as the age-dependent random connection model, that we study in more
detail in an accompanying paper that is not included in the thesis [151].

Our proofs always work if the structural inhomogeneity is “sufficiently
large” compared to the spatial dimension d. When there is less inhomo-
geneity in the graph, we expect that the cluster-size decay is similar to
the graph obtained by nearest-neighbor bond percolation on Z¢ (NNP),
and that the formula ¢ depends only on the dimension d: in Chapter 6,
we study supercritical long-range percolation on Z4, where two vertices
x,y are connected by an edge with probability proportional to ||x —y||~*¢,
independently of other edges. A small value of x corresponds to more
long-range edges. We show that when « > 1+ 1/d, under the (technical)
condition that the edge density is sufficiently high, the cluster-size decay
is stretched exponential with exponent ¢ = (d —1)/d, similar to NNP.

Part III: Agent-based modeling: infection spreading. Motivated by COVID-
19, we conduct two simulation-based studies of spreading processes on
networks: we demonstrate the influence of space and the presence of
structural inhomogeneity on various characteristics of spreading processes
(using a special instance of a KSRG), using spreading processes that are
more advanced and realistic than first-passage percolation. We compare
these characteristics to more traditional models for disease spreading
(such as compartmental models). We present how the KSRGs can be
used to model intervention strategies. This gives intuition for qualitative
implications of the intervention strategies in Chapter 7, and the usage of
contact-tracing applications to mitigate infection spread in Chapter 8.
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