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Abstract

In this thesis we investigate the structure under which the typical distances in directed config-
uration model scale double-logarithmically with the size of the graph. We study the necessary
conditions and show how they lead to this phenomena. We then study how these typical distances
fluctuate under changes to the graph size. Moreover, we add a possible truncation the the in- and
out-degrees, and study its effect on the structure of the model.
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Chapter 1

Introduction

Anyone who is interested in random graphs, most likely heard of the game ’six degrees of Kevin
Bacon’. The game consists of a network of actors, in which the actors are connected if they
have worked on the same movie. To play it, you start with an arbitrary actor, and try to find the
shortest path to the actor Kevin Bacon, using the connection between the actors. The ’six degrees’
is a reference to the theorem that people in the world are typically only six degrees of separation
apart. This phenomenon is known as a small world. An important property of the connections
between people in this network, is that they are undirected. This means that if person A’ knows
person 'B’, that it must be that person 'B” also knows person ’A’. A similar game where this is
not the case is the Wiki Game. This game consists of a network of Wikipedia articles, connected
through their hyperlinks. Here, you start at an arbitrary chosen article, and try to reach another
given article in the least amount of steps, using the hyperlinks in each article. It can be the case
that article ’A’ has an hyperlink to article 'B’, but 'B’ has no hyperlink to article ’A’. Thus, the
connections in this network are directed.

1.1 Motivation and summary of main results

The study of small worlds in networks attracted attention after S. Milgram published an article
[10], describing the results of a social experiment he had conducted. For the experiment a randomly
selected starting and target person were taken from the American population, where the goal was
to send a note from the starting person to the target person. The catch is that the note could
only be passed to someone known by first name basis, such that each person needs to pass the
note to someone who is likely to be closer to the target. Against intuition, the experiment showed
that on average only five to six intermediate acquaintances were needed to reach the target. This
result sparked the curiosity of many researchers how this phenomenon arises and to find what
other networks were small worlds. One such example is the Kevin Bacon network [18] that was
mentioned before. A very different example is the network formed by the neurons and synapses in
our brain [9], which presumably results from natural selection under the pressure of a cost-efficiency
balance.

For many of these small world networks, it has been shown that they follow a scale free
paradigm [17]. When network sciences were still young, this was defined to mean that the number
of nodes with k neighbors for k > ki, is proportional to ck™7, where ¢ represents the normal-
ization constant. In reality, measurement are prone to different types of magnitudes of noise
and fluctuations, such that it is quite rare to find such clean patterns in real-world networks [4].
Hence, we take vertex degree i.e., the number of neighbors of each node, to have a regularly varying
distribution, which contains distributions with probability density functions of the form

p(k) = U(k)E, (L1)

where (k) is a slowly varying function. The precise definition of a scale-free network that we shall

Ultra-small world phenomenon in the directed configuration model 1



1.1. MOTIVATION AND SUMMARY OF MAIN RESULTS CHAPTER 1. INTRODUCTION

take, is that the tail distribution of the degrees is of the form

Fk) = 3 plk) = V()= (1.2)

k' >k

for which (k) is also a slowly varying function. Distributions with a tail distribution of the form
(1.2) are defined to be power law. Note that in the directed case it can be that both the proportion
for the connections towards and from nodes, i.e. the in- and out-degree distribution, are power
law but it more commonly holds for just for the in- or out-degree distribution. Examples can be
found in the article [17], e.g. the degree of the number of people that follow a twitter user and
the number the user follows are both power law, and the interactions between proteins in humans
has only a power-law distributed out-degree.

A consequence of the scale-free pattern, is that there are large numbers of high degree vertices,
which we call hubs. As these hubs are connected to a large portion of the nodes, they act as a
short-cut in the network, drastically decreasing the typical distances between the nodes. It has
been shown for undirected small-world networks, that these distances further rely on the variability
of the degrees [5]. The typical length of the distances of the scale free network grow logarithmically
with the size of the network, but for networks with estimated power law exponent 7 € (2,3) as
defined in (1.2), the distances are much smaller. These networks are defined as ultra-small worlds.
The knowledge gained from studying these small world networks can be applied in a broad range
of sciences. For instance, it can used to model the spread of epidemic diseases by epidemiologist to
prevent outbreaks, or engineers can use the network of the brain as an inspiration to reconstruct
its efficiency in devices.

Choice of mathematical models:  When constructing mathematical models to study these
networks, the main thing we want to recreate are the characteristics of the degrees of the nodes.
An easy way to do this, is by starting with a fixed sequence of degrees, which can be assigned to
the nodes, and randomly pairing the nodes based on their degree. Such a model was introduced
by Bollobas [3], called the configuration model. For the construction of this model, each node
is assigned a fixed number of half-edges. Connections between the nodes are then randomly
constructed, by pairing the half-edges uniformly at random. For the construction of the directed
network a similar approach is used, but now every node is assigned a fix number of inbound and
outbound half-edges. The directed connections are constructed, by pairing each outbound half-
edge with an uniformly at random chosen inbound half-edge that has not been paired yet. The
resulting random graph is called the directed configuration model. A more precise construction of
the models will be introduced further along the thesis. The versatility of these models makes them
useful for studying the properties of real world networks [12][8]. The property we are interested
in is the typical distance in the graph, i.e., the least amount of edges that need to be traversed
to travel between two randomly chosen vertices. More specifically, we want to know under what
circumstances these typical distances in the directed network become ultra small.

Description of main results: For the configuration model of size n, it has been shown that
the typical distances between vertices, conditioned on them being in the same component, grows
logarithmic with n if the empirical degree distribution follows a power law degree distribution with
finite variance. When the distribution has infinite variance, which is the case when the empirical
degree distribution follows a power law with exponent 7 € (2,3), it is shown ([14], Section 7)
that the typical distances are even 2loglogn/|log(r —2)|, confirming the phenomenon seen in real
networks.

In the directed configuration model, the covariance between the in- and out-degree distribution
also needs to be taken in consideration. It has been shown that under the assumption that the
covariance is finite, the typical distances grow logarithmically, even if the variance of the in- and/or
out-degree is infinite [16]. This bring us to the research topic of this thesis: under what conditions
does the directed configuration model experience the ultra-small world phenomenon? To study
this, we take a close look at the reason behind the conditions that are used in the proof from ([14],

2 Ultra-small world phenomenon in the directed configuration model



CHAPTER 1. INTRODUCTION 1.1. MOTIVATION AND SUMMARY OF MAIN RESULTS

Section 7) are required to obtain the ultra-small distances in the configuration model. Next, we
discuss why these exact conditions are not enough to replicate the phenomenon in the directed
configuration model. Then we reconstruct the conditions to replicate the phenomena that lead
to ultra-small typical distances in the directed configuration model. The following describes the
first result obtained in this thesis. For now the details of the assumptions are omitted, but will
be described precisely in Theorem 1.5.4.

Main result 1: Consider the directed configuration model on n vertices for which the in- and
out-degree satisfy some appropriate reqularity conditions, and the empirical distribution of the in-
and out-degree of neighboring nodes follows a power law with respective exponent 70" € (2,3) and
T(ouh) € (2,3). Let distpom,, (a)(01,02) denote the (directed) distance between two randomly chosen
vertices. Then, on the condition that the vertices are in the same component it follows that

distpem, (@) (01,02) 1 n 1
loglogn [log(7(m) —2)| * |log(r(out) — 2)|"
The next result adds a possible truncation to the power law distribution of the neighboring in-
and out-degrees, and describes how the typical distances fluctuate with n. The proof is derived
from the article [15]. Here it is shown for the configuration model, that if the power law is
truncated at some value n’», where 3, (logn)” — oo for some n € (0,1), that the typical distances
are centered around 2loglog(n®»)/|log(T — 2)| + 1/(3.(3 — 7)). By taking the dependence of the
truncation values of in- and out-degree into consideration, we obtain the following result:
Main result 2: Consider the directed configuration model on n wvertices and l, out- and
inbound half-edges, for which the in- and out-degree satisfy some appropriate reqularity conditions.

Moreover, the empirical distribution of the in- and out-degree of neighboring nodes follows a power
Blout)
Ion

(1.3)

. (im)
law with respective exponent () € (2,3) and 7(°*) € (2,3) truncated at degrees 15" and
where both ﬂr(f)(log n)" — oo for q € {out,in} and some n € (0,1). Then, given that

7

BUM + B (o) — 2) = G 4 BN (M) —3) € (0, 1), (1)
it follows that
pglout) Bl
dist (01, 09) — loglog I - loglog I - 2
DCM,,(d)\01, 02 [log(7(u®) —2)|  [log(r(m) — 2)] ﬂgout)(?) — rloun) 57(Lin)(3 — (in)
(1.5)

is a tight sequence of random variables.

For the intuitive explanation behind the result, we look at a common trait of the directed
and the undirected configuration models. Namely, that a small enough neighborhood of a typical
vertex is unlikely to contain any cycles or multi-edges. This so called local-tree like structure,
allows these neighborhoods to be approximated by a properly defined branching process, which
experience a double exponential generational growth rate [7] under the conditions of the results.
Each generation k of these branching processes represents either, the number of vertices that can
be reached in k steps from a typical vertex, or the number of vertices that can reach a typical
vertex in k steps. As these are the same in the configuration model, the double exponential growth
results in the typical distances 2loglogn/|log(r — 2)|, representing the similar distance from the
starting vertex towards the hubs and from the hub to the target vertex. As the in- and out-degree
have their own distributions in directed configuration model, these branching processes also have
different distributions. Hence, we obtain loglogl, /|log(7(®"*) —2)| to represent the distance to the
highest order out-degree vertices called the outbound-hub, and loglogl,/|log(r(™ — 2)| for the
distance from the highest order in-degree vertices, called the inbound-hub. For the non-truncated
model, the vertices in the outbound-hub are very likely to be connected to all the vertices in the
inbound-hub, such that the typical distance contains just these two terms. For the truncated
model, the highest order out- and in-degrees and the typical distances to and from them, depends
on the truncation values. And such, it no longer has to be the case they are likely connected.
Hence the third term represents the value around which the remaining distance from the outbound
to the inbound hubs is centered.

Ultra-small world phenomenon in the directed configuration model 3



1.2. CONSTRUCTION OF THE DIRECTED CONFIGURATIOAPNIDDEL INTRODUCTION

The remainder of this section introduces and discusses the results of the thesis in detail. First,
in Section 1.2 we describe how the directed configuration model is constructed and introduce
some notation and definitions. Next, in Section 1.3 we study the local tree-like structures and
show how its distribution relates to a branching process. In Section 1.4 the conditions are shown
under which uniformly chosen vertices are almost surely in the same unique strongly connected
component. Finally, in Section 1.5 the necessary power law conditions are discussed and the
asymptotic ultra-small world result is introduced. Then, the results describing the fluctuations of
the typical distances are shown in Section 1.6 with a possibly truncated model.

Notation: =~ We write [n] to indicate the set of integers {1,2,...,n}. For some graph G,, with
n € N vertices we use V(G,,) = [n] and E(G,,) to indicate the respective set of vertices and edges

of the graph . We will use i>, 25 and 5 to denote convergence in distribution, almost surely
and convergence in probability.

1.2 Construction of the directed configuration model

)

Let d©ut) = (d&out))ue[n] be a sequence of out-degrees, where d'°™ denotes the number outbound

half-edges assigned to vertex v € [n]. Similarly, let d(™) = (dE}“))ue[n] be a sequence of in-degrees,
with the condition that the equality

=Y d =" daiv (1.6)
]

u€n u€[n]

is satisfied. By assigning the in- and out-degree pair (de“), dq(fut)) to each vertex u € [n] we obtain
the degree sequence d = (d(i“)7 d(o‘lt)). To construct the path we pick an arbitrary in- or outbound
half-edge and a randomly chosen respective out- or inbound half-edge, without replacement. The
chosen in- and outbound half-edges are then paired to form an edge. So at step k+ 1 an arbitrary
in- or outbound half-edge is taken from the [, — k that remain, and is randomly paired with a
respective out- or inbound half-edge from the [,, — k that remain from this type of half-edge. Say
that the outbound half-edge attached to vertex w is paired with an inbound half-edge attached to
vertex v. Then this edge is denoted as (u,v), and can only be traversed from u towards v. After
all the half-edges have been paired, the directed configuration model with fixed degree sequence
d is constructed, denoted as DCM,,(d).

The directed configuration model is a multi-graph, which means that there can be multiple
edges between two vertices. The model also contains self-loops, which arise when an inbound
half-edge of a vertex is paired with one of its own outbound half-edges. Let D,, = (DS“), DSS‘“))
denote the in- and out-degree of a randomly chosen vertex, which we will refer to as a typical
vertex of the graph. The proportional distribution of the degrees is denoted as

Fulle 1) = B(Dy = (k1)) = - S T{(a™, ™) = (k, 1), (17)

u€[n]

for which the cumulative distribution function is denoted by Fj,. The graph distance between two
vertices u,v € [n] is k if this is the least amount of directed edges that need to be traversed to get
from vertex u to v, denoted as the event {distpcwm,, (a)(u,v) = k}. Ofcourse, there needs to be a
directed path for it to even be possible to travel from u to v. If this is not the case, such that no
path exists, we say that distpcwm,, () (u, v) = 0.

1.3 Directed branching process approximation

This section we will study the directed configuration model from the perspective of a typical
vertex. It is possible that an event that is likely to occur on the whole graph, is uncommon

4 Ultra-small world phenomenon in the directed configuration model



CHAPTER 1. INTRODUCTIQI. DIRECTED BRANCHING PROCESS APPROXIMATION

to take place on a small enough subgraph. This may allow us to dismiss this event when only
studying the properties of this particular subgraph. We will show that on the locally finite directed
configuration model, this is the case for cycles and multi-edges.

To understand this phenomenon, we take another look at the construction process of the model.
As explained before, to construct an edge we can take any arbitrary in- or outbound half-edge,
and pair it with a respective uniformly chosen out- or inbound half-edge. It follows that we can
also construct the model in a breadth-first order, without affecting the randomness of the model.
That is, instead of taking any arbitrary half-edge, we start with an uniformly chosen vertex, and
uniformly pair all its outbound and inbound half-edges. Next, we repeat this process one-by-one,
with all the vertices attached to the uniformly chosen half-edges, until again all their respective
half-edges have been paired. We call this process the forward-backward exploration of the graph.
The same process can also be performed by only pairing the outbound or inbound half-edges
of each vertex, which we respectively call the forward and backward exploration processes. By
repeating these processes with each of the added vertices a sufficient number of times, it is possible
to construct the following neighborhoods.

Definition 1.3.1. (Neighborhoods) The forward r-neighborhood of vertez o, denoted as BSG;OM) (0),
is the subgraph containing all vertices at most distance r from vertex o, such that

V(BLEm) (0)) = {v € V(G) : distg(0,v) < r} (1.8)

E(B%°") (0)) = {(u,v) € E(G) : distg(o, u) < r,distg(o,v) < r}. '
The backward r-neighborhood of vertex o, denoted as BﬁG;m)(o), is the subgraph containing all
vertices with distances at most r towards vertex o, such that

V(B (0)) = {v € V(Q) : dista(v,0) < 7} (1.9)

E(BE)(0)) = {(u,v) € E(G) : distg(u,0) < r,distg(v,0) < r}.

The forward-backward r-neighborhood of vertex o, denoted as B,(-G)(o), is the union of both neigh-
borhoods BﬁG;Out)(o) U B{E* (o).

To ensure that the size of these neighborhoods is bounded for fixed values of r as n — oo, we
introduce the condition that the typical degree converges weakly to a random variable with finite
mean.

Assumption 1.3.2. (Regularity conditions) We assume that the vertex in- and oul-degree satisfy
the following regularity conditions.

(a) Weak convergence of vertex in- and out-degrees. There exists a distribution function
F', such that

Dy, = (D™, D{em)) & (D), plewt)y = p, (1.10)
where D has cumulative distribution F.

(b) Convergence of average vertex in- and out-degrees.

lim. E[D{V] = lim. E[D] = E[DM] = E[D")] > 0. (1.11)
Under Assumption 1.3.2 the total number of out- and inbound half-edge is very large, as
ln/n = E[Déout)] — E[D")] > 0. Therefore, many exploration steps can be taken until the
neighborhood contains any significant proportion of the total {,, outbound or inbound half-edges.
Consequently, for each of these pairing steps it is unlikely that the in- or outbound half-edge is
paired with a half-edge attached to a vertex that already belongs to the explored neighborhood.
By bounding the number of exploration steps compared to the graph size, it is unlikely to add any
multi-edges or cycles to the neighborhood.

Ultra-small world phenomenon in the directed configuration model )



1.3. DIRECTED BRANCHING PROCESS APPROXIMATIQMAPTER 1. INTRODUCTION

In the following sections we will show that it is possible to approximate these neighborhoods
with a properly defined branching processes. In Section 1.3.1 we explain how each of the explora-
tion processes can be coupled with branching processes. In Section 1.3.2 we introduce the marked
graph and its applications in the study of local weak convergence. We construct a one-to-one
mapping from the directed graph to these marked graphs, which will enable us to apply these
applications to study the local properties of the directed graph. The results of this study are
introduced in Section 1.3.3.

1.3.1 Coupling explorations with branching processes

Let us take a look at the distribution of the explored neighborhood. The exploration process
starts at a typical vertex with degree distribution D,,. If the first exploration step starts from
an outbound half-edge, the probability that the randomly chosen inbound half-edge is attached
to a vertex with degree (k,!) depends on the number of outbound half-edges that attached to

vertices with degree (k,!). Hence, the probability equals ﬁP(Dn = (k,1)), for which E[D,(zin)]

is the normalization constant. Similarly, if the first step starts from an inbound half-edge, the
degree distribution of the following explored vertex equals WP(D,L = (k,1)). For each of the

following exploration steps, this distribution changes slightly as the total number of available in-
and outbound half-edges depletes. Though, as the total number of free out- and inbound half-
edges [, at the start is so large under Assumption 1.3.2; a significant number of exploration steps
can be performed before the degree distribution of the following explored vertex has a noticeable
difference. By bounding the number of exploration steps, the degrees of the explored vertices are
close to independently distributed. Combined with the unlikely occurrence of cycles and multi-
edges, this intuitively shows the breadth-first exploration has a very similar distribution as to a
branching process.

It remains to define these branching processes, to represent each type of exploration. As we
mentioned before, for the forward-backward exploration the degree distribution of the explored
vertices depends on whether they were chosen by their out- or inbound half-edge. Hence, we define
the (delayed) two-type branching process Z,, with root distribution D,, and offspring distributions

(k+1)

W) =" L f (k4 1,1),

fr ™ (k1) E[D£;“>]f (k+1,1)

- (1) y (1.12)
. Out k7l = n b 1 b
fi (ks 1) B[ fulk 1 +1)

for the following generations. Whether an individual has offspring distribution f;(™ or fi(°""
depends on the type of half-edge it is connected with to the previous generation. We say the
individuals with offspring distribution ( f;;(in)(k7 1))k,1>0, connected to the previous generation by
an inbound half-edge is an ”in-type”, and individuals with offspring distribution ( x(out) (k. D)k i>0
connected to the previous generation by an outbound half-edge is an ”out-type”.

The forward and backward exploration only expands by their respective out- or inbound half
edges. Hence, the forward exploration is represented by the branching process ZT(LOM) with root
distribution D™ and for the following generations £ (1) = >k W fn(k,1), denoting the
total number of inbound half-edges attached to vertices with out-degree . For the same reasoning,
the backward exploration is represented by the branching process Z,(fn) with root distribution D,(lin)
and for the following generations the offspring distribution féin)(k) => m Ffu(k,1). We will

write

6 Ultra-small world phenomenon in the directed configuration model



CHAPTER 1. INTRODUCTIQI. DIRECTED BRANCHING PROCESS APPROXIMATION

1 .
(out) - E (out) (y — § (in) (out) - *(out)
Fnou (‘T) - fnou (l) - l du ]l{duou S ‘T} - P(Dn o S LL’)

n

<z u€[n]
_ _ 1 4 4 (1.13)
FiD(@) = 3 W0 = = ) diV{d <z} = P, < a),
k<z u€ln]
with
D) — (size biased version of D) w.r.t. the in-degree), (1.14)

D" — (size biased version of D™ w.r.t. the out-degree).

Denoting the respective generation sizes of Z,, Z.>"" and Z0™ as (Z,in))kzo, (Z,g";OUt))kZO and

(Z,i";in)) k>0, the precise result of the coupling is the following:

Lemma 1.3.3. Consider the directed configuration model for which regularity Assumptions 1.5.2
hold. Define dpqx = max, ey {dq(fn), dq(fm)} and take r such that for uniformly chosen verter o

1B (0)] < (n/dumaz)?~°, (1.15)

for some § > 0. Then Bf«G")(o) can be coupled to the branching process with generation sizes

(Z;in))kgo- Moreover, take v such that for two uniformly and independently chosen vertices o1 and
02
| B0 (01) U B (09)] < (1/domaa)? (1.16)

for some § > 0. Then, (BL%"°Y(01), B%"™ (04)) can be coupled to the two independent branch-

ing processes with generation sizes (Z,g"’ou ), Z,(fn’m))kzo.

Next, we study the local behaviour of the graph with sizes in the limiting regime. Before we
do this, we introduce marked (undirected) graphs.

1.3.2 Marked graphs
A marked graph is the undirected graph C:?n = (V(G,), E(G,)) together with a set of marks

M(G,,), containing the mappings from V(G,,) and E(G,) to the complete and separable metric
space E. As shown in ([14], Section 2), there are convenient tools for the marked graph that
describe its local convergent properties. Conveniently, we will show that it is possible to describe
the directed graph as a marked graph. This will enable us to define an one-to-one mapping of the
directed graph to the marked graph, allowing us to make use of these tools to study the directed
graph. As the marked graph is undirected, the information about the direction of the edges are

stored in their respective marks, i.e.,

== {{(u,k),(v,D)},{u,v} € E,, k,1 € {out,in}, k # I}}. (1.17)

Although the edges are not directed, we will say an edge u,v with mark {(u,out), (v,in)} is an
out-edge of u and an in-edge of v. Take G, = DCM,,(d) and denote the mapping to the space
marked graph as ¢ : G,, = (G, M(G,,)), where the mapping is defined as

(u,v) € E,, = {u,v} € E,, with m({u,v}) = {(u,out), (v,in)} € M(G,). (1.18)

As no information about the directed edge is lost, we also have the inverse mapping o
(G, M(Gr)) = G,, defined as

{u,v} € E,, with m({u,v}) = {(u,out), (v,in)} € M(Gp) = (u,v) € E,,. (1.19)

As we study the neighborhood of a vertex a root vertex is also included, which will act as the
centre of the neighborhood. Including this root, we obtain the marked rooted graph, denoted as
(G,0,M(Q)). Next, we define the neighborhood of the root.

Ultra-small world phenomenon in the directed configuration model 7
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Definition 1.3.4. (Marked neighborhood) Let distg denote the graph distance of graph G =

(V(G),E(@)). For a marked rooted graph (G,o, M(G)), the subgraph containing all vertices at
most distance T from o is denoted as BﬁG’M(G))(o), such that

V(BEMED) (0)) = {v € V(G) : distg(o,v) <7} (120
E(BEME) (o)) = {{u,v} € E(Q) : distg(o,u) < r,distg(o,v) < r}. .

This is defined as the r-neighborhood of o.

Note that z/J(Bﬁc")(o)) = BﬁG"’M(G"))(o). For ease of notation, we will denote B,(«é")(o) =

BﬁG"’M(G"))(o) and simply mention whether we are using a marked graph. In order to study the
local weak convergence, we first need to know the topology which we are working with. Let

2= #{ec E(G;) :m(e)=m} meO,klecg, (1.21)
denote the number of edges in E(G;) with label m € E. The following definition shows when
marked graphs are considered to be equal.

Definition 1.3.5. (Ma~rked rooted graph isomorphism) Two marked rooted graph ~ ~
(G1,01, M1(G1)) and (G2, 02, M2(G2)) are called isomorphic, notated as (G1,01, M1(G1)) =~ (G2, 02, M2(G3)),
when there exists a bijection ¢ : V(G1) — V(G2), such that

1. ¢(01) = 02,
2. x%) = 332)2()"0 forallm e =,

where for m({u, v}) = {(u, k), (v,1)} we have (m({u,v})) = {(#(u), k), ($(v).1)}.

The bijective function ¢ ensures that the given indexes of the vertices is not taken into con-
sideration when comparing marked rooted graphs. We let G, be the set of marked rooted graphs
modulo isomorphisms. Next, we introduce the metric which we use to compare marked graphs.

Definition 1.3.6. (Marked rooted graphs metric) Let (G1, 01, M1(G1)) and (G, 00, Ma(Gs)) de-
note two marked rooted graphs. Let
R, =sup{r: Bf;l (01) ~ BS2(0)}, (1.22)
and define
dg. (G, 01, M1(G)), (G2, 02, M2 (Gi2))) = 1/ (R + 1) (1.23)

The value R, is the largest value of r such that Bgl (01) is isomorphic to BTG2 (02). It can be
shown that the space G, with the metric dg, is a separable metric space.
Finally, we define the marked local weak convergence of a marked rooted graph.

Definition 1.3.7. (Marked local weak convergence) Let (G, 0, M(Gy,)) denote a marked random,
graph. Then,

(a) we say that (Gn, M(Gy)) converges marked locally weakly to (G,o, M(G)) having law p,
when

E[1(Gn, 0n, M(Gn))] *= E,[h(G, 0, M(G))], (1.24)

for every bounded and continuous function h : G, — R, where the expectation E is w.r.t.

the random vertex oy, and the random graph G,,. This is equivalent to (Gm On,s M(Gn)) LN

(G,0.M(@)),
(b) we say that (G, M(Gy)) converges locally in probability to (G, o0, M(G)) having law yu when
E[h(Gr, 0n, M(G))|G] = E,.[h(G, 0, M(G))] (1.25)

for every bounded and continuous function h : G, — R.

8 Ultra-small world phenomenon in the directed configuration model
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1.3.3 Marked locally weak convergence

To describe the local asymptotic behaviour of the directed configuration model, we introduce the
asymptotic versions of the branching processes used in the coupling. As we use first show the
properties on the marked graphs, the edges need to be labeled as described before. First, we have
the (edge) marked branching process Z, with root distribution (f(k,1))r >0 and the two types of
offspring distribution (f*©")(k,1))x >0 or (f*0(k,1))x >0, With

flk,1) = lim_fo(k,1)
f*(out)(k, )= f*(out)(k, 0, f*(in)(k, ) = h_)m f*(in)(k-’ 0,

n n

. (1.26)
im
n—oo
which are properly defined under Assumption 1.3.2. The marked forward branching process Z(°ut)
has root distribution D©") and £ (1) = lim,, . fy(LOUt)(Z) for the following generations. Note
that each generation is connected by their respective (undirected) out-edges to the following gen-
eration. The marked backward branching process Z(" is defined similarly, except the role of the

out- and in- is reversed.

Theorem 1.3.8. (Locally tree-like nature directed configuration model) Consider the DCM,,(d),
where the in- and out-degrees d = (d(i"),d(out)) satisfy Assumptions 1.3.2. Then, the directed
configuration model converges marked locally weakly in probability to the marked branching pro-
cess. Consequently, the respective forward and backward neighborhoods converges marked weakly
in probability to the marked forward and backwards branching process.

It can be convenient to view the neighborhoods that are approximated by the branching process
as a single vertex, for which the total degree of the final generation indicates the degree of this
vertex. To do this, we take the two uniformly chosen vertices 01,02 € [n]. For convenience,
we take Hﬁmout) = H(()n;in) =1, and let Hy(an;out) denote the number of unpaired outbound half-
edges attached to the vertices at graph distance r — 1 from vertex o, after forward exploring
BﬁG";OUt)(ol) in a breadth-first manner. And let Hﬁn;in) denote the number of unpaired inbound
half-edges attached to the vertices at graph distance r — 1 towards vertex o,, after backward
exploring BLEnin) (01) in a breadth-first manner. Thus, Hf”;out) = dg?ut) and Hl(";in) = d(()i;).
Note that you might think that Hr(";q) = |8B£G";q)|, which is only the case when BﬁG";q) is a
tree. As this is whp indeed the case for for fixed r according to Theorem 1.3.8, we obtain the
following corollary which shows that (H ,gn;om), H ,En;in))z”:o are close to the independent forward
and backward branching processes.

Corollary 1.3.9. Consider the directed configuration model G,, = DC M, (d), where the out- and

in-degrees satisfy Assumption 1.5.2. Let Z,(Cout) denote the number of vertices in the k’th generation

)

of the marked forward branching process, and Z,gm similarly for the marked backward branching

process. Then, for m > 0 arbitrary small

nsou n;in d ou in)\n
(" By S (20, 20, (1.27)

1.4 Strongly connected component

Let us look at the strongly connected component, which is the set of vertices u,v € [n] such that a
directed path exists from u to v and from v to u. Our goal is to construct a directed graph for which
nearly all vertices are contained in the same strongly connected component, such that two typical
vertices are whp connected. To find sufficient conditions, we will make use of a theorem that
describes the dependence of the strongly connected components size on the survival probability of
a forward and backward branching process [6] [13].

To start with, let denote #(°™) and #(™) denote the survival probability of the branching
processes with respective distribution (f(°")(k));>0 and (@ (k))x>o. Note that these branching
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processes are the undelayed versions of the marked forward and backward branching processes,
described in Section 1.3.3. Next, take

¢ = 1= 3 fe, (1= 0M)F, ¢ =1 N f(k 11— 0C), (1.28)

k,1>0 k,1>0

where (f(k, 1))k, >0 denotes the asymptotic degree distribution. Define a backward cluster of vertex
v as all the vertices u with a path to v, and a forward cluster of v to be all vertices u for which
there is a path from v to u. Then, we can interpret ((°"®) as the asymptotic probability that a
typical vertex has a large forward cluster, and ¢(™) as the asymptotic probability a typical vertex
has a large backward cluster. Further, we take

y= Y fl, (1 —60)F(1 -6, (1.29)

k,1>0

which then represents the asymptotic probability that a typical vertex has both a large forward
and backward cluster. It follows that 1 — « can be interpreted as the asymptotic probability an
uniform vertex has either a large forward or large backward cluster. Hence,

C — C(in) + C(Out) _ (1 _ ,y)7 (130)

represents the asymptotic probability a typical vertex has both a large forward and large backward
cluster. For
E[D(in)D(out)]

v= E[D(out)] ’

(1.31)

the following theorem describes when the directed configuration model is dominated by a unique
strongly connected component [13].

Theorem 1.4.1. (Phase transition in DCM,,(d)) Suppose that the in- and out- degrees of the
directed configuration model satisfy Assumption 1.5.2. Let Cpar and C(ay denote the vertices in
the respective largest and second largest strongly connected component.

(a) When v > 1, ¢ in (1.30) satisfies ¢ € (0,1], and
[Conxl /11 =+ €, (1.32)
while |C(2)|/n 5o.

(b) When v <1, ¢ in (1.30) satisfies ¢ =0 and |Cpaz|/1 Lo.

The theorem tells us that for v < 1 it is very unlikely a path exists between two uniformly
chosen vertices. We are interested in the conditions for which v > 1, which brings us the following
assumption.

Assumption 1.4.2. (Minimal out- and in-degree)

min d©* > 1 and min d{™ > 1. (1.33)

u€[n] u€[n]

Notice that if P(D(in) > 1,Dlut) > 1) > 0 that under Assumption 1.4.2 we clearly have v > 1.
Moreover, we have that 6(°") = 9(i") = 1 as each individual in the branching processes have at
least one offspring. It follows that ¢ = 1, such that Theorem 1.4.1 states that under Assumption
1.3.2 the directed configuration model contains a unique strongly connected component of size
n —op(1).

10 Ultra-small world phenomenon in the directed configuration model



CHAPTERITRIANSRADUPHENOMENON IN THE DIRECTED CONFIGURATION MODEL

1.5 Ultra-small phenomenon in the directed configuration
model

Recall that in small world directed networks, the in- or out-degree follows a power law, which is
formally defined as follows:

Definition 1.5.1. (Slowly varying functions and power-law distributions) A function x — L(x)
is slowly varying at infinity when, for every t > 0,
L
i (tx) _
T—00 L(x)

(1.34)

We say that X has a power-law distribution with exponential T when there exists a function x —
L(zx) that is slowly varying at infinity, such that

[1 - Fx](z) =P(X > ) = L(z)z~ Y, (1.35)

If the function L(x) is constant for all x, we say X has a pure power-law distribution.

To study the behaviour of the large directed graphs in the limiting regime, the specific slowly
varying function of the degree distribution is not important. Thus, we shall use Potter’s Theorem
([2], Theorem 1.5.6) to bound the slowly varying functions in the degree distribution to simplify
calculations.

Theorem 1.5.2. (Potter’s Theorem) Let x — L(x) be slowly varying at infinity. For every ¢,
there exists a constant ¢ = ¢(9), such that, for all x > 1

27%)c < L(z) < ca®. (1.36)

Potter’s Theorem implies that the tail of any power-law distribution can be bounded from both
sides by a pure power-law distribution, with a slightly adapted power-law exponent. Remember
that F"™ (z) (resp., F\°"(z)) denotes the respective proportion of outbound (resp., inbound)
half-edges attached to vertices with in-degree (resp., out-degree) at most x, with

in 1 ou in ou 1 in ou
FiO() = — 30 de{dl® <a}, FO9(@) = = 3 dde <o) (137)

n
n n

u€n] u€[n]

For our directed configuration model, we impose these distribution functions satisfy the conditions
of the folliwng assumption:

Assumption 1.5.3. (Power-law bounds) For both q € {out, in} there exists 79 € (2,3), and for
all 69 > 0, there exists ng) = cgq)(é(q)), céQ) = cgq)(é(q)) such that, uniformly in n,

ng)$7(7(4)72+5(‘”) < [1 _ F,(Lq)](ﬂf) < Cg‘Z)z*(T(Q)*Q*‘S(Q)) (1.38)

where the upper bound holds for all x > 1, while the lower bound is only required to hold for
1<z <18, for some B € (1/2,1).

Note that the assumption states that [1 — F\™](z) and [1 — F{°""](z) obey the power-law
bounds shown in Potter’s Theorem 1.5.2. This is a more general assumption than simply taking
them to be power-law. Under Assumption 1.3.2 and 1.5.3 it can be shown that

STOS TRk D) 2 1, P (720 122 o (1.39)

k>0 1>0 z>1

As ]E[Déout)] — E[DC")] and E[D,(Lin)] — E[D™], it follows that the covariance of the in- and out-
degree of a typical vertex is infinite. The following is the first main result of this thesis, describing
the ultra-small typical distances of the directed configuration model under the conditions that
were described along this section so far.

Ultra-small world phenomenon in the directed configuration model 11
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Theorem 1.5.4. (Typical distance for infinite covariance directed configuration model) Consider
the directed configuration model DCM,, (d) with empirical in- and out-degree distribution satisfying
Assumption 1.5.2, 1.4.2 and the size-biased in- and out-degrees satisfying Assumption 1.5.3, for
some () r(out) ¢ (2.3). Then, for the uniformly and independently chosen vertices 01 and o2, it
follows that

distpom,, () (01, 02) L 1 + L
log log n ‘ log(’T(OUt) _ 2)| | log(’r(in) — 2)| .

To intuitively understand this result, note that the vertices 01 and o are taken randomly and
independent from each other. Hence, the distance between these vertices is smaller than some
value k, if either: we pick the starting vertex o; first and then by chance pick oy from the set of
vertices that can be reached in k or less steps from o7, denoted by B,(CG’L:Out)(ol), or we pick the
target vertex oy first and then by chance o0y is picked from the set of vertices that can reach os in

k or less steps, denoted by B,(CG”:in)(OQ). It follows that

(1.40)

(G, :out) (Gp:in)
. E||B 0 El|B 0
P(dlStDCMn(d) (01,02) S ]{,‘) = [| k " ( 1)” = H k - ( 2)‘]’ (141)

which seems to indicate that the & is related to the size of the forward and backward neighborhoods.
Consequently, the equality (1.41) show that for the probability to be non-zero for large n, it is

required that both E[\B,ﬁc":om)(ol)u and E[‘BéGn:in)(OQ)H are both of order ©(n). In Section 1.3.3

we have shown the branching process approximations |B,(€G":0ut) (01)| ~ Z,gom) and \BéG”:in)(02)| ~

Z,im) under the regularity conditions from Assumption 1.3.2, given that k is not too large. Under
the power-law Assumptions 1.5.3 the offspring distribution for both of these branching processes
have an infinite mean. For such branching processes it is known that they experience super-
exponential generational growth [7], i.e. for some constant C; > 0 and ¢ € {out,in}

1
79~ ofr " (1.42)
The equality (1.41) suggest that we need to take kS such that Z}izz) = O(n), which is the case

for k9 ~ loglogn/|log(7(9) — 2)|. To keep the approximation accurate we use

. u in G, ou Gpin
]P(dIStDCMn(d) (01, 02) < kr(Lo £) + k’,EL )) = ]P)(Bl(cﬁf“” t)(Ol) N Bl(c(nm) )(02) 7é (Z)), (143)
and approximations both |B,(€G":Out) (01)| and ‘B]E:Gn:in)(OQH simultaneously. This shows that under
the additional Assumption 1.4.2 on the minimal in- and out-degree, such that typical vertices are
likely in the same component, it follows that

loglogn loglogn
[log(r(eu®) —2) * |log(r(n) —2)|°

Remember that the typical paths make use of the highest order out- and in-degree vertices. Here,

% is the contribution of the part of the path with rapidly increasing out-degree vertices

towards the outbound hub and “Ogﬁ% the contribution of the part with rapidly decreasing

in-degree vertices from the inbound hub to the target vertex.

distpcn,, (a) (01, 02) = (1.44)

1.6 Fluctuations of the typical distances

We now study how the typical distances fluctuate with the size of the directed configuration model
and add a possible truncation to the power-law distributions. The choice of these assumptions are
taken to recreate the conditions of [15], in which these properties are studied in the configuration
model. To be able to do this we will need to know how the in- and out-degree distribution behaves
with changes to the graph size n. Hence, for the power-law assumption we include the slowly
varying function in the defined pure power-law.

12 Ultra-small world phenomenon in the directed configuration model
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Assumption 1.6.1. For both q € {out, in} define y\? () = C(9(log m)”w’l for some (9 € [0,1)

and C9 > 0 and take 7D € (2,3). Then there exists Bﬁq) such that for all € > 0, F,Eq) =1 for
(9) (1

T > lﬁ“ ( +E), and

20D @) <[ - F@)() < om0 0@) vy < 007, (1.45)
given that _ ) .
B + Bt (r) — 2) = BP0 + B () — 2) € (0,1). (1.46)

Note that the equality (1.46) is the same as stating that B\™ (3 — r(i0)) = g{°") (3 — rlout)),
This equality condition arises naturally as each outbound half-edge is paired with an inbound
half-edge. This ensures that the heavier tailed distribution is truncated earlier, such that the total
number of out- and inbound half-edges remains in proportion. Next, we want to be able to relate
the behaviour of F,,, F" and FE™ for different values of n to their limiting distributions. Let

drv(F,G) = 3 3 |F(a +1) - F(x) ~ (G +1) — Gla))], (147)
reN

denote the total variation distance between two discrete probability measures. The weakest form
of assumption we can state to show this relation is of the following form.

Assumption 1.6.2. Assume there exist distribution functions F(x),F(‘””) and FU™ such that
F, — F, F°" - plout) gng p™ — pGN G0 all continuity points of F(x), Flou) gnd FOm),

Moreover, there exists some k > 0, such that for 3, = max{ﬁ,(fut),ﬁﬁlm)}

max{dpy (FCW | O gy (F) | Y doy (F,, F)} < n=Pr, (1.48)

As the total variance convergence equals weak convergence for discrete random variables, D,, —
D, DZ(OUt) — D*(ut) and DZ(in) — D*(®) ynder Assumption 1.6.2. Note that the limiting random
variables F, F(©") and F(" are not truncated. It follows that under Assumption 1.6.1 the bound
(1.48) is the best possible we can take, as for both ¢ € {out,in}

(a) q
dTV(Fr(Lq)aF(q)) > P(D*(Q) > 15" ) > n—ﬁn(T( )—2-5). (1.49)

The second main result uses a random variable, that describes the super exponential growth rates
of both the branching processes (Z ,(Com)) k>0 and (Z ]im)) k>0, Which are coupled with the respective
forward and backward explorations. So before we can state the result, we define the following:

Definition 1.6.3. Let Z,gout) and Z}gm) denote the size of the k’th generation of a marked forward
branching process and marked backward branching process, described in Section 1.3.3. Then, for
7 = max{7(®® 70" and some

§ < (1 — 2)min{n =P (v=0) =B (k=8 (=B (142)=0)/2 p(1-F" (1+)=0)/2y (1 50)

define

Y{om) = (rlow) — gyt Zlow) -yl _ (nlim) gyt 7w (1.51)
where t(n®) = infk{maX{Zlgout), Z,(Cm)} >n®"}. Further define

YO = Jim (r(9) — )bz y () = Jim (00— 9)kZ{"), (1.52)

k—o0 k—oo

Note that the pair (Y™, ¥;{™) is a subsequence of the convergent sequence ((7(°%) —
Z)kZ](Cout), (r(m) — 2)kZ,£m)). As for any & > 0 t(n®) — oo with n — oo, it follows that un-
der Assumption 1.6.2 (V®"", v,y & (y(eut) y(in)) For ease of notation, we make numerous
use of the following definition:
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Definition 1.6.4. (~ notation) We use the short-hand notation X,, ~ a, to indicate the property
X, ~a, &P (Xn c [ane_1og<aﬂ>97anelog<an>9}) , (1.53)

for some 6 € (0,1).

Note that X,, ~ n? is a stronger statement than X,, = no+or(1))  We will call vertices with

B(O"t)(T(O“t)72) . . . IB(in)(T(in)72) .
out-degree ~ [y" outbound hubs and vertices with in-degree ~ [,™ inbound
hubs. To state the main result shortly, define

ﬁ(out) (out)
u loglog(ln" ) —log(Yn ")
Tiowt) = Tioun (B™) = =1+ { [log (7m0 — 2)]
(B(“‘)) ( r )) (1.54)
in loglog(ln® ) — log(Yp™
Tin) = T(in) (BI™) = -1+ { [Tog (7 — 2)]
and
(out) ou (in) in
piow _ Jloglog(ln™ ) —log(Vi™) | s,y _ [loglog(in™ ) —log(¥u™) (1.55)
" |log(r(ov®) — 2)] o | log(7(n) —2)] ’ '

where {z} = x—|z] denotes the fractional part of z. Thing brings us to the main result, describing
how the typical distances fluctuate with the size of the graph and the truncation values.

Theorem 1.6.5. (Distance in truncated power-law directed configuration models) Consider the
directed configuration model DCM,,(d) with empirical degree distribution satisfying Assumption
1.4.2,1.6.1 and 1.6.2 and for both q € {out, in}, b’,(f])(logny7 — oo for some n € (0,1). Then, for
two uniformly chosen vertices 01,02 € [n]

1— (out) (T(out) _ 2)b£f’“t) _ ﬁ'gzm) (T(in) _ 2)1)2“)

n

1 Sbout)(3 — rlout)) 4 @(Lin) (3 — r(i)))

distpom,, (@) (015 02) = Tiout) + 1 (in) + +1. (1.56)

Note that the condition that for both ¢ € {out,in} Bﬁlq)(log n)" — oo is slightly stronger than
the condition that empirical second moment of D,, and thus, the first moment of the forward out-
and in-degrees Dz(out) and D:(in) are infinite. This is can be seen in (3.106), where it is shown that

(@) _ prp*@7 B0 @@
vn’ =E[Dp "] ~ Iy
Note that

, as in definition (1.53). This value tends to infinity if ﬁ,(lq) logn — oo.

SN klfa(k,1) = ZkZl% > U{dy = (k,1)}

k>0 1>0 k>0 >0 ' ueln]

1 .
— - (out)]l (in) —
D k= > dP{dgY =k} (1.57)

k>0 u€[n]

= 1S kAW (k) = E[DSE[D; M)
>0

So also the covariance of the in- and out-degree of a typical vertex, which equals
E[D{V|E[D}@] - E[D]?, (1.58)

tends to infinity under this condition. As the expectation of the empirical first moment of the

degrees is finite, this shows the same dependence on the value of v,(lq).
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Let us now compare this result with the typical distances in the non-truncated model. For
(out)
the truncated model, the highest out-degree vertices with degree lﬁ in the outbound-hub and
(in)
the highest in-degree vertices with degree 15" in the inbound-hub. The approximation from

(out)
(1.42) suggests that a typical vertex has a path of length log log(lgn )/(|log(r(°"®) — 2)|)+ tight
number of steps to the outbound hub, and can be reached from the inbound hub by a path of

length log log(lff;m))/ﬂ log(7(™) — 2)|)+ tight number of steps. In contrary to the non-truncated
model, the vertices in the outbound hub are not necessarily likely connected to the vertices in
the inbound hub. For the distance from the out- to the inbound hub, we use the approximation
Z,g";q) ~ ]E[Z,g";q)] = E[D{V](vS)*=1. Note that as the main contribution of v{ comes from
the degrees of the vertices in the hubs, this approximation is only remotely accurate for the

(@) (3_(2)
neighborhood of these particular vertices. As 07(;1) ~ l,ﬁl"q (=7 , this shows that an additional

logn/ 1og(1/7(1q)) = m—l— tight number of steps are needed to get from the outbound hub to

the inbound hub, where under the condition (1.46) from Assumption 1.6.1

1 2

= - . 1.59
BB —7@) B (3 7o) 4 BN (3 — i) )

This explains how these typical distances arise.
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Chapter 2

Ultra-small world phenomenon on
the directed configuration model

This section we will prove the ultra-small world phenomenon on the strongly connected directed
configuration model with infinite covariance between the in- and out-degrees. The proof uses many
arguments from ([14], Section 7), which shows the conditions under which the configuration model
experiences the ultra-small world phenomenon. As the construction process of the directed and
the undirected configuration model are very similar, it is natural to assume that both models can
be approached similarly when studying their properties. For this reason, we start Section 2.1 with
a summary of the conditions used in ([14], Section 7), which lead to the ultra-small phenomenon in
of the configuration model (Remco vd Hofstad, [14]). The precise proofs are omitted, but we will
discuss the importance of each of the conditions, by explaining their effect on the behaviour of the
graph. In addition, we introduce the methods how these effects are used to prove the properties.
In Section 2.2 the local tree-like structure of the directed configuration model is proven, where we
first show the coupling of each type of breadth-first exploration process with a properly defined
branching process in Section 2.2.1, which we shall use to prove the local convergence results in
Section 2.2.2. In Section 2.3 we show an upper bound on the typical distances shown in Theorem
1.5.4 by proving the typical vertices are connected by a path passing the out- and inbound hub.
Finally, we apply path-counting techniques in Section 2.4 to bound the path probabilities to obtain
a matching lower bound for Theorem 1.5.4.

2.1 Inspiration from the configuration model

The properties of the configuration model have been extensively studied ever since it was intro-
duced by B. Bollobas [3]. This includes the conditions under which the model experiences double
logarithmic typical distances. It feels natural to study the effects of these conditions as a starting
point and see where their desired results fail in the directed setting, which will give a good insight
how the conditions need to be adapted. This section we will study the conditions under which
the ultra-small phenomenon on the configuration model is proven in ([14], Section 7). The precise
proofs of most results is omitted, but how the given conditions lead to the result is discussed in
detail.

Important remark: Section 2.1 is a stand alone part of the thesis. Instead of using new notation to
indicate each object of the graph, a lot of the notation used for the directed configuration model is
reused. This decision is made in order to restrict the number of different symbols used along this
thesis, which could otherwise confuse the reader. Hence, the notation used this section, should
not be confused with their meaning in the remainder of the thesis.
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2.1.1 Model construction and branching process approximation

Start by fixing a sequence d = (di,...,d,) of non-negative integers, for which d, denotes the
number of half-edges assigned to vertex u € [n], under the condition that

=Y dy (2.1)

is an even number. The edges of the graph are constructed from pairs of half-edges, which are
randomly taken without replacement. This process is repeated such that at step k+1, an arbitrary
half-edge is chosen from the [,, — 2k remaining, and randomly paired to one of the other [,, — 2k —1
remaining free half-edges. After all the half-edges have been paired, the configuration model with
degrees d is constructed, denoted as CM,,(d). A typical vertex in the configuration model has
degree distribution D,,, for which

P(Dy, = k) = % S 1{d, = K}, (2.2)

u€[n]
denotes the proportion of vertices with degree k. The cumulative degree distribution is written as

Fo(x) = % 3 1{d, <o}, (2.3)

u€[n]

The graph distance between vertices u and v equals &, denoted by the event {distcw,, () (1, v) = k},
when this is the least amount of edges that need to be traversed to get from u to v. Note that as
the edges are not directed it follows that distcwm,, (a) (v, v) = distcw,, (@) (v, u). The typical distance
of the graph is the distance between two uniformly and independently chosen vertices 0; and 0.

Exploration process: The similar construction of the undirected configuration model, allows

it to be constructed in a breadth-first manner, similarly to the exploration process described

in Section 1.3. Though note that as distcwm,, (a)(u, v) = distcw, (@) (v, u), there is only one type

of exploration and thus, one type of neighborhood to be explored. Taking G, = CM,(d), the

r-neighborhood of a typical vertex o is denoted by B%" (o), such that
V(BG" (0)) = {u € V(G,) : distcm,, (a) (0, u) < 7},

r

E(BG" (0)) = {{u,v} € E(G,) : distom,, (a) (0, u) < r,distom,, a)(0,v) < 7}

r

(2.4)

For fixed values of r, the size of the this neighborhood stays bounded as n — oo under the following
regularity conditions:

Assumption 2.1.1. (Regularity conditions)

(a) Weak convergence of vertex degrees. There exists a distribution function F, such that

D, % D, (2.5)
where D,, and D have cumulative distribution F;, and F', respectively.

(b) Convergence of average vertex degrees. There exists a distribution function F', such
that
lim E[D,]=E[D], (2.6)

n—oo

where D,, and D have cumulative distribution functions, F;, and F', respectively.

The topology on which the local convergence results are shown is described in detail in ([14],
Section 2). It is very similar to the topology described for the marked graphs in Section 1.3.2.
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The main difference is that there is no need to mark the edges as there is only one type of half-
edge. To understand the local convergence results that will be introduced shortly, note that the
asymptotic degree has distribution D, where P(D = k) = lim,, oo P(D,, = k). Under Assumption
2.1.1 it follows that I, /n = E[D,,] — E[D] > 0, such that the total number of half-edges is very
large for large values of n. So after a bounded number of exploration steps the depletion of the
number of available half-edges is barely noticeable. Ignoring the fact that some half-edges are
attached to the root, the probability a half-edge of the root pairs with a half-edge attached to a
vertex with degree k equals ﬁpn (k). As one half-edge has been used to connect with the root,
the vertex needs to have degree (k 4 1) to have k available half-edges from which the exploration
process can expand. So the offspring distribution D}, also called the forward degree, equals

(k+1)
E[Dn]

for which the distribution function can be written as

py(k) = B(D;, = k) = B(D, = k+1), (2.7)

F* =P(D: <k) = li > da{d, <k+1}. (2.8)

" u€[n]

Under Assumption 2.1.1 it follows that

Jim B(D; = ) = B(D" = ) = & = ?

P(D =k +1). (2.9)

The precise result of the local convergence in the configuration model that is proven in ([14],
Theorem 4.1) is the following:

Theorem 2.1.2. (Local tree-like nature configuration model) Consider the configuration model
CM,.(d) for which Assumption 2.1.1 is satisfied. Then CM,(d) converges locally in probability
to the branching process with root distribution D and offspring distribution D* for the following
generations.

It can be convenient to view the breadth-first explored neighborhood as a singe super vertex, for
which the free half-edges denote the degree of this super vertex. Take the uniformly chosen vertices
o1 and 0z, 7 > 1 and i € {1,2}. Let Hﬁm) denote the number of unpaired half-edges incident to
vertices that are at distance r — 1 from uniformly chosen vertex o;, where we take H(()i) = 1. So by
definition we have H fmi) =d,,, and HQ(W) is obtained by pairing the d,, half-edges and counting
the number of unpaired half-edges at distance 1 from o;. The following Corollary shows that the
process (H, l(ml), H l(n;2))z~20 is close to two independent branching processes with root distribution
D, and offspring distribution D* for the following generations
Corollary 2.1.3. (Approzimating neighborhoods with independent branching processes) Let the

degrees d satisfy Assumption 2.1.1, and let (Zl(l), Zl(2))lr:0 denote two delayed branching processes
with root distribution D and offspring distribution D* for the following generations. Then for
every r > 1,

n;l n;2)\r d 1 2)\r
(H™MD, H o S (20, 22)1,. (2.10)

2.1.2 Ultra-small phenomenon on the configuration model
To ensure the degree distribution has an infinite variance, we introduce the following assumption:

Assumption 2.1.4. There exists a 7 € (2,3) and for all § > 0, there exist c; = c1(d) and
ca = c3(9), such that, uniformly in n,

T <1 - F)(x) < cpz™ "1, (2.11)

where the upper bound holds for every x > 1 and the lower bound is only required to hold for
1 <x<nP, for some B> 1/2.
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Note that [1 — F,,](z) > 0 implies that [1 — F},](z) > 1, which means at least one vertex has
a degree of x or larger. Hence, if z >> n'/("=1) the lower and upper bound will contradict each
other. For this reason the lower bound can only hold for = O(n'/("=D). As for 7 € (2,3) we
have 1/(1 — 1) € (1/2,1), it is only required that the lower bound holds for < n?, for some
B € (1/2,1). Finally, we introduce the following condition on the minimal degrees.

Assumption 2.1.5. (Minimal degree)

min d, > 2. (2.12)
u€[n]
Under Assumption 2.1.4 and Assumption 2.1.5 the configuration model almost surely has a unique
connected component of size n(1 —op(1)) [11]. The main result describing the typical distances in

the configuration under the introduced conditions is shown in the following theorem ([14], Theorem
7.2):

Theorem 2.1.6. Consider the configuration model for which the empirical degree distribution
satisfies Assumption 2.1.1, 2.1./ and 2.1.5. Then, for T € (2,3) it holds that

diStCMn(d)(Ola 02) P 2
loglogn [log(T —2)|

(2.13)

In the following section we will describe how these conditions lead to these double logarithmic
typical distances. In Section 2.1.3 how the ultra-small typical distances results from the condition,
and describe the characteristics of these typical paths. Next, we introduce path-counting tech-
niques in Section 2.1.4, and show they they can be applied to show it is unlikely an even shorter
path exists between typical vertices.

2.1.3 Upper bound typical distances configuration model

Here we will summarise the results of ([14], Section 7.3.4), providing an upper bound on the typical
distances. First, we introduce the following lemma which plays an important role is describing the
connectivity between vertices in the configuration model:

Lemma 2.1.7. (Connectivity set in C M, (d)) For any two sets of vertices A, B C [n],
P(A not directly connected to B) < e~4adz/(2ln) (2.14)

where, for any A C [n],

da =Y d, (2.15)

uceA

denotes the total degree of vertices in A.

Proof. There are a total of d4 half-edges incident to vertices of set A, which will be paired to da
different half-edges. Assume that the first k half-edges are paired with half-edges not incident to
vertices of set B. The probability that the next half-edge is also not paired with any half-edges

incident to set B equals
1 1
1l—-—<1-—. 2.16
ln—2k+1 7~ In (2.16)
Note that half-edges incident to vertices in set A can be paired to other half-edges incident to
vertices in set A, such that two half-edges are used during the pairing. This means that we have

to do at least d4/2 pairings, such that we obtain the upper bound

dA/Q
1
P(A not directly connected to B) < (1 - l> < e~ dadn/ () (2.17)

n

where we use that 1 —x < e~ 7. O
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Lemma 2.1.3 shows that the probability a vertex with degree d is not connected to a vertex
with degree greater than y is bounded by

e~ St b {du>v}/ (@) _ o= d1-F)w)/2 (2.18)

for F¥(z) defined in (2.8). Under power-law conditions from Assumption 2.1.4 it follows that
[1 — F¥](y) is close to y~(7=2). So the probability that a vertex with degree d is not connected to

—dy= (72 /2

a vertex with degree greater than y is at most e . For large values of d, this probability

becomes very small when y < dT779 for arbitrary small € > 0. This shows that a vertex with a

large degree d is whp connected to a vertex with approximate degree d =l Moreover, the highest
order degree vertices in the hub have degree n®, where 3 € (%, 1). So the probability they are not

connected is at most e"”’ /2 where n28 /I, — 0o as n — 0o. This shows that whp the vertices in
the hub form a clique.

So far we have discussed the connectivity of high-degree vertices, though typical vertices are not
likely to have such a large degree. This is where the neighborhood approximation from Theorem
2.1.3 with the pair of branching processes with generation sizes (Zl(l), Zl(2))120 is applied. It can
be shown that under Assumption 2.1.4 there exists ¢f = ¢;(d) and ¢ = ¢5(9), such that

GEr= T < [1 - FY(z) < cha™ (7720, (2.19)
where F¥ is the offspring distribution function of the branching process, defined in (2.8). This
shows the offspring distribution has an infinite mean, for which we have mentioned before that
they experience super-exponential generational growth|[7]. With the approximation from Theorem
2.1.3 we view the respective neighborhoods BE™ (01) and BE™ (02) as two super vertices with degree

Z lil) and Z 122), which both grow super-exponential with k. By using these two super vertices as a
start and end of the path, Lemma 2.1.7 shows the likely existence of a path connecting o0; and oo
for which the degrees grow larger with every vertex we move away from o; or oz. In other words,
starting at o7 the degrees grows super-exponential every step we move forward till we reach the
hub containing the highest order degree vertices, after which the degrees will shrink in the same
order till we reach the target vertex os. This explains how the double logarithmic distances from
Theorem 2.1.6 arise.

2.1.4 Lower Bound typical distances configuration model

Here we will summarise the proof given in ([14], Theorem 7.8), of the double logarithmic lower
bound of the typical path length. The proof makes use of path-counting techniques to obtain an
upper bound on the expected number of a certain type of path in the graph. By applying Markov’s
inequality, this is used to bound the probability that such a path exists.

First, we need a precise definition of a path. Let Py (u,v) denote the set of paths of length k
from vertex u to vertex v. The elements m € Py (u,v) of the set are the paths

7= ((m0,t0), (M1, 81,t1)5 s (M1, Sk—1,tk—1), (Tk; Sk)), (2.20)

where 7; denotes the index of the i’th vertex in the path, and ¢; is the half-edge attached to vertex
m;, which is paired to the half-edge s; 11 which is attached to the following vertex in the path m;;1,
for all i = 0,....,.k — 1 (note mp = w and 7, = v in this case). When two half-edges are paired
during the construction process, we say that the edge they formed is occupied. Such that a path
is occupied if all of its edges are occupied. For any 7 € Py (u,v), the probability this is the case
equals
i 1

P(m occupied) = 11;[1 o1 (2.21)
For the fixed sequence of vertices 7, 71, ..., T, there are d,, ways to leave the first vertex mo, dr,
ways to enter the last vertex 7y, and d, (d,, — 1) ways to travel though vertex i € [1,k — 1] along
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the path. Hence, the number of ways to create paths with this sequence of fixed vertices equals

k—1
dr, (H dy, (dy, — 1)) dr, . (2.22)

Now let us see how we can use these expression to bound the path probabilities. First note that

. 1 .
P(dlStCMn(d) (01, 02) S kn) = ﬁ Z P(dlStCMn(d) (u, 1}) S k}n)

u,vE[n]

n2 Z Z]P’ distom,, (@) (v, v) = k),

u,v€[n]
uFv

(2.23)

where the second equality follows as for all u € [n] it holds that distcas, (ay(u,u) = 1. Note that
distom,, (@) (4, v) < Ky, if there exists an occupied path 7 € Py (u,v) with k < k,,. Hence, by taking

Vn = uein] %:71) we obtain the bounds
P(disten, () (u,v) = k) < P(31 € Pr(u,v) : 7 occupied)
< Z P(7 occupied)

TE Pk (u,v)

dud = T4 TP
S1,1—21:4-1 Z Hl—?z—i—l

..... k1 i=1

(2.24)

_ dudy (o — 2k “ D
=1,  (.-npm

where >~" indicates the sum over distinct vertices. Here, the last inequality follows by including
paths without the restriction that it uses unique vertices. The problem with this upper bound
is that under the power-law Assumption 2.1.4, the value of v, is dominated by the high degree
vertices, and thus too large to provide any useful bound. The reason this upper bound is so large,
is because it does not consider the fact that it is unlikely that a typical vertex is connected with
a vertex with a high degree. This can be seen, as the probability that a vertex with degree d is
connected with a vertex with degree at least y is at most

— Z d-d,1{d, > y)} = d[1 — F'|(y), (2.25)

" ue [n]

which is small for large values of y.

This issue is resolved by adding a suitable truncation argument on the degrees of the vertices
along the paths. This will split the set of paths in so called ”good paths” containing vertices with
relatively small degree and ”"bad paths” containing high degree vertices. As we expect to pass
vertices with increasingly large degrees the further we move away from a vertex, the truncation
values along the path are indicated by an increasing sequence of positive numbers (b;);°,. We say
a path m € Py (u,v) is good when dr, < by Abi—; for I =0, ..., k, and a bad path otherwise. Denote
the set of these good paths by

GPr(u,v) = {7 € Pr(u,v) : dp, <by Abg—y;, 1=0,... k}, (2.26)

where

Er(u,v) = {31 € GPi(u,v) : ™ occupied}, (2.27)

denotes the event that such a good path exists. Let Py (u) = U, ¢}, Pr(u,v) be the set of all paths
of length k starting from vertex u, and denote the subset of bad paths as

BP(u) ={m € Px(u) : dr, > b, dr, <bs, Vs <k} (2.28)
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Furthermore, denote the event that a bad path m € Py (u) is occupied as
Fr(u) = {37 € BPy(u) : m occupied}. (2.29)

Note that if distcwm,, (q)(#,v) < kn, a path of length £ from vertex u to vertex v is occupied with
k < ky,. This path can either be a good path m € GPj,(u, v), or there exists a | < [k/2] such that
dr, <bsforall s <landd; > b, oritisthe case that d, _, <bp_sforall s <landd., _, > bp_;.
This yields the bound

{distem,, (a)(u,v) <k} C U (Fre(u) U Fi(v) U E(u,v)) . (2.30)
k<kn

From (2.23) and Boole’s inequality it follows that

k
. 1 |2 1

P(distc,, () (u, v) < ky) < - + - Z P(Fi(u)) + " Z P&k (u,v))| - (2.31)

k=1 w€n] u,vE[n]
uFv
Denoting
1
vn(b) = > du(dy — 1)1{d, < b}, (2.32)

" ue [n]

the following Lemma shows bound on the good and bad path probabilities.

Lemma 2.1.8. (Truncated path probabilities) For every k > 1, (b)i>0 with by > 0 and | — b
non-decreasing,

P(Fu(u) < duWu - £(00) [ (0, (2.33)
and
P(Ex(u,v) < dlj bl *_2’“1*”1 Hun (by A bg_y) (2.34)
Moreover,
vn(b) < e, b3 (2.35)

These bounds are obtained by applying the same path counting techniques that were used
to obtain (2.24). For some constant C' > 0 and arbitrary small 6 € (0,7 — 2) define b, =

1
0(7_2_5)#, such that b1 = bl(T’zf‘;). It is shown that under this truncation sequence for
kn, = 2loglogn/|log(r — 2)|, that the bound (2.31) becomes arbitrary small. Intuitively, this
bound on the bad paths tells us that it is unlikely a typical vertices are connected by a path
through the hub, which is shorter than the path from the upper bound. And the bound on the
good paths shows that it is unlikely there exists a shorter path that does not make use of the
vertices with highest order degrees.

2.2 Local tree-like structure

This section we will prove the local tree-like structure of the locally finite directed configuration
model. First, we will show how each exploration process can be coupled to a properly defined
branching process in Section 2.2.1. Then in Section 2.2.2, we make use of the marked graphs and
its available tools described in Section 1.3.2, to prove the marked local convergence in probability.
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2.2.1 Coupling of the exploration process with a branching process

Take DCM,,(d) = G, for ease of notation and let (Gy(s)) ey, denote the forward-backward
exploration of G,,. Here, G, (s) is the graph after pairing a combined total of s out- and inbound
half-edges, where G, (0) only contains the root and G,(1) = d,. Let Z, denote the branch-
ing process with root distribution (g, (k,1))ri>0 and offspring distribution (g:;(out)(k, ))ki>0 and
(g:;(m)(k, 1)k,i>0 for the following generations. Note the branching process is not constructed by
pairing half-edges. So we define the tree-exploration, where the number of children of each vertex is
inspected in a bread-first manner. Let Z,,(s) denotes the branching process after s tree-exploration
steps. Similarly, Z,(0) only contains the root o, and Z,(1) the root o in addition with its de-
gree dy. The following Lemma shows that we can couple the forward-backward exploration and
tree-exploration in such a way, that (G,(s)), equals (Z,(s)r, for m,, — oo arbitrary slowly.

Lemma 2.2.1. (Coupling graph exploration to a branching process) Take dyqp = max{dgfut), aim 1,
denoting the mazximal value of all the in- and out-degrees. Under Assumption 1?[/5]# holds that
dmaz = 0(n), and there exists a coupling (Gn(s), (Zn(s))(s)ENo of (Gn(s))seNO and (Z,(8))seNy s
such that

m2 (2 + dpyax)

P (Gl # (2, ()i) < T (2.36)

Proof. Start by taking a uniformly chosen root o € [n] with degrees d, = (d?“), dE,O“t))7 such that

Gn(0) = Z(0) and G, (1) = Z(1). (2.37)

Given that for the first m,, — 1 coupling steps it holds that

(Gn(9))iy " = (Za(9))i25 (2.38)

we construct G, (m,,) depending or the first free half-edge of G, (m,, —1) is an out- or inbound half-
edge. If it is an outbound half-edge, the construction will go as follows. We let z,, denote the first
unpaired outbound half-edge of én(mn —1). Next, we draw an inbound half-edge y,,,, uniformly
at random from all inbound half-edges. Let vertex U, be the vertex to which inbound half-edge

Ym is attached. Then let the m,, ’th individual 2n (my,) have dS:) — 1 ”7in” marked offspring and

dg):t) "out” marked offspring. If y,,, has not been paired yet in the process (é’n (s))gfo_l, we pair

the half-edges and construct (G, (t))5%. However, if it has already been paired, we draw a new
inbound half-edge ¢, from the set of unpaired inbound half-edges and then, pair this with x,,,,.

Note that differences between the explorations can occur, when a new inbound or outbound
half-edge has to be selected. Another possibility is that an outbound or inbound is paired with
an respective inbound or outbound half-edge attached to a vertex that has already been used,
resulting in a cycle. We will look at the probability that one of these errors occurs, and show that
that the bound in holds.

Half-edge reuse: After m,, —1 pairing steps, there are m,, — 1 inbound and outbound half-edges
that will result in reuse. Hence, the probability that in- or outbound half edge y.,, is already used
is equal to m?7—1 It follows that the expected number of in- or outbound reuses before step m,, is

{: (m)?

> (m—1)/l, < L (2.39)

m=1

which we can use as an upper bound on the half-edge reuse probability by applying Markov’s
inequality.
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Vertex reuse: Denoting d%* = max{dgn), d&out)}, the probability that an inbound or outbound
half-edge incident to vertex u € [n] is chosen is bounded by d1®*/l,,, such that the probability
that an inbound or outbound half-edge incident to vertex u € [n] is chosen at least twice before

step m,, is at most
n n— 1 qmax 2
o (mQ ) ( . ) . (2.40)

From (2.40) it follows that the expected number of vertex reuses before step m,, is at most

) S e e

u€n] u€[n]

Note that by Assumption (1.3.2) , we have that

dmax = mz[mx]{dfax} = o(n). (2.42)
uen

As under Assumption (1.3.2) [,, is of order n, we can further bound (2.41) by

2
dmax m,

o (2.43)

We can again apply Markov’s inequality to bound the probability of vertex reuse before step m,,
by (2.43). Summarizing both the bounds (2.39) and (2.43) results in the bound of the claim
(2.36). O

Note that the same bound (2.36) holds when we couple the respective forward and back-
ward exploration to branching processes Z{°™ and Z{™ with generation sizes (Zé";out)) k>0 and

(Z,(C";in)) k>0, described in Section 1.3.1. This will only add one vertex, which slightly increases
the probability of vertex reuse, but the bound (2.41) will still hold, and with it the bound (2.36)

in Lemma 2.2.1. Denoting the respective forward and backward explorations as (G%OM) (s)) .
se

(Gsn)(s)> " this result is shown in the following corollary:
s€

Corollary 2.2.2. Consider the directed configuration model for which Assumption 1.5.2 is satis-
fied. Then there exists a coupling
(G (s), G @), (2 (s). 200 @) (2.44)
s+t=
of(GSlout) (s), Gim () s+ten, and the couple of independent branching processes (Z,S"“”(s), zm () s+teNy s
such that

~(ou A(in m > (ou Z(in m m721 2+ dmaa:
P (GO (5), G4 () imy # (2070 (5), 200 (1)) < 2B Ima) = 45

2.2.2 Marked Local weak convergence

This section we will prove asymptotic properties for the neighborhood of a typical vertex. To do
this, we will apply the mapping of the directed graph to the marked graph described in Section
1.3.2. This will allow us to make use of the tools for the marked graph, that are introduced in
the same section. We will reuse some notation and denote the marked graph by (G,, M(G,). To
start, we prove that the branching processes that we have used in the coupling in Lemma 2.2.1
converge to the marked branching processes Z defined in 1.3.3.

Lemma 2.2.3. Let Assumption 1.5.2 be satisfied. Let Z(s) denote the tree exploration process on
the marked branching process after exploring s vertices. Then, for all trees t € G*, we have

P(Z,(s) =~ t(s)) == P(Z(s) ~ t(s)) (2.46)
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Proof. Excluding the root, let ¢,y and #(;,) denote the respective number of "out” and ”in
vertices in the first s explored vertices of t. Starting from the root with index 0, we index the ”in
vertices as 1,...,%(n), and the "out” vertices as t(jy) +1,...,t(out), such that s = t(n) +tour) + 1.
Under Assumption 1.3.2, it follows that

f’n(k7l) n_)—oo> f(k7l)’
SO (k,1) 2225 g7 (R, 1), (2.47)

f*(in)(k7l) 7H_00> f*(m)(k,l)

n

So given that t has the degree-sequence (d(™ (i), J(O‘“)(i))ie[s], we have

t(out)
: ~ _ (ln) out) * out) (m 7(out) ¢,
lim B(Z,(s) = t(s)) = lim_f, (d 0 11 (i), (1))

t(in) tt(out) S .

« H f;(m)(d(m) (])7 d(out)(j))
j:t(out)+1
R t(out)

:f(d(m) d(out H f (out) d(ln) ) d(out)( )) (248)

t(in) F(our)

« H f* m)( (m ( ) (out)( ))
j t(out)+1

O

To prove the marked local convergence results, we will make use of the following convenient
theorem from ([14], Theorem 2.15):

Theorem 2.2.4. Let (G, (M(Gy,))n>1 be a sequence of marked graphs. Then

1. (Gn,0n, M(Gy)) 4, (G,0, M(Q)) having probability law u when, for every marked rooted
graph t € G, and all integers r > 0,

E[1{B{“)(0) ~ t}] = = > P(B)(v) > ) “== u(B{9(0) ~ t), (2.49)

2. (Gpn, M(Gy)) converges marked locally weakly in probability to (G,0, M(G)) having probab-
ility law p when, for every marked rooted graph t € G, and all integers r > 0,

- Z 1{B) (v) ~ t} 5 (B (0) ~ t). (2.50)
uE[n

Next, with the following claim we show that any bounded mapping on a bounded neighborhood
is bounded and continuous, such that Theorem 2.2.4 applies.

Claim 2.2.5. (Mappings on neighborhoods are continuous) Take the marked rooted graph (G, o0, M(G)).
Then for all ¥ > 1 mappings on the neighborhood BS (0) are continuous on G,.
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Proof. For every marked rooted graph (Gy,01, M(G1)) and r > 1 we can take a marked rooted
graph (Ga,02, M(G3)) € G, such that

dg, ((G1,01, M1(G1)), (Ga, 02, Ma(G2))) < 1/(r + 1). (2.51)

It follows by Definition 1.3.5 that BS(0;) ~ B%2(0y), such that they are mapped to the same
element. So the claim follows. O

For all t € G*, let

Nn,r(t) = Z ]l{B’,(‘Gn)(u) = t}’ te g, (2.52)

u€[n]

denoting the number vertices v € [n] such that the neighborhood Bl (u) is identical to t modulo
isomorphism.

Theorem 2.2.6. Denote the marked branching process restricted to the first r generations as
Z<,. Given that reqularity Assumption 1.3.2 is satisfied, it follows that for all marked rooted trees
teg.

%Nn,r(t) L w(Z<, = t). (2.53)

Consequently, (G, M(G,)) converges marked locally weakly in probability to the marked branching
process.

Proof. For the proof we will make use of the second moment method, i.e., we will show that for
all t € G,, the first moment
n—oo
E[Nnr(t)]/n — n(Z<r > 1), (2.54)

and for the second moment it holds that Var(N,, ,.(t)]/n) = o(n?). Then, we will apply Chebyshev’s
inequality to prove the claim.

First moment Let ¢, denote the number of individuals of the first r — 1 generations in t € G,
and (t(s))sep,) denote the breadth-first tree exploration of the first ¢, individuals. Then,

E[Nn,r(#)]/n =P((Gn(8))sept,] = (#(5))sepe,])
=1((Zn(s))seft,) = (8(s))sepe,)) + o(1)
=n((2(5))seft,) = (8(5))see,1) + o(1)
=p(Z2<r = t) +o(1),

(2.55)

where the second equality follows from the coupling of Lemma 2.2.1, and the third equality from
the convergence of the branching process from Lemma 2.2.3.

Second moment For the second moment, we first note that for uniformly chosen vertices oq
and oo we have the equality

(Nw“))?] =B (B (or), B 0) = 1) . (250

n

E

Note that with Theorem 2.2.4 we can conclude from (2.55) that (G, on, M(G)) 4, Z. Moreover,
by Claim 2.2.5 the mapping (G, 0n, M(Gy,)) — 1{|B%"(0)| = k} is bounded and continuous on

G., such that again by Theorem 2.2.4 |BS" (0, )| 4, |Z<,|, which is a tight random variable. It
follows that |B£G”)(01)|/n = o(1), such that

()
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Furthermore, by conditioning on BﬁG”)(OQ) ~ t, we can take
P(B{%)(01), B (02) ~ t, 02 & B3 (01))
P (BSG")(O )~ t|BC) (01) ~ t, 00 ¢ B (0 )) (2.58)
x P(BE) (01) ~ t, 05 & BS (01)).

n—oo

For the first moment, we have already shown that ]P’(BSG")( 1) > t) —— p(Z<, > t), such that
P(B{S")(01) = t,00 & Byo™ (01)) 22%% (2, > ). (2.59)

As |B(G )(01)\ is a tiht random variable, given that oo ¢ Béf")(ol) and BﬁG”)(ol) ~ t, the
probability that B',(-Gn)(OQ) ~ t is the same as the probability this event happens in DCM,,(d’),

which is obtained by removing all the vertices in Béf")(ol) from DCM,,(d). The important result
is that the regularity assumptions 1.3.2 still hold for DCM,,(d’), such that

lim P(B{%)(02) = t|B{%)(01) = t, 02 & By (o))

b (2.60)
=p(Z<r > t).
Applying (2.59) and (2.60) on (2.58). we obtain that
Nor () )| e
E ( n}:( )> ] 22 (B 1) (2.61)

Chebyshev’s inequality To finish the proof of the first claim, we use Chebyshev’s inequality,
and the results of the first and second moment to conclude

Pz~ )2 o)
<N _ gfur@®y s gy Nee®) iz o) (2.62)
VaI‘(NWTT(t)) n—00

0.

T e B ®) 2., > b))

As Bﬁc””out)(on) and BﬁG”;in)(on) are subgraphs of BﬁG")(on), the marked forward and marked
backward locally weak convergence follows immediately from Theorem 2.2.4 and Claim 2.2.5. O

Next, we will prove that the respective number of vertices that are k steps away from a typical
vertex, and the number of vertices that can reach an independently chosen typical vertex in k
steps, converges locally weakly in distribution to Z,gom) and Z ,gm).

Theorem 2.2.7. Assume that reqularity Assumption 1.5.2 is satisfied. Let Z,gout) denote the

number of vertices in the k’th generation of the marked forward branching process Z(°*9  and

Z,Ef") similarly for the marked backward branching process ZU™ . Then, for m > 0 arbitrary small

(H  HIW)I, & (20009, 28, (2.63)
Proof. Note that by Claim 2.2.5 both the functions ¢ € {out, in}
1{|0BE"D (0)| = I,.,Vr < m}, (2.64)

are bounded and continuous functlons on G,.. It follows from Theorem 2.2.4 and Theorem 2.2.6
that both (|GB§";Q) (0)|) 5 (Z(Q)) Now note if BE"% (o) is a tree, which happens whp
r=0 r_O
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for fixed r according to Theorem 1.3.8, that [0BS 9 (0)| = H{™?. Thus, we also have that

(van;q)) . LN (Z,(.q)) . For ease of notation, denote the events
H@ = (H) = [, vr < m) (2.65)
TW = {79 =, vr <m}). |

As 07 and oy are independently and uniformly chosen, and the two branching processes are inde-
pendent, it follows that

]l{H(Out), H(in)} — ]l{H(OUt)}]l{H(in)}, ]l{T(OUt), T(in)} — ]l{T(Out)}]l{T(in)}. (2.66)
Take
E[L{HCY{HIY] = p(TO)u(T)] < EJUH{HCY{HMY} — p(TOD)u(T)]]. (2.67)

By adding and subtracting the term 1{H ")}, (7)) inside the expectation, we can apply the
triangle inequality to bound (2.67) by

Efu(T)[[L{HC} — u(T)]] + BIL{HEOY[L{BE} — u(T)]
. . (2.68)
< E[|[L{H} — (TC)[] + B[ 1{H} — u(T)]].

For ease for notation let E..[X] = E[X1{X < ¢}] and E>.[X] = E[X1{X > £}] for some ¢ > 0.
We can split both terms on the RHS by

Ec[[[1{H@} - u(TD)] + Ex[|[1{H D} — n(TD)]], (2.69)

for g € {out,in}. The expectation on the left clearly is smaller than e. Moreover, from the marked

weak local convergence in probability,
Es ([ 1{HP} — p(T@)[] <E[L{|L{H?} — u(T®)| > &}]

—P([L{H®} - u(TD)| > ¢) = o(1).

(2.70)

Hence, the limit as n — oo of the expression in (2.67) becomes smaller than any arbitrary € > 0.
This proves the marked local weak convergence in distribution. O

2.3 Upper bound typical distances directed configuration
model

This section we will prove a double logarithmic upper bound for the typical distance in the directed
configuration model under the conditions that are given in Theorem 1.5.4. To do this, we adapt
the approach used for the configuration Model shown in Section 2.1.3 to the directed setting. We
first prove that under the assumptions of Theorem 1.5.4, a vertex with a sufficiently large out-
degree is likely to have a neighbor with an even exponentially larger out-degree. And similarly, a
vertex with a high in-degree is likely to be the neighbor of a vertex with an exponentially larger
in-degree. Consequently, we shall see that the number of steps needed to get from any of these high
out-degree vertices to any high in-degree vertex, grows at most double logarithmic with the size
of the graph. To finish the proof, we will apply the approximation of the forward and backward
explored neighborhoods with their respective branching processes, as shown in Theorem 1.3.9.
This will show the length of a path from typical vertex to a high-degree vertex, and the path
from a high in-degree vertex to a typical vertex, are both at most of order loglog(n). We will
consistently apply the lower bound given by Potter’s Theorem 1.5.2. Hence, for ease of notation
we take

A ’Y(q)(5(Q)) - (T(q) + 5(&1))’ q € {out,in}, (2.71)

and show at the end of this section that each proof holds for all §(2) > 0 arbitrary small.
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2.3.1 Distances from the outbound to the inbound core

To analyze the connectivity between the high in- and high out-degree vertices, we start with the
following adaption of Lemma 2.3.2 which provides a bound on the probability that two sets are
not connected.

Lemma 2.3.1. (Connectivity between sets in DCM,,(d)) For any two sets of vertices A, B C [n],

P(A not directly connected to B) < e*d(:ut)dgn)/l", (2.72)
where . _
d9 =" dlew dl =3 dli) (2.73)
ucA ue€B

denotes the respective total out-degree of A and total in-degree of B.

Proof. From the construction of the directed configuration model, we are allowed to pick the
outbound half-edges attached to the vertices in the set A one by one, and pair them with an
uniformly chosen unpaired inbound half-edge. If the first k outbound half-edges are not paired
with any of the d%n) inbound half-edges attached to vertices of set B, then the probability that
this also holds for the following outbound half-edge is

d(in) d(in)
1—lB_kg1— f . (2.74)

We apply (2.74) to bound the probability that this happens for all of the df:m) outbound half-edges
by
(out)
d(in) dy (out) (im)
P(A not directly connected to B) < |1 — ZL <e dadp /I (2.75)

where we have used that 1 — x < e~ for all real valued z. O

The bound (2.72) appears sharper than the bound for the undirected configuration model
from Lemma 2.3.2, which contains an extra 1/2 in the exponent. This difference arises as the
configuration model contains only one type of half-edge. Therefore, a half-edge of set A can pair
with another half-edge of set A, using two half-edges in one step. This reduces the number of
chances the set A has to connect with a half-edge attached to set B. As for the DCM,,(d) the
outbound half-edges can only pair with an inbound half-edge, there is no possibility of a single
pairing step using two outbound half-edges. But before comparing the sharpness of the bounds, we
need to take some more factors into consideration. For one, while in the configuration model the
set A has a chance to connect with B through all of set A and B’s available half-edges, the directed
configuration needs to connect A’s outbound half-edges to B’s inbound half-edges. This reduces
the number of chances for the sets to connect for the two-type half-edges model, compared to the
one-type model. However, the [,, in the configuration model denotes the number of all half-edges,
and for the directed configuration model it only denotes the number of one type of half-edges,
which is half of the total number. Considering all these factors, we can not make any comparisons
between the two bounds without further knowledge about the sets A and B.

Define the vertex sets

NC® () = {u € [n] : distpewm,, (@) (v, u) = 1}

, (2.76)

N (v) == {u € [n] : distpewm,, (a) (u,v) = 1},
such that V') (v) denotes the set of neighboring vertices of v and N (v) denotes the set of
vertices that have v as a neighbor. Lemma 2.3.1 can be used to provide a bound on the probability
that some vertex u is connected to a vertex v, depending on the out-degree of v and the in-degree
of v. For the configuration model we have shown in Section 2.3 that given that the degree
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distribution follows a power law, each high degree vertex is likely to have a neighbor which has an
even exponentially larger degree, creating a loglogn paths toward the highest order vertices. To
create a similar phenomenon in the directed configuration model, it will not be enough to directly
assume the out- and the in-degree distributions to follow a power law. As Lemma 2.3.1 provides a
bound depending on the out-degree of v and in-degree of v, this will not ensure any properties for
the out-degree of v. So a vertex might have a large number ”entrances” (inbound half-edges), it
does not have to contain a large number of ”exits” (outbound half-edges) out-degree. So it might
would not be likely to find such a path of rapidly increasing out-degree vertices toward the high
order out-degree vertices. To resolve this issue, we adapt the power law assumption to hold for
the forward out- and in-degree distributions F" and F,?“), as defined in (1.37). Lemma 2.3.1
shows that for a vertex with degree d, = (4™, d{®™), the probability that it does not have a
neighbor with an out-degree larger than g, and the probability that it is not the neighbor of a
vertex with an in-degree larger than ys, can be bounded by

dE}out)

P (Vu € N (), glout) < yl) < e U TudW A >y _ —dP - FE) )

(2.77)

Al

P (VU e N (), di < yz) < o= T TudPHd >ye} _ —d(1-FV(w2)

With the power-law Assumption 1.5.3, the tail distribution [1 — Fr(lq)](y) is close to y~ ("=

for both ¢ € {out,in}. So the bounds (2.77) become extremely small for d'? large, when y <

d}j/(r(qbz) dg]out)

. This shows that a vertex with a large out-degree is likely to have at least one

neighbor with approximate out-degree d'/("*=2)_ Similarly, a vertex with large in-degree d\™
(in) _
is likely to be the neighbor of a vertex with approximate in-degree di/ (r 2 To further study

this phenomenon, take
o) > 1/(3 — L)) gl 5 1/(3 — 40y (2.78)

and define the set of high in- or out-degree vertices, called the inbound core and the outbound core,
as 4 .
Corel™ = {u : d(™ > (log n)"( )}, Corel®™) = {4 : ") > (log n)”< )}. (2.79)

1

We will give a precise proof of the previous arguments, and apply this phenomenon to show that
each vertex in Core(®") has a path to the highest order out-degree vertices {u : """ > 18}, and
each of the highest in-degree vertices {u : aim > 18} has a path to any vertex in Coregfn), for
which the length of both is at most order loglog(n).

To construct these paths we divide both Core(®™) and Corel™ into segments. Then we show
that each vertex in a segment of Coreg’“t) has a neighbor in the subsequent segment, and each
vertex a segment of Coregn) has a neighbor in the previous segment. For both ¢ € {out,in}, take

u(l(I) =15, and define the first segment as
' = {u:d@ > u{?}, (2.80)

containing the highest order in- or out-degree vertices. To construct the following segments, take
some constant C' > 0 and for k > 2 define

uéq) = Clog n(uff_)l)v(@”, (2.81)
with segments
I = {u: d@ > ul?}. (2.82)

As u,(f) < ué(lzl for all £ > 1, the segments are ordered as F,(qul C F,(Cq). Recursively solving (2.81)

for every k > 1, leads to the expression

b;;l)
n

u@ = (Clog(n)™" 1, (2.83)
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where
k—1
) =200 =T = o - 0 =2 B = a0 -2 @8
=1

This can be verified, by simply substituting these results in the expression (2.81). The follow-
ing lemma is an adaption of ([14], Prop 7.14), which shows the connectivity of the segments as
previously described:

Lemma 2.3.2. (Connectivity between F,(cq) and F,(i)l) Let Assumptions 1.3.2 and 1.5.3 be satisfied.
Fiz k > 2 and for c = max{cé"“t),céin)} defined in 1.5.3, take C > 1/c. Then the probability that

there exists an u € F,(Cout) that does not have a neighbor in the set F,(Coflt s at most

P (Elu € F,(Com) s N () N F,(;:u{) = @) < pl=s™C = o(1). (2.85)

Moreover, the probability that there exists an u € F,(cm) that is not the neighbor of some vertex in

the set Fgf)l 18 at most

P (Elu e 1™ M) () AT ) = (b) = nl="C = o(1). (2.86)
Furthermore, every vertexr v € I‘gm) is whp a neighbor of every u € F§"“t>, i.e.
P (r?‘” c N<°“t>(F§°“t>)) =1-o(1). (2.87)

Proof. For both ¢ € {out,in} the mapping k — u,(f) is decreasing, such that from Assumption

1.5.3 we get

Z dg)in) _ ln[l _ F(Out)](ul(ilp) > lncg‘)Ut)(u}(::u;))Qi’Y(oun7

n

UEFST;) (2 88)
ou in in in in — (i) '
Z dev) = 1,1 — F )}(u,(cf)l) > lncy )(ul(cf)l)Q L
UEF(in)
k—1

Applying (2.88) in the bounds from Lemma 2.3.1, we use the fact that |1"](€q)| < n and Boole’s
inequality to bound the probability that some v € F,(Com) does not have a neighbor in I‘,(Co_uf) by

__,,(out) (out)(uiou;))g,w(out)

P (3u € F,(Cout) N ()N F;O_up = @) <ne "

(2.89)
_ ne—cg’"t)Clog(n) _ nl—cgc’"t)C
and similarly
P(Juer™ : N0V () N =0) <n!4"C, (2.90)
Finally, as 8 € (%, 1) the lemma 2.3.1 shows that
P (vu el i ¢ N<°“t>(u)) < e~/ = o(1), (2.91)
which proves the claim (2.87). O

We will apply this lemma to provide an upper bound of the distance from Coreglout) to Coresn)
in the following theorem.
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Theorem 2.3.3. (Path between the Cores) Consider the directed configuration model, where the
Assumptions 1.3.2 and 1.5.3 are satisfied. For any ™ > 1/(3—~™) and o(°"D > 1/(3—~(ou)),
the number of (directed) steps needed to get from any u € Corel"? to any v € Corel’™ is whp
bounded from above by

loglogn loglogn
+ 1. 2.92
[log(2 — 2] * Tlog(y() —2) (292
Proof. Take
loglogn loglogn

k(out) = (293)

—— k)=
[log(v©® —2)]" "™ 7 [log(ym —2)|"

From Lemma 2.3.2 it follows that we can whp bound the length of the path from any vertex

(out) n)

u € F(Om) to any a vertex in F by E(out), and any vertex u € F( to a vertex in F( ) by K (in)-

As Theorem 2.3.2 shows that whp T'\™ ¢ M(T{"""), we can conclude that the number of steps

(o

from any vertex in I‘k(:tt)) to any vertex in Fé‘:)) can be bounded from above by k(out) + k(in) + 1.

To complete the claim of the theorem, it remains to show that

Corelo™) € I‘,(C(()ut)> and Core(™ C 1"(1:3) (2.94)

This is the same as showing that u(‘i) < (log n)"m, where

GO
uf?) = (log(n) "1, (295)

b(q)
From the expression of in by in(2.84), we find that I, @ = ev(“) 2
the equality

(9) _9)¥(q)
O Ror 7D € (2,3),

log
x('y(q) —2) oD -2 = 7. =1 (2.96)
(a)
holds. By substituting z = logn, we find that nr@ = ew(“ 2, Moreover, a,(qq) — 1/(y@ - 3)
from below as k — oo, such that

(D g
(Clogn)™ @ = (Clogn)Y/BG=7")—e), (2.97)

Substituting all these equations into (2.95), it follows that
7ﬂ q
ugcq()> =e -2 (Clog n)1/(3—v< >)_0(1)7 (2.98)

such that, for sufficiently large n, we can make u(‘i) < (log n)"m. This proves that the number of

(out)

(directed) steps needed to get from any u € Core, " to any v € Core(m) is whp bounded above

by
loglogn loglogn

- + 1. 2.99
og(y®™ —2)]  Tlog(y©m — ) (2:99)

O

2.3.2 Typical distance to the outbound core and from the inbound core

The bound of the length of a path from vertices in the outbound core to vertices in the inbound core
in Theorem 2.3.3 already closely resembles the typical distances in the directed configuration model
from Theorem 1.5.4. Though Theorem 2.3.3 only provides a bound for the distance between high
out-degree vertices to high in-degree vertices. To complete the upper bound for Theorem 1.5.4, we
will show that both the distance of a typical vertex to Core(out) and the distance from Coresn) to
a typical vertex can both be bounded by cloglog(n) for any arbitrary small ¢ > 0. To do this, we
shall make use of the approximation of the forward explored neighborhood and backward explored
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neighborhood to the branching processes described in Section 1.3.3. Under Assumption 1.5.3,
both branching processes have an infinite mean which experience double exponential generational
growth [7]. By viewing these neighborhoods as a single vertex with a large in- or out-degree, we
will be able to apply Lemma 2.3.1 to prove the likely existence of double logarithmic paths to and
from these cores.

Theorem 2.3.4. Consider the directed configuration model for which Assumptions 1.3.2, 1./.2

and 1.5.3 are satisfied. For all € > 0, the length of the path of a typical vertex to Core,, (our can
whp be bounded by
loglogn
-, 2.100
*Tlog(rom — )] (2100
and the path from Coregli") to a typical vertex whp by
log 1
o8 o8 T (2.101)

“Tlog(r(m —2)|"

Consequently, the length of a typical the path is bounded from above by

loglogn loglogn
1 : . 2.102
149 (o =7 * T3 (2102

Proof. For ease of notation, denote G,, = DCM,(d) and fix r > 1. Remember that e
denotes the number of unpaired outbound half edges attached to vertices at distance r — 1 from
a forward explored typical vertex, and Hﬁmin) is similarly defined for the inbound half-edges of
vertices with distance r — 1 to a backward explored typical vertex. We have shown that under
Assumption 1.3.2 that (H{™°" {7 ™y & (72| Z{)) for all 7 > 1 fixed. Moreover, under the

minimal degree Assumption 1.4.2, both H{™°" and H{™™ are whp very large for large values of

r. To start with, we define for some small valued gy € (0,3 —v(9)) and ¢ € {out, in}

ul(cq) _ (Hﬁn;q))l/(vm—ﬁfo)k’ (2.103)
and define the layers
fw’(f) = {u: dgz) > Uggq)}* (2.104)

Define the events
g(out) {El c F(out) N(out ( ) n f\éout) _ (Z)}

iy » (2.105)
e = (FJu e T - N () N T = g}

Similarly as we have shown in (2.89), the probability that any vertex with g-degree at least u(q)
does not have a neighbor or is the neighbor of (depending on ¢) a vertex with g-degree at least

u;‘n is at most

A 2ol 01 (2106
We iteratively construct the sequences u,(cq) process till we reach vertices that are in the outbound

core for ¢ = {out} and inbound core for ¢ = {in}, i.e., till
Fuig) = inf{k : ul? > log(n)"/ G-y, (2.107)
Some rearranging using the expression of uéq) (2.103) shows that

log log log n — log log(H\™) + log(—@y W)))
|log(v(@) — 2+ &)|
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Conditioning on the values of Z{"°™ and Z{™™ we apply the union bound to find

Kx(out) kx(out)
P U 5é0Ut)‘H(n;out) < Z e_cg"”t)(ui"_”l"))fo/(“/(o“'t)72+50)
k=1 k=1
bagin i (2.109)
P U MM | < Z —e§™ (ugim))eo/ (1 ~24<0)
As (79 —2 4 ¢¢) € (0,1), under Assumption 1.4.2 it follows from Corollary 1.3.9, that for r large
enough that the limit of this bound is
feo ) - 0 (z@)z0/ (D= 2+s0>’°
lim P | | J &P HM | <Y e ) (2.110)
n—oo
k=1 k=1

Under Assumptions 1.4.2 4+ 1.5.3 the branching processes (Z,(-q))rzl are ensured to survive, such
that the random variables Z\” 5 0o as r — oco. Consequently, the bound on the RHS of (2.110)

converges whp to zero, and with it the probability of the events Sé(l)ut) and Eéi") happening any
for k1 € [ky(out)] and ka € [ky(in)]. Given that both events do not hold, for any fixed » > 1 and
€ > 0 we can take n large enough such that whp

loglogn
[log(+(@) —2)|

To obtain a bound on the typical distances we add the bound for the distance between the out-
an inbound cores from Theorem 2.3.3 to obtain that whp

kg +1<¢ (2.111)

loglogn loglogn )

2.112
Tog(y™ —2)] T Tlog(re™) — 2) (2.112)

distpcn, (@) (01,02) < (1 + )(

Note that (2.112) holds any arbitrary small value of §(¥ > 0 in 49 = (7(9)4-§(@)), for ¢ € {out, in}.
As the mapping = — 1/|log(x)| is strictly increasing for = > 0, we can take §(°") (") > 0
arbitrary small, such that the smallest upper bound for the typical distances becomes

loglogn loglogn > (2.113)

distpewm,, (@) (01,02) < (1 +¢) (|log(7'(i“) —2)] " log(rleut) — 2]

completing the proof of the claim. O

2.4 Lower bound typical distances directed configuration
model

This section we will provide the lower bound for the typical distances in Theorem 1.5.4. To do
this, we follow the steps of the proof from ([14], Theorem 7.8), summarized in Section 2.1.4, which
shows a lower bound of the typical distances in the configuration model. The structure of the proof
is as follows. By applying path counting techniques to obtain bounds on the expected number
of paths of a given length, we are able to apply Markov’s inequality to bound the probability
of the paths existence. Thought to obtain meaningful bounds, the paths need to be divided, by
truncating the increasing out- or decreasing in-degrees along the paths. For one, this will create
the set of paths which experience an even larger exponential difference between the out- or in-
degree for some subsequent vertices along the path, than the path constructed for the upper bound
in Theorem 2.3.4. We will show that even under the assumption that the size biased out- and
in-degree distributions follow a power law, such differences are unlikely to occur on a path shorter
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then Theorem 1.5.4. The remaining paths contain relatively average out-degree vertices near the
starting vertex and in-degree vertices near the target vertex. For these paths we will show it is
likely to reach another typical vertex in fewer steps than than 1.5.4. The main difference between
the undirected setting that we need to consider is the asymmetry between the number of paths
from the starting vertex, and towards the target vertex, caused by the different distributions of
the in- and out-degree.

2.4.1 Path counting

To start the study of the paths, we start by providing a formal definition.

Definition 2.4.1. (Directed paths) The set of directed paths from vertex u to v of length k is
denoted as Py(u,v), containing sequences

7 = {(mo, t0), (1,81, t1), - -+, (Th—1, Sk—1, tk—1), (Tk, Sk) }, (2.114)

for which m; denotes the i’th vertex along the path, and t; the label of the outbound half-edge

attached the vertex m;, that is paired with the inbound half-edge with label s;11, attached to vertex
mir1. These paths are self-avoiding, meaning that m; # m;, Vi # j.

When half-edges are paired during the construction process, we say that the directed edge they
formed is occupied. Hence, a path © € Pg(u,v) is occupied if this is the case for all k directed
edges, for which the probability equals

k
1
P(7 occupied) = _ 2.115
(# ocenpied) = [[ 7 (2115)
To find the number of ways to construct a path using fixed distinct vertices mg,m1,..., Tk, note
that we can exit the first vertex from dﬂcf,m) outbound half-edges, enter the final vertex from dSJ,j?)

(out

inbound half-edges, and traverse vertex i € [1,k — 1] along the path in dx, )d,(ri? ) ways, such that

the number equals
k—1

t t in in
ae) TT (aloroat) ate. (2.116)
i=1
Now let us look at the probability distribution of the typical distances of the directed configuration
model. First, we take

1
P (distpom, (@) (01,02) < kn) = o Z P (distpew,, (@) (1, ) < kn)

u,vEn]
_ k. (2.117)
= E + ﬁ Z ZP (diStDCMn(d) (u,v) = k) s
u,v€[n] k=1
uFv
where the second equality follows as P (distpcw,, a)(u,v) = 0) = 1 only for all u = v € [n] and
(in) j(out)
has probability zero otherwise. Defining vy, =3_, ¢}, 4 l‘i"' , use (2.115), (2.116) and the union

bound to find the bound for all £k > 1
P (distpem,, (a)(u, v) = k) < P(7 € Pr(u,v) : T occupied)
< Z P(7 occupied)

TEPk (u,v)
4o gim 2 Rl glout) ylin) (2.118)
Tl —k+1 In—i+1

Ty, Th—1 1=1

_ da™ ik, — k)

v
- ln ! "o
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where the sum after the third inequality denotes the sum over all combinations of distinct vertices
m1,...,Tk—1. The final inequality follows as we also include the paths that are not self-avoiding,
increasing the number of paths that are available. Under the power law Assumption 1.5.3, the
value of v, grows too rapidly to provide a meaningful bound to the path probabilities. This is
caused by the large amount of vertices with a high in- or out-degree. For the upper bound we used
this phenomenon to create a path to and from the in- and outbound hubs, but these paths are
very rare. The bound (2.118) ignores the fact that it is unlikely that a typical vertex is connected
with such a significantly higher out- or lower in- degree vertex. This issue is resolved by dividing
the paths in two different routes as explained at the start of this section. Next, we introduce the
truncation argument of the out- or in-degrees to create this division and provide bounds for both
path probabilities.

2.4.2 Good and bad paths

As shown in Section 2.3, the odds of finding of finding higher out-degree vertices increases, the
further we walk from the typical starting vertex. Similarly, for the in-degree, the further we look
at vertices along the path towards the typical target vertex. Hence, to truncate the respective in-
or out-degrees of paths we fix two increasing sequences of numbers (b(m)) e, and (b(out)) . As
the distribution of the in- and out degrees are not identical, the number of vertices for Wthh we
truncate the out-degree is possibly not the same as the number of vertices for which we truncate
the in-degree, along the same path. So let s denote the fraction of vertices along the path for which
we truncate the out-degree, and therefore (1 — s) the fraction of vertices for which the in-degree
is truncated.

We start by defining the paths that do not contain the large differences of in- or out-degrees
between subsequent vertices. We say 7 € Py(u,v) is a good path if d"" < bl(out) forall 1 <1<
lk-s| and di™ < b,(cii)l all [k-s] <1 < k. Note the truncation value for the in-degree increases
the further we move from vertex 7. We denote the set of good paths of length k as

GPu(u,v) == {7 € Py(u,v) : d < b diW < bW 1 <i < |k-s| <j <k} (2119)

The remaining paths @ € Py (u, v)\GPx(u, v) containing exceptional large differences in the in- or
out-degree between subsequent vertices, are defined as bad paths. From the deﬁnition‘ it follows
that a bad path contains a vertex with either d(out) b(Out for some 1 <1 < |ks], or dS:L“) b,(:n)l,
for some [ks] <1 < k. Denote the set of all paths of length & btartlng from vertex u as P(Out (u) =

Pr(u, v) and the set of all paths ending at vertex v as plin = Pr(u,v). We denote
vE([n] k ]
their respective subset of bad paths as

u€ln

BP () = {7 € P (u) : o) > i), dle) < () s < k)

in) (in) ) (n) i ] (2.120)
BPW (v) = {7 € P (v) : di™ > b d™) <l vs < k).
Moreover, denote the event that such a path is occupied as
]:,Eom)(u) ={3r e Bp,gom) (u) : @ occupied}
(2.121)

FiW (u) = {37 € BPI™ (u) : 7 occupied}.

Note that if distpowm, (a)(u,v) < kyp it follows that there exists either a good or a bad path from
vertex u to v with length equal or less than k,. The event that a bad path exists is a subset of the
event either some 7 € B’P(Ollt)(u) or T € BPl(in)(v) for k < |ky-s] and | < [k, - (1 —s)]. This is
why we can bound the event

{distpem,, () (1, v) U (Ek u,v) UfLZfJ)( )U]—"[;ﬂnzl sﬂ( )) (2.122)
k<kn
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Applying Boole’s inequality results in the bound

[Kns] [kn(1=5)]

kn
P (distpo, (@) (4,0) < ka) < Y P(E (w,0))+ > PFES @)+ Y. PFLV (). (2.123)
k?():O kl—O k}2 0

Moreover, applying (2.117) on (2.123) further gives

Lkns] [kn(1=s5)]
1 (out) (in)
P (distpe, (a)(01,02) < kn) -+ Z Z (Fa, (u))+ Z P(F, (u))
uE[n] ki1=1 ka=1
. (2.124)

> > Bk (u,0)
w,vE[n] ko=1

uFv

Now let us look at each of these events separately. For ease of notation, denote the restriction of
vy, with respect to the out- or in-degree, for b > 0 as

U(Out)(b) — ll Z dgin)dq(lout)]l{dgout) < b}

n
n

1 u€[n] (2.125)
Vr(lin)(b) _ = Z dgin)d&out)]l{dgn) < b}.
" u€n]

The following lemma provides a bound on the good and bad path probabilities, that depends on
the forward and backward tail distribution, and these restrictions of v,,.

Lemma 2.4.2. (Truncated directed path probabilities) For every k > 1, (bl(out))lzg, (bl(m))lzo
with bl(out), bl(m), >0 andl— bl(om)7 bl(m) non-decreasing,

k—1
P(féout)(u)) < d&out)@kQ/l" [1 _ (out)](b(out)) « H Vgout)(bl(out))
L (2.126)
in in 2/, in in in in
P (0)) < di™ek* /11 — EE] 0™ x T v ™).
=1
and
d (out) d(m
P(Ep(u,v)) < "0k’ /ln]‘[y(ouﬂ piou)y H y<m> ()., (2.127)

Proof. We start by proving the upper bound for the bad path probability in (2.126). Take ¢,p €
{out, in}, with ¢ # p. Using a similar approach as that in (2.118) restricted to the bad paths, we
obtain

(@) 49 g®
PES@) <A > k +1 H 2 i+l
wk:dsrq,2>b§f) " =1 m.dgr‘j)gbg‘” n
1Kl — k)! an = 49 dP
= d&@% > [T Y T (2.128)
" Wk:dg-(qk)>bl(f) " =1 ‘n',-:dgg.)fb,(.w "

k-1
< d&q)ekz/l"[l _ Fff’)](béq)) H VT(LQ)(bEQ)),

i=1
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k2 /1 r(In—k)!
]

where e#*/!n is a bound on the factor ‘= 7 Following the same approach, we can find the
upper bound (2.127) for the probability that there is a good path from vertex u to v.

d(out)d(in) k—1 d(out)d(in)

]P) < U v T 4
Ewo) < 3, zn—k+1,Hln—i+1
eGPy (u,v) =1

d&out)dq(}in) k(1 — k)! [ks] d;‘;“’dﬁﬁ?)
S ln ln' H Z T

i=1 Wi:ds(c)iut)Sbgout)

) (2.129)
k—1 d;—out)d;}n)
< I > =
j=[ks]+1 “jidg\—i;‘)ﬁbgf)j n
dgout)dgin) ) Lks] o [k(1-s)] i
< S [T el T v ™).
" i=1 j=1
O

2.4.3 Proof of lower bound of typical distances

For the remainder of this section we will make numerous use of the upper bound given by Potter’s
Theorem 1.5.2, hence we take

,y(out) _ ,y(out) (5(out)) _ T(out) o §(out)

in in in in in (2130)
) ) (§m)) — 7 (im) _ 5im),

for ease of notation. Note that all the bounds in Lemma 2.4.2 depend on v*"" and v{™. With
the following lemma we further bound these objects:

Lemma 2.4.3. Given that Assumption 1.5.3 is satisfied, there are some cé”“t), cgm) such that

(out)

VT(Lout) (b) < céom) p3—7

_ _ N (2.131)
v (b) < C(Qm)b?’*W( g
Proof. Let p,q € {out,in} with p # ¢, then
VD) = L S 4P 1{d® < b}
" u€[n]
1 o0
=T doa Y dPU{d? = x}1{d? < b}
z=1 wu€ln]
1 b T
SRS Y g =
z=1k=1u€[n]
L (2.132)
LYY e = )
k=1z=k u€ln]
b
=Y B (b)) = F9 (k)] <Y [1— F2)(k)
k=1 k=1
b
< Zcé‘])k—(’y(q>—2) < Cé‘])bfi—'y(‘”.
k=1
O
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It remains to define the values of the truncation sequences and the ratio of the path for which
the out-degree of the vertices are truncated. First, for the ratio we take

1/|log(yt") — 2)|
~ 1/[log(y®u0 = 2)] + 1/[log( (™ — 2)|
1/|log(v™) — 2)]
1/[log(~(©ut) —2)[ 41/ log (v — 2)|"

(2.133)
=(1-9)=

For the truncation values, we refer to the step sizes of the path (2.103) from the upper bound.
Here, some arbitrary small £y > 0, the out-degree increased by powers of 1/ (T(Out) —2+¢0)F and
decreased the in-degree by the power 1/(7(") — 2 4 ¢4)* each step, as we moved away from the
starting and target vertex. For our bad paths, we increase the step size by taking some arbitrary
small value 6@ € (y(9) — 2), and define

ag =1/(y@ —2 - 5@). (2.134)

Take b(()Q) = A" for some constant A@ > 0 sufficiently large, and we recursively define both
(5" )10 by
bl(q) _ (bl(z)l)a(q) _ (b((Jq))aﬁq) _ AP 25@)t (2.135)

With the following theorem we will complete the proof of the lower bound of Theorem 1.5.4, by
applying the bounds we shown this section and show these become asymptotically small as n grows
large.

Theorem 2.4.4. Suppose that the in- and out-degrees of DCM,,(d) satisfy Assumption 1.3.2, and
the upper bound of Assumption 1.5.3 holds for the tail forward out-degree and backward in-degree
distribution. Then for every e > 0,

loglogn n loglogn
[Tog(r@™) —2)] " [log(r(™ —2

P <diStDCMn(d)(01; 02) S (]. - 5)( )| )) = 0(1) (2136)

Proof. First, we take

loglogn loglogn
kn = (1 — : , 2.137
1= (o =37 * TG (2457

and remember that we showed from (2.138) we have the bound

LEns] [kn(1=s5)]
1 ou mn
P(dIStDCM (@) (01,02) < kn )< +- Z Zp}-lgl t( ) + Z IE”J-',&Q)

n
ue[n] ki1=1 ko=1

Z Z (Eke (1, v)).

u,v€[n] ko=1
uFv

(2.138)

As the first step, we note the bound of each of the event probabilities in (2.138) that we have shown

in (2.4.2) contains the factor consisting of the product of v(q)(bl)7 for q € {out,in}. Applying the
bound from Lemma 2.4.3, it follows that

k—1 k—1
[TA20) < TP 0> = () tet " @ Ei o (2.139)
. - 2.139

< (ng))k—leA‘“)(3*7”))&&)/(&(@*1) — (ng))kfl(béq))(va“”)/(a(qu)_
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Bad paths We will first apply this bound to show we can bound the probability that a bad
path exists by an arbitrary small value. Applying the event probability bound from Lemma 2.4.2
in addition with (2.139) and the upper bound from Assumption 1.5.3, we obtain

k—1
P(F? (u) < dPet/ (1 — F@O)bi?) x ] v (02
Pl (2.140)

< dgq)ek/ln, (ch))k(bl(CQ))—('y(q)—2)+(3—'y(q>)/(a(q)—1)_
With some rewriting it can be shown that
(YD —2) — (3 - 7(q))/(a(q) —1) = 6@ /(3 -~ 4 5@) > 5@ > 0, (2.141)
Applying this bound on the exponent of b;cq) in (2.140) gives
P(F () < d (/1) (b ) =0 (2142)

Taking k™" = |kns| and - [kn(1 — s)], we use this bound to find that for all arbitrary
small §(2) > 0,

k(q) k(tz)
(a)
- Z ZP ]:(‘Z) Z Zd(q) 1/ln (‘Z)) (b(Q)) )
" ue k=1 (2.143)
) ksf”
n _s5l@
_ Ez(eylncéq))k(blgq)) 5@
k=1
To finish the proof for the bad paths, we note that from the definition in (2.135) that
(b(q))_g(q) o e_A(q)(;(q)(,Y(q)_Q_(;(q))—k (2 144)
k = : :
As (49 —2 - §@) > 1, and I,,/n = O(1), it is possible for all £y > 0 to take AD(5(9) g() large
enough such that
k((l) I 50
n _s@
- Z ZIP) f(q) S XZ l/lnc(q) b(Q)) 5 < £. (2145)
k=1
This proves that
O o) e G
u IH n— o0
= Z > PFES (w) + Z P(F (u)) === 0. (2.146)
[n] k1=1 2=1

As this itself shows that the probability that a bad path exists between two typical vertices of
length k,, given in (2.137), converges to zero as n — oo.

Good paths: It now remains to show that the probability of the existence of a good path with
length at most k, can also be bounded by an arbitrary small value in the limit of n. We start
with the bound from Lemma 2.4.2, which showed that

d(out)d ln) [ks] [k(1-s)] ) .
P(E(u,v) < 2 H v ey T v o). (2.147)
j=1
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Applying the bound (2.139) on the product factors of (2.147) further gives

B (Eu,0)) < B B it om0 ) 50 )
=, 2 Lk-s] (2.148)
in _s in A0y s —
X () RA= (i) =) =),

Applying (2.148) on the summation of good path event probabilities from (2.138) gives

1 i 1
ﬁ Z ZP(Sk(u’U)) SE

w,vE[n] k=1 u,v€E[n]

« (0(211'1))]7@(175)] (bF]zl()lfs)]
In 1 S 1 _~(out)y /,(out)
b () s ) =
in —s)] /s (in i)y /(g lim)
()= () 3= )

d(uOUt) dgn) kn u s u _~(out)y /(o (out) _
i /im0 L] ({00137 @" 1)
k=1

)30 /a1

<

(2.149)
From the definitions of the ratio value s in (2.133) and the number of steps k,, in (2.137) we get
log1
o) u -

glo; logn (2.150)

kp(l—s)=(1-¢g)———>————.

( )\log(v(‘“) —2)|
Hence, we can take 6(°") §(in) g5 small that both
(out) 9 _ 5(OUt) —kn*s < (loon 1—g/4

(v 1) < (logn) (2.151)

(,y(in) _9_ 6§in)>—(kn*(1—s)+l) < (log n)l—e/4.

From the expression of (bl(q))lzo in (2.135) and the bound (2.151) we get for both ¢ € {out,in}

(b(q) W )(3—7(“))/(11@)—1) < exp {A(q) 3- '7([11) (log n)1—5/4}

Aq) —

< exp {A(q)(g _ ’y(q))(log n)l—a/4} _

(2.152)

Take ¢ = max{cgout), céin)}, such that (céin))”“"(l_"'ﬂ . (céo'lt))Lk”'sJ < cFntl Since we take k, =
O(loglogn), we have I,,/n? = ©(1/n) and e*»/!» =14 0(1). we can conclude that

A

k
1 ~ ! ou ou in in —e
D S Pk 0)) < ket e { (A (3 - 42) 4 (A0 3 — ) l0g )4/
u,vE€[n] k=1
= o(1).
(2.153)
This shows that the probability a good path exists between two typical vertex with length less

than k,, converges to zero as n — oo. In addition with the bound on the bad paths this shows
that

loglogn loglogn
[log () —2)] ~ [log(y(™) —2

P (diStDCMn(d)(Ola 02) < (1 —¢)( ) )) =o(1). (2.154)

Remember that v(9 = 7(0 — §@) and we can take §(9 > 0 arbitrary small. It follows that the

largest lower bound is
loglogn loglogn

1—¢ -
(=X [log(y("®) = 2)] * [log(~™) —2)|
which completes the proof of the claim. O

), (2.155)
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As the € > 0 from the upper bound in Theorem 2.3.4 and the lower bound in Theorem 2.4.4
can be taken arbitrary small, this shows that the typical distances in the directed configuration

model are approximately
log 1 log 1
oglogn oglogn ), (2.156)

( -
[log(yteut) —2)| ~ [log(y(n) —2)]

which proves the claim of Theorem 1.5.4.
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Chapter 3

Fluctuation typical distances
directed configuration model

This section we will provide a proof for Theorem 1.6.5, which describes how the typical distances in
the truncated directed configuration model fluctuate with the size of the graph. We start Section
3.1 by coupling the the respective forward and backward breadth-first exploration of the starting
and target vertex with two independent branching processes. This will allow us to apply properties
of the branching processes to describe the growth rate of the neighborhoods. Then, in Section 3.2
we show the typical number of steps needed to go from the starting vertex to the outbound hub,
and from the inbound hub to the target vertex. In Section 3.3 we show that the combined number
of steps is likely not enough to reach the target vertex through any path. Then in Section 3.4 we
finish the proof by showing the typical distance from the outbound hub to the inbound hub.

3.1 Growth rate of the branching process

In Section 2 it is shown how the forward and backward breadth-first exploration can be coupled
with two independent branching processes, as long as the explored neighborhoods are disjoint. The

branching process coupled with the forward exploration has generation sizes (Z,gmout))kzo, with

root distribution Dﬁf‘”) and for the following generations offspring distribution DZ(OM), defined

in (1.14). The backward exploration is coupled with the branching process with generation sizes
(Z,(Cn;in)) k>0, With root distribution D™ and for the following generations offspring distribution
Dz(in), defined in (1.14). For two uniformly and independently chosen (typical) vertices v(oy) and
U(in), let the simultaneous forward and backward exploration at time ¢ contain all the vertices

at most distance t from Céout) = V(out), and all the vertices with distance at most ¢ towards

Céin) = U(in)- We will denote these respective clusters by Ct(OUt) and Céin). Hence, the coupling

from Corollary 2.2.2 shows that the simultaneous forward and backward neighborhood exploration
can be coupled to the independent pair ((Z,in;out))kzo, (Z,gn;in))kzo). We will expand this coupling
result by showing it is possible to add the independent asymptotic forward and backward branching
processes with generation sizes (Z,gom))kzo and Z,Sn))kzo. The offspring distribution are simply
the asymptotic variant, as under Assumption 1.6.2 for both ¢ € {out,in} Dgﬂ) — D@ and

D;9 — D).

Corollary 3.1.1. Consider the directed configuration model for which Assumptions 1.6.1 and
1.6.2 hold, and take v such that

1) U )| < min{n=An" (5=0) =B (5=0) [ (1=B (14e)=0)/2 )y (1AL (14+e)=6)/2) (3 1)

Ultra-small world phenomenon in the directed configuration model 45



CHAPTER 3. FLUCTUATION TYPICAL DISTANCES DIRECTED CONFIGURATION
3.1. GROWTH RATE OF THE BRANCHING PROCESS MODEL

for some § > 0. Then (Cﬁ"“t),cﬁm)) can whp be coupled to two independent branching processes
Z(out) Z('Ln)
( k s Hk )kgr'

Proof. Note that Corollary 2.2.2 holds as long as dper = maxue[n]{dgfn),dgom)} = o(n), which
is the case under the truncation from Assumption 1.6.1. So apply Corollary 2.2.2 to couple
(G (5), G (1)) srersy and (20 (), 20" (1)) cvre,- Now let (2000 (s), 20 (1)) pren, de-
note the simultaneous tree-exploration of the forward and marked backward branching processes.
Here, (2(°") (), Z(i)(t)) denotes the graph after s tree-exploration steps on the forward branching
process, and  steps on the backward branching process. Our goal is to couple (2" (s), Z0) (), e,
with (Z7(Lout)(s)7Zr(bin)(t))s+t€NO, and thus by extension with (Ggout)(s),GSH)(t))SHGNO. On the
event that A R . .

(2L (s), B0 (1)) 77 = (299 (5), 209 (1)) 77, (3.2)

we construct the coupling step between the forward branching processes in the following way.
Given that the latest tree-explored vertex has offspring D;(OM) = [, we apply the optimal coupling

that realizes the total variation defined in (1.47), between D™ and D*(eut), Namely

min{P(D;™) = 1), P(D*Cu) = [)}
P(D:(out) _ l) .

P (D*<°ut> = [|Dxeut) = l) = (3.3)

So the coupling error of this step equals

P(D*(out) ?é D:(out)) -1— Zmin{P(D:(out) _ l),HD(D*(OUt) _ l)} _ dTV(Fy(Lout)7 F(out))' (34)
>1

With the Union bound we can bound the probability an error occurs between the coupling for any
of the m,, steps by

My max{dpy (FC | W) qry (F | POV <y p =k, (3.5)

n

Similarly we can couple the out-degree and in-degree d&‘(’;f}) and dg,i(?g) of the roots to two in-
dependent D©") and D" with coupling error at most 2d7ry (F,, F). Hence the coupling er-
ror between (2" (s), Z00) (), 4en, and (Z,(lom)(s), zZm (t))s+ten, converges to zero for m, =
o(nP»"). Now note that under Assumption 1.6.1 the maximal out- and in-degree are less than

nfi (14e) and nAi™ (149) for £ > 0. So the coupling error of Corollary 2.2.2 converges to zero for
m,, = o(n=Ar(1+£))/2 This completes the proof of the claim. O

To study the growth rate of the clusters Cﬁom) and Cﬁin) with r, we can now make use of some
known results about the growth rate of branching processes. We start by introducing the theorem
by Davies [7], describing the growth rate of an infinite-mean non-delayed branching process.

Theorem 3.1.2. (Growth rate of an infinite mean BP) Let (Zx)r>0 be a non-delayed branching
process with offspring distribution Z1 = D* having distribution function F*. Suppose that there
exists a non-negative, non-decreasing function x — y(x) such that

7z~ (T=2) (@) <1 —F(z) < x—(T—2)+w(m)7 (3.6)
where x — () satisfies
1. z +— 27®) 4s non-decreasing,
2. [77 (e )da < oo.

Then (T — 2)* log(Z, V1) =255 Y as k — oo, with P(Y = 0) equal to the extinction probability
of (Zk)r=>0-
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Note that Davies’ theorem describes the growth of a non-delayed branching process, while the

coupled branching processes (Z,gOUt))kZO and (Z,(Cm))kzo are both delayed. Hence, the following
lemma expands the result of Davies’ theorem to describe the growth rate of the delayed branching
process.

Lemma 3.1.3. (Growth rate infinite mean delayed BP) Let (Zy)r>0 denote the branching process
with root distribution D and offspring distribution D* for the following generations having distri-
bution function F*. LetY be the limiting variable of (1 — 2)*log(Z}.), for some T € (2,3). Then
Y satisfies the distributional identity

Y=(r-2) max Yz, (3.7)

where Y; are i.i.d. copies of the limiting random variable of the undelayed branching processes with
offspring distribution F,.

Proof. Branching processes have the property that all the subtrees connected to the root are

themselves independently distributed undelayed branching processes, which we denote ZA,@l for

€ [1, D). Hence, for every k > 1

D
74 Z (3.8)

Substituting this in the expression of our limiting variable gives

Y = lim (7 — 2)Flog(Z;) = khm ¥ log Z Z,gz)l (3.9)

k—o0

We bound the right hand side of the equality from both sides by

=he =1 (3.10)

As (1 —2) € (0,1) it follows that (7 —2)*log D %5 0, which leaves a similar bound on both sides.
Moreover, from the monotonicity of the logarithm, the order of taking the max and the logarithm
can be exchanged. So by applying Davis’ Theorem 3.1.2 to find the limiting random variable for

(r— 2)k10g(ZA,(:_)1) it follows from (3.9) and (3.10) that

Y = lim max (7— 2))7,52_)1 (3.11)

k—o0i=1,...,D
By exchanging the order of taking the limit and the max, the proof of the claim follows. O
Remember that the respective offspring distribution functions of the branching processes

(Zzin;om))kzo and (Z;in;in))kzo are F\® and F{"™ | with

FT(Lout) Z d 111)]1{d(out < .13} F(m) Z d(out ]l{d (in) < 3;‘} (3.12)
I u€(n] " ueln]

Before we can apply Lemma 3.1.3, we show that the power-law Assumption 1.6.1 satisfies the
conditions of Davies’ Theorem 3.1.2.

Lemma 3.1.4. Let y(x) = c(logx)?"~ !, for some v € (0,1) and ¢ > 0. Then,

1. x — 2% is non-decreasing for all x > 1,
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2. [77 (e )dx < oo.

Proof. Note that y(1) = 0 and

d
%clog(x)7 = %(logac)W*1 >0, z>1, (3.13)
which shows that 7(x) is non-decreasing. Moreover, substituting u = log(z) with du = Ldu,
® -1 7=2 o0 v—1
/ %dy = c/ u’? = [u oo = £ <. (3.14)
e Yy e b—1 Y- 1

O

This shows that both (") and (") from Assumption 1.6.1 satisfy the conditions for Davies’
Theorem, such that the extended result can describes the growth rate of our branching processes.

Coupling neighborhood with branching process Following the approach of ([15], Section 2)
we want to apply the coupling to an as large as possible neighborhood for both the uniformly chosen
starting and target vertex v(oy) and v(i,). As the growth rate of the branching processes (Z lgom)kzo
and (Z ;im)kzo can vastly differ, we will simply apply the coupling till one of the neighborhood sizes
approaches the limit from Corollary 3.1.1. Without loss of generality we assume that 7" > 7(n)
as we can simply exchange the labels if this is not the case. We will apply the coupling till the
first branching process reaches the size limit n% for ¢’ = (7(°*) — 2)§, where the

§ = min{n "R p AR p (=B (14e)/2 (181" (14€))/2) (3.15)

is from Lemma 3.1.1. Let t(n®) = inf{k : Z'°" > n%} denote the smallest number of steps, such
that the forward neighborhood of v,y exceeds n% . Define the random variables

ou ou nd’ ou in in nd’ in
y(out) — (rlont) _ 9)il )log(Zt((n:,))), Y = () _ 9yt >1og(zt<(n25,)). (3.16)
By rewriting the expression for Y,\®"", we obtain
o log(8'/Y"™) + log log(n)
Hn'') = _ glout) 4 1 3.17
(n") [ Tog (o) — )] B 5 (3.17)
where (out)
glowt) _ log(8'/Yn"") + loglog(n) ’ (3.18)
| log(r(eut) — 2)|

for which {#} = 2 — |z]. By substituting the expression (3.17) in (3.16) and some rearrangements
we find that the size of the last generation of the branching processes coupled with the forward
neighborhood of v(4,) and backward neighborhood of vy are

(out)

ou 7(p(out) _gyan
Zlf(n;')) = n5 ( 2 = M(out), (319)
and
W
in i [log(r{out) —2) . out)
Zt((nl’) = exp Yrgln) ( & log TL> g | (T(m) _ Q)agb )1 _ m(in)' (320)
With the assumption that mS“) < me’“t), the choice of ¢’ ensures that the total size of the two

branching processes does not exceed n’ and the coupling stays accurate as we take larger sized
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graphs. Denote the coupled forward and backward explored neighborhoods as C (Ou:/) and Ct(zn)s/

As we shall study the typical distances based on these neighborhoods, we introduce the o-algebra
generated by these induced subgraph as

Ty = o( clent) uc(l“é,)) . (3.21)

t(nd’
We denote the probability conditioned on this sigma-algebra as
Pr(:) =P(|Ts), Er[]=E[Ts], (3:22)
and say an event A,, holds Pr-whp if P(4,|7s) — 1 as n — oc.

3.2 Number of steps towards the outbound and from the
inbound hubs

This section we will study the typical distance towards the highest order out-degree vertices
contained in the outbound hub, and the typical distance from the highest order in-degree vertices
contained in the inbound hub. More precisely, define the vertex sets

hub(out) — {u c [?’L} . d7(lout) > lf?LOl‘t)(T(o“t)f?)

. . (in) 7_(in)_
hub(™ = {u € [n] : d(™ > 1 T

u

) (3.23)

For b%out), b%out), Touty and iy as defined in (1.55) and (1.54), we shall prove that Pr-whp both

(out)
log log(lgn ) — log(yrsom)) _ plout)
| log(r(eut) — 2)| !
(in) i
log log(lg" ) — log(erm))
|log(7(0) — 2)]

distpom,, (@) (Viout)» hub©"") = Tiouty = =1+
(3.24)

diStDCMn(d) (hub(in), U(in)) = T(in) =-1 + — bglm)

To do this this we shall follow the same steps as the proof of ([15], Proposition 2.1), which shows
out)

)
and CLSEZ ) that are coupled with the branching processes. Then, in Section 3.2.1 provide an upper

a similar result for the undirected configuration model. We start from the neighborhoods C

bound, for which we segment the vertices for which the out- or in-degree is polynomial in n. In

section 3.2.2 we provide a matching lower bound by using path-counting techniques. This proof
(out)

t(n%)
in a certain number

will provide an upper bound on the out-degree of vertices that can be reached from C in a

certain number of steps, and on the in-degree of vertices that can reach ctin Hn 5,)
of steps.
To define the segments for the upper bound and the bounds on the in- and out-degree for the

lower bound, we shall make use of the functions

20(‘1) . 7,(11),1 ( )
—=26 " (logx) 20\
R (z) := g @ -2 o8 = exp {(T(‘Z) — )@ (log x)"m} ) (3.25)

with ¢ € {out,in}, for which the constant C@ > 0 is from the power law Assumption 1.6.1 and
7@ € (4@ 1). This function is chosen such that

. —’y@(wm)
(xT(q),g) @ () — oo,

1
V(a)(wr(0)72)

(+7=2) /@ (z) 5 0,

as x — 00. As we shall see in the following sections, this will allow us to obtain matching bound
on the distances, for which the difference becomes asymptotically small for large values of n.

(3.26)
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3.2.1 Upper bound distance to the outbound and from the inbound hub

To construct the path towards the outbound hub and from the inbound hub, we shall use a similar
approach as Section 5. Namely, we will prove the phenomenon discussed below Lemma 2.3.1,
that each high out-degree vertex is likely to have a neighbor with exponentially larger out-degree
and each high in-degree vertex is likely to be the neighbor of a vertex with exponentially larger
in-degree. We will show that the path created by these particular neighbors, creates a path to

and from the hubs for which we length can be bounded by T, 7({1), for ¢ € {out,in}. Conditioning

C(out)

H(n®") and paths ending

on the neighborhoods C (?u;,) and Ct(( l/), we study paths starting from

in C’t((l ) . To construct the paths we segment the high in- and out-degree vertices into the layers
(@ ._ (@)

Y = {veln:d? >u}, (3.27)
and choose u(q) such that F(q) intersects Ct(()é/ Using the function h(9) defined in (3.25), recurs-
ively define the minimal g-degrees of each layer F,(fqll by

@ \c@ @y
q (@ —2) (@ —2)
=  with uf?) = | —L : (3.28)
D) (w”) h(mn")

and u(Q) —m, Solving this recursion results in the expression
@ ey T @
q —(k+ P @) _gy—i
ul® = m{" =2 /T hu@ )= (3.29)

As these values will serve as a lower bound on the highest in- or out-degree vertices that can be

reached in t(n‘s/) + k steps, let us take a closer look at these values. The first thing to notice is
(@) _g)=(k+1)

that u,(cq) < mg)q 2 . We can apply this same inequality to obtain an upper bound for each

term of the product in the denominator of (3.29) and thus a lower bound on the whole expression.

First, we apply the inequality on h(9) (ul(‘I)) to obtain the bound

20((1) (q)
h(Q)(“z(Q)) = exp {(T(Q)_W(log ul(q))n }

20 (@) _oy=(+1) | (@)
A K } (3.30)

< exp {(T(q) —2)i® (logmy

200 (7(0) — 2)—77(“’)(l+1) (@
= exp { (T(q) 7 2)77(@ (1Og mq)ﬁ :

-l
Applying this bound on each term of the product (Hf;l h(ugcq_)i)(T(qLQ) ) , we can bound it
from below by

k+1 (q) _ (D (k—i+1)
clr 2)"" 7' _(q) —i
H eXp (T(q) — ),’](q) (10g mq) (T - 2) }

20(9) ((T(q) _ 2)7(77(‘”k+1) ~ (@ — Q)U(qpkd)

>exp§ — (log mq)n(q)

(3.31)
K, (@) —2)n@

20(9) (7-(’1) — 2)*(k+1)
>exp {—

(q)
K»,](T(q) _ 2)77(q) (log mq)n } )
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where K,, = 1 — (7(9) — 2)*(1”7(7)). Hence, we obtain the lower bound

20 (7(@) — 2)=(k+1)
K, (r(@) — 2)n®

dD > (@)@ {_ (log mq)"“)} : (3.32)

Note as (7(9) —2)~! > 1 the exponent of the second factor is positive, but as m(q) tends to infinity
and n(? € (0,1) we can see that for large n the second factor is of a smaller order than the first.

(@) _gy—(k+1)
This shows that u;q) ~ m((; I , as defined in (1.53).

Now let us study the connectivity between the layers defined in (3.27). For the first step,
) (@)

t(nd’

we show that Py-whp the layer I‘éq intersects the neighborhood C X To do this, we use the

following lemma:

Lemma 3.2.1. Let X;, ¢ = 1,...m be i.i.d. random variables from distribution Fﬁfn or F(@),
q € {in, out}. Then, given that Assumption 1.6.1 is satisfied,

P max X; <( m )4572 < exp fexp{Llog(m)n(Q)} (3.33)
4 om h(@) (m) - (T(q) _ 2)7](11) . :

=1,...,

Proof. First, as each of the random variables are i.i.d., it follows that

m —1 m 1\
) @ (a) @
P (L1, %< G ™) <22 () ™) (339

Using the inequality 1+ = < €%, leads to

< exp {—m(l _F@ ((h(;”(m))W) } .

Using the lower bound for [1 — FT(LQ)](JL‘) from Assumption 1.6.1 and the definition of (%) (z) in
(3.25) gives

(3.35)

Y

1
_(+(2) _9y_~(2) m (@) 2
<( i )<3> o ((“‘”“")) )
(@) 2

[1— F9] (( h(q?zm) )”) D (m)
|

=

(g
_h m) exp {—C(q) log((
m
h(Q) m) C(Q) m ()
_ _ ¥
m eXp{ (r@ — 2)7@ lOg(h(q)(m)) }

h(9) (m) (3.36)

1 Cc(@) (a)
> P — n
- mexp { (T(‘I) _ 2)7,(11) log(m) } I

where the last inequality follows as 7(9) > ~(9) such that (7(4) — 2)’77@) > (1@ — 2)’7(@. Using
this bound on the exponent of the RHS of (3.35) proves the bound (3.33)
O

The offspring distribution of each individual of the final generation of the coupled branching
processes are independent. Therefore, we can apply Lemma 3.2.1 with m = m,. As m; — oo with
n — o0, the bound (3.33) converges to zero. From the definition of uE)Q) in (3.28) we obtain that

the event
(e ct(fjﬁ,) d@ > 40} = (1 N0 cf(q}l&,) £ 0, (3.37)
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holds Py-whp. To show the segments construct a path to and from the hubs, it remains to prove

)

that all subsequent segments I‘gf_)l and I‘,(Cq are connected, for all k£ up to

ki = sup{k : uf® <181, (3.38)

We will do this in the following lemma, where we prove that Py-whp, each v € I‘](f_u;) has a
neighbor in Fgmt), and each vertex v € F,(Cm) is the neighbor of a vertex in F,(Cif)l. Remember that

N©)(A) denotes the set of neighboring vertices of the vertex set A, and N (A) denotes the
set of vertices and have a neighbor in set A.

Lemma 3.2.2. Let Assumption 1.6.2, 1.4.2 and 1.6.1 be satisfied. Then, for kikout) and kz‘m) as
defined in (3.38), the events

{¥k € [ kg lov € TR - N @) AT 20, (3.39)
and
{¥k € [kl v e T VO @) T 20} (3.40)

both hold Py -whp.
Proof. We start by applylng Lemma 2.3.1, which shows the probability that a vertex with out-

degree at least u( ") does not have a neighboring vertex in I‘( , is bounded by
exp {_ul(;iut)[ F(out)]( (Out))} , (3_41)

and the probability that a vertex with in-degree at least u,(cifl is not the neighbor of any vertex in
I‘Sn) is bounded by

exp { —u{"\[1 = FO)(ui™) } (3.42)
From the lower bound on [1 — F£,Q)](x) from Assumption 1.6.1 and the definition of uéq) in (3.28),
we can bound the exponents of (3.41) and (3.42) by

a1 = FO ) 2 i, ()" Dexp{—C log )"}

(3.43)
= 1@ (? ) Yexp{—C@ log(ul®)""}.
1
Note u(q) < (uy (@) 1)~ @=2 such that from the definition of h(@ it follows that
2C(@ @ @
ul(c@l[l _ Frgq)}(uiq)) > exp {(T(q)Q)n(”lOg( (a) O — 0@ log(u! (g )) }
c@ (@) \n@

Z exp {(7_((1)2) log(uk 1) } (344)

C@ (@
> exp {(7'(‘1)_2)k log(m(@)"" 4,

for some C'@ > 0. By applying the bound (3.44) on the exponent of both (3.41) and (3.42), we
find that for all v € T and v € T that

PrV () AT =) < o {empf €O -2 ol
_ 3.45
PV (u) AT = ) < exp { —exp{C) (70 — 2)"*(og(m{i)" " }}.

To complete the proof of the claim, note that even if we sum the RHS of (3.45) over all k > 1, the
bound converges to zero as my — oo with n — oo. O
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Lemma 3.2.1 and Lemma 3.2.2 show that Py-whp a path of length k(out)
¢ o layer F(Ou o’ and a path of length k‘z‘in) from layer F( ) to C\M)

from the neighborhood
+(n%) t( 5) exists. It remains to
find the value for both k¢, q € {out,in}. From the deﬁmtlon of uk n (3.28), the number of

steps towards the final layer F,(;(f) ) is equivalent to
out

log (8" og (1) /(8" (") — 2)% L log(n)) )
[Tog () = 2)

Koy = —1+ K, (o)

where b'°"") is the fractional of its previous term. Using the value of a'""") and that {r—1+{y}} =
{z + y}, yields
(out) (out)
oo _ [ 1085 1Y) +logogUn) | (.47
|log(r(eut) — 2)|
Taking v = % we similarly find that the number of steps from Fg(f)) equals
in in in aleut)
k e (54 108(1a)/ (V4™ (s o) (7 — 27 ) ) b, (3.48)
>kin =—-1+ - nm ) .
(in) g (r0m —2)]
with -
8" (in)
i) — log log(In ) —log(Yn) _ (3.49)
|log(r(m) —2)|

(a9) (q)

From the definition of w; " it follows that the segment Fk?) contains vertices with g—degree at
q

@ -2

least . Denoting the length of the path of vertex o(,y) to the outbound hub as

ko)
T(OUt) and the path from the inbound hub to o(;,) as T( ) we find that

(g
log log(Ih" )) — log(V;{?)

T =t(n®) + ki = —1 — b 3.50
nt = tn") + k) + [log(r@ — 2)| n (3.50)

for ¢ € {out,in}. This shows that
distpom,, () (V(out), hub ™) < Tiouy (3.50)

distpo,, () (ub™, v(in)) < Tiin)-

3.2.2 Lower bound on distance towards the outbound and from the
inbound hub

This section we will provide a matching lower bound on the typical distances to or from the out-
and inbound hub, by providing an upper bound on the out- and in-degrees of vertices at a certain
distance from a typical vertex. To do this, we again use the function h(? defined in (3.25), to
recursively define

S S 1
i)y = (@0 @)=, Al = (mgh® (m)) 2. (3.52)

Note that as we multiply with A(? instead of dividing, the values of u grow faster than u(q)

defined in (3.28). We will use the same path counting techniques that were applied in Section 6 to

show that it is unlikely there is a vertex with g-degree 11,(c 9 that is k steps from (g = out) or k steps

towards (¢ = in) the neighborhood C(q ') . Remember that BP(OM (u) defined in (2.120), denotes
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the set of "bad” paths ((mo, to), (71, 51,t1),- -+ (Tk—1,Sk—1,tk_1), (Tk, S )) such that dS?s““ < glout)

for all s < k and dﬁ&“t) > A(Out), and that BP(IH)( ) is the set of paths that is truncated on the

in-degree in the opposite direction, such that d$:f) L < ugm) for all s < k and dS:;" >4 A(m) Define

B,P]gout): U BP,SOM)(U), BP,SH)— U B,Plgin)(v), (3.53)

(out) (in)
Ct( ) ct( 8y

denoting the respective set of bad paths starting in a free outbound half-edge of Ct(( ué,) or ending

C (in)/). With the following lemma we shall show it is unlikely such

in a free inbound half-edge of C, (n5
a bad path exist.

Lemma 3.2.3. Let Assumptions 1.4.2, 1.6.1, and 1.6.2 be satisfied. Then, for both q € {out, in}

(a)

P (sz € [0,k : BPY £ (2)) < exp{—Clog(my)"" 1, (3.54)

for some constant C > 0.

Proof. Before we start with counting the number of paths, we need to consider the O(n? T~ —2))

out)
)
and Ctéi)é,). Denoting the remaining number of out- or inbound half-edges by [, it is easy to see

from the neighborhood sizes (3.19) and (3.20) that I* = [,(1 — op(1)). Taking the number of used
half-edges into consideration, we can apply the same path counting methods as used in Lemma
2.4.2 to obtain for p, ¢ € {out,in} with p # ¢ the bounds

in- and outbound half-edges that have already been paired for the construction of both C

@ 12 d(P) k—1 dgrouc)d;_ln)
Er BRI < Y d@e® Y <1 Y T (3.55)
roec(® m:dﬁ,qu>a<q> n i=1 . d(«z)< (q) n

t(7L5,)

Replacing the [ in the denominators of (3.55) with [,, causes an error of at most
14+ 0(n T =271k < oxpffon® (7" =21y (3.56)

which tends to 1 as n — oo for any k = O(loglogn) as §'(7(°") —2) < 1. After this replacement
the expression closely resembles (2.128), such that we can apply Lemma 2.4.2 to obtain

— (out) ;(in)
Er [BPY] < 0 dper /- B ) H > o). (357)

(a) (Q) (lI)
Troect( 5,) iidy <4

We can bound [1 —FT(Lq)] (ﬂ,iq)) using our Assumption 1.6.1, for the remaining factors we will provide
bounds with the following lemma:

Lemma 3.2.4. Let ( *(q)) be i.i.d. random variables from distribution Fy(Lq) or F(9 . Then,
i=1

under Assumption 1.6.1

*(q m)) TP 2 ¢ @

Moreover, for all sequences y, — oo and n large enough

d(out)d(in) D) @ . @4
U ™ -7V +C Y (log yn)”
> et . (359

m:d <y,
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1
Proof. Denoting MY = (mh(D(m))~@=2 it follows from the union bound that

m
PO DY > M@) <P(Fi <m: DY > MD)
=1
m (3.60)
+ P DYDY < MDY > M)
i=1

For the first probability on the RHS it follows from the upper bound of Assumption 1.6.1 and the
union bound that

PEi <m: DY > M©) <m[l — FO1(MP) < m(M@)~ =206

1 Cc@ () (3.61)
= (@) ¥
R () exp { @ — 2@ log(mh'? (m)) } .
For the second probability on the RHS of (3.60) we first apply Markov’s inequality
m mE[D:D1{D;\? < MY
B> DD < M@} > M) < P Pna MPna SM0TH

i=1 M,Sf)

where the summation becomes a multiplication by the number of terms due to the independence
of the random variables. Next, we use the standard method to relate the expectation of a random
variable to its tail distribution, namely

MD M@
ED)PUD, Y < M) = 3 RO = i) = 3 S BDLY =)

Jj=1 j=1 s=1
MED MED MO

= Z Z ]P’(D:Eg) =j) = Z Fé@)(Mr(g)) —F7SQ)(S ~1)
o — (3.63)
M M

<Y N-FO)s—1) <Y [1=F2)s)
s=1 s=0
Mg

(9) ()

<3 s,

s=0

where the last inequality follows from Assumption 1.6.1. As §79) s slowly varying with s and

M? — oo for n — oo, we are able to apply the direct half of Karamata’s Theorem ([2], Prop
1.5.9) to bound the RHS of (3.63) by

2 (@) 4 (@) (@
(@))3—7' V7 V(ML)
e (M) , (3.64)
which proves the bound (3.59). Applying this bound to the RHS of (3.62), and adding (3.61), we
obtain

EDP1{D:? < M©}] <

" D@ 5 ) 2m (0))2-7(D 7D (M (D)
P DI 2 MiP) < (5= + m)(VE?)
2 1 Cc@ (@)
_ (9) ¥ 3.65
(3 — 7(9) +1) h(2)(m) eXp { (r(@) — 2)7@ log(mh'?’(m)) } ( )
2 C@ (@
< (—— - - @ vy
< 3@ t Ve { (r@ —2)7@ log(m) } ’
which is the claim of the Lemma. O
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As mg — oo with n — 0o, Lemma 3.2.4 shows that the event &, := {Z;lql D:(q) < ﬁéq)} holds
Pr-whp. Conditioning on this event and applying the bounds (3.59) and the upper bound form
Assumption 1.6.1 on (3.57) yields

k—1 (q) 3—7(D (D (g (Q))
(a) _ (a) u(q) 2 ) 7Y

Er [|BP£Q)||5 } )( (11)) (r(D —2) 4~ (D ( H Py——r

=1

(3.66)

Using the definition of ﬁ,(cq) in (3.52) it can be shown that u(Q)( (+ )3=7 hla )(ﬂl(q)) = ul(i)l, and
that

k—1

L (q) ) . . @ .

uéq) (uéq))z a h(q)(u;qzl) H(ul(q))g a h(q)(ul(g)l) -1 (3.67)
=1

Applying this equality for the bound (3.66) we obtain

k—1 ~(q) ,y(q)(ﬂ(q) )
(ul+1) I+1

(@) < 2

k—1
2 C(@ R .
<5 ew {—(()_2) log(a;")" } (3.68)

2 (@ @
< - exp{ —0@ Z (@) _ (1+2) log(mg)" },

(@) _gy—(k+1)
where the last inequality follows from u(q) > m,(l v-2

(r(@0) —2)=n 7“1 the summation in the exponent is of the order (r(@ — 2)_’“’7@) (logmg))" " So
by Markov’s inequality there exists a constant C(@ > 0 such that

as seen in definition (3.52). As

P (Elk >0:BPY £ @) < iET {|B7>,§q>|} < exp {—C*@ (log mq)"”)} 0, (3.69)

as n — oo as my — oo. Note that for £ = 0, the probability that there is a bad path is simply
the event that there exists a vertex in the last generation of the branching process coupled with

Ct(a)l ) with degree at least u(q) for which we have shown a bound in Lemma 3.2.4. Merging this
error term with the RHS of (3.69) finishes the proof of the Lemma 3.2.3. O

Conditioned on the event {Vk €[0,k;] BP(q) =10, q € {out, m}}, which Lemma 3.2.3 shows

it holds Py-whp, the value of u °ut) is an upper bound on the out-degree of vertices t(n’ )—l—i steps

from v(gyut), and the value ug ) an upper bound on the in-degree of vertices t(n’ )—l—z steps towards

U(in)- We now have all have shown all the bounds that we need to proof the typical distance to
the outbound and from the inbound hub, described in the following Lemma:

Lemma 3.2.5. (Distance to the outbound and from the inbound hubs) Consider the directed
configuration model on n vertices that satisfies Assumptions 1.5.2, 1.4.2 and 1.6.1. Then, for a
uniformly chosen vertices v(ousy and vy, both

(out)
log log(lg" ) — log(Yn(out))

— plout) 3.70
Tog(r© —2)] W (B70)

diStDCMn(d) (v(out)» hUb(OUt)) = T(O‘lt) =-1+

and

(in) :
log 1og(l£" ) — log(Y,Sm))
| log (i) —2)]

d~IStDCM (d) (hU-b( m) (1n)) T(in) =-1+ - bgn)? (371)
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hold Pr-whp. Consequently, P-whp there is a vertex UE‘ € hub'**) at distance Touty from v(ous)

out)
and a vertex U(*m) € hub"™ with distance Tiny towards vy, such that
(out) B(out)(_r(out)_2)b£f>llt) (in) ,B(ir‘)(r(i“)_Q)bng)
dy- ' ~1Ip" , Ayl o~ , (3.72)

(out) (m)
while this is not case for vertices at other distances.

Proof. Define
~ (
K9 = inf{k 0l > 57Dy (3.73)

which is similar to the definition of kﬁq) in (3.38), by the super exponential growth of uk by
powers of 1/(7(9) —2). We have already shown the upper bound for the distances in (3.51). To
show the matching lower bound, it remains to show that kﬁq) = I%ffq) holds Pr-whp. We do this

(@) _gy—(b+1)
by showing that similarly to uéq), it also holds that ﬁ,(fQ) ~miT )

~(q) -

. Solving the recursion

of 4, in (3.52) leads to the expression
() _gy— ki) T @ ;
@ = mi " TR @) (3.74)
i=1

To obtain a bound for the product, note that h(%) (ﬁé‘l_)i)(T(q)’2)_i equals

n((z)

20(@) (@ 1 20(9) ( 1 @
=~ T@_ e ) T2\
€Xp (T(q) _ 2)77(11)4_@‘ <1og((uk i— 1) ! 2) + (T(q) _ 2) log((uk i— 1) ! 2) > . (375)
After some rewriting we can express this as
204 20(9) «
== (9) (q%, ~(a) T(q), n(@®
exp (r(@) — 2@ +i <10g((uk 1)) + @ —2) log((4,2; 1) 2)" ) . (3.76)
Repeat this same rewriting process (i — k — 1) times results in the expression
1 ; (a)
2010 Jog((a{?) T@-mr—7 yn'” Fict 20(a) @ @ "
T -1
o (r(@ — 2)nTi II (1 T @ g sl ) ) - (377)

=0

Taking u(q) = mq and using the definition of ﬁ(()Q) show that h(® (ﬁ,(gq_)i)(T(qu_i equals

(q)

1\
C( )log ( (T(Q) 2)> k—i—1 (a)
v 20(@) 1 n
I I (1 _20 A(q))m)_z)n(‘”—l) . (3.78)

(r(a) — 2)77(‘1>(k7i+1)+i + (r@ —2) log( (1

exp

As 719 —1 < 0 and ﬂl(q) tends to infinity as n — oo it follows that term of the product can
approximate 1 arbitrary close from above, by taking n large enough. So for some constant C' > 0
we can bound Hf;l h(q)(ﬂ,(i)i)“(w_mﬂ by

L\
Clog( (ri 2>)

(r(@) — 2)k+1

(q)

1
(r(@) —2)i i(n@-1) [’

M=

exp (3.79)

Il
o

7
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which again can be bounded for some constant C' > 0 by

~ (a)
exp Llog <T(Q) 7)) (3.80)
(7@ — 2)k+1 ' '

(a) _9y—( )
The bound (3.80) shows that the product in (3.74) is of a much smaller order than mgf 2 ,

(q) (7(11)72)—(7@-*—1)
Mg

where mg, — 0o as n — oo. It thus follows that , from which we can conclude

that ka(ﬂq) = ki 7 P7-whp. This concludes the proof of Lemma 3.2.5. O

3.3 Early meeting is unlikely

For the lower bound of the typical distance in Theorem 1.6.5, we show that the neighborhoods

Cq(f:(:;ﬂ) and ¢ , are Pr-whp disjoint.

(1n

Lemma 3.3.1. Consider the directed configuration model with n vertices that satisfies Assumption
1.3.2, 1.4.2 and 1.6.1. Then, the event

{clu, neli, =0} (3.81)

T =

holds Py-whp. Moreover, let H(°u) (C(O(qut)) denote the number of outbound half-edges attached to

vertices of C O(ut,) and H (™ (C(Z(T,LT)O) the number of inbound half-edges attached to vertices in ¢l ey
Then, P1- whp

lﬂ(uut)(T(out) Q)bﬁl ut)

(in) (- (in) _o)b%™)
H(out) (C(Out) ) 1n) (C(lzl)) ~ lg” (r 2) . (382)

(out)
Proof. We will prove the claim under the condition that the event
NoBad = {sz € [0, k] : BPY = 0,q € {out, in}} (3.83)

holds for both ¢ € {out,in}, which Lemma 3.2.3 shows it will happen Py-whp. As for any
event A it holds that Py (-) > Ps(-|NoBad)Pr(NoBad), it is enough to show that the event
(3.81) holds Py-whp, conditioned on the event NoBad. To obtain a bound on the probability
the neighborhoods intersect, we start by calculating the number of free outbound half-edges in

c(T"(‘jﬁi) , denoted by (o) (c;i‘;;) ), and the number of free inbound half-edges in C''¢)
1 1

denoted by H)(C 121) ), for each Iy € [k}
2
following paths:

(‘n) l

(oury) and 2 € [k, ] For this we will make use of the

Definition 3.3.2. (Open paths) An open-ended path of length k is defined as the sequence

((mo, 80), (71, t1,81),s - - -, (MK, Sk, tr)), (3.84)

for which mw; denotes the i’th vertexr along the path, and t; the label of the outbound half-edge
attached the vertexr m;, that is paired with the inbound half-edge with label s;11, attached to vertex
miv1. Similarly, an open-starting path is defined as the sequence

((m0, 0, 50), (T1, 81, 81), -« o, (Th, Sk))- (3.85)

These paths are self-avoiding, meaning that m; # m; for all i # j.
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These open-ended and open-starting paths look similar to the directed paths defined in Defin-
ition 2.4.1. The difference is that for the k-length open-ended paths the outbound half-edge
attached to the last vertex in the path remains unpaired, and similarly the first inbound half-
edge for the k-length open-starting paths. As it is likely that there are multiple paths of length
T ] that can be taken from vertex V(out) to the vertex attached to a particular free outbound
half-edge, and similarly paths of length Téin) — [ from some vertex attached to a particular free
inbound half-edge to the vertex v(jy), the number of these of open paths serve as an upper bound

for HOW(C, ) and HOVCTE, ).

By using these open paths as upper bounds on the available out- or inbound half-edges, we will
be able to approach the proof with our familiar path-counting techniques. Let Rg)m)(A) denote
the set, and R,(:Ut) (A) the number of k-length open ended paths starting from a vertex in set A.
Similarly, let R,(cin)(A) denote the set and R,(;n)(A) the number of k-length open-starting paths

ending at a vertex in set A. As T,(LQ) = t(n5) + k£q) we obtain for any k < k&q) the bound
HO (¢ V<R, (c0). (3.86)

A(ou )

Conditioned on the event NoBad from (3.83), the value of @ n (3.52) bounds the out-degree
of any vertex at most distance t(n‘sl) + k from vertex v(oy) and similarly the ﬁfcm) bounds the

in-degree of any vertex at most distance t(n5')+k towards vertex v(j,). When counting the number
of open-ended or open-starting paths we can use similar path counting arguments as we used to
obtain the bound for the bad paths in (3.55). The difference is that the out-degree of the final
vertex in the open-ended paths and the in-degree of the first vertex for the open-starting paths
need to be taken into consideration. This is resolved quickly by replacing the last term in (3.55)

with an additional term d™d"" in the second factor, i.e. we obtain

() KO, i dgd")
E[R),_ l( t(né)) [NoBad] < e#"/i 3™ q(@) H 3 e R

(q) ed® < (@
iy XUy

vect( 5

Note that each I = [,(1 — op(1)) in the denominator is replaced by l,, which leads to an error
which tends to one as n — 0o. Remember that we paired both C§€7)L5) with a branching process,

for which the number of offspring for each individual of the last generation is i.i.d.. As all the
free outbound or inbound half-edges of these neighborhoods belong to the individuals of the final
generation, we can apply Lemma 3.2.4 to Py-whp bound the first summation factor of (3.87) by

aé“. To bound each term of the product, we apply the bound from (3.59) to obtain

kD —1 ~(@)y—( (q)_3)+ (4)(A(Q))
@ (oW KD /1@ 2(a;" )" L
Er[RY, (ct(q ) [NoBad] < ¢*/af T — (3.88)
i=1
Using the equality u(q)( (9 )3_T(q)h(Q)(ﬂ(q)) = a7, | this bound equals
LA 1 I+1
NG UG B | (@ (g
20 * ~(q) YU (a;2)
(@) (@) k@ 1, <UD (tigy)"
[Rk<‘1> . (C ns)) |[NoBad] < e @ I | (3.89)

B (")
Applying Markov’s inequality in addition with the union bound we obtain

(@) pla) _j_ 5 (2)
k(@ /g, B RS —1=1 0 (g) (@ (al
2¢F"/ (@) )

4@ €
) 2w |N°Bad> 3—T<q>; 1}) h@) (a(7))

(3.90)

Pr (e 0.k HOECY, |

Ultra-small world phenomenon in the directed configuration model 59



CHAPTER 3. FLUCTUATION TYPICAL DISTANCES DIRECTED CONFIGURATION
3.4. TYPICAL GRAPH DISTANCES MODEL

We have shown in (3.46) and (3.48) that k{2 is a tight random variable, and as I,, = nE[D'Y] is
of order n the first term is of order (1 4 op(1)). For the summation in (3.90) the bound shown in
(3.69) is applied to obtain

Py (31 €0,k HOE, ) =all), |NoBad) < C@exp {—é@)(logm@)n(“}. (3.91)

We will use this bound to show that C(To(lit)t) and C(TI?Z) are Pr-whp disjoint in the following way. As

(out)

Next, we look at the number of free inbound half-edges H () (C(m) ), H(™) (C(m) )y, HOM (C(mm))

H(out) (C (out) ) is largest for [ = 0, we will expand the forward exploration of v(g,y) till this point.

t(nd' 4+17 t(nd' 277
of the backward exploration neighborhood of vy, step by step, and at each of these steps we Wlll
C(out)

look or any of the free inbound half-edges are paired with any of the H(©"t)( T("““)) outbound

half-edges. As the probability that there is a connection before or at time T,(Lin) — [ has the same
order of magnitude as the probability there is a connection at time T(ln — [, it is enough to cal-

culate if the latter is the case for any [ € [0, k£(in))] Given H O“t)(C(O(IjZ))) and H(™) (C(122,> ), we
™ —1

use the union bound to find the probability is at most

H(CYw ) H(C, )

out) in out) in T7(lout)
IPT (C( (out) d C;(m) ll (C;(out)) H(C;T(Lil)_l)> S ln(]. — O[P(l)) (392)
Denote the event 4
Dn . { q) (C(q)q) l) < ’a:;]))_l’ VZ S [07 k£q)} ) (393)

for which we know from (3.91) that it holds Py-whp. Using the definition of a,(j) in (3.52) and
the expression we found for k¥ in (3.46) and (3.48), we obtain

~ (out) ke (in)

. U (out) )
P (C(OUtZ N C(ln) Dn> < k. A(lr-l)
i Gl # 000 ) < 350y 2 B

o (3.94)
- lgf;)ut>(7<out>,2)b$? R Z B(‘“) (in) _ g)b( n)
The bound on the RHS of (3.94) converges to zero for
57(10110(7_(0“) . Q)bgf“t) 6(1n ( (in) _ 2)b£j“)+1 <1 (395)

Note that the expression on the RIS is at most 3" + B(in)( (in) _2) which we assumed to have
out)

a smaller value than 1. This proves that the neighborhoods C ( e and C(Tl?)) are Pr-whp disjoint,

confirming the claim of the lemma. O

3.4 Typical graph distances

Before we continue with the proof of typical distances in the directed configuration model shown
in Theorem 1.6.5, let us recap what we have shown so far. From Lemma 3.2.5 we know that

Pr-whp (defined below (3.22)) there is a vertex Ufout) 2t distance

(out)
loglog(l2" ) — log(Y;{*™)
| log(r(eut) —2)|

T(out) =—-1+ (3.96)
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(out) ¢ _(out) _ b%out)
from the typical vertex v(o,) with out-degree d(om) lﬁ” (r 2)

, and a vertex vZ‘in) with
distance (in)
log log(lff” ) — 1Og(y,,f‘n))

[log(r(m —2)]

T(in) =-1+ (397)

lﬁ(]n)(_r(ln) 2)b(“‘)

towards the typical vertex v(j,) with in-degree dq(}i,f1 . In Lemma 3.3.1 we have

(in)
shown that the neighborhoods C(T(: r:t)) and C%I:z) are Pr-whp disjoint. To complete the proof

for the typical distances from Theorem 1.6.5, it thus remains to show the distance from C(T[()::B)

towards C%n) . As usual, the proof follows by providing an upper bound by showing the existence
of a certain path, and a matching lower bound which is found with our familiar path-counting
techniques. As the lower bound is easier in this case, we will start with this part.

Before we start counting paths, we show that even considering the out- and inbound half-edges

C(‘I)
q

used to construct both Cy. X that ¥ = 1,,(1 — op(1)) still applies for the number of remaining in-

or outbound half-edges. This follows from the event D,, from (3.93), for which we have shown it
holds P7-whp. This means we can bound the number of unavailable out- or inbound half-edges by
the sum of ~ ﬂ,(cq) over all k < k¥ and q € {out, in}. Note that the highest order terms in these

(@) (1(2) _9)bl?
sums are i, () ~ T A B < 1 and (4 2)b(q) < 1, this shows that the property

still applies. Hence we can easily apply our familiar path counting techniques for the number of

paths starting at any of the {(°ut) (Céﬁ: ut) ) free outbound half-edges in C(Oult) or ending at any

of the H () (C(Ti(?,),)) free inbound half—edges in C(TI(I::) Let N, (C(T(Z utt)),C%n))) denote the number of
paths of length z + 1, thus passing z vertices, from C%) :jt)) towards C(Tl:n). The expression obtained

from the path counting is similar to (3.55), but the in- and out-degree of the vertices along the
path have no restrictions. Thus, we obtain

E[N, (c;jjjt’) ;(“))) INoBad]

z (in) ;(out)
22 /1, u dm dm in (398)
ety a2 SRRy
o EC(out) 1=1 7r11€[n] n 7rz+1€C<m)

(out) (m)
The first and last summation already have bounds, shown in Lemma 3.3.1. To obtain a bound for

the remaining summation we will use the restrictions on the in- and out-degree from Assumption

(out) (in)
1.6.1, from which the highest order out- and in-degrees are lﬂ and l’ﬁ " . Depending whether

we restrict the in- out out-degrees, we can apply (3.59) from Lemma 3.2.4 to get

l - 3 T RN 6 . (3.99)

m€[n] mi€[n]
dla) <l[3’(n,q)

Z d,(rl:l dﬂ.c:ut) d;l:l)d;?ut) 5(@)(3,T(q))+7(rJ)(lﬁ§f)) B (3—7(0))

Assumption 1.6.1 has the condition that " (3 — 7(0ut)) = g™ (3 — +(in)) such that it does not
make much of a difference which type of half-edge we restrict. For ease of notation, we define
7< 27 to mean less than x times a factor at most exp{=log(z)?} for some 6 € (0,1)”. Applying
the bound from Lemma 3.3.1 and (3.99) shows that

ou . (out) [, (out) _ogybi*"  a(a) g () gin) (,(in) _gyba™
B[N (Ch) e ) NoBad) ™ e e (3.100)

With Markov’s inequality, we can bound the probability of the event that at least one path of
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length 2 + 1 or less exists from C;f():ti to Cj(f(ril)l) by

. _1oglout) ((out) _oyb%) | s(a) (@), glin) (- (in) _pybi®)
PT (dlSt (C;C()Ou:t))7crg—f:3>) g z + 1|N0Bad> 5 ln 1+ﬂ" (T 2) +26n (3 ! )Jrﬁn (T 2)

(3.101)

To obtain a lower bound for the distance between the neighborhoods, we want to find the smallest
value for z such that the bound (3.101) does not go to zero, i.e.,

25 = inf{z € N: gow0 (rw) — )™ 4 25003 — 7(@) 4 glim) (7w _9)p" 5 13

_ 1— B’Slout)(T(out) _ 2)b5f“t) _ BS“) (T(in) _ 2)b$n> (3102)
LB (3 — rlout)) 4 g (3 — )y |

where we have used that 87 (3—7@) = %(ﬁ,ﬁo“t)(3—r(°“>)+ﬁ§§“) (3—7()) for both ¢ € {out, in}.
As the bound (3.101) tends to zero with n — oo for all z < 2}, it follows that P7-whp there is no
path of length 7" + i) 4 2% or less, from vertex o1 to 0g. This shows that Pr-whp

distpon, () (01, 02) > T + T + 27 + 1. (3.103)

This concludes the lower bound on the typical distances in the configuration model.

Upper Bound ~For the upper bound we want to prove the likely existence of a path from
C(TO ::3) towards C;:z), for which the length matches the lower bound (3.103). First, note that from
(out)

out) N lﬂflout)(T(otlt)_2)b and a
n

Lemma 3.2.5 we know there is a vertex v{out) € Cr}(z:jt)) with di(*out)
) (in (in)

vertex Uikin) € Cq(i:z) with dl()l(f:j) ~ 155‘ -2y
study paths starting at vE"OHt) and ending in vz‘in). Moreover, the ith vertex along the path is taken
from from a different disjoint set of vertices for all ¢ > 0. For the configuration model it is shown
in ([1], figure 7) that the number of ways two such paths can overlap in the undirected graph,
is quite limited. As the possible shapes that two paths form does not change by taking directed
paths, we can apply this property to simplify the calculation of the second moment of the number
of such paths. This will allow us to apply Chebyshev’s inequality to bound the probability such

path of length z + 1 does not exist. To define the number of these disjoint sets of vertices, note
that both b7, b5™ € [0, 1), such that

g [ ) - BV - 2)
n = %( T(Lout) (3 — 7lout)) 4 57(;n) (3 — 7(im))

. Instead of looking at all possible paths, we

w +2:= Mp. (3.104)

We will divide all the vertices in Mg disjoint sets, for which we denote set i € [Mg] by A;. The
vertices will be divided between the Mg sets, such that for some 0 < ¢; < ¢; < o0,

dq(}out)dq()in) 1 co dq(,OUt)dS,in)
Sl 2

n

veA, veln]
W 3 Ay (@ 1) [ o o ] e A - 1) 5.105)
vEA; n Mg Mg ve(n] In
o _ 3 A (@™ 1) [ o o } R G V)
vEA; In Mg~ Mg ve(n] "
Let v£011t) € Ap and viin) c A M- Let N2 (viout),vfn)) denote the number of paths on vertices
(vﬁout) = vo,vl,...,vz_l,v,EiH) = v;), for which v; € A; when j < 2/2 and v; € Ap,41-; when
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j > z/2. Let us start by obtaining a lower and upper bound on the expected number of paths

No@" vI™). From Assumption 1.6.1 it follows that F)\? (lﬁ ) = 1. Following similar steps as
the proof of (3.59) in Lemma 3.2.4 shows that

(in) ;(out)
(a) dr. 7 dx,
E[D*@7] = (@ 5"y = omi Tm
D=0y = Y
m; €[n]
dS,q_)SlfLSLQ)
184 . ) 880
/3 (@) (f — _ @y —
=21 ~ FO(k 1>1f§1 FO)(k — 1) (3.106)
lﬁg;” ZB(Q)
— Z[l — F@)(s Z $2-7(@ —C@ log(s)"?
s=0
1 57(:1)(3,.,_(11))6_0(@log(lﬁq(f))w(w
23 —7@)™" ’

where we applied the lower bound from Assumption 1.6.1 for the first inequality, and Karamata’s
Theorem for the second inequality. Combined with the bound shown in (3.99) this shows that

Blo) B(Q)(g T(q)) . . L.
I/(Q)(ln" ) ~ " . The expected number of restricted paths can be obtained similarly as to

(3.98). The difference is that the path starts at (") and ends at viin), and we need to apply the
restriction on the middle summation that 7; € A; for j < z/2 and 7, € Aprg+1-5 when j > z/2.
Applying these changes yields

L) (7 (ou) _ Q)b(O“)lz5<q>(3 T<q>)l,3(m>(7<m> 2)bh™)

[(c1/Mpg)™, (c2/Mp)7],
(3.107)

ET[NZO(UZ(out)’ vzﬁin) )] l 1l

(@)
where € means the value is contained in an interval, where an addition factor of at most exp{=+(log 1o )%}
for some 6 < 1 could be multiplied with the prefactor of the interval. From the definitions of 2}

and Mg in (3.102) and (3.104), it follows from the bound 85 > (logn)~" that for all z < 2 and
both i € {1,2}

(ci/Mg)* > exp{log(c;) — nloglog(n)(logn)"} > exp{—(logn)’}, (3.108)

for € (n,1) and n sufficiently large. Applying this bound on both sides of the interval from
(3.107), we obtain

b(out)

(in)
(out) /_(out) b
1 Bn T —2)°n
)] ~ ln l” ( )

28D (3 ()} gim) (1(in) _gybls
B N2 (00 A T =2 (3109

in)

The smallest value for z such that this value does not converge to zero is z;; as defined in (3.102).
We now use the restricted paths and Chebyshev’s inequality to bound the probability there is
no path of length z + 1 from Uzkout) to van):

Varr (Ng(v{m), vg;n)))

(3.110)
E [N (0futys V)1

Pr (N (0fouty, Uimy) = 0) < Pr (N2 (0o vfimy) = 0) <

To obtain a bound on the variance of these restricted paths, we can closely follow the proof of ([1],
Lemma 7.1 (7.5)) with similar adjustments made in ([15], Section 4), which bound the expected
number and variance of the number of similarly restricted paths for the undirected configuration
model. The main difference which needs to be considered is the asymmetry that results from the
directed edges. In the undirected proof, k; is used to indicate the number of ways two paths can
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disperse or meet at the ith vertex, which they call the start or the end of an excursion of one of
the paths. In the directed graph we need to distinguish between the start and the end of these
excursions. The reason is that for ¢ ¢ {0, z}, the vertex at the start of an excursion is entered from
1 inbound half-edge and left from 2 outbound half-edges, and the vertex at which the excursion

ends is entered from 2 inbound half-edges and entered from 1 outbound half-edge. For this reason
we use ngom) to indicate the number of ways the paths can disperse at the ith vertex, and ngm)
for the number of ways they can meet.

We omit the proof of the bound on the variance, and simply direct the reader to ([1], Lemma
7.1 (7.5)). For the directed setting the structure can be followed step by step. The most notable
difference is in ([1], equation (A.25)) which shows a bound on the number of combinatorial factors
to pick half-edges for each shape formed by the two paths. From the earlier mentioned distinction

between the start and end of a excursion, we obtain the expression

A (@2 — 1)dew gl (@) 1)dm A9 g™ (@i — 1

”(out>( Ylout) ) ”(in>( Y(in) ) 1:[ v o, dy, )
do(ms)=(1,2)

% dE}in)dS}out) (dE)OUt) _ 1) dgrm)dglrout)

];[ t ‘ l:[ o (3.111)

d, () =(2,1) do (m:)=(1,1)

% H dgn)d,g)out)7
do (pu)=(1,1)
puﬁﬂ'=®

*

where 0oy = 1{an excursion starts at v(,,} and din = I{an excursion ends at v(;,)} and do(v)

denotes the number of in- and outbound half-edges vertex v uses in the shape formed by the two
(in) (©u%) it can be shown that
i i

paths. So by keeping in mind where to use x; ’ and &

Var (Nz(');; (Uzkout)’ vzin) )) < ET[N:?; (kaout)7 v?in) )]

(out) (in) 2 2, .(in) _(out)
2 C C 1
VG W o)) | 2= S(EL 1 q_Cm n .

n v — C Vi u((iut) u;qlil) (Vl _ 0)2 Vi u;;ut) u}(;?)

(out) (in) (out) (in)
* out in * * out in
n 8(25)? . Cmg(ojtl)/l 14 C&g(ii)ul I P C2ng 4)/£§ ) 7
ln viug. viug. v —-C ln 51

(out) (in)

(3.112)

where the E[N2. (vzkout),vz‘in))] indicates the upper bound given in (3.109). Applying similar

(@ (@) (3_7(@)
methods as we have used to show that v/(9) (lg"q )~ 1537 it can be shown for p,q € {out,in}
with p # g, that

dgf’)d,(tq) (d&q) — 1) ZB£LQ)(4_T(L1))

(3.113)
vE[n] "
dslq)glﬁsﬂ)
(9) (g (2) (a) (3_(a)
From the definitions given in (3.105), this implies that /15‘” ~ P ) and v ~ 157G ),
(@) (@) _gypl?
As ui%)) ~ lg" ( 2 , it follows that for both ¢ € {out, in}
ng) 1 5”(;1)((T(Q)_Q)_(T(Q)_Q)bglq)) 3114
o~ , (3.11)
et

where the error hidden in the ~ symbol is at most exp{ilog(nﬁﬁf))‘g} for some # < 1. Since
b < 1 it follows that (79 —2) — (r(@ —2)1’5:1) < 0, such that (3.114) converges to zero as n — oo.
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This shows that both terms in the first line of (3.112) that is multiplied with E+[N.- (Vout> v(*in))]2

converges to zero as n — oo. Similarly, for the main contribution in the second line of (3.114) we
find

Kgq) K/gout) H(lin) l

(a) . )
B (1= (7 (D —2)" 50 (00 —2) () (702 —2)
: In i I
(9) 1% )
u 1 n
! k(*q)

(3.115)

Given that BT(LQ) + Bﬁlp) (7(P) —2) < 1 from Assumption 1.6.1, it can be shown that the exponent of
(3.115) is negative. Hence, this term also converges to zero as n — co. Combining both estimates
(3.114) and (3.115) it can be shown that the variance of NZ. (v{,), V(i) is of smaller order than
its expectation squared, such that the bound on the RHS of (3.112) converges to zero. This proves
that Pr-whp there exists a path of length 2 + 1 from C(TC: ut)) to C(Ti:n)). Combined with the lower

out

bound on the typical distances from (3.103), this shows that

diStDCMn(d) (U(out)> U(out)) = T’I’(Lout) + Tr(Lin) + Z:L +1
1— 1(10‘10 (T(out) _ 2)b£f“t) _ ﬂ'r(zm) (T(in) _ 2)1)5:“)

LB (3 — rloun)) 4 g™ (3 — 7))

— TT(I,OUt) + T7(zin) + +1.

(3.116)

this completes the proof of Theorem 1.6.5.
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Chapter 4

Conclusions

In this thesis we have studied the conditions under which a directed network experiences the
ultra-small phenomenon, and how the distances fluctuate with the size of the network. For the
mathematical model we have chosen to use the directed configuration model, as its simple con-
struction makes it easy to recreate the desired characteristics of the network.

The first main result of the thesis in Theorem 1.5.4 shows the conditions under which the
typical distances in the directed configuration model are ultra-small. The first one being that the
degree distribution converges in distribution to a random variable with finite mean. This ensures
that the size of the typical neighborhoods, consisting of either the vertices that can reach the
typical vertex, or those that can be reached from the typical vertex in a certain number of steps,
stays bounded. Under this condition, both of these neighborhoods have a tree-like structure and
can be approximated by properly defined branching processes.

Next, we add two additional conditions. Namely, that each vertex has at least one in- and out-
degree, and that the forward out- and in-degrees follow a power-law, with power-law exponents
rlout) ()  (2,3). These conditions have a number of consequences, which lead to the desired
phenomenon. For one, the graph contains a unique strongly connected component, meaning that
a path is likely to exist between typical vertices. Moreover, each of the highest order out-degree
vertices in the outbound hub, are likely connected with each of the highest order in-degree vertices
from the inbound hub. And finally, the covariance between the in- and out-degree of a typical
vertex is infinite. From this positive correlation between the in- and out- degree, it follows that
the offspring distribution of both branching processes have an infinite mean, which experience
super-exponential generational growth. As these generation sizes approximate the sizes of the
previous mentioned neighborhoods, this describes the size of these neighborhoods as well. This
further implies that the path between typical vertices passes vertices with respective larger and
large out- or in-degree, the further we move away from the vertices at the start and end of the
path. More precise, a path for which the out-degree increases doubly-exponential with each vertex
we move forward till we reach the outbound hub, which is connected to the inbound hub. Then
from the inbound hub, the in-degree decreases super-exponentially with each vertex till we reach
the target vertex. This type of path describes the typical paths under the mentioned conditions,
and explains how the double logarithmic distances arise.

The second main result in Theorem 1.6.5 describes how these typical distances fluctuate with
changes to the graph size, after adding a possible truncation to the in- and out-degrees. Naturally,
the values at which the in- and out-degrees are truncated depends on how heavily tailed their
distributions are. As we want the same amount of inbound as outbound half-edges, it follows that
the more heavily tailed distributed type needs to be truncated at a lower value. Moreover, under
the truncation the covariance between the in- and out-degree must remain infinite, to preserve
the ultra-small distances. Depending on these truncation values, the outbound hub might not be
directly connected with the inbound hub anymore. Hence, the expression of the typical distances
consists of a third factor, representing the remaining distance between the hubs.

The subject of this thesis was inspired by previous research on both the directed and the undir-
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ected configuration model. For the undirected configuration model it was shown that, conditioned
on the vertices being in the same component, the typical distances scale doubly logarithmic if the
degree distribution has infinite variance. For the directed configuration model it is shown under
a similar setting, for which the in- and out-degree distribution have infinite variance, this is not
sufficient to result in ultra-small typical distances.

To understand the difference, when the variance of the degrees in the undirected configuration
model increases, presumably the number of vertices with extremely large degrees grows along with
it. These vertices then act as short-cuts between the typical vertices in the graph, resulting in the
small distances. While increasing the variance of the in- and out-degree in the directed configura-
tion model also presumably increases the number of vertices with extremely large out- or in-degree,
these two qualities are not likely on the same vertex. It follows that without some dependence
between the in- and out-degrees, this property fails to result in the appearance of short-cuts. The
resulting typical distances after adding the infinite covariance condition is what we expected to
find at the start of the study. The typical distances in the undirected configuration model consist
of two identical factors, which can be seen to represent the distance for the starting vertex to the
highest order degree vertices called the hub, and the distance from the hub to the target vertex.
As we had expected, the expression for the directed configuration model consists of two differing
factors, which follows from the asymmetry between the in- and out-degree distributions. First,
we have the factor representing the distance to the outbound hub, which depends on the power-
exponent of the out-degree distribution. And the second factor representing the distance from the
inbound hub to the target vertex, depending on the power-exponent of the in-degree distribution.

While many real world networks are directed, for research they are often modeled as undirected
networks. This is presumably due to the complexity of the directed setting, which makes it difficult
to find a suitable model to represent the characteristics of the model. With the results of this
thesis we take a step forward in understanding how the ultra-small phenomenon arises in real-world
directed networks, and thus improving our insight in how to model such networks.

Open questions:

e To obtain the ultra-small distances in the directed configuration model, we assumed that both
the forward out- and in-degree follow a power law with power-exponent 71 7(in) ¢ (2,3).
It would be interesting to see how the typical distances behave when this property only holds
for one type of half-edge. For the ultra-small distances, it will still be required that the in-
and out-degree have infinite covariance, but this is possible even if the distribution of the
other type of half-edge has finite variance.

e For both truncation values ,Br(Lq) with ¢ € {out, in}, we set the condition that 5,({1) (logn)" — oo

for some n € (0,1). It is possible that the same results can be shown under the weaker

condition Bff) logn — oo, which is the weakest condition under which the second moment

and the covariance of the in- and out-degrees are infinite. This could provide a perfect
interpolation between the logarithmic and doubly logarithmic distances.

e For the undirected configuration model of size n it has been shown that for power-law
exponent 7 = 3, the typical distance are of order logn/loglogn. It would be interesting to
see if the directed configuration model experiences similar typical distances when 7(°ut) =
7 = 3. Moreover, what would happen for each case when 7(°ut) 7(in) ¢ {2,3}.
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