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1 Introduction

A network is a collection of vertices, connected in pairs by edges. Many objects of
interest can be thought of as networks. Examples include social networks, the Internet,
biological networks, the brain or communication networks. Most of these networks
are large, containing millions or even billions of vertices. For example, the network
of English Wikipedia pages and their hyperlinks contains several millions of vertices,
whereas some social networks contain more than a billion vertices. Even though these
large networks are very different in application, their connectivity patterns often
share several universal properties. For example, most networks contain communities:
groups of densely connected vertices. In social networks these communities may
correspond to groups of friends or groups of people with similar interests, but many
other types of networks also contain community structures. Another frequently
observed network property is that two neighbors of a vertex are more likely to be
connected as well. In a social network for example, this means that two of your
friends are likely to know each other.

Networks are typically modeled with random graphs: mathematical models
generating large networks that may serve as null models for real-world networks.
Whereas a real-world network often consists of just one network observation, random
graphs are able to generate many network samples, allowing for statistical analy-
ses. Furthermore, properties of these random graph models can often be analyzed
mathematically. For this reason, random graph models are used to study network
properties. In this thesis, we study several observed properties of real-world net-
works using random graph models, aiming to understand the similarities and the
differences between random graph models and real-world networks.

1.1 Scale-free network models

Many real-world networks contain hubs, vertices that are substantially more con-
nected than most other vertices in the network. Figure 1.1 illustrates this for the
Gowalla social network [137] and plots the fraction of vertices of degree at least k
against k on a log-log scale. Vertices in this network are members of the Gowalla
social network, and edges indicate the friendship between two members of the net-
work. The figure shows that indeed the network contains hubs: while most members
only have a few friends, some members have several thousands of friends. This
implies that the degree distribution of the network has a heavy right tail. One way of
modeling such heavy-tailed degree distributions is through a power-law distribution.

1
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Figure 1.1: A loglog plot of the degree distribution of the Gowalla social network [137].

That is, if p; denotes the fraction of vertices of degree k, then
pr~Ck™T, (1.1.1)

for some C > 0, where 7 is also called the degree exponent. The probability that the
degree of a vertex is at least k then scales as k'=7. Thus, if the fraction of vertices
of degree at least k is plotted against k for a power-law degree distribution, this
plot should follow a straight line on a log-log scale, as can indeed be observed in
Figure 1.1.

Many networks were found to have degree distributions that can be approximated
by a power law with degree exponent T € (2,3) [6, 79, 122, 212]. These networks are
called scale-free networks, because the degree of a random vertex in the network does
not have a typical scale: the difference between the smallest and the largest degree
in a network may be several orders of magnitude. Among the real-world networks
that were found to be scale-free are the Internet [79], citation networks [188], e-mail
networks [212] and online social networks [59]. However, several other networks
were found to have different types of degree distributions [52, 66].

Over the course of several decades, various models for generating and studying
scale-free networks have been developed. Most of these models are probabilistic, and
fall in the class of random graph models. We now describe several popular scale-free
random graph models that will reappear later in this thesis.

1.1.1 Configuration model

Given a degree sequence of n positive integers d = (dy,da, . .., d,), the configuration
model (CM) [41] is a random graph model that generates a graph on 1 vertices where
vertex i has degree d;. Given a degree sequence such that }_!" ; d; is even, the configu-
ration model equips each vertex j with d; free half-edges. The configuration model
is then constructed by successively pairing free half-edges into edges, uniformly at
random, until no free half-edges remain. When all half-edges have been paired, the
resulting graph has degree sequence d, as illustrated in Figure 1.2a and 1.2b. The ge-
nerated network may be a multigraph, so that it may contain self-loops and multiple
edges between a pair of vertices. Most real-world networks on the other hand are
simple, i.e., they do not contain self-loops and multiple edges. For a simple graph
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Figure 1.2: lllustration of the CM and ECM.

with degree sequence d, to exist, d needs to be graphical, see [104]. Conditionally
on the configuration model resulting in a simple graph, it is uniform over all simple
graphs with the prescribed degree sequence. Thus, every simple graph on degree
sequence d is then generated with equal probability. This is why the configuration
model is often used as a standard model for real-world networks with given degrees.
In this thesis, we usually take the degree sequence as an i.i.d. sample of a random
variable D. To model scale-free networks, we sample from the degree distribution

P(D =k) = Ck7, (1.1.2)

for T € (2,3) and some constant C > 0, so that the configuration model indeed
constructs a scale-free network. For T > 2, a degree sequence constructed in this
manner is graphical with probability tending to one, conditionally on the sum of the
degrees being even [10]. When the sum of the sampled degrees is odd, we add an
extra half-edge to the last vertex.

An important property of the configuration model is that it is locally tree-like, which
means that in the large network limit, any small neighborhood of a vertex will look
like a tree.

1.1.2 Uniform random graph

Given a graphical degree sequence, the uniform random graph samples each simple
graph with that degree sequence with equal probability. As stated before, the confi-
guration model creates a uniform random graph conditionally on the configuration
model resulting in a simple graph. When T > 3, the configuration model constructs a
simple graph with positive probability [116]. One can then obtain a uniform random
graph with prescribed degree sequence by repeating the configuration model con-
struction until it results in a simple graph. However, when 2 < 7 < 3, the probability
that the configuration model creates multiple-edges and self-loops tends to one [116],
so that the configuration model can no longer be used to sample simple uniform
random graphs. In this regime, sampling uniform random graphs is difficult. Several
algorithms start with an initial graph, and rewire some of the edges of the graph
at each time step, finally resulting in a uniform random graph sample [11, 97, 151].
However, the number of necessary time steps for these algorithms to result in a
uniform sample is unknown for 2 < T < 3.
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1.1.3 Erased configuration model

Since the configuration model often creates multigraphs, and uniform random graphs
are difficult to construct for 2 < T < 3, we often study the erased configuration model
(ECM) instead, which first constructs a configuration model, and then removes all
self-loops and multiple edges, as illustrated in Figure 1.2c. This erasing procedure
does not affect the degree distribution in the large-network limit [50], so that the
erased configuration model generates networks with a scale-free degree distribution
as long as the original degree sequence is scale free. Like the configuration model,
the erased configuration model is locally tree-like.

1.1.4 Rank-1inhomogeneous random graph

Whereas the configuration model constructs a network with an exact given degree
sequence, the rank-1 inhomogeneous random graph (also called hidden-variable model)
constructs networks with soft constraints on the vertex degrees. The model starts
with n vertices, where each vertex i is equipped with a weight h;. Then, each pair
of vertices is connected independently with probability p(h;, hj). Several choices
for the function p(h;, h;) exist. For example, the Chung-Lu version of the rank-1
inhomogeneous random graph uses the connection probability [61]

hih;
p(hi,h;) = min ( ;m],1> , (1.1.3)

where p denotes the average weight. The connection probability p(hi,hj) = 1 —
exp(—h;h;j/(un)) has been introduced as the Norros-Reittu model [166] and the
connection probability p(h;, h;) = hihj/ (un + h;h;) as the maximally random graph
or generalized random graph [174], but many other connection probabilities are
possible. It can be shown that the degree of a vertex is close to its weight for these
three connection probabilities [36, 50], which makes the original weight sequence a
soft constraint on the resulting degree sequence. Therefore, choosing the weights to
have a power-law distribution results in a random graph with a power-law degree
distribution with the same exponent.

The rank-1 inhomogeneous random graph is a locally tree-like model, as the
configuration model and the erased configuration model.

1.1.5 Preferential attachment model

Another important network model is the preferential attachment model, a dynamic
network model that can generate scale-free networks for appropriate parameter choi-
ces [4, 54]. In contrast to the random graph models described before, the preferential
attachment model is a dynamic random graph model, adding vertices step by step.
Many different versions of the preferential attachment model exist. In this thesis, we
consider a modification of [20, Model 3]. This model has parameters m and ¢ and
starts with two vertices, vertex 1 and 2, with m edges between them. Then, at each
step t > 2, vertex t is added with m new edges attached to it. These m edges are
paired to existing vertices one by one. The probability that the jth edge of vertex ¢
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attaches to vertex i < t is given by

_ Di(t=1)+s i=1
IP (jth edge of ¢ connects to i) = Zm(fgf()tt(lf,],—_lgfw = 114)
m(t—2)+(j-1)+(-138 = 2,...,m,

where D;(t — 1) denotes the degree of i before adding vertex t, while D;(t — 1,7 — 1)
denotes the degree of vertex i after the first j — 1 edges of vertex t have been attached.

The first term in the denominator of (1.1.4) ensures that a new vertex has higher
probability of attaching to a vertex of high degree than to a vertex of low degree,
which creates power-law degrees. The parameter ¢ controls the degree exponent T of
the power-law degree distribution as [107, Lemma 4.7]

T=3406/m. (1.1.5)

Choosing § € (—m,0) then results in a scale-free network.

The preferential attachment model may, like the configuration model, result in
a multigraph. However, whereas in the configuration model the number of edges
between two vertices may grow in 1, the maximum number of edges between any pair
of vertices in the preferential attachment model is bounded by the parameter m. A
significant difference between the preferential attachment model and the previously
mentioned models is that the edges of the preferential attachment model can be
interpreted as directed edges, pointing from the younger vertex towards the older
vertex.

1.1.6 Hyperbolic random graph

The last scale-free random graph model that we describe is the hyperbolic random graph,
where vertices are connected based on their embedding in a geometric space [130].
The model samples # vertices in a disk of radius R. Each vertex i can then be described
by its angular coordinate ¢; € [0,27] and its radial coordinate r; € [0, R]. The density
of the radial coordinate of a vertex is given by

sinh(ar)

p(r) = “W (1.1.6)

witha = (T —1)/2 > 1/2, so that T > 2. The angular coordinate ¢ is sampled
uniformly from [0,27t]. Then, two vertices are connected if their hyperbolic distance
is at most R. The hyperbolic distance between points u = (r,, ¢,) and v = (1o, ¢y) is
defined by

cosh(d(u,v)) = cosh(r,) cosh(r,) — sinh(r,) sinh(ry) cos(6,5), (1.1.7)

where 6,,, denotes the relative angle between ¢, and ¢,. Asymptotically, this creates
a simple random graph with a power-law degree distribution with exponent 7 [100].
The radius is chosen as R = 2log(n/v), where the parameter v fixes the average
degree of the graph. Figure 1.3 shows an illustration of a hyperbolic random graph.

The hyperbolic random graph is able to generate simple, scale-free networks,
but in contrast to the erased configuration model and the rank-1 inhomogeneous
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Figure 1.3: An example of a hyperbolic random graph with n = 500 and T = 2.5.
Vertices are embedded based on their radial and angular coordinates.

random graph, it is not locally tree-like. Instead, the geometric nature of the model
causes many triangles to be formed [56, 130]. Indeed, if two vertices are connected,
they must be geometrically close to one another. Therefore, two neighbors of a
vertex are also likely to be geometrically close to one another, and are likely to be
connected, creating many triangles. Furthermore, using hyperbolic geometry rather
than Euclidean geometry causes the network to be scale free. For this reason, the
hyperbolic random graph is widely used as a model for real-world networks [8, 38,
47, 89].

1.2 Network structures

In this thesis, we aim to understand several structural network properties of random
graph models described above as well as in real-world networks. We now describe
these properties in more detail.

1.2.1 Degree correlations

The most simple structure in a network is given by its edges and describes which
pairs of vertices connect to one another. Do high-degree vertices typically connect
to other high-degree vertices, or are they more likely to connect to lower-degree
vertices? One popular measure for such degree correlations is assortativity, Pearson’s
correlation coefficient of the degrees at the two ends of an edge [161]. To obtain more
detailed information about the degree correlations in a network, one can investigate
the average degree of neighbors of a vertex of degree k, denoted by a(k), and defined
as

1
alk) = — d;, 1.2.1
©= g I, L (121)

where 1 denotes the number of vertices of degree k, and N; denotes the set of
neighbors of vertex i. In networks without degree correlations, a(k) is independent
of k and k — a(k) forms a flat curve. When a(k) decays in k, high-degree vertices
are typically connected to lower-degree vertices. On the other hand, when a(k)
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Figure 1.4: a(k) for the Youtube social network [137]

increases in k, this implies that high-degree vertices are likely to connect to other
high-degree vertices. Several real-world networks display a decaying a(k) [146, 176],
as is illustrated for the Youtube social network in Figure 1.4. This decaying curve is
often ascribed to the constraint that the network must be simple. In a simple scale-free
network, a high-degree vertex can only connect to a few other high-degree vertices,
because only few high-degree vertices exist. The remaining connections therefore
have to be to lower-degree vertices, reducing the average degree of a neighbor of a
high-degree vertex.

Degree correlations have been found to influence the behavior of various impor-
tant processes acting upon networks. For example, degree correlations influence the
behavior of an epidemic process on a network [36, 39, 222] or the robustness of a
network when a fraction of edges is removed [211].

1.2.2 Clustering

The second network property describes the relation between the neighbors of a vertex.
In many networks, two neighbors of a vertex are likely to be connected to one another
as well, so that a large number of triangles is present. The tendency for a network to
create triangles is often captured in terms of the clustering coefficient. The clustering
coefficient of a network is defined as
6A
C (@ = 1)’ (1.2.2)

where A denotes the number of triangles in the network. This clustering coefficient
can be interpreted as the number of pairs of neighbors that are connected themselves
divided by the total number of pairs of neighbors. However, when the degree expo-
nent satisfies T < 3, this clustering coefficient tends to zero in the large graph limit
for any sequence of graphs, even when a large number of triangles is present [172].

Since this is an undesirable property, an alternative clustering coefficient is defined
as

1& 2N
Cavg = — Y ——t, 1.2.3
ave Tl;d,‘(di—l) ( )

also called the average clustering coefficient. Here /\; denotes the number of triangles
attached to vertex i. This clustering coefficient measures the average fraction of pairs
of neighbors of a vertex that connect to one another. Many random graphs with



8 Chapter 1. Introduction

¥ “8{% °
0, - —3 o
Q- 10°* o 10 °

10 10° 10° 10t 102 100 10! 10 10° 10° 10
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Figure 1.5: Clustering spectrum c(k) of three real-world networks.

T € (2,3) exist that have a non-vanishing average clustering coefficient [49, 70, 101].
For the rank-1 inhomogeneous random graph and the erased configuration model on
the other hand, Cayg vanishes as n grows large due to the locally tree-like nature of
these models.

The average clustering coefficient gives a global picture of the presence of triangles
in a network. A more detailed picture of the triangle structures in a network can
be obtained in terms of the local clustering coefficient c(k): the probability that two
neighbors of a vertex of degree k are connected to one another. More precisely, c(k) is
defined as ,

c(k) = e

20
S (1.2.4)
i:(;:k k(k—1)

where 7 again denotes the number of vertices of degree k. In many real-world
networks c¢(k) has been observed to decay in k [131, 146, 212], as illustrated in Fig. 1.5.
This indicates for example that two random friends of a popular person are less likely
to know each other than two random friends of a less popular person. The clustering
spectrum of a network influences the spread of epidemic processes on a network,
and it contains information about its community structure, making it an essential
network property [198, 202].

1.2.3 Subgraphs

The clustering spectrum of a network describes the presence of triangles in the
networks. However, other subgraphs, such as squares or larger complete graphs
can also provide relevant structural information. Subgraphs that occur frequently
in a network are also called motifs, and are viewed as important building blocks [9,
152]. Whereas most real-world networks display high clustering, their larger building
blocks may be significantly different. For example, frequently occurring subgraphs in
the World Wide Web were found to be very different from those in food webs or gene
regulation networks [152]. Network motifs are believed to contain information about
the function of the network [152, 200]. In biological networks for example, several
motifs have been assigned a specific biological function they perform [200].

It is also possible to count induced subgraphs, where edges not present in the
subgraph are required not to be present in the network. For example, when we are
interested in counting all square induced subgraphs, we count all sets of four vertices
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that contain a square in the edges between them, but no more edges than that. On the
other hand, when we count all square subgraphs, we count all squares, but also all
complete graphs of size four, since they also contain a square. Frequently occurring
induced subgraphs in networks are sometimes called graphlets.

1.2.4 Community structures

The final network property we discuss describes larger network subgraphs. Many
real-world networks contain communities: groups of densely connected vertices [92].
These community structures have been observed in many different types of networks.
In social networks for example, communities can be thought of as groups of friends,
but in other types of networks, such as collaboration networks, biological networks
and technological networks, community structures have also been observed [80, 92].
The presence of communities is related to the presence of clustering and motifs. For
example, we may expect a group of friends to consist of many triangles or larger
complete graphs. Thus, many dense motifs are expected to be present in networks
with a community structure. The major difference between motifs and community
structures lies in the scale of the subgraphs that are considered. Motifs are usually
assumed to be of fixed size, while the graph is large. Thus, motifs describe the
presence of microscopic structures in the network. Communities on the other hand,
often occur on a mesoscopic scale: a network of # vertices may contain communities
of size n* for some a € (0,1) [80, 181] so that community sizes grow in the network
size n.

1.3 Bond percolation

One of the goals of studying structural network properties is to find out how they
influence processes acting upon these networks. For example, we would like to know
how the presence of non-trivial clustering influences the spread of a message on a
social network, or how the presence of hubs influences the spreading of computer
viruses on computer networks. Many models for processes taking place on networks
have been defined, for example aiming to model epidemic spreading, synchroniza-
tion phenomena, traffic congestion or searching on networks (see [18, 163] for an
overview).

In this thesis, we analyze the process of bond percolation, a simple model for a pro-
cess acting on a network, where every edge of the network is deleted independently
with probability 1 — p. This models a situation where each edge of the network is
subject to a random failure with probability 1 — p. By investigating the effect of this
edge-removal process on the structure of the network, we measure the robustness of
a network to random failures.

One of the simplest measures of robustness is the fraction of vertices in the largest
connected component of the network after the edge deletions. The configuration
model and the rank-1 inhomogeneous random graph undergo a phase transition
under bond percolation when T > 3. When p is larger than some value p. > 0, the
largest component of the network remains a positive fraction of the total number
of vertices in the large-network limit. Thus, a large part of the network remains
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Figure 1.6: Illustration of the behavior of the fraction of vertices in the largest con-
nected component S under bond percolation with probability p in the configuration
model.

(a) subcritical (b) critical (c) supercritical

Figure 1.7: Illustration of the subcritical, critical and supercritical components of a
configuration model with T > 3 under percolation.

connected after the random failures. This regime is also called the supercritical
regime. When p < p. on the other hand, the fraction of vertices in the largest
component tends to zero in the large-network limit, so that the network has broken
down into many small pieces. This regime is also called the subcritical regime.

For p = p,, the behavior of the percolated network is often substantially different
from the behavior in the supercritical and the subcritical regimes. In the configuration
model and the rank-1 inhomogeneous random graph, the component sizes then scale
as n” for some « € (0,1) depending on 7 in the critical regime [22, 23, 71, 72]. Thus,
the component sizes are of intermediate (or mesoscopic) size in the critical regime, as
illustrated in Figure 1.7, and grow as a function of the network size n.

On the other hand, for T < 3 a component containing a positive fraction of vertices
exists in the configuration model and the rank-1 inhomogeneous random graph for
any p > 0 in the large-network limit [55, 117], as illustrated in Figure 1.6. Thus, in the
scale-free regime, the largest component of a configuration model never breaks down
under a random edge attack. This phenomenon has also been observed in real-world
networks with scale-free degree distributions [5, 51].
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1.4 Main results and outline

Network structures such as clustering, degree-correlations, motifs, graphlets and
community structures influence the behavior of various network processes. Therefore,
it is important to understand these network structures in random graph models, as
well as in real-world network data. This thesis addresses several questions regarding
these network structures, which we categorize below in three parts.

1.4.1 Part 1: Clustering and correlations

The first part of this thesis considers the presence of degree correlations and clustering
in real-world networks as well as in scale-free network models, and aims to answer
the following research questions:

What is the degree-correlation structure of scale-free random graph models? (Chapter 2)
We investigate the behavior of the average nearest-neighbor degree a(k) defined
in (1.2.1) in three simple (single-edge constrained) scale-free random graph models:
the erased configuration model, the rank-1 inhomogeneous random graph and the
hyperbolic random graph. We conclude that a(k) follows a universal curve across
these three random graph models. For small values of k, a(k) remains flat, so that the
degree-degree correlations are not visible yet for small degrees. For larger degrees,
a(k) starts to decay as a power of k. This power of k as well as the point where a(k)
starts to decay is universal for all three scale-free network models, even though these
models are very different in nature. The universally decaying curves theoretically
support the claim that simple scale-free networks contain negative degree-degree
correlations.

How does the clustering vanish in locally tree-like random graph models? (Chapter 3)

The rank-1 inhomogeneous random graph is known to be locally-tree like. Therefore,
its average clustering coefficient tends to zero in the large-network limit. We deter-
mine the rate at which the average clustering coefficient decays to zero as a function
of the network size for a wide class of rank-1 inhomogeneous random graphs. Inte-
restingly, for T close to 2, the decay is extremely slow, so that the average clustering
coefficient only starts to vanish for extremely large networks.

Can we characterize clustering in scale-free networks? (Chapters 4, 5 and 6)

We first show in Chapter 4 that several real-world scale-free networks display similar
clustering spectra k — c(k). We then show that the clustering spectrum of the rank-1
inhomogeneous random graph (in Chapter 4) as well as the erased configuration
model and the uniform random graph (in Chapter 5) are similar in shape to those
of the real-world network data, apart from the fact that c(k) vanishes for small k
which is often not the case for real-world networks. We then generalize our method
to analyze the clustering spectrum of several other scale-free random graph models
in Chapter 6, including the hyperbolic random graph and the preferential attachment
model. While the method to analyze clustering in these models is universal, the shape
of the clustering spectrum crucially depends on the specifics of the random graph
model.
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1.4.2 Part 2: Network subgraphs

The second part of this thesis studies the presence of larger network patterns in the
form of subgraphs (also called motifs and graphlets) in random graph models and
real-world networks. We consider the rank-1 inhomogeneous random graph and the
erased configuration model as well as real-world networks, and aim to answer the
following questions:

What is the subgraph structure of scale-free random graphs and real-world networks? (Chap-
ters 7-9)

We analyze the subgraph structure of the erased configuration model (Chapter 7), the
rank-1 inhomogeneous random graph (Chapter 8) and the preferential attachment mo-
del (Chapter 9). We obtain asymptotic (induced) subgraph counts for all subgraphs.
We further identify the degrees of the vertices where a specific (induced) subgraph
is most likely to be present, by introducing a variational principle. This variational
principle resolves the trade-off between the high connectivity of high-degree vertices
and their rareness. Interestingly, the variational principle shows that most subgraphs
in these random graph models are concentrated on vertices with degrees in very
specific ranges. We later show in Chapter 8 that the ordering from the most fre-
quently occurring subgraph to the least frequently occurring subgraph in the erased
configuration model and the rank-1 inhomogeneous random graph shows strong
resemblance with those in several real-world networks.

How do the fluctuations of subgraph counts behave? (Chapter 8)

We investigate the fluctuations in subgraph counts across different samples of rank-1
inhomogeneous random graphs. Interestingly, some subgraph counts turn out to
be self-averaging, i.e., the variance of the subgraph counts is small compared to its
second moment. This means that one large network sample suffices to investigate
the typical number of such subgraphs in random graph models. When considering
the random graph model as a null model for a real-world network, this also allows
one to compare subgraph counts in model and reality in a more effective way. Other
subgraphs are non-self-averaging, showing wild fluctuations of subgraph counts
between different samples of inhomogeneous random graphs.

Can we efficiently find an induced subgraph in a large scale-free network? (Chapter 10)

We first propose an algorithm that finds a small induced subgraph of a rank-1 in-
homogeneous random graph in linear time. The algorithm exploits the subgraph
structure of the rank-1 inhomogeneous random graph by only looking for subgraphs
on vertices of a specific degree-range. We then show that this algorithm may also find
subgraphs of real-world scale-free networks efficiently when the algorithm searches
for subgraphs on vertices of degrees within some network-dependent degree-range.

1.4.3 Part 3: Community structures

The third part of this thesis considers networks with a mesoscopic community struc-
ture, and aims to answer the following questions:
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Figure 1.8: Illustration of the HCM. The half-edges in (b) and (c) are connected
randomly.

How can we model networks with general community structures? (Chapter 11)

We introduce a random graph model that is able to incorporate a general community
structure, which we call the hierarchical configuration model (HCM)), illustrated in
Figure 1.8. Where the configuration model is able to investigate the influence of the
degree sequence on network properties, the HCM enables us to study the influence of
community structures on network properties. The HCM behaves as a configuration
model on the community level, making the model mathematically tractable.

What do real-world communities look like? (Chapter 12)

We investigate real-world networks through the lens of the HCM model, which re-
veals several interesting previously unobserved insights in the community structure
of real-world networks. We find that there is a power-law relation between the com-
munity sizes and their densities. We observe a second power-law relation between
the community sizes and the number of edges leaving a community. We show that
for densely connected communities, a power-law shift is present. When the degree
distribution follows a power-law with exponent 7, the community sizes follow a
power-law with degree exponent T — 1.

How do communities affect epidemic processes? (Chapters 11, 13 and 14)

We first focus on the behavior of the HCM under bond percolation. By comparing
HCM under bond percolation to the behavior of bond percolation on a configuration
model with the same degree sequence, we find how community structures affect
bond percolation. In Chapter 11 we show that the HCM undergoes a similar phase
transition under percolation as the configuration model. Furthermore, compared
to a configuration model with the same degrees, community structures may either
increase, or decrease the critical percolation probability p., depending on the exact
community shapes. We then focus on the critical regime, where the network is at the
point of breaking down, in Chapter 14. We show that the community structure does
not significantly affect the component sizes at criticality as long as the communities
are smaller than 7%/3. We then investigate numerically the behavior of several other
epidemic processes on the HCM in Chapter 13, using real-world community struc-
tures as input for the HCM model. Interestingly, some community structures speed
up the spread of an epidemic, but other community structures slow it down. This
illustrates the importance of using community structures in network models.
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Summary. In this thesis, we analyze degree correlations, local clustering and the
presence of subgraphs in several random graph models. We compare the behavior of
these properties with those on real-world network data. We further introduce a new
random graph model to include mesoscopic community sizes, and investigate the
effect of these community structures on several network properties.



Part I

Clustering and correlations
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2 Degree-degree correlations

Based on:
Degree-degree correlations in scale-free network models
C. Stegehuis, arXiv:1709.01085

In this chapter, we study the average nearest-neighbor degree a(k) of vertices
with degree k. In many real-world networks with power-law degree distribution a(k)
falls off in k, a property ascribed to the constraint that any two vertices are connected
by at most one edge. We show that a(k) indeed decays in k in three simple random
graph models with power-law degrees: the erased configuration model, the rank-1
inhomogeneous random graph and the hyperbolic random graph. We find that for all
three random graph models a(k) starts to decay beyond 7(7=2)/(=1) and then settles
on a power law a(k) ~ k*~3 in the large-network limit, with 7 the degree exponent.

2.1 Introduction

There exists a vast array of papers, empirical, non-rigorous and rigorous, on the
function k — a(k) [16, 17, 35, 36, 57, 148, 175, 176, 210, 226] which describes the
correlation between the degrees on the two sides of an edge. This classifies the
network into one of the following three categories [160]. When a(k) increases with
k, the network is said to be assortative: vertices with high degrees mostly connect to
other vertices with high degrees. When a(k) decreases in k, the network is said to
be disassortative. Then high-degree vertices typically connect to low-degree vertices.
When a(k) forms a flat curve in k, the network is said to be uncorrelated. In this case,
the degrees on the two different sides of an edge can be viewed as independent of each
other, a desirable property when studying the mathematical properties of networks.
But the fact is that the majority of real-world networks with power-law degrees and
unbounded degree fluctuations (T € (2,3)) show a clear decay of a(k) as k grows
large [146, 176], as illustrated in Figure 1.4. Hence, scale-free networks are inherently
disassortative, and large-degree vertices (hubs) are predominantly connected to small-
degree vertices. In complex network theory, such a well-established empirical fact
then asks for a theoretical explanation. Typically, this explanation comes in the form
of a null model that matches the degree distribution and has the empirical observation
as a property, in this case disassortivity, or more specifically, the essential features of
the curve k — a(k).

The configuration model generates random networks with any prescribed degree
distribution, but only results in uncorrelated networks when including self-loops and
multiple edges. Hence, the configuration model can never explain the a(k) fall-off.

17
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We therefore resort to different null models that, contrary to the configuration model,
generate random networks without self-loops and multiple edges. The resulting
simple random networks are therefore prone to the structural correlations that come
with the presence of hubs. We study a(k) for three widely used random graph
models: the erased configuration model, the rank-1 inhomogeneous random graph
(also called hidden-variable model) and the hyperbolic random graph. We show
that these models display universal a(k)-behavior: For k sufficiently small, a(k) is
independent of k. Thus, in simple scale-free networks, neighbors of small-degree
vertices are similar. We then identify the value of k for which a(k) starts decaying.
An intuitive explanation for the a(k) fall-off is that in simple networks, high-degree
vertices have so many neighbors that they must reach out to lower-degree vertices,
because networks typically only contain a small amount of high-degree vertices. This
causes the average degree of a neighbor of a high-degree vertex to be smaller. Thus,
single-edge constraints may cause the decay of a(k).

According to several studies the degree-degree correlation measure a(k) can
largely explain the fall-off of the clustering spectrum k — c(k) [35, 57, 198]. In this
chapter, we provide support for this statement, by identifying an explicit relation
between a(k) and c(k) for large k. But the main goal of this chapter is to explain the
full spectrum k — a(k) for all k, and to provide theoretical underpinning for the
widely observed a(k) fall-off.

2.2 Main results

We first define the average nearest-neighbor degree a(k, G) of a graph G in more
detail. Let (D;);c[,) be the degree sequence of the graph, where [n] = {1,...,n}.
Furthermore, let Ni denote the total number of degree k vertices in the graph, and N;
denote the neighborhood of vertex i. The average nearest-neighbor degree of graph

G is then defined as .
a(k,G)=— Y. ) D; 221)

kN i:D;=k jEN;
It is possible that no vertex of degree k exists in the graph. We therefore analyze

1

as(k,G) = —F+— D;, 222

"0 = e, Ly 2 222
where M, (k) = {i € [n] : D; € [k(1 —¢€),k(1+¢€)]}. When no vertex in M,(k) exists,
we set a¢(k, G) = 0. We will show that in the models we analyze, M, (k) is non-empty
with high probability, so that a.(k, G) is well defined. Note that a(k, G) = ag(k, G).
We now analyze a, (k, G), first for the erased configuration model in Subsection 2.2.1
and then for the rank-1 inhomogeneous random graph and the hyperbolic random
graph in Sections 2.2.3 and 2.2.4.

2.2.1 The erased configuration model

We first investigate a(k, G) for the erased configuration model defined in Section 1.1.3.
In particular, we take the original degree sequence (D, - - - , D;) to be ani.i.d. sample
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from the distribution
P(D=k)=ck™", whenk — oo, (2.2.3)

where T € (2,3) so that E[D?] = oo. We denote E[D] = u. When this sample
constructs a degree sequence such that the sum of the degrees is odd, we add an extra
half-edge to the last vertex. This does not affect our computations. We denote the
actual degree sequence of the graph after merging the multiple edges and self-loops
by (D®);c[,), and we call these the resulting degrees.

Stable random variables. The limit theorem of a(k, G, ) for the erased configuration
model contains stable random variables. Stable random variables can be parametrized
by four parameters, and are usually denoted by Sy(c, B, i) (see for example [217,
Chapter 4]). Throughout this chapter, we will only use stable distributions with
c=1,=1,u=0and we denote S, = Sx(1,1,0) to ease notation. The probability
density functions of general stable random variables cannot be written analytically in
general. The characteristic function of S, can be written as [217, Chapter 4]

T

s, 1\ _ J (1 —isignf)tan (F) a #1
tog ([ })_{H(H%gng)bg(w) vl 024)

We now state the main result for the erased configuration model:

Theorem 2.1 (4., (k, G,) in the erased configuration model). Let (G;,),>1 be a sequence
of erased configuration models on n vertices, where the degrees are an i.i.d. sample from (2.2.3).

Take &, such that limy, e €, = 0 and limy_,eo nk~(7"Ye,, = oo and let T denote the Gamma
function.

(i) For1 < k < n(t=2)/(t=1)

2/(7-1)
0, (6G) a1 (2G40 (mr-D\) ¢
n(B-1)/(1-1) u\(t—1)(3-1) 4 (v=1)/2
(2.2.5)
where S(_y)/, is a stable random variable.
(ii) For n(T=2/(t-1) « k <« nl/(7=1),
ae, (k,Gn) — 2T (2 — 7). (2.2.6)

n3—Tkt-3

Remark 2.1. The convergence in (2.2.5) also holds jointly in k and #, so that for fixed
m>land1 <k <ky < - <ky < n(t=2)/(t=1),

(a, ki, Gu)icp) 4 1 ( 21 (3 — Lt (n(r—l)))Z/(Tl)
) COSs

P V] o R

S(T*l)/zlf

(22.7)
where 1 € R™ is a vector with m entries equal to 1.
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Figure 2.1: lllustration of the behavior of 4., (k, G,) in the erased configuration model

Figure 2.1 illustrates the behavior of a.,(k, G,). First, it stays flat and does not
depend on k. After that, ae,(k, G,) starts decreasing in k, which shows that the
erased configuration model indeed is a disassortative random graph. Theorem 2.1
shows that n(7=2/(7=1) serves as a threshold. Thus, the negative degree-degree
correlations due to the single-edge constraint only affect vertices of degrees at least
n(7=2)/(t=1)  This can be understood as follows. In the erased configuration model
the maximum contribution to 4., (k, G) (see Propositions 2.1 and 2.2) comes from
vertices with degrees proportional to 7/k. The maximal degree in an observation of
niid. power-law distributed samples is proportional to 7'/ (T=1) w.h.p. Therefore, if
k < n(7=2/(t=1) such vertices with degree proportional to 7/k do not exist w.h.p.
This explains the two regimes.

For k small, a,, (k, G,) converges to a stable random variable, as was also shown
in [226] for k fixed. Thus, for k small, different instances of the erased configuration
model show wild fluctuations. The joint convergence in k explained in Remark 2.1
shows that a(k, G,) still forms a flat curve in k for one realization of an erased
configuration model when k is small. In contrast, a¢, (k, G, ) converges to a constant
for large k-values, so that different realizations of erased configuration models result
in similar a,, (k, G, )-values for k large.

2.2.2 Sketch of the proof

We now give a heuristic proof of Theorem 2.1. Conditionally on the degrees, the
probability that vertices with degrees D; and D; are connected in the erased confi-
guration model can be approximated by [108] 1 — exp(—D;D;/un). Letv € M, (k),
and let X;, denote the indicator that vertex i is connected to v. The expected degree
of a neighbor of v can then be approximated by

ae, (k,Gn) k1 Y. DiP (X =1) k™1 Y D;(1 — e Dik/lim)y, (2.2.8)

i€[n] i€n]

The maximum degree in an i.i.d. sample from (2.2.3) scales as n'/(*=1) w.h.p.. Thus,
as long as k < n(7=2)/(t=1) we can Taylor expand the exponential so that

1
ae,(k,Gu) ~ — Y DZ. (2.2.9)
HI i)
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Because (Di)ie[n] are samples from a power-law distribution with infinite second
moment, the Stable Law Central Limit Theorem gives Theorem 2.1(i).

When k >> n(7=2/(t=1)  we approximate the sum in (2.2.8) by the integral

ae, (k, Gy) ~ cnk ™1 / X1T(1 — e K/ (1)) g x
1

(o]

_ 2t (N 8-t 1-T(1 _ o=y
=cu (k) /k/(wz)y (1—e¥Y)dy, (2.2.10)

using the degree distribution (2.2.3) and the change of variables y = xk/(un). When
k < n, we can approximate this by

_ n\3-17 [ . _ _ 71\3—T
ac, (k,Gp) ~ cu® T(%) /0 YT (1 —eV)dy = —cp? " (%) r2-mr).

The proof of Theorem 2.1(ii) then consists of showing that the above approximations
are indeed valid. We prove Theorem 2.1 in detail in Sections 2.3.2 and 2.3.3.

2.2.3 Rank-1inhomogeneous random graphs

We now turn to the rank-1 inhomogeneous random graph, defined in Section 1.1.4,
which constructs simple graphs with soft constraints on the degree sequence. We
take the weight sequence of the rank-1 inhomogeneous random graph to be an i.i.d.
sample from the power-law distribution (2.2.3). We denote the average value of the
weights by u. For the probability that vertices with weights / and i’ connect, we take

p(h,h') = min (hh'/(un), 1), (2.2.11)

which is the Chung-Lu version of the rank-1 inhomogeneous random graph [61].
This connection probability ensures that the degree of a vertex with weight & is close
to 1 [35]. We show the following result:

Theorem 2.2 (a¢, (k, Gy ) in the rank-1 inhomogeneous random graph). Let (Gy),>1
be a sequence of rank-1 inhomogeneous random graphs on n vertices, where the weights are an

i.i.d. sample from (2.2.3). Take €, such that lim, e €, = 0 and lim, n V(T Ve, = 00
and let T denote the Gamma function.

(i) For1 < k < n(t=2)/(t=1),

s 2
0, (k,Gn) a1 <(2c1"(2 27 j cos (”(T 1)>> Ste-1)/2

n(3-1)/(t-1) pu\(t—1)B-1 4
(2.2.12)
where S(_y) /5 is a stable random variable.
(i) For n(T=2/(t-1) « k <« pl/(7=1),
2—-T
ae,(k,Gn) B cp (2.2.13)

n3-Tkt=3 B-1)(t—2)
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Theorem 2.2 is almost identical to Theorem 2.1. The proof of Theorem 2.2 exploits
the deep connection between both models, and essentially carries over the results for
the erased configuration model to the rank-1 inhomogeneous random graph. The
similarity can be understood by noticing that in the erased configuration model the
probability that vertices i and j with degrees D; and D; are connected can be approxi-
mated by 1 — exp(—D;D;/(un)) which is close to min(1, D;D;/ (un)), the connection
probability in the rank-1 inhomogeneous random graph. Similar arguments that lead
to (2.2.8) show that ag, (k, G, ) can be approximated by

ae,(k,Gp) ~ k™1 Y hymin(hk/un,1). (2.2.14)

i€[n]

This sum behaves very similarly to the sum in (2.2.8), so that the only difference
between Theorems 2.1 and 2.2 hides in the limiting constants in (2.2.6) and (2.2.13).
The main difference between both models is that in the rank-1 inhomogeneous
random graph the presence of all edges is independent as soon as the weights are
sampled. This is not true in the erased configuration model, because we know that
a vertex with sampled degree D; cannot have more than D; neighbors, creating
dependence between the presence of edges incident to vertex i. We show that these
correlations between the presence of different edges in the erased configuration model
are small enough for a, (k, G,) to behave similarly in the erased configuration model
and the rank-1 inhomogeneous random graph.

2.24 Hyperbolic random graphs

The third random graph model we consider is the hyperbolic random graph, defined
in Section 1.1.6. The hyperbolic random graph creates simple sparse random graphs
with power-law degrees, but in contrast to the erased configuration model and the
rank-1 inhomogeneous random graph, creates many triangles at the same time due
to its geometric nature [56, 130]. In both the rank-1 inhomogeneous random graph
and the erased configuration model, the connection probabilities of different pairs
of vertices are (almost) independent. In the hyperbolic random graph, this is not
true. When u is connected to both v and w, then v and w should also be close to one
another by the triangle inequality. However, if we define the type of a vertex as

tHu) = eR-m)/2 (2.2.15)

then we show that we can approximate the probability that vertices u and v are
connected as

P (Xuo =1 t(u), t(0)) = (2.2.16)

2 sin~(vt(u)t(v)/n) vt(u)t(v)/n <1,

1 vt(u)t(v)/n > 1,
which behaves similarly as the connection probability in the rank-1 inhomogeneous
random graph. Furthermore, by [33, Lemma 1.3], the density of 2In(¢(u)) can be
written as

Foneuy) (x) = e T2 (14 0(1)), (2.2.17)
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where the 0(1) term is with respect to the network size n. Therefore,
P (t(u) > x) =P (2In(t(u)) > 2In(x)) = x 7711 +0(1)), (2.2.18)

so that on a high level the hyperbolic random graph can be interpreted as a rank-1
inhomogeneous random graph with (#(u)) ¢ [, as weights (see [33, Section 1.1.1] for
a more elaborate discussion).

The next theorem shows that indeed the behavior of 4, (k, G,) in the hyperbolic
random graph is similar as in the rank-1 inhomogeneous random graph:

Theorem 2.3 (¢, (k, G,) in the hyperbolic random graph). Let (G;),>1 be a sequence
of hyperbolic random graphs on n vertices with power-law degrees with exponent T and
parameter v. Take €, such that lim, e €, = 0 and lim, nk~ (T Vg, = coand let T
denote the Gamma function.

(i) For1 < k < n(7=2)/(t=1),

_ 2/(z-1)
e, (k,Gn) ~_a, 2v < 2 I'(3 - 37)cos <7T(T41)>> S(z-1)/2/

o s ey el e
(2.2.19)
where 5(171) /2 18 a stable random variable.
(ii) For n(t=2/(t=1) « k « nl/(t-1)
a€11(k1 Gn) P (T-l)]/ﬁr(% — %) 2(7—1) T
n3—Tk'r—3 — 2(”[ — 2)1_,(2 — %) 71’(’[ — 2) . (2220)

2.2.5 Discussion

Universality. The behavior of a;, (k, G,) is universal across the three null models
we consider. The erased configuration model and the rank-1 inhomogeneous random
graph are closely related. They are known to behave similarly for example under
critical percolation [24, 26], in terms of distances [78] when T > 3, and in terms of
clustering when T € (2,3) (see Chapters 4 and 5). The hyperbolic random graph
typically shows different behavior, for example in terms of clustering [56, 101], or
connectivity [33, 34]. Still, the behavior of 4., (k, G,) is similar in the hyperbolic
random graph and the other two null models. In all three null models, the main
contribution for k > n(7=2)/(t=1) comes from vertices with degrees proportional to
n/k (see Propositions 2.1 and 2.2). In the hyperbolic random graph, we can relate
this maximum contribution to the geometry of the hyperbolic sphere. A vertex i of
degree k has radius r; = R — 21og(k). Similarly, a vertex j of degree n/ (vk) has radius
rj ~ R—2log(n/(kv)) = 2log(k). Then, r; = R — r;, so that the major contributing
vertices have radial coordinate proportional to R — ;.

Expected average nearest-neighbor degree. In Theorems 2.1-2.3 we show that
ag, (k, Gn) converges in probability to a stable random variable when k is small. Thus,
when we generate many samples of random graphs, for fixed k, the distribution of
the values of a, (k, G,) across the different samples will look like a stable random
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Figure 2.2: a(k, Gy) for different random graph models with n = 10°. The solid line is
the median of a(k, G,) over 10* realizations of the random graph, and the dashed line
is the average over these realizations. The dotted line is the asymptotic slope k¥ 3.

variable. We can also study the expected value of a(k, G,;) across the different samples.
For the erased configuration model for example, we can show that (see Section 2.3.4)

lim E [a(k, Gy)]

et W = 7C]/12_Tr(2 — T). (2221)

The difference between the scaling of the expected value of a(k, G,) and the typical
behavior of a(k, G;) in Theorem 2.1(i) is caused by high-degree vertices. In typical
degree sequences, the maximum degree is proportional to n'/(7=1)_ Tt is unlikely that
vertices with higher degrees are present, but if they are, they have a high impact
on the average nearest-neighbor degree of low degree vertices, causing the diffe-
rence between the expected average nearest-neighbor degree and the typical average
nearest-neighbor degree. Thus, the expected value of a(k, G) is not very informative
when k is small, since Theorem 2.1 shows that a(k, G, ) will almost always be smaller
than its expected value when k is small.

Figure 2.2 illustrates this difference in terms of the mean and median value
of a(k, G,) over many realizations of the erased configuration model, the rank-1
inhomogeneous random graph and the hyperbolic random graph. Here indeed we
see that the expected average neighbor degree scales as a power of k over the entire
range of k, where the median shows the straight part of the curve from Theorem 2.1.
Thus, it is important to distinguish between mean and median of a(k, G,) when
simulating random graphs.

Vertices of degree k. Definition (2.2.1) assumes that a vertex of degree k is present.
For large values of k, this is a rare event, by (2.2.3). Indeed, vertices of degree at most
nl/7 are present with high probability in the erased configuration model, whereas
the probability that a vertex of degree k > n'/7 is present tends to zero in the large
network limit [226]. We avoid this problem by averaging a(k, G, ) over a small range
of degrees. Another option is to condition on the event that a vertex of degree k
is present. Our proofs for k < n{7=2)/(t=1) for the erased configuration model can
easily be adjusted to condition on this event. For k larger, we leave the behavior of
a(k, G,) conditionally on a vertex of degree k being present open for further research.
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Fixed degrees. In the proof of Theorem 2.1 we show that for small k, the fluctuations
that come with the stable laws are not present when we condition on the degree se-
quence. Thus, the large fluctuations in g, (k, G, ) for small k are caused by fluctuations
of the i.i.d. degrees, weights or radii. For a given real-world network, its degrees are
often preserved, and many erased configuration models or inhomogeneous random
graphs with the same observed degree sequence are created. In this fixed-degree
setting, the sample-to-sample fluctuations of a¢, (k, G,) are relatively small.

Relation with local clustering. The local clustering coefficient c(k) of vertices of
degree k measures the probability that two randomly chosen neighbors af a randomly
chosen vertex of degree k are connected. Chapters 4-6 show that in many real-
world networks as well as simple null models, c(k) decreases as a function of k.
The relation between the decay rate of c(k) and the decay rate of a(k) has been
investigated for the rank-1 inhomogeneous random graph, where it was shown that
c(k) < a(k)/k [198]. Using our results for c(k) on the erased configuration model and
the rank-1 inhomogeneous random graph that are presented in Chapters 4 and 5, we
can make the relation between c¢(k) and a(k) more precise. In Chapter 5 we show that
when k > /n, c(k) in the erased configuration model satisfies

C(k) — CZF(Z _ T)2H3—2Tn5—21'k2r—6(1 + O]P(].)). (2.2.22)
Then, by Theorem 2.1, when k >> /1,

(k) = “;(:)(1 +op(1)). (2.2.23)

Intuitively, we can see this relationship in the following way. Pick two neighbors of a
vertex with degree k. By definition, these vertices have degree a(k) on average. Since
k > \/n, by Theorem 2.2 a(k) < \/n. Therefore, the probability of two vertices with
weight a (k) to be connected is approximately 1 — exp(—a(k)?/un) = a(k)?/un. Since
the clustering coefficient can be interpreted as the probability that two randomly
chosen neighbors are connected, the clustering coefficient should satisfy c(k) ~
a(k)?/un when k > /n. In particular, the decay of the clustering coefficient should
be twice as fast as the decay of the average neighbor degree. Analytical results on
c(k) on the rank-1 inhomogeneous random graph (see Chapter 4) show that (2.2.23)
is also the correct relation between clustering and degree correlations in the rank-1
inhomogeneous random graph. In Chapter 6 we show that the difference between
expectation and typical behavior that is present in a(k) also occurs for the local
clustering coefficient c(k).

Correlations in the hyperbolic random graph. The relation in (2.2.23) is based
on the fact that in the erased configuration model and the rank-1 inhomogeneous
random graph the connection probabilities of pairs of vertices (i, f), (i,k) and (j, k)
are (almost) independent. In the hyperbolic random graph, the geometry causes a
strong dependence between these connection probabilities. If vertices j and k are
neighbors of 7, then they are likely to be geometrically close to one another due to
the triangle inequality. This makes the probability that j and k are connected larger
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Figure 2.3: The neighbors of a vertex of degree k have average degree a(k)

than in the rank-1 inhomogeneous random graph or the erased configuration model.
These correlations do not play a role when computing a(k, G,), since it only involves
the connection probability of two different vertices. When computing statistics of
the hyperbolic random graph that include three-point correlations, the equivalence
between the hyperbolic random graph and the rank-1 inhomogeneous random graph
may fail to hold, as in the example of c(k).

Interestingly, the number of large cliques was shown to be similar in the hy-
perbolic random graph, the rank-1 inhomogeneous random graph and the erased
configuration model [85], even though cliques clearly involve three-point correlations.
Large cliques in the hyperbolic random graph are typically formed between vertices
at radius proportional to R/2 [85], so that their degrees are proportional to /1 [33].
These vertices form a dense core, which is very similar to what happens in the erased
configuration model and the rank-1 inhomogeneous random graph [118]. In the
erased configuration model, many other small subgraphs typically occur between
vertices of degrees proportional to 1/ (see Chapter 7). It would be interesting to see
whether the number of these small subgraphs behaves similarly in the hyperbolic
random graph.

2.3 Average nearest-neighbor degree in the ECM

In this section, we prove Theorem 2.1. For k < n(7=2)/(7=1) we couple the degrees of
neighbors of a uniformly chosen vertex of degree k to i.i.d. samples of the size-biased
degree distribution in Section 2.3.2. When k >> n(7=2)/(t=1) this coupling is no longer
valid. We then show in Section 2.3.3 that a specific range of degrees contributes most
to ag, (k, Gp).

2.3.1 Preliminaries

We say that X,, = Op (by,) for a sequence of random variables (X,),>1 if |Xx|/bn is a
tight sequence of random variables, and X, = op(by) if X, /by L 0. Let L, denote
the total number of half-edges, so that L,, = }; D;. We define the events
Ju={ILn —pn| <n*7}, Ay = {|Me, (k)| > 1}. (2:3.1)
By [111, Lemma 2.3], IP (J,,) — 1 as n — co. By [50, Theorem 2.1]
k(1+e,)

E [|Me, (K)]] :cn/k(H) ¥ Tdx(1+40(1)) = Cn K Te (14 0(1),  (232)
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for some C > 0, so that P (Ay) = lfork < nl/(t=1) by the choice of ¢, in Theo-
rem 2.1.

We will often condition on the degree sequence. For some event £, we use the
notation P, (€) = Py (€ | (Di)ic[y), and we define E, and Var, similarly. We often

want to interchange the sampled degree of a vertex i, D; and its resulting degree Dl(.er)
The next lemma shows that D; and Dl(er) are close:

Lemma 2.1. Let G be an erased configuration model where the degrees are i.i.d. samples from
a power-law distribution with T € (2,3). Then, for D; = o(n),

D = D;(1 + op(1)). (2.3.3)

1

Proof. By [108, Eq. (4.9)]

D;—1 2 2
; D: D4D:; D:D
) <17 i i7] < DiDi/Ln ___TiT]
Pu (Xjj=0) < (1 Ln—ZDi—l) (Ln —2D;)? ¢ (Ln —2D;)?

Let (x) = x — 1+ e™*. The expected number of erased edges at vertex i satisfies

Eq |Di - D] = Di= ¥ (1-Py (X, =0))
j€[n]

D;D; _DiDi/L D?D;
S —1 +e iYj/lbn l]>
je%l] ( Ly (Ln _2Di)2

Z[ ¢( ) +0 (D%/Ln)

]En

=) lP( ) (1+o0p(1)) +Op (D?/n). (2.3.4)
jeln]

By [112, Theorem 3(ii)], for D distributed as in (2.2.3), E [¢(D/t)] = O(t~(*1) so
that
E [¢(D;D;/(un)) | D;] = O(Df 'n'"7). (2.3.5)
This shows that Z” 19(D;D;/Ly) = Op(D7 'n?77) and therefore.
E, [Di _ Dl@] — Oy (n’HZDiT *1) 10y (Di2 /n) : (2.3.6)
Thus, we obtain using the Markov inequality

P (D= D[ > €D;) < Op (7 (Di/n)"*) + Oy (¢7'Di/1n), 2.37)

so that for D; = o(n), D™ = D;(1 + op(1)). O
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2.3.2 Small k: coupling to i.i.d. random variables

In this section we investigate the behavior of a, (k, G,) when k = o(n(7=2)/(t=1)),
We first pick a random vertex v € M, (k). We couple the degrees of the neighbors of
v to i.i.d. copies of the size-biased degree distribution D;;, where

P, (D =j) = L Z (D=} (2.3.8)

IEn

We then use this coupling to compute ag, (k, Gy,).

Proof of Theorem 2.1(i). We first condition on the degree sequence (Di)ie[n]' Further-
more, we condition on the event J, and A, defined in (2.3.1), since P (J, N A4,) — 1.
Let v be a vertex of degree d. In the configuration model, neighbors of v are con-
structed by pairing the half-edges of v uniformly to other half-edges. The distribution
of the degree of a vertex attached to a uniformly chosen half-edge is given by Dj;.
However, the degrees of the neighbors of v in the erased configuration model are
not an i.i.d. sample of D;; due to the fact that the half-edges should attach to distinct
vertices that are different from v. We now show that we can still approximate the
degrees of the neighbors of v by an i.i.d. sample of D;; using a coupling argument.
Denote the neighbors of v by (v;);c[4 and their degreesby By, ..., By. LetY,..., Y; be
i.i.d. samples of Dj;. These samples can be obtained by sampling uniform half-edges
with replacement and setting Y; = D,,, where v/ denotes the vertex incident to the
ith drawn half-edge We use a similar éoupling as in [21, Construction 4.2] to couple
B;to Y;. Let (v )ze[d] denote vertices attached to 4 uniformly chosen half-edges (with
replacement) and set Y; = D,y for i € [d] and Vy = v. Then for i € [d] the coupling is
defined in the following way:

o If v/ ¢ V;_q, then B; = Y; and v; = vl. Set V; = V;_; U 0. We say that B; and Y;
are successfully coupled.

e If v} € V;_1, we redraw a uniformly chosen half-edge from the set of half-edges
not incident to V;_1. Let v; denote the vertex incident to the chosen half-edge.
Set B; = Dy, and V; = V;_1 U v;. We then say that B; and Y; are miscoupled.

Thus, informally, at every step we sample a uniformly chosen half-edge from all
half-edges, and select the vertex incident to it. If this vertex is different from all
previously selected vertices and unequal to v, we declare the vertex to be a neighbor
of v. In this case, we have successfully coupled this neighbor of v to an i.i.d. sample of
D;;. If not, we need to redraw the selected half-edge to ensure that all neighbors of v
are distinct and unequal to v. In this case the neighbor of v and the i.i.d. sample of Dj;
are miscoupled. We now show that the coupling is successful with high probability.
By [21, Lemma 4.3], the probability of a miscoupling at step i can be bounded as

P, (B £Y; | Fiq) < L (d+ZB) (2.3.9)
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where F; = 0(B;, Y;) ;) denotes the sigma-algebra containing all information about
the Y; and B; variables encountered up to step i. Thus, the expected number of

miscouplings up to time ¢, N5 (t), satisfies

ae 1
Ey [Nmis(t)] < — + — 2 2 E, [Bs]. (2.3.10)
Ln ~ Ln =
When B; is successfully coupled,
IE,, [Bs | Bs succesfully coupled] = E, [D};] = Y D?/Ly. (2.3.11)
i

When B; is not successfully coupled, it is drawn in a size-biased manner from the
vertices that are not chosen yet. Then, because D; > 0 for all ,

Yigv, Dl~2 < Yicln] Di2

Yigv, Di = Yiep) Di — Liev, D

_ Yiem Df (1 " Yiev, Di )
Yic[n) Di Yicin) Di — Liev, Di

E, [Bs | Fs—1, Bs miscoupled] =

(2.3.12)

Since Dmax = Op(n'/(771), Yiev, Di < sDmax = Op(sn? /(==1) for all possible Vs, so
that for s < n(t=2/(t-1)

E, [Bs | Bs miscoupled] = ZIGL (1 +op(1)). (2.3.13)
n
For t large, we obtain from (2.2.3) that
P(D?>t) =P (D> Vi) = %t(H)/Z(l +o(1)). (2.3.14)

Using (2.3.14) we can use the Stable Law Central Limit Theorem (see for example [217,
Theorem 4.5.2]) to conclude that

Yicin) Df d,
51 n(t—1) 2/(t-1)
(3 —37)cos (T))

Sieo1yjp  (23.15)

2/ (i

where S(;_1) 7 is a stable random variable. Thus, as long as s = o(n(T=2/(x-1)y,

Ey [Bs] = L' Y DX(1+0p(1)) = Op (n<3—T>/<T-1>) . (2.3.16)
i€n]

By (2.3.10), for d = o(n(7=2)/(t=1))

Ey [Nimis(d)] = Zi+ » o]p( (3~ >/(T—1)) é(z 1) = (d2n = 1) (23.17)
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Thus, as long as d = o(n(™"2/("=1)) E, [Npis(d)] = op(1). Then, by the Markov
inequality

Py, (Nmis(d) = 0) =1 — Py, (Nmis(d) > 1) > 1 — By, [Nimis (d)] = 1 — 0p(1). (2.3.18)

Hence, when d = o(n(7=2/(7=1))), we can approximate the sum of the degrees of
the neighbors of a vertex with degree d by i.i.d. samples of the size-biased degree
distribution.

Leti € M., (k) for k = o(n(™2/("=1). Then, D{* = D;(1+o0p(1)) = k(1 +
op(1)). Thus, conditionally on the degree sequence

1 1

) P — pe Do

ac, (k, Gn) k| Me, (k)| ze}\/%(k)]g\:/ Tk []G%Vk j }
=Ex[Dy) 1) = (1+0r (1)) En D, )] (2.3.19)

where Vj denotes a uniformly chosen vertex in M, (k ), and Ny, (U) is a uniformly
chosen neighbor of vertex V. Here the second equality holds because the average
nearest-neighbor degree averages over all neighbors of vertex j. The third equality
holds because it also averages over all vertices in M, (k), together with the fact that
Dy, = k(1 +0(1)) and Dl(-er) = D;(1+ op(1)) uniformly in i. With high probability,
we can couple the degrees of neighbors of a uniformly chosen vertex of degree in
[k(1—e€y), k(1 +¢€y)] toiid copies of D;;. Then, conditionally on the degree sequence,

e, (k,Gn) = (1+0p(1))Ex [D;] = (1 +0p(1))L, " Y D} (2.3.20)
ie(n]

Combining this with (2.3.15) results in

ag, (k, Gn) a1 ZCF(% — %T) 7T(T _ 1) 2/(t-1)
LG/ u ( CEIEE cos 1 S(r—1y2-  (2321)

To prove the joint convergence of Remark 2.1, note that for fixed 1, the probability
that M, (k;) is non-empty for all i € [m] tends to 1, by a similar proof as the proof
that A, defined in (2.3.1) satisfies IP (A, ) — 1. Thus, we may condition on the event
that M,, (k;) is non-empty for all i € [m]. Then, the fact that (2.3.20) is the same for
all k; < n(7=2/(t=1) proves the joint convergence. a

2.3.3 Largek

Now we study the value of 4, (k, G, ) when k > n(t=2)/(t=1)  We show that there
exists a range of degrees W¥ () which gives the largest contribution to ac, (k, G, ). For
ease of notation, we write a,, (k) for a., (k, G,) in this section. We define

WX (&) = {u: Dy € [dun/k, un/(5k)]}, (2.3.22)
and we write
1 1
ae, (k) = ——— pey L __ Dl
k |M€n (k) | iZGMsn (k) ]GWJ,(((S) J k |M€n (k)| i5€M£y, (k) ]éw,}f(é) ]

=: ag, (k, Wy(8)) + ac, (k, W5 (6)), (2.3.23)
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where a;, (k, W5(5)) denotes the contribution to a, (k) from vertices in W¥(4), and
ae, (k, Wy, (¢)) the contribution from vertices not in WX(&). In the rest of this section,
we prove the following two propositions, which together show that the largest
contribution to a, (k) indeed comes from vertices in WX(&).

Proposition 2.1 (Minor contributions). There exists x > 0 such that for k < n'/(7=1),

E [ae, (k, WE(9))]
lim sup

=0 (6. 2.3.24
R (n/k)3_1— ( ) ( )
Proposition 2.2 (Major contributions). For k > n(t=2)/(t=1),

gen(klwili(é)) P 2—1 /e 1-7 —x
W—)C‘u /5 x (1 —e ¥)dx. (2.3.25)

We now show how these propositions prove part (ii) of Theorem 2.1.
Proof of Theorem 2.1 (ii). By the Markov inequality and Proposition 2.1,

ac, (k, Wi ()

TR = Op (5% . (2.3.26)

Combining this with Proposition 2.2 results in

e (k) P 2—-T /1/5 1-1 —-x K
—r 1- . 2.3.27
(/= cp o (1—e*)dx+Op (0") (2.3.27)
Taking the limit of § — 0 then proves the theorem. O

The rest of this section is devoted to proving Propositions 2.1 and 2.2.

Conditional expectation.

We first compute the expectation of a., (k, W5(5)) conditionally on the degree se-
quence.

Lemma 2.2. When k > n(7=2)/(t=1),

E, [asn (k, w,’;((S))] = % Y Du(1—e Pik/Iny(1 4 0p(1)), (2.3.28)
ucWk()

Proof. 1t suffices to prove the lemma under the event J,, from (2.3.1), since P (J,,) — 1.
Thus we may assume that L, = pn(1+ o(1)). Let X;; denote the indicator that i and
j are connected. By (2.3.23)

1
E, |ac,(k, W) = ——— DP, (Xyp = 1) 2.3.29
|:a ”( ( ))j| k |M€n (k)| UGMZg,,,(k) I/IEWZ,]:((S) ! ( ) ( )
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By [108, Eq. (4.9)]

D3D, + D2D
P, (XW = 1) — 1 — e PuDo/Ln 10 <v”L_';M”> . (2.3.30)
n
Thus, when D,, € un/k[5,1/6] and v € M, (k),
P, (X = 1) = (1 — e Puk/Lny (1 4 0p(1)). (2.3.31)
Using (2.3.6), we obtain
y D e ] - Y O (Dg’lnz’T> = |WE(5)|Op (nkl’T) . (2.3.32)
ucWk(s ueWk(9)
Since Zuewi,f(zs) D, = |WK(6)|O(n/k), also Lucwk(s) D = (1+o0p(1)) Luewk(s) Du
Because 1 — e Puk/Ln ¢ [1 —e79,1 — &) whenu € W % (0), this also shows that
Y DE(—e PHb) = (14op(1) L DE(1—e DHb) (2339)
ucWE(s) ucwpk(s)
Thus, we obtain
1 er —
E, [agn(k,wjg((s))} =1 L DI e P (14 0p(1))
ucWk(s)
1 -
=2 ¥ Dufl-e Duk/Lun)(1 + 0p(1)). (2.3.34)
uecWk(s)
O
Convergence of conditional expectation.
We now show that IE,, [, (k, WX(6))] of Lemma 2.2 converges to a constant.
Lemma 2.3. When k > n(7=2)/(t=1),
By [ae, ( WEQO))] 175
{na_rkf_s } — et T /5 X T(1— e )dx (2.3.35)
Proof. Define the random measure
; 1
M8, b] = =5t ) L(Duclablun/k)- (2.3.36)
H >k ue(n]

Since the degrees are i.i.d. samples from (2.2.3), the number of vertices with degrees
in the interval [a, b] is binomially distributed. Then,

., 1 ) P, P (D € [a,bjun/k)
M )[LZ, b] = W |{“ :Dy € [a b];"m/kH (‘u )1 T)t—1
B 1 bun/k Ty — b 4y — Ala b

(2.3.37)
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where we have used the change of variables y = xk/(un). By Lemma 2.2,

ZueW,’;((S) Du(]. _ efDuk/Ln)
k

Dyk
- @Zuewlg((ﬂ un (1
ok k

27Tn371'

= Hkgr/;/(st(l —e NAM"(£)(1+0p(1)).  (2.338)

E, [agn(k,w§(5>)} = (1+0p(1))

— e_DMk/(Pm>)

(1+0p(1))

Fix 77 > 0. Since t(1 — e~ ") is bounded and continuous on [§,1/6], we can find m < oo,
disjoint intervals (B;) [, and constants (b;);c ) such that U B; = [4,1/4]

‘t(l —e -y bin{tegi}’ < n/A([6,1/6)), (2.3.39)
i=1

for all t € [5,1/6]. Because M (B;) — A(B;) for all i,
Tim P (|M"(B;) — A(B;)| > 5/ (mb;)) = 0. (2.3.40)

Furthermore,
1/6 1/6
‘/ t(17e_t)dM<”)(t)—/ H1— e )dA()
) )

1/6 m
<| [ THi-en - gbiﬂ{te&}dw")(”)

1/6 4 m
+’/§ H1 =) = Y byl g dA(H)
i=1
1/6 m - 1/6 m
+’/§ Y biLjepydM (t)—/§ Zbi]l{teBi}dA(t)’. (2.3.41)
i=1 i=1
Using that f;/‘s Litep dM®™(t) = M™(B;) yields

1/6 m

1/6 m
bt ueny M0 = [ )bt s dA)

= | XS (M (B) = A(Bi))| = | Y ow(/m)| = ox(p): (2.3.42)
i=1 i=1
Thus, (2.3.41) results in

‘/gl/(st(l—et)dM(”(t)—/;/ét(l—et)d)\(t)‘ < quJroP(n).

Using that M™([6,1/6]) = Op (A([6,1/6])) proves that

1/6 P 1/6 1/6
/é t(l—e‘t)dM<”)(t)—>/5 t(l—e_t)d)x(t):c/é ¥T(1 = e M)dy,

(2.3.43)
which together with (2.3.38) proves the lemma. O
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Conditional variance of a(k).

We now show that the variance of a, (k, W¥(&)) is small when conditioning on the de-
gree sequence, so that a, (k, W (J)) concentrates around its expected value computed
in Lemma 2.2.

Lemma 2.4. When n(7-2)/(t-1) «  « 1/(7=1),

ary, (ae, (k, k
Vary (g, (k wn<5>>2)L0
Ey [ac, (K, WE(9))]

(2.3.44)

Proof. Again, it suffices to prove the lemma under the event J, and A, from (2.3.1).
We write the variance of a;, (k, W(8)) as

1

— (er) 7y (er)
- k2|M€ (k)‘z Z 2 Dll Dw

i,J€ My (K) 1,0E WE(6)
X (I[)n (Xiu = X]v = 1) — ]Pn (Xiu = 1)]Pn (X]U = 1))
(1+op(1))
=S P D,D
k2|M£n (k)|2 i,jeMZg,, (k) u,ye%,’;((s) o
X (]Pn (Xiu =Ajpp = 1) — ]Pn (Xiu = 1)1[),1 (X]v = 1)) . (2345)

Var,, (agn (k, W,’f(‘s)))

Equation (2.3.45) splits into various cases, depending on the size of {i,j,u,v}. We
denote the contribution of |{i, j,u,v}| = r to the variance by V") (k). We first consider
V® (k). We can write

Py (Xiy = Xjp = 0) = Py (Xiu = 0) Py (X, =0 | Xz =0). (2.3.46)

For the second term, we first pair all half-edges adjacent to vertex i, conditionally on
not pairing to vertex u. Then the second term can be interpreted as the probability
that vertex j does not pair to vertex v in a new configuration model with L, =
Ly — D; = Ly(1 4 op(n(7=2/(=1))) half-edges, where the new degree of vertex
j is reduced by the amount of half-edges from vertex i that paired to j. Similarly,
the new degree of vertex v is reduced by the amount of half-edges from vertex
i that paired to v. Since the expected number of half-edges from i that pair to
vertex j is O(D;D;/Ly) = Djop(n~(""V/(T=1) [74], the new degree of vertex j is
f)]- = D;(1+ op(n~(7=2/(t=1))) ‘and a similar statement holds for vertex v. Thus,
by (2.3.30)

P, (Xiu = X]U = 0) = e*DiDu/Lne_D]‘Dv/i‘n + OP(n*(sz)/(Tfl))
= e DiDu/lug=DiDo/Lu(q 4 o, (n=(T=2/(T=1)y) - (2.3.47)
using that D;Dy, D;D, = O(n) and D;, Dy, Dj, Dy < n/ (=1 This results in
P, (Xiu = va = 1) =1-P, (Xiu = O) — Py (va = 0) +1P, (Xiu = va :0>

Dyk Dy vk -2

Dyk
=1+ (—e In —e In +e In In)(14op(n 1))

»
o]
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= (1 — e Puk/Lny(1 — e Pek/Lun) (1 4 0p(1)), (2.3.48)

where the last equality holds because D,k = @(n) and Dok = @(n) for u,v € WE(J).
Therefore

) B _
=T (1202 Z ZDuDv(l—e Duk/L”)(l —€ ka/Ln)(ld‘_OP(l))
|Me, (k) |2k i,j€Me,, (k) u,oe Wk (5)

_ DuDv(l _ e*Duk/Ln)(l _ e*Dl,k/Ln)(l + O]P(l))
= Y o (k‘zDuDz,(l — e Duk/Luy(1 - e—ka/Ln)>

u,peWk(5)

= o (B [aes (6 WE))] ),

V& (k)

where the last equality follows from Lemma 2.2. Since there are no overlapping edges
when {i,j,u,v} =3, V® (k) can be bounded similarly.

We then consider the contribution from V®, which is the contribution where the
two edges are the same. By Lemma 2.3, we have to show that this contribution is
small compared to n®~27k27=6_ We bound the summand in (2.3.45) as

D3 (P (Xiu = 1) = Py (Xiu = 1)) < D2 (2.3.49)

Thus, using that on A, |[Me, (k)| > 1, V®, can be bounded as
1 1

— 2 2 u 2 u
k |M€n (k)‘ iEMgn (k) uGWL‘(é) k |M€n (k)| uGWfi(é)

= O(n?k4)|WE(9)]. (2.3.50)

Since the degrees are i.i.d. samples from (2.2.3), |[W£(5)]| is distributed as a bino-
mial with parameters (1, C(n/k)!~7) for some constant C. Therefore, |W¥(J)| =

Op(n (n/k)' 7). This results in
VO = Op(n*TkT2), (2.3.51)
which is smaller than n°~27k**=¢ when k > n(7=2)/(t=1) a5 required. O

Proof of Proposition 2.2. Lemma 2.4 together with the Chebyshev inequality show that

ac, (k, Wi(8))  »

— 1. 2.3.52
]En [a5;1 (k’ W}’If(é))} ( )
Combining this with Lemmas 2.2 and 2.3 yields
0o, (6, WE(D)) » o o (V0 o )
% — T/(S X1 — e )dx. (2.3.53)
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Contributions outside W (9).

In this section, we prove Proposition 2.1 and show that the contribution to 4, (k)
outside of the major contributing regimes as described in (2.3.22) is negligible.

Proof of Proposition 2.1. We use that IP,,(X;; = 1) < min(1, Di?l ). This yields

_ - n kD
E {aen (k, W,f(é))} —E [lEn [aen(k, W,E(&))H < 7B [Dmin (1,L}1)1{D6W5(5)}]
oun/k )
_ / g ;1_Tmin (1,k—x)dx+E x1 T min (1,k—x)dx.
k Jo pn k Juny (o) pn
(2.3.54)
For ease of notation, we assume that ¢ = 1 in the rest of this section. We have to show
that the contribution to (2.3.54) from vertices u such that D,, < én/k or D, > n/(5k)
is small. First, we study the contribution to (2.3.54) for D, < én/k. We can bound
this contribution by taking the second term of the minimum, which bounds the
contribution as

M rrge = O iyl 2355
/0 x x—T73(/n) . (2.3.55)

Then, we study the contribution for D,, > n/(ke). This contribution can be bounded
very similarly by taking 1 for the minimum in (2.3.54) as

1 / L P o (k/n)™=3. (2.3.56)
k Jus o) T—2
Taking ¥ = min(7 — 2,3 — T) > 0 then proves the proposition. a

2.3.4 Expected average nearest-neighbor degree

Similarly as in (2.3.23), we can write
Efa(k Gy)] = E [a(k, WE(8))] +E [a(k, WE(6))] - (2.3.57)
By Proposition 2.1, Ela(k, WX(6))]/(n/k)™=3 = O(6*). We now focus on the first

term. The expected degree of a neighbor of a randomly chosen vertex of degree k can
be written as

k _ (er)
E [ﬂ(k, W, (5))] =, [DNVk(u)l{DNVk(u)e[é,l/a]yn/k}]
=E, [DNVk(U)]l{DNVk(we[é,l/&]yn/k}} (1+0(1)) (2.3.58)

where Ny, (U), denotes a uniformly chosen neighbor of a vertex of degree k. By (2.3.30),
we can write the connection probability between a vertex of degree k and a neighbor

of degree d € [5,1/8]un/kas 1 —e /(1) (1 4 0(1)). Therefore
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un/ (5k) CxliT(l _ eka/(lm))dx

E [a(k, WE@®)] = (1 +0(1) [

oun/k
1/6
=(1+ 0(1))(n/k)3*1rc;42*1r/5 1771 — e )dx. (2.3.59)

Combining this with (2.3.57) and Proposition 2.1, and letting first # — oo and then
6 — 0 proves (2.2.21).

2.4 Proofs of Theorem 2.2 and 2.3

We now briefly show how the proof of Theorem 2.1 can be adapted for the rank-1
inhomogeneous random graph and the hyperbolic random graph to prove Theo-
rems 2.2 and 2.3. We denote by IP;, the probability conditioned on the weights in the
rank-1 inhomogeneous random graph or conditioned on the radial coordinates in the
hyperbolic model. Again, for ease of notation, we drop the dependence of a(k, G) on
the graph G.

24.1 Inhomogeneous random graph

First, we show how to prove Theorem 2.2(i). In the rank-1 inhomogeneous random
graph, the degree of vertex i with weight h; > 1 satisfies D; = h;(1+ op(1)) (see
Section 4.C). Furthermore, the largest weight is of order n'/(*~1) with high probability.
Thus, when h < n(@=2/(=1) whp. p(hh') = hl'/(un) for all vertices. When
u € M, (k), hy = k(1+o0p(1)), so that conditionally on the weight sequence

1
ae, (k) = DiP, (X;, =1
®) = T, MZ . ie% (i =1)
h2
= (1+o0p(1 2 h =(14o0p(1)) ) -4, (2.4.1)
IE[VI i€[n] "

which is equivalent to (2.3.20) because the weights are also sampled from (2.2.3). This
proves Theorem 2.2(i).
Similarly to (2.3.22), we define for the rank-1 inhomogeneous random graph

Wlf’HVM(KS) = {U thy € [(S,Mn/kr ]Hl/((Sk)]} (24.2)

Then it is easy to show that Proposition 2.1 also holds for the rank-1 inhomogene-
ous random graph with (2.4.2) instead of WX(8). Because the weights are sampled
from (2.2.3) and P, (X;; = 1) = min(/;h;/ (pun), 1), (2.3.54) also holds for the rank-1
inhomogeneous random graph, so that Proposition 2.1 indeed holds for the rank-1
inhomogeneous random graph.

We now sketch how to adjust the proof of Proposition 2.2 to prove an analogous
version for the rank-1 inhomogeneous random graph, which states that

ae, (k, WEEVM(§))  p 271/1/5 .
(n/k)3—T e X min(x,1)dx. (2.4.3)




38 Chapter 2. Degree-degree correlations

Following the proofs of Lemmas 2.2-2.4, we see that these lemmas also hold for the
rank-1 inhomogeneous random graph if we replace the connection probability of
the erased configuration model of 1 — e~ PiDi/Ln by min(h;hj/pn,1). For the rank-
1 inhomogeneous random graph the contribution to (2.3.45) from 3 or 4 different
vertices is 0, because the edge probabilities in the rank-1 inhomogeneous random
graph conditioned on the weights are independent. From these lemmas, (2.4.3)
follows. This then shows similarly to (2.3.27) that

ag,, (k)

P R R B c
W — C‘UZ T-/O xl Tmln(x,l)dx = V— (244)

which proves Theorem 2.2(ii).

2.4.2 Hyperbolic random graph

We first provide a lemma that gives the connection probabilities conditioned on the
radial coordinates in the hyperbolic random graph. Denote

2 i1
g(x) = {fsm (*) i ii (2.4.5)

Lemma 2.5. The probability that u and v are connected in a hyperbolic random graph
conditionally on the radial coordinates can be written as

Py (Xup = 1) = g(wt(u)t(v)/n)(1+ op(1)). (2.4.6)
Proof. Suppose vt(u)t(v)/n > 1. Then,

. vt(uit(v) _ ueRe:u“vV > ge—mm)/z, 2.4.7)

so that r, +r, < 2log(n/v) = R. Thus, by the definition of hyperbolic distance
in (1.1.7)

cosh(d(u,v)) = cosh(ry) cosh(r,) — sinh(r,,) sinh(ry) cos(60,)
< cosh(ry + 1) < cosh(R), (2.4.8)

so that the distance between u and v is less than R and u and v are connected.

Now suppose that vt(u)t(v)/n < 1, so that r, +r, > R. We calculate the maximal
value of 0,,, such that u and v are connected, which we denote by 8;;,. When the angle
between u and v equals 6}, the hyperbolic distance between u and v is precisely R.
Thus, we obtain, using the definition of the hyperbolic sine and cosine

eR o e—R e’ — e~ Tu glv _ =10 elu + e Tu v + e v .
7 = 7 5 7 7 cos(6,). (2.4.9)

Because (1) is distributed as (2.2.18), the maximal type scales as Op(n!/(T=1)). The-
refore, e" "0 = (t(v)/t(u))? = Op(n® (*=1)). Similarly, e"* " = Op(n?/(*=1)) and
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e Tl L elumTo = O]p(nz/(T’l)). Furthermore, e R = O(n72) so that (2.4.9) beco-
mes
teR +0(n=2) = Le™ ¥ (1 — cos(6},)) + Op (nZ/(T_l)) . (2.4.10)

We then use that by the definitions of t(u),t(v) and R

rutro — AR [ A(ru+1o—R)/2 2 __ R n 2
et = e (e * ) =e (F(u)t(v)) ) (2.4.11)
This yields for (2.4.10) that
1 —cos(0;,) = 2<7vt(ur)lt(v) )2 +Op (nTlel/zt(ujlit(U)2>
_ Z(Vt(unt(v) )2 n O]P (n_Z(T—Z)/(T—l)) , (2412)
for vt(u)t(v)/n < 1so that
0, = cos 11 —2(vt(u)t(v)/n)*) (1 + op(1))
= 2sin” Y (vt(u)t(v) /n) (1 + op(1)). (2.4.13)

Because u and v are connected if their relative angle is at most 0;;, and the angular
coordinates of u and v are sampled uniformly, we obtain that

Py (Xuo = 1) = %sin_l(vt(u)t(v)/n)(l +op(1)). (2.4.14)
O

Using this lemma, we now prove Theorem 2.3:

Proof of Theorem 2.3. We first focus on k < n(7=2)/(t=1)_ By [101, Section 4.3], for
vertex u with radial coordinate 7,

e Tu/2
By (D] = (1= 1) o 7551+ 0(e™)
- mt(”)(l +O((tu)/n)?)), (2.4.15)

where we have used that & = (7 —1)/2, t(u) = e (R=")/2 and R = log(n/v). By [49,
Theorem 2.7], for every T and v, we can interpret the hyperbolic random graph as a
variant of the geometric inhomogeneous random graph, defined in [49] where every
vertex u has weight w, = t(u). By [49, Lemma 3.5(ii)], D, = E, [Dy] (1 + 0p(1)) in
geometric inhomogeneous random graphs when w, = f(u) > 1. Combining this
with (2.4.15) we obtain that in the hyperbolic random graph

_ 2v(t—-1)

Dy = iy ) (14 0r(1) (2.4.16)
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when 1 < t(u) < n. Whenu € Mg, (k), D, = k(14 0(1)). Using (2.4.16) then shows
that

Hu) = S35 k(1 +0p(1)) (2.4.17)

when k > 1and u € M, (k). Since the types are distributed as (2.2.18), the largest
type is Op(n!/(*=1). Therefore, if u € M, (k), then t(u)t(v)/n = op(1) for all v.
Applying that sin~!(x) = x + O(x?) to (2.4.6) then shows that for u € M, (k)

Py (Xuyp=1) = M(1+OP(1)) _T- 2kt( )

n 1 (+oe(1)). (2418)

Thus, conditionally on the types,
1

g, (k) = W ue]\%( )vez[n] D,IPy (Xuv = 1)
1/ — — v 2

Combining this with the power-law distribution of the types (2.2.18) proves Theo-
rem 2.3(i) (which is the same as Theorem 2.2(i) where y is replaced by 7/ (2v) and
c¢/(t—1)by1l).

We now investigate the case k 3> n(7=2)/(t=1)_ Gimilarly to (2.3.22), we define for
the hyperbolic random graph

WEHRG (§) = {u - t(u) € [6¢n/k,{n/ (6k)]} (2.4.19)

with { = 2(t —1)/(r(t —2)). Using that 2sin ! (x) /7t < x combined with Lemma 2.5,
we obtain

P, (Xup = 1) < min (2vt(u)t(v)/(nn),1). (2.4.20)
Combining this with the fact that the #(u)’s are sampled from a distribution similar
to (2.2.3) shows that (2.3.54) also holds for the hyperbolic random graph, apart from
a multiplicative constant. From there we can follow the same lines as the proof of
Proposition 2.1, so that Proposition 2.1 also holds for the hyperbolic random graph.

We follow the lines of the proof of Lemma 2.2, replacing 1 — e PuDo/Ln by
g(vt(u)t(v)/n) and using (2.4.16) to show that
1+o0
lEn |:a5n (k Wk( ))} (k |M IP((k>)|) Z Z Dug Vt (U)/Tl)
En v:€Me, (k) uc Wk (5)
2v(t—1) < Ykrt(T — ))
= Yt | =5, ——y ) (1 +oe(1))
(T 2)uewf§ ) 2n(t—1)
_ v u)k
. Zk: ( o ) (1+o0p(1)). (2.4.21)
ueWsg(
We analyze this expression followmg the lines of the proof of Lemma 2.3. We define
, 1
M )[a’ b] gl Ty2-TkT—1 2 ]I{DuG [a,b]Cn/k}s (24.22)

uETl
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similarly to (2.3.36). From there, we follow the lines of the proof of Lemma 2.3,
again replacing the connection probability 1 — exp(—D;D;/(un)) of the erased con-
figuration model by g(vt(u)t(v)/n) and replacing the constant ¢ from (2.2.3) by
its equivalent constant for the hyperbolic model of T — 1 (see (2.2.18)) and u by .
Then (2.4.21) results in

By o, (Wi 0)] = 2 3 M (H006) (1o,

ucWk(s) ng en

3—71
- (nf) _/51/5 tg () dM™ (£)(1+0p(1)).  (24.23)

Similar steps that prove (2.3.43) then show that

E, [ac, (k, Wi (0))]
(n/k)371'

LN (1—1v " /51/5 x17Tg(x)dx. (2.4.24)

Furthermore, because conditionally on the radial coordinates, the probabilities that
two distinct edges are present are independent, Lemma 2.4 also holds for the hyper-
bolic random graph. This proves an analogous proposition to Proposition 2.2 which
states that

ac, (k, WSS (6 RV
((n/k)sr( D2, g /5 x! " Tg(x)dx. (2.4.25)

Similar steps that lead to (2.3.27) then show that

M P _ 3—-1 /oo 1-1
(/K — (t—1v¢ A x' T Tg(x)dx. (2.4.26)
Finally,
0o 2 1 )
/ T (x)dx = —/ xlfTsinfl(x)dx—k/ x!1Tdx
0 7 Jo 1
1
2 [ x* Tsin(x) 1 1
= — + / dx +
T 2—-71 0 T—2Jo V/1—x2
1/(2m)
- L > /0 sin(£)27dt, (2.4.27)

where the last equation uses the substitution t = sin(x). By [96, Eq. 3.621.5]

veo o TG JREGE)
2k T S s  H o

where I' denotes the Gamma-function, which finishes the proof of Theorem 2.3(ii). O

(2.4.28)






3  Global clustering in inhomogeneous
random graphs

Based on:

Local clustering in scale-free networks with hidden variables

R. van der Hofstad, A.].E.M. Janssen, ]|.S.H. van Leeuwaarden, C. Stegehuis
Physical Review E 95 p. 022307 (2017)

In this chapter, we investigate the presence of triangles in a wide class of scale-free
rank-1 inhomogeneous random graphs. We first show that the clustering spectrum
k — c(k) decreases in k. We then determine how the average clustering coefficient C
scales with the network size 1. For scale-free networks with exponent 2 < 7 < 3 this
gives C ~ n?>~Tlnn for the universality class at hand. We characterize the extremely
slow decay of C when T = 2 and show that for T = 2.1, say, clustering only starts to
vanish for networks as large as n = 10°.

3.1 Introduction

In rank-1 inhomogeneous random graphs, vertices are characterized by weights that
influence the creation of edges between pairs of vertices. All topological properties,
including correlations and clustering, then become functions of the distribution of
the weights and the probability of connecting vertices [35, 42]. The independence
between edges makes rank-1 inhomogeneous random graphs analytically tractable.
However, Chapter 2 showed that these rank-1 inhomogeneous random graphs intro-
duce disassortative degree-degree correlations when T < 3: high-degree vertices tend
to be connected to low-degree vertices. This negative correlation can have a strong
influence on topological network properties, including clustering, which measures
the presence of triangles in the network [145, 174].

In [201] it was shown that rank-1 inhomogeneous random graphs with a non-
restrictive cutoff scheme can generate nearly size-independent levels of clustering,
and can thus generate networks with high levels of clustering, particularly for ©
close to 2. In the configuration model, without banning large-degree vertices by
installing a cutoff, the long tail of the power law makes it quite likely that pairs of
high-degree vertices share more than one edge. But rank-1 inhomogeneous random
graphs allow at most one edge between pairs of vertices, so that large-degree vertices
must inevitably connect to small-degree vertices due to lack of available large-degree
vertices. This phenomenon is related to the difference in scaling between the so-called
structural cutoff and natural cutoff. The structural cutoff is defined as the largest

43
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possible upper bound on the degrees required to avoid degree correlations, while
the natural cutoff characterizes the maximal degree in a sample of n vertices. For
scale-free networks with T € (2,3] the structural cutoff scales as n'/? while the natu-
ral cutoff scales as n'/ (7= (see Section 3.2), which gives rise to structural negative
correlations and possibly other finite-size effects.

Clustering can be measured in various ways, as explained in Section 1.2.2. The
local clustering coefficient of vertex i is given by ¢; = 2T;/k;(k; — 1) with k; the
degree of vertex i and T; the number of triangles that vertex i is part of. This can
be interpreted as the probability that two randomly chosen neighbors of a vertex
are neighbors themselves. The average clustering coefficient C is then defined as
the average (over vertices of degree > 2) of the local clustering coefficient of single
vertices.

In the absence of high-degree vertices (for T > 3), the average clustering coefficient
of rank-1 inhomogeneous random graphs is given by [162]

n 2

=Ly =BPO=DF,, ay, (G.1.1)
i=1 nkE [D]

where D denotes the degree of a uniformly chosen vertex in the network. This shows
that clustering vanishes very fast in the large network limit n — co in support of the
tree-like approximations of complex networks. However, for scale-free distributions
with T < 3, the natural cutoff that scales as n!/("=1) together with (3.1.1) gives
C ~ n7=30/(x=1) " The diverging C for T < 7/3 is caused by the fact that the
approximation in (3.1.1) allows many edges between high-degree vertices, and can
be judged as anomalous or nonphysical behavior if one wants C to be smaller than
1 and interpret it as a probability or proportion. If a structural cutoff of order n!/2
is imposed, hence banning the largest-degree vertices, formula (3.1.1) predicts the
correct (in the sense that it matches simulations) scaling n?~7 [57,201].

In a power-law setting, infinite variance is essential for describing scale-free
network behavior, which makes the banning of large-degree vertices unnatural. In
this chapter we investigate average clustering for a class of scale-free random graphs
that allows for an interplay between structural correlations and large-degree vertices.
The clustering coefficient in this ensemble turns out to depend on the network size,
the structural cutoff that arises when conditioning on simplicity and the natural cutoff
that accounts for large degrees.

Outline. We first describe the wide class of inhomogeneous random graphs that we
study throughout this chapter in Section 3.2. We then show in Section 3.3 that the local
clustering coefficient is a decaying function of the vertex weight across the entire class
of rank-1 inhomogeneous random graphs and relate the decay of the local clustering
coefficient to the average clustering coefficient C. In Section 3.4 we then compute C
as a function of n and 7 for one of the members of the class of rank-1 inhomogeneous
random graphs and show that it serves as a bound for the clustering coefficient of
all members of the class of inhomogeneous random graphs. After that, we show in
Section 3.5 that for 7 close to 2, the clustering coefficient decays extremely slowly in
the network size n. Section 3.6 concludes the chapter. We present all mathematical
derivations of the main results in the appendix.
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3.2 Hidden variables and cutoffs

In this chapter, we focus on rank-1 inhomogeneous random graphs as defined in
Section 1.1.4. Given n vertices, each vertex is equipped with a weight & drawn from
a given probability distribution function p(/). Then each pair of vertices is joined
independently according to a given probability p(h, h’) with h and I’ the weights
associated to the two vertices. The probability p(h, h') can be any function of the
weights, as long as p(h,1’) € [0,1]. Chung and Lu [61] introduced this model in the
form -
/

p(h,h") ~ AE ]’ (3.2.1)
so that the expected degree of a vertex equals its weight. For (3.2.1) to make sense the
product hh' should never exceed nEE [h]. This can be guaranteed by the assumption
that the weight 4 is smaller than the structural cutoff hs = /nkE [h]. While this
restricts p(h, h") within the interval [0, 1], the structural cutoff strongly violates the
reality of scale-free networks. Regarding the weights as the desired degrees, the
structural cutoff conflicts with the fact that the natural cutoff for the degree scales as
nl/ (t-1) )

In [35, 42, 174] more general rank-1 inhomogeneous random graphs were intro-
duced, constructed to preserve the conditional independence between edges, while
making sure there is only one edge between every vertex pair and that the natural
extreme values of power-law degrees are not neglected. Within that large spectrum of
models, we focus on the subset of models for which the fraction of vertices of degree
k, P(k), satisfies

P(k) ~ p(k), (3.2.2)

so that the degrees and the weights in the network are similar. The class of models
considered in this chapter starts from the ansatz p(h,h') ~ hlt' /nE [h], but like [35,
42,50, 166, 174] adapts this setting to incorporate extreme values.

3.2.1 Class of random graphs

Within the wide class of rank-1 inhomogeneous random graphs we consider probabi-
lities of the form

p(h, i) =r(u) = uf(u) with u=hh'h;? (3.2.3)
with functions f : [0,00) — (0, 1] that belong to the F-class spanned by the properties
F1 f(0) =1, f(u) decreases to 0 as u — co.
F2 r(u) = uf(u) increases to 1 as u — oo.

F3 fis continuous and there are 0 = ug < 1 < ... < ug < oo such that f is twice
differentiable on each of the intervals [uy_1, ux] and on [ug, c0), where

f(ue) = 3f (g +0) + 3 f (ux — 0) (3.24)

fork=1,...,Kand f'(0) = f'(+0).
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F4 —uf'(u)/f(u) is increasing in u > 0.

The class of rank-1 inhomogeneous random graphs considered in this chapter is
completely specified by all functions f that satisfy F1-F4. Here are important classical
members of the F-class:

(i) (maximally dense graph) The Chung-Lu setting
r(u) = min{u,1}. (3.2.5)

This is the default choice in [42] and leads within the F-class to the densest
random graphs.

(if) (Poisson graph) A simple exponential form gives
r(u)=1—e*. (3.2.6)

Here we take u to define the intensities of Poisson processes of edges, and
ignore multiple edges, so that (3.2.6) gives the probability that there is an edge
between two vertices. Variants of this form are covered in e.g. [22, 23, 42, 166].

(iii) (maximally random graph) The next function was considered in [174, 201, 203]:

r(u)

u
S 14u’

(3.2.7)

This connection probability ensures that the entropy of the ensemble is maximal
[201]. This random graph is also known in the literature as the generalized
random graph [50, 106].

The conditions F1-F4 will prove to be the minimally required conditions for the
results that we present for the clustering coefficient. The F-class is constructed so that
it remains amenable to analysis; the technique developed in [201] to characterize the
average clustering coefficient despite the presence of correlations can be applied to
our class. Notice that the technical condition F3 allows to consider piecewise smooth
functions with jumps in their derivatives, such as min(1,1/u) that comes with (3.2.5).
It can be shown that F4 is slightly stronger than the condition of concavity of r(u). It
appears in Section 3.3 that F4 is necessary and sufficient for monotonicity in a general
sense of the local clustering coefficient c(/1).

3.2.2 Cutoffs and correlation

The structural cutoff hs marks the point as of which correlations imposed by the
network structure arise. All pairs of vertices with weights smaller than this cutoff
are connected with probability close to u = hh'/h? and do not show degree-degree
correlations. Since the natural cutoff describing the maximal degree is of the order
he ~nt/ (T’l), for T > 3, correlations are avoided. For T < 3, however, the structural
cutoff is smaller than the natural cutoff, resulting in a network with a structure that
can only be analyzed by considering non-trivial degree-degree correlations. The
extent to which the network now shows correlation is determined by the gap between
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the natural cutoff i, and the structural cutoff is. A fully uncorrelated network arises
when h. < h;, while correlation will be present when &, > hs. Let E [i] denote the
average value of the random variable 1 with density p(h) = Ch™7 on [limin, 1], so that
noogl-t 2— -
f R tdh Tflhmig—nZT

hmm

E [h] = = : 3.2.8
W T T2k 029

With the default choices
hs = \/nE[h], he= (nE[n])Y/ (1) (3.2.9)

in mind, the regime in terms of cutoffs we are interested in is, just as in [201],
hs < he < 122, (3.2.10)

where we regard these cutoffs as indexed by n and consider what happens as n — oo,
with emphasis on the asymptotic regime h; < h. for n large.

Choice of the natural cutoff. We now show that /. as given in (3.2.9) is an accurate
approximation of [E[max(hy, ..., h,)], where the h; are i.i.d. with p(h) as density. We
have

I(n+1)
T (n+ %)
The first identity in (3.2.11) is exact, and follows from

E[max ] = /°° hd [P" (1 < )] = /°° hd [(1—P(h > h))"]

1 mm min

1-—
_/ hd[ 1 h ) ) ‘ }—nhmm/ (1 — )" ldE, (32.12)

mm mm

Efmax ;] = hminl (13) ~ hiinT (22) 77, (3.2.11)

using the substitution t = (h/hmin)' ™" € (0,1] and the expression of the Beta

function in terms of the I'-function. The approximate identity in (3.2.11) follows

from T'(n +a) /T (n +b) =~ n°~?, which is quite accurate when a,b € [0,1] and # large.
Furthermore, for2 < v < 3,

1 1
(D)™ <r(R) <16 ™ 6219
This inequality follows from
“<T(1+u)=ul(u) < 3u", (3.2.14)

using u = (1 —2)/(7 —1) € (0,1/2] that can be shown by considering the concave
function In(I'(1 + u)) — u In u which vanishes at u = 0,1 and is positive at u = 1/2
(the upper bound in (3.2.14) follows from a numerical inspection of this function).
Then from (3.2.13) we get, using EE [h] = hyin(T —1)/(t —2)(1 4+ 0(1)),

[N]

1

T—z —2
B L (E [1]) 7T < BT (222)n =T < 4071 (nE []) 7T, (3.2.15)

min

showing that the order of magnitude of [E[max; I1;] is (nIE [1])'/(*=1). This motivates
our choice of ki, in (3.2.9).
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3.3 Universal clustering properties

We now characterize the large-network asymptotics of the local clustering coefficient
c(h) and average clustering coefficient C for the class of rank-1 inhomogeneous
random graphs described in Section 3.2.1. For a class of uncorrelated random scale-
free networks with a cutoff of n1/2 [57] it was shown that C scales as n2~7, a decreasing
function of the network size for T > 2. In [201] the more general setup discussed in
Section 3.2 was used, with the specific choice of r(u) = u/(1 + u). After involved
calculations with Lerch’s transcendent, [201] revealed the scaling relation

C ~ 1 2D n(he/hs). (3.3.1)

For the default choices in (3.2.9) this predicts C ~ n?>Tlnn (ignoring the constant).

We adopt the weights formalism developed in [35] that leads, among other things,
to explicit expressions for the local clustering coefficient c(h) of a vertex with weight
h and for the average clustering coefficient C. The clustering coefficient of a vertex
with weight k can be interpreted as the probability that two randomly chosen edges
from h are neighbors. The clustering of a vertex of degree one or zero is defined as
zero. Then, if vertex h has degree at least two,

he
/ / (W k) p(H', W) p (R ) dh' dn”, (33.2)

mm mm

with p(h'|h) the conditional probability that a randomly chosen edge from an & vertex
is connected to an 1’ vertex given by

iy P(H)p(hH)
p(h'[h) = T p U plh, 1) (3.3.3)

The degree of a vertex conditioned on its weight & is asymptotically distributed as a
Poisson random variable with parameter / [35] and [106, Chapter 6]. Therefore, the
probability that a vertex with weight /1 has degree at least two is given by

oohk —k
P(k>2|h) = Z o =1—e"—he ! (3.3.4)

Therefore, for p(h) ~ h~7 [35, Eq. (29)]

7]1 fhr;m fhmm h h/)p(h//)p(h,h“)p(l’l/,h”)dh,d]’l//
[fhh; p(H)p(h, 1)dR']*

c(h)y=(1—-e" - ,

(3.3.5)

and hence
he
C— / (3.3.6)

The Poisson distribution is sharply peaked around k = h, which for large k yields
P(k) ~p(k) and ¢&(k)~ c(k), (3.3.7)
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where ¢(k) denotes the average clustering coefficient over all vertices of degree k, so
that the weights become soft constraints on the degrees.
We make the change of variables

a=1/hs, b=h./hs (3.3.8)
and assume henceforth, in line with (3.2.10), that
0 < ahmin < ahpinh <1<b<oo, 2<71T<3 (3.3.9)
This gives c(h) = (1 —e™" — he™")c (k) with

fabhmin fabhmm(xy)_Tr(ahx)r(ahy)r(xy)dxdy
[fb x—Tr(ahx)dﬂ2 '

ahmin

cap(h) = (3.3.10)

Within the domain of integration [ahimin, b] in (3.3.10) the arguments ahx and ahy
do not exceed a maximum value O(ab) as long as h < h?/h., which tends to zero
under assumption (3.2.10). Therefore, since r(u) ~ u, ¢, (h) = cu,(0) for h < h?/he.
When choosing h; as in (3.2.9), this means that c,,(h) ~ c¢;;(0) for h < nE [h] /h,.
In Proposition 3.1 below we prove that & +— c,;(h) is a bounded monotonically
decreasing function for the class of models at hand. Furthermore, the density p(h) ~
h~T with T > 2, decays sufficiently rapidly for the integral in (3.3.6) for C to have
converged already before ¢, (h) starts to drop significantly below its value ¢, (0) at
h = 0. Thus, C can be approximated with

n

Ca(r) = ca(0) [ p(h)(1= (1+We™)dh = e (0)A(T), (33.11)
where we have conveniently extended the integration range to the T-independent
interval [lmin, 1] at the expense of a negligible additional error.

We now state our results on the properties of the local clustering coefficient for
the class of rank-1 inhomogeneous random graphs described in Section 3.2.1:

Proposition 3.1. Assume that f satisfies F1 - F3. Then c,y(h) is decreasing in h > 0 for all
a,bwith 0 < a < bifand only if f satisfies F4.

Proposition 3.1 shows that for large enough / local clustering decreases with
the weight. For the default choices (3.2.5), (3.2.9), local clustering c(h) is plotted in
Figure 3.1, which shows both exact formulas and extensive simulations. The proof of
Proposition 3.1 can be found in Appendix 3.B.

Proposition 3.2. Assume that f is positive, and satisfies F3. Then c,;(0) is decreasing in
T>0foralla,bwith0 < a <b < coifand only if f satisfies F2.

We prove Proposition 3.2 in Appendix 3.A. Proposition 3.2 gives evidence for the
fact that clustering increases as T decreases, as confirmed in Figure 3.3. More precisely,
Proposition 3.2 shows the monotonicity of c,;(0), which is one of the factors of C,; (7)
in (3.3.11). The issue of monotonicity of C,;(7) is more delicate, since a and b are
function of T themselves. In Appendix 3.F we present several other monotonicity
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Figure 3.1: c(h) for T = 21,2529 Figure 3.2: C}*(7) as a function of t,
and networks of size n = 10°, using with r as in (3.2.5), using Iipin = 1.

hmin = 1. The markers indicate the

average of 10° simulations, and the solid

lines follow from (3.3.5).

properties of the remaining building blocks that together give C,, (7). It follows that
for T > 2, Cyp(7) is bounded from above by an envelope function of 7 that is very
close to Cy,(7) and that is decreasing in 7. Figure 3.2 provides empirical evidence
for the monotonicity of C,;(7) in 7. This monotonicity seems to conflict observations
in [201], where the clustering coefficient of a rank-1 inhomogeneous random graph
first increases in T when 7 is close to 2, and then starts decreasing. The difference is
caused by the choice of the structural cutoff. Where we take hs = /nkE [h] with [E [h]
asin (3.2.8), in [201] hs = v/n(T — 1)/ (T — 2) was used. Thus, in [201], the structural
cutoff includes the infinite system size limit of [E [1], where we use the size-dependent
version of E [h].

Figure 3.3 suggests that C falls off with n according to a function n° where &
depends on 7. In Proposition 3.3 below, we show that for the F-class of rank-1
inhomogeneous random graphs and the standard cutoff levels, C decays as n* 2 Inn.
On a log-scale, moreover, the clustering coefficient of different rank-1 inhomogeneous
random graphs in the F-class only differs by a constant, which is confirmed in
Figure 3.3 and substantiated in Proposition 3.4. Then, we focus in Section 3.5 on
T = 2, for which Figure 3.3 suggests that the clustering remains nearly constant as a
function of 1, and characterize how large a network should be for C to start showing
decay. This again will depend on t.

3.4 Universal bounds

We next compute the clustering coefficient C2™* (1) = Cgp,(7) for the maximally dense
graph with f(#) = fmax(#) = min(1,1/u), u > 0 and 4, b satisfying (3.3.9). In this
case we have ¢, (h) = ¢y (0) for h < 1/(ab) = h2/he. = nE [h] /h. It is easy to see
that fmay is the maximal element in the F-class in the sense that f(u) < fmax (1) for
allu > 0and all f € F. For a general f € F we shall also bound Cﬁb(’r) in terms of
C¥ (7). This yields a scaling relation similar to (3.3.1), but then for the whole F-class.
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—T = 2.1
—T =25
—_—T =29
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Figure 3.3: C,(7) for T = 2.1,2.5,2.9, choices (3.2.5) (solid line) and (3.2.7) (dashed
line) and networks of size n = 10X for k = 4,5, 6, using hmin = 1. The markers indicate
the average of 10° simulations, and the solid lines follow from (3.4.1) and (3.4.5).

We start from an explicit representation for C5™*(7):

Proposition 3.3.

A —2)?
U ) = e < ) oD

with A(T) given in (3.3.11) and

maX(T) o ln(bz) _ 1-— bZ(Z—T) n 1— Z(thinb>3—”[ + (ahmin)2(3_r)
ab - (t-2)3-1) (T —2)2 G172 .

(34.2)

When 7 is away from 2 and 3, b is large and a is small, we can ignore the b2 T
in the front factor of (3.4.1) and the second term in (3.4.2). Furthermore, ab =
O(n2=1/(t=1)), 50 that we may also ignore this factor in the third term of (3.4.2). In
this case we get the approximation

max T-2 T—
b (T) & A(T)ﬁ(ﬂhmm)z( 2 n(b?). (34.3)

Using the default choices for a and b from (3.2.9) and (3.3.8) then shows that C7;™ ~
n>~TIn(n) (ignoring the constant).

Maximally random graph. For the maximally random graph (3.2.7) the counterpart
of (3.4.1) has been derived in [201]. Define Lerch’s transcendent

D(z,s,0) Z k+ mE (3.4.4)

In [201] it was shown that for the maximally random graph (3.2.7) with Ipin =1
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P 1 7% cos(7ts) 1 1
sin(7s) s(1—s) (sin(ms))2 2~ (1—s)?
0.1 | 10.1664 11.1111 98.2972 98.7654

02| 53448 6.2500  23.1111 23.4375

S

03 | 3.8832 4.7619 8.8635 9.0703
04 | 33033 4.1666 3.3719 3.4722
0.5 | 3.1416  4.0000 0.0000 0.0000

Table 3.1: Dominant terms in (3.4.5) and (3.4.1) for several values of s = 7 — 2.

A(T)(T —2)? { min(b*)  m*cos(m(t —2))
(a7 — bZ—T)Z sin(7t(T — 2)) (sin(m(T — 2)))2
+ b*Z(T*Z)cp(_b*Z,ZT —2)+ a2(3*T)CI>(—a2,2,3 —1T)

—2(ab)>® (—ab,2,3 — 1) } (3.4.5)

Cab(T) =

(The expression is slightly simplified compared to [201, Eq. (5)].) Comparing (3.4.5)
and (3.4.1) shows that the front factor is identical, and that the terms in between
brackets differ. Table 3.1 compares the two dominant terms in (3.4.5) and (3.4.1) and
shows that these terms are of comparable magnitude for T — 2 small.

Thus, on a log-scale the leading asymptotics of the maximally dense graph and
the maximally random graph differ only by a constant, so that the decay exponent
describing how the clustering decays with network size is the same. This can also be
seen in Figure 3.3. In fact, for all functions f in the F-class we show below that the
decay exponent is universal, and that the difference in constants can be bounded.

The entire F-class. Proposition 3.3 can be used to find upper and lower bounds for
Cgb(’() with general f € F. Since f(u) < fmax (1), u > 0, it follows from (3.3.11) that
Cl, (1) < Ch (7). (3.4.6)
The following proposition shows that C/, () can also be lower bounded by C™*(7):
Proposition 3.4. Forall uy > 1,

C[];h(r) > ug f (o) Cpypo (T), (3.4.7)

with ag = a/\/ug and by = b/ /ug.

In particular, the choice 1y = 1 yields

Cop() = FONCH™(v), (3.48)

which together with (3.4.3) and (3.4.6) gives the large-network behavior of Cib(r),
when T € (2,3) and away from 2 and 3, and 4 is small and b is large (up to a
multiplicative constant). In particular, this shows that Cf{b ~ 1>~ TIn(n) (again
ignoring the constant). The proofs of Propositions 3.3 and 3.4 can be found in
Appendix 3.C and 3.D, respectively.
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3.5 Persistent clustering

In [201] it was observed that for values of the exponent T ~ 2, clustering remains
nearly constant up to extremely large network sizes, which makes the convergence to
the thermodynamic limit extremely slow (as also observed in [37, 121] and Figure 3.2).
We now use the explicit results for the maximally dense graph to characterize this
rate of convergence as a function of the network size n. For convenience, we assume
in this section that hy, = 1.

In view of the lower and upper bounds obtained in Section 3.4 for Céh(T) with
general f € Fin terms of C2™ (1) = Cy(7), it suffices to consider C5™*(7) for T close
to 2. In Appendix 3.E we show that when 7 is close to 2 and |In(ab) / In(b?)| is small,
Cy*(7) can be approximated by

max ~ A(T)(l - %(7_2) ln(bz))
“(ﬂwzu—%u—mmmm+%u—muﬁmf

(3.5.1)

The term —%(T —2)In(b?) in the numerator and the term é(T —2)2In%b in the

denominator of the right-hand side of (3.5.1) are the main influencers on when
C#* (1) starts to decay. The decay is certainly absent as long as the numerator
1— 1(t —2)In(b?) is away from zero.

We then apply this reasoning to the canonical choices hs = /nE [h] and h. =
(nE [1])Y (=1, for which

3-7 =2

b= (nE[W])%e0, ab= (uE[K])" =, (35.2)

ensuring |In(ab)/ In(b?)| = (t —2)/(7 — 3) to be small indeed. Then, choosing a
threshold t € (0,3) and solving n from

(1—2)In(b?) =t, (3.5.3)
we get
T—1
nE [h] = exp (mt) (35.4)

In Table 3.2 we consider the case t = 2 and use that EE [/] can accurately be bounded
from above by Inn when hpin, = 1 and 7 is close to 2, and we let 11,5 be such that
nlnn equals the right-hand side of (3.5.4). For T = 2.1, the value of n where the
clustering starts to decay is much larger than the typical size of real-world network
data sets. This supports the observation that clustering is persistent for T close to 2.
Figure 3.4 shows the decay of the clustering coefficient for T ~ 2, together with 7 ,,
the value where the clustering coefficient is expected to decay. We see that for T very
close to 2, clustering indeed barely decays for n smaller than 7, 5. On the other hand,
we see that for T = 2.2 and 7 = 2.3 the decay already starts before 7., so there the
approximation is less accurate.
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Figure 3.4: C[}®(7) as a function of n for T close to 2, with r(u) as in (3.2.5) and

hmin = 1. The marks indicate the value of 1, as calculated in Table 3.2.

T TlT,z
2.3 ] 2.37-10*
2.2 | 2.62-10°
2.1 1.93-10°
2.05 | 3.92-10Y

Table 3.2: Solution n¢ to (T — 2) In(b?) = 2.

3.6 Conclusion

For rank-1 inhomogeneous random graphs with scale-free degree distributions and
connection probabilities in the F-class, we have shown that the local clustering coeffi-
cient c¢(h) decays with the weight & and that the average clustering coefficient C(7)
roughly decreases with the tail exponent T according to some function that depends
on the structural and natural cutoffs. For the typical cutoff choices /1 and n!/(7=1)
this showed that C decays as n® Tlnn, confirming an earlier result in [201] and
suggesting universal behavior for the entire F-class introduced in this chapter. By
analyzing the special case of maximally dense graphs, a member of the F-class, we
estimated the constant C(7)/n?> 7Inn and the extremely slow decay that occurs
when T | 2.

3.A Proof of Proposition 3.2

We consider

_ fab fub f(x]/)(xy)Z*dedy
(v

Cab (0) = Dab(T) (3.A.1)

where we have written the lower integration limit aly, in (3.4.1) as a for notational
convenience. We fix 1, and study the dependence of D,;,(7) on 7. We assume here
that a and b are fixed, and do not depend on 7. Assume that f is positive and satisfies
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F2 and F3. We have for D/, (1) = £ Dy (1),

— IV 7 f(xy) In(xy) (xy)* “dxdy

Dy (T) =
(f x1- de)
n f f fxy)(xy)> dedyfbxl T lnxdx
(f xl- de)

Observe that D/, (t) < 0if and only if

J2 L fay)In )(xy)z-fdxdy JJy ¥~ fInx dx
f f flxy)(xy)2Tdxdy f xl-tdx

Symmetry of f(xy)/(xy)* 2 and In(xy) = Inx + Iny gives

[ st asay =2 [ [ o)

Letting
2 4
(x) = Jy flxy Y acx<y,
I3 J? f(oy) (oy)2—dody’
1 T
V(x)zi, a<x<b,
fahvldev

we thus need to show that

b b
/ Inx W(x)dx > / Inx V(x)dx.
a a

Observe that for K = fab 0!~ Tdo/ fﬂb fab f(vy)(vy)?> Tdody,

W) V() = Ko7 [ fay) ey = K [ (f )y~
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(3.A.2)

(3.A.3)

(3.A.4)

(3.A.5)

(3.A.6)

(3.A.7)

(3.A.8)

which increases in x > 0 when f satisfies F2. Therefore, W(x)/V(x) increases in
x > 0 when f satisfies F2. Furthermore, In x increases in x > 0, so the inequality in

(3.A.7) follows from the following lemma:

Lemma 3.1. Let 0 < a < b and assume that p(x) and q(x) are two positive, continuous
probability distribution functions (pdf’s) on [a,b] such that p(x)/q(x) is increasing in

x € [a,b]. Let g(x) be an increasing function of x € [a,b]. Then

&= [ spar> [ saar =g

(3.A.9)
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Proof. Forany R € R,

850 = [ (8~ 2)(p(x) ~ Rax))d, 6.A10

since p and g are pdf’s. Let x; be a point in [a, b] such that g(x) < g; when x < x;
and g(x) > g; when x > x,;. Choose R = p(x;)/q(x,), so that by monotonicity of g
and p/q,

),
).

Hence, the integrand in (3.A.10) is everywhere nonnegative, so that g, — ¢; > 0 as
required. O

a<x<xg= (g(x)—glxg) <OAp(x) — Rq(x)

0
X <x <b= (g(x) —g(xg) > 0Ap(x) = Rq(x) >0

AVARVAY

Remark 3.1. The following observation will prove useful later: (i) The inequality in
(3.A.9) is strict when both g(x) and p(x)/q(x) are strictly increasing. (ii) When g(x)
is (strictly) decreasing and p(x)/q(x) is (strictly) increasing, there is < (<) rather than
> (>)in (3.A.9).

Now that we have shown F2 to be a sufficient condition for D,;(7) to be increasing,
we next show that F2 is also a necessary condition. Suppose we have two points
up and up with 0 < 1y < up such that uyf(uq) > uyf(up). Since f is continuous
and piecewise continuous differentiable, there is a ug € (u1, 1) and € > 0 such that
uf(u) is strictly decreasing in u € [ug —¢,up + €. In (3.A.8), take 2 = /up — ¢ and
b = \/up + e so that xy € [ug — ¢, up + ¢] when xy € [a,b]. Therefore, W(x)/V(x) is
strictly decreasing in x € [a, b]. By the version of Lemma 3.1 with g(x) = In x strictly
increasing and p(x)/q(x) = W(x)/V(x) strictly decreasing, we see that g, — g; < 0.
Therefore, we have (3.A.7) with < instead of >, and so Dlllb(T) is positive for all T
with this particular choice of 2 and b. This completes the proof of Proposition 3.2(i).00

3.B Proof of Proposition 3.1

We consider for a fixed a,b, Tand 1 > 0,

[ 0 Gey)? f (ahx) f (ahy) £ () dacly

ceb(R) = (fu X7 ( ghx)dX)2 GBD
Observe that %cah(h) < 01if and only if
Lo Ji (P S fay)fey)ddy] o [y Fla)xlvey]
fab fab(xy)Z—Tf(ahx)f(ahy)f(xy)dxdy B fa f(ahx)x1-7dx . o

Using

%[f (ahx) f(ahy)] = axf'(ahx)f (ahy) + ay f (ahx) f' (ahy) (3.B.3)
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and the symmetry of the function f(xy)/(xy)*~2 gives

ST tahe) ) ey (et

b b
= 2/ / axf’(ahx) f (ahy) f (xy) (xy)>~ Tdxdy. (3.B:4)
a a
Also,
b b
4 [/ f(ahx)xl_fdx} = / axf’(ahx)x'~Tdx. (3.B.5)
dhl /g a
So we write the left-hand side of (3.B.2) as
b axf'(ahx)
i WT(x)dx, (3B6)
and the right-hand side of (3.B.2) as
axf'(ahx) ahx
2 / ) U0 (3.B.7)

where the pdf’s T(x) and U(x) on [4, b] are defined as

Flahx) [7 f(ahy) f (xy) (xy)?>"dy

T(x) = b b (3.B.8)
Ja Ja f(aho)f(ahy) f (vy) (oy)>~"dody
and
f(ahx)x' =T
U(x) = . 3.B.9
® fubf(ahv)vl—Tdv G52
The inequality in (3.B.2) thus becomes
b —ahxf'(ahx) b —ahxf'(ahx)
/a i T > /a U, (3.B.10)
where we have multiplied by /1 > 0. Assume that f satisfies F2. Then
[P 2 K 1
[ flay) ) ey Ty = [Cxyflay) )y’ Ty B

is increasing in x > 0. Therefore, see (3.B.8) and (3.B.9), T(x)/U(x) is increasing in
x > 0. Hence, from Lemma 3.1 we get (3.B.10) when g(x) = —ahxf’(ahx)/ f (ahx) is
increasing in x > 0, i.e. when f satisfies F4.

We have now shown that when f satisfies F1-F3, the condition F4 is sufficient for
cqp(h) to be decreasing in h > 0. For the result in the converse direction we argue
as follows. The function uf (1) is continuous, piecewise smooth, increasing and not
constant, and so there is a ug > 0, ¢ > 0 such that uf(u) is strictly increasing in



58 Chapter 3. Global clustering in inhomogeneous random graphs

u € [ug — e ug+¢. Letz(v) = —vf’(v)/ f(v), and assume there are 0 < v; < v, such
that z(v1) > z(vp). We may assume that z is continuous at v = v1, v;. Indeed, when
z is discontinuous at vy say, z(v1) = 3(z(v1 + 0) +z(v — 0)) and so at least one of
z(v1 — 0) = limyyy, z(v) and z(v1 +0) = limy,,, z(v) is larger than z(v,). Since z has
only finitely many discontinuities, it suffices to decrease or increase v; somewhat,
to a point of continuity, while maintaining z(v;) > z(v;). We have to consider two
cases.

A. Assume that z(v) is continuous on [v1, v2]. We can then basically argue as in
the proof of the only-if part of Proposition 3.2. Thus, there is a vy > 0, 6 > 0 such
that z(v) is strictly decreasing in v € [vy — d, v + 6]. We choose 4, b such that xy €
[ugp — €, ug + €] when x,y € [a,b]. This is satisfied when /ug — e < a < b < \/ug +¢,
and it guarantees that T(x)/U(x) is strictly increasing in x € [a, b]. Next, we choose
h such that ahx € [vg — 6, v + 6] when x € [a, ], so that z(ahx) is strictly decreasing
in x € [a,b]. For this, we need to take h such that a2h > vy — & and abh < vy + 0.
This can be done indeed when a/b > (vg — 8)/ (vy + 6. Choosing a and b witha < b,
a,b € [\/uyg —¢,1/up + €] such that this latter condition is satisfied, we can apply the
version of Lemma 3.1 with strictly decreasing g(x) = z(ahx) and strictly increasing
p(x)/q(x) = T(x)/U(x). Thus we get in (3.B.10) strict inequality < for these a,b and
h, and this means that ¢/, (1) < 0. This proves Proposition 3.1 for this case.

B. Assume that z(v) has discontinuities on [v1, v;], say atc; < ¢ < - -+ < ¢j with
v1 < ¢1 and v > ¢;. In the case that there is an interval [vg — 6, v + 8] contained in
one of (v1,¢1), (c1,¢2),...,(cj,v2) where z is strictly decreasing, we are in the position
of case A, and then we are done. Otherwise, we have by F3 that z/(v) > 0 for all
v € [v1,v2], v # ¢1,...,¢j. Then we must have z(vg —0) > z(vg + 0) for at least
one vy = cy,...,c;j, for else we would have z(v1) < z(c1 —0) < z(1+0) < -+ <
z(cj —0) < z(c; +0) < z(v2).

We want to find a, b such that

b b
/uz(ahx)T(x)dx</u z(ahx)U (x)dx (3.B.12)

for the case that z(v) has a downward jump at v = vy > 0 while being increasing to
the left and to the right of vy. Set

A=2z(vg—0)—2z(vg+0), M=1(z(vg—0)+z(vg+0)), (3.B.13)

and observe that M > %A > 0 since z(v) > 0 for all v. We can find 6 > 0 such that

z(vg—0) > z(v) > z(vg—0) — 34, vy—Jd<v<uy (3.B.14)
z(v9+0) < z(v) <z(vg+0)+ 34, vy <v <y +0. (3.B.15)

Next, let
[(v) = f(v)o'™F, ©>0, (3.B.16)

and observe that [(v) is positive and continuous at v = vy. Hence, we can choose
6 > 0 such that, in addition to (3.B.14) and (3.B.15),

‘ o) _ 1‘ <A, vE[vg—5,v0+4d], (3.B.17)
I(vo)
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where A is any number between 0 and 15—6A /(2M + %A). As in case A of the proof,
we choose a,b and & such that

xy € [up — € upg + €, (3.B.18)
when x,y € [a,b] and
ahx € [vg — J,v9 + 9], (3.B.19)

when x € [a,b]. Thus, we let Vug—e < a < b < \Jug+esuchthatl > a/b >
(vg — 6)/(vg + ). Below, we shall transform the two integrals by the substitution
v = ahgx for a special choice of I = hy to an integral over an interval [w;, w,] having
vo as midpoint. This kg is given by

) vg—6 vg+ 6
=5 € [ - } (3.B.20)
Indeed, this h satisfies (3.B.19) since
209 v+ 9
< <
T s o 2bvg < (b+a)(vg +9)
= (1= < (1+3)8
a_ vg—20
= > .B.
= b o0t d (3.B.21)
and ) 5
Y0 Yo —
R e 2avy < (b+a)(vyg — )
= (g —1)vg > —(1+ %>5
a_ vyg—20
- > . 3.B.22
b~ v+ ( )
In the integrals in the inequality in (3.B.12) with i = hg, we substitute ahpx = v, and

the inequality to be proved becomes
wo (%)
zp = / z(v)t(v)do < / z(v)u(v)dv =: zy,. (3.B.23)
w1 w1

Here
w1 = ﬂzho, Wy = ﬂbho (3.B.24)

so that o9 = %(a® + ab)h is the midpoint of the integration interval [w, ws] C
[vg — J,v9 + 6], and t(v) and u(v) are the pdf’s

o) = (), (o) = ﬁu( =) (3.8.25)

"~ ahy \ahy ahy

for which #(v) /u(v) is strictly increasing in v € [wy, wy|, since T(x)/U(x) is strictly
increasing for x € [a,b] by (3.B.11). We shall show thatz, € (M — 3A, M + 3A), and
s0, by (3.B.14) and (3.B.15),

z2(v) =z, >0, wy<v<vy z(v)—z,<0, vy<v<w,. (3.B.26)
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With R = t(vg) /u(vp), this implies that

Zt—zy = " (z(v) — z4)(t(v) — Ru(v))dov < 0, (3.B.27)

w1

since the integrand is negative for all v # v.
To show thatz, € (M — %A, M+ %A), we note that the pdf u(v) is built from the
function I(v) in (3.B.16) via (3.B.9) and (3.B.25). In terms of this [(v) we can write z,

as
B f;]olz z(v)l(v)do
2, = N O (3.B.28)
Now, by (3.B.17),
(w2 —w1)l(vg)(1—A) < /wz I(v)do < (w2 —w1)(1+ A)l(vp). (3.B.29)

Also, by (3.B.14), (3.B.15) and (3.B.17) and the fact that vy = %(wl + wy),

/wzz(v)l(v)dv: /‘voz(v)l(v)dv—l— /wzz(v)l(v)dv

U1 J W

< Z(Uo—o)/

w1

4] wy

I(0)do +z(v9 + 1A) / I(v)do

< (wp — w1)(1+ A)1(00) [2(00 — 0) + 2(v0 + 0) + §A]
= (w2 —w1)(1+M)1(00) [M + 554], (3.B.30)

and in a similar fashion

/w2 z(v)l(v)do > (wy —wy)(1— A)l(vg) [M — {zA]. (3.B.31)

w1

From (3.B.29), (3.B.30) and (3.B.31) we then get

1+ A
— LM - A<z, < m(MJr LA). (3.B.32)

Now

(&)

1+A 1 3 TIA}
1_/\(M+16A)<M+8A = /\<2M+ A

1-A ) , 50
1= M- ia CBA e A< 162
1A M= gh) > M=g SOM-Za

(o))

7

N
S~

s~

Then it follows from the choice of A in (3.B.17) thatz, € (M — 3A, M + %A) for such
A O

QoW
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3.C Proof of Proposition 3.3

Taking the limit /2 | 0 in (3.3.10), with r(#) = umin(1,1/u), we have

c

max (0) — f: fub(xy)z’T min(1, (xy)~!)dxdy
"’ [J a1 max]?

where we have written a instead of ahy;, for ease of notation. The denominator in
(3.C.1) is evaluated as

(/ﬂb xl_lex)2 — (7—12)2 (QZ—T _ bz—f)z. (3.C2)

For the numerator in (3.C.1) we compute

) (3.C.1)

b rb
/ / min(l, <xy>*l><xy>“dxdy
176 X 2 Td d 1/x 2 Td 1 Td
= y) ydx + (xy) y+ x!/ Y
_/“bzfdx/zfd / / 7
Y y+ dydx

1 (1 11
dyd
+‘/1/bx y ydx

bT*3 _ b3 T _ a37r 1 b B B _
_ ( (3 E(T>2 ) 3 /Ub x2 T(xT 3 _a3 T)dx
+ ! /b XITT(BPTT — X 2)dy
2—7J1/p
_ (bT*C’) _ a37r)(b3fr _ aB*T) 1 (ln(bz) B a37r(b37r _ b’f3))

(B3—1)2 T3 7 3-1

1 b27r(b27-r _ brfz) )

+2—T< 2T _ln(b)>
_ @) 1000 1-2ah)> T 4220
- B-7)(r-2) (2—1)2 (3-1)2

The last member of (3.C.3) equals I'}**(7) in (3.4.2), and the result follows from (3.3.11),
(3.C.1), 3.C.2) and (3.C.3). 0

(3.C.3)

3.D Proof of Proposition 3.4
Take uy > 1 and note that

flu) > uof(uo)min(uofl,ufl), u>0, (3.D.1)
since, for f € F,

flu) > f(ug), 0 <u<ug; uf(u)>uyf(ug), u> up. (3.D.2)
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Now for any ¢ > 0,

/ﬂb /abmin(cl (xy) V) (xy)? Tdxdy = 72 /:}C/E :fmin(l, (xy) V) (xy)? *dxdy
= " P lnaa /e by (T)- (3.D.3)
Also,
(t—2)? 2 (T —2)?

[ e e (P e PV e GDH

The result then follows from combining (3.D.1), (3.D.3) and (3.D.4) into
Cﬁb = A(T)c’;b(O)
b rb _ . — _
L [ Gey)> T min(ug b, (xy) 1) dxdy

> A(T)uof(uo)

b_q1_ 2
[ J; x'~7dx] (3.D.5)
_ T-2)2
= A(T)uof(uo)ug zfmax;a\/@b\/%(T)M
= uof (uu) Conp, (T),
which proves the proposition. O

3.E Derivation of Equation (3.5.1)

We derive (3.5.1) assuming (3.3.9) and that |In(ab)/ In(b?)| is small. In the present
case, where a and b are given by (3.2.9) and (3.3.8) with hpin = 1, this indeed holds
since |In(ab)/ In(b?)| = (T —2)/(3 — 7). With s = T — 2 we consider

max

ab (T) =

52 In(?) 1-b2 1—2(ab)!5 44219
= E ~ + |, eED

(1—5) 2 (1—s)2

where we have written a instead of ahp, for notational convenience. We Taylor
expand the term within brackets around s = 0, assuming s In(b?) of order unity and
less,

In(b?) 1-b"% L1 2(ab)! s 4 2179

) s? (1-s)

In?b%(1 — sIn(b?) +... + O((In? b*)1)). (3.E.2)
Also, Taylor expanding (a=° —b™°) /s around s = 0 yields

—S __ },—S
aiobE In(b/a)[1 - isin(ab) + 1s*(In’b +Inblna +In*a) —...]. (3.E3)

Note that

In(b/a) = In(t?) ~ In(ab) = In(t?) (1 - E‘l((zlz’; ), GE
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In(ab) In(ab)\2
2 2, —1n2 —
In2b +1Inblna + Ina = In b(l o +( - ) ) (3.E5)
Thus we get
a*—b"° » In(ab) 1 1242 In(ab)
— = In(b )(1 - ln(bz)) (1 — 38In(ab) + zs“In b(l —l—O( b )))
~ In(b?)[1 — sIn(ab) + 1s*In?b], (3.E.6)

where we have used the assumption that | In(ab)/ Inb| is small. When we insert
(3.E.2) and (3.E.6) into (3.E.1) and divide through In?(b?), we arrive at (3.5.1).

3.F Monotonicity properties for C,;(T)

In this appendix we show that C,;(7) is bounded from above by a closely related
function that decreases in 7. Notice that Proposition 3.2 assumes a and b fixed. We
have from (3.3.10) and (3.2.9) that

3—71

a=a(t)=nE[H])"Y?, b=0b(t)=(nE[K])2D (3.E1)

where E [h] is given in (3.2.8). Below we use that [E [/] decreases in T € (2,3]; this is
clear intuitively and can be proved rigorously by using Lemma 3.1. We have

Cu(7) = A(T)G(7,a(T),b(7)), (3.F2)

where .
A(T) =/h o(h)(1 = (1+h)e ")dh, (3.E3)

with density p(h) = Ch™7 on [lin, 1] and

S o (xy)?f (xy) dxdy

h min hmin

(Saggy ¥ 7x)°

ahmin

G(t,a,b) = (3.F4)

Proposition 3.2 says that
(i) G decreases in T (when a and b are fixed).
With the method of the proof of Proposition 3.2 in Appendix 3.A, we will show that
(ii) A decreasesin T,
(iii) G increases in a and in b.

Showing that G(t,a(7),b(7)) decreases in T is complicated by the facts that a(7)
increases in T, see (iii), and that the dependence of a(7) and b(7) on 7 is rather
involved. Let m and M be the minimum and maximum, respectively, of [E [h] when
T € [2,3] (m = E [h] |j=3~ 2hmin, M = E [h] |2~ hmin In(1/hmin) from (3.2.8) and
the monotonicity of E [h]). Letting

7= (nm)" V2, B(z) = (nM)2e T, (3E5)
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we have a(t) < a,b(t) < b(t), and so by (iii)

G(t,a(t),b(1)) < G(7,ad,b(1)). (3.E.6)

The right-hand side of (3.F.6) decreases in T by (i) and (iii) and the fact that b(7)
decreases in T. Therefore, C,;,(7) in (3.F.2) is bounded above by a closely related
function that does decrease in 7.

We have shown that G(t,4,b) decreases in T € [2,3]. We shall show now that

(ii) A decreases in T and increases in /,
(iii) G increases in a and in b.
Proof that A decreases in T. Since %h*T = —h~"Inh, we have

o«:»/ ~T(1— (14 h)e™ lnhdh/ hTdh

l'l’\ll'\ mm

/ hT(1— (1+h) *hdh/ —hh~TInhdh < 0

mm mm

I A= (e nkdh i T nkd

3.E7
i T (L heMdh = fh h—dh (.E7)
Consider on [fimin, 1] the pdf’s

71— (1+h)e™)
h) = , 3.E8
P S B T(1 = (14 hy)eM)diy GF)

h—T

h) = ————=0(h). 3.F9
q(h) 7y tdin p(h) (3.E9)

Clearly p(h)/q(h) = C(1 — (1 + h)e™") with C independent of /1 € [lmin, ). Hence,
p(h)/q(h) is increasing in [hmin, n]. Also, In(h) = g(h) is increasing in [min, 1.
Hence, by Lemma 3.1,

/hn. g(h)p(h)dh = /n g(h)g(h)dh, (3.E10)

Pimin
and this is the last inequality in (3.E7). O

Proof that G increases in b. Again, for notational simplicity, we write a2 and b instead
of ahmin and bhmin respectively. Let T and a be fixed, and set

p(x,y) = (x)> " f(xy), P(by) = /Hb p(x,y)dx. (3.E11)

We have

L[ csomaas] - G [ re ]
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b b b
:P(brb)+/u %lg(b/y)dy=/u P(x,b)dx+/u p(b,y)dy

b b
= 2/ p(x,b)dx = 2/ (xb)z_Tf(xb)dx (3.F12)

because of symmetry of p(x,y). Also,

d /b o )\? 17 7 a-

< dx) = 2p T/ -4y, 3F13

db(./a X ") o (3.F13)
Therefore,

G 2—-71 bl—’r 2
ab>0(:>2/ (xb)=" T f(xb)dx (/Hx dx)

b
—2/ / (xy)z_Tf(xy)dxdybl_Tbl_T/ x17Tdx >0
a a

a

Sy b2 Tf(b)dy b
1P [P ay)2—f(xy)dxdy [P x1-Tdx
= Wb 2V (3.F.14)

where W(x) and V(x) are the pdf’s as defined in (3.A.5) and (3.A.6). Since W(x)/V (x)
increases in x € [a,b], we get

1= / v x)dx < V‘f((;;)) /ubV(x)dx - I‘A//(Z)) (3.E15)

and this gives the last inequality in (3.F.14). O

Proof that G increases in a. This proof is very similar to the proof that G increases in b.
Let T and b be fixed. We now have

b b b
%{/ﬂ /a (xy)2*Tf(xy)dxdy} = —2/a (xa)>~ " f(xa)dx, (3.F16)

and , . .
%(/ o Tdx) = *zal_T/ . (3.F.17)

Then, as in (3.F.14),
%ﬁ >0 < f ( ) ) < bﬂliT
! Sy f Gy T f(xy)dady — [y 1 Tdx

= W) < V(ﬂ)' (3.E18)

and the inequality follows again from increasingness of W(x)/V (x). O






4  Local clustering in inhomogeneous random
graphs

Based on:

Clustering spectrum of scale-free networks

C. Stegehuis, R. van der Hofstad, ].S.H. van Leeuwaarden and A.J.E.M. Janssen
Physical Review E 96 p. 042309 (2017)

In this chapter, we again study clustering in the rank-1 inhomogeneous random
graph, as in Chapter 3. Whereas Chapter 3 focused on the global clustering coefficient
by taking the average over all vertices in the network, we now study local clustering to
obtain a more detailed understanding of triangle formation in rank-1 inhomogeneous
random graphs. That is, we study c(k), the probability that two neighbors of a degree-
k vertex are neighbors themselves. We investigate how the clustering spectrum
k — c(k) scales with k and show that c(k) follows a universal curve that consists of
three k-ranges where c(k) first remains flat, then starts declining, and eventually
settles on a power law c(k) ~ k~* with « depending on the power law of the degree
distribution. We test these results against ten contemporary real-world networks and
explain analytically why the universal curve properties only reveal themselves in
large networks.

4.1 Introduction

In uncorrelated networks the clustering spectrum k — c(k) defined in (1.2.4) remains
constant and independent of k. However, the majority of real-world networks have
spectra that decay in k, as first observed in technological networks including the
Internet [176, 187]. Figure 4.1 shows the same phenomenon for a social network:
YouTube users as vertices, and edges indicating friendships between them [137].

Close inspection suggests the following properties, not only in Figure 4.1, but also
in the nine further networks in Figure 4.2. The right end of the spectrum appears
to be of the power-law form k™%; approximate values of « give rise to the dashed
lines; (ii) The power law is only approximate and kicks in for rather large values of
k. In fact, the slope of c(k) decreases with k; (iii) There exists a transition point: the
minimal degree as of which the slope starts to decline faster and settles on its limiting
(large k) value.

For scale-free networks a decaying c(k) is taken as an indicator for the presence
of modularity and hierarchy [187], collections of subgraphs with dense connections
within themselves and sparser ones between them. The existence of clusters of dense

67
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c(k)
10—1 N
1072

10-3 2

o

10! 102 10% 10*

Figure 4.1: ¢(k) for the YouTube social network

interaction signals hierarchical or nearly decomposable structures. When the function
c(k) falls off with k, low-degree vertices have relatively high clustering coefficients,
creating small modules that are connected through triangles. In contrast, high-degree
vertices have very low clustering coefficients, and therefore act as bridges between
the different local modules. This also explains why c(k) is not just a local property,
and when viewed as a function of k, measures crucial mesoscopic network properties
such as modularity, clusters and communities. The behavior of c(k) also turns out to
be a good predictor for the macroscopic behavior of the network. Randomizing real-
world networks while preserving the shape of the c¢(k) curve produces networks with
very similar component sizes as well as similar hierarchical structures as the original
network [202]. Furthermore, the shape of c(k) strongly influences the behavior of
networks under percolation [198]. This places the c(k)-curve among the most relevant
indicators for structural correlations in network infrastructures.

In this chapter, we obtain a precise characterization of clustering in the rank-1
inhomogeneous random graph. We start from an explicit form of the c(k) curve [35, 74,
199], and obtain a detailed description of the c(k)-curve in the large-network limit that
provides rigorous underpinning of the empirical observations (i)-(iii). We find that
the decay rate in the rank-1 inhomogeneous random graph is significantly different
from the exponent c(k) ~ k~! that has been found in a hierarchical graph model [187]
as well as in preferential attachment models with enhanced clustering [132, 204].
Furthermore, we show that before the power-law decay of c(k) kicks in, c(k) first has
a constant regime for small k, and a logarithmic decay phase. This characterizes the
entire clustering spectrum of the rank-1 inhomogeneous random graph.

This chapter is structured as follows. Section 4.2 introduces the random graph
model and its local clustering coefficient. Section 4.3 presents the main results for
the clustering spectrum. Section 4.4 explains the shape of the clustering spectrum in
terms of an energy minimization argument, and Section 4.5 quantifies how fast the
limiting clustering spectrum arises as a function of the network size. We conclude
with a discussion in Section 4.6 and present all mathematical derivations of the main
results in the appendix.

4.2 Rank-1inhomogeneous random graph

As null model we employ the rank-1 inhomogeneous random graph, described
in Section 1.1.4. We assume that the vertex weights (/;);c[, are drawn from the
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Figure 4.2: c¢(k) for several information (red), technological (purple) and social (blue)
real-world networks. (a) Hudong encyclopedia [165], (b) Baidu encyclopedia [165], (c)
WordNet [150], (d) TREC-WT10g web graph [12], () Google web graph [137], (f) Inter-
net on the Autonomous Systems level [137], (g) Catster /Dogster social networks [133],
(h) Gowalla social network [137], (i) Wikipedia communication network [137]. The
different shadings indicate the theoretical boundaries of the regimes as in Figure 4.3,
with n and 7 as in Table 4.1.

probability density
p(h) =Ch™* (4.2.1)

for h > hmin and some constant C. Each pair of vertices is joined independently with
probability p(h, h") with h and I’ the weights associated to the two vertices.

The structural and natural cutoff, also described in Section 3.2.2, both play a
crucial role in the description of the clustering spectrum. The structural cutoff & is
defined as the largest possible upper bound on the degrees required to avoid degree
correlations, while the natural cutoff /. characterizes the maximal degree in a sample
of n vertices. We again use the default choices for the structural and natural cutoffs
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described in Section 1.1.4:

hs = \/nE[h], he= (nE[h])"/ (1), (4.2.2)

The fact that hs < h, for scale-free networks with exponent T € (2, 3] gives rise to
structural negative degree correlations. Throughout this chapter we use the con-
nection probability (although many asymptotically equivalent choices are possible;
see Chapter 3 and Section 4.3)

p(h, ') = min (1, };Zzl) = min (1, m}éh[/m) (4.2.3)

In this chapter, we work with ¢(h), the local clustering coefficient of a randomly
chosen vertex with weight 1. However, when studying local clustering in real-world
data sets, we only observe c(k), the local clustering coefficient of a vertex of degree k.
In Appendix 4.C we show that the approximation ¢(h) = c(h) is highly accurate. We
start from the explicit expression for ¢(h) [35], which measures the probability that
two randomly chosen edges from & are neighbors, i.e.,

c(h) = / / / p( (myp (1) p(h" )i d, (4.2.4)

with p(l’|h) the conditional probability that a randomly chosen edge from an h-vertex
is connected to an /’-vertex and p(h, h') as in (4.2.3). The goal is now to characterize
the ¢(h)-curve (and hence the c(k)-curve).

4.3 Universal clustering spectrum

The asymptotic evaluation of the double integral (4.2.4) in the large-n regime reveals
three different ranges, defined in terms of the scaling relation between the weight
and the network size 1. The three ranges together span the entire clustering spectrum
as shown in Figure 4.3. We present the behavior of ¢(h) in these ranges below, the
detailed calculations are deferred to Appendix 4.A.

The first range pertains to the smallest-degree vertices, i.e., vertices with a weight
that does not exceed nP(?) with (1) = (T —2)/(7 — 1). In this case we show that

c(h)

In particular, here the local clustering does not depend on the vertex weight and in fact
corresponds with the large-n behavior of the global clustering coefficient of Chapter 3.
The interval [0, 8(7)] diminishes when T is close to 2, a possible explanation for why
the flat range associated with Range I is hard to recognize in some of the real-world
data sets.

Range II considers vertices with weights (degrees) above the threshold nA(),
but below the structural cutoff /n. These vertices start experiencing structural
correlations, and close inspection of the integral (4.2.4) yields

In (h2/h2)
(t—2)(3-1)

T—2

3= Th;L*ZT In (K2/h?) «<n®> Tlnn h <P, (4.3.1)

G(h) ~ B2 x> TIn (n /hz) , PO <n<n (432)
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Figure 4.3: Clustering spectrum h —  Figure 4.4: ¢(h) for r(u) = min(u,1)
¢(h) with three different ranges for h: (line), r(u) = u/(1 + u) (dashed) and
the flat range, logarithmic decay, and r(u) = 1 —e™* (dotted), obtained by
the power-law decay. calculating (4.A.6) numerically.

This range shows relatively slow, logarithmic decay in the clustering spectrum, and
is clearly visible in the ten data sets.

Range III considers weights above the structural cutoff, when the restrictive effect
of degree-degree correlations becomes more evident. In this range we find that

1

(3—1)?
hence power-law decay with exponent « = 2(3 — 7). Such power-law decay has
been observed in many real-world networks [58, 131, 140, 187, 196, 212], where most
networks were found to have power-law exponent close to one. The asymptotic
relation (4.3.3) shows that the exponent « decreases with T and takes values in the
entire range (0,2). Table 4.1 contains estimated values of « for the ten data sets.

c(h) ~ (hs/M)0~2Thi=2T &« n® 21276, h > \/n, (4.3.3)

Other connection probabilities. In Chapter 3 we have presented a class of functions
r(u) = uf(u), u > 0,so that

p(h,W') =r(u) with u=~hh'/K? (4.3.4)

has appropriate monotonicity properties. The maximal member r(1) = min(u,1)
of this class yields p(h, 1) in (4.2.3) and is representative of the whole class, while
allowing explicit computation and asymptotic analysis of ¢(h) as in Chapter 3 and
this chapter. Figure 4.4 shows that other asymptotically equivalent choices such as
r(u) =u/(1+u)and r(u) = 1 — e " have comparable clustering spectra. A minor
difference is that the choice r(u#) = min(1, u) forces ¢(h) to be constant on the range
h < nP(Y) while the other two choices show a gentle decrease.

4.4 Energy minimization

We now explain why the clustering spectrum splits into three ranges, using an
argument that minimizes the energy needed to create triangles among vertices with
specific weights.
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Figure 4.5: Orders of magnitude of the major contributions in the different h-ranges.
The highlighted edges are present with asymptotically positive probability.

In all three ranges for &, there is one type of ‘most likely’ triangle, as shown in
Figure 4.5. This means that most triangles containing a vertex v with weight & are
triangles with two other vertices v’ and v with weights h’ and h” of specific sizes,
depending on h. The probability that a triangle is present between v, v’ and v’ can be

written as ) Y o
. hh . hh . h'h
min (1, n]E[h]) min (1, n]E[h]) min (1, nlE[h]> . (4.4.1)

While the probability that such a triangle exists among the three vertices thus increases
with i’ and /", the number of such vertices decreases with i’ and h” because vertices
with higher weights are rarer. Therefore, the maximum contribution to (k) results
from a trade-off between large enough 1/, "’ for the occurrence of the triangle to be
likely, and /’, h"” small enough to have enough copies. Thus, having i’ > nE [h] /h is
not optimal, since then the probability that an edge exists between v and v’ no longer
increases with /. This results in the bound

W, W' < nE[h)/h. (4.4.2)

Similarly, W'h"” > nE [h] is also suboptimal, since then further increasing 1’ and h”
does not increase the probability of an edge between v’ and v”. This gives as a second
bound

W' < nE[h]. (4.4.3)

In Ranges I and II, i < \/nE [h], so that nE [h] /h > /nE [h]. In this situation
we reach bound (4.4.3) before we reach bound (4.4.2). Therefore, the maximum
contribution to ¢(h) comes from k'l ~ n, where also I',h" < nE [h] /h because
of the bound (4.4.2). Here the probability that the edge between v’ and v” exists is
large, while the other two edges have a small probability to be present, as shown in
Figure 4.5a. For h in Range I, the bound (4.4.2) is superfluous, since in this regime
nlE [h] /h > h¢, while the network does not contain vertices with weights larger than
hc. This bound indicates the minimal value of /' such that an h-vertex is guaranteed
to be connected to an h'-vertex. Thus, vertices in Range I are not even guaranteed to
have connections to the highest-degree vertices, hence they are not affected by the
single-edge constraints. Therefore, the value of ¢(h) in Range I is independent of 5.
In Range III, h > +/nkE [h], so that nlE [h] /h < \/nE [h]. Therefore, we reach

bound (4.4.2) before we reach bound (4.4.3). Thus, we maximize the contribution to
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n T golf. «
Hudong 1.984.484 230 0.00 0,85
Baidu 2.141.300 2,29 0.00 0,80
Wordnet 146.005 247 0.00 1,01
Google web 875.713 2,73 0.00 1,03
AS-SKkitter 1.696.415 235 0.06 1,12
TREC-WT10g 1.601.787 223 0.00 0,99
Wiki-talk 2394385 246 0.00 1,54
Catster/Dogster 623.766 2,13 0.00 1,20
Gowalla 196591 2,65 080 1,24
Youtube 1.134.890 222 0.00 1,05

Table 4.1: Data sets. n denotes the number of vertices, T the exponent of the tail of
the degree distribution estimated by the method proposed in [66] together with the
goodness-of-fit criterion proposed in [66] (when the goodness of fit is at least 0.10, a
power-law tail cannot be rejected), and a denotes the exponent of ¢(k).

the number of triangles by choosing /’/, h"" = nE [h] /h. Then the probability that the
edge from v to v’ and from v to v” is present is large, while the probability that the
edge between v’ and v” exists is small, as illustrated in Figure 4.5b. We make this
energy minimization argument more precise in Chapter 5.

4.5 Convergence rate

We next ask how large networks should be, or become, before they reveal the features
of the universal clustering spectrum. In other words, while the results in this chapter
are shown for the large-n limit, for what finite n-values can we expect to see the
different ranges and clustering decay? To bring networks of different sizes n on a
comparable footing, we consider

In(e(h)/e(h

on(t) = W, h = (nE [h])!, (4.5.1)
for0 <t < %1 The slope of 0, () can be interpreted as a measure of the decay of ¢(h)
ath = (nE [h])!, and all curves share the same right end of the spectrum. Figure 4.6
shows this rescaled clustering spectrum for synthetic networks generated with the
rank-1 inhomogeneous random graph with T = 2.25. Already 10* vertices reveal the
essential features of the spectrum: the decay and the three ranges. Increasing the
network size further to 10° and 10° vertices shows that the spectrum settles on the
limiting curve. Here we note that the real-world networks reported in Figures 4.1
and 4.2 are also of order 10°-10° vertices, see Table 4.1.

Limiting form of o, () and finite-size effects. Consider 0, (t) of (4.5.1). It follows
from the detailed form of (4.3.1) and (4.3.3) that

o (0) = W =+ ln(yﬁ v, 4.5.2)
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on(t)
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Figure 4.6: 0 (t) for n = 10%,10° and 108 together with the limiting function, using
T = 2.25, for which -1 = 0.8.
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Figure 4.7: 0},(t) plotted against n for two values of t. The dashed line gives the
limiting value of 07,(t) as n — oo.

where
(B-1)?

— P=(@-2)y, y=mnmE[H). (4.5.3)

v =
We have that 0;,(0) — 7 as n — co. The right-hand side of (4.5.2) exceeds this
limit v for y > 1/B with a maximum excess /e for y = e/, or equivalently.
eV = nkE [h] = exp(e/pB). Therefore, n needs to be much larger than exp(e/p) for
04 (0) to be close to its limiting value. This explains why the excess of 0, (0) over its
limit value in Figure 4.6 with e®/# = 3 x 10! when T = 9/4 persists even for large
values of n.
Using (4.3.1), (4.3.2) and (4.3.3), we obtain

. — ,)/,
nlgrgoffn(f) = {’Y+ (B—1)(1—-2t),

NI—

’ (4.5.4)

t
1
t ﬁ.

Ni— O
IAIA
IA A

Hence, some of the detailed information that is present in (4.3.1), (4.3.2) and (4.3.3),
disappears when taking the limit as in (4.5.4). This is in particular so for the In n-factor
in (4.3.1) and the logarithmically decaying factor In(n?/h) in Region II.
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Behavior of 0}, (t). By (4.5.1),
e(h) = e(he)(nE [1])™®,  h = (nE [h])". (4.5.5)
When we fix a ty and linearize ¢, (t) around ty, we get
&(h) ~ c(he) (nE [l]) )+ (t=t0)u(to) — (hy) (h/hg)™H0) (4.5.6)

so that o}, (t) = %(Tn(t) is a measure for the decay rate of ¢(h) at h = hy = (nkE [h])'.
In Appendix 4.B we again use the integral expression (4.2.4) to characterize the rate
of convergence of 0;,() as a function of n.

Figure 4.7 shows the values of ¢7,(1/2) and ¢;,(1/ (7 — 1)) for finite-size networks
together with its limiting value. Indeed, extreme n-values are required for statistically
reliable slope estimates for e.g. t-values of % and %_1 For example, when T = 2.25,
Figure 4.7a shows that n needs to be of the order 10'° for the slope to be ‘close’
to its limiting value -1.5. When for example n = 10°, the slope is much smaller:
approximately -1.1. This makes statistical estimation of the true underling power-
law exponent « of ¢(h) extremely challenging, especially for the relevant regime T
close to 2, because enormous amounts of data should be available to get sufficient
statistical accuracy. Most data sets, even the largest available networks used in this
chapter, are simply not large enough to have sufficiently many samples from the
large-degree region to get a statistically accurate estimate of the power-law part. This
also explains why based on smaller data sets it is common to assume that « is roughly
one [58, 131, 140, 187, 196, 212]. Comparing Figure 4.7a and Figure 4.7b shows that
the convergence to the limiting value is significantly faster at the point t = 1/2 than
atthe pointt =1/(7t —1).

The extremely slow convergence to the limiting curve for n = oo is a well do-
cumented property of certain clustering measures [37, 121, 201], such as the global
clustering coefficient studied in Chapter 3. The behavior of 0y, (t) and ¢}, () show that
the local clustering curve c(k) also converges extremely slowly to its limiting value.
Therefore, the estimates in Table 4.1 only serve as indicative values of «. Finally,
observe that Range II disappears in the limiting curve, due to the rescaling in (4.5.1),
but again only for extreme n-values. Because this chapter is about structure rather
than statistical estimation, the slow convergence in fact provides additional support
for the persistence of Range II in Figures 4.1 and 4.2.

Table 4.1 also shows that the relation « = —2(3 — 7) is inaccurate for the real-world
data sets. One explanation for this inaccuracy is that the real-world networks might
not follow pure power-law distributions, as measured by the goodness of fit criterion
in Table 4.1, and visualized in Appendix 4.D. Furthermore, real-world networks
are usually highly clustered and contain community structures, whereas the rank-1
inhomogeneous random graph is locally tree-like. These modular structures may
explain, for example, why the power-law decay of the rank-1 inhomogeneous random
graph is less pronounced in the three social networks of Figure 4.2. It is remarkable
that despite these differences between rank-1 inhomogeneous random graphs and
real-world networks, the global shape of the c(k) curve of the rank-1 inhomogeneous
random graph is still visible in these heavy-tailed real-world networks.
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4.6 Discussion

The decaying clustering spectrum has often been contributed to the restriction that
no two vertices have more than one edge connecting them [146, 160, 161, 175, 176].
The physical intuition is that the single-edge constraint leads to fewer connections
between high-degree vertices than anticipated based on randomly assigned edges. We
have indeed confirmed this intuition for the rank-1 inhomogeneous random graph,
not only through analytically revealing the universal clustering curve, but also by
providing an alternative derivation of the three ranges based on energy minimization
and structural correlations.

In Chapter 5 we will show that the clustering spectrum revealed using the rank-1
inhomogeneous random graph also appears for a second widely studied null model.
This second model cannot be the configuration model (CM), which preserves the
degree distribution by making connections between vertices in the most random
way possible [41, 164]. Indeed, because of the random edge assignment, the CM
has no degree correlations, leading in the case of scale-free networks with diverging
second moment to uncorrelated networks with non-negligible fractions of self-loops
and multiple edges. This picture changes dramatically when self-loops and multiple
edges are avoided, a restriction mostly felt by the high-degree vertices, who can no
longer establish multiple edges among each other.

We therefore consider the erased configuration model (ECM) instead. While the
ECM removes some of the edges in the graph, only a small proportion of the edges
is removed, so that the degree of vertex j in ECM is still close to D; [106, Chapter
7]. In the ECM, the probability that a vertex with degree D; is connected to a vertex
with degree D; can be approximated by 1 — e DiDi/EDIn 1108, Eq.(4.9)]. Therefore,
we expect the ECM and the rank-1 inhomogeneous random graph to have similar
properties (see e.g. Chapter 5) when we choose

hh'
nE [h]

p(h i) =1— e M'/MEN (4.6.1)

Figure 4.8 illustrates how both null models generate highly similar spectra, which
provides additional support for the claim that the clustering spectrum is a universal
property of these simple scale-free network models, similarly to the average nearest-
neighbor degree a(k) studied in Chapter 2. The ECM is more difficult to deal with
compared to rank-1 inhomogeneous random graphs, since edges in ECM are not
independent. In Chapter 5, we show that these dependencies vanish for the k —
c(k) curve, so that the ECM indeed has a similar clustering spectrum as the rank-1
inhomogeneous random graph.

The ECM and the rank-1 inhomogeneous random graph are both null models
with soft constraints on the degrees. Putting hard constraints on the degrees with
uniform random graphs has the nice property that simple graphs generated using this
null model are uniform samples of all simple graphs with the same degree sequence.
Constructing such uniform random graphs is notoriously hard when the second
moment of the degrees is diverging, since the CM will yield many multiple edges [91,
151, 213], but in Chapter 5 we show that our theoretical results for the k — c(k) curve
for soft-constraint models carry over to these uniform simple graphs.
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Figure 4.8: c(k) for a rank-1 inhomogeneous random graph with connection probabili-
ties (4.6.1) (solid line) and an erased configuration model (dashed line). The presented
values of c(k) are averages over 10* realizations of networks of size n = 10°.

In this chapter we have investigated the presence of triangles in the rank-1 in-
homogeneous random graph. We have shown that by first conditioning on the
vertex degree, there is a unique ‘most likely’ triangle with two other vertices of
specific degrees. We have not only explained this insight heuristically, but it is also
reflected in the elaborate analysis of the double integral for ¢(h) in Appendix 4.A.
As such, we have introduced an intuitive and tractable mathematical method for
asymptotic triangle counting. In Chapter 7 we show that this method carries over to
counting other subgraphs, such as squares, or complete graphs of larger sizes. For
any given subgraph, first conditioning on the vertex degree, we again find specific
configurations that are most likely.

4.A Derivation for the three ranges

In this appendix, we compute ¢() in (4.2.4), and we show that ¢(1) can be approx-
imated by (4.3.1), (4.3.2), or (4.3.3), depending on the value of h. Throughout the
appendix, we assume that p(h,h') = min(1,hh'/h?) and p(h) = Ch~7. Then, the
derivation of ¢() in [202] yields

B fl C fl c p(h/)p(h, h/)p(h//)p(hl h//)p(h/, h//)dh//dh/
= C 2
[ i p(h)p(h,h')dh']
f1 ‘ flhc (W'h") = min( ki 1) min(hh// 1) min(L’;//, 1)dn"dn’

c(h)

hZ’ g’ h
; 5 (4.A.1)
[ i) min(%, 1)dH’]
Adopting the standard choices as in Chapter 3
hs = \/nE ], he= (nE[n])Y/ (D), (4.A.2)
and setting hmin = 1 gives
_ 22— T
= t=1l=n (4.A.3)

T—21—nl-7"
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For ease of notation in the proofs below, we will use

3—1

a=h;'=mE[MN)Y2, b=h./hs= (nE[h)2D, (4.A.4)

and
r(u) = min(u,1). (4.A.5)

In this notation, (4.A.1) can be succinctly written as

Sy J) (ey)~r(ahx)r(ahy)r (xy)dxdy
[fubx Tr(ahx)dx]

e(h) = (4.A.6)

Because of the four min operators in the expression (4.A.1), we have to consider
various h-ranges. We compute the value of ¢(h) in these three ranges one by one.

Range I: 1 < h2/h.. We now show that in this range
c(h) ~ gh;**h In (K2/h?) «xn* TInn, (4.A.7)
which proves (4.3.1).
This range corresponds to & < 1/(ab) with a and b as in (4.A.4). In this range,
r(ahx) = ahx and r(ahy) = ahy for all x € [a, b]. This yields for c(h)

2 S Gyt r(xy)dxdy

c(h) = (4.A.8)
[P
For the denominator we compute
b 2—T bZ—T
1-1 a

= — 4.A9
/’Z x T tdx p— ( )

Since a < b, this can be approximated as

2—T _ 1,2—T 2—T

2 b ? (4.A.10)

T—2 %T—Z.

We can compute the numerator of (4.A.8) as
b b
[ [ G Tr(ey)dady
Ja Ja

1/b b 9z b 1/x 2 Td d b 1 Td d
_ ~Tdxd +/ / +/ / -
/a /a (xy)™ Tdxdy W (xy)~ Tdxdy ” 1/x(xy) xdy

B (br—3 - a3—T) (b3—’r 3 T (b3—1’ o bT—3)
B (3—-1)2 T3 7 (1 3-1 )
1 b27'r(b27r pT— 2
+ 2—-71 < 2—-71 bz))
_ In (bZ) b4 2T 1— ab 3—71 + a6 27
e[ R o

(4.A.11)
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The first of these three terms dominates when

3—1 In(nEh]) 1

T-1(6-1)(t-2) > T—2)7 4.A.12)

and
3—1 In(nElh 1
(nE [h]) N

T-1038-1)(t—-2) " B3-1)% (4.A.13)

where we have used that b2 = (nE [1])®~7)/("=1) Thus, when In(«E [h]) is large
compared to (T —1)/(t —2) and (T — 1)(t — 2)/ (7 — 3)?, we obtain

c(h) ~ ;_ 2, (b2) « 12 In(n), (4.A.14)

which proves (4.A.7).

Range II: hg /he < h < hs In this range, we show that

In (h2/0?) + M
(t—2)(3—1)

for some positive constant M, which proves (4.3.2).

This range corresponds to (ab)~! < h < a~!. For these values of i, we have
ahx,ahy = 1 for x,y = (ah)™' € (1,b) and xy = 1 fory = 1/x € [a,b] when
b~ < x < b. Then for the denominator of (4.A.6) we compute

c(h) ~ B2 2T <ln (n /hz) + M) , (4.A.15)

1/ (ah) b
/ ahx!~Tdx + x~Tdx
a 1/ (ah)
— 1 3—1y, -1 1 -1 _ 3l-71
= @R (@)Y + () - b

_ a2fr (ah>172 blfr/(ah)
“h<r—2_(r—1)(r—2)_ ] ) (4.A.16)

Splitting up the integral in the numerator results in
Num(h / / xy)~ r(ahx)r(ahy)r(xy)dxdy
_ . 1/ (ah)
- dydx +2 / / dyd
/1/(ah /1/ ah) /e ‘ 1/(ah) J1 xy ]/ Yy
1/x 1 212 1/(ah) r1/x 0y
—|—2ah/1/ h)/ (xy)' Tydydx +a°h / / (xy)“ Tdydx
El

1/(ah) ,1/( uh ah 1/ (ah)
+ a*h 2/ / y)1- Tdydx+a2h2/ / (xy)> Tdydx
1

= h+Lh+LE+1L+I5+1
(4.A.17)
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where the factors 2 arise by symmetry of the integrand in x and y. Computing these
integrals yields

L ((ah)T_z Ti—llbl‘”z‘l)z, (4.A.18)

- (G A (), e
I = 2a%h* (1 _31/ Lath) hT_(Z (j ;)Eibh);)_ J ) A2
L2 (m é (azh();‘_TT) L 3) , (4.A21)
e <1n (ah)~2) _(T(a—h;2)24> , (4.A.22)
L (1 —p73 +(;16_ 2;)2— (azh)3‘f) _ (4.A.23)

Since ah < 1 < ahb, the leading behavior of Num(h) is determined by the terms
involving In((ah)~2) in I3 and I4, all other terms being bounded. Retaining only these
dominant terms, we get

212 In((ah)~ )
h —( TEEE: )(1+o(1)), (4.A.24)

provided that ah — 0 as n — co. In terms of the variable ¢ in h = (n[E [h])!, see (4.5.1),
this condition holds when we restrict to t € [(t —2)/(t —1),1 —¢] forany ¢ > 0.
Furthermore, from (4.A.16),

(/ab xTr(ahx)dx>2 222 (2_T2>2 (1+0(1)). (4.A.25)

Hence, when ah — 0, we have

Num(h) =

c(h) = ;_72 24y ((uh)’z) (1+0(1)) xn2TIn (N/h2> . (4.A.26)

We compute ¢(h = 1/a) asymptotically by retaining only all constant terms
between brackets in (4.A.18)-(4.A.23) since all other terms vanish or tend to 0 as
n — oco. This gives

Num(h =1/a)

1 2 2 2 1
:azhz((ﬂr—l)2 + -2 (t-1)(1-2) + 3—-71 + (3—7)2)(1+0(1))
= Pa*h*(1+0(1)),

(4.A.27)
where P = ﬁ + ﬁ + % + % Together with (4.A.25), we find

c(h=1/a) = P(t —2)%*"*(1+0(1)) &x n>7 . (4.A.28)
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In Proposition 3.1, it has been shown that ¢(/) decreases in /i, and then (4.A.15)
follows from (4.A.26) and (4.A.28).

Range III: iy < hh < h,. We now show that when hs; < h < h, then

c(h) ~ G (hs /)0 2THE—2T o P~ 272776, (4.A.29)

which proves (4.3.3).

This range corresponds to 1/a < h < b/a. The denominator of (4.A.6) remains
the same as in the previous range and is given by (4.A.16). Splitting up the integral
in the numerator of (4.A.6) now results in

Num(h / / xy)~ “r(ahx)r(ahy)r(xy)dxdy
)~Tdyd / / )~Tdyd
1/(ah) ~/l/x X]/ Y x 1/( uh yax

1/(ah)
—|—/ / xy)'~7d dx—|—2ah/ / xy)” Tydydx
1/ (ah) 1/(ah)( y) 4 ah J1/x ( y) yey

ah 1/ (ah) b r1/x
+ 2ah / / (xy)' Tydydx + Zah/ / (xy)'Tydydx
1/ (ah) ah Ja

2 2/1/ (ah) /1/ (ah) 2 Tdydx

=h+h+L+L++1+ 17

(4.A.30)
Computing these integrals yields

I = azhz((ah)—21“T(“_2hf) b ((”hz;ll)_z (ah) ) ) (4.A31)
N S
Iy = a2 <—(ah)—21“T(”_2h; ) 4 (ah )2(:6_2)(; h)_2> ) (4.A.33)
Iy = 2202 (— (“Tb}_l); + (:}2;2 + (il_rl()a (hT)T_;)> , (4.A.34)
=2 (WEC ) 2 @A)
Iy = 2a2h2((”b)z(_;ﬁ_;(fj;)” S (“bh)_;:T(”h)_z), (4.A.36)
I, = a2 (“HT - Zh;f ;L (“h)zm) . (4.A.37)

A careful inspection of the terms between brackets in (4.A.31) and (4.A.37) shows
that the terms involving (ah)?"~® are dominant when ah — co. In terms of the
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variable t in h = (nE [h])!, see (4.5.1), we have that ah — oo when we restrict to
t € [+ +¢1/(t—1)] forany ¢ > 0. When we retain only these dominant terms, we
have, when ah — oo,

2321276 1 2 1
Num(h) = a*h*(ah) <(T 572 + G-1)—2) + G- T)2> (1+0(1))
_ o (ah)°
=ah m(l +0(1)).
(4.A.38)
Using (4.A.25) again, we get, when ah — oo,
&(h) = (3_1T)2(ah)2f—61127_4(1 +o(1)) & n5 2726, (4.A.39)

Furthermore, c(1/a) is given by (4.A.28), while ¢(11) decreases in h. This gives (4.A.29).

4.B Exact and asymptotic decay rate of ¢(h) at h = h, and h = kg

In this appendix, we compute an exact expression for oy, (¢) at t = % and t = % We
then compute its limit as # — co and we show that this limit is a lower bound for
a7, (t). More precisely, we show the following result:

Proposition 4.1. Let a and b be as in (4.A.4). Then,

(1 (A+33C D
%<rﬂ>_ Zauﬁjc E+D)’ (4B.1)
where
1 —In(b?) 1-p21-7) b2 1
e T R T ) A
bT73 —{13 T2
C= (?) , (4.B.3)
1 bT—l _ bl—T
D = T -1 (4.B.4)
{127'( _ b'r72
E= -7 (4.B.5)
Furthermore, for all n,
ﬁﬁ%ﬂ>&f;%&é%):—%3—ﬂ- (4.B.6)

The limit in (4.B.6) is consistent with the limiting value of 0y, (t) of (4.5.4).

We let h, = (nE [h])l/(T’l), where we assume that 7 is so large that h, < n.
This requires 7 to be of the order (1/¢)!/¢, where ¢ = T — 2. To start the proof of
Proposition 4.1, note that in the 4, b notation of (4.A.4),

K(n)

o(h) = Ty O h<he, (4B.7)
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where
k) = [ [ ) ) f ahy) f (xy) ey, @B
J(h) = (/b xl_Tf(ahx)dx> 2, (4.B.9)

a

with f(u) = min(1,u~1). Note that r(u) = uf(u), see (4.A.5). We compute

yon o d In (c((nE [h])")/e(h))
0= (" e )

— (WE[h])" In(nEE [A])

ch) Ky ) .
and we have to evaluate K(h), K'(h), J(h) and J'(h) at
h=he=b/a. (4.B.12)
Lemma 4.1.
K(he) = A+ ;L:EC, K'(he) = =2 (A+ i:zc), (4.B.13)
J(he) = (D+E)?, J'(h)=—-%(D+E)D, (4.B.14)
with A,C, D, E as in (4.B.2)—(4.B.5).
From Lemma 4.1, (4.B.10) and (4.B.12) we get (4.B.1) in Proposition 4.1.
Proof of Lemma 4.1. Since h =b/a,
b b
K(ne) = [ [ Gy F (o) f(by) f(xy)dxdy. (4B.15)

With f(u) = min(1,u~!) we split up the integration range [a, b] x [a, b] into the four
regions [a,1/b] x [a,1/b], [1/b,b] x [1/b,b],[1/b,b] x [a,1/b] and [a,1/b] x [1/b, b],
where we observe thata < 1/b <1 < b. We first get

L7 [ s faray = [ [ Gy
bT73 _ a371' 2
_ <73 - ) —C (4.B.16)
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Next,
b b . o e
[ oy G f oo pepsdy = [ [ )T pey)ddy

/b
1 b b 1t
=2 /w /Ub(xy) fxy)dxdy.
(4.B.17)
The remaining double integral with T + 1 instead of T has been evaluated in (3.C.3) as

h’l(bZ) 1 — p2(1-7) p2(r—2)-1 5
B cam oyl o el e (4.B.18)
Finally, the two double integrals over [1/b,b] x [a,1/b] and [a,1/b] x [1/b, b] are by
symmetry both equal to

b 1/b 2—T b b dxd b 1/b - 1 L 1ded
/m,/,, (xy) ™" f (bx) f (by) f (xy)dx y—/l/b/a (xy)? "1+ 1dxdy
1572 - p2-7 p7-3 _ 37
b T2 3—71
(b™3—a%T)2 3-—1

e 1 (4.B.19)

Here we have used that, see (4.A.4),
T =g (4.B.20)

Now the expression in (4.B.13) for K(h,) follows.
To evaluate K’ (h.), we observe by symmetry that

b rb
K'(h) = 2/{Z /a (xy)?> Taxf’(ahx)f (ahy) f (xy)dxdy. (4.B.21)

Ath = h., we have ah = b, and so

g b b
K'(hc):2g/a /a (xy)?>~Tbxf' (bx) f(by) f (xy)dxdy. (4.B.22)

Now uf'(u) = 0for 0 < u < 1land uf’(u) = —f(u) for u > 1. Hence, splitting
up the integration range into the four regions as earlier, we see that those over
[4,1/b] x [a,1/b] and [a,1/b] x [1/b,b] vanish while those over [1/b,b] x [1/b,b]
and [1/b,b] x [a,1/b] give rise to the same double integrals as in (4.B.17) and (4.B.19)
respectively. This yields the expression in (4.B.13) for K’ (k).

The evaluation of J(h.) and J' (k) is straightforward from (4.B.9) with ah = b and
a splitting of the integration range [a, ] into [a,1/b] and [1/b, b]. This yields (4.B.14),
and the proof of Lemma 4.1 is complete. O

Proof of (4.B.6). We now turn to the limiting behavior of ¢/, (=11 ). We write

D 1— b2(17"r)
< D+E -1 (ab)2—7 — A 1 (-7’

T T—2 -1

0 (4.B.23)

N
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in which

P17 = (mE [h])" — 0, (4.B.24)

'r—Z)2

(ab)>~" = (nE [h]) =1 — oo, (4.B.25)

asn — oo. Hence, D/(D + E) — 0 as n — oo. Furthermore, we write

p2(t=3) N2
C=rwap (1 @), (4.8.26)
and
p2(t=3)
A= rap-F), (4.B.27)
where
2
_p2-[T=2 2 T2 _ 12(1-1)
F=b [T_lln(b)Jr(T_l) (1-b )+1]
_ b oy 2(t-2) 1
= —b In(6*™2) (1+0(In(b) ™)) . (4.B.28)

Now, using (4.B.20), we have

(ab)*~* = b2 = (uE [1]) FT T 0 (48.29)
as n — oo. Thus, we get
3—t_ 1
A+ 3=C (r a7 T T oy
n1~>ooA +3 4— TC + -7 1 =3-1 (4.B.30)
(T 2)2 ' -2 (3-1)2

and this yields the equality in (4.B.6).
We finally turn to the inequality in (4.B.6) in Proposition 4.1. Obviously, we have

A+3IC
r(_1 ol T2
o () > =t (4.B.31)
We shall show that
A+3=IC  Al+ELC
2 <2 2R o3, (4.B.32)
A + fTC Aas + T*E Cas
where
p2(t=3) p2(t=3)
Ais= ——5, Cais= (4.B.33)

(T_z)zr as (3—7,—)2,
the asymptotic form of A and C as n — co obtained from (4.B.27) and (4.B.26) by
deleting F and (ab)>~7, respectively. The function
1+3=Tx

(4.B.34)
4—
1+ T—_Ex

€10,00)
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is decreasing in x > 0, and so it suffices to show that

A
Cas < E, i.e., that % < &

< =< (4.B.35)

We have from (4.B.26) that

Cas _ LI (4.B.36)

1 _p2r2) a2 [T 2 oy (T 2N a0
1-b b [T_lln(b)+(T_1) 1-p20-9)|. @B37)

Using that (ab)>~7 = b~2(7-2), see (4.B.29), we see that the inequality C,s/C <
Aas/ Ain (4.B.35) is equivalent to

(1 _ b*Z(T*Z))Z >1— b*Z(T*Z) _ b*Z(T*Z)

-~ — 252
o e L NS

Using that (1 — )2 — (1 — u) = —u(1 — u) and dividing through by u = b=2(7=2),
we see that (4.B.38) is equivalent to

T—2
T—1

T—2
T—1

2
In(b?) + ( ) (1-p20-0) > 1 - p2t-2), (4.B.39)

With y = In(b?) > 0, we write (4.B.39) as

T—2\2 T—2
— —ell=1)y —(1—e@ DY) >
K(y) : (r—1) (1—el™) 4 ——Ty— (1-e®M) >0, (4.B.40)
Taylor development of K(y) at y = 0 yields
K(y):0-y0+0~y1+0-y2+%(T—2)2y3+.... (4.B.41)
Furthermore,
K'(y) = (1 —2)20"W(e¥ —1) >0, y>0. (4.B.42)

Therefore, K(0) = K’(0) = 0, while K”(y) > 0 for y > 0. This gives K(y) > 0 when
y > 0, as required. O

Similar to Proposition 4.1, we can derive the following result for o},(%):
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Proposition 4.2.

G+ H I
o (d) = 2( - ) (4.B.43)
"2 1+ (=G 420 T+]
where
1-p7\?
G:< b ) , (4B.44)
1— blf'r
==, (4.B.45)
p(t=2)(r-1)/(3-7) _q
] = — ) (4.B.46)
_1-1/b—bT(1—b*T) 1-bl7 "
H= T—2B-1) — T—D(r=2) (4.B.47)
Furthermore, for all n,
/1 : ol Z(T — 2)
Un(2)>A}I1LnOO(TM(2)— 1—}—73_&_2)2. (4.B.48)

4.C From weights to degrees

In this chapter, we focus on computing &(h), the local clustering coefficient of a
randomly chosen vertex with weight h. However, when studying local clustering
in real-world data sets, we can only observe c(k), the local clustering coefficient of
a vertex of degree k. In this appendix, we show that for the rank-1 inhomogeneous
random graph, the difference between these two methods of computing the clustering
coefficient is small and asymptotically negligible. We consider

B fl c flhc (l’llh//)ziﬁf}?(h, I’l/)p(h, l’l”)p(h/, h//)dh/dh//
= 5 .
(' xt==p(n, w)an')

We define c(k) as the average clustering coefficient over all vertices of degree k.
By [201], the probability that a vertex with weight h has degree k equals

c(h) (4.C.1)

e Mpk
gk | h) = a (4.C.2)
Then, by [201],
1 phe o=
(k) = {m) e phehg(k | mdn, k=2, wCs)
0, k<2,

where c(k) = 0 for k < 2 because a vertex with degree less than 2 cannot be part of a
triangle. Here

he
P(k) = /1 (k| W)p(h)dh (4.C.4)
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is the probability that a randomly chosen vertex has degree k.

-2
First we consider the case /i > nt 1. The Chernoff bound gives for the tails of the
Poisson distribution that

P (Poi(A) > x) < e (i‘)x x> A, (4.C.5)
P (Poi(A) < x) <e™? (?)x x < A (4.C.6)

Let k(h) be the degree of a vertex with weight . Then, for any M > 1
h

00 M-1
Y, g(k|h) < (eMM> , 4.C.7)
k=Mh
and for any 6 € (0,1),
Sh e0—1\ "
Y glk|h) < <55) : (4.C.8)
k=1

Because e~ 1 /x¥ < 1 for x # 1, (4.C.7) and (4.C.8) tend to zero as i — oo. Therefore,
for h large,
k(h) =h(140(1)) (4.C.9)
with high probability. Therefore, when k is large, c(k) ~ ¢(k).
On the other hand, for & < h?/h,,

oo oh W2 /he
Y gk|h)y<e™ ( - > , (4.C.10)
3/ he s he
which is small by the assumption on /. Thus,
13 /he
P(k) ~ / (k| h)o(h)dh. (4.C.11)
1

Furthermore, ¢(h) = ¢(0) in this regime of h. This results in

_ K2 he

c(0) fI5/" o(h)g(k | h)dh
h2/he
0 o(h)g (K | h)dh

o(k) ~ = ¢(0). (4.C.12)

Therefore, c(h) = ¢(h) also when h is small.

Figure 4.9 shows that indeed the difference between c(k) and c(k) is small. When
T approaches 2, the difference becomes larger. We see that for small values of k, c(k)
and c(k) are not very close. This is because (4.C.1) does not take into account that a
vertex with weight h may have less than 2 neighbors, so that its local clustering is
zero. In Chapter 3 we have shown how to adjust (4.A.6) to account for this.

4.D Degree distributions

Figure 4.10 shows the degree distributions of all ten networks of Table 4.1.
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Figure 4.9: c(k) (dashed) and ¢(h) (line) for n = 10°, averaged over 10* realizations.
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(a) The 5 largest networks of Table 4.1 (b) The 5 smallest networks of Table 4.1

Figure 4.10: The probability that the degree of a vertex exceeds x in the networks of
Table 4.1.






5  Local clustering in erased configuration
models and uniform random graphs

Based on:

Triadic closure in simple scale-free networks with unbounded degree fluctuations
R. van der Hofstad, ].5.H. van Leeuwaarden, C. Stegehuis

Journal of Statistical Physics (2018)

and

Triangle counts in power-law unform random graphs
J. Gao, R. van der Hofstad, A. Southwell, C. Stegehuis
arXiv:1812.04289

We again study the local clustering coefficient ¢(k), but now for the erased configu-
ration model and the uniform random graph, where the degrees follow a power-law
distribution with exponent T € (2,3). We show that c(k) falls off with k as well
as with the graph size n and eventually for k = Q(y/n) settles on a power law
c(k) ~ n>~27k=2(3-7) We show that, apart from constants, the results for c(k) are
similar to those in the rank-1 inhomogeneous random graph of Chapter 4. We show
that only triangles consisting of triplets with uniquely specified degrees contribute to
the local clustering coefficient. Furthermore, apart from constants, c(k) behaves the
same in the uniform random graph and the erased configuration model. Interestingly,
despite the fact that the erased configuration model erases edges and the uniform
random graph does not, ¢(k) is higher in the erased configuration model than in the
uniform random graph.

5.1 Introduction

Chapter 4 showed that in many real-world networks, as well as in the popular rank-1
inhomogeneous random graph model, the local clustering coefficient c(k) of vertices
of degree k decays when k becomes large. In this chapter we again analyze c(k) for
networks with a power-law degree distribution with degree exponent 7 € (2,3). To
analyze c(k), we now consider the configuration model in the large-network limit,
and count the number of triangles where at least one of the vertices has degree k.
When the degree exponent T > 3, the total number of triangles in the configuration
model converges to a Poisson random variable [106, Chapter 7]. When T € (2,3), the
configuration model contains many self-loops and multiple edges [106]. This creates
multiple ways of counting the number of triangles, as we will show below. In this
chapter, we count the number of triangles from a vertex perspective, which is the

91
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same as counting the number of triangles in the erased configuration model, where
all self-loops have been removed and multiple edges have been merged.

Another option to avoid multiple triangles between one set of three vertices, is
to analyze uniform random graphs instead: graphs sampled uniformly from the
ensemble of all simple graphs with a given degree sequence. Such graphs can be
generated by switching algorithms, that start with an initial graph, and rewire some
of the edges at each time step [11, 97, 151]. However, the number of necessary steps
for these algorithms to result in a uniform sample is unknown for T € (2,3). We
analyze c(k) for uniform random graphs , and show that c(k) behaves similarly as
in the erased configuration model, apart from constants. Since erased configuration
models are easier to generate than uniform random graphs, this also justifies the
approximation of uniform random graphs by erasing edges in the configuration
model for T € (2,3) if one is only interested in the scaling of the clustering coefficient.
Taking the precise asymptotics of c(k) into account, our results show that c(k) is
higher for erased configuration models than for uniform random graphs.

We show that the local clustering coefficient remains a constant times n%~7 log(n)
as long as k = o(y/n). After that, c(k) starts to decay as c(k) ~ k=71 2%. We show
that this exponent v depends on T and can be larger than one. In particular, when
the power-law degree exponent 7 is close to two, the exponent -y approaches two, a
considerable difference with other random graph models that predict c(k) ~ k= [75,
132, 187]. Related to this result on the c(k) fall-off, we also show that for every vertex
with fixed degree k only pairs of vertices with specific degrees contribute to the
triangle count and hence local clustering.

The chapter is structured as follows. Section 5.2 describes the multiple ways
of triangle counting in the configuration model. We present our main results in
Section 5.3, including Theorems 5.1 and 5.5 that describe the three ranges of c(k) in
uniform random graphs. The next sections prove our main results for the erased
configuration model, and in particular focus on establishing Propositions 5.1 and 5.2
that are crucial for the proof of Theorem 5.1. Finally, Section 5.7 shows how to adjust
these proofs for uniform random graphs.

5.2 Basic notions

In this chapter, we focus on the configuration model, defined in Section 1.1.1 and the
uniform random graph, defined in Section 1.1.2. We take the degree sequence as an
ii.d. sample of a random variable D such that

P(D =k) =Ck T, (5.2.1)

when k — oo, where T € (2,3) so that E[D?] = co. When this sample constructs
a sequence such that the sum of the variables is odd, we add an extra half-edge
to the last vertex. This does not affect our computations. In this setting, Dmax =
O]p(nl/ (t-1) ), where Dpax = maXc |y D, denotes the maximal degree of the degree
sequence.

Counting triangles. Let G = (V,E) denote a configuration model with vertex set
V = [n] :={1,...,n} and edge set E. We are interested in the number of triangles



5.2. Basic notions 93

in G. There are two ways to count triangles in the configuration model. The first
approach is from an edge perspective, as illustrated in Figure 5.1. This approach counts
the number of triples of edges that together create a triangle. This approach may
count multiple triangles between one fixed triple of vertices. Let X;; denote the
number of edges between vertex i and j. Then, from an edge perspective, the number
of triangles in the configuration model is

Y XXXk (5.2.2)

1<i<j<k<n

A different approach is to count the number of triangles from a vertex perspective. This
approach counts the number of triples of vertices that are connected. Counting the
number of triangles in this way results in

Y. Lgxen{Xp > 11{Xy > 1} (5.2.3)
1<i<j<k<n

When the configuration model results in a simple graph, these two approaches give
the same result. When the configuration model results in a multigraph, these two
approaches may give substantially different numbers of triangles. In particular,
when the degree distribution follows a power-law with 7 € (2,3), the number of
triangles is dominated by the number of triangles between the vertices of the highest
degrees, even though only few such vertices are present in the graph [162]. When
the exponent T of the degree distribution approaches 2, then the number of triangles
between the vertices of the highest degrees will be as high as ©(n%), which is much
higher than the number of triangles we would expect in any real-world network of
that size. When we count triangles from a vertex perspective, we count only one
triangle between these three vertices. Thus, the number of triangles from a vertex
perspective will be significantly lower. In this chapter, we focus on the vertex-based
approach for counting triangles. This approach is the same as counting triangles in
the erased configuration model defined in Section 1.1.3, where all multiple edges have
been merged, and the self-loops have been removed.

Let A denote the number of triangles attached to vertices of degree k. When a
triangle consists of two vertices of degree k, it is counted twice in Ay. Let Nj denote
the number of vertices of degree k. Then, the clustering coefficient of vertices with
degree k equals

1 24

k) = N kG 1)
When we count Ay from the vertex perspective, this clustering coefficient can be
interpreted as the probability that two random connections of a vertex with degree
k are connected. This version of c(k) is the local clustering coefficient of the erased
configuration model. It is possible that no vertex of degree k is present in the graph.
We therefore analyze

, (5.2.4)

_ 1 28M
) = M@ Rk -1

where M(k) = {i € [n] : D; € [k(1—¢),k(1+¢)]}, and Ay, () the number of
triangles attached to vertices in M¢(k). When no vertex in M, (k) exists, we set

(5.2.5)
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/Q\
=% A

(a) CM (b) ECM

Figure 5.1: From the edge perspective in the configuration model, these are two
triangles. From the vertex perspective, there is only one triangle.

ce(k) = 0. We will show that in the models we analyze, M, (k) is non-empty with
high probability, so that c (k) is well defined.

5.3 Main results

We first present our results for the erased configuration model, and then we present
our results for uniform random graphs.

5.3.1 Erased configuration model

The next theorem presents our main result on the behavior of the local clustering
coefficient in the erased configuration model:

Theorem 5.1. Let G be an erased configuration model, where the degrees are an i.i.d. sample
from a power-law distribution with exponent T € (2,3) as in (5.2.1) with T € (2,3). Take €5,
such that limy,_se0 €, = 0 and lim,,_eo 1k~ (T Vg, = 0. Define A = —T (2 — 1) > 0 for
T € (2,3), let y = E [D] and C be the constant in (5.2.1). Then, as n — oo,

(Rangel) for1 < k = o(n(T=2/(t-1),

Ce, (k) P, 3—1

-T2
= log (1) o TCA, (5.3.1)

(Range IT)  fork = Q(n(™2/T=D) and k = o(\/n),

an(k) P —t~2
T T loa(n /KD log(n/kz) — U "C°A, (5.3.2)

(Range IT) for k = Q(y/n) and k < n/(T=1),

k
s 5{21_6 Lo e, (533)

Theorem 5.1 shows three different ranges for the local clustering coefficient, and is
illustrated in Figure 5.2. Let us explain why these three ranges occur. Range I contains
small-degree vertices with k = o(n(7=2)/(7=1))_In Section 5.4.2 we show that these
vertices are hardly involved in self-loops and multiple edges in the configuration
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Figure 5.2: The three ranges of ¢, (k) Figure 5.3: The normalized version of
defined in Theorem 5.1 on a log-log ¢, (k) for k = By/n obtained from The-
scale. orem 5.1 and Theorem 5.2.

model, and hence there is little difference between counting from an edge perspective
or from a vertex perspective. It turns out that these vertices barely form triadic
closures with hubs, which makes ¢, (k) independent of k in Theorem 5.1. Range II
contains degrees that are neither small nor large with degrees k = Q(n(7=2)/(t=1))
and k = o(y/n). We can approximate the connection probability between vertices i
and j with 1 — e DL/ where yu = E[D]. Therefore, a vertex of degree k connects to
vertices of degree at least n/k with positive probability. The vertices in Range II are
quite likely to have multiple connections with vertices of degrees at least n/k. Thus,
in this degree range, the single-edge constraint of the erased configuration model
starts to play a role and causes the slow logarithmic decay of c;, (k) in Theorem 5.1.
Range III contains the large-degree vertices with k = Q(/n). Again we approximate
the probability that vertices i and j are connected by 1 — e~ PP i/ This shows that
vertices in Range III are likely to be connected to one another, possibly through
multiple edges. The single-edge constraint on all connections between these core
vertices causes the power-law decay of c,, (k) in Theorem 5.1.

Theorem 5.1 shows that the local clustering not only decays in k, it also decays
in the graph size n for all values of k. This decay in # is caused by the locally tree-
like nature of the configuration model. Chapter 4 showed that in large real-world
networks, c¢, (k) is typically high for small values of k, which is unlike the behavior
in the erased configuration model. The behavior of ¢, (k) for more realistic network
models is therefore an interesting question for further research. We believe that
including small communities to the configuration model such as in Chapter 11 would
only change the k — ¢, (k) curve for small values of k with respect to the erased
configuration model. Low-degree vertices will then typically be in highly clustered
communities and therefore have high local clustering coefficients. Most connections
from high-degree vertices will be between different communities, which results in a
similar k — ¢, (k) curve for large values of k as in the erased configuration model.

Observe that in Theorem 5.1 the behavior of ¢, (k) on the boundary between
two different ranges may be different than the behavior inside the ranges. Since
k > c¢, (k) is a function on a discrete domain, it is always continuous. However, we
can extend the scaling limit of k — ¢, (k) to a continuous domain. Theorem 5.1 then
shows that the scaling limit of k — ¢, (k) is a smooth function inside the different
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ranges. Furthermore, filling in k = an("=1)/(7=2) in Range II of Theorem 5.1 suggests
that k — ¢, (k) is also a smooth function on the boundary between Ranges I and II.
However, the behavior of k — ¢, (k) on the boundary between Ranges II and I1I is
not clear from Theorem 5.1. We therefore prove the following result in Section 5.6.1:

Theorem 5.2. For k = B+/n,

Ce, (k _ _ -
;ré( T) C2 2— 2TB / / f1t2 1 —e Btl)(l —e Btz)(l —e tltzy)dt]dtz.
(5.3.4)

Figure 5.3 compares c, (k) /n*>~ for k = By/n using Theorem 5.2 and Theorem 5.1.
The line associated with Theorem 5.1 uses the result for Range Il when B < 1, and
the result for Range III when B > 1. We see that there seems to be a discontinuity
between these two ranges. Figure 5.3 suggests that the scaling limit of k — c¢, (k) is
smooth around k = /n, because the lines are close for both small and large B-values.
Theorem 5.3 shows that indeed the scaling limit of k — c¢, (k) is smooth for k of the

order \/n:

Theorem 5.3. The scaling limit of k — c¢, (k) is a smooth function.

Most likely configurations. The three different ranges in Theorem 5.1 result from a
canonical trade-off caused by the power-law degree distribution. On the one hand,
high-degree vertices participate in many triangles. In Section 5.5.1 we show that the
probability that a triangle is present between vertices with degrees k, D,, and D, can
be approximated by

(1 — ekDu/ V”) (1 — e~kDu/ ﬂ") (1 — e~Dubo/ V”) . (5.3.5)

The probability of this triangle thus increases with D, and D,. On the other hand, in
power-law distribution high degrees are rare. This creates a trade-off between the
occurrence of triangles between {k, D,,, D, }-triplets and the number of them. Surely,
large degrees D, and D, make a triangle more likely, but larger degrees are less
likely to occur. Since (5.3.5) increases only slowly in Dy, and D, as soon as D, D, =
Q(un/k) or when D, D, = Q(un), intuitively, triangles with D,,, D, = Q(un/k) or
with D, D, = Q(un) only marginally increase the number of triangles. In fact, we will
show that most triangles with a vertex of degree k contain two other vertices of very
specific degrees, those degrees that are aligned with the trade-off. The typical degrees
of Dy and Dy in a triangle with a vertex of degree k are given by D, D, ~ un/k or
by DyDy, =~ un.
Let us now formalize this reasoning. Introduce

(u,v) : DDy, € [6,1/5]un for k in Range I,
WL‘(&) =< (u,v): DyDy € [6,1/6]un, Dy, Dy, < un/ (k) for k in Range II,
(u,v) : Dy, Dy € [6,1/5]un/k for k in Range III,
(5.3.6)

where the ranges are as in Theorem 5.1. Denote the number of triangles between one
vertex of degree k and two other vertices i, j with (i,j) € WX() by A(WE(5)). The
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cn/Dy, D, con/k can/k
(@k<+/n b) k> /n

Figure 5.4: The major contributions in the different ranges for k. The highlighted
edges are present with asymptotically positive probability.

next theorem shows that these types of triangles dominate all other triangles where
one vertex has degree k and formalizes the energy minimization argument for the
rank-1 inhomogeneous random graph of Section 4.4:

Theorem 5.4. Let G be an erased configuration model where the degrees are an i.i.d. sample
from a power-law distribution with exponent T € (2,3). Then, for 6, — 0 sufficiently slowly,

Ak(wﬁ((sn)) L

A 1. (5.3.7)

For example, when k = Q(y/n), A(WE(8,)) denotes all triangles between a
vertex of degree k and two other vertices with degrees in [0, 1/6,|n/k. Theorem 5.4
then shows that the number of these triangles dominates the number of all other
types of triangles where one vertex has degree k. This holds when 6, — 0, so that the
degrees of the other two vertices cover the entire ®(n/k) range. The convergence of
Jn — 0 should be sufficiently slowly, e.g., 6, = 1/ log(n), for several combined error
terms of 4, and n to go to zero.

Figure 5.4 illustrates the typical triangles containing a vertex of degree k as given
by Theorem 5.4. When k is small (k in Range I or II), a typical triangle containing
a vertex of degree k is a triangle with vertices u and v such that D,D, = O(n) as
shown in in Figure 5.4a. Then, the probability that an edge between u and v exists
is asymptotically positive and non-trivial. Since k is small, the probability that an
edge exists between a vertex of degree k and u or v is small. On the other hand, when
k is larger (in Range III), a typical triangle containing a vertex of degree k is with
vertices u and v such that D, = ©(n/k) and D, = ®(n/k). Then, the probability that
an edge exists between k and D,, or k and D, is asymptotically positive whereas the
probability that an edge exists between vertices 1 and v vanishes. Figure 5.4b shows
this typical triangle.

Figure 5.5 shows the typical size of the degrees of other vertices in a triangle with
a vertex of degree k = nP. When g < (1 —2)/(7 — 1) (so that k is in Range I), the
typical other degrees are independent of the exact value of k. This shows why ¢, (k)
is independent of k in Range I in Theorem 5.1. When (t —2)/(t — 1) < B < 3, the
range of possible degrees for vertices u and v decreases when k gets larger. Still,
the range of possible degrees for D, and D, is quite wide. This explains the mild
dependence of ¢, (k) on k in Theorem 5.1 in Range II. When 8 > %, k is in Range IIL
Then the typical values of D, and D, are considerably different from those in the
previous regime. The values that D,, and D, can take depend heavily on the value of
k. This explains the dependence of ¢, (k) on k in Range III.
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Figure 5.5: Visualization of the contributing degrees when k = nf and D,, = n®. The
colored area shows the values of a that contribute to c(nf).

Global and local clustering. The global clustering coefficient divides the total num-
ber of triangles by the total number of pairs of neighbors of all vertices. In Chapter 7
we show that the total number of triangles in the configuration model from a vertex
perspective is determined by vertices of degree proportional to y/n. Thus, only tri-
angles between vertices on the border between Ranges II and III contribute to the
global clustering coefficient. The local clustering coefficient counts all triangles where
one vertex has degree k and provides a more complete picture of clustering from a
vertex perspective, since it covers more types of triangles.

Rank-1 inhomogeneous random graph. Our results for clustering in the erased
configuration model are very similar to the results on local clustering in rank-1
inhomogeneous random graphs of Chapter 4. Remember that in the inhomogeneous
random graph, every vertex is equipped with a weight h;, where the weights are
sampled from a power-law distribution. Then, vertices i and j are connected with
probability min(h;h;/(un), 1) [35, 61]. In the erased configuration model, we use that
the probability that a vertex with degree D; is connected to a vertex with degree D;
can be approximated by

1— e DiDi/mn (5.3.8)

which behaves similarly as min(D;D;/(un),1). Thus, the connection probabilities
in the erased configuration model can be interpreted as the connection probabilities
in the rank-1 inhomogeneous random graph, where the sampled degrees can be
interpreted as the weights. The major difference is that connections in the rank-1
inhomogeneous random graph are independent once the weights are sampled, whereas
connections in the erased configuration model are correlated once the degrees are
sampled. Indeed, in the erased configuration model we know that a vertex with
degree D; has at most D; other vertices as a neighbor, so that the connections from
vertex i to other vertices are correlated. Still, our results show that these correlations
are small enough for the results for local clustering to be similar as in the rank-1
inhomogeneous random graph.
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5.3.2 Uniform random graphs

Since all degrees in uniform random graphs are sampled independently, we may
condition on a vertex of degree k being present, and analyze c(k) instead of c, (k). We
now present our result on ¢(k) in the uniform random graph:

Theorem 5.5 (Local clustering.). Let G be a uniform random graph, where the degrees are
an i.i.d. sample from a power-law distribution with exponent T € (2,3) as in (5.2.1). Define
Aurg = 1t/ sin(rtt) > 0 for T € (2,3), let u = E [D] and C be the constant in (5.2.1).
Then, as n — oo,

(Range ) for1 < k = o(n(™=2/(t=1), conditionally on Ny > 1,

c(k) P 3—T _.»
- log(}’l) — — 1;1 C*AyurG, (539)

(RangeII) for k = Q(n™=2/(*=) and k = o(\/n), conditionally on N > 1,

C(k) P -T2
2T log(n/kz) — U C*Ayura, (5.3.10)

(Range IIT) for k = Q(/n) and k < n'/(©=1), conditionally on Ny > 1,

c(k P _
% — TC* A (5.3.11)

Comparison with the erased configuration model. Theorems 5.1 and 5.5 show
that c(k) behaves very similarly in the erased configuration model and the uniform
random graph. In fact, the only difference is that the constant A = —T'(2 — 7) in
the erased configuration model, is replaced by Ayrg = 7t/ sin(7rt). Figure 5.6
shows that A > Aygg for T € (2,3). Thus, the local clustering coefficient of the
erased configuration model is higher than the local clustering coefficient of a uniform
random graph of the same degree sequence. Interestingly, this implies that the erased
configuration model contains more triangles with a degree k vertex than a uniform
random graph on the same degree sequence, even though edges are removed in the
erased configuration model. For the total triangle count, this was also empirically
observed in [15]. One possible explanation for this phenomenon is that most hubs
in uniform random graphs are forced to connect to many low-degree vertices to
still satisfy the simplicity constraint. These low-degree vertices barely participate in
triangles. In the erased configuration model, it may be more likely for higher-degree
vertices to connect to one another, creating more triangles.

5.3.3 Overview of the proof for the erased configuration model

We now show the outline of the proof of Theorem 5.1 for the erased configuration
model. The proof for ¢(k) in the uniform random graph has a similar structure,
and is given later in Section 5.7. To prove Theorem 5.1, we show that there is a
major contributing regime for ¢, (k), which characterizes the degrees of the other
two vertices in a typical triangle with a vertex of degree k. We write this major
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Figure 5.6: The constant A of Theorem 5.1 is bigger than the constant Ayrg of
Theorem 5.5.

contributing regime as WX () defined in (5.3.6). The number of triangles adjacent to a
vertex of degree k is dominated by triangles between the vertex of degree k and other
vertices with degrees in a specific regime, depending on k. All three ranges of k have
a different spectrum of degrees that contribute to the number of triangles. We write

Ce, (k) = ce, (Wr(8)) + ce, (WS (5)), (5.3.12)

where c,, (W£(5)) denotes the contribution to c, (k) from triangles where the other
two vertices (u,v) € WX(5) and ¢, (WX(5)) denotes the contribution to c¢, (k) from
triangles where the other two vertices (u,v) ¢ W¥(§). Furthermore, we write the
order of magnitude of the value of c;, (k) as f(k, n). Theorem 5.1 states that this order
should be
n?>~Tlog(n) for k = o(n(7=2/(t-1)),
fk,n) = { n?Tlog(n/k?) fork = Q(n(™2/=1) k = o(\/n), (5.3.13)
nd=27k2t =6 for k = Q(y/n).

We let IP, denote the conditional probability given (D;);c[,), and [E, the correspon-
ding expectation. The proof of Theorem 5.1 is largely built on the following two
propositions:

Proposition 5.1 (Main contribution).
e, (Wh(0) v, [CO LT —eTdr k= o),
f(n,k) c? (f;/‘s tl—T(l—e—f)dt) k= Q(y/n).

Proposition 5.2 (Minor contributions). There exists x > 0 such that for all ranges

Ce, _111{
E, [ (W (5))} L Op (6%). (5.3.15)

(5.3.14)

lim sup

n—c0 f(”/k)

We now show how these propositions prove Theorem 5.1. Applying Proposi-
tion 5.2 together with the Markov inequality yields

P (cgn(w,’;(a)) > Kf(k,n)aK) —O(K™). (5.3.16)
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Therefore,
ce, (k) = ce, (WK(8)) + Op (f(k,1)5%). (5.3.17)

Replacing ¢ by 6, and letting J,, — 0 slowly enough for all combined error terms of
0y and o(f(n,k)) in the expectation in (5.3.15) to converge to 0 then already proves
Theorem 5.4. To prove Theorems 5.1 and 5.2 we use Proposition 5.1, which shows
that

C2 [P -T(1 — e t)dt + O(6" k=
ce,(6) { om0k 518

flkn) — e (f;” H-7T(1— e’t)dt)z +O(6%)

We take the limit of § — 0 and use that

00 © X "0 o0
/ (1 —e Y)dx = / / 2! Te Vdydx = / / x! e Vdxdy
0 0 JO 0 Jy

B 1 R L O .
= 2—T/o y- e Vdy = = r2—-t)=:4,
(5.3.19)
which proves Theorem 5.1. O

The rest of the chapter is devoted to proving Propositions 5.1 and 5.2. We prove
Proposition 5.1 using a second moment method. We compute the expected value of
Ce, (k) conditioned on the degrees as

2T e o Fn [A ()]
Enlee (0] = 31, k=1

(5.3.20)

where A (w) denotes the number of triangles containing vertex w. Let X;; denote

the number of edges between vertex i and j in the configuration model, and Xij the
number of edges between i and j in the corresponding erased configuration model,
so that X;; € {0,1}. Now,

E, {A(w) | D& = k] — 1 Y Pu(Raou = Koo = Xuo = 1| DE” = k). (5321

u,#£Ew

Thus, to find the expected number of triangles, we need to compute the probability
that a triangle between vertices u, v and w exists, which we will do in Section 5.5.1.
After that, we show that this expectation converges to a constant when taking the
randomness of the degrees into account, and that the variance conditioned on the
degrees is small in Section 5.5.3. Then, we prove Proposition 5.2 in Section 5.6 using a
first moment method. We start in Section 5.4 to state some preliminaries.

5.4 Preliminaries

We now introduce some lemmas that we will use frequently while proving Propositi-
ons 5.1 and 5.2. Let D,, denote a uniformly chosen vertex from the degree sequence
(Di)ic[n) and let Ly = Y[, D; denote the sum of the degrees.
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5.4.1 Conditioning on the degrees

In the proof of Proposition 5.1 we first condition on the degree sequence. We compute
the clustering coefficient conditional on the degree sequence, and after that we show
that this converges to the correct value when taking the random degrees into account.
We will use the following lemma several times:

Lemma 5.1. Let (Gy),>1 be a sequence of erased configuration models on n vertices where
the degrees are an i.i.d. sample from a random variable D. Then,

P, (Dy € [a,b]) = Op (P (D € [a,b])) (5.4.1)
En [f(Du)] = Op (E[f(D)]) - (5.4.2)

Proof. By using the Markov inequality, we obtain for M > 0

E [P, (Dy € [a,b])] 1
> < = — 4.
P (P, (Dy € [a,b]) > MP (D € [a,b])) < MP (D € [a,b]) WM (54.3)
and the second claim can be proven in a similar way. O

In the proof of Theorem 5.1 we often estimate moments of D, conditional on the
degrees. The following lemma shows how to bound these moments, and is a direct
consequence of the Stable Law Central Limit Theorem:

Lemma 5.2. Let Dy be a uniformly chosen vertex from the degree sequence, where the
degrees are an i.i.d. sample from a power-law distribution with exponent T € (2,3). Then, for
a>T1—1,

E, [DY] = Op (n"‘/ (T—U—l) . (5.4.4)
Proof. We have
n
E, [DL] = % Y Df. (5.4.5)

i=1
Since the D; are an i.i.d. sample from a power-law distribution with exponent 7,
P (DY > t) = P(D; > tV/%) =+~ %, (5.4.6)

so that D are distributed as i.i.d. samples from a power-law with exponent (7 —
1)/a+1 < 2. Then, by the Stable law Central Limit Theorem (see for example [217,
Theorem 4.5.1]),

n o
Y D¥ =Op (nﬁ) ) (5.4.7)
i=1
which proves the lemma. O
We also need to relate L, and its expected value un. Define the events
o= {ILn = pn| < 0?7}, Ay = {IMe, (K)] > 1} (5.48)

By [111], P (J,) — 1 as n — oo, and by (2.3.2), P (A,,) — 1. When we condition on
the degree sequence, we will assume that the events ], and A, take place.
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5.4.2 Erased and non-erased degrees

The degree sequence of the erased configuration model may differ from the original
degree sequence of the original configuration model. By Lemma 2.1

D\ = D;(1 - 0p(1)). (5.4.9)

Thus, in many proofs, we will exchange D; and DEer) when needed.

55 Second moment method on main contribution W¥(9)

We now focus on the triangles that give the main contribution. First, we condition
on the degree sequence and compute the expected number of triangles in the main
contributing regime. Then, we show that this expectation converges to a constant
when taking the i.i.d. degrees into account. After that, we show that the variance
of the number of triangles in the main contributing regime is small, and we prove
Proposition 5.1.

5.5.1 Conditional expectation inside W¥(§)

In this section, we compute the expected number of triangles in the major contributing
ranges of 5.3.6 when we condition on the degree sequence. We define

ng(Du/ D‘(J/ Dw) = (1 _ e*DuDv/Ln)(l _ e*Dqu/Ln)(l _ e*Dva/LVL)' (551)

Then, the following lemma shows that the expectation of ¢, (k) conditioned on
the degrees is the sum of g, (Dy, Dy, Dy) over all degrees in the major contributing
regime:

Lemma 5.3. On the event |, defined in (5.4.8),

Z(u,v)ew,’g((s) gn(k, Dy, Dy)
k(k—1)

E, [ce, (WE())] = (14 0p(1)). (55.2)

Proof. By (5.3.20) and (5.3.21)

STy (] ZweM, 4y Liuopews(s) Pr (Duow = 1)

1)/ . (553)

Ey [ce, (WE(9))] =
where A, 5, denotes the event that a triangle is present on vertices u, v and w. We

write the probability that a specific triangle on vertices u, v and w exists as
IPn (Au,v,w - 1) =1- ]Pn (qu - 0) - ]Pn (Xvw - 0) - ]Pn (Xuv - 0)
+ ]Pn (qu = Xvw = O) + ]Pn (Xuv = Xvw = 0)
+ Py (Xuo = Xuw = 0) =Py (Xuw = Xuw = Xow =0). (5.5.4)

In the major contributing ranges, D, Dy, Dy = Op (nl/ (t=1) ), and the product of the
degrees is O(n). By Lemma 7.1

Py (Xuo = Xow = 0) = e Pubo/Lng=Dobw/Ln (1 4 o (n=(T-2)/(t=1))) - (5.5.5)
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and

P, (Xuv = Xow = Xuw = 0)
— e*DuDv/Lne*Dva/Lne*Dqu/Ln (1 + OP(H*(T*Z)/(T*D)). (556)

Therefore,

Py (Aupw=1) = (1+0p(1))(1 — e PuPo/Lny(1 — e=Dubw/Luy (1 — e=PoDu/Ln)
= (1 + OIP(l))gn(Du/ Dy, Dw)/

(5.5.7)
where we have used that for DD, = O(n)
1— efDuDv/Ln(l + 0]19(7’17(‘[72)/(”[71))) — (1 _ e*DuDv/Ln)(]_ + O]p(l)) (558)
Lemma 5.1 shows that, given Déﬁr) =k,

§n(Dw, Du, Dy) = gn(k, Du, Dp)(1 +0p(1)). (5.5.9)

Thus, we obtain

ZweM (k) Y k gn(Dw/ Dy, Dv)
k - en (u,0) W5 (6)
E, [ce, (W5(9))] = MBIk =D (14 0p(1))
Z(u,v)vef(&) n (k/ Dy, Dv)
= D) (1+o0p(1)), (5.5.10)
which proves the lemma. O

5.5.2 Analysis of asymptotic formula

In the previous section, we have shown that the expected value of ¢, (k) in the major
contributing regime is the sum of a function g, (k, Dy, Dy) over all vertices u and v
with degrees in the major contributing regime if we condition on the degrees. That is

1+ o0p(1) _ _ _
En [ce, (WSO)] = Grpmy L1 —e P/t — e /b1 —emPuberb),
k(k—1) k(s
(u,0)eW;(9)
(5.5.11)
This expected value does not yet take into account that the degrees are sampled i.i.d.
from a power-law distribution. In this section, we prove that this expected value
converges to a constant when we take the randomness of the degrees into account.
We will make use of the following lemmas:

Lemma 5.4. Let A C R? be a bounded set and f(t1,t) be a bounded, continuous function

on A. Let M™ be a random measure such that for all S C A, M"(S) L, A(S) =

I s dA(ty, t2) for some deterministic measure A. Then,

/Af(h, B2)dM" (11, 1) /Af(fh t2)dA(t1, t2). (5.5.12)
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Proof. Fix 5 > 0. Since f is bounded and continuous on A, for any § > 0, we can find
m < oo, disjoint sets (B;);c,) and constants (b;);c[,, such that UB; = A and

() = Y by myeny | < 6 (55.13)
i=1

forall (t1,t,) € A. Because M (B;) L, A(B;) for all i,

lim P (|M"™(B;) — A(B;)| > 1/ (mb;)) = 0. (5.5.14)

n—oo
Then,
‘/Af(tl,tz)dM(")(tl,tz) - Af(tl/tz)dA(tl/tz)

<

/A flh, k) = Y bilg(s, 1y)epdM™ (1, 1)
=

+

/A f(tt2) = ) bilg(s, 1)epydA(f, )
i=1

+

m
> bi(M™(B;) - A(Bi))|
i=1
< SM™(A) + A (A) + op (7). (5.5.15)
Now choosing é < 77/A(A) proves the lemma. O

The following lemma is a straightforward one-dimensional version of Lemma 5.4.

Lemma 5.5. Let M [a, b] be a random measure such that for all 0 < a < b, M™[a, b N

Ala, b] = fub dA(t) for some deterministic measure A. Let f(t) be a bounded, continuous
function on [5,1/6]. Then,

1/6 p [/
: f(HAM™ (t) — ; f(t)dA(t). (5.5.16)
Proof. This proof follows the same lines as the proof of Lemma 5.4. O

Using these lemmas we investigate the convergence of the expectation of ¢, (k)
conditioned on the degrees. We treat the three ranges separately, but the proofs
follow the same structure. First, we define a random measure M that counts the
normalized number of vertices with degrees in the major contributing regime. We
then show that this measure converges to a deterministic measure A, using that the
degrees are i.i.d. samples of a power-law distribution. We then write the conditional
expectation of the previous section as an integral over M™). Then, we use Lemmas 5.4
or 5.5 to show that this converges to a deterministic integral.

First, we consider the case where k is in Range L.
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Lemma 5.6. (Range I) For 1 < k = o(n(7=2/(t=1)),

Eulee, WS0))] v, ed=T [

1-t(1 _ -t
n2~Tlog(n) T—1/s FTT(1—e")dt (5.5.17)

Proof. Since the degrees are i.i.d. samples from a power-law distribution, D, =
Op(n/ (™)) uniformly in u € [n]. Thus, when k = o(n(7=2/(t=1) kD, = op(n)
uniformly in u € [n]. Therefore, we can Taylor expand the first two exponentials
in (5.5.11), using that 1 —e™ = x + O(x?). By Lemma 5.3, this leads to

k? DyDy(1 — e~ DuPo/Ln)

SR 2

(u,v)EWfi(é)

(5.5.18)

Ey [ce, (WE(9))] = (140 (1))

Furthermore, since D, = Op(n!/("=1)) while also D,D, = ©(n) when (1,v) €
WX ()8, we can add the indicator that K;n(7=2)/(t=1) < D, < Kyn!/(*=1 for 0 <
K1, Ky < oo. We then define the random measure

; (un)™!
MU[“'HZW Y L(p,Dyenplap Knt2/ ) <D, <ut/1} - (5:5.19)
) u#ven

We write the expected value of this measure as

-1 T
E [M"[a,b]] = l(oygn(iz)nz]E H{u #v:DyDy € [a,blun,D, € [KlnTi—%,Kzn%—l]}H

_ () (n—1) P
= log(—n)n]P (D1D2 € [a,blun, Dy € [Kyn™1,Kan 1])

1

-1 ,Knt1 bun/x

_ () / ’ / C?(xy) "dydx
log(n) Jyn(2/@1 Jaun/x

1
_ ) (n—1) /K 14, /b}mu*Tdu
N log(n)n a

Kyn@2/G=) X Jayn
—1 b — log(K>/K

_ 2! /t‘Tdt 3-7  los(Ke/Ky (5.5.20)
nJa T—1 log(n)

where we used the change of variables u = xy and t = u/(un). Thus,

3—1 (b
r—1/a £Tdt =: Ala, b]. (5.5.21)

lim IE [M"[a,b]] = C?

n—oo

Furthermore, the variance of this measure can be written as

Var (M [n,b])
 (un)?o2 . N
= o) ulv,Zu;’z (]P (DuDv/ DyD; € unla, b}, Dy, Dy € [KynT1,Kpn 1])

-P (DuDv € ;m[a,b], D, € [KW%%,KZn%])
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x P (DwDZ € unla,b), Dy € [Kyn1, Kzn%]) ) (5.5.22)

Since the degrees are an i.i.d. sample from a power-law distribution, the contribution
to the variance for [{u, v, w,z}| = 4 is zero. The contribution from |{u,v,w,z}| = 3
can be bounded as

2162

n
()7 ” Y P (DyDy, DyDy € pina, b))
log u,0,w
H2774n2773
= ~——— —P(D1Dy,D1Ds € unla, b))
log*(n)
274273 bn/x 2
s / Cx™° (/ Cy‘Tdy) dx
IOg (n an/x
1
<k, (5.5.23)
log?(n)
for some constant K. Similarly, the contribution for u = z, v = w can be bounded as
(1un) 2762 §2T6p2T—4
~———") P (D,D, € unfa, b)) = —————IP (D1D, € unja, b))
og2ln) 2 (e log”(n)
kT gy = K (55.24)
—n og(n) = , 5.
~ log?(n) & log(n)

for some constant K. Thus, Var (M"[a,b]) = o(1). Therefore, a second moment
method yields that for every a,b > 0,

M®1[a,b] X5 Ala, b). (5.5.25)
Using the definition of M in (5.5.19) and that L;;! = (un)~1(1 + 0p(1)),
DyDy(1 — e PuDo/Ln)

Z L%

1 1/6 ¢
= ul 3T log(n)/ —(1—e HdM™(t)
6 Ly

1/6
— T2 T log(n) /5 H1 — e~ )dM® (£)(1 + op(1)). (5.5.26)
By Lemma 5.5 and (5.5.25),

1/6 1/6
[ K1 — e~ t)dM™ —>/ K1 — e H)dA(H)
[

2 3—1

T—1

If we first let n — oo, and then K; — 0 and K, — oo, we obtain from (5.5.18), (5.5.26)
and (5.5.27) that

E,[ce, (k), WE(5)] P - —73_7/1/5 s —t
z — _— 1-— . 5.2
nz_”og[('n) L [ AT (5.5.28)

1/6
/ H-7(1— et (5.5.27)
)




108 Chapter 5. Local clustering in the ECM and the URG

D,D, =n/e

Figure 5.7: Contributing regime for n(*=2/(7=1) < k < \/n.

O
Lemma 5.7. (Range IT) When k = Q(n(™=2/ ("D and k = o(\/n),
Enlce, (WE()] P o o /1/5 1-T(1 _ ot
e vy A A G L (5.5.29)

Proof. We split the major contributing regime into three parts, depending on the
values of D, and D,, as visualized in Figure 5.7. We denote the contribution to the
clustering coefficient where D,, € [k/d2,0n/k| (area A of Figure 5.7) by ct) (Wk(¢)),
the contribution from D,, or D, € [6n/k,n/(5k)] (area B of Figure 5.7) by ¢l (WX(6))
and the contribution from D, € [k, k/6?] and D, € [6°n/k, én/k] (area C of Figure 5.7)
by ¢ (WK(5)). We first study the contribution of area A. In this situation, Dy, Dy <
on/k, so that we can Taylor expand the exponentials e ¥Pu/L+ and e ~kPo/Ln in (5.5.11).
This results in

En e, (Wi (9))] = lz Y. (1— e Pulln)(1 — e FDo/lu)(1 — e=Pubo/n)

(u,0)EWE(6),

Dy€lk/82,0n/k|

C(4op))) ¥ DuDeq_e-pupest) (5.5.30)
(u0)eWE(), 1
Dy€lk/5%,0n/k|

Now we define the random measure

-1
M(ln) [a, b} _ (.un)

= log(Pn/ D)2 Y Y{D,Dycpnlab) Duclk/son/K} (5.5.31)

u,0€ [n]

As similar reasoning as in (5.5.25) shows that

b
M [a,b] 25 2 / £TdE = Asla, b). (5.5.32)

a
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By (5.5.30), we can write the the expected value of c{) (WK(5)) as

D,D, _
En[ct, (W (8))] = (14 0p(1)) ) s—(1—e DuDo/Ln
(u,0)eWE(6), n

Dy€lk/8%,0n/K|

1/6
=(1+ op(l))yfrnsz log(53n/k2) /5 H1— eft)dMgn)(t).
(5.5.33)
Thus, by Lemma 5.5

1/6
Equ[cl) (WK(6))] = (14 0p(1))2u~ "n> T log(6°n/k?) A / t(1—e t)dAy(t). (5.5.34)
Then we study the contribution of area B in Figure 5.7. This area consists of two
parts, the part where D,, € [6n/k,n/(kd)], and the part where D, € [én/k,n/(kd)].
By symmetry, these two contributions are the same and therefore we only consider
the case where Dy, € [6n/k,n/(ké)]. Then, we can Taylor expand e~ Po*/L# in (5.5.11),
which yields

2 _ D,k _
E, [ (WE(o))] = 7 L (et e /b (5535)
(1,0)EWk(9), "
D,>dén/k

Define the random measure

n n
M(Z)([a’b] [C d]) (‘u ) Z ]l{DuDUG]m[ub] Dye(un/k)[cd]}- (5.5.36)

n? u,v€(n|

Then we obtain

E, [} (Wh(9))]

— i Ln (1 _e*kDu/Ln)Duka(]_ _e*DuDv/Ln)

Ly

(u,v)eWZf((S),
D,>én/k

) 1/6 r1/6 t
=2u""n —T/ / (- e )1 —e 2)dMY (t, 1) (1 +op(1)). (5.5.37)
6 6 2
Again, using a first moment method and a second moment method, we can show that
() P2 Mg [ gy -
My ([a,b], [c,d]) — C £t Edv =: Ala, blv|c,d]. (5.5.38)
a JC
Very similarly to the proof of Lemma 5.4 we can show that

1/6 r1/6
L e - e My ()

1/6 1/5
_)/ / tl —e M)(1—e 2)dA(t)dv(t). (5.5.39)
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The latter integral can be written as

/6 (1/6 4 ot

/ LR e dv(n)
1/6 1/5
/ / 2T (1—e 2)(1—e M)dhdh

2 (01 t 1o t
—C /5 . (1—e*2)dt2/ F-7(1—e~h)dt. (5.5.40)
2

The left integral results in

1/6 1 e—tz _ 1 t2:1/(5
—(1—e f2)dt :[ + Ei(t ]
/5 t§( Jdz ty (t2) t=6

-0 [} o k

_ -1/6 _ o e " —1 1 —u . . 57

=4(e 1) 5 + » e du — log(9) ]; PP

-1 1 —‘r-/ool*”du—l—&( 71/5_1)_675—1_i5k

RCAW; 1/6 ut ¢ ) — k'k

10g( > + f(6), (5.5.41)

where Ei denotes the exponential integral and we have used the Taylor series for
the exponential integral. We can show that f(J) < oo for fixed § € (0,00). In fact,
f(0) = 1asd —0.

Finally, we study the contribution of area C in Figure 5.7, where D, € [k, k/ (52]
and D, € [n/kds3,n/ké). In this regime, D,k = o(n) and Dyk = o(n) so that we can
Taylor expand the first two exponentials in (5.5.11). This results in

_ D,D
E, [/ (WE@)| = (1+0(1)) Y (1—e Pub/bn) =22 (5.5.42)
w,v:Dy€[6%n/k,6n /K], "
Dy Dy>6n,Dy, € [kk/ 52
We define the random measure
() _ ()™t
M3 ([a,b], [C,d]) = nz ;]l{DuE\/ﬁk[u,h],Dve(\/ﬁn/k)[c,d]}' (5.5.43)

Then,

£, [e/ W) = (L or(t ™ [0 [ (a1 - e i)am (o, 1)

(5.5.44)
Again using a first moment method and a second moment method we can show that

b d
MY ([a,b], [c,d]) L, Cz/ u*Tdu/ v~ "do. (5.5.45)

a Cc
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In a similar way, we can show that for B C [1, 1/6%) x [8%,4],
M (B) L5 2 / /l;(uv)_Tdudv. (5.5.46)
Thus, by Lemma 5.4,
1/62 16 P 1/82 16
/ / (fit2) (1 — e 12)dM (11, 1) F C2 / / (xy)=7(1 — e ) dydu.
1 5/h 1 5/x

(5.5.47)
We evaluate the latter integral as

1/8% 5 1/8% rév
/1 /Mx(xy)l_f(l —e ¥)dydx = / / ful_f(l —e *)dudo
1/6 [1/82
—/ / 1 ul=7(1 — e *)dodu
u/

1/(5
log( )/ ul=T(1—e*)du
6
1/6 1
+/§ log <u) ul"T(1—e)du, (5.5.48)

where we used the change of variables 1 = xy and v = x. Summing all three
contributions to the expectation under [E,, of the clustering coefficient yields

En[ce, (Wy(6))]
= Enlcs, (W, (9))] + Enles, (Wy(6))] + Eulce, (W) (8))]

1/6
= C?u "> (1 +op(1)) [/{5 H™T(1—e )dy

% (1og ( 5 ) +3log< ) +2f(5)) + /{;l/élog (i) (1 e—u)du}

_c2(1+oP(1))y—Tn2—TMwﬁ—fu— e~)dt (log (3 ) +2/(9))

1/6 1 1
+/ log <> wr(1- e”)du].
s u

(5.5.49)
Dividing by n?~7log(n/k?) and taking the limit of n — co then shows that
Enlce,(Wi(O)] ®, 2 ¢ [M0
—allen ZnO))] P, o T/ T(1— e ¥)dx. 5550
27 log(n/k2) - e )dx (5:5.50)
O

Lemma 5.8. (Range III) For k = Q(/n),

En[ce, (WK (5 s (VO
W - e /A HoT(1 - )dt) : (5.5.51)
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Proof. When k = Q)(y/n), the major contribution is from u, v with D,;, D, = @(n/k),
so that D, D, = o(n). Therefore, we can Taylor expand the exponential e ~P«Po/ L
in (5.5.11). Thus, we write the expected value of ¢, (k) as

E, [cen(w,’;(é))] _1 Y. (1—e Du/lny(1 — e KDo/Luy(1 — e~ DuDe/Ln)

2
k (u,v)eW,’f(zS)

- M S L R LT )
(u,0)EWK(5) "
(5.5.52)
Define the random measure
. n T—1 B
Ni )[a/b] = wkl ‘ Z ]l{Due(;m/k)[a,b]}/ (5.5.53)

n u€e(n|

and let N be the product measure N{” x N{". Since all degrees are i.i.d. samples
from a power-law distribution, the number of vertices with degrees in interval [g1, 42]
is distributed as a Bin(1, C(q; " — g5~ 7)) random variable. Therefore,

(yn)rflklfr
n

Ny ([a, b]) = [{i : D; € (un/k)[a,b]}|

— lim (un)" K" (D; € (un/k)|a, b))

n~>oo
— (‘un)r—lkl—r /
a

where we have used the substitution t = xk/(un). Then,
Z (1 _e*kDu/Ln)(]_ *va/Ln)DuDU
(u0)EWK(8) b

= % Z (1_e*kDu/Ln)(1
(u,0)EWE(0)

bun/k

CxTdx=C / b= A([a,b]),  (5.5.54)
un/k a

Do/ Ly D,k Dyk
) Ln Ln

1/6 p1/6
= (L or())p 2 2 [0 [ (1 e ) (1 - e )dN (1)
6 Jo

(5.5.55)
Combining this with (5.5.52) yields

E. lc Wk ) _ 1/6 r1/6 _ B .
Enlee WO — (v oy [ [ a1 - e ) (1 — e B)ant (o, 1)

=1+ op(l))y2T3(/§l/5 t(1— e’tl)le(")(tl)>2. (5.5.56)

We then use Lemma 5.5, which shows that
1/6 1/5
/ 71— e h)dN (1) s c/ L1 — e )dA ()
o

—C / T(1 — e )dty. (5.5.57)
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Then, we can conclude from (5.5.56) and (5.5.57) that

Ence, (Wi(0))] » o M0 _ 2
% P, 2T<,/(S 71— e tl)dtl) ' (5.5.58)

5.5.3 Variance of the local clustering coefficient

In the following lemma, we give a bound on the variance of c;, (W (4)):

Lemma 5.9. For all ranges, under J, N Ay,

var (e, (WE(D)
E [ce, (WE(0)) 2 — 0. (5.5.59)

Proof. We analyze the variance in a similar way as we have analyzed the expected
value of ¢, (k) conditioned on the degrees in Section 5.5.1. We can write the variance
of ¢, (WK(4)) as

1
k _
Vary, (Csn(wn (5))) - kz(k _ 1)2|M€n (k)‘Z
< Y Y Pu(Liuelws) = Pu (Do) P (Dwz) (5.5.60)
i€ Mey (k) (u,0)€WE(9),
(w,z)EWE(8)

where A; , , again denotes the event that vertices i, u and v form a triangle. Equa-
tion (5.5.60) splits into various cases, depending on the size of {i,},u,v,w,z}. We
denote the contribution of |{i,j,u,v,w,z}| = r to the variance by V) (k). We first
consider V' (k). By a similar reasoning as (5.5.7)

Var, (ce” (w,’;(a)))

1
= Z Z gn(krDu;Dv)gn(kr Dw/Dz)(1+0P(1))
| M, (k) |?k2(k — 1)2 /€My (K) (1,0) €WK (5), (
(w,2) WS ()

— 8u(k, Du, D)gu(k, Du, Dz) (14 05(1)) )

= 2 op (gn(k, Du;{zD(;f{)fnl(;Cz, Dy, Dz)) =op (]En[csn (W’li((;))}z) . (5.5.61)

(u,0),(w,z) EWE(6)

where we have again replaced g,(D;, Dy, Dy) by gu(k, Dy, Dy) because of (5.5.9).
Since there are no overlapping edges when |{i,],u,v,w,z}| = 5, V® (k) can be
bounded similarly. This already shows that the contribution to the variance from 5 or
6 different vertices involved is small in all three ranges of k.

We then consider V), which is the contribution from two triangles where one
edge overlaps. We show that these types of overlapping triangles are rare, so that
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their contribution to the variance is small. If for example i = j and u = z, then
one edge from the vertex of degree k overlaps with another triangle. To bound this
contribution, we use that IP,, (X,-j = 1) < min(1, DiDj/ Ly,). Then we can bound the
summand in (5.5.60) as

]Pn (Ai,u,vAi,w,u) - ]Pn (Ai,u v) IPn (Ai,w,u)

’

S ]Pn (Az u,vAi,w,u)

,

. kD, . kD, . D, D,
< i
< min (1, L ) min (1, L, 2) min <1, L 4
x min { 1 *Dw_ min | 1 DwDu
"L,—6 "L, —8
=(1+0(n 1)) min (1, Du ) in 1, kDo
Ln Ln

x min | 1, DuDy min l,ij min {1, DwDy, . (b.5.62)
Ly Ly Ly

We first consider k in Ranges I or II, where k = o(y/n). We bound the terms in-
volving k in (5.5.62) by taking the second term of the minimum, while we bound
min(D,D,/Ly,1) <1, which results in

_1\\¥*D,D,D
Py (Ai,u,vAi,w,u) — Py (Ai,u,v) Py (Ai,w,u) < (1 + O(Tl 1))%
n
k*D
= O(l)(S_lTw, (5.5.63)

where we used that D, D, < n/6 when (u,v) € W¥(5). Therefore, the contribution
to the variance in this situation can be bounded by

k3 Z 2 (Slew 1 2 (5—1Dw
FIMe, ()1 i ) o womewkey i KIMe (R oS s L
s~to(n7) 1 2
= L{py>s : 5.5.64
= kMg, (k)| uez[n] oD, <w§q {Dw>én/D“}) ( )

where we used that D, = O(n/D,,) in WX(5). We then use Lemma 5.1 to further
bound this as

k3 51Dy,

1 n 3-21
YRGS D [ < K(©)0r (WZ(D) )

i€Me, (k) (u,0),(w,u) EWE(5) "

< K(6)Op (n372rkr71n(27r)/(r71) '
(5.5.65)
Here K(4) is a constant only depending on ¢. Since n(2~9/(T=D™=1 = o(11) when
k = o(y/n) and T € (2,3), we have proven that this contribution is smaller than
n*27log?(n) and smaller than n*~27 log?(1/k?), as required by Lemmas 5.6 and 5.7
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respectively. Now we consider the contribution from triangles that share the edge
between vertices # and v. Using a similar reasoning as in (5.5.62), the contribution
from the case i # j and u = z and v = w can be bounded as

1
W 2 2 Py (Ai,u,vA]'/v,w) = Pn (Dio) Pr (Aj,v,w)
€n i,j€Me, (k) (1,0)€Wk(5)

s X
(1) W (5)

— 6720, (nl_T log(n)) ) (5.5.66)

kD2D2
s <677, ((Du,Dv) € wﬁ(&))
n

where we used Lemma 5.1 and that D,D, = O(n) when (1,v) € WK(8). Since
n'~Tlog(n) = o(n* 27 log?(n)) for T € (2,3), this shows that this contribution is
small enough.

When k is in Range III, we use similar bounds for V@, now using that Dy, Dy, Dy <
5~ n/k. Under A,, | M., (k)| > 1. Again, we start by considering the case i = j and
u = z. We use (5.5.62), where we use that D,,D, < n?/(ké)?> and D, Dy, < n?/(ké)?,
and we take 1 for the other minima. This yields

P, (Ai,u,vAi,w,u) - Py (Ai,u,v) P, (Ai,w,u) < O(}’lz)k74574. (5.5.67)
Thus, the contribution to the variance from this case can be bounded as
1 1
— O(n2)k*6* < —0p (n°k86*P (D 5k))?
B0 gy O <0 (B> n/(G1))
" (1), (u,w) €W ()
3-37
< 5,-85—4 (1
< Or <”k 0 (k&) >
—Op (k37711n873r) HT7 (5.5.68)

where we used Lemma 5.1. When k = Q(y/n) and T € (2,3), this contribution is
smaller that n'9~47k47=12 a5 required by Lemma 5.8. In the case where i # j, u = z
and v = w, we use a similar reasoning as in (5.5.62) to show that

Py (D uolion) — P (Dio) Pr (D) < O(n)k 2572, (5.5.69)

Then the contribution of this situation to the variance can be bounded as

2-2
% Y Omk22<0 (52n3k6 (%) T> =0 (2928 (55.70)
(1,0)EWE(9)

10-4747-12 35 required. Thus, the contribution of V) is

Again, this is smaller than n
small enough in all three ranges.

Finally, V®, can be bounded as

1 1
A e o o PalBiue) = e Ba |, (Wi(9)
k4‘MEn (k)|2 I‘EMEH (k) (M,U)EW;}?C(&) v k4|M€n (k)l |: § :|

1
= g O U 657
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In Ranges I and II, we use that |M;, (k)| = Op (nk~7). Thus, this gives a contribution
of

Z—Tl
VO (k) = Op (’W) = Op (nl—T 1og(n)kf—4) ) (5.5.72)

which is small enough since n!~Tk"* < n*~27 for T € (2,3) and k = o(y/n). In
Range III, again we assume that | M, (k)| > 1, since otherwise the variance of ¢, (k)
would be zero, and therefore small enough. Then (5.5.71) gives the bound

VO (k) = Op (nS_ZTkZT_m) , (5.5.73)

which is again smaller than n'9~47k*"=12 for T € (2,3) and k = Q(y/n). Thus, all
contributions to the variance are small enough, which proves the claim. O

Proof of Proposition 5.1. Combining Lemma 5.9 and the fact thatP (],,) = 1—O(n=1/7)

shows that ( k( )
ce, (W, (0 P
Ex e, WEGD] 6278

Then, Lemmas, 5.7 and 5.8 show that

O 1—7, —
e, (WES)) p [C2[37° FTetdt 4 O(6") k= o(y/n)
Sl Ay 16 de a2 (5.5.75)
f(k,n) C2([/° #-tetdt) + 0(6%) k= Q(vn),
which proves the proposition. O

5.6 Contributions outside WX ()

In this section, we show that the contribution of triangles with degrees outside of the
major contributing ranges as described in (5.3.6) is negligible. The following lemma
bounds the contribution from triangles with vertices with degrees outside of WX(4):

Lemma 5.10. There exists k > 0 such that

lim sup Ey [ce, (W;’i@))}

msu ok Op (65). (5.6.1)

Proof. To compute the expected value of ¢, (k), we use that P, (X;; = 1) < min(1, Di?f ).

This yields

n?E, [min(l, kﬁ” ) min(1, kgf ) min(1, szl)”
Ey, [ce, (k)] <

< . )] . (5.6.2)
(k—1)

Using Lemma 5.1, we obtain

En [ce, (K)] = n2%k20y <1E [min (1, kDu) min <1, kDy ) . <1, DuDv>D ,
pi pn un

(5.6.3)
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where Dy, and D, are two independent copies of D. Similarly,
E, [Cen(wrlz((fs))]

_ nzk—2O]P (]E |:mir1 (1, k]/glu) min (1/ k}/ﬁ:’) min (11 D;:T[l)v) ]l{(Du,D-u)EWZf(é)z’J 21;)

where

. kD . kD . D, D
E [mln (1' ;,mu> min <1' ‘zmv) min (1' ;nv) 1{(D11,DU)€WVIE(5)}:|
= // _ (xy)" "min (1, kx) min <1, ky) min (1, xy) dydx. (5.6.5)
(xy)EWE(5) un un un

We analyze this expression separately for all three ranges of k. For ease of notation,
we assume that y = 1 in the rest of this section.

We first consider Range I, where k = o(n(7=2)/(T=1)) Then we have to show that
the contribution from vertices # and v such that D, D, < én or D,D, > n/J is small.
First, we study the contribution to (5.6.5) for D, D, < dn. We bound this contribution
by taking the second term of the minimum in all three cases, which gives

K2 n pon/x - K2 n 1 gpon ,t k253-7 .
ﬁ/l/l (xy) d]/dx—ﬁ/1 ;/x u” "dudx = 37TO(n log(n)) .

(5.6.6)
Then, we study the contribution for D, D, > n/4. This contribution can be bounded
very similarly by taking kD,, /L, and kD, v/L; and 1 for the minima in (5.6.5) as

nk non 1—v1 B K2 1 pnx v B k2572 .
?/1 L/(éx)(xy) dydx = ﬁ/l < /n/(su dudx = — O (n""log(n)).
(5.6.7)

Thus, by (5.6.4),
E, [cgn(w,’;(s))] = Op (nH 1og(n)5K) . (5.6.8)
Dividing by n2~"log(n) and letting n — oo then proves the lemma in Range L.
Now we consider Range IT, where k = Q(n("=2/(*=1)) and k = o(y/n). We show
that the contribution from vertices u and v such that D,D, < én or D,D, > n/é
or Dy, D, > n/(ké) is small. We first show that the contribution to (5.6.5) for D,, >

n/(ké) is small. In this setting, D,k > n, so that the first minimum in (5.6.5) is
attained by 1. The contribution can be computed as

[ o _ ) ky ) xy
T —_— —_
/n/(ké)/l (xy) "min (1, p > min (1, . ) dydx
ke MY |t ax ke k1
S dyd f/ / y1-Tdyd
n? /n/(&k)~/l ¥y dydn n/(ké) Jn/x e

+/00 /Oox_T “Tdydx
n/(ké) Jn/k Y Y

=K0 (n7 ") + K0 (n77) + 6 tO(n* KT 2). (5.6.9)
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By (5.6.4), multiplying by n%k~2 and then dividing by f(n,k) = n> " log(n/k?) and
letting n — oo shows that this contribution is small. Thus, we may assume that
Dy, Dy < n/(ké). Now we show that the contribution from D, D, < dn is negligible.
Then, D, D, < n, so that the third minimum in (5.6.5) is attained for D, D, /n. The
contribution then splits into various cases, depending on D,,.

1 // (xy)! " T min (1, kx) min (1, ky) dydx
xy<én

571/X y n/k Jn/x K2 2y2
= / / (xy)~ L2 dydx + / / dydx
Jn/x
ko
=K0 (n~ )52 T+k25n “O(log(n/k?*)) +k*0 (n~7) 8* . (5.6.10)

The contribution of D, D, > n/¢é can be bounded similarly as

// /.(xy)*T min (1, kx) min (1, ky) dydx
xy>n/o

LRI )~ kx4
_//n/z)x yx+/ / (6x) X]/ L2 yax
—ky
T, dvd
/i/k /i/ ox) yax
=K*%6"10 (n —T)+k2(sf 20(n""log(n/k*)) + kK*O (n~7) 572 (5.6.11)

By (5.6.4), multiplying by k 2n? and then dividing by f(n,k) = n? “log(n/k?)
proves the lemma in Range II.

Finally, we prove the lemma in Range III, where k = Q)(y/n). Here we have to
show that the contribution from D,, D, < én/k or D,, D, > n/(5k) is small. We
again bound this using (5.6.5). The contribution to (5.6.5) for D,, > n/(kd) can be
computed as

[e ] (o] _ . ky . xy
T 1, - 1,— dyd
/n/(k& / (xy) mm( )mm( ) ydx
n/x 1 1
—/ / x Ty Tdydx—l—// - “THdydx
n /x n/
/k
+/n /n %xf”lyf”zdydx—i—/ / x Ty Tdydx
n/x k
T T+1d d / / —T+1 —T+2d d
+/ /n/x " ydx + y ydx

-0 (log ( 5) ) L0 (51’72k2T74n3721’> 10 (nlfr)
+0 (577271372%2774) +0 (nkr) +0 <n17T> +0 (nlq)

-0 ((ST’szT"‘ng”ZT) . (5.6.12)
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Multiplying this by n%k~2 and then dividing by f(n,k) = n°~27k**~% shows that this
contribution is sufficiently small.
Then we study the contribution to (5.6.5) for D,, < én/k. This can be computed as

on/k poo
1/ / (xy)!~ T min (1, l;y) min (1, ﬁ) dydx

;1(5
_/ /H/k k2 *T+2 T+2dydx+/ /n/x k —T742 7T+ldydx
n

/k nz”
y~ “dydx
/ /n/x n Y

-0 (53—’rk27—4n3—2T> +0 (53—Tk21'—4n3—2r) +0 (5n1—r)

-0 (5T*2szf4n3*2f) : (5.6.13)
Again, multiplying by n?k~2 and dividing these estimates by f(n,k) = n®>~27k*7—6
completes the proof in Range IIL O

5.6.1 Proof of Theorem 5.2

We now show how we adjust the proof of Theorem 5.1 to prove Theorem 5.2. We
use the same major contributing triangles as the ones in Range III in (5.3.6). Then,
in fact Lemmas 5.3, 5.9 and Proposition 5.2 still hold. It is easy to derive a similar
lemma as Lemma 5.8 for the situation k = ©(y/n). The only difference with the proof
of Lemma 5.8 is that we do not Taylor expand the exponentials in (5.5.52). This then
proves Theorem 5.2. O

5.6.2 Proof of Theorem 5.3

We now prove that the scaling limit of k — ¢, (k) is continuous around k = /n.
When B is large, we rewrite (5.3.4) as

ce, (k _ _ 2
;;ET) C2y?-2tp2t- 4/ / xy) T (1—e ) (1—e ¥)(1—e ¥/ B)dxdy.

(5.6.14)
Taylor expanding the last exponential then yields
k (o] (o]
C;gf) = (1 o(1))C3 2 B0 [ [Ty 1T (1 — e ) (1~ e ¥)dxdy
0 Jo
= (14 0(1))C? 3 2TB27 642, (5.6.15)
Substituting k = By/n in Range III of Theorem 5.1 gives
Ce, (k - _
:129 = (140(1))C?u>2"B>" 042, (5.6.16)

which is the same as the result obtained from Theorem 5.2. Therefore, the scaling
limit of k — ¢, (k) is smooth for k > \/n.
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For B small, we can Taylor expand the first two exponentials in (5.3.4) as long
as x and y are much smaller than 1/B. The contribution where x,y < 1/B and
B < uxy < 1/B can be written as

1/B
22 2T</sz /B/w T(1— e M) dydx
1/B ,1/( Bx
/ // (11— e_”xy)dydx>
B/ (ux)
o/B 1/B (1/B
= C T </2/ 1ul*T(l—e*”)dudzﬂr/ / 1u1T(1—e”)dudv>
B+ JB

1/B
_ 2,7 -2 _ 1-7 —u
— % <log(B )/B “T(1—e" du+/ log(1/u)u!~T(1— e )du),

(5.6.17)
where we used the change of variables u = puxy and v = x. The contribution of the
second integral becomes small compared to the first part as B gets small, as the second
integral is finite for B > 0. We can show that the contributions from x,y > 1/B, or
from xy > 1/B can also be neglected by using that 1 —e™* < min(1, x). Thus, as B
becomes very small, Theorem 5.2 shows that ¢, (k) for k = B+/n can be approximated
by

~ C? 1og(B—2)/ ul="(1 — e *)du, (5.6.18)
0

which agrees with the value for k = B+/n in Range II of Theorem 5.1.

To prove the continuity around k = n(7=2/(=1) we note that the proofs of
Lemmas 5.7,5.9 and 5.10 for Range II still hold if we assume that k > an(t=2)/(t=1)
for some a > 0 instead of k = Q(n(7=2)/(=1)). Thus, we can also apply the result of
Range II in Theorem 5.1 to k = an(7=2)/(=1) which yields

ce. (K) = i "5 TC2A (?;%: log(n) + log(a2)) (1 + 0p(1)). (5.6.19)

This agrees with the k — c;, (k) curve in Range I when n grows large. O

5.7 Clustering in uniform random graphs

In this section, we estimate the connection probability in a uniform random graph,
which is the key ingredient for proving Theorem 5.1. We say that a sequence of degree
sequences (D;);e[, satisfies the pseudo-power law with parameter T > 1, if there
exists a constant K > 0 such that for every n > 1, and every i > 1, [{v: D, > i}| <
Knil =7, If (Dj)ic[y is an i.i.d. sample of (5.2.1), then with high probability (D;);c[,)
satisfies the pseudo-power law with parameter 7/ provided v < 7 [88]. Our key
lemma is as follows, where the probability space refers to the uniformly random
simple graphs with degree sequence (D;);c/y:

Lemma 5.11. Assume that 2 < T < 3 is fixed and (D;);c|y, satisfies the pseudo-power law
with parameter 2 < T < 3. Let C denote a set of unordered pairs of vertices and let Ec denote
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the event that xy is an edge for every {x,y} € C. Then, on the event |, defined in (5.4.8) and
assuming that |C| = O(1) and {u,v} ¢ C,

(Dy — |Cu]) (Do — |Co)
Ly + (Dy — |Cul)(Dy — |Col)’

where Cy denote the set of pairs in C that contain x.

P, (Xuo =1|Ec) = (1+0(1))

To prove Theorem 5.5, we use the following corollary of Lemma 5.11:

Corollary 5.1. Let C denote a set of unordered pairs of vertices, such that |C| < 5 and
{u,v} ¢ C. Let Ec denote the event that xy is an edge for every {x,y} € C. Then, on the
event [, the connection probability of vertices u and v in a uniform random graph on degree
sequence (D;);c|y) satisfying the pseudo-power law with 2 < T < 3 satisfies

(i) Forallu,v,

D,D
P, (Xuyp =1|Ec) =0 ( z ”) ) (5.7.1)
n
(ii) For all u,v such that D,;, Dy > 1 and D, D, = O(n)
DLIDU
P, Xy =1]Ec) = (1 1) —r—. 7.2
n( uv | C) ( +0( ))Ln+D1¢Dv (5 )

We now proceed to prove Lemma 5.11. As a preparation, we first prove a lemma
about the number of 2-paths starting from a specified vertex.

Lemma 5.12. Assume that 2 < T < 3 is fixed and (D), satisfies the pseudo-power law
with parameter 2 < T < 3. For any graph G whose degree sequence is (D;);c|y), the number
of 2-paths starting from any specified vertex is o(n).

Proof. W.lo.g. we assume that D1 > Dy > --- > Dj,. Forevery 1 <i < n, the number
of vertices with degree at least D; is at least i. By the definition of the pseudo-power
law, KnDl.l_T > i for every 1 < i < n. It then follows that D; < (Kn/i)l/(f_l). Then
the number of 2-paths from any specified vertex is bounded by Z?zll D;, which is at
most

Dy Dy 1 1 T 27-3

1
()7 = w1 L = o) D = o),
i=1 i=1

since D; < (Kn)' (=1 Since 2 < T < 3 the above is o(1).

Proof of Lemma 5.11. To estimate P, ( Xy» = 1| E¢), we will switch between two clas-
ses of graphs: S and S. S consists of graphs with degree sequence (Dj)ic[n) where all

edges in {u, v} U C are present, whereas S consists of all graphs with degree sequence
(Dj)ic[n) where all edges in C are present, whereas {u, v} is not an edge. Since we
sample uniformly from all graphs with degree sequence (D;);c/:

S| 1
[ST+1S] — 1+13[/18]

P, (Xuo = 1| E¢) = (5.7.3)
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el e
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Figure 5.8: The right arrow illustrates a forward switching and the left arrow a
backward switching.

In order to estimate the ratio |S|/|S|, we will define an operation called a forward
switching which converts a graph in G € S to a graph G’ € S. The reverse operation
converting G’ to G is called a backward switching. Then we estimate |S|/|S| by counting
the number of forward switchings that can be applied to a graph G € S, and the
number of backward switchings that can be applied to a graph G’ € S.

The forward switching is defined by choosing two edges and specifying their
ends as {x,a} and {y, b}. The choice must satisfy the following constraints:

1. None of {u, x}, {v,y}, or {a,b} is an edge;
2. {x,a},{y, b} ¢ C;
3. Allof u, v, x, y, a, and b must be distinct except that x = y is permitted.

Given a valid choice, the forward switching replaces the three edges {u, v}, {x,a},
and {y,b} by {u,x}, {v,y}, and {a,b}. The forward switching preserves the degree
sequence, and converts a graph in S to a graph in S. The inverse operation of a
forward switching is called a backward switching. See Figure 5.8 for an illustration.

Next, we estimate the number of ways to perform a forward switching to a graph
Gin S, denoted by f(G), and the number of ways to perform a backward switching to
a graph G’ in S, denoted by b(G). Now, the number of total switchings between S and
Sis equal to |S|E [f(G)] = |S|E [b(G')], where the expectation is over a uniformly
random G € S and G’ € S respectively. Consequently,

5| _ E[f(G)
S| T EBG)) 674

Given an arbitrary graph G € S, the number of ways of carrying out a forward
switching is at most L2, since there are at most L, ways to choose {x,a}, and at most
L, ways to choose {y, b}. To find a lower bound on the number of ways of performing
a forward switching, we subtract from L2 an upper bound on the number of invalid
choices for {x,a} and {y,b}. These can be summarized as follows:

(a) atleastone of {u,x},{a,b},{v,y} isan edge,
(b) {x,a} € Cor{y,b} €C,
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(c) any vertex overlap other than x = y (i.e. if one of 4 or b is equal to one of x or y,
orif a = b, or if one of u or v are one of {a,b, x,y}).

To find an upper bound for (a), note that any choice in case (a) must involve a single
edge, and a 2-path starting from a specified vertex. By Lemma 5.12, the number
of choices for (a) then is upper bounded by 3 - 0(Ly) - L, = 0o(L2). The number of
choices for case (b) is O(L,) as |C| = O(1), and there are at most L, ways to choose
the other edge which is not restricted to be in C. To bound the number of choices for
(c), we investigate each case:

(C1) aorbisequal toxory;ora = b. In this case, x,y,a,b forms a 2-path. Thus,
there are at most 5 -7 - 0(L,) = o(L2) choices (noting that n = O(L,) on the
event J,), where n is the number of ways to choose a vertex, and o(L,,) bounds
the number of 2-paths starting from this specified vertex;

(C2) one of u and v is one of {a,b, x,y}. In this case, there is one 2-path starting from
u or v, and a single edge. Thus, there are at most 8 - L;Dmax = O(L%) choices,
where Dpax bounds the number of ways to choose a vertex adjacent to u or v
and L, bounds the number of ways to choose a single edge.

Thus, the number of invalid choices for {x,a} and {y, b} is 0(L2), so that the number
of forward switchings which can be applied to any G € Sis (1 +0(1))L2. Thus,

E[f(G)] = L2(1 +o(1)). (5.7.5)

Given a graph G’ € S, consider the backward switchings that can be applied to
G'. There are at most L, (D, — |Cy|)(Dy — |Cy|) ways to do the backward switching,
since we are choosing an edge which is adjacent to u but not in C, an edge which is
adjacent to v but not in C, and another “oriented” edge {a, b} (oriented in the sense
that each edge has two ways to specify its end vertices as a and b). For a lower bound,
we consider the following forbidden choices:

(@’) atleastone of {x,a} or {y,b} is an edge,
(') {a,b} €C,
(<) any vertices overlap other than x = y (i.e. if {a,b} N {u,v,x,y} # D).

For (a’), suppose that {x,a} is present. There are at most (D, — |Cy|)(Dy — |Cyp])
ways to choose x and y. Given any choice for x and y, there are at most o(L,,) ways to
choose a 2-path starting from x, and hence o(L, ) ways to choose a, b. Thus, the total
number of choices is at most o((Dy, — |Cy|)(Dy — |Cy|)Lyn). The case that {y, b} is an
edge is symmetric.

For (b’), there are O(1) choices for choosing {4, b} since |C| = O(1), and at most
(Dy — |Cul)(Dy — |Cy]) choices x and y. Thus, the number of choices for case (b’) is
O((Du — Cul)(Do = ICo1)) = o((Du = Cul) (Do = |Co) L.

For ('), the case that a or b is equal to x or y corresponds to a 2-path starting
from u or v together with a single edge from u or v. Since 0(L,) bounds the number
of 2-paths starting from u or v and D, — |C,| + Dy — |Cy| bounds the number of
ways to choose the single edge, there are o(L,(Dy — |Cy|)) + 0(Ly(Dy — |Cyl)) total
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choices. If a or b is equal to u or v, there are (D, — |Cy|)(Dy — |Cy|) ways to choose
x and y, and at most D, + D, ways to choose the last vertex as a neighbor of u or v.
Thus, there are O((D,, — |Cy|)(Dy — |Cy|) Dmax) = 0((Dy — |Cu|)(Dy — |Cy|) Ly) total
choices, since Diax = O(n'/(*=1)) = o(n) = o(L,). This concludes that the number
of backward switchings that can be applied to any graph G’ € S’ is (D, — |Cy|)(Dy —
|Co|)Ln (14 0(1)), so that also

E [6(G)] = (Du — Cul)(Dy — [Col)Lu(1 +0(1)). (57.6)
Combining (5.7.4), (5.7.5) and (5.7.6) results in

Ly

151/1S] = (14 0(1)) (Dy — |Ca)(Dy — |Co) L’

and thus (5.7.3) yields

1 (Du — |Cul) (Do — |Col)

Pu (X =11 Ee) = 1gr77g7 = (A oW L5, 16,0 Dy - 1G]

O

We now show how we use Corollary 5.1 to adjust the proof of Theorem 5.1 to
prove Theorem 5.5.

Proof of Theorem 5.5. Since by [88] the degree sequence satisfies the pseudo-power
law with high probability, we assume that the sampled degree sequence satisfies the
pseudo-power law assumption. Define

DuDU Dqu DUDw

h D ,D /D = .
n(Du, Do, Dw) DuDy + Ly DyDy + Ly DoDy + Ly

(5.7.7)

When (u,v) € WX(8), Dy, D, > 1 as well as D,D, = O(n), Dyk = O(n) and
Dyk = O(n) (see (5.3.6)). Thus, when (u,v) € WK(5), we may use Corollary 5.1(ii)
on the probabilities that the edges in a triangle between vertex u, v and a vertex of
degree k are present. Then, similarly to the proof of Lemma 5.3, of the event

Z uv k hn(k/ Dy, Dy
E, [csn(Wfi(é))} S )GW’,’(((‘SIi_ 0 )(1+0(1)). (5.7.8)

In Range I, when (u,v) € Wff(&), Dyk/Ly, = o(1) so that Dyk/(Dyk + L,) = Dyk(1+
0(1)) and similarly Dyk/(Dyk + L) = Dyk/Ly(1+ 0(1)). Thus, in Range I,
1 DiD3
Ey|ce,(Wi()| = Y St (140(1)). (5.7.9)
{ ] (4,0 SWE(D) Lz DyDy + Ly,
A similar convergence of measure argument as in Lemma 5.6 then shows that in
Rangel
k .
E, {an (Wn (5)” i} Cz"l/l_T3 —1 [/ 42T

n2-Tlog(n) T—1Js 1+t

dt. (5.7.10)
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Similarly, in Range Il we analyze (5.7.8) using Lemma 5.7, again replacing the function
1 —e /L by xy/ (L, + xy), resulting in

E, Cen(W;li(‘s)) 1/6 $2—7
Z[T | v 2 [ (57.11)
n2~Tlog(n/k?) s 14t

Finally, in Range III, when (u,v) € W,’i(é), D,D, = o(n) so that D,D,/(D,D, +
Ly) = L;1(1+ o(1)). Thus, (5.7.8) becomes
1 D,k D,k

k _
Ex [ce, (W5(9))| = T (M)EZV;W) DL B 1 To). (6712

Now applying Lemma 5.8, replacing the function 1 — e =¥/ by xy /(L + xy) shows
that for Range III

Ex [ce, (W@)] 1 s et o
2, 3-2T
s T CH ( /5 T tdt) : (5.7.13)

Furthermore, Lemma 5.9 also holds for the uniform random graph, again replacing
the edge probability 1 — e~ DuDo/Ln by DyD,/(Ly + DyDy) < min(D,Dy/Ly,1).

Finally, Lemma 5.10 also holds for the uniform random graph. The proof fol-
lows the exact same lines as the proof of Lemma 5.10, only instead of using that
P, (Xl-]- =1) < min(D;D;/Ly, 1), we now use that by Corollary 5.1 IP,, (Xl-]- =1) =
O(min(D;D;/Ly, 1)), which does not change the scaling of the terms involved in
Lemma 5.10. Combining these lemmas in the same way as in the proof of Theorem 5.1
then proves Theorem 5.5.

O






6  Local clustering in dynamic and spatial
models

Based on:
Variational principle for random graphs explaining scale-free clustering
C. Stegehuis, R. van der Hofstad, |.S.H. van Leeuwaarden, arXiv:1812.03002

In this chapter, we introduce a variational principle to explain how vertices tend
to cluster as a function of their degrees, generalizing the analysis of ¢(k) for the rank-1
inhomogeneous random graph, the erased configuration model and the uniform
random graph of Chapters 4 and 5. The variational principle reveals the triplets of
vertices that dominate the triangle count. We show that this variational principle
applies to a wide class of random graph models including the preferential attachment
model, the inhomogeneous random graph, the random intersection graph and the
hyperbolic random graph, enabling us to find the scaling of c(k) for all these models.

6.1 Introduction

Chapters 4 and 5 show that the rank-1 inhomogeneous random graph, the erased
configuration model and the uniform random graph have vanishing clustering levels
when the network size grows to infinity, making these models unfit for modeling
group formation in the large-network limit, which is often observed in real-world
networks. We therefore study the hyperbolic model in this chapter, introduced in
Section 1.1.6, which creates a random graph by positioning each vertex at a uniformly
chosen location in the hyperbolic space, and then connecting pairs of vertices as
a function of their locations. The hyperbolic model is mathematically tractable
and capable of matching simultaneously the three key characteristics of real-world
networks: sparseness, power-law degrees and clustering.

We again measure clustering in terms of the local clustering coefficient c(k) intro-
duced in Section 1.2.2. It is possible that no vertex of degree k is present, which can be
resolved by averaging over degrees close to k, as in Chapter 5, which does not affect
the scaling. In this chapter, we therefore analyze c(k) assuming that at least 2 vertices
of degree k are present for ease of notation. As Figure 4.2 shows, the c(k)-curves
of several observed real-world networks share several similarities. First of all, c(k)
decays in k. Furthermore, for small values of k, c(k) is high, indicating the presence
of non-trivial clustering. In this paper, we aim to design a mathematical method that,
together with a mathematical network model, is able to describe such curves. Taking
the hyperbolic model as the network model, we obtain a precise characterization of

127
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clustering in the hyperbolic model by describing how the clustering curve k — c(k)
scales with k and n. We also obtain the scaling behavior for C from the results for
c(k).

Studying the local clustering coefficient c(k) is equivalent to studying the number
of triangles where at least one of the vertices has degree k. We develop a variational
principle that finds the dominant such triangle in terms of the degrees of the other
two vertices. This variational principle exploits the trade-off present in power-law
networks: on the one hand, high-degree vertices are well connected and therefore
participate in many triangles. On the other hand, these vertices are rare because of
the power-law degree distribution. Lower-degree vertices typically participate in
fewer triangles, but occur more frequently. The variational principle finds the degrees
that optimize this trade-off and reveals the structure of the three-point correlations
that dictate the degree of clustering.

The variational principle can be applied to a wide range of random graph models.
While the focus lies with the hyperbolic model, we also apply the variational principle
to the rank-1 inhomogeneous random graph, the preferential attachment model and
the random intersection graph. As it turns out, each random graph models comes
with a model-specific clustering curve k — c(k). Our analysis confirms that the
preferential attachment model and rank-1 inhomogeneous random graph lead to
degenerate clustering curves that vanish in the large-network limit, while the random
intersection graph displays a clustering curve that is more similar to the curve of the
hyperbolic random graph.

6.2 Variational principle

We now discuss the variational principle in more detail, apply it to characterize
clustering in the hyperbolic model, and then apply it to other random graph models.

The variational principle deals with the probability of creating a triangle between
a vertex of degree k and two other uniformly chosen vertices, which can be written as

P (L) = ) P(A ondegreesk,dy,dy) P (dy,d2), (6.2.1)
(d1,d2)

where the sum is over all possible pairs of degrees (dy,d,), and IP (dq,d2) denotes the
probability that two uniformly chosen vertices have degrees d; and d,. We then let
the degrees d; and d; scale as n*! and n*2 and find which degrees give the largest
contribution to (6.2.1). Due to the power-law degree distribution, the probability that
a vertex has degree proportional to n* scales as n~(""1% The maximal summand
of (6.2.1) can then be written as

max P (A on degrees k, n*1, n*2) 2+ +a2)(1-7), (6.2.2)

142

We now study the optimal structure of a triangle using (6.2.2) for several random
graph null models. If the optimizer over a; and & is unique, and attained by «} and
a3, then we can write the probability that a triangle is present between a vertex of
degree k and two randomly chosen vertices as

PP (Ag) o IP(A on degrees k, n*1, n*2)n(®102)(1-7), (6.2.3)
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The local clustering coefficient c(k) is defined as the expected number of triangles
containing a uniformly chosen vertex of degree k divided by (5). Therefore,

c(k) o n2k 2P (A on degrees k, n*1, n*2)n(®1+02)(1=7), (6.2.4)

Thus, if we know the probability that a triangle is present between vertices of degrees
k,n*1 and n*2 for some random graph null model, the variational principle is able to
find the scaling of c(k) in k as well as the graph size n.

Suppose a model assigns to each vertex some parameters that determine the
connection probabilities (for example radial and angular coordinates in case of the
hyperbolic random graph). The variational principle can then be applied as long as
the vertex degree can be expressed as some function of the vertex parameters, so
that the probability of triangle formation between three vertices can be viewed as
a function of the vertex degrees, and one can search for the optimal contribution
to (6.2.2). We show that this is possible for a wide class of random graph models,
making the variational principle an important tool to investigate clustering.

6.2.1 Clustering in the hyperbolic random graph

We now use the variational principle to compute c(k) in the hyperbolic random graph,
defined in Section 1.1.6, where each vertex is described by a radial coordinate r and
an angular coordinate ¢. As explained in Section 1.1.6, vertices with small radial
coordinates are often hubs, whereas vertices with larger radial coordinates usually
have small degrees. We will use this relation between radial coordinate and degree to
find the most likely triangle in the hyperbolic model in terms of degrees as well as
radial coordinates. For a point i with radial coordinate r;, we define its type t; as

t; = elR=7)/2, (6.2.5)
Then, if D; denotes the degree of vertex i, by (2.4.16)
t; = ©(D;). (6.2.6)

Furthermore, t; are distributed as a power law with exponent 7 [33], so that the
degrees have a power-law distribution as well. The t;’s can be interpreted as the
weights in a rank-1 inhomogeneous random graph [33].

We now study c(k) for the hyperbolic random graph, using the constrained
variational principle (6.2.2). Thus, we calculate the probability that a triangle is
present between vertices of degrees k, n*1 and n*2. Because the degrees and the types
of vertices have the same scaling, we investigate the probability that two neighbors
of a vertex of type k connect. We compute the probability that a triangle is formed
between a vertex of degree k, a vertex i with ; o n*1 and a vertex j with ¢; o« n*2 with
«1 < ap. We can write this probability as

P (A on types k, n"1,n*2) =P (k <» n*1) P (k <+ n*?)
x IP (n*! and n*? neighbor connect) . (6.2.7)

The probability that two vertices with types t; and ¢; connect satisfies by Lemma 2.5

P (i < j | t;,t;) = g(vtit;/n) (14 0p(1)) e min (2vt;t;/(7tn), 1), (6.2.8)
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with g as in Lemma 2.5. Therefore, the probability that a vertex of type k connects
with a randomly chosen vertex of type n*! can be approximated by

P (k + n*) &« min(kn*1~1,1). (6.2.9)

The third term in (6.2.7) equals the probability that the two neighbors of a vertex of
degree k connect to one another, which is more involved. Two neighbors of a vertex
are likely to be close to one another, which increases the probability that they connect.

We now compute the order of magnitude of the third term in (6.2.7). Let i and j
be neighbors of a vertex with degree k, with ¢; & n"1 and t; & n"2. Two vertices with
types t; and t; and angular coordinates ¢; and ¢; connect if the relative angle between
¢; and ¢;, A0, satisfies by (2.4.13)

AG < © (2vtitj/n). (6.2.10)

W.l.o.g., let the angular coordinate of the vertex with degree k be 0. For i and j to be

connected to a vertex with angular coordinate zero, by (6.2.10) ¢; and ¢; must satisfy
— @(min(kn*~1,1)) < ¢; < O(min(kn®171,1)),

— O(min(kn*2"1,1)) < ¢; < O(min(kn"271,1)). (6.2.11)

Because the angular coordinates in the hyperbolic random graph are uniformly

distributed, ¢; and ¢; are uniformly distributed in the above ranges. By (6.2.10),
vertices i and j are connected if their relative angle is at most

2upt1 el (6.2.12)

Thus, the probability that i and j connect is the probability that two randomly chosen
points in the intervals (6.2.11) differ in their angles by at most (6.2.12). Assume that
&y > aq. Then, the probability that i and j are connected is proportional to

P (n*! and n*2 neighbor connect) o min (’W, 1)
min(kn®2~1,1)
= min(n™ max(n®2~%,k71),1). (6.2.13)
Thus, (6.2.2) reduces to
max 7(*12) (=7 min (kn®1 =1, 1) min(kn2~1, 1) min(n* max(n2~1, k1), 1).

q,02
(6.2.14)
Because of the min(kn®2~1,1) term, it is never optimal to let the max term be attained
by n*2~1. Thus, the equation reduces further to

max 7“2 0= min(kn® =1, 1) min(kn®2 1, 1) min(n“k ', 1). (6.2.15)
X1,42

The maximizers over a1 < ap are given by
(no’ no)l T> %/
(n*1,n"2) o { (k, k) T< 3,k < \/n, (6.2.16)
(n/k,n/k) T<3,k>/n
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(a) T < 5/2: For k > \/n the two other verti- (b) T > 5/2: The other two vertices have
ces have degree proportional to n/k, whereas  constant degree across the entire range of k.
for k < +/n the other two vertices have de-

gree proportional to k.

Figure 6.1: Typical triangles containing a vertex of degree k (dark red) in hyperbolic
random graphs. A vertex of degree n* has radial coordinate close to R — «, so that the
optimal triangle degrees can be translated back to their radial coordinates in the disk.

Then (6.2.4) shows that for each 1 < k < n'/("=1), with high probability

k1 T> %,
c(k) oc { k427 T < 3, k< /n, (6.2.17)
KXTon5720 < 5 k> /.

This result is more detailed than the result in [130], where the scaling c(k) ~ k™!
was predicted for fixed k. We find that this scaling only holds for the larger values
of 7, while for T < 5/2 the decay of the curve is significantly different, which was
also found in [82]. For T > 5/2, the c(k) curve does not depend on n. For 7 < 5/2
the dependence on 7 is only present for large values of k. Interestingly, the exponent
T = 5/2 is also the point where the maximal contribution to a bidirectional shortest
path in the hyperbolic random graph changes from high-degree to lower-degree
vertices [28]. The optimal triangle structures also contain higher vertex degrees for
T < 2.5 than for T > 2.5 (see Figure 6.1). Figure 6.2a shows simulations of c(k) in the
hyperbolic random graph together with the asymptotic slope from (6.2.17).

6.2.2 Locally tree-like random graph models.

We next apply the variational principle to several random graph models that are
known to be locally tree-like, so that triangles and clustering disappear in the large-
network limit. The rank-1 inhomogeneous random graph is one such model. We
analyzed c(k) for the rank-1 inhomogeneous random graph in detail in Chapter 4,
but we now show how the variational principle gives another method to obtain the
scaling of c(k) in the rank-1 inhomogeneous random graph. We take the connection
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Figure 6.2: Simulations of c(k) for three different models with n = 10°. The solid lines
correspond to averages over 10* network realizations and the dashed lines indicate
the asymptotic slopes of (6.2.17), (6.2.22) and (6.2.28).

probability of vertices i and j with weights ; and h; to be given by
p(hi, hj) = min(h;h;/ (un), 1), (6.2.18)

where u denotes the average weight. Thus, the probability that a vertex of degree k
forms a triangle together with vertices i and j of degrees n*! and n"2, respectively, can
be written as

P(A;jx) = ©(min(kn*t~!, 1) min(kn"2~!, 1) min(n*1 %271, 1)). (6.2.19)
Therefore (6.2.2) reduces to

max 1+ 0=7) min (kn® =1, 1) min(kn®2 1, 1) min(n®1 %21 1). (6.2.20)

g0

Calculating the optimum of (6.2.20) over a1, a; € [0,1/ (T — 1)] shows that the maxi-
mal contribution to the typical number of constrained triangles is given by

ap+ap =1, k < n(t=2/(=1),
a +ap =100 <n/k, nT2/D « k< Vn, (6.2.21)
n“t =n/k,n*2 =n/k, k> n.

Thus, for every value of k there exists an optimal constrained triangle, visualized in
Figure 6.3. These three ranges of optimal triangle structures result in three ranges in k
for ¢(k) in the rank-1 inhomogeneous random graph. Using these typical constrained
subgraphs, for each 1 < k < n'/(7=1), with high probability,

n2-T log(n) k< n(rf2)/(rfl),
c(k) < { n?> Tlog(n/k?) n(T2/D « k< /n, (6.2.22)
J2T—6,5-21 k> \/ﬁ
Thus, the scaling of c(k) found by the variational principle is indeed the same as

found in Chapter 4. Figure 6.3 shows that the three ranges for c(k) in the rank-1
inhomogeneous random graph are also visible in simulations.
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Figure 6.3: Typical triangles where one vertex has degree k in the rank-1 inhomogene-
ous random graph. When k < \/ a typical triangle is with two vertices such that the
product of their degrees is proportional to 7. When k > /n, the other two degrees in
a typical triangle are proportional to n/k.

The extended variational principle in Section 6.3 shows that c(k) in the rank-1
inhomogeneous random graph fails to be self-averaging for k < n(7=2)/(t=1) 5o that
c(k)-values for k < n(7=2)/(7=1) heavily fluctuate across various network samples.

Erased configuration models and uniform random graphs. The analysis of the
optimal triangle structure in the rank-1 inhomogeneous random graph easily extends
to the erased configuration model, described in Section 1.1.3, and the uniform random
graph, described in Section 1.1.2. Both models can be approximated by a rank-1
inhomogeneous random graph with specific connection probabilities (see Chapter 5).
Therefore, the variational principle shows that the optimal triangle structure as well as
the behavior of the local clustering coefficient is the same as in (6.2.22) and Figure 6.3,
which is consistent with the results of Chapter 5. The non-self-averaging behavior for
k < n(7=2)/(=1) also extends from the rank-1 inhomogeneous random graph to the
erased configuration model and uniform random graphs.

Preferential attachment. Another important network null model is the preferential
attachment model described in Section 1.1.5, a dynamic network model that generates
scale-free networks when choosing the number of edges attached to each new vertex
m and the parameter ¢ in the connection probability (1.1.4) as § € (—m,0).

In the preferential attachment model, it is convenient to apply the variational
principle to vertices with index of a specific order of magnitude instead of degrees.
The vertex with index 1 is the oldest vertex, and the vertex with index 7 is the
youngest vertex in the graph of size n. The probability that vertices with indices
i = n* and j = n*2 such that ay < &y are connected is proportional to [73]

where x = (T — 2)/(t — 1). Thus, the probability that a vertex with index n creates
a triangle with vertices of indices proportional to #*! and n*2 can be approximated by

nzal(X_l)_“Z_Z”‘kX if < ap < wy,
P (A on indices n%, n*1,n"2) o { p21(X—D-a=200X jf gy < qp < @y, (6.2.24)
n20 (x—1)—a1—2mx  if ap < g < .
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Figure 6.4: The most likely triangle containing a vertex of degree k in the preferential
attachment model.

The probability that a randomly chosen vertex has age proportional to n* is proporti-
onal to n%~!. Thus, the equivalent optimization problem to (6.2.2) becomes

n—2+e (2x—1)—2a,x ifoag < ap <,
max 2t @) -0 g < gy < g, (6.2.25)
=0 n*2+2“k(7(*1)*’12(2)(*1) if ap < aq < ap.

Using that x € (0,1) when t € (2,3), we find that for all 0 < a; < 1 the unique
optimizer is obtained by a] = 0 and a; = 1. Furthermore, the degree of a vertex of
index i o n% at time n, d;(n) satisfies with high probability [106, Chapter 8]

1—a;

di(n) & (n/i)V TV et (6.2.26)

Thus, vertices with age proportional to % have degrees proportional to n'/(7=1),
whereas vertices with age proportional to %2 have degrees proportional to a constant.
We conclude that for all 1 < k < n'/(7=1), in the most likely triangle containing a
vertex of degree k one of the other vertices has constant degree and the other has
degree proportional to n!/(7=1),

Similarly to (6.2.26), a vertex of degree proportional to n7 has index proportional
to n1= 771 Thus, when k « n7

c(n?) o n?Tn?p 2 AT (1) — gy (T-8)=2x (6.2.27)
Thus, for each 1 < k < n!/ (=1, with high probability,
c(k) < kKT 3n=2x, (6.2.28)

Figure 6.2c shows that this asymptotic slope in k is a good fit in simulations.

Figure 6.4 shows the most likely triangle containing a vertex of degree k in the
preferential attachment model. Interestingly, this dominant triangle remains the same
over the entire range of k, which is very different from the three regimes that are
present in the rank-1 inhomogeneous random graph.

6.2.3 Random intersection graph

We next consider the random intersection graph [124], a random graph model with
overlapping community structures that, like the hyperbolic random graph, generates
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non-vanishing clustering levels. The random intersection graph contains n vertices,
and m vertex attributes. Every vertex i chooses a random number of X; vertex
attributes, where (X;);c|,) is an i.i.d. sample. These vertex attributes are sampled
uniformly without replacement from all m attributes. Two vertices share an edge if
they share at least s > 1 vertex attributes. One can think of the random intersection
graph as a model for a social network, vertex attributes model the interests, or
the group memberships of a person in the network. Then two vertices connect
if their interests or group memberships are sufficiently similar. The overlapping
community structures of the random intersection graph make the model highly
clustered [30, 31], so that the typical triangles in the random intersection graph
should behave considerably different than the typical triangles in the locally tree-like
models described above.

To obtain random intersection graphs where vertices have asymptotically constant
average degree, we need that m*® o 11 [30], which we assume from now on. We further
assume that s is of constant order of magnitude. Then the degree of vertex i with
X; vertex attributes is proportional to X7 [30]. Therefore, a vertex of degree k has
approximately k!/* vertex attributes. To obtain a power-law degree distribution with
exponent 7, the probability of vertex i having X; vertex attributes scales as

P (X; =u) ocu” ™. (6.2.29)

To apply the variational principle, we calculate the number of triangles between
a vertex of degree k, and two vertices of degrees proportional to n*! and n*2. These
vertices have proportionally to n%1/¢, respectively n%2/%, vertex attributes. There are
several ways for three vertices to form a triangle. If three vertices share the same set
of at least s attributes, then they form a triangle. But if vertex i shares a set of at least
s attributes with vertex j, vertex j shares another set of s attributes with vertex k and
vertex k shares yet another set of s attributes with vertex i, these vertices also form a
triangle. The most likely way for three vertices to form a triangle however, is for all

three vertices to share the same set of s attributes [30]. There are (kls/s) ways to choose
s attributes from the k!/* attributes of the degree-k vertex. Then, a triangle is formed
if the two other vertices also contain these s attributes. Since these vertices have 1%/
and n*2/* attributes chosen uniformly without replacement from all m attributes, the
probability that the first vertex shares these s attributes is (n[f/z is) /(,a175). We can
then calculate the probability of a triangle being present as

kl/s) (s (s )
s (par7s) Guanss)

. kntX]‘HXZm*ZS 1o 'q kn“1+“272. (6230)

P (A on degrees k, n*1, n"?) o (

Combining this with (6.2.4) yields

c(k) o< n2k~2 max kn(©1+42)2=1)=2 o =1, (6.2.31)

1,02

where the maximizer is ;1 = ap = 0. Thus, a most likely triangle in the random
intersection graph is a triangle containing one vertex of degree k, where the two
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Figure 6.5: The self-averaging behavior of the clustering coefficient in the hyperbolic
random graph. The plots show density estimates of the rescaled global clustering
coefficient based on 10* samples of hyperbolic random graphs with v = 1.

other vertices have degrees proportional to a constant. The result that c(k) ok~ is
in agreement with the results obtained in [30]. Moreover, the most likely triangle is
a triangle where one vertex has degree k, and the other two vertices have constant
degree. Thus, in terms of clustering, the random intersection graph behaves the same
as the hyperbolic random graph with T > 5/2.

6.2.4 Clustering coefficient

The average clustering coefficient of a network is defined as

- N k), 6.2.32
-Zdi(di—l) ;pkc( ) ( )

where N, I-A denotes the number of triangles attached to vertex i and pj denotes the
fraction of vertices of degree k. Because the power-law degree-distribution decays
rapidly in k, C o« c(k) for constant k, since we know that c(k) is approximately
constant for constant k (which was shown rigorously for the rank-1 inhomogeneous
random graph in Chapter 3). Thus, the self-averaging properties of the average
clustering coefficient are determined by the self-averaging properties of c(k) for small
values of k. This implies that in the rank-1 inhomogeneous random graph, C is indeed
non-self-averaging (see Section 6.3) which supports numerical results in [201]. In the
hyperbolic random graph on the other hand, the self-averaging c(k) curve shows that
also C is self-averaging. Figure 6.5 shows that indeed the fluctuations in C decrease
as n grows. Figure 6.6 shows that in the rank-1 inhomogeneous random graph C is
indeed non-self-averaging, since the fluctuations in C persist for large values of 7.
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Figure 6.6: The non-self-averaging behavior of the clustering coefficient in the rank-
1 inhomogeneous random graph. The plots show density estimates based on 10*
samples of rank-1 inhomogeneous random graphs.

6.3 Fluctuations

Due to their stochastic nature, whenever a random graph model is employed for
modeling real-world networks, one needs to consider the fluctuations, typically
expressed in term of the self-averaging property. We say that c(k) is self-averaging
when Var (c(k)) /E [c(k)]* — 0 as n — oo, so that the fluctuations of c(k) vanish
in the large-network limit. When c(k) fails to be self-averaging, the fluctuations
persist even in the large-network limit, so that the average of ¢(k) over many network
realizations cannot be viewed as a reliable descriptor of the local clustering. We now
show how to apply the variational principle (6.2.4) to constrained subgraphs larger
than triangles, which leads to a complete characterization of Var (c(k)) /E [c(k)]? in
the large-network limit. The variational principle can hence determine for any value
of k whether c(k) is self-averaging or not. In this way we are able to show that for
the hyperbolic random graph, c(k) is self-averaging for all values of T € (2,3) and all k.
This implies that for large enough 1, one sample of the hyperbolic random graph is
sufficient to obtain the characteristic behavior of ¢(k). With the extended variational
principle we also show that the rank-1 inhomogeneous random graph on the other
hand is not always self-averaging in terms of c(k).

6.3.1 Fluctuations in the rank-1 inhomogeneous random graph

We first investigate whether c(k) is self-averaging for k small in the rank-1 inhomo-
geneous random graph. We first study the expected value of ¢(k). In the variational
principle, we obtained the typical number of triangles where one vertex has degree
k by putting the hard constraint a1, a, < 1/(7 — 1) on the degrees of the other two
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vertices in the triangle. If we relax this constraint, we can compute E [c(k)]. This
quantity can be interpreted as the value of c(k) obtained after simulating many
rank-1 inhomogeneous random graphs, and taking the average value of c(k) over all
these rank-1 inhomogeneous random graphs. As long as k >> n(7=2/(T-1) we see
from (6.2.21) that the largest contribution to c(k) is from vertices with degrees strictly
smaller than n'/(7=1), Thus, removing the constraint on the maximal degree does not
influence the major contribution for ¢(k). When k < n(7=2)/(*=1) however, the major
contribution includes vertices of degree n'/(7=1), Removing the hard constraint then
results in an optimal contribution which is slightly different from (6.2.21):

0 +ap =1,1n",0n" <n/k k</n,
n“t =n/k,n*2 =n/k k> n.

Similarly to the computation that leads to (6.2.21), this gives for E [c(k)] that

(6.3.1)

n*Tlog(n/k*) k< /n
E [c(k !
[C( )] x {kZT—6n5—2T k> \/ﬁ

Thus, the typical behavior of c(k) is the same as its average behavior for k >
n(7=2)/(t=1) " For small values of k however, the flat regime disappears and is re-
placed by a regime that depends on the logarithm of k. The difference between the
expected and the typical value of c(k) is important to take into account for the accu-
racy of numerical experiments, where the median value of c(k) over many network
realizations behaves like (6.2.22), but the average value behaves as (6.3.2).

We now proceed to compute the variance of ¢(k). The variance of ¢(k) equals

Var (c(k)) =k Y Y P (Liuoljwz) =P (Liuo) P (D), (6.3.3)

u,venw,z€(n)

(6.3.2)

where i and j denote two randomly chosen vertices of degree k, so that the weig-
hts of i and j satisfy w;, w; = k(1 + op(1)). When i,u,v and j,w,z do not overlap,
their weights are independent, so that the event that i, # and v form a triangle and
the event that j, w and z form a triangle are independent. Thus, when i,j, u, v, w, z
are distinct, P (A ,,000z) = P (Djuo) P (Ajwz), so that the contribution from
6 distinct indices to (6.3.3) is zero. Since w; = k(14 op(1)), P (Djy0liwz) =
P (Ajuos) P (Aigwyz) (1+o0p(1)) when u,v,w,z are distinct. Thus, the contribution to
the variance from i = j and u, v, w, z distinct can be bounded as o(E [c(k)]*). When
u = w for example, the first term in (6.3.3) denotes the probability that a bow-tie is
present with u as middle vertex. Furthermore, since the degrees are i.i.d., for any
i # u # v,such thatd; =k,
E [Af]

P (L) = = o (6.3.4)

where A} denotes the number of triangles attached to a randomly chosen vertex of
degree k. Letr = IP (i = j). Then,

v et) = ({425 3] 22[[]  e[[]]  se[[]
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e[ A]) -]+ eI +25100) +Eleao0)

(6.3.5)

where X denotes the number of bow-ties attached to two randomly chosen (white)

vertices of degree k, and X denotes the number of bow-ties attached to one rand-
omly chosen (white) vertex of degree k. The combinatorial factor 4 arises in the
first term because there are 4 ways to construct a bow-tie where two vertices have
degree k by letting two triangles containing a degree k vertex overlap. The other com-
binatorial factors arise similarly. Because w;, w; = k(1 +o0p(1)), P (A;400uz) =

P (Ajuoju,z) (1+0p(1)),so that E [El] = (1+o0p(1))E [X] and similarly E [Ay] =
(1+o0p(1))E {N] Thus, with high probability

Var (c(k)) o k4 (B[] + B[] + E[IN]] +E[IN]] +E[[N]]
+E[A] +EA200Y) +o(E [c(k)]) (6.3.6)

We write the first expectation as

E [X} — 3P (X) (6.3.7)

where IP (X ) denotes the probability that two randomly chosen vertices of degree k
form the constrained bow-tie together with three randomly chosen other vertices. We
can compute this probability with a constrained variational principle. By symmetry
of the bow-tie subgraph, the optimal degree range of the bottom right vertex and
the upper right vertex is the same. Let the degree of the middle vertex scale as n*1,
and the degrees of the other two vertices as #n*2. Then, we write the constrained
variational principle, similarly to (6.2.20), as

max 1129207 min (kn =1, 1)2 min(kn®2~1,1)2 min(n 721,12 (6.3.8)
1,082

For k < +/n, the unique optimal contribution is from n*! = n/k and n*2 =k, as
shown in Figure 6.7a. Thus, the expected number of such bow-ties scales as

E [X} o 3 (n /) TR 2 — 25T (6.3.9)

Thus,
Var (c(k)) > k*E [X} o« n? Tk 7T, (6.3.10)
so that (6.3.2) yields that for k small

Var{ (clk)) T 6.3.11)

E [c(k)]? e log?(n/k2)’

which tends to infinity as long as k < n(7=2/(=1)_ Therefore c(k) is non self-
averaging as long as k < n(7=2)/(t=1),
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For n(7=2/(7=1) « k </, we can similarly compute the optimum contributions
of all other constrained motifs to the variance as in Figure 6.7. Since all contributions
have smaller magnitude than E [c(k)]? (obtained from (6.3.2)), c(k) is self-averaging.
For k >> /n, a constrained variational principle again provides the contribution of all
constrained motifs to the Variance of c(k), visualized in Figure 6.8. Comparing this
with (6.3.2) shows that c(k) is also self-averaging for k > /n.
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Figure 6.7: Contribution to the variance of c(k) in the rank-1 inhomogeneous random
graph (Eq. 6.3.6) from merging two triangles where one vertex has degree k < /n.
The vertex color indicates the optimal vertex degree.
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Figure 6.8: Contribution to the variance of c(k) in the rank-1 inhomogeneous random
graph (Eq. 6.3.6) from merging two triangles where one vertex has degree k > /n.
The vertex color indicates the optimal vertex degree as in Figure 6.7.

6.3.2 Fluctuations in the hyperbolic random graph

We now analyze the fluctuations in the hyperbolic random graph. Again, we first
investigate IE [c(k)]. As for the rank-1 inhomogeneous random graph, E [c(k)] can
be obtained by removing the constraint that the maximal degree scales as n!/(7=1),
which means that we optimize (6.2.15) over aq, 4, € [0,1] instead of [0,1/ (T — 1)].
Extending the allowed range of & and a; does not change the optimizer, so that,
similarly to (6.2.17),

k1 T> 2,
E [c(k)] o ¢ k27 T< 3 k< Vn, (6.3.12)
k2T767’1572T T < 2,k >> \/*

We then proceed to analyze the variance of ¢(k). We again use (6.3.5) to analyze
the fluctuations of c(k), and we write

var (c(k)) = k~*0(E[¥] + B[] + [IN]] + E[[N]] + E[[N]]
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+E[A] +1E‘{X} +IE[I§H +E[A)) +E A0 (63.13)

Thus, as in the rank-1 inhomogeneous random graph, we need to obtain the expected
number of merged constrained triangles attached to randomly chosen vertices of
degree k. Figures 6.9 and 6.10 show the contribution of all types of merged triangles
to the variance of c(k). These contributions are all smaller than E [c(k)]? (see (6.3.12)),
so that c(k) is self-averaging over its entire spectrum.

For example, the expected number of subgraphs of type X attached to two
randomly chosen (white) vertices of degree k, where the top and bottom right vertices
have degree proportional to n*1 and the middle vertex has degree proportional to n*2
as

13022 +2)(1=7) min (kn®1 =1, 1)2 min (kn®2 1, 1)? min(n® max(n®2 =1, k1), 1)2.
(6.3.14)
Optimizing this over a1 and «; yields that for k < /1 the number of X subgraphs
is dominated by the type displayed in Figure 6.9a, where n*1 o« k and n*2 o« n/k.
Computing this contribution results in

E [X} o« 3207 (%)H (%2)2 — 27T, (6.3.15)

Thus, using (6.3.13) shows that the contribution to the variance is n?~k!~7, as shown
in Figure 6.9a. We obtain using (6.3.12) that for k < /n,

2—1pl-71 2—-113—71 (7-31)/2 5
n-" Tk {n k <Ln T> 3, (63.16)

E[C(k)]z & n2-Tp3T=7 <<max(n(r—3)/2,n2—1') T< %,

which tends to zero as n — oo. Thus, the contribution to the variance from the X
subgraphs tends to zero in the large network limit for k < /.

The optimizer of (6.3.14) for k > V/n is for 1" « n/k and n*? « n/k. Thus,
similarly to (6.3.15)

E [X} o 3 (%)S(H) (kﬁz)z — 8BTS, 6.3.17)

The contribution to 6.3.13 then is n8 37,3711 ag Figure 6.10a shows. Thus, for

k> /n,
8-3T)3T—11 {n83rk3(r3) < n730)/2 ¢ %, ©318)

E [C(k)]2 nT—Zkl—T < T’Z(T_S)/Z T < %,

which tends to zero as n — oo, showing that indeed the contribution from the X

subgraph to the variance is small when k > /n. The contributions of other subgraphs
can be computed similarly.
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Figure 6.9: Contribution to the variance of c(k) in the hyperbolic model from
merging two triangles where one vertex has degree k </ (see (6.3.13)). The vertex
color indicates the optimal vertex degree.
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Figure 6.10: Contribution to the variance of c(k) in the hyperbolic model from merging
two triangles where one vertex has degree k > /n (see (6.3.13)). The vertex color
indicates the optimal vertex degree as in Figure 6.9.

6.4 Discussion

Universality of the variational principle. We have introduced a constrained varia-
tional principle that finds the optimal triangle structure containing a vertex of degree
k, settling the trade-off between the connectedness of high-degree vertices and their
rareness. This variational principle can be applied to many random graph null mo-
dels generating scale-free networks. We have applied the variational principle to find
optimal triangle structures in rank-1 inhomogeneous random graphs, the preferential
attachment model, random intersection graphs and the hyperbolic random graph,
but we believe that the variational principle can easily be applied to other types of
random graph null models such as the geometric inhomogeneous random graph [49]
or the spatial preferential attachment model [3, 114].

Our method also extend to other types of constrained motifs, which allows for
example to investigate higher order clustering [19, 227]. Furthermore, these higher
order constrained motifs allow to investigate the self-averaging properties of c(k).
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Differences between the models. While the applicability of the variational prin-
ciple across the different null models is universal, the resulting clustering spectra
are significantly different across the various random graph models. For T € (2,3),
in the rank-1 inhomogeneous random graph, the erased configuration model, uni-
form random graphs (see (6.2.22)) as well as in the preferential attachment model
(see (6.2.28)) c(k) decreases with the network size, because of the locally-tree like
nature of these networks. This fall-off in # can be explained by the optimal triangle
structures. In all optimal triangle structures of Figures 6.3 and 6.4, a vertex whose
degree grows in n is present. These vertices are rare, so that the fact that the most
likely triangle contains such high-degree vertices is caused by the network being
locally tree-like.

In the hyperbolic model and the random intersection graph on the other hand, the
optimal triangle structures of Figure 6.1 contain low-degree vertices for small values
of k. In models without geometric correlations, the probability of connecting two
vertices usually increases in the degree of the vertices involved. Therefore, models
without correlations mostly contain triangles with high-degree vertices, causing these
networks to be locally tree-like. The geometric correlations in the hyperbolic model
on the other hand make it more likely for two low-degree neighbors to connect,
causing the most likely triangle to contain lower-degree vertices. These lower-degree
vertices are abundant, which explains why, for small k, ¢(k) does not vanish as n
grows large in the hyperbolic model, which is more alike the behavior of c(k) in
real-world networks.

Another advantage of the hyperbolic random graph over the locally tree-like
networks is that c(k) in the hyperbolic model is self-averaging over the entire range
of k. In the rank-1 inhomogeneous random graph, the erased configuration model
as well as the uniform random graph, ¢(k) is non-self-averaging for k small. Thus, it
suffices to generate one large hyperbolic random graph to investigate the behavior
of c(k). In the other models, the non-self-averaging nature of ¢(k) makes statistical
investigation of the c(k) curve more difficult.

1/k fall-off. The clustering coefficient in the hyperbolic random graph as well as
the random intersection graph satisfies c(k) ~ k~! for T > 5/2. This fall-off has been
observed in many other scale-free random graph null models containing non-trivial
clustering, such as preferential attachment models with extra triangles [128, 132, 204],
and fractal-like random graph models [187]. We now explain heuristically why the
k~1! fall-off occurs so frequently in network models containing non-trivial clustering.
The clustering coefficient can be interpreted as the probability that two randomly
chosen neighbors of a vertex of degree k connect. Thus, the clustering coefficient of
a vertex of degree k equals the number of triangles containing that vertex divided
by k(k — 1) /2 ~ k2. Suppose that all neighbors of a vertex of degree k participate in
exactly one triangle together with the degree-k vertex. Then, the number of triangles
containing the vertex of degree k equals k/2, so that c(k) « k~1. Similarly, when a
vertex of degree k typically does not participate in cliques that are larger than some
bound M, then the clustering coefficient will scale at most as k= for k large enough.
Therefore, the frequently observed k™! fall-off in real-world networks indicates that
in most real-world networks, the number of triangles a degree-k vertex participates
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in grows linearly in k, and they do not form growing cliques.

A network can only have c(k) o k7 for some v > —1 when a typical vertex
of degree k participates in a clique of size growing in k, which was also explained
in [196-198]. These growing cliques require the presence of high-degree vertices.
However, by the power-law degree distribution only few high-degree vertices are
present. Thus, it is not possible for these growing cliques to persist over the entire
range of k.

Growing cliques in the hyperbolic model. In the hyperbolic model, for T < 5/2
and k < /n, the optimal triangle structure of a vertex of degree k contains two other
vertices of degree proportional to k and c(k) « k*~27. Since 4 — 2t > —1for T < 5/2,
by the discussion above, a typical vertex of degree k must participate in a clique
of size growing in k. Furthermore, since the typical triangle containing a vertex of
degree k for T < 5/2 contains two other degree-k vertices, these growing cliques
consist of vertices with degree proportional to k.

In the hyperbolic random graph, a positive fraction of vertices of degree proporti-
onal to y/n forms a clique [85]. This explains the different regime in c(k) for k > /n
when T < 5/2. Indeed, for k > \/n, there are fewer vertices of degree proportional
to k than vertices of degree proportional to /1. Most vertices of degree proportional
to /n already form a clique. Therefore, from k « /n onwards the typical clique
that a vertex of degree k participates in does not grow in k anymore, so that, by
the 1/k explanation for k >> /n and for T < 5/2, the fall-off in k scales as k7 with
¥ < —1 (see (6.2.17), where the exponent of k equals 27 — 6 < —1 when k > \/n and
T <5/2).

Local clustering in real-world networks. Figure 4.2 plots the behavior of c(k) in
nine large real-world networks. All networks show non-trivial clustering: their c(k)
values are high for small values of k, while most networks consist of several millions
of vertices. This shows that the locally tree-like models where c(k) vanishes as n
grows large are not suitable to model real-world networks. Several clustering curves
are approximately described by c(k) o k! for large values of k (see Supplementary
Table 1). Thus, these networks behave similarly in terms of clustering as the hyperbo-
lic model and the random intersection graph. The networks where c(k) o k7 with
v < —1 (such as the three social networks), display similar behavior as the curve of
the hyperbolic model in Figure 6.2a for T < 5/2. First, ¢(k) decays very slowly in k.
Then, when k becomes larger, ¢(k) suddenly drops faster in k.
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7 Subgraphs in erased configuration models

Based on:

Optimal subgraph structures in scale-free configuration models
R. van der Hofstad, |.S.H. van Leeuwaarden and C. Stegehuis
arXiv:1709.03466

Subgraphs reveal information about the geometry and functionalities of complex
networks. In this chapter, we count the number of times a small connected graph
occurs as a subgraph (motif counting) or as an induced subgraph (graphlet counting)
of the erased configuration model with degree exponent T € (2,3). We introduce
a novel class of optimization problems, where for any given subgraph, the unique
optimizer describes the most likely degrees of the vertices that together span the
subgraph. We find that every subgraph occurs typically between vertices with specific
degree ranges. In this way, we can count and characterize all subgraphs.

7.1 Introduction

In Part I we have investigated the presence of triangles in scale-free networks. The
triangle is the most studied network subgraph, because it not only describes the clus-
tering coefficient, but also signals hierarchy and community structure [187]. However,
other subgraphs such as larger cliques are equally important for understanding net-
work organization [19, 208]. Indeed, subgraph counts might vary considerably across
different networks [152, 153, 223] and any given network will have a set of statisti-
cally significant subgraphs. Statistical relevance can be expressed by comparing the
real networks to some mathematically tractable null model. This comparison filters
out the effect of network properties such as the degree sequence and the network
size on the motif count. A popular statistic takes the subgraph count, subtracts the
expected number of subgraphs in a null model, and divides by the variance in the
null model [87, 153, 169]. Such a standardized test statistic sheds light on whether
a subgraph is overrepresented in comparison to the null model that serves as the
baseline. The raises the question of what null model to use. To filter out the effect of
the network degrees, a natural candidate is the uniform simple graph with the same
degrees as the original network.

For T > 3, when the degree distribution has finite second moment, it is easy
to generate such graphs using the configuration model. For T < 3, however, the
configuration model fails to create simple graphs with high probability [116], and
null models usually involve rewiring edges of the original graph. Consequently, the
counting of subgraphs remains mathematically intractable, and one needs to resort to

147
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Figure 7.1: Graphlets. Order of magnitude of N (H) for all connected graphs on
4 vertices (constants ignored). The vertex colors correspond to the typical vertex
degrees.
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Figure 7.2: Motifs. Order of magnitude of N (H) for all connected graphs on 4
vertices (constants ignored). The vertex color indicates the optimal vertex degree, as
in Figure 7.1.

algorithms for exhaustive counting of motifs [144, 216], or estimations of the number
of motifs by sampling [127], which is computationally expensive.

In this chapter, we address this problem by counting subgraphs in the erased
configuration model instead of the configuration model. We count the number of
times a small connected graph H occurs as a subgraph (motif counting) or as an
induced subgraph, where edges not present in H are also not allowed to be present
in the subgraph (graphlet counting), in an erased configuration model G with degree
exponent T € (2,3). Let G = (V,E) be a graph, and H = (Vy, Eyy) be a small,
connected graph. When we count graphlets H, we are interested in Ni"¥(H), the
number of induced subgraphs of G that are isomorphic to H. We also study motifs,
where we count N¢*)(H), the number of occurrences of H as a subgraph of G. When
H is a complete graph, N("¥ (H) = N (H), otherwise N(") (H) < N©*)(H). There
is thus a subtle difference between graphlets and motifs.

We find that every small graph H, whether it is a graphlet or motif, occurs typically
between vertices in G with degrees in specific ranges. An example of these typical
degree ranges for subgraphs on 4 vertices is shown in Figures 7.1 and 7.2 (which
will be discussed in more detail in Section 7.2.4). We show that many subgraphs
consist exclusively of \/n-degree vertices, including cliques of all sizes Hence, in
such subgraphs, hubs (of degree close to the maximal value n'/(T=1)y are unlikely to
participate in a typical subgraph. However, hubs can be part of other subgraphs such
as stars. We define optimization problems that find these optimal degree ranges for
every motif and graphlet.

By studying the erased configuration model, we deal with multiple edges and
self-loops of the configuration model by excluding double counting.
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The erased configuration model. In this chapter, we study erased configuration
models (see Section 1.1.3) where the degree distribution has infinite variance. In
particular, we take the degrees to be an i.i.d. sample from a random variable D such
that

P(D=k)=ck "(1+0(1)), ask— oo, (7.1.1)

where 7 € (2,3) so that E [D?] = oo and
E[D] = it < co. (7.1.2)

When this sample constructs a degree sequence such that the sum of the degrees is
odd, we add an extra half-edge to the last vertex. This does not affect our compu-
tations. In this setting, Dmay is of order n1/(t=1) where Dpax denotes the maximal
degree of the degree sequence.

Throughout this chapter, we will denote the sampled degree of a vertex in the
erased configuration model by D;. This may not be the same as the actual degree of
a vertex in the erased configuration model, since self-loops and multiple edges are
removed. Since we study subgraphs H, we sometimes also need to use the degree
of a vertex in H inside the subgraph. We will denote the degree of a vertex i of a
subgraph H by d;.

Outline. We present our main results in Section 7.2, including the theorems that
characterize all optimal subgraph structures in terms of solutions to optimization
problems. We apply these theorems to describe the optimal configurations of all
subgraphs with 4 and 5 vertices, and present an outlook for further use of our results.
We then prove the first part of the main theorems for motifs in Section 7.3 and for
\/n-optimal subgraphs in Section 7.4. The proofs of some lemmas introduced along
the way are deferred to Section 7.5. Then, the proof of the second part of the main
theorem can be found in Section 7.6. We finally show how the proofs for motifs can
be adjusted to prove the theorems on graphlets in Section 7.7.

7.2 Main results

The key insight obtained in this chapter is that the creation of subgraphs is crucially
affected by the following trade-off, inherently present in power-law networks. On
the one hand, hubs contribute substantially to the number of subgraphs, because they
are very well connected, and therefore potentially contribute to many graphlets or
motifs. On the other hand, hubs are by definition rare. This should be contrasted
with lower-degree vertices that occur more frequently, but typically take part in fewer
connections and hence fewer subgraphs. Therefore, one may expect every subgraph
to consist of a selection of vertices with specific degrees that ‘optimize’ this trade-off
and hence maximize the probability that the subgraph occurs.

Write the probability that a motif H of k vertices is created between k uniformly
chosen vertices as

IP (H present) = ) _IP (H motif on degrees Dy,...,Dg) P (Dy,...,Dy),  (7.2.1)
D
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where the sum is over all possible degrees on k vertices D = (D;);c, and P (Dy, ..., D)
denotes the probability that a randomly chosen set of k vertices has degrees Dy, . . ., Dy.
Because of the power-law degree distribution, the last term decreases as a power
of Dy, ..., Dy. The first term in the sum, however, increases with Dy, ..., Dy, since
higher-degree vertices are part of more subgraphs. We show that for every subgraph,
whether it is a motif or a graphlet there is a specific range of Dy, ..., D that gives the
maximal contribution to (7.2.1), sufficiently large to ignore all other degree ranges.

We show that there are only four possible ranges of degrees that maximize the term
inside the sum in (7.2.1). These ranges are constant degrees, degrees proportional to
n(t=2)/(t=1) degrees proportional to /1 or degrees proportional to n'/(T=1). Observe
that at this stage, these four ranges are merely an ansatz; rigorous underpinning for
these choices comes later. For degrees proportional to n'/(T=1), the trade-off between
the abundance of low-degree vertices and the connectedness of high-degree vertices
is won by the high-degree vertices. Thus, intuitively, vertices in subgraphs that have
the largest contribution from degrees proportional to n!/("=1) should have more
connections inside the subgraph than other vertices in subgraph. On the other hand,
for vertices that have constant degree or degree proportional to n(=2)/(*=1) in the
optimal structure, the trade-off is “‘won’ by the lower-degree vertices. Intuitively,
we therefore expect that these vertices are less well-connected inside the subgraph.
Vertices with degrees proportional to /1 form the middle ground, and are typically
connected to vertices with similar degrees. There, the crucial observation is that
pairs of vertices of degree of order /n are likely, though not certain, to have an edge
between them in the erased configuration model.

7.2.1 An optimization problem

We now present the optimization problems that maximizes the term inside the sum
in (7.2.1), first for motifs and later for graphlets. Let H = (Vy, Eg) be a small, con-
nected graph on k > 2 vertices. Denote the set of vertices of H that have degree one
inside H by Vj. Let P be all partitions of Vg \ V; into three disjoint sets Sy, Sy, S3.
This partition into S1, S and S3 corresponds to these orders of magnitude: S; deno-
tes the vertices with degree proportional to n(7=2/(7=1) 5, the ones with degrees
proportional to 7'/ (7=1) and S the vertices with degrees proportional to /7. The
optimization problem finds the partition of the vertices into these three orders of
magnitude such that the contribution to the number of motifs or graphlets is the
largest. When a vertex in H has degree 1, its degree in the large graph G is typically
small, it does not grow with n. Interestingly, vertices with degrees in these orders of
magnitude are the only vertices that contribute to the number of motifs or graphlets,
as we will prove later.

Given a partition P, let Es, denote the number of edges in H between vertices in
S;, E 5i5; the number of edges between vertices in S; and S; and Eg, v, the number of
edges between vertices in V; and S;. We now define the optimization problem for
motifs that is equivalent to optimizing the term inside the sum in (7.2.1) as

2E51 + E51,53 + ESLVl - E52/V1

e (7.2.2)

B(sub)(H) — mgx |51| _ |52| _



7.2. Main results 151

The first two terms in the optimization problem give a positive contribution for all
vertices in Sy, vertices with relatively low degree, and a negative contribution for
vertices in Sy having high degrees. Therefore, the first two terms in the optimiza-
tion problem capture that high-degree vertices are rare, and lower-degree vertices
abundant. The last term gives a negative contribution for all edges between vertices
with relatively low degrees in the motif. This captures the other part of the trade-off:
high-degree vertices are much more likely to form edges with other vertices than low
degree vertices. Since putting all vertices in Sz yields zero, B®**) (H) > 0.
For graphlets, we can define a similar optimization problem

2E51 + E51,53 + ESLV1 - E52,V1
T—1

7

BU)(H) = max {151] — [$a] -
P (ind)

st. (u,v) € Eg Yu € Sy,v € SpUS3, (7.2.3)

where again P™9 is a partition of Vi \ V; into three sets. The difference with (7.2.2)
for motifs is the extra constraint in (7.2.3) which puts a restriction on the partitions
into the three sets that are allowed. The extra constraint arises by the constraint
in graphlets that H should be present as an induced subgraph, and ensures that
edges that are not present in H are indeed not present in the subgraph. Since high-
degree vertices are very likely to be connected, the constraint ensures that two
vertices that are not connected in the graphlets cannot both have high degrees. Again,
B (H) > 0 because putting all vertices in Sj is a valid solution.

We now solve the two above optimization problems, to find the largest contributor
to the number of motifs and graphlets. We first show that indeed the optimization
problems in (7.2.2) and (7.2.3) find the typical degrees of vertices for any motif and any
graphlet, and we show what the relation is between the optimization problems and
the scaling of the number of motifs and graphlets. We then present a more detailed
result for a special class of subgraphs, where the optimal contribution to (7.2.2)
or (7.2.3) comes from S3 = Vp, hence motifs and graphlets where all typical vertices
have degrees proportional to \/n. For this class, which contains for instance cliques
of all sizes, we present sharp asymptotics.

7.2.2 General subgraphs

Let S(f“b), S(zsub), Sésub) be a maximizer of (7.2.2). Furthermore, for any @ = (aq, - -+, ag)
such that a; € [0,1/ (7 — 1)], we define

M (e) = {(ur, -, uy) € [n]*: Dy, € [e,1/€](un)™ Vi € [K]}. (7.2.4)

These are the sets of degrees such that D, is proportional to n*1 and D, proportional
to n"2 and so on. Then, we denote the number of motifs with vertices in M,(f‘) (¢) by
NG (H, M (¢)). Define the vector a®*® as

(t—=2)/(t—1) i€ S<15“b),

w 1/(t—1) ic sk,
"‘z(‘ b) _ 1 e Séub) (7.2.5)
2 3
0 ie V.
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For graphlets, we let Sgi“d),S(zi“d),Sémd) be a maximizer of (7.2.3), and define a/!™¥

as in (7.2.5), replacing SES”b) by Sz(»i“d). By the interpretation of S;,S, and S3 in the
optimization problem (7.2.2) and (7.2.3), sets of vertices in Mna(SUb) (¢) or M,‘f(md)
intuitively contain a large number of subgraphs. The next theorem shows that this is

correct, and computes the scaling of the number of motifs and graphlets:

Theorem 7.1 (General motifs and graphlets). Let H be a motif on k vertices such that the
solution to (7.2.2) is unique. Then, the following holds:

(i) For any ey such that lim, e, =0,

(sub)
N (sub) (H, M,Sa ) (Sn) ) P
N (H) — 1. (7.2.6)
(ii) Furthermore, for any fixed 0 < e <1,
(sub)
N (sub) H, M(a ) €
WM _©) _ ¢e)oy (1) 727)

1275 (g +BEW) (H))+ 3y

for some function f (&) not depending on n. Here ky. denotes the number of vertices in
H of degree at least 2, and kq the number of degree one vertices in H.

For graphlets the same statements hold, replacing (sub) by (ind).

Thus, part (i) shows that indeed almost all motifs and graphlets are formed
between vertices with the optimal degree structure that follows from (7.2.2), and part
(ii) gives the scaling of the number of such subgraphs.

7.2.3 Sharp asymptotics for /1 subgraphs

Now we study the special class of motifs for which the unique maximum of (7.2.2)
is S3 = V. By the above interpretation of S1, S and S3, we study motifs where the
maximum contribution to the number of such motifs comes from vertices that have
degrees proportional to /7 in G. Examples of motifs that fall into this category are
all complete graphs. Bipartite graphs on the other hand, do not fall into the /n-class
motifs, since we can use the two parts of the bipartite graph as S; and S, in such a way
that (7.2.2) results in a non-negative solution. The next theorem gives asymptotics for
the number of such motifs:

Theorem 7.2 (Motifs with \/n degrees). Let H be a connected graph on k vertices with
minimal degree 2 such that the solution to (7.2.2) is unique, and B®*® (H) = 0. Then,

(sub)
NEPH) P, g (1) < oo, (7.2.8)

AL (H) = cky_é(T_l) /oo - /Oo(xl cexg) T (X — e ) dy - - dg. (7.2.9)

(u,v)€Eg
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We now state a similar theorem for graphlets where the unique optimal solution
to (7.2.3) is S3 = Vy. The optimization problem (7.2.3) is the same as (7.2.2) with an
extra constraint, which is satisfied when S3 = Vp. Therefore, if for a small graph
H, (7.2.2) is optimized for S3 = Vy, then (7.2.3) is also optimized for S3 = Vy. Thus,
the graphs H for which Theorem 7.2 can be applied are a subset of the graphs for
which Theorem 7.3 can be applied. Therefore, complete graphs fall into the /7 class
graphlets as well. Section 7.2.4 shows which motifs on 4 and 5 vertices belong to the
/1 class. If the maximum contribution for H comes from +/n vertices for counting
motifs as well as graphlets, then N"(H) is of the same order of magnitude as
N (H), as the following theorem shows:

Theorem 7.3 (Graphlets with \/n degrees). Let H be a connected graph on k vertices with
minimal degree 2 such that the solution to (7.2.3) is unique, and B9 (H) = 0. Then,

(ind) .
NPOH) Py pimd) (1) < oo, (7.2.10)
n§(377)

with
AR(E) = ¢80 [T [P ) T[T (e
0 0
(u,

x [Je ™*dxy - - - dxy. (7.2.11)
(u,‘(])%EH

The difference between counting motifs and counting graphlets is visible in (7.2.9)
and (7.2.11). In the erased configuration model, the probability that a vertex with de-
gree D; connects to a vertex with degree D; can be approximated by 1 —exp(—D;D;/Ly),
where L, denotes the sum of all degrees. When rescaling, this results in the factors
1 — e *¥ in (7.2.9) for all edges in motif H. When counting graphlets, we count
induced subgraphs. Then, we also have to take into account that no other edges than
the edges in H are allowed to be present. This gives the extra terms e™**** in (7.2.11).

7.24 Subgraphs on 4 and 5 vertices

We now apply Theorem 7.1 to characterize the optimal subgraph configurations of
motifs and graphlets that consist of 4 or 5 vertices. For every partition of the vertices
of H into 51, S, S3, we compute the contribution to (7.2.2) and (7.2.3). In this way,
we can find the partitions that maximize (7.2.2) and (7.2.3), and check whether this
maximum is unique. If the maximum is indeed unique, then we can use Theorem 7.1
to calculate the scaling of the number of such motifs or graphlets. Figures 7.1 and 7.3
show the order of magnitude of the number of graphlets on 4 and 5 vertices obtained
in this way, together with the optimizing sets of (7.2.3). Figure 7.2 shows the order of
magnitude of the number of motifs on 4 vertices together with the optimizing sets
of (7.2.2). For example, the optimal values of Sy, S and S;3 for the motif in Figure 7.1d

show that
B<md>(H):2_1+w:1+ 1 .
T—1 T—1

(7.2.12)
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Figure 7.3: Graphlets. Order of magnitude of N¥ (H) for all connected graphs on 5
vertices (constants ignored). The vertex color indicates the optimal vertex degree.

Theorem 7.1 then shows that the correct scaling of the motif in Figure 7.1d is

n(3=1)/2(4=1/(r=1))+1/2 _ n77277%. (7.2.13)

The scaling of the other motifs and graphlets are computed similarly.

Figures 7.1 and 7.2 show the difference between counting motifs or counting
graphlets. For example, Figure 7.1c shows that a square occurs @(n®~27) times
as a graphlet, whereas it occurs @(n°~27log(n)) times as a motif by Figure 7.2c.
When we count the number of times the square occurs as a motif, we have to add
the contributions from the graphlets in Figures 7.1a, 7.1b and 7.1c, that all contain a
square, which also shows that the square occurs @ (n°~27 log(n)) times as a motif. The
major contribution to the number of square motifs is from the graphlet in Figure 7.1b.
This graphlet indeed contains a square, and occurs more frequently than the square
occurs as a graphlet. In this manner we can infer the order of magnitude of the
number of motifs from the number of graphlets. For this reason, Figure 7.3 is not
shown for motifs. Using only Figure 7.3, we can argue that the graph in Figure 7.3m
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occurs @(n%(B”T)) times as a graphlet, but @(n°~37) times as a motif. Indeed, the
graph in Figure 7.3h contains Figure 7.3m as a subgraph, and occurs more frequently.

Most motifs and graphlets in Figures 7.1, 7.2 and 7.3 satisfy the constraint in
Theorem 7.1 that the solution to the optimization problem (7.2.2) or (7.2.3) should
be unique. However, the gray vertices in Figure 7.1 and 7.2 do not have unique
optimizers. Still these motifs and graphlets have ranges of degrees that give the major
contribution to the number of such graphlets or motifs. The only difference is that
these ranges are wider than for the vertices with unique maximizers. For example,
for the square motif in Figure 7.2c the major contribution is from vertices where the
degrees of vertices at each side of an edge {i, j} in the square satisfy D;D; = @(n).
Having all degrees proportional to y/n therefore is one of the main contributors to the
square motif. However, contributions where the bottom left vertex and the top right
vertex have degrees proportional to n* and the other two vertices have degrees n! ~*
give an equal contribution for other values of a. Using that D;D; follows a power-law
distribution with exponent T with an extra factor log(n) [110] then gives the extra
factor log(n) in Figure 7.2b.

Another motif with gray vertices is the bow tie in Figure 7.3i. Unlike the square
motif, this graphlet does satisfy the constraint of Theorem 7.1 that the optimal solution
to (7.2.3) should be unique. However, the optimal solution depends on . For T small,
the maximum of (7.2.3) is uniquely attained at 0, so that for T small, the major
contribution is when all vertices are of degree ©(y/n). On the other hand, when
T > 7/3,(7.2.3) is minimized when S; contains all degree 2 vertices, and the middle
vertex is in Sq. This partition gives a contribution to (7.2.3) of

2.2 3r-7

4—-1-— = —)
T—1 T—1

(7.2.14)

which is larger than zero if T > 7/3. Thus, for 7 larger than 7/3, the major contri-
bution is when the middle vertex has degree n'/(*~1), and the other vertices have
degrees n(7=2)/(7=1) When t < 7/3, the major contribution is from all vertices of
degrees /1, so that Theorem 7.3 can be applied. The graphlet of Figure 7.3n also has
an optimal structure that depends on T.

When the maximal contribution to a graphlet comes from vertices with degrees
proportional to \/n, the number of such graphlets converges to a constant when
properly rescaled by Theorem 7.3. When the maximal contribution contains vertices
in Sy and Sy, this may not be true anymore. For example, counting the claw graphlet
of Figure 7.1e is very similar to counting the number of ways to choose three neighbors
for every vertex. The only pairs of neighbors that we do not count, are neighbors
that are connected themselves. This is only a small fraction of the pairs of neighbors,
since Chapter 5 shows that the probability that two randomly chosen neighbors
are connected tends to zero in the large-graph limit. Thus the number of claws is
approximately equal to

Y iDy(D;—1)(D;—2)~ Y D}. (7.2.15)
ie[n] i€[n]

Since the degrees are an i.i.d. sample from a power-law distribution, the sum of
D? converges to a stable law when normalized properly. Thus, whereas in the /n-
degree case, the leading order of the number of motifs or graphlets is constant (see
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Theorems 7.2 and 7.2), when vertices of degrees proportional to n!/ (*=1) contribute,

the leading order may contain stable random variables. Therefore, the number of
graphlets where the optimal solution to (7.2.3) comes from \/n-degree vertices may
be less volatile than when the optimal contribution also contains vertices with degrees
proportional to 7'/ (7=1). We further investigate the fluctuations in subgraph counts
in Chapter 8.

7.2.5 Discussion and outlook

Sampled and resulting degrees. Theorem 7.1 shows that most subgraphs occur
between vertices of specific sampled degrees. The actual degree of a vertex i with
sampled degree D; may be lower than D;, because multiple edges and self-loops
incident to vertex i are removed in the erased configuration model. However, by
Lemma 2.1, the sampled degree and the actual degree of vertex i are close, so that
Theorem 7.1 also predicts that in the erased configuration model most subgraphs
occur between vertices of degrees of the same order of magnitude as the sampled
degrees.

Inhomogeneous random graph. All results in this chapter are proven for the erased
configuration model. An interesting question is whether the results on the number of
motifs and graphlets of Theorems 7.1-7.3 only hold for the erased configuration model,
or whether they also apply to other models that create simple power-law random
graphs, such as the rank-1 inhomogeneous random graph, defined in Section 1.1.4. In
the rank-1 inhomogeneous random graph, conditionally on the weight sequence, the
edge presences are independent. In the erased configuration model however, the edge
presences are not independent, even when conditioning on the degree sequence. In
this chapter, we show that these dependencies are sufficiently small to be neglected in
the motif counts. We prove Theorems 7.1-7.3 for the erased configuration model using
the approximation P (X;; = 1) ~ 1 — exp(—D;D;/Ly). Therefore, these theorems
remain valid when we study the rank-1 inhomogeneous random graph where the

connection probability of vertices with weight w; and w; is given by 1 — e~ wiwj/ (un)

Hyperbolic random graph. Another random graph model that creates simple
power-law random graphs, is the hyperbolic random graph defined in Section 1.1.6.
These graphs are very different from the erased configuration model and the rank-1
inhomogeneous random graph, because they contain geometry which creates more
clustering. As mentioned before, all complete graphs satisfy the conditions of Theo-
rems 7.2 and 7.3. Thus, a complete graph on k vertices occurs @ (1¥(3-7)/2) times as a
motif or graphlet in erased configuration models. Interestingly, this is also true for
hyperbolic random graphs when k is sufficiently large [27]. From the construction of
the proof in [27], we can argue that the largest contribution to the number of cliques
in hyperbolic random graphs then comes from vertices at radius R/2. These vertices
have degrees proportional to v/, which is the same as the largest contribution for
erased configuration model. It would be interesting to investigate the presence of
other types of motifs in hyperbolic random graphs, and see whether these results
are similar to the results for the erased configuration model, or if the geometric
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structure in these graphs makes the largest contribution to the number of motifs or
graphlets different. In particular, it would be interesting to see whether all other
motifs that satisfy the conditions of Theorem 7.2 have the same order of magnitude
in the hyperbolic random graph as in the erased configuration model.

Uniqueness of the optimum. Theorem 7.1 only holds when the optimum of (7.2.2),
respectively (7.2.3), is unique. Figures 7.2 and 7.3 show that for most graphlets on 4
or 5 vertices, this is indeed the case. In Section 7.3, we show that (7.2.2) and (7.2.3)
can both be interpreted as a piecewise linear optimization problem over the optimal
degrees of the vertices that together form the subgraph. Thus, if the optimum is not
unique, then it is attained by an entire range of degrees. In Section 7.3 we show that in
this situation the optimum is attained for degrees such that D;D; = @ () across some
edges {7, j}. One such example is the diamond graphlet of Figure 7.1b discussed in
Section 7.2.4, where the product of the degrees of the top left and the bottom right
vertices scales as 1. We believe that the number of motifs where the optimum is not
unique scales as in Theorem 7.1 with some additional multiplicative factors of log(n).
Proving this remains open for further research.

Graphlets on /1 degrees. For motifs and graphlets where the most likely degrees
are y/n, we show in Theorems 7.2 and 7.3 that the rescaled number of motifs or
graphlets converges to a constant, A" (H) and A™¥(H), respectively. Using the
optimization problem (7.2.3) we can show that for example all cliques and all cycles
are \/n graphlets. The constants A®*® (H) and A™Y(H) are in general difficult
to compute. It would be useful to have good estimates of these constants to be
able to see which types of motifs occur more frequently. Furthermore, it would be
interesting to investigate the convergence of motifs that do not satisfy the assumptions
of Theorems 7.2 or 7.3. In Section 7.2.4, we saw that the normalized number of motifs
may converge to a stable distribution for some motifs.

Automorphisms of H. An automorphism of a graph H is a map Vg — Vg such
that the resulting graph is an isomorphism of H. In Theorems 7.1, 7.2 and 7.3 we
count automorphisms of H as separate copies of H, so that we may count multiple
copies of H on one set of vertices. Since the number of vertices of H is fixed, and
Theorem 7.1 only considers the scaling of the number of subgraphs, this does not
change Theorems 7.1. Because Theorems 7.2 and 7.3 study the exact scaling of the
number of subgraphs, to count the number of subgraphs without automorphisms, one
should divide the results of Theorems 7.2 and 7.3 by the number of automorphisms
of H.

Self-averaging. Another interesting question relates to the fluctuations of subgraph
counts. When the degree distribution follows a power-law with exponent T € (2,3),
the number of motifs may not be self-averaging [171], that is

. Var (N©*)(H))
limsup ——5~

n—oo E [N(sub)(H)]Z # 0. (7216)
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One such example is the triangle. In Chapter 8 we show that the number of triangles
in a rank-1 inhomogeneous random graph is not self-averaging when 7 is close
to 3. Still, the triangle motif satisfies the conditions of Theorem 7.2, so that the
number of triangles converges in probability to a constant. This indicates that when
we generate configuration models with i.i.d. degrees, most realizations will have a
number of triangles that is close to the value that is predicted in Theorem 7.2. Some
realizations however, will have a number of triangles that is much larger or smaller
than the value predicted in Theorem 7.2, which results in a large variance, making
the number of triangles non self-averaging. However, when we first fix the degree
sequence, Lemma 7.6 shows that the variance of the motif count is small. Therefore,
the fluctuation in the number of motifs arises from the i.i.d. degree sequence, which
was also observed in [171]. In particular, when we use the degrees of a real-world
model as input in the erased configuration model, the number of motifs is self-
averaging. This illustrates the importance of choosing the right null model. A null
model with the same degree sequence as the original graph has less variability than
a null model where we sample degrees i.i.d. from a power-law distribution with
the same exponent as the original degree distribution. We further investigate the
self-averaging properties of network motifs in Chapter 8.

Spectral moments. The number of loops of length k in a graph is related to the
k-th spectral moment of the graph. For example, } ;¢ A? = A/6, where A denotes
the number of triangles in the network, and A; the eigenvalues of the network [207].
Therefore, Theorem 7.1 could be translated to results on the spectral moments of the
erased configuration model. The spectral moments as well as the largest eigenvalue
have been investigated for power-law random graphs with a cutoff on the degrees at
V1 [62, 64, 182], where the largest eigenvalue was found to scale as A1 nG-1/2 for
2 < T < 5/2. Note that Theorem 7.1 predicts that the number of triangles scales as
n33=7)/2 which scales as A3. This suggests that the largest eigenvalue for power-law
random graphs without cutoff scales similarly as when a cutoff on the degrees is
imposed for2 < T < 5/2.

7.3 Maximum contribution: proof of Theorem 7.1

For every motif, there is a specific range of degrees that gives a major contribution to
the number of motifs. We define an optimization problem that identifies these ranges
of degrees. In Lemma 7.2 we show that the optimal solutions to these optimization
problems have a highly particular structure. We then use these lemmas to prove
Theorem 7.1 for motifs. We first investigate the dependence of the presence of the
edges in the erased configuration model.

7.3.1 The probability of avoiding a subgraph

We relate L, = }; D;, the total number of half-edges, to its expected value un by
defining the event

Jn = {|Ln —un| < nZ/T}. (7.3.1)
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By [112], P (J,) — 1 as n — co. When we condition on the degree sequence, we
will condition on the event J,, so that we can write L, = un(1+ 0(1)). Furthermore,
we denote by X, , the indicator that an edge is present between vertices u and v.
We let IP,, denote the conditional probability given the degree sequence, and Ej;
the corresponding expectation. The presence of the edges that form a motif is not
independent. Therefore, we use the following lemma which computes the probability
of an edge not being present conditional on other edges not being present:

Lemma 7.1. Fix m € Nand ¢ > 0. Let (u;,0;)ic|yy11) Such that u;,v; € [n] for all
i€ [m+1]and (ttyi1,0m11) # (u;,0;) foralli € [m]. Let

£ = {Xup, =0, Vi € [m]}. (7.3.2)
If Dy, Dy, < nt/(t=1) /€ fori € [m+ 1], then on the event |y,
Pr (Xt ,0m1 = 0] €) = Op (7 Pimin Demia /200 (7:33)

Furthermore, when Dy, Dy, ., < n/e,

— D D =2
1[);1 (Xum+l/vm+l = 0 | 5) —e D”m+1 Vi1 /Lﬂ (1 +O][’ (Ltﬂ‘lﬂz}m“n_”)) )

Proof. For m = 0 the claim is proven in [108, Eq (4.6) and (4.9)], which states that for
two vertices i and j with D; > D;,

P, (X;; =0) = e PP/t 4 O(D?D;/12), (7.3.5)
and that by using [108, Eq. (4.5)]

D;/2

D.
P, (X;j = ]1 ( ﬁ) < e DiDi/2Ln(1 4 o(1)). (7.3.6)

Thus we may assume that m > 0. Q := {u;, v; };c[,,) may contain the same vertices
multiple times. Let the number of distinct vertices in {u;, v;}c|,) be denoted by r,
and let these distinct vertices be denoted by wy, ..., w,. W.l.o.g. we assume that
Umt1,Vm+1 correspond to wy and w,_; (if they are present in wy, ..., w, at all). W

now construct the erased configuration model G conditionally on the edges () not
being present. We first pair the half-edges of the erased configuration model attached
to wy, ..., w,. First we pair all half-edges adjacent to w;. Since we condition on the
edges () not being present, no half-edge from w; is allowed to pair to any of its
neighbors in (). After that, we pair all remaining half-edges from w,, conditionally
on these half-edges not connecting to one of the neighbors of w, in (), and so on.
We continue until all edges in () have at least one incident vertex that has already
been paired. Then, if we pair the rest of the half-edges, we know that none of the
edges in () are present. Let B denote the number of vertices we have to pair before
this happens. We never have to pair half-edges adjacent to u,, 1 or to v,,;1 (if they
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are present in {u;,v; }ic|,y]), since they are last in the ordering, and (i, 11, Vp+1) is
not present in {u;, Ui}ie[m]' Therefore, all neighbors of 1,11 and v,, 41 in Q) have
already been paired before arriving at u,, 1 or v, ;. Let Xij denote the number of
half-edges between i and j in the configuration model, so that the edge indicator of
the erased configuration model can be written as X;; = 1{ Xij > 0}. Furthermore,
let F<s = U((Xwi,j)igs,je[n}) be the information about the pairings that have been
constructed up to time s.
After B pairings, we denote

—2 Y (D, — Xww;) (7.3.7)
ie[B]

and Dy, ., = Dy,, ., Zze[B iy, and we define D5, ., similarly. These quantities
are all measurable on F<p. Then, the probability that u,,, 1 does not pair to v,,; is
the probability that i, 1 does not connect to 3,1 in a configuration model with L,
half-edges. Thus,

P, (Xum_H, -0 | ng) —e D”m+1 Dvm+1 /Ly +0 (D2 Dﬁm+1/i$l) , (738)

Um+1 41

where we have assumed w.l.o.g. that Dj;,., > Ds,.,. Since we are under the
event J, from (7.3.1), L, = L,(1 + 0(1)). Now, we show that Dy, ,, = Dy, ,(1+
op(n~(7=2/(t=1))), When we pair the half-edges adjacent to w;, the probability that
the jth half-edge pairs to u,,,1 can be bounded as

]P” (]th half'edge pairs to Merl) < i D“m+1
— Ln - 2] - 3 - 2ZS€[i71] Dws
< K==mtL D”m+1 , (739)
L,

for some K > 0. We have to pair at most Dy, half-edges, since some of the half-edges
incident to w; may have been used already in previous pairings. Therefore, we can
stochastically dominate X, by Y;, where Y; ~ Bin(Dy,, KDy, ., /Ly). Then,

M1
Xuerl/wi =0Op (Dw,- Dy,, ., /Ln) . (7.3.10)
We conclude that
Dis = Duyey (1= ¥ Op (Day/Ln) ) = Dugyy (1 + 00 (1)), (73.11)
ie[B]

where we let B = (t —2)/(t — 1). Similarly, D5, ., = Dy,,., (14 op(n7F)). Then,
when Dy, Dy, ., = O(n), (7.3.8) becomes

D2 D
—Du 1 Ln m Um
]P'rl (XMerlrvarl =0 | FB+1) =€ m+1 ’”*1( +op(n” ))/ + O( - +£% +1>

eiD”erl Dvm+l (1 + op (Wﬂﬁ) ) ,
n

(7.3.12)
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where we used that Dy, | = O(nl/(T’l)). By (7.3.6)

(7.3.13)

- Dy . Do
—D; D5 2L — OmA1 7Ol
]Pn (X“nt+1rvm+1 =0 | FB+1) S e Hm+1 v'”+1/ "= O]p (e 2Ly .

which proves the lemma. O

7.3.2 An optimization problem

Assume that D; = @(n") for some a; € [0,1/(7 —1)] foralli. Then, when a; +a; <1,
by (7.3.5)

Py (X =1) = (1- e*@)(”“iﬂjil)) (1+0(1)) = © (nt 7). (7.3.14)

When «; +a; > 1, by (7.3.6)
1

P, (X;=1) =1 o(e*"“”“’ / 2). (7.3.15)

For vertices i and j denote w;; = min(n®% %1~ (t=2)/(t=1) 1) By Lemma 7.1, for any
set of m edges,

]PTZ (Xm,v] == Xllmrvm = 0) = H (1 + Oﬂ’(wul,vl ))6(1 - nlxui+avi_1)
”‘“i+”‘vf<1
(wp; +ou;—1)/2
x ] Or (e—" i ) (7.3.16)
““i+“”i>1

Let H be a motif on k vertices labeled as 1, ..., kand edges Eyy = {u1,v1}, ..., {ttm, 0m}.
Furthermore, let G|; be the induced subgraph of the erased configuration model G
on vertices © = (iy, ..., i). Then, we can write the probability that motif H is present
on a specified subset of vertices ¢ = (iy, ..., i) as

m
]Pn (G|’L :—) EH) =1- 2 ]Pn(Xiul/ivl = O) + Z]PH(Xiul,ivl = Xiu»/iv» = 0)
=1

- 17 m
- Z]Pn(xiul/ivl = Xiu],,iv], = Xiuwrivw = 0) +o
it
+ (_l)m]Pn(Xiuyivl - Xi”m/ivm = 0)

- @P( I n"‘f+"‘f—1>, (7.3.17)
(

i,j)EEH:rx,'Jrocj<1
where we used that for a; +a; <1
1— (1= """ (1 4 op(wy;)) = Op(n®iT471), (7.3.18)
and that for a; +a; > 1

1-— OIP (e_n(ai+af71>/2)

=14 op(1). (7.3.19)
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The degrees are an i.i.d. sample from a power-law distribution. Therefore,

1/e(un)*

P (D1 € [e,1/¢](un)*) = / ex~Tdx = K(e) (un)*(1-7) (7.3.20)

e(pn)®

for some constant K(¢) not depending on n. The number of vertices with degrees
in [¢,1/¢](un)" is Binomial(n, K(¢)(un)*(1=7)), so that the number of vertices with
degrees in [¢,1/¢](un)* is @p(n1-04H1) Let M be as in (7.2.4). Then,

# sets of vertices with degrees in Mﬁla) = @p(nf IOy, (7.3.21)

Combining (7.3.17) and (7.3.21) yields that

N (F, Mﬁla) (e)) = Op (nkJr(l*T) Yiw H n"‘lﬂ‘j*l), (7.3.22)
(i,j)EEH:lXi+0l/<1

The maximum contribution is obtained for «; that maximize
max(1—1)) a;+ ) ajtaj—1
i (i,j)EEHCOLi-‘rlX/'<1
s.t.a; € [0, 4] Vi. (7.3.23)

The following lemma shows that this optimization problem attains its maximum for
specific values of a:

Lemma 7.2 (Maximum contribution to motifs). Let H be a connected graph on k vertices.
If the solution to (7.3.23) is unique, then the optimal solution satisfies a; € {0, =2 : 3L}
for all i. If it is not unique, then there exist at least 2 optimal solutions with w; €
{0, %, %, %} for all i. In any optimal solution a; = 0 if and only if vertex i has de-
gree one in H.

Proof. Defining B; = a; — % yields for (7.3.23)

1
max

-7
k+(1-1)) Bi+ ) Bi+ B, (7.3.24)
i (i,j)EEHS,Bi+ﬁj<0

1 3-7

27 2(t-1)
{- %, 2(TT 31), 0,2 Z(T 1 } for all i in the optimal solution. Since (7.3.24) is a piecewise
linear function in ﬁ if (7.3.24) has a unique maximum, it must be attained at the
boundary for B; or at a border of one of the linear sections. Thus, any unique optimal

value of B; satisfies B; = 2, Bi = e 1) or B; + B; = 0 for some j. We ignore the

over all possible values of B; € [— ]. Then, we have to prove that ; €

constant factor of (1 — )& 5 in (7.3.24), since it does not influence the optimal j values.
Rewriting (7.3.24) without the constant factor yields

maXZﬁ,- (1 — 7+ #edges to j with Bj < —Bi). (7.3.25)
i
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The proof of the lemma then consists of three steps.
Step 1. Show that B; = —% if and only if vertex i has degree 1 in H in any optimal
solution.

Step 2. Show that any unique solution does not have vertices i with |B;] € (0, 525+ )

Step 3. Show that any optimal solution that is not unique can be transformed into two
different optimal solutions with ; € {— 2, 3 ; 0/ 0, =T ) 1 } for all i.

Step 1. Let i be a vertex of degree 1 in H, and j be the neighbor of i. Let N; denote
the number of edges in H from j to other vertices v not equal to i with B, < —p;. The
contribution from vertices i and j to (7.3.25) is

,B](l — T+ N]) +Bi(1—1+ ]l{ﬂi>*.5j}) + 'Bj]l{.Bi<*/5j}' (7.3.26)

For any value of §; € [ %, 3 (3T 1)] this contribution is maximized when choosing
Bi = —4. Thus, B; = — j in the optimal solution if the degree of vertex i is one.

Letibea Vertex with d; > 2 in H, and suppose B; = —%. Because the maximal

value of § = ( ) the contribution to (7.3.25) is

-l1-7+4d;) <. (7.3.27)

Increasing B; to ﬁ then gives a higher contribution. Thus, any vertex i with

degree at least 2 in H must have ; = (377 or B; + Bj = 0 for some ne1ghbor jinan

3—1

optimal solution. Since ; < 5 e=1) for all j this means that 8; > ( ) when d; > 2.
Step 2. Now we show that when the solution to (7.3.25) is unique, it is never
optimal to have |B| € (0, 2(7 1)) Let

P = min |Bil - (7.3.28)
Let N denote the number of vertices with their § value equal to —j3, and N Nz the
number of vertices with value /3 where N, B+ + Nz_ > 1. Furthermore, let E; B denote
the number of edges from vertices with value —p to other vertices j such that ; < g,
and E p+ the number of edges from vertices with value j to other vertices j such that
Bj < —B. Then, the contribution from these vertices to (7.3.25) is

B ((1 — 1) (N,;+ - N/gf) +Eg — EB,) : (7.3.29)

Because we assume f to be optimal, and the optimum to be unique, the value inside
the brackets cannot equal zero. The Contrlbutlon is linear in B and 1t 1s the optimal
contribution, and therefore g € {0, 52—~ =) 1 }. This shows that p; € {5—~ =1 0 %}
for all i such that d; > 2.

Step 3. If the solution to (7.3.25) is not unique, then by the same argument that
leads to (7.3.29), there exist Bl, cer, Bs > 0 for some s > 1 such that

3].((1 ~ ) (Ngr — Np.) + Egs - Eﬁj,) =0 Vjels (7.3.30)



164 Chapter 7. Subgraphs in erased configuration models

Here we use the same notation as in (7.3.29). Setting all 3 j = 0 and setting all
Bi= i =3 (T 1 are both optimal solutions. Thus, 1f the solution to (7.3.25) is not unique,

at least 2 solutions exist with p; € {m 0 } forall i. O

’ 2 (t— 1
Proof of Theorem 7.1(ii) for motifs. Let a®® be the unique optimizer of (7.3.23). By
Lemma 7.2, the maximal value of (7.3.23) is attained by partitioning Vy \ V; into the

sets S1, Sy, S3 such that vertices in S1 have “(sub) — I=2 verticesin S, have vc(S"b) = 1 =1/

r T—1’
vertices in S3 have ucf,s“b) 5 1 and vertices in V; have uc (s0) — 0. Then, the edges w1th

a4 4™ < 1 are edges inside S;, edges between S; and S3 and edges from degree

1 Vertlces. If we denote the number of edges inside S by Eg,, the number of edges
between S; and S3 by Eg, s, and the number of edges between V; and §; by Eg, v,,
then we can rewrite (7.3.23) as

T—2 1 1 -3
mgx |:(1 — T) (Tl |Sl| + Tf ‘SZ| + 5 |S3|> + jESl
T—3 ES V: T—2
—E - =4 __ —F E , 7.3.31
IO e Ry iy A R 53"’1] ( )

over all partitions P of the vertices of H into Sq, Sy, S3. Using that |S3| = k — |51] —
|Sz| — ki1, Es,1 = k1 — Es, 1 — Es,1, where ki = | V1| and extracting a factor (3 — 1) /2
shows that this is equivalent to

1-7 B-1) -2 2Es, + Es;s;  Es,vy — Esyvy
k+1’n7§1X 2 (|51| |52‘+3_Tk1 1 p— ,
(7.3.32)
Since k and k; are fixed and 3 — T > 0, we need to maximize
2Es. + E E —E
B(sub)(H) — max [|Sl . |52| _ 51 $1,83 T Esy, 1 Sz,Vl} . (7.3.33)
P T—1
By (7.3.22), the contribution of the maximum is then given by
n3T(k+B (sub) (H))+T52ky _ =7 T(k2++3(5"b)(H))+%k1, (7.3.34)
which proves Theorem 7.1(ii) for motifs. O

7.4 The number of motifs on \/n-degrees

We prove Theorem 7.2 using the following lemma. We define

WE(e) = {(u1,--- ,ux) : Dy, € [e,1/€]/un Vi € [K]}. (7.4.1)

Note that W¥(¢) is the special case of M (¢) defined in (7.2.4) where all values of
« equal 1/2. Then, we denote the number of motifs H with all degrees in WX () by
N (H, Wh(e)).

Lemma 7.3 (Convergence of major contribution to motifs). Let H be a connected graph
on k > 2 vertices such that (7.2.2) is uniquely optimized at 0. Then,
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(i) The number of motifs with vertices in WX (&) satisfies

(sub) k 1/8 1/5
N (kH,Wn(E)) Lckyfgwq)/ / (x1-+-25) "
n2(3-7) ¢ ‘

x [ (1—e ™ ¥)dxy---dx. (7.4.2)
(i /])GEH

(i) AG®)(H) defined in (7.2.9) satisfies A (H) < oo.

The proof of Lemma 7.3 can be found in Section 7.5. We now prove Theorem 7.2
using this lemma.

Proof of Theorem 7.2. We first study the expected number of motifs with vertices out-
side WK (e). First, we investigate the expected number of motifs where vertex 1 has
degree smaller than ¢, /. Because P, (Xij = 1) < min(Dij /Ly, 1), this contribu-
tion can be bounded as

E [N ()L, <o |
/e V"/ / l]])‘E[E;nm<m 1) dxy - - - dxg
¢
)2(1=7) / / / ,JI—EIE;r;nm (titj, 1) dty - - - dty
< KlEul,56-17) %1 T / / / Z])I_EIEI(il—e_t"tf')dt‘1~~c1tk
= 0B~y (e), (7.4.3)

where we used that min(1, x) < K(1 — e ) for some K > 0, and h(¢) is a function
of &. By Lemma 7.3(ii), h(e) — 0 as € tends to zero. We can bound the situation where
one of the other vertices has degree smaller than ¢4/1, or where one of the vertices
has degree larger than /n/¢ similarly. This results in

E[N(H, WK (e))] = O(n23=")n(e), (7.4.4)

for some function % (¢) not depending on n such that /i(¢) — 0 when ¢ — 0. Then, by
the Markov inequality,

N(H, WE(e)) = h(e)Op (n23~)). (7.4.5)

Combining this with Lemma 7.3(i) gives

1/ 1/8
w 3 / / W) T[T —e ™ )dxy - - - dxy
H

n33-1)
+Op (h(e)) . (7.4.6)

Then letting ¢ — 0 proves the theorem. O
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7.5 Major contribution to /7 motifs

We first prove Lemma 7.3(i). We condition on the degree sequence, and compute the
expected value and the variance of the number of motifs conditioned on the degrees
in Lemmas 7.4 and 7.6. Then we take the i.i.d. degrees into account in Lemma 7.5.
Together, these lemmas prove Lemma 7.3(i).

7.5.1 Conditional expectation

In this section, we study the expectation of the number of motifs, conditioned on the
degrees. Let H be a motif on k vertices, labeled as 1, - - - , k, and m edges. We denote
the edgesbue; = {uy,v1},- -+, em = {Um, vn }.

Lemma 7.4 (Conditional expectation of motifs). Let H be a motif such that (7.2.2) has a
unique maximum, attained at 0. Then, under the event ], as defined in (7.3.1)

o D3 Di /L

E, {N<S"b>(H, Wl,‘(s))} - Y [T - )(1+o0p(1)). (7.5.1)

(i1, ix) €WK (e) (1K) €En

Proof. Let i = (iy,..., i), and let G|; again denote the induced subgraph of G on
vertices 4. We can use (7.3.17) to show that

E, [N(sub)(H’W}{l((g))} = Y P.(Gl; 2 Ep)
icWk(e)
m

—(1+0(1)) ¥ I (1 —Pu(Xi, iy = 0)). (7.5.2)

icWk(e) I=1

Because D;D; = O(n) and L, = pn(1+0(1)) under Jy,, by (7.3.5)

D?D;
P, (X =1) = 1—e PP/l 4 0 ( 5 ]> = (1+0(1)) (1 - e—Dfo/L") . (7.5.3)

n

This results in

Eq [N"(H,Wi(e)] = (1+0p(1)) L [ (1-e

i€Wk(e) (k) €Eq

PPy (7 5.4

O

7.5.2 Convergence of conditional expectation

We now consider the convergence of the expectation of the number of subgraphs
conditioned on the degrees when we take the randomness of the i.d.d. degrees into
account.
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Lemma 7.5 (Convergence of conditional expectation of \/n motifs). Let H be a motif
such that (7.2.2) has a unique maximizer, and the maximum is attained at 0. Then,

Ex[N®™ (H,W;i(e))] r, k=) /1/8 /1/5 .
n%(g'*’f)
x J] (1—e*¥)dx; - dx. (7.5.5)
(u,v)€Eg

Proof. Let |Ey| = m and denote the edges of H by (u31,v1),- -, (4m, Um). Define
glty, k)= J] (1—e ). (7.5.6)

(u,v)€Ey

Taylor expanding 1 — e~ ¥ on [¢,1/¢] yields

1—e ¥ — l_il (xl]{)z (_1)1‘ +0 ((Si_sl)l> . (7.5.7)

Since g is a bounded function on F = [¢,1/¢]™, for any # > 0, we can find s1,- - - , sy
such that

. o i tf}l tifll im tZ’:n tlm
gl t) = 3 o 3 (D ()t ) 4 O(y)

=1 in=1 11: Lin-:
51 Sm (_1>i1+"'+im T -
=YX <Mtl 2 t] > +0(1), (7.5.8)
i1=1 im=1
where
vj =i, i) = Zl:il]l{u]:j —— (7.5.9)

Let M denote the random measure

b)) = 2

n Zl H{DjEW[g,b]}‘ (7.5.10)
=

Because the number of vertices with degrees in [a, b] is binomially distributed,
b\/un b
M™ ([a,b]) — (;m)%(T*l)/ rcx*de = c/ x”Fdx := A([a, b]). (7.5.11)
a/pn a

Let N™ denote the product measure M™ x M™ x - .. x M™ (k times). Then, choo-
sing 17 = e+l in (7.5.8) together with Lemma 7.4 yields

IEn[Nsub (H Wk / t
501 50-7) glt,:

dN " (tl,' .- ,fk)

51 Sm —1 i+ iy
=/, y ) <( i ')___Z t}lth...t,Zk> + O AN (1, - - -, )
i1=1  iy=1 T m
51 Sm (_1)i1+---+im 1/e . 1/¢ .
=Y X e [ aM ) [ MO () + 0 o).
= i 11 I € e

(7.5.12)
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By Lemma 5.5 for any v
1/¢ P 1/¢
/ XTdM™ (x) Fs / X7dA(x). (7.5.13)
€ €

Combining this with (7.5.12) results in

En[N®®) (H, Wy (e))]
Flsub) (17, H) 2 (1=7)

S1 Sm (_1)i1+"'+im 1/¢ 1/¢ N
Loy 7/ t‘;‘ldA(tl)---/ £2%dA () + O (e)
e e LN €
51 Sm (_1)i1+“'+im Y a
=L K G ) ) + 00
—/gtl, A (H) - - dA () + O (e). (7.5.14)
Then, by (7.5.11)
E, [N (H, Wy (¢))]
7 (n, H)
1/e l/e
Py b 1)/ / “Te(ty, - t)dby - dly,  (7.5.15)
which proves the claim. O

7.5.3 Conditional variance

In this section, we again condition on the degrees. The following lemma shows that
the variance of the number of motifs is small compared to the expected value:

Lemma 7.6 (Conditional variance for motifs). Let H be a motif such that (7.2.2) has a
unique maximum attained at 0. Then, under the event |, defined in (7.3.1)

Var, (N(S“b) (H, Wk (e)))

L o (7.5.16)
E,; [NG®) (H, W (e))]
Proof. By Lemma 7.5,
E, [N (H, WE(e))]> = ©(n® 7K. (7.5.17)

Thus, we need to prove that the variance is small compared to n(3~7, Denote

t=(i},--- i) and j = (j1,- - -, jx). We write the variance as
Var, (NV(H W) = 5 8 (Pu (Gl Gl 2 En)
1eWK(e) jeWk(¢)

— Py (Gl; 2 En) Py (Glj 2 En) ) (7.5.18)
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This splits into various cases, depending on the overlap of ¢ and j. When ¢ and j do
not overlap, by (7.3.17)

Y. )Y P.(Gl;Glj 2 Ey) —Pu(G|; 2 Ex) Py (Glj 2 En)
ieWk(e) jEWK (e)

Y T oI -Pu(Xi i, =0) T (1= Pu(X;, i =0))

GEWE(e) FEWE(e) =1 =
_(1+0JP(1))H(1_]P”( iy oy = ))H 1_1[)” Jupofoy :O>)
1=1 I=1

= B[N (H, Wf(€))?op (1).
(7.5.19)
The other contributions are when ¢ and j overlap. In this situation, we use the bound
P, (Xl-]- = 1) < 1. When ¢ and j overlap on s > 1 vertices, we bound the contribution
to (7.5.18) as

Y Pu(Gli,Gl; 2 En) < |{i: D; € unle, 1/} *
4, GEWE(e):[ {35 }|=2k—s

— 0Oy (n%) (7.5.20)

which is smaller than 173~ 7, as required. O

Proof of Lemma 7.3. We start by proving part (i). By Lemma 7.6 and Chebyshev’s
inequality, conditionally on the degrees

N (H, WE(e)) = B, [N (H, WE(e))] (1 + op(1)). (7.5.21)
Combining this with Lemma 7.5 proves Lemma 7.3(i). Lemma 7.3(ii) is a direct
consequence of Lemma 7.8 where |S}| = k. O
7.6 Major contribution to general motifs

In this section we prove Theorem 7.1(i) for motifs. We start by introducing some
notation. For any W C Vg, we denote by d; v the number of edges from vertex i to
vertices in W. Let H be a connected subgraph, such that the optimum of (7.2.2) is
unique, and let S7, S5 and S; be the optimal partition. Then, we define

1 if di =1,

7= di,Vl + di,Sf + di,5§ 1fl S S::, (7.6.1)
di,Vl + dirsl* ifi € S3,
di,Vl ifi € S;

The following lemma states several properties of the number of edges between
vertices in the different optimizing sets:
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Lemma 7.7. Let H be a connected subgraph, such that the optimum of (7.2.2) is unique, and
let ST, S5 and S5 be the optimal partition. Then the following holds:

(i) ¢ <1forieS7.
(i) djg: +C; = 2fori € S;.
(iii) ¢; <1land di,Sé‘ +{i>2forie S;
Proof. Suppose i € Si. Now consider the partition $; = S \ i, S, = S5, S3 = S} Ui
Then, Eg = Eg — djg: and Eg s, = Esisy + dis: — d;g;. Furthermore, E¢ 1 =

E Si1— di; and ESA2 1= ES;J. Because the partition into 57, S5 and S5 achieves the
unique optimum of (7.2.2)

2Eg: — Egrsr + Es;1 — Es: 1

S5 — 1S3 —
ST — 152 -
2Egr — Egrsx —djsr —djs: + Ess1 — Egr 1 +diy,
> [87] 1 s3] - S S S TR (762)
which reduces to
disy +dis; +diyy =5 <T1-1 (7.6.3)

Using thatT € (2, 3) then ylelds di,S; + di,Si‘ + dirvl <1.

Similar arguments give the other inequalities. For example, for i € S}, considering
the partition where 7 is moved to Sy gives the inequality d; s +d;s: +d;v, > 2, and
considering the partition where i is moved to S; results in the inequality d; e+ diy, <
1,sothat ¢; < 1. O

We now show that two integrals related to the solution of the optimization pro-
blem (7.2.2) are finite, using Lemma 7.7. These integrals are the key ingredient in
proving Theorem 7.1(i) for motifs.

Lemma 7.8. Suppose that the maximum in (7.2.2) is uniquely attained with |S;| =s > 0,
and say S5 = {1,...,s}. Then

/ / H xl._Hg" H min(x,x,, 1)dxs ... dx; < oo. (7.6.4)
0 0

i€[s] (u,v)eESéf

Proof. The integral (7.6.4) consists of multiple regions. One region is x1,...,xs > 1.
Then, since —7 + {; < —1 by Lemma 7.7, this integral results in

/ / I1 x;TJréjdxl - dx, < oo, (7.6.5)
! U jels)

Another region is x1,...,x; € [0,1]. Since by Lemma 7.7, any vertex in S3 has
Ci+ di,S; > 2, this integral can be bounded as

-1 -1 _ .
/ / I X i [T xuxodxy---dx
0 0 jels] (

u,v)eEsg

1 1
S / . / (xl . xs)27de1 . dxs < 0. (766)
0 0
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The other regions can be described by the union of all sets U C S; such that the
integral runs from 1 to co for all i € U, and from Oto 1 foralli € U = S} \ U. In
such a region, min(x;x;,1) = x;x; when i,j ¢ U, and min(x;, xj) = 1 whenz jeu.
W.lLo.g. assume U = {1,...,t} for some t > 1. Then, the contribution to (7.6.4) from
the region described by U can be written as

/ / I~ T H h(j,x)dx; - - - dxy, (7.6.7)
ielt] j=t+1
where = (x;);c|y and
1 _
hj,z) = /O x; T min(xix;, 1)dx; (7.6.8)
iel:(i,j)eEy

forje {t,t+1,...k}. The integral in h(j, ) consists of multiple regions, depending
on whether x;xj < 1 or not. Suppose vertex i € U is connected to vertices 1,2,...,1 €
U, and assume that x; < xp, < - -+ < x;. Then,

L g
h(j, ) :/0 x; e " min(x;x1,1) min(xjxp, 1) - - - min(xjx;, 1)dx;

VX1 —rigi+i+d; g 1/x- 1T +H-1+d
:/ X; i - xydy; +/ T+ Yoy - xp_qdy;
0 1/x
+o ' x, Tt gy
‘ :
1/X1 ]
T—{i—1—d; g T—=gj—l-d; g +1 T—{—1—-d;
=Cinxp---x, N+ Colxgeex A —xixpeex, M)
T—0i—d; 7 +1
b Q1 ST (7.6.9)

for some constants C; > C, - - - > (. Since {; + d]-,a +l-t=(j+ dl"gg —T>—1by
Lemma 7.7, the first integral is finite. Because 1 < x1 < xp < --- < xj, this results in

. 1/x —T-‘rg]"i‘djrs* .
h(j,z) < K/ X; Sxq - ~xdx;, VY, (7.6.10)
0
for some constant K > 0. Assume that x; < xp < --- < x4. We let
uj =max{i|i € U,(ij) € Ex} (7.6.11)

forall j € U such that d]-,u > 1. Furthermore, let

f(j) = {1/x”f iy 21, (7.6.12)

1 else,

forall j € U. Then (7.6.10) results in

00 o0 co _t e s )
/ / / Hxi I H h(],a;)dxt---dxl
1 Jx Xt-17-1 i

j=t+1
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Wi W, Wy

Figure 7.4: Illustration of the sets W;. For clarity of the picture, edges in U and in U
are not displayed.

[ [ o b ity T fU) =4+ s
< K/ / o / Hxi T+Gi+d; g H (/ X iT4s5 dxj)dxt coodxg
1 Jx Xp-13=1 0 ]

j=t+1
- {ee] [ee] [e¢] t _ . . 5 —_ : d *
:K/ / / [T e IT £G) ™9 s dn - dry,  (7.6.13)
1 Jx Xt-1 =1 j=t+1

for some constant K > 0. Let W; = {j € U : u; = i} for i € [t] (for an illustration,
see Figure 7.4) and let W; = V; U S; U S \ W;. Then, Yjew, §j + djs; = Ljew, 41, +
dj,Si‘ + dj,5§ =2Ew, + EW,',VV," where Ey, denotes the n}1mber of edges inside W; and
EW,» W, denotes the number of edges between W; and W;. Thus, (7.6.13) results in

_ oo oo o _t o 14 fitd, g+ (T—1)|Wi|—2Ew. —Epy. .
K/ / / I1x 'U M Qe - . (7.6.14)
1 X1 Xt—1 i=1

We now show that
— T+ + dt,U + (Tt —1) |[Wi| — 2Ew, — EWtrWt < —1, (7.6.15)

so that the integral in (7.6.14) over x; i§ finite. By deﬁpition of (7.6;1 1) and W; (see also
Figure 7.4) d; ; = d;w,. Setting Sp = S5 U {t}, 51 = S{UW;and 53 = S5\ (W U {t}),
gives

Eg, — Es; = Ew, + Ewy s; (7.6.16)

Eg s, — Estsy = Ey, w, —dew, = Ew,sy — Ew, — Ew, st —dyp —dry,  (7.6.17)

E¢ v, — Estvy = Ew,yy (7.6.18)
Egv, = Esyv = dun;- (7.6.19)

Because (7.2.2) is uniquely optimized for 57, S; and S3,
ENPEN R e R 87
T—1
<1si| - Is3l - st Es B TR gy

T—1
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Using (7.6.16)-(7.6.19) this reduces to

2Ew, — Eyy, w, —dg — disy —diyy

— <0, (7.6.21)

[We| =1~

or
—T4+(t-1) |We| + dt,l:l + dt,Si‘ + dt,Vl —2Ew, — EWt,Wt < -1 (7.6.22)

Using that {; = d;y, + dt,S{ shows that the inner integral of (7.6.14) is finite, and
equal to

Kx::lzT+dt71,a+(T*1) [WiUW, 1| =2Ew,uw,_y —Ew,uw, _, w,umw,_, / (7.623)
for some K > 0. Then, choosing Sy = Syu{tt—1}, S = S; UW:UW;_q and Sy =
§§ \ (W UW;_1 U{t, t —1}), we can again prove using (7.6.20) that integrating (7.6.23)
over X;_1 from x;_» to oo as in (7.6.14) results in a finite function of x;_,. We can
continue this process until we arrive at the integral over x; and show that this final
integral is finite, so that (7.6.14) and therefore also (7.6.13) is finite. Since the ordering
x1 < xp < --- < x; was arbitrary, the integral over any ordering of xq, ..., x; is finite,
so that (7.6.4) is finite as well. O

Lemma 7.9. Suppose the optimal solution to (7.2.2) is unique, and attained by S}, S5 and
S3. Say that S5 = {1,...,tp} and S; = {to +1,...,to + t1}. Then,

1 1 foo o _ .
/ / / / 1 = T+ [T min(xuxo, 1)dxs, s, ... dxy < co. (7.6.24)
0 JO JO J0O

jElt1+2] (u,0)€Egs s

Proof. This proof has a similar structure as the proof of Lemma 7.8. We first rewrite
the integral as

1 1 7T+€ t1+6 -
/ T / 1_.[ xj ! H h(ilw)dxtz e dxl/ (7625)
0 0 je[tz] i=ty+1
where x = (xj>je[t2} and
h(i,z) = /0 x;TJréi [ min(xixj, 1)dx;. (7.6.26)

j€S5:(i,j)€EEH
Similarly to (7.6.9) and (7.6.10), we assume that vertex j has vertices 1,2,...,[ as
neighbors in 53, but now we assume that x; > x, > --- > x;. Then, using that
(i+1=4d; > 2and that {; <1by Lemma 7.7, we obtain

h(i,x) = / X T min(x;xq, 1) min (x50, 1) - - - min(x;x;, 1)dx;
Jo

1/X3

1/X1 _ . _ . _
— / X; TGt xdg + X; T xdy
0 1/x2

ot [ x My
1/3{]

1/x
<K / DT L xdyg (7.6.27)
0

— 1
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for some K > 0. For j € S} define
w; =min{i | i € S3,(i,j) € Ex}. (7.6.28)

By Lemma 7.7, w; is well defined for all j € S7. Then, using (7.6.27) results in

1 rx Xty -1 —TH+d; o 1l
/ / / 2 I1x i 1 G z)dx, - dxy
0 Jo 0 . / .
]G[tz] i=ty+1
ol orx Xty—1 _T+€j+dj,5* t1+tn e
< K/ / / 1= U T (/) ™ idy, - da, (7.629)
0 70 0 JjE€[t2] i=t+1

for some K > 0. Define W; = {j € S} | wj = i} fori € S; and let W; = Vi \ W;.
Then, (7.6.29) reduces to

B 1 X X 7T+§j+di *Jr(T*l)‘W[‘*ZE iiE W,
K/ /]/ I i N Qg (7.6.30)
0 Jo 0
]

iG[tz

We set $; = 7\ Wi, S, = S3 \ {t} and 53 = S5 UW; U {t}. Notice that Es: — Eg =
EWt + EWf,ST\Wt/ EST,S; - E§1,§3 = Ewtrs;; B Etlsf\wt - EW},ST\WH EST’VI B Eglrvl -
Ew,v, and Egy v, — Eg 1, = Eyy,. Because the optimal solution to (7.2.2) is unique,
we obtain using (7.6.20) that

— T+ (T = 1)[Wi| = 2Ew, + Ew, so\w, + Ew,s5 + Ewy,vy — desw, —deyy > —1
(7.6.31)
Using that Eyy, i, = EW;,S{\Wt + Ewt,s; + EWt,SZ + Ew, v, and that {; = d;y, then
shows that

- T+ (T - 1) ‘Wt| - 2EW[ + Ewhwt - Ewt,sg - dt,ST\Wt -0 > -1 (7.6.32)
By definition of Wi, Ew, s; = di,w,. Then using that d; g\, + diw, = dys; results in
— T+ (T — 1) ‘Wt| — ZEWt + EWt,V_\/r — dtrST — (> -1, (7.6.33)

which shows that the inner integral in (7.6.30) is finite. A similar argument, setting
S = S;\ (W UW;_q) and Sy = S5\ {t,t — 1} shows that the second integral is
also finite, and we can proceed to show that the outer integral of (7.6.30) is finite.
Because the ordering x1 > xp > - -+ > x; was arbitrary, the integral is finite over any
reordering, so that (7.6.24) is finite. O

Proof of Theorem 7.1(i). Because Dmax = O]p(nl/ (t=1) ), the contribution from vertices
with D; > n'/(7=1) /¢, to the number of motifs converges to zero. Since we are only
interested in the order of magnitude of the number of motifs, we assume for ease of
notation that Dpayx = n!/ (71, We define

{nl/(Tl) ifi e S;

u = " 7.6.34
7i (1) n% /e, else, ( )
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and

1 ifi ¢ V;
7i(n) = { o ! (7.6.35)
eq.n%  else.

We then show that the expected number of motifs where the degree of at least one
vertex i satisfies D; & [}(n), v¥(n)] is small, similarly to the proof of Theorem 7.2. We
first study the expected number of co}pies of H where vertex 1 has degree in [1, 71 (n)]
and all other vertices satisfy D; € [y;(n), 7! (n)]. We bound the expected number of
such copies of H by

E [N (H)L 4D, <o (), Dy )t () w>1}}
7(m) s (n) 7 () XiX;
< ck/ ' / ’ / ¢ (x1- ~~xk)*THmin <l],1> dxg...dx;. (7.6.36)
1 ’Yé(”) " (n) (ij)€Ey pun
This integral equals zero when vertex 1 is in V;. Suppose vertex 1 is in S5. W.l.o.g.
assume that S5 = {1,...,t}, ST = {tr+1,..., 1 +tr}and S5 = {ti + o +1,...,t; +
ta +t3}. We bound the minimum in (7.6.36) by x;x;/(un) for i,j € Sj, forior j in
Vi and for i € 57, € S5 or vice versa. We bound the minima by 1 for i,j € S5 and

i € S5,j € S3 or vice versa. Applying the change of variables u; = x;/ n% results
similarly as in (7.3.22) and (7.3.34) in the bound

3—1 (sub)
B [N (b, oyt 1), Dyt vis1y | = O T e B 00 k)

En 1 1 poo )
X fT+§i
bk hd b 0

ieVy\V

x [T min(xyxo,1)dxt, 1y, -y [ /1 X Tdx;, (7.6.37)
(u,v)eE% UEST,S; ]€V1

where the integrals from 0 to 1 correspond to vertices in S5 and the integrals from 0
to oo to vertices in ST and S3. The last integrals corresponding to vertices in V; are
finite, because T € (2,3). The first integral can be split into

"€n 1 1 o0 0 7T+§' .
/0 /0 /0 /0 /0 H X; ’Hm1n(xuxv,1)dxt1+t2...dX1

Z'GSTUS; (”/U)GEST,SE*

(e} (e}
*T+§- .
X /0 /0 H X; ’H min(x, Xy, 1)dxs 14,445 - - - dXp 4,41
)

i€S3 (w0 EE%

(7.6.38)

By Lemma 7.8 the second integral of (7.6.37)is finite. Using Lemma 7.9 shows that
the first integral is 0(1). Therefore,

E [N(H) %(kz++3<wb><H>)+k1) . (7.639)

Le Dy <ol m),Dielr(m) () vl’>1}] =o(n

when vertex 1 € S3. Similarly, we can show that the expected contribution from Dy <
'yll (n) satisfies the same bound when vertex 1 is in S} or S3. The expected number of
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motifs where Dy > 7§ (n) if vertex 1 is in S}, S5 or V; can be bounded similarly, as
well as the expected contribution where multiple vertices have D; & [y}(n), v (n)].
Therefore, by the Markov inequality

N(H, M}ga(sub)) (8n)> — op (n?)*TT(k2++B(sub)(H))+k1) , (7.6.40)
_ (sub)
where N (H, M,(f‘ ) (¢n) ) denotes the number of copies of H on vertices not in
Mﬁla(sub)) (ex). Combining this with the fact that for fixed ¢
N(H) > N(H, M) (@) = O ("7 b2 -0 1) ) (7.641)

by Theorem 7.1(ii) shows that

N(HME™ () p
NTH) T (7.6.42)

7.7 Graphlets

We now describe how to adapt the analysis of motif counts to graphlet counts. For
graphlets we can define a similar optimization problem as (7.3.24). When a; +a; <
1, (7.3.5) results in

ajta;—1

Py (X;;=0) =e @7 J(140(1)) =1+0(1), (7.7.1)
whereas for a; +a; > 1, (7.3.15) yields
Py (X; = 0) = o(1). (7.7.2)

Similar to (7.3.17), we can write the probability that H occurs as an induced subgraph
onv = (vy, -+ ,0) as

P, (Glo = Eg) = @P( IT ptitea—1 Ho(en‘“"”f]ﬂ)). (7.7.3)

(U,‘,Uj)EEHlﬂli+tX]‘<l (Z‘,]')QEHZIXI‘+QJ‘>1

Thus, the probability that H is an induced subgraph on (vq,- - - ,v) is stretched
exponentially small in n when two vertices i and j with a; + «; > 1 are not connected
in H. Then the corresponding optimization problem to (7.3.23) for graphlets becomes

max(1 —T)lei—i- Z w+aj—1,
i (i,j)EEH:lXi+0l]'<1
stoaj+a; <1 V(ij) ¢ En. (7.7.4)

The following lemma shows that this optimization problem attains its optimum
for very specific values of « (similarly to Lemma 7.2 for motifs):
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Lemma 7.10 (Maximum contribution to graphlets). Let H be a connected graph on
k Uertices If the solution to (7.7.5) is unique, then the optimal solution satisfies a; €
{0, &= 1, 3 = 1 L1 for all i. If it is not unique, then there exist at least 2 optimal solutions with
a; € {0, = 1, oL Tl 1} forall i. In any optimal solution, «; = 0 if and only if vertex i has
degree one in H.

Proof. This proof is similar to the proof of Lemma 7.2. First, we again define ; =
a;— %, so that (7.7.4) becomes

_Tk+(1—T)Z,Bi+ Y BitBi

(i,j)€Ep:pi+B;<0
st.Bi+B; <0 V(ij) ¢ En. (7.7.5)

The proof of Step 1 from Lemma 7.2 then also holds for graphlets Now we prove

that if the optimal solution to (7.7.5) is unique, it satisfies ,Bl €{-1, zTr 31) 0, %}

for all i. We take B as in (7.3.28), and assume that 3 <3 ) The contribution of

the vertices with |B;| = B is as in (7.3.29). By i 1ncreasmg ,8 or by decreasing it to
zero, the constraints on f; + B; are still satisfied for all (i, j). Thus, we can use the

same argument as in Lemma 7.2 to conclude that §; € {2(T L 0, 2 (= 1)} for all i
with d; > 2. A similar argument as in Step 3 of Lemma 7.2 shows that if the solution
to (7.7. 5) is not unique it can be transformed into two optimal solutions that satisfy
Bic{—5 § 2 = 1 } for all i with degree at least 2. O

Following the same lines as the proof of Theorem 7.1(ii) for motifs, Theorem 7.1(ii)
for graphlets follows, where we now use Lemma 7.10 instead of 7.2. We now state an
equivalent lemma to Lemma 7.3 for graphlets:

Lemma 7.11 (Convergence of major contribution to graphlets). Let H be a connected
graph on k > 2 vertices such that (7.2.3) is uniquely optimized at 0. Then,

(i) the number of graphlets with vertices in WX (¢) satisfies

ind k 1/¢ 1/¢
N (kI_L W, ( )) Lck‘u—g(’r—l) / X xk)—T
2(3—T) € €
x [J(@—e ™) [Je ™ idx; - - - daxy. (7.7.6)

(i,j)€En (i))2En

(i) AWD(H) defined in (7.2.11) satisfies A™Y (H) < oo.

The proof of Theorem 7.3 is similar to the proof of Theorem 7.2, and uses Lemma 7.11
instead of Lemma 7.3 for motifs. The proof of Lemma 7.11(i) in its turn follows from
straightforward extensions of Lemmas 7.4 7.6 and 7.5 for graphlets, now also using
that the probability that an edge {i, j} not present in H is not present in the subgraph
can be approximated by exp(—D;D;/Ly,). Lemma 7.11(ii) is an application of the
following equivalent lemma to Lemma 7.8 for S5 = Vj:
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Lemma 7.12. Suppose that the maximum in (7.2.3) is uniquely attained for |S;| =s > 0,
and say S5 = {1,...,s}. Then

/ / Hx T H min(x,xy, 1) H e M¥rdxg ... dxg < o0, (7.7.7)

ie[s] (u,0) eES* (u,v)eéEsg

Proof. This integral is finite if

/ / Hx_TJrg’ H min(x;,xy,, 1 1_[ Liv,x, <1}dxs .dx; < oo, (7.7.8)

iels] (u, U)GES* (u U)QES*
since if
1/X]
/ / x[1x)?e M1 2dxpdxy < oo, (7.7.9)
then also
/ / x?‘x”e M2 dx,dx; < 0. (7.7.10)
1/.X1

We can show similarly to (7.6.5) and (7.6.6) that the integral is finite when all in-
tegrands are larger than one, or when all are smaller than one. We compute the
contribution to (7.7.8) where the integrand runs from 1 to co for vertices in some
nonempty set U, and from 0 to 1 for vertices in U= 5’3k \ U. Wlo.g., assume
U={1,---,t} forsomet > 1. Define fori € U

2 1 *T+§j+d,‘g .
h(l,.’I}) :/ xi . Hmm(xixj,l) H ]l{xl,xv<1}dxl‘. (7711)
0 jeu:(ij)eEy vel:(iv)¢Ex
Then (7.7.7) results in
’r+§] h
IT Yoy H (i,z)dx; - - - dxg (7.7.12)
uveU(uv)%EH i=t+1

When U does not 1nduce a complete graph on H, this integral equals zero. Thus, we
assume that U induces a complete graph on H so that { (u,v) € U | (u,v) ¢ Eg} = &
Assume that 1 < xp < ... < x;. Then, similarly to (7.6.10),

h(i,z) <K / v x, THts; [T xdx, (7.7.13)
° jelt:Gii)eEn
for some K > 0. By a similar argument as in Lemma 7.7, {; +d; sy > 2 fori € 53 so
that this integral is finite. Thus,

T+§
/1 /x "TT Lpre<ny H h(i,z)dx; - - -dxy
t— 1

uvell(uv)%EH i=t+1
- o t 1 71—+§ +d T+§t+dta+(ffl)‘u|fzsea Cs+d 5%
SK/ / / ! Xt ' s’3dxt~~~dx1
X1 Xt— 1j=1
°°t1 T+C+d — T4+ +d, g+ (t—1)|0|~2E5 —E
<K / / / j uxt Cetdy g+(t—1)|U|-2E5— uudxt -dxy,
X1 Xt 1j=1

(7.7.14)



7.7. Graphlets 179

for some K > 0, where U = ViUS;uS; \ U. We can now show that the integral over
x; is finite in a similar manner as in Lemma 7.8. Define $; = Syul, Sy = Sy U{t}
and S3 = U\ {t}. Because U induces a complete graph in H, and t € U, vertex
t is connected to all vertices in 53, so that these newly defined sets still satisfy the
constraint in (7.2.3), and we may proceed as in Lemma 7.8 using (7.6.20) to show that

the integral over x; finite. Iterating this proves Lemma 7.12.
O

The following lemma is the counterpart of Lemma 7.9 for graphlets:

Lemma 7.13. Suppose that the optimal solution to (7.2.3) is unique, and attained by Sy, S5
and S%. Say that S5 = {1,...,ta}and S§ = {t +1,...,tp + 11 }. Then,

[l [ [T it

E t +t2 (ll v EES* S*

x [ Je ™ dxs, 4, ... dxy < co. (7.7.15)
(1,0)2Egs 55

Proof. This lemma can be proven along similar lines as Lemma 7.9, with similar ad-
justments as the adjustments to prove Lemma 7.12 for graphlets from its counterpart
for motifs, Lemma 7.8. O

From these lemmas, the proof of Theorem 7.1(i) for graphlets follows along the
same lines as the proof of Theorem 7.1(i) for motifs.






8  Subgraph fluctuations in inhomogeneous
random graphs

Based on:
Variational principle for scale-free network motifs
C. Stegehuis, R. van der Hofstad, ].S.H. van Leeuwaarden

In this chapter, we again focus on subgraph counts. In Chapter 7 we have inves-
tigated the number of subgraphs in a typical network observation. We now study
the expected number of subgraphs instead of the typical number of subgraphs by
presenting a variational principle that identifies the dominant structure of any given
subgraph as the solution of an optimization problem. The unique optimizer describes
the vertex degrees that contribute most to the expected motif count, resulting in
explicit asymptotic formulas for the expected motif count and its fluctuations. Inte-
restingly, the structures that optimize the contribution to the expected motif count
may be different than the most likely motif structure of Chapter 7. We then classify
all motifs into two categories: self-averaging motifs with relatively small fluctuations
signaling stable network structures, and motifs that are inherently non-self-averaging.
We further divide the non-self-averaging motifs into two classes with substantially dif-
ferent concentration properties. We compare these theoretical findings with empirical
network data.

8.1 Introduction

In this chapter, we again study the presence of network motifs. With the goal to
explain the occurrence of motifs beyond counting, we develop a variational principle
designed to identify, for any given motif, the composition that dominates the expected
motif count as the solution of an optimization problem. The unique optimizer
describes the degrees of the vertices that form the largest contribution to the expected
motif count, as well as predicts the leading asymptotic order for the motif count in
the large-network limit. The variational principle extends the analysis of constrained
triangle counts of Chapter 6 to general subgraphs.

The variational principle can potentially be applied to various random network
models, as we show in Chapter 9 but here we focus on the rank-1 inhomogeneous
random graph described in Section 1.1.4. We focus on the Chung-Lu version of the
rank-1 inhomogeneous random graph, with scale-free vertex weights. Thus, each
vertex has a weight /1 drawn from the probability density

p(h) =Ch™" (8.1.1)

181
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for some constant C and & > hpyin. Each pair of vertices is joined independently with
probability
p(h, 1) = min(hl' /(un),1). (8.1.2)

with i and I’ the weights associated with the two vertices, and y the mean of the
weights. The variational principle now seeks for the dominant structure of any given
motif. The probability P(H) of creating motif H on k uniformly chosen vertices can
be written as

P(H) = /h]P(H onhi, ..., )P (h, ..., hy)dh, (8.1.3)

where the integral is over all possible hidden-variable sequences on k vertices, with
h = (hy,...,hg)and P (hy, ..., hy) the density that a randomly chosen set of k weights
is proportional to hy, . .., hx. Degrees and weights are provably close (see Section 4.C),
so0 (8.1.3) can be interpreted as a sum over all possible degree sequences. Therefore,
the variational principle then needs to settle the following trade-off, inherently present
in power-law networks, also described in Chapter 7: On the one hand, large-degree
vertices like hubs contribute substantially to the number of motifs, because they are
highly connected, and therefore participate in many motifs. On the other hand, large-
degree vertices are by definition rare. This should be contrasted with lower-degree
vertices that occur more frequently, but take part in fewer connections and hence
fewer motifs. Therefore, our variational principle is designed to find the selection
of vertices with specific degrees that together ‘optimize” this trade-off and hence
maximize the expected number of such motifs.

We leverage the variational principle in three ways. First, we derive sharp asymp-
totic expressions for the expected motif counts in the large-network limit in terms
of the network size and the power-law exponent. Second, we use the variational
principle to identify the fluctuations of motif counts. In this way we can determine for
any given motif whether it is self-averaging or not. Third, we compare the optimal
motifs composition with real-world network data, and find empirical confirmation of
typical motif degrees.

We present two versions of the variational principle arising from analyzing (8.1.3)
in Sections 8.2 and 8.3, related to different ways of restricting the variation (free and
typical). Free variation corresponds to computing the average number of motifs over
many samples of the random network model. Typical variation corresponds to the
number of motifs in one single instance of the random graph null model, and yields
the same optimization problems as in Chapter 7. Remarkably, for T € (2,3) these
can be highly different. We then apply the variational principle to study motif count
fluctuations in Section 8.4 and classify all motifs into self-averaging and non-self-
averaging motifs. We further show that non-self-averaging motifs can be further
divided into two classes, with considerably different concentration properties. Finally,
in Section 8.5 we compare the results of the variational principle to real-world data.

8.2 Free variation

We first show that only hidden-variable sequences h with weights of specific orders
give the largest contribution to (8.1.3), using a similar approach as in Chapter 7. Write
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Figure 8.1: Order of magnitude of the expected number of motifs on 3 and 4 verti-
ces, where the vertex color indicates the optimal vertex degree. Vertices where the
optimizer is not unique are gray.

the weights as h; « n* for some a; > 0 for all i. Then, using (8.1.2), the probability
that motif H exists on vertices with weights h = (n*1,...,n"%) satisfies

P (H on h) o IT ntite =1, (8.2.1)
(i,j)EEHtﬂci+Déj<l

The weights are an i.i.d. sample from a power-law distribution, so that the pro-
bability that k uniformly chosen weights satisfy (hy,...,h) « (n*1,...,n%) is of the
order n(1- 7 Lii (see (7.3.21)). Taking the product of this with (8.2.1) shows that the
maximum contribution to the summand in (8.1.3) is obtained for those a; > 0 that
maximize the exponent

(1-1) thi + ) (a; +aj—1), (8.2.2)

(i,j)EEHZDéi+Dé]'<1

which is a piecewise-linear function in «. In Appendix 8.B, we show that the maximi-
zer of this optimization problem satisfies «; € {0, %, 1} for all i. Thus, the maximal
value of (8.2.2) is attained by partitioning the vertices of H into the sets S, Sp, S3 such
that vertices in S have a; = 0, vertices in S, have #; = 1 and vertices in S3 have
w; = % Then, the edges with a; +a; < 1 are edges inside S; and edges between S;
and S3. If we denote the number of edges inside S; by Eg, and the number of edges
between S; and S3 by Es, s,, then maximizing (8.2.2) is equivalent to maximizing

2E51 + E51’53

e (8.2.3)

Bf(H) = max |[S1] — |S2| -
over all partitions P of the vertices of H into Sy, Sy, S3. This gives the following
theorem (a more elaborate version is proven in Appendix 8.B):

Theorem 8.1 (Expected motif count). Let H be a motif on k vertices such that the solution
to (8.2.3) is unique. As n — oo, the expected number of motifs H grows as

E [N(H)] = nkP(H) & "z %+ 7 B (H), (8.2.4)
and is thus fully determined by the partition P* that optimizes (8.2.3).
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Figure 8.2: Order of magnitude of the expected number of motifs on 5 vertices, where
the vertex color indicates the optimal vertex degree, as in Figure 8.1.

Theorem 8.1 implies that the expected number of motifs is dominated by motifs
on vertices with weights (and thus degrees) of specific orders of magnitude: constant
degrees, degrees proportional to /1 or degrees proportional to n. Figure 8.1 and 8.2
show the partitions P* that form the optimal motif structures and dominate the
expected number of motifs on three, four and five vertices.

Graphlets. It is also possible to only count the number of times H appears as an
induced subgraph, also called graphlet counting. This means that an edge that
is not present in graphlet H, should also be absent in the network subgraph. In
Appendix 8.D we classify the expected number of graphlets with a similar variational
principle as for motifs. Figure 8.7 shows the expected number of graphlets on 4
vertices. This figure also shows that graphlet counting is more detailed than motif
counting. For example, counting all square motifs is equivalent to counting all
graphlets that contain the square as an induced subgraph: the square, the diamond
and K;. Indeed, the expected number of square motifs scales as n°~27log(n) by
adding the number of square, diamond and Ky graphlets from Figure 8.7. This shows
that the main contribution to the expected number of square motifs is actually from
the diamond graphlets of Figure 8.7d. Thus, graphlet counting gives more detailed
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information than motif counting.

8.3 Typical variation

The largest degrees (hubs) in typical samples of the rank-1 inhomogeneous random
graph scale as 7!/ (7=1) with high probability. The expected number of motifs, howe-
ver, may be dominated by network samples where the largest degree is proportional
to n (see Theorem 8.1). These samples contain many motifs because of the high
degrees, and therefore contribute significantly to the expectation. Nevertheless, the
probability of observing such a network tends to zero as n grows large. In Chapter 7
we investigated the typical number of motifs in erased configuration models, using
a similar variational principle. There we have also assumed the degrees to be pro-
portional to n%, but limit to degree sequences where the maximal degree is of order
n!/(7=1)  the natural cutoff in view of the typical hub degrees. Vertices with degrees
above the natural cutoff are rare, so do not contribute to the typical motif count, but
our variational principle shows that they may still contribute to the average motif
count. In the proof of Theorem 7.1, the variational principle for the erased configura-
tion model, the connection probability is estimated by min(D;D;/(un),1), which is
the same as the connection probability in the rank-1 inhomogeneous random graph.
Therefore, the optimal typical motif structures in the rank-1 inhomogeneous random
graph are the same as in Figure 7.2 and the optimal typical graphlet structures are
given by Figures 7.1 and 7.3.

Observe that the optimal motif structures for the expected number of motifs of
Figure 8.1 and for the typical number of motifs of Figure 7.2 may differ. For example,
the scaling of the expected number of claws (Figure 8.1g) and the typical number
of claws (Figure 7.1e) is different. This is caused by the left upper vertex that has
degree proportional to 7 in the free optimal structure, whereas its typical degree
is proportional to n!/ (1), Only when the solution to (8.2.3) does not involve hub
vertices, the two scalings coincide. When the optimal structure contains hub vertices,
this is not the case. While typical hub degrees scale as n'/ (7=1), expected hub degrees
may be much larger, causing the number of such motifs with hubs to scale faster in
the free variation setting than in the typical variation setting. This indicates that the
average and median motif count can differ dramatically.

8.4 Fluctuations

Self-averaging network properties have relative fluctuations that tend to zero as the
network size n tends to infinity. Several physical quantities in for example Ising
models, fluid models and properties of the galaxy display non-self-averaging beha-
vior [2, 69, 134, 171, 179, 219, 220]. We consider motif counts N(H) and call N(H)
self-averaging when Var (N(H)) /E [N(H )]> = 0as n — co. Essential understan-
ding of N(H) can then be obtained by taking a large network sample, since the
sample-to-sample fluctuations vanish in the thermodynamic limit. In contrast, if
Var (N(H)) /E[N(H )]2 approaches a constant or tends to infinity as n — oo, the
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motif count is called non-self-averaging, in which case N(H) shows strong sample-
to-sample fluctuations that cannot be mitigated by taking more network samples.

Our variational principle facilitates a systematic study of such fluctuations, and
leads to a classification into self-averaging and non-self-averaging motifs. It turns
out that whether N(H) is self-averaging or not depends on the power-law exponent
T and the optimal structure of H. We also show that non-self-averaging behavior of
motif counts may not have the intuitive explanation described above. In some cases,
motif counts in two instances are similar with high probability, but rare network
samples behave differently, causing the variance of the motif count to be large, leading
to non-self-averaging behavior. Thus, the classification of network motifs into self-
averaging and non-self-averaging motifs does not give a complete picture of the motif
count fluctuations. We therefore further divide the non-self-averaging motifs into
two classes based on the type of fluctuations in the motif counts.

8.4.1 Triangle fluctuations

We first illustrate how we can apply the variational principle to obtain the variance of
the number of subgraphs by computing the variance of the number of triangles in the
rank-1 inhomogeneous random graph. Let A denote the number of triangles, and let
Ai,j,k denote the event that vertices i, j and k form a triangle. Then, we can write the
number of triangles as
A=1 Y 1n,, (84.1)
ijke(n]

where Z/ denotes the sum over distinct indices. Thus, the variance of the number of
triangles can be written as

Var Z 2 IP Az]k/ Astu) - (Ai,j,k)]P(As,t,u)~ (8~4-2)

Z]ke[ |s,tueln)

When i, j, k and s, t, u do not overlap, the weights of 7, j, k and s, t, u are independent,
so that the event that i, j and k form a triangle and the event that s, f and u form a
triangle are independent. Thus, when i, j, k, s, t, u are all distinct, lP(Al-,jlk, Nopu) =
P(A; k)P (Astu), so that the contribution from 6 distinct indices to (8.4.2) is zero. On
the other hand, when i = u for example, the first term in (8.4.2) denotes the probability
that a bow tie (see Figure 8.2(i)) is present with i as middle vertex. Furthermore, since
the degrees are i.i.d. and the edge statuses are independent as well, P(A,; ;) is the
same for any i # j # k, so that

P (D) = ]]36([?)] = Eégﬁ} (1+0(1)). (8.43)

This results in
Var (A) = 9 [# bow-ties] — 9n~'E [A]* 4 18E [# diamonds]
— 181 2E [A]* + 6E [A] — 6n°E [A]?
— 9E [# bow-ties] + 18E [# diamonds] + 6 [A] + E [A]?O(n™!), (8.4.4)
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where the diamond motif is as in Figure 8.1d. The combinatorial factors 9,18 and 6
arise because there are 9 ways to construct a bow tie (18 for a diamond, and 6 for a
triangle) by letting two triangles overlap. The diamond motif does not satisfy the
assumption in Theorem 8.1 that the optimal solution to (8.2.3) is unique. However,
we can show the following result:

Lemma 8.1. [E [number of diamonds] = @ (n°~2%)log(n).

Proof. The function (8.2.3) is optimized fora; = p,a; =1—f, a0y = fand as =1 - f
for all values of § € [1/2,1]. All these optimizers together give the major contribution
to the number of diamonds. Thus, we need to find the number of sets of four vertices,
satisfying

hll’l] = @(1’1), h; > h], hy = @(hi), hs = @(l’l]) (8.4.5)
Given h; and h;, the number of sets of two vertices k, s with i = @(h;) and hs = ©(h;)
is given by nzhil*Th]l.*T = O(n*"T), where we used that ;1; = O(n). The number
of sets of vertices i,j such that h;i; = ®(n) can be found using that the product
of two independent power-law random variables is again distributed as a power
law, with an additional logarlthmlc term [110]. Thus, the number of sets of vertices
with h;h; = @(n) scales as n 2n'=Tlog(n). Then, the expected number of sets of four

vertices satisfying all constraints on the degrees scales as n°~27log(n). By (8.2.1),
the probability that a diamond exists on degrees satisfying (8.4.5) is asymptotically
constant, so that the expected number of diamonds also scales as n°~2Tlog(n). [

Theorem 8.3 gives for the number of bow ties that

@(n%(iz*l’))
@(n4—T)

and that E [A] = @(13(3~7)/2). Combining this with (8.4.4) results in

=3 (8.4.6)
T

(AVARWAN
(.».7\\10)\\1

E [# bow ties] = {

n%(3_7—)
Var (A) = {ggn‘lT) ) ;

To investigate whether the triangle motif is self-averaging, we need to compare the
variance to the second moment of the number of triangles, which results in

(8.4.7)

b)\\lw\\l

1

Var (&) _ Jom2"3), t<%, (8.4.8)
E[A7 |00, =7 h
Therefore,
5
lim YAr(8) _ 0 T<y, (8.4.9)
n—oo g [A] oo T > 5

which proves the following proposition:

Proposition 8.1. The number of triangles in rank-1 inhomogeneous random graphs is
self-averaging as long as T < % When T > % the number of triangles is not self-averaging.
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8.4.2 General motif fluctuations

We now compute the variance of general motifs, similar to the triangle example (see
also [84, 147,171, 180]).

Lemma 8.2. Let Hy, ..., H; denote all motifs that can be constructed by merging two copies
of H at at least one vertex. We can then write the variance of the motif count as

Var (N(H)) = CGE[N(H1)] + -+ GE[N(H)] + E [N(H)?O(n ). (84.10)
for constants Cy,...,C.
Proof. Leti = (i, ..., i) be such that i, # i; when p # q. We write the variance as

Var (N(H)) = Y_ ) (PP (H; H; present) — IP (H; present) P (H; present) ),
i[n]f jelnlt
(8.4.11)

where H; present denotes the event that motif H is present on vertices 4. The sum
splits into several cases, depending on the overlap of 4 and j. The term where ¢ and
J do not overlap equals zero, since edge presences of non-overlapping vertices are
independent.

Now suppose ¢ and j overlap at iy, ...i;, and js,...,Js, for some r > 0. Then
IP (H;, H; present) equals the probability that motif H is present on vertices {i1, ..., ik, ji, .-, ji } \
{js;,---,Js, }, where H denotes the motif that is constructed by merging two copies of
H at iy, with jg,, at it, with s, and so on. Thus, this term can be written as

Z/ IP (Hg present) = E [N(H)], (8.4.12)
ten)2k-r

where Z/ denotes a sum over distinct indices. Furthermore, since the degrees are
iid., P (H; present) = E [N(H)] /(}), similarly to (8.4.3). Thus,

2/ IP (H; present) P (H; present) = n~"E [N(H)]>0(1). (8.4.13)
i,je[n]k:\iﬂj\:r

Thus, when Hj, ..., H; denote all motifs that can be constructed by merging two
copies of H at at least one vertex, we can write the variance of the motif count as

Var (N(H)) = CLE [N(Hy)] + - -- + QE[N(H)] + E[N(H)]*O(n™").  (8.4.14)

where C; is a combinatorial constant that denotes the number of distinct ways to
merge two copies of H into H;. These constants satisfy [84]

I k— 2
Y Ci= 1 (k> (k—s)!. (8.4.15)

O
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self-averaging for subfigures of Figure 8.1 subfigures of Figure 8.2

(2,3) C a,b,c,d

(2,5/2) a fglo

(2,7/3) i

- b,def,gh ehjkmn,p,qrs,tu

Table 8.1: The values of T € (2,3) where the motifs of Figures 8.1 and 8.2 are self-
averaging.

Using (8.4.10), we can determine for any motif H whether it is self-averaging or
not. First, we find all motifs that are created by merging two copies of H. For the
triangle motif for example, these motifs are the bow-tie, where two triangles are mer-
ged at one single vertex, the diamond of Figure 8.1d, and the triangle itself. We find
the order of magnitude of the expected number of these motifs using Theorem 8.1 to
obtain the variance of N(H). We divide by IE [N(H)]?, also obtained by Theorem 8.1,
and check whether this fraction is diverging or not. Table 8.1 shows for which values
of T € (2,3) the motifs on 3, 4 and 5 vertices are self-averaging. For example, the
triangle turns out to be self-averaging only for T € (2,5/2).

The following observation shows the importance of the optimal motif structure:

Theorem 8.2. All self-averaging motifs for any T € (2,3) have optimal free variation
structures with vertices of weights ©(y/n) only.

We prove this theorem in Appendix 8.E. The condition on the optimal motif
structure is a necessary condition for being self-averaging, but it is not a sufficient
one, as the triangle example shows. Combining the classification of the motifs into
self-averaging and non-self-averaging with the classification based on the value of
Bf(H) from (8.2.3) as well as the difference between the expected and typical number
of motifs yields a classification into the following three types of motifs:

Type I: Motifs with small variance. Var (N(H)) /E [N(H)]* — 0 and Bf(H) = 0.
These motifs only contain vertices of degrees ®(+/n). The number of such rescaled
motifs converges to a constant by Theorem 7.2. Furthermore, the variance of the
number of motifs is small compared to the second moment, so that the fluctuations
of these types of motifs are quite small and vanish in the large network limit. The
triangle for T < 5/2 is an example of such a motif, illustrated in Figures 8.3b and 8.3e.

Type 1I: Concentrated, non-self-averaging motifs. Var (N(H)) /E [N(H )]? + 0 and
Bf(H) = 0. These motifs also only contain vertices of degrees /7. Again, the rescaled
number of such motifs converges to a constant in probability by Theorem 7.2. Thus,
most network samples contain a similar amount of motifs as n grows large, even
though these motifs are non-self-averaging. Still, in rare network samples the number
of motifs significantly deviates from its typical number, causing the variance of the
number of motifs to be large. Figures 8.3a and 8.3d illustrate this for triangle counts
for T > 5/2. The fluctuations are larger than for the concentrated motifs, but most of
the samples have motif counts close to the expected value.

Type III: Non-concentrated motifs. Bf(H) > 0. These motifs contain hub vertices.
The expected and typical number of such motifs therefore scale differently in n. By
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small variance concentrated, non-self-averaging non-concentrated
3 1 3
5 0.8
0.6 2
0.2 0
1%_1 100 101 100—1 100 101 10_1 100 101
N(A)/E[N(A)] N(A)/E[N (D) N(V)/EIN (V)]
(a) T = 22,1 = 105, (b) 7= 28,1 = 10°, (©7=22,n=10°,
triangles triangles wedges
3
! 3
9 0.8
0.6 2
1 0.4 1
0.2
0 0 0
101 10 10t 107! 10 10t 107! 10 10!
N(A)/EIN(A)] N(A)/EIN(A)] N(V)/E[N(V)]
(d)T=22,n=5-10°, (e)T=28n=5-10°, f)t=22,n=5-10°,
triangles triangles wedges

Figure 8.3: Density approximation of the normalized triangle and wedge counts for
various values of T and 7, obtained over 10* network samples.

n m T

Gowalla 196591 950327 2.65
Oregon 11174 23409 2.08

Enron 36692 183831 1.97
PGP 10680 24316 2.24
Hep 9877 25998 3.50

Table 8.2: Statistics of the five data sets, where n is the number of vertices, m the
number of edges, and T the power-law exponent fitted by the procedure of [66].

Theorem 8.2, these motifs are non-self-averaging. The rescaled number of such motifs
may not converge to a constant, so that two network samples contain significantly
different motif counts. Figures 8.3c and 8.3f show that the fluctuations of these motifs
are indeed of a different nature, since most network samples have motif counts that
are far from the expected value.

8.5 Data

We now compare our results to five real-world networks with heavy-tailed degree
distributions, the Gowalla social network [137], the Oregon autonomous systems
network [137], the Enron email network [129, 137], the PGP web of trust [40] and the
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ty t1 f3 fy 14 ty ty te to tg tn t11
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Figure 8.4: Order of magnitude of the typical number of graphlets on 4 vertices. The
vertex color indicates the typical vertex degree. The vertex labels indicate the vertex
types used in Figure 8.6

claw
path

paw

diamond

square

Ky
Gowalla Oregon Enron PGP  Hep

Figure 8.5: Number of graphlets on four vertices in five data sets on logarithmic scale:
log(N(H))/ log(n). The darker the color, the larger the graphlet count. The ordering
of the six different graphlets is from the most occurring in the rank-1 inhomogeneous
random graph to the least.

High Energy Physics collaboration network (HEP) [137]. Table 8.2 provides detailed
statistics of these data sets. Because the number of motifs can be obtained from
the number of graphlets, we focus on graphlet counts. Furthermore, since network
data sets contain one single observation of graphlet counts, we compare the data
sets to the results on the typical number of graphlets instead of the average number
of graphlets, as presented in Figure 8.4. Figure 8.5 shows the graphlet counts in
the data sets on a logarithmic scale. The order of the graphlets is from the most
occurring graphlet (the claw), to the least occurring graphlet (the complete graph
and Kjy) in the rank-1 inhomogeneous random graph, see Figure 8.4. The colors
indicate that in most data sets the ordering of the motifs follows that of the rank-1
inhomogeneous random graph. It also sheds some light on real-world graphlet
formation. Indeed, when deviations arise, these can be often directly linked to the
specific nature of the real-world network. In the HEP collaboration network, for
example, Ky occurs more frequently than the square. While this is not predicted by
the rank-1 inhomogeneous random graph, it naturally arises due to the frequently
occurring collaboration between four authors, which creates Ky instead of the square.

Figure 8.4 enumerates all possible vertex types in graphlets on 4 vertices. By

our theorems, vertex types t7 and t9 have typical degrees proportional to n!/(7=1)
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Gowalla Oregon Enron PGP  Hep

Figure 8.6: Typical degrees of the vertex types displayed in Figure 8.4 in 5 data sets
on logarithmic scale. The darker the color, the larger the degree. The curly brackets
indicate the typical degree exponent of the vertex type in the rank-1 inhomogeneous
random graph.

in the rank-1 inhomogeneous random graph, vertex types t; and t4 typically have
degrees proportional to \/n, vertex type t¢ typically has degree proportional to
n(7=2)/(t=1) and vertex types ts, tg, to, t11 typically have constant degree in the rank-
1 inhomogeneous random graph. Vertex types f, 3 and t1; do not have a unique
optimizer. The degrees of these vertex types are pair-constrained (see the proof
of Lemma 8.1). Figure 8.6 shows the typical degree of all 11 vertex types in real-
world data. We see that vertices that have typical degree n'/(7=1) in the rank-1
inhomogeneous random graph also have the highest degree in the data sets (the
darkest colors). Vertices with typical degree 1 in the rank-1 inhomogeneous random
graph have the lowest degree in the five data sets. Vertices of typical degrees \/n
and n(7=2)/(t=1) in the rank-1 inhomogeneous random graph have moderate degrees
in the five data sets. Thus, even though real-world networks are not formed by the
rank-1 inhomogeneous random graph, the typical degrees of vertices in a graphlet
roughly follow the same orders of magnitude.

Furthermore, the HEP collaboration network does not have a large distinction
between the degrees of the different vertex types. This may be related to the fact that
this network has less heavy-tailed degrees than the other networks (see Table 8.2). In
general, the typical degrees of graphlets in these data sets roughly follow the same
orders of magnitude as the typical degrees predicted by the variational principle in
the rank-1 inhomogeneous random graph.

8.6 Conclusion

By developing a variational principle for the optimal degree composition of motifs in
the rank-1 inhomogeneous random graph, we have identified the asymptotic growth
of expected motif counts and their fluctuations for all motifs. This has allowed us to
determine for which values of the degree exponent T € (2,3) the number of motifs
is self-averaging. We have further divided the non-self-averaging motifs into two
classes with substantially different concentration properties.
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Figure 8.7: Order of magnitude of the expected number of graphlets on 3 and 4
vertices, where the vertex color indicates the optimal vertex degree. Vertices where
the optimizer is not unique are gray.

Hub vertices in optimal motif structures cause wild degree fluctuations and non-
self-averaging behavior, so that large differences between the average motif count and
the motif count in one sample of the random network model arise. Non-self-averaging
motifs without a hub vertex show milder fluctuations.

We expect that the variational principle can be extended to different random
graph models, such as the hyperbolic random graph and random intersection graphs.
For example, for the hyperbolic random graph, the optimal structure of complete
graphs is known to be /1 degrees [85] like in the rank-1 inhomogeneous random
graph, but the optimal structures of other motifs are yet unknown. In Chapter 9 we
show how to apply the variational principle to the preferential attachment model.

8.A Optimal graphlet structures

8.B Proof of Theorem 8.1

We now investigate the relation between the expected number of motifs and the
optimization problem (8.2.3). Let N(H, o, ¢) denote the number of times motif H
occurs on vertices with degrees [e, 1/¢](n");c[y) and let o* be defined as

0 ifies,
af =<1 ifies,, (8.B.1)
3 ifi€Ss.

Then, the following theorem provides a more detailed version of Theorem 8.1:

Theorem 8.3 (General motifs, expectation). Let H be a motif on k vertices such that the
solution to (8.B.13) is unique. Then, for any o # o* and 0 < e < 1,

[N(H, a,¢)]

E
EN(H,a%e)] (6:82)
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Figure 8.8: Order of magnitude of the expected number of graphlets on 5 vertices,
where the vertex color indicates the optimal vertex degree, as in Figure 8.7.

Furthermore, for some function f(e) not depending on n,

= f(e)O(1). (8.B.3)

E[N(H a¢)]
127 k+ T2 B(H)

We now prove Theorem 8.3. In the rank-1 inhomogeneous random graph, the
connection probability of vertices with weights /; and h; equals

p(hi, h]) = min(hihj/(;m), 1). (8.B.4)
Assume that h; = @(n*) for some «; > 0 for all i. Then, the probability that motif H
exists on vertices with weights h = (n% )|y satisfies
IP (H present on weights h) = @( 11 n“i“‘fl) . (8.B.5)
(i,j)EEHZ(X[+Dé]‘<1

The weights are an i.i.d. sample from a power-law distribution. Therefore,

P (h; € [e,1/€](un)*) = /ern)a ex~Tdx = K(e) (un)*(1-7) (8.B.6)

e(un)
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for some constant K(¢) not depending on n. The expected number of vertices with

degrees in [¢,1/¢](un)" scales as @(n(1-72+1), Then, the expected number of sets of
vertices with degrees in [¢, 1/¢](n");c [y scales as

@(n”(H) L “i). (8.B.7)

Combining (8.B.5) and (8.B.7) yields that the contribution from vertices with degrees

n® = (n%)c(y to the expected number of motifs, E [N(H, @), ¢] is

E[N(H,a,¢)] :@(nkﬂlﬂmf IT n“1+"‘11). (8.B.8)
(i,j)EEHZtXi+0¢j<1

The maximum contribution is obtained for «; that maximize

max(1—1) Y a; + ) ai+oj—1 (8.B.9)
i (i,j)EEHiﬂli+lXj<l

for &; > 0. The following lemma shows that this optimization problem attains its
maximum for highly specific values of a:

Lemma 8.3 (Maximum contribution to expected number of motifs). Let H be a con-
nected graph on k vertices. If the solution to (8.B.9) is unique, then the optimal solution
satisfies a; € {0, %, 1} for all i. If it is not unique, then there exist at least 2 optimal solutions
with a; € {0, 3,1} for all i.
Proof. Defining ; = «a; — % yields for (8.B.9)

1—

max — Skt (1-0Y g+ Y Bi+B;, (8.B.10)
i (i) €ErBi+B; <0

over all possible values of §; > —%. Then, we have to prove that ; € {—%, 0, %} for
all i in the optimal solution. Since (8.B.10) is a piecewise linear function in f, if (8.B.10)
has a unique maximum, it must be attained at the boundary for §; or at a border of
one of the linear sections. Thus, any unique optimal value of §; satisfies 8; = —% or
Bi + Bj = 0 for some j. This implies that f; < %

From there, we can follow the lines of Step 2 and 3 of the proof of Lemma 7.2,
which analyzes the same equation. This shows that any unique solution does not
have vertices with |B;]| € (0,1), and that any non-unique optimal solution can be
transformed into two different optimal solutions with g; € {—1,01}. O

Proof of Theorem 8.3. We first rewrite (8.B.9) using Lemma 8.3. By Lemma 8.3, the
maximal value of (8.B.9) is attained by partitioning Vp into the sets 51, Sy, S3 such
that vertices in S have a; = 0, vertices in S, have a; = 1 and vertices in S3 have
a; = 5. Then, the edges with a; + a; < 1 are edges inside 51 and edges between S;
and S3. If we denote the number of edges inside S; by Eg, and the number of edges

between S; and S3 by Eg, s,, then we can rewrite (8.B.9) as

max (1= 7)(|S2] + 3 |Ss]) — Es, = 3Es, s, (8.B.11)
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over all partitions P of the vertices of H into Sy, Sy, S3. Using that |S3| = k — |S1| —
|Sz| yields
’L’k T—1 2Es, + E51,53>

1_
k5 <|51|—52|— pa—

Since k is fixed and T — 1 > 0, maximizing (8.B.9) is equivalent to maximizing

8.B.12
mgx ( )

(8.B.13)

2E E
By () = max 151 — Jsa] - 0 ).

T—1

Furthermore, by Lemma 8.3, the optimal value of (8.B.13) is unique if and only if the
solution to (8.B.9) is unique.
Let o* be the unique optimizer of (8.B.9). Then, by (8.B.8), for any o # a*
E[N(H, a,¢)]

EIN( o 9) e (n,,?) (8.B.14)

for some 1 > 0. Combining this with (8.B.13) proves the first part of the theorem.
By (8.B.8), the contribution of the maximum is then given by

E[N(H, o ¢)] = nkn'z (B (H)) — 37kt By (H) (8.B.15)

which proves the second part of the theorem. O

8.C Typical motif counts

We now present an equivalent version of Theorem 8.3 for typical motif counts, which
is similar to Theorem 7.1. Define

2Es, + Es, 5, + Es;1 — Es, 1

o ) (8.C.1)

Bi(H) = mgx|51| — 18| —

where the maximum is over all partitions P of Vi \ V; into three sets, where V;
denotes the set of vertices in H of degree 1. Vertices in S; correspond to vertices that

have degree proportional to n(™=2)/(t=1) in the graph, vertices in Sp correspond to the
maximal degree vertices with degrees proportional to #'/(*=1), and S5 corresponds to
the vertices of \/n degrees. Let Sj, S, S} denote the optimal sets of (8.C.1) and define

(t—2)/(t—1) ieS],

. 1/(t—1) ieSs,
& =931 i e g (8.C.2)

2 7

0 ieV.

The following theorem gives the scaling of the typical number of motifs in rank-1
inhomogeneous random graphs:

Theorem 8.4 (Typical graphlets). Let H be a motif on k vertices such that the solution
to (8.C.1) is unique. Then,
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(i) Forany e, such that lim, e €, =0,

N(H/a*zgn) r

N(H) — 1L (8.C.3)
(ii) Furthermore, for any fixed 0 < e <1,
N(H,a” ) f(e)Op (1) (8.C.4)

i o +Bi(H) 43k

for some function f () not depending on n. Here ky. denotes the number of vertices in
H of degree at least 2, and kq the number of degree one vertices in H.

Proof. The proof of Theorem 8.4 follows the same lines as the proof of Theorem 7.1
for the erased configuration model instead of the rank-1 inhomogeneous random
graph. That proof relies on the fact that the connection probability between vertices
with degrees D; and D; in the erased configuration model has the same order of
magnitude as min(D;D;/(un), 1), which is the same as the connection probability in
the rank-1 inhomogeneous random graph. Thus, the proof of 7.1 also holds for the
rank-1 inhomogeneous random graph. O

8.D Graphlets

We now focus on graphlet counting, or induced subgraph counting. Therefore, edges
that are not present in H are also required not to be present in the graph. Because the
probability that two edges between vertices of high degree are present equals one
(see (8.B.4)), this puts a constraint on the number of vertices that typically have high
degree. When we again let the degrees in the graphlet scale as n%, we see that the
probability that an edge (i, j) is present equals one as soon as a1 +«; > 1. Thus, for
the expected number of graphlets, the optimization problem corresponding to (8.B.9)

becomes

max(l—T)lei—l— Z aj+oaj—1

i (i,j)GEHZD(i+BLj<l

s.t.a; + & <1 V(l,]) ¢ Ey, (8.D.1)
where Ep; denotes the edge set of H. Again, this optimization problem is maximized
fora; €0, %, 1, so that similarly, the optimization problem corresponding to (8.B.13)
including the extra constraint then becomes
2E51 + E51,53

T—1 ’

s.t. (u, ?)) € Eg Yu € Sy,v € SpUS;. (8.D.2)

By (H) = max |[S1] - 152] -

This optimization problem again finds the most likely degrees of vertices that together
form the graphlet H. Vertices in S; have degrees proportional to a constant, vertices
in S; have degrees proportional to n and vertices in S3 have degrees proportional
to y/n. Using this optimization problem, we are also able to find the scaling of the
number of graphlets, by replacing the optimum By and B; in Theorems 8.3 and 8.4 by
their counterparts for graphlets, B, ¢ and Bg respectively.
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01

H H
Figure 8.9: Construction of H when H is a path of length 3. H is constructed by
merging two copies of H at vertex v; with most likely degree n.

Graphlet fluctuations

Fluctuations of the number of graphlets can be studied similarly as motif fluctua-
tions. Again, (8.4.10) holds, but now it only includes graphlets Hj, ..., H; that can
be constructed by merging two copies of H at one or more vertices, with the addi-
tional constraint that after merging the copies of H, both copies still form induced
subgraphs of H. As an example, consider 2-path fluctuations. The subgraphs that
can be constructed from merging two 2-paths are the subgraphs in Figure 8.8s, 8.8t,
8.8u, 8.7a, 8.7b, 8.7e, 8.7f, Figure 8.7g and 8.7h. However, the merged subgraphs
of Figure 8.7a and Figure 8.7f do not contain two induced copies of graphlets, and
therefore these subgraphs are excluded from equation (8.4.10). Other than that, the
procedure to determine for any graphlet whether it is self-averaging or not is the
same as the procedure for motifs, using the variational principle for graphlets (8.D.2)
to find the expected order of magnitude of the number of merged graphlets.

8.E Proof of Theorem 8.2

Let H be a motif on k vertices such that the optimal contribution of Theorem 8.1
contains vertices that do not have optimal contribution from \/n vertices. A similar
analysis as the triangle example shows that the only motif on 2 vertices (the 2-path) is
non-self-averaging. Thus, we may assume that k > 3. Let the expected number of
motifs of type H as predicted in Theorem 8.1 be denoted by n/(), and the optimal
contribution from vertices 1,...,k in H by (n");c|j. By Theorem 8.1,

E[N(H)] xE {# vertices of weights (n”")ie[k]} IP(H present on weights (n"1)c )

(8.E.1)
Suppose vertex v; € H has optimal contribution of weight n vertices, thatis a; = 1.
Then, we study the contribution to the variance in (8.4.10) from the motif H which
is the motif on 2k — 1 vertices where two copies of H are merged at their vertex v;
(see Figure 8.9 for an example). We now investigate the expected number of H motifs.
In particular, we study the contribution to the expected number of H motifs from
vertices with weights of the order of magnitude (1fi )ie[ok—1) With

Bi = ayi), (8.E.2)

where t(i) is the vertex in H corresponding to vertex i in H. Figure 8.9 gives an
example of this contribution when H is a path with 3 vertices. Because H is formed
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by two copies of H without overlapping edges

- 2
P (H present on weights (”ﬁi)ie[Zk—l]) =P (H present on weights (”“i)ie[k]> .
) (8.E.3)
Furthermore, the only difference between the vertices in H and two separate versions
of H, is that H contains one less vertex of weight proportional to 1. The expected
number of vertices with weight proportional to 7 is given by n?~7 Therefore,

EE [# vertices of weights (n%);c IK] ] 2

IE [# vertices of weights (”ﬁi)ie[Zk—l]} x

n2—t :
(8.E4)
Thus,
E[N(H)] > IP(H present on weights (n"‘f)l»e[k])z
2
x E [# vertices of weights (n""’)ie[k]} nt2
« E[N(H)]*n™2, (8.E.5)

where the last step uses Theorem 8.3. Combining this with (8.4.10) results in

Var(N(H)) | EINGDL s 556

E[N(H)"  E[N(H)]
which diverges, because T € (2,3). Thus, if the optimal contribution to H satisfies
Sy # @, H cannot be self-averaging for T € (2,3).

Now we study the case where H has optimal contribution with S; # &, but no
vertices of weights proportional to # so that S, = &. Let v € S;. The contribution
from v to (8.2.3) is

1_ Zdv,Sl + dv,Sg

, 8.E7
P (8.E.7)

where d,, 5. denotes the number of edges from v to S;. Moving v to S3 would change
the contribution to —d, 5, /(T — 1). Because v € S; is the optimal contribution,

. dv,51 <1-— Zdv,Sl + dU,Sg,

8.E.8
T—1 T—1 ' ( )

ordyg, +dys, < T—1,s0thatd,s +dys, € {0,1}. Thus, every vertex in S; has
at most 1 edge to other vertices in S; or vertices in S3. Since we have assumed that
Sy = @, and k > 2, this means that all vertices in S; have degree 1 inside the motif,
and are connected to a vertex in S3. W.l.o.g. assume that v; is a vertex such that
v1 € S3 and v; has at least one connection to a vertex in S;. As in the previous
proof, we consider H constructed by merging two copies of H at vy, as illustrated in
Figure 8.10. Define (;);c[y as the maximal contribution to H. We define

i i) £,
Bi = {1 i) = oy, (8.E.9)
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01

H H
Figure 8.10: Example of the construction of H. H is constructed by merging two
copies of H at vertex v1: a vertex with most likely degree /n that is connected to a
vertex of degree 1.

That is, we study the contribution where all vertices in H except v; have the same
weight as in their counterpart in H. The weight of v; is proportional to n, whereas
the counterpart of v; in H had weight proportional to /7, illustrated in Figure 8.10.
We study the contribution to IE [N(H)] from vertices of weights (1f);c(p_1). We
now compare the probability that H exists on vertices of weights (1P )ie2k—1) to the
probability that two copies of H exist on weights (1% )¢y The difference between
these two probabilities is that vertex v1 in H has weight n instead of /7 in H. In H,
vy is connected to at least one vertex of weight proportional to 1. The probability of
this connection to be present is proportional ro n~1/2. In H, v; has weight 1, so that
the probability that the corresponding connections occur in H is proportional to 1.
The connection probabilities of vertices not connected to v; do not change, so that

IP(H present on weights (1) )?

P (H present on weights (nﬁi)ie[Zk—l]) > =
} (8.E.10)
Since the difference between the vertices of two copies of H and H is that we remove

two vertices of weight /7 and add one vertex of weight proportional to 1, we obtain

2
E {# vertices of weights (n" )ie[k]} n2-v

7

E {# vertices of weights (nﬁi)iE[Zk—l]} (S R

(8.E.11)
using that the number of vertices of weight proportional to /7 is n3~7)/2 by (8.B.7)
and the number of vertices of weight proportional to 1 scales as n2~7. This results in

- 2
E[N(H)] > IP(H present on weights (n“")ie[k])zlE {# vertices of weights (”“i)ie[kﬂ
« E [N(H)]? (8.E.12)

so that by (8.4.10)

Var (N(H)) S E[N(H)] «1
E[N(H)* ~ E[N(H)?

which does not converge to zero, so that the motif is not self-averaging. O

(8.E.13)
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Based on:
Subgraphs in preferential attachment models
A. Garavaglia and C. Stegehuis, arXiv:1806.10406

In Chapters 7 and 8, we have investigated the typical and the expected number
of subgraphs in erased configuration models and rank-1 inhomogeneous random
graphs. In this chapter, we consider expected subgraph counts in scale-free preferen-
tial attachment models. We find the scaling of the expected number of times that a
specific subgraph occurs as a power of the number of vertices. Similarly to Chapters 7
and 8 we define an optimization problem that finds the optimal subgraph structure
and enables us to find the expected number of such subgraphs. This optimization
problem optimizes the indices of the vertices that together span the subgraph and
uses the representation of the preferential attachment model as a Pélya urn model.

9.1 Introduction

In this chapter, we analyze subgraph counts for the preferential attachment model
(PAM) with parameters m and J, described in Section 1.1.5. We focus on the case
where m > 2 is fixed, and § > —m. Taking 6 € (—m,0) results in a power-law degree
distribution with exponent T € (2,3), as observed in many real-world networks.
An important difference between the preferential attachment model and most other
random graph models is that edges can be interpreted as directed. Thus, analyzing
subgraph counts in PAMs allows us to study directed subgraphs. This is a major
advantage of the PAM over other random graph models, since most real-world
network subgraphs in for example biological networks are directed as well [153, 200].
Most existing work on counting subgraphs in PAMs focuses on counting triangles.
Bollobas and Riordan [44] prove that for any integer-valued function T(t) there exists
a PAM with T(t) triangles, where t denotes the number of vertices in PAM. They
further show that the clustering coefficient in the Albert-Barabasi model (where § = 0)
is of order (log t)?/t, while the expected number of triangles is of order (logt)? and
more generally, the expected number of cycles of length I scales as (log ).
Eggmann and Noble [77] consider 6 > 0, so that T > 3 and investigate the number
of subgraphs for m = 1 (so subtrees). For m > 2 they study the number of triangles
and the clustering coefficient, proving that the expected number of triangles is of
order log t while the clustering coefficient is of order log ¢/, which is different than

201
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the results in [44]. Our result on general subgraphs for any value of 6 in Theorem 9.1
explains this difference (in particular, we refer to (9.2.1)).

In a series of papers [183-185], Prokhorenkova et al. proved results on the clus-
tering coefficient and the number of triangles for a broad class of PAMs, assuming
general properties on the attachment probabilities. These attachment probabilities are
in a form that increases the probability of creating a triangle. They prove that in this
setting the number of triangles is of order ¢, while the clustering coefficients behaves
differently depending on the exact attachment probabilities.

9.1.1 Ouwur contribution

For every directed subgraph, we obtain the scaling of the expected number of such
subgraphs in the PAM, generalizing the above results on triangles, cycles and subtrees.
Furthermore, we identify the most likely degrees of vertices participating in a specific
subgraph, which shows that subgraphs in the PAM are typically formed between
vertices with degrees of a specific order of magnitude. The order of magnitude of
these degrees can be found using an optimization problem. For general subgraphs,
our results provide the scaling of the expected number of subgraphs in the network
size t. For the triangle subgraph, we obtain precise asymptotic results on the subgraph
count, which allows us to study clustering in the PAM.

We use the interpretation of the PAM as a Pélya urn graph as in [20]. This
interpretation allows to view the edges as being present independently, so that we are
able to obtain the probability that a subgraph H is present on a specific set of vertices.

9.1.2 Organization of the chapter

We first describe the specific PAM we study in Section 9.1.3. After that, we present
our result on the scaling on the number of subgraphs in the PAM and the exact
asymptotics of the number of triangles in Section 9.2. Section 9.3 provides an impor-
tant ingredient for the proof of the scaling of the expected number of subgraphs: a
lemma that describes the probability that a specific subgraph is present on a subset of
vertices. After that, we prove our main results in Sections 9.4-9.6. Finally, Section 9.7
gives the conclusions and the discussion of our results.

9.1.3 Model

As mentioned in Section 9.1, different versions of PAMs exist. In this chapter, we
again consider a modification of [20, Model 3]:

Definition 9.1 (Sequential PAM). Fix m > 1, § > —m. Then (PA¢(m,0))ieN is a
sequence of random graphs defined as follows:

e fort =1, PA1(m,d) consists of a single vertex with no edges;
o fort =2,PAy(m,d) consists of two vertices with m edges between them;

o fort > 3, PA;(m,d) is constructed recursively as follows: conditioning on the graph at
time t — 1, we add a vertex t to the graph, with m new edges. Edges start from vertex t
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Figure 9.1: Two labeled triang]les.

and, for j = 1,...,m, they are attached sequentially to vertices E;1, ..., Et m chosen
with the following probability:

_ Di(t=1)+5 i=1
P (Epj=i|PA1j-1(m,0)) = "0 , 9.1.1)

2m(t=2)+(j—1)+(t—-1)6 ] = 2,...,m

In (9.1.1), D;(t — 1) denotes the degree of i in PA;_1(m, ), while D;(t — 1,j — 1) denotes
the degree of vertex i after the first j — 1 edges of vertex t have been attached. Here we assume
that PAtfl,O = PAtfl.

To keep notation light, we write PA; instead of PA;(m, §) throughout the rest of
the chapter. The first term in the denominator of (9.1.1) describes the total degree
of the first  — 1 vertices in PA;_1; 1 when t — 1 vertices are present and j — 1 edges
have been attached. The term (f — 1)d in the denominator comes from the fact that
there are t — 1 vertices to which an edge can attach. We do not allow for self-loops,
but we do allow for multiple edges.

The PAM of Definition 9.1 generates a random graph where the asymptotic degree
sequence is close to a power law [107, Lemma 4.7], where the degree exponent T
satisfies

T=3+4+0d/m. (9.1.2)

Labeled subgraphs. Asmentioned before, the PAM in Definition 9.1 is a multigraph,
i.e., any pair of vertices may be connected by m different edges. One could erase
multiple edges in order to obtain a simple graph, similarly to [50] for the configuration
model. In the PAM in Definition 9.1 there are at most m edges between any pair of
vertices, so that the effect of erasing multiple edges is small, unlike the in configuration
model. We do not erase edges, so that we may count a subgraph on the same set of
vertices multiple times. Not erasing edges has the advantage that we do not modify
the law of the graph, therefore we can directly use known results on PAM.

More precisely, to count the number of subgraphs, we analyze labeled subgraphs,
i.e., subgraphs where the edges are specified. In Figure 9.1 we give the example of two
labeled triangles on three vertices u, v, w, one consisting of edges {jy 1, ju 1, juw3} and
the other one of edges {j, 1, juw2, jw3}. As it turns out, the probability of two labeled
subgraphs on the same vertices and different edges being present is independent of the
choice of the edges. For a more precise explanation, we refer to Section 9.3.1.
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9.2 Main results

In this section, we present our results on the number of directed subgraphs in the
preferential attachment model. We first define subgraphs in more detail. Let H =
(Vy, Ex) be a connected, directed graph. Let 7 : Vg — 1,...,|Vy| be a one-to-one
mapping of the vertices of Hto 1,..., |Vy|. In the PAM, vertices arrive one by one.
We let 71 correspond to the order in which the vertices in H have appeared in the
PAM, that is 7t(i) < 7t(j) if vertex i was created before vertex j. Thus, the pair (H, 77)
is a directed graph, together with a prescription of the order in which the vertices of
H have arrived. We call the pair (H, 7r) an ordered subgraph.

In the PAM, it is only possible for an older vertex to connect to a newer vertex but
not the other way around. This puts constraints on the types of subgraphs that can
be formed. We call the ordered subgraphs that can be formed in the PAM attainable.
The following definition describes all attainable subgraphs:

Definition 9.2 (Attainable subgraphs). Let (H, 71) be an ordered subgraph with adjacency
matrix Az (H), where the rows and columns of the adjacency matrix are permuted by 7t.
We say that (H, 1) is attainable if A;(H) defines a directed acyclic graph, where all
out-degrees are less or equal than m.

We now investigate how many of these subgraphs are typically present in the
PAM. We introduce the optimization problem

k
T—2 in -1/ ou -1/ in e
B(H,m)= max —s+ )_ — (d<H)(7r L) —d<H V(L)) —d(H)(n L))
5=0,1,....k ittt =1
k
= max —s+ Y B (i), (9.2.1)
s=0,1,....k imst1

where dg“t) and dg‘) denote respectively the in- and the out-degree in the subgraph
H. Let N;(H, r) denote the number of times the connected graph H with ordering 7t
occurs as a subgraph of a PAM of size t. The following theorem studies the scaling
of the expected number of directed subgraphs in the PAM, and relates it to the
optimization problem (9.2.1):

Theorem 9.1. Let H be a directed subgraph on k vertices with ordering 7t such that (H, t) is

attainable and there are v different optimizers to (9.2.1). Then, there exist 0 < C; < Cp < 0

such that EIN(H
C; < lim [N:(H, )]

= i B(H) logrfl(t) < Gy 9.2.2)

Theorem 9.1 gives the asymptotic scaling of the number of subgraphs where the
order in which the vertices appeared in the PAM is known. The total number of
copies of H for any ordering, N;(H), can then easily be obtained from Theorem 9.1:

Corollary 9.1. Let H be a directed subgraph on k vertices with I1 # @& the set of orderings
7t such that (H, i) is attainable. Let

B(H) = maxB(H, ), (9.2.3)
rell
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Figure 9.2: Order of magnitude of N;(H) for all attainable connected directed graphs
on 3 vertices and for 2 < T < 3. The vertex color indicates the optimal vertex degree.

and let r* be the largest number of different optimizers to (9.2.1) among all v € 11 that
maximize (9.2.3). Then, there exist 0 < C; < Cp < oo such that

C; < lim E [Nt(h?] < G,. (9.2.4)
t—oo tk+B(H) logr _1(t)

From Corollary 9.1 it is also possible to obtain the undirected number of subgraphs
in a PAM, by summing the number of all possible directed subgraphs that create
some undirected subgraph when the directions of the edges are removed.

Interpretation of the optimization problem. The optimization problem (9.2.1) has
an intuitive explanation. Assume that 77 is the identity mapping, so that vertex 1 is
the oldest vertex of H, vertex 2 the second oldest and so on. We show in Section 9.3.2
that the probability that an attainable subgraph is present on vertices with indices
U < up < -+ < uy scales as

T+, (9.2.5)

with (i) as in (9.2.1). Thus, if for all i, u; « t* for some «;, then the probability

that the subgraph is present scales as tXic %P0 The number of vertices with index
proportional to t* scales as t*i. Therefore, heuristically, the number of times subgraph
H occurs on vertices with indices proportional to (t“i)ie[k] suchthata; <ap <--- <
ay scales as

plieqy (B()+1)a; (9.2.6)

Because the exponent is linear in «;, the exponent is maximized for a; € {0,1} for all i.
Because of the extra constraint a7 < ap < - - - < &y which arises from the ordering of
the vertices in the PAM, the maximal value of the exponent is k + B(H). This suggests
that the number of subgraphs scales as t<+B(H),

Thus, the optimization problem B(H) finds the most likely configuration of a
subgraph in terms of the indices of the vertices involved. If the optimum is unique,
the number of subgraphs is maximized by subgraphs occurring on one set of very
specific vertex indices. For example, when the maximum contribution is a; = 0,
this means that vertices with constant index, i.e., the oldest vertices of the PAM, are
most likely to be a member of subgraph H at position i. When a; = 1 is the optimal
contribution, vertices with index proportional to ¢, the newest vertices, are most likely
to be a member of subgraph H at position i. When the optimum is not unique, several
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Figure 9.3: Order of magnitude of N;(H) for all attainable connected directed graphs
on 4 vertices and for 2 < T < 3. The vertex color indicates the optimal vertex degree.

maximizers contribute equally to the number of subgraphs, which introduces the
extra logarithmic factors in (9.2.2).

Most likely degrees. As mentioned above, the optimization problem (9.2.1) finds
the most likely orders of magnitude of the indices of the vertices. When the optimum
is unique, the optimum is attained by some vertices of constant index, and some
vertices with index proportional to t. The vertices of constant index have degrees
proportional to '/ (T=1) with high probability [106], whereas the vertices with index
proportional to t have degrees proportional to a constant. When the optimum is
not unique, the indices of the vertices may have any range, so that the degrees of
these vertices in the optimal subgraph structures have degrees ranging between 1
and t/(=1), Thus, the optimization problem (9.2.1) also finds the optimal subgraph
structure in terms of its degrees. The most likely degrees of all directed connected
subgraphs on 3 and 4 vertices resulting from Corollary 9.1 and the asymptotic number
of such subgraphs for 2 < T < 3 are visualized in Figures 9.2 and 9.3. For some
subgraphs, the optimum of (9.2.1) is attained by the same s and therefore the same
most likely degrees for all 2 < T < 3, while for other subgraphs the optimum may
change with 1.
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One such example is the complete graph of size 4. For the directed complete graph,
there is only one attainable ordering satisfying Definition 9.2 (as long as m > 3), so
we take the vertices of H to be labeled with this ordering. For T < 5/2, the optimizer
of (9.2.1) is given by s = 3 with optimal value —3 — 3%, whereas for T > 5/2itis
given by s = 4 and optimal value -4. Thus, for T < 5/2 a complete graph of size
four typically contains three hub vertices of degree proportional to t!/(7=1) and one

vertex of constant degree, and the number of such subgraphs scales as t!~(7=2)/(t=1)
whereas for T > 5/2 the optimal structure contains four hub vertices instead and the
number of such subgraphs scales as a constant.

Fluctuations of the number of subgraphs. In Theorem 9.1 we investigate the ex-
pected number of subgraphs, which explains the average number of subgraphs over
many PAM realizations. Another interesting question is what the distribution of the
number of subgraphs in a PAM realization behaves like. In this chapter, we mainly
focus on the expected value of the number of subgraphs, but here we argue that the
limiting distribution of the rescaled number of subgraphs may be quite different for
different subgraphs.

In Section 9.3.2 we show that by viewing the PAM as a Pélya urn graph, we
can associate a sequence of random independent random variables (lpy)vem to the
vertices of the PAM , where 1, has a Beta distribution with parameters depending
on m, § and v. Once we condition on ¢, ..., §;, the edge statuses of the graph are
independent of each other. Furthermore, the degree of a vertex v depends on the
index v and . The higher 1, is, the higher D,(t) is. Thus, we can interpret i, as a
hidden weight associated to the vertex v.

Using this representation of the PAM we can view the PAM as a random graph
model with two sources of randomness: the randomness of the y-variables, and then
the randomness of the independent edge statuses determined by the ip-variables. The-
refore, we can define two levels of concentration for the number of ordered subgraphs
N;(H, 7). Denote by E,, [N;(H, 7t)] := E[N;(H, ) | ¢1,...,¢:]. Furthermore, let
Nty (H, ) denote the number of ordered subgraphs conditionally on . Then, the
ordered subgraph (H, 7t) can be in the following three classes of subgraphs:

> Concentrated: Niy(H, ) is concentrated around its conditional expectation
Ey, [Ni(H, )], ie., ast — oo,

N; ¢(H, 7'[) P
_— 1, 9.2.7)
IE’Pt [Nt(H' 71')]
and as t — oo,
Nt(H, 7'[) P
— - — 1. 9.2.8
B[N (H, 7] ©.28)

> Only conditionally concentrated: condition (9.2.7) holds, and as t — oo

Nt(H, 7'[) d
EIN(H 0 [N: (H, 77)] — X, (9.2.9)

for some random variable X.
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O—

Figure 9.4: The order of magnitude of this subgraph containing two merged copies

of the subgraph of Figure 9.3q is t%, so that the condition in Proposition 9.1 is not
satisfied for the subgraph in Figure 9.3q.

> Non-concentrated: condition (9.2.7) does not hold.

For example, it is easy to see that the number of subgraphs as shown in Figure 9.2d

satisfies N(H) /¢t LN m(m —1)/2, so that it is a subgraph that belongs to the class of
concentrated subgraphs. Below we argue that the triangle belongs to the class of only
conditionally concentrated subgraphs. We now give a criterion for the conditional
convergence of (9.2.7) in the following proposition:

Proposition 9.1 (Criterion for conditional convergence). Consider an attainable subgraph
(H, ) such that E[N¢(H, 7t)] — oo as t — oo. Denote by H the set of all possible subgraphs
composed by two distinct copies of (H, 7t) with at least one edge in common. Then, as t — oo,

Y E[N:(H)] = o(lE[Nt(H, n)}z) = ]EN“"ﬂ L1 9210
ARt o [Ne(H, 70)]

Proposition 9.1 gives a simple criterion for conditional convergence for a subgraph
(H, 7r), and it is proved in Section 9.6. The condition in (9.2.10) is simple to evaluate
in practice. We denote the subgraphs consisting of two overlapping copies of (H, )
sharing at least one edge by Ay, ..., H,. To identify the order of magnitude of E[H;],
we apply Corollary 9.1 to H; or, in other words, we apply Theorem 9.1 to all possible
ordermgs #t of H;. Once we have all orders of magnitude of (Hj, #) for all orderings
#, and for all H;, it is immediate to see if hypothesis of Proposition 9.1 is satisfied.

There are subgraphs where the condition in Proposition 9.1 does not hold. For
example, merging two copies of the subgraph of Figure 9.3q as in Figure 9.4 violates
the condition in Proposition 9.1. We show in Section 9.6 that this subgraph is in the
class of non-concentrated subgraphs with probability close to one.

9.2.1 Exact constants: triangles

Theorem 9.1 allows to identify the order of magnitude of the expected number of
subgraphs in PAM. In particular, for a subgraph H with ordering 7, it assures the
existence of two constants 0 < C; < Cp < o0 asin (9.2.2). A more detailed analysis is
necessary to prove a stronger result than Theorem 9.1 of the type

E [N:(H, )]
im
t—oo tk+B(H,m) logr_l (t)

:C,

for some constant 0 < C < co. In other words, given an ordered subgraph (H, 1), we
want to identify the constant C > 0 such that

E [N;(H, )] = CHHBET 1061 (1) (14 0(1)). (9.2.11)
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We prove (9.2.11) for triangles to show the difficulties in the evaluation of the precise
constant C for general subgraphs. The following theorem provides the detailed
scaling of the expected number of triangles:

Theorem 9.2 (Phase transition for the number of triangles). Let m > 2 and 6 > —m
be parameters for (PAt);>1. Denote the number of labeled triangles in PAy by Ay. Then, as
I — oo,

(i) if T > 3, then

m?(m —1)(m+6)(m+6+1)

ElAd] = 82(2m + 0)

log(£)(1+0(1));

(i) if T = 3, then

(iii) if T € (2,3), then

m?(m —1)(m+6)(m+6+1) 43-1)/(r-1)

Elo] = 52 (2m + 8)

log(t)(1+o0(1)).

Theorem 9.2 in the case 6 = 0 coincides with [44, Theorem 14]. For § > 0 we
retrieve the result in [77, Proposition 4.3], noticing that the additive constant § in the
attachment probabilities in the M6ri model considered in [77] coincides with (9.1) for
B=4o/m.

The proof of Theorem 9.2 in Section 9.5 shows that to identify the constant
in (9.2.11) we need to evaluate the precise expectations involving the attachment
probabilities of edges. The equivalent formulation of PAM given in Section 9.3.1
simplifies the calculations, but it is still necessary to evaluate rather complicated
expectations involving products of several terms as in (9.3.10). For a more detailed
discussion, we refer to Remark 9.1.

The distribution of the number of triangles. Theorem 9.2 shows the behavior of
the expected number of triangles. The distribution of the number of triangles across
various PAM realizations is another object of interest. We prove the following result
for the number of triangles A;:

Corollary 9.2 (Conditional concentration of triangles). For T € (2,3), the number of
triangles Ay is conditionally concentrated in the sense of (9.2.7).

Corollary 9.2 is a direct consequence of Proposition 9.1, and the atlas of the
order of magnitudes of all possible realizations of the subgraphs consisting of two
triangles sharing one or two edges, presented in Figure 9.5. Figure 9.6 shows a density
approximation of the number of triangles obtained by simulations. These figures
suggest that the rescaled number of triangles converges to a random limit, since the
width of the density plots does not decrease in t. Thus, while the number of triangles
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Figure 9.5: Order of magnitude of N;(H) for all merged triangles on 4 vertices and
for 2 < T < 3. The vertex color indicates the optimal vertex degree as in Figure 9.3.
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Figure 9.6: Density approximation of the number of triangles in 10* realizations of
the preferential attachment model with T = 2.5 and various values of t.

concentrates conditionally, it does not seem to converge to a constant when taking
the random -variables into account. This would put the triangle subgraph in the
class of only conditionally concentrated subgraphs. Proving this and identifying the
limiting random variable of the number of triangles is an interesting open question.

9.3 The probability of a subgraph being present

In this section, we prove the main ingredient for the proof of Theorem 9.1, the
probability of a subgraph being present on a given set of vertices. The most difficult
part of evaluating the probability of a subgraph H being present in PA; is that the
PAM is constructed recursively. We consider triangles as an example. We write the

event of a labeled triangle being present by {u L v, U £ w, v L w}, where {u L v}
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denotes the event that the j-th edge of vertex v is attached to vertex u. Notice that in
this way we express precisely which edges we consider in the triangle construction.
Then,

]P(u@v, uﬁw, Uﬁw)
=F {]P(u @ v, U «E w, v £ w | PAtfl,j3fl)} (9.3.1)

( —-1,5 —1)+5
{“”L” LHLw}Zm(w 2)+(j3i1)+(w—1)5}

In (9.3.1), the indicator function 1{u & v, u & w} and Dy(w — 1, j; — 1) are not
independent, therefore evaluating the expectation on the right-hand side of (9.3.1)
is not easy. A possible solution for the evaluation of the expectation in (9.3.1) is to
rescale Dy(w — 1, j3 — 1) with an appropriate constant to obtain a martingale, and
then recursively use the conditional expectation. For a detailed explanation of this,
we refer to [45, 205] and [106, Section 8.3]. This method is hardly tractable due
to the complexity of the constants appearing (see Remark 9.1 for a more detailed
explanation).

We use a different approach to evaluate of the expectation in (9.3.1) using the
interpretation of the PAM as a Pélya urn graph, focusing mainly on the the age (the
indices) of the vertices, and not on precise constants. We give a lower and upper
bound of the probability of having a finite number of edges present in the graph, as
formulated in the following lemma:

Lemma 9.1 (Probablhty of finite set of labeled edges). Fix ¢ € IN. For vertices uy =
(u,...,up) €[] and vy = (v1,...,v0) € [t] and edge labels 5, = (1, ..., ;) € [m]’,
consider the corresponding finite set of ¢ distinct labeled edges My(wy, vy, §;). Assume that
the subgraph defined by set My(wy, vy, jy) is attainable in the sense of Definition 9.2. Define
x = (m+98)/(2m+ 95). Then:

(i) There exist two constants c; = c¢1(m,d,¢),cp = cp(m, 8, ) > 0 such that

o [Tul "o, < P (My(ug, vp,50) C E(PA;)) < cznux Yo X (932)
=1

(if) Define the set
(g vr) = {de € [m]’: Mo(ug,vp,50) CEPAY . (933)

Then, there exist two constants é1(m,d,¢),&,(m,d,¢) > 0 such that

4 14
1(m, 8,0) [ Tul o X < E[|](wg, )] < &a(m,8,0) T Tuf oy *. (9.34)
1=1 I=1

Formula (9.3.2) in the above lemma bounds the probability that a subgraph is
present on vertices uy and v, such that the j;-th edge from u; connects to v;. Notice
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that (9.3.2) is independent of the precise edge labels (j, ..., jy). To be able to count all
subgraphs, and not only subgraphs where the edge labels have been specified, (9.3.4)
bounds the expected number of times a specific subgraph is present on vertices u,
and vy. This number is given exactly by the elements in set J(us, v/) as in (9.3.3).
The expectation in (9.3.4) may be larger than one, due to the fact that the PAM is a
multigraph.

Lemma 9.1 gives a bound on the probability of presence of ¢ € IN distinct edges
in the graph as function of the indices (u1,v1), ..., (14, v¢) of the endpoints of the ¢
edges. Due to the properties of PAM, the index of a vertex is an indicator of its degree,
due to the old-get-richer effect. Lemma 9.1 is a stronger result than [73, Corollary 2.3],
which gives an upper bound of the form in (9.3.2) only for self-avoiding paths.

The proof of Lemma 9.1 is based on the interpretation of the PAM in Definition 9.1
as a urn experiment as proposed in [20]. We now introduce urn schemes and state
the preliminary results we need for the proof of Lemma 9.1, which is given in
Section 9.3.2.

9.3.1 Pélya urn graph

An urn scheme consists of an urn, with blue balls and red balls. At every time step,
we draw a ball from the urn and we replace it by two balls of the same color. We start
with By = bp blue balls and Ry = r( red balls. We consider two weight functions

Wy(k) =a,+k, and W, (k) =a, +k. (9.3.5)

Conditionally on the number of blue balls B,, and red balls R, at time n + 1 the
probability of drawing a blue ball is equal to
Wb (Bn )
Wb(Bn> + Wr(Rn) '

The evolution of the number of balls ((By, Ry))nenN obeys [107, Theorem 4.2]
PP (B, = By +k) = E [P (Bin(n, ¢) = k| )], (9.3.6)

where ¢ has a Beta distribution with parameters By -+ a, and Rg + 4,. In other words,
the number of blue balls (equivalently, of red balls) is given by a Binomial distribution
with a random probability of success ¢ (equivalently, 1 — ¢). Sometimes we call the
random variable ¢ the intensity or strength of the blue balls in the urn. We can also
see the urn process as two different urns, one containing only blue balls and the other
only red balls, and we choose a urn proportionally to the number of balls in the urns.
In this case, the result is the same, but we can say that i is the strength of the blue
balls urn and 1 — ¢ is the strength of the red balls urn.

The sequential model PA; can be interpreted as experiment with t urns, where the
number of balls in each urn represent the degree of a vertex in the graph. First, we
introduce a random graph model:

Definition 9.3 (Pélya urn graph). Fix m > 1and § > —m. Let t € IN be the size of the
graph. Let Y1 = 1, and consider 1y, . . ., ; independent random variables, where

¥ 2 Beta (m + 8, m(2k — 3) + (k — 1)5). (9.3.7)
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Define
¢ k
pi=v; [T Q—w), Sk= Z @i, Ik = [Sk—1,Sk)- (9.3.8)

i=j+1 j=1

Conditioning on 1, ..., P, let {Uk]}{(zlz'f be independent random variables, with Uy ;
uniformly distributed on [0, Sy_1]. Then, the corresponding Pélya urn graph PUy is the graph
of size t where, for u < v, the number of edges between u and v is equal to the number of
variables Uy j in I, for j = 1,..., m (multiple edges are allowed).

The two sequences of graphs (PA¢)ien and (PU¢)ien have the same distribu-
tion [20, Theorem 2.1], [107, Chapter 4]. The Beta distributions in Definition 9.3 come
from the Pélya urn interpretation of the sequential model, using urns with affine
weight functions.

The formulation in Definition 9.3 in terms of urn experiments allows us to investi-
gate the presence of subgraphs in an easier way than with the formulation given in
Definition 9.1 since the dependent random variables in (9.3.1), are replaced by the
product of independent random variables. We now state two lemmas that are the
main ingredients for proving Lemma 9.1:

Lemma 9.2 (Attachment probabilities). Consider PU; as in Definition 9.3. Then,
(i) fork € [t],

t

Sk=TT (A—wn) 9:3.9)

h=k+1

(ii) conditioning on 1, ..., Py, the probability that the j-th edge of k is attached to v is
equal to

k-1

Sy
P (uk,]- €l 1/11,...,1/],5> =g =Y TT (1= (9.3.10)

h=v+1

The proof of Lemma 9.2 follows from Definition 9.3, and the fact that (S¢)ic[y as
in (9.3.8) can be written as in (9.3.9) (see the proof of [20, Theorem 2.1]).

Before proving Lemma 9.1, we state a second result on the concentration of the
positions {Sg}iefy in the urn graph (PU;)ien. In particular, it shows that these
positions concentrate around deterministic values:

Lemma 9.3 (Position concentration in PU;). Consider a Pélya urn graph as in Defini-
tion 9.3. Let x = (m+0)/(2m+ 5). Then, for every w, e > 0 there exists Ny = No(w, €) €

N such that, for every t > Ny,
i\X i\~
s () za( Dzre eam

t
*(0
i=Ng
P (max > w) <e (9.3.12)

and, for t large enough,
ieft]
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As a consequence, as t — o,

max Lo (9.3.13)

ielt]

()

The proof of Lemma 9.3 is given in [20, Lemma 3.1].

9.3.2 Proof of Lemma 9.1

We now prove Lemma 9.1, starting with the proof of (9.3.2). Fix uy, vy, j;. In the
proof, we denote My(uy, vy, jy) simply by M, to keep notation light. We use the
fact that the Polya urn graph PU; and PA; have the same distribution and evaluate
P (M, C E(PUy)). We consider ¢ distinct labeled edges, so we can use (9.3.10) to
write

{
S
P (M; C E(PU) | 1, ..., ]"[tpu,s “l (9.3.14)
’l)]—

Now fix & > 0. Define & := {max;c ’Si - (%) ‘ < g}. By (9.3.13), and the fact that
the product of the random variables in (9.3.14) is bounded by 1,

¢ S
E [Hlpulsul] [Ilsgl—[wu, ] o(1). 9.3.15)
I=1 v—1 vl 1
On the event &, we have, for every | € [],
X S X
l/ll uj ul
1—c¢ <——< (14— , 9.3.16
( )(Ul> ~ Syt = )<01) ( )

where in (9.3.16) we have replaced v; — 1 with v; with a negligible error. Notice that
since v; is always the source of the edge, this implies v; > 2, therefore this is allowed.
Using (9.3.16) in (9.3.15) we obtain

(1—¢) fﬁ[( )XJE[ngglﬁzpu,} <P (M; C E(PUy))

1=1
L7 u\X ‘
< (1+5)£H(l> ]E[]lge Hlpul]'
=1 \Ul 1=1

Even though ¢, ...,y depend on &, it is easy to show that we can ignore 1¢, in
(9.3.17) and obtain a similar bound. Therefore

(1 —e)fllﬁ (Z;)XE[lﬁtpu,] <P (M, C E(PU)) < (1+s)"'lli (;‘j)xﬁ[ﬁwu,]

(9.3.18)
What remains is to evaluate the expectation in (9.3.18). We assumed to have ¢ dis-
tinct edges, that does not imply that the vertices u1,vy, ..., uy, v, are distinct. The
expectation in (9.3.18) depends only on the receiving vertices of the ¢ edges, namely
Uy, ..., Up.

(9.3.17)



9.3. The probability of a subgraph being present 215

Let iy, ..., fix denote the k < ¢ distinct elements that appear among u1, . .., u,. For
h € [k], the vertex i, appears in the product inside the expectation in (9.3.18) with
multiplicity d;:m, which is the degree of vertex iy in the subgraph defined by M,. As
a consequence, we can write

{ k FIC) k i)
]E[H%z} = ]E{H%ﬁ ] = HJE[%Z } (9.3.19)
=1 h=1 h=1

where in (9.3.19) we have used the fact that ¢4, . . ., i; are all independent. Notice that
E[${] = 1foralld > 0, since ¢; = 1. Therefore, if 7, = 1 for some h € [k], lE[l,bgh] =1
and the terms depending on the first vertex contribute to the expectation in (9.3.19)
by a constant.

For the terms where i, > 2, recall that, if X(«, B) is a Beta random variable, then,

for any integer d € IN,
ala+1)---(a+d—1)

E[X(x, B)7] = :
[X(a, B)] (a+B)(a+B+1)---(a+p+d—1)
Since 5, is Beta distributed with parameters m + ¢ and 2(i;, — 3) + (i, — 1),

{1/; >]_ (m+6)--- (m+5+d," —1)
L [m(ZL_‘h*Z)jLahé]“'[m(zﬁh*2)+ﬁh5+d,(;“) Y
_ (m46) - (m+6+d™ —1)
h [2m+§f(Zm)/gh]...[2m+5+(d2n>7172m)/ﬁh].

(9.3.20)

Notice that if 7;, > 2, uniformly in t and the precise choice of the ¢ edges,
. -1
(m46)~f < ([2m+(5— (2m)/a] - [2m+6+ (d}" —1 —2m)/a]) < (@m4+6+0)~"

As a consequence, we can find two constants ¢q (1,6, £),c2(m, 8, £) such that

(in) k (i in)

k _ in) k -
mM]‘[ i <H1E[¢Z’; :|<C2m5€H 4", (9.3.21)
h=1 h=1 h=1

We now use (9.3.21) in (9.3.18) to obtain

16,00~/ T ] (1) [Ta%" <P, < BPUY)

=1 h=1
{ X k _d(m)
< Cz(m 0, f Z H ( > .
1=1 h=1
(9.3.22)

In (9.3.22) we can just rename the constants c1(m,8,0) = c1(m,8,£)(1 —¢)’ and
ca(m,8,0) = ca(m,8,0)(1+¢)t. Since d ) is the multiplicity of vertex iy, as receiving
vertex, we can write



216 Chapter 9. Subgraphs in preferential attachment models

Combining this with (9.3.22) completes the proof of (9.3.2).
The proof of (9.3.4) follows immediately from (9.3.2) and the definition of the set
J(ug, vp) in (9.3.3). In fact, we can write

E[|](ug,ve)[] = ), P (My(ug,vp,35:) C E(PA)).
Jeelm*

Recall that IP (My(uy, vy, jo) C E(PAy)) is independent of the labels j,. For a fixed set of
source and target vertices uy and vy, there is only a finite combination of labels j, such
that the subgraph defined by M, (uy, vy, j;) is attainable in the sense of Definition
9.2. In fact, the number of such labels j; is larger than one (since the corresponding
subgraph is attainable), and less than m" (the total number of elements of [m]z ). Asa
consequence, taking &, = ¢; and ¢, = com! proves (9.3.4). O

9.4 The expected number of subgraphs

To prove Theorem 9.1, we write the expected number of subgraphs as multiple inte-
grals. W.l.o.g. we assume throughout this section that 77 is the identity permutation,
so that the vertices of H are labeled as 1, . . ., k, and therefore drop the dependence of
the quantities on 7r. We first prove a lemma that states that two integrals that will be
important in proving Theorem 9.1 are finite:

Lemma 9.4. Let H be a subgraph such that the optimum of (9.2.1) is attained by s1, . .., sr.
Then,

A1(H) := /1 ulf(l) / Mg(z) . / ufl(sl)dusl <ooduy < oo, (9.4.1)
uy Us—1
1 u, Ug,
Ax(H) := /0 u,E(k) /0 ’ uf(_kfl) . -/0 - uffi’frl)dusrﬂ o duy < oo. 9.4.2)

Proof. The first integral is finite as long as

z+ Zl; B(i) <0 (9.4.3)

i=s1—z

for all z € [s1]. Suppose that (9.4.3) does not hold for some z* € [s1]. Then, the
difference between the contribution to (9.2.1) for § = s; — z* and s; is

k k 51
—(1-2)+ ) B +si— Y} pli)=z"+ )} B(i) =0, (9.4.4)

i=s1—z* i=s1 i=s1—z*

which would imply that s; — z* is also an optimizer of (9.2.1), which is in contradiction
with sq being the smallest optimum. Thus, (9.4.3) holds for all ¥ € [s] and A1(H) < oo.
The second integral is finite as long as

Z—8 + i B(i) >0 (9.4.5)
i=s,+1
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forall z € {s,+1,...,k}. Suppose that this does not hold for some z* € {s, +
1,...,k}. Set§ = z* > s,. Then, the difference between the contribution to (9.2.1) for
§=z%ands, is
Z*
—zf+s— Y. B(i)=>0, (9.4.6)
i=s,+1

which is a contradiction with s, being the largest optimizer. Therefore, A>(H) <
0. O

We now use this lemma to prove Theorem 9.1:

Proof of Theorem 9.1. Again, we assume that 7 is the identity mapping, so that we
may drop all dependencies on 7r. Suppose the optimal solution to (9.2.1) is attained
by s1,s2,...,s, for some r > 1. Let the ¢ edges of H be denoted by (u;,v;) for ] € [¢].
Let N¢(H, iy, ...,i;) denote the number of times subgraph H is present on vertices
i1,...,ig. We then use Lemma 9.1, which proves that, for some 0 < C < oo,

EN«(H)] = Y.  E[N(Hiy...,i)]
i1<---<ir€lt]
4 1 k
<c ¥ JI&tir=c Y [I#9 (9.4.7)
i1<--<ip€[t] =1 i1<--<ip€[t] =1

We then bound the sums by integrals as

t
E [N;(H)] gé/ ufm.../ WOy duy

Uj—1

< C/ uf(1)~~~/ ufl(sl)dusl...dul
1 us—1

t [} t
Bls1+1) Bls1+2) B(s2)
X[ gy Ugn e ug, “'dus, ... dug 41
1 Us. +1 Usy—1

t 00 t
o [ ) / SPEt2) / uBdug, | dug g x -
u u

sp+1 sp+2 3
1 sp+1 s3—1
t [«3) t
B(sr—1+1) B(sr—1+2) B(sr)
X[y T Ug iy us, dus, ...dus,_ 41
1 u Ug, 1

sp_1+1

t t t
Bsr+1) B(sr+2) B(k)
X A ug /5+1 Ug \n .Ak—l uduy - - - dug 4, (9.4.8)

for some 0 < C < 0. The first set of integrals is finite by Lemma 9.4 and independent
of t. For the last set of integrals, we obtain

t t t

Blsr+1) B(s+2) B(k)

ug Ug n o upduy - - dug,
Usp 41 Ug_q

0
A 1 1
— kst T, 1 () /0 wf,(i’lﬂ) / w2 wf(k)dwk - dwg, g

Wsp+1 Wk—1

= Ktkt+B(H), (9.4.9)
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for some 0 < K < oo, where we have used the change of variables w = u/t and
Lemma 9.4. For r = 1, this finishes the proof, because then the middle integrals
in (9.4.8) are empty. We now investigate the behavior of the middle sets of integrals
for r > 1. Because the optimum to (9.2.1) is attained for s; as well as sy,

k k S2
— 81+ Z IB(I) +5s; — Z ﬁ(l) =85 —85+ Z ﬁ(l) =0. (9-4-10)

i=s1+1 i=sp+1 i=s1+1

Therefore, when s, = sq + 1, the second set of integrals in (9.4.8) equals

t
/1 u; dug, = log(t). (9.4.11)

Now suppose that s; < s, + 1. Then, any § € [s; + 1,5, — 1] is a non-optimal solution
to (9.2.1), and therefore

k 5
—s2+ Z Bi)+5— Y Bl)=5-s— Y B(i)>0, (9.4.12)
i=sp+1 i=5+1 i=5+1
or
52
Y B(i) <sp—5. (9.4.13)
i=5+1
This implies that
t 00 ¢
+1 +2
1 WP ). /u ) WFCLD) / 1u§2(52)du52... ditg 11
51 ::2—
les ﬁ +52 S1— 1
= K/ sl+11+1 dug, 11
=K /1 ”s_1+1dusl+1 = Klog(t), (9.4.14)

for some 0 < C < co. A similar reasoning holds for the other integrals, so that
combining (9.4.8), (9.4.9) and (9.4.14) yields

E [Nt (H)]
% e BH) log (1) <Gy, (9.4.15)

for some 0 < Cp < oo.

We now proceed to prove a lower bound on the expected number of subgraphs.
Again, by Lemma 9.1 and lower bounding the sums by integrals as in (9.4.7), we
obtain that, for some 0 < C < o

t t
H)] > C/1 ”f(l)”'/uk,l P ®duy - duy. (9.4.16)

Fix ¢ > 0. We investigate the contribution where vertices 1,...,s; have index in
[1,1/¢], vertices s1 + 1,...,sp have index in [1/¢, stl/r], vertices s, +1,...,s3 have
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index in [tl/’,stz/’] and so on, and vertices s, + 1,..., s, have index in [ef, t]. Thus,
we bound

1/¢ 1/¢ 1/¢
] > C/ /3(1 / 2:3(2) .. / Mfl(s)dusl .o.dug
u

s1—1
et/ € €
o [0 B [ B e g, g,
Ug {1 Us 42 s - s1+1
1/e JUs 41 JUsy—1
et2/1 Ug 11/¢€ Ugy_1/€
B(s2+1) [752t B(s2+2) %3 B(s3)
x/l/ Ug, Uy e Ugy ' dugy ... dug, g1 X -+
£ usz+1 L‘53—1
(r=1)/r
X /gt uﬁ(s,fﬁ’” /usf—1+1/su[3(sr7]+2) - /uqr e ‘B(Sr)du ..du +1
S S Sy
H(r=2)/r sr—1+1 Us, 41 Sp—1+2 gy 1 r r r—1
t t t
Blsr+1) Blsr+2) (k)
X 3 ug, ; Ugln e s upduye . dug, 4 (9.4.17)
s k—1

The first set of integrals equals A1 (H) plus terms that vanishes as ¢ becomes small by
Lemma 9.4. For the last set of integrals, we use the change of variables w = u/t to
obtain

Sr+1 542 duk ce duer

Usp+1

t
Pt N / uP®
Uk

1 1
k Sy+zl sp1 ﬁ / wsr Sr+1) / wﬁ(57+2) - / wf(k)dwk L. dey+1

Wsy+1

=t BH) (A (H) — hy(e)), (9.4.18)

for some function /11 (¢). By Lemma 9.4 1y (¢) satisfies lim,_,o h1(e) = 0. Again, if
r = 1, the middle sets of integrals in (9.4.17) are empty, so we are done.

We now investigate the second set of integrals in (9.4.17) for r > 1. Using the
substitution w,, 1 = us, 41 and w; = u;/u;_q for i > s1 + 1, we obtain

et/ 7 Us 11/ U1/
Bls1+1) [Tt B(s1+2) %2 B(s2)
/1/8 Ug ; Ugn e ; ug, 'dus, ... dug 11

s1+1 sp—1
et!/” B Y2, L B() 1/¢ o 2452, 1, B() 1/e
= 1/¢ Wsy 11 ! dwsl-‘rl / Wg, 42 i dw52+1 o / w52(52)dw52'
(9.4.19)
The first integral equals by (9.4.10)
ett/7
/1/ Sl+1dwsl+l = log(t) +log(?). (9.4.20)
€

The integrand in all other integrals in (9.4.19) equals w " for some y; < —1 by (9.4.13).
Therefore, these integrals equal a constant plus a function of ¢ that vanishes as ¢
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becomes small so that

etl/r U € Ug, _1/€
(P [ pera) e ey
1 s1+1 u 5142 u 52 520 s1+1

J1/¢ s1+1 sp—1
_ <1log(t) +log(£2)) (K+ (e), (9.4.21)

for some 0 < K < co and some /1, (¢) such that lim,_, hp(€) = 0. The other integrals
in (9.4.17) can be estimated similarly.
Combining (9.4.17), (9.4.18) and (9.4.21) we obtain

E [N:(H)]
oo tk+B(H) logrfl(t) > C1+h(e), (9.4.22)

for some constant 0 < C; < oo and some function #(e) such that lim,_,o h(e) = 0.

Taking the limit for ¢ — 0 then proves the theorem. O

9.5 The expected number of triangles

Fix m > 2 and § > —m. The first step of the proof consists of showing that

T—2m*(m—1)(m+6)(m+6+1)
T—1 (2m + )2

E[A¢] =

i J(2m +6))(u — (2m —1)/ (2m + )]

" F(u+2—(2m)/(2m—|—(5) Tu+2—(2m—1)/(2m+9))
T+2— (B3m+0)/2m+06)T(u+2— Bm+0—1)/(2m+9))
-1

x Y (v—(Bm+d5—1)/(2m+0))"!
U= u+1

y 2 3m+5)/(2m+5))F(w—(3m+5—1)/(2m+5))
w1 —(2m)/(2m+9)) I'w—(2m—1)/(2m+9))

9.5.1)

We can write

At::tifti Xt: Y ) l{u&v,uﬁw,vﬁw}. (9.5.2)

u=1v=u+1w=v+1j;€[m] jp,j3€[m]

Since there are mz(m — 1) possible choices for the edges j1, 2, 3,

Eo]=mm-1Y 5 Y E { o o _. 953)

u=1v=u+1w=ov+1

Recalling (9.3.10), we can write every term in the sum in (9.5.3) as

E[(% ﬁ (1- %)) (lPu ﬁ (1- %)) (1,[)0 zﬁ (1- 1/11)>:. (9.5.4)

h=u+1 k=u+1 I=v+1
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Since the random variables ¢y, ..., {; are independent, we can factorize the expecta-
tion to obtain

w—1
EWRIE -9 [T El0—pe) = Bl e b TT El - g2
k=u-+1k+#v U k=u+1 ©955)
Recall that, for a Beta random variable X(«, B), we have -
_ _ ap
E[X]_a+ﬁ’ ]E[X(l_X)}_(a+ﬁ)(a+ﬁ+1)’ ose)
E[x?] = w(a+1) o
W )+ p+1)

and 1 — X(a, B) is distributed as X(B,«). Using (9.5.6), we can rewrite (9.5.5) in
terms of the parameters of ¢,...,y;. Since ¢ has parameters « = m 4 J and
B = Br = m(2k — 3) + (k — 1)J, the first term in (9.5.5) can be written as

s (m+8)(m+5+1)
¥u (m(2u —2) +ud)(m(2u —2) +ué +1)
(m+08)(m+5+1) B

- 2n 1 0)2 (u—2m/2m+06)(u— (2m —1)/(2m+9))

9.5.7)

The second term can be written as

El¢o(1—9y)] m+ 6 T2
E[(1-¢,)2] mQ2v—-3)+(@v-1)35 -1

(v—0Bm+5-1)/2m+46))!

(9.5.8)
The last product in (9.5.5), fork =u +1,...,w — 1 results in
E[(1— gy = M@k =3) + (k=1)o)(m(2k=3) + (k=1)o+1)
i)™l = (m(2k —2) +kd)(m(2k —2) + k5 +1) ©59)

k= (3m+0)/(2m+ ) k— (3m+5—1)/(2m +6)
 k—2m/(2m+ ) k—(2m—1)/(2m+9)

Using the recursive property I'(a + 1) = al'(a) of the Gamma function,

w1  T(w+2-02m)/2m+3s)  T(u+2-(2m—1)/(2m+7))
JL B0 =50 Gt 6)/ 2m + 00 T(a 42— B + 8- 1)/ (2ni £ )
I'(w— Bm+05)/2m+0))T(w— Bm+d6—1)/(2m+9))
['(w— (2m)/(2m +6)) I'w—(2m—1)/2m+9))
(9.5.10)

Equation (9.5.3) follows by combining (9.5.5), (9.5.7), (9.5.8), (9.5.9) and (9.5.10).
The last step of the proof is to evaluate the sum in (9.5.3), and combining the result
with the multiplicative constant in front in (9.5.3). By Stirling’s formula

x+a) .

T h) b(14+0(1/x)).
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As a consequence, recalling that x = (m + )/ (2m + ), the sum in (9.5.3) can be
written as
=2 -1 t
Y X 2(14+0(1/u) Y. o' (1+0(1/0) Y. w X (1+0(1/w)). (9.5.11)
u=1 v=u-+1 w=v+1

We can approximate the sum in (9.5.11) with the corresponding integral using Euler-
Maclaurin formula, thus obtaining

t t t
/ w2 gy / v~ o / w2 dw. (9.5.12)
1 u 14

As t — oo, the order of magnitude of the integral in (9.5.12) is predicted by Theo-
rem 9.1. If we evaluate the integral, then we obtain that the coefficient of the dominant
term in (9.5.12) is (2m + 8)%/6° for T > 2,7 # 3,and 1/6 for T = 3.

Putting together these coefficients with the constant in front of the sum in (9.5.1)
completes the proof of Theorem 9.2. O

Remark 9.1 (Constant for general subgraphs). In the proof of Theorem 9.2, the hardest
step is to prove (9.5.2), i.e., to find the expectation of the indicator functions in (9.5.1).
This is the reason why for a general ordered subgraph (H, 7r) on k vertices it is hard to
find the explicit constant as in (9.2.11). In fact, as we have done to move from (9.5.3)
to (9.5.4), it is necessary to identify precisely, for every v € [t], how many times the
terms ¢, and (1 — 1) appear in the product inside the expectations in (9.5.3). This
makes the evaluation of such terms complicated.

Typically, as it shown in (9.5.5), (9.5.7), (9.5.8), (9.5.9) and (9.5.10), the product of
the constants obtained by evaluating the probability of an ordered subgraph (H, )
being present can be written as ratios of Gamma functions. The same constants can
be found using the martingale approach as in [45, 205] and [106, Section 8.3], even
though in this case constants are obtained through a recursive use of conditional
expectation.

We remark that our method and the martingale method are equivalent. We
focused on the Pélya urn interpretation of the graph since it highlights the dependence
of the presence of edges on the age of vertices, that is directly related to the order of
magnitude of degrees.

9.6 Conditional concentration: proof of Proposition 9.1

In the previous sections, we have considered the order of magnitude of the expectation
of the number of occurrences of ordered subgraphs in PAM. In other words, for an
ordered subgraph (H, ) we are able to identify the order of magnitude f(t) of
the expected number of occurrences N;(H, i), so that E[N;(H, r)] = O (f(t)). We
now show how these orders of magnitude of the expected number of subgraphs
determines the conditional convergence given in (9.2.7).

9.6.1 Bound with overlapping subgraphs

The Pélya urn graph in Definition 9.3 consists of a function of uniform random
j€[m]

variables ( Uv,j ) ve(t]

and an independent sequence of Beta random variables (1o ),c(y-
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We can interpret the sequence (15 ),c[y as a sequence of intensities associated to the
vertices, where a higher intensity corresponds to a higher probability of receiving

a connection. The sequence (uv,j)éee[[’f]]

particular, conditionally on the sequence (i, ) ¢y, every edge is present independently
(but with different probabilities).

Fort € IN, denote P, (-) = P( - [¢1, ..., ¢1), and similarly E.p, [-] = E[- [¢1, ..., ¢].
Furthermore, let N; 4 (H, 71) denote the number of times subgraph (H, 7r) appears
conditionally on the {-variables. We now apply a conditional second moment method
to Ny, (H, 7r). We use the notation introduced in Section 9.3, so that every possible
realization of H in PAM corresponds to a finite set of edges My (uy, vy, jy), where £ is

determines the attachment of edges. In

the number of edges in H such that vy, U8 uy, i.e., uy, is the receiving vertex, and jj, is
the label of the edge. For simplicity, we denote the set M, (u, vy, j;) by M. For ease
of notation, we assume that 7 is the identity map and drop the dependence on 7. We
prove the following results:

Lemma 9.5 (Bound on conditional variance). Comnsider subgraph H. Then, IP-a.s.,

Vary, (Nt(H)) < Eq, [N:(H)] + 2 Ey, [N:(H)],
HeH

where H denotes the set of all possible attainable subgraphs H that are obtained by merging
two copies of H such that they share at least one edge.

Lemma 9.5 gives a bound on the conditional variance in terms of the conditional
probabilities of observing two overlapping of the subgraph H at the same time. Notice
that we require these copies to overlap at at least one edge, which is different than
requiring that they are disjoint (the can share one or more vertices but no edges).

Proof of Lemma 9.5. We prove the bound in Lemma 9.5 by evaluating the conditional
second moment of N¢(H) as

Ey, [N:(H)?] = Ewt{ Y ]l{MgE(PAf)}]l{M’gE(PAt)}}
M,M’'

= ¥ Py, (M C E(PA;), M' C E(PAt)),
M,M’'

where M and M’ are two sets of edges corresponding to two possible realizations of
the subgraph H. Notice that M and M’ are not necessarily distinct. We then have to
evaluate the conditional probability of having both the sets M and M’ simultaneously
present in the graph. As a consequence, we conditional variance in Lemma 9.5 can be
written as

Y Py, (M C E(PA), M' C E(PA)) — Py, (M C E(PA))Py, (M’ C E(PAY)).
M#£M'
9.6.1)
We define

M= {(M,M): 3 (,,)): (wo,]) € M, (w,0,j) € M,
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M # M, (MU M’) defines an attainable subgraph}. (9.6.2)

We then consider two different cases, i.e., whether (M, M’) is in M or not. If
(M, M) ¢ M, then one of the three following situations occurs:

> MU M’ defines a subgraph that is not attainable (for instance, M and M’ require
that the same edge is attached to different vertices);

> MU M’ defines a subgraph that is attainable, M and M’ are disjoint sets of
labeled edges (they are allowed to share vertices);

> M and M’ define the same attainable subgraph (so M = M/, thus labels of
edges coincide).

When M = M’ we have that
Py, (M C E(PA,), M' C E(PAt)) — Py, (M C E(PA,)),
so that the corresponding contribution in the sum in (9.6.1) is
Py, (M C E(PA;)) — Py, (M C E(PA;))? < Py, (M C E(PAy)),

and the sum over M gives the term [E;, [N;(H)] in the statement of Lemma 9.5. When
M # M’ and MU M’ is attainable and their sets of edges are disjoint it follows

directly from the independence of ( Uv,j)é ee[ff]} and (1p) ey that

Py, (M C E(PA), M' C E(PAt)> — Py, (M C E(PA))Py, (M’ C E(PA,)).

Thus, in this situation the corresponding contribution is zero. When (M, M) is
not attainable the corresponding contribution is negative. When (M, M') € M we

bound the corresponding terms in (9.6.1) by P, ( M C E(PA;), M’ C E(PA;) ), thus
P g Y Loy,

obtaining

Vary, (Ni(H)) < By [Ni(H)] + Y. Py, (M UM C E(PAt)), (9.6.3)

(M,M")eM
We then rewrite this as
Vary, (Nt (H, 1)) < By, [Nt (H)] + Y By, [N:(H)], (9.6.4)
AecH
which proves the lemma. O

9.6.2 Criterion for conditional convergence

We now prove Proposition 9.1 using Lemma 9.5 and Lemma 9.7:
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Proof of Proposition 9.1. It sufficient to show that for every fixed ¢ > 0,
r (|Nt,¢(H, 71') — IEt[Nt(H, 7'[)} > SIE[Nt(H, 7'[)}) = 0(1)

We now apply Lemma 9.5, which yields

P(|Nig (H, ) — By [Ni(H, 7)) > €E[N:(H, 70)])
1
= ZEN(H, )P
E|[Ey, [Ni(H, 7)) + Cgrep Eqs [N (A)] |
<
- e2E[N:(H, 7)]?
E[N:(H, )] + E[N(H)]

= N mEaE oW

IE[Var,, (N¢(H, ))]

O

As an example, we consider triangles. Theorem 9.2 identifies the expected number
of triangles, and by Theorem 9.1 we can show that E[A?] = @(IE[A]?), so we are not
able to apply the second moment method to A;. Figure 9.6 suggests that A /IE[/\]
converges to a limit that is not deterministic, i.e., in (9.2.9) the limiting X is a random
variable.

However, we can prove that /\; is conditionally concentrated, as stated in Corol-
lary 9.2. The proof of Corollary 9.2 follows directly from Proposition 9.1, the fact
that E[A;] = @(tC~7/(7=1D]og(t)) as given by Theorem 9.2, and Figure 9.5, that
contains the information on the subgraphs consisting of two triangles sharing one or
two edges.

9.6.3 Non-concentrated subgraphs

We now show that for most ¢-sequences, the other direction in Proposition 9.1 also
holds. That is, if there exists a subgraph composed of two merged copies of H such
that the condition in Proposition 9.1 does not hold, then for most ¢-sequences, H is
not conditionally concentrated.

Proposition 9.2. Consider a subgraph (H, t) such that E [N;(H, t)] — o0 as t — oo.
Suppose that there exists a subgraph H, composed of two distinct copies of (H, 7r) with at
least one edge in common such that E [Ny(H)] /E [N¢(H, )] -+ 0as t — oo. Then, for
any € > 0, there exists § > 0 such that

Varl,,t (Nt(H, 7T))
P < E(N (H ] > 17) >1—e (9.6.5)

To prove Proposition 9.2 we need a preliminary result on the maximum intensity
of the Pélya urn graph:
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Lemma 9.6. For every € > 0 there exists K = K(¢) € IN such that

() s 25) 1

k>K

Lemma 9.6 is a part of a more general coupling result between (¢ )xen and
a sequence of ii.d. Gamma random variables. We refer to [20, Lemma 3.2] and
[107, Lemma 4.10] for more detail. We now state the lemma we need to prove
Proposition 9.2:

Lemma 9.7 (Maximum intensity). For every € > 0 there exists w = w(e) € (0,1) such
that, for every t € IN,
]P< max l[Jz <w) >1-—e
i€2,..

Proof. Fix ¢ > 0, and consider K(e/ 2) as given by Lemma 9.6. For every w € (0,1)
we can write

]P(lrer;axt P; < w) = I[’(lenz*laxK P; < w)]P(lEr[r;ﬁ)[( P; < w) (9.6.6)

where we used the independence of ¢y, ..., 9. If + > K the second term in the
right-hand side of (9.6.6) is well defined, otherwise we only have the first term.
Define,

(2m+0)K

(logK)® ey o K
w1 =
0 ift <K.

Notice that, since the function k — ((Zl;ikg) is decreasing, it follows that
]P( max i < w1> >1—¢/2. 9.6.7)

Define the random variable Xg = max;cy g ¥;, denote its distribution function by
Fx and the inverse of its distribution function by Fy 1. Consider w, = Fe 11 —-¢/2),
that implies
r ( max P; < wz) =1—¢/2. (9.6.8)
i€[K]
Consider then w = max{wj,w,}. Using a(9.6.7) and (9.6.8) with w in (9.6.6), it
follows that

]P(lér;ax P; < w)]P(ZGI{tIﬁ)[(]lIJZ < w) >(1—¢/2)2>1—¢,

which completes the proof. O

Proof of Proposition 9.2. We use the expression of the conditional variance of (9.6.1).
We first study the term in the conditional variance corresponding to H. Let M denote
the set of labeled edges M, M’ that together form subgraph H. Let the edges that M
and M’ share be denoted by M. Furthermore, let M; denote the set of labeled edges



9.7. Discussion 227

M, M’ that together form subgraph H that do not use vertex 1. We can then write this
term as
Y Py, (MUM C E(PAy)) (1 —Py, (Ms C E(PAy)))
M,M'eM
2 Z ]Pll’t (MUM/ C E(PAf)) (1 _lpmax)
MM'e My
= (1 - lpmax)IEybf [Nt(H)] (9.6.9)

where the inequality uses (9.3.10), and max = max;ep . ; 1p;. Here we excluded vertex
1 from the number of subgraphs with negligible error. By Lemma 9.7 there exists w
such that with probability at least 1 — ¢, Pmax < w < 1.

By the assumption on H, E [N;(H)] > CE[N;(H, 7)) for some C > 0. We
the use that Ey, [N;(H)] = Op(E [N¢(H)]). Thus, for t sufficiently large, we can

bound the contribution from subgraph H to the conditional variance from below
with probability at least 1 — € by

Y. Py (MUM C E(PA) (1 - Py, (M € E(PAY))) = CEy, [Ni(H, )2,
MMeM
(9.6.10)
for some C > 0.
The only terms that have a negative contribution to (9.6.1) are the terms where

MU M is a non-attainable subgraph. In that situation, Py, (M C E(PAy), M’ C
E(PAt)) = 0. Furthermore, the sum over Py, (M C E(PA;))Py, (M’ C E(PA;) <

Ey, [N:(H, )] /n2, since the two subgraphs share at least two vertices. Therefore,
the negative terms in the conditional variance scale as most as Ey, [N;(H, )] /n?.
We therefore obtain that with probability at least 1 — ¢,

Vary, (N¢(H, 7)) > 5y, [Ny(H, m)]?, (9.6.11)

for some # > 0, which proves the proposition. O

9.7 Discussion

In this chapter, we have investigated the expected number of times a graph H appears
as a subgraph of a PAM for any degree exponent T. We find the scaling of the expected
number of such subgraphs in terms of the graph size t and the degree exponent T by
defining an optimization problem that finds the optimal structure of the subgraph in
terms of the ages of the vertices that form subgraph H and by using the interpretation
of the PAM as a Pélya urn graph.

We derive the asymptotic scaling of the number of subgraphs. For the triangle
subgraph, we obtain more precise asymptotics. It would be interesting to obtain
precise asymptotics of the expected number of other types of subgraphs as well. In
particular, this is necessary to compute the variance of the number of subgraphs,
which may allow us to derive laws of large numbers for the number of subgraphs.
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We show that different subgraphs may have significantly different concentration pro-
perties. Therefore, identifying the distribution of the number of rescaled subgraphs
for any type of subgraph remains a challenging open problem.

Another interesting extension would be to investigate other types of PAMs, for
example models that allow for self-loops, or models that include extra triangles.

We further prove results for the number of subgraphs of fixed size k, while the
graph size tends to infinity. It would also be interesting to let the subgraph size grow
with the graph size, for example by counting the number of cycles of a certain length
that grows in the graph size.

Finally, we investigate the number of times H appears as a subgraph of a PAM.
It is also possible to count the number of times H appears as an induced subgraph
instead, forbidding edges that are not present in H to be present in the larger graph.
It would be interesting to see whether the optimal subgraph structure is different
from the optimal induced subgraph structure.



10 Finding induced subgraphs in
inhomogeneous random graphs

Based on:

E. Cardinaels, ].5.H. van Leeuwaarden, C. Stegehuis

Finding induced subgraphs in scale-Free inhomogeneous random graphs
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In Chapters 7 and 8 we have shown that induced subgraphs in rank-1 inhomo-
geneous random graphs typically occur on vertices with specific degree ranges. A
wide class of induced subgraphs appears most frequently on vertices with degrees
scaling as /7. In this chapter, we show how we can use this knowledge to find a set
of vertices that induce some connected graph H in a rank-1 inhomogeneous random
graphs with infinite-variance power-law degrees. We provide a fast algorithm that
determines, for any connected graph H on k vertices, whether it exists as induced
subgraph in a random graph with n vertices and returns an instance of H if it does.
By exploiting the scale-free graph structure, the algorithm runs in nk time with high
probability for small values of k. We test our algorithm on several real-world data
sets.

10.1 Introduction

The induced subgraph isomorphism problem asks whether a large graph G contains
a connected graph H as an induced subgraph. When k is allowed to grow with the
graph size 1, this problem is NP-hard in general. For example, k-clique and k-induced
cycle, which are special cases of H, are known to be NP-hard [90, 125]. For fixed
k, they can be solved in polynomial time O(n*) by searching for H on all possible
combinations of k vertices. Several randomized and non-randomized algorithms
exist to improve upon this trivial way of finding H [98, 167, 195, 218].

On real-world networks, many algorithms were observed to run much faster
than predicted by the worst-case running time of algorithms. This may be ascri-
bed to some of the properties that many real-world networks share [48], such as
the power-law degree distribution found in many networks [6, 79, 122, 212]. One
way of exploiting these power-law degree distributions is to design algorithms that
work well on random graphs with power-law degree distributions. For example,
finding the largest clique in a network is NP-complete for general networks [125].
However, in random graph models such as the Erds-Rényi random graph and the
inhomogeneous random graph, their specific structures can be exploited to design

229
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fixed parameter tractable (FPT) algorithms that efficiently find a clique of size k [83,
86] or the largest independent set [105].

In this chapter, we study algorithms that are designed to perform well for the
rank-1 inhomogeneous random graph. The inhomogeneous random graph has a
densely connected core containing many cliques, consisting of vertices with degrees

nlog(n) and larger. In this densely connected core, the probability of an edge
being present is close to one, so that it contains many complete graphs [119]. This
observation was exploited in [85] to efficiently determine whether a clique of size
k occurs as a subgraph in an inhomogeneous random graph. When searching for
induced subgraphs however, some edges are required not to be present. Therefore,
searching for induced subgraphs in the entire core is not efficient. We show that
a connected subgraph H can be found as an induced subgraph by scanning only
vertices that are on the boundary of the core: vertices with degrees proportional to
V.

We present an algorithm that first selects the set of vertices with degrees pro-
portional to /1, and then randomly searches for H as an induced subgraph on a
subset of k of those vertices. The first algorithm we present does not depend on the
specific structure of H. For general sparse graphs, the best known algorithms to solve
subgraph isomorphism on 3 or 4 vertices run in O(n!4!) or O(n!?!) time with high
probability [218]. For small values of k, our algorithm solves subgraph isomorphism
on k nodes in linear time with high probability on rank-1 inhomogeneous random
graphs. However, the graph size needs to be very large for our algorithm to perform
well. We therefore present a second algorithm that again selects the vertices with
degrees proportional to y/n, and then searches for induced subgraph H in a more effi-
cient way. This algorithm has the same performance guarantee as our first algorithm,
but performs much better in simulations.

We test our algorithm on large inhomogeneous random graphs, where it indeed
efficiently finds induced subgraphs. We also test our algorithm on real-world network
data with power-law degrees. There our algorithm does not perform well, probably
due to the fact that the densely connected core of some real-world networks may not
be the vertices of degrees at least proportional to /1. We then show that a slight
modification of our algorithm that looks for induced subgraphs on vertices of degrees
proportional to n7 for some other value of y performs better on real-world networks,
where the value of v depends on the specific network.

10.1.1 Model

As a random graph null model, we use the rank-1 inhomogeneous random graph,
described in Section 1.1.4. We assume that the weights are an i.i.d. sample from the
power-law distribution

P (w; > k) = Ck}™ T (10.1.1)

for some constant C and for 7 € (2,3). In this chapter, we focus on the Chung-Lu
setting of the rank-1 inhomogeneous random graph, so that two vertices with weights
w and w’ are connected with probability

/
p(w,w') = min <Z;’jq’ ,1) , (10.1.2)
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Algorithm 1: Finding induced subgraph H (random search)

Input :H,G = (V,E), u, f1 = fi(n), fo» = fo(n).
Output:Location of H in G or fail.

1 Define n = |V|, I, = [\/fiun, \/foaun] and set V/ = @.

2 fori € Vdo

3 | if D € I,then V' =V'Uj;

4 end

5 Divide the vertices in V' randomly into [ |V'| /k] sets S1,..., S|y k-
6 forj=1,...,[|V'| /k] do

7 | if H isan induced subgraph on S; then return location of H;

s end

where i denotes the mean value of the power-law distribution (10.1.1). Choosing the
connection probability in this way ensures that the expected degree of a vertex with
weight w is w.

10.1.2 Algorithms

We now describe two randomized algorithms that determine whether a connected
graph H is an induced subgraph in an inhomogeneous random graph and finds the
location of such a subgraph if it exists. Algorithm 1 first selects the vertices that are
on the boundary of the core of the graph: vertices with degrees scaling as /7. Then,
the algorithm randomly divides these vertices into sets of k vertices. If one of these
sets contains H as an induced subgraph, the algorithm terminates and returns the
location of H. If this is not the case, then the algorithm fails. In the next section, we
show that for k small enough, the probability that the algorithm fails is asymptotically
small. This means that H is present as an induced subgraph on vertices that are on
the boundary of the core with high probability.

Algorithm 1 is similar to the algorithm in [86] designed to find cliques in random
graphs. The major difference is that the algorithm to find cliques selects all vertices
with degrees larger than y/ f; un for some function f;. This algorithm is not efficient
for detecting other induced subgraphs than cliques, since vertices with high degrees
will be connected with probability close to one. For this reason, the algorithm also
removes vertices with degrees larger than / foun.

The following theorem gives a bound for the performance of Algorithm 1 for
small values of k and a wide range of functions f; and f,:

Theorem 10.1. Let k = o(+/log(n)/log(log(n))), and choose f; = f1(n) > 1/ log(n)
and f1 < fo < 1. Then, with high probability, Algorithm 1 detects induced subgraph H on
k vertices in an inhomogeneous random graph with n vertices and weights distributed as
in (10.1.1) in time nk.

Thus, for small values of k, Algorithm 1 finds an instance of H in linear time.
A problem with parameter k is called fixed parameter tractable (FPT) if it can be
solved in f(k)n®() time for some function f(k), and it is called typical FPT (typFPT) if
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it can be solved in f(k)n8(") for some function g(n) = O(1) with high probability [83].
As a corollary of Theorem 10.1 we obtain that the k-induced subgraph problem on
the inhomogeneous random graph is in typFPT for any subgraph H, similarly to the
k-clique problem [86].

Corollary 10.1. The induced subgraph problem on the rank-1 inhomogeneous random graph
is in typFPT.

In theory Algorithm 1 detects any motif on k vertices in linear time for small k.
However, this only holds for large values of n, which can be understood as follows.
In Lemma 10.2, we show that |V’| = @(n(3~7)/2), thus tending to infinity as n grows
large. However, when n = 107 and T = 2.5, this means that the size of the set V' is
only proportional to 1017 = 56 vertices. Therefore, the number of sets S j constructed
in Algorithm 1 is also small. Even though the probability of finding motif H in any
such set is proportional to a constant, this constant may be small, so that for finite
the algorithm almost always fails. Thus, for Algorithm 1 to work, n needs to be large
enough so that n3-1/2 g large as well.

The algorithm can be significantly improved by changing the search for H on
vertices in the set V'. In Algorithm 2 we propose a search for motif H similar to the
Kashtan motif sampling algorithm [127]. Rather than sampling k vertices randomly,
it samples one vertex randomly, and then randomly increases the set S by adding
vertices in its neighborhood. This already guarantees the vertices in list S; to be
connected, making it more likely for them to form a specific connected motif together.
In particular, we expand the list S; in such a way that the vertices in S; are guaranteed
to form a spanning tree of H as a subgraph. This is ensured by choosing the list TH
that specifies at which vertex in S; we expand S; by adding a new vertex. For example,
if k = 4 and we set TH = [1,2,3] we first add a random neighbor of the first vertex,
then we look for a random neighbor of the previously added vertex, and then we
add a random neighbor of the third added vertex. Thus, setting TH = [1,2, 3] ensures
that the set S; contains a path of length three, whereas setting TH =[1,1,1] ensures
that the set S; contains a star-shaped subgraph. Depending on which subgraph H we
are looking for, we can define TH so that it ensures that the set S ; at least contains a
spanning tree of motif H in Step 6 of the algorithm.

The selection on the degrees ensures that the degrees are sufficiently high so that
the probability of finding such a connected set on k vertices is high, as well as that
the degrees are sufficiently low to ensure that we do not only find complete graphs
because of the densely connected core of the inhomogeneous random graph. The
probability that Algorithm 2 indeed finds the desired motif H in any check is of
constant order of magnitude, similar to Algorithm 1. Therefore, the performance
guarantee of both algorithms is similar. However, Section 10.3 shows that in practice
Algorithm 2 performs much better, since for finite 7, k connected vertices are more
likely to form a motif than k randomly chosen vertices.

The following theorem shows that indeed Algorithm 2 has similar performance
guarantees as Algorithm 1:

Theorem 10.2. Choose f; = fi1(n) > 1/log(n) and f; < fo < 1. Choose s = Q(n") for
some 0 < a < 1, such that s < n/k. Then, Algorithm 2 detects induced subgraph H on
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Algorithm 2: Finding induced subgraph H (neighborhood search)

Input :H,G = (V,E), u, f1 = fi(n), for = fa(n),s.
Output:Location of H in G or fail.

1 Definen = |V|, I, = [\/fiun, \/foaun] and set V/ = @.
2 fori € Vdo

3 | if D € I,then V' =V'Uj;

4 end

5 Let G’ be the induced subgraph of G on vertices V.

6 Set TH consistently with motif H .

7 forj=1,...,5s do

8 Pick a random vertex v € V' and set S; = v.

9 while ‘S]-‘ # k do

10 Pick a random v’ € Ng/ (Sj[TH[j]]) : o' ¢ S;

11 Add v’ to S;.

12 end

13 if H is an induced subgraph on S; then return location of H;
14 end

k = o(y/log(n)/ log(log(n))) vertices on an inhomogeneous random graph with n vertices
and weights distributed as in (10.1.1) in time nk with high probability.

The proofs of Theorem 10.1 and 10.2 rely on the fact that for small k, any subgraph
on k vertices is present in G’ with high probability. This means that after the degree
selection step of Algorithms 1 and 2, for small k, any motif finding algorithm can
be used to find motif H on the remaining graph G/, such as the Grochow-Kellis
algorithm [98], the MAvisto algorithm [195] or the MODA algorithm [167]. In the
proofs of Theorem 10.1 and 10.2, we show that G’ has O(n3-7)/2) vertices with high
probability. Thus, the degree selection step reduces the problem of finding a motif
H on n vertices to finding a motif on a graph with ®(1(3-7)/2) vertices, significantly
reducing the running time of these algorithms.

10.2 Analysis of Algorithms 1 and 2

We prove Theorem 10.1 using two lemmas. The first lemma relates the degrees of the
vertices to their weights. The connection probabilities in the inhomogeneous random
graph depend on the weights of the vertices. In Algorithm 1, we select vertices based
on their degrees instead of their unknown weights. The following lemma shows that
the weights of the vertices in V' are close to their degrees. In particular, we show
that when we select vertices with degrees in [/ fiun, v/ faun], their weights lie in the

interval [(1 —¢)+/fiun, (1 + €)+/ fapun] with high probability:

Lemma 10.1 (Degrees and weights.). Fix € > 0, and define |, = [(1 —¢)+/fiun, (1 +
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€)+/ fapn)]. Then, for some K > 0,

&,

P(3i €V :w ¢ ) < Knexp (— & /mimin (1\/_718 - +i)/z). (102.1)

Proof. Fixi € V. Then,

P (o< -0 o ) - EO L < O
< P(Di> Vhpn|wi=(1—€)fipn)
B 1-C((1—e)\/ipm) T

< KiP (Dy > v/fipn | w; = (1—e)y/fan),
(10.2.2)
for some K; > 0. Here the first inequality follows because the probability that a
vertex with weight w; has degree at least \/ f1un is larger than the probability that a
vertex of weight w, has degree at least / f;un when w; > w;. Conditionally on the
weights, D; is the sum of n — 1 independent indicators indicating the presence of an

edge between vertex i and the other vertices and that [E [D;] = w;. Therefore, by the
Chernoff bound

P (D; > w;i(1+0)) < exp (— 8*w;/2). (10.2.3)
Therefore, choosing 6 = /(1 — ¢) yields

P (Dr > g | wi = (1 &)/ SeXp(—w>(1+0(1))~

)
(10.2.4)
Combining this with (10.2.2) and taking the union bound over all vertices then results
in

2
P (Eli :D; € Ly,w; < (1— s)«/flyn) < Konexp (— z(fi_g)\/flyn), (10.2.5)

for some K > 0. Similarly,

2

V), (1026)

. e

' D i < -

IP(EIz Dleln,w,>(1+s)\/f2,un) _K3Tlexp( 30 1)

for some K3 > 0, which proves the lemma. O

The second lemma shows that after deleting all vertices with degrees outside of I,

defined in Step 1 of Algorithm 1, still polynomially many vertices remain with high
probability.

Lemma 10.2 (Polynomially many nodes remain.). There exists v > 0 such that

P(|V'| < ynB=772) < 2exp (— O(nB-9/2)). (10.2.7)
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Proof. Let € denote the event that all vertices i € V’ satisfy w; € J, for some ¢ > 0,
with J,, as in Lemma 10.1. Let W’ be the set of vertices with weights in J,,. Under the
event &, |[V'| < |W'|. Then, by Lemma 10.1,

P (|V,| < 7n(3—1)/2) <P (\V’| < ,Yn(S—T)/Z | 5) +1P(E°)

2(1 —
<P (\W’| < 7n(37T)/2> + Knexp (— 82((11+€€))\/f1;m).

(10.2.8)

Furthermore,
P (w; € Ju) = C((1 — &)/ fiun)' " = C((1+ &)/ fopn)' 7 > 061(\/#7)1(_T )
10.2.9

for some constant a1 > 0 because f; < f». Thus, each of the n vertices is in the set W’
independently with probability at least a; (,/#7)!~7. Choose 0 < ¢ < a1. Applying
the Chernoff bound then shows that

_ 2
P (\w’| < 7n<3*T>/2) < exp (— mn@ﬂ/z), (10.2.10)
1

which together with (10.2.8) and the fact that \/fijun = Q(n®~7/2) for T € (2,3)
proves the lemma. O

We now use these lemmas to prove Theorem 10.1:

Proof of Theorem 10.1. We condition on the event that V' is of polynomial size (Lemma
10.2) and that the weights are within the constructed lower and upper bounds (Lemma
10.1), since both events occur with high probability. This bounds the edge probability
between any pair of nodes i and j in V' as

(1+e)/foun(1+ 8)\/f27n,1> — h(te?, (10.2.11)
‘MTI

pij < min <
so that p;; < p1 = fo(1+¢€)? < 1if we choose ¢ sufficiently small. Similarly,
2
1— 2
(1—&)"V fipn ) > _@ (10.2.12)

un ~ log(n)’

for some ¢, > 0 by our choice of f;. Let E := |Ey| be the number of edges in H. We
upper bound the probability of not finding H in one of the partitions of size k of

pij > min (

Vias1—pE(1- p+)(§)’E. Since all partitions are disjoint we can upper bound the
probability of not finding H in any of the partitions as

£

PP (H not in the partitions) < (1 —pE(1- p+)(’§>—E) . (10.2.13)

Using that E < K2, (12‘) — E < k?and that1 — x < e * results in

/
IP (H not in the partitions) < exp (—pkz(l - p+)k2 P‘;{ |-D . (10.2.14)
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Since [V/| = © (n%) [|V'|/k] > dn’T" /k for some constant d > 0. We fill in the
expressions for p_ and p, with c3 > 0 a constant

PP (H not in the partitions) < dn’s (s \* (10.2.15)
not in the partitions) < exp v ogn : 2.
Applying that k = o(+/log(n) / log(log(n))) yields
- log(n)
IP (H not in the partitions) < exp ( dn 2 ( € ) <log(10g( )>> )
iog(m) /Togllog(m) \Iog
< exp (—dnT"’(l)) . (10.2.16)

Hence, the inner expression grows polynomially so that the probability of not finding
H in one of the partitions is negligibly small. The running time of the partial search is

given by
V'] (k n(k
< - < 2.
) S p(y) <nk (10.2.17)

which concludes the proof. O

Proof of Corollary 10.1. If k > log% (n), we can determine whether H is an induced
subgraph by an exhaustive search in time

K k(k
(Z) (’;) < MR =1) k< gk < e (10.2.18)

since for all sets of k vertices the presence or absence of (g) edges needs to be checked.

For k < log%( ), Theorem 10.1 shows that the induced subgraph isomorphism
problem can be solved in time nk < nek'. Thus, with high probability, the induced

subgraph isomorphism problem can be solved in neX time, which proves that it is in
typFPT. O

Proof of Theorem 10.2. The proof of Theorem 10.2 is similar to the proof of Theo-
rem 10.1. The only way that Algorithm 2 differs from Algorithm 1 is in the se-
lection of the sets S;. As in the previous theorem, we condition on the event that
V| = @nb-7/ 2) (Lemma 10.2) and that the weights of the vertices in G’ are
bounded as in Lemma 10.1.

The graph G’ constructed in Step 5 of Algorithm 2 then consists of ©(1n(3~7)/2) ver-
tices. Furthermore, by the bound (10.2.12) on the connection probabilities of all verti-
ces in G/, the expected degree of a vertex i in G’ satisfies [E[D; /] > c11n(3~7/2/ log(n)
for some c; > 0. We can use similar arguments as in Lemma 10.1 to show that
D; ¢ > can377)/2/log(n) for some c; > 0 with high probability for all vertices in G'.
Therefore, from now on we assume that

Dig > can® 92/ log(n) VeV (10.2.19)
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Since G’ consists of ©(n(3~7)/2) vertices, D; s = O(n®~7/2) as well. This means
that for k = o(+/log(n)/ log(log(n)), Steps 8-11 are able to find a connected subgraph
on k vertices with high probability.

Algorithm 2 then constructs s sets (5;) je[s) on which it checks whether H is an
induced subgraph. However, these sets may overlap, creating dependencies between
the edge presences of the overlapping sets. We now show that the probability that
these sets overlap is small. We compute the probability that S; is disjoint with the j — 1
previously constructed sets. The probability that the first vertex does not overlap with
the previous sets is bounded by 1 — jk/ |V’|, since that vertex is chosen uniformly at
random. The second vertex is chosen in a size-biased manner, since it is chosen by
following a random edge. Conditionally on the degrees, the probability that vertex i
is added can therefore be written as

Di,G/

P (vertex i is added) = ——————.
(vertex i is added) Tociv) Doo

(10.2.20)

Using (10.2.19) and the fact that D; o/ = O(nB-1/ 2) for all i € V' then results in
IP (vertex i is added) < Mlog(n)/|V'| (10.2.21)

for some constant M > 0. Therefore, the probability that S; does not overlap with
(S1); ¢[j—1) can be bounded from below by

kj (1 Mkjlog(n)\ !
V'l ) V'l '
(10.2.22)
where we used that (S;);¢[j_1) contains at most k(j — 1) < kj distinct vertices. Thus,
the probability that all j sets do not overlap can be bounded as

P (Sj does not overlap with (Sl)le[j—l]) > <1

P(S;NS;1N---NS =) > (1 - Mkﬂ;’%’“) , (10.2.23)

which tends to one when jk = o(n(3=7)/4),

Let sq;s denote the number of disjoint sets out of the s sets constructed in Algo-
rithm 2. Then, by the previous argument, when s = Q(n%) for some & > 0, sgis > nP
for some B > 0 with high probability, because k = o(1/log(n)/ log(log(n))).

The probability that H is present as an induced subgraph is bounded similarly
as in Theorem 10.1. We already know that k — 1 edges are present. For all other
E — (k—1) edges of H, and all (’2() — E edges that are not present in H, we can again
use (10.2.11) and (10.2.12) to bound the probability of edges being present or not
being present between vertices in V'. Therefore, we can bound the probability that H
is not found similarly to (10.2.14) as

IP (H not in the partitions) < IP (H not in the disjoint partitions)
2 2
<exp (—Pk— (1—ps)F 5dis> :
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Because sg;s > 1P for some B > 0, this term tends to zero exponentially. The running
time of the partial search can be bounded similarly to (10.2.17) as

k
s(2> < sk? < nk, (10.2.24)
where we have used that s < n/k. O

10.3 Experimental results

Figure 10.1 shows the fraction of times Algorithm 1 successfully finds a cycle of size
k in a rank-1 inhomogeneous random graph on 107 vertices. Even though for large
n Algorithm 1 should find an instance of a cycle of size k in Step 7 of the algorithm
with high probability, we see that Algorithm 1 never succeeds in finding one. This is
because of the finite-size effects discussed in Section 10.1.2.

Figure 10.2a also plots the fraction of times Algorithm 2 succeeds to find a cycle.
We set the parameter s = 10000 so that the algorithm fails if the algorithm does
not succeed to detect motif H after executing step 13 of Algorithm 2 10000 times.
Because s gives the number of attempts to find H, increasing s may increase the
success probability of Algorithm 2 at the cost of a higher running time. However,
in Figure 10.2b for small values of k, the mean number of times Step 13 is executed
when the algorithm succeeds is much lower than 10000, so that increasing s in this
experiment probably only has a small effect on the success probability. Algorithm 2
clearly outperforms Algorithm 1 in terms of its success probability. Figure 10.2b also
shows that the number of attempts needed to detect a cycle of length k is small for
k < 6. For larger values of k the number of attempts increases. This can again be
ascribed to the finite-size effects that cause the set V' to be small, so that large motifs
may not be present on vertices in set V. We also plot the success probability when
using different values of the functions f; and f,. When only the lower bound f; on the
vertex degrees is used, as in [85], the success probability of the algorithm decreases.
This is because the set V/ now contains many high-degree vertices that are much more
likely to form cliques than cycles or other connected subgraphs on k vertices. This
makes f, = oo a very efficient bound for detecting cliques [85]. However, Figure 10.2b
shows that more checks are needed before a cycle is detected, and in some cases the
cycle is not detected at all. Thus, f, = oo is not efficient for detecting other induced
subgraphs than cliques.

Setting f1 = 0 and f, = co is also less efficient, as Figure 10.2a shows. In this
situation, the number of attempts needed to find a cycle of length k is larger than for
Algorithm 2 for k < 6.

10.3.1 Real network data

We now check Algorithm 2 on four real-world networks with power-law degrees: a
Wikipedia communication network [137], the Gowalla social network [137], the Baidu
online encyclopedia [165] and the Internet on the autonomous systems level [137].
Table 10.1 presents several statistics of these scale-free data sets. Figure 10.3 shows
the fraction of runs where Algorithm 2 finds a cycle as an induced subgraph. For the
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Figure 10.1: The fraction of times Algorithm 1 succeeds to find a cycle of length k on
an inhomogeneous random graph with n = 107, T = 5/2, averaged over 500 network
samples with f; = 1/1log(n) and f, = 0.9.
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Figure 10.2: Results of Algorithm 2 on an inhomogeneous random graph with n = 107,
T = 5/2 for detecting cycles of length k. The parameters are chosen as s = 10000,
f1 =1/1og(n), f» = 0.9. The values are averaged over 500 generated networks.

Wikipedia social network in Figure 10.3a, Algorithm 2 is more efficient than looking
for cycles among all vertices in the network. For the Baidu online encyclopedia in
Figure 10.3c however, Algorithm 2 performs much worse than looking for cycles
among all possible vertices. In the other two network data sets in Figures 10.3b
and 10.3d the performance on the reduced vertex set and the original vertex set is
almost the same. Figure 10.4 shows that in general, Algorithm 2 indeed seems to
finish in fewer steps than when using the full vertex set. However, as Figure 10.4c
shows, for larger values of k the algorithm fails almost always.

These results show that while Algorithm 2 is efficient on rank-1 inhomogeneous
random graphs, it may not always be efficient on real-world data sets. This is not
surprising, because there is no reason why the vertices of degrees proportional to
/1 should behave like an Erdés-Rényi random graph in real-world networks, like
in the inhomogeneous random graph. We therefore investigate whether selecting
vertices with degrees in I, = [(un)?/log(n), (un)?] for some other value of 7 in
Algorithm 2 leads to a better performance. Figure 10.3 and 10.4 show for every
data set one particular value of v that works well. For the Gowalla, Wikipedia and
Autonomous systems network, this leads to a faster algorithm to detect cycles. Only
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n E T
Wikipedia 2,394,385 5,021,410 2.46
Gowalla 196,591 950,327 2.65
Baidu 2,141,300 17,794,839 2.29

AS-Skitter 1,696,415 11,095,298 2.35

Table 10.1: Statistics of the data sets: the number of vertices 1, the number of edges E,
and the power-law exponent 7 fitted by the method of [66].

for the Baidu network other values of v do not improve upon randomly selecting
from all vertices. This indicates that for most networks, cycles do appear mostly on
vertices with degrees of specific orders of magnitude, making it possible to sample
these cycles faster. Unfortunately, these orders of magnitude may be different for
different networks. Across all four networks, the best value of ¥ seems to be smaller
than the value of 1/2 that is optimal for the rank-1 inhomogeneous random graph.

10.4 Conclusion

We have presented an algorithm which solves the induced subgraph problem on
inhomogeneous random graphs with infinite variance power-law degrees in time nk
with high probability as n grows large. This algorithm is based on the observation
that for fixed k, any subgraph is present on k vertices with degrees slightly smaller
than ,/un with positive probability. Therefore, the algorithm first selects vertices
with those degrees, and then uses a random search method to look for the induced
subgraph on those vertices.

We show that this algorithm performs well on simulations of rank-1 inhomogene-
ous random graphs. Its performance on real-world data sets varies for different data
sets. This indicates that the degrees that contain the most induced subgraphs of size
k in real-world networks may not be close to /1. We then show that on these data
sets, it may be more efficient to find induced subgraphs on degrees proportional to
n” for some other value of . The value of y may be different for different networks.

Our algorithm exploits that induced subgraphs are likely formed among ,/pn-
degree vertices. However, we have shown in Chapters 7 and 8 that certain subgraphs
may occur more frequently on vertices of other degrees. For example, star-shaped
subgraphs on k vertices appear more often on one vertex with degree much higher
than ,/un corresponding to the middle vertex of the star, and k — 1 lower-degree
vertices corresponding to the leafs of the star. An interesting open question is whether
there exist better degree-selection steps for specific subgraphs than the one used in
Algorithms 1 and 2.
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Figure 10.3: The fraction of times Algorithm 2 succeeds to find a cycle of length k
on four network data sets, using s = 10000, f; = 1/ log(n), fo = 0.9. The black line
uses Algorithm 2 on vertices of degrees in I,, = [(un)?/ log(n), (un)7]. The values

are averaged over 500 runs.
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Figure 10.4: The number of times Step 12 of Algorithm 2 is invoked when the
algorithm does not fail on four network data sets for detecting cycles of length
k, using s = 10000, f1 = 1/log(n), f = 0.9. The black line uses Algorithm 2 on
vertices of degrees in [(un)7/ log(n), (un)?]. The values are averaged over 500 runs.
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11 Hierarchical configuration models

Based on:

Hierarchical configuration model

R. van der Hofstad, |.S.H. van Leeuwaarden and C. Stegehuis
Internet Mathematics, (2017)

In this chapter, we introduce a class of random graphs with a community struc-
ture, which we call the hierarchical configuration model (HCM). On the inter-community
level, the graph is a configuration model, and on the intra-community level, every
vertex in the configuration model is replaced by a community: i.e., a small graph.
These communities may have any shape, as long as they are connected. For these
hierarchical graphs, we find the size of the largest component, the degree distribu-
tion, the assortativity and the clustering coefficient. Furthermore, we determine the
conditions under which a giant percolation cluster exists, and find its size.

11.1 Introduction and model

A characteristic feature of many real-world complex networks is that the degree
distribution obeys a power law. A popular model for such power-law networks is the
configuration model described in Section 1.1.1. A major shortcoming of this model,
however, is that it is locally tree-like — it contains only a few short cycles and the
graph next to most vertices is a tree — while a prominent feature of complex networks
is that they often have a community structure [159].

Communities are relatively densely connected and contain relatively many short
cycles. Since the configuration model contains only few short cycles, it cannot accura-
tely model networks with community structure. One possibility to add community
structure to random graphs is by adding so-called households [13, 14, 68, 206]. In this
line of work, on the macroscopic level, the graph is initially a configuration model
in which each vertex of the graph can be replaced by a complete graph (referred
to as household). Vertices in a household have links to all other household mem-
bers, which creates a community structure. These household models allow to study
networks with a prescribed degree distribution and a tunable clustering coefficient,
because the clustering coefficient can be manipulated by the household structure.
Hence, the focus in [13, 14, 68, 206] is on locally incorporating short cycles to explain
clustering at the global network level. In a similar spirit, a class of random graphs
was introduced in [157] in the form of a random network that only contains random
edges and triangles. Each vertex is assigned the number of triangles it is in. The
triangles are formed by pairing the nodes at random, and regular edges are formed

245
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according to the statistical rules of the configuration model. The model in [157] was
extended in [126] to networks with arbitrary distributions of subgraphs.

In this chapter, we introduce the hierarchical configuration model (HCM), a
random graph model that can describe networks with an arbitrary community struc-
ture. Like in these previous works, our goal is to develop a more realistic yet tractable
random network model, by creating conditions under which the tree-like structure is
violated within the communities, but remains to hold at a higher network level — the
network of communities in our case. There are, however, considerable differences
with these earlier works. The model in [126, 157] departs from a specification of all
possible subgraphs or motifs, which is the triangle in [157] and all possible subgraphs
in [126]. The network is then created by specifying the number of subgraphs attached
to each vertex and then sampling randomly from the set of compatible networks. A
community can thus exist of many subgraphs, think of a large cluster of triangles,
which makes the framework in [126, 157] harder to fit on real-world networks. In
fact, in [126] the appropriate selection of subgraphs and their frequencies for practical
purposes is mentioned as a challenging open problem. The approaches in [13, 14,
68, 157, 206] are geared towards increasing clustering and fitting a global clustering
coefficient, but are less suitable to directly describe community structure. Like [68,
206] we construct a random graph model that at the higher level is a tree-like configu-
ration model, and at the lower level contains subgraphs, but these subgraphs do not
need to be complete graphs. Large real-world communities are relatively dense, but
not necessarily completely connected. We thus generalize the setting of [14, 68, 206]
to arbitrary community structures, to account for heterogeneity in size and internal
connectivity.

This generalization makes it possible to apply the HCM to real-world data sets.
When the community structure of a real-world network is detected by an algorithm,
the HCM is able to produce random graphs that have a similar community structure.
Furthermore, due to the general community structure of the HCM, several existing
random graph models turn out to be special cases. The advantage of the HCM is
that it is quite flexible in its local structure, yet it is still analytically tractable due to
its mesoscopic locally tree-like structure. In Chapters 12 and 13 we study how this
model fits real-world networks, the conclusion being that our model fits surprisingly
well. This is an important step to come to more realistic random graph models for
real-world networks.

This chapter is organized as follows. In Section 11.1.1 we define the HCM.
Section 11.2 presents several analytical results for the HCM, including the condi-
tion for a giant component to emerge, the degree distribution and the clustering
coefficient. In Section 11.3 we study bond percolation on the HCM. Section 11.4
describes examples of graph models in the literature that fit into our general frame-
work. Then we show in Section 11.5 how some stylized community structures affect
percolation. Finally, we present some conclusions in Section 11.6.

11.1.1 Hierarchical configuration model

We now describe the HCM in more detail. Consider a random graph G with n
communities (H;);c[,]- A community H is represented by H = (F,d), where F =
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{ﬁ n

(a) Three communities (b) Possible result of HCM

Figure 11.1: Illustration of HCM

(VE, Ep) is a simple, connected graph and d = (dg,b))vevF , where d\ is the number
of edges from v € Vr to other communities. Thus d describes the degrees between
the communities. We call d the inter-community degree of a vertex v in community
F. A vertex inside a community also has an intra-community degree d\): the number
of edges from that vertex to other vertices in the same community. The sum of
the intra-community and the inter-community degrees of a vertex is the degree of
the vertex, ie., d, = dY) +dY. Letdy = Yocvy dY be the total inter-community
degree of community H. Then the (HCM) is formed in the following way. We start
with n communities. Every vertex v has d\ half-edges attached to it, as shown in
Figure 11.1a. These inter-community half-edges are paired uniformly at random. This
results in a random graph G with a community structure, as shown in Figure 11.1b.
On the macroscopic level, G is a configuration model with degrees (dp, );c (-

We will need to use some assumptions on the parameters of our model. For this,
we start by introducing some notation. Let H, denote a uniformly chosen community
in [n] = {1,2,...,n}. Furthermore, denote the number of communities of type H
in a graph with n communities by n;"[) . Then ng) /n is the fraction of communities
that are of type H. Let D, be the inter-community degree of a uniformly chosen
community, i.e., D, = dy, . Let the size of community i be denoted by s;, and the size
of a uniformly chosen community in [1] by S,. Then the total number of vertices in
the graph is

N =) s; =nE[S,]. (11.1.1)
Let S and D be the limits in distribution of S, and D, respectively, as n — co. We
assume that the following conditions hold:
Condition 11.1 (Community regularity).
(i) P,(H) = n(lf'l) /n s P(H), where P(H) is a probability distribution,
(i) lim,—e E[S,] = E[S],
for some random variable S with E[S] < oo,

Condition 11.2 (Intercommunity connectivity).

() limy_e E[Dy,] = E[D),
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(i) P(D=2) <1,
for some random variable D with E[D] < oo.
Condition 11.1(i) implies that D i> D and S, i> S, so that S and D are the

asymptotic community size distribution and community inter-community degree
distribution, respectively. Define

Pis = ) P, (H), (11.1.2)
H=(F,d):|F|=s,dy=k
Prs = ) P(H), (11.1.3)

H=(F,d):|F|=s,dy=k

as the probabilities that a uniformly chosen community has size s and inter-community
degree k, for finite n and n — oo, respectively. Then Condition 11.1 implies that
p,(("g — pis for every (k,s).

We can think of P,(H) as the probability that a uniformly chosen community
has a certain shape. In a data set we can approximate P,(H) and use the HCM in
the following way. Suppose a community detection algorithm gives the empirical
distribution of the community shapes P,(H). Now we construct a random graph in
the way that was described above. The probability that a certain community is of
shape H is P, (H). We condition on the total inter-community degree to be even so
that edges between communities can be formed as in a configuration model. This
results in a graph with roughly the same degree sequence as the original graph.
Additionally, the community structure in the random graph is the same as in the
original graph. This construction preserves more of the microscopic features of the
original graph than a standard configuration model with the same degree sequence as
the original graph. It also shows the necessity of extending the work of [68, 206] to go
beyond the assumption that communities are complete graphs, because communities
in real-world networks can be non-complete. Using this construction, the HCM can
match the community structure in many complex networks. We will study HCM
with real-world communities as inputs in Chapters 12 and 13.

11.2 Model properties

For a connected component of G, we can either count the number of communities in
the component, or the number of vertices in it. We denote the number of communities
in a connected component ¢ by v® (%), and the number of communities with
inter-community degree k in the component by U](<H> (€). The number of vertices in
component ¢ is denoted by v(%’). Let %1y and %(») be the largest and second largest
components of G, respectively, so that

v(%n)) = max v(€(u)), (11.2.1)
u€(N]

where € (1) denotes the component of vertex u. Furthermore, define vp as

E[D(D —1)]
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=K
) =

where D is the asymptotic community degree of Condition 11.2. Let p; = (D
and let ¢(x) = Y pxx* be the probability generating function of D, and ¢’(x
Yk k;:)kxk_1 its derivative.

11.2.1 Giant component

In the standard configuration model, a giant component exists w.h.p. if vp > 1[117,
154, 155]. In the HCM a similar statement holds:

Theorem 11.1. Let G be a HCM satisfying Conditions 11.1 and 11.2. Then,

@) Ifvp > 1,
U((g(l)) P Zk,sspk,s(l_gk)

N BT >0, (11.2.3)
where ¢ is the unique solution in [0,1) of ' () = ZE[D]. Furthermore, v(%)) /N LN

0.

(i) Ifvp <1, thenv(%4)/N Lo

Proof. Suppose vp > 1. By [107, Theorem 4.1], if Condition 11.2 holds, D, P Dand
vp > 1 in a standard configuration model, then w.h.p. there will be one component
with a positive fraction of the vertices as n — oo. Furthermore, the number of vertices
in the largest component in a standard configuration model v(%5)') and the number
of vertices of degree k in its largest connected component, v;(¢(5)") satisfy

o(€9) /n 51— g(&) >0, (11.2.4)
(G /n 2 p(1 - &), (11.2.5)

If vp < 1, then v(‘g(%’l)/n Lo Therefore, if Conditions 11.1 and 11.2 hold and
vp > 1 in the HCM, then there is a component with a positive fraction of the
communities as n — co. Hence, we need to prove that the largest hierarchical
component is indeed a large component with size given by (11.2.3) if vp > 1, and
that a small hierarchical component is also a small component of G.

Let ‘@(IC)M) denote the largest hierarchical component of G: the component with the
largest number of communities. We denote the number of communities in the largest
hierarchical component with inter-community degree k and size s by v}’ S) (‘K((C)M)).
Since G is a configuration model on the community level, (11.2.4) and (11.2.5) apply
on the community level. Furthermore, given a community in the largest hierarchical
component of inter-community degree k, its size is independent of being in the largest
hierarchical component. Moreover, ) sv;;)(‘g((ﬁw)/ n < Yy sp,(('f;. Therefore, by
Condition 11.1, the fraction of vertices in the largest hierarchical component satisfies

v(Cn) Zie(“‘% S Ygen” Svks (G5 p Yks SPks(1—¢F)

= = — > 0. 11.2.6
N s P E[S) (1126)




250 Chapter 11. Hierarchical configuration models

The last inequality follows from Condition 11.1(ii) and the fact that { € [0,1) and
s > 1. Now we need to prove that the largest hierarchical component indeed is the
largest component of G. We show that a hierarchical component of size o(n) is a
component of size op(N). Take a hierarchical component ¢ which is not the largest
hierarchical component, so that it is of size o(n). Then,

0(®) 1 50 (€) T RS Tiso(€)  nT ek Tiso, (6)

N E[S,] B E[S,] E[S,]
n L Ykvge (€) ElSulgs,oxy] nlo®™(€)  E[Sulys,x]
R 5 RS CNTES) T Es
(11.2.7)

First we take the limit for n — oo, and then we let K — oo. By [117], o™ (€) /n N
0, hence the first term tends to zero as n — co. Furthermore, E[S,1g, -k} —
E[S1{s-k3] as n — oo by Condition 11.1. By Condition 11.1(ii), this tends to zero

as K — co. Thus, v(¢)/N L5 0. Since (11.2.7) is uniform in %, this proves that
the largest hierarchical component is indeed the largest component of G. This also
proves part (ii), since by [107, Theorem 4.1], if vp < 1, U(H>(‘€((SM)) = op(n), so that
0(€) = op(N). Similarly, for vp > 1, v™(65") = op(n) by [107, Theorem 4.1].

Thus we may conclude that v(%,))/N Lso. O

We conclude that if Conditions 11.1 and 11.2 hold and vp > 1, then a giant
component exists in the HCM. Equation (11.2.3) gives the fraction of vertices in the
largest component. The fraction of vertices in the giant component may be different
from the fraction of communities in the giant hierarchical component. If the sizes and
the inter-community degrees of the communities are independent, then the fraction
of vertices in the largest component is equal to the fraction of communities in the
largest hierarchical component.

Corollary 11.1. Suppose that in the HCM G satisfying Conditions 11.1 and 11.2, the size of
the communities and the inter-community degrees of the communities are independent. Then,
ifl/D >1,

v(f;”) L1 g@), (11.2.8)
(%) ng) 5 1-g(2), (11.2.9)

where ¢ is the unique solution in [0,1) of §'(&) = ¢E[D]. Hence the fraction of vertices
in the largest component is equal to the fraction of communities in the largest hierarchical
component. If the size and the inter-community degrees are dependent, then this does not
have to be true.

Proof. The equality in (11.2.9) is given by [107, Theorem 4.1]. The equality in (11.2.8)
follows by substituting p; ; = pps in (11.2.3), so that

0(Cw) P Tesps Lepe(1—28%)  E[S](1 — L pud®)
*w) 2, L _ 55 —1-g(). (11.210)
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To show that (11.2.8) may not hold when the inter-community degrees and the sizes
are dependent, consider the HCM with

1 .
_J3 if (k,s) = (3,10), 11211
Phs {g if (k,s) = (1,1). (11.2.11)
Since vp = % > 1, a giant component exists w.h.p. Furthermore, & solves
2y =13¢ (11.2.12)

which has £ as its only solution in [0, 1). Therefore, the fraction of communities in the
largest component is given by 1 — g(%) = %{- To find the fraction of vertices in the

largest component, we use (11.2.3), which gives
160 -2 +1050-(3)") = § > & (11213)

Thus, the fraction of vertices in the largest component is larger than the fraction of
communities in the largest component. O

If there is a difference between the fraction of communities and the fraction of
vertices in the largest component, then this difference is caused by the dependence
of the sizes and the inter-community degrees of the communities. A community
with a large inter-community degree has a higher probability of being in the largest
hierarchical component than a community with a small inter-community degree.
In the example in the proof of Corollary 11.1, the communities with large inter-
community degrees are large communities. This causes the fraction of vertices in
the largest component to be larger than the fraction of communities in the largest
hierarchical component.

11.2.2 Degree distribution

In the HCM, the macroscopic configuration model has a fixed degree sequence. The

degree distribution of G depends on the sizes and shapes of the communities. Let n,((m
denote the number of vertices in community H with the sum of their intra-community
degree and inter-community degree equal to k. Then the degree distribution of the
total graph G is described in Proposition 11.1:

Proposition 11.1. Let G be a HCM such that Conditions 11.1 and 11.2 hold. The asymptotic
probability py that a randomly chosen vertex inside G has degree k satisfies

Yy P(H)RM™
="k 1*5([5]) k (11.2.14)
as n — o9,

Proof. Consider a HCM G on n communities. Let ng) be the number of commu-
nities in G of type H. The total number of vertices of degree k is the sum of the
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number of degree k vertices inside all communities, hence it equals }_y ng)nf). Furt-
hermore, Pn(H)n,im < Py(H)sy, so that limy e Y5 Pn(N)n;{H) =Yy P(H)n,((H) by
Condition 11.1. This gives

N n Yy ”H”iH) _ YH Pn(H)n;(H)
Px n-IN E[S,]

Ly b (11.2.15)
asn — oo. O

11.2.3 The probability of obtaining a simple graph

In the standard configuration model, the probability of obtaining a simple graph

converges to e/ 2-v2/4 ynder the condition that [D?] < 0 [106]. In the HCM, the
probability of obtaining a simple graph is largely dependent on the shapes of the
communities. Since we have assumed that the communities are simple, only the
inter-community edges can create self-loops and multiple edges.

Suppose that each vertex in a community has at most one half-edge to other
communities, i.e., dg’) € {0,1}. A double edge in the macroscopic configuration
model corresponds to a community where two vertices have an edge to the same
other community. Since dy’ € {0,1}, a double edge in the macroscopic configuration
model cannot correspond to a double edge in the HCM. A self-loop in the macroscopic
configuration model corresponds to an edge from one vertex v inside a community
to another vertex w inside the same community. This self-loop in the macroscopic
configuration model corresponds to a double edge in the HCM if an edge from v to w
was already present in the community. Thus, when d\ € {0,1} the probability that
the macroscopic configuration model is simple is lower bounded by the probability
that no self-loops exist in the macroscopic configuration model,

linl)inflP (Gy simple) > e™"0/2, (11.2.16)
n—oo

which is larger than the corresponding probability for the configuration model. In the
case of complete graph communities, every self-loop of the macroscopic configuration
model corresponds to a double edge in the HCM. Therefore, equality holds when all
communities are complete graphs.

11.2.4 Assortativity

The assortativity of a graph G = (V, E) can be interpreted as the correlation between
the degrees at the end of a randomly chosen edge [158] and is given by

1 2)2
2% jyeedidj — op (X d7)
N 3_1 2y2
Yid; = or (Lid})
Positive assortativity indicates that vertices of high degree are connected to other

vertices of high degree, and negative assortativity indicates that high degree vertices
are typically connected to vertices of low degree. Assortativity is a frequently used

r(G) (11.2.17)
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network statistic, despite its dependence on the network size [141], and can also be
interpreted in terms of the number of short walks on the network [149].

The assortativity of the HCM can be computed analytically using (11.2.17). We
denote the degree (inter- plus extra- community degree) of a randomly chosen vertex
among the N vertices of the graph by Dy. Furthermore, we denote by D the inter-
community degree of a randomly chosen vertex. For a given community H let Q(H)
denote

QH)= ) dd, (11.2.18)
{ij}€En
and let Q, be the value of Q(H) for a randomly chosen community. Then we can
prove the following result for the expected assortativity:

Proposition 11.2. Let G be a HCM such that Conditions 11.1 and 11.2 hold. Then the
expected assortativity of G satisfies

2E[DNDYPE [Sy] (E[Dy] — 1) +2E[Q,]E[S,] " — E[DZPE[Dy]

E[(G)] = ) Tt
E[DY] — E[DY]*E[DN]
(11.2.19)
Proof. We rewrite (11.2.17) as
2 2y gg o (AT
HG) = 2Y (ijyer didj — op (Tid?)” N XdijjeE did) — i
= 2 - 2
Yid] — op (Tid?) %Zid?_%
N i 4i
2 E[D})
2y inepdid —
_ N=tjeE™ . [Dzlfz[DN] . (11.2.20)
A3
]E[DN] - ]E[f)lj\]]

Therefore, the only term of assortativity that depends on the community structure
is the first term in the numerator. The edges of a HCM can be split into two sets:
the edges that are entirely inside a community, and the edges that are between
two different communities, denoted by E. and E, respectively. The edges inside
communities are fixed given the community shape. Therefore the contribution of the
intra-community edges to the first term in the numerator can be written as

1 _ _ E[Qn]
N L didi= Z Y, didj= - ZQ pey (1220

{i,j}€E; =1 {z]}eE

Let D denote the inter-community degree of a randomly chosen vertex inside a
commumty The HCM consists of nlE [D;] half-edges. The probability that a specific
half-edge will be paired with another specific half-edge equals 1/(nE [Dy,] — 1),
since the half-edges are paired at random. Then the expected contribution of the
inter-community edges can be written as

(®) 4)
N {i,j}eEb NS iSeimE [D”] -1 NIZ/IZnE[D] -1
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1 NN E[S)] (1)
- w5 ) ~Ep g (W5 )

i—1
E[S] ]E[DND%)]Z

= . (11.2.22)
E[Da] - 3
Combining (11.2.20), (11.2.21) and (11.2.22) proves the proposition. 0
11.2.5 Clustering coefficient
We now investigate the global clustering coefficient defined as
3 x number of triangles (11.2.23)

~ number of connected triples’

A connected triple is a vertex with edges to two different other vertices. In the
standard configuration model, the clustering coefficient tends to zero when E[D?] <
oo [161]. Thus, in the HCM, we expect that the clustering is entirely caused by
triangles inside communities.

Another measure of clustering is the local clustering coefficient for vertices of
degree k. This coefficient can be interpreted as the fraction of neighbors of degree k
vertices that are directly connected and is defined as

__ number of pairs of connected neighbors of degree k vertices

clk) = k(k —1)/2 x number of degree k vertices (112.24)

As in Section 11.2.2, let n;(H) denote the number of vertices in community H with

degree equal to k. Furthermore, let P denote the number of pairs of neighbors of a
vertex v € Vi within community H that are also neighbors of each other. We denote
the clustering coefficient of community H by ¢(H). Every vertex v in community H

has d (d\ — 1) /2 pairs of neighbors inside H. Hence, the total number of connected
triples inside the community is given by } ey, dy)(ds) —1)/2. Then, by (11.2.23),

_ 2Neey, B
Toevy ds (ds' —1)
Proposition 11.3 states that the clustering coefficient of the HCM can be written as

a combination of the clustering coefficients inside communities. Let D denote the
asymptotic degree as in Proposition 11.1.

¢(H) (11.2.25)

Proposition 11.3. Let G be a HCM satisfying Conditions 11.1 and 11.2, lim,,_, E[D2] =
E[D?] < o0 and limy_, E[D%] = E[D?] < oo. Then the clustering coefficient C™ and
average clustering coefficient for vertices of degree k, ¢\ (k), satisfy

co P, . 2EH Yoevy P(H)c(H)dy (dy’ — 1),
YH Loevy P(H)do(dy — 1)

2% Loevydo—k P(H)PS”
(k) L c(k) = 222 Gkv(kd_ 1")( P

(11.2.26)

(11.2.27)
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Figure 11.2: Possibilities to form triangles in the HCM that are not entirely inside
communities. Edges between communities (dashed) that add clustering correspond
to either a self-loop, a double edge or a triangle in the macroscopic configuration
model.
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(a) self-loop (b) double edge (c) triangle

Figure 11.3: Figure 11.2 on macroscopic level. The inter-community edges that
add clustering correspond to either a self-loop, a double edge or a triangle of the
macroscopic configuration model.

Proof. In the HCM, the number of triples is deterministic. A vertex v with degree
dy has d,(d, — 1) /2 pairs of neighbors. Thus, the total number of connected triples
in G is given by Yy ng) Yoevy, do(dy — 1)/2, where ng) is the number of type H
communities.

Triangles in G can be formed in several ways. First of all, a triangle can be formed
by three edges inside the same community. In this case the triangle in G is formed
by a triangle in one of its communities H. Another possibility to create a triangle
is shown in Figure 11.2a. The black edges show intra-community edges, and the
dashed edges are formed by edges of the macroscopic configuration model. Thus,
this triangle is formed by two intra-community edges, and one edge of the macrosco-
pic configuration model. Figure 11.3a shows that this inter-community edge is a
self-loop of the macroscopic configuration model. One self-loop of the macroscopic
configuration model can create multiple triangles; at most s; — 2. Figure 11.2b shows
the case where only one edge of the triangle is an intra-community edge. Figure 11.3b
shows that the two inter-community edges must form a double edge in the macrosco-
pic configuration model. The last possibility is that all three edges of the triangle
are inter-community edges as in Figure 11.2¢c. This corresponds to a triangle in the
macroscopic configuration model (Figure 11.3c).

Hence, either the triangle was present in H already, or it corresponds to a double
edge, self-loop or triangle in ¢(G), where ¢(G) denotes the macroscopic configuration
model. Let the number of self-loops, double edges and triangles in ¢(G) be denoted
by W, M and T respectively. Denote the number of triangles entirely formed
by intra-community edges of G by Tiar,. The number of triangles in G is bounded



256 Chapter 11. Hierarchical configuration models

from below by Tég}n Using (11.2.25), we obtain that

3Teom =) Y nWWP =Y Y nye(H)dy (dy —1). (11.2.28)
H veVy H veVy

Since c(H) < 1, and limy_, E[D%] = E[D?],

) _ 3 xnumber of triangles in G 3T om /1
- number of connected triplesin G ~ y, ) Yoevy, do(dy — 1)/ (2n)

P, 2Y HYvevy P(H)e(H)dy (dy) —1)
YH Loevy P(H)do(dy — 1)

The sums in (11.2.29) are finite due to the assumptions E[D?] < co and E[D?] < co.

For the upper bound, we use that every self-loop on the community level adds at
most s; — 2 triangles, and every triangle or double edge on the community level add
at most one triangle. This yields the inequality

(11.2.29)

w(n)
number of triangles G < TW 4+ M™ 4+ 80 4 Z (s7, —2). (11.2.30)
i=1
Here the sum is over all communities where a self-loop is present, written as (Ii)}’gl” '
If a community has multiple self-loops, then the community is counted multiple
times in the sum. By [13, Theorem 5]

(M + 1) /n L5 0. (11.2.31)

in a configuration model with [E[D?] < co.
The last term in (11.2.30) satisfies

Y sz, —2)  W®E[S, — 2 | self-loop]

n n

W max: .r,15; ()
< i€l % _ Wo(n) P, (11.2.32)

n n

The last equality follows because E[S,] — E[S] < oo, which implies that

1
lim lim — i1{s; = 2.
kl_)ﬁ;ﬂh_r}r;o - Z sil{s; >k} =0, (11.2.33)
j€ln]
so that max;s; = o(n). The convergence follows since the number of self-loops

in a configuration model converges to a Poisson distribution with mean vp [106,
Proposition 7.11], combined with E[D?] < co.
Combining (11.2.31) and (11.2.32) yields

_ 3T +3(M" + T) + 37 (s7, - 2)

cm <
YH ”(1;) EveVH do(dp —1)/2
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P, 2y 5 P(H) Loy, c(H)dy(dy —1)
Y P(H) Cocy, do(do —1)

Together with (11.2.29) this proves (11.2.26).
To prove (11.2.27), a similar argument can be used. The number of connected

neighbors of vertices of degree k is bounded from below by )y ng) YoeViydy—k Py,
and from above by

(11.2.34)

wn)
Youl Y P MO S0 Y (57— 2). (11.2.35)
H veVy:dy=k i=1

Then, dividing by k(k — 1)np;"”, where p|" is the probability of having a vertex of
degree k, and taking the limit yields (11.2.27). The assumption that E[D?] < co is

not necessary for this clustering coefficient, since P, /k(k — 1) < 1 for all vertices of
degree k. 0

11.3 Percolation

We now consider bond percolation on G, where each edge of G is removed indepen-
dently with probability 1 — 7r. We are interested in the critical percolation value and
the size of the largest percolating cluster. Percolation on the configuration model was
studied in [81, 115]. Here we extend these results to the HCM.

Percolating G is the same as first percolating only the intra-community edges, and
then percolating the inter-community edges. For percolation inside a community,
only the intra-community edges are removed with probability 1 — 7r. The half-edges
attached to a community are not percolated. Let H, denote the subgraph of H,
where each edge of H has been deleted with probability 1 — 7z. When percolating
a community, it may split into different connected components, as illustrated in
Figure 11.4b. Let ¢(H, v,1, i) denote the probability that the connected component
of Hy containing v has inter-community degree [. If Hj is still connected, then
the component containing v still has dy outgoing edges for all v € Vy. If Hy
is disconnected, then this does not hold. If one of the components of H, has an
inter-community edge, each vertex in another component of H; cannot reach that
edge. Therefore, a vertex in this other component is connected to less than dp inter-
community edges.

To compute the size of the largest percolating cluster, we need the following
definitions:

, Ty Yoev, dy'P(H)g(H, 0,k m)/k

P = , (11.3.1)
" En Toev, Ty P(H)g(H,v,1,7) /1
h(z) =Y kpi"t, (11.3.2)
k=1

A=) kpj. (11.3.3)
k=0
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N = N
11 e
i

(a) A set of communities (b) Percolation of intra- (c) Connected components of
community edges communities form new com-
munities

Figure 11.4: Percolating only intra-community edges first results in a HCM with
different communities.

The probabilities (p})x>o can be interpreted as the asymptotic probability distribution
of the inter-community degrees of the connected parts of communities after percola-
tion inside communities (the communities of Figure 11.4c). Then (z) and A are the
derivative of the probability generating function and the mean of the inter-community
degrees of the components of communities after percolation respectively.

Define D} as the number of inter-community edges after entering a percolated
community from a randomly chosen edge. The probability of entering at vertex v
in community H, equals P(H)dYy' /E[D]. After entering H at vertex v, there are in

expectation Z,?:Hfl kg(H,v,k+1, ) edges to other communities (since one edge was
used to enter H). Hence,

Dy—1

E[Dy] = LZP(H) Y. d Y kg(H,vk+1,7). (11.3.4)
IE[D] H veVy k=1

After percolating the inter-community edges, a fraction of 7 of these edges remain.
Thus, after percolating all edges, when entering a community, the expected number of
outgoing edges excluding the traversed edge is 7E[D}]. We expect the critical value
of 7t to satisfy EE[D}] = 1, i.e., the expected number of edges to other communities
is one, after entering a community from a randomly chosen edge. The next theorem
states that this is indeed the critical percolation value:

Theorem 11.2. Assume G is a HCM satisfying Conditions 11.1 and 11.2. The critical value
of the percolation parameter 7t of G is the unique solution of

(11.3.5)

Furthermore:

1. For 7t > 11, the size of the largest component of the percolated graph satisfies

v(Cw)
N

2 gl T P (-0 Ve vy 20
=1 veVy
(11.3.6)
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where & is the unique solution in (0,1) of

VIh(1 =/ +/7g) + (1 — VA = AL (11.3.7)

2. Form < 7, v(6)) /N Lo

For the standard configuration model, a special case of HCM with all communities
of size one, (11.3.5) simplifies to 77 = E[D]/E[D(D — 1)], since in that case, for a
vertex of degree d, ¢(v,v,k, m) = 1 {k=d}- Furthermore, 77, = 0 when for any 7w > 0,
the expected number of edges to other communities is infinite when entering a
community via a uniformly chosen edge.

The proof of Theorem 11.2 has a similar structure as the proof of [68, Theorem 1].
The proof consists of three key steps:

(a) First, each intra-community edge is removed with probability 1 — 7z. This
may split the community into several connected components. We find the
distribution of the inter-community degrees of the connected components of
the percolated communities, which is given by p}, as in (11.3.1). We identify
vertices that are in the same connected component of a community. Lemma 11.1
shows that this results in a graph ¢(G) that is distributed as a configuration
model with asymptotic degree probabilities p; (recall (11.3.1)).

(b) We then remove each intra-community edge with probability 1 — 7. Results
of [115] can now be applied to the configuration model with distribution p;. to
find the critical percolation value and the size of the giant hierarchical compo-
nent.

(c) Next, we translate the number of communities in the largest percolated hierar-
chical component to the number of vertices. Then we show that this is indeed
the largest component of the percolated graph.

We now present the details in these steps.

Auxiliary graph. We introduce the auxiliary graph ¢(G), defined for every subgraph
G C G, and obtained by identifying the vertices that belonged to the same community
in G, and are connected in G [68]. Hence, in ¢(G) every vertex represents a connected
part of a community. Figure 11.5 illustrates ¢(G). For a HCM G, the graph ¢(G) is a
configuration model where communities of G are collapsed into single vertices.

Lemma 11.1. Let G be a HCM satisfying Conditions 11.1 and 11.2. Let G denote the
subgraph of G where each intra-community edge is removed with probability 1 — 7. Then
the graph ¢(Gy) is distributed as a configuration model with degree probabilities p. given
in (11.3.1).

Proof. We independently delete each intra-community edge with probability 1 — 7.
We want to find the degree distribution of ¢(Gr). Let M™ (H, v, k, 7t) denote the num-
ber of connected components of the percolated versions of community H containing
vertex v and having inter-community degree k. Each community of shape H has an
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Figure 11.5: Left, a subgraph H of a community H, dashed lines are not in H, but are
present in H, solid lines are present in H. The graph ¢(H) is shown on the right.

equal probability that the component containing v has inter-community degree k gi-
ven by g(H, v, k, 7). Furthermore, the probability that a randomly chosen community
has shape H is independent of the probability that the inter-community degree is k
after intra-community percolation in community H. Therefore, given the number
of type H communities 1\, we can write M" (H,v,k, 1) ~ Bin(ng),g(H, v, k,7)).
Thus, by the weak law of large numbers,

(1) (1) (n)
M (H;lv,k, ) _M (H(,nz)z,k, ﬂ)n7H L, P(H)g(H, 0,k ). (11.3.8)
n

Let N (H, k, 7r) denote the total number of connected components of the percolated
versions of H having inter-community degree k. This number can be obtained
by counting the number of half-edges of all connected components of percolated
graphs with inter-community degree k, and then dividing by k. Each vertex v in
such a percolated community contributes d\’ to the inter-community degree of the
percolated community. Thus,

N"(H,k )= Y dyM" (H, vk r)/k. (11.3.9)

veVy

Let 71 denote the number of vertices in ¢(Gr), so that i = Y5y Y, N (H, k, 7). Simi-
larly, the number vertices of degree k in ¢(G) is denoted by 7y = Y5y N (H, k, 7r).
Furthermore, Y N™ (H, k, 1) /n < P,(H)sy, and therefore by the Dominated Con-
vergence Theorem, Condition 11.1, (11.3.8) and (11.3.9),

Dy
i/n Yy Y dYP(H)g(H, v,k )/k. (11.3.10)
H k=1veVy

This also implies that

n a i/n Yr Yoevy, Lidy'P(H)g(H,v,1,7) /1
(11.3.11)

N (H,k, ) N®(Hk m)/n ER Yoevy dV'P(H)g(H, v,k )/k

Hence, the proportion of vertices in ¢(G, ) with degree k tends to

(n) H k
- Zu L (11.3.12)
H n

v
31‘»
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Since the edges between communities in G were paired at random, this means that

the graph ¢(G) is distributed as a configuration model with degree probabilities

Pr 2
Using Lemma 11.1, we now prove Theorem 11.2:

Proof of Theorem 11.2. Step (a). Lemma 11.1 proves that ¢(Gr) is distributed as a
configuration model with degree probabilities p;.

Step (b). ¢(Gx) and ¢(G) have Yy ki and Y kny half-edges, respectively. Since only
intra-community edges have been deleted, )  kny = ) kfi,. By Condition 11.2(i),
Y« kng/n — E[D]. Furthermore, by (11.3.10) 71/n converges, hence Y ki /i con-
verges. Therefore we can apply Theorem 3.9 from [115], which states that after
percolation, a configuration model with degree probabilities p; has a giant compo-

nent if
7Y k(k—1)pp > Y kpp. (11.3.13)
k k

From Theorem 11.1 we know that a giant hierarchical component is also a giant
component in G, and a hierarchical component of size op (1) is a component of size
op(N). Hence, the giant component emerges precisely when the giant hierarchical
component emerges. Substituting (11.3.12) gives for the critical percolation value 7.
that

Yk kac _ YH Loevy dg;m 21?51 P(H)g(H,v,k, mc)k/k
Yek(k =Dk Ty Yoev, V) S0 P(H)g(H, 0k, mte)k(k — 1) /k
Yu Yoev, do' P(H)

e =

T Toev, 4 X0 P(H)g(H, 0,k o) (k — 1)
E[D
T TH Coer, L0 NP P(H)g(H, 0k + 1, 7o)k
= ]E[[l)* 7 (11.3.14)

Since E[D}] is increasing in 77, so that there is only one solution to the above equa-
tion. Step (c). Now assume that 7t > 7. Let Cg((lc)M) denote the largest hierarchical
component after percolation The number of degree r vertices in the largest com-
ponent of ¢(G) satisfies o' (%(CM))/ LN Yusr b (v/1)p)(1 — &) [115], where
by, (V) = ()7 (1 — \/7)!~" is the probability that a binomial with parameters I
and /7t takes value r, and ¢ is as in (11.3.7). To translate the number of percolated
communities in the largest component into the number of vertices in the largest com-
ponent, we need to know the expected number of vertices in the largest component
that are in a percolated community with inter-community degree k. The size of a
percolated community is independent of being in the largest hierarchical component,
but does depend on the inter-community degree of the percolated community. The
total number of vertices in connected percolated components with inter-community
degree k is given by Yy Ype v, M (H, v, k, 71), and the total number of percolated
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communities of inter-community degree k is given by }_;; N (H, k, 7r). Furthermore,
Yoevy M™(H,v,k,)/n < P,(H)sy. Hence, by Condition 11.2, the expected size of
a percolated community, given that it has inter-community degree k, satisfies

M™(H, vk,
E[S; | inter-community degree k| = L ZUGVH (H< k) )
— ZH ZUGVH (l (H/ 0, k/ n)/n

Yy NO(H,k, ) /n
P, YH Yoevy, P(H)g(H,v,k, )
11 Loevy 4o P(H)(H, v,k ) /K
(11.3.15)
Since } 77 v, (%((SM)) /N <1, we use the Dominated Convergence Theorem to com-
pute the asymptotic number of vertices in the largest component of ¢(G ) as

((g(CM)
Z N/n n/n
P, Z Y5y b (V) p)(1 = E")E[S | inter-community degree []
=0 E[S]/ Y Toev, Lk dy' P(H)g(H, v,k, ) /k

_ Yo Ty by (V) (1 E)p
E[S]/ L Loevy, T ds P(H)g(H, v, k, ) /k
St Toevy, P(H)g(H,0,1,7)
T Toevy, 4o P(H)g(H,v,1,7) /1
IR0 Do by (VA (1~ &)Y T Eeevy, P(H)g(H, 0,1, 7)
- E[S]

X1 - (1= VA +V7RE)) Ty Yoev, P(H)g(H, v, 1, 1)
- 5] :

(11.3.16)

Any other component of ¢(Gy) has size op(7i) by [115, Theorem 3.9]. As shown in
the proof of Theorem 11.1, any component of size op(71) in ¢(G ) is a component of
size op(N) in the total graph. Hence, wh.p. € (CM is the largest component of the
percolated graph Gy.

When 7t < 71, the largest component of ¢(G) satisfies v (%(CM)) /ii 25 0 [115].
Again, by the analysis of Theorem 11.1, this component is of size op (N ) in the original
graph. O

Equation (11.3.7) also has an intuitive explanation. Let Q be the distribution of
the inter-community degrees after percolation when following a randomly chosen
half-edge. Then we can interpret ¢ as the extinction probability of a branching process
with offspring distribution Q. Percolating the inter-community edges with probability
1 — 7 is the same as deleting each half-edge with probability 1 — /7. Then, with
probability 1 — /7t the randomly chosen half-edge is paired to a deleted half-edge,
in which case the branching process goes extinct. With probability /7, the half-edge
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leads to a half-edge which still exists after percolation, and leads to a community.
The probability generating function of the number of half-edges pointing out of this
community before percolating the half-edges is %h (¢). Since the number of half-edges
after percolation is binomial given the number of half-edges that were present before
percolation, the probability generating function of the number of half-edges attached
to a community entered by a randomly chosen half-edge is %h(l — 1+ /7).
Combining this yields (11.3.7).

The case E[D?] = co. In the standard configuration model 7t = 0 precisely when
E[D?] = co. In the HCM, this may not be true, since it is possible to construct
communities with large inter-community degrees, while all individual vertices have
low degree. An example of such a community structure is the HCM where each
community is a line graph H}, of L vertices with probability 51, where each vertex has
inter-community degree one. Figure 11.6a illustrates Hy for L = 5. We assume that
pr obeys the power law p; = cL=*, with & € (2,3). Then E[D] < oo, but E[D?] = co.
Hence, communities may have large inter-community degrees. However, G is a
3-regular graph, so no individual vertex has high degree. From this fact, we can
already conclude that 77 # 0. Suppose 7. < % Then, after percolation every vertex
has less than two expected neighbors. Hence, there is no giant component w.h.p.
We can also use Theorem 11.2 to show that 7z, # 0. We compute the denominator
of (11.3.5), and show that it is finite. We have

k=101 _ k=101 — 7 2(] — k — -
Zd;b)g(HL,U,k,ﬂc)—{anc (1—rm)+kni (1 —m)*(L—k—-1) ifk<lL,

oV krek—1 ifk=L.
(11.3.17)
This gives
L _ _
Z kY d¥g(Hp,ok+1,m) = 27 (e + L(1 fC)) ! (11.3.18)
k=1 veVy (1 - 7-((;)
Using that p; = ¢/~ gives for (11.3.4)
1 o !
_ ﬁZP(H) Yo dy) Y kg(H,0k+1,m)
veVy k=1
1 2l + L1 — ) — 1
= E[D] A Z b 1- )
L2 41— x)E[D] + i el L (11.3.19)
E[D] (1 - 7c)? ‘ = . -

From (11.3.19) we see that 77, = 0 is not a solution of (11.3.5). Hence, 7t > 0, even
though [E[D?] = .

Infinite second moment of degree. When the second moment of the degree distri-
bution as defined in Proposition 11.1 is infinite, 7t also does not have to be zero. It
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Figure 11.6: Communities with L = 5.

is possible to ‘hide’ all vertices of high degree inside communities that have small
inter-community degrees. The small inter-community degrees make it difficult to
leave the community in percolation. One example of such a community structure
is the case in which each community is a star-shaped graph with L endpoints with
probability p;. One vertex in the graph has inter-community degree one, and all
the other vertices have inter-community degree zero. Figure 11.6b illustrates the
star-shaped graph for L = 5. Since each community has only one outgoing edge,
there cannot be a giant component in G. We can also see this from Theorem 11.1,
since E[D] = E[D?] = 1. By Proposition 11.1, the degree distribution equals

(Lo (L—=1Dpr+p1) /E[S] ifk=1,
Pr = q (1+ p2) E[S] ifk=2, (11.3.20)
pr/E[S] ifk > 2.

When p; is a probability distribution with infinite second moment, the second moment
of p; is also infinite. Hence, the degree distribution of the HCM G has infinite second
moment, while there is no giant component, so that certainly 7t # 0.

A sufficient condition for 7, = 0.
By (11.3.5),

_ E[D]

Y6 P(H) Yoev, d Y0 kg(H, 0,k +1, 71.)
E[D]

" Y6 P(H) Loey, (dy)?

Hence, Y5 Yvev, P(H) (dY)2 = oo is a sufficient condition for 77, = 0. This condition

can be interpreted as an infinite second moment of the inter-community degrees
of individual vertices. However, it is not a necessary condition. It is possible to
construct a community where all individual vertices have a small inter-community
degree, but are connected to a vertex with high degree. Consider for example the star
community of Figure 11.6c, with one vertex in the middle, linked to L other vertices.
The L other vertices have inter-community degree one, and the middle vertex has
inter-community degree zero, hence all vertices have small inter-community degree.
However, the middle vertex can be of high degree. Let each community be a star-
shaped community with L outgoing edges with probability ;. We can calculate that
e = Y pLL(L — 1)7t2. Hence, if we choose p; with finite first moment and infinite

TTc

(11.3.21)

2
second moment, 77 = 0. However, Y5 Y ey, (d")" =¥, Lp, = E[D] < .
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11.4 Existing graph models with a community structure

In this section, we show how three existing random graph models with community
structure fit within the HCM.

11.4.1 Trapman’s household model

Trapman [206] replaces vertices in a configuration model by households in the form
of complete graphs, such that the degree distribution of the resulting graph is px. To
achieve this, each community is a single vertex of degree k with probability (1 — ) px,
or a complete graph of size k with probability yp;. Here py, the probability that a
certain clique has degree k, is given by

o=k 'pEWT (11.4.1)

where W is a random variable satisfying IP(W = k) = py. Each vertex of the complete
graph has one edge to another community. Figure 11.7 illustrates a household of size
5. This model is a special case of the HCM with

(K (1,.1) wp vy
" {(Ur(k)) wp. (1= 7)pe (11.4.2)

where K} is a complete graph on k vertices.

We now check when (11.4.2) satisfies Conditions 11.1 and 11.2. The assumption
P(D = 2) < 1is satisfied if and only if pp < 1. The expected inter-community degree
of a community is given by

E[D] = (1—-1) ;kpk + ’)’;kﬁk = (1—7)E[W] + BT (11.4.3)

Hence, E[D] < o if E[W] < co and E[W~!] # 0. By Jensen’s inequality, E[W~!] >
E[W]~! > 0, hence E[D] < oo if and only if E[W] < co. For every community in
this model, its size is smaller than or equal to its inter-community degree, so that
also E[S] < o0 if E[D] < oco. Thus, Conditions 11.1 and 11.2 hold if E[W] < co and
p2 < 1. Under these conditions we can apply the results for the HCM as derived in
Sections 11.2 and 11.3.

Suppose that py follows a power law with exponent a. Then 7 follows a power
law with exponent & — 1, and the distribution of the inter-community degrees D is

a mixture of a power law with exponent «# and a power law with exponent « — 1
by (11.4.1).

11.4.2 Lelarge and Coupechoux” household model

Another model that takes complete graphs as communities is the model of Coupe-
choux and Lelarge [68]. This model is very similar to Trapman’s model. Again, each
community is either a complete graph or a single vertex. In contrast to [206], the
probability that a certain community is a clique depends on the degree of the clique.
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Figure 11.7: A household of size 5

Each vertex of degree k in the macroscopic configuration model is replaced by a
complete graph with probability 7. This graph can be modeled as a HCM with

K (L. 1) wp
" {(Ur(k)) w.p. (1= 7) e (11.4.4)

where (fy)r>1 is a probability distribution. Since the inter-community degrees of all
communities have distribution P(D = k) = p;, Condition 11.2 holds if the probability
distribution pj has finite mean and p, < 1. The size of a community is always smaller
than or equal to its inter-community degree, so that also E[S] < co if pj has finite
mean. Thus, Conditions 11.1 and 11.2 hold if py has finite mean and p, < 1.

If these conditions on fi hold, then the degree distribution py of the resulting
graph can be obtained from Proposition 11.1 as

_ (ke + (U= 70)) Pe
k Yizo(ivi + (1 —))pi

(11.4.5)

Suppose that v, > v > 0. Then, in contrast to Trapman’s household model in
Section 11.4.1, the degree distribution of the edges between communities, i, follows
a power law with exponent « + 1 if the degree distribution pj follows a power law
with exponent a.

As an example of such a household model, consider a graph with p3 = a and
pe = 1 —a and a tunable clustering coefficient. We take ¢ = 0, but increase 73,
while the degree distribution remains the same. Thus, the graph consists of only
single vertices of degree 6, single vertices of degree 3 and triangle communities.
Since we increase 73, the number of triangles increases, so that also the clustering
coefficient increases. Figures 11.8a and 11.8b show the size of the giant component
under percolation for different values of the clustering coefficient using a = 0.75 and
a = 0.95 respectively. In the case where a = 0.75, clustering decreases the value of
1tc, whereas if a = 0.95, clustering increases the value of 7t.. This illustrates that the
influence of clustering on bond percolation of a random graph is non-trivial. In two
similar random graph models, introducing clustering has a different effect.

11.4.3 Configuration model with triangles

A third random graph model with clustering is the model by Newman [157]. In this

model, each vertex v has an edge-degree d\/’ and a triangle degree d\, denoting the
number of triangles that the vertex is part of. Then a random graph is formed by
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Figure 11.8: The size of the giant component after bond percolation with probability
7t in a household model with p3 = a and pg = 1 — a for various clustering coefficients
C. If a = 0.75, adding clustering decreases the critical percolation value, whereas if
a = 0.95, adding clustering increases the critical percolation value.

pairing edges at random and pairing triangles at random. Even though this model
does not explicitly replace vertices in a configuration model by communities, it is
also a special case of the HCM if some conditions on the degrees are satisfied. The
communities in this model are the connected components consisting only of triangles.
Figure 11.9 shows two possible realizations of such communities.

From results derived in [157], we can find the probability generating function /,(z)
of the number of vertices in triangles that can be reached from a uniformly chosen
triangle, and the probability generating function hg-(z) of the size of the triangle
component of a randomly chosen vertex, that together satisfy

he(z) = 284(H7 (2)),  hs+(2z) = z8p (7 (2)), (11.4.6)

where g, is the probability generating function of the size-biased distribution of the
triangle degrees, and g, the probability generating function of the triangle degree
distribution. In the HCM, hg-(z) can be interpreted as the probability generating
function of the size-biased community sizes. Thus, the mean size-biased community
size is given by

2E[D?)]
3 —2E[D®*]’

where D® is the size-biased distribution of the triangle degrees. Since E[S*] > E|[S],
Condition 11.1(ii) is satisfied if E[D®"] < 3.

The mean inter-community degree of a community is given by
Z?:l EveGi dgil) . 2, 1 l

E[D] = lim p = lim n/N

E[S*] =1+ (11.4.7)

= E[S]E[DY)]. (11.4.8)

Hence, Conditions 11.1 and 11.2 are satisfied if E[D®*] < 3 and E[D')] < co. When
these conditions are satisfied, the condition for emergence of a giant component is
E[DW]E[S] _ E[D"

E[D( _]IE[S] - E[DV] > 1. (11.4.9)
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Figure 11.9: Two possible communities Figure 11.10: The size of the giant per-
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Therefore, as long as E[D®*] < 3, the emergence of the giant component only
depends on the edge degree distribution.

To apply the results of the HCM, we need the probability P(H) that a randomly
chosen community is of type H. This probability is not easy to obtain, but it can be
approximated using a branching process. The branching process starts at a vertex, and
explores the component of triangles. The first generation of the branching process has
Zy = 1. The first offspring, Z; is distributed as 2D®. All other offspring, Z; fori > 1
is distributed as Z].Z:i’l] 2(D](.2>* —1). Here D](.Z) " are independent copies, distributed
as D@, In this branching process approximation, cycles of triangles are ignored.
The size-biased probability of having a specific community H can be obtained by
summing the probabilities of the possible realizations of the branching process when
exploring graph H. This probability is size-biased, since when starting at an arbitrary
vertex, the probability of starting in a larger community is higher. This probability
then needs to be transformed to the probability of obtaining graph H.

To compute the size of the giant component after percolation from (11.3.6), ¢(H, v, k, 1)

is needed for every community shape H. This is difficult to obtain, since it largely
depends on the shape of the community, and there are infinitely many possible com-
munity shapes. Figure 11.9 shows an example of why the shape of a community
matters. When percolating the left community, the probability that the red vertex is
connected to k other vertices is smaller than for the graph on the right. For this reason,
we approximate (11.3.6) numerically using the branching process described above.
In [157], Newman gives expressions for the size of the largest percolating cluster.
Figure 11.10 compares the size of the giant component computed in that way with
a numerical approximation of (11.3.6). We see that indeed the equations from [157]
give the same results for the largest percolating cluster as (11.3.6).

11.5 Stylized networks

In this section, we study two stylized examples of community structures. The first
example gives a community type that decreases the critical percolation value compa-
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red to a configuration model with the same degree distribution. The second example
increases the critical percolation value when compared to a configuration model.

11.5.1 A community structure that decreases 77,

As an example of a community structure that decreases 7., we consider a HCM
where with probability ¢ a community is given by Hy: a path of L vertices, with a
half-edge at each end of the path as illustrated in Figure 11.11. With probability 1 — ¢
the community is Hy: a vertex with three half-edges. The degree distribution of this
HCM can be found using Proposition 11.1 and is given by

L .
Wu lf k = 2,
Pe = L¢+—714’_¢ ifk =3, (11.5.1)
0 otherwise.

In this example E[D] = 2¢ + 3(1 — ¢). Furthermore, ¢(Hy,v,2,7) = 7~ for all
v € Hj. In Hj there is no percolation inside the community, hence ¢(Hp,v,3, 1) = 1.
Equation (11.3.5) now gives

_ 3—-¢
e = o 69 (11.5.2)

hence 2¢7tt +6(1 — ¢)m, — 3+ ¢ = 0.

Now we let the degree distribution as defined in (11.5.1) remain the same, while
changing the length of the path communities L. If in the total graph, we want to have
a fraction of a vertices of degree 3, thena = p3 = Jifw Hence, ¢ = % In this
way, we obtain HCMs with the same degree distribution, but with different values of
L. Figure 11.12 shows the size of the largest component as calculated by (11.3.6) for
a = 1/3. As L increases, 7t decreases. Hence, adding this community structure ‘helps’
the diffusion process. This can be explained by the fact that increasing L decreases the
number of line communities. Therefore, more vertex communities will be connected
to one another, which decreases the value of .. Another interesting observation is
that the size of the giant component is non-convex in 7. These non-convex shapes
can be explained intuitively. As the lines get longer, there are fewer and fewer of
them, since the degree distribution remains the same. Hence, if L is large, there will
only be a few long lines. These lines have 7. ~ 1. Since there are only a few lines,
almost all vertices of degree 3 will be paired to one another. The critical value for
percolation on a configuration model with only vertices of degree 3 is 0.5. Hence,
for this HCM with L large we will see the vertices of degree 3 appearing in the giant
component as 7t = 0.5, and the vertices in the lines as 7 = 1.



270 Chapter 11. Hierarchical configuration models

11.5.2 A community structure that increases 77,

As an example of a community structure that inhibits the diffusion process, consider a
configuration model with intermediate vertices as introduced in [110]: a configuration
model where every edge is replaced by two edges with a vertex in between them.
This is equal to a HCM with star-shaped communities as in Figure 11.6c: one vertex
that is connected to L other vertices. Each of the L other vertices has inter-community
degree one. The vertex in the middle is not connected to other communities. We
consider a HCM where all communities are stars of the same size. Therefore all
star-shaped communities have the same number of outgoing edges, and E[D] = L.
The degree distribution of this HCM is given by

o k=2,
pr=1 o ifk=L, (11.5.3)
0 otherwise.

Under percolation, the connected component of a vertex v at the end point of a star
can link to other half-edges only if the edge to the middle vertex is present. Then
the number of half—edges to which v is connected is binomially distributed, so that

g(H,v,k ) = n(}” 1)n’< (1 — )= for k > 2. Then (11.3.4) gives

E[D ZZ Y P(H)dYkg(H,v,k+1,7)

H k veVy

=Y knf(1—m)tt (L ; 1) = (L-1)7% (11.5.4)

k>1

Then (11.3.5) yields 7. = (L —1)~1/3,

Now we consider a configuration model with the same degree distribution (11.5.3).
For this configuration model, 77, = 4L+3L7%3L ya +1 Figure 11.13 shows the size of
the giant component of the HCM compared with a configuration model with the
same degree distribution for different values of L. This hierarchical configuration
has a higher critical percolation value than its corresponding configuration model.
Intuitively, this can be explained from the fact that all vertices with a high degree are
‘hidden’ behind vertices of degree 2, whereas in the configuration model, vertices of
degree L may be connected to one another.

Combined with the previous example, we see that adding communities may lead
to a higher critical percolation value or a lower one. Furthermore, the size of the giant
component may be smaller or larger after adding communities.

11.6 Conclusions and discussion

In this chapter, we have introduced the HCM, where the macroscopic graph is a con-
figuration model, and on the microscopic level vertices are replaced by communities.
We have analytically studied several properties of this random graph model, which
led to several interesting insights. For example, the condition for a giant component
to emerge in the HCM is completely determined by properties of the macroscopic
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configuration model. However, the size of the giant component also depends on the
community sizes. In contrast, the asymptotic clustering coefficient is entirely defined
by the clustering inside the communities. For bond percolation on the HCM, the
critical percolation value depends on both the inter-community degree distribution
as well as the shape of the communities.

Finally, we have shown that several existing models incorporating a community
structure can be interpreted as a special case of the HCM, which underlines its
generality. Worthwhile extensions of the HCM for future research include directed or
weighted counterparts and a version that allows for overlapping communities.

The analysis of percolation on the HCM has shown that the size of the largest
percolating cluster and the critical percolation value do not necessarily increase
or decrease when adding clustering. It would be interesting to investigate how
other characteristics of the graph like degree-degree correlations influence the critical
percolation value.
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In this chapter, we again study the HCM model introduced in Chapter 11. We view
several real-world networks as realizations of HCM. By doing this, we observe two
previously undiscovered power-law relations: between the number of edges inside a
community and the community sizes, and between the number of edges going out
of a community and the community sizes. We also relate the power-law exponent
T of the degree distribution with the power-law exponent of the community-size
distribution . In the case of extremely dense communities (e.g., complete graphs),
this relation takes the simple form 7 = ¢y — 1.

12.1 Introduction

In Chapter 11 we studied the mathematical properties of the HCM. In this chapter,
we look at several data sets through the lens of the HCM. A crucial property of the
HCM is that it can use any proposed community structure as input. That is, the
HCM viewed as an algorithm first models the community structure, and then creates
the random network model. To be more specific, the community structure can be
uncovered by some detection algorithm that, when applied to a real-world network,
leads to a collection of plausible communities and their frequencies. By sampling
from this collection of communities, the HCM can generate resampled networks with
similar structure as the original network.

Analyzing several real-world networks through the lens of the HCM reveals
an interesting property of real-world networks: the joint distribution (pys)xs>1 of
the community size s and the number of connections k a community has to other
communities. The size of the giant component delicately depends on this joint
distribution, which can be determined from network data once the community
structure is determined. In fact, after studying py ; for several real-world networks,
we observe a power-law relation between the size of a community and the number of edges
out of a community in many real-world networks.

In Chapter 11 we have shown that except for this joint distribution, the size of
the giant component does not depend on detailed information about the structure
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of the communities, but when we perform percolation on the network, more precise
structural information does matter. Inspired by this need to include detailed commu-
nity structure, and thus extend the model description beyond (py s )i s>1, We observe
a second power-law relation between the denseness of a community and its size in several
real-world networks.

For the present chapter, the most important application of the HCM is to inves-
tigate power-law networks. Statistical analyses of network data shows that many
networks possess a power-law degree distribution [66, 158, 162, 212]. Traditionally,
this is captured by using the CM and assuming that the probability p; that a node
has k neighbors then scales with k as py ~ Ck™7 for some constant C and power-law
exponent T > 0. Many scale-free networks have an exponent T between 2 and 3 [6,
79], so that the second moment of the degree distribution diverges in the infinite-size
network limit. The exponent T is an important characteristic of the network and
determines for example the mean distances in the network [108, 109, 164], or the
behavior of various processes on the graph like bond percolation [55], first passage
percolation [23] and an intentional attack [67]. Using the HCM instead of the CM, it
no longer sulffices to describe the degree distribution (py )x>1, but instead assumptions
need to made about the joint distribution (pj )i s>1. In the special case of extremely
dense communities, this joint perspective gives rise to the following phenomenon
(that we formalize in Section 12.2): If the total degree distribution of a network with
extremely dense communities follows a power law with exponent T, then the power law of
the community sizes has exponent y = T + 1. In the household model, where each com-
munity is a complete graph, we observe that indeed v = 7 + 1. However, real-world
network data show that communities are not always extremely dense, in which case
we find that v # 7 4 1. This is due to the fact that the edge density of communities
turns out to decay with community size.

The outline of this chapter is as follows. In Section 12.2 we consider the special
case of the HCM in which the degree distribution as well as the community-size dis-
tribution follows a power law. It is here that we discover the power-law shift caused
by community structure when the communities are extremely dense. In Section 12.3 we
apply the HCM to several real-world networks, and we observe two more power-law
relations in graphs with communities. In Section 12.4 we present conclusions and
future research directions.

12.2 Power-law community sizes

In several real-world networks, the community-size distribution appears to be of
power-law form over some significant range [36, 65, 102, 186]. The analysis in this
section assumes that both the degree and the community-size distributions obey
power laws with exponents T and v, respectively. Typical values reported in the
literature are 2 < 7 < 3and 1 < v < 3 [80]. We then investigate the behavior of
(Pks)ks>1 defined in (11.1.3): the probability that a randomly chosen community has
size s and inter-community degree k. We start by investigating a simple community
structure where all communities are complete graphs, and then proceed to investigate
more general dense community shapes.
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Household communities. An extreme community structure is that of household
communities [206], in which all communities are complete graphs. Each vertex inside
the community has outside degree one. Figure 12.1 shows an example of a household
community with s = 5.

In a household community, k = s, hence py s = 0if k # s. Suppose the distribution
of the community sizes follows a power law with exponent vy, pyx = Ck~7. Then
the outside degrees also follow a power-law distribution with exponent y. Now we
derive (Pg)k>o, the degree distribution of the HCM with this household structure.
For a vertex in the household model to have degree k, it must be in a community of
size k. Furthermore, there are k of such vertices inside each community, so that

s kpeg KGO 0

Pk Zfil I'Pi,i E [S] Czk ’ (12.2.1)
where E [S] denotes the average community size. Thus, the degree distribution of
the graph with household communities again obeys a power law but with exponent
T = 7 — 1, as observed in [206]. We call this phenomenon a power-law shift, because
the edges out of a community have a smaller degree distribution than the individual
edges (see Figure 12.2).

Extremely dense communities. We will now show that a power-law shift still
occurs in in communities that are not complete graphs, but still extremely dense.
We should, however, remark upfront that the data sets that we will investigate in
Section 12.3 do not display this extremely dense community structure. In an extre-
mely dense community, many edges are contained in communities. Let ej, denote the
number of edges inside a community. We assume that there exists ¢ > 0 independent
of the number of communities 7 such that for each community H of size s,

ein > es(s—1). (12.2.2)

In this case, every community of size s contains a positive fraction of the edges that

are present in a complete graph of the same size. The household model gives ¢ = %
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Since the power-law shift states that the outside degrees of the communities are
‘small’, we need the outside degrees of individual vertices to be small as well. Thus,
we assume that there exists a K < oo such that for all vertices

d¥ < Ks,, (12.2.3)

where s, denotes the community size of the community containing vertex v. This
implies that k < Ks? for every community. Using assumptions (12.2.2) and (12.2.3)
we show that a power-law shift occurs.

Suppose that the community-size distribution follows a power law with exponent
7. Denote the cumulative degree distribution by P; = };<; p;. Since the maximal
inside degree of a vertex in a community of size siss — 1, and by (12.2.2) the average
inside degree of a vertex is greater than or equal to e(s — 1), at least a fraction of ¢
vertices in any community have inside degree at least (s — 1). Thus, a vertex inside
a community of size i/e + 1 has probability of at least € to have inside degree at least
e(i/e+1—1) =i. Hence, 1 — P; is bounded from below by ¢ times the probability
of choosing a vertex in a community of size at least i /& + 1. The probability that a
randomly chosen vertex is in a community of size j is given by ) ry ;. This yields

1 1
1—P>) Y rijer1€=), (8 + 1) ;Pk,i/sﬂmﬁ

i>j k i>j
~ CjT2, (12.2.4)

Furthermore, given the distribution of the community sizes, 1 — P] is maximal when
all communities are complete graphs, and every vertex has Ks half-edges attached to
it. Then each vertex in a community of size s has degree s — 1 + Ks. Hence, to choose
a vertex with degree at least j, we have to choose a vertex inside a community of size
atleast (j+1)/(K+1). Then

B , 1 ¢ [jH1\ 7
_’Z z;pkri]E[S] “E[S <K+1) : (12.2.5)

Combining (12.2.4) and (12.2.5) shows that the degree distribution follows a power
law with exponent T = 7y — 1. In other words, when the community-size distribution
of a network with extremely dense communities follows a power law with exponent
v, the power law of the degrees has exponent T = v — 1. A similar analysis shows
that for power-law distributions with cutoffs the exponents of the degree distribution
and the community-size distribution are also related as T = y — 1.

Under a more strict assumption on the inter-community degrees

4y’ <K, (12.2.6)

we can also relate the power-law exponent of the intra-community degrees to the de-
gree distribution. Assumption (12.2.6) implies k < sK, and therefore if the community-
size distribution follows a power law with exponent v = 7 + 1, then the distribution
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of the community outside degrees cannot have a power-law distribution with ex-
ponent smaller than y. Suppose we want to construct a graph where the degree
distribution follows a power law with exponent T € (2,3). One possibility to con-
struct such a graph is to use the CM. However, the CM with T € (2,3) has vanishing
probability to create a simple graph. Another way to construct a graph with this
degree distribution is to use the HCM with extremely dense communities of power-
law size with exponent T + 1. The outside degrees of the communities then follow
a power law with exponent at least T +1 > 3. Since the outside degrees are paired
according to the CM, the probability that the resulting graph is simple, will be larger
than zero in the limit of infinite graph size. Thus, the HCM is able to construct a
simple graph with degree power-law exponent T € (2,3).

Another interesting application of this power-law shift is in the critical percolation
value. It is well known that the critical percolation value 77, = 0 for a CM with
T € (2,3) [154]. When we use Theorem 11.2 on highly connected communities, close
to the critical value 7t., these communities will still be connected after percolation, and
¢(H,v,1,¢) =~ 1forl = k. Then Theorem 11.2 reduces to 7. = E [D] /(E [D(D —1)]),
as in the standard CM. Thus, if communities are highly connected compared to the
inter-community edges, the critical percolation value is entirely determined by the
inter-community edges. Since the inter-community degrees have exponent larger
than 3, the HCM is able to construct random graphs with T € (2,3) and 77, > 0. This
shows that the HCM with extremely dense communities is in another universality
class than the CM.

The role of hubs. A power-law degree distribution implies the existence of hubs:
nodes with a very high degree. We now show that under assumptions (12.2.2)
and (12.2.3) this only occurs in networks that are not very realistic. Since every
vertex is inside a community in the HCM, the hubs also need to be assigned to some
community. In these communities, hubs can have several roles, as observed in [103].
There are two possibilities, as shown in Figure 12.3. When most neighbors of the
hub are also inside the community as in Figure 12.3a, then the hub is in a very large
community. Assumption (12.2.2) states that most neighbors of the hub should also
be connected to one another, and thus also have a high degree. However, in real-
world networks this might not be realistic. For example, when one person in a social
network has many friends, this does not mean that most of these friends are friends
with one another. Hence, putting most neighbors of a hub inside the same community
can create communities that are not dense. The other possibility (see Figure 12.3a) is
to have only a small fraction of the neighbors inside a community. However, now the
outside degree of the hub is large, which may contradict assumption (12.2.3) when the
hub is in a small community. Therefore, it is not realistic to assume that networks have
both hubs and extremely dense communities. Although it is theoretically possible
to have networks with a dense community structure and power-law degrees, this
only happens if the nodes with very high degrees are in big communities with one
another, and have only a few links to nodes of lower degrees.
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Figure 12.3: Illustration of the role of hubs.

AMAZON GOWALLA WordNet GOOGLE

S (data) 1,000 1,000 0,994 0,977
S (HCM) 1,000 1,000 0,994 0,978
S (CM) 0,999 0,993 0,999 0,997
v 2,89 - 3,23 2,44
T 3,31 2,48 2,46 -
o 0,15 0,31 0,21 0,21
B 1,14 1,18 1,28 1,24
Cmacro 0,084 0,044 0,124 0,088

density  1,6-107°  4,9-10° 6,2-107° 1,1-107°

Table 12.1: Several characteristics of four different data sets

12.3 Real-world networks

In this section, we apply the HCM to four different data sets: an AMAZON co-
purchasing network [225], the GOWALLA social network [60], a network of relations
between English words [150] and a GOOGLE web graph [139]. To extract the commu-
nity structure of the networks, we use the Infomap community detection method [190],
a community detection method that performs well on several benchmarks [135]. Ta-
ble 12.1 shows that Theorem 11.1 identifies the size of the giant component almost
perfectly, in contrast to the value calculated by the CM. Furthermore, we see that
the clustering coefficient of the macroscopic CM Cmacro is quite low in three out of
the four data sets; only the clustering coefficient of WordNet is higher. This implies
that our assumption that the connections between communities are tree-like, even
though it is not completely satisfied in real-world networks, still often is a reasonable
approximation. In particular, HCM still allows for more deviation from the locally
tree-like structure than the classical CM model.

Figure 12 4 illustrates the distributions of the degrees, the community sizes, and
the community outside degrees for these data sets. While the outside degree distri-
bution in Figures 12.4a and 12.4c clearly do not follow power laws, the degrees and
the community sizes seem to follow power-law distributions, possibly with cutoffs.
Tables 12.2 and 12.3 of Appendix 12.A show the goodness-of-fits of the power-law
distributions for the degree distribution and the community-size distribution. In
Appendix B we also test alternative distributions, using the methods of Clauset et
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Figure 12.4: Tail probabilities of the degrees, community sizes s and the inter-
community degrees k in real-world networks.

al. [66]. We see that most of the data sets can be approximated by either power laws,
or power laws with an exponential cutoff. Table 12.1 presents the estimated power-
law exponents of the degrees, 7, and the community sizes, . In the cases where
the power law with exponential cutoff seems the more appropriate distribution, the
exponent of this power-law distribution is shown. The degree distribution of the
Google data set and the community-size distribution of the Gowalla data set do not
show statistical evidence for a power-law distribution or a power-law distribution
with an exponential cutoff. Therefore, Table 12.1 does not show exponents for these
data sets. We see that a power-law shift is less pronounced than in the stylized house-
hold model, if existing at all. This indicates that the communities in the data sets do
not have the intuitive extremely dense structure. Thus, we test assumption (12.2.2).
The maximum number of edges inside a community is obtained if the community
is a complete graph, in which case e, = 3s(s — 1). Dividing (12.2.2) by s(s — 1)/2
gives S(sf‘ﬁ > 2¢. This fraction measures how dense a community is. Figure 12.5
plots the community size s against the average value of 2e;,/ (s> — s), and the last
row of Table 12.1 presents this measure of denseness for the entire network. For all
networks,the density of a community is not independent of its size s. Larger com-
munities are less dense than smaller communities. Therefore, the large communities
do not satisfy the intuitive picture of an extremely densely connected subset. Still,
Table 12.1 shows that the density within communities is much higher than the density
of the entire network. This is a similar observation as in [139], where the authors
discover that most real-world networks have a strongly connected core, which con-
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Figure 12.5: The relation between the denseness of a community 2e;, /(s> — s) and
the community size s can be approximated by a power law.

sists of several interconnected communities that are hard to distinguish. The core
is connected to the periphery, some isolated, densely connected small communities.
This structure could explain the dependence of the density of the communities on s.
The large communities that are not very dense are part of the core, whereas the small
communities are the more isolated parts of the network. Another interesting property
of the community structures in Figure 12.5 is the power-law relation between the
community sizes and their densities, ej, ~ cs®t1. The AMAZON, GOWALLA and
WordNet network have a clear power-law relation, whereas the GOOGLE network
deviates more from its power-law approximation. Table 12.1 shows the values of « for
these networks, using a least squares regression. In assumption (12.2.2), we assume
that « = 1. However, Table 12.1 shows that the example data sets have a < 1. For
this reason, we replace (12.2.2) by

ein > es(s — 1)~ (12.3.1)

Now (12.2.5) still holds, but (12.2.4) needs to be modified. The average inside degree
of a vertex now is &(s — 1)*. Since the maximum inside degree is s — 1, there are at
least e(s — 1)1 vertices of degree at least ¢(s — 1)*. A similar analysis as (12.2.4)
yields

1-P > erk,(i/e)(l/“)+1€ (i/e) @1/

i>j k
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Figure 12.6: The outside degree of a community k follows a power-law relation with
the community size s.

“EFL ()" 1) " sy

i>j
~ Cj/eF2, (12.3.2)

Together with (12.2.5), this shows that the exponent T of the degree distribution
satisfies T € [y — 1,1 — 1]. Table 12.1 shows several values of T, y and y/a — 1. We
see that indeed T € [y — 1,1 — 1] in the example data sets. However, the interval
may be quite wide when « is small.

We next test assumption (12.2.3). Interestingly, Figure 12.6 shows a power-law
relationship between k and s, of the form k ~ sP. If k < Ks? would hold, then
B < 2, whereas the more strict assumption (12.2.6) would imply f < 1. Table 12.1
shows that the example data sets all have 1 < § < 2. Therefore, the more strict
assumption (12.2.6) does not hold, but (12.2.3) does hold. Thus, large communities
have very large outside degrees.

12.4 Conclusions and outlook

In this chapter, we have analyzed the hierarchical configuration model (HCM) in-
troduced in Chapter 11 for networks with a power-law degree distribution. For the
caricature case of extremely dense communities, we show that a power-law degree
distribution with exponent T implies a power-law distribution for the community
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sizes with exponent v = T + 1. Real-world networks, however, rarely posses an
extremely dense community structure [139].

Studying the HCM allows us to observe two previously unobserved power-law
relations in several real-world networks. The relation between the number of edges
inside a community e;, and the community sizes s follows a power law of the form
ein & s17%, The second power-law relation is between the number of edges going out
of a community k and the community sizes: k « sP. The data sets that were studied
in this chapter satisfy 1 < f < 2 and & < 1. Combined, the two power-law relations
improve our understanding of the community structure in the data sets. Large
communities are not extremely densely connected, and have a large number of edges
going out of the community per vertex. Smaller communities are dense, and vertices
in the community only have a few edges going out of the community. Although
the communities are still denser than the entire network, our intuitive picture of
extremely densely connected communities only holds for the small communities in
a network, the larger communities do not fit into this picture. The observation that
large communities are not extremely dense may be a consequence of not allowing for
overlapping communities. In case of several overlapping communities, community
detection algorithms may merge these communities into one large community. As
a consequence, this large community will be far from extremely dense. In the case
of overlapping communities, many networks still display a power-law community-
size distribution [173]. It would be interesting to investigate the relation between
the exponent of the degree distribution and the community-size distribution when
communities are allowed to overlap. Further research could also study how the
denseness of the communities and the number of edges out of the communities are
related to the community sizes in the case of overlapping communities.

Both power-law relations are observational, and therefore depend on the Infomap
community detection algorithm. It is also possible to use other community detection
algorithms to investigate these power-law relations. We found that when using the
Louvain community detection algorithm [29], the power-law relations still hold. The
estimates for the exponents « and g however did change. This can be explained by
the fact that the Louvain method finds larger communities in general, which are
therefore less dense.

The power-law exponent of the degree distribution 7 is known to influence the
behavior of various processes on random graphs, for example percolation or epidemic
models. Furthermore, mean distances in random graphs are different for T € (2,3),
or T > 3[108, 109, 164]. Our results do not shed light on whether for networks with
a community structure, the behavior of these processes is explained by 7, or rather
by the community degrees. This remains open for further research. The results on
the power-law shift suggest that this may depend on the density of the communities,
which is characterized by the exponent «.

12.A Comparing the power-law fit to other distributions
Tables 12.2 and 12.3 show the goodness of fit criterion (g.o.f.) developed in [66] for

the power laws of the degree distribution and the community-size distribution. If the
goodness of fit is larger than 0.10, then the power-law assumption seems plausible.
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We compare the fit of the power laws with the fit of a lognormal distribution and
a power-law distribution with an exponential cutoff by computing likelihood ratio
tests as in [66]. A negative likelihood ratio suggests a better fit than the pure power
law, whereas a positive value of the likelihood ratio implies that a power law is a
better fit. For the degree distributions, we conclude that the Gowalla data set follows
a power law, the Amazon and WordNet degree distributions can be approximated
by power laws with cutoffs. The degree distribution of the Google data set does not
show evidence for a power law, a lognormal distribution or a power-law distribution
with exponential cutoff. For the community-size distribution, we conclude that
the WordNet data set can be approximated by a power law. The Amazon and
Google community-size distributions are better approximated by power laws with
exponential cutoffs. The community-size distribution of the Gowalla set does not
show evidence for a lognormal distribution, a power law or a power law with
exponential cutoff.

power law  lognormal cutoff
g.o.f. LR p LR p
Amazon 002 -276 0,01 -1437 0,00
Gowalla 0,80 224 0,02 0,00 0,98
WordNet 0,00 438 000 -61,65 0,00
Google 0,00 10,32 0,00 -1,27 0,26

Table 12.2: Fitting the degree distribution. The first column presents the goodness of
fit criterion (g.o.f.) from [66]. The next columns present the likelihood ratios (LR) for
the degree distributions: lognormal distribution and a power-law distribution with
exponential cutoff versus a power-law distribution. The p-values for significance of
the likelihood ratio tests, as in [66] are also shown. Statistically significant values are
shown in bold.

power law  lognormal cutoff
g.o.f. LR p LR p
Amazon 025 -198 0,05 -474 0,03
Gowalla 0,02 495 000 -133 025
WordNet 0,60 0,04 000 -039 053
Google 006 -1,35 0,18 -559 0,02

Table 12.3: Fitting the community-size distribution. Goodness of fit and likelihood
rations as in Table 12.2 for the community-size distribution. Statistically significant
values are again bold.
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In this chapter, we study the performance of two random graph models that
create a network with similar community structure as a given network on real-world
network data. One model, the HCM introduced in Chapter 11, preserves the exact
community structure of the original network, while the other model only preserves
the set of communities and the vertex degrees. Testing these models on real-world
network data shows that community structure is an important determinant of the
behavior of percolation processes on networks, such as information diffusion or
virus spreading: the community structure can both enforce as well as inhibit diffusion
processes. In Chapter 11, we already showed that for bond percolation and stylized
community shapes both effects may be present, depending on the community struc-
ture. In this chapter, we show that both effects can also occur in real-world community
structures and for other types of epidemic processes. Our models further show that it
is the mesoscopic set of communities that matters. The exact internal structures of
communities barely influence the behavior of percolation processes across networks.
This insensitivity is likely due to the relative denseness of the communities.

13.1 Introduction

The behavior of dynamic processes such as percolation or epidemic models on net-
works are of significant interest, since for example they model the spreading of
information or a virus across a network [18, 32, 76, 178]. Understanding models for
percolation may enhance insight in how an epidemic can be stopped by immuni-
zation, or how a message can go viral by choosing the right initial infectives. An
important question is how the structure of the network affects the dynamics of the
epidemic [163]. A vast amount of research focuses on scale-free networks that possess
a power-law degree distribution [66, 106, 158, 162, 212]. The exponent T of the degree
distribution was found to play a central role in various percolation processes [22, 23,
55, 67, 177]. Other authors have focused on the influence of clustering on the spread
of epidemics [93, 95, 197, 198, 206].

Real-world networks, however, are not completely characterized by their microsco-
pic and macroscopic properties. Many real-world networks display a community
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structure [92], where groups of vertices are densely connected, while edges between
different groups are more scarce. Since communities are small compared to the entire
network, but seem to scale with the network size, they are typically of mesoscopic
scale [80, 181]. The problem of detecting the community structure of a network has
received a lot of attention [80, 138]. The exact way in which communities influence
the properties of a network is a different problem. For example, the community struc-
ture of a network influences the way a cooperation process behaves on real-world
networks [143], and using community structure improves the prediction of which
messages will go viral across a network [215]. Several stylized random graph models
with a community structure have shown that communities influence the process
of an epidemic across a network [13, 46, 94, 113, 142, 194, 221, 224], but the extent
to which community structure affects epidemics on real-world networks is largely
unexplained. Our main goal is to enhance our understanding of the intricate relation
between community structures and the spread of epidemics, and in particular to
identify the properties of community structures that have the largest influence.

We study two random graph models that generate networks with a similar com-
munity structure as any given network: the HCM model introduced in Chapter 11
and a second model that also randomizes the internal community structure. In
Chapter 11 we have studied the behavior of bond percolation on the HCM model
analytically. In this chapter, we study the behavior of several other types of epidemics
by simulation, and compare the results to the behavior of epidemics on real-world
networks. We find that these models capture the behavior of epidemics or percolation
on real-world networks accurately, and that the mesoscopic community structure is
vital for understanding epidemic spreading. We find that the sets of communities
are of crucial importance, while quite surprisingly, the precise structure of the intra-
community connections hardly influences the percolation process. Furthermore, we
find that community structure can both enforce as well as inhibit percolation.

13.2 Models

We now describe our two random graph models in detail. For a given real-world
network, both models randomize the edges of the network, while keeping large parts
of the community imprint. Suppose that we are given the set of communities of a
particular real-world network. Then the first model, the hierarchical configuration
model (HCM) as introduced in Chapter 11, keeps all edges inside the communities,
while rewiring the inter-community edges. Indeed, all inter-community edges are
replaced by two half-edges, one at each end of an inter-community edge. Then,
one by one, these half-edges are paired at random. Thus, in HCM, the precise
community structure of the network is the same as in the original network, but the
inter-community connections are random. The second model (HCM*), introduced as
the modular random graph in [193], replaces both the inter-community edges and the
intra-community edges by pairs of half-edges. Then again, the half-edges are paired
at random. An additional constraint is that all inter-community half-edges must be
paired to one another, and all half-edges corresponding to the same community must
be paired to one another (see Figure 13.1). Thus, a network generated by HCM* is
completely random, except for the set of communities and the degree distributions
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Figure 13.1: HCM and HCM* illustrated.

inside and outside the communities.

More precisely, given a real-world network and the collection of its communities,
obtained e.g., using a community detection algorithm, we construct HCM and HCM*
in the following way. First, rewire the edges between different communities, using
the switching algorithm. Select two inter-community edges uniformly at random,
{u,v} and {w, x}. Now delete these edges and replace them by {u,x}, {w,v} if
this results in a simple graph. Otherwise keep the original edges {u, v} and {w, x}.
Empirically, it has been shown that this randomizes the inter-community edges
uniformly if this procedure is repeated at least 100E times, where E is the number of
inter-community edges [151]. This creates HCM. This construction is not precisely
the same as its construction in Chapter 11, since this construction requires HCM to be
simple, whereas the construction in Chapter 11 may result in a multigraph. Therefore,
the edges of HCM are not quite connected as in the CM, since self-loops and multiple
edges are forbidden. To create HCM*, the edges within the communities are also
randomized after rewiring the inter-community edges, again using the switching
algorithm. This is repeated for all communities.

HCM and HCM* are extensions of the configuration model (CM), described in
Section 1.1.1. CM only preserves the microscopic degree distribution of the real-world
networks, while HCM* also preserves the mesoscopic community structure. HCM
instead, preserves the entire community structure. Therefore, if we sort the random
graph models in decreasing randomness, we first have CM, then HCM¥*, and then
HCM. When comparing the behavior of an epidemic process on these random graphs
to the original network, we see how much of the behavior of epidemics on real-world
networks can be explained by its degree distribution (CM), its rough community
structure (HCM?*), or the exact community shapes (HCM). The aim of this chapter
is to investigate to which extent microscopic and mesoscopic network properties
determine the spread of epidemics.

In Chapter 11 we have shown that the fixed community shapes combined with
the randomized inter-community connections make HCM analytically tractable.
However, keeping all intra-community edges fixed makes HCM prone to overfitting.
HCM* does not have this problem and is more suitable to generate a random network
with a community structure, since all edges within communities are randomized.
Randomizing the intra-community edges makes HCM* harder to analyze analytically
than HCM. Some analytical results of HCM such as the largest component size,
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however, can be extended to results of HCM*.

13.3 Results

We analyze six different real-world networks: the internet on the Autonomous Sy-
stems level [137], an email network of the company Enron [129, 137], the PGP web
of trust [36], a collaboration network in High energy physics, extracted from the
arXiv [137], a FACEBOOK friendship network [214] and an interaction network be-
tween proteins in yeast [53]. Table 13.1 shows several statistics of these data sets
and their community structures. We extract the communities of these networks with
the Infomap community detection algorithm [190], and use these communities as
input for the HCM and HCM* model, to create networks with a similar community
structure as the original networks. Table 13.1 shows that the communities are of
mesoscopic size: while the communities are small compared to the entire network,
and have a small expected size, all networks still contain a few large communities.
N [E [5] Smax Onetw Ocom O

com

AS 11,174 21 910 3.75-107* 0.38 0.10
Enron 36,692 15 1,722 273-107% 073 022
HEP 9,877 10 181 5.33-107* 059 0.32
PGP 10,680 12 160 4.26-107* 041 0.24
FB 63,731 29 2247 4.02-107* 041 0.4
yeast 2,361 9 97 2571003 055 0.25

Table 13.1: Statistics of the data sets. N is the number of vertices in the network,
E [s] the average community size, Smax the maximal community size. The denseness
of the network Jnetw is defined as the number of edges divided by the number of
edges in a complete graph of the same size. d.om equals the average denseness of the
communities, and J%,, the average denseness of the communities weighted by their
sizes.

Giant component size. An important property of a network is its connectedness,
expressed by the fraction of vertices in the largest component. For HCM, the size of
the largest component has been derived analytically in Theorem 11.1. This size is
independent of the precise community shapes, and therefore is the same for HCM
and HCM?, as long as the communities of HCM* remain connected. The size of the
largest component of real-world networks can be well predicted using the analytical
estimates of HCM, which only uses the joint distribution of community sizes and the
number of edges going out of the communities (Table 13.2). These estimates yield a
considerable improvement compared to CM, which is generally a few percent off.
The fact that the analytical estimate for the size of HCM* accurately estimates
the giant component size in real-world network data suggests that communities
generated by HCM* generally remain connected. Table 13.3 presents the fraction of
disconnected communities fg;5 that HCM* generates. Table 13.3 also presents N,
the average number of vertices that are not connected to the largest component of
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S(data) S(HCM) S(HCM*) S (CM)

AS 1.000 1.000 1.000 0.960
Enron 0.918 0.918 0.918 0.990
HEP 0.875 0.875 0.875 0.990
PGP 1.000 1.000 1.000 0.960
FB 0.995 0.995 0.995 0.999
yeast 0.941 0.941 0.941 0.948

Table 13.2: The size S of the giant component in the data sets compared to the
analytical estimates of HCM (Theorem 11.1) and CM [117].

the community after rewiring, given that the community is disconnected. We see
that the fraction of disconnected communities is different for the different networks.
For the networks with a more dense community structure, the probability that a
community becomes disconnected after rewiring is low, while for for example the
AS network this probability is higher. In all cases, the number of vertices that are
disconnected from the largest component is low, indicating that the community stays
largely connected. Thus, Theorem 11.1 can also be used to approximate the size of
the largest component of HCM*.

Community structure of HCM and HCM*. By keeping the sets of communities
fixed, we expect both HCM and HCM* to generate networks with a similar commu-
nity structure as the original data set. We first extract the communities (C;);>1 from
the data sets. We use these communities to generate HCM and HCM*. To test how
similar the community structures of the generated networks and the original net-
works are, we once more perform a community detection algorithm on the networks
generated by HCM and HCM*. Let the communities detected by this algorithm be
denoted by (CI**™);>1. We then define the similarity wycym of the two community
structures as
N CHCM|

, (13.3.1)
Cil

Ci
WHCM = Z |
1

where C; and are the sets of vertices that are in the same community as vertex i
in the original network, and the HCM network respectively. We define the similarity
for the community structure generated by HCM* similarly as wycy+. Table 13.3
presents this similarity measure for all networks. We see that for most networks, the
degree of overlap is large, but for the AS network, the overlap between the original
network community sets and the networks generated by HCM or HCM* is smaller.
This may be explained by the fact that the AS network has less dense communities,
so that rewiring the edges between communities can easily shift vertices from one
community to the other.

HCM
Ci

Overfitting. Table 13.4 shows the fraction of edges of the data sets that are inside
communities. HCM fixes all these edges, so one could argue that HCM overfits
the data by keeping this fraction of edges fixed. For this reason, we also consider
HCM*. Figure 13.2 shows the fraction of rewired edges in HCM* in communities of
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fais  Nais WaCM — WHCM*

AS 024 3.00 0.68 0.65
Enron 0.02 3.62 0.94 0.92
HEP 0.04 223 0.96 0.94
PGP 0.17 254 0.97 0.91
FB 0.17 261 0.93 0.92
yeast 0.11 2.29 0.85 0.81

Table 13.3: The fraction of disonnected HCM* communities fg;s, the average number
of vertices inside a disconnected community not connecting to the largest part of the
community Ngjs and the overlap of community structure of generated networks and
original networks wycy and wycm+ as defined in (13.3.1).

size s. This is the fraction of edges that are different from the edges in the original
community after the rewiring procedure inside communities. In general, a large
fraction of edges is different after randomizing the intra-community edges. The cases
where only a few edges were rewired correspond to small communities, where only
a small amount of simple random graphs with the same degree distribution exist,
or larger communities that are complete graphs, or star-shaped (where only one
simple graph with that degree distribution exists). This shows that HCM* creates
substantially different graphs than HCM, and is less prone to overfitting the data
than HCM.

AS Enron Hep PGP FB yeast
0.58 058 070 083 054 052

Table 13.4: The fraction of edges inside communities in the data sets.

Epidemics on HCM and HCM*. The long-term properties of an epidemic outbreak
can be mapped into a suitable bond percolation problem. In this framework, the pro-
bability p that a link exists is related to the probability of transmission of the disease
from an infected vertex to a connected susceptible vertex. The latter corresponds
to removing edges in a network with probability 1 — p and keeping the edges with
probability p independently across edges (other types of epidemics are discussed
in Appendix 13.A). A quantity of interest is the size of the largest component as a
function of p, which we described analytically for HCM in Chapter 11. However,
this size depends on the community shapes, and therefore bond percolation on HCM
does not necessarily give the same results as percolation on HCM?*. Inspired by the
insensitivity of the giant component to the exact community shapes, we establish
whether the community shapes significantly influence the size of the giant percolating
cluster by simulation, by showing how bond percolation affects the connectivity of
the original networks, compared to CM, HCM and HCM* (Figure 13.3).

We see that the behavior of the real-world networks under bond percolation is cap-
tured accurately by both HCM and HCM?*, in contrast to CM. In Appendix 13.A, we
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Figure 13.2:

The fraction of rewired edges inside communities for HCM?*. Every dot

corresponds to a community. The fraction of rewired edges is the fraction of edges in
the community that are present after randomizing the intra-community edges, but
were not present before randomizing.
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Figure 13.3: HCM, HCM* and CM under bond percolation compared to real-world
networks. Independently, each edge is deleted with probability 1 — p. The size of the
largest component after deleting the edges is the average of 500 generated graphs.
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see that HCM and HCM* also perform well for other types of percolation processes
and an SIR epidemic. These results reveal and confirm the key role of the mesoscopic
community structure in percolation processes. Furthermore, the fact that the pre-
dictions of HCM and HCM* are both close to the behavior of the original network
under percolation indicates that the shapes of the communities only have a minor
influence on the percolation process. The surprising finding that the exact internal
community structure barely influences the epidemic processes may be explained by
the denseness of the communities. Table 13.1 shows that the communities are very
dense compared to the entire network. Since community detection algorithms look
for dense subsets in large complex networks, applying HCM or HCM* to real-world
networks typically yields sets of dense communities. The Autonomous Systems
network has communities that are much less dense than in most other networks [136],
but even in that network the communities are much denser than the entire network.
Therefore, in the case of bond percolation for example, the communities of mesoscopic
size are supercritical, and the communities will be almost connected after percolation.
Thus, an epidemic entering a community of mesoscopic size will reach most other
community members. It is more difficult for the epidemic to reach other communities,
which makes the inter-community edges the important factor for the spread of an
epidemic. When generating a HCM* network, the communities stay of the same
denseness, and therefore it is still relatively easy for the epidemic to spread inside the
communities, regardless of their exact shapes.

The only process where HCM and HCM* are not always close to the process
on the original graph, is a targeted attack (Figure 13.6), even though both models
still outperform CM. Furthermore, some networks show a difference between the
predictions of HCM and HCM*. Therefore, the exact community structures may have
some influence on a targeted attack on a real-world network. Another interesting
observation is that where most networks are highly sensitive to a targeted attack, the
FACEBOOK network has a community structure that makes it more resistant against a
targeted attack than a configuration model. This particular feature of the FACEBOOK
network can be explained by the fact that in the FACEBOOK network, most vertices of
high degree are in the same community. Therefore, deleting high-degree vertices has
a smaller effect than in a corresponding CM model.

The results of the yeast network show that in some situations CM performs
equally well as HCM or HCM*. Thus, in some cases the mesoscopic properties of a
network do not influence percolation processes. In the case of the yeast network, this
can be explained by its almost tree-like structure; there is no noticeable community
structure. Thus, by adding the community structure in HCM or HCM*, no structural
information is added. This suggests that CM, HCM and HCM* combined can also
show whether the community structure given by a community detection algorithm is
meaningful. When the behavior of various processes on CM, HCM and HCM* are
similar, this may imply that there is no real community structure in the network.

The ENRON, High Energy Physics and PGP networks have communities that
inhibit percolation or an SIR epidemic compared to a configuration model with the
same degree distribution. This is similar to the observation that communities can act
as traps for an epidemic process across a network [168]. In contrast, the communities
in the Autonomous Systems graph enforce the percolation process, which may be
attributed to its star-like community structure. Since HCM* preserves the degrees
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of the vertices inside their own community, HCM* creates a graph that captures this
star-like structure.

An important conclusion is that these findings confirm that both HCM and HCM*
are realistic models for real-world networks.

Microscopic and macroscopic properties of HCM and HCM* Where [170] creates
a reshuffling of a given network using several microscopic properties of every vertex,
HCM and HCM* use mesoscopic properties instead. An advantage of using HCM or
HCM* is that both models are easy to generate. Since HCM* is more random than
HCM, it is a better choice for generating a random network. In HCM*, the rewiring of
intra-community edges makes the community structure a uniform simple graph with
the prescribed degrees. Specifically, if the interest is to generate a random graph such
that percolation on that graph behaves in a similar way as in the original network,
then our results show that HCM* is a suitable choice. However, HCM?* does not
capture the microscopic properties of the original network as effectively as HCM.
HCM*, for example, does not generate networks with similar clustering as in the
original network [193]. Therefore, when the goal is to create a network with similar
clustering as the original network, using HCM* may be less suitable. Indeed Table 13.5
shows that in most cases HCM generates a network with a clustering coefficient that is
closer to the value of the original network. An exception is the Autonomous Systems
network, where HCM* is closer to the real value of the clustering. An explanation
for this is that the communities in the Autonomous Systems network have virtually
no clustering; all clustering is between different communities. HCM also has no
clustering inside the communities, but the pairing between different communities
destroys the clustering between different communities, and therefore HCM creates
a network with a lower clustering coefficient. HCM* also destroys the clustering
between different communities, but by rewiring the edges inside communities, creates
some clustering inside the communities. Therefore, the value of the clustering of
HCM* is closer to the value of the original network than the one of HCM.

Table 13.6 shows that HCM and HCM?* generate networks that match the assor-
tativity of the original network closer than a configuration model. However, the
assortativity generated by HCM does not always match its theoretical value of Pro-
position 11.2. An explanation for this is that HCM generates simple graphs, while
the theoretical estimate does not take this into account. Since both ends of a self-
loop have the same degree, having non-simple graphs increases the assortativity.
Furthermore, these self-loops typically occur at nodes of large degree, increasing
the assortativity even further, so that the theoretical assortativity is higher than the
observed assortativity.

The fact that HCM* does not capture the clustering coefficient and the assortativity
well, but does capture the spread of an epidemic across a network, again confirms
that the mesoscopic properties are of vital importance for the spread of an epidemic
across a network. Even though microscopic features such as clustering are destroyed
in HCM*, the mesoscopic properties are sufficient to know how an epidemic spreads,
making HCM?* a suitable random graph model when considering the mesoscopic
structure of networks.

Figure 13.4 presents the graph distances for the different data sets. In some



294 Chapter 13. Epidemics on networks with community structures

data HCM HCM* CM

AS 0.30 0.16 020 0.09
Enron 0.50 0.35 0.22 0.03
HEP 0.47 0.40 024 0.00
PGP 0.26 0.24 0.19 0.00
FB 0.22 0.15 0.08 0.00
yeast  0.13 0.12 0.12 0.01

Table 13.5: Average clustering for the original data set, HCM, HCM* and CM. The
presented values are averages of 100 generated graphs.

data HCM HCM* CM HCM (theory)

AS -0.19  -0.16 -0.16 -0.14 0.00
Enron -0.11 -0.06 -0.05 -0.05 -0.02
HEP 0.27 0.25 023 0.00 0.25
PGP 0.24 0.26 026 -0.01 0.26
FB 0.18 0.11 0.10 0.00 0.11
yeast -0.10 -0.03 0.00 -0.01 -0.02

Table 13.6: Assortativity of HCM, HCM* and CM compared to the real network and
theoretical HCM value of Proposition 11.2. The values of HCM, HCM* and CM are
averages over 500 generated graphs.

instances, HCM and HCM* capture the graph distances better than CM. However, for
example for the yeast network, the distances in CM are already close to the distances
in the original data set.

13.4 Conclusion

Community structures in real-world networks have a profound impact on percolation
or epidemic spreading, which is central to our understanding of dynamical processes
in complex networks. In this chapter, we have investigated the behavior of several
epidemic processes in the HCM model introduced in Chapter 11 and its randomized
counterpart HCM*. Both HCM and HCM* turn out be highly suitable to capture
epidemic spreading on real-world networks. We have shown this by mapping the
models to various real-world networks, and by investigating a range of epidemic
processes including bond percolation, bootstrap percolation and a SIR epidemic.
Our experiments show that while it is essential to take the community structure
into account, the precise internal structure of communities is far less important
for describing an epidemic outbreak. This insensitivity is likely due to the relative
denseness of the communities. When communities are sparse, their internal structures
are expected to have a more decisive effect on epidemic spreading.
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13.A Other epidemic processes

In Figure 13.3 we compared the behavior of bond percolation on real-world network
data to bond percolation on HCM, HCM* and the CM. In Figures 13.5- 13.9 we now
present similar results for four other types of epidemic processes. Here we describe
these processes in detail.

Site percolation. In site percolation, every vertex, and all edges adjacent to it, are
deleted with probability 1 — p, independently for every vertex. As in bond percolation,
we are interested in the fraction of vertices in the largest component after this deletion
process.

Targeted attack. In a targeted attack, a fraction of p of the vertices and the edges
adjacent to them are removed, starting with the highest degree vertex, then the second
highest degree vertex and so on. Again, the quantity of interest is the fraction of
vertices in the giant component after deleting the edges.

Bootstrap percolation. In bootstrap percolation with threshold ¢ initially a certain
fraction of vertices is infective. The initially infected vertices are selected at random.
Then, every vertex with at least t infected neighbors also becomes infected. This
process continues until no new vertices become infected anymore. In the results, we
consider bootstrap percolation with threshold ¢t = 2. The quantity of interest is the
fraction of infected vertices when the process has stopped.

SIR epidemic. In an SIR epidemic, vertices are either susceptible, infected or reco-
vered. One vertex is selected uniformly at random to be the initial infective. Then,
every infected vertex infects his susceptible neighbors independently at rate 3. Every
infected vertex recovers at rate y. As in [194], we set ¥ = 1 and B = 3 [D] /7, where
E [D] is the average degree of the network. We are interested in how the fraction
of infected and recovered vertices evolves over time. Since every vertex is either
susceptible, infected or recovered, the fraction of susceptible vertices is then also
known.



296 Chapter 13. Epidemics on networks with community structures

0.4 ——Data ——Data 0.4 ——Data
- HCM 0.4 - HCM - HCM
.03 —~HCM*| —HCOM*| 4 ——HCM*
g ——CM g 03 —~CM g —+—CM
5 0.2 g 0.2 g 0.2
& & &=
0.1 0.1 0.1
0e 0e 08
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18
distance distance distance
(a) Autonomous systems (b) ENRON (c) HEP
network
4 0.5
0.4 ——Data
0.4 -=HCM
0.3 . ——HCM*
& £o03 —CM I
£ 02 2 g
g g 02 g
E & =
0.1 01
08 08
0 5 10 15 20 25 0 2 4 6 8 10 12 14
distance distance distance
(d) PGP (e) FACEBOOK (f) yeast

Figure 13.4: Distances in the original network, HCM, HCM* and CM. Distances are
approximated by sampling 5,000 nodes from the graphs, and calculating all distances
between pairs of nodes in the sampled set. The values for HCM, HCM* and CM are
the average over 100 generated graphs.
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Figure 13.5: HCM, HCM* and CM under bootstrap percolation compared to real-
world networks. Initially, a certain fraction of the vertices is infected at random. Then,
a vertex becomes infected when at least 2 of its neighbors are infected. The final
fraction of infected vertices is the average of 500 generated graphs.
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Figure 13.7: HCM, HCM* and CM under site percolation compared to real-world
networks. Independently, every vertex is removed from the network with probability
1 — p. The size of the largest component after the vertices are removed is the average
of 500 generated graphs.
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and CM compared to real-world networks. The presented results are the average
of 500 generated graphs, with recovery rate v = 1 and infection rate § = 3E [D] /7,
where E [D] is the mean degree.
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Figure 13.9: The number of recovered individuals in an SIR epidemic in HCM,
HCM* and CM compared to real-world networks. The presented results are the
average of 500 generated graphs, with the recovery rate v = 1 and the infection rate
B = 3E [D] /v, where E [D] is the mean degree.
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In this chapter, we again study the hierarchical configuration model (HCM) intro-
duced in Chapter 11, to better understand the mesoscopic scales of the communities.
In Chapter 11 we investigated the component sizes when the HCM is in the su-
percritical or in the subcritical regime and we derived the component sizes after
supercritical and subcritical bond percolation. We expand upon these results by
investigating the scaling of the component sizes at criticality and by studying critical
bond percolation. We find the conditions on the community sizes under which the
critical component sizes of HCM behave similar to the component sizes in a critical
configuration model. We show that the ordered components of a critical HCM on N
vertices are O(N?/3). More specifically, the rescaled component sizes converge to the
excursions of a Brownian motion with parabolic drift.

14.1 Introduction

In networks, it is common to distinguish between two levels, referred to as “mi-
croscopic” and “macroscopic”. Vertex degrees and edges between vertices provide a
microscopic description, whereas most network functionalities require a macroscopic
picture. Random graph models are typically defined at the microscopic level, in
terms of degree distributions and edge probabilities, leading to a collection of local
probabilistic rules. This provides a mathematical handle to characterize the ma-
croscopic network functionality related to global characteristics such as connectivity,
vulnerability and information spreading.

Intermediate or “mesoscopic” levels are less commonly considered in random
graph models and network theory at large, and apply to substructures between the
vertex and network levels. Mesoscopic levels are however becoming increasingly in
focus, for example because of community structures or hidden underlying hierarchies,
common features of many real-world networks. It is not easy to define what is
precisely meant with mesoscopic, apart from the obvious definition of something
between microscopic and macroscopic. This chapter deals with large-network limits,
in which the network size N (number of vertices) will tend to infinity. The mesoscopic
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(a) Subcritical (b) Critical (c) Supercritical

Figure 14.1: Phase transition for the component sizes in a configuration model

scale then naturally refers to structures of size N*, where it remains to be determined
what values of x need to be considered.

We will associate the mesoscopic level with the community structure, defined as
the collection of subgraphs with dense connections within themselves and sparser
ones between them. Once the number and sizes of the network communities are
identified, not only the community sizes are mescoscopic characteristics, but also the
connectivity between communities and their internal organization.

To better understand the mesoscopic scale, we study the HCM introduced in
Chapter 11 in the critical regime, when the random graph is on the verge of having
a giant connected component, by studying a depth-first exploration process. This
critical regime has been explored for wide classes of random graph models, including
the CM. Indeed, most random graph models undergo a transition in connectivity, a
so-called phase transition, as illustrated in Figure 14.1. The component sizes of random
graphs at criticality were first investigated for Erd6s-Rényi random graphs [7, 25],
and more recently for inhomogeneous random graphs [23, 209] and for the CM [71,
72,123,156, 189]. All these models were found to follow qualitatively similar scaling
limits, and hence can be considered to be members of the same universality class.

Taking the HCM as the null model for studying critical connectivity, we can
investigate the influence of the community structure. A relevant question is under
what conditions the HCM will show the same scaling limit as in the classical random
graph models and hence is a member of the same universality class. An alternative
formulation of the same question is to ask what the natural order of the mesoscopic
scale should be, to influence or even alter the critical graph behavior. Our analysis
shows that @ = 2/3 is a strong indicator for the extent to which mesoscopic scales
change the global network picture. When communities are of size N>/3 or smaller, the
mesoscopic scales are small (yet not negligible), and the critical structures that arise
are comparable to the structures encountered in the classical CM. When communities
are potentially larger than N2/3, the communities themselves start to alter the critical
structures, and have the potential to entirely change the macroscopic picture.

We then proceed to study percolation on the HCM. We will exploit the fact that any
supercritical HCM can be made critical by choosing a suitable percolation parameter.
Therefore, we also study the scaling limits of the component sizes of a HCM under
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critical bond percolation. We show that under percolation, the community structure
potentially not only affects the component sizes, but also the width of the critical
window.

Our main results for the critical components, both before and after percolation,
crucially depend on the mesoscopic scale of the community structure. We obtain
the precise conditions (Conditions 14.1 and 14.2) under which the mesoscopic scale
does not become dominant. These conditions describe the maximum order of the
community sizes that can be sustained in order not to distort the picture generated
by the CM. In other words, when the community sizes remain relatively small, the
results proven for the CM remain valid, despite the fact that the locally tree-like
assumption is violated. And equally important, the same conditions indicate when
the community sizes become large enough for the mesoscopic scale to take over. In
that case, the CM is not an appropriate model.

14.1.1 Model conditions

We study the HCM model as defined in Section 11.1.1. We assume that the following
conditions hold:

Condition 14.1 (Community regularity).

(i) P,(H) = n%})/n — P(H), where (P(H))y is a probability distribution on labeled
graphs H of arbitrary size.

(i) limy—e0 E[Sy] = E[S] < 0.
(iii) E[D;S,] — E[DS] < co.
. 2/3
(iV) Smax = Maxje[y 8; K longw
Condition 14.2 (Inter-community connectivity).
(i) limy— e E[D3] = E[D?] < co.
(i) P(D=0)<1,P(D=1)€(01).
(iii) vp, := % =1+ An"V3 4 0(n"1/3), for some A € R.

Condition 14.1(i), 14.1(ii), and 14.2(ii) are the same conditions as the conditions on
the HCM model introduced in Section 11.1.1. Condition 14.1(iii), 14.1(iv) and 14.2(iii)
are the extra conditions that are necessary to investigate the behavior of the HCM in
the critical window.

Remark 14.1. Because the inter-community half-edges are paired uniformly at random,
it is possible that two half-edges attached to the same community are paired to each
other, so that the inter-community half-edges form an edge inside some community
H. However, since this corresponds to a self-loop in the macroscopic configuration
model, Condition 14.2(i) ensures that such edges are rare as N becomes large [106,
Section 7.3].
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14.1.2 Results on critical component sizes

For a connected component of G, we can either count the number of communities in
the component, or the number of vertices in it. We denote the number of communities
in a component ¢ by v™ (%), and the number of communities with inter-community
degree k by v,((m (¢). The number of vertices in component ¢ is denoted by v(%).
Define

vp = W, (14.1.1)

where D is the asymptotic community degree in Condition 14.2. Let py = ( =k).
Let B” (t) denote Brownian motion with a parabolic drift [1, 99]: B ( ) =

%B (t) + At — 2—23, where B(t) is a standard Brownian motion. Let W (¢ ) be the

reflected process of B/\ , (1), 1e.,

WA(t) = B}, (t) — O@;QBKW( s), (14.1.2)

and let v* denote the vector of ordered excursion lengths of W*. Choose u = E[D],
n = E[D?|E[D] — E[D?]. Let %(j) denote the jth largest component of a HCM, and
‘KGEM) the jth largest component of the underlying CM (i.e.,‘@”((]%m is the jth largest

component measured in terms of the number of communities). Since the underlying
CM satisfies Condition 14.1, by [71],

—-2/3 (H) (CM) A
n (v (¢~ ))j>1%7. (14.1.3)

Thus, the number of communities in the components of a HCM follows the same
scaling limit as the configuration model, since the communities are connected as in a
configuration model.

The following theorem shows that the scaled component sizes of a HCM converge
to a constant times 4" as well:

Theorem 14.1. Fix A € IR. For a hierarchical configuration model satisfying Conditi-
ons 14.1 and 14.2,

N"23(0(%;))) 51— E[S]” (14.1.4)

with respect to the product topology.

In the Erd6s-Rényi random graph, the inhomogeneous random graph as well as
in the CM, the scaled critical component sizes converge in the ﬁf topology [7, 23, 71],
defined as

o
Ef = {a: = (x1,X2,X3,...) 1 X1 > Xp > x3 > ... and lez < oo}, (14.1.5)
i=1

with the 2-norm as metric. Theorem 14.1 only proves convergence of the scaled
component sizes of a HCM in the product topology. Convergence in the product
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topology ensures that for any fixed k, the k largest components converge to the limit
of Theorem 14.1. Convergence in the Ef topology ensures that the entire inifinite-
dimensional vector of component sizes converges. Furthermore, for convergence
in the (2-topology, the sum of squared rescaled component sizes is required to be
finite. Thus, convergence in the (?-topology is a stronger notion than convergence
in the product topology. In the CM, the conditions for convergence in the product
topology and convergence in the ﬁf—topology are the same. In the HCM however,
the conditions for convergence in the product topology turn out to be different than
those in the (Z-topology:

Theorem 14.2. Suppose G is a hierarchical configuration model satisfying Conditions 14.1
and 14.2. Then the convergence of Theorem 14.1 also holds with respect to the £2-topology if

and only if G satisfies E [S2] = o(n1/3).

Remark 14.2. This theorem shows that there exist graphs where the critical component
sizes converge in the product topology, but not in the £2-topology. As mentioned
before, this does not happen in other random graph models such as the Erd&s-
Rényi random graph, the inhomogeneous random graph and the CM [7, 23, 71].
Furthermore, we can find the exact condition under which the component sizes only
converge in the product topology. This theorem also shows that the conditions for
convergence in the product topology and the (>-topology are indeed equivalent in
the CM: the CM is a special case of the HCM with size one communities. Therefore,
E [S;] = 1 for the CM, and the component sizes always converge in the Ef-topology
if they converge in the product topology. It is surprising that the condition on the ¢2
convergence only depends on the community sizes, but not on the joint distribution
of the community sizes and the inter-community degrees.

Remark 14.3. The results of this chapter can also be applied to a CM or a HCM with
vertex attributes. In this setting, every vertex of a CM has a positive, real-valued
vertex attribute S, where S satisfies Conditions 14.1 and 14.2. These vertex attributes
may for example denote the capacity or the weight of a vertex. If we are interested
in the sum of the vertex attributes in each connected component, then these sums
scale as in Theorem 14.1. In an even more general setting, the random graph has a
community structure, and every vertex within the communities again has a vertex
attribute. Then we are back in the HCM setting, only now the community size
S does not denote the number of vertices in a community, but the sum over the
vertex attributes in a certain community. Therefore, also in a random graph with
community structure and vertex attributes, the critical sum over vertex attributes
satisfies Theorem 14.1 under appropriate conditions as in Condition 14.1.

14.1.3 Results on critical percolation on the HCM

We now consider bond percolation on the hierarchical configuration model, where
every edge is removed independently with probability 1 — 77. In the CM, the random
graph that remains after percolation can be described in terms of a CM with a different
degree sequence [43, 81, 115]. Furthermore, if the CM is supercritical, it is possible
to choose 7t such that the resulting graph is distributed as a critical CM. Similarly,
Section 11.3 showed that after percolating a HCM, we again obtain a HCM, but with a
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different community distribution since the communities are percolated. By adjusting
the parameter 77 we can make sure that the HCM is critical after percolation. Thus,
given any supercritical HCM, it is possible to create a critical HCM, by setting 7
correctly.

In the hierarchical configuration model, it is convenient to percolate first only
the edges inside communities. This percolation results in a HCM with percolated
communities. These percolated communities may be disconnected. However, if we
define the connected components of the percolated communities as new communities,
we have a new HCM. Let S and D} denote the size and degree of uniformly
chosen communities after percolation only inside the communities with probability
7, and S and D™ their infinite-size limits. After this, we percolate only the inter-
community edges. This percolation is similar to percolation on the CM, since the
inter-community edges are paired as in the CM.

We assume the following:

Condition 14.3 (Critical percolation window).

1. S, and Dy, satisfy Conditions 14.1 and 14.2(i) and (i), and

]E[D(ﬂn)(D(ﬂn) 1)} ]E[D(")(D — 1)]
m = L 1. 14.1.6
UDf[”” ]E[D,(,ZM)] = ]E[D(n)] > ( )
2. Forsome A € R
1 A
T = 1ty (A) = = (1 + 1/3) . (14.1.7)
v n
D(mn(A))

Here 7t is the solutionto w =1/ vD )

Remark 14.4. It can be shown that 1/ ) is increasing in 7t. Thus, (14.1.7) has a unique
solution for every A € R when n is large enough.

Equation (14.1.6) makes sure that after percolation of the intra-community edges,
the new HCM is supercritical, otherwise there is no hope of making the graph critical
by removing more edges. After percolating inside communities with parameter 7z,

VSL is the value of v of the new macroscopic CM.
n

Let D™ denote the exploded version of D™, that is, every half-edge of a per-
colated community is kept with probability /71, and with probability 1 — /7, it
explodes, in that it creates a new community of the same shape with only one half-
edge attached to it. By [71, Thm. 3], the component sizes of a percolated CM have
similar scaling limits as the original configuration model, but with D replaced by
its exploded version. For the HCM, a similar statement holds. Let 7/\ denote the

ordered excursions of the reflected Brownian motion B% w with = E [D™] and

n=E[(D™)3]E[D™] —E [(D™)? ] . We denote the percolated components of a
hierarchical configuration model by ¢”. Then the following theorem shows that the
percolated component sizes follow a similar scaling limit as the critical component
sizes of Theorem 14.1:
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Theorem 14.3. Under Condition 14.3, in the percolated hierarchical configuration model,

N23(0(%]))21 — E[S™) Z/SEE 5] EDZST] s, (14.18)
in the product topology.
Remark 14.5. By [71], the critical window of a CM satisfies
mTa(A) = %(1 + A/n13) = 1, (0)(1 4 A/nl/3). (14.1.9)

Therefore, the critical window (14.1.7) in the HCM is similar to the critical window
in the CM, with the difference that in the HCM, we first perform an extra step
of percolation inside the communities. For this reason, the critical window of the
HCM (14.1.7) is in an implicit form, as it depends on both the percolation inside
communities, captured in ngm , and it depends on the inter-community percolation.

In Section 14.3.2, we show that the critical window in the HCM can be written as
c*A
7 (A) = 11,(0) (1 + 1/3> (14.1.10)

for some constant ¢* < 1 when E [D3S,] — E [D?S] < oo. In this case, the critical
window for the HCM is very similar to the critical window in the CM. The constant c*
captures how much smaller the critical window becomes when adding a community
structure. The more vulnerable the communities are to percolation, the smaller the
constant c*.

Remark 14.6. In Theorem 14.3, we assume that the intra-community edges are equally
vulnerable for percolation as the inter-community edges. It is also possible to study
percolation where the edges inside communities are percolated with some parameter
Ty, and the inter-community edges are percolated with probability 77,,. Several
different combinations of the parameters 7, and 7., then correspond to critical
percolation. When percolating inside the communities with parameter T, Tesults in
a supercritical graph, it is always possible to find 7o = 1/V () (1 4+ A/ n'/3) such
that after percolation the resulting graph is in the critical wmdow with parameter A.
The critical value of the HCM is then defined as the value such that 77;,(A) = 7Tou(A).
Figure 14.2 illustrates this for several values of A for star-shaped communities. The
higher the intra-community parameter 7t;,, the lower the inter-community percolation
parameter 77, needs to be to make the resulting graph critical.

Remark 14.7. Theorem 14.3 shows the convergence of the percolated component sizes
in the product topology. As in Theorem 14.2, by assuming that E [S32] = o(n/3), we
can also show convergence in the (?-topology. However, in the case of percolation,
E [S2] = o(n!/?) is not a necessary condition for convergence in the 2-topology.
After percolating first only edges inside communities, we apply Theorem 14.1 or 14.2
to the percolated clusters. In the example of line communities, communities that have
the shape of a line, we can make the lines large enough such that E [S3] > enl/3.

However, if we then percolate inside these line communities, E[(S};”)?] = o(n!/3).
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Figure 14.2: The value of 7oyt corresponding to a given 7y, for star-shaped communi-
ties with five end points (as in Figure 14.4), with n = 10°. The intersection with the
line y = x gives the critical value 77, (7).

Thus, after percolating inside the communities we can use Theorem 14.2 to show that

the percolated component sizes converge in the £2-topology, even though E [S3] >
1/3

en’e.

14.1.4 Discussion

What makes communities "small"? Communities form a mesoscopic structure of
a graph. If the communities become very large, then the critical component sizes
will be determined by the sizes of the largest communities. In this chapter, we
find the conditions under which the influence of the mesoscopic structure on the
critical component sizes is small when the inter-community degrees have a finite
third moment. In this situation, the mesoscopic structures of the configuration
model are small enough for the model to be in the same universality class as the
configuration model. Theorems 14.1 and 14.2 show that there are different scales
on which communities can be "small". Theorem 14.1 shows that the communities
are small on the mesoscopic scale when Condition 14.1 holds. In particular, the
maximum size of a "small" community is n2/3/ log(n). This is much smaller than the
total number of vertices in the graph, but it still tends to infinity when n — oo, which
shows the mesoscopic nature of the communities. Under these conditions, the order
of the components is determined by the order of the components in the underlying
CM. Since the convergence of Theorem 14.1 holds in the product topology, this only
holds for the first k components, for k fixed. Theorem 14.2 shows that an additional
condition is necessary for the communities to be small on a macroscopic scale. If
this condition does not hold, then the first k components are still determined by the
macroscopic CM for any fixed k, but some large components that are small in the
macroscopic sense will be discovered eventually.

Similarity to the configuration model. The scaling limit of Theorem 14.1 is similar
to the scaling limit of the configuration model; it only differs by a constant. In
fact, the CM is a special case of the HCM: the case where all communities have
size one. One could argue that therefore the HCM is in the same universality class



14.1. Introduction 307

as the CM. However, there are still some differences. The variable D in the HCM
is the inter-community degree. Then, if D has finite third moment, the scaling
limit of a HCM is similar to the scaling limit of a CM with finite third moment of
the degrees. However, Chapter 12 showed that it is possible to construct a HCM
with finite third moment of D, but infinite third moment of the degree distribution.
One example of this is a hierarchical configuration model where all communities
are households [14]: complete graphs, where all vertices of the complete graphs
have inter-community degree one. In this household model, every community of
inter-community degree k, contains also k vertices of degree k. Therefore, the inter-
community degree distribution may have finite third moment, while the degree
distribution has an infinite third moment. In the CM, the scaling limit under an
infinite third moment is very different from the one with finite third moment [72].
However, using this household model, it is possible to construct a random graph
with an infinite third moment of the degree distribution, but a similar scaling limit as
the CM under the finite third-moment assumption. Similarly, it is possible to create a
community structure such that the inter-community degrees have an infinite third
moment, but the degree distribution has a finite third moment. Therefore, adding
a community structure to a graph while keeping the degree distribution fixed may
change the scaling limits significantly.

Surplus edges. The number of surplus edges of a connected graph G is defined as
SP(G) := (#edges of G) — |G| + 1 and indicates how far G deviates from being a
tree. In the CM, the rescaled component sizes and the number surplus edges in the
components converge jointly. A surplus edge in the macroscopic CM stays a surplus
edge of the HCM, since all communities are connected. In the intuitive picture of
densely connected communities, the communities have many surplus edges. In
the HCM, we give each vertex in the macroscopic CM a weight: the size of the
corresponding community. Then, in Theorem 14.1 and 14.2, we are interested in the
weighted size of the components. Counting surplus edges is very similar, now we also
give each vertex in the macroscopic CM a weight: the number of surplus edges in the
corresponding community. We are again interested in the weighted component sizes,
which counts the total number of surplus edges inside communities. The surplus
edges between different communities are the surplus edges of the macroscopic CM.
The number of such edges rescaled by N2/ goes to zero by [71]. Therefore, if the
surplus edges satisfy the same conditions as the community sizes in Condition 14.2(ii),
they scale similarly to the component sizes. Thus, if SP,; denotes the number of

surplus edges inside a uniformly chosen community, and E [SP,] — [E [SP] < oo,
n2/3

E[SPy - Du] = E[SP - D] < 0 and SPmax < oy, then

E [DS] E[SP- D]
E[S] " E[S]

N"3(0(€;),SP(%())j>1 B[] ( ) . (141.11)
in the product topology, where SP(%’) denotes the number of surplus edges in com-
ponent %

Unsurprisingly, this scaling of the surplus edges is very different from the scaling
of the surplus edges in the CM, which is locally tree-like, even though the scaling of
the component sizes is very similar to the one in the CM.
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Let N* = (N(s))s>0 denote a counting process of marks with intensity W*(s) /IE [D]
conditional on (W*(u)),<s, with W*(s) as in (14.1.2). Furthermore, let N(-y) denote
the number of marks in the interval 7. Let SP*(%’) denote the number of surplus
edges of component ¥ that are inter-community edges. These surplus edges are the
surplus edges of the macroscopic CM. By [71], these surplus edges converge jointly
with the component sizes to N ('y)‘). Therefore, in the HCM,

(N 23o(ay), 5P 61 )r 5 (BIS 2 o NG ) 1)

Infinite third moment. We investigate the scaled component sizes of a random
graph with communities, where the inter-community degrees have a finite third
moment. A natural question therefore is what happens if we drop the finite-third
moment assumption. The scaled component sizes of random graphs with infinite
third moment, but finite second moment, have been investigated for several models.
If the degrees follow a power-law with exponent T € (3,4), then the component
sizes of an inhomogeneous random graph as well as a CM scale as n(7=2)/(7=1) [22,
72]. In the HCM this may also be the correct scaling, but clearly then we need to
replace Condition 14.1(iv) by smax = o(n(T’z)/ (T’l)), since otherwise the largest
community will dominate the component sizes. This indicates that the heavier the
power-law tail, the smaller the maximal community size can be for the HCM to be in
the same universality class as the CM. What exact assumptions on the community-
size distribution are needed to obtain the same scaling limit as in the CM remains
open for further research.

Optimality of conditions. Condition 14.2 is necessary for the macroscopic CM to
have components of size O(n?/3). Clearly it is also necessary that the maximum
community size is 0(n%/3), since otherwise the largest community could dominate
the component sizes. For example, it would be possible to create communities of size
larger than n2/2 with inter-community degree zero. Then, these components are the
smallest components of the macroscopic CM, but may be the largest components in
the HCM. Condition 14.1(iv) has an extra factor 1/ log(#), which we need to prove
that the component sizes are not dominated by the community sizes. Probably this
condition is not optimal, we believe the optimal condition to be smax = 0(n?/3).
Furthermore, Conditions 14.1(ii) and (iii) are necessary for taking the limit in (14.1.4).

Outline. The remainder of this chapter is organized as follows. In Section 14.2 we
prove Theorem 14.1 by studying a depth-first exploration process. This proof relies
heavily on the fact that the macroscopic CM follows a similar scaling limit [71]. Then
we prove Theorem 14.2 in Section 14.2.3. In Section 14.3, we study percolation on the
HCM. First we prove Theorem 14.3, and after that we show in Section 14.3.2 that the
critical window of a HCM is similar to the critical window of the CM. We conclude
Section 14.3 with some examples of communities.
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14.2 Proof of the scaling of the critical HCM

In this section, we prove Theorems 14.1 and 14.2. We start by describing an explora-
tion process that finds the component sizes in Section 14.2.1. We use this exploration
process to show that the components that are found before time Tn?/3 for some large
T converge to the right scaling limit. After that, we prove in Section 14.2.2 that the
probability that a large component is found after that time is small, which completes
the proof of Theorem 14.1. Then we prove Theorem 14.2 in Section 14.2.3.

14.2.1 Exploration process

To find the component sizes, we use the same depth-first exploration process for the
CM as in [71, Algorithm 1]. However, instead of exploring vertices, we now explore
communities. This means that we only explore the macroscopic CM. In each step of
the exploration process, we discover an entire community, and we explore further
using only the inter-community connections. Therefore, the only difference between
our exploration process and the standard exploration process for the CM, is that we
count the number of vertices in each community that we discover. At each step ¢, an
inter-community half-edge can be in the ordered set of active half-edges Ay, in the
set of sleeping half-edges S;, or none of these two sets. Furthermore, every vertex
of the HCM is alive or dead. When a vertex is dead, it is in the set of dead vertices
D;. The set C; that appears in the algorithm keeps track of the half-edges that connect
to another half-edge of the same community. The set B; keeps track of the number
of half-edges that connect to a community that has already been discovered in a
previous set of the algorithm.

Algorithm 14.1. For t = 0, all inter-community half-edges are in Sy, and both Dy and Ay
are empty. While Ay # @ or Sx # @ we set k = k + 1 and perform the following steps:

1. If Ay # @, then take the smallest inter-community half-edge a from A;.

2. Take the half-edge b that is paired to a. By construction of the algorithm, the community
H to which b is attached, is not discovered yet. Declare H to be discovered. Let
b1, ..., by, be the other half-edges attached to community H, and let V denote the
set of vertices of community H. Let by, ..., by, be smaller than all other elements
of As, and order them as by > by > -+ > by,. Let Cx C {by, ..., by, } denote
all half-edges attached to community H that attach to another half-edge adjacent to H.
Furthermore, let By C Ay U {byy, ..., by, } denote the collection of half-edges in Ay
that have been paired to one of the by;’s, together with the by,s they have been paired to.
Thé‘l’l, set .Ak+l = Ak U {le, e /bHr} \ (Bt U Ct), St+1 = Sk \ {b, le, ey bHr}
and Dy = D U Vy.

3. If Ay = @, then we pick a half-edge a from S; uniformly at random. Let H be the
community to which a is attached, and agp, . . ., apy, the other half-edges attached to
community H. Again, order them as agy > ay, - -+ > ay, > a. Let Vi denote the
vertices of community H. Declare H to be discovered. Let C; again denote the collections
of half-edges of H that attach to another half-edge incident to H. Then set Ay,q =
{aap1, .- am b\ Ce, Spp1 = St \{a,apy, ... ap, } and Dy = Dy U Vy.
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Algorithm 14.1 discovers one community at each step. When the inter-community
edges create a cycle, double edge or self-loop on the community level, the correspon-
ding half-edges are in B; or C;, and they are thrown away. Therefore, at each step, an
unexplored community is discovered. Since the communities are found by selecting a
half-edge uniformly at random, the communities are explored in a size-biased manner
with respect to the number of edges going out of the community. The dead vertices
correspond to all vertices inside communities that have already been discovered. We
define the additive functional

Z(t) = | D] (14.2.1)

as the number of vertices that have been discovered up to time k. The exploration
process finds an undiscovered community of the HCM at each step, and therefore

Zn(t) = Zs(i), (14.2.2)

where s(;) denotes the size of the ith discovered community.
Let d(;) be the inter-community degree of the ith explored community. Define

Qu(k) as

Qu(t) = ,Z(d(") —2-2¢), (14.2.3)

where ¢(;) denotes the number of cycles/self-loops or double edges that are found
when discovering the ith community. Let ¢ denote the jth component that is found
by the exploration process, and define

T = inf{t: Q,(t) = —2j}. (14.2.4)
Then, Tj— Tj-11s the number of communities in component %’j [71], so that
(%)) = 1 — 71 (14.2.5)
Furthermore, the size of ¢} equals
v(cg]) = Zn(Tj) - Zn(Tj—l)' (14.2.6)

By [71], the rescaled process Q; () converges to the reflected version of a Brownian
motion with negative parabolic drift. To derive the sizes of the components in the
hierarchical configuration model, we now study the convergence of the process Z (t):

Lemma 14.1. Foranyu > 0,

n=237,(|tn*?3]) — E[DS]/E[D]t| £ 0. (14.2.7)

sup
t<u

Proof. We use [71, Proposition 29], choosing &« = 2/3 and f, (i) = s;. This yields

—2/3 [tn2?) tE[DS] —1/3 ~1/3,2
st1<1p n ) S(i) — 7 E[D]| = Op(n~ "3 /tsmax V 1~ u?dmax). (14.2.8)
<u i—1
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Using that dmax = 0(n1/3) and smax = 0(n?/3) by Condition 14.1(iv) gives the result.
O

Lemma 14.2. Forany u > 0,

(nfl/aQn(tnz/s),n—2/3zn(m2/3)) L(WA@),E[DS]/]E[SV)K (14.2.9)

t<u <u

in the J1 x J1 topology, which is the product topology of the Skorokhod |, topology.

Proof. Since t — tE[DS]/E[S] is deterministic, (n’l/?’Qn(th/B’)) LN (BM(1))

by [71, Thm. 8] and (n’2/3Zn(tn2/3)) L, (tE[DS]/E[S]) in the J; topology, an
analogy of Slutsky’s theorem for processes proves the lemma. O

By [71], the excursion lengths of Q,, converge to the excursions of W*(t) defined
in (14.1.2), where
Qn(t) = n=13Q, (tn?/3). (14.2.10)

Since the excursions of Q, encode the number of communities in the components,
and Z, encodes the sum of the corresponding community sizes, Lemma 14.2 shows
that the components that have been discovered before time Tn?/3 satisfy (14.1.4).

14.2.2 Sizes of components that are discovered late and convergence in
product topology

By Lemma 14.2, the component sizes that have been discovered up to time Trn?/3

converge to a constant times the excursion lengths of a reflected Brownian motion
with parabolic drift. To prove that the ordered components of the HCM converge to
the ordered excursion lengths of this process, we need to show that the probability of
encountering a large component after time Tr%/3, is small, so that all large compo-
nents are discovered early in the process. From [72, Lemma 14], we know that for
every 7 > 0

tim limsup P (o (¢1,) > yn®/?) =0, (14.2.11)

T= poeo
where @iy is the largest component found after time Tn?/3. Therefore, we only
need to show that the probability that there exists a component with less than 712/3
communities such that its size is larger than 612/3 is small when 1 < §. We prove
that the probability that a uniformly chosen component satisfies this property is
exponentially small in . Therefore, the probability that such a component exists is
also small.

We first explore the HCM according to Algorithm 14.1 until the first time after
Tn?/3 that a component has been explored. Then, we remove all components that
have been found so far. We denote the resulting graph by G=". For any realization of
the graph G=7, the probability p;; (1) that a uniformly chosen community in G=" has
degree k and size s can be bounded as

>T Mes ~1/3
Pics(n) < T Prs(L4o(n=""7)), (14.2.12)
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where 7y ; denotes the number of communities of size s and inter-community degree
k. Therefore, for any realization of G=7, the expected size of a community in G=7,
E [S="] < oo, and similarly E [D=T] < o0 and E [D=7S="] < oo. Now, we start
exploring G=" as in Algorithm 14.1. We want to show that with high probability G="
does not contain components larger than 6n/3. By [72], the CM with high probability
does not contain any components of size 71%/3 that are discovered after time Tn?/3.
Therefore, with high probability G=" does not contain components with more than
/3 communities.

Lemma 14.3 shows that the probability that the first explored 7172/ communities
using Algorithm 14.1 contain more that 6n?/3 vertices is small. This lemma holds
for all HCMs satisfying Conditions 14.1 and 14.2. In the proof of Theorem 14.1 we
will apply this lemma to show that the HCM G=" with high probability only has
components with at most #7%/3 communities.

Lemma 14.3. For any 1,6 > 0 satisfying 6 > 2yIE [DS] /IE [D],

LU”2/3J s
]P( Y sp > (5n2/3> < e G smax, (14.2.13)
i=1
for some { > 0.

Proof. Let T; be independent exponential random variables with rate dyy, /£, Furt-
hermore, let M(t) = #{j : T; < t}. Then,

E[M(t) = Y (1 fe_thiM”) <t, (14.2.14)

ie[n]
using that 1 —e™ < x. Similarly, using that1 —e™ > x — x2/2,
EM@®)] > Y (1 By _,_ PE[DY]
M) = ¥ (" ? ) = WE D]

ie(n]

(14.2.15)

Furthermore, for n large enough, if t = o(n),

P(M(2t) < t) <TP <M(2t) < %t (1 - ;]FE &%}))

<P <M(2t) < Z]E [M(Zt)]) = P(e "M(2) 5 o~ JUEMEH)])

IN

e TUE[M(2)] g {efuM(Zt)}

7

(14.2.16)
for any u > 0, where the last inequality uses the Markov inequality. Let q; =

1—e 2/t Since M(2t) is a sum of independent indicator variables,

E [e—uwf)] =TT A +aqie™—1)) < JT e = EMIIE-1) " (142.17)

ie[n] i€[n]
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where the inequality uses that 1+ x < e, with x = g;(e™" — 1). Plugging this
into (14.2.16) and setting u = — log(3) ylelds
P(M(2t) < t) < eEIMCI(Gute™ 1) _ EM20)](~Flog(3)~3), (14.2.18)

2

Then, using that —(1 — x)log(1 —x) < x — %,

E[M(20)]

P(M(2t) <t)<e = <e C1-i), (14.2.19)

for some C > 0, where we have used (14.2.15).

Consider Y; = Zf.\i(lt) S() — U[D”S] il Let Z; denote the sigma-field generated by

the information revealed up to time t. Then,

E|D,S
]E[Yt | ﬁtfl] =Y 1+ Z Si]P(Ti € [t—l,i’} | T, > t—l) — M
ie(n] E [Dn]
_dH /‘gn _ ]E [DnSn] <
=Y 1+ Z] )= FDT Do = Y, 1. (14.2.20)
Therefore, Y; is a supermartingale. Furthermore,
Var(Y; | 1) = Var(') Sil{Te[t—1,}) =Y s e H;/tnye=du; /ln

i€(n) i€(n)
E [D;,S]

< 2 Slde,/Kn < Smax

ien]

ED] (14.2.21)

Thus, we can apply [63, Thm. 7.3], which states that for a supermartingale X with
Var(X; | 1) <o?and X; —E[X; | #;_1] < Kforall t € [n],

2
u
P(Xy>Xo+u)<exp| == | . 14.2.22

Applying this to Ymnz/g ] with Yy = 0, (Tiz = Smax and K = spmax, we obtain

MZ
P(Y, > < _ X 14.2.23
( [20n23] u) =oPp ( 2777/12/35111ax + Smaxu/3) ( )

Because by assumption § = 6 — 25E [DS] /E [D] > 0,

M([2n*/%y])
"

E|D,S
Z S(i) > 51/[2/3 —P Y|_2n2/3;” > 5712/3 _ 2171,12/3%
i=1 [ n]

=P (YLan/a,” > §n2/3>
62;,14/3
277712/35max + Smaxg”lz/g/3

S exp ( — ) S efénz/?)/smaxl

(14.2.24)
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for some ¢ > 0. Thus,

Ly M([2yn3])
]P( Yo s > 5712/3) < ]P( ) S(iy > 5712/3) +P(M(|2y12/3]) < yn/3)
i=1 i=1

< o5 smax y q=Cr2/3(1-n1/3) (14.2.25)

which proves the lemma. O

By applying the previous lemma to the hierarchical configuration model G=7, we
can now show that the probability that a component of size 5n%/3 is found after time
Tn?/3 is small for T large enough:

Lemma 14.4. Let €51, denote the largest component of a hierarchical configuration model
satisfying Conditions 14.1 and 14.2, of which the first vertex is explored after time Tn?/3.
Then, for all 6 > 0,

lim lim sup P(0(€2L,) > 6n?/3) = 0. (14.2.26)

T—eo poeo

Proof. We condition on the size of the components of the underlying configuration
model. Choose 17 > 0 satisfying § > 2yE [DS] /E [D]. Then,

P(v(%m0,) > 0n?/3)
=P (v(%mt) > on*/3 | 0 (E5L) <y 3P (0™ (€:L,) < nn?/?)

+P(0(Galy) > on*3 | v™(GaL) > nn® PP (o™ (2L,) > nn?/?)
<P(o(€zh) > on?/? [ 0™ (G5L) < pn?/3) + P(o™ (670, > nn?/?). (14.2.27)

By [71], for any > 0,

lim limsup P(o™(€25,) > yn?/3) =0, (14.2.28)

T—e 00

so that the second term in (14.2.27) vanishes.

Now we study the first term in (14.2.27). Given any component ¢~7, we start
exploring at a vertex of that component, until time #1n?/3. By Lemma 14.3, the
probability that more than §1%/3 vertices have been found at time 7n%/2 is quite small.
Furthermore, we know that " has been fully explored, since v (€21, ) < yn?/3.
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Then, by the union bound and by Lemma 14.3,
P (0(%anx) > 013 | 0 (651,) < yn?/3)

<DP o(67T) > on* [ oM (GRl,) < yn?'?)

1 P(o(67T) > 0n*/3, 0™ (Gax) < qn*’3)
P (0™ (Gmax) < nn/3)
;1:1 ]P(U(cgjo) > 5n2/3,v(H) (cgjo) < ,7112/3)
- IP(v® (Grax) < nn2/3)
1 P(o(77T) > 623 [ o (67T) < gil?)
- P(v®) (Gmax) < nn2/3)
ne &% /smax
= P (0™ (Grax) < nn2/3)’

(14.2.29)

for some { > 0. Since smax < 1%/3/ log(n), using (14.2.28) and taking limits proves
the lemma. O

Proof of Theorem 14.1. By [71], the ordered excursions of the process Q,(t) defined
in (14.2.3) converge to ~*, the ordered excursions of a reflected Brownian motion
with parabolic drift. Then, by Lemma 14.2 and (14.2.6), the ordered component sizes
of the HCM that have been discovered up to time Tn?/3 for some T > 0 converge to
E [DS] /E [D] ~ Combining this with Lemma 14.4 then shows that

E [DS]
ES) +, (14.2.30)

n=23(0(€;))j=1 —

in the product topology. Then, using that N/n = [E[S,] completes the proof of
Theorem 14.1. O

14.2.3 Convergence in (2 topology: Proof of Theorem 14.2

To prove Theorem 14.2, we show that the probability that a uniformly chosen vertex
is in a large component is small, by using the Markov inequality. Thus, we need to
bound the expected component size of a uniformly chosen vertex in a HCM. To do
this, we bound the expected component size of a uniformly chosen community of size
s and inter-community degree k in Lemma 14.6. To prove Lemma 14.6, we first count
the number of paths in the macroscopic configuration model in Lemma 14.5: the
number of paths from community to community, ignoring the internal community

structures. Let P£H°) be the set of all macroscopic paths of length L in a HCM, starting

from community Hy. Furthermore, define PWEHO) as the number of macroscopic paths
of length L, starting in Hy, weighted by the size of the last community, i.e.,

PW[EHO> = Z Slast community- (14.2.31)

pHo)
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Lemma 14.5. For any L < yn and for some K > 0,

E [D;,Sy]

s[rmi] <55
n

duyvp, ' (14.2.32)

with vp, as defined in Condition 14.2(iii).

Proof. This proof is quite similar to the proof of [117, Lemma 5.1]. If L = 1, then the

equation states that IE [PW{HO)] < K]EH[E%?]”] dp,, which is true, since there are at most

dH, paths from Hy, and the expected weight of the community at the end of the path
is E [D;,S,] /E [Dy].

For L > 2, the path consists of communities Hy, Hj, ..., Hy. This path consists
of two half-edges at communities Hj, ... H;_1, and one half-edge at the start and
at the end of the path. The probability that these half-edges are paired as a path is
(b —1)"1(ly, —3)"1- - (£; — 2L + 1)~1. Therefore,

* L—-1
dHo Z i yeein €]11] Hj:1 dHi]. (dH,']. - 1)dHiL Sip

! , ) (14.2.33)

E P[] =

where }_* denotes the sum over distinct indices, since all communities in the path
must be distinct. If we only sum over i;, # {0,iy,...i._1}, we obtain

L—1
H;, Sip = Z d;si — dHySH, — Z dHijsij
j=1

iL#{Hofiln-iL—l} i€[n]
< nE[DySy] —2(L—1) —1
E [D;;S,] EE [DySy]
Sy 2L -1 < (6, — 2L - 2.
</l E D] 2L-1< E D] (by —2L—1), (14.2.34)

where we have used thatdy, > 2forj=1,...L—1and thats; > 1for all i. Therefore,
j

d dpg. —1
E [pw)0] < EDnS o0 X iy T By (i, =)
E [Dy] Hj:l ( n —2]—|— 1)
* L—-1
=< M(TIE [Dn])fLJrldHOZ i1, iL 11—[‘7 dn, (dHij _1).

(14.2.35)
By arguments of [117, Lemma 5.1]

Yy HdH (dn, = 1) (n]E[Dn(Dn—1)])HL_2 <1—j>, (14.2.36)

iyl -1 J= j=0
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where r denotes the number of communities with inter-community degree larger
than or equal to 2. Since r < %En,

E [pu ] < ELD2S] (EDa (D, 1]y (1)
]E[Dn] IE[Dn] H]L:—11( . 77]1)
- n 0 _ -

E [DySu] 11 2L—2\ "
< =Zmonl L-1g [ 222
= TE[D,] 'Dn Ho 1E [Dy]
E [DnSn] 1 1 1\
—_— - = 14.2.37
= IE [Dn] VDn Ho 2]E [Dn} 4 ( 3 )
where we have used that L < %n. This proves the claim, since E [D,,] > 1. O

Using Lemma 14.5, we can bound the expected component size in a HCM. We are
interested in the expected component size of a randomly chosen community of size s
and inter-community degree k, v(%(s))-

Lemma 14.6. For some C > 0,

E [v(%(k/s))} <s+C +o(1). (14.2.38)

1—vy,
Proof. We split the expectation into two different parts,

E [U(Cg(k,s))] =E {U(Cg(k,s))I{U(H)((gmax)gin}}
+E [v(%(k,s))n (ot ((gmax)>%n}] . (14.2.39)

We bound the first part similar to the argument in [120, Lemma 4.6]. For every
community H’ in the same component as community Hy, there is at least one path
between Hy and H'. Furthermore, H' adds sy vertices to the component. Therefore
% (Hp), the connected component containing community Hy, satisfies

v(¢(Hp)) < Y PW,™ (14.2.40)
L

This yields
H .
E [v(%(k,s))] <Y'E [pr W} ) (14.2.41)
L

where H; ) is a community of size s and inter-community degree k. The sum of the

first term in (14.2.39) only goes up to L = 1n, since the maximal path size is smaller
than the maximal component size. Thus, by Lemma 14.5,

i

n
Hiks) E [DuSn] ) v 11
E [0(% (1)L {00 (g1} | < s+ LB [PW,*] <5+ o ke v
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E [D,S,] kK
E[D,] 1—v,

=s+ (14.2.42)
For the second term, we use that the maximal component size is bounded from
above by the total number of vertices N = E [S,] n. Then we need to bound the
probability that the maximal hierarchical component has size at least %n. This is the
probability that the size of the largest component in a regular configuration model is
larger than %n. We can use the same arguments as in [71, Lemma 14] to show that

16E [D,,]

(H) < -1
P (0™ (6max) > n/4) < (1~ 1) +o(n). (14.2.43)
This gives
16NE [D,] 16kE [S,] EE [Dy]
E [U(%(k,s))1{0<H>(<gmax)>%n}} < m +0(1) < W +0(1),
(14.2.44)
for k > 0. Combining (14.2.43) and (14.2.44) then yields
k
E [v(%(k,s))] <s+Cym - +olD), (14.2.45)
for some C > 0. O

Proof of Theorem 14.2. We first show that E [S3] = 0(n'/3) is a necessary condition

for convergence in the £2-topology. Thus, we assume that E [S2] > en'/3 for some
€ > 0. Let j7 denote the maximal index such that %(1), .., ‘g(]-T) have all been explored

before time Tn2/3. Then, for any 6 > 0,

lim limsupP( )" o(%(;))* > on*/%) =0 (14.2.46)

T=e pseo i>ir
needs to hold for convergence in the ff topology. Then

Y. o(%)? >Z o> ) sy

jZjk 1>Tn2/3

= Z:nZTs2 = Zn — Zn<T s (14.2.47)

where n;" and n:" denote the number of communities of size s, discovered after or
before time Tn?/ 3 respectively.
We can use a martingale argument similar to [71, Proposition 29], to show that

2/3

k 2
sup’ Y Z Mu’ — op(n?/3). (14.2.48)
u<t Cn
Therefore
k 2
an 2 = 2Bk K s sy o) +op(n*?),  (14.2.49)

Cn
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where we have used that dmax = o(nl/ 3). Therefore, we obtain

252 =T Zs ns (1 —To(1)) + op(n*/3) > en*’3(1 — To(1) + 0p(1)).  (14.2.50)

Taking the limit first for n — oo, and then for K — co shows that

lim lim 11)( Y o(%;)? > on*/ 3) >0 (14.2.51)

T—o00 n—r00
~ jzir

for § < ¢, hence the component sizes do not converge in the £2-topology.

Now we show that E [S2] = o(n/3) is sufficient for convergence in the 63—
topology. Let it denote the index of the first component that is explored after time
Tn?/3. Then, for convergence in the ¢? topology it is sufficient to show that that for
any d > 0,

lim limsup P( Y 0(%)* > on*/?) = 0. (14.2.52)
T—© ;50 i>ir
Let G=T denote the graph that is obtained by removing all components that have
been explored before time Tn?/3. To show that E [S2] = o(n'/3) is sufficient for

convergence in the (2 topology, we obtain using the Markov inequality

]P(lg U(Cgi)z > (57‘[4/3) < 5;,1}1/31E |:l; U(Cgl)zi| — 5n11/31E [U(%ZT(VH)H
1
= —3E [Sio(6™" ()], (142.53)

where V,, denotes a randomly chosen vertex of G=7, and H,, denotes a randomly
chosen community. Furthermore,

IE[S” o(>"(Hy) } Ep [ %(”))], (14.2.54)

where v(%ﬁ{g)) denotes the size of a component where the first explored community

has size s and inter-community degree k. By [71], the criticality parameter of G=7, 7,
satisfies

7y <vp, — CTn~ Y3 4 op(n1/3), (14.2.55)
with vp, as in Condition 14.2(iii). Then, combining Lemma 14.6 and (14.2.54) gives
/3
E([S,0(¢>"(Hy))] < E [(S;")?] + KE [D;"s;"] - (14.2.56)
Furthermore, E [(S;7)?] < E[S2] /(n — Tn?/3) = E[S2] (1+ O(n~1/3)). By as-
sumption, [E [52] = o(n1/3) Comblnmg this with (14.2.53) and (14.2.56) yields
K
4/3 <
IP( ; 0(€)? > on ) <op(1) + ST =)’ (14.2.57)
so that
4/3\ _
lim nlg%oll’( Y o(6)? > on ) —0. (14.2.58)

i>ir

Thus, if E [S2] = 0(n!/3), then Theorem 14.1 also holds in the ¢? topology. O
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14.3 Percolation on the HCM

In this section we prove Theorem 14.3, which identifies the scaling limit for the
cluster sizes of a HCM under critical percolation. As described in Section 14.1.3, it
is convenient to percolate first only the edges inside communities. This percolation
results in a HCM with percolated communities. These percolated communities may
be disconnected. However, if we define the connected components of the percolated
communities as new communities, we retrieve an updated HCM. After this, we
percolate the inter-community connections. These edges are distributed as in the
CM. Therefore, for this second step of percolation, we follow a similar approach as
in [115]. Combining these two steps of percolation results in the following algorithm
that constructs a percolated HCM:

Algorithm 14.2.

(51) For each community H, remove every intra-community edge of H independently with
probability 1 — 7. Let i denote the number of connected components of communities
after percolation inside the communities. Then, define the connected components of the

percolated communities as new communities (Hf"))ie[ﬁ].

(S2) Let HY" be the percolated community attached to inter-community half-edge e. Then,
every inter-community half-edge e explodes with probability 1 — \/7, it detaches from
H{", and is associated to a new community H,™ of the same shape, but with e as its
only inter-community half-edge. Let ny denote the number of new communities of
shape H that are created in this way, and it = i + Y gny. Let (I:If”))ie[ﬁ] be the
new communities after detaching the half-edges.

(S3) Construct a hierarchical configuration model with community sequence (H f"))ie[ﬁ].

(S4) For all community shapes H, delete the exploded communities with inter-community
degree one.

Figure 14.3 illustrates Algorithm 14.2. By [115], a similar algorithm creates a
percolated CM. Therefore, by adding the extra step of percolation inside communities,
Algorithm 14.2 creates a percolated HCM. In this bond-percolation procedure, there
are three sources of randomness: the percolated communities H™, the explosion
procedure, and the pairing of the edges to construct a HCM.

Remark 14.8. In percolation on the regular configuration model, instead of deleting
the exploded vertices n, it is also possible to choose 7. vertices uniformly at random
from all vertices with degree one, and to delete them [115]. This procedure also results
in a multigraph with the same distribution as a percolated configuration model.
Similar to this, in our setting it is possible to replace step (S4) of Algorithm 14.2 by

(S4") For all community shapes H, choose ny . communities uniformly at random from all
communities of shape H and inter-community degree one. Delete these communities.

Remark 14.9. In the CM, each exploded half-edge is replaced by a single half-edge
attached to a new vertex. In Algorithm 14.2, each exploded inter-community half-
edge is attached to a new community of the same shape as the original community,



14.3. Percolation on the HCM 321
_ﬂ
M e

(a) A set of communities (b) Step (S1): percolation in- (c) New communities H™

side communities
— —
*r—o+—

9 r W ;o)

(d) Step (S2): exploding half- (e) Step (S3): connectasinthe  (f) Step (54): delete exploded
edges (red) results in commu- CM communities
nities H™

|

m

Figure 14.3: Illustration of Algorithm 14.2. In this examplen = 3,7 = 7,71 = 9.

but with only one half-edge adjacent to it (see Figure 14.3d). This difference is
caused by the fact that in the HCM, communities of the same inter-community degree
may not be equal. Different communities with inter-community degree k may have
different sizes. The effect on the component sizes of percolating a half-edge of a
community of inter-community degree k depends on the community size. Percolating
the half-edge adjacent to a larger community has more effect on the component sizes
than percolating the half-edges adjacent to a smaller community. For this reason, we
replace exploded half-edges by half-edges attached to a community of the same size
as the original community, instead of replacing it by a vertex of degree one.

14.3.1 The sizes of critical percolation clusters

We now analyze Algorithm 14.2 to prove Theorem 14.3. Let Sy and D™ denote
the size and degree of communities after percolation only inside the communities
with probability 71, and S™ and D™ their infinite size limits. Furthermore, let
¢(H,v,k, i) denote the probability that after percolating community H with parame-
ter 77, the connected component containing vertex v contains k half-edges. By (11.3.1)
of Chapter 11,

Yu Yoevy, P(H)AS g(H, v,k ) /k
Yu Yoevy, Lt P(H)dy'g(H, 0,1, 7) /1

We denote the number of communities in the original graph by 7, the number of
communities after percolating only the intra-community edges by 7, and the number

P(D™ =k) = (14.3.1)



322 Chapter 14. Mesoscopic scales in hierarchical configuration models

of communities after the explosion procedure by 7. After percolation inside the
communities, the number of vertices N is still the same. Furthermore, similarly
to [71], let P%, denote the probability measure containing the shapes of the exploded
communities after Algorithm 14.2, step (52). Then IP,; denotes the product measure
of (P} )s>1. Since npy ~ Bin(dpiiy, 1 — \/7,), a.s. with respect to P,

ny+ :dHle(l—\/T[n)—FO(dHﬁH). (14.3.2)
Therefore,
7l _ ZH NH+ _ (n)
%_1+T—1—|—IE[D ] (1= V7)) +0(1), (14.3.3)

a.s. with respect to IP.

The following lemma proves that the HCM with community sequence (H l.("”))ie[ﬁ]
satisfies Conditions 14.1 and 14.2, so that we can apply Theorem 14.1 to find its
component sizes:

Lemma 14.7. Let G be a hierarchical configuration model satisfying Condition 14.3 with
community sequence (H;);c,)- Then the hierarchical configuration model with community

seqduence (Hf’”’))ie[ﬁ], constructed as described in Algorithm 14.2, satisfies Conditions 14.1
and 14.2.

Proof. By (14.3.1),

E [(D(nn))a} _ LH Yoevy Lk Pn(H)dE,b)g(H, v, k, ) K2

= . 14.3.4
YoH ZUGVH X Pn(H)d;mg(vark, nn)/l ( )

Let Hy™ denote the connected component of the percolated community H containing
vertex v. Then,

) ZPn(H)dg,b)g(H, o,k )k = Y P, (H)dYE {(# outgoing edges of Hé””))z}
k

veVy veVy

< Y Pu(H)dy'd} = Py(H)d3;. (14.3.5)

veVy

To show that [E {(D,(f”))ﬂ converges, we use the General Lebesgue Dominated Con-

vergence Theorem (see for example [191, Thm. 19]), which states that if |f,,(x)| <
gn(x)forallx € E, Y v ecp gn(x) = Y1cp 8(x) < o0, and f,, converges pointwise to f,
then also ¥ e fu(x) = Lycr fu(x). By Condition 14.2, E [D3] — E [D?], so by the
General Lebesgue Dominated Convergence Theorem and (14.3.5), E {(D,(f”))g’} —

E [(D™)3]. Similarly,

L Loevy Lk Pa(H)dy g (H,0,k, 7tn)s o
E [ D5 = u o (14.3.6)
YH Yoevy L Py,(H)dy' g(H,v,k, 7t1) /1
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We can bound the summands in the numerator as

ZZP” z,gHvknn <22Pn ngUkﬂ.'n)

veVy k veEVy k

= Pn( )dHSH, (14.3.7)

so that again by the General Lebesgue Dominated Convergence Theorem and Condi-
tion 14.1 E {S,({T")Dif”)} — E [S™WD™]. By a similar reasoning E [ o } — E[S™].
Thus, we have proved that D™ and S{™ satisfy Conditions 14.1 and 14.2(i). Hence,
after percolating inside the communities, the HCM still satisfies these conditions.

We want to prove that D" and 5™ also satisfy Conditions 14.1 and 14.2(i), so
that after the explosion process the conditions are still satisfied. Since D\’ satisfies
Condition 14.2, [71, Lemma 24] shows that D,(f”) also satisfies Condition 14.2.

Now we prove the convergence of the first moment of 5. After explosion, the
first 71 entries of (S~§””>)ie[ﬁ] are the same as in (Sl(-””))ie[,—l], since the community sizes
are not changed when percolating the inter-community edges. Furthermore, there are
ny, duplicated communities of shape H. Thus, the limiting distribution (S, D)
can be written as

P(S™ =s,D k
( ) = T EDE A= vr)
Y1 — VAP (8% =5, D™ =
+ Loy — (1= VP ) (14.3.8)
1+E[D™] (1— /)
By (14.3.2) and (14.3.3)
1 ) 1 () LI () Y 1 SHNHy
= Sn:f2n+25-"=1ESn+ -
ich ”(ze[] =1 ) [ } n
E [s{™] + (1 - ) [Disi™|
= +o(1), (14.3.9)
1+E [fo")} (1— /7)
so that IE {5,(1 ”q — E [S$™]. Furthermore,
1 ~ 1
= Y smdyn =~y sy, (14.3.10)
=T e ’

and therefore the combined moment also converges, and Condition 14.1 is satisfied.
To prove Condition 14.2(iii), note that

Lielf] ‘ig;)(‘ig;’) -1 T ZZE[n] (d(ﬂ" —1) +o(n?/3)

Tieln 95 Zie[ﬁ] dy”
= TtV (e + o(n™V3) =14+ An"V3 £ o(n"13), (14.3.11)

v

by~

where the second equality follows from [71, equation (7.2)]. O
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Remark 14.10. In Lemma 14.7, we have assumed that the HCM satisfies Conditi-
ons 14.1 and 14.2 (i) and (ii) before percolation. Then, we have shown that S and
D} also satisfy these conditions. However, it is also possible to assume from the
start that Sif) and Di{T> satisfy these conditions. This means for example that the
inter-community degrees only need to have finite third moment after percolating
inside the communities, they may have an infinite third moment before percolating
inside the communities. We gave an example of such a community in Remark 14.7.

Proof of Theorem 14.3. After explosion, the HCM satisfies the assumptions of The-
orem 14.1 by Lemma 14.7. Then Theorem 14.1 gives the component sizes of the
exploded HCM. To obtain the sizes of the components of the percolated HCM, we
need to know how many vertices are deleted in the last step of Algorithm 14.2. We
denote the components of the graph after step (S3) of Algorithm 14.2 by €, and the
percolated components after step (S4) of the algorithm by ¢”. Furthermore, we denote
the number of vertices that are deleted in step (S4) from component € by v (7). If
a community of size s is deleted, s vertices are deleted. Thus, this number can be
written as

'U(H>(a~)
o'(€) = ). 11, L, is deleted )} (14.3.12)
i—1

Let iy 1 denote the number of communities of shape H and inter-community degree
one. Using [71, Proposition 29] with « = 2/3 and f, (i) as the indicator function
that community i is of shape H and has inter-community degree one, we can show
that the number of communities of shape H with inter-community degree one in
component ¢ satisfies

~ ~ il
vgll)l (€) = v(H)(%)% +op, (n1/3H’1) ) (14.3.13)

7l
lE [D Y HTH

Therefore, the number of vertices in communities of shape H with inter-community
degree one in a component ¢ satisfies

~ s Syfl syfi
011 (€) = U<H>(<5)ME77D’$M] +op.. (nl/ 3%) . (14.3.14)

A fraction of ny /iy 1 communities of shape H with outside degree one is removed
uniformly. Therefore, for j fixed,

d(G ) = ot (. | =H SHHE 1/3ZHsHﬁ+H)
v’ ( (])) 4 (Cg(])>ﬁ]E [f)(nn)] +op, (n Y i +oﬂan(;n+H)

= SHN

1/3 2/3
- n +op_(n , 14.3.15
~]E I:D(m/’)] ( ) ]Pn( ) ( )

+ op

T
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where we have used (14.3.2) and the fact that iy 1 > np. Thus, by (14.3.15), (14.3.2), (14.3.10)
and (14.1.4),

o (6p) = 0" (G) B +0p, (077

1— ./, d fl 5
_ ( 7T )ZH HSHHHU(H)( (]))—1-0]13”(712/3)

filE [D(m)]

kst ~
=(1- \/F)EE"S[DSZ’I‘S] o (],)) +0]P,T(n2/3>

Ksfiks op s
N WW)% (€) + 0w (n?7)

E D(ﬂn)g("n) »

=(1- E)IEE:[D]]U(H)( (j)) +0]P7T(712/3)
= (1= /7)v(€;)) + op, (n*3). (14.3.16)

We now use that the components ¢” after step (S4) of the algorithm are obtained by
removing 0% (%) vertices from component % so that

o(%(;)) = V() + op, (n*2). (14.3.17)

Then, Theorem 14.1 gives

=23 (0(€;)))jz1 — 1&3 &0 Neaa (14.3.18)

Noting that N = Y7, 5™ leads to
g LR[S, (14.3.19)
so that (14.1.8) follows. 0

14.3.2 The critical window

Equation (14.1.7) gives an implicit equation for the critical window. We want to know
whether it is possible to write (14.1.7) in the form

70 (A) = 7,(0) (1+ AfB) +o(n1/3), (14.3.20)

for some ¢* € R, so that the width of the critical window in the hierarchical confi-
guration model is similar to the width of the critical window in the configuration
model.

Since g(H, v, k, t,(A)) is not necessarily increasing in A, we rewrite (14.1.7) as

E[Dy]

n(A)= 1 (14321
o) EHPH(H)ZveVH EDH ! (H,U,k-l—l,f[n(/\))( +n1/3> ( )
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where B(H, v, k, t,(7)) is the probability that after percolating H with probability
71, (M), the connected component of v contains at least k inter-community half-edges,
which is increasing in A.

Lemma 14.8. For a hierarchical configuration model satisfying Condition 14.3 as well as
limy 0 E [D35,] = E [D?S] < oo,

u(A) = 71,(0) (1 + nAlC/3> +o(An~1/3), (14.3.22)

where

¢t = E(L)D ) . . (14.3.23)
E [D] + 2 Cy P(H) Xy dy” Yk @B(H,U,k+ Lp)p=rn

Remark 14.11. Equation (14.3.23) shows that ¢* < 1, so that the critical window of a
HCM is smaller than the critical window of a CM where no communities are inserted.
Here %B(H, v,k, p)p=n captures how vulnerable community H is to percolation

inside the community. The larger %B(H, v, k, p),g:7T will be, the larger the difference

between A and Ac* will be. Intuitively, when %B (H,v,k, p)p: 7 is small, this indicates
that changing the percolation probability changes the degrees of the percolated
communities very little. Therefore, the critical behavior is almost entirely explained
by the macroscopic CM in that case. On the other hand, when %B(H, v, k, ;7),,:7r is

large, increasing the percolation probability by a small amount increases the degrees
of the communities by a lot. Then Ac* may be much smaller than A.

Proof. We can write (14.3.21) as

A
a(A) = Ly (ta (7)) (1 + M) , (14.3.24)
where
E|D
Lu(mm(M)) = 0 l[)Hf]l : (14.3.25)
Yr Pu(H) Tocv, 4o’ T B(H, 0,k +1,714(A))
Calculating the derivative gives
Ly (7 (7))
1(A) = o 14.3.26
) = A T (e, () (1 AZn17)) (14326)
Then, by the mean value theorem, there exists A* € [0, A] such that
7a(A) = 700(0) + — Ln(70a (A7) (14.3.27)

nt/31 — L (1, (A%)) (1 4+ A% /nl/3)
Since B(H, v, k, i) is the probability of an increasing event, L, (77, (A)) is continuous.

Calculating the derivative of L, (7t,(A)) gives

(b) /
Ly, (ta(M)) = _EIDu] X Pu(H) o do Ly B(H 0k +1, ””(/\2)), (14.3.28)

(T Pu(H) o dl T B(H, 0,k +1,7(A))
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where we have denoted

B'(H,v,k, ) = ;pB(H, v,k p)p=n. (14.3.29)

Since B is an increasing function of the percolation parameter p, L;,(71,(A)) < 0. By
Theorem 11.2

(n EH Pn( )ZUEVH ZDH ! (H/U/k+1/ ﬂ”(A))

D(”;z) ]E[Dn] ’ (14330)
Therefore, by (14.1.6) and (14.3.30),
(b) I
‘L;(?‘L’n()\))’ — ]E[Dn] ):H PH(H) Zv dv Zk B (H/v/k + 1/ nn(/\z))
(S Pa(H) Lo dt) X B(H, 0,k +1, (1)) )
(b) B’
S ZHPH(H)Zvdh Zk (H,U,k—kl,n—n(/\))' (14331)

Dy]

E[

Hence, we need to bound B’ (H, v, k, 71,,(1)). The event that v is connected to at least k
half-edges is increasing in A. Let £(H, v, k) denote the event that vertex v is connected
to at least k half-edges of community H. An edge is pivotal for £(H, v, k) in a certain
configuration, if the event occurs when the edge is made present, and the event
does not occur when the edge is removed. The event that edge e is pivotal does not
depend on the actual edge status of e. Furthermore, pivotal edges cannot form a cycle,
because otherwise £(H, v, k) can still occur after removing one of the pivotal edges
on the cycle. Then, by Russo’s formula [192],

B'(H,v,k, 7ta(A)) = ) Pr(x)(e pivotal for E(H, v,k + 1))
ecH
_ 1 Y P, (1) (e present and pivotal for €(H, v,k + 1))
n”(/\) ecH
= L]Eﬂn(/\) [# pivotal, present edges for £(H, v,k + 1)]
T (A)
1
< ——(Sg—1), 14.3.32
= nn(/\)( H ) ( )

because at most Sy — 1 pivotal edges can be present in a community, since otherwise,
they would form a cycle. Therefore,

ZHPn(H)Zv ZdH 1( )< Y Pu(H )dHSH
E[Dy]7u(A) = E[Du]ma(A) -

Since E [D2S,| — E [D?S], we can use the General Lebesgue Dominated Con-
vergence Theorem to conclude that

E[D]Yy P(H)Y,dY Y B (H,0,k+1,7)
(S P(H) o) e B(H, 0,k +1,m))
Yo

2 (b) /
_ T EuP(H) d]zfz “ZD’]B (Hok+1lm) (14.3.34)

’L;(”n(/\)ﬂ <

(14.3.33)

lim L, (774 (1)) = —

n—o0
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where the last equality follows from (14.3.30) and (14.1.7). Furthermore, we can
use the General Lebesgue Dominated Convergence Theorem (see the proof of Theo-
rem 11.2) to conclude that

lijn Ly(ty(A)) = L() = . (14.3.35)
n—oo
Inserting this into (14.3.27) proves (14.3.22). O

Example 14.1 (Star-shaped communities). We now consider the case where all com-
munities are star-shaped, so that every community has one vertex in the middle,
connected to I other vertices that all have inter-community degree one (as in Fi-
gure 14.4). Then (14.1.7) becomes

1 A
or
1 A 1/3
T (A) = e (1 + n1/3) . (14.3.37)
A first order Taylor approximation then gives
Ta(A) = S UL O(n=2/3) (14.3.38)
" C(1—-1)173 351/3 ¢ ~

so that ¢* = 1/3, which is the same result that is obtained when computing (14.3.22).
Table 14.1 compares the approximation of (14.3.22) with the exact values of 71, (1)
from (14.3.37).

n =10 n=10°
A mu(A) (M) appr. ma(A)  mu(A) appr.
-10 0,581 0,585 0,608 0,609
-1 0,625 0,625 0,628 0,628
0 0,630 0,630 0,630 0,630
1 0,634 0,634 0,632 0,632
10 0,672 0,675 0,650 0,651

Table 14.1: Values of 7, (A) for star-shaped communities with 5 end points, and the
approximation by (14.3.22).

Example 14.2 (Line communities). We now consider the case where all communities
are either line communities of length 5 (as in Figure 14.5), or single vertices of degree
3, both with probability 1/2. Here a line community is a community that consists
of a line of 5 vertices. The two vertices at the ends of the line have inter-community
degree one, the other vertices have inter-community degree zero. It is possible to
calculate (14.3.22) analytically in this setting. Table 14.2 compares this approximation
with the exact values of 71, (A). We can see that the approximation is very close to the
actual value of 71, (1), especially for n large and A small.
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Figure 14.4: A star-shaped Figure 14.5: A line com-

community munity of length 5
n=10° n = 10°
A mu(A) (M) appr. ma(A)  mu(A) appr.
-10 0,623 0,636 0,696 0,698
-1 0,741 0,741 0,747 0,747
0 0,753 0,753 0,753 0,753
1 0,764 0,764 0,758 0,758
10 0,858 0,870 0,804 0,807

Table 14.2: Values of 77, (A) for line communities and single vertex communities, and
the approximation by (14.3.22).

14.4 Conclusion

In this chapter we have investigated the influence of mesoscopic community structu-
res on critical component sizes in the hierarchical configuration model (HCM). We
have considered the critical component sizes of the HCM when the inter-community
connections have a finite third moment. These critical component sizes converge as
n — oo to a similar scaling limit as the critical component sizes in the CM, as long
as the mesoscopic scales remain smaller than #%/3. The critical component sizes of
the HCM only depend on the sizes of the communities, and are independent of the
precise community shapes. We have also obtained an implicit critical percolation
window for the HCM, that depends on both the connections between communities,
as well as the connections inside communities. We have found that under stricter
conditions on the community sizes and the inter-community edges, the critical win-
dow can be written in an explicit form. The question whether this stricter condition
is necessary to write the critical window in an explicit form remains open for further
research.

The HCM can be used to model real-world networks with a community structure.
Since Chapter 12 shows that many real-world networks have diverging third mo-
ments of their inter-community connections, it would be worthwhile to investigate
the scaling limits of the HCM in this setting.
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Summary

A network is a collection of vertices, connected in pairs by edges. Many objects
of interest can be thought of as networks. Examples include social networks, the
Internet, biological networks, the brain or communication networks. Even though
these networks are very different in application, their connectivity patterns often
share several universal properties. For example, most networks contain communities:
groups of densely connected vertices. In social networks these communities may
correspond to groups of friends or groups of people with similar interests, but
many other types of networks also contain community structures. Another frequently
observed network property is that two neighbors of a vertex are likely to be connected
as well. In a social network for example, this means that two of your friends are likely
to know each other as well.

Networks are typically modeled with random graphs: mathematical models
generating large networks that may serve as null models for real-world networks.
Whereas a real-world network often consists of just one network observation, random
graphs are able to generate many network samples, allowing for statistical analy-
ses. Furthermore, properties of these random graph models can often be analyzed
mathematically. For this reason, random graph models are used to study network
properties. In this thesis, we study several observed properties of real-world net-
works using random graph models, aiming to understand the similarities and the
differences between random graph models and real-world networks.

We first investigate degree correlations, investigating whether high-degree ver-
tices typically connect to other high-degree vertices, or to lower-degree vertices.
Specifically, we study the average degree of a neighbor of a vertex of degree k, a(k).
Chapter 2 shows that a(k) also decays in k in several random graph models, as has
also been observed in many real-world networks, indicating that high degree vertices
tend to connect to lower-degree vertices.

The second network property we analyze describes the relationships between
neighbors of a vertex. In many networks, two neighbors of a vertex are likely to
be connected as well. This can be quantified in terms of the clustering spectrum,
measuring the probability that two neighbors of a vertex of degree k are connected to
one another. In many real-world networks the clustering spectrum decays in k. This
indicates for example that two random friends of a popular person are less likely to
know each other than two random friends of a less popular person. In Chapters 3-6
we develop methods to analyze the clustering spectrum for different random graph
models, and show that all these models display a decaying clustering spectrum.
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346 Summary

The clustering spectrum of a network describes the presence of triangles in net-
works. However, other small subgraphs, such as squares or larger complete graphs
can also provide relevant structural information. In Chapters 7-9 we identify the
degrees of the vertices where subgraphs are most likely to be present for several
random graph models. These optimal subgraph structures resolve the trade off that
on the one hand, high degree vertices take part in many subgraphs, but on the other
hand, such vertices are rare. Investigating these optimal subgraph structures enables
us to count the number of subgraphs and to analyze their fluctuations. In Chapter 10
we use these optimal structures to design an algorithm that efficiently searches for a
subgraph in a large random graph.

The third part of this thesis studies community structures, groups of densely
connected vertices. In Chapter 11 we define a mathematically tractable random
graph model that includes communities. We show that applying this model to real-
world network data gives new insights into the community structures of real-world
networks in Chapter 12. We then investigate how epidemic processes spread across
the random graph model in Chapters 13 and 14. By comparing the spread of an
epidemic process on the model with community structures to the behavior of the
same process on traditional random graph models without community structures,
we find how community structure influences the spread of epidemics. Interestingly,
community structures speed up the spread of an epidemic in some networks, but
slow it down in other networks, depending on the exact community shapes. This
illustrates the importance of using community structures in network models.
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