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Abstract

The stochastic network model by Britton and Lindholm [BL10] describes a class of reasonably realistic
dynamics for a complex system with an underlying network structure. In a closed social network, which
is modeled by a dynamic random graph, the number of individuals evolves according to a linear birth
and death process with per-capita birth rate A and per-capita death rate u < A. A random social
index is assigned to each individual at birth, which controls the rate at which connections to other
individuals are created. Britton and Lindholm give a somewhat rough proof for the convergence of
the degree distribution in this model towards a mixed Poisson distribution. We derive a rate for this
convergence giving precise arguments. In order to do so, we deduce the degree distribution at finite
time and derive an approximation result for mixed Poisson distributions to compute an upper bound
for the total variation distance to the asymptotic degree distribution. We treat the pure birth case
and the general case separately and obtain that the degree distribution converges exponentially fast
in time in terms of the total variation distance. We reveal that the degree distribution converges at
least of order \/Ee_%’\t in the pure birth case and 2¢=5 A1t in the general case.

We compare the model to several other network models and find further interesting results for the
model. In particular, we show that the asymptotic degree distribution can exhibit power law tails,
which makes it an interesting alternative to the famous preferential attachment models.

We finally add a spatial component to the model and find convergence rates for this extended model
as well.

We prove several general results about linear birth and death processes along the way. Most notably,
we derive the age distribution of an individual picked uniformly at random at some finite time by

exploiting a bijection between the birth and death tree and a contour process.
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1 Introduction

Network Science is a relatively young research area dealing with complex systems with an underly-
ing network structure. In our well-connected modern world, almost every aspect of life is related
to interactions that could be modeled by using tools from network science. In the recent decades,
researchers have consequently examined a vast amount of different network models applied in various
scientific fields. The diversity of network science makes it one of the most challenging, but also most
fruitful, interdisciplinary research areas. In particular, using graphs as abstract mathematical model
for real-world networks in diverse areas lead to the discovery of surprising similarities in structures
from very different contexts that were thought to be unrelated. Intuitively, a graph can be thought
of as a collection of points, called nodes, which may be connected to other points (and sometimes
even to themselves) by lines, called edges (see Chapter 5 for a precise definition of graphs and an
introduction to the subject). The nodes represent for example individuals in a population whereas the
edges represent some kind of relations between the nodes. Since we are interested in complex systems,
we cannot expect to be able to predict all relevant aspects with certainty. Thus we consider random
graph models.

Unfortunately, there is no well-categorized catalogue of such models. However, there are well-known
properties that can be observed in many real-world networks and thus in the corresponding models.
Consequently, it is reasonable to search for an existing model with the desired properties in order to
find a satisfying model for a given application. We state some of the most important network models
and their properties now (see Chapter 5 for a more extensive introduction to random graphs).

One of the first random network models is the well-known Erdés-Rényi model, which was introduced
in 1959 by Gilbert [Gil59] and named after Erd6és and Rényi, who published a closely related model
in the same year [ER59]. In this model, each pair of nodes is connected with some fixed probability
p independently from other pairs of nodes (see also Chapter 5). The model is a static model, i.e. it
describes a random network at a fixed time.

Although it shows interesting behaviour, further random network models were needed for the de-
scription of real networks since many empirical networks have important properties that are not
represented by Erdds-Rényi graphs. In particular, they often have a very different degree distribution,
where the degree of a node is the number of its edges. Many of the degree distributions observed
in real-world networks have the so-called power law property, which means that the corresponding
probability mass function decreases (approximately) at a polynomial rate. This means that high val-
ues appear with relatively high probability. Note that power law distributions do not only appear as
degree distributions in random networks, but also in very different contexts (see e.g. [Newl3] for a
great variety of examples). Examples for real-world networks having power law degree distribution

are the internet, collaboration networks of scientists as well as movie actors and networks of telephone



2 Chapter 1. Introduction

calls, emails and human sexual contacts (see Chapter 3 of [DMO03]). It is remarkable that some of
those have no obvious relation to each other.

There are some generalizations of Erdés-Rényi graphs that produce power law degree distributions.
For example, in the generalized random graph with n nodes introduced in [vdH16] (see also Chapter 5),
each node is assigned a weight, and each pair of nodes is connected with a probability depending on
the weights of those two nodes in a particular way. This model allows us to obtain any mixed Poisson
distribution as asymptotic degree distribution as n — oo, which is a large class of distributions and,
in particular, contains power law distributions (see Section 3.3 for an introduction to this class of
distributions).

A further popular static random network model is the configuration model. This model gives us a
random graph for any given feasible degree distribution, in particular for power law distributions. This
is done by equipping each node with an appropriate number of half-edges, which are joined together

in a random way (see Chapter 5 for details).

A lot of very popular classical, static network models are rather designed to obtain a snapshot of
a network that depicts the properties of a complex system in a reasonable way and are often not
sufficient to describe the behaviour that leads to the observation of these properties. An example is
the configuration model mentioned above. Time-discrete dynamic models allow interesting insights
in such underlying behaviour. The most popular class of such models are the preferential attachment
models that exhibit a power law behaviour asymptotically and were popularized by Barabasi and
Albert [BA99]. In such models the popularity of a node is proportional to its degree.

However, “a line of research towards a naturally comprehensible explanation for the formation of
power-law networks has argued that degree is not the only key factor influencing the network growth”
([TP11], Chapter 2). Therefore, “the ’inner self’ factors such as the personality of a person in a
friendship network” ([TP11], Section 2.5) or “talent” ([TP11], Section 2.7) should be considered in
network models. Barabasi and Albert argue that for example the extremely high degree of Google
and Facebook in the World Wide Web network cannot be explained by the preferential attachment
mechanism since in a preferential attachment model nodes with such a high degree are among the
oldest nodes with very high probability, which is not the case for those two examples (see Section 6.1
of [Bar13]).

Consequently, besides preferential models, the so-called fitness models have gained huge popularity
in the recent years. In those models, the attachment does not only depend on the degree but also
on a random intrinsic fitness that is determined at the birth of each node and stays the same for the
whole lifetime. The best-known fitness model was introduced in [BBO1]. In this model, the attach-
ment mechanism is a combination with preferential attachment. Pure fitness models were for example
considered in [CCRMO02] and [SHR13]. Depending on the application, either preferential attachment,
models that combine preferential attachment as well as fitness or pure fitness models may be more

suitable.

Discrete-time preferential attachment and fitness models cover a lot of aspects of real-world net-

works. However, the discreteness is far from being realistic. Therefore, we treat models that incor-



porate exponential waiting times, which makes it more realistic. Note that this was also done for a
continuous-time preferential attachment model considered in [Rei09] (see Subsection 5.4.1 for details).

In this thesis, we focus on the time-continuous random graph model that was introduced by Britton
and Lindholm [BL10], which can be seen as time-continuous pure fitness model that is particularly
realistic for the possibility of nodes as well edges to die. We prove in this thesis among other things
that the asymptotic degree distribution in this model can exhibit power laws such that it displays an

interesting alternative mechanism for producing networks with this property (see Section 6.5).

We sketch a slightly adapted, namely a loop-free, version of the original dynamic network model by
Britton and Lindholm (see [BL10] and [BLT11]) here that we consider in large parts of this thesis.
We refer to Chapter 6 for a precise definition of the model.

The node process (Y;)¢>0 is a linear birth and death process with initial value one. Thus each node
gives birth at constant rate A and dies at constant rate p.

We assume A\ > pu, so that Y; — oo as t — oo with positive probability (see Chapter 2 for details).

We equip every node ¢ with a positive random social index S; representing its fitness, where the
(Si)ien are independent and identically distributed with finite expectation.

At birth every node is isolated. During its lifetime and as long as there is at least one other node,
node i generates edges at rate a.S;, which are removed after Exp(/3) distributed times. Here o and
B are positive constants. The “second” node of each newly born edge is chosen uniformly at random
from the set of all other living nodes.

In addition to the direct destruction of edges defined above, all edges connected to a certain node

are removed when the node dies.
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Figure 1.1: Simulated realizations of the Britton-Lindholm model with o = 3, 8 = A =1, u =0
and Pareto(3,2/3) distributed (left-hand side) and deterministic (right-hand side) social
indices, respectively, for T = 5, where the size of the nodes corresponds to the social

indices.

The model is illustrated in Figure 1.1.
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1.0.1 Remark
The only difference to the definition by Britton and Lindholm is that we do not allow loops because
these are not present in most applications.

Note further that we allow multiple edges, i.e. pairs of nodes that are connected by more than one
edge (see Chapter 5 for a precise definition). Depending on the real-world application, this may be less
or more realistic than the corresponding model without multiple edges. It can be shown that those
edges are negligible in the sense that the probability that a randomly picked node has at least one
multiple edge converges to zero at an exponential rate (see Section 6.4). This allows us to formulate

the main result also for the case where we ignore multiple edges (see Corollary 1.0.3 below).

We refer to the distribution of the number of edges incident to a node picked uniformly at random
from all living nodes at time ¢ given the number of nodes is positive as degree distribution, and denote
it by v;. In [BL10], Britton and Lindholm give a rather heuristic argument for the weak convergence of
the degree distribution in the original model towards a mixed Poisson distribution v. One of the results
of this thesis gives a rate in total variation distance rather than a mere convergence result, where the
total variation distance is a very common distance measure for probability distributions (see Section
3.1 for details). We provide a complete proof for this rate and thereby also for the weak convergence
since convergence in total variation distance implies weak convergence (see Proposition 3.1.9).

The asymptotic distribution v is given by

u
where A ~ Exp(A), S has the social index distribution, and A and S are independent. Here MixPo

denotes the mixed Poisson distribution. Note that v is the same asymptotic degree distribution as in
[BL10].

The following result is an immediate consequence of Theorems 6.3.2 and 6.3.4, which are proved in
this thesis.

v = MixPo(Bi(S +E(S)) (1 - e—(ﬁ-i-u)A)’

1.0.2 Theorem
Let E(S?) < oo. Then we obtain for the degree distribution v in the Britton—Lindholm Model without

loops
(a) if p =0, then dry (v, v) = O(\/fefé)‘t) as t — 00;
(b) if u > 0, then dpy (v, v) = O(th_%()‘_“)t) as t — 00.

Theorem 1.0.2 has consequences for the case where we ignore multiple edges. Let 7y be the distri-
bution of the number of neighbours of a node picked uniformly at random from all living nodes at
time t given the number of nodes at time ¢ is positive. We refer to 7y shortly as distribution of the
number of neighbours. The convergence of this distribution to the asymptotic degree distribution v

is an immediate consequence of the following corollary, which is proved in Section 6.4.

1.0.3 Corollary
Let E(S?) < oo. For the distribution of the number of neighbours in the Britton—Lindholm Model

without loops, we have that dpy (7, v) = O(th_%()‘_“)t) as t — 00.



Note that rates for the convergence towards the degree distribution were considered for discrete-
time random network models as well. Reinert [Rei09] and Pekdz, Rollin and Ross [PRR13] established
convergence rates for the degree distribution in preferential attachment models in terms of the total

variation distance (see Chapter 5 for details).

The derivation of the convergence rates for the (loop-free version of the) model by Britton and
Lindholm is a challenging task due to its complexity. We treat the pure birth and the general case
separately because the pure birth case allows us to obtain a much better rate and present some of the

main ideas of the proof much clearer.

The proof is based on a general approximation result that gives us a bound for the total variation
distance between two mixed Poisson distributions. We derive this result, which might also be inter-
esting in other contexts, in Chapter 3. We apply it to the total variation distance between the degree
distribution v; at time ¢, which we show to be a mixed Poisson distribution in Chapter 6, and the
asymptotic degree distribution v. Let (A});>0 and M* be random variables such that v, = MixPo(Aj)
and v = MixPo(M*). Then this strategy leads to E(|A} — M*|) as upper bound for drvy (v, v).

In order to bound this expectation, we first couple A and M* in an appropriate way. Since the
distribution of A} depends on the distribution of the age of a node picked uniformly at random at
time t, we are interested in the distribution of the age A of an individual picked uniformly at random
at time ¢ in a linear birth and death process (Y:):>0 with per-capita birth rate A and per-capita
death rate p. In the pure birth case, i.e. if g = 0, it is well-known that this distribution is essentially a
truncated exponential with parameter A, a result which follows immediately from Theorem 1 in [NR71]
(see Chapter 4 for details). It is furthermore well-known that £(A|Y; > 0) = Exp(\) as t — oo if
A > 4 >0, where = denotes weak convergence. This follows e.g. from Example (6.10.14) in [Jag75].

However, somewhat surprisingly, if i > 0, an exact formula for the distribution of A at finite ¢ is
nowhere to be found in the literature. In this thesis, we provide such a formula for the cumulative
distribution function of A, both conditionally on the number Y; of individuals at time ¢ and uncon-
ditionally (the conditioning on Y; > 0 being always tacitly implied). Our main proof idea relies on a
bijection between Galton—Watson trees in continuous time and exploration processes, recently shown
in [BPS12]. We also give upper bounds on the closeness of L(A|Y; > 0) and Exp(\) if A > p as well as
convergence rates in various metrics. Note that these substantial new results can be of great general

interest. We point out some related work in Chapter 4.

Finally, we also add a spatial component to the (loop-free version of the) Britton-Lindholm model.
More precisely, we let the probability of edges depend on the positions of the nodes, which gives us a
even more realistic model. For simplicity, we restrict ourselves to the pure birth case here. We derive
asymptotic degree distributions and corresponding convergence rates analogously to the non-spatial

case.

The rest of the thesis is organized as follows. In Chapter 2, we extensively discuss linear birth and
death processes and consider distributions related to such processes since the node population in the
Britton-Lindholm model is described by such a process. In particular, we deduce formulae for the

expectation and the variance of the number of births, which are also of some general interest.
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In Chapter 3, we first introduce probability metrics, in particular the total variation distance. Sec-
ondly, we give a short introduction to Poisson approximation in Section 3.2. In Section 3.3, we define
mixed Poisson distributions and state interesting properties. Finally, we derive a universal bound
for the total variation distance between two general mixed Poisson distributions (see Theorem 3.4.1),
which we apply to the Britton-Lindholm model without loops in Section 6.3.

In Chapter 4, we first consider known results about concepts that are in some sense similar to “our”
age distribution. Then we briefly consider the age distribution in the pure birth case in Section 4.2.
In Section 4.3, we treat the general case, which is far more complicated. We introduce contour
processes and derive the age distribution for a linear birth and death process using results about those
processes from [BPS12]. Additionally, we deduce rates for the convergence towards the asymptotic
age distribution. In Section 4.4, we compute an upper bound for the time since the last event in a
linear birth and death process by applying results from the previous section and compare this bound
with a similar one obtained from known results about so-called reconstructed trees.

In Chapter 5, we turn to random networks. We first introduce briefly the concept of graphs and
heavy-tailed as well as power law distributions. Then we present well-known examples of static random
network models in Section 5.3. Finally, we consider well-known dynamic random network models,
including preferential and uniform attachment and fitness models. In particular, we summarize known
results about rates for the convergence towards the asymptotic degree distribution for preferential and
uniform attachment models.

In Chapter 6, we consider the (loop-free version of the) network model by Britton and Lindholm.
Firstly, we give a precise definition of the model sketched above. Then we deduce the degree distribu-
tion at finite time by using results about birth and death processes in Section 6.2. In Section 6.3, we
derive rates for the convergence to the asymptotic degree distribution in terms of the total variation
distance treating the pure birth case and the general case separately, which leads to Theorem 1.0.2
above. At the end of Section 6.3, we also discuss the quality of the convergence rates by using simula-
tions. In Section 6.4, we prove that multiple edges are negligible in the sense that the probability that
a node picked uniformly at random has a multiple edge converges to zero exponentially in time, which
allows us to formulate our main results for the case where we ignore multiple edges as mentioned
above. In Section 6.5, we show that we can indeed obtain a power law distribution as asymptotic
degree distribution, which motivates the consideration of the model. We briefly consider further prop-
erties of the asymptotic degree distribution in Section 6.6. Finally, we look at the case where edges
cannot die and obtain similar results as before. This case turns out to be very interesting since we
can rediscover asymptotic degree distributions from other well-known random network models.

Finally, we add a spatial component to the model in Chapter 7. More precisely, we let the probability
of an edge depend on the positions of the nodes, which are assumed to be uniformly distributed on
a hypercube of arbitrary dimension. We derive a rate of convergence towards the asymptotic degree
distribution and show that multiple edges are negligible in a rather general setting. Finally, we specify
how the probability of the creation of an edge depends on the distance between the corresponding
nodes in three different ways and obtain explicit expressions for the degree distributions and the
convergence rates.

In Chapter 8, we end this thesis with a discussion and an outlook.



2 Distributions related to linear birth and death
processes

2.1 Introduction to linear birth and death processes

A linear birth and death process is a Markov process that is applied in many different areas in order
to describe populations. Before we define this type of process, we recall the definition of a birth and

death process.

2.1.1 Definition (see e.g. Section 6.2 of [All10])
A birth and death process (Xi)i>o is a homogeneous Markov process with states in (a subset of)
No ={0,1,2,...} that satisfies

A At + o( At) ifm=1,

pn At + o(At) if m=-1,
P(Xt+At — Xt = m‘Xt = n) =

1 — (Ap + pn)At +0o(At) it m=0,

o(At) otherwise

as At | 0 for n,m € Ny, t > 0, where A\, > 0 and p,4+1 > 0 for all n € Ng.

We interpret X; as population size at time ¢. Note that the sequences (A, )nen, and (pn)nen are often
referred to as birth and death rates, respectively. In this thesis, all homogeneous Markov processes

are assumed to have right-continuous trajectories.

2.1.2 Remark

From Section XVIL5 of [Fel67], we know that a birth and death process (X;);>o exists for all fea-
sible sequences (A )nen, and (pn)nen. Furthermore, the birth and death process (X¢)i>0 is uniquely
determined by the above definition in “all cases of practical significance” ([Fel67], Section XVIL5)

including the following examples.
A Poisson process, which is defined in the following definition, is a birth and death process.

2.1.3 Definition (cf. e.g. Example 1.3 in [CM77])
A birth and death process with constant birth rates A\, = A > 0 and death rates tnt+1 = 0 for all

n € Ny started with zero individuals is called Poisson process of rate .

2.1.4 Remark (cf. e.g. Example 1.3 in [CM77])

For a Poisson process (E;):>0 of rate ), it can be shown that the number of events, i.e. births, in a time
interval (¢,t+ At] is Po(AAt) distributed for all t > 0 and At > 0. In particular, we have Z; ~ Po(\t)
for all t > 0.
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A linear birth and death process is a birth and death process whose birth and death rates are linear

in the population size, i.e. it is defined and interpreted as follows.

2.1.5 Definition and Remark (see e.g. Example 4.4 in [CM77] and Section 8.2 of [Bai64])
A linear birth and death process (Yi)i>0 is a birth and death process with A, = An and p, = un,
n € Ny, for g, A > 0. Throughout this thesis, (Y;):>0 always denotes such process.

A linear birth and death process can be interpreted as follows. For each ¢ > 0, the random variable
Y, is the number of individuals alive in a population where each living individual gives birth to offspring
according to a Poisson process of rate A and lives an Exp(u) distributed time indenpendently of all
other individuals. Thus we call A and u the per-capita birth and death rate, respectively.

A different interpretation is that each living individual splits into two after an Exp(\) distributed
time. In particular, this is reasonable if we think of unicellular organisms. However, we stick to the

first interpretation throughout this thesis.

Note that a linear birth and death process is also often referred to as simple birth and death
process in the older literature (see e.g. Section 8.2 of [Bai64]). Note further that linear birth and
death processes belong to the class of continuous-time branching processes (see e.g. see Section I11.5
of [ANT72] or page 62 in [HJV05]) since they fulfill the following branching property.

2.1.6 Lemma (cf. e.g. page 105 and 106 in [ANT2])
Let Y," (t,w) denote the number of offspring of the ith of the Y;(w) individuals alive at time ¢ that

are still living at time ¢ 4+ u, where we number the parents in an arbitrary way. Then we have

N
Yiju(w) = Z Yu(Z)(t7w)7
1=1

where, given Y}, the processes (Yu(i) (t))u>0 are independent with E((Yu(i) (t))u>0lY2) = L(Yi)u>0|Yo = 1)
(and we use the usual convention that the empty sum is zero).
Finally, we consider a classical classification of linear birth and death processes.

2.1.7 Remark (see e.g. [ANT2] or [HIJVO05])

For (Y%)¢>0, the expected number of offspring of each individual is

o o0 )\
/ Mt PL™Y(dt) = / e Mt = =

)
0 0

where L is the lifetime of the individual. A branching processes is called critical if this expectation is
equal to one, subcritical if it is smaller and supercritical if it is larger than one. Thus we call (Y3):>0

critical if A = p, subcritical if A\ < p and supercritical if A > p.

From now on, we assume Yy = 1, i.e. we begin with one individual at time 0, throughout this thesis
if not stated otherwise. For a general initial population size, many results can be deduced from this

case by using the branching property from Lemma 2.1.6.
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2.2 Total population size in a linear birth and death process

In this section, we consider the distribution of the population size Y; in the linear birth and death
process (Y:)¢>0 with per-capita birth rate A, per-capita death rate p and initial value one, i.e. Yy = 1.
In the network models in Chapter 6 and Chapter 7, the node process is a supercritical linear birth and
death process. Since some results could also be of general interest, we also consider the case where
> A > 0. Firstly, we assume that the per-capita birth rate A and the per-capita death rate p of
(Y2)¢>0 are not equal. According to (8.15) and (8.46) in [Bai64], the one-dimensional distributions of

such a process are then given by the following probability mass functions:

pa(t) = (1= up(t) (1 = Ap())(AB(1)" ™, n e N={1,2,3,...},

where
XMt 1 11— e Omt

(t) := AeQ=mt — Al — %6—()\—;1){

p
2.2.1 Remark
Note that these are just the probability mass functions of geometric distributions if ¢ = 0. Since
the convolution of several geometric distributions is a negative binomial distribution, this implies by

Lemma 2.1.6 that the one-dimensional distributions of (Y;):>0 are negative binomial distributions in

the pure birth case if we consider a general initial value m € N.

For A = p > 0, the probability mass function of the one-dimensional distributions of (¥;)¢>¢ is given
by

(t) = At
PO\ =173\
_ ()\t)nfl
Pa(t) = 1+ " © N,

by (8.53) in [Bai64].

2.2.2 Remark
Note that po(t) is the probability that a linear birth and death process with initial value one goes extinct
up to time ¢. Due to the branching property of a linear birth and death process (see Lemma 2.1.6),

m

we have that po(t)™ is the probability that a linear birth and death process with a general initial
value m € N goes extinct up to time ¢. By taking the limit ¢ — oo, we obtain that the probability of

eventual extinction is (u/A)™ for A > p and 1 otherwise (see also (8.59) in [Bai64]).

By elementary computations using these probability mass functions, we obtain the following propo-
sition (cf. (8.16), (8.17), (8.48), (8.49), (8.54) and (8.55) in [Bai64]).

2.2.3 Proposition
(i) For A # p, we have

E(Y;) = et and Var(Y;) = :\\fl/j(eﬂ/\—u)t ey,
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(ii) For A =y > 0, we have
E(Y:) =1 and Var(Y;) = 2)t.

Now we derive the expected reciprocal of the population size at time ¢ given the population has
not gone extinct until time ¢ and state an upper bound. This result is required for the derivation of
the age distribution in Chapter 4 as well as for the proofs of the convergence rates in Chapter 6 and

Chapter 7.

2.2.4 Proposition

(i) For A # p, we have

1 A— U A=t _ A— U A
< —_— - .
E(Yt Y}>O) Ot _/\log< py— < 0oty log - +(A—p)t

(ii) For A = > 0 we have,

1 ~ log(1 + At)
E(Yt Y > O) ==
Proof:
(i) We obtain for A # p
SEA0)
E(l Y>0>— ="
Y |t 1 —po(t)
X1 A—upu AeG=mt _ \\ 1
o ngl 5)\6()‘*/1)1t — U ()\e(A/‘)t — M)
e N OV O P A
AeA—mt — ) ; n \ Ae—m)t _ i
. A—up AeP=mt — )
ety \ o\ T e,
I Sl T A=t — gy
Ae(A=mt — X A—u
A—p A
1 — A—u)t
< )\e(/\#)t)\(()g<)\—,u> + (A=) >

(ii) Analogously, we obtain for A = 1 > 0

Z pn(t) .
1 =1 ()" L1/ M \"  log(l+\t)
(Yt 6 ) 1—po( b ;n 1+ At)ntl )\tnzln(l—i-/\t) Mt

O
For the time being, we only consider the case where A > p. In this case, we also need an upper bound
for E(1/y/Y;|Y; > 0) in Chapter 6 and Chapter 7, which is given by the following corollary.
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2.2.5 Corollary
For A > pand t > )\%H log(2), we have

Y, > 0) < e—i(A—n)t\/%)‘)\_“) (log<>\—/\u> + (A — M)t>'
Proof: For A > pand t > Aflu log(2), it follows from Proposition 2.2.4:

Y;>0) <,/E l
)V
A— U A

<t (a2 - )
200 —p) A
s (me(525) + -
A

(o

e =

IN

2.2.6 Remark
Using Jensen’s inequality, we obtain an asymptotic lower bound for the conditional expectation con-
sidered in the previous corollary:

By the formula for py(¢) given at the beginning of this section, it follows that

A A
i —QA=t — Q-2 2
tli{&E(YHY% > 0)e tligloE(Y%)e A—p  A—p (21)

for A > u, and since the function x +— % is strictly convex on the positive real axis, Jensen’s inequality

yields
1 1
IE( Y; > 0) D ———— (2.2)
VY E(Y:]Y; > 0)
Equation (2.1) implies
lm L 0w JATH
t—oo  /E(Y;|Y; > 0) A

Thus we obtain by (2.2) that E(ﬁﬁft > 0) does not converge to zero at a faster rate than e~z (At
t

as t — oo for A > p.

Now we consider the martingale property of the normed population size, which leads to useful results

about the limiting behaviour.

2.2.7 Theorem (cf. Theorem 1 in Section II1.7 of [ANT2])

The process (Yte_(k_“)t)tzo is a martingale with respect to the natural filtration.
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Proof: By Lemma 2.1.6 and Proposition 2.2.3, we have for u <t

E(Ytef()‘ﬂ‘)ﬂYu) — e*(A*M)tYuE(Yt_u’YO =1)= Y, e~ A-mte(A=p)t—v) _ y o=(A—pmu,

The following corollary is an immediate consequence of Theorem 2.2.7.

2.2.8 Corollary
The process (Y;):>0 is a submartingale if A > p, a supermartingale if A < 1 and a martingale if A =

with respect to the natural filtration.

Since (Yie™ (A=p)t )e>0 is a martingale by Theorem 2.2.7, the random variable W = hm Yie™ A=)t
exists almost surely by standard martingale convergence theory. In the subcritical and crltlcal case,
the probability of ultimate extinction is one (see Remark 2.2.2). Thus we have W = 0 almost surely.
However, in the supercritical case, we obtain a non-deterministic random variable. Namely, its dis-
tribution is given by P(W = 0) = u/X and L(W|W > 0) = Exp()‘;/\“) (see e.g. page 319 in [Har50]).
Note that this shows that the statement at the beginning of Section 4 of [Kei75] is wrong.

2.3 The number of births and deaths

We consider a linear birth and death process (Y;):>0 with birth rate A, death rate p and initial value
one as before. For convenience, we assume A % u in this section.

Let B; be the number of births up to time ¢. Then (2B)>¢ is in general no Markov process since the
number of births depends on the population size. However, the two-dimensional process (B¢, Y:)i>0
is always a Markov process (see Example 6.4 in [CM77]). Let ¥ (w, z;t) := E(w®2"*) be the joint
probability generating function. Then a partial differential equation can be derived for ¢ (see (39)
on page 265 in [CM77] or (43) in [Ken49]), which can be used to compute ¢ (see (40) on page 266
in [CM77]). Moreover, the partial differential equation for ¢ leads to the following partial differential
equation for the joint cumulant generating function K (6, 6,;t) = log(% (e, e%:t)) (cf. page 271 in
[CMT77]):

0K
ot

K
()\eewwz — (A4 p)+ ue_ez)a

55 (2.3)

Since ¢ is an analytic function, K is also analytic (as a composition of analytic functions). Thus for

(0, 0) from a ball around 0, we can write K in the form
- 0. 6
K(0y,0.5t) = Z %z‘j(t)f (2.4)

where s;; denote the corresponding cumulants. By inserting (2.4) into (2.3), we obtain

o~ d A o~ (0" 5 0,0
> a%ij( ,j, = ( Z;? s A+ +p) X ) > %J’H(ﬂﬁ-
inj=0 —0 k=0 ij=0
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By equating coefficients, this yields the following differential equations for the cumulants:

Son(t) = (A= (1)

%%%02(75) = (A — p)r02(t) + 4 —; M%Ol(t)

L oolt) = Nn 1)

%%H(t) = (A = )11 () + Ase02(t) + Aso1(2)
%%%20(75) = Aoy (t) + %A%m(t)-

(2.5)
(2.6)
(2.7)
(2.8)

(2.9)

Note that %10(t) = E(%t), %()1(75) = E(Yt), %20(75) = Var(%t), 202 (t) = Var(Yt) and %11(t) = COV(%t, Y;g)
(cf. e.g. Subsection 5.1.2 of [CJ10]). Thus from (2.5) and (2.6) follows Proposition 2.2.3. The differ-

ential equation (2.7) yields

A
AN ¢t R L
E(%B:) )\—,ue X

if we assume B = 1. The differential equation (2.8) implies

M) a0 2N e 2 (A—p)t
Cov(B¢,Yr) = O —p)2® Afute O —p2© '
From (2.9) follows

2 2 3
d (1) = 2N+ 1) -y AR e 2N o + et

a” T T A—p (A = p)?

which implies

A=p?  (A=p)?

A

We summarize these results in the following proposition.

2.3.1 Proposition

If we assume By = 1, we have

A - p
E AR O S ) LA i
AA+ 1) a0n- 22, o A2 _
y,) =222 mt _ AN g (A=)t (A—p)t
Cov(B,Y:) ()\_er )\_Mte (A—M)ZE ,

Var(B:) = - (-

e
(A—p)? (A —p)?
2.3.2 Remark
Formula (2.10) can also be computed by using the differential equation
d

ZE(B,) = XE(Y)),

2 2 2
_ AN sy AN e n ( 2X°% A(A +:U’)>e(/\,u)t'

N o 4N teO-mt ( 2% A\ +:u))e(>\—,u)t.

(2.10)
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which can be derived by conditioning on Y; (see e.g. Section 2 of [CS12] or proof of Lemma 1 in
Section 4 of [BL09]). Let ©; be the number of deaths up to time t. Then we have the analogue

differential equation

d
—E(9:) = pE(Y;
dt ( t) lu ( t)?
which implies
R A—p)t 2
E(®;) = — H —
(D) = = L py—
if we assume Dy = 0.
2.3.3 Remark
Note that E(Y;) = E(B:) — E(®;) and E](E?%)Jl = % = ﬁ(ﬁﬂu)_l is the ratio of the probabilities

of a birth and a death at each event time. Furthermore, E(B,;) + E(D,;) = g\\%ze()‘_“)T - % is the

expected number of events up to time t.



3 Bounds on the total variation distance for
Poisson and mixed Poisson approximation

3.1 Probability metrics and the total variation distance

Before we introduce the total variation distance in Subsection 3.1.2, which is crucial in this thesis, we

briefly present the general concept of probability metrics.

3.1.1 Probability metrics

In order to be able to describe the speed of convergence of a sequence of distributions towards an
asymptotic distribution, we need to quantify the distance between distributions. Therefore, we con-
sider metrics on a subset 9t of the set B(X) of probability measures on a measurable space (X, B),
i.e. amap d: M x M — [0, 00) such that for all Py, Py, P3 € M

(1) d(]P)l, Pg) =0 P =Py
(i) d(Py,P2) = d(Py,P1)
(111) d(]P)l, PQ) < d(Pl, Pg) + d(Pg,Pg).

3.1.1 Remark (see e.g. the introduction of [Zol84] and the first two chapters of [RKSF13])

Note that the term probability metric is often used for a more general concept. Firstly, it is often
allowed to be a semimetric on 9% only, i.e. a map d: M x M — [0, 00) that fulfills the symmetry (ii),
the triangle inequality (iii) and Py = Py = d(P1,[P2) = 0 instead of (i) for all P, Py, P3 € 9. Secondly,
it is common to define it on the space of random variables instead of (a subset of) P(X) and allow
so-called compound probability metrics, i.e. semimetrics that do not only depend on the distributions
of the random variables. The probability metrics that are not compound probability metrics are
called simple and are identified with the corresponding semimetrics on 991. We only consider simple

probability metrics here that fulfill (i), i.e. that are metrics on 9.

Many well-known probability metrics d can be written in the form

[ saw— [ gae,

X X

d(IP)l, Pg) = Sup
fETF

(3.1)

for P1, Py € Mt and a set § of measurable functions f : X — R on a separable measurable space such
that f is P-integrable for any P € 9 (see e.g. Section 2 of [Zol84] and Section 4.1 of [RKSF13]). An
example is the total variation distance, which is introduced in the next subsection. Here we give two

other very well-known examples.
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3.1.2 Example (sce e.g. Section 2.2 of [RKSF13])
Let X =R, M =P(X) and § = {1(_o 4] : * € R}. Then the probability metric d defined by (3.1) is
the Kolmogorov distance, which we denote by dx. We have

dg (L(X), L(Y)) = sup |F(z) — G(z)|
zeR

for random variables X and Y on (X, B) having cumulative distribution functions F' and G, respec-
tively.
3.1.3 Example (see e.g. Appendix Al in [BHJ92])
Consider a separable metric space (X, ci) equipped with its Borel o-algebra and the set 9t of probability
measures that fulfill [, d(z, x0)dP(x) < oo for some, and therefore for every, 2o € X. If X = R and the
metric d is the usual one that is induced by the absolute value, the latter means that | Py zdP(z) < oo,
i.e. P has finite expectation. Let §={f:X = R:|f(z) — f(y)| < d(z,y)} be the set of Lipschitz
continuous functions with Lipschitz constant 1. Then the probability metric defined by (3.1) is called
Wasserstein distance (also known as Dudley, Fortet-Mourier and Kontorovich distance), which we
denote by dy. For Py,Py € 91, it can be shown that

dw (P1,Pg) = XN]Pilll}@NPQ E(d(X,Y)).

Furthermore, for X = R and the metric d induced by the absolute value, it can be deduced that
A (£(X).£0V)) = [ [P(X <) = P(Y < y)lda
for real-valued random variables X and Y.

3.1.2 The total variation distance

3.1.4 Definition and Remark (see e.g. Appendix Al in [BHJ92])
Let § = {1p : B € B} and 9 = P(X). Then the probability metric defined by (3.1) is called total

variation distance and is denoted by dpy. Thus we have

dTv(IP)l,PQ) = Sup ’Pl(B) — PQ(B)|.
BeB
It can be shown by a simple approximation argument that we can also take the set of functions
§={f:X —0,1] measurable} in (3.1) in order to obtain the total variation distance dry (see e.g.
Appendix Al in [BHJ92]). We now present further results that can be found in Appendix Al in
[BELJ92].

3.1.5 Proposition
Let Py,Py € P(X)

(i) There exists an event By € B such that dry (P1,P2) = P1(By) — Pa(B4).
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(ii) Let P; and Py both be absolutely continuous with respect to some measure ¢ on (X, B) and have

densities fi; and fo with respect to (, respectively. Then we have

drv(P1,IP2) = ;/fl — fald¢ =1~ /miﬂ(fl,fz)d@
X X

Proof [cf. proof of Lemma 3.3.1. in [Reil2], proof of Proposition 4.2 and page 51 in [LPW09]]:
Let P; and Py both be absolutely continuous with respect to some measure ¢ on (X,5) and have

densities f; and fs with respect to . Note that the choice { = Py +P; is always possible. Furthermore,
let Bs :={x: fi(x) > fa(x)} and let B € B. Then

Py(B) - Po(B) = / (1) — fola))C(dar) = / (1(2) — fol@))C(da) + / (fi(x) — fola))C(dr)

B BNB> BNBS
< / (fi(e) — fol@))C(de) < / (fi(@) — fala))C(do)
BNB> B>
= PI(B>) - PZ(B>) <3'2)

since fi(x) — fa(x) is negative or zero for all € BS and positive for all z € Bs.

Analogously to (3.2), we obtain

Po(B) — Py(B) = / (o) — fi(2))¢(dz) = / (o) — fi(2))C(dr) + / (fol) — fi(2))C(dx)

B BNB- BNBS
< [ (@ - s < [(fale) - fi@))

BNBS Be
— Py(B) — Py (BY). (3.3)

Note that
P1(B>) = Pa(B>) — (P2(BS) = Pi(BS)) = Pi(B>) — Pa(B>) — (1 = Pa(B>) — (1 = Pi(B>))) = 0.
Thus the right-hand sides of (3.2) and (3.3) are equal and we obtain
drv (P1,P2) = P1(B>) — P2(Bs) = Po(BS) — P1(B2) (3.4)

by the definition of the total variation distance since B € B is an arbitrary event. This yields
drv (P1,P2) = P1(By) — P2(By) with By = B> € B.

Furthermore, (3.4) implies

/|f1—f2\dC:/|f1—f2|dC+/|f1—f2|dC
X B B

- /(f1 — f2)d¢ + /(f2 = f1)d¢

B> BS

=P1(B>) — Pa(Bs) + Po(BS) — P1(BS) = 2dry (P, Pa).
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Dividing by 2 yields the first equality of (ii).
For the second equality of (ii), we note that

1_/ﬁ% /h+ﬁ h%+/ﬁ%
/mln fi, f2) +(fi— fa dC+/mln J1, f2)d¢
:/min(fl,fQ)dC‘l-/fl—deC
X B
= /min(fl,fg)d( + P (Bs) — Py(Bs). (3.5)
X

Recall that dry (Py,Py) = P (Bs) — Pa(Bs) by (3.4). Thus (3.5) implies

dry (P, Py) =1 — /min(f17f2)d<a
X

which completes the proof. O

3.1.6 Corollary
Let P; and Py be two probability measures on X = Ny with probability mass functions f; and fo,

respectively. Then the corresponding total variation distance is given by
dry (P1,P2) = Z | f1(k k)|

Proof: The statement follows immediately from Theorem 3.1.5 (ii). O

3.1.7 Remark (cf. e.g. Appendix Al in [BHJ92])

It can be shown that dry is a complete metric on the space of all probability measures on (X, B).
Moreover, it is easy to see that 0 < dry < 1 and that dpy (Py,P2) = 1 if and only if P; and Py are
mutually singular, i.e. there exists a set B € B such that P;(B) = 0 and P2(B¢) = 0.

We now show that the total variation distance can be expressed as a minimal coupling.

3.1.8 Theorem
For all probability measures P;, Py on (X, B), we have

dry (P1,Pe) = min P(X; # X»),

where we take the minimum over all random variables X; and X5 that are defined on a common
probability space (€2,.4,P) and satisfy X; ~ P; and Xy ~ Po.
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Proof [cf. e.g. page 254 in [BHJ92] and the proof of Proposition 4.7 in [LPW09]]:
Let Xy ~ Py, X9 ~ Py be random variables on a probability space (£2,.A4,P). Then we have for all
probability measures P1,Po on (X, B), an arbitrary event B € B and k,l € {1,2} with k # [

Py(B) —Pi(B) =P(Xy € B) —P(X; € B) <P(Xy € B, X; ¢ B) <P(X; # X»).
Thus |P1(B) — Py(B)| < P(X; # X3) for all B € B and Definition and Remark 3.1.4 implies

drv (P1,P2) = sup [P1(B) — Po(B)| < P(Xy # Xa).
BEB

On the other hand, we can construct X; ~ Py, Xy ~ Py with dpy (P, P2) > P(X7 # X3) as follows.
Let 6 := dTv(Pl,Pg).
For § = 0, we then have [P1(B) — P2(B)| = 0 for all B € B, i.e. Py = Py. Let X; ~ P; and
Xg := X1 ~ P». Then we obtain P(X; # X3) = 0 = dpy (P, P2).
For § = 1, we obviously have dpy (P1,P2) = 1 > min P(X; # X3) since P is a probability measure.
Finally, we assume that § € (0,1) and give a construction for X; ~ Py, Xy ~ Py such that
dry (P1,P2) = P(X; # X3). Let ¢ be a measure on (X, B) such that P; and Py are absolutely continu-
ous with respect to (, and let P and Py have densities f; and fo with respect to (, respectively. From
Proposition 3.1.5 and its proof, we can conclude that 1—3 min( fy, f2), %(fl — fo)T and %(fl — fa)~
are probability densities with respect to ¢, where we use the common notation f* := max(0, f) for
the positive part and f~ := —min(0, f) for the negative part of a real-valued function f. Let Z, X
and X3 be X-valued random variables on the probability space (€2, .4, P) such that their distributions
have densities 1—3 min( f1, fa2), %(fl — f2)T and %(fl — f2)~ with respect to (, respectively. Let I be a
random variable on (9, A, P) that satisfies I ~ Be(1 —6) and is independent of (Z, X1, X»). Moreover,
let
(2,2)  iI=1,
(X1, Xo)=¢q _
(X1,Xy) ifI=0.

Then we obtain
P(X1# Xo) =PI =0)=9

because we either have (f; — fo)*(z) =0 or (f1 — f2) " (z) =0 for every x € X.

Furthermore, we have X; ~ IP; since
P(X, € B)=P(Z € B)(1-0) +P(X; € B)§

= /min(fl,fg)dC-i- /(fl — f2)Td¢
B

B

- / min(f1, f2)d¢ + / min(fi, fo)d¢ + / (fi - fo)Hdc + / (o — fo) e

BNB-> BﬂBi BNB> BﬂBi
- / Jod( + / fud + / fi = fode
BAB- BABS BAB-

ZB/fldQ
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where Bs := {z|fi(x) > f2(x)}. Analogously, we obtain Xa ~ Py since
P(Xy € B) =P(Z € B)(1 —6) + P(X5 € B)§

= /min(fl,fg)dC + /(fl — f2)7d¢
B

B

= [ it [ wntmicr [ Gi-pacs [ - pra

BAB- BNBS BAB- BNBS
- / fod( + / fudc — / fi = fudc
BNB> BNBS BNBS

=!ﬁw

Finally, we treat the convergence with respect to the total variation distance.

3.1.9 Proposition
Let P1,Py,... € P(X) and Ps, € P(X). Then we have

n—o0

dry (P, Po) "7 0 = P, 35 P,

w
where — denotes weak convergence.

n—o0 n—o0

Proof: dry(Pn,Psx) = 0 implies P,(B) Pw(B) for all B € B by the characterisation of
the total variation distance given in Definition and Remark 3.1.4. Thus the claim follows with the

Portmonteau Theorem. O

3.1.10 Remark
If X is countable, the converse of Proposition 3.1.9 holds also, i.e. P, = Poe = drv (P, Pso)

n— o0

0.

However, this is not true in general.

3.2 Poisson approximation

In this section, we briefly introduce the concept of Poisson approximation and refer to [BHJ92] for a
lot of further results. The first part of this section is based on the introduction in [BHJ92].
In the remaining of this chapter, we assume that all random variables are defined on an underlying

common probability space (2, A, P).

The Poisson limit theorem, also known as law of small number, is one of the famous limit theorems
in probability theory. Its simplest version says that the Bin(n,p(n)) distribution converges to the
Po()) distribution as n — oo if p(n) = A/n and was proved by Poisson in 1837. Thus for small p and
large n, it is reasonable to approximate the Bin(n,p) distribution by a Poisson distribution. In other

words, the Poisson distribution can be a useful approximation if rare events are considered. One of
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the first remarkable applications of this result was the analysis of the numbers of Prussian soldiers
killed each year as a result of being kicked by horses by von Bortkewitsch in 1898.

However, the Poisson limit theorem does not provide any information about the quality of the
approximation for particular values of n and p. That is where Poisson approximation comes into play.
One of the first results states that the total variation distance drv (Bin(n, p(n)), Po(np(n))) is at most
of order max(np(n)?,p(n)). If Ifn), .. ,L(ln) are independent Be(p(n)) distributed random variables,
this is an approximation result for the distribution of the sum » ), I ,gn) ~ Bin(n, p(n)). If the random
variables I fn), ceey Ir(Ln) are still assumed to be independent and Bernoulli but not necessarily identically
distributed, i.e. I,gn) ~ Be(pk(n)) for k € {1,...,n}, an upper bound for dry (L3> ;_, I,S,n)), Po())) can
be derived using Stein’s method, where A = 3_7_, pp(n) (see the introduction in [BHJ92]). Namely,

it can be shown that
n _ 1 n
dry <£< I(n)> , PO()\)) < min (1, ~> pr(n)?. (3.6)

Note that the right-hand side of (3.6) is smaller than or equal to maxye(;, . n) px(n). Thus we obtain
a good approximation as long as all px(n) are small, no matter how large n is. This justifies the
expression law of small number.

There are also other types of distributions that can be approximated by Poisson distributions in
a reasonable way. Of course, a Poisson distribution is a good approximation for another Poisson
distribution if the parameters are close to each other. The following theorem makes this statement

more precise.

3.2.1 Theorem (cf. page 3 in [Roo03))
Let A > 0 and > 0. Then we have

iy (Pol3),Pol) < min( 4 2VA - VLA~ )

We only prove dry (Po(A),Po(fi)) < |A — fi| here since this is the statement that is needed for
Chapter 6 and Chapter 7. The inequality dry (Po()\), Po(fi)) < 1/2/e| V- V| follows from the more
general Theorem 3.3.9, which is proved in [Roo03]. A direct prove of dzy (Po()), Po(f1))) < \\ﬁ — Vi
is presented in [Yan91].

A proof that is in some sense similar to ours can be found on page 260 in [Fre74]. Let (Z¢)¢>0 be
a Poisson process of rate 1 on a probability space (€2, A,P) (cf. Definition 2.1.3), and let X; := =5

and X := E;. Then we have X; ~ Po()\) and X3 ~ Po(ji) by Remark 2.1.4. Thus we obtain by
Theorem 3.1.8 that

dry(Po(A), Po(ji)) < B(X; # Xo). (3.7)

By the definition of X; and Xj, we have Xj(w) # Xa(w) if and only if (Z;(w))¢>0 jumps in the
interval (min(\, /i), max(X, fi)], i.e. E nax(h 1) (w) — E min(3, ) (w) > 0. Thus the right-hand side of (3.7)

is equal to P(Emax(i )~ Smin(ui) 0), and since (Z¢)¢>0 is a Poisson process of rate 1, the random
variable 25 o — B3 ) 18 Poisson distributed with parameter maf<(5\, fi) — min(\, i) = | A — fi
by Remark 2.1.4. Thus the right-hand side of (3.7) is equal to 1 — e~ *~#l, which is bounded from

above by |\ — fil. O
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3.3 Mixed Poisson distributions

The degree distributions of the network models in Chapter 6 and Chapter 7 are mixed Poisson dis-
tributions, which are introduced in this section and appear in many different contexts (see [KX05]).
We briefly state some interesting properties of these distributions and refer to [KX05] for an extensive

survey.

3.3.1 Definition (cf. Definition 6.7 in [vdH16] and Definition 5 in [KX05])
Let A be a non-negative random variable. A random variable X has a mized Poisson distribution with
mizing distribution P*, denoted by MixPo(A), if and only if for all k& € Ny

where P2 denotes the distribution of A.

Note that a mixed Poisson distribution can be interpreted as Poisson distribution with a random
parameter A. Note further that Definition 3.3.1 defines a rich family of probability distributions on
Ny (see [KX05]). However, not every probability distribution on Ny is a mixed Poisson distribution
(cf. Exercise 6.9 in [vdH16]).

A very well-known example of a mixed Poisson distribution is the negative binomial distribution,
which is obtained by using a gamma distribution as mixing distribution (see e.g. [KX05]). The Yule-
Simon distribution defined in Definition 5.4.3 below is a mixed Poisson distribution shifted by one (cf.
also Remark 6.7.2(i) below).

The following proposition states that the mixing distribution is identifiable. It was first stated in
[Fel43] and is discussed in Subsection 3.4 of [KX05].

3.3.2 Proposition (see Section 2 of [Fel43])
Let M; and My be two non-negative random variables. Then we have MixPo(M;) = MixPo(Mz) only
if L(My) = L(Ma3).

Now we consider the tail behaviour of mixed Poisson distributions. We begin with a rather simple
result from [vdH16].

3.3.3 Proposition (cf. Exercise 6.12 in [vdH16])
Let A be a non-negative random variable, and let F be the cumulative distribution function of PA.

Suppose that there exist real constants ¢; < c¢g such that
et 0 <1 - F(z) < coxt™?

for all x € R and some 6 > 1, and let G be the cumulative distribution function of the MixPo(A)

distribution. Then there exist real constants ¢; < ¢y such that

IN

Sl

SH
&

am'=? <1—G(m)

for all m € Ny.
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Before we consider further results about the tails of mixed Poisson distributions, we state two

definitions.

3.3.4 Definition (cf. Section 2 of [Per98])
For functions f : R — R and g : R — R, we write f ~ g and say that f and g are tail-equivalent if
and only if lim % = 1. For functions f : Ny — R and ¢ : Ng — R, the notation f ~ ¢ is defined

T—00
analogously and corresponds to the usual concept of asymptotic equivalence for sequences.

3.3.5 Definition (cf. Section 1.4 of [vdH16])
A function ¢ : R — R is called slowly varying if and only if

o L)
% (@)

for all ¢ > 0. For functions ¢ : Ny — R slowly varying is defined analogously.

3.3.6 Remark
An example of a slowly varying function is x — log(x) since

log(cx) 5 log(c) + log(x)

= =1.
2300 log(x) T—00 log(z)

On the other hand, for any ¢ > 0, the function x — z€ is not slowly varying because

€
lim (cz) =c°

r—o0 €

and ¢ # 1 for ¢ # 1.

3.3.7 Theorem (cf. Theorem 2 in [Per98))

Let A be a non-negative random variable and assume that P* has density f with respect to the
Lebesgue measure. Furthermore, let F' and G denote the cumulative distribution functions of PA and
MixPo(A), respectively. Assume that the so-called first von Mises condition is fulfilled, i.e.

af(@)
z—oo F(x)

for some ¢ > 0. Then we have F' ~ G.

If the first von Mises condition from Theorem 3.3.7 cannot be shown, the following theorem can

often still be applied in order to describe the tail behaviour of the mixed Poisson distribution.

3.3.8 Theorem (cf. Theorem 2.1 in [Wil90])
Let

where 6 > 1, b > 0 and the function = — ¢(x) is slowly varying. Furthermore, let A be a non-negative
random variable and assume that P has density f with respect to the Lebesgue or counting measure
such that f ~ g. Then for X ~ MixPo(A), we have

B o(k) 1\ _
P(X = k) ~ (1+b)1—9<1+b) B
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Finally, we return to Poisson approximation. The following theorem states an upper bound for the
total variation distance between a Poisson and a mixed Poisson distribution, which can be used in

order to approximate the mixed Poisson distribution by a Poisson distribution in special cases.

3.3.9 Theorem (see Theorem 1 in [Roo03])

Let A be a non-negative random variable, and let A > 0. Then we have

dry (MixPo(A),Po())) < min<\/§E(‘\/K ~ VA

}E(A- )

3.4 Upper bound for the total variation distance between two mixed

Poisson distributions

Theorem 3.2.1 gives us an upper bound for the total variation distance between two Poisson distribu-

tions. By conditioning, we can generalize this result to two mixed Poisson distributions.

3.4.1 Theorem
Let A and M be non-negative random variables. Then we have for the total variation distance between

the mixed Poisson distributions MixPo(A) and MixPo(M):
A - M}) ) .

Proof: Let X7 and X2 be MixPo(A) and MixPo(M) distributed, respectively. Then it follows

dry (MixPo(A), MixPo(M)) < E<min <\/§ VA - VM

dry (MixPo(A), MixPo(M)) = sup |P(X; € B) — P(X; € B)|

BCNp

— sup [E(P(X: € BIA)) — E(B(X> € B]M))|
BCNyp

< sup E(|P(X1 € B|A) —P(X2 € B]M)|)
BCNp

< IE( sup |(P(X, € BJA) — P(X; € B\M)\)
BCNp

= E(drv (L(X1|A), £L(Xs|M)))

gm<mm<ﬁ|ﬂ_ m,|A_M|>),

where the last line follows from Theorem 3.2.1. O

3.4.2 Remark
Note that the mixed Poisson distribution depends on the parameter random variable only via its

distribution; therefore Theorem 3.4.1 yields

dry (MixPo(A), MixPo(M)) < inf E<min<\/z|]\% — M|, [A - M})) < dw (L(A), L(M)).
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Note further that Theorem 3.4.1 immediately implies that

dry (MixPo(A), Po(})) < E<m1n<\/z}\/7\ — \@, A — X\))

for a non-negative random variable A and A > 0, which gives an upper bound for the total variation

distance dry (MixPo(A), Po())) that is smaller than the one from Theorem 3.3.9 in some cases.






4 The age of a randomly picked individual in a
linear birth and death process

We are interested in the age of an individual picked uniformly at random at a fixed time 7" > 0 in
the linear birth and death process (Y:)¢>0 (given Y7 > 0). We briefly call the distribution of this age
the age distribution of (Yz)i>0 at time T. However, before we consider this distribution, we turn to
related known results. Firstly, we present well-known results about another concept for more general
branching processes often referred to as “age distribution” in the literature, which can for example be
found in [Har02] and [Ken49]. Namely, we consider the number of individuals with age in a certain
interval and the ratio between this number and the total population size. Secondly, we consider the
times since the birth times. Note that the latter does not lead to the age distribution since the birth

times depend on the survival of the corresponding individuals up to time 7.

4.1 Related results

4.1.1 The number of individuals with age in a certain interval
We consider the individuals that are not older than a fixed non-negative real number a.

4.1.1 Definition

Let Y7 be the number of individuals whose age is smaller than or equal to a at time 7'

The following theorem states that the expected value of Y is equal to the product of the expected

population size and the cumulative distribution function of the Exp(\) distribution at a for a < T'.

4.1.2 Theorem (see e.g. page 259 in [Ken49))
For a < T, we have
E(YF) = AT (1 — ¢729) = B(Y7) (1 — e79).

Note that an expression for Var(Y;) can also be found in [Ken49].
The following theorem reveals that, given ultimate survival of (Y;):>0, the percentage of individuals

that are not older than a fixed number a converges almost surely to a deterministic number.

4.1.3 Theorem (see e.g. the corollary after Theorem 25.1 in Chapter VI of [Har02] or Exam-
ple (6.10.14) in [Jag75])
Given lim Y; = oo, we have
t—o00 ya
T —Aa
T g
Y — e

almost surely as T' goes to infinity.
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4.1.4 Remark
By Theorem 4.1.3, we have for the age Ay, of an individual picked uniformly at random among all

living individuals at time T" and a > 0,

Ya
P(Ay. <alYr >0) = E(T
Yr

YT>0> —~1—e

as T — oo since P(Yp — oo|Ypr > 0) = 1 as T" — oo and Y/Yr < 1 (cf. e.g. Example (6.10.14)
in [Jag75]). Thus, given Y > 0, the age distribution, as defined in the beginning of this chapter,
converges weakly to the Exp(\) distribution. Note that this is a well-known result. However, to the
best of our knowledge, an explicit formula for the expectation E(Y;/Yr|Yr > 0) cannot be found in

the literature.

Note further that asymptotic age distributions have a long history. They were already considered

by Euler in the 18th century as pointed out for example in Section 6.2 of [HJV05].

4.1.2 Times since the birth times

The following theorem leads to the distribution of the birth times of the individuals that have been
born up to time 7. It is a special case of Theorem 1 in [SKBD13].

4.1.5 Theorem (cf. Theorem 1 in [SKBD13])

Let X2+, .. ,X%T and X ,... ,X5T be the unordered (i.e. randomly permuted) non-zero birth and
death times of the linear birth and death process (Y:)¢>0 up to time 7', respectively. Then the joint
distribution of B, D, X2+, . ,X%T and X ,..., Xy, is given by the density
br N dr "
br,dp, 73, .. @0 @7, G5 ) = MW \e= OEWT—2) TT —— £
f(br,dr, 73 b1 dT) g kE[l e~ A+ (T—=)

for all admissible bp, dr, :i;, .. .,i‘l‘fT and Z,... Ty
The following corollary is an immediate consequence of Theorem 4.1.5.

4.1.6 Corollary
The unordered times since the non-zero birth times are independent and identically distributed. Their
distribution is the Exp(\ + ) distribution truncated at T'.

4.1.7 Remark

Consider the case where we pick a birth time uniformly at random among all birth times that are not
larger than 7. Then the distribution of the time since this birth time converges to the Exp(A + u)
distribution as T — oo by Corollary 4.1.6. Note that this distribution is stochastically dominated by
the asymptotic age distribution, which is the Exp(\) distribution (see Remark 4.1.4).

4.2 The age distribution in the pure birth case

Recall that we call the distribution of the age of an individual picked uniformly at random at a fixed

time 7" > 0 (given Y7 > 0) the age distribution. In this section, we consider the pure birth case and
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show that the age distribution can be easily derived from known results in this case. The following

proposition can be easily deduced from Theorem 1 in [NR71].

4.2.1 Proposition

Let 4 = 0. The ages of the individuals at time 7' that have been born later than the first individual
are independent and identically distributed and their distribution is the Exp()) distribution truncated
at T'. Consequently, the distribution of the age A of an individual picked uniformly at random from

all individuals at time 7" that were not alive at time 0 is the Exp(\) distribution truncated at 7.

Proof: Let Yr = n be given. From Theorem 1 in [NR71] follows that the n — 1 positive birth times in
the time interval (0, 7] are distributed as the order statistics of independent and identically distributed

random variables TQ, .. ,Tn that have the cumulative distribution function
. 1— e)\u

This implies that the ages T — Tg, T = T, are independent and identically distributed and have
the cumulative distribution function

1—eM — 14 M) 1—e M
1 — e Tl AT

BT~ T <u)=1-B(T; <T —u) =

which is the cumulative distribution function of the Exp(A) distribution truncated at T. Since this
distribution does not depend on n, the conditional distribution given Y7 = n is equal to the uncondi-

tional one. O

4.2.2 Remark
Note that Proposition 4.2.1 can be obtained as a special case of Corollary 4.1.6. However, we use the

result from [NR71] since this is a more natural way to prove Proposition 4.2.1.
Before we turn to the general case, we give the following corollary.

4.2.3 Corollary
Let © = 0, and let A be the age of an (arbitrary) individual at time 7" and 0 < b < T. Then the
conditional distribution of A — b given A > b is the Exp()\) distribution truncated at T — b.

Proof: Let Z be Exp()) distributed. Then for the age A and z + b < T, Proposition 4.2.1 implies

4 i Pb< Z<z+b) e M—e zth)
PUA-b<ed20) =P(Z<o4b< Z<T) = oo tn® =~ 5" 7

1—e ™

e — < < T _
oy =PZ <22 <T-0),

and z — P(Z < z|Z < T — b) is the cumulative distribution function of the Exp(\) distribution
truncated at 1" — b. O

4.2.4 Remark

From the proof of Proposition 4.2.1, we know that we obtain the same distribution in Proposition 4.2.1
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and Corollary 4.2.3 if we condition on the population size Y7. Note that this implies that the age
distribution of an individual picked uniformly at random conditioned on Y7 is a mixture of the Exp(\)
distribution truncated at 7" and the Dirac measure in 7. The unconditional age distribution can be
easily deduced from the conditional one by applying Proposition 2.2.4. The result is omitted here
because the cumulative distribution function of the age distribution for arbitrary g > 0 is stated in
Corollary 4.3.2 below.

4.3 The age distribution in the general case

In the previous section, we only considered the case where individuals cannot die. In the general case
with per-capita birth rate A > 0 and per-capita death rate p > 0, the situation is far more complicated.
However, we finally obtain the age distribution for any p > 0 in this section. For convenience, we
assume p > 0 here although all results also hold for © = 0, as can be verified from the previous
subsection.

This section is organized as follows. We state our main results in Subsection 4.3.1. In Subsec-
tion 4.3.2 and Subsection 4.3.3, we introduce a bijection between trees and piecewise-linear functions
and the contour process, respectively, which are used in the proof of the main result of this section in
Subsection 4.3.4. The proofs of the additional results stated in Subsection 4.3.1 are given in Subsec-
tion 4.3.5, Subsection 4.3.6 and Subsection 4.3.7. Finally, we confirm the main results of this section

using simulations in Subsection 4.3.8.

4.3.1 Results

The following theorem gives us the age distribution at some time T  conditioned on the population

size.

4.3.1 Theorem
Let F,, denote the cumulative distribution function of the age of an individual picked uniformly at

random at time 7' given Y7 = yr for some yr > 0. Then Fy, is given by

FyT (t) =

yr — 1 (1 B e~ — e_()‘_“)Te_“t) 1 ()\(1 —e M) — (1 — M)

yr 1— e O-nT ur A—p Lo () + ﬂ{T}(t))

for t € [0,T] if A # p and by

_ e
Fur) =222 (1= D) 1 (1 e )L ) + L)

fort € [0,T) if A= p > 0.

Before we prove this theorem, we state two corollaries. The first one reveals the unconditional age

distribution of an individual picked uniformly at random.
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4.3.2 Corollary

The cumulative distribution function F' of the age distribution of (Y;);>0 at time 7' is given by
N — AeA—m)T _ =AM _ o= (A=p)T p—put
F(t)y=(1- K log ¢ a 1- ¢ c c
AeP=mT _ )\ A= 1 —e =T

A— U AeP=T _ )\ (N1 — e M) — p(1 — e M)
AT — ) °g< R Y Loy (#) + Lyzy (t)

for t € [0,T] if A # p and by

0 e M(T — 0
F(t) = <1 - lg(l;m) <1 - ’”) 4 o8 £ AT) ((1 =N+ M) T ey + l{T}(t)>

fort € [0,T]if \=p>0.

Proof: The expression for the cumulative distribution function follows directly from Theorem 4.3.1

and Proposition 2.2.4. O
< | < ]
0] ee]
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Figure 4.1: Cumulative distribution functions of the age distribution (solid lines) and the asymptotic
age distribution (dotted line) for A = 1.

The cumulative distribution function of the age distribution is illustrated in Figure 4.1. Note that
Corollary 4.3.2 immediately implies that the age distribution converges weakly to the Exp(\) distri-
bution if A > p and to a mixture of the Exp(\) and the Exp(u) distribution if A < u. The following
corollary states that the age distribution converges exponentially fast to the Exp()\) distribution in a

certain sense for A > p.

4.3.3 Corollary

Let ¢ > 0, and let Ay, denote the age of an individual picked uniformly at random at time 7" in the
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linear birth and death process (Y:):>0. Then there exist random variables A, and Z, on (22, A, P)
such that L(A.|Yr > 0) = L(Ay, |Yr > 0) and L£(Z, | Y7 > 0) = Exp(\) and

A 1 A u A
‘ Yr> 0) D S R VP (10g<)\ —u) O _“’)T>

= O(Te*(’\*“)T)

F <‘€—CA* _ e—cZ*

if A > p and

c log(1+ A\T)
(A +¢)?T AT

E(’e_CA* — e % = O(log(T)/T)

’YT>0>§

ifA=pu>0.

4.3.4 Remark
Note that the upper bounds from Corollary 4.3.3 are obviously also upper bounds for the absolute
difference [E(e=¢4*|Yy > 0) — E(e~°%*|Yr > 0)| of the corresponding Laplace transforms.

By adapting the proof of Corollary 4.3.3, we can obtain a similar bound for the Wasserstein distance

from Example 3.1.3.

4.3.5 Corollary
Let Ay, be defined as in Corollary 4.3.3. Then we have, as T' — oo,

. - O(Te=A=mT) if X > p
dw (L(Ay, | Yr > 0),Exp(\)) =E| _ min A= Z,| | =
A~ L(Ayp | YT>0) O(log(T)/T) ifA=p>0.
To round out the picture, we also provide a convergence rate in terms of the total variation metric
for A > pu.

4.3.6 Corollary
Let Ay, be defined as in Corollary 4.3.3. Then we have, as T" — oo,

O(Te=A=WT) if X>p

dry (L(Agy | Yo > 0), Exp(\)) = O(log(T)/T) ifA=p>0

4.3.2 Bijection between piecewise-linear functions and trees

In order to prove Theorem 4.3.1 and Corollary 4.3.3, we use results from [BPS12] about contour

processes (also known as exploration processes), which we introduce now.

4.3.7 Definition

We consider piecewise-linear functions h : [0,b] — [0, 00) for 0 < b < oo with the following properties:

e The derivative is either 1 or -1 at all points where it exists.!

! Note that the formulation in [BPS12] is slightly more general. However, we do not need this more general setting for our

purposes.
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e h(z) > 0 if and only if z € (0,b).
e All non-zero local minima are at distinct heights.

We identify each such function A : [0,b] — [0, 00) with the function A : [0, 00) — [0, 00) that fulfills

h(z) if0<azx<b,
0 if x > b.

Let H denote the set of all such functions.

Now we introduce a bijection ¢ between H and the set T of finite rooted binary trees. If not stated
otherwise, we draw trees in a left-aligned way in this section, i.e. each inner node has a vertical line
going in and out, and one horizontal line going to the right (see Figure 4.2). Horizontal line segments
are for constructive purposes only, whereas the vertical line segments represent actual edges and the
corresponding edge lengths in the tree. Further below we will identify such trees with realizations
of birth and death processes that also include information about the lifetimes of the individuals

represented by the lengths of the vertical lines.

t

hmax,Q ””””””” : I

hmax,l ””””

hmin,l ””””

4
1

Tmax,1 Tmax,2 €

Figure 4.2: A piecewise linear function and the corresponding (left-aligned) tree

Starting from a piecewise linear function h € H, we define ¢(h) by drawing a tree under the graph
of h as follows (see also Figure 4.2):
Let (Zmax,1, fmax,1) be the leftmost local maximum of h. Then we draw a (vertical) line from (zmax,1,0)
t0 (Zmax,1, Pmax,1). Let (Zmax.2, Amax,2) be the second leftmost local maximum and (Zmin,1, Rmin,1)
be the leftmost non-zero local minimum if they exist. In this case, we add a (vertical) line from
(Zmax,2; Pmin,1) 10 (Zmax,2; Pmax,2) and a (horizontal) line from (Zmax 2, Aimin,1) connecting the vertical
line horizontally to the rest of the tree. We continue this procedure until we have explored all non-zero
local extrema (see Figure 4.2).

It is clear that ¢ is a bijection since we obtain the inverse of ¢ by assigning to any (left-aligned) tree,
where the horizontal position of the root and the horizontal line lengths have been suitably adapted,
the function that starts at (0,0) and “turns” at every leaf and every time it hits a horizontal line until

it hits the z-axis again.
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4.3.3 Probability laws of the contour process and the corresponding random tree

Now we define probability measures on H and 7. For the time being, let 0 < A < p. We define
the contour process as a stochastic process (Hy),>0 whose trajectories belong to H. Let (Ug)ken and
(Vk)ken be two mutually independent sequences of independent, identically exponentially distributed
random variables with parameters p and A, respectively. Let Z, = Uy — V}, for all k, and let Py, be
the law of the random element of H with the following properties. Starting with a first local minimum
at (0,0), the heights of the first local maximum and the second local minimum are U; and (Z;)",
respectively. The process is stopped whenever it returns to zero. If (Z1)" > 0, the heights of the
second local maximum and the third local minimum are Us + Z; and (Z; + Z2)", respectively. If

(Z1 + Z2)T > 0, we continue in the same way (see Figure 4.3).

Uy+2Z1F-----------+-
(Z1 + Z2)+ *********** - -

(Z)tp---4- -

Figure 4.3: The contour process

It can be shown that this process returns to zero almost surely if 0 < A < p (see Section 2 of
[BPS12]).

In Theorem 4.3.8 below, we relate Py, to the law of a linear birth death process with the same
parameters. Since we are also interested in the supercritical case, we also define the law of a random
element of H that can be related to the law of a supercritical linear birth and death process with birth
rate A and death rate p < A. Since the contour process defined above does not return to zero almost
surely if A > p, we need to modify the construction. Therefore, we take the process from above and
add a deflection at T: The kth time the process reaches T, it stops and goes down with slope —1 for
a time min(7, Uy), where Uy, ~ Exp()) independent (also from all other random variables). It can be
shown that this deflected process returns to zero almost surely (see Section 2 of [BPS12]). Let Py , 1
denote the law of the deflected process. Note that Py, o = Py -

Let Qx 7 be the law of the random tree corresponding to a linear birth and death process with
parameters A and g killed at time T, i.e. all individuals alive at time T'— are killed at time 7.2
From a realization of such a birth and death process, including information about the lifetimes of the
individuals, draw the corresponding random tree as follows. Draw the lifetime of the individual that
is alive at time 0 as the leftmost vertical line. For each of its direct offspring attach a horizontal line,
where the height of this line corresponds to the birth time of the offspring. Draw their lifetimes as

further vertical lines. Starting with the latest offspring and keeping the lower horizontal lines long

2 Here we say an individual is alive at time T— if and only if it is born but does not die before time 7.



4.3. The age distribution in the general case 35

enough, will keep the tree planar. Continue in the same way for the direct offspring of each offspring
and so on. Note that the lifetimes of the individuals correspond to the lengths of the vertical lines.
Obviously, the ages of the individuals at time 7" in a linear birth and death process are just obtained by
the total lifetimes of the individuals alive at time 7— in the corresponding killed tree (see Figure 4.4).

We allow T" = 0o, in which case the birth and death process is not killed.

The following theorem reveals the simple relationship between @y, r and Py, 7.

4.3.8 Theorem
For any A\, u > 0 and T € (0,00), and also for T'= oo if A < p, we have

—1
Qxp1 = Prprd™ .

Proof: [BPS12], Theorem 3.1. See the proof of that theorem to verify the precise construction of the
left-aligned tree based on the birth and death process. O

T
Figure 4.4: The deflected contour process and the corresponding tree representing a linear birth and

death process up to time T’

4.3.4 Proof of Theorem 4.3.1

We first prove that we obtain the same distribution if ages are read off from the tree under the
vertically mirrored contour process (Hr_t)o<t<r, where 7 = inf{z > 0: H, = 0} (see Figure 4.5). To
see this, denote by W: 7 — T the corresponding transformation on the set of trees. Let Z ~ Q) , 1
be the random tree obtained from the above birth and death process, and denote by ©(z) the finite
set of trees that have the same vertex positions in the vertical direction as a tree z € T, but not
necessarily the same phylogeny. Note that ©(V(z)) = O(z) for every z € T. Given O(Z), the random
tree Z is uniformly distributed on ©(Z), and so is ¥(Z) because, restricted to the finite set ©(Z), the
map V¥ is just a permutation. Hence the distributions of W(Z) and Z are equal by integration of the

conditional distributions given ©(Z2).

Since it is more customary to draw stochastic processes from left to right, we mirror the situation

in Figure 4.5, which gives us the original contour process (H),>0 again, enveloping a right-aligned
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oz
Figure 4.5: The mirrored deflected contour process (the realization corresponds to Figure 4.4) and its
(left-aligned) tree

tree (constructed in the analogous way as the left-aligned tree, but from right to left; see Figure 4.6).

Of course the ages still correspond to vertical line lengths.

H ol -/

H, =0

G2 S3 S4 S5 S6 7 3 T T

Figure 4.6: The deflected contour process and its right-aligned tree

Obviously, the local maxima of the contour process at height 7' correspond to the living individuals
in the linear birth and death process at time T', which we assume to be numbered from left to right
in the right-aligned tree here. In total, there are By local maxima (at any height) corresponding to
the B individuals that have been born up to time 7. Let these maxima be numbered from left to
right, and let J; < ... < Jy,. be the indices of the maxima at height 7" and J, = oo for kK > Y7. Then
Vi, oo, V3YT_1, VjYT AT are the ages we are interested in, where (Vj)ren is the sequence of random
variables from the definition of the contour process, i.e. (Vi )ken are independent and identically Exp(\)
distributed, and A denotes the minimum operator. Let 0 = ¢; < ... < Gag3,4+1 = 7 be the positions of
all local extrema of (Hy)o<z<- (cf. Figure 4.6). Note that ¢og,, ..., $23y,. are the positions of the maxima

at height T". For convenience, we define ¢ = o, 41 = 7 for all £ > 287 and ¢ = klim L= T.
— 00

By the above construction of the contour process, the process (H., , (—1)*)rey is a Markov chain on
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[0,T] x {—1,1} with initial value (0, —1) at time 1 and transition probabilities

P((H§k+1? (71)k+1) € Bl X BZ|(H§k7 (71)k) = (21722))
(5T(Bl)€_”(T_z1) + W e—u(u—zl)du> 51(32) if 29 = —1,
_ Blﬁ[zl,T)
(50(31)6_/\Z1 + A f G_A(Zl_u)du) 5,1(.82) if z9 =1,
Blﬂ(o,zﬂ

where Bj is a Borel subset of [0,T], By C {0,1} and (21, 22) € [0,7] x {—1,1}. Note that the second
component of (H,,(—1)¥)ren tells us if (H;)o<z<r has a minimum (if it is —1) or a maximum (if it
is 1) at ;. Note further that this Markov chain determines (H;)>0 completely.

We define the sequence (& )ren of hitting times in (7, 1) recursively by

& = inf{k € N: (Hy, (~1)%) = (T, 1)} and &41 = inf{k > & : (H,,, (~1)) = (T,1)}

for all [ € N, where inf () = co. Note that each & is a stopping time and that max{l : § < co} = Y.

Moreover, we define the “horizontally mirrored” excursions
1 l
EO = (E)oskse,r& = (T — Ho)g<k<ers

for [ € N, where we set oo — 0o = 0.
Since P((Hg,, (—1)%) = (T,1) | & < o) = 1, the strong Markov property and the fact that the
second component of the process is deterministic imply that (H, )o<r<e¢, and (H, )¢<k are inde-
pendent given § < oo and that (H, )¢ < has the same distribution given § < oo for any [ € N.
L )0<k<érs EW E@ Bl are independent
of (ED, (&n)ms141) given & < oo and hence that (Hq, )o<p<e,, EM, E@ ... E(=1) are indepen-
dent of E® given & < oo and given any sub-o-algebra of 0(&n :m > 1+ 1). This implies that

As a consequence, we have for any | € N that (H.

k

(Hgk)ogkgl,E(l),E(z), ..., B EO are independent given & < oo and given any sub-c-algebra
of (&, : m > 1+ 1) for any | € N. Note that for any [ € N, the first [ — 1 “horizontally mir-
rored” excursions EV, E@ .. E0=1 a]] have the same distribution under this conditioning because
EW E®@ . ECD a1l have the same distribution given & < oo and EW E@ . E0-D are inde-
pendent of (&,)m>i+1 given & < oco.

Since {Yr = yr} = {&, < 00,&y;+1 = oo}, we obtain that, given Yy = yr, the processes
(Hg, )o<k<t s EM g plr-1 EWr) are independent and EM, F@ . EUr—1 are identically
distributed. By having a closer look at the strong Markov property used above, it is seen that neither
the distribution of EM given Yy = yp > 2 nor the distribution of E¥7) given Yy = yr > 1 depend
on the concrete value yp. Note that on {Yp = yr}, we have E%l) =Vi,... ,E%yT_l) =V;, ., and
E{?JT) -V (1)

AT, so these are the ages we are interested in. The conditional distributions of £}
and EEyT) given Y = yp can be easily rediscovered as conditional distributions in another contour

k

yr

process, which is what we look at next.

Let (Hy)z>0 ~ Py By Theorem 4.3.8, (H,).>0 is the contour process corresponding to a linear
birth and death process (Z;);>0 with per-capita birth rate p and per-capita death rate X that is killed

at T. Let the positions (Sk)ren of the extrema of (Hy)z>0 be defined analogously to (< )ken-
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Both (flng)keNo and (E,gl))keNO for arbitrary [ € {1,...,Yr} start in 0 and alternate between
independently adding Exp(A) and subtracting Exp(u) random variables at least until 0 or T is crossed.
Thus until this happens, they have the same distribution.

We have {Yp > 2} = {Eg(ilgl =0} = {maxgen E,gl) < T}, and therefore for any yp > 2 that, since

the distribution of EP does not depend on the concrete value of yr,

E(E%l) |Yr = yr) = E(E%l) ‘ EW returns to 0 before reaching T)

=L <ﬁ1§~2

r]?g\}chgk < T> = E<H52

H,<T). 4.1
m<) (4.1)

On the other hand we have {Yr > 1} = {Y7r > 1, maxgen EIEYT) =T} (in fact &y, 1 = oo and EOT) is

eventually absorbed in T'). Therefore, for any y7 > 1, since the distribution of E%yT) does not depend

on the concrete value of yr,

£(E§yT) | Yr =yr) = E(E%yT) | EW) reaches T before returning to 0)

= E(FNI@ r]releaécﬁgk = T> = £<ﬁg~2

max H, = T). (4.2)
x>0

In other words, we have identified the desired age distributions at time 7' given Yy = yp as the
distribution of the lifetime of the first individual in a linear birth and death process (Z;):>0 with
per-capita birth rate p and per-capita death rate A conditioned on extinction of the process by time
T (Equation (4.1), first y7 — 1 individuals), i.e. Zp = 0, or conditioned on survival of the process up
to time T' (Equation (4.2), last individual, lifetime measured up to time T'), i.e. Zp > 0. Denote by L
the lifetime of the starting individual, and let Fy and F* be the cumulative distribution functions of
L given Zp = 0 and of min(L, T given Zy > 0, respectively. We then obtain from the above that the

age distribution given Y = yr > 0 has cumulative distribution function

F(t) = ¥ SAOE: ;TF*@ (4.3)

for all t > 0.

By Bayes’ Theorem, F} has density
fo(t) x Xe ™ MP(Zp = 0| L = 1), (4.4)

for t € [0,T). Given L = t, the birth times of the offspring of the starting individual form a Poisson

process of rate p (up to time ¢). By conditioning on the number of offspring and their birth times and
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plugging in their extinction probabilities from Section 2.2, we obtain
it AP e(A—u)(T—tk) e
k— ! / / 2 cO—m)(T— R /Ll ()\ T —t0) t1...dtg
()\ w)(T—u) _ 1 k
— . —“t
Z ’ (/ O T — f“)
k
— Z Hefﬂt <log()\e(>\#)(Tt) - N) N — log(Ae()ﬁ“)T . N))
k=0 "

Ae()‘_:u“)(T_t) — /’L
— (A—p)t
e e (4.5)

P(Zp =0|L=t) =

for t <T if A # u. For A = p > 0, we see analogously that this probability is equal to

e M —t1) MT — tg)
k::o k’ A / /1+/\ T —t1) '1+>\(T_tk)clltl...cllt,c
_ oM )\(T— )
Zky )‘(/ 1—|—)\(T—)du>

= Z ye_M(log(l + AT —t)) —log(1 + \T) 4 At)k
=0

P(Zr=0|L=t)=

L MT )
= (4.6)

We may now compute the normalizing constant of the density f. in (4.4). For X\ # p, we obtain

T T

//\e)‘t()\e(/\“)(Tt) eP—mtgy = / )\e A=p)T — pe ) dt

0 0
=MW1 — e ) — (1—eT)
— eA=)T _ 1,

and for A = p > 0, we have
T T
/ N M+ AT — £)dt = (1— e T)(1 + AT) — / Ne Mg
0

Thus the density f, is given by

)\e()\—,u)Te—/\t _ Me—,ut Ae—M — Me—()\—,u)Te—yt

O =——0Gwr—1 = 1 e0Gwr (47)

for t € [0,T] if A # p and by

oM B oMt _
=2 (1J;T)\(T 1) _ (1+;(T t) 48)
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for t € [0,T] if A = g > 0. By integration, we obtain that the cumulative distribution function F

takes the form

e~ _ ef(/\fM)Tefut

F.(t)y=1- =y (4.9)
and
e M(T —t)
F.(t)y=1- T

for t € [0, T, respectively.

4.3.9 Remark

In particular, we see that

X _ —(A=p)T —put (1 _ —(A=p)T
1—F*(t):e e e Se (1—e ):(37)\1e
1 — e A=w)T 1 — e (=T

for t € [0, 7] if A # p and

-\t T —¢
1 - F,(t) = e(T) <M
for t € [0,T] if A = p. Thus, given Yp = yp, the age distribution of the first yp — 1 individuals is
stochastically dominated by the Exp(A) distribution.

In order to prove Theorem 4.3.1, it remains to derive F'*, which we do in a similar way. Recall that
we have to compute £(min(L,T) | Zp > 0). A slight notational complication arises from the fact that
F* has a discontinuity at 7. We note that min(L,T) has a density f with respect to the measure
Leb[07T) + dr given by

~ e ™M if0<t<T,
f(t) =
e M ift=T.

Thus by Bayes’ Theorem, the age distribution of the last individual given Y7 = yr has a density f*
with respect to Leby 1) + 07 satisfying

. A MP(Zr >0|L=t) if0<t<T,
F5(t) < fOP(Zr > 0| min(L,T) = t) = (Zr > 0]L =1) =
e M ift="1T.
Firstly, we consider the case where A # p. By (4.5), we have that

)\e()‘_.u‘)(T_t) — ,LL
)\e(A_N)T — W

P(Zr >0|L=t)=1-P(Zr=0|L=t)=1- =)t

for t € [0,T), which implies

At peAmmt_
fr(t) o Ae XeC=iT—y ifo<t<T,
e ift="1T.
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We can compute the normalizing constant of f* as

T T
_ AL _ _ _ AL _ _
AT M (A—p)t _ AT ut =Xt
e M+ ORI, /e (e ldt=e" + ORI, /(e e ")dt
0
ST A1 —e ) —p(l —e)
- AeP—m)T _ 7
A—p
= ST (4.10)

4.3.10 Remark
By Bayes’ Theorem, the normalizing constant of the density f* is just the probability that a linear
birth and death process with birth rate p and death rate A\ survives up to time 7. Thus we could also

have used the extinction probability from Section 2.2 in order to obtain the right-hand side of (4.10).

We may conclude that f* is given by
A= i<t < T,
F(t) = A“ R = (4.11)
L e— ift=T
i
By integration, we obtain that the cumulative distribution function F* for the age of the last individual

given Ypr = yp takes the form
Al —e ”t) p(l—e )

F* (t) = - ]1[0,T) (t) + ﬂ{T} (t) (4.12)
for t € [0, T7.
For A = u > 0, we proceed analogously: By (4.6), we have that
14+ AT —t) At
P(Z L=t)=1-PZ L=t =1— _
(Zr > 0] 2 (Zr > 0] 2 1+ AT 1+ AT

for ¢t € [0,T), which leads to

Y :
F(1) e t1+>\T if0<t<T,
e M ift="T

We compute the normalizing constant of f* as

—AT

T
_ AT _ _
/ 1+)\T e tior T+ AT
0
This yields that f* is given by

i} Atem M ifo<t<T,
) = o (4.13)
(1+XT)e~ ift="T
By integration, we obtain that the cumulative distribution function F'* takes the form

Fr(t)=(1—e M1+ M) Lor)(t) + Lim ()

for t € [0, 7.
Plugging the above expressions for Fy and F* into Equation (4.3) yields the statement of Theo-
rem 4.3.1. ]
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4.3.5 Proof of Corollary 4.3.3

It is enough to construct A, and Z, on {Y7 > 0} that have the right distributions given Y7 > 0 and
are such that E(|e~¢Ax — e~

as a quantile coupling using notation from the proof of Theorem 4.3.1. Let Jr be a random variable

’ Yr > 0) satisfies the required bound. We construct them explicitly

that is uniformly distributed on {1,...,yr} given Yr = yr > 0, independent from everything else,
and let U be uniformly distributed on [0, 1] and also independent from everything else. Defining the
generalized inverse of a cumulative distribution function F by F~!(u) = inf{t € R: F(t) > u}, set

Av = Lgpayy BTN U) + Lpgpmvyy (F9)7HU),

where F, denotes the cumulative distribution function of Exp(A). By Equation (4.3) and the indepen-
dence of U from (Y7, Jr), we obtain L(A,|Yr > 0) = L(Ay, |Yr > 0) and L(Z,|Y7r > 0) = Exp(\)
as required.

By Remark 4.3.9, we have

F.(t)>1—eM=F,(t) forallt>0.
Since F, is continuous and strictly increasing on [0, c0), this implies
F(FZMU)) > Fu(FR (U) = U (4.15)

o o0

almost surely. By well-known properties of the generalized inverse, we have that F ! is non-decreasing
and F1(F,(t)) <t for all t > 0. Thus (4.15) implies

FHU) = FOU(R(FGHU) = FH(U) (4.16)
almost surely.
We may compute
E(lech* _ ech*‘ Yy > O)

1

Yr—1
_ < TYT E(\e_CA* o €_CZ*’ YT, JT < YT) + ?TE(le—cA* o C_CZ*| YT7 JT = YT) ‘ YT > O>
_ _ 1
<E(e o U) _ emeFl0)) 4 E(y Yr > 0>, (4.17)
T

where we use (4.16) in the last line.

4.3.11 Remark

Note that we could employ a more sophisticated argument, taking care of the sign of the expression
e=e)7HU) — ¢=eF='(U) for the second inner conditional expectation in the second line of (4.17). But
since F*(t) / Fxo(t) as T'— oo for any ¢t > 0, we would not gain anything in terms of the convergence
rates; in particular, the factors 7' and log(T") in the orders of the upper bound if © < A and p = A,

respectively, cannot be removed.
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It is now a matter of computing Laplace transforms. Since F..'(U) ~ Exp()), we have

- A
E (e~ ) = . 418
(e ) )\ +C ( )
For F;1(U) we use the density from (4.11) and (4.13), respectively, and obtain for A > u
T
—cF7NU)Y 1 “OdAt )T (et
E(e ) = - 6_(>‘_“)T/0 (Ae e e ) dt
1 A
- e Ty L H —O=mT (] ()T
1_6—(/\—#)T<)\+c(1 ¢ ) ,u—l—ce (1-e )>
A=)
< ¢ : (4.19)
A4 ce=wT — 1
and for A\=pu >0
- 1 [T A c(1 — e~ 4T A c
E(e=eFO) :/ (L £ AT — 1)) dt = < .
(e ) T Jo ¢ (1+A( ) /\+c+ (A +0¢)?T _/\+c+(/\+c)2T
(4.20)

Combining (4.18)—(4.20) to bound the first summand on the right hand side of (4.17) and employing

Lemma 2.2.4 for the second summand, we obtain the required bounds. ]

4.3.6 Proof of Corollary 4.3.5
Let A, and Z, be random variables on a common probability space such that
L((As, Z2)) = L((Ax, Zo) YT > 0),

where the random variables A, and Z, are defined by (4.14). Then we know from the previous
subsection that £(A,) = L(A.|Yr > 0) = L(Ay,|Yr > 0) and L£(Z.) = L(Z.|Yr > 0) = Exp()\) as

desired. Thus we have
dw (L(Ay, YT > 0),Exp(N) < E(JA, — Z,|) = E(|A, — Z.| [Y7 > 0).

Analogously to the procedure in (4.17), we compute

B(|A. — Z,| [Vy > 0) = E(YTY YE(A, = 22| [V, Jr < Vo) 4+ ;TIE(|A* | Vi, Jr = Vi) | Yo > o)
<B(RL0) - F2 ) +E( 5 | ¥ > 0) BFRH©) + B O),
(4.21)

where U is uniformly distributed on [0, 1].
For A > p, we have

" h Ae—M r A=p)T ,—uT
_1 _ _ tAe™ [ tpe e
E(F- (1)) = / ££.(t)dt = / et / e
0 0 0
_ e— AT 1 —ul e M
_ %‘ e MT — X~ n_ °© g B —O-m)T
1 — e~ (A=w)T 1 — e (A=w)T
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Thus

For A\ = p, we obtain

T T

E(F71(U)) = /tf*(t)dt = / te (1 +TA(T =) 4
0 0
(AT 4+1) —eMOAT+1)2 e T(=AT(AT +2) —2) +2
- 22T a 22T

1 1
-3+0(3)

Thus

Furthermore, for A > u, we have

E((F)~H(U))

Il
St —

T
tf*(t)dt + Tf*(T) = A / e Mdt + (1 4+ AT)e M
0

o0

< )\/t2)\6_>‘tdt +0(1)=<+0(1) =0(1).
0

>N

For A = p, we obtain similarly

T T
—ut =t A —uT —\T
E((F*)~L(U))) = /tf*(t)dt +Tf(T) = /t)\ue>\_2dt + 728 - Ze = 0(1).
0 0
Thus the right hand side of (4.21) is of the desired order in both cases by Proposition 2.2.4. O

4.3.7 Proof of Corollary 4.3.6

Let f denote the density of L(A . |Yr > 0) with respect to (7 = Lebjg o)\ {7} + 07 Equation (4.3)
implies that

f@)=@Q —cr) f () Lp7)(t) + erf (D),

where f, and f* are given by (4.7), (4.8) and (4.13) and

1 O(Te=A=mT) if X > p,
cT:IE<YT YT>0>{ (Te ) A (4.22)

O(log(T)/T)  if A= p.

by Lemma 2.2.4.
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Noting that f.(t) = f*(¢t) = 0 for ¢ > T, we have

drv (L(A| Y > 0), Bxp(Y)) = /0 F(5) = AT ooy (1] Cr(t)
1

<g(@en) [T1n@ - re M drrer [T 170 -2 M+ enf(m)

1
2

IN

T T
(/ | fo(t) — Xe™| dt + cT/ |F*(t) — e | dt + O(Te_’\T)). (4.23)
0 0

If A > u, we obtain for the first integral on the right-hand side

T Ty p—(A—p)T ,— At —~(O—p)T ,—put
e~ AT =t _ ) e=(A=m)T g—pu
N e
/0 |fe(t) — Xe M| dt _/0 =T dt
e~ (=T T N VT
= 1_()\_M)T/ ‘)\67 t_ ,LLei/Jlt| dt = O(ei( 7/’1) ) (424)
—e 0
and for the second integral on the right-hand side
T A T
/ |f*(t) — Xe ™| dt = - IAe ™ — pe | dt = O(1). (4.25)
0 — K Jo

In conclusion, plugging (4.24), (4.25) and (4.22) into Inequality (4.23), we have that
drv (L(A|Yp > 0),Exp(\)) = O(Te—()\—u)T)'

If A = > 0, we obtain for the first integral on the right-hand side of Inequality (4.23)

' £) = e M| dt = - T"\t/\t 1| dt =O0(1/T 4.26
| s == £ [" =11t = oq) (4.26)

and for the second integral

T T
/ £ () — Ae M| dt = )\/ e M\ — 1] dt = (1), (4.27)
0 0
Thus, plugging (4.26), (4.27) and (4.22) into Inequality (4.23) yields

dry (L(A|Yr > 0),Exp())) = O(log(T)/T).

4.3.8 Simulations

In the following, we present some simulations that confirm the main results of this section.
Firstly, we consider the expression that we derived for the age of the first yp — 1 individuals® given
Yr = yr for A > p, i.e. Equation (4.9). We know that, given Y7 = yr, these ages correspond to the first
yr — 1 downsteps of the deflected contour process that start in 7', which we denoted by V3, ,..., ijTfl.

We simulate the contour process and plot the empirical distribution function for A = 2, ¢ = 1 and

3 Note that the individuals are still numbered from left to right in the right-aligned tree and that this ordering is rather

artificial.
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Figure 4.7: True F, (grey) and simulation-based empirical distribution function for the downsteps

from T in the contour process corresponding to F (black)

T = 1.5 together with the corresponding theoretical cumulative distribution function Fy. The result

is displayed in Figure 4.7, where we used 500 iterations.

For the cumulative distribution function F'* of the age V5, AT of the last individual given Y7 = yr,
we derived Equation (4.12). In Figure 4.8, this cumulative distribution function is compared with the
empirical distribution function of the last downstep of the deflected contour process given Y = yp.

The parameters and time are chosen as above. Here we used 5000 iterations.

Figures 4.7 and Figure 4.8 illustrate also that we have Fi(t) > F*(t) for all t > 0, i.e. that the ages
of the first Y7 — 1 individuals are stochastically dominated by the age of the last individual.
Finally, we consider the age distribution of (Y;):>0 at time 7', which is given by Corollary 4.3.2. In
order to obtain Figure 4.9 and Figure 4.10, we simulated 5000 realizations of a linear birth and death
process up to time 7" and plotted the empirical distribution function of the age of an individual picked
uniformly at random at time 7' together with the theoretical cumulative distribution function from
Corollary 4.3.2 and the cumulative distribution function of the asymptotic age distribution, i.e. of the
Exp()) distribution. We chose the rates A and p as above and T'= 1.5 and T' = 2, respectively, such

that we also can see that the age distribution approaches the asymptotic one.
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Figure 4.8: True F* (grey) and simulation-based empirical distribution function for the downsteps

from T in the contour process corresponding to F™* (black)

4.4 Upper bound for the time since the last event

4.4.1 The main result

Let 0 =17 <15 < ... be the event times of our linear birth and death process. Since B + D is the
number of events up to time 7', the random variable T' — Ti3, 9, describes the time passed since the
last event as seen from time 7. Note that, given the population size Y = yp, the distribution of the
difference T, +9,+1 — T3, +9, between the previous and the next event time at time 7' is typically
larger than the Exp(yr(A+u)) distribution due to the inspection paradox. Therefore, we do not bound
T — T, +9, from above by Ty, 19,41 — ITn,+9,. Instead we use that, given Y7 = yr > 2, the time
since the last event is bounded from above by the minimum of the ages of the first y7 — 1 individuals,
where the individuals are ordered as in the previous section. We know that these yr — 1 ages are
are independent and identically distributed from the proof of Theorem 4.3.1, and their distribution is
stochastically dominated by the Exp(\) distribution by Remark 4.3.9. Since the minimum of yp — 1
independent Exp(\) distributed random variables is Exp((yr—1)A) distributed, we obtain the following

theorem.

4.4.1 Theorem
Given Y7 = yr, the distribution of T' — Tig, 49, is stochastically dominated by the distribution with
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Figure 4.9: Simulation-based empirical distribution function of the distribution of the age of an in-
dividual picked uniformly at random for 7" = 1.5 (black line), the corresponding cumula-

tive distribution function (grey solid line) and the cumulative distribution function of the

asymptotic age distribution (grey dotted line)

cumulative distribution function
1—e Wr=DA §f > 1

Li7,00)(2) if yr < 1.

G(t) =

4.4.2 Comparison with results about reconstructed trees

We compare our result to recent results obtained in the reconstructed tree; see [Ger08].

Note that 7' — Tig,. 49, corresponds to the time from the maximum of all branching times in the
tree representing the linear birth and death process up to time T'. In order to obtain an upper bound
for the difference between T" and this maximal branching time, we modify the tree in an appropriate
way. In order to be consistent with [Ger08], we draw the trees in the common centered way in the

following.

4.4.2 Definition (see e.g. the introduction in [Ger08])

Consider a binary tree representing a linear birth and death process at time 1" and remove the extinct
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Figure 4.10: Simulation-based empirical distribution function of the distribution of the age of an indi-
vidual picked uniformly at random for 7" = 2 (black line), the corresponding cumulative
distribution function (grey solid line) and the cumulative distribution function of the

asymptotic age distribution (grey dotted line)

lineages, i.e. all edges that do not lead to an edge living at time T' (see Figure 4.11). The resulting

tree is called reconstructed tree. The original tree is referred to as the complete tree.

The tree defined above is called reconstructed tree since it is the one that is often considered if only

the individuals alive at time T are observed.

4.4.3 Remark

Since the set of branching times in the reconstructed tree is a subset of all branching times in the
complete tree, the time 1" — Tig, 49, since the last event is smaller than or equal to the minimum of
the differences between T and the branching times in the reconstructed tree. Consequently, we are

interested in the distribution of the branching times and these differences.

4.4.4 Definition
Given the population size Yr = yr at time T, let Xfr =0 and let X2+, . ,XZ[T denote the unordered

(i.e. randomly permuted) non-zero branching times in the reconstructed tree.

The following result from [Ger08] gives us the (conditional) distribution of these times.
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T
Figure 4.11: A complete tree, where the gray edges belong to the extinct lineages, and the correspond-

ing reconstructed tree

4.4.5 Theorem ([Ger08], Theorem 2.5)
Given Yr = yr, the random times T — X2+ ooy I — X;T are independent and identically distributed
with cumulative distribution function

176_()‘_’1’” )\_#e—(z\—u)T
F(t) = A—Mefo\*l")t 1—67(>‘7“)T

1 itt>1T.

ifO<t<T,

4.4.6 Remark
Note that Theorem 4.4.5 allows us to obtain a result for a distribution that is in some sense similar
to the age distribution we considered in Section 4.2 and Section 4.3. However, it seems to be unlikely

that the results from Section 4.3 can be deduced from known results about reconstructed trees.
The distribution from Theorem 4.4.5 is dominated by a truncated exponential distribution:

4.4.7 Corollary

Given Ypr = yr, for each j € {2,...,yr}, the conditional distribution of T — XJTF is stochastically
dominated by the Exp(A — p) distribution truncated at 7'

Proof: Given Yp = yr, for each j € {2,...,yr}, the cumulative distribution function F of 7' — X;r is
given by Theorem 4.4.5. For t > T, we have F(t) = 1 > (1—eX 1) /(1 —e~AHT) Fort < T, the ex-
pression A—pe~A=#7T is larger than or equal to A—pe~ At Thus F(t) > (1—eP=#t) /(1—e=A=mT)
also holds for ¢t < T. O

4.4.8 Remark
By Remark 4.4.3, we have that, given Y7, the difference 7' — Tig, 19, is stochastically dominated by
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min{7T" — X;r|j € {1,...,Yr}}. Given Yr = 1, we have that min{7 — X]ﬂj € {1,...,Yp}} is equal
to T — X;{ = T. Given Yy = yr > 1, we know that there is an individual that is younger than
the first individual and thus min{7T — Xj+|j e {l,...,yr}} = min{T — X;r|j € {2,...,yr}}. Since
the minimum of y7 — 1 independent Exp(A — u) distributed random variables is Exp((yr — 1)(A — u))
distributed for yr > 1, Theorem 4.4.5 and Corollary 4.4.7 imply that, given Yr = yr € N, the distribu-
tion of min{7T" — X;‘\ Jj€{1l,...,yr}} is stochastically dominated by the distribution with cumulative

distribution function
G(t) = Leypsny (1= e~ == Liyr<iy L1y

It follows that, given Y7 = yr, the distribution of T" — Tss, 19, is stochastically dominated by the
distribution with cumulative distribution function G. Note G(t) < G(t) for all + > 0. Thus the distri-
bution corresponding to G is stochastically dominated by the distribution with cumulative distribution
function G. We may conclude that we do not obtain a better result, i.e. a better upper bound, using
the reconstructed tree than from Theorem 4.4.1. This is plausible because by adding the “missing”
branches to the reconstructed tree, we see that the ages in the complete tree cannot be larger than

than the ages in the corresponding reconstructed one.






5 Random networks

In this chapter, we give a short introduction to the large field of random networks. We refer to [vdH16]
and [New10] for extensive surveys. A well-written introduction to the most important random network
models can also be found in [DM10].

5.1 Introduction to graphs

In the first part of this section, which is based on [New10], [vdH16] and [Die06], we give basic definitions
and interpretations. We begin with the definition of a (deterministic) graph, which is the main mathe-

matical concept for modeling networks.

5.1.1 Definition
The tuple G = (V, €) is called a graph, where V is a countable set and the definition of £ depends on
the type of graph as follows.

For an undirected graph without multiple edges and loops, £ is a subset of [V]?, where [V]? denotes
the set of all two-element subsets of V.

For a directed graph without multiple edges, £ is a subset of V x V.

The elements of V and £ are called nodes and edges, respectively. An edge is called directed or
undirected depending on the type of graph it belongs to. For simplicity, we denote each edge {i,j} of
an undirected graph also by (4,7) (or (4,7)). An edge of the form (i,i), i € V, is called loop.

For nodes i,j € V, we say there exists an edge between ¢ and j or an edge connects ¢ and j if and
only if (i,7) € £. Furthermore, we say an edge (i1,i2) € £ is incident to a node iz € V if and only
13 = 11 OT 13 = 19.

An undirected multigraph is a tuple G = (V, €) of disjoint sets together with a map ¢ : & — YV U[V)]?
assigning to every edge either one or two nodes, which are the nodes it is incident to.

Analogously, a directed multigraph is a tuple G = (V, &) of disjoint sets together with a map
t: €=V V.

For both undirected and directed multigraphs, we identify each edge € € £ with «(e) and interpret
& as a multiset, which is a generalization of a set that may contain each element multiple times (see
e.g. Chapter 1 of [Rigl6]). Each element that appears multiple times in this multiset is called multiple
edge. Furthermore, for an undirected multigraph, each edge € with ¢(¢) = ¢ for some node i € V is

called loop and denoted by (i,1).

Note that we consider multigraphs as special graphs although that is not always the case in the
literature (see e.g. Chapter 1 of [Die06]).
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Nodes are also referred to as vertices, sites and actors in the literature. Alternative expressions for
edges are links, bonds and ties. Note that we consider undirected graphs in this thesis if not stated
otherwise.

The nodes are often interpreted as individuals, for example persons, and the edges represent relations
between the individuals then, for example friendships. Thus graphs are a very useful tool for analyzing
phenomena with an underlying network structure. A lot of interpretations and applications of graphs
can, for example, be found in the surveys mentioned above.

Note that multiple edges can be interpreted as weighted edges, where the weight is given by the
number of times the edge is contained in £. In many application, it is difficult to give useful interpre-
tations for such weights. However, several empirical networks where integer-valued weights for edges
are desired can for example be found in Subsection 2.4.2 of [BLM106].

Now we define the degree of a node, which plays a crucial role in this thesis.

5.1.2 Definition
The number of edges incident to a node ¢ € V is called degree of node ¢. Furthermore, for a fixed node
i of a directed graph, the number of edges (j1,j2) such that jo = i is called in-degree of node i. The

out-degree is defined analogously.
Now we give a definition concerning the connectivity of a graph.
5.1.3 Definition (cf. e.g. Section 1.2 and Definition 1.6 of [vdH16])

(i) A sequence of edges (i1,72), (i2,73),- -+, (im—1,%m), m € N, is called path between the nodes iy

and i,,. We say nodes are connected if and only if there exists a path between them.

(ii) The graph distance dg(i,j) between nodes i and j is the minimal number of edges of paths

between i and j, where we set dg(i,j) = oo if i and j are not connected.

(iif) Let (G™),en be a sequence of graphs such that the node set V™ of G(™) has exactly n nodes for all
n€N. Let ¢ (i) := {j V(”)]dg(n) (i,7) < oo} for all n € N be the connected component of node
iin G, and let ngx denote the mazimal connected component, i.e. |¢f§f§x| = Max;cy(n) €™ ()]
for all n € N, where |- | denotes the cardinality. Then the sequence of graphs (G™),cy is called
highly-connected if

| (n)

lim inf ——=

n—00 n

> 0,
and then cﬁ,’{ﬁx is called giant component.

5.1.4 Remark

The existence of a giant component has important consequences for applications. For example, assume
that the graph G™ models a population with n individuals and the spread of an epidemic such
that each individual infects all other individuals it is connected to in the graph. Then connectivity
corresponds to the impact of the epidemic. See e.g. [DM10] for a precise modeling of epidemics using

(random) graphs.
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The small world property describes the phenomenon that individuals are surprisingly close to each
other in social networks. It is formalized in the definition below. It was discovered in the population
of the USA by the sociologist Stanley Milgram in a famous experiment in 1967, where people were
supposed to forward letters addressed to someone they did not know personally to persons in their

circle of acquaintances they thought were likely to know the addressee (see [Mil67]).
5.1.5 Definition (see (1.2.11) and Definition 1.7 in [vdH16])

(i) Consider a graph G with nodes 1,...,n. Let JT(LI) and quQ) be independent and uniformly
distributed on {1,...,n}. Then dy,,(G™) := dgm ( T(Ll), 722)) is called typical distance of G,

(ii) A graph sequence (G™),cn has the small world property if and only if there exists a constant
C > 0 such that
Tim P(dyp(G™) < Clog(n)) = 1.

Note that the choice of the term C'log(n) in the definition of the small world property can be
motivated by the fact that the typical distance in the well-known classical preferential attachment
model (defined in Definition 5.4.1 below) is of logarithmic order; see Theorem 7.1 in [vdH15] for
details.

5.1.6 Remark (see e.g. (1.2.13) in [vdH16] and Section 6.1 of [DM10])
Sometimes the small world property is also defined using the diameter of a graph G, i.e. the quantity
do(i i
max dg (i, 7).
instead of the typical distance.

5.1.7 Remark
There are many more interesting properties of graphs. For example, one might be interested in the
homogeneity of a graph. In this context, the clustering coefficient, which is for example defined in
Section 1.5 of [vdH16], is an important measure for the clustering in a graph. Intuitively, the clustering
coefficient is high if and only if two nodes with a common neighbour are more likely to be connected
than those without common neighbours.

Furthermore, each node is often associated with quantities that measure its importance in some
sense. For example, a node can be considered important if its degree is high. Further impor-

tance/centrality measures can for example be found in Section 1.5 of [vdH16] and Chapter 7 of [New10].

We model random networks by using random graphs, i.e. graphs where the set of nodes V and/or
the vertices £ can be random. We assume that all random variables are defined on an underlying

common probability space (0, A, P).

5.2 Heavy tailed and power law distributions

Before we present various random network models, we introduce the concept of power law distributions
since, as already mentioned in the introduction, many random network models have such distributions

as asymptotic degree distributions (see e.g. Chapter 3 of [DMO03]).
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Firstly, we define heavy tail and power-law distributions. Note that there are several different

definitions of those in the literature.

5.2.1 Definition (cf. Section 2.1 of [FKZ11])

A distribution on R is heavy-tailed if and only if its cumulative distribution function F' satisfies

lim (1 — F(z)) = oo V9 > 0.

T—00

Theorem 2.6 in [FKZ11] gives further characterizations of heavy-tailed distributions.

In particular, all distributions that obey power laws in the weak or strong sense that we define now

are heavy-tailed. As in [vdH16], we concentrate on distributions on Ny here.

5.2.2 Definition (cf. the introduction of [vdH16])
We say a distribution on Ny obeys a power law in the strong sense if and only if the probability mass
function (f(k))ken, satisfies

(k) oc k™7

for all £ € N and some 6 > 1, and in the weak sense with power law exponent # if and only if its

cumulative distribution function F' satisfies
1—F(m) = o(m)m'~° (5.1)
for all m € N and some 6 > 1, where the function m +— ¢(m) is slowly varying (see Definition 3.3.5).

5.2.3 Remark
We know from Chapter 2 of [FKZ11] that distributions that obey a power law in the weak sense

are heavy-tailed. Note that these distributions are sometimes also referred to as regularly varying
distributions (see e.g. Section 2.8 of [FKZ11]).

5.2.4 Remark (see e.g. Section 2.1 of [FKZ11])

The Pareto distribution is often referred to as continuous power law distribution.

For a survey on power law distributions, including a lot of real-world examples, we refer to [New13].

5.3 Static random network models

5.3.1 The Erd6s-Rényi model and related models

The best-known random network model is the following.

5.3.1 Definition (cf. [Gil59])

Let V = {1,...,n} for some n € N. Assume that for each pair of nodes (i,j) with 1 <i < j <n
the corresponding edge exists with probability p (referred to as edge probability in the following)
independently from the existence of edges corresponding to other pairs of nodes. Then the resulting

random graph is called Erdds-Rényi graph.
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Note that Erd6s-Rényi graphs are often simply referred to as random graphs.
Before we consider the degree distribution, we state a very classical result about the connected

components of Erdos-Rényi graphs.

5.3.2 Proposition (see e.g. Section 2.2 of [DM10])
A Erdés-Rényi graphs has almost surely a giant component if and only if p > 1/n.

For more detailed results about giant components, we refer to [DM10].
Before we draw our attention to generalizations of Erd&s-Rényi graphs, we briefly consider the

degree and a corresponding convergence rate.

5.3.3 Remark (cf. e.g. Section 12.3 of [New10)])
Obviously, the distribution of the degree of a fixed node i € V is the Bin(n — 1,p) distribution.
From Section 3.2, we know that this distribution can be approximated by a Poisson distribution in

a reasonable way if p is small. Namely, we have dry (Bin(n — 1,p),Po()\)) < p, where A = (n — 1)p.
1
n—1°

n € N\ {1}, we have that the Bin(n—1, p(n)) distribution of the degree of a fixed node i € V converges

In particular, for a sequence of Erdés-Rényi graphs with n nodes and edge probability p(n) =

to the Po(1) distribution, and we obtain an explicit convergence rate from Section 3.2:

drv (Bin(n — 1,p(n)), Po(\)) <

S|

Due to the homogeneity of the Erdés-Rényi graph, we obtain the same asymptotic distribution and
convergence rate also for the distribution of the degree of a node picked uniformly at random (cf.
(5.4.7) and (5.4.8) in [vdH16]).

The following is a generalization of the Erdds-Rényi model.

5.3.4 Definition (see Chapter 6 of [vdH16])

Let V ={1,...,n} for some n € N, and let wy,...,w, be positive real numbers, which we refer to as
weights. Furthermore, let ¢, := Y | w;. Assume that for each pair of nodes (i,j) with 1 <i<j<n
the corresponding edge exists with probability

W;W;
ij(n) = ———— 5.2
pln) = g (52)
independently from the existence of edges corresponding to other pairs of nodes. Then the resulting

random graph is called generalized random graph with deterministic weights.

Note that we obtain an Erdds-Rényi graph if we choose w; = % fori e {1,...,n} (see Exercise 6.1
in [vdH16]).

Throughout this section, we assume that the following regularity conditions from Chapter 6 of
[vdH16] for the weights hold. For the first condition, let J,, be uniformly distributed on {1,...,n}

for n € N. We assume that the weight wj, of a node picked uniformly at random converges weakly

to some random variable W, i.e. the probability measure %Z?:l dw,; converges weakly to a prob-

ability measure L£(W), where 6,, denotes the Dirac measure in w;. Furthermore, we assume that
lim E(wy,) = E(W) > 0. These statements are discussed after Condition 6.4 in [vdH16].
n—oo
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5.3.5 Theorem (cf. Theorem 6.7 in [vdH16])

Let (w;);en be a sequence of positive real numbers. Let Dgn

) be the degree of node i, i € {1,...,n},

in the generalized random graph G with deterministic weights w1, ..., w, and n nodes. We have

2 n 2
drv (L(D™), Po(w)) < — (1 N 22131:1%>
Z Wj Zl:l wy

for all i € {1,...,n}.
This theorem has the following consequence for the degree of a node picked uniformly at random.

5.3.6 Corollary (cf. Corollary 6.9 in [vdH16])
The degree of a node picked uniformly at random converges weakly to the MixPo(W) distribution,
where the asymptotic weight W is defined as above. For any m € N, the degrees of m nodes picked

uniformly at random from {1,...,n} are asymptotically independent.

5.3.7 Remark
Note that a rate for the convergence stated in Corollary 5.3.6 can be deduced from Theorem 5.3.5 by

conditioning on the node picked uniformly at random.

The following example shows that every mixed Poisson distribution can be obtained as asymptotic

distribution of the degree of a node picked uniformly at random.

5.3.8 Example (see page 169 in [vdH16])

Let F be an arbitrary cumulative distribution function with F(0) = 0, and let (1 — F)~! denote the
generalized inverse of 1 — F defined by (1 — F)~!(y) = inf{z € R: (1 — F)(z) < y}. Furthermore, let
w; = (1 — F)71(i/n). Then it can be easily deduced from (6.1.17) in [vdH16] that the weight w, of
a node picked uniformly at random converges weakly to the distribution with cumulative distribution
function F'. By Corollary 5.3.6, the asymptotic distribution of the degree of a node picked uniformly
at random is thus the MixPo(WW) distribution, where W has cumulative distribution function F. In
particular, the MixPo(W) distribution can obey a power law in the weak sense (cf. Section 5.2). An

example for such a mixed Poisson distribution will be considered in Section 6.5

Since the weights in this example lack a plausible heuristic explanation, we consider the case where
the weights are independent and identically distributed random variables now. In this case, we can
also obtain every mixed Poisson distribution as asymptotic distribution of the degree of a node picked

uniformly at random (see below).

5.3.9 Definition (cf. Chapter 6 of [vdH16])

Let V = {1,...,n} for some n € N, and let Wi,...,W,, be positive independent and identically
distributed random variables, which we refer to as weights. Furthermore, let %, := > | W;. Assume
that, given W; = w; for i € {1,...,n} and ., = ¥,, for each pair of nodes (i,7) with 1 <i < j <n
the corresponding edge exists with probability

W; W5
pij(n) = ly, + ijj
independently from the existence of edges corresponding to other pairs of nodes. Then the resulting

random graph is called generalized random graph with independent and identically distributed weights.
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The asymptotic degree distribution of the generalized random graph with independent and identi-

cally distributed weights is given by the following theorem.
5.3.10 Theorem (cf. Corollary 6.11 in [vdH16])

Let a sequence (W;);en of positive independent and identically distributed random variables be given.
Let Dgn) be the degree of node i, i € {1,...,n}, in the generalized random graph G with independent
and identically distributed weights Wy, ..., W, and n nodes. Then the distribution of Dgn) converges
weakly to the MixPo(W;) distribution as n — oo for all i € {1,...,n}.

5.3.11 Remark
Note that we can obtain a rate for the convergence of the distribution of the degree of a node picked
uniformly at random from Theorem 5.3.5 by conditioning on the weights and on the node picked

uniformly at random (cf. the proof of Theorem 5.3.13 and Corollary 5.3.14 below).

As stated in the introduction, the asymptotic degree distribution in the Britton-Lindholm model
without loops sketched in the introduction and treated in Chapter 6 is also a mixed Poisson distribu-
tion. In order to illustrate the connection between the Britton-Lindholm model and the generalized
random graph with independent and identically distributed weights, we modify the latter such that
we obtain a static random network model that is in some sense an analogue to the Britton-Lindholm

model without loops from the introduction.

5.3.12 Definition

Let V = {1,...,n} for some n € N\ {1}, @ > 0, and let W7,..., W, be positive independent and
identically distributed random variables such that W; < «a/2 almost surely for all i € {1,...,n}.
Assume that, given W; = w; for i € {1,...,n}, for each pair of nodes (i,7) with 1 < i < j < n the
corresponding edge exists with probability

puley o= 2820

independently from the existence of edges corresponding to other pairs of nodes. Then the resulting
random graph is called modified generalized random graph with independent and identically distributed

weights.

The following theorem gives us a convergence rate for the distribution of the degree of a fixed node
in the modified generalized random graph with independent and identically distributed weights and
is proved similarly to the proof of Theorem 6.7 in [vdH16].

5.3.13 Theorem

Let (W;)ien be a sequence of positive independent and identically distributed random variables with
E(W2) < co. Let Dl(n) be the degree of node i, ¢ € {1,...,n}, in the modified generalized random
graph G(™ with independent and identically distributed weights Wi, ..., W,, and n nodes. Then we

have

dry (£(D™), MixPo(a(W; + E(W;)) < QaQ(E(Wi) + EG)P) | o V%”

for all ¢ € {1,...,n}, and the distribution of Dgn) converges weakly to the MixPo(W; + E(W;))

distribution as n — oo for all ¢ € {1,...,n}.
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Proof: At first, we assume that the weights are given by W; = w;, i € N. For i # j and n € N, let
I i(;-l) be 1if i and j are connected in G and 0 otherwise. Then the degree of node i can be written as

n—1

DZ(n) => Il-(f). Note that Il-(f) ~ Be(pi;) for i # j, where p;; = w, and IZ-(ZL) = 0 almost surely
j=1

for all i. Note further that I (f ), I are independent.

i »tin

By Inequality (3.6), we thus obtain
2 2
(n) ) o _ N\~ o (wi + wy)
J#i J#i J#i
Let us now relieve the assumption that the weights W;, ¢« € N, are given, and let
W.
X ~ MixPo<am ta)y — )

—n —1
JF

Then we have

drv <£(D§")),Mixpo <aWi+aZ Wi >> < sup [P(D{™ € B) ~P(X € B)|

n—1

i BCNp
— sup |E(B(D{™ € BIWi,...,W,)) —E(P(X € B|Wi,...,W,))|
BCNp
< sup E([P(D{™ € BWr,...,W,) —B(X € B|Wi,...,W,,)|)
BCNp

< E< sup |[P(D{™) € BIWh,..., W,) —P(X € B|Wr, ... ,Wn)|>
BCNp

— E(drv (LD W, ..., W), L(X W, ..., Wa))).
By Inequality (5.3), the right-hand side is smaller than or equal to
W2+ 2W,W; + sz)

E(“QZ (n— 1)

J7#i

(5.4)

because L(X|W1,...,Wy) = LIX[W; + >, 4 :Vf’) Since the sum has n — 1 summands, we obtain
that (5.4) is equal to
204(E(W?) + (E(W1))?)
n—1 '

Note that this expression converges to zero for n — co. Thus

drv (E (Dl(n)) , MixPo (aVVi + « Z nw—/jl > )
J#i

converges to zero for n — oo.

By the triangle inequality, we have

drv (£(D™), MixPo(a(W; + E(W;)))

< dry <L(D§”)) , MixPo <aWi +a) n”jj : > >
J#i

W.
+dry (MixPo (oni +a) - _Jl> , MixPo(a(W; + ]E(Wi))) (5.5)
J#i
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Thus it remains to show that the second summand of the right-hand side of (5.5) converges to zero

)

Applying E|Z —E(Z)| < \/Var(Z) to Z = %5 > W; reveals that the right-hand side is smaller than
JF#i

as n — 00. In order to do so, we use Theorem 3.4.1 and obtain

«
n—1 n—l%}iwj a(W)

drv (MiXPO <C¥Wz + o Z Wj ) ,MiXPO(Oz(Wi + E(WZ))> < E(
J#

or equal to

VM<ni 1 Z Wj) - %\/(” — 1)Var(W;) = 2 Var(W;)
JF

and this expression converges to zero as n — co. Since convergence in total variation distance implies

weak convergence, the desired result follows. O

The following corollary is an immediate consequence of Theorem 5.3.13

5.3.14 Corollary

Let (W;);en be a sequence of positive independent and identically distributed random variables with
E(W2) < co. Then in the modified generalized random graph G (") with independent and identically
distributed weights W7y, ..., W, and n nodes, the distribution of the degree of a node picked uniformly
at random among all n nodes converges weakly to the MixPo(«a(W; 4+ E(W7))) distribution as n — oo

for all i € {1,...,n}, and we have the same convergence rate as in Theorem 5.3.13.

5.3.15 Remark
Note that we obtain an Erdés-Rényi graph if we set W; = 1 for all i and o = 1/2 in the modified

generalized random graph with independent and identically distributed weights.

5.3.16 Remark
The weights in the modified generalized random graph model correspond to the social indices (S;);en
in the Britton-Lindholm model. Recall that in the latter each node creates edges at rate a.S; and the
second node is picked uniformly among all living nodes. Thus we would expect that the probability that
two nodes 7 and j with social indices S; and \S; are connected is in average approximately proportional
to S; + S;, which corresponds to the probability p;;(n) in the modified generalized random graph
model.

We obtain a in some sense similar asymptotic degree distribution in both models. The reason for the
additional factor (1 — e=(#*®4) /(3 + 1) in the random variable determining the mixing distribution
of the Britton-Lindholm model is that this model is a (time-continuous) dynamic model in contrast

to the modified generalized random graph model.

5.3.2 The configuration model

In this Section, which is based on Chapter 7 of [vdH16], we consider the case where an arbitrary

distribution on Ny is given and we introduce a model that produces random graphs with node set
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{1,...,n}, possibly containing multiple edges and loops, whose asymptotic degree distribution, i.e.
the distribution of the degree of a node picked uniformly at random, is this given distribution. If we
condition on the absence of multiple edges and loops, we obtain a uniform distribution on all graphs
with node set {1,...,n} that do not have any multiple edges and loops. Thus this model can be used

in order to find out if the network is rather “purely” random or if it contains additional structure.

The configuration model for a given deterministic degree sequence

5.3.17 Definition and Remark (cf. Section 7.2 of [vdH16])
Let n € Np and d = (di)ie{l,“.,n} be a deterministic sequence of positive integers such that the sum
>or,d; is even. We would like to produce a graph with node set {1,...,n} such that node i has
degree d; for all i € {1,...,n}. If we only consider graphs without multiple edges and loops, this is
not always possible (see Section 7.2 of [vdH16]). Therefore, we allow our graphs to have such edges.
Imagine that node 7 is equipped with d; half-edges for any i € {1,...,n} such that we have >_"" | d;
in total. Now we pick two of those half-edges uniformly at random among all half-edges and combine
them, i.e. if one of the randomly picked half-edge belongs to node ¢ and the other one to node j, we add
the edge (7,7). Then we pick two half-edges uniformly at random among the ) " | d; — 2 remaining
half-edges, add the corresponding edge and continue this procedure until no half-edge is left. We call

the resulting graph configuration model with degree sequence d.

Note that the first half-edges are not directly picked uniformly at random but in an arbitrary order
in the definition of the configuration model in [vdH16]. However, as pointed out in [vdH16], this leads
to the same random graph.

Obviously, the configuration model has the desired degree sequence. Moreover, we obtain from the

following example that we can obtain any feasible distribution as asymptotic degree distribution.

5.3.18 Example (see Section 7.2 of [vdH16))

Let F' be the cumulative distribution function of an arbitrary distribution on Ny, and let n € N.
Note that a degree sequence d is, apart from the node labels, determined by the sequence (ng)ken,
with ng =0, I{4;=}, i-e. ng denotes the number of nodes with degree k, for all & € No. Thus
we can always find a corresponding configuration model if the sequence (ng)ien, is given. Let this
sequence now be given by ny = [nF(k)| — [nF(k —1)] for all k € Ny, where [ -] denotes the ceiling
function, and let D, denote the degree of a node picked uniformly at random among {1,...,n} in
the configuration model with degree sequence d, where d satisfies ng, = > 1 | ﬂ{di:k} for all k£ € Ng.
Then

1 n
P(Dj, sa) =~ Z Lta,<ay
J=1
converges to F(x) for all x > 0 as n — oo, i.e. the degree D, converges weakly to the distribution
with cumulative distribution function F.
The configuration model with independent and identically distributed degrees

Let (Dj)ieq1,...ny be a sequence of N-valued independent and identically distributed random variables.

Since the sum of the degrees Y ;" ; d; has to be even in Definition and Remark 5.3.17, the configuration
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model with random degrees (D;)icq1,....n} cannot be defined in the most natural way such that, given
D; =d; for alli € {1,...,n}, the random graph is just given by the configuration model with degrees
d= (di)ie{17...,n} as defined above. Therefore, we add an additional half-edge to node n if the sum of

the degrees would not be even otherwise. Formally, we let

n
) D, if > D; is even,
Dn — i7:11
D,+1 if Y D;isodd
i=1

and define the model as described above but substitute (Di)z‘e{l,...,n} by the sequence D1, ..., Dp_1, Dy.
For convenience, we denote the latter sequence by (D;);eq1,....ny- By this procedure, we obtain a random
graph where the degree D 7,, of a node picked uniformly at random among {1,...,n} converges weakly
to the distribution £(D;) as n — oo (cf. Section 7.6 of [vdH16]).

The erased configuration model

As mentioned above, multiple edges and loops are not desired in many applications. Therefore, we
erase all such edges in the configuration model now if they exist in the sense that we merge all multiple
edges into single edges and ignore loops. This amounts in ignoring the additional edges of a multiple
edge, which is the same we did when we considered the Britton-Lindholm model without loops in
the introduction. We call the resulting model the erased configuration model. The following theorem
states that the distribution of the degree of a node picked uniformly at random still converges weakly
to L(D1) as n — oo in this model if the degrees are deterministic and a couple of weak conditions are
fulfilled. See Theorem 7.10 in [vdH16] for a similar result. The analogous theorem for independent
and identically distributed degrees can be found in [BDMLO06] and is stated in Theorem 5.3.20 below.

5.3.19 Theorem
Let DE,iT) denote the degree of a node picked uniformly at random in the erased configuration model
with deterministic degrees. Assume that the degree sequence d = (d;);eq1,... n} satisfies the following

regularity conditions (cf. Condition 7.7 in [vdH16]).

(i) The distribution of the degree dj, of a node picked uniformly at random among {1,...,n}

converges weakly to some asymptotic distribution with cumulative distribution function F'.

(ii) Let D have the cumulative distribution function F from (i). Then we have E(d;,) = E(D) < 0o

as n — oo.

Then we obtain
£(D") % £(D)

as n — oQ.

Proof: By Remark 3.1.10, it is sufficient to show that the total variation distance dTV(E(DSiT)), L(D))
converges to zero as n — 0o, where D is defined as in (ii).

By the triangle inequality, we have

dryv(L(DS7), £(D)) < dry(L(DS), £(dy,)) + drv(L(dy, ), £(D)).
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Since we know from above that L£(dj,) converges weakly to £(D) as n — oo, we obtain that
dry(L(dy,), L(D)) converges to zero as n — oo by Remark 3.1.10. It remains to show that the
total variation distance dpy (E(D(er)) L(dy,)) converges to zero as n — oo as well. In order to do so,
we note that dTV(ﬁ(DSiT)), L(dy,)) is smaller than or equal to P(DS?T) # dj, ) by Theorem 3.1.8. For
any node i € {1,...,n}, let Mi(") denote the number of edges that are multiple edges or loops and are

incident to ¢. Then we obtain by conditioning on J,

(er) 1 n 1 ¢
P(DS" #d,) = ZP S P >0) = S E(L o, (56)
j =1

In order to show that the right-hand side converges to zero, we use the idea of the last part of the
proof of Proposition 7.11 in [vdH16]. Note that we know from [vdH16] that max;c(q, . 3 di = o(n)
as n — oo under the conditions (i) and (ii) of the theorem. Thus we can choose a sequence (a,)nen
such that a, — oo and a, max;cqy, 1 di = o(n) as n — oo. For this sequence, we obtain that the

right-hand side of (5.6) is smaller than or equal to

— ZE {M(n >O})]l{d <an} + — Z]E {M(n)>0})]1{d >an} < ZE ]l{d <an} + — Z ]]-{d >an}

11 21

The first summand of the right-hand side converges to zero as n — oo by (7.3.30) in [vdH16]. The
second summand is equal to the percentage of nodes with degree higher than a,. Since a,, — oo as
n — oo and (i) is equivalent to

n

i=1
as n — oo for all x > 0 (cf. Exercise 7.5 in [vdH16]), this percentage vanishes also as n — oo; see also
the proof of Proposition 7.11 in [vdH16]. O

5.3.20 Theorem (cf. Theorem 2.1 in [BDMLO6])
Let DSir) denote the degree of a node picked uniformly at random in the erased configuration model

with independent and identically distributed degrees with finite expectation. Then we have
L(DS) % £(Dy)

as n — o0.

Further properties of the configuration model

A lot of further results for the configuration model and related models are given in [vdH16]. We only
state the ones most interesting to us here.

The asymptotic probability that the random graph from the ordinary configuration model does
not have any multiple edges or loops is considered in Theorem 7.11 and Theorem 7.19 in [vdH16].
This asymptotic probability is positive under some weak conditions. Thus instead of applying the
erased configuration model, a random graph without multiple edges or loops can also be obtained by

repeating the algorithm described in the definition of the configuration model until it produces such
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graph. Formally, we condition on the graph having no multiple edges or loops. The corresponding
model is called repeated configuration model (see also [BDMLO06]). For any deterministic degree se-
quence d, the repeated configuration model with degree sequence d produces a random graph that is
uniformly distributed on the set of all graphs without multiple edges or loops and degree sequence d
(see Proposition 7.13 in [vdH16]).

5.3.3 Inhomogeneous random graphs

The inhomogeneous random graph model is treated extensively in Chapter 2 of [vdH15] and generalizes
the generalized random graph model further. In this model, each of the n nodes is assigned a random
type, and the probability of two nodes being connected depends on the types of the nodes in a very
general way (see Section 2.2 of [vdH15] for details). There exist a lot of interesting results about this
model. In particular, it can be shown that the distribution of the degree of a node picked uniformly
at random converges to a mixed Poisson distribution as n — oo (cf. Theorem 2.4 in [vdH15]).
Theorem 2.7 in in [vdH15] relates the asymptotic size of the largest components to the survival
probability of a multitype branching process. This result is used in [BLT11] in order to justify results
about the largest component in the Britton-Lindholm model sketched in the introduction and treated
in Chapter 6. In particular, the authors argue heuristically that the random graphs from the Britton-

Lindholm model behave as special inhomogeneous random graphs.

5.3.4 Further static random network models

A further very well-known model, which illustrates the small world property, is the random graph
model by Strogatz and Watts (see e.g. Section 6.2 of [DM10]).

Several spatial random graph models, i.e. models that consider the positions of the nodes, are for
example presented in Section IV of [Barll]. The best-known spatial random graphs are the so-called
geometric random graphs (see also [Pen03]). Note that those and other static spatial random graphs

can be interpreted as special inhomogeneous random graphs (see also the introduction of [Penl5]).

5.4 Dynamic random network models

5.4.1 Preferential attachment

Probably the most popular random network models are the preferential attachment models, which

formalize the ”rich-get-richer” mechanism.

Time-discrete Preferential attachment

There are several variants of preferential attachment models. Here we first introduce one of them that
is inspired by the famous paper [BA99]. It is given by a sequence of directed graphs. However, an
undirected graph can obviously be obtained from a directed one by interpreting all directed edges as

undirected edges. We also present the convergence rate from [PRR13] for this model below.
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5.4.1 Definition (see e.g. Section 6 of [PRR13])

Let GW be a graph with one node labeled 1, which has a loop. For n € N, the graph G+ ig obtained
from G by adding one node labeled n + 1 and one directed edge from the new node n + 1 to one of
the nodes 1,...,n+ 1 of G The probability that (n -+ 1,7) is the new edge is proportional to the

degree of node 7 in G™ for i e {1,...,n}, and the probability that the new edge becomes a loop is

1
2n+1"

We call the resulting model preferential attachment model.

5.4.2 Remark
Note that the model in [BA99] also allows to add more than one edge per time step. However, since

this changes the main results about the model only marginally, we focus on the simpler case here.

Let us now define the distribution that turns out to be the asymptotic degree distribution in the

preferential attachment model.

5.4.3 Definition (cf. Definition 3.1 in [Rei09])

A random variable X is said to have the Yule-Simon distribution with parameter p > 0 if and only if

pL(k)I'(p +1)

POX = k) = pBlp+ 1) = 12

for all k € N, where B and I' denote the beta and gamma function, respectively.

Now we state a main result from [PRR13], which gives us a convergence rate for the degree distri-

bution of a node picked uniformly at random.

5.4.4 Theorem (see Theorem 6.1 in [PRR13])

Let Dgn) denote the degree of node i in G™ for i € {1,...,n} in the preferential attachment model,
(n)

and let J, be a random variable that is uniformly distributed on {1,...,n} independent of D;" for

alli € {1,...,n}. If X has the Yule-Simon distribution with parameter 2, we have

drv(D§), X) < O(IOg(”))

n

as n — oQ.

5.4.5 Remark
Theorem 5.4.4 implies that the asymptotic degree distribution in the preferential model defined above

is the Yule-Simon distribution with parameter 2. Since this distribution has probability mass function

4
k(k+1)(k +2)°

it obeys a power law with power law exponent 3 in the weak sense.

As mentioned before, power law degree distributions can be observed in many real-world networks.
However, in many empirical networks, exponents have been observed that are significantly different
from 3 (see e.g. page 27 in [CSNO09]). Therefore, the following generalization is of great interest (see
Chapter 8 of [vdH16]). We use the same mechanism as in Definition 5.4.1 except that the probability
that (n + 1,4) is the new edge is proportional to the sum of the degree of node i in G and § — 1
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for i € {1,...,n}, and the probability that the new edge becomes a loop is ol where § > 0.

AT
This modified model is called affine preferential attachment model. Note that we again omit the case
where more than one edge is added per time step for the reason stated in Remark 5.4.2 above. For
the affine preferential attachment model, we have that the distribution of a node picked uniformly at
random converges to a distribution that obeys a power law with exponent § = 6 + 2 (see (8.4.11),
(8.4.12) and Exercise 8.14 in [vdH16]). We give a precise definition for a loop-free version of an affine
preferential model that is considered in [Rei09] now, again omitting the addition of more than one

edge per time step.

5.4.6 Definition (see Section 2.1 of [Rei09])

Let G be a graph with my € N nodes labeled 1,...,mg that has no edges. For n € N, the graph
G("*1) is obtained from G™ by adding one node labeled n + 1 and one directed edge from the new
node 1.+ 1 to one of the nodes 1,...,n+ 1 of G+, The probability that (n+ 1,4) is the new edge is
proportional to the sum of the in-degree (i.e. the total degree minus one) of node i in G and § for
a constant d > 0 for i € {1,...,n}, and the probability that the new edge becomes a loop is zero. We

call the resulting model affine loop-free preferential attachment model.

The asymptotic degree distribution is essentially a generalisation of the Yule-Simon distribution

that we define now.

5.4.7 Definition and Remark (cf. Definition 3.3 in [Rei09])
A random variable X is said to have the generalized Yule-Simon distribution with parameters v > 0

and p > 0 if and only if
B(k—1+7,p+1)

B(v,p)
for all £k € N, where B denotes the beta function. Note that we obtain the Yule-Simon distribution

P(X = k) =

with parameter p > 0 for v = 1.

The following result from [Rei09] gives us a convergence rate for the degree distribution of a node

picked uniformly at random.

5.4.8 Theorem (see Theorem 8.2 in [Rei09])

Let Dgn) denote the degree of node i in G™ for i € {1,...,n} in the affine loop-free preferential
attachment model with parameter 6 > 0, and let .J,, be a random variable that is uniformly distributed
on {1,...,n} and independent of DZ(”) for all i € {1,...,n}. If X has the generalized Yule-Simon

distribution with parameters v = 4§ and p = d + 1, we have

arv (D) +1,£(x)) < 0 E))

as n — oo.

5.4.9 Remark

Note that the generalized Yule-Simon distribution with parameters v > 0 and p > 0 obeys a power law
with power law exponent p + 1 in the weak sense (see Subsection 3.2.3 of [Rei09]). Consequently, we
know from Theorem 5.4.8 that the asymptotic degree distribution in the affine loop-free preferential

model with parameter § > 0 obeys a power law with power law exponent § = ¢ + 2 in the weak sense.
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5.4.10 Remark

Note that the preferential attachment model defined in Definition 5.4.1 and the affine loop-free prefer-
ential attachment model with parameter v = 1 are very similar. In particular, the asymptotic degree
distribution is the Yule-Simon distribution with parameter 2 for both models. Furthermore, the rates
for the convergence towards this distribution that are given by Theorem 5.4.4 and Theorem 5.4.8,
respectively, are the same. Note that the former theorem was proven in [PRR13] in 2013 by applying
Stein’s method whereas the result stated in the latter was already proven in 2009 [Rei09] by using
recurrence equations. It seems to be very likely that the rate from Theorem 5.4.4 could also be ob-
tained by slightly adapting the proof from the analogous result in [Rei09]. It is worth mentioning
that the procedure in [PRR13] is more similar to ours in Chapter 6 and Chapter 7 in the following
sense: In [PRR13], the authors use that the asymptotic degree distribution is a mixture of geometric
distributions and apply general approximation results for geometric distributions. In Chapter 6 and
Chapter 7, the asymptotic degree distribution is a mixture of Poisson distributions and we thus apply
general approximation results for (mixed) Poisson distributions. An approach that is even more sim-
ilar to ours in those chapters can be found in Chapter 7 of [Rei09], where a rate that is slightly worse
than the one from Theorem 5.4.8 above is obtained for the affine loop-free preferential attachment
model in the following way. Reinert uses that the asymptotic degree distribution as well as the degree
distribution of a node picked uniformly at random is a mixture of negative binomial distributions and

consequently applies general approximation results for negative binomial distributions.

5.4.11 Remark

Further publications considering other variations of discrete-time preferential attachment are for exam-
ple summarized in Section 2.2 of [Rei09], Section VIIL.A of [AB02] and Subsection 2.3.5 of [BLM06].
Spatial variants of preferential attachment models are for example considered in Subsection IV.D. of
[Barl1].

5.4.12 Remark
In [DHH10], it is shown for three different preferential attachment models that they have the small
world property.

Continuous-time preferential attachment

Now we introduce the continuous-time preferential attachment model introduced in Subsection 3.3.5 of
[Rei09]. As pointed out in Section 3.3 of [Rei09], this model is very similar to the well-known population
model that was considered by Yule in 1925 (see [Yul25]). The connection between continuous-time

preferential attachment and Yule’s population model is also considered in [PPS15].

5.4.13 Definition (see Subsection 3.3.5 of [Rei09])

Let the node population develop according to a linear birth process with per-capita birth rate A. Each
living node gives birth to half-edges independently from everything else at a rate that is proportional
to the sum of § for § > 0 and the current number of its half-edges. The half-edges are joined together
in the order of their births. The resulting model is called continuous-time preferential attachment

model with parameters § and \.
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5.4.14 Remark
There are alternative ways of joining together half-edges that are also considered in Subsection 3.3.5
of [Rei09].

The asymptotic degree distribution is essentially the generalized Yule-Simon distribution from Def-
inition 5.4.7. More precisely, the asymptotic distribution of the sum of one and the degree of a
randomly picked node in the continuous-time preferential attachment model with parameters 6 and A
is the generalized Yule-Simon distribution with parameters ¢ and A (see Section 3.6 of [Rei09]). The
following theorem gives us rates for the convergence to this asymptotic degree distribution in terms

of the number of nodes.

5.4.15 Theorem (see Theorem 3.22 in [Rei09])
Let T}, and T},+1 be the birth time of node n and n + 1 for n € N in the continuous-time preferential
attachment model with parameters § > 1 and A > 1, respectively, and let ¢ € (0,1). Furthermore,

let Z be a random variable that is distributed according to the generalized Yule-Simon distribution

with parameters ¢ and A, and let Dg”ij:"“) denote the degree of a randomly picked node at time
n n+1
T, + V1T, 1. Then we have
1 1)
dry (LD T L1y £(7)) <

for all n € N.

5.4.2 Uniform attachment
Apart from preferential attachment, we also consider uniform attachment.

5.4.16 Definition (see e.g. Section 5 of [PRR13])

Let G be a graph with one node labeled 1, which has a loop. For n € N, the graph gt g
obtained from G by adding one node labeled n + 1 and one directed edge from the new node n + 1
to one of the nodes 1,...,n + 1 of Gt The probability that (n 4+ 1,1) is the new edge is %H for
ie{l,...,n+1}. We call the resulting model uniform attachment model.

It is well-known that the asymptotic distribution of the degree, which is the in-degree plus one, of a
node picked uniformly at random obeys the Geo(1/2) distribution, which is given by the probability
mass function (1/2)*. A rather heuristic proof for this result can be found in Section 4 of [BRS*01].
A different and more rigorous proof (for a different initial condition) is presented in Section 2.5 of
[VROT7].

The following theorem from [PRR13] gives us a rate for the convergence towards this degree distri-
bution. It can be proved by using Stein’s method (see Section 5 of [PRR13]).

5.4.17 Theorem (see Theorem 5.1 in [PRR13])

Let Dz(n) denote the degree of node i in G for i € {1,...,n} in the uniform attachment model, and
let J,, be a random variable that is uniformly distributed on {1,...,n} independent of ngn) for all
i€ {l,...,n}. If X has the Geo(1/2) distribution, we have

dTV(DEIZ)7X) <

S|
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5.4.18 Remark

Note that the case where m > 1 edges are added per time step is also considered in [BRS*01]. In this
case, the asymptotic degree distribution is the Geo(#ﬂ) distribution (see Section 4 of [BRST01]). In a
further variant of uniform attachment, which is treated in [CHK*01], the new edge is only added with
some fixed positive probability § and is not necessarily incident to the new node. Instead, both nodes
of a newly added edge are picked uniformly at random. The asymptotic distribution of the degree
of a node picked uniformly at random turns out to be a geometric as well, namely the Geo(5:+)

2641
distribution (see Section III of [CHK'01]).

5.4.19 Remark

A continuous-time uniform attachment model is briefly considered in Section 12.2 of [Rei09].

5.4.3 Fitness models

Now we consider another class of models that can lead to power law degree distributions with a
high flexibility in the power law exponent. The so-called fitness models depict the ”fit-get-richer” in
addition to or rather than the "rich-get-richer” mechanism. That means that each node is assigned a

fitness at its birth that influences its probability to receive edges.

We first consider models that combine fitness and preferential attachment. Then we present models
that do not have any preferential attachment component, which we call pure fitness models. Note

that also the Britton-Lindholm model is a pure fitness model.

For some real-world networks, fitness is the crucial factor for their evolution. For example, it is
concluded in Section 4 of [HW13] that “efficient supply chain systems demonstrate a 'fit-gets-richer’
mechanism of growth”. Note that pure fitness models still cover a large range of power law exponents,

which make them even more attractive for applications.

An introduction to fitness models can also be found in Chapter 2 of [TP11].

Preferential attachment with fitness

The most popular fitness model was introduced in the well-known paper [BB01] and is often referred
to as Bianconi-Barabdsi model (see e.g. Section 6.2 of [Barl3]). In this model, we equip every node
with a positive fitness (or social index) S;, where the S; are independent and identically distributed.
The attachment probability is proportional to the product of S; and the degree of node i. If, for
example, the S; are uniformly distributed on [0, 1], the corresponding asymptotic distribution of the
degree of a node picked uniformly at random obeys a power law with exponent 2.255 in the weak sense
(see page 439 in [BBO1]).

In [ER02], the authors consider a fitness model where the attachment probability is proportional to
the sum of the fitness and the degree. They show that the corresponding asymptotic distribution of
the degree of a node picked uniformly at random obeys a power law with exponent 2 + E(S) in the
weak sense for a fitness distribution with finite mean E(S) (see Section 2 of [ER02]).



5.4. Dynamic random network models 71

Pure fitness models

For some applications, we expect that preferential attachment does not have any significant impact
on the network evolution as mentioned above. Thus we consider a pure fitness model now. Note
that the generalized random graph model can be seen as a static fitness model. A more general
static fitness model was introduced in [CCRMO02]. Here we focus on the dynamic fitness model from
[SHR13] by Smolyarenko, Hoppe and Rodgers. We do not consider the optional rewiring component.
Like this, the model is more similar to both the uniform and preferential attachment models and the

Britton-Lindholm model, and more results are known.

5.4.20 Definition (see Section II of [SHR13])

Let (S;)ien be independent identically distributed positive random variables with finite mean E(S)
and strictly monotonically increasing, continuously differentiable cumulative distribution function G
and density g, and let f : (0,00)% — (0,00) be an arbitrary function. We begin with a graph G with
one node labeled 1 with fitness S;. For n € N, the graph G"*1) is obtained from G by adding one
node labeled n + 1 with fitness S,4+1 and one (undirected) edge from the new node n + 1 to one of
the nodes 1,...,n+1 of GtV Given S = s, ... , Sn+1 = Sp+1, the probability that (n+ 1,4) is the
new edge is

f(8n+17 S’i)
n+1

Z f(sn-i-h 8])
j=1
for i € {1,...,n+ 1}. We call the resulting model SHR model.

Let

3\'—‘

1
[, G <u>> oy = /1f 0.Glw)
o[G0, G )

which is approximately the probability for a node with fitness G~!(u) to receive a new edge at time n
for large n (see Section II of [SHR13]). Furthermore, let p(u) = np(u,n). The asymptotic probability

mass function of the degree of a node picked uniformly at random in the SHR model is then given by

/ ofw) \F!
0/1 (7 8) 51)

by Equation (7) in [SHR13], i.e. the asymptotic degree distribution is mixed geometric (namely the

Geo( 1 (U)) distribution, where U is uniformly distributed on [0, 1]).

5.4.21 Example

For a constant linking function f, the SHR model is just the uniform attachment model. In this
case, the function p is also constant and equal to 1. Thus Equation (5.7) implies that the asymptotic
distribution of the degree of a node picked uniformly at random is the Geo( ) distribution for the

uniform attachment model. This corresponds to the result stated above.
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We assume now that p is continuously differentiable and strictly monotone, i.e. ¢ has a continuously

differentiable inverse o~!. By substitution, we then can derive
o(1) . b1
—1y/ Y
= — — d
Pk /(@ )(y)1+y<1+y> y
0(0)

from (5.7). Since (o~ !)(y) = m, we finally obtain

o(1)

B 1 1 y \"!
b= / o' (07 (y)) 1+y<1+y) dy (5:8)

0(0)

for the asymptotic probability mass function of the degree of a node picked uniformly at random (cf.
Equation (10) in [SHR13]).

Now we consider a special case that leads to a model that is in some sense very similar to the
Britton-Lindholm model. Let the linking function be given by f(z1,x2) = z2, and let E(S) = 1. Then

we obtain

This implies o~ !(y) = G(y) and o'(u) = (G71)(u) = G'(Gll(u)) = sy Consequently, Equa-

(@ s
P ) Wy
0

Note that we rediscover this mixture of geometric distributions in Remark 6.7.2, where we treat a

tion (5.8) implies

version of the model by Britton and Lindholm without loops in which neither nodes nor edges can die.

5.4.22 Remark
If we choose f(x1,22) = x2 as above and, additionally, the lognormal distribution as fitness distribu-
tion, we are in the setting of the lognormal fitness attachment model that is analyzed numerically in

[GKST10]. The choice of the lognormal distribution as fitness distribution is motivated in Section 2
of [GKST10].

5.4.4 Node and edge deletion

Obviously, in many real-world networks nodes can die. This is taken into into account in some models.
For example, in [SR04], a preferential attachment model with node deletion is considered, and it is
shown that the asymptotic degree distribution is still a power law distribution in the weak sense, but
with an exponent depending on the rate at which nodes are deleted (see Section II of [SR04]). In
[CFV04], it is proved that the same holds also for edge deletion.
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In [KSRO8], node deletion is added to the popular fitness model from [BB01] mentioned above.
It is shown that the power law exponent of the asymptotic degree distribution does not depend on
the rate at which nodes are deleted if the fitness distribution is chosen to be a truncated exponential
distribution. The truncated exponential distribution is concluded to be the suitable fitness distribution
for the World Wide Web in [KSROS].

Further results for models with node deletion can also be found in [MGNOG6].

5.4.5 A further dynamic network model

The actor-based network model introduced in [Sni01] and [SvdBS10] is a continuous-time directed
random graph model that is very popular in social science. In this model, each node chooses an
optimal new neighbour based on an individual objective function each time it creates a new edge.
This function may depend on the current network structure as well as on quantities associated to the
nodes. See [Sni01] and [SvdBS10] for details.






6 The network model by Britton and Lindholm

6.1 The model

In this chapter, we consider the loop-free version of the original dynamic network model by Britton
and Lindholm (see [BL10] and [BLT11]) sketched in the introduction. We first give a precise definition
of the model.

We examine a finite undirected graph without loops that develops over time. The node process
(Y2)t>0 is a linear birth and death process with initial value one. The process (Y;)i>0 and all other
random variables that are defined in what follows to describe the dynamic random graph are defined
on a common underlying probability space (€2, 4,P). We assume that (Y;):>0 has right-continuous
trajectories.

We assume A\ > p, so that the node process (Y:):>0 is a supercritical continuous-time Markov
branching process. Thus we can apply the results from Chapter 2 to the node process. In particular,
the random variable W := tlgglo Yie~ (A=t exists almost surely and satisfies P(W = 0) = p/\ and
LW|W > 0) = Exp(252).

We equip every node i with a positive random social index S;, where the (S;);en are independent
and identically distributed with finite expectation and independent of all other random variables.

This allows us to define the development of the edge process. At birth every node is isolated.
During its lifetime and as long as there is at least one other node, node ¢ generates and destroys edges
according to a birth and death process with constant birth rate a.S; and per-edge death rate 3, where
a,B > 0.* The “second” node of each newly born edge is chosen uniformly at random from the set
of all other living nodes, and all of the edge processes (including the choices of the second nodes) are
independent of each other and all other events.

In addition to the direct destruction of edges in the above process, all edges connected to a certain

node are removed when the node dies.

6.1.1 Remark
Note that the proofs become slightly simpler if we consider the original model by Britton and Lindholm,
which allows loops - essentially because times where Y; = 1 need not obtain special treatment. The

upper bounds remain largely the same; see also Remark 6.3.3 for the pure birth case.

6.1.2 Remark

Britton and Lindholm also introduced a modified model where the “second” node of each newly born

4 We also examine the case where 8 = 0 in Section 6.7.
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edge is not picked uniformly, but from a probability distribution that is proportional to the social
indices of the living nodes. We expect that one can prove similar results for this modified model
analogously to the results for the model that we treat here. Note that the modification can lead to a
significantly higher ratio of multiple edges. Therefore the modified version is less interesting for many

applications.

We briefly mention some results about the model by Britton and Lindholm now, which are stated in
[BL10], [BLT11] and [Kiic12]. Note that the authors give rather heuristic arguments for their results
instead of rigorous proofs in [BL10], [BLT11].

In Section 4 of [BL10], it is argued that the clustering coefficient (cf. Remark 5.1.7) vanishes as
time T goes to infinity. Furthermore, results about a phase transition and the type distribution of
neighbouring nodes, where type refers to the age and the social index, are considered in [BLT11].
These results from [BL10] and [BLT11] are also presented in [Kiic12] in a more detailed way. The
degree correlation, i.e. the correlation of the degrees of two connected nodes, is considered in [BLT11]
as well. However, the corresponding proof is wrong as it was pointed out in Subsection 1.10.2 of
[Kiic12]. Moreover, in Section 1.11 of [Kiic12], it is examined how the asymptotic degree distribution
depends on the distribution of the social indices.

In the appendix of [BL10], Britton and Lindholm give (rather heuristic) arguments for the negligi-
bility of multiple edges, which are not sufficient to find convergence rates for the case where we ignore
multiple edges though. Thus we treat the negligibility of multiple edges rigorously in Section 6.4.

Numerical evaluations of the asymptotic degree distribution can be found in Section 5 of [BL10)]
and Section 1.12 of [Kiic12].

One of the most important characteristics of a random network is its degree distribution (see e.g.
[vdH16]), which we focus on here. As mentioned in the introduction, we derive rates for the convergence
of the degree distribution towards an asymptotic degree distribution. As a by-product, we obtain a
rigorous proof of the convergence result itself.

At the end of this chapter, we furthermore reveal a couple of additional interesting properties of
our network model. In particular, in Section 6.5, we prove that the asymptotic degree distribution
can exhibit heavy tails and power laws, which often occur in real random networks as mentioned in

the introduction.

6.2 Degree distribution at finite time

In this section, we deduce the degree distribution at finite time 7.

Firstly, we consider the case where the nodes do not die, i.e. & = 0. Let the nodes be ordered by
their birth times. Let S; be the social index of node 7 and A;(T) its age at time 7. For convenience,
we define Ay(T) = 0 if Y7 = 1. Furthermore, given Y7 = yr, let the random variable Jr be uniformly
distributed on {1,...,yr} and independent of the ages, the social indices and the rest of the path
(Y:)o<t<7. We interpret Jr as the index of a node that is randomly chosen at time 7" among all living

nodes.
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6.2.1 The number of outgoing edges in the pure birth case

Firstly, we condition on the population size y7, the randomly picked node jr, its social index s;, and
its age aj, at time 7. Furthermore, we condition on the age as of the second node if y7 > 1 and set
as = 0 otherwise. If yr > 1, the number of living edges that jr creates during its lifetime can be
described by a birth and death process with constant birth and linear death rate started in zero at

time T' — appax( since no edges are created as long as there is only one node. The birth rate is asj,.

JT,2
and the death rat)e is the product of # and the number of (living) edges that jr has created. Such a
birth and death process is examined in Chapter XVII of [Fel67] and can be interpreted as a queueing
system with constant arrival rate and infinitely many servers. We denote the state probabilities at
time ¢ of such a process started at a general state ¢ with constant birth rate X and linear death rate
nii by P,(t), where n is the current state of the process. This process is described by the following

Kolmogorov forward differential equations:

U0 Sy (6) G A+ 50+ DPaia 8 forn 2 1, ©1)
0 _ ko)~ Aro) 62

oo
Thus we have for the generating function P(s,t) = > P,(t)s" for all s with |s| < 1:
n=0

OP(s,t) n=0 _ Z dPn(t) §"

ot ot

5 (APa(t) = G m)Pa(0) + it + DPa (1)) + PA(E) = APy(e)
=1

3

(1—s) (—XP(S, t) + ﬂapa(z,t)) (6.3)

where the second line follows from the Kolmogorov forward differential equations (6.1) and (6.2). The
solution of the partial differential equation (6.3) is given by (cf. page 481 in [Fel67])
3 (1—e ) —fityi
P(s,t) =exp| —A(l —s)——— | (1 = (1 — s)e **)". (6.4)
i
The function P( -, t) is the product of the generating function of the Po(% (1—e~A%)) and the Bin(i, e ")
distribution and hence the generating function of their convolution. In particular, we obtain for ¢ = 0
the generating function of the Poisson distribution with parameter
A1 — e/t

il
This result can be applied to the edge process we are interested in: Conditioned on the population
size yr, the chosen node jr, its social index s;,. and age a;,., the distribution of the number of edges

created by jr is the following Poisson distribution:

P0<a86jT (1 _ e_Bamax(jT,2))> ,
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where the Po(0) distribution is the Dirac measure in zero. Note that we obtain the Dirac measure if
only one individual is alive at time 7T, i.e. yr = 1, since we set a2 = 0 in this case.
Consequently, the corresponding unconditional distribution is the following mixed Poisson distribu-

tion:

MixPo <aSﬁJT (1-— e_ﬁAmax(JTj)(T)))‘

6.2.2 The number of incoming edges in the pure birth case

Recall that the nodes are ordered by their birth times. Firstly, we condition on (Y;)o<t<r = (yt)o<t<T,
the social indices (Si)ken = (sk)reny and Jp = jr. Let T'=a; > ... > ay, denote the corresponding
ages of the individuals.

Consider a fixed node i € {1,...,yr} \ {jr} and some time interval of the form [T" — a;, T — a;41)
for I > iV 2, where V denotes the maximum operator. We only consider edges that are created by the
fixed node ¢. Then the number of edges that connect ¢ to jr and that survive until the end of this
interval, i.e. until the birth time T'— a;11 of node [ 4 1, can be described by a birth and death process
again. The population size is constant and equal to [ in the interval [T' — a;, T — a;j4+1). Thus the
birth rate is also constant and equal to asiﬁ because node ¢ creates edges at rate as; and ﬁ is the
probability that an edge that is created in the interval [T'—a;, T'— a;11) is connected to jp. The death
rate is linear again with factor 8. As in the previous subsection, we obtain a Poisson distribution,
i.e. the number of edges that are created by ¢ in [T' — a;, T — a;4+1), connect ¢ to jr and survive until

T — aj41 follows the distribution

Qs; —Bla—
PO(([ — 1)5(1 _ e Bla az+1))>_
Now the distribution of the number of edges that i creates in [T — a;, T — a;42), connect i to jr and
survive until 7' — a;42 can be deduced from (6.4). In order to do this, let Z be the number of edges
that ¢ creates in [T — a;,T — aj4+1), connect i to jr and survive until 7' — a;41. We have already
shown that Z is Po((lfsf)ﬂ(l — e~Ala—a1))) distributed. First, we condition on Z = z. Then the
number of edges that i creates in [T — a;, T — a;42), connect i to jp and survive until 7' — a9 is

described by a birth and death process with constant birth rate as;/l, linear death rate with factor
B and initial state z. For such a process, the probability generating function (6.4) was stated in the
previous subsection. Since (6.4) is the product of the probability generating function of a Poisson
distribution and of the probability generating function of a binomial distribution, we obtain the sum
of a Po(93 (1— e~Plari—ai2))) distributed and a Bin(z, e~ #(@+1-@+2)) distributed random variable for
time T'—a;12, where these two random variables are independent. The second one is a Poisson mixture

of binomial distributions if we do not condition on Z = z. This mixture is the Poisson distribution

with parameter e~ #(ar+1-a42) (125135(1 — e‘ﬁ(‘”_“lﬂ)). Consequently, it follows that

Po (e—ﬂ(az+1—az+2) i asli)ﬁ (1— 6—/3(ﬂz—az+1)) + (7;’ (1— 6_5(al+1—al+2))>‘

is the desired distribution.
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We obtain inductively by mixing and independence that

yr—1 yr—I-1 as:
(Z < H e Blarr— az+k+1)> (l_i)ﬂ(l_e—ﬂ(al—alﬂ)))

l=iVjr

is the distribution of the number of edges that connect i to jr surviving until 7' — ay,..

Repeating the same argument as above, it follows that

yr—1 yr—i-1

as; as;
Po ? 1 — e Bavr) 4 g—Pauy < e—ﬁ(al+k—al+k+1)> ? 1 — ¢ Bla—aiy1) >
(5 ) 2 (1l (-1 )

l=iVjr

is the distribution of the number of edges between i and jr being alive at time T.
By independence of the edge processes of edges generated by the various nodes i, we obtain the

following distribution for the total number of incoming edges in node jp:

yT A yr—1 ye—l-1 A
Po(Z =178 aszl 5(1 — e Par) 4 Z e Povr Z ( H e—ﬁ(al+k—al+k+1)> -8 islz)ﬁ(l - e_ﬂ(‘”_al“)))
i= k=1

yr — 1)
1 =1 =iV
i#jT Z;AJT o
yr ) yr yr—1
“Po§ 20 e £ 3L Y e ),
ﬁ i=1 yr — 6 z 1= z\/]T
i#jT i#jT

Thus without conditioning, we obtain a mixed Poisson distribution:

YT S T YT 1
MixPo(a > (- e M) 1 05 Z e B (T) _ e—ﬁAz(ﬂ))
'81;2(]1 = leJl = z\/JT
T T

6.2.3 Degree distribution in the pure birth case

By conditional independence of the numbers of incoming and outgoing edges®, the previous consider-
ations imply that the degree distribution of a randomly chosen node is a mixed Poisson distribution.
The random parameter of this mixed Poisson distribution is the sum of the random parameters of the
two mixed Poisson distributions that were deduced in the previous two subsections. Thus we obtain
the MixPo(Ar) distribution, where

asSy. _BA (T —BA
A — T 1— 5 max(Jp, 2) ) —e B YT(T)
=73 ( ﬂ Z YT — )
'L;éJT
Yy Yp—1
BZ Y (e — e pam), (6.5)
=1 l=iVJr
z;éJT

5 Note that those numbers are not independent unconditionally. For example, an old node is expected to have a high

number of incoming as well as outgoing edges, which leads to a positive correlation.
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6.2.4 Degree distribution in the general case

If the nodes can die, the degree distribution can be determined similarly to the pure birth case.

Let 0 =T < ... < T%’T be the birth times. Recall that 0 = T7 < ... < Ty, 49, are the event
times up to 7". Moreover, let T, denote the death time of node i for each i, where the nodes are still
numbered according to their birth times. Finally, given the subset of {1,...,B7} that contains the
indices of all living nodes at time T, let Jr be uniformly distributed on this set and independent of
all other events as before. Note that S, is (stochastically) independent of ((Y;)o<t<T, JT)-

The crucial differences compared to the procedure for the pure birth case are:

e We have to condition on Y7 > 0 since there has to exist a node at time 7" that can be picked

randomly.

e We have to consider [T}, Tj4+1) instead of [T'— A;(T'), T — Ai+1(T)) as time intervals in which the

parameters of the process of incoming edges are constant.
e We do not sum over all nodes ¢, but over all that are still alive at time T

e In general, the population size does not increase almost surely by one per time interval. Thus

the population size is not necessarily equal to [ in the time interval [T}, Tj11).

Since deaths of other nodes reduce the number of outgoing edges, we cannot derive the distribution
of the number of outgoing edges at time T" in the same way as for the pure birth process. However,
we can proceed in a similar way as for the incoming nodes in the pure birth case. Therefore, we do

not derive the distribution of the numbers of outgoing and incoming edges separately here.

We condition on (Y;)o<i<7 = (y¢)o<t<T, the social indices (S;)ien = (8;)ien and Jr = jr. Let by and
dr denote the corresponding number of births and deaths up to time 7', respectively. Furthermore, let
0=t <ty <...<tpragpand 0=t <t5 <...< tl'fT be the corresponding event times and birth
times up to time 7', respectively. We consider a fixed node i # jp that is alive at time 7' (provided
there are any) and some time interval of the form [t;,¢;11) for t; > tj \Y th and t;;1 < T. Note that

the nodes 7 and jr create edges at rate as; and asj,., respectively, and that the probability that an

1
ytlfl

created by jr is connected to 7. Thus the number of edges that connect ¢ to jr and survive until time

edge that is created by ¢ is connected to jr is and equal to the probability that an edge that is

t1+1 can be described by a birth and death process with constant birth rate «(s; + sz)yt—l_l and linear
l

death rate with factor § like before. Analogously to Subsection 6.2.2, we obtain that the number of

edges that are created in [t;,¢;41), connect ¢ to jr and survive until ¢;41 has the following Poisson

distribution:
a(si+ sj,) _ _
Pol =224 " 2ir) i _ o=Bltira—t)y] >
< (ytl — 1),6 ( ) {yy,>1}
Let the function r = r(,,),_,_, : {1,....br} = {1,...,br + dr} be defined such that t;r = t,(;) for all
je{l,...,br}, i.e. r maps birth number to event number. Note that the sum by + dp of the number

of births and the number of deaths up to time 7T is the number of events up to time 7.
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Applying the same iterative procedure as in Subsection 6.2.2, we can see that
P0<a(8i + SjT) (1 o e—ﬁ(T—th+dT))

(yr —1)8
br+dpr—1 <bT+dTl1

—B(T—tbptdr) _B(tl+k+1_tl+k)m _ —B(tig1—t) ) )
+e TTar e 1 . L
l:r(i)z\/:?"(jT) H (yy, —1)B ( ) {y,>1}

Liy,>1y

k=1

is the distribution of the number of edges between i and jr being alive at time T.
Let the death times be denoted by ¢ ,%5,... g Then by independence of the processes of edges

generated by the various nodes ¢, we obtain the following conditional degree distribution:

br =
a(Si + S, ) —B(1'— B
Po S vy | 1—e B(T—toptdr) 1 + 1,,- e ATt var)
<; (yr —1)5 > Hwr>) ; e
i#jT i
br+dp—1 bp+dr—I—1
. Ti r f[ e—ﬁ(tl+k+l_tl+k) M(l — e_ﬁ(tHl_tl)) 1
(yt — 1)6 {yt,>1}
I=r(i)Vr(ir) k=1 l
_ PO(@ i S N i TS N PN
B i=1 (yT - 1) e >T "
i#jT
b br+dr—1
T G acRTa )
B T L ot W= h
i#jT

Thus the degree distribution is MixPo(A%.), where £(A%) = L(Ar|Y7 > 0) and

Si+ S _B(T—
T: 5 Z KT O Jp ]]-{Ti_>T}(1 —e B(T T%T+DT))]]-{YT>1}

Yr—1)
'L;éJT
%T %T-l-@T—l
« S+ S5, _gp_ i
i 2; L <>Z< ) oo e . (66)
1= l=r(@)Vr(Jr
i#Jp

6.3 Bounds on the total variation distance between the finite time and

asymptotic degree distribution

Since in the pure birth case we obtain a much better bound with considerably less work, we treat the

cases u = 0 and the general case separately.

6.3.1 The pure birth case

Firstly, we consider the pure birth case, i.e. u = 0, again. Fix T > 0, and let the random vari-
able A7 be defined by (6.5). Furthermore, let Sy and A be independent random variables such
that Sy (w) = Sy (w) and Ay (w) = F'(Fr(Amax(p2)(T,w))) for all w € Q, where Fr and
Fy are the cumulative distribution functions of Ay .y(s;.2)(T), i.e. of the Exp(A) distribution trun-
cated at T' by Proposition 4.2.1, and the Exp()\) distribution, respectively. Note that we know that
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L(Ay;,) — Exp()\) weakly as T — oo from Chapter 4. The random variable A;_ is Exp()) dis-
tributed since Fr is continuous and hence Fr(Apax(.,,2)(T)) is uniformly distributed on [0, 1]. More-
over, since the exponential distribution dominates the truncated exponential distribution, we have
Foo(Amax(r.2) (T, w)) < Pr(Amax(sr,2)(T,w)) for all w € Q. Since F! is increasing, it follows that
Anax(gp,2)(T,w) < Ay (w) for all w € €.

Let S be a generic random variable that is distributed according to the distribution of the social

indices, and let

aSy., aE(S)

M := (1 —e P 4 (1 — e PAis), (6.7)

We know from Subsection 6.2.3 that MixPo(Ar) is the degree distribution at time 7" in the pure birth
case. Theorems 6.3.1 and 6.3.2 below imply that MixPo(Ar) converges at rate of just a bit slower
than e~ 327 to MixPo(M) as T" — oo, which is the asymptotic degree distribution already stated in

Section 3.2 of [BL10]. Note that these theorems are much more powerful as they give an exact distance
bound for finite 7.

6.3.1 Theorem
We have

4o 1 2c 1 2a A 1
1 1 < — [ - R - -
dry (MixPo(Ar), MixPo(M)) \ USE(F) + h ]E(S)E< ) + —E(S) N T 1

where og is the standard deviation of S.

The main idea of the proof is to make use of Theorem 3.4.1 to obtain E(|Ax — M|) as an upper
bound for the total variation distance on the left-hand side. In order to bound E(|Ar — M|) further,
we use that the expected value of the second summand of the right-hand side of (6.5) becomes small
as T' — oo since the age Ay,.(T') of the youngest individual at time 7" converges quickly to zero, and
compare the other summands of the right-hand sides of (6.5) and (6.7).

For the comparison of the last summands in (6.5) and (6.7), respectively, we note that the average
of the social indices becomes close to E(S) by the Law of Large Numbers. Then we use again that the
age Ay, (T') of the youngest individual at time 7" converges quickly to zero and that A, (T") converges
quickly to Ay, by Proposition 4.2.1.

Finally, the expected absolute value of the difference between the first summand of (6.5) and the

first summand of (6.7) again becomes small since A, (T") converges quickly to Aj_.

We prove Theorem 6.3.1 in detail after the next theorem, which gives us the exponential rate for
the convergence of the degree distribution. In order to reveal this rate, we further estimate E(%T) and

IE(\/LY?) on the right-hand side in Theorem 6.3.1 by using Proposition 2.2.4 and Corollary 2.2.5.

6.3.2 Theorem
For T > log(2)/\, we have

dry (MixPo(Ar), MixPo(M)) < \/\?7;& osVTe 22T + 4aE(S) (T + /6’(,8)\%—)\)> e

where og is the standard deviation of S.
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Proof: The inequality follows directly from Theorem 6.3.1, Proposition 2.2.4 and Corollary 2.2.5. [

6.3.3 Remark
For the original model of Britton and Lindholm, which allows loops, we can adapt the proof of
Theorem 6.3.1 in such a way that the upper bounds in Theorem 6.3.1 and Theorem 6.3.2 remain

exactly the same.

Proof of Theorem 6.3.1

From Theorem 3.4.1 follows
dT\/(MiXPO(AT), MiXPO(M)) < E(‘M — AT|),

and E(|]M — Ar|) is smaller than or equal to

E g(SJoo(l — e P o) L B(S) (1 — e P — S5 (1 — e PAmaxtor.2) (1))
Yr S Yy Yp-1 g
-3 ey 5 S S esam ) )
;:Jl ,;:}T I=iVJp
1 T 7
« Yz S
- i _ —BAy(T)
_BIE ;YT_lu e~ BAvr (1))
i#Jr
Yr Ypr—1
a S; —E(S -~ _
T3E2 2 (l_l(DH{JTsz}(e P — =P
i=1 =i
i£Jr
o Yr Yr—1 E(S)
" BE E(S)(1 —e ) = Z Z ﬁ(e_ﬂAl+l(T) - G_BAZ(T)))‘
i=1 =iV Jp
i
+ %]E Sy (1—ePhie) 8, (1— e—ﬁAmuT,Q)(T))" 6)

where we use the convention % = 0.

For the first line of the right-hand side, we have

Si Si
L (1 = e BA(T)| = L (1 — e BAYp(T)
E;YT—l( e ) =E(E ;YT—l( e P ) Y, Jr
i#Jr i#Jr
R(Sy)
- E( o1 E(e—ﬁAYHT)rYT))) , (6.9)
iy

where the last equality holds since, given Y7, the age Ay, (T') and Jr are independent.
Given Y7 = ypr > 1, the age Ay, (T) is the minimum of y7—1 independent and identically distributed
truncated exponentially distributed random variables by Proposition 4.2.1. Since the minimum of

yr —1 independent Exp()\) distributed random variables is Exp((yr—1)A) distributed, the distribution
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of Ay, (T) is stochastically dominated by the Exp((yr — 1)) distribution. In general, we have for
random variables X and ¥ with X <, V that f(X) <y f(¥) and consequently E(f(X)) < E(f(Y))
for every increasing function f. Thus E(e 5%) = % for Z ~ Exp((yr — 1)) implies that the
right-hand side of (6.9) is smaller than or equal to

1 B B 1
(B3 o) = XEOE( o)

Note that
1 pn(T A 1 A oA\ A &1 AT A"
E(yT 1 {YT>1}> Z e Z n—1 < e e Z n\ " AeM
Z >\6)\T pn _ i
- )\eAT A )\eAT Yr /)’

where p,(T) is the probability mass function from Section 2.2. Thus the right-hand side of (6.9) is

smaller than or equal to

fE(S)E(}%). (6.10)

For the second line of the right-hand side of (6.8), we obtain
Yy Yp-1

S; —E(S _ _
Z Z ( l—l( )) ﬂ{JTSZ}(e A (T) _ € /BAI(T))‘
i=1 1=i

Py
Yr—1 l
P Y (5 B Ly (e 0sD — 54T

E

l
3 (8- E(S) (e A A’(T))‘ ‘ YT’JT>>

Yr—1 l

Z " E((Sz _ E(S))2>E(1 _ e—ﬁ(Az(T)—Az+1(T))|YT))
=2

osE(1 — e—ﬁ(Al(T)—Az+1(T))|YT)>’ (6.11)

where the fourth line holds since the second sum in the third line is (stochastically) independent
of Jr, the social indices are independent of all other random variables and, given Y7, the index
Jr is independent of the social indices and ages, and the second last line is obtained by applying
E|Z ~E(Z)| < /Var(Z) to Z = A 3L, S,

Given Y7 and A;41(T), the difference A;(T) — A;41(T) is the minimum of | — 1 independent and

identically distributed truncated exponentially distributed random variables by Proposition 4.2.1,
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Corollary 4.2.3 and Remark 4.2.4 (for [ > 2). Thus it is stochastically dominated by an Exp((l —1)\)
distributed random variable Z;, where Z; can be assumed to be independent of A;y1(7T"). This implies
for a > 0:

T
- / P(A(T) — At (T) < alV, T — Ay (T) = 2)B(T — At (T) € da|Ye) > P(Z; < a|Yr).
0

Thus, also given Y7 alone, the difference A;(T") — A;41(7T) is stochastically dominated by Z;. By the

same argument as for (6.9), it follows that (6.11) is smaller than or equal to

Yr-1 ) 5 Yr—1 ) 8
E< zz; RV (VP ﬁ]l{JT<l}) N E( lz; O T—1(—1)r+ 5E(1{JT<Z}\YT)>

Yol 1 8 1
E<Z Us\/Z—l(l—l)AYT)

IN

Yr—1
. B 2(—1)
<E (ZUS JI—1(—Dr Yr >
28 1%
<oy 2 )
28 1 p
: AUSE<T ZZ; VIi—2+1—1 )
23 1
_)\USE(T 2(VI—1—-+V1— )>
=2
—ﬁa E(YT_2>
—2 0 Yr

Since we arranged Ayax(s,,2)(T) < Ay, for the third line of the right-hand side of (6.8) we obtain

Yr Ypr-—1
E|E(S)(1 — e—ﬁAJOO Z Z e~ BAI(T) _ e—ﬂAz(T)))‘
i=1 l= 1\/JT
£
Yr—1 l
=E|E(S)(1 — e—ﬂAJoo) —E(S) Z Z —BA 1 (T e—ﬁAz(T)))'
= JTV2 1
is T
Yr—1
=E|E(S)(1 - e—ﬁAJoo) —E(S) Z (6—5Al+1(T) _ e—ﬁAl(T)))‘
I=JrV2
=E[E(S)(1 — e A=) —E(S) (e P — e—ﬁAmax(JTg)(T)))’
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_ E(E(S)(l _ e BAvp (T)) + E(S)(e—ﬁAmaqu,z)(T) _ e—ﬁAJoo)>

= E(S)E <1 - E(e—ﬁAYT<T>\YT)> + E(S)(E(e PAmaxtrr D)y _ R (e=FAu)). (6.12)
By Proposition 4.2.1
T Ae— N A T A 1= e BENT
75Amax s (T) — 7,8I — - /8+>‘ T —
E(e (7.2) )_/0 e 1—e—>‘de_1—e—>‘T/0 e )d:v—ﬁ+)\ o7 (6.13)

whence follows that the right-hand side of (6.12) is smaller than or equal to

g1 A (1= (BHNT 5 1 A 1
E(S)E(AM> +E(S)ﬁ+)\< ey 1> < /\E(S)E<YT> +E(S)m€m7_1'

Since we arranged Sy = Sy, and Ay ax(s,,2)(T) < Ay, for the fourth line of the right-hand side
of (6.8) we have

E|S)_ (1 — e Pe) — SJT(l_efb’Amaqug)(T)) — E(S)(E(efﬁAmaqug)(T)) —E(e PY=)).  (6.14)

Note that the right-hand side of (6.14) is the same as the second summand of the right-hand side of

(6.12), which is smaller than or equal to E(S’)ﬁ%uew%l (see above).

Altogether, we obtain the following upper bound for the right-hand side of (6.8):

1 da 1 2« A 1

6.3.2 The general case
The main theorem

Let Sy, (w) = Sy, (w) as in the pure birth case. Furthermore, let, for the time being, the individuals

numbered as in the proof of Theorem 4.3.1, and let

U(w) = 1)<y P (Asr (T, 0) + Ly @)=y @ F (Asn (T, w)),

where F(t) = 1_efAt1__eef_<(*;_f;))TTe*ut and F* () = A(lfe—ﬂfiiz(lfe—kt)]1[07T) (£)+Lgzy(t). Then Ay, = A,
where A, is the random variable from Corollary 4.3.3, i.e. A, = ]l{JT<YT}F*_1(U)—|—ﬂ{JT:yT}(F*)_l(U)
(cf. the proof of Corollary 4.3.3). Moreover, let A; = Z., where Z, is the random variable from
Corollary 4.3.3, i.e. Aj_(w) = F~°(U(w)). Note, given Y7 > 0, we have A ~ Exp()).

Recall the definition of the parameter random variable A7 from (6.6), and let A% be a random

variable with L£(A}) = L(Ar|Yr > 0) as before. Moreover, set

M= j“_ - (S0 +E(S))(1 - e~ (BT Ay, (6.15)

and let M* be a random variable with £(M*) = L(M|Yp > 0).
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We already know that MixPo(A%.) is the degree distribution at time 7" in the general case. The-
orem 6.3.4 below implies that MixPo(A}) converges at a rate of just a bit over e~ 5T ¢4 the
MixPo(M*) distribution, which is the asymptotic degree distribution stated in Section 3.2 of [BL10],
as T — oo. Note again that this theorem is much more powerful since it gives an exact bound for the

total variation distance for finite 7.

6.3.4 Theorem
Let 0g < oo be the standard deviation of S. Then for T > 21°g(4(:\\(_’\;“)71)), we have

dry (MixPo(A%), MixPo(M*))
5V6 A 2 I 229 2 27 1o
- a<< Tyt <5+ ) (5@ — 3 +u>>E(S) " 10@05) e

2 A—p 5
1 u\p 8 A\ N\ +p) V6
o (3 ) e ()RR (o7, 2.
+3vV2a o gT2e~A—WT
Note that the right-hand side is of order

O(T2)67%(A7“)T

as T — oo.

The main idea of the proof of this theorem is the same as in the pure birth case: We make use of
Theorem 3.4.1 to obtain E(|A7 —M]| |Y7 > 0) as an upper bound for dry (MixPo(A%.), MixPo(M*)) and
establish a further bound for this expected value. In order to do so, we use that the expected value of
the first summand of the right-hand side of (6.6) converges quickly to zero since the time T'— Twy,, 19,
since the last event before T converges quickly to zero, and compare the remaining summand of the
right-hand side of (6.6) with the right-hand side of (6.15). For this comparison, we make vital use of
the fact that the average of the social indices of the nodes living at time 7 is close to E(.S) by the Law
of Large Numbers again and that, given T; for some large | € N, the percentage of the nodes living

(T=Th) by the Law of Large Numbers (see

at time 7; that survive up to time T is approximately e #
Lemma 6.3.19).

A further important ingredient is that the reciprocal of the node process (Y;)¢>o conditioned on
survival is a supermartingale (see Corollary 6.3.9), which makes it easy to deal with the expected
value of its maximum. Finally, we also use that the age A, (T") of the randomly picked individual

converges quickly to A _ by Corollary 4.3.3.

The fact that nodes may die complicates the procedure considerably since the population size after
a fixed number of events is random in this case and additional dependencies have to be treated (e.g.
the inter-event times depend on the random population size at the previous event time).

In order to cope with additional dependencies, we introduce a deterministic number x(7") that

depends on T in such a way that the probability for more than x(7") events up to time 7" decreases
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exponentially in 7' (see Definition 6.3.11 and Lemma 6.3.12(ii) below). Essentially, we substitute the
number of events B + D7 up to time T by «(T') in the proof of Lemma 6.3.21 below since it is
difficult to treat the dependencies between the number of events up to time T and the event times.
In order to cope with additional dependencies on the random index Jr, we note that the probability
that the node that is randomly picked at time T' was born up to time 7'/2 decreases exponentially in
T (see Lemma 6.3.12(i) below). Thus we essentially only have to consider the time interval [T'/2, c0)
instead of the interval [T} .y, 00), where T, is the birth time of the randomly picked individual.
The choice of T'/2 as the left endpoint of the interval makes sure that we always have a large number

of individuals in the time interval with high probability.

Some lemmas of general interest

Before we prove Theorem 6.3.4 in detail, we formulate several important results that are used in the
proof and could also be useful in other situations. Together with the core results from Chapter 2
and the more specialized results in the next paragraph, the reader obtains a comprehensive body of
knowledge on linear birth and death processes.

Our first result gives an expression for the extinction probability given that the process survives up
to time T'. In order to simplify the notation, we define Y, := tliglo Y:. Note that Y, € {0, 00} almost

surely.

6.3.5 Lemma

For the conditioned extinction probability given Yr > 0, we have

P(Yao = 0]V > 0) = ge—“—“”.

Proof: By conditioning on the population size, we obtain

Yr
P(Yao = 0|Ys > 0) = E(P(Yao = 0|Y7)|Ye > 0) = E((i)

since (u/A\)™ is the extinction probability of a linear birth and death process with birth rate A\, death

Y > 0) (6.16)

rate 4 and initial value m (see Remark 2.2.2).

On the one hand, we have

((5)7)-=(()
=((5)

On the other hand, we can make use of the known formula for the probability generating function of
Yr (see Section IIL.5 of [ANT72]) to obtain

{((3)7) =%

_(r R O 0 B iy P T
Yr > O) = <)\ —po(T)> (I =po(T))"" = AXAeQ=1T — 1))y (A — p)eP-mT A '

Yr > O)IP’(YT > 0) —HE((l;)YT

Vi > o)<1 ~ po(T)) + po(T).

Yp = o) P(Yy = 0)

This yields

=((4)"

IA

g
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For the probability of Yy = 1 conditioned on Y7 > 0, we have the following lemma.

6.3.6 Lemma
We have for T' > ﬁ log(2)

2(\ —
P(Yr =1Y7 > 0) < (>\#)€(AMT'
Proof: Using the probability mass functions p,, and the function p from Section 2.2, for T' > A%u log(2),
we obtain
T
P(YT = 1|YT > 0) = M =1 —/\ﬁ(T) =

_ A-p 20— p)
1 —po(T)

Ae(A—wT _ W Ae(A—w)T"

We next consider sub- and supermartingale properties of conditioned processes.

6.3.7 Lemma
(1) (Yz)e>0 conditioned on Y, = 0 is a supermartingale.

(ii) (Y3)t>0 conditioned on Y > 0 is a submartingale.

Proof: .

(i) Consider a subcritical linear birth and death process (Y;)i>o with birth rate p, death rate A and
initial value one. Then (Yt)tzo has the same law as (Y:):>0 conditioned on Yo, = 0 (see e.g.
page 78 in [Lam08]), which can be proved by using the embedded generation process (see e.g.
Section IV.3 of [AN72] or Subsection 6(a) of [Waub8]) and the corresponding result for discrete-
time branching processes (see e.g. Theorem 3 in Section 1.12 of [AN72]) or the general result
from [Waub8] for conditional Markov processes (cf. Subsection 6(a) of [Waub8]). We know from
Corollary 2.2.8 that a subcritical linear birth and death process is a supermartingale, which

yields the result.

(ii) Consider a process (Y;);>o that has the law of (¥;)s>o conditioned on Y > 0. Note that (¥;)i>0
inherits the Markov property from (Y:)¢>o. Furthermore, we know from Corollary 2.2.8 that
(Y2)¢>0 is a submartingale. Thus we obtain for ¢ > s > 0 and y; € N

E(Yi|Ys = ys) = E(Yi|Ys = ys, Yoo > 0)
o E(]l{Yoo>0}Y;i|Yts = ys)
B P(Yoo > 0]Ys = ys)
. E(Y|Ys = ys) — E(H{YOO:O}YH}/S =Ys)
a P(YOO > 0’Y9 = ys)
ys = P(Yoo = 0]Y; = y) E(Y|Ys = ys)
B P(Yoo > 0]Ys = ys)
ys — P(Yoo = 0Ys = ys)ys
- P(Yoo > 0]Ys = ys)

= y87

where (Y/t)tzo is the supermartingale from (i), which also inherits the Markov property from

(Y2)t>0. Thus (Y3)¢>0 conditioned on ultimate survival is a submartingale. O
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Since a more explicit proof of the analogous results for the embedded jump chain is easier, we also

state and prove these here.

6.3.8 Lemma

(i)
(i)

(Y7, )ken conditioned on Yo, = 0 is a supermartingale.

(Y7, )ken conditioned on Yo, > 0 is a submartingale.

Proof:

(i)

Consider a linear birth and death process (ﬁ)tzo with birth rate p, death rate A and initial
value one. Then (f/t)tzo has the same law as (Y%):>0 conditioned on Y, = 0 (see the proof of
Lemma 6.3.7). Thus it remains to show that (Yfk)keN is a supermartingale in order to show (i),

where (T})ren are the event times of (;)s>0.

Since (f/t)tzo is a birth and death process, we have

E(YTk+1 ’Yf’l’ e YTk) = YTk + P(Yfk+1 = YTk + 1’Y~1’ - ’YTk)

~P(Yg  =Y; — 1V, ..., V7)

Tkt1
S B
Tk+/\+u A+
<Yg.

R

Thus (Y7, )ken conditioned on Y, = 0 is a supermartingale.

Consider a process (ﬁ)tgo that has the law of (Y;)¢>0 conditioned on Y, > 0 and let the event
times of (¥;);>0 be denoted by (T})ren. Then we have
E(YTAH A IP(YTHI =Y + 1V, V)

—P(Vg,,, =Yg — Vg Vg,)-

Consequently, it remains to show that

A~ ~ A~ A~ ~

P(Yy, =Yp + 1V Y3 ) = P(Yy =Y —1Y5,... V) > 0.
In order to do so, we compute

P(YTMA = ?Tk + 1‘?7:1,.. . ,ka> = ]P)<YTI@+1 = YTk + HYTl,...,YTk,YOO > 0)
- P(YTk+1 = YTk +1,Yy > O|YT1,...,YTk)
P(Yoo > 0¥y, ..., V7,)
B P(YTk+1 = YTk + HYTU" . ,YTk) _]P)(YTkJrl = YTk +1,Y = 0|YT1,...,YTk)

- P(Yeo > 0|Yry, ..., Y1)

= P(YOO > 0|YT1, R ,YTk)il (P(YTkJrl = YTk + 1‘YT17 R 7YTk)

— ]P)<YT;C+1 = YTk + HYTN ey YTMYoo = O)P(Yoo = O‘YTk)> (617)
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Since

IP)(YT;Hl = YTk + 1|YT17-"7YTk7Yoo = 0) = P(Y

Thk+1

- - - p
=Y; + L[V, Y5) = ——

and

A
IP)(YTIC+1 — YTk + 1|}/j’17 7YTIc) == m,

the right-hand side of (6.17) is equal to

AMp Apu A Ap

A LP(Y,, =0|Y7,) N L A P(Y,, = 0|Y7,)
P(Yoo > 0[Y7y,...,Y5) = P(Yoo >0|Vpy,...,Y7,)

(6.18)

Since

L:P(f/

e oo = Vi~ Ui, V) = P(Vi,, = Vi, = 1Vny, ..., Y, Yoo = 0)

and

7]
m == ]P)(YT]C+1 = YTk — 1|}/T17 P 7YTk)7

the right-hand side of (6.18) is equal to

P(Yr,,, = Yr, — UYny,...,Y5,) — P(Y5,, = Y5, — 1|¥1y,..., V1, Yoo = 0)P(Yeo = 0[Y7,)
P(Yoo > O[Y7y,...,Y7,)
P(Yr,,, =Yg, —1Ypy,...,Y7,) = P(Y1,, = Y13, — 1, Yoo = 0|Y7,,..., Y73)
P(Yoo > OV, ..., Y7,)
P(Yr,,, = Y7, — 1, Yoo > 0[Y7y,..., Y1)
P(Yoo > OV, ..., Y7,)
(Yr,, = Y, — 1[Y7,..., Y7, Yoo > 0)

Vi, = Vo, = 1V Vg)-

=P
=P
Thus (Y7, )ken conditioned on ultimate survival is a submartingale. O

Lemma 6.3.7 yields a useful result about (Y;_l)tzo conditioned on ultimate survival:

6.3.9 Corollary

(Y[l)tzo conditioned on Y, > 0 is a supermartingale.

Proof: In general, for a submartingale (Z;):>0 with respect to a filtration (F;)s>0 with Z; > 1 for all

t >0, we have for t > s >0
1 1 Zs— Zy
E(——-—|F)=E
(Zt Zs > (ZSZt

Thus (Z; ')s>0 is a supermartingale. Consequently, Lemma 6.3.7 implies that (Y; 1);>0 conditioned

]-"5> <E(Z, — Z|F,) < 0.

on ultimate survival is a supermartingale. O

6.3.10 Remark
It can be proved analogously to Corollary 6.3.9 that (YT_k Dgen conditioned on Y, > 0 is a super-

martingale.
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Now we introduce the deterministic number x(7") as mentioned before, which helps us to cope with
dependencies. Furthermore, we define the random number K(7') as index of the last event time before
T'/2 such that r(Jr) > K(T) is equivalent to T,(s,) > T//2 and Mr as the sum of the number of births

and the number of deaths to simplify notation.

6.3.11 Definition
Let x(T) := Le%(/\Jr“)TJ and K(T') := max{k : Ty < T/2}, such that Y7, = Y7o almost surely.
Moreover, let M := B 4+ D be the number of events up to time 7.

The following lemma implies the properties of x(T") and IC(T") that were stated before and that we

need to prove the convergence rate for the degree distribution in the general case.

6.3.12 Lemma

(i) For the probability that fewer than IC(T) events have occurred up to the birth time of the

randomly picked node Jr was born, we have

T
P(T(JT) < IC(T)|YT > 0) = P(TT(JT) < 5 ‘ Yr > 0)

.. 2(log(4X)—log(A—
(i) For T > (log( g\ s(A—p))

— , we have

6ON* A+ 1) _ gyt

P(k(T) < Mp|Yr > 0) < O e

Proof:

(i) By Remark 4.3.9, we have

T
]P)(T(JT) < ]C(T)’YT > O) = ]P)<Tr(JT) < TIC(T)|YT > 0) = ]P)(T — TT‘(JT) > 5 ’ Yr > 0>
Yr—1 1 1 ~Lyr 1
<E[—— — Y] < E{ —|Y; .
< ( Yr e 2 +YT >0>_€2 + Yr >0
(6.19)

By Proposition 2.2.4, the right-hand side of (6.19) is smaller than or equal to

—_hT )\—u A
BTy At (g2 ) - wT),

(ii) Using Proposition 2.3.1, we compute

3 2/\ 2{1
_ > AT 2t (A-)T . AP
K(T) — 2E(Br) > e2 1 \ e + \

— (=T <62uT€§(>\+M)T — 2A ) + 3,u_— >\. (6.20)
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Since T > 2(l°g(4)‘g\:lzg()‘7“)), we have
1€2MT6%(>\+M)T > A (6.21)
2 A—p

Thus for T' > Z(IOg(A‘)‘))\:lzg()‘*“ D) the right-hand side of (6.20) is larger than or equal to

1 3u— A
e(A—u)T§e2uTe%(/\+M)T 4 %M (6.22)

Since for T > 2(1°g(4)‘2\112g(’\7“ ) ), we have

A\
AT > L (A= )T > 1+ 2log<w> > 1+ 2log(4) > 2, (6.23)

Inequality (6.21) implies that for 7" > Z(IOg(Zl’\g\__lEg()‘_“ ) the expression (6.22) is bounded from

below by
(O-mT3 2T FoT | 3 o3 0T,
A—p 8
Thus for T > 2(log(4)‘)>\ lzg()‘ 1) , we have
k(T) — 2E(Br) > g S0HmT 5 (6.24)

Consequently, we can apply Chebyshev’s inequality and obtain

IP’( ( ) < ./\/lT) (/i(T) < QSBT)

P(T) < MrlYr > 0) < =55 =07 < Bz > 0)
_ P(YT1>O)IP’( #(T) — 2E(Br) < 2By — 2E(B1))
1 4Var(Br)

= P(Yr > 0) (k(T) — 2E(B7))2’ (6.25)

where T > 200sNTosOm) By p(yz. > 0) > P(Yae > 0) = 2% and Inequality (6.24), for

m
T > Q(IOg(zl/\z\:lZg(/\*“ ) the right-hand side of (6.25) is smaller than or equal to

2 2
@ A Var(%T) < 30 A ()‘ +:U’) ef(/\Jr,u)T + 2) H 672()\+u)T , (626)
9 A—p ST = X —p\ (A—p)? (A= p)?

where we used Proposition 2.3.1 in order to obtain the upper bound on the right-hand side. Since
e~O+mT < 1/2 by (6.23), the right-hand side of (6.26) is smaller than or equal to

60N A+ 1) (ot
(A—n)*
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Further lemmas
In what follows, we give some more specialized results that are used in the proof of Theorem 6.3.4.

The following lemma states that the time 17" — T, since the last event becomes small quickly.

6.3.13 Lemma
For T'> log( ) and ¢ > 0, we have

2(A — c 1

Proof: Let X have the cumulative distribution function
G(t) = Tpypony(1 = e 07702 £ Ty oy Tpsy.
Conditionally on Y7, we then have T' — Th,, < X by Theorem 4.4.1, which implies
E(1—eT=Tmr) |y > 0) < E(1 — e~ XY > 0)
= E((l — e NP(X =T|V7) +E(1 — e ¥ |X < T,Yp)P(X < T|Y7) ‘ Yr > o). (6.28)

Since P(X = T|Yr = 1) = 1 and L(X|Yr) = Exp((Yr — 1)A) on {Yr > 2}, we obtain that the
right-hand side of (6.28) is smaller than or equal to

C

E<]1{YT1} + c+ (YT _ 1)/\:[]'{YT>1}

Yr > 0) <P(Ypr=1|Yyr > 0)

1
+ )\E< Yo - ]]'{YT>1} Yr > 0).

For the conditional probability of Y7 = 1, by Lemma 6.3.6, we have for " > log( )

_ 2(A — )

O
The following lemma gives us an upper bound for the conditional expectation on the right-hand side

of (6.27) and is proved similarly to Proposition 2.2.4.
6.3.14 Lemma

We have
1 A— u A

Proof: We have
1
=57 Lo

and in the proof of Proposition 2.2.4, we computed an upper bound for the series in (6.29) that yields
that the right-hand side of (6.29) is smaller than or equal to

A—p A
m(log<A— >+(A‘“>T)'

In order to prove our next lemma, we use the supermartingale from Corollary 6.3.9.

A = L AT AN
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6.3.15 Lemma
For all 6,7 > 0, we have

B
min Y}

T/2<t

Yo > 0) < eI E<1
Yr/2

Yy > 0) e3s A—1)T

Proof: Writing Zr/, = maxr o< Y[l, we obtain
E(Z:?/z | Yoo > 0) < E(E(H{ngge*v(kfu)T}Z%/Q | Yr/2) ‘ Yoo > 0)
5
+E(E(]‘{Z‘%/2>€7W(>‘7“>T}ZT/2 ‘ YT/Q) ‘ YOO > 0)
< e 1A-mT E(P(Zm > e 7 AT |y ) ‘ Yo > o)
< e MO LBV, | Yo > 0)es O,

where the last line follows from Corollary 6.3.9 and the submartingale inequality (2) in Theorem 6.14
on page 99 in [Yeh95] applied to (—Y; !)i>0 (i.e. we use the continuous-time analogue to the super-

martingale inequality (1) in Corollary 6.8 on page 94 in [Yeh95]). O
We use the following lemma to bound the conditional expectation in the second summand of the
right-hand side of Lemma 6.3.15 from above.

6.3.16 Lemma
We have for T > ﬁ log(2)

1 A 1 .
]E Yoo > 0 S 2 10 _— —|— — )\ — T) €_§(>\—M)T‘
<YT/2 ) < g</\_u> 2( 1)

Proof: For T > ﬁ log(2), we obtain

E<YT/121{Y00>0}> N 1
Y = < ElY
>O) Pi%>0)  ~A—p (

A A 1
S eSOty <log<A - u) T N)T>
1 A 1
< 1 —(A—u)T
= 10T 10T < Og(A - u) Tl >

A 1 1
< - (N — —z(A=)T
_2<log<)\_u>+2()\ ,u)T)e 2 ,

where the second line follows from Proposition 2.2.4 and the last inequality holds for 7" > )\%” log(2).
g

1
E R
<YT/2

Before we continue to state and prove further useful results, we introduce another random variable.

6.3.17 Definition

Let Rz, 7 be the number of nodes that are alive at time 7; and survive up to time 7.



96 Chapter 6. The network model by Britton and Lindholm

The following lemma gives us the first two conditional moments of Rz, 7.

6.3.18 Lemma
‘We have

E(Ry, 7|z, Th, Tipr) = (Yg, — 1)e (T Tiw0)
E(R%,T‘Y,Tl T, Tiy) = YTle*#(T*Tlﬂ) _ YTle*QM(T*TZH) + YTZZ(E*?LL(T*TZH)
_ P(YTlH =Yg — 1‘YTl7le Tl—i—l)(2(YTl _ 1)6*2u(T*T1+1) + e*#(T*TzH))_
Proof: Firstly, we determine the conditional expectation of Ry, r:
E(R7, 7|7, 11, Ti41) = p E(Ryy 1|Y7y, T, i1, Y1, , = Y1 + 1)
+p7E(RTl7T|YTNTl7Tl+17 YT1+1 = YTz - 1)7 (6'30)
where p* :=P(Yyy,, =Yy, + 1Yy, T}, T14) and p~ :=P(Ypy,, = Y7, — 1Yy, Ty, Tiy).8
With
E(RTZ,T|YTZ7EJ ﬂ+17 YTL+1 = YT[ + 1) = }E(RTL+1,T - ]]-{T* >T}|YTZ)E7 CZ—‘l—‘rla YTZ+1 = YTl + 1)

r=1(41)
= (Yq, 4+ 1)e # T T _ o=nT=Ti1) =y e=#(T=Tiv1) - (6.31)

and

E(RTI7T|YTl7Tl’Tl+1>Yﬂ+1 = YTz - 1) = E(Rﬂ+17T|YTszlle+17Yﬂ+1 = YTZ - 1)'

= (Yq, — 1)e #T=Te0),
Equation (6.30) implies
E(Rz, 7| Y1y, Ty, Tig1) = YTZG*N(T*leLl) _ e*u(T*TzH)pj
Secondly, we compute the conditional second moment of Rt 7:

E(R%,T|Yﬂ?ﬂ7 1—1l+1) = p+]E(R%,T’YTl ) T‘la T’H-la YT;+1 = YTZ + 1)
+p_E(R%},T’YTNTlv Tig1, YT1+1 =Yg, - 1). (6.32)

We treat the summands separately again. For the case where a birth occurs at time 7j4 1, we have

E(R%, 7|Yr, Th, Tis1, Y1y, = Y1, + 1)

= E((RTlHaT - ]l{T:1<z+1)>T})2|YTl’TZ’TZ‘H’ Yr,=Yn+ 1)
_ 2 _
= E<RTZ+1»T — 2RTl+laT]l{T;_l(l+l)>T} + ﬂ{T;—l(l+1)>T} YleTlv Ty, YT1+1 = YTl +1, YTl > O>

(6.33)
and further

E(R},, r|Yn, T, Tiy1, Yr,, = Yo, + 1) = Var(Ryy,, 7Yy, Ty, T, Yoy, = Yo, + 1)
+ (B(Rpyy 01Y1y, T, Tigr, Yy, = Y, +1))%. (6.34)

5 We have p* = ﬁ and p~ = ﬁ However, we do not need these explicit expressions for our purposes.
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Given Y7;,,, let £,11 be the set of the Y7, nodes living at time T;,;. Then by independence of

various death times, we obtain for the conditional variance

Var(RTzH,T‘YTszl’Tl-i-l’YTl+1 =Y + 1)

:Var( Z H{T].—>T}

JE€ELI+1
= (Yg, + 1)(e*u(Tle+1) _ ef2u(T7Tl+1)).

YT[)E7E+17YTZ+1 = YT[ + 17Y,Tl > 0>

For the second summand of (6.34), we obtain
E(Rr,,, 7|Yr, T, Ti1, Yy, = Yz, + 1) = (Yg, + 1)e # T Tie0),
Thus (6.34) is equal to
(Y, + 1)(6—M(T—Tz+1) + YT16—2M(T—T1+1))_
For the remaining parts of (6.33), we have

E(R’Tl_FhT]]-{T* >T}|YT17CI’ZJ ﬂ+17 YTH—I = YT[ + 1)

r=l41)

= ]P’(TT__l ) > T’Yﬂ7ﬂ7ﬂ+l7yﬂ+1 = YTL + 1)

(141
. E(RTHLT Trtl(l+1)

= e*u(T*Tm)(l + YTle’“(T’Tl“))

> T>Yﬂ7ﬂ>ﬂ+l7yﬂ+1 = YTZ + 1)

and

E(Lyp oyl Ya T0Tin, Y,y = Yy 4 1) = ¢ #0 T,

r=1(141)
Thus (6.33) implies
E(R%,T|Yﬂ7ﬂ7ﬂ+la YTH,l = YTI + 1)
= (Y, +1) (6_/‘(T_Tl+1 4 YTle_2‘“(T_Tl+1)) _ Q(G_H(T_TlJrl + YTZG—Q#(T—THO) + e #(T=Ti41)

= YTZG_N(T_TH—I) _ YTZG_QH’(T_TZH) + ng e~ 2m(T=Ti11)
i

For the case where a death occurs at time 7j,;, we have

E(R%l7T|YTLJ ﬂ7ﬂ+17 YTL+1 = YTZ - 1)

= Var(RTlJrl:T‘YTlvT‘lv T’H-l’ YT1+1 = YTZ - 1) + (E(RT1+1,T‘YE7E7 Tl+1, YTl+1 = YTl - 1))2

= (Yr, — 1)(6—M(T—TH—1) _ e—2u(T—Tz+1)) + (Yg, — 1)26—2u(T—Tl+1)

= (YTZ _ 1)€—M(T—Tz+1) + (Yflgl _ 3YTZ + 2)6_2M(T_Tl+1)'
Thus from (6.32) follows

E(R%Z,T|YTZ’E7 CZ—‘l-i-l? YTZ > O) e Yn e_'U“(T_,TH-l) — Yn6_2“(T_n+l) + Y£€_2H(T_Tl+1)
+ p— (2(1 _ YTl)e—Qu(T—THl) _ e—u(T—TH_l))‘
O

Knowing the conditional moments of R, 7, we can find an upper bound for a more complex conditional

expectation involving Rr, 7 that appears in the proof of the main theorem below:
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6.3.19 Lemma
For | € N, we have

-1
E(‘RT“T ]]'{YTZ>1} — e~T=Tiy1)

< .
]rl 1 ' Ty 41 l+1> = <§yl>

Proof: By Jensen’s inequality, we obtain

R —1 o
(| oy = 0| | i 1T )
l
Anr—1 -t :
< (BU(FE=T Lowoy =00 ) 1V T Tiy
1
E((RT I — 1)2‘YT772771Z+1) 2 —u(T—T
- < {YTZ>1 : (YTl _ 1)l2 - YTl 1 ]l{YTl>1}e ul l+1)E(RTl7T - 1|YT571—27CTI+1)
1
-%edeﬂ+ﬂ>2. (6.35)
Lemma 6.3.18 implies
2 (T _ _
1 1]1{YTZ>1}6 u(T Tz+1)E(RTl,T — 1Yy, T}, Tiq1) =2+ ﬂ{YTl>1}€ 2u(T—Ti11)
l
2 —u(T—T,
TV, — 1 nene =) (6.36)
and
1
Wy — 12 Lve > E((Rpyr — 1?1V, T, Thg)
l
1
= (Y, — 1) Live, 1y (E(R%,T‘YTzaTl7Tl+l) — 2E(Ryy 7|Y1,, T1, Ti1) + 1)
- <Y11>2]1{Yﬂ>1} (YTze‘“(T‘T“” = Yy ey 2T
T —
—H%yh+1::YE-—1uh,jbzp1)<2a@,_1yg2MTﬂ+n_+eMTn+o>>
2 Live, >1)
R — —p(T=Tp41) i
YTl -1 {YTZ>1}6 + (YTl — 1)2
1
Ve 1)21{YTZ>1}<YTZ€“(TT’“) + Y, (Yr, — 1)62“‘TT”1)) -5 & Ly syye T
T — T, —
N Livy, 1y
(Y, — 1)
1 1
_ Um>ld -t >} (T -Ti4) Y, 1 —2p(T—=T41)
S n-1 RO 1 honene
2 ]l{YT >1}
. | —u(T—=Ty41) }
YTl -1 {YTZ>1}6 + (YTl _71)2
1 1
<1 —2p(T—Ti41) 1 —2p(T—Tj41) 1
< Ly >13€ Ty — 1 e T 12 0y

1 —2u(T-T,
g(nr4+e”<lﬂohmﬂy (6.37)
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By (6.36) and (6.37), we can bound the right-hand side of (6.35) from above by

1
2

1
3 —2u(T—T, —ou(T—T, 2 3
<YTl -1 H{YTZ>1} B H{YTL>1}6 S R Y —1 ﬂ{YTl>1} + IL{YTFl}

6\ 2
“(%)"
Yo,

O
The following purely analytical lemma is also used in the proof of Theorem 6.3.4.
6.3.20 Lemma
For all z > 0, we have
oo
(—a:)k 12
Yo <y (6.38)

Proof: Let x > 0. The left-hand side of (6.38) is equal to e™* — 1 4+ z. For & = 0, this expression is

T

equal to 72 By 1 — e ® < z, the derivative of the left-hand side of (6.38) is everywhere smaller than
or equal to the derivative of the right-hand side of (6.38). Hence the statement follows. g

For the conditional expectation of the sum of the squared inter-event times since the birth of the

randomly picked node, we have the following lemma.

6.3.21 Lemma

For T > (A%u log(2) Vv 2(10g(4/\2\112g(’\7“))), we have

Mpr—1 2 3
Z 2 pT o1 TN+ 1) _awr 2 —1aT
E(l = )(z-’l"rl - ﬂ) ‘ YT > 0) S Xze # + 601" We # +T e 2

+ Q(AA_ ) (1og<A i u) + (A — ,u)T) T2~ (A=mT

Spey, T A _ ~lo-wr
+(4T +2(A+M)>(1+210g</\—u>+(/\ u)T)e 1 :

(6.39)

Proof: For the left-hand side of (6.39), we deduce

Mrpr—1
E( > (T —T)? ‘ YT>0>

l=r(Jr)

Mr—1
= E(ﬂ{TH(TPT}ﬂ{T;c(T><Tr<JT)} Z ﬂ{TZZTr(JT)}(I—‘l+1 ) r(JT)<I£lna<XMT71(Tm+1 —Tin) ’ Yr > 0>
=1 - =

+E(Lir, <1y [Yr > 0) T2 + E(Lgy 5153 Y7 > 0)T (6.40)
Note that, given (Y7, )ken and KC(T), the inter-event times T}y,41 — Tpy, are Exp((A+ ) Y7, ) distributed

and independent for m > K(T"). In order to derive an upper bound for the first conditional expectation

on the right-hand side of (6.40), we introduce a sequence of random variables (Up,)men such that, given
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(Y1, )ken and K(T), Up, ~ Exp((A + p) mingr)<p Y7;,) are independent and identically distributed.
Then, given (Y7, )keny and KC(T'), we have Tyy41 — Ty <st Uy, for K(T) < m < k(T) and obtain
Mr—1
E<1{TK(T)>T}IL{TK(T)< Ty} Z Y>3 (T = ﬂ)r(JT)gr?nagxMT—l(TmH —Ton) ‘ Yr > 0)
T 2

T
< 2E(E{TN(T)>T}ﬂ{TK<T)<Tr(.IT)} r(JT)SI?nagxMT—l(Tm—i_l —Tm) ‘ Yoo > O) + ZP(YOO = 0[Yr > 0).
(6.41)

By Lemma 6.3.5, the second summand of the right-hand side is equal to

Tjﬁe—u—m
4 A '

The first summand of the right-hand side of (6.41) is bounded from above by

T
2E(E(1{TK<T)>T}ﬂ{TK(T><TT<JT>},C(T)Iggﬁﬁ(T)(TmH —Tm) ‘ K(T), (YTk)k>1> ‘ Yoo > 0>

T

< E(E< max U, ‘ IC(T), (YTk)k>1> ’ Y > 0)
T

B E((A—i—u min Y7,

2 1<m<k(T)
1
Hveso),
K(T)<k =1

where the last equality follows from the formula for the expectation of the maximum of independent

k(T)

and identically exponentially distributed random variables (see e.g. the introduction of [Eis08]).

Using the well-known upper bound for the harmonic sum yields

k(T)

T 1 1
E Yoo
((A—i—,u) mkaTk zz; l ‘ >0)

/\ ) < 1)n Vi, Yoo > O) (log(k(T)) + 1)

3
Yo —(\ T+1). 42
SPEe ( o >0) (50 1) (6.42)

For the conditional expectation in (6.42), we obtain for 7" > ﬂ%gf)

1
IE( - Yoo>0>:IE< ,1 Yoo>0>
min Y7, min Y;
K(T)<k T/2<t
< (1 +2 log<)\i'u> + (A= u)T) em1(A=mT (6.43)

where the last line follows from Lemma 6.3.15 with § =1 and v = i and Lemma 6.3.16.
Thus we can conclude that the first summand of the right-hand side of (6.41) is smaller than or

3 T A 1
2y~ ) (1+21 _ — )T e~ aA=—wT
(37 + ) (1 2es(525) + 0 -r) et

equal to
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for sufficiently large 7.
For the last line of (6.40), we can use the upper bounds from Lemma 6.3.12 and obtain that for

T> (- - log(2) v OOg(D‘&ng()‘*“ D). it is smaller than or equal to

3 _
OO ) g2 -t | qe-iar 4 20— 1) <1og< a )+()\—M)T>T2€_()‘_“)T- (6.44)
(A= p)! A A

Altogether, we obtain (6.39) for 7' > (2 - log(2) v 2(10g(4)\1\;1;)g()\—u)))' O

Proof of the main theorem

In order to simplify notation, we introduce E*(-) = E(-|Yy > 0) and P*(-) = P(- Y7 > 0).

In the following we prove Theorem 6.3.4. As before, we use Theorem 3.4.1 to obtain
dpy (MixPo(A7T), MixPo(M™)) < E*|Ap — M.

In order to find an upper bound for E*|Ap — M|, we use the triangle inequality for the absolute value

after plugging in the definitions of Ar and M given by (6.6) and (6.15), which yields

_ _ B
" (1 —e B(T TMT)
B (Yr —1)8 Livr>1y Z Si+ S Lig- sy
z;éJT
o Br Mp—1 1
+3 DSt S gy Y (eI e (T_Tl))YT Lives1)
l;:}T I=r(i)Vr(Jr)
a J—
GBS + 811 — e A
This is bounded from above by
. a(l _ 6_'8(T_TMT)) ‘BT
. ( g 2 Slarsnlery (6.45)
iy
Lol — e—ﬁ(T—TMT))
e < (Yr—1)p Sor Z Lir->ry o>y (6.46)
Py
a Br Mp—1 .
+ E* B Z {T.*>T} Z (e_ﬁ(T—Tl+l) — e_B(T—Tl))Y — 11{YTZ>1} (6.47)
2 . T
;g I=r(@)Vvr(Jr)
o Mp—1 _1(1
+E* 5 T {YTZ>1} Z )+ S, ]L{Ti_>T}(e—5(T—Tz+1) — ¢ AT-T))
l=r(J
=k i (6.48)
Mpr—1

__a (E(S) + Sup) § (e—(ﬂ-‘rﬂ)(T—TzJﬂ)_e—(ﬁ-&-,u)(T_Tl))
7]
l=r(Jr)
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Mr—1
+E* ﬁj‘_M(E(SHSJT) 3 (e BHIETTin) (BT
[0
- E(S)+ S 1 e~ B+ As,
5+u(()+ Jw)(1 € s

where M is the number of events up to time T and r~!(I) is the number of births that occur not later
than the [th event for all [ € {1,... , Mr},ie. r=t: {1,... Mp} = {1,..., 87}, 1 — Z 1 Lory<y-
In the following, we deduce upper bounds for (6.45)-(6.49).

Upper bound for (6.45) and (6.46)
We treat (6.45) similarly to the corresponding expression in the pure birth case, but condition on B,

® 7, Jr and the information which nodes survive up to time 7', and obtain

L ol — e PT=Tmz) B, . o
E < ( (YT —~ 1)6 )IL{YT>1} Z S; I[{T >T}> < ﬁE(S)E ( —e B(T TMT)). (650)
7,75JT

Since we condition on Jr, the same expression is also obtained for (6.46).

Lemma 6.3.13 reveals an upper bound for the conditional expectation on the right-hand sides of

(6.50): For T' > = log( ), we have

Lemma 6.3.14 gives us an upper bound for the second summand of the upper bound from Lemma

6.3.13:
* A— M A
E (yT 1%>1}> S NeOT <10g<)\ = ) (- “)T)’

Altogether, for T' > —- log( ), we obtain that the expectation E*(1 — e #(T'=TM7)) is smaller than

or equal to
2 A —(A=p)T

Plugging this expression in the right-hand side of (6.50) results in the following upper bound for the
sum of (6.45) and (6.46):

40‘5‘;5 ) <)\ —p+ B(m(ﬁﬂ) +(A— u)T)>e_(A_“)T-

Upper bound for (6.47)

Recall that R, 7 is the number of nodes that are alive at time 7; and survive up to time 7. We

)

2A—p) B
_ BT -Tamp)y « 2N T H) L P
E*(1—e" 7)) < )T + )\IE

Yr—1

1

compute

B Mr—1
T T 1

Z (S; — E(S))H{T[>T} Z (e~ BT-Tis1) _ e*/ﬂ’(Tsz))Y — 1]]'{YTZ>1}
=1 I=r(i)\vr(Jr) i
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Mrp—1 1 (1)
o _ _ _ _ R -1 {YT >1}
< E*[ |= B(T-Ti11) _ —B(T-Ty) T ! . _
=E ( 2 (€ ¢ ) Yy, —1 Rpr—1 Z (Si ~E(SDiz>1y
I=r(Jr) ’ }f?
Ry, 722 #Jr
« Mr 1 RT
<E* < Z (e AT—Tra) _ =BT~ Tz))ﬁ V51
I=r(Jr) !
Ry 722

r~ (1)
(6.52)

(Y)o<t<r, JT) > :

(Si - E(S)) ]l{Ti_ >T}

1
Fl —
(RTZ,T_ 1

Note in the second line that we can restrict the sum to Ry, 7 > 2 because Ry, > 1 by | > r(Jr) and

=1
i#Jp

a summand with Ry, r = 1 in the first line would be 0 anyway.
Since the sum in the last line of (6.52) has exactly Ry, 7 — 1 summands of the form S; — E(S) and

all other summands are zero, the right-hand side of (6.52) is smaller than or equal to

Mr—1
* « - - - RT7
E ( E Z (6 ﬂ(T TL+1) _ /B(T Tl)) Y’]Z"l ] IL{YTZ>]-} JT‘) (653)
l=r(J )
RTZ,(T??

T;) and Ry, 1 < Y7,, the expression (6.53) is smaller than or

Since e BT —Ti1) _ o—B(T-T0) < B(Tje1 —

equal to
Mr—1
)

Mr—1
« g *
E (a E \/%H{YTPH(TI—H - Tl)) <E ( Z \/7]1{YT >1}(Tl+1
o 1 I=r(Jr)

I=r(Jr)
< V2aosTE* ( () kM1 \/57,)
< V2a0sTE* ( n<rtolb, )gllé}/(\/w—l ;Tk>
+V2a0gTE* <]1{IC( nzrin}, )<k</vlT 1 ;Tk>7

(6.54)

where K(T') = max{k : T, < T'/2} (see Definition 6.3.11). We have

1
<Il{/C(T)<r(JT)} r(J )gﬂ)ﬁ\@ 1 YTk>
(6.55)

<E(1 Yoo >0|P*(Y >0 1-P* (Y =0),
< {IC(T)<T(JT)} <k<MT 1\/}/77% ‘ ) ( )+ ( )

where Y, := tlim Y; as before.
—00
By Lemma 6.3.5, we have for the second summand of the right-hand side of (6.55)

P* (Yoo = 0) = S~ A—1T
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The first summand of the right-hand side of (6.55) is smaller than or equal to
1
Y > 0) = E(max Yoo > 0>.

1
E{ max —
(IC(T)<I€ Y7, T<t VYi
By combining Lemma 6.3.15, where § = 1/2 and v = 1/6, and Lemma 6.3.16, we obtain for
T> ﬁ log(2)

1 1 1
E<max — | Yy > 0) < e sAmWT 4 IE(
Tt VY Yr

Yo > 0)&»“—“”

Thus for T > ﬁ log(2), the first summand of the right-hand side of (6.54) is smaller than or equal

to

ﬁa%osTe*(A*“)T + \/iaas (1 + 2log ()\A,u) + (A= N)T> Teié()\iu)T‘ (6.57)

By Lemma 6.3.12(i), we obtain that for 7" > A%u log(2), the second summand of the right-hand side
of (6.54) is bounded from above by

V2a0sT (eé)‘T + Q(AA 2 (1og<A i M) + (A — M)T) e()‘”)T> : (6.58)

Thus for T > ﬁ log(2), the expression (6.47) is bounded from above by the sum of (6.57) and (6.58).

Upper bound for (6.48)
For (6.48), we have

Mr—1 (1)

«| O 1 e o
D T
l=r(Jr) z;é:JlT
Mr—1
- ﬂj‘_ (ES)+S5) > (e_(5+ﬂ)(T—Tl+1)_e—(ﬁ-‘ru)(T—Tl))l
M IZT(JT)
Mp—1
.| a(B+p) Rpr—1 I,
- 7(E(S)+SJT) Z Rl 2 L — vz >1}(6 +1) _ e z)
BB+ n) T Yl !
O[ﬁ Mr—1
_W(E(SHSJT) 3 (e(ﬁJru)(TTHl)_e(/J’Jru)(TTl))‘ (6.59)
. l=r(JT)

since the second sum on the left-hand side of (6.59) has exactly Ry, 7 — 1 non-zero summands. The
right-hand side of (6.59) is equal to

Mr—1

Ry, —1
(B(S) + S5r) Y- <(B Sk e i FTE R (R )
l=r(Jr) !

(0%

BB+ )

*

_ Be-(HIT=Tis) (1 _ e—ww)(ml—m)) ’ (6.60)
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Now we use

0 k
1 — ¢ BT-T) — B(Ti1 —T)) Z Tl+1 1i))
k=2
and )
_ _ (=B + ) (Tier — T,
1 — e~ BT =T1) — B+ ) (T —T)) — Z (—( )(k!l+1 1)
k=2

in order to obtain that (6.60) is smaller than or equal to

Mr—1
« Ry 1
e (B(S) + S + 7“ 1 — eI Tl+1)> B=To)(Ty, 4 — T,
T+ 3 0 03 Lo (T~ 1)
«_ o & (B (T-Ti ) N (= (B + 1) Tl+1 7))*
+E | oo (B(S) + Ssp) Y (Be” PHMITTir) Z
BB+ ) =) Pt
R e T T, k
(@ Iy et o (O 2 TE) )’
T k=2
. R -
<E < (E(S) + Sur) Z L, <1y L]L{YTZ>1}—€ WIT=Ti1) (Tl+1—Tl)>
I=r(Jr)
Mrpr—1 oo k
— T — 1T
H I=r(Jr) k=2 :
T
Mr—1 oo L
L —B(Ty1 — T,
+E <B(E(S)+SJT) > Z( el o ) )) (6.61)
l:r(JT)k:2 ’

Firstly, we consider the first summand of the right-hand side of (6.61). Since the social index Sy, is

independent of all other random variables appearing in (6.61), this summand is equal to

R —
2eES) ( Z RUREY Lﬂ{wpl}—e A [ —Tﬂ)'
l=r(Jr)
We derive
R J—
( Z H{Tl+1<T} Tli {Yr,>1} — “HTT) (T —Tl)>
l=r(Jr)
R —
=F ( Z Liri<my Lﬂmpl}—@ A [ —Tﬂ)
I=K(T)+1

For & log( ), the second summand of the right-hand side of (6.62) is smaller than or equal to

Te— 3 T 4 2()\>\— D) <log<)\ i M) +(A— M)T>T6(AM)T

by Lemma 6.3.12(i). The first summand of the right-hand side of (6.62) is equal to

E*( > <IL{TI+1<T}

1=K(T)+1

N

Rryr—1 Y1) — € —u(T=Ti41)
l

(Th1 —T) \ K@) >0) ).
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For the inner expectation, we have

R 1 _
<1{TH.1<T} L {(Yr,>1} — ~HTT) (T — ) ’ K(T),Yr > 0)
Ry r— (T— P(Yr, > 0|K(T))
= E(ﬂ{mld} e I () ‘ D), ¥r, > 0> P(Vr > OK(T)
(6.63)
For the fraction, we obtain for [ > K(T) + 1
P(Yp, > 0K(T)) _ P(Yr 7, > O[K(T)) (6.64)

P(Yr > 0[K(T)) — E(P(Yr > 0|K(T), Y1y ) ) IK(T))

Note that, given K(T') and YTIC(T)’ we know that almost surely YT)C(T) nodes are alive at time 7'/2
since a jump at this time has probability zero. Thus due to the Markov property for (Y;);>0 and the
formula for the extinction probability of a linear birth and death process with a general initial value
given in Remark 2.2.2; the conditional probability P(Yy > 0|X(T), YTK(T)) is equal to po(T'/ 2)YTJC(T)’
which implies that (6.64) is equal to

_ T—n A

P(YT}C(T) > OVC(T)) < ]P)(YT}C(T) > O’IC(T)) )\62( ~) <
E(1 — po(T/2) e k(1)) ~ (1= po(T/2))P(Vr(p) > OIK(T)) (A = ppezd-mT = A= p’

Thus the right-hand side of (6.63) is smaller than or equal to
E<E<1{TL+1<T}

By the Markov property of (Y;)¢>0, we may omit the conditioning on K(7') if we condition on Y7, and
T; for | > K(T') + 1. Conditioning in addition on Tj4;, we see that (6.65) is equal to

RTZT—l

B L = 00
l

(Ta = 1) |V TK(D)) | K0, ¥ > 0) 12

(6.65)

Ry,

r—1 I \
E<1{Tl+1<T}(Tl+1 _TZ)EQYTl_lﬂ{YTpl} — e~ T=Ti41)

A—p
(6.66)

' Yﬂaﬂvﬂ—l—l) ‘ ’C(T) YTZ > 0)

By Lemma 6.3.19, summing over [ and taking the expectation yields the following upper bound for
the first summand of the right-hand side of (6.62):

* = A 1
E < Z \/6)\_E<11{Tl+1<;p}(Tl+1 — E)YTZ 2 ' K:(T), YTl > 0)) . (667)
I=K(T)+1 H
Obviously, (6.67) is equal to

A i o
VOB Loy D B Ln<ry(Tin = T)Yy,
H 1=K(T)+1

K(T),Yr, > O>>

[e.9]

A . 1
+ \/6/\ — E (H{on} Z E<]1{Tl+1<T}(Tl+1 -T)Yy,”
. I=K(T)+1

K(T), Yy, > 0)).
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We may conclude that for for T' > = log( ), the first summand of (6.61) is bounded from above by

[e.e]

A -
204]E(5)<\/6ME <1{Yoo>0} Z ]E<IL{T1+1<T}(TZ+1—TZ)YTZ

B 1=K (T)+1

N[

K(T),Yr, > O))

o0 1

A, ~3
+ Vo B (1%0:0} > E<1{TL+I<T}<TH1 — )Yy,
K I=K(T)+1

K(T),Yr, > O>>

+Te 2 4 2“;) (log< X i ) + (A — u)T) Te_(’\_“)T> : (6.68)

For the first outer expectation in (6.68), we have

©° 1
E* (1{Yw>0} Z E<]1{Tl+1<T}(Tl+1 — )Yy | K(T), Y1, > 0>>
1=K(T)+1
>0 _1
< B > 2(Lnaen@n-myt K@) | va>0)
I=K(T)+1
< E(IgaxY E( S Uynery (Tt —T) \ K(T)) ' Yo > o)
=t 1=K(T)+1

T 1
< E(maxY 21 Yy > O>.

2 \ I

By Inequality (6.56), we obtain that for T > = log( ), this expression is smaller than or equal to

T A 1
— _ - _ —=(A=p)T
2(1+210g<>\_ﬂ>+()\ M)T>e 6 :

For the second outer expectation in (6.68), we obtain

[e.9] 1

E(E{Ywﬂ} > E(ﬂ{mld’}(Tm ~T)Yy,* ‘ K(T),Yr, > 0) ‘ Yp > 0)
1=K(T)+1

T T u
< ZP(Y, =0|Y- = B~ (=T
=9 ( e’} 0‘ T>0) 2)\6 )

where the last equality follows from Lemma 6.3.5.

In conclusion, for T' > = log( ), the first summand of the right-hand side of (6.61) is bounded

from above by

V6o A E(S’)T((l + 210g</\> + (A= #)T> e~ s(A=wT + e—(/\—u)T>
A—p A—

+ 2aE(S) <Te_§AT + Z(AA_“) (log( X f > + (A= u)T) Te_(’\_“)T> .

Since the social index Sy, is independent of all other random variables appearing in (6.61), the

second summand of the right-hand side of (6.61) is smaller than or equal to

20 T (—(B+ p) TZH 1))k
Bp (Z - >

I=r(Jr) k=2
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By Lemma 6.3.20, this expression is bounded from above by

«

B+ u

Mop—1
BEE (Y (3400~ 1), (6.69)

l=r(JT)

For T > (/\%u log(2) v 2(l°g(4’\g;lzg(>‘7“))), Lemma 6.3.21 implies that (6.69) and hence also the sec-

ond summand of the right-hand side of (6.61) is smaller than or equal to

N O g2ty 2T
— i

+ 2()‘; ) <1og<A i u> + (A= u)T) T2~ (A-wT

+ <iT2 + Q(ATW> (1 + 2log<)\_AM> +(A - u)T) e—i(A—M)T)

For the third summand of the right-hand side of (6.61), we obviously obtain the same upper bound

a(B + p)E(S) (26(’\“)T + w

except that the factor 5+ u is replaced by 3.

We may conclude that for T > (ﬁ log(2) v Z(IOg(M))\:_IZg()‘_”))), the expression (6.48) is bounded

from above by

A
Veas

—p

+ 2aE(S) (TeéAT + 20‘)\_“) <10g ()\iu) + (- M)T> Te(/\u)T>

E(S)T<<1 + 2log<AAM> +(A - u)T) e—SO-0T | e—(A—u)T)

2 3
+ (26 4 p)E(S) <iﬂe<A“)T + WT%(HM)T L T2 AT
M L 2 _()\_“)T
T <1°g<x_u>+“ u)T)Te

3,9 T A —ln—
ST )1+ 2log( — )T |em1A=wT )
+(4 +2(A+u))< i Og<>\—u>+(A ) )e 4
Upper bound for (6.49)

Recall that we arranged Sy, = S;_. Since the sum in (6.49) telescopes, this implies

Mp—1
E*<6j— (B(S)+ Syp) 3 (e BHmT-Tin) _ o=(B4(T=T))
p I=r(Jr)

(B(S) + 85, )(1 — e (H04m)

)

_ E*( C(E(S) + S ) <€(5+#)(TTMT) BT T ) (1 e(ﬁ+u)AJoo)> D

)) (6.70)

< ZfME(S) (E (1 - e—<ﬁ+u><T—TMT>> +E*< ¢~ (BHI AL (T) _ o= (3 Asee
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where the last inequality holds since S is independent of all other random variables appearing in

(6.70).
By combining Lemma 6.3.13 and Lemma 6.3.14 as before, we obtain for the first conditional expec-

tation on the right-hand side of (6.70) the upper bound
2 A ~(-p)T
Y\ At (B+p)log py— T A=p)T ) Je
if T > = log( )

For the second conditional expectation on the right-hand side of (6.70), Corollary 4.3.3 implies

() )< s 252 (i) 0w

if T > = log( ).
Altogether we obtain that the right-hand side of (6.70) is smaller than or equal to

4o A 1% ﬂ‘i‘)\ A _ A —(A—p)T
5+ME(S) ()\ + N (10g</\ — M) + (A u)T) + 5+/~L+)\>e "

(/8+“)AJT (T) _ 67(6“"”)14]00

Conclusion
Combining the upper bounds obtained for (6.45)-(6.49), we have for T > (1% - log(2) v aDg(Mg\ng()‘_“)))

dry (MixPo(A%), MixPo(M*))
< 1220 <A B <1og (Afﬁ) . u)T) ) o O

+ \@@%USTe_O‘_“)T +v2a0g (1 +2 log<)\iﬂ> + (A — ,u,)T) Te—s(A—w)T

+V2a0sT <eéAT + 2<AA_ #) <log<)\ i u) + (A - M)T> 6““”)

V6o A E(S)T| ( 1+ 2log A +A=p)T e~ 51T 4 o=O=p)T
A—p A—pu

+ 20E(S) (TeéAT n 2(>\)\ 1) <log<)\ i H) + (- M)T> Te(Ay)T)

a(2ﬁ+u)E(S)<<zT2+2(/\Tw> <1+2log< M) +( >e 10— “)T+jz/\ ~O-T )
a(2ﬁ+u)E(S)T2<2()\_m <1°g<Ai ) T)g T 60&3(A$u)6 (MMTH;AT)

A
+B+ME(S)< XA (log<A u) T>+ﬂ+u+>\>e o
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IE(S)> <1 + 2log<)\iu> + (A= M)T) Te—s(A—m)T

+ %28+ WE(S) <3T + Ai) (1 + 2log<)\i'u> - u)T) Te=t 0T

= <\/§0¢05 + \/éoz)\i

2
+ (\@Ozas +2aE(S) + a(28 + M)E(S)T) Te 3T

4 aIE(S)(é)\ <)\ M+5(1 4 gii 4 (1 + QB;MT>()\—M)T> <log<)\iﬂ> 4 (A—M)T>>
e T e )
1 \/50405(’; + Q(A/\_ 2 <10g(/\ i u) +(\— u)T))T) e~ A-mT
+60aW(25+ )E(S)T2e~ AT, (6.71)

In the remainder of the proof, we find a simpler upper bound by elementary calculations. In order to

210%(4(:\\()‘_”)_1)). Then we have
—p

do so, we assume T' >

1+210g<)\i#) AN=pT < ()\ )T,

e O _ O O )T < <4é s —12p)T>eé(/\M)T < (i s —12M)T>eé()\u)T’

e 2T — =5 AT =5 A-mT < y=5 =5 A-mT < Zef%(km

and finally 2 < (A — p)T'. Thus the first three lines of the right-hand side of (6.71) are smaller than

or equal to

(23 () 25 i B recoor

(6.72)

Note that we have the following inequalities:

log<AiM> + A=) < (A= p)T,

1+ log()\)\> + A= )T < 20N — )T,

T _ 2T -7 - L1 o

Thus the last four lines of (6.71) are smaller than or equal to

a(W(l—l— 25<1+§::+ <1+ 262+MT>()\—M)T>T>E(S)

+ \/§<§T 4 3()\;'“)2]"2>0'S + <§ + Z) %E( )T? + \fiij(S)T
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4 —p) w 4 A o~ (A=)
+M5+ME“**MM—M>(”“%)<”T+ﬁ+uﬁ+x+uE“O 6T

We first consider those terms in (6.73) that depend on E(S). Since 2 < (A — u)T', grouping the terms

where 8 dominates in the denominator, we have

BaE(S) A — 1 _o_wyr 4aXE(S) o n 6(A — ) Te——mT

e

5 A M ICES e E
2
< oE(S) (2(A — + 2\ — p) +6(\ — ,u))Te(’\“)T

3 By
< aEﬁ(S) 100\ — p)Te~ =T
< 5“1?5 )\ — 2O (6.74)

grouping the [-free terms in (6.73) yields

A—p A =w?p s, A=p)? o > BON A+ 1) .\ — ot
E 12 T T T T T T ~)
a (S)( SRR + 32 +4A +\f ot 1)e

A — 3\ — p)? 6A | 15M3(X
< 12aE(8) = FTe 0T 4 aE(S) <( . W) (T +1) + ﬁ - \g + 5 ¢ ;3")>T26<M>T

3\ — p)? 2 6A  15M3(\
SQE(S><(AM(MT+3)+ZA+ \g + (AS/;S“))T%—(A—N)T;

(6.75)

and considering the terms in (6.73) where 3 dominates in the numerator, we obtain

N3N+ )

(A — p)?
3 2
< aBE(S) (2‘1 + W + 6o 5@ _A“) T) T2e~ =T, (6.76)

2
aBE(S) 3¢ R p2e-O-mT + 16aBE(S) Te()‘”)T—Fﬁa,BE(S)()\)\mT%(AH)T

2\

For the one term in (6.73) that depends on og, the inequality 2 < (A — p)T implies

— )2 _ N2
\/§<£\LT+ ?’()‘)\“)T2> Usef(A*u)T < \/§</‘(>‘ 1) + 3(A : 1) >O_ST2€()\M)T

2
_ R Z/;A T 2 OewT
< 3V2\ogT2e” M 1T (6.77)

Combining (6.74)-(6.77), we obtain the following upper bound for the right-hand side of (6.73):

1 oo\ M 8 4 )\3()\ + M) \/6 3 5\ 2 —(A—p)T
a5<<2+46>k+(u+5>(>\—u)3 +<6T++B( T+3)+ 52>A>E(S)T6 g
+ 3v2aM\ogT%e~ AT, (6.78)

The total upper bound for the theorem is the sum of (6.72) and (6.78), and this sum is obviously of
the desired order. U
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— log(dy (MixPo(A7), MixPo(M)))/(AT)
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Figure 6.1: Estimated — log(dry (MixPo(Ar), MixPo(M)))/(AT) for S =a = =A=1and p =0
based on 10% (crosses), 500,000 (circles), 5,000 (squares) and 500 (triangles) simulated

realizations of a linear birth and death process, respectively

6.3.3 Sharpness of the convergence rates

In this subsection, we examine how close our convergence rates are to the actual ones by simulating
several quantities. For simplicity, we restrict ourselves to the pure birth case.

We set o = 8 = A =1 and begin with the case where the social index S is constant and equal to 1.
In Figure 6.1, we consider the total variation distance between the degree distribution MixPo(Ar) and
the asymptotic degree distribution MixPo(M). In order to estimate the total variation distance, we

consider Corollary 3.1.6, which yields
. : 1
dry (MixPo(Ar), MixPo(M)) = 5 S (k) — g(k)]
k=0

where f and g denote the probability mass functions of the MixPo(Ar) and the MixPo(M) distribu-
tion, respectively. We computed the corresponding relative frequencies in order to approximate the
probability mass functions. Note that the very natural estimator we used here is biased such that

we need a huge number of iterations in order to obtain reliable results (see Figure 6.1). Note further
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Figure 6.2: Estimated — log(dry (MixPo(Ar), MixPo(M)))/(AT') for S ~ Exp(1), « = =X =1 and
= 0 based on 250,000 simulated realizations of a linear birth and death process

that most of the differences f(k) — g(k) are very small for large T', which can easily lead to numerical
problems.

Since the standard deviation og is 0 in this case, Theorem 6.3.2 gives us the rate Te *T. In
Figure 6.1, we consider the left-hand side in Theorem 6.3.2. More precisely, we consider the expression
—log(dry (MixPo(Ar), MixPo(M))) /T, which is of the order A\ + O(log(T")/T) if our rate is sharp.
Indeed Figure 6.1 confirms that — log(dpy (MixPo(Ar), MixPo(M)))/(AT') approaches a value close
to 1, i.e. our rate is close to the actual one in this case. The gap between 1 and the value simulated
(using 109 iterations) is due to a small simulation error or terms of lower order.

In order to examine the case where og > 0, we consider S ~ Exp(1l). Theorem 6.3.2 gives us
the rate vTe 27, In Figure 6.2, we consider the expression — log(drv (MixPo(Ar), MixPo(M)))/T
again, which is of the order \/2+ O(log(T")/T) if our rate is sharp. However, Figure 6.1 suggests that
— log(dpy (MixPo(Ar), MixPo(M)))/(AT') approaches a value close to 1 again, i.e. our rate does not

seem to be sharp in this case.

6.3.22 Remark
Note that, due to the problems mentioned above, the simulations are very time-consuming and require
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—log(E(|Ar — M[))/(AT)

Ooo

0.5

Figure 6.3: Simulated — log(E(|Azr — M|))/(AT") for S ~ Exp(1), « = f =X =1 and p = 0 based on

250,000 simulated realizations of a linear birth and death process

a high computing capacity, which makes our theoretical results even more valuable. Note further that
the simulations for exponentially distributed social indices are computationally considerably more
costly than in the case where the social indices are deterministic, in particular because the expression
for Az given by (6.5) can be simplified in the latter case such that we do not need to simulate all ages
(or birth times). As a consequence, we used a relatively small number of iterations for Figure 6.2,
namely 250,000.

In the following, we examine which step of our derivation of our convergence rate leads to the
different order. We bounded the total variation distance from above by E(JA7—M]|). In Figure 6.3, we
consider the quantity — log(E(|Ar — M|))/T, which is approximately of the order A if the rate that is
given by E(|Ar —M)|) is sharp. However, Figure 6.3 suggests that — log(E(|Azr —M|))/(AT') approaches
a value close to 1/2, i.e. the corresponding rate is close to our rate but not to the actual one.

Theorem 3.4.1 implies that we also could have used E(|v/A7 —+v/M]|) instead of E(|Ar —M)]) as upper
bound for the total variation distance dry (MixPo(Ar), MixPo(M)). However, Figure 6.4 suggests that
we would have obtained the same rate. Note that it is also plausible from a theoretical point of view
that E(]v/Ar — vVM]|) does not give us a better rate since we have that E(|Ar — M]|) is equal to
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M]))/(AT)

—log(E(|VAr —

0.5

Figure 6.4: Estimated — log(E(]v/Ar — vM|))/(AT) for S ~ Exp(1), a = 8= A =1 and p = 0 based

on 250,000 simulated realizations of a linear birth and death process

E([v/Ar — VM| - (VAT + V' M)). Note further that our proof would have become more difficult if we
used E(|v/A7 — v/M|) instead of E(JAr — M]|) as upper bound.
In order to examine further how our rate could be improved theoretically, we also consider the

minimal coupling of A7 and M, i.e. the expression

inf E(Ar — M)]). (6.79)
A
M

>

=
[
19 19

Obviously, it is smaller than or equal to E(|A7 — M|), and, by Remark 3.4.2, it is an upper bound
for dry (MixPo(Ar), MixPo(M)). In order to be able to simulate the quantity (6.79) more effectively,
we use the following theoretical background. By Example 3.1.3, (6.79) is the Wasserstein distance
between L(Ar) and £(M). We also know from Example 3.1.3 that this Wasserstein distance can be

expressed as

/ P(Ar < z) —PM < z)|dx.
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0.8

—log(inf E(|Ax — M]))/(AT)
0.6

0.4

0.2

Figure 6.5: Simulated — log(inf E(|Ar — M|))/(AT) for S ~ Exp(1), a = 8 = A = 1 and p = 0 based
on 500,000 simulated realizations of a linear birth and death process, where we take the
infimum over all random variables A and M with A 2 A and M 2 M

In order to simulate this expression, we use the corresponding empirical distribution functions. Note
that we need a large number of iterations in order to approximate the integral in a reasonable way.
Figure 6.5 suggests that the rate corresponding to (6.79) is smaller than one, i.e. that this expression
decreases slower than the total variation distance. This indicates that the application of our mixed
Poisson approximation result does not lead to a sharp upper bound here. However, since the class of
mixed Poisson distributions is very large, it is difficult to find a better universal result, and even in
our special case, we do not expect to find a more precise approximation since the mixing distribution

of the MixPo(Ar) is very complex.
Note that Figure 6.5, which is based on 500,000 simulations of a linear birth and death process, is

not very satisfying since it does not allow to draw a clear conclusion about the rate. Unfortunately,
we cannot obtain a very convincing results here due to computational limitations.

We have reasons to doubt that our coupling is the optimal one since the situation in Figure 6.3 and
Figure 6.5 looks different. However, our coupling is a very natural one, which allows us to derive an

explicit upper bound.
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6.3.23 Remark

In the pure birth case, we can simulate the linear birth and death process efficiently by using the
distribution of the ages from Section 4.2. If nodes can die, we also need to consider the death
times, which makes the simulations very time-consuming. Therefore, we do not examine this case
numerically here. However, we note that a positive death rate u leads to a higher variability in the
degree distributions for finite 7" since in particular the death of a highly connected node (hub) can
have a large impact. Thus we would not expect the same rate as in the pure birth case. However, the

actual factor in the exponential rate may well be larger than the one stated in Theorem 6.3.4.

6.4 Negligibility of multiple edges

In this section, we show that multiple edges are negligible (Lemma 6.4.4 below) and use this result to
prove Corollary 1.0.3 from the introduction, which states our main result for the case where multiple
edges are ignored.

First we consider the social index of a node that is connected to the node Jr by an incoming edge.

6.4.1 Lemma
Given Y7 = n for n € N\ {1}, the cumulative distribution function Fg of the social index S of a node
71 that is connected to Jr at time 71" by an edge that was created by i; is given by

r s S11.4(S1)
Fg(s):/E( - 11 — )IP’S(dsl) :E( 5 [1 } — >
+ T oo Si St T i Si

for s > 0.

Proof: We condition on Y =n for n € N\ {1}. Note that the conditional probability that s; is the
social index of a node connected to Jp at time 1" by an incoming edge given S7 = s1,...,S, = s, and

Jr=jr €{2,....n}is s1(3_, 4, s;)~1. Since the social indices are identically distributed, we thus
obtain by Bayes’ Theorem

S1

Fg(s):< / mPS(dsl). dsn1>< / Z ‘ (dsl)...PS(dsn1)>_1

[0,5] x[0,00)—2 [0,00)n—1

- (/E(Z”Silé’ Sy = sl)IP’S(dsl)) (E(Znsils»l (6.80)
) o1 Si 1 Si

Since we have
n—1

! _E<Z sl SZ> n_llE< St SZ) = 1>E<Z?il5i>’

J=1 J
the right-hand side of (6.80) is equal to

S S

0/[E<(n - 1)2?51152 Sy = 31>P5(d51) 0/1E< T 1812@:—21 Si)[@s(dsl).
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6.4.2 Remark

Since $1150.(S))
S1 - [f’S] 711—1 S 1
Aottt s Si
almost surely and % — 0 and ﬁ 2?2—21 S; — E(S) almost surely by the strong law of large number

as n — 0o, Lemma 6.4.1 and Fubini’s Theorem imply that the cumulative distribution function Fg

from Lemma 6.4.1 converges to

E(5T}o,5(5))
E(S5)

as n — oo. Note that this is just the cumulative distribution function of the so-called size-biased
distribution by its definition (see e.g. (1.2.3) in [vdH16]). Thus the distribution of the social index of
a node 77 that is connected to Jp at time T by an edge that was created by i1 converges weakly to the
size-biased distribution of the social index distribution. Since the size-biased distribution dominates
the original one stochastically (see e.g. Section 2.3 of [vdH16]), we may conclude that the neighbours
that are connected by incoming edges have asymptotically in average a higher social index than E(S).”

Since the distribution of the social index of a neighbour that is connected by an outgoing edge is
obviously just the social index distribution, the distribution of the social index of a neighbour picked
uniformly at random is a mixture of the distribution given by the cumulative distribution function
Fs, from Lemma 6.4.1 and the social index distribution. We may conclude that this distribution
converges weakly to a mixture of the size biased distribution of the social index distribution and the

social index distribution, which is a result that was already stated in Subsection 3.3 of [BLT11].

6.4.3 Corollary
The expected value of the social index S of a node 4; that is connected to Jy at time T by an edge
that was created by i1 is bounded from above by
20% N E(S?)
A2E(S)  E(S)(1-¢)

for any ¢ € (0,1).

Proof: We condition on Yr =n € N\ {1}. By Lemma 6.4.1, the conditional expected value of the
social index S of a node ¢; that is connected to Jr at time T by an edge that was created by i is

then equal to

/le< 51 )]P’S(dsl) _ ]E< St >
LAY S Sy dosels )’

and we have

52
IE( L ><IE<11 L ovnlg . (n—1)5’1>
511 + n%l Z’[:2l S; (7= 2ime Si<E(S)(1=0)}

n—

7 This is result is similar to the result that neighbours have in average a higher degree than a node picked uniformly at

random (see e.g. Theorem 1.2 in [vdH16]).
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(n—1)5?
+ E<]l Lo SiSE(S)(1—¢)} (n=2)E(S)(1—¢)

n—1 ,
< P<n i 5 25 <E(S)(1 - c)>(n —1E(S)) + IE(QSI?Efl—)f:)’

where we use the convention % := 0. By Chebyshev’s inequality, we have

n—1

1 1 n—1

”—2;;$_Ewwsz$>S(dmwpvm<ni2§:&)

=2

P(niziiﬁgE&M1—d>§P<

1 O’%
< _ - 75
— n—2(cE(5))%

which yields the desired result.

The following lemma states that multiple edges are negligible.

6.4.4 Lemma
The probability that an individual picked uniformly at random at time 7' has at least one multiple
edge given the number of nodes is positive at time 7" is of the order O(TQefé()‘f“)T) as T" — oo.

Proof. Let Dt denote the degree of the randomly picked node Jr at time 7', i.e. the number of edges
that are incident to the node picked uniformly at random at time 7'. Let p; < ... < pp, be the birth
times of these edges. Condition on Jr, D7, p1 < ... < pp, and (Y;)o<i<7. Let By be the event that
Jr creates an outgoing edge at time pj that is a multiple edge up to time 7". Then the (conditional)
probability of By is smaller than or equal to

Dp—1
Y, —1

Note that UE:TI By, is the event that Jp has at least one outgoing edge that is a multiple edge at
time 7. By subadditivity, we have

P(EjBk

k=1

Jr,Dr,p1,..., ppy, Ye)o<i<r, YT > 0)

Dr
< min <Z P(Bk|Jr, D1, p1, - - -, pr, Ye)o<i<r, Yr > 0), 1)

k=1
Dy
Dr—1
< 1
a3 1)
k=1
D2
< mi T 1).
= min Y, -1’ )

T—A . (T)<t<T
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Taking the expectation, we obtain

Dr D2
P B, | Y, < E( mi L 1) |V,
<U A T>O>_ <m1n< = Y, 1 )‘ T>0>

k=1 T—Ay, (T)<t<T
<P(Dp > ez W7y, > 0) + P(T_AJIT%%TE 1< esOT vy > 0)
et AT
+E<min<w, 1) ) Yr > 0). (6.81)

Writing D for a random variable having the asymptotic degree distribution MixPo(M*) with M*
defined at the beginning of Subsection 6.3.2, we obtain by conditioning on M* that the second moment
E(D2) is equal to

20E(S) 20E((S +E(S))?)
At B+p A+ B+ p)(A+2(8+ p)

Thus Theorem 6.3.4 and the Markov inequality imply

(cf. Subsection 3.3 of [BL10]).

L

B(Dr = ez MYy > 0) < B(D3)e s T 4 (T2 s 1T)
< < 205(5) 20E((S + E(S))?)
T\A+ Bt A+ B+ A+ 2(8 + p))

= O(Tze_%(A_“)T).

) e~ 5T | O(T2e—é(A—M)T)

For the second summand of the right-hand side of (6.81), we obtain

. LA—p)T 1 1
P min Y, -1<esOWT ¥ 50) <P max —>——— | V3 >0
T
+IF’<AJT(T) >3 ‘ Yr > O). (6.82)

1

By Lemma 6.3.12, the second summand of the right-hand side is of the order O(e™2 (’\_“)T) as T — oo.
With Y, = lim Y;, we have
t—o0

]P’( max Y% > 1,YOO>O)

1 1 T/2<t<T e3O-WT g
P —> — Y . >0|Yr>0]| = —
(w?fi% Vi hOemr ‘ T ) P(Yr > 0)
1 1
(s, b > e e > 0)
= P(Yoo > 0)
<P ! > ! Yo >0
max — —_——— .

T \rp<i<r Yy T oz |0

Thus the first summand of the right-hand side of (6.82) is smaller than or equal to

1 1
P v T | Yo >0 P(Y, = 0|Y7r > 0). 6.83
(T/Iznft)iTYt e;,(Au)T+1’ o0 >+ (Yoo = 0[Y7 > 0) (6.83)
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The second summand is smaller than or equal to %e_o‘_“)T by Lemma 6.3.5. By Corollary 6.3.9 and
the inequality (2) in Theorem 6.14 on page 99 in [Yeh95], the first summand of (6.83) is bounded from
above by

1
El —
(YT

2

where the first equality follows from Lemma 6.3.16.

Yoo > 0) (e3A-WT 4 1) = O(Te~ AW (e3A-T | 1) = O(Te~sA-WT),

We may conclude that the probability that Jr has at least one outgoing edge that is a multiple edge
at time 7 is of the order O(Te s —1T)

Now we consider incoming edges. By conditioning on Jr, (S;)ien and (Y:)o<t<7, we obtain that the
(1)

probability for the event Bl- that node 7 creates an edge that connects ¢ to Jr at time 7' is smaller

than or equal to

1 1
E(1- —aS; A Y <E A - Y,
< exp( s, Jr i Y, - 1) T > 0) < <aS Jr —— Y, —1 T > 0)
T—Ayp (T)St<T T—Ay, (T)<t<T
: P( min Y, —1< s vy 0) +P<AJT > ‘ Y > 0) +QE(S) L ems0-mT
T—Aj, (T)<t<T 2 2

Since we showed above that the first two summands are of the order O(Tefé(’\f“)T), the right-hand
side is of the order O(Te_%()‘_“)T).

We condition on Bfl) now and denote the birth time of the edge (i, Jr) corresponding to Bgl) by
2)
i

in the time interval (n;,T] C (T'— A, (T),T] that survives up to time 7'

1;. Then we have for the conditional probability of the event B! that i creates another edge (i, Jr)

o) = 1 -
P(B?1BY vy > 0) < E<1 = exp(—aSiAJT e 1) ‘BZ-(”, Yr > 0)
T— Ay, (T)<t<T K

1

min Y: -1
T—Ay (T)<t<T

< E(aSAJT

YT>O>

< ]P( min Y, -1< e3A=mT
T— Ay, (T)<t<T

Yr > 0) + P<AJT > g ' Yr > 0> + aE(S)ze*%(A*MT,

where S denotes the social index of a node connected to Jp at time 7' by an incoming edge. By
Corollary 6.4.3, the right-hand side is of the order O(Te_%(/\_“)T).
For simplicity, we denote the Y7 nodes alive at time 7" by 1,...,Yr now. For the probability that

Jr has at least two incoming edges from the same node at time 7', we then obtain by subadditivity

“

b-<

T

B B

-

Yr—1
Yr > 0> < E<mm< S BBV 1B | (Vocier), 1) ‘ Yr > o)

i=1

1
i#Jr

T
Il

E(mln((YT — 1>P(B§1) N B?) ‘ (Y;:)ogth), 1) ‘ Yr > 0)

IA

s TR(BY N B [¥r > 0) + P(Yr — 1> i C 17|y > 0)
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By the Markov inequality, the second summand of the right-hand side is of the order O(e_%(/\_“)T).

For the first summand, we have

s OWTR(BY 0 BP vy > 0) = s 1TR(BWY vy > 0)P(BP|BY, i > 0)
(/\—M)TO(Te—é(A—M)T)O(Te—%(A—M)T) — O(T2e—é(>\—u)T)_

(SR

=€

Altogether, we obtain that the probability that Jr has at least one multiple edge is of the order
O(T2%e~sA=mT), O

Proof of Corollary 1.0.3

Recall that 7, denotes the distribution of the number of neighbours, 14 the degree distribution at time
t and v the asymptotic degree distribution. Lemma 6.4.4 implies that dry (¢, v¢) = O(tZefé()ﬁ“)t) as
t — oo. From Theorem 1.0.2, we know that dry (v, v) = O(tze_%()‘_“)t) as t — oo. Thus the triangle
inequality yields the desired result. O

6.5 Heavy tails and power laws of the asymptotic degree distribution

Recall that the asymptotic degree distribution is

. « — A
MlXPO(B n H(S +E(9))(1-e (B+n) >,
where A ~ Exp()\), S has the social index distribution, and A and S are independent. In this section,
we show that this asymptotic degree distribution can be heavy-tailed (Subsection 6.5.1) and exhibit
power law behaviour (Subsection 6.5.2). In order to do so, we choose a Pareto distribution, i.e. a
power law distribution (cf. Remark 5.2.4), as distribution of the social indices. This choice does not
only lead to the desired results, but can also “be naturally justified by arguing that power laws appear
rather generically in many contexts when one ranks, for example, people according to their incomes

or cities according to their population, etc.” ([CCRMO02]).

6.5.1 Heavy tails of the asymptotic degree distribution

Note that the random variable Z := 1 — e~(#*#4 is Beta(1, 72-) distributed (see e.g. Subsection 3.3

' Btp
of [BLT11]). For the social index, we choose the Pareto(f — 1,b) distribution, i.e. the distribution
60—
with Lebesgue density (97;%}71]1{:521,}, where b > 0 and 6 > 3, and show that the mixed Poisson

distribution has heavy tails. Note that we chose the parameter 6 such that the first two moments of
S exist.

In order to do so, we firstly apply the general Theorem 3.3.7 in order to show that MiXPo(ﬁS Z)
and the distribution of 73257 are tail equivalent (cf. Definition 3.3.4). Secondly, we show that the
distribution of /f‘TuS Z has power law tails. Finally, we conclude that the asymptotic degree distribu-
tion MiXPo(B%M (S +E(S5))Z) has heavy tails.
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Theorem 3.3.7 states that the mixing distribution and the corresponding mixed Poisson distribution
are tail equivalent under some assumptions. These assumptions involve the density and the survival
function of the mixing distribution, which we derive now for the mixing distribution of MiXPo(ﬂ%S 7).

Firstly, we condition on Z = z € [0,1]. Let n = i + . We obtain for the conditional survival function
1 — Fy5z717=- of nSZ

6971,’79712971

1- FnSZ\Z:z(x) = 201

for x > nbz since S is Pareto(f — 1,b) distributed. By differentiation of F} g7 z—., we obtain that the

conditional density is given by

(9 o 1)b6—1n9—126—1

o

fnsz1z=-(2) = (6.84)

for x > nbz.
Using the density of the beta distribution, Equation (6.84) yields

1
- (6 — 1)p0—1yyf 1501
fnSZ / B 1 - Z) 20 ﬂ{zﬁ%}d'za
0 ,U

where f,57 is the unconditional density of 7SZ and B denotes the beta function. Thus for x > nb,
we have

. 1

fnsz(x 9/' 1—zﬁ%f%9—1m“%ﬂ4f*wz (6.85)
x B(1
0 7 B+l¢

Analogously, we obtain for the unconditional survival function

1
Ay b0—1779—126—1
1-F, T]SZ /B 1_Z)B+“ Tl{zgﬁ}dz,
0
and for x > nb, we have
1
A
1 - Fysz(z ) / (1 - z)mflbgflneflzefldz. (6.86)
T B T
0

6.5.1 Remark
Since the integral (6.86) does not depend on =z, it is clear that the prerequisite of Proposition 3.3.3 is
fulfilled. Thus we obtain that there exist constants ¢; < ¢ such that

amt~? <1-G(m) < égm*~? (6.87)

IA
S
3

where G is the cumulative distribution function of the MixPo(nSZ) distribution and m € Ny. In
particular, (6.87) implies that the MixPo(nSZ) distribution is heavy-tailed. However, it is not difficult
either to obtain this result by applying Theorem 3.3.7, which we do now.
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Equations (6.85) and (6.86) imply
ffnSZ(x) . 1

lim == =cCc> 07 6.88

T—00 anz(x) CQ ( )
where

/ 1
A
Cy = / (1= 2P (0 — Py dz € (0, 00)
0 B(lam)

and

1 N

Cy = / ——— (1 —2z)f~ 0112014z € (0, 00).
0 B(lam)

Equation (6.88) is just the first von Mises condition, which yields that the distribution of nSZ and

MixPo(nSZ) are tail equivalent by Theorem 3.3.7, i.e. that

1 F,
li 152(@) _ )

P TP R (6.89)

where G is the cumulative distribution function of MixPo(nSZ).

Note that (6.86) yields that the distribution of nSZ is heavy-tailed if we choose Pareto(6 —1, b) with
b > 0 and 6 > 3 as distribution of the social indices. Thus the tail equivalence stated in (6.89) implies
that the MixPo(nSZ) distribution has heavy tails. Since the MixPo(nSZ) distribution is stochastically
dominated by the asymptotic degree distribution MixPo(n(S + E(S))Z), this yields that the latter
also has heavy tails.

We would also like to show that the asymptotic degree distribution even exhibits power law be-

haviour (in the weak sense). In order to do so, we use another approach in the following subsection.

6.5.2 Power law behaviour of the asymptotic degree distribution

We use the same assumptions as before. However, we do not consider the distribution of nSZ first,
but directly the mixing distribution, i.e. the distribution of n(S+E(S))Z, which leads to the following

theorem.

6.5.2 Theorem
Let the social indices be distributed according to the Pareto(¢ — 1,b) distribution with b > 0 and
6 > 3. Then the the asymptotic degree distribution in the Britton-Lindholm model obeys a power law

with exponent 6 in the weak sense.

Proof: Analogously to the derivation of f;57, we obtain for the density f,(s1r(s))z of n(S +E(S))Z

1
a4 (6= 1)t 01
Fo(s+Ees) / (1 —z)7tn 1 L8 7 I
0

B(T, ) (v~ nE(S)=)?

o< ey 9

Let x > nb+ nE(S). Then we obtain

1

L,l(e— )b9—1n9—129—1

— 2B

fn(s+E(s))2 /B 1 z)B+u @ — 7E(9)2) dz. (6.90)
0
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On the one hand, the right-hand side of (6.90) is larger than or equal to

1 1
Ch—;

5 (6.91)

1
1 -1 61 60-1_6-1
— (1 —2)fe (0 —-1)b 2 dr— =
[ i -9 ey >
0
On the other hand, since nE(S)z < nE(S) for all z € [0, 1], we have that the right-hand side of (6.90)

is smaller than or equal to

1
g . T lg _ 101 0-1,0-1 Z; _ 1
O/B(l,A)(l )BT (0 — 1)1 d =BG Cy @ B8 (6.92)

Let Do, ~ MixPo(n(S + E(S))Z) and the function g be defined by g(z) = Ciz=% Then (6.91)
and (6.92) imply that f,(sir(s))z ~ g, where the operator ~ is defined in Definition 3.3.4. Thus
Theorem 3.3.8 yields P(Dy = k) ~ C1k79, i.e.

lim k'P(Dy = k) = C1.

k—o0

This implies that for all £ > 0, we can find a ky € N such that for all £ > kg

<B(Da=k) < (147

C

(-8

Thus we have for the cumulative distribution function F' of Dy, and all m > kg

[e.e] R oo 1 ~ o0 3
1—F(m)= Z P(Doo = k) < (1+8)C4 Z keg(lJre)Cl/(q:l) Odx
k=m+1 k=m+1 m+1
r 1
=(1+8)C4 /xedx = (1+8)C1— 1m1*9
and on the other hand
[e.e] R oo 1 ~ o0 3
1-F(m)= Y PDou=k)>(1-8C1 > 72 (1=8)0 / z 0dx
k=m+1 k=m+1 m+1
=(1-8)C1;—(m+1)""
Letting € — 0 yields
. 1-— F(m) . Cl
Jm e T (59)
Let |~ F(m)
— F(m
p(m) := ml—0
Then (6.93) implies
1-F 1-0 —1
lim plem) = lim (om) _m _ Gl =1
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for all ¢ > 0. Thus ¢ is a slowly varying function, and we have
1—F(m) = o(m)m'=°.

Consequently, the asymptotic degree distribution obeys a power law with exponent 6 in the weak

sense. O

6.6 Further discussion of the asymptotic degree distribution

Recall that the asymptotic degree distributions is MixPo(M*). Note that we have obtained a rigorous
proof of this result as a by-product of the proofs of Theorem 6.3.1, Theorem 6.3.2 and Theorem 6.3.4.
Inspired by the derivation of the asymptotic degree distribution in the Erdés-Rényi model, we can
give the following heuristic, but intuitive argument for the degree distribution being a mixed Poisson

distribution.

6.6.1 Remark
Let the population size Y7 = yr and the age a as well as the social index s of the node Jr picked
uniformly at random at time T be given. Assume that 7" and yr are large. Then the probability that

Jr is connected to some other node i is approximately f(a,s)/(yr — 1) for some function f since the

1
yr—1

the lifetime of Jp if we ignore that the population size may change between the birth time of Jr

probability that a certain node becomes the “second” node of a newly created edge is during
and 7. Thus the degree of Jr is approximately Bin(yr — 1, f(a, s)/(yr — 1)) distributed, which can be
approximated by the Po(f(a,s)) distribution by the Poisson limit theorem. Lifting the conditioning

leads to a mixed Poisson distribution.

Note that the class of asymptotic degree distributions we obtained here is a rich one due to the high
variability in the choice of the model parameters (including the distribution of the social indices).

Since we know the asymptotic degree distribution, the model allows us to find a random network
for a given (asymptotic) degree distribution. This is to some extend, though not quite as flexible, as
in the configuration model. On the other hand, the configuration cannot provide a realistic model for
the evolution of the network.

We could now try to model real-world networks where a mixed Poisson distributions of the form
MixPo(M*) might be realistic as degree distributions by using the Britton-Lindholm model. If we were
satisfied with any network model that has (approximately) the correct asymptotic degree distribution,
it would be sufficient to consider the pure birth case only since the class of mixed Poisson distributions
that we can obtain in the limit in this case is obviously the same as in the general case. However, the
model where nodes can die gives us a more realistic description of the evolution of many real-world
networks.

We could estimate the parameters of our model (including the distribution of the social indices) using
real-world network data and derive the asymptotic degree distribution for the estimated parameters,
which gives a prediction for the degree distribution of the real-world network at large finite times.

The approximation error can be bounded using Theorem 6.3.2 and Theorem 6.3.4.
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Furthermore, if a lack of data does not allow us to estimate all parameters, we could try to estimate
the asymptotic degree distribution, which might give us further information about the parameters.
For example, in the pure birth case or if the per-capita death rate u is known in the general case, we
can (at least theoretically) identify the random variable M from the asymptotic degree distribution
due to the identifiability of mixed Poisson distributions given by Proposition 3.3.2. Then M provides

us with more information about the parameters.

Finally, we consider a case where it is possible to derive the asymptotic degree distribution more

explicitly.

6.6.2 Example

Recall that the random variable Z := 1 — e~ (#+14 is Beta(1, ﬁ) distributed and MixPo(SZ7) is the
asymptotic degree distribution we are interested in. Assume that A = 8 + p. Then Z is uniformly
distributed on [0, 1] since the Beta(1, 1) distribution is the uniform distribution on [0, 1]. Furthermore,
let S = s be deterministic for some s > 0. The random variable SZ is then uniformly distributed
on [0, s]. Thus the asymptotic degree distribution MixPo(SZ) is a Poisson-uniform distribution (also
called Poisson-rectangular distribution) considered e.g. in Section 2.8. of [Grz06]. By (2.39) in [Grz06],

the corresponding probability mass function is

Note that the Poisson-uniform distribution is applied in linguistics in order to describe the lengths of

words (see e.g. [Grz06]).

6.7 The pure birth case with immortal edges

Up to now, we only considered the case where the edges die. Now we assume that y = 8 = 0, i.e.
both nodes and edges are immortal. In order to obtain the degree distribution, we treat the outgoing

and incoming edges separately again.

6.7.1 The number of outgoing edges in the pure birth case with immortal edges

We can derive the distribution of the number of outgoing edges analogously to the procedure in
Subsection 6.2.1. We condition on Jr = jr, Sy, = sj,, Aj, = aj, and Ay = az. Then the number of
outgoing edges evolves according to a Poisson process of rate asj;. started in zero at time T'— ayax(jp,2)-
Consequently, the number of outgoing edges at time T is Po(aszamaX(jTQ)) distributed by Remark
2.1.4. Thus lifting the conditioning leads to the MixPo(a.S s, Amax(.y,2)) distribution. Note that this

distribution converges to the

MixPo(aSA)

distribution as T" — oo, where S and A are defined as before.



128 Chapter 6. The network model by Britton and Lindholm

6.7.2 The number of incoming edges in the pure birth case with immortal edges

We proceed analogously to Subsection 6.2.2. We condition on (Y;)o<t<7 = (y¢)o<t<7, the social indices
(Sk)ken = (Sk)ken, Jr = jr and the ages T = a1 > ... > ay,. Let i € {1,...,yr} \ {yr} be a node,
and consider a time interval [T'— a;, T — a;41), where [ > iV 2. The number of edges created by i that
connect ¢ to jr evolves according to a Poisson process of rate asiﬁ. Thus the total number of edges

created by 7 in the interval [T — a;, T — a;41) that connect ¢ to jp has distribution

as;
P0<l — 1(al — al+1)>.

As in Subsection 6.2.2, we use an induction argument in order to obtain that the number of incoming

edges has distribution

p IT sy, yr yrl os; al—al+1)
(3o 30 S vl
=1 l=iVjp
Z#JT l#JT

Thus lifting the conditioning leads to the distribution

Yr Yr-—1

. aS; Ay aSi(A; — A1)
M —r g g .
lXPO< ' 1
i=1 i=1 I=iVJp
i#£Jr i#Jr
Note that this distribution converges to
MixPo(aE(S)A))

as T'— oo (cf. Subsection 6.3.1), where S and A are defined as before.

6.7.3 The degree distribution in the pure birth case with immortal edges

By adding the random parameters of the distributions of outgoing and incoming edges, we obtain that
the mixed Poisson distribution describing the degree of a node picked uniformly at random in the pure

birth case with immortal edges has the random parameter

Yr Yr—1
aS; Ay aSi(A; — A1)
S yp Amax(Jr,2) T Z Y. _1T Z Z l— 1 :
i=1 T =1 l=iVJr
z;éJT 175 T
Note that this distribution converges to the
MixPo(a(S + E(S5))A)

distribution as T' — oo, where S and A are defined as before.

6.7.1 Remark
It is easy to see that we can obtain the same convergence rates as in the case where edges can die
analogously to the procedure in Subsection 6.3.1. Indeed the proof becomes even slightly easier if

edges cannot die.
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For the time being, we condition on S = s. We then have o(S + E(S5))A ~ Exp(m) since
A ~ Exp(A). For X ~ MixPo(a(s + E(S))A), we thus obtain

0 k
- s xk 1
P(X =k) = )\/e_)‘xxe_rdx = |5 i
k! 141) 141
0 X X

for k € Ny, where \ = m (cf. page 213 in [JKKO05]). Thus for a deterministic social index, the

>

asymptotic degree distribution is a geometric distribution. Lifting the conditioning, we see that for any

social index distribution, the asymptotic degree distribution is a mixture of geometric distributions.

6.7.2 Remark

(i) Let X (out) he distributed according to the asymptotic distribution of outgoing edges. Then by
the same reasoning as above, we obviously obtain that, conditioned on S = s, the asymptotic

distribution of outgoing edges is given by

>~1‘,_.

k
: > = (6.94)

1
;\71_'— +1

~ i 3 :L’k
P(X©) = k) = X\, /e_’\lmk'e_‘”dm =
0 ' A

for k € Ny, where A\, = % Thus the unconditional asymptotic distribution of outgoing edges is
the same mixture of geometric distribution that we obtained as asymptotic degree distribution

for a special case of the SHR model in Section 5.4 if we choose A = «.

Let A = a, and let S be a random variable such that S+1 ~ Pareto(6—1, 1) where # > 2. Then we
have U :=log(S+1) ~ Exp(f#—1) by a well-known property of the Pareto distribution. By (6.94),
the asymptotic distribution of the out-degree is then a mixture of geometric distributions with
mixing distribution £(1/(S +1)) = L(e~Y). By Remark 3.2 in [Rei09], this mixture is the Yule-
Simon distribution with parameter 6 —1 shifted by one, which obeys a power law with exponent 6
in the weak sense by Remark 5.4.9. Note that this is the asymptotic distribution of the in-degree
in the classical preferential attachment model defined in Definition 5.4.1 (cf. Theorem 5.4.4) if we
choose 6 = 3. Note further that we obtain the asymptotic degree distribution of the continuous-
time preferential attachment model defined in Definition 5.4.13 for general 6. Thus we can obtain
a continuous-time fitness model that has essentially the same asymptotic degree distribution as
those preferential attachment models, i.e. a distribution that obeys a power law with exponent 6,
by slightly changing how the edges are created, for example as follows. We could create new
edges similar to the procedure in Definition 5.4.13, i.e. first create half-edges instead of complete
edges that are joined together in the order in which they are created, and thereby remove the

incoming edges in the original model.

(ii) Let X (in) be distributed according to the asymptotic distribution of incoming edges. Then we

obtain that the asymptotic distribution of the number of incoming edges is given by

Tk Lo\ F 1
PO =Ry = o [ terar= (o)
k! L41) L4
0 A2 A2
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for k € Ny, where Ay = ﬁ(S)' Note that we obtain the same geometric distribution that is the

asymptotic degree distribution in the uniform attachment model if we choose A, o and S such
that Ao = 1, e.g. & = A and S such that E(S) = 1 (cf. Section 5.4). Obviously, for all admissible
parameters we have a distribution that can be obtained as asymptotic degree distribution in the
SHR model from Section 5.4.

Note further that we obtain the same asymptotic distribution as in the case where m > 1 edges
are added per time step in the model considered in [BRST01] (cf. Remark 5.4.18) if we choose
A =1/m and « and S such that «E(S) = 1, where 1/m can be interpreted as discrete-time birth

rate of the node population.®

Furthermore, we obtain the same distribution as in the model considered in [CHK*01] with
parameter ¢ (cf. Remark 5.4.18) if we choose A =1 and « and S such that aE(S) = 26. This is
plausible since 20 can be seen as discrete-time birth rate of the edges, which should be closely
related to the ”average” birth rate alE(S) of the edges in the model by Britton and Lindholm.

8 However, in the model from [BRS'01] the birth rate of the node population is constant whereas this rate is linear in the
model by Britton and Lindholm.



7 A spatial network model

7.1 Model and main result

In this chapter, we extend our model by the spatial aspect. We assume that nodes are located in some
Euclidean space, and the rates at which edges are created depend on the distances between the nodes.
Spatial models are important for certain real-world networks such as social networks. Note that the
spatial component can obviously lead to a higher clustering, represented by a higher clustering coeffi-
cient (cf. Remark 5.1.7).

For the sake of simplicity, we stick to the pure birth case, where nodes cannot die. Let each node
i be equipped with a position that is denoted by P(¢) and uniformly distributed on a m-dimensional
unit hypercube C independent from all other random variables.? Since we do not want to treat edge

effects, we define the metric

4:¢xC > 0,00) (o) = min( e =yl _min (ot =yl min (ly+ex—al))
where eg = Y ;.4 ex and ey denotes the kth standard unit vector, i.e. the vector whose entries are all
zero except of the kth one that is one.

Note that one can think of the nodes being placed on a m-dimensional torus.

We assume that so-called potential edges are created in the same way (including the same rates)
as the edges in the non-spatial case. However, each potential edge between nodes ¢ and j is deleted
instantaneously with probability 1 — 1 (d(P (i), P(j))) (independently from all other events) for some
measurable function v : [0,1/2] — [0, 1]. All potential edges that are not deleted become actual edges
instantaneously.

Since the above procedure can be interpreted as thinning, each living node ¢ creates edges that

connect ¢ to some other living node j at rate

Sip(d(P(i), P(4)))
-1

at time t if [ nodes are alive at this time (cf. Section 6.2). Analogously to the procedure in the

% Note that the positions of nodes are uniformly distributed in space in most spatial preferential attachment models as
well; see e.g. Subsection IV.D. of [Barll].
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non-spatial case, we thus obtain the following distribution for the number of incoming edges:

Yr
MixPo(Z z; S (d(P(3), P(JT)))YTl_ : (1— efBAyT(T))
i I
a Yr Yr-1 )
t3 ; l%; Sip(d(P (), P(Jr) 7 (e~ B (T) _ e—ﬁAl(T))>. 1)
i#Jp T

For the outgoing edges, the 1-term necessitates the analogue node-by-node analysis as for the incoming

edges, yielding

Yr
MixPo(g Z} SJT%Z)(d(P(i),P(JT)))YTl_ 1(1 B e—BAyT(T))
by
a Yr Yr-—1 )
t3 ; l:%; SJT¢(d(73(i),P(JT)))ﬁ(e—ﬁAl+1(T) _ e—ﬂAl(T))>. 72)
i#Jr T

7.1.1 Definition and Remark

Let 1 = E(¢(d(Uy,Uz)) < 1, where U; and Uy are independent and uniformly distributed on C. Note
that £(d(Uy,Us)) = L(d(Uy,uz)) and thus ¢ = E(¢)(d(Ur, uz)) for any fixed uy € C. Note further that
L(d(Uy,Us)) = L(d(Ur,u2)) = L(U) in the one-dimensional case for all fixed ug € C and a random
variable U that is uniformly distributed on [0,1/2] so that ¥ = E(y(U)).

The asymptotic degree distribution is now given by the following corollary, which follows directly

from Theorem 7.1.5 below.
7.1.2 Corollary
Let Sy and A;_ be defined as in the non-spatial case. Then

MixPo(Ogb(SJOO FE(S)(1 - e—ﬂAJoo)) (7.3)

is the asymptotic degree distribution.

In order to simplify notation, let Ap be the random parameter of the degree distribution, i.e. the
sum of the random parameters of the distributions (7.1) and (7.2), and let M be the random parameter
of the asymptotic degree distribution (7.3). Then the following main theorem of this section yields

the corresponding convergence rate.

7.1.3 Theorem
We have

dTV (MiXPO(AT) s MiXPO(M))

4o 4P 1 da - 1 aA 1
< 70(57 Y1y )E<\/TT> + )\wE(S)E<YT> + E(S)ﬁ(ﬁ +A) e -1’

where C(S,4{7) = /Var(S19{3 ) + E(S)y/ Var(y) ) with ¢ = »(d(P(1), P(2))).
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7.1.4 Definition and Remark
Let O'i = Var(z/;i’;)), where @bi’;) = ¢(d(P(1),P(2))). Then we have O'i = Var(y(d(Uy,Uy))) for Uy

and Us being independent and uniformly distributed on C. Note that we can use
Var(S1973) < 0§oy + (E(S))%0y + 0§40 < B(S%)o}, + 0§

in order to bound C(S, W{lf) in the upper bound from Theorem 7.1.3.
Note further that we have ai = Var(U) for U being uniformly distributed on [0,1/2] in the one-

dimensional case (cf. Definition and Remark 7.1.1).
The following theorem gives the corresponding convergence rate.

7.1.5 Theorem
For T > log(2)/)\, we have

V32 )e—)\T
VA BB+ ) ’

where C(S5, wff ) is defined as in Theorem 7.1.3 above, and for T" — oo, the right-hand side is of the
order O(\/Te_%/\T) if og is finite.

dTV (MiXPO(AT) s MiXPO(M)) g

C(S, Y )WWTe T + 4adE(S) <2T +

Proof: The inequality follows directly from Theorem 6.3.1, Proposition 2.2.4 and Corollary 2.2.5. [

7.1.6 Remark

Note that a node Jp picked uniformly at random can only have a multiple edge if there have been at
least two potential edges up to time 7' that connected Jr to the same node. Since the potential edges
are created in the same way as the (ordinary) edges in the non-spatial case, the negligibility of multiple
edges follows from the corresponding result in the case considered in Lemma 6.4.4. More precisely,
the probability that Jr has at least one multiple edge at time 7" is of the order O(Tze_é()‘_“)T) in the

spatial case as well.

7.2 Proof of the main theorem

In order to simplify the notation, we set wz’jp = Y(d(P(i),P(j))) for i,j € N. As in the non-spatial

case, we apply Theorem 3.4.1 and obtain

dTv(MiXPO(AT), MIXPO(M)) S E(‘AT — M’)
Yr

Qo 1 _
< E'ﬁ > (Si+ Su vy 7 (1 — e PAvr (D)) (7.4)
=1
i#Jr
a Yr Yrl 1 oa/_J
FES Y X (S Sl e D) - o) - S, () ).
=1 l=ivVJr
i#Jr

(7.5)
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Upper bound for (7.4)

By conditioning on Y7, Jr and the conditional independence of node positions, social indices and ages,
we obtain analogously to the non-spatial case (compare the derivations of the upper bounds for (6.9)
in the pure birth and for (6.45) and (6.46) in the general case) that the expectation (7.4) is equal to

o (& E(S) s,
205E( D, 5 e )

ey

The outer expectation is just the right-hand side of (6.9), which we already know to be bounded from
above by (6.10), i.e. by

Upper bound for (7.5)
The expectation in (7.5) is bounded from above by

YT YT 1 d,P o 7
Z Z S + SJT)wi,JT (E(S) + SJOO)¢ (6_5Al+1(T) _ e_IBAl(T)) (76)
;éJl =iV Jp I-1
Yy Yy—1
- S
+ 5Bl + BT -y = Y 3 EIEI s s )
zlyé}Tl =iVJr

Expression (7.6) corresponds to the second term on the right-hand side of (6.8) and the expression
(7.7) to the combined third and fourth term. Since we arranged Sy, = S, the term (7.6) is bounded

from above by

Yr—1

!
1 _

BT Y 1 > ((S + S0 )i, — (E(S) +Sjm>w> (e7 A D) — e=AAlT)

I=Jpv2 " =1ty

o Yr—1 1 l

—BAL (T —BA(T
s £ 150 % (s -mas)ran—coam)
l=JrV2 i=1,i#Jr
Yol !
AP 7\, —BAL (T —BA(T
‘BSJOO Z —1 Z (T/Ji,JT —¢> (e P — g=A Ay, (7.8)
I=J7Vv2 i=1i£Jr
The first summand of the right-hand side is smaller than or equal to
a T !
E<E<ﬁ Z —1 Z |SivT Jr T E(S)|(e A1 (T) — e=FulT)) ‘ (Kﬁ)OStSTJT))
l=JrVv2 i=1,0#Jp
o Yool 1 !
—_BA —_BA d,P -
SE(ﬁ Z (e BAI1(T) —_e B l(T))]E< l—il Z (Sﬂ!}i,JT E(S)T,Z))‘ ‘(Y;f)ogth,JT>)- (7.9)
I=JrVv2 i=1i#Jr
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Since the random variables (5, z/Jfl’JpT)i?g Jp» are stochastically independent from (Y;)o<¢<7, Jr and are
identically distributed with expectation E(S)QZ, we obtain analogously to the non-spatial case that
(7.9) is bounded from above by

Yr—1
E(g Y E(e Pl — My
I=JpVv2

1

The second summand of the right-hand side of (7.8) is smaller than or equal to

1 ! _
—1 Z (ﬁ’};—?ﬁ)

i=1,itJr

N Yr—1
(2G5 3

I=JrV2

Yr—1 I
o 1 —0, — _
= E<E(SJOO)E<B > D (¢Z’JPT - 7#)‘(6 AT — g=AA(T)) ’ YTJT))
I=J7v2 i=LiJr
Yr—1 I
« 1 - _ _
S CTRES S (T P )
l=JrVv2 1=2

where the last equality holds since the sum ZZ Vit y 1T — 4| is (stochastically) independent from

i, Jr
Jr and the positions of the nodes are independent from (Y;)o<i<7 and Jp. With the same argument

as above, we obtain that the right-hand side is bounded from above by

Yy—1
« 1
El ZE(S)./V: E(e —BA (T —BA(T)y: >
CEONEADS e Ay

l JrV2

Altogether, this yields that (7.6) is smaller than or equal to

Yr—1

o d.P —BALA(T) _ —BAT) 1
C(S,v1y )E< > E(e ) ¢ Y7)
B I=JpV2 Vi—1
Q@ Yrl 1
= S wHDE <Z B(ePAn M1 — PN D-An )|y 1)
I=JrV2 o
o Yrl 1
< 0(5,1/4’;’)1@( > B — e DAy ﬁ> (7.10)
B I=JrV2 I=1

where C(S, 1/1%) ) = Var(SldJi’;) ) + E(S5)4/ Var( f;) ). Now we observe that the right-hand side of
this expression is equal to the right-hand side of (6.11) if we substitute the constant factor og by the
constant factor in the right-hand side of (7.10). Thus we only need to substitute this factor in the
upper bound that we derived for the right-hand side of (6.11) in order to obtain the following upper
bound for the right-hand side of (7.10):
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For the expectation in (7.7), we have

Yr Yr-—1 -

_ - E(S) + Soo)ib, _ _
Bi(Sie + BEDI( - ey = 30 Y EE LI st _ s
=1 l=iVJp
i#Jr
Yr Yr-1 E(S)
< 2 _ o BAILLY 2\ (o= BAI(T) _ —BA(T)|
_2¢E'E(S)(1 e ) Z;ZZV:J (e e )
1=1 [=VJr

oy .

Note that the (outer) expectation in this expression is the left-hand side of (6.12), which we already

showed to be bounded from above by

B 1 A 1
XE(S)]E <YT) + E(S)mewi_l.

Conclusion
Altogether, we obtain that dpy (MixPo(Ar), MixPo(M)) is bounded from above by

4o P 1 da - 1 - aA 1
— DVE( — —YE(SE( — 2E .
TosDE( ) + S EEE( ) + 60
7.3 Examples
7.3.1 The "hardcore” case
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Figure 7.1: Simulated realizations of the one-dimensional “hardcore” case of the spatial model with
a=4,=A=1and R =0.2 for T =3 and T' = 4 and deterministic social indices.
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Figure 7.2: Simulated realizations of the one-dimensional “hardcore” case of the spatial model with
a=4,=A=1and R =0.2 for T =3 and T = 4 and Pareto(3,2/3) distributed social

indices.

First we consider the case where edges appear if and only if the distance between the corresponding

nodes is not larger than some fixed value 0 < R < 1/2, i.e. the function 1 is given by
P(z) = ]1{1«:|f|§7z}(37)‘
In order to apply Theorem 7.1.5, we need 1) and oy, which are given by the following lemma.

7.3.1 Lemma

For the m-dimensional case with ¢(z) = 1.3 <r} (), we have

- Tz - (ﬂ%?),Rm if m is even,
RS L —Q(mz_l)jf;,‘“)m% R™ if m is odd
and
L 2 o <1_ e Rm> - (”%—%,Rm (1 — (TS%L),RT”’) if m is even,
EC ) g+ /) —Q(m;)ﬁ”)m% Rm <1 _ —2("51);(1‘,‘“)%1 Rm> it m is odd.

Proof: Note that ¢ = E(¢(d(Uy,Usz)) = E((d(Ur,ug)) = E(L{y(du, uz))<ry)> where Uy and Us
are independent and uniformly distributed on C and uy € C, is the probability that the distance of

a random node to a fixed one is less or equal to R. This probability is equal to the volume of a

m-dimensional ball with radius R. Thus we obtain the desired expressions for ).
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Alternatively, we can compute E(¢(d(U;, Uz)) directly. For the sake of simplicity, we only state the

computation for m = 1 here.'% In this case, we have

11
= / / L{je—y<rydady
0 0
R y+R 1 1-Ry+R 1 1 y—1+R
:/</1dx+ ldz dy+/ /1dmdy+/(/1dm+ / 1dx>dy
0 0 y+1-R R y—R 1-R y—R 0
R 1-R 1
= / 2Rdy + / 2Rdy + / 2Rdy
0 R 1-R
1
= /QRdy: 2R

Note that E(y(d(Uy,Us)) = E(((d(Uy,Us))?) since 1 is an indicator function. This yields the

expressions for

oy, = Var(¢(d(Uy,Uz)) = E((¢(d(Ur, U2))?) — (E(p(d(Ur, Us)))* = ¢ — °.

Combining Corollary 7.1.2 and Lemma 7.3.1, we obtain the following corollary.
7.3.2 Corollary
For ¢(r) = 1zz<r}(7), we have that

. CXW% m —BAj
MlXPO(WR (S;. +E(S)(1—e? ))

is the asymptotic degree distributions in the m-dimensional case.

Theorem 7.1.5, Definition and Remark 7.1.4 and Lemma 7.3.1 yield the following corollary, which

provides convergence rates.

7.3.3 Corollary

In the m-dimensional case with ¥(z) = 1.3 <r}(7), we have

dTV (MiXPO(AT) y MiXPO(M))

< V([ mie) +509)) (g ) R VI

.
do—R™E(S) | 2T
TAOEE T ”( *

A >6AT
BB+ A)
for T' > log(2)/A.

19 Note that we do not use the simpler form of 1 (d(Ui,Uz)) given in Definition and Remark 7.1.1 here for illustrative

reasons.
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7.3.4 Remark

Since decreasing R can be interpreted as enlarging the hypercube C by rescaling, it is also interesting
to consider the limit of the upper bound in Corollary 7.3.3 for R — 0. In order to obtain interesting
behaviour, we let «, i.e. the birth rates of the edges, increase as R decreases in an appropriate way in

the following corollary, which follows immediately from Corollary 7.3.3.

7.3.5 Corollary
In the m-dimensional case with ¢ (7) = 1z z<r}(7), we set a = F(%—i—l)w*mmR*m. For T'> log(2)/A,

we then have
dry (MixPo(Ar), MixPo(371(S;_ + E(S))(1 — e #47=)))

< {;’?( 0% +E(S?) + E(S)> <r(zj1)> %R*%\/:Fe*%” + 4E(S) <2T + MM)eAT.

7.3.6 Remark

We may now let R = R(T') converge to zero as T — oo in such way that the upper bound from
Corollary 7.3.5 still converges to zero as T' — oco. As a result, we can obtain a approximation for the
degree distribution at some finite time 7" and an upper bound for the corresponding approximation
error for small R. Since a small R corresponds to a large hypercube (see Remark 7.3.4 above), this

result might be interesting for applications.

7.3.2 Edge probability depending linearly on distance

For the sake of simplicity, we stick to the one-dimensional case here. We consider the case where the
probability for a potential edge to be deleted is proportional to two times the distance between the

corresponding nodes, i.e. the function v is given by
P(z) =1-—2z.

In order to obtain an upper bound for dry (MixPo(Ar), MixPo(M)) from Theorem 7.1.5, we need the

following lemma.

7.3.7 Lemma

For the one-dimensional case with ¥(x) = 1 — x, we have

o1 , 1
¢:§and0¢:ﬁ

Proof: Let Uy, Us and U be defined as in Definition and Remark 7.1.1. We then have

b = B (d(U1, U)) = B(@(U)) = 1 — 2B(U) = %

Furthermore, we obtain

E((¢(d(U1,02)))%) = E($(U)?) = E((1 - 2U)?)
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Figure 7.3: Simulated realizations of the case where the edge probability depends linearly on the
distance of the spatial model with « = 4 and 8 = A =1 for T = 3 and T = 4 and

deterministic social indices.

S
Qo

(a) T=3 (b) T=4

Figure 7.4: Simulated realizations of the case where the edge probability depends linearly on the
distance of the spatial model with o« = 4 and 8 = A = 1 for T = 3 and T = 4 and
Pareto(3,2/3) distributed social indices.
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and compute

E((1—2U)?) = 2/(1 — 22)2dx = 2[37 —2z% + 4;1; = %
0
Finally, this implies
% = Var(w(d(U,U2)) = B0, 02))?) — (EQé(d(Uh, U))* = 5 — = ==

Lemma 7.3.7 allows us to state the following corollary, which reveals an explicit expression for the

asymptotic degree distribution and follows directly from Corollary 7.1.2 and Lemma 7.3.7.

7.3.8 Corollary

For the one-dimensional case with ¢(x) = 1 — z, we have that

MixPo < 23

(S1. +E(S)( e—“w)

is the asymptotic degree distribution.

Theorem 7.1.5, Definition and Remark 7.1.4 and Lemma 7.3.1 yield the following corollary, which

provides convergence rates.

7.3.9 Corollary

For the one-dimensional case with ¢ (x) = 1 — x, we have

dry (MixPo(Ar), MixPo(M)) < —— <\/305 +E(S?) + E(S >

+2aE(S <2T + AT

BB+ A))
for T > log(2)/\.

7.3.3 Gaussian kernels

Finally, we would like to consider the case where v is a Gaussian kernel, i.e. the density of the standard

normal distribution renormalized so that 1(0) = 1. More precisely, we define

1;2
for x € [0,1/2] and some R > 0.
7.3.10 Lemma
For the one-dimensional case with ¢ (x) = e~/ R we have

)= Jﬁ(m(&) - 1> and o7 = Jﬁ(z@(&) - 1> —wR<2q><\/;7R) - 1)27

where ® denotes the cumulative distribution function of the standard normal distribution.
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1.0

0.8

0.6

0.4
|

0.2

0.0

0.0 0.1 0.2 0.3 0.4 0.5

T

Figure 7.5: The Gaussian kernel ¢ defined by (7.11) for R = 0.01 (black line), R = 0.05 (red line),
R = 0.1 (green line) and R =1 (blue line)

Proof: Let U be defined as in Definition and Remark 7.1.1. We then have

1

¥ =E®@(U)) = Q/e—idx =20 (Vi%)m —20(0)V7R = \/ﬁ<2<b <\/;Tz> - 1).
0

Analogously, we obtain

E(((U)2) = 2ie—25dx — 20 (%) \/? _ 2@(0)\/? _ Vﬁ(m(\}ﬁ) _ 1>.
0

By Definition and Remark 7.1.4, we thus have

o2 = Var(p(U)) = E(((U)?) — (E((U)))? = V2rR <2q> <\/17€> _ 1> R (2@ <1> _ 1)2.

The following corollary gives us an explicit expression for the asymptotic degree distribution and is

an immediate consequence of Corollary 7.1.2 and Lemma 7.3.10.
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7.3.11 Corollary

For the one-dimensional case with ¥ (x) = e~ **/R

, we have that

MixPo (M(Q@ <\/;Tz) - 1) %(SJOO +E(S))(1 - e‘fBAJoo))

is the asymptotic degree distribution.

The following corollary reveals convergence rates.

7.3.12 Corollary

For the one-dimensional case with ¢(z) = e /R

, we have

dTV (MIXPO(AT) ; MIXPO(M) )

< Y320 (o3 + () VERR)! + E($)(2xR) ) VTe DT + 0/ RE(S) (27 +

LYo
BB+ A)
for T > log(2)/\.

Proof: Using )
ol — ) <1,
(7o) -
the statement can easily be deduced from Theorem 7.1.5 and Lemma 7.3.10. O

Finally, we consider the case where a depends on R in a reasonable way for the reasons stated in
Remark 7.3.4.

7.3.13 Corollary
In the one-dimensional case with 1(z) = e™**/R | we set a = (7773)7%. For T > log(2)/A, we then have

drv (MixPo(Ar), MixPo(M))
1
2

V32 <<a§ + ‘/f%‘i%) - \/iE(S)(wR)i> VTe 27T 1 4E(S) <2T - B(ﬁAHJ e

< Yoz
A

7.3.14 Remark
Of course we could consider more than one dimension, analogously. In this case, we could for example

apply the density of the multivariate normal distribution.






8 Concluding remarks

We end this thesis by summarizing the most important contributions of this thesis in a few sentences,

discussing our findings briefly and giving a short outlook.

In this thesis, we mainly focused on a loop-free version of the original dynamic random network
model by Britton and Lindholm. We placed the model among other, well-known network models. We
found several interesting similarities to other models and pointed out differences. We motivated its
applicability, in particular by proving that its asymptotic degree distribution can exhibit power law

behaviour.

In large parts of this thesis, we were concerned with the derivation of convergence rates for the de-
gree distribution in this model. As a by-product, we have obtained a rigorous proof of the convergence
itself. We have proved several results along the way that might also be of interest in other contexts.
Most remarkably, we found the age distribution of a linear birth and death process. This result might
be very useful for applications since the linear birth and death process is a very popular population
model and the age is a very natural and interesting quantity. In order to prove an explicit formula for
the cumulative distribution function of the age, we applied contour processes. Some of the techniques

that we used might also be helpful for the derivation of related results.

For the pure birth case with deterministic social indices, this network model can be seen as a variant
of a continuous-time uniform attachment model. For the discrete-time uniform attachment model, we
have the convergence rate O(1/n) (cf. Theorem 5.4.17). Since n is the number of nodes, we would thus
expect the rate O(E(1/Yr)) for the pure birth case with deterministic social indices. Indeed, since we
have og = 0 for deterministic social indices, we obtain a rate of this order by Theorem 6.3.1.

Since we have the convergence rate O(log(n)/n) for the classical discrete-time preferential attach-
ment models (cf. Theorem 5.4.4) and the expected population size E(Y;) increases exponentially in ¢,
it is plausible that we still obtain an exponential rate if the social indices are random.

Note that rates for the convergence towards the asymptotic degree distribution in models that
include fitness do not appear to have been considered before. Those rates can be very interesting for
applications since they allow us to judge the approximation of the degree distribution at finite time ¢
by the asymptotic one, which is considerably easier to deal with, for arbitrary t¢.

Note further that we have the convergence rate O(1/n) also for a sequence of Erdés-Rényi graphs by
Remark 5.3.3 corresponding to the rate O(E(1/Y7)) for the pure birth case with deterministic social
indices in the (loop-free version of the) Britton-Lindholm model. For the modified generalized random

graph model with independent and identically distributed non-deterministic weights, we obtained
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the rate O(y/1/n), which corresponds to the rate O(E(y/1/Y7)) for the pure birth case with non-
deterministic social indices.
In Chapter 7, we also obtained exponential rates for an extension of the model, where positions of

the nodes were considered in the attachment procedure.

Some of the techniques used in this thesis in order to find the convergence rates might also be useful
for extended or completely different network models. In particular, it would be interesting to derive
rates for a model that allows a combination of fitness and preferential attachment.

Apart from that, the model could be extended in various ways. Since many real-world networks
are very complex, one might want to consider different types, e.g. sexes, of nodes or covariates that
influence the attachment procedure. It would also be interesting to consider dependent social indices
since in some real-world networks popularity is partly influenced by neighbours or inherited.

In the spatial version, uniformly distributed positions of nodes might not be particularly realistic in
many contexts. One could use a more complex point process instead. Furthermore, the spatial model

could of course be extended to the case where nodes can die.

Finally, it would of course be interesting to apply (the loop-free version of) the model by Britton

and Lindholm to data from real-world networks.



A Appendix

A.1 R code for the introduction

Simulation of the Britton Lindholm model without loops

library(igraph) ;
gpareto=function(u, a, b) b/(1-u)~(1/a)
rpareto=function(n, a, b) gpareto(runif(n),a,b) #Pareto distribution
lambda=1; alpha=3; beta=1;
M=1;
T=5;
degrees =rep(0,M);
for(m in seq(1, M,by=1))
{
E=vector();
S=1ist();
Y=1;
S=1;
tbirth=0;
while (tbirth[length(tbirth)]<T)
{
h=rexp(1,1)/(Y*lambda) ;
tbirth=c(tbirth,tbirth[Y]+h);
if (tbirth[Y+11<T)
{
Y=Y+1;
S=c(S8,1);
if (Y>2)
{
for(k in seq(1, Y-1,by=1))
{
number_edges=rpois(1, alpha*S[k]*(tbirth[Y]-tbirth[Y-1]));
for(j in seq(0, number_edges,by=1))
{
K=sample(setdiff (1:(Y-1),k)) [1];
if (30 )
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edge_birth_time=runif(1,tbirth[Y-1], tbirth[Y]);
if(T-edge_birth_time < (rexp(1,1)/beta))
{E=c(E,c(X,k));}

}
else #last interval
{
if (Y>2)
{
for(k in seq(1, Y,by=1))
{
number_edges=rpois(1l, alphax*S[k]*(T-tbirth([Y]));
for(j in seq(0, number_edges,by=1))
{
K=sample(setdiff(1:Y,k)) [1];
if (50 )
{
edge_birth_time=runif (1,tbirthl[Y], T);
if (T-edge_birth_time < (rexp(l,1)/beta))
{E=c(E,c(K,k));}

}
g=graph( E, n=Y );
}

plot.igraph(as.undirected(g, mode="each"), vertex.size=3*S, vertex.label=NA)

A.2 R code for Chapter 4

Simulation of the contour process

n=500
T=1.5
lambda=2

mu=1



A.2. R code for Chapter 4

149

# The ages of the first Y_T-1 individuals
rages=vector ()
for(i in 1:n)
{
ages=vector ()
x=0
end=0
slope=1
while (end==0)
{
if (slope==1)
{
xn=x+rexp(1,mu)
slope=-1
if (xn>T)
{x=T}
else
{x=xn}
}
else
{
xn=x-rexp(1,lambda)
slope=1
if (x==T)
{ages=c(ages,T-xn)}
if (xn<0)
{
x=0
end=1
}
else

{x=xn}

}

if (length(ages)>1)
{
ages=ages[-length(ages)]
rages=c(rages, ages)
}

}

cdfexp=function(x) 1-(exp(-lambda*x)-exp(-(lambda-mu)*T)*exp (-mu*x))
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/ (1-exp (- (lambda-mu) *T))
plot(ecdf (rages) ,xlim=range(0:2) ,xlab="t’,1lwd=1.5,cex.lab=1.4,0cex.axis=1.2)
curve (cdfexp,add=TRUE , xlim=range(0:1.5), lwd=1.5, col=’gray’, from=0, to=T)

# The age of the last individual
n=5000
rages=vector ()
for(i in 1:n)
{
age=0
x=0
end=0
slope=1
while (end==0)
{
if (slope==1)
{
xn=x+rexp(1,mu)
slope=-1
if (xn>T)
{x=T}
else
{x=xn}
}
else
{
xn=x-rexp(1,lambda)
slope=1
if (x==T)
{age=min(T-xn,T)}
if (xn<0)
{
x=0
end=1
}
else

{x=xn}

}
if (age>0)

{rages=c(rages, age)}
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}
cdfexp=function(x) (lambda*(1-exp(-mu*x))-mu*(l-exp(-lambda*x)))/(lambda-mu)
plot(ecdf (rages) ,xlim=range(0:2) ,xlab="t’,ylab=’ ’,main=NULL)
curve (cdfexp,add=TRUE,xlim=range(0:1.5), lwd=2, col=’gray’, from=0, to=T)

Simulation of a linear birth and death process

1bd= function(al,a2,x0,Tmax) #simulates a linear birth and death process
{

a=al+a2

tdeath=rexp(1)/a

x=rep(0,1)

time=rep(0,1)

x[1]=x0

time[1]=0

i=1

while(time[length(time)]<Tmax )
{i=i+1; tdeath=cbind(tdeath,rexp(l)/a);

if (x[i-11==0)
{x=x[1:1i-1]

time=time[1:i-1]

return(list (x=as.vector(x),time=as.vector(time)))

}

else

{

if (runif (1)>al/a)
{x=cbind(x,x[i-1]-1)}

else
{x=cbind (x,x[i-1]1+1)}
time=cbind(time,time[i-1]+tdeath[i-1]/x[i-1])
}
}

x=x[1:1length(x)-1]

time=time[1:length(time)-1]
return(list(x=as.vector(x) ,time=as.vector(time)))

3

Simulation of the age distribution

N=5000
T=1.5

lambda=2; mu=1
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ages=vector ()
for(n in seq(1, N,by=1))
{
p=1bd (lambda,mu,1,T)
if (p$x[length(p$x)1>0)
{
s=1
zg=1
zt=0
gzp=rep(0,length(p$x))
tzp=rep(0,length(p$x))

if (length(p$x)>1)
{
for(k in seq(2, length(p$x),by=1))
{
if (p$x[k]-p$x[k-1]==1)
{
zg=zg+1

gzp [zg]l=p$time [k]
s=union(s,zg)

}

else

{
zt=zt+1
tzp[zt]=p$time [k]
r=sample(1l:length(s),1,replace=TRUE)
s=setdiff(s,s[r])}

age=rep(0,length(s))

for(i in seq(l, length(s),by=1))
{age[i]=T-gzp[s[ill}

ages=c(ages,age[sample.int(length(age), 1)1)

}

cdfage=function(x) as.numeric(x > T)+as.numeric(x <= T)*((1-(lambda-mu)

/ (lambdax*exp ((lambda-mu) *T)-lambda) *1log( (lambda*exp ( (lambda-mu) *T) -mu) / (Lambda-mu) ) )
* (1- (exp(-lambda*x) -exp (- (Lambda-mu) *T) *exp (-mu*x) ) / (1-exp (- (Lambda-mu) *T) ) )

+ (lambda-mu)/ (lambda*exp ((lambda-mu) *T) -lambda) *1log( (lambda*exp ((lambda-mu) *T) -mu)
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/ (lambda-mu) ) * (lambda* (1-exp (-mu*x) ) -mu* (1-exp (-lambda*x)) )/ (lambda-mu) )
cdfexp=function(x) 1-exp(-lambda*x)

plot(ecdf (ages) ,xlim=range(0:2) ,xlab="t’,ylab=’ ’,main=NULL)

curve (cdfage,add=TRUE,col="gray’ ,xlim=range(0:1.5), from=0, to=T)

curve (cdfexp,add=TRUE, col="gray’ ,xlim=range(0:2), from=0, to=2.5,1ty=3)

A.3 R code for Chapter 6

Simulation of the convergence rate

#inverse of the cdf of the Exp(lambda) distribution truncated at t:
itexp=function(u, m, t) { -log(l-ux(l-exp(-t*m)))/m }
#Exp(lambda) distribution truncated at t:
rtexp=function(n, lambda, t) { itexp(runif(n), lambda, t) }
#inverse of the cdf of A_2 given Y_T=yt:
inv= function(u, yt, lambda, t) {log(1-u~(1/(yt-1))*(1-exp(lambda*t)))/lambda}
#distribution of A_2 given Y_T=yt, i.e. of the minimum of yt-1 iid truncated
#Exp(lambda) distributed random variables:
ra2=function(n, yt, lambda, t) { inv(runif(n), yt, lambda, t) }
alpha=1; beta=1; my.lambda=1
my .mu=0 #constant
my.start=1
maxT=7
step=0.125
E=rep(0,maxT/step)
n=500
logtv=seq(step, maxT,by=step)
#Asymptotic distribution
S=1
Z=rexp(n,my.lambda)
Z=1-exp(-betax*Z)
M=alpha/beta*2*Z
asymptotic_degree=rpois(n,M)
for(T in seq(step, maxT,by=step) )
{
logg=log(exp(my.lambda*T)-1)-my.lambda*T #Y_T~Geo(1-q)
degree=vector ()
for (k in seq(l, n,by=1) )
{
state=as.numeric(ceiling(-rexp(1,1)/logq))# Geo(1l-q); here we use
#ceiling(X) “Geo(p) for X"Exp(-log(1-p))

while(is.na(state))
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{state=as.numeric(ceiling(-rexp(1,1)/logq))}
J_T=ceiling(runif(1,0,state))
if(J_T>1)
{
age=rtexp(l, my.lambda, T) #age ist am Ende A_max(J_T,2)
}
else if (state>1)
{
age=ra2(1, state, my.lambda, T)
}
if (state==1)
{Lambda_T=0}
else
{Lambda_T= 2*alpha/beta*(l-exp(-beta*age))}
if (Lambda_T==0)
{degree=c(degree,0)}
else

{degree=c(degree,rpois(1,Lambda_T))}

sum4=0
N=50
for(k in seq(0, N,by=1) )
{sum4=sum4+abs (sum(degree==k) /n-sum(asymptotic_degree==k)/n)}
logtv[T/stepl= log(sum4/2)/(-my.lambdax*T)
E[T/stepl=sum4/2
}
onef=function(x) 1
plot(logtv,xaxt="n",xlab="T",)
axis(1,at=0: (maxT/step),labels=seq(0, maxT,by=step))
axis(2,at=1,labels=1)
onefv=Vectorize (onef)

curve (onefv,add=TRUE, lwd=1.5, col=’gray’,lty=2,from=0)

Simulation of E(|Ar — M|)

itexp=function(u, m, t) { -log(l-ux(l-exp(-t*m)))/m }

rtexp=function(n, lambda, t) { itexp(runif(n), lambda, t) }

inv= function(u, yt, lambda, t) {log(l-u~(1/(yt-1))*(1l-exp(lambda*t)))/lambda}
ra2=function(n, yt, lambda, t) { inv(runif(n), yt, lambda, t) }

alpha=1
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my . lambda=1

my.mu=0 #constant

my.start=1
beta=1
maxT=6.5
step=0.125
n=250000

E=vector ()

for(T in seq(step, maxT,by=step) )

{

print(T)

M=vector ()

Lambda_T=vector ()
logg=log(exp(my.lambda*T)-1)-my.lambda*T #Y_T~Geo(1-q)
for (k in seq(1, n,by=1) )

{

prob=1-(exp (my.lambda*T)-1)/exp(my.lambda*T) #Y_T~Geo (prob)
state=rgeom(1, prob)+1
if (state==1)
{times=0}
else
{
times=T-rtexp(state-1, my.lambda, T)
times=c(0,sort(times))
}
S=rexp(state,rate=1)
J_T=sample(l:state,l,replace=TRUE)
suml=sum(S[-J_T])/(state-1)*(1-exp(-betax(T-times[length(times)])))
if (state<3)
{
sum2=0
}
else
{
factr=(exp(-beta*(T-times[-c(1,2)]))- exp(-beta*(T-times[-c(1l,state)])))
/(1: (state-2))
summands=outer (S, factr)
which=outer(1l:state,2: (state-1),function(i,l){pmax(i,J_T)<=1&i !'=J_T})
sum2=sum (summands [which])
}
if (state==1)
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Lambda_T=c(Lambda_T,0)
M=c (M, 0)
}
else
{
age=T-times[max(2,J_T)]
Lambda_T= c(Lambda_T,alpha/beta*S[J_T]*(1-exp(-betaxage))
+alpha/beta*suml+alpha/beta*sum2)
Z= -log(1-(1-exp(-my.lambda*age))/(1-exp(-my.lambda*T)))/my.lambda
M=c (M, alpha/beta*x(S[J_T]+1)*(1-exp(-beta*Z)))

}

E=c(E,sum(abs (M-Lambda_T))/n)

#E=c (E, sum(abs (sqrt (M) -sqrt (Lambda_T))) /n)
}
logE= log(E)/(-my.lambda*seq(step, maxT,by=step))
onef=function(x) 1/2
plot(logE,ylim= c(0,3),xaxt="n",xlab="T")
axis(1,at=0: (maxT/step) ,labels=seq(0, maxT,by=step))
axis(2,at=1/2,labels=1/2)
onefv=Vectorize (onef)
curve (onefv,add=TRUE, lwd=1.5, col=’gray’,lty=2,from=0)

Simulation of (6.79)

itexp=function(u, m, t) { -log(l-ux(l-exp(-t*m)))/m }
rtexp=function(n, lambda, t) { itexp(runif(n), lambda, t) }
inv= function(u, yt, lambda, t) {log(l-u~(1/(yt-1))*(l1-exp(lambda*t)))/lambda}
ra2=function(n, yt, lambda, t) { inv(runif(n), yt, lambda, t) }
alpha=1; beta=1; my.lambda=1; my.mu = O

my.start = 1

maxT=7

step=0.25

n=500000

E=vector ()

S=rexp(n,rate=1)

asymptotic_degree=vector()

Z=rexp(n,my.lambda)

Z=1-exp(-beta*Z)

M=alpha/beta*(1+S)*Z

for(T in seq(step, maxT,by=step) )
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Lambda_T=vector ()
for (k in seq(l, n,by=1) )
{
prob=1-(exp (my.lambda*T)-1)/exp(my.lambda*T) #Y_T~Geo (prob)
state=rgeom(1, prob)+1
print (k)
if (state==1)
{times=0}
else
{
times=T-rtexp(state-1, my.lambda, T)
times=c(0,sort(times))
}
S=rexp(state,rate=1)
J_T=sample(l:state,1,replace=TRUE)
suml=sum(S[-J_T])/(state-1)*(1-exp(-beta*(T-times[length(times)])))
if (state<3)
{
sum2=0
}
else
{
factr=(exp(-beta*(T-times[-c(1,2)]1))
- exp(-beta*(T-times[-c(1,state)])))/(1: (state-2))
summands=outer (S, factr)
which=outer(l:state,2: (state-1),function(i,l){pmax(i,J_T)<=1&i!= J_T})
sum2=sum (summands [which])
}
if (state==1)
{
Lambda_T=c(Lambda_T,0)
}
else
{
age=T-times [max(2,J_T)]
Lambda_T= c(Lambda_T,alpha/beta*xS[J_T]*(1-exp(-beta*age))
+ alpha/beta*suml+alpha/beta*xsum?)

}
E=c(E,mean(abs (sort (Lambda_T)-sort (M))))
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}

logE= log(E)/(-my.lambda*seq(step, maxT,by=step))
onef=function(x) 1

plot(logE,xaxt="n",xlab="T")

axis(1,at=0: (maxT/step),labels=seq(0, maxT,by=step))
axis(2,at=1,labels=1)

onefv=Vectorize (onef)

curve (onefv,add=TRUE, lwd=1.5, col=’gray’,lty=2,from=0)

A.4 R code for Chapter 7

Simulation of a spatial model

library(igraph) ;

d=function(x,y) min(abs(x-y), abs(x+1l-y), abs(y+1-x))
psi=function(x,y) 1-2*d(x,y)

alpha=3; beta=1; lambda=1;

degrees =rep(0,M);
for(m in seq(1, M,by=1)) {
E=vector();
S=1list();
Posl= runif(1,0,1);
N=c(1,Posl);
Y=length(N)/2;
S=rpareto(1,3,2/3);
tbirth=0;
while (tbirth[length(tbirth)]<T)
{
h=rexp(1,1)/(¥*lambda);
tbirth=c(tbirth,tbirth[Y]+h);
if (tbirth[length(tbirth)-11<3%T/4 && tbirth[length(tbirth)]>3*T/4)
{N1=N
Yi=Y
E1=E}
if (tbirth[Y+1]<T)
{
Posi= runif(1,0,1);
Y=Y+1;
N=c(N,c(Y,Posi));
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S=c(S,rpareto(1,3,2/3));
if (Y>2)
{

for(k in seq(1, Y-1,by=1))

{number_edges=rpois(1, alpha*S[k]*(tbirth[Y]-tbirth[Y-1]));
for(j in seq(0, number_edges,by=1))
{K=sample(setdiff (1:(Y-1),k)) [1];

if (j>0 && (psi(N[2*K],N[2%k]) >= runif(1,0,1)))
{ print(psi(N[2*K],N[2xk]))
print (N[2xK])
print (N[2xk])
edge_birth_time=runif(1,tbirth[Y-1], tbirth([Y]);
if (T-edge_birth_time < (rexp(1,1)/beta))
{E=c(E,c(K,k));}

}
else #last interval
{if (Y>2)
{
for(k in seq(1, Y,by=1))
{number_edges=rpois(1l, alphaxS[k]*(T-tbirth[Y]));
for(j in seq(0, number_edges,by=1))
{K=sample (setdiff (1:Y,k)) [1];
if (j>0 && (psi(N[2*K],N[2#k]) >= runif(1,0,1)))
{
print (psi (N[2*K],N[2%k]))
edge_birth_time=runif(1,tbirth[Y], T);
if (T-edge_birth_time < (rexp(1l,1)/beta))
{E=c(E,c(K,k));}

}
gl=graph( E1, n=Y1 );
g=graph( E, n=Y );
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M=matrix( , nrow=Y, ncol=2, byrow=TRUE)

for(i in seq(1, Y,by=1))

M[i,1]=sin(N[2*i]*(2xpi)); M[i,2]=cos(N[2*il*(2*pi)); }

Mi=matrix( , nrow=Y1l, ncol=2, byrow=TRUE)

for(i in seq(1, Y1,by=1))

{M1[i,1]=sin(N1[2*%i]*(2*pi)); M1[i,2]=cos(N1[2*xi]l*(2*pi)); }
plot.igraph(as.undirected(gl,mode="each") ,vertex.size=S[1:Y1]*4,layout=M1,
vertex.label=NA)

plot.igraph(as.undirected(g,mode="each") ,vertex.size=8*4,layout=M, vertex.label=NA)
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Br

Be

minimum operator

maximum operator

tail equivalence

indicator function

a positive constant related to the rates at which edges are created
Exp(\) distributed random variable

age of node i at time T in the linear birth and process (Y;):>0

death rate of the edges

beta function

number of births up to time 7" in the linear birth and process (Y;):>0
Bernoulli distribution

a m-dimensional unit hypercube

number of deaths up to time 7" in the linear birth and process (Y;):>0
equal in distribution

degree of a node picked uniformly at random at time T’

total variation distance

Wasserstein distance

edge set/multiset

conditional expected value defined by E*(-) =E(-|Yr > 0)

gamma function
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Geo geometric distribution on N

H a set of piecewise linear functions

(Hz)z>0 the (deflected) contour process

Jr node/individual picked uniformly at random at time T
k(T) defined by k(T) = Le%()‘+“)Tj.

K(T) defined by K(T') = max{k : T, < T'/2}

A per-capita birth rate of the linear birth and process (Y)i>0
Ar random variable such that L(Ap|Yr > 0) = L(AY)
A% defined such that MixPo(A%.) is the degree distribution in the Britton Lindholm model

L(X) probability law of a random variable X

L lifetime of an individual

M number of events up to time 7" in the linear birth and process (Y)i>0

7 per-capita death rate of the linear birth and process (Y;)i>0

M random variable such that L(M|Yr > 0) = L(M™)

M* defined such that MixPo(M*) is the asymptotic degree distribution in Chapter 6 and 7
MixPo mixed Poisson distribution

N the set of positive integers

Ny the set of non-negative integers

(©, A,P) a probability space

0,0 Landau symbols
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%) a slowly varying function
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P(i) position of node 4 in the spatial model
P* probability measure defined by P*(-) =P(-|Yy > 0)
PX distribution of the random variable X
Py .1 probability law of the contour process with parameters A and p deflected at T'
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Pareto(6,b)
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T T

(3 (2

le
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Pareto distribution with parameters 6 and b having density jﬁ%]}-{zzb}
function that maps the birth number to the event number

number of nodes that are alive at time 7; and survive up to time 7" in (Y%)¢>0
generated o-algebra

standard deviation of the social index distribution

random variable distributed according to the social index distribution

social index of node i

ordinary stochastic order

set of binary trees

time of the [th event in the linear birth and process (Y;):>0

birth and death time of node i, respectively, in the linear birth and process (Y;)i>0
node set

weak convergence

a linear birth and death process

defined by Y, = limy_,o0 Y7
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