EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Eindhoven University of Technology

MASTER

Explosiveness of age-dependent branching processes with contagious and incubation
periods

Gulikers, L.

Award date:
2014

Link to publication

Disclaimer

This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain


https://research.tue.nl/en/studentTheses/aafdb18c-60e3-4ad6-86db-d07c1ae976dd

TECHNISCHE UNIVERSITEIT EINDHOVEN
Department of Mathematics and Computer Science

Explosiveness of Age-Dependent
Branching Processes with Contagious
and Incubation Periods

Master’s Thesis

Lennart Gulikers
November 3, 2014

Supervisors:
Dr. Julia Komjéathy
Prof. Dr. Remco van der Hofstad






Abstract

We study explosiveness of various age-dependent branching processes capable of describing
the early stages of an epidemic-spread. The spread is considered from a twofold perspective:
propagating from an individual through the population, the so-called forward process, and
its infection trail towards an individual, the backward process. Our analysis leans strongly
on two techniques: an analytical study of fixed point equations and a probabilistic method
based on stochastic domination arguments.

For the classical age-dependent branching process (h, G), where the offspring has probability
generating function h and all individuals have life-lengths independently picked from a
distribution G, we focus on the setting h = hZ, with L a function varying slowly at infinity
and o € (0,1). Here, h%(s) =1 — (1 — s)*L(1X), as s — 1. The first main result in this
thesis is that for a fixed G, the process (h%, G) explodes either for all a € (0,1) or for no
a € (0,1), regardless of L.

We then add contagious periods to all individuals and let their offspring survive only if
their life-length is smaller than the contagious period of their mother, hereby constituting a
forward process. It turns out that an explosive process (h%, G), as above, stays explosive
when adding a non-zero contagious period. This is the second main result in the underlying
thesis.

We extend this setting to backward processes with contagious periods.

Further, we consider processes with incubation periods during which an individual has already
contracted the disease but is not able yet to infect her acquaintances. We let these incubation
periods follow a distribution I. In the forward process (h%, G, I);, every individual possesses
an incubation period and only her offspring with life-time larger than this period survives.
In the backward process (hZ, G, I)y, individuals survive only if their life-time exceeds their
own incubation period. These two processes are the content of the third main result that
we establish: under a mild condition on G and I, explosiveness of both (h, G) and (h,I) is
necessary and sufficient for processes (hZ, G, I); and (hE, G, I), to explode.

We obtain the fourth main result by comparing forward to backward processes: the explosion
time in the former stochastically dominates the explosion time in the latter.







“Whatever an education is, it should make you a unique individual, not a conformist;
it should furnish you with an original spirit with which to tackle the big challenges;
it should allow you to find values which will be your road map through life; it should
make you spiritually rich, a person who loves whatever you are doing, wherever
you are, whomever you are with; it should teach you what is important: how to
live and how to die.”

John Taylor Gatto, Dumbing Us Down'

1 Quotation taken from [11].
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Introduction

In this thesis we model and analyse the early stages of an epidemic spread by studying
age-dependent branching processes.

We shall first present an overview on age-dependent processes when the number of offspring
of any given individual has infinite expectation. Having defined these processes, we introduce
the model of epidemic spreads that is of our interest and point out a natural connection
to age-dependent branching processes. We then motivate the need for studying an infinite
mean in those branching processes by considering random graph models as an appropriate
tool for the study of epidemics on a finite population.

Because age-dependent branching processes are extensively studied throughout literature,
we shall not try to give a complete overview of the field. Rather, we mention the papers that
are key to the investigation in the underlying thesis.

Grey [14] wrote in 1974 one of the earlier papers on age-dependent branching processes. He
considered the explosiveness problem of the following Bellman-Harris process. An initial
ancestor has a random life-time and upon death she produces a random number of offspring
with probability generating function h. Their life story (life length and number of children
they give birth to) is independent and has the same distribution as that of the initial
ancestor, and so on for their children. All life-lengths are picked from some (cumulative)
distribution function G. All individuals in this process, that we shall denote by (h,G),
reproduce independently of one another. Explosiveness is now the phenomenon that an
infinite amount of individuals are born in a finite amount of time. Grey [14] uses an analytical
approach to characterize explosiveness: he derives a fixed point equation for the generating
function of the total size of the alive population at any time ¢, and studies the number as
well as behaviour of its solutions. He concludes his paper by presenting some examples; most
notable, a process where the offspring probability generating function h corresponds to a
random variable D that satisfies a power law, that is there are @ € (0,1), ¢,C > 0 and a
function L varying slowly at infinity such that

cL(x) <P(D>)< CL(z)

o , (0.1)
for large x. Roughly speaking, whether the process (h, G) is explosive or not depends on the
behaviour of G (i.e., it’s flatness) around the origin. Keeping this in mind, Grey makes a
successful attempt to localize the borderline in terms of life-length distribution functions
that together with h are just not flat enough to prevent the process from exploding. He puts
forward two distribution functions that are extremely flat around the origin: one such that
the process is explosive and another which ensures that the alive population is finite at all
time (i.e., a conservative or non-explosive process). We shall improve on this boundary and
demonstrate that, in fact, explosiveness of those processes is independent of the particular
choice of o € (0,1): for a fixed G the process explodes either for all « or is conservative for
all choices of a.

It is worth noting that Markovian age-dependent branching processes, that is processes with
exponential life-times, are well-understood, see for instance [16]. Such a process is explosive
if and only if A'(1) = oo (i.e., infinite expectation for the offspring) and

/1 ds  _
— < oo,
1—e 85— h(S)
for suitably small € > 0.
Since then, various attempts have been made to characterize explosive branching processes.
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For instance, Sevastyanov [18] proved a necessary condition for explosiveness of age-dependent
branching processes. He demonstrated that if there exist 6, e > 0 such that

€ 146\ d
/ G* <+ ) Y- 00,
0 w(y)/) y
where w is defined for y > 0 by y - w(y) =1 — h(1 — y) and G* is the inverse function of G,
then the process (h, G) is explosive. Inspired by this result, he suggests that the condition

for all suitably small € > 0, might very well be necessary and sufficient for a process to be
explosive.
In 1987, Vatutin [19] gives a counterexample that disproves necessity and sufficiency of (0.2)
for explosiveness. Remarkably, he presents a distribution function G defined for small ¢t > 0 by
G(t) = e~/ as an example for which (0.2) is satisfied for all probability generating functions
h. However, he notes that there exists a h such that the process (h, G) is conservative and
thereby violating the conjecture.
In 2013, Amini et al. presented in [1] a necessary and sufficient condition for explosiveness
covering a wide range of processes, namely those for which the number of offspring is an
independent copy of some random variable D that is plump, i.e., for some ¢ > 0,

P(D > mi*e) > L, (0.3)

m

for all sufficiently large m. Their paper falls within the broader context of branching random
walks, a quite different approach that we shall describe later on. They reasoned that in an
explosive process one finds in almost every realization an exploding path: an infinite path
with the property that the sum of the edge-lengths along it is finite. Obviously, the sum of
life-lengths along every single path to infinity is always less than or equal to the sum over the
minimal life-length in every generation. We call a process min-summable if the latter sum
is almost surely finite, which is a necessary condition for explosion. Remarkably, although
seemingly much weaker, they prove that this event is also sufficient for a plump process to
explode. They provide a constructive proof: given that a process is min-summable, they
construct an algorithm that almost surely finds an exploding path. This results in an easily
verified if and only if condition that we recite in Theorem 2.10.
To fully employ the last result, it is desirable to have estimates on the growth of generation
sizes. Davies shows in [6] that for an ordinary branching process, its growth settles to an
almost deterministic course after some initial random development. Loosely speaking, if
the distribution D behaves as in (0.1) for some a € (0,1), then upon denoting the size of
generation n by Z,, we have for large n: Z, +1 ~ e"/*" where W is a random variable with
exponential tail behaviour and P (W = 0) equals the extinction probability of the process.
We shall combine the aforementioned results in [1] and [6] to extend the theory presented by
Grey in [14].
We now briefly discuss non-negative branching random walks on R as they are described in
[1]. The process starts with one particle at the origin, that jumps to the right according to
some displacement distribution function G, at which instant it gives birth to an offspring
with probability generating function h. The process is then repeated: all particles in a
particular generation independently take a random-length jump to the right according to
the distribution function G and then give birth to the individuals in the next generation.
We let M,, be the distance from the origin of the leftmost particle in generation n € N
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and define M,, = oo if there are no particles in generation n. Explosion is the event that

lim M,, =V < oo with positive probability, i.e., an infinite amount of particles stays within
n—oo

a distance V' < oo from the origin.

Let us write D for the number of offspring of a single individual with probability generating
function h in a non-negative branching random walk. It turns out that E [D] € (1, 00) ensures
the existence of a constant -+ such that, conditional on survival,

M'Il a.s.
— S, as n — 0o,
n

see Hammersley [15], Kingman [17] and Biggins [4]. Thus, M,, = yn + o(n) for large n, and,
hence, explosiveness necessitates v to be 0.
Consider now H := E [D] G(0), with E[D] > 1 and note that there are three cases of interest:
H < 1,H=1and H > 1. Amini et al. infer that explosion does not occur for H < 1.
They additionally point out that, due to a theorem of Dekking and Horst [7], the random
variables (My,), converge almost surely to a finite random variable M, whenever H > 1.
They ultimately reason that the case E [D] = oo and G(0) = 0 is the most interesting, and it
is precisely this setting that we shall be principally concerned with.
We shall explain shortly how age-dependent branching processes may be employed to study
epidemic spreads. They are interesting tools in their own right to describe the initial phase
of an epidemic. Moreover, we will show that they naturally arise when studying epidemic
spreads on a random graph.
But, first, we define the rules of infection that we have in mind. We consider a very large
population of individuals subject to a disease and make the following assumptions regarding
the transmission of the disease:

e an individual ¢ may infect another individual j at one and only one specific instant after
she herself has contracted the disease. We call this period the infection-time X (i, j).
We shall assume that the variables (X (i,7)), . are i.i.d. with a general continuous
distribution function G;

,J

e an infectious contact results only in the infection of an individual if she has not been
infected earlier;

e an individual ¢ may possibly infect D; others that we call her children or offspring;

e infection might be prevented from happening because a person is only able to transmit
the disease during a contagious period. Thus, we give each node ¢ an independent
weight 7 (i) ~ C;

e cach individual ¢ additionally has an incubation period 7;(i) that is independently
chosen from some distribution function I. This time captures the period during which
an individual is not yet able to spread the disease;

e all random variables are non-negative.
From the preceding considerations it is obvious that individual 4 infects j if and only if
71(i) < X(i,5) < 79(0). (0.4)

The connection to the above age-dependent branching processes is made in the following way:
We select one individual at random that we shall call the root, and then artificially start the
epidemic by designating the root to be infected. Every individual 4 in the branching process
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gives birth to D; susceptible individuals. Each of those has a life-time that we identify
with the infection-time introduced above. Each individual furthermore possesses both an
incubation and contagious period and an infectious contact with each of her children does or
does not result in an infection according to the rule (0.4). During the initial spread of the
epidemic, the number of susceptible individuals constitutes almost the total population and
any alteration of it remains initially small in comparison with the total number of individuals.
Hence, if the population does not exhibit an underlying structure, such as the presence
of cliques of people, then the early stages of the epidemic are well approximated with an
age-dependent branching process.

We now discuss some literature on mathematical models of epidemics. Already in the early
fifties, scientists in the field used branching processes to model such spreads [20]. Those
models often assumed the population to have very large or infinite size. It was in the
late fifties and early sixties that random graphs were introduced [12]. These are powerful
tools to model realistic networks where the population has a large, but finite size n. The
age-dependent branching processes with infinite mean will naturally occur in the particular
random graph model that we have in mind. That model allows for edge-weights and has the
property that the local neighbourhood of a vertex has a tree-like structure.

We shall now briefly introduce random graphs. One could argue that the field was initiated
by Erdés and Rényi when they studied the random graph model that is named after them,
[9, 10]. In their model, the graph has n vertices and edges between any two vertices are
independently present with probability p.

We discuss next the configuration model, in which the vertices follow a power-law degree
sequence. Measurements from real-life networks show that in many of them, the number
of vertices with degree k falls of as an inverse power of k, [2, 8], i.e., a power-law. In a
follow-up paper we study the time it takes for the infection to spread from one uniformly
picked person U, € [n] to another V,, € [n] on the configuration model, CM,(d,,), on n
vertices with degree sequence Qn = (31, . ,jn) We denote by [n] = {1,...,n} the set of
vertices and attach to each i € [n] c;l; half edges, where all c/l; are independent copies of some
random variable D. The distribution of D follows a power law, that is, there are constants
¢1,Cy > 0 and « € (0,1) such that

& ~ Cy
ot <P (D > x) < patl’ (0.5)

for large x. Let us denote the total number of half-edges in the graph by £, and increase
one of the degrees by one in case L, is odd. Henceforth, we assume L, to be even. To
construct the graph, we label the half-edges in an arbitrary order from 1 to £,, and pair them
uniformly at random. More precisely, we pick uniformly at random two unpaired half-edges
and merge them into an edge. We give each half-edge (attached to vertex ¢ € [n]) a weight
X(i,7) indicating the time needed to infect the neighbour j connecting to this half-edge.
In addition we give each node i a contagious period 7¢ (i) and an incubation period 77(4).
The infection spreads then according to the rule set out above (0.4). The main result of the
follow-up paper of this thesis is that

A(Up, Vi) 5 Vi + Vj as n — oo, (0.6)

where d(u,v) indicates the time needed for u € [n] to infect v € [n] and Vy and Vj, are
explosion times intrinsically coupled to forward, (respectively) backward branching process
that we shall introduce shortly. These two types of branching processes are described in [3].
The forward process describes how the epidemic spreads in its early stages from an individual
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forward through the population. The backward process in its turn approximates the process
leading to a potential infection of a randomly chosen individual, see below for further details.
During the initial phase, individuals with a high degree are more likely to be infected first.
Thus, the infection, in its early stages, is biased to spread towards high-degreed vertices,
resulting in a different offspring distribution D. It can be shown that for both processes the
probability that an individual gives birth to an offspring of size j is approximated by

 GH+yP(D=j+1)
P(D=j)= =[] . (0.7)

It may be calculated from (0.5) that the offspring distribution satisfies again a power-law:

Cs

S <P(D>a)< 2,
x(x

xr -

(0.8)

for some c1,Cy > 0 and all sufficiently large . Note that « is the same as above, it is an
intrinsic property of the model. We emphasize that a € (0,1) throughout this thesis and
therefore D has finite expectation, but D has infinite expectation.

Equation (0.6) clearly demonstrates the strong dependence of the epidemic spread on the
underlying branching processes. The rest of this thesis therefore intends to be a more detailed
study of various age-dependent processes.

Most, if not all, literature on age-dependent branching processes deals with a setting where
individuals enjoy complete independence from one another. In this sense, our model is
different and we study it not in the least for its mathematical interest. We shall, however,
restrict our attention to the case where there is either a contagious period or an incubation
period, thereby excluding the case of both being mutually present. The main question that
this thesis aims to answer is formulated as follows: given an explosive process (h,G), is it
possible to stop it from being explosive by adding either an incubation period or a contagious
period? And, in case of an affirmative answer, what conditions must be imposed on those
periods to ensure conservativeness of the resulting process?

Structure of this thesis

The first chapter starts with introducing necessary terminology and notation. It furthermore
gives a more formal definition of the models followed by a presentation of the main results of
this thesis.

The second chapter is fully devoted to classical age-dependent branching processes: the
only parameters are the offspring distribution and the infection-time. Our attention is thus
restricted to a setting with infinite contagious periods and zero incubation times.

In the third chapter we study forward age-dependent branching processes with contagious
periods. These model the early stage of the forward spread, without the presence of an
incubation period.

Chapter four deals with backward age-dependent branching processes with contagious periods.
Their purpose is to model the process leading to the infection of an individual when the
spread of a disease is subject to contagious periods.

Chapter five compares the forward and backward processes with contagious periods. Inter-
estingly, in terms of explosiveness, both processes exhibit similar behaviour.

In chapter six we deal with forward age-dependent branching processes with incubation
periods. We shall study how the epidemic spreads forward in time under the influence of an
incubation period.

14



Chapter seven treats backward age-dependent branching processes with incubation periods.
Finally, in chapter eight we shall compare backward to forward processes with incubation
periods. A detailed analysis will show that, in a wide class of processes, explosiveness of the
forward process may be deduced from explosiveness in the backward process.
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1 Models and Main Results

1.1 Preliminary Definitions
Here we present necessary terminology and definitions that we shall make frequent use of.

Definition 1.1. By a random variable D that follows a heavy-tailed power law we mean
that D satisfies, for some ¢,C > 0, € (0,1),

L <PpD>a)< % (1.1)

T

8

for all sufficiently large x.

Definition 1.2. For any a € (0, 1), the function hy : [0,1] — [0, 1] is defined for s € [0,1]
by
ha(s)=1—(1-s)*. (1.2)

We show later that h, is the probability generating function of a random variable D that
satisfies (1.1).

Definition 1.3. A random wvariable D is said to have a plump distribution if, for some
e >0,

P(D >m'™) > —, (1.3)

3=

for all sufficiently large m.

Definition 1.4. By an i.i.d. sequence of random wvariables we shall mean a sequence of
random vartables that are mutually independent and identically distributed.

Notation 1.5. For any function f, we denote its inverse function by f* .
Notation 1.6. For any event A, we denote its complement by A.
Notation 1.7. For any event A, we denote its indicator function by 1y 4.

Notation 1.8. For any random variable Y and distribution function F, the notation Y ~ F
means that Y has distribution function F'.

Notation 1.9. For any two random variables Y and Z, the notation Y 2 7 means that Y
s equal in distribution to Z.

d
Notation 1.10. For any two random variables Y and Z, the notation Y < Z means that
Y is stochastically dominated by Z.

1.2 Age-Dependent Branching Processes

Let h be a probability generating function and G the distribution function of a non-negative
random variable. The first model considers an age-dependent branching process that is
defined as follows: every individual ¢ has a random life-length X; ~ G. An individual
produces an offspring of random size D; with probability generating function A : s — E [SD l]
exactly when she dies. We assume that all life-lengths and family sizes are independent
of each other. The process starts with a single individual that is called the root and has
life-length Xy. We use ¢ as a running parameter for the time and distinguish between two
cases:
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e the delayed case: the time ¢t = 0 corresponds to the birth of the root; it is precisely the
setting studied by Grey in [14]. We denote this process by (h, G)%!;

e the usual case: the time t = 0 corresponds to the death of the first individual. We
denote this process by (h, G).

Note that the number N(t) of alive individuals at time ¢ > 0 in the usual case equals the
number N9 (¢) of individuals in the delayed case at time ¢ + X. Having defined the process,
we shall want to know when it is explosive.

1.2.1 Explosiveness

Denote by 7, the birth-time of the n-th individual. It may happen that there exists some
random variable V' < oo such that with positive probability 7,, <V for all n > 0, in which
case we speak of an explosive process:

Definition 1.11. We say that a process (h,G) is explosive if there is a t > 0 such that
P (N(t) = 00) > 0. Similarly, by saying that a process (h, G)% is explosive we mean that
there is a t > 0 such that P (Ndel(t) = oo) > 0. We call a process conservative if it is not
explosive.

Note that the process (h,G) is explosive if and only if (h, G)4¢! is. Hence, as our primary
interest is on answering the explosiveness question, we restrict our attention to the usual
case.

1.2.2 Results

Later we demonstrate that h, as defined in (1.2) is the probability generating function
of a distribution D that follows a heavy-tailed power law, conform (1.1). It is precisely
this probability generating function that Grey studies in [14]. Moreover, he proved that to
every offspring distribution D with infinite expectation there exist two special life-length
distributions. On the one hand a distribution that together with D constitutes an explosive
process, although it puts zero mass at the origin. On the other hand a life-length distribution
G, such that G(t) > 0 for all ¢t > 0, that forms together with D a conservative process.
Grey validates these theorems for h, by presenting two functions that are extremely flat
around the origin: Gy, defined for fixed ¢,3 > 0 and small t > 0 by G 5(t) = exp (—5)
and @kw given for fixed v,k > 0 and small ¢ > 0 by @M(t) = exp (f exp (t%)) The
process (hq, Gy g) is demonstrated to be explosive for all a € (0,1) and ¢, 5 > 0, though
(ha, @k,l) is conservative whenever ae® > 1. The latter examples raises the presumption that
explosiveness of a process (hq, G) strongly depends on the particular value of «. However,
we shall demonstrate that, regardless of the distribution G, explosiveness of (h,, G), does
not depend on the value of o € (0, 1):

Theorem 1.12. Let G be the distribution function of a non-negative random variable. Then,
the process (hq, G) is either explosive for all o € (0,1) or conservative for all a € (0,1).

We extend this theorem to include all processes (hl, G), where
1
hé(s) =1- (1 — S)CEL(E), as s — 17 (14)

with L a function varying slowly at infinity and 0 < o < 1:
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Theorem 1.13. Let G be the distribution function of a non-negative random variable. Let
L be a function varying slowly at infinity. Then, the process (h%, G) is either explosive for
all o € (0,1) or conservative for all o € (0,1).

These theorems are based on the following proposition that is interesting in its own right
because it provides a much easier tool to check if a process is explosive or not:

Proposition 1.14. Let h be the probability generating function of a distribution D that
satisfies (1.1) for some ¢,C > 0, € (0,1) and all sufficiently large x. Let G be the
distribution function of a non-negative random variable. Let (X7); j>o0 be an i.i.d. sequence
of random wvariables with distribution G and furthermore independent of everything else.
Under these assumptions, the process (h,G) is explosive if and only if

oo
P (Z min(X7,..., X" un) < oo) =1. (1.5)
n=1

In the models that are to come, by an explosive process we shall mean that N (t), N/ (t), N®(t), N;(t)
or Ny(t), as it is defined there, becomes infinite for some ¢ < oo with positive probability.
Those quantities are to be understood as a measure for the size of the corresponding branching
process in one sense or another.

1.3 Forward Age-Dependent Branching Processes with Contagious
Periods

As the classical age-dependent branching process is a fairly crude way to model an epidemic
spread, we try to improve on it by introducing contagious periods.

Let h be a probability generating function and both G and C' be distribution functions of
non-negative random variables. We assume that every individual i may possibly infect a
random number D; (with probability generating function h) of others that we shall call her
children. Though, infection is only possible as long as she herself is contagious: we denote
the length of this period by 7€ ~ C. Hence, a person j is infected by her parent m(j) if her
infection time X; ~ G is less than or equal to the contagious period 7 (m(j)) of her mother.
All random variables are independent of each other. However, the children of a particular
parent are not completely independent in the sense that the mother has the same contagious
period for all of them. We shall say that an individual is alive or born if she is infected and
emphasize that not everybody will eventually be infected.

The variable ¢ serves as a running parameter for the time and we let the process start at
t = 0 with only one infected person, the root. The root will infect (or give birth) to an
effective offspring in distribution equal to

D
DF =) 1xi<rey, (1.6)
i=1

where D has probability generating function h and 7€ has distribution C. All her infected
offspring shall, at their respective times of birth, infect again a random number of individuals
in distribution equal to Df, and so on. Thus, we have a recurrent relation to describe the
process: at the birth (or infection) of an individual, the process develops from it as an
independent copy of the original process, in which the individual serves as a root. Hence, we
have an age-dependent branching process that we denote by (h, G, C)/.
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By N/(t) we shall denote the number of individuals in the coming generation at time t. Here,
we say that an individual in the branching process is belonging to the coming generation if
and only if her mother has been already born but she is not yet, but she will eventually.

Remark 1.15. Note that we re-obtain the classical branching process (h,G) by putting
P(C = o0) =1, that is, by a slight abuse of notation: (h,G) = (h,G,C = c0)s.

1.3.1 Results

Counsider an explosive process (h,G). A natural question to ask is under what conditions
will adding a contagious period C stop this process from being explosive?

One possible way to answer this question is observing that a process is explosive if and only
if with positive probability the branching process has a finite ray. That means the following:
an infinite sequence of vertices (that are consecutive descendants of each other) together with
their life-times, lying on a path starting at the root. The length of a ray is then the (possibly
infinite) sum of life-times on the edges in this path. Now, if (h, G,C)/ is conservative, but
(h, G) not, then C' must be such that it kills with probability 1 at least one edge on every
finite ray. We will employ shortly this observation to show that (h,G,C)f is explosive if
there are 3,60 > 0 such that C(t) < ¢ for all ¢ € [0, 8], which is the content of Theorem 1.16:

Theorem 1.16. Let h be a probability generating function. Let G be the distribution function
of a non-negative random wvariable. Let C be the distribution function of a non-negative
random variable such that for some 3,0 > 0:

o C(t) <Pt forall0<t<0;
e C(t) <1 forallt > 0.
If the process (h,G) is explosive, then so is (h,G,C)S.

Another way of addressing the explosiveness question is by employing analytical techniques
to study a fixed point equation describing (h, G, C)7, see for more details Section 3.1. By
that approach we will establish that for any a € (0,1) and C such that C(0) < 1, the process
(ha,G,C)7 is explosive if and only if (hy, G) is explosive:

Theorem 1.17. Let a € (0,1). Let G be the distribution function of a non-negative random
variable. Let C be the distribution function of a non-negative random variable such that
C(0) < 1 for some 0 > 0. If the process (ha, G) is explosive, then so is (ha, G,C)7.

We extend this result to the setting where we allow for probability generating functions hZ,
conform (1.4), yielding the statement of Theorem 1.18:

Theorem 1.18. Let « € (0,1). Let G be the distribution function of a non-negative random
variable. Let C be the distribution function of a mon-negative random variable such that
C(0) < 1 for some 6 > 0. Let L be a function varying slowly at infinity. If the process
(hE, G) is explosive, then so is (hk, G, C)/.

We emphasize the implication of Theorem 1.18: a process (hl, G) can never be stopped from
explosion by adding a non-zero contagious period. Hence, from the explosion perspective,
the processes (h%, G) and (hE, G, C)/ are equivalent if C(0) # 1. But, the explosion times
(see (1.9) and (1.10)) change and so does the survival probability. Thus, for the proportion
of infected individuals in the random graph, adding a contagious period will be relevant.
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1.4 Backward Age-Dependent Branching Processes with Contagious
Periods

The next step in the analysis of the epidemic spread studies how an individual may be
infected herself, rather than contaminating others. It aims at identifying a possible infection
trail towards an individual and is in essence the backward in time equivalent of the forward
process defined in the previous section.

We denote this process by (h, G, C)®, where as usual h is the probability generating function
of an offspring distribution and both G and C are distribution functions of non-negative
random variables. We now describe this process in more detail. At time ¢t = 0 the process
starts with only the root, whose possible infection by D (with probability generating function
h) others, say her offspring, is under consideration. A child j of the root infects her (provided
that j herself will be infected at some point of time) only if the time X; ~ G needed for j to
infect the root falls within the contagious period 7 (j) ~ C of j.

Repeated application of this procedure to subsequent descendant gives the following recurrent
relation for the branching process. At birth, an individual is contacted (and possibly infected)
by an effective number of individuals in distribution equal to

D
D" =% 1x,<re)- (1.7)
=1

Le., she is contacted by D individuals, but only D® might possibly infect her. Each of
her effective offspring, is then identified as a possible infector after a random time with
distribution G.g, and the process starts again from it as an independent copy of the original
process, with the particular child in the role of a root. G.g is the distribution function of
(X1]X; < 79(1)). Due to the independence between all individuals, we identify this process
with a classical branching process, namely (hes, Gogr), where heg is the probability generating
function of DP.

Note that there is another, equivalent, classical branching processes giving an appropriate
description: (h,G¢), with G¢ the law of a random variable Y such that:

v { (X1]X; < 7¢) with probability P (X1 < TC), (1.8)

00 with probability P (X1 > Tc).

Indeed, the root will never be infected by j if 7¢(j) < X; and in that case we may as well
say that it takes an infinite amount of time for the disease to pass.

1.4.1 Results

Also with this process we wonder how adding a contagious period might stop (h, G) from
being explosive. As this process is somehow easier than the forward process, we are able
to prove a result similar to Theorem 1.17, capturing even a broader class of probability
generating functions:

Theorem 1.19. Let h be the probability generating function of an offspring distribution D
that is plump, conform (1.3). Let G be the distribution function of a non-negative random
variable. Let C be the distribution function of a mon-negative random variable such that
C(T) < 1 for some T > 0. If (h,G) is explosive, then so is (h,G,C)".

Again, a plump process (h,G) cannot be stopped from explosion by adding any non-zero
contagious period, but the explosion time (see (1.15) and (1.16)) and survival probability
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do change. The backward process is in fact a binomial thinning of the original process:
(h, G, C)? = (heg, Gegr), where only the right, i.e., short, edges survive. Evidently, we conclude
that the growth of the branching process with offspring probability generating function heg
is thus still fast enough to maintain explosiveness.

It remains an open question whether it holds for all probability generating functions h (and
C with C(0) < 1) that (h, G, C)® is explosive if and only if (h, G) is. The theorems here hint
in favour of this conjecture. However, we remark that, in the particular case (hy, G) (with
a € (0,1)), the effective offspring satisfies again a power-law with the same degree « ensuring
that the growth of generation sizes is of the same order as in the process (h,G). Not all
probability generating functions have this property, for example h; : s — s+ (1 —s)log(1 —s)
might be a candidate for which the conjecture does not hold. Note that h; corresponds
to the probability distribution that we obtain by letting o 7 1 in (1.1) and it thus gives
stochastically smaller offspring than h, for every a € (0, 1).

1.5 Comparison of Backward and Forward Processes with Conta-
gious Periods

Due to the strong similarities between the forward and backward process, it is natural to ask
whether explosiveness of the one implies explosiveness of the other. In fact, we conjecture that
for all probability generating functions h and distribution functions G and C' of non-negative
random variables the following holds:

(h,G,C)/ is explosive < (h,G,C)" is explosive.

Due to the identification (h,G,C)® = (h,G¢), validity of this conjecture would give us a
perfect tool to check explosiveness of (h, G, C')! through studying the much better understood
process (h,G¢).
The right-to-left implication has been partly shown in the two previous sections. Here we
prove the left-to-right implication in its full generality. For that, we need the concept of
explosion times:

Definition 1.20. The explosion times VI and V' in the forward, respectively, backward
contagious process are defined as

Vi =inf{t >0 | N?(t) = o}, (1.9)

and,
VP =inf{t > 0| N°(t) = co}. (1.10)

The implication is included in the following theorem, which states that the forward explosion
time is stochastically smaller than that time in the backward process:

Theorem 1.21. Let h be a probability generating function. Let G and C' be distribution
functions of non-negative random variables. The explosion times VI and V' in the forward,
respectively, backward process satisfy the relation

d
Ve <Vl (1.11)
Hence, if the process (h,G,C)/ is explosive, then so is (h,G,C)°.

Note that this theorem provides a way to check conservativeness of a forward process: if the
process (h, G, C)? is conservative, then so is (h, G, C)7.
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1.6 Forward Age-Dependent Branching Processes with Incubation
Periods

Evidently, incorporating the influence of an incubation period on age-dependent branching
processes leads to a more realistic model for the early stages of an epidemic. The better part
of the model that we are about to introduce resembles the forward process with contagious
periods, though the transmission criteria could not be more different.
We assume that an individual ¢ may possibly infect a random number D; (with probability
generating function /) which we shall call her children. However, in this model, contamination
may only take place after some incubation period 77(¢) ~ I has elapsed. That is, person j
will only be infected by her mother 4 if the infection-time X; ~ G is larger than or equal to
the incubation period 77():

X; > 7(4). (1.12)

All random variables are independent of each other, though we emphasize that dependence
comes in due to the fact that a mother has the same incubation period for all of her children.
The rest of this process follows exactly the description of the forward process with contagious
periods. That is, it is an age-dependent branching process where every individual infects an
effective number of offspring equal in distribution to

D
Df :Zl{X]‘ZTI}7 (113>

=1

where D has probability generating function h and 7; has distribution I. Each child j in
the effective offspring of an individual ¢ in the branching process will be infected a time
(X;|X; > 77(i)) after the infection of individual ¢, and so on. We denote this process by
(h,G,I)s and shall study its explosiveness.

1.6.1 Results

From the criterion (1.12), we observe that this time only the bad, or lengthy, edges are kept.
Hence, we expect that to every explosive process (h, @) there exist various distributions I
such that (h, G, I)s is conservative. An obvious example is I such that 7; = € a.s. for some
fixed € > 0. But more is true, we prove that explosiveness of (h,G) and (h,I) is necessary
for (h,G,I)s to be explosive:

Theorem 1.22. Let h be a probability generating function. Let both G and I be distribution
functions of non-negative random variables. If the process (h,I) is conservative, then so is
(h,G,I)¢, regardless of G.

Note that this is a very important observation: the incubation period has a crucial influence
on the explosiveness of a process. Its implications are far reaching: for a conservative process
there is no finite time ¢ such that the number of individuals in the branching process before
time t exceeds n” for some p € (0, 1] and all n. Hence, the number of infected individuals in
the random graph mentioned in the introduction grows as a function of n, rather than that
it is independent of the population size.

Eventually, we would like to find a criterion in terms of h, G and I that tells us exactly when
(h,G, 1)y is explosive. We conjecture that:

(h,G,I); is explosive < (h,G) and (h,I) both explode.
Its validity would provide us with a very transparent way of verifying explosiveness of

(h,G,I)s. At this point in the analysis we are not ready yet to prove this conjecture. It will
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turn out useful to first study the backward process (hZ, G, I), and prove a similar conjecture
for it under a very mild condition on G and I. After establishing that result, we shall see
that for most life-time distributions G, (h%, G, I); is explosive if and only if (h%, G, 1), is.
We expect this equivalence to hold between all forward and backward processes, though we
prove a slightly less general result to avoid tedious technical difficulties.

1.7 Backward Age-Dependent Processes with Incubation Periods

Here we study how an infection might reach a person backward in time, in the same fashion
as the contagious period backward process. We denote this process by (h, G, I), where h
is a probability generating function and both G and I are the distribution functions of
non-negative random variables.

For an individual i, we let D; be the number of persons that might possibly infect her and
call those persons her offspring. A child j of ¢ has an infection time X; ~ G that tells how
long it takes before she might pass the disease to ¢. Obviously, j can only infect ¢ if a certain
incubation period 77(j) ~ I has passed:

m1(j) < Xj.

Thus, ¢ will never be infected by j if X; < 77(j) and in that case it thus takes an infinite
amount of time before j passes the disease to i. We conclude that the process (h, G, 1),
is essentially equal to (h,Gy), where G is the distribution of a random variable Y that
behaves as

S : . <
v — { (X|X > ) with probability P (X > 77), (1.14)

00 with probability P (X < 77).

1.7.1 Results

We conjecture that
(h,G,I)p is explosive < (h,G) and (h,I) are both explosive.

We will prove one side of the assertion, that is (h, G) and (h, I) must necessarily be explosive
if (h,G,I)p is to explode, i.e., Theorem 1.23. The other direction is shown for almost all
processes where h = h,, for some a € (0,1):

Theorem 1.23. Let h be a probability generating function. Let G be the distribution function
of a mon-negative random variable. Let I be the distribution function of a non-negative
random variable. If the process (h,G,I); is explosive, then (h,G) and (h,I) both explode.

The implications of this theorem become clear once we rephrase it: given a process (h, G),
we may already stop it from being explosive by adding an incubation period I that is just
flat enough for (h, I) to be conservative. Recalling the definition of the backward process and
in particular the statement (0.6), we see that an uniformly picked individual on the random
graph may be exempted from illness if the incubation period is on average long enough.

Theorem 1.24. Let o € (0,1). Let G be the distribution function of a non-negative random
variable, such that G(0) = 0. Let I be the distribution function of a non-negative random
variable, such that either

e there exists T > 0 such that I > G on [0,T], or,
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o there exists 0 > 0 such that G has density g on [0,9), I has density i on the open
interval (0,0) and g > 1 on (0,9).

If both processes (ha, G) and (ha,I) are explosive, then so is (ha, G, I)y.

Remark 1.25. We excluded on purpose G(0) > 0. Since then, adding I (with I(0) =0)
might stop it from explosion. For instance if G(co) =1 — G(0), then (ha, G, 1)y is always
conservative. Indeed, all individuals that have infection-time larger than the incubation period
have in fact an infinite life-time.

Note that the assumptions in the last theorem are not that stringent: in fact, the only
case that would violate it is when I — G switches sign infinitely often around the origin.
We therefore tend to believe that the theorem holds in the most general setting. This
would be rather striking, since, as far as explosiveness is concerned, there seems to be no
mutual dependence between the processes (hq, G) and (hq, I): it is merely their individual
explosiveness that matters.

1.8 Comparison of Backward and Forward Processes with Incuba-
tion Periods

Inspired by the results for contagious processes, we again conjecture that:
(h,G, 1)y is explosive < (h,G,I); is explosive.

We will prove the first assertion in its full generality, i.e., the forward process only explodes
if the backward process does so. We prove the other direction under a very mild condition
on G for all processes where h = hl for some a € (0,1) and any function L that varies
slowly at infinity. For the left-to-right implication, we need the concept of explosion times
for incubation processes:

Definition 1.26. The explosion times Vy and V; in the forward, respectively, backward
incubation process are defined as

Vf = inf{t >0 ‘ Nf(t) = OO}, (1.15)

and,
Vo =1inf{t > 0 | Np(t) = co}. (1.16)

Theorem 1.27. Let h be a probability generating function. Let both G and I (with I(0) =0)
be distribution functions of non-negative random variables. Then, the explosion times V;
and Vi, in the forward, respectively, backward process satisfy the relation

d
V, < Vp. (1.17)
Hence, if the process (h,G, 1)y is explosive, then so is (h,G,I).

Theorem 1.27 provides an easy tool to verify conservativeness of a process: if the backward
process is conservative, then so is the forward process. The former is in general better
understood; explosiveness of (h, G, I), requires (h,G) and (h,I) to explode (Theorem 1.23).
Hence, explosiveness of both (h,G) and (h,I) is a necessary condition for (h,G,I); to
explode. Note that we hereby established an alternative proof of Theorem 1.22.

Deducing explosiveness of (h%, G, 1) if (hL, G, I); is postulated to explode requires a more
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elaborate proof. We shall see that this is feasible under a very mild condition on G by showing
that, with positive probability, a realization of the forward branching process contains an
exploding path (i.e., an infinite path with finite length), if the backward process explodes.
The proof is inspired by an algorithm, in [1], that is used to prove equivalence of explosiveness
and min-summability for plump processes. A plump branching process (h,G) satisfies a
certain deterministic growth condition (i.e., at least double exponential) after some initial
random development of the branching process. More precisely, there is a function f such
that with positive probability Z,, > f(n) for all n, where Z,, represents the size of generation
n. Min-summability of the process implies

> min X< oo, (1.18)
ie{l e f()}

where (X['); , is an i.i.d. sequence with distribution G.
The algorithm in [1] works according to the following idea: in step n of the algorithm, let x,,
denote the lowest node on the candidate exploding path. Consider only those children of z,,
who, on their turn, have an offspring of size at least f(n + 1). Call them the good children,
denote their number by W,, and their i.i.d. life-lengths with )/(:{‘7 ... ,X{’Vn ~ G. Let 41
be the one among them that has shortest life-length. Amini et al. show that with positive

probability the path length is finite, i.e.,

Z min XZL < 00, (1.19)
{1 W

under the condition (1.18). Their proof uses that W, has approximately the same order of
magnitude as f(n) for all n.

We give another algorithm that comes up with an exploding path for the forward processes.
Unfortunately, there is no independence among the children of a particular parent to employ,
therefore we cannot hope that a condition as simple as min-summability would be sufficient.
We may, however, make use of the fact that the growth in the process follows again almost
a deterministic course. Taking this into account, the algorithm picks the good children in
a similar way and their number grows approximately as fast as the generation sizes in the
backward process. However, this time, it is not sufficient to pick the child with smallest
infection-time among the good children. The complication here is that if we would pick the
candidate with smallest infection-time, she might still have an arbitrary large incubation-time:
all her children have a life-time larger than this incubation period. Thus, instead, we must
pick the child for which the sum of the infection-time and incubation-time is smallest. It
turns out feasible to prove convergence of the infection-times along the constructed path by
taking into account that the backward process is min-summable, see the proof of Theorem
1.28 for details:

Theorem 1.28. Let « € (0,1). Let G be the distribution function of a non-negative random
variable. Assume that there exists a 6 > 0 such that

d
(X —z|X >2) <X, (1.20)
for all x < §, where X has distribution G. Let I be the distribution function of a non-negative

random variable. Let L be a function varying slowly at infinity. If the process (hk, G, I) is
explosive, then so is (hL,G,I);.
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We remark that the condition (X — z|X > x) % X is met in most cases of interest, namely
those for which the density of G, g satisfies either g(0) = 0 and ¢ is locally increasing at
zero, or, for some € > 0, g > € on some interval around zero. Only distribution functions G
for which g has infinitely many zeros around the origin fail to meet this condition. Hence,
we have a very general theorem:

Theorem 1.29. Let a € (0,1). Let G be the distribution function of a non-negative random
variable with density g around zero, such that, either,

e g(0) =0 and there exists a § > 0 such that g is increasing on [0,0], or,
o there exist €,0 > 0 such that g > € on [0, d].

Further, let I be the distribution function of a non-negative random variable. Let L be
a function varying slowly at infinity. If the process (hE,G,I), is explosive, then so is

Considering the proofs of the last two theorems, the condition on G is only there to avoid
tedious technical calculations. We expect therefore that for all « € (0,1), L, G and I there
is equivalence in terms of explosiveness between the forward and backward processes. To
handle processes with a more general probability generating function h, we should again try
to find appropriate lower bounds on the generation sizes. Ideally, it might be feasible to use
the same algorithm and show that its number of good children grows with the same order of
magnitude as the generations in the backward process.

Establishment of equivalence between forward and backward processes would imply a
substantial simplification of the explosiveness question for forward processes.
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2 Age-Dependent Branching Processes

In this section we are concerned with an age-dependent branching process (h, G), where h is
a probability generating function and G the distribution of a non-negative random variable.
Later on, in Section 3, we will study age-dependent processes (h, G, C)?, where an individual
i is born if and only if her life-length (or infection-time) X; is less than or equal to the
contagious period 7¢(m(i)) ~ C of her parent m(i). As pointed out in Remark 1.15, the
process (h, G) is exactly the same as (h, G,C = 00);. Hence, we shall make generous use of
the results that are derived in Section 3.

We define the generating function F : [0,1] x [0, 00] — [0, 1] of the total alive population at
time t by F(s,t) = E [sV(¥]. Putting C = oo in equation (3.3) shows that

F(s,t)=h (s(l -G()+ /Ot F(s,t— u)dG(u)) , (2.1)

for (s,t) € [0,1] x [0,00]. Hence, the function ¢ : [0,00] — [0, 1], defined for ¢ > 0 by
o(t) = li%rll F(s,t), satisfies

6(t) = h (1 — G + /Ot bt — u)dG(u)) >0, (2.2)

2.1 Explosiveness

Recall the concept of an explosive process from Definition 1.11. Note that
P(N(t) = o0) = 1— 3 P(N(t) = n) = 1 — o(t), (2.3)
n=0
and hence, the process (h, G) is explosive if and only if ¢(¢) < 1 for some ¢ > 0.

2.2 Fixed point equation

Let
V={®]|P:[0,00)— [0,1]} (2.4)

be the space of all functions that map [0, c0) into [0, 1]. Define the operator T, gy : V + V
for ® € V by

(Tih,c)®) (t) = h (1 - G() +/0 ot — u)dG(u)) . t>0. (2.5)

We know that ¢ = T{; )¢, but there may be more functions that satisfy such a relation,
therefore we study the fixed point equation

o = T(h,G)(I)a d e V, (26)

and in particular the number and behaviour of its solutions. We provide an overview of
theorems that describe those solutions, their proofs are found in Section 3, by putting C = oo
there.

Obviously the function ¢ — 1 solves (2.6) and if it is the only solution to (2.6) then ¢ = 1 and
for all t > 0, P(N(t) = 00) = 0, so that the process is conservative. The following theorem
captures that ¢ is the smallest solution to (2.6) and we may thus conclude that a process is
conservative if and only if £ — 1 is the only solution to (2.6):
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Theorem 2.1. The function ¢ :t+— 1 —P (N (t) = 00) is the smallest solution to (2.6), in
the sense that ¢(t) < ®(t), for allt > 0, if © is another solution to (2.6).

Clearly P (N; = 00) does not decrease with ¢ and hence:
Theorem 2.2. The function ¢ is non-increasing.

The following theorem shows that the explosiveness of a process is essentially determined by
the behaviour of G and C' around the origin:

Theorem 2.3. Let h be a probability generating function. Let G be the distribution function
of a non-negative random variable. The process (h, Q) is explosive if and only if there exists
T > 0 and a function U : [0,T] — [0,1] such that ¥ # 1 and

V() > (Tne)¥) (1), Ve [0,T], (2.7)

or, equivalently,

U(t) > h (1 —G(t) + /t W(t - u)dG(u)) . vtelo,T]. (2.8)
0

2.3 Comparison theorems

The observation in Theorem 2.3 raises the question whether comparing life-length distributions
around zero may allow us to deduce explosiveness of some process, to the explosiveness of
another process. An affirmative answer is captured in the following theorem:

Theorem 2.4. Let h be a probability generating function. Let both G and G* be distribution
functions of non-negative random variables, such that G(0) = G*(0) = 0. Assume there is a
T such that G* > G on [0,T]. If the process (h,G) is explosive, then so is (h,G*).

Finally, comparing offspring distributions leads to the following theorem:

Theorem 2.5. Let h and h* be probability generating functions such that for some 6 < 1
we have h*(s) < h(s) for all s € [0,1]. Let G be the distribution function of a non-negative
random variable such that G(0) = 0. If the process (h, Q) is explosive, then so is (h*,G).

2.4 Examples

In Grey’s paper it is shown that the theorems above are rich enough to decide on the
explosiveness question for some particular examples of processes. Object of study there is a
process for which h, (o € (0,1)) is defined by hq(s) =1 — (1 — )@, for s € [0, 1], together
with a variety of life-length distributions that are extremely flat around the origin:

Example 2.6. Define the function G g for smallt > 0 by Gy g(t) = exp (—t%). By picking
a suitable test-function in Theorem 2.3, it follows that the process (h, Gy g) is explosive for
all £, > 0.

Example 2.7. Define the function @kﬁ for smallt > 0 by @kﬁ(t) = exp (— exp (t%)) This
function is much flatter around zero than the one studied in the first example. In fact, Grey
showed that for given a € [0,1], v = 1 and k such that ae® > 1, the process (h,Gj1) is
conservative.

29



These two examples indicate that the borderline, in terms of life-length distributions that
together with h are just not flat enough to constitute a conservative process, must lie
somewhere between G; g and Gy 1 (where [, 8 and k take the values as above). We will
shortly improve this boundary and shall also show that the treshold is independent of «.
But, before we proceed, we need to study the notion of min-summability.

2.5 Min-summability

If a process is explosive, then for some ¢ > 0 a realization of the branching process contains
with positive probability a convergent ray smaller than ¢ (an infinite path starting from the
root where the ¢ + 1-th vertex is the child of the i-th vertex for all ¢ € N ). To understand
this, we introduce the notation BP(t) for the collection of all dead and alive individuals
(vertices) in the branching process at time ¢ and let |v| denote the generation of an individual
v € BP(t). Indeed, if there exists & € N such that for all v € BP(¢), |v| < k, then, as D < oo
almost surely, we must have |BP(t)| < oco. Therefore,

oo

ﬂ {3v € BP(¢) s.t. [v] =k} = {|BP(t)| = oc}. (2.9)

k=1
Obviously, {|BP(t)| = oo} = {N(t) = oo}, since D > 1. It follows that the life-length of
individual number n on a convergent ray is larger than or equal to the minimum over all
life-lengths in generation n. In other words, a necessary condition for explosiveness is that
the process is min-summable:

Definition 2.8. An age-dependent branching process with generation sizes (Zy,)n>0 and

life-lengths (X' )i, e{1,--, 2, }.,n>0 8 said to be min-summable, if conditioned on survival,

oo
> min(X7,---, X% ) < oo (2.10)
n=1

holds almost surely.

Remark 2.9. Since, conditioned on survival, min-summability is a tail-event, by Kol-
mogorov’s 0-1 law, (2.10) happens with probability either 1 or 0. It thus suffices to demon-
strate that (2.10) holds with positive probability if one wants to show that a given process is
min-summable.

Amini et al. show, in [1], that a process, having a so-called plump offspring distribution as in
(1.3), is explosive if and only if it is min-summable. Recall that we gave an intuitive sketch
of their proof in Section 1.8. Here we cite a simplified version of their theorem:

Theorem 2.10. Let h be the probability generating function of a distribution D that is
plump. Let G be the distribution function of a non-negative random wvariable. Then, the
process (h, Q) is explosive if and only if it is min-summable. A necessary and sufficient
condition for the latter is that for the inverse of G, G, it holds that

oo - 1
;G (f(n)> < o0, (2.11)
where f: N — (0,00) is defined by

F(0) = mo and f(n+1) = Fy (1 - ——

with mg > 1 large enough such that (1.8) holds for all m > my.
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Remark 2.11. We emphasize that for a plump distribution explosiveness and min-summability
of a process are equivalent. This is the essence of the theorem, which furthermore provides
us with a way of checking min-summability, though proving min-summability by other means
establishes explosiveness as well.

By virtue of Theorem 2.10, it may be feasible to prove explosiveness of a process by studying
its generation sizes. A very detailed description of the growth in the corresponding Galton-
Watson process is given in [6] for a (h,G) process, where h is the probability generating
function of a distribution D that satisfies (1.1). Note that h,, is of this form for all o € (0, 1),
see below.

Theorem 2.12. (Davies) Let D be a random variable that satisfies (1.1) for some ¢,C >
0,a € (0,1) and all sufficiently large x. Consider the ordinary Galton-Watson process
where each individual produces an offspring equal to an independent copy of D. Denote the
generation-sizes by Z,, for each n € N. Then, there exists a random variable W such that

a"log(Z, +1) X W, as n — oo. (2.12)

Further, if J denotes the distribution function of W, then

lim {_log(l_J(x»} =1, (2.13)

T—>00 X

and,
J(0) =P(W =0) =q,

where q is the extinction-probability of the process.

Thus, loosely speaking, Z,, + 1 ~ eam for large n and W has exponential-tail behaviour (i.e.,
P(W =o0) =0).

2.6 Results

In this section we shall first extend the examples studied by Grey. We then prove Theorems
1.12, 1.13 and 1.14. After that, we present some more results dealing with the explosiveness
of age-dependent branching processes.

2.6.1 Re-analysis on the examples

With the tools from the previous section at hand we find ourselves in a position to re-analyse
the examples put forward by Grey. Let us first demonstrate that h, (o € (0,1)) is the
probability generating function of a plump distribution D. To this end, write, for s € [0, 1],

ho(s) = 1—(1-9)°

> ()

I
1

the last quantity equals




where I' is the gamma-function defined for ¢ > 0 by
I'(n—a) _

Ty = (n—a)" %" 14+ 0G4

L(t) =

Jo e *z'~ldz. For large n
—)), see e.g. [13], so that

o o0
> o a—1 _ —a—2
P(D>k) > Ti—a) /k (z — ) +O0(z — ) ) dz
(k — a)_a _ —a—1
(1= a) + Ok —a) ,
and similarly,
(k — a)ia —a—1
> -~ - _
P(D>k) < T —a) + 0Ok — )
Hence, for large k,

P(D > k) = L)y E=Y "

ri—a)’
with khm L(k) =1, from which we conclude that for those k
— 00

Ca C,
— <P(D >k
ko — ( )—ka’

(2.14)
for some 0 < ¢ < C,, and we may assume ¢, < 1. For Ff we thus have the estimates

e < Bl (1= =) < Cay
Y
for large y. Thus, D is plump

(2.15)
We next investigate min-summability of (k, G ~). Take mg > co

3 /=1 5o large that (2.15)
holds for all y > mg and define f as in Theorem 2.10. More precisely, f(0)

= myg and

F(n) > Qe /a=1) 100" _ /(e 1)(

1
_ mg ) o
o cl/e=1) ’
Put m = % > 1, then
f(n) >mt/e", (2.16)
Similarly, for some m < oo
fln) <mte”, (2.17)
for all n. We are now ready to continue with Example 2.7. The inverse function GEV is for
small ¢ given by
. k 1/~
G, = ——rr .
50 = ()
Now,

o 1 o .
—1 -1 -1/
<Y @Gt (f(n)>g§jc:m(m .
n=1 n=1
Both estimators are of the form

1
e k oy
2_: log(1/ar) + &R

n
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and

1
/f /v 1
z_: log(1/a) + log(log (7)) ni/v’

n

both are finite if and only if v < 1. Hence (Theorem 2.10), the process is explosive if and
only if v < 1, independent of a or k.

2.6.2 Theorems

We use the growth characterization put forward by Davies (Theorem 2.12) to prove Propo-
sition 1.14 that characterizes all processes (h,G), where h is the probability generating
function of a distribution D that has the form (1.1):

Proof of Proposition 1.14. Let the process be explosive. Fix € € (0,1). An appeal to
Theorem 2.12 gives us W such that o™log(Z,, +1) LW, as n — oo, where Z,, represents the
size of generation n. Let N be a random variable such that Z,, <e T for all n > N. Then
since N < oo by the a.s. convergence in Theorem 2.12 (denoting probability conditional on
survival by P;),

]P’S(limin(Xf,.. sz <oo> Z]P’ Ps(imin(Xf,---,ng)<oo|N:n)
SZPS(N n)P (meXl, L XFy ) < oo|N= n)
n=0

e ok

(2.18)
since the latter minimum is taken over a larger group of i.i.d. random variables. From here
we proceed by further conditioning on W (which is finite almost surely, as can be seen from
(2.13)), to rewrite the last term as

3

iPS(N:n)ZIP’S(We[l 14+1)|N =n)P (mexl,---,x wie) <oo|WE[L, 1+1), N n)
1=0 e o

which we can bound by

8

S B(N=n) S Py(We[L,I1+1)|N=n)P (me Xk -,X’clﬂr)@o\qu,z“),z\r:n),
= 1=0 ¢«
(2.19)

since in each individual term W < [+ 1. To proceed further, we note that for all [ there
exists K; such that /@™ > el+1%¢ and thus for all k > 0,

K +k k
e1/04 > e(l+1+e)/o¢

which tells us that
d
Zmln X17~-~ , X z+1+e) > Z min(Xf,-~-  XF

But, because K; < oo,
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and thus
P (Z min(XF¥, - ,X:H;;E) <oo|Well,l+1),N= n> <P (me(xf,.-. ,X:O%k) < oo) .
k=n k=0

Note that the sum in the left probability is independent of both W and N, since the
life-lengths are independent of the generation sizes. Hence, (2.19) is bounded by

i iPSWell+1|N n) (mexl,- , %)<w>
n=0 1=0 e

e«

—P(kz_omin(Xf,~~ ,Xk%) <c>o>7

We conclude that

P(Zmin(Xf,~~ ,Xk%) < oo) > ]P’(Zmin(Xf,~~ 7Xék_) < oo‘survival) > 0,
=0 e«

which is all we need since Kolmogorov’s 0 — 1 law says that the event under consideration
happens with probability either 0 or 1.
To prove the other direction, we note that (2.13) entails that IE”(W > 1) > 0 which we will

use shortly. Fix € < 1 and let this time N be such that Z, > e % for all k > N.

(i n(Xxk ... XZk)<oo

0

surv1val> P (survival)

Z P(W > 1|N = n)P (Zmin(xf,-.-,ng)<oo‘W>1,Nn>,

because W > 1 already implies survival. Since Zj dominates e% whenever k > N, the
last term may be bounded from below by

ZIP’ P(W > 1|N = n)P <mexl,.--,X

)<oo‘W>1Nn>
n=0

e ok

—Z]P’ P(W > 1|N = n)P <Zmin(Xf,---,X:;k)<oo>.
k=0

Hence,

= P(W > 1)
1 k .. DRI
P (,}0 min( X7, XZk) < 00 survwal) 2 P (survival) < E min (X7}, ’Xefk) < oo> ,

which concludes the proof as the right-side is strictly positive. O

We will now prepare for the proof of Theorem 1.12 that heavily relies on the result of
Proposition 1.14.
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Lemma 2.13. Let o € (0,1). Let G be the distribution function of a non-negative random
variable. The process (hq, G) is explosive if and only if (ho1/»,G) is explosive for all p € N.

Proof. If p € N, then a'/? > . Hence, the comparison theorems confirm that (h,1/»,G)
being explosive implies that (h,, G) is explosive. Indeed, since for s close to 1, h1/»(s) >
ha(s), and Theorem 2.5 applies.

To prove the other direction, we assume that (hy, G) is explosive. We introduce the notation

Fln) = et/

and y
fp(n) = el/a p7

for n € N. Then, almost surely,
(oo}
: k k
z:mln(X1 s X ) < oo
k=0
We shall show that this implies that
Zmin(Xf, e ,X}“p(k)) < 00,
k=0

almost surely. To this end, we note that f,(pn) = f(n) for all n € N, which tells us that we
may split the last sum into individuals parts,

oo (I+1)p—1

Zmin(Xf,...,X}“p(k)):Z Z min(Xf7~-wX}€p(k)),
k=0 1=0 k=lp

and bound each sub term from above. Indeed, whenever k € {lp,...,({+ 1)p — 1},
min(Xy, -+, X§ ) < min(X7,.. XE )
= mln(Xf, ’X‘];(l))’

by the monotonicity of f,. Hence,

o oo (I+1)p—1
Zmin(Xf, e ,X}“p(k)) < Z Z min(XF, - ,X’;(l))
k=0 1=0 k=lp
P
i Z Mi7
i=0
which is almost surely finite , where (M;)?_; are i.i.d. copies of > p,min(X{,--- ,X}“(k)),

a sequence that is almost surely finite.

Now, Lemma 2.13 together with the comparison theorems is all we need to prove Theorem
1.12:

Proof of Theorem 1.12. Let 1 > > a > 0 and assume first that (h,, G) is explosive. Fix
now p so large that a'/? > /3. Note that (ho1/p, G) is explosive by Lemma 2.13 and hence, by
the comparison theorems, (hg, G) is explosive. Indeed, since for s close to 1, h1/»(s) > ha(s),
and Theorem 2.5 applies.

Next, assume that (hg,G) is explosive. We have, for s close to 1, hg(s) > hq(s) and
comparison Theorem 2.5 establishes explosiveness of (hq, G). O
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Theorem 1.13 follows now easily:

Proof of Theorem 1.13. By Potter’s theorem (see, e.g. [5]), for all € > 0 and s near 1,

1
1—-s5)<L <(1-s)"°¢
(-9 <L) < (1-3)
hence,
1—(1—s)*“<hf(s)<1—(1-s)Fe,
and the comparison theorems finish the proof. O

We finish this section by listing two more properties of age-dependent branching process.
We shall refer to them at multiple occasions throughout this thesis.

Theorem 2.14. Let h be a probability generating function for an offspring distribution D
that satisfies (1.1) for some ¢,C > 0, € (0,1) and all sufficiently large x. Let G be the
distribution of a non-negative random variable. If the process (h,G) is explosive, then (h, G™)
is explosive for all m > 0, where the function G™ is defined for x > 0 by G™(z) = (G(x))™.

Proof. Put H = G™ and note that, for small ¢, H< (t) = G (t'/™), where we recall the
notation for inverse functions. We will employ Theorem 2.10 to show that (h, G™) is explosive.
That same theorem, together with the re-analysis on Grey’s example, entails estimates on f
(equations (2.16) and (2.17)), defined by

f(0)=mg and f(n+1) = Fy'(1 — —

combined with G*~. Most importantly, there exists m > m > 0 such that
m/°" < f(k) < mt/e (2.20)
for all £ > 0, and

gG“ <f(1k> < 00. (2.21)

)
We are done if we demonstrate that Y- | H* (%) < oo. Because there is K such that

we note that, for all { > 0,

Hence, for all [ > 0,

w () = () <9 (5) =9 ()

due to the upper bound (2.20). Evidently,

S (d5) = S (i) + S ()

=0 =0
K-1 1 oo 1
< H< <) +)» G () < 00,
21 5m) 2
as follows from (2.21). This establishes the result. O
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Remark 2.15. Note that G™ is the distribution function of max{Xy,..., X,}.

Definition 2.16. Since the explosiveness of a process is completely determined by its
behaviour around the origin, we shall mean by ¢G a distribution that is around the origin
equal to ¢cG and is extended in an arbitrary way so to make it a proper distribution.

Theorem 2.17. Let o € (0,1). Let G be the distribution of a non-negative random variable.
If the process (hy,G) is explosive, then so is (hqa, cG) for all ¢ > 0.

Proof. We consider only 0 < ¢ < 1, because the case ¢ > 1 follows from the comparison
theorems. There exists ¢ : [0, 00] — [0, 1] such that, for ¢ > 0,

t
6(t) = h (1 e +/ bt — u)dG(u))  t>0,
0
and for t > 0, ¢(t) < 1. Put n=1— ¢ # 0, then for ¢t > 0,

o= ( | - u)dG<u>)a .

We need to find a function 7 # 0 such that, for ¢ > 0

Alt) = (/Ot At —u) ¢ dG(u))a.

If 7 = An, where A = ¢*/(1=) then

(e (e

(/Ot n(t — u)ch(u)) = A% (/Ot ne(t — u)dG(u)> — A%E(1).

But n= A_lﬁ and thus Ao‘can = Aa—lca,ﬁ = 7/7\7 hence

(/ - u)ch<u>)a — 0.

Explosiveness follows because, for t > 0, n(t) > 7(t) = An(t) > 0. O
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3 Forward Age-Dependent Branching Processes with
Contagious Periods

It is with the more elaborate model (h, G, C)f that this section will be principally concerned.
Here, h is a probability generating function and both G and C' are distribution functions of
non-negative random variables.

Define F : [0,1] x [0,00] + [0,1] by F(s,t) = E [st(t)}. Again, we will derive a fixed
point equation for F', which captures essential information regarding the explosiveness of
(h,G,C).

By the branching property, conditioned on vertex i being born, each sub tree starting at
time X; has the same distribution as the original branching process, evaluated at time ¢t — X;
and these sub trees are i.i.d.. We have

D
Nty =Y (1{t<Xi<C} + Lix, <min(ca N (- Xi)) ; (3.1)

i=1

where C'is the contagious period of the root and (N); are i.i.d. copies of N¥(t). Then,

= oo O —x)1F
F(S,t) = ZP (D = kj)/ E |:Sl{t<X1',<”"}+1{X'L<1ni!l(t,$)}N (t X7)i| dc(m)'
k=1 0

Let us split the integral at ¢ to have
> ¢ O p—x)1F
F(s,t)=Y P(D= k)/ E [sl{xi«}N * X”} dC ()
k=1 0
e oo 0) k
+SP(D= k:)/ E [stenen oM 0) o),
k=1 ¢

Now we integrate also over X;, paying particular attention to the fact that if the indicators
are not satisfied then we have a factor 1, giving rise to the last terms in each line:

%) t T k
F(s,t):;P(D:k:)/o (/ E[SW*“)} dG(u)+1—G(x)) dC ()

0
k

- _ = ' gNE—v u)+s(G(x)— —G(x T).
3P0 o[ (/ E [s¥¢9] 4G (u)+5(Gla) (1) + (1-G( >>> dC(x)

0

Now using the generating function h,

F(s,t) = /Ot h </O E [SW*“)] dG(u) +1— G(:c)) dc(z)
+ /too h (/OtIE [SW*“)} dG(u) + s(G(z) — G(t)) + (1 — G(:z:))) dC(x).

Writing E [SN(F“)} = F(s,t — u), we then have
F(s,t) = /0 h (/0 F(s,t —u)dG(u) +1 — G(x)) dC(x)
+ /t h </0 F(s,t —u)dG(u) + s(G(z) — G(t)) + (1 — G(:L'))) dC(x).
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Define ¢/ : [0, 00] + [0,1] for t > 0 by ¢/ (¢) = 1ig1 F(s,t), then

o (t) = /Ot h (/: ¢! (t — u)dG(u) + 1 — G(m)) dC(z)
+h </Ot o (t —u)dG(u) + 1 — G(t)) (1-C(t), t>o0.

3.1 Fixed point equation

For essentially the same reason as set out in the previous section, we shall study the fixed
point equation
_mf
D= T(,MG,C)(IJ, PecV, (3.3)

where V is defined in (2.4) and T(];l,G,C)

is for ® € V defined as
s = t : —u U — Gz T
T = [ 1 [ #t- 6w +1- 6@ ) aca) »

+h (/0 B(t — u)dG(u) + 1 — G(t)) (1—Cl), t>0.

We will construct an iterative solution ¢ to (3.3) and show that this solution satisfies
(i) ¢ is the smallest solution to (3.3),
(i) ¢(t) =1—P (N (t) =o00) for all ¢ € [0, 0),

so that ¢ is in fact equal to ¢f (which embraces that the existence of any solution to (3.3), not
identically equal to 1, guarantees that the process is explosive). Hereafter, we interchangeably
use ¢ and ¢/. Note that ¢ characterizes the distribution of the explosion time, see (1.9),
since for t > 0, ¢(t) =P (Vf > t). We proceed by arguing that a much weaker condition is
in fact sufficient to prove that a process is explosive. Then we turn back to the iterative
solution and note that property (ii) implies that ¢ should be non-increasing, which we also
prove by other means. We further investigate the behaviour of ¢ by showing that for an
explosive process ¢ < 1 on all of (0,00) and that for such a process, conservative survival
does not happen. Some of the proofs in the coming section lean on similar results in [14],
where an age-dependent process with independent edges is studied.

3.1.1 An iterative solution

In this section we show that the distribution function of the explosion time can be obtained
as a sequential limit. To construct an iterative solution to (3.3), we define ¢g = 0 and for
each k > 0, we recursively define ¢, for ¢ > 0 by

Prr1(t) = (T(J;ﬁ,C)(bk) (t)
— /Ot h (/0 or(t —u)dG(u) +1 — G(x)) dC(z) (3.5)
+h (/Ot bt — u)dG(u) +1 — G(t)) (1-C@).
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Theorem 3.1. ¢ defined for t > 0 by ¢(t) = klim oK (t) is the smallest solution to (3.3), in
— 00
the sense that if ¥ is any other non-negative solution, then ¢(t) < 1(t) for all t > 0.

Proof of Theorem 3.1. The aim here is to show that both sides of (3.5) converge (for k — o0)
point wise to their respective counterparts in (3.3), which proves that ¢ solves (3.3). First,
notice that for fixed ¢t > 0, (¢x(t))ren is an non-decreasing sequence, bounded from above
by 1. Indeed, ¢1(t) > 0 and if we assume that, for some k, ¢y (t) > ¢r—_1(t), then

o) = [0 [ one— e +1-6w) acw

+h (/Ot or(t —u)dG(u) + 1 — G(t)) (1-C(®))
> /Ot h </O$ Gr—1(t —u)dG(u) +1 — G(x)) dC(x) (36)
+h </Ot Gr—1(t —u)dG(u) + 1 — G(t)> (1-C(t)
= ¢i(t).

This induction argument assures us that (¢ (f))ren is indeed non-decreasing for fixed ¢ > 0.
To see that (¢ (t))ren is bounded, we prove that it is point wise dominated by any positive
solution 9 to (3.3). For ¢y = 0 this is evident and if it holds for some k£ > 0, then

o) = [0 [ ot wac) +1-6w) acw

+h (/Ot n(t — w)dG(u) +1 — G(t)> (1—C()
< /Ot h (/OJ: (it —u)dG(u) +1 — G(x)) dC(z) (37)
+h (/Ot Dt — w)dG(u) + 1 — G(t)) (1-CW)
_—

It now merely remains to verify that ¢» = 1 solves (3.3). Since (¢ (¢))ren is bounded and
non-increasing, we have established that, for all fixed ¢ > 0, klim i (t) = ¢(t) exists.
— 00

It remains to show that the right hand side (RHS) of (3.5) converges to the RHS of (3.3).
For fixed x € [0, ¢], the sequence

( /O " ot — )G () +1 — G@))

keN

is non-decreasing and bounded from above by one. Also,
O (t —u) < ot — u),

for all u € [0,t] and as ¢ € L*(RT,G), it follows upon an appeal to Lebesque’s Dominated
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Convergence theorem (LDC) that

/w ¢r(t —u)dG(u) — /w o(t —u)dG(u), as k — oo.
0 0

Invoking the continuity of h entails that, for all = € [0, ],

h (/Oggqbk(tu)dG(u) +1 G(:E)) —h </Om¢(tu)dG(u) +1 G(:C)) , as k — oo.

As h<1lon|0,1] and t — 1 € L}(R*,C), another application of LDC establishes the proof
of convergence. O

Theorem 3.2. ¢ defined fort >0 by ¢(t) = kl;rrgo ok (t) is the right solution to (3.3), that
is, p(t) =1 =P (NI (t) = 00) for allt € [0,00).
Proof of Theorem 3.2. We show by induction that for all £ > 1,

or(t) =1 —P{3v € BP(¢t) s.t. |v| =k}, (3.8)

where the notation BP(¢) is used for the collection of all dead or alive individuals (vertices)
in the branching process born before time ¢t and |v| denotes the generation of an individual

v € BP(t). We first start analysing ¢;(t) = (T(];’G’C)%)(t).

M1-G@) = E[P(X>a)"]
= P(X1>.1‘,'~',XD>$),

where (X;); are i.i.d. random variables with distribution G. As follows from (3.3), for ¢t > 0,

o1(t) = (Th o erdo)(t) = / h(1 - G(a))dC() + h (1 - G(1) (1 - C(1))

/t]P’(Xl >z, Xp >2)dC(x) +P(Xy >t,--, Xp >t)P(C >1t)
= IP’O(X1 >C,-- , Xp>C,C<t)+P (X1 >t,---,Xp>t,C>1t),
which we may write as
$1(t) =1 —P{3v € BP(¥) s.t. |v] =1}.
We proceed by assuming that for some k > 0,
or(t) =1—P((3v € BP(¢) s.t. |v|=k).
Then,
Prt1(t) = (T];L,G,c)ﬁbk)(t)

- /Ot h <1 - /: P(Jv € BP(t — u) s.t. |v] =k) dG(u)) dC(z) (3.9)

+h <1/0 P (3v € BP(t — u) s.t. |v] k)dG(u))P(C>t).
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We start by analysing the terms in brackets, for z <t,

1- /1 P{3veBP(t — u) s.t. |v|=k}dG(u) = 1-P{3veBP(t - U) s.t. |v|=kU<z}
0
=1-P(E(,2))

—P (E(t, x)) :
(3.10)
where U is a random variable with law G,

E(t,z) ={3w e BP(t-U) s.t. |v| =k, U <z},

and A is the complement of an event A. Now, let (U(i))i be an i.i.d. sequence of random
variables with distribution G, and define the independent identically distributed events
(Ej;(t,x));, for j > 1, as

Ej(t,z) = {3 e BPY(t —UD)) sit. |v| = k,UD < z}.

Then

h (p (m)) :]P’(El(t,m),...,ED(t,x)),

and we deduce that the first term in the RHS of (3.9) equals

t
/ h (B (B(t.2))) dC(@) = P (v € BP(1) st [o] =k +1,0 < 1).
0
The second line in (3.9) becomes

h (1—/tIP’(E|v€BP(t—u) s.t. v|:k)dG(u)) P(C>t) =P (Ei(t,t),...,Ep(t,t),C > 1),
0

o P(BveBP() st. [v] =k+1,C > 1).
All together,
br+1(t) = P(AveBP() st v =k+1)
1-P(FveBP(t) st. [ =k+1).
To finish, note that
{Fv € BP(t) s.t. [v|=k+1} C {Jv € BP(¥) s.t. |v] =k},

which constitute a nested sequence of events and therefore by the continuity of the measure

P()7

kli_>m or(t) = lem P{3v € BP(¢) st. [v| =k} =P <m{3v € BP(t) s.t. |v] = k;}) .
k=1

Now, if there exists k € N such that for all v € BP(t), |v| < k, then as D < oo a.s., we must
have |BP(t)| < oo, and hence,

({30 € BP(t) s.t. |v| = k} = {|BP(¢)| = oc}.
k=1
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It remains to verify that {|BP(¢)| = oo} = {N;(t) = oo}. To do so, observe that, if with
non-zero probability, for all k&, v € BP(t) such that |v| = k, then there exists an infinite ray
in the branching process that has a convergent sum of birth times along it. Thus Ny (t) = oo,
since with non-zero probability a branching process starting at a vertex in this ray does not
die out. On the other hand if N/ (¢) = oo, then |BP(¢)| = co. We conclude that

1— lim p(t) =P (MG, {3v € BP(t) s.t. [v] = k}) =P (N(t) = 00).
m

Thus the iterative solution is both the right solution and the smallest solution to (3.3),
leading to a much weaker criterion for a process to be explosive, which is captured in the
next corollary:

Corollary 3.3. Let h be a probability generating function. Let both G and C be distribution
functions of non-negative random variables. The process (h,G,C) is explosive if and only
if there exists T > 0 and a function U : [0,T] — [0, 1] such that ¥ # 1 and

U(t) > (T@G,C)‘I’) (t)
- /Ot h </Oz U(t —u)dG(u) +1 — G(a:)) dC(x) (3.11)

+h </t\I/(t—u)dG(u)—|—1 —G(t)) (1—c@),  veloT].

Proof. Necessity is obvious as ¢ itself satisfies (3.11) with equality. To prove sufficiency we
define v : [0,00) — [0, 1] by

wo={ 7O LR (3.12)

and, for each k > 1, ¢, is recursively defined by ¢, = T&,G,C)¢k—1' We will show that, for

each fixed t € [0,00), (¢¥x(t))ken is a decreasing sequence, bounded from below by 0 and
from above by ¢(t). To see this, fix first ¢ € [0, 7] and note that ¢o(t —u) < U(t — u) for
any u € [0,z], if = € [0,¢], so that in fact, ¢1(t) < ¥(¢). The upper bound, in the region
where t > T, follows easily from

og/o wo(t—u)dG(u)+1—G(x)§/0 dG(u) +1—G(a) = 1,

since this implies, for ¢t > T,

¢uwsAhummm+mnu—cw»=1=%m.

We are now in a position to prove by induction that, for any k¥ € N and ¢ € [0, 00), the
inequality 9g4+1(t) < 9, (t) holds. To establish this, assume that for some k& € N we have
r(t) < Y1 (1), then, for all £ € [0, 50),

/mﬂawjé%(lﬂmammnm+1G@Qdcu>
th </0t Uit — w)dG(u) + 1 — G(t))(1 — C’(t)) :
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which is smaller than or equal to

/Ot h (/Oz Yp—1(t —u)dG(u) + 1 — G(x)) dC(z)
() s (t— u)dGu) 1 60)) (1-C(0) = va(o).

We conclude that, for all ¢ € [0,00), ¥(t) = klim Y (t) exists and that by invoking LDC
— 00

it follows that 1 is in fact a solution to (3.3). The process is indeed explosive, since 1) is

dominated by ¥ on [0,7], and the latter is strictly smaller than 1 somewhere on its domain

of definition. O

In the remainder of this section, it turns out useful to have the following lemma at hand:

Lemma 3.4. For any function ¢ : [0,00) — [0,1] it holds true, for all0 < x <t </,

(i)
(/w —w)dG(w) + 1 - Gla > </1/)t—udG()+1—G())ZO,

(i) if, moreover, 1 is non-increasing,

h (/: O — u)dG(u) +1— G(@) _h (/Ot Wt — u)dG(u) +1— G(t)) >0,

(iil) furthermore, for those non-increasing 1,

h </Ot¢(t —uw)dG(u) + 1 — G(t)> >h (/Ot (' —u)dG(u) +1 — G(t’)) .

Proof. Elementary calculations and the fact that ¢ <1 together with monotonicity of h, G
and C. O

Theorem 3.5. For each k € N, ¢ is a non-increasing function and hence ¢ is.

Proof. We prove the result by induction on k. Fix 0 <t < ¢’ and note that the hypothesis
obviously holds for ¢y = 0. Hence, we may assume that, for some & € N, ¢, is non-increasing,
but then, ¢ri1(t) — Prr1(t') equals

/Ot (h (/Ow o (t —u)dG(u) + 1 — G(m)) —h (/OI ot — u)dG(u) + 1 — G@))) dC(z)
- /tl h </z G (t —u)dG(u) + 1 — G(a:)> dC(x)

+h(/ ot — u)dG(u) + 1 — G(t )) (1-C(t)

h(/ it —u)dG(u )+1G(t’)> (1—-C(t)).
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Since ¢y, is assumed to be non-increasing, we may bound this from below,
Bria(t) = () > 0 | " (/ et — WG + 1 G(1)) dco)
+h (/Ot Gn(t — w)dG(u) + 1 — G(t)) (1-C()
—h </Ot oot — w)dG(u) + 1 — G(t’)) (1= C(@)).
Explicit caleulation of the first outer-integral yields
usa(®) = oea(®) 2~ ([ oult —w)ac) +1- 60)) €(®) - (o)
+h (/Ot Gr(t — w)dG(u) +1 — G(t)) (1-C()
—h (/Ot bu(t' — w)dG(u) + 1 — G(t’)) (1= C@)).

We employ again that ¢y is non-increasing (to bound the first integral from below), so that
we eventually have the following lower bound:

t
Gr+1(t) — P (t') = b </ Or(t —u)dG(u) + 1 - G(t)) (1-C(t)
0
t/
—h (/ or(t —u)dG(u) +1 — G(t’)) (1-C(t)),
0

which is positive by Lemma 3.4(iii). Thus ¢1 is non-increasing and the proof is complete.
O

Theorem 3.6. If there exists T > 0 such that ¢(7) < 1, then ¢(t) <1 for allt € (0,00).

Proof. Suppose on the contrary that there exists ¢ > 0 such that ¢(¢) = 1, but then, as ¢ is
non-increasing, there must exist ¢ty > 0 such that

o(t)=1 for t < to,

P(t) <1 fort > to. (3.13)

Then, for any ¢ > to, upon splitting the integrals at ¢t — to and noting that ¢(t — u) = 1 for
u € [t — to, ],

6(t) = /O T ( /O "t — w)dG () +1— G(@) dC(x)
+ /t " ( /0 T bt — wdG(w) + /t D dGw) +1—- G(x)) dC/(x)

—to —to

+h (/OHO ot — u)dG(u) + /tt dG(u) +1 — G(t)) (1—-C()).

—to
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There is no dependence on z any-more inside the h(-) term in the second integral, hence the
above equals

6(t) = /O T ( /0 "t — w)dG () +1— G(:@) dC(z)
+h (/OHO 6t — w)dG(u) + 1 — G(t — to)) (C(t) = Clt — to))
+h </OHO 6t — u)dG(u) + 1 — Gt — to)) (1—C(1)).

We note that terms in the second and third line partly cancel each other, therefore we may
write

B(t) = /0 T ( /0 "t — w)dG () +1— G(a:)) dC/(x)
+h </OHO 3t — )dG(u) + 1 — G(t — t0)> (1= C(t - to)).

Define ¢* : [0,00) — [0, 1] by
o* (1) = o(1 + to), 7 € [0, 00), (3.14)

to see that, for 7 € [0, 00),
5 (r) = /0 h (/O 6(r +to — w)dG(u) + 1 — G@)) dC(x)
+h (/0 (7 + to — u)dG(u) + 1 — G(T)) (1-C(n),

or,

() = /OT h (/O 6" (r — u)dG(u) + 1 — G(;@) dC(z)
+h (/0 (1 — w)dG(u) + 1 — G(7)> (1—C(r).

Hence, in fact, ¢* is a solution to (3.3), leading to a contradiction since ¢*(%2) < ¢(%2)
violates the minimality of ¢. We conclude that ¢(t) < 1 for all ¢ > 0. O

3.2 Comparison theorems

In this section we show that explosiveness is essentially determined by the behaviour of both
G and C around 0 and A around 1:

Theorem 3.7. Let h and h* be probability generating functions such that for some 8 < 1,
h*(s) < h(s) for all s € [0,1]. Let G be the distribution function of a non-negative random
variable such that G(0) = 0. Let C be the distribution function of a non-negative random
variable. If the process (h,G,C)’ explosive, then so is (h*,G,C)7.

Proof. Consider the explosive process (h, G,C)¥ and denote by ¢/ the corresponding smallest
solution to (3.3). We observe that for all ¢ > 0,

1> /tqsf(t—u)dG(u)Jrl —G(t) >1-G(t),
0

46



where the right hand side tends to 1 when ¢ goes to 0. Because G(0) = 0, there exists T' > 0
such that, for ¢ € [0, T,

/Ot ¢ (t —u)dG(u) +1 - G(t) > 0.
Thus, for such ¢,
h (/Ot ¢ (t —u)dG(u) +1 — G(t)) > h* </Ot ¢ (t —u)dG(u) +1 — G(t)) :

since by assumption h*(s) < h(s) for all s € [0, 1]. We establish that, for any ¢ € [0, T,

of (1) > /Ot h* </Ow o' (t —u)dG(u) +1 — G(x)) dC(z)

t
g (/ &F (t — u)dG(u) + 1 — G(t)) 1-C@) (3.15)
0
= (The g ) ).
An appeal to Corollary 3.3, with ¥ = ¢/, completes the proof. O

Theorem 3.8. Let h be a probability generating function. Let both G and G* be distribution
functions of non-negative random variables such that G(0) = G*(0) = 0. Let C be the
distribution function of a non-negative random variable. Assume that there is a T such that
G* > G on [0,T). If the process (h,G,C)7 is explosive, then so is (h,G*,C)f.

Proof. Fix a t < T and write ¢;(u) = ¢/ (t — u) for u < t, where ¢/ is the smallest solution
to (3.3). Partial integration gives, since G(0) = 0,

[ 6uwaGw = Gt - [ Glaas .
0 0
for all x <t¢. We thus have
/O Cow)dGw) +1-G@) = 1-C)(1— dilx) / Gu)dén(u)  (3.16)

x

1=G" (@)1 = () = | G (u)dy(u), (3.17)

0

Y

since G* > G on [0,T] and ¢; is a non-decreasing function (hence d¢ is non-negative).
Writing now the RHS back in the same manner, we obtain

/w or(w)dG(u) +1 - G(z) > /I Pe(w)dG* (u) + 1 — G*(z), x <t.
0 0

Then, for all t < T,
o' (1) = (T gy’ ()

> (T 6.00?") (1)

and Corollary 3.3, where we use ¥ = ¢/ as a test function, captures that (h, G*,C)7 is
explosive. O

47



Theorem 3.9. Let h be a probability generating function. Let G be the distribution function
of a non-negative random variable. Let both C' and C* be distribution functions of non-
negative random variables such that C(0) = C*(0) = 0. Assume that there is a T such that
C* < C on [0,T)]. If the process (h,G,C)? is explosive, then so is (h, G*,C)7.

Proof. Fixt <T. Let

hi(z) = h </0 de(u)dG (u) + 1 — G(m)) ,

for z < t, where ¢, is defined as in the previous proof. Note that h; now is a decreasing
function. We write, since C'(0) = 0,

/ hi(2)dC(z) = C(t)he(t) —/ C(z)dhi(z).
0 0
Hence,

o) = [ M@)CE) +h(b - )
— h(H)C(t) — /O C)dh(x) + ho(t)(1 — C ()
— h(t) /0 C(z)dhy(z)
> ha(t) — / C* () dhy (x),

0

where in the last line we used that dh; is non-positive. From here the statement follows by
writing the RHS back and using Corollary 3.3 with ¥ = ¢/, since for t < T,

o' (1) = (T}, g.oy9”) (1),

3.3 No conservative survival

Now that we have the machinery at hand to decide on explosiveness questions it is time to
ask whether an explosive process might survive conservatively with positive probability. The
next theorem implies that this cannot be the case:

Theorem 3.10. Let h be a probability generating function. Let G be the distribution function
of a non-negative random wvariable. Let C be the distribution function of a non-negative
random variable. Consider the Galton-Watson process describing the generation sizes of the
time-continuous branching process (h,G,C)’ and denote the probability generating function
of the corresponding offspring distribution by heg. Denote also 1. = tlggo P(N; = 00). We

have
heg(s) = [ 11 = (1= 96 dCE). sl <1, (3.18)
and

1 =1 = /000 h (1 —nG(z))dC(z). (3.19)

Further, the probability of conservative survival must equal zero in an explosive process.
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Proof. Write ¢ =1 — 7. Since ¢ > 0 is non-increasing, the limit 7., = 1 — tlim o(t) exists.
— 00

Let € > 0 be given. As h is uniformly continuous on [0, 1], there exists a 6 > 0 such that

|z —y| < 0 implies |h(z) — h(y)| < §. To exploit these observations, fix ¢ > T" both so

large that |1 — C(T)| < § and [n(t — u) — 1| < d for all u € [0,T]. Write for those u,

Nt — u) = Moo + 0(u) with |d(u)| < J, to establish by splitting the integrals at ¢ and T,

[ = meeace - [[n(1- - nacu ) act

r v (3.20)
<| [ (ra-ne6ton -1 (1-ne6) - [ o6 ) ac)
+[1=-C@[+]C) - (D),
as [ 6(u)g(u)du < 6, we may bound this from above by
T
/0 dC@)|+£+5=e (3.21)

As e was arbitrary, the second assertion (3.19) follows. In the corresponding Galton Watson
process, the offspring that will be born is given by

D
Df = Z ]‘{Xi<C}a
i=1

where D has distribution G and (X;); constitute an i.i.d. sequence with distribution G.
The random variable D/ has probability generating function heg, given for |s| < 1 by

hegr(s) = EsP’ | that is
heff(S) —_ ESZ/L";O 1{X,Lv<C}
= STB(D = k)EsZi=0 Hxi<e)
k=0

o0

= Y P(D=k) / Estzol{Xw}dC(m)
k=0 0

o0

= S ED=k) [ (Bs'e) dC()
Sorn=r [ (ms'e)

/OO i]P’(D =k) (Esl{X<m})’“ dC(x)
0 k=0

= /0 h(1—=(1—s)G(z))dC(z).

It is well known that the survival probability ¢ in an ordinary branching process equals the
largest s € [0,1] such that 1 — s = heg(1 — s) and as there are at most two candidates (0 and
a possibly larger number), ¢ must equal 7, since the latter satisfies (3.19). This completes
the proof. O

As a corollary we have that an explosive process without contagious period explodes almost
surely:
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Corollary 3.11. If we consider the quantity 1., = tlim P(N(t) = o0) in the process (h,G)
— 00

that is postulated to be explosive, then,

1 —Too = h(l 77700)'

Proof. There are two ways to see this, either by setting P (TC < oo) = 0 or recalling from
the theory of ordinary branching processes that the extinction probablity 7 is such that
1 = h(n) and noting that 7., = 1. O

Remark 3.12. Conditional on surival, explosion is a tail event and by Kolmogorov’s 0-1
law it happens with probability either 0 or 1, as we just deduced by more elaborate means.

3.4 The explosiveness question

If we are given an explosive process (h,G), then a natural question to ask is under what
conditions will adding a contagious period C stop this process from being explosive? As
pointed out in Section 1.3.1, one way to answer the explosiveness question is by observing
that C must be such that it kills with probability 1 an edge on every finite ray. We employ
that observation to prove Theorem 1.16.

Another way of addressing the explosiveness question is by employing the fixed point equation
describing (h, G, C)f and using that the corresponding equation to (h, G) has a solution not
identically 1. By this approach we will establish that for any a € (0,1) , C such that C # 0,
and any function L slowly varying at infinity, the process (h%, G, C)/ is explosive if and only
if (L, G) is explosive, i.e., Theorem 1.17. We extend this result to Theorem 1.18.

To apply the first method, we need to quantify those rays a bit further. To this end, let
(T};); be the associated life-times on the random ray that has shortest length (if all rays in
a particular realization are infinite, then take the left-most ray). We see that a sufficient
condition for (h, G, C)f to be explosive reads

]P’(Vi:CiZTi,ZTi<oo> >0,

i=1

where (C;); is an i.i.d. sequence of random variables with distribution C, which we employ
to prove Theorem 1.16:

Proof of Theorem 1.16. First, note that

]P’(iTi<oo> =P (N, =00).

i=1

Hence, since (h, G) is explosive, P (Y .2, T; < 0o0) = 1, as follows from Corollary 3.11. Thus,

IP’(W:C;ETZ—,ZTi<oo> =P(Vi:C;>T)).

i=1
To handle this probability, we condition on all the possible values that (7;); may take,

[T -cm) o

=E
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It remains to verify that this is strictly positive (note that here we need C(t) < 1 for all
t>0). But, [[;2, (1= C(T3)) > 0if and only if Y ;2 C(T};) < co. The latter is true because
Yoo Ty < 00 a.s., so that there is a random variable N (N < oo a.s.) such that T; <  for
all i > N, implying that, since C(t) < St for t < 0,

o0 N oo
YT <> CT)+8 Y, Ti<o,
=1 =1

i=N+1
with probability 1. Hence, [];~, (1 — C(T})) > 0 almost surely, and the result follows. O

Recall h,, from (1.2). Before proving that (hZ, G, C)/ is explosive if and only if (hL, G) is
explosive for any C # 0 and L slowly varying at infinity, we first show that (hy, M,C) is
always explosive, where M is the distribution function of an exponential random variable with
parameter A > 0. The calculation establishing this will serve as an illustrative application
of Corollary 3.3, as it involves explicitly finding a suitable test function. Let us start by
arguing in a heuristic way that (h,, M, C) should be explosive. For this process we have
that the probability generating function heg, of the offspring that is eventually born, is given
by (according to Theorem 3.10)

he(s) = 1 — (1 — 5)° /OOO Mz)*dC(@),  |s| < 1.

Thus 6 = [;° M (x)*dC(z) > 0, hlg(1) = co and,

s —heg(s) =(s—1)+ (1 —5)%
=(1-5)%0—(1—s)79) (3.23)

if s close to 1. Hence,

/1 ds - 2/1 ds e
1—e S — heff(s) — 0 1—e¢ (1 - S)a ’

for € so small that the inequality in (3.23) holds. It is well-known, see for instance [16], that
this implies that the process (heg, G) is explosive, which gives a hint on the explosiveness of
(ha, M, C). Note that we only gave an heuristic proof as there is no independence in the
process to employ. That this heuristic argument actually rests on firm grounds is the content
of the next theorem:

Theorem 3.13. Let oo € (0,1). Let M be the law of an exponential random variable with
parameter A > 0. Let C be the distribution function of a random variable such that C(0) < 1
for some 6 > 0. Then, the process (ha, G,C)7 is explosive.

Proof. Let g be the derivative of M, i.e., g(u) = Ae™* for u > 0. Pick 8 so large that

% > o and set ¢ for ¢ > 0 equal to ¥(t) = 1 — . By Corollary 3.3 it suffices to show that

there exists T' > 0 such that

o(t) = /Ot h (/Ow Yt —w)dGlu) +1- G(“T)) 1 (3.24)

+h (/O Yt —uw)dG(u) + 1 — G(t)) (1-C@1), te€0,T7.
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However, this is equivalent to,
w0 < [ ([ - wacw) acw + (['ne-wicw) a-cwy. e

(3.25)
if we set n =1 — . In fact, the last term on the RHS already dominates the LHS. Indeed,
fort <6,1—C(t) >0, and thus

t tB8+1
/0 n(t —uw)dG(u) > A exp(—)\t)ﬁ 1
Hence, )
( / n(t — u)dG(u)) (1= Ct) > A+, (3.26)
0
where

A (A;rf)a (1-C0) >0

is a constant. Now, there is a T < # such that the term in the RHS of (3.26) is larger than
or equal to n(t) = t? for all t < T, since a(B + 1) < B. O

By picking suitable test functions it is possible to generalize this result further into Theorem
1.17:

Proof of Theorem 1.17. Since (h,G) is explosive, there is a ¢ : [0, 00) — [0, 1], with ¢(t) < 1
for t > 0, such that

6(1) = ha ( /O "ot — u)dG(u) + 1 G(t)) s

Write ¢ = 1 — 5, then, using that hq(s) =1— (1 —s)® for s € [0,1],

n(t) = ( / - u>dG<u>)a

Let 1 > A > 0 be a constant and put ¢ = An, then, for ¢t < 0,

t o t o
([ ve-wacw) a-ce = a-cepa ([ at-uicw)
0 0
(1—C(6)An(t)
(1—-CO))A (1)
> P(t),
if A is sufficiently small. Since 1 > ¢ > 0 on (0, 4], Corollary 3.3 proves the result (see the
proof of Theorem 3.13 and in particular equation (3.25)). O

An appeal to Potter’s theorem extends this result to the most general case:

Proof of Theorem 1.18. Assume that (hl, G) is explosive. In the proof of Theorem 1.13,
equation (2.6.2) points out that (ha—_., G) is explosive if we set 0 < € < . Hence, for suitably
small € > 0, (haic, Q) is explosive by Theorem 1.12. Theorem 1.17 entails that (hgc, G, C)¥
is explosive and it thus follows from another appeal to equation (2.6.2) together with the
comparison theorems that (h%, G, C)f is explosive. O
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4 Backward Age-Dependent Branching Processes with

Contagious Periods
In the backward process we study how an infection reaches to a person backward in time. It is
denoted by (h, G, C)®, with h a probability generating function and both G and C distribution
functions of non-negative random variables. This process is described in more detail in
Section 1.4. There it is pointed out that we might identify the process (h, G, C)® with either

(hest, Gegt) or (h,G¢) and here we choose to make the identification (h,G,C)? = (h,Gc).
For z < 00, Go(x) is defined as

Ge(x)=P(X <2,X <C)
= /091(1 — C(u))dG(u).

4.1 Fixed point equation

The function ¢° : [0,00) — [0,1], given for ¢t > 0 by ¢°(t) = 1 — P (N®(t) = o0), is the
smallest solution to
O =T acy® PV, (4.2)

where V is defined in (2.4). The operator T(bh,G,C) =T(h,Gc) is given for t > 0 by

(T(’}L7G7C)<I)) (t)=h ( /O t Ot —u)dGe + 1 — Gc(t)> , (4.3)

see (2.6). Due to the identification (h, G¢) = (h, G, C)’, all machinery of Section 1 carries
through.

4.2 The explosiveness question

Here we show that (h, G, C)? is explosive if and only if (h, G) is explosive, under the condition
that C'(0) # 1 and h is the probability generating function of a plump distribution D, i.e.,
Theorem 1.19:

Proof of Theorem 1.19. To employ Theorem 2.10 we make some preliminary observations.
To start with, we note that there exists § € (0,1) such that 1 — C(¢) > 6 for all ¢t < T.
Moreover, as D is plump, there exists € > 0 such that

1
Fpy (1= —) >m'™, (4.4)

for all sufficiently large m. We define f : N — [0, 00) as

1
vl Z 07
F@))

with m§ > % > 1 large enough for the plumpness inequality to hold for every m > mg. Then,
by (4.4),

f(0) =mg and f(n+1) = Fy' (1~

Fnt1) > Fn)f(n) > FOF () > 57 (n), (15)
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because f(-) is strictly increasing as follows from the first inequality and an induction
argument. Now, for ¢t < T,

Ge(t) = /0 (1-C(x))dG(z) > /0 0dG(x) = 0G(¢),
and hence,
G5 (1) < G~ (;) | (46)

if G7(§) <Tort<6G(T). Let N < oo be so large that ﬁ < OG(T) for all n > N, which

is possible because f is strictly increasing, see (4.5). Then,

S () Sor () 5 0 ()

n;o 1 nziﬂ 1 (4.7)
<365 (7) + 3 (57)
< Q.

The first inequality is due to (4.6). The last inequality follows from the fact that 6 f(n+1) >
f(n), for all n (recall (4.5)),

> o (57 - TiGe (5707 < i (i) <>

n=N+1 N

because (h, @) is explosive. O
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5 Comparison of Backward and Forward Processes with
Contagious Periods

In this section we prove Theorem 1.21, which states that the explosion time in the forward
process stochastically dominates the explosion time in the backward process:

Proof of Theorem 1.21. We show that, for all ¢ > 0, ¢/ (t) > #°(t), where ¢* and ¢f are the
smallest functions such that

¢b = T(bh,ac)(lﬁbv (5-1)
alternatively, for ¢ > 0,
t
) =h (/ POt —u)dGo(u) +1 — Gc(t)) : (5.2)
0
And,
¢! =T}, 6.0 (5.3)

which translates, for ¢ > 0, into

o' (t) = /Ot h </Ox ¢ (t — u)dG(u) + 1 — G(m)) dC(x)

) (5.4)
+h (/0 ¢ (t — u)dG(u) + 1 — G(t)) (1—C(1)).
We rewrite (5.4) as
o' 01= [ (1@ ([ of—wace +1- ) -
Lo (@ (/ &/ (t — w)dG(u) + 1 — G(t))) dC(x),
and, employing the convexity of h using Jensen’s inequality,
o' (t) > h (/Ot /j ¢ (t — w)dG(u)dC(z) + /Ot(1 — G(z))dC(x) o)

+1—cw) </Of o (t — u)dG(u) + 1 — G(t))) .

Now, the double integral may be written as

//qbft—u)dC )dG(u /¢ft—u (t) — C(u))dG(u),

and,
/0 (1-Gx)dC(x)+ (1 -G@)(1-C() =1- /0 (1-C(x))dG(x).

Hence,

>h </Ot o (t —u)(1 — C(u)dG(u) + 1 — /(:(1 - C’(u))dG(u)> , (5.7)
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o/ () > h (/Ot o/ (t — w)dGo(u) + 1 — Gc(t)> . (5.8)

We will now derive an iterative solution for (h,G¢) and show that it is dominated by ¢7.
Set ¢o = ¢f and ¢py1 = T(bh,G,c)¢k’ ie., for t >0,

Pr+1(t) =h (/Ot or(t —u)dGo(u) +1— Gc(ﬂ) :

Then, for all ¢, ¢1(t) < ¢o(t), and, by induction similarly as in the proof of Theorem 3.1,

Pr+1(t) < ¢i(t), for all k. Hence, for all ¢ > 0, ¢(t) := klim o1 (t) exists and ¢(t) < ¢f (t).
—00

Thus, by an appeal to LDC,

ot) = h ( [ o= waGeu) +1- Gc<t>) ,
7 ¢ = T(bh,G,C)¢~

Since the right solution for the backward process ¢’ is always the smallest solution by
Theorem 2.1, we have

¢°(t) < o(1) < ¢ (1),
for all t > 0, and thus
P(VP<t)>P (V<)
for ¢ > 0. We obtained the last inequality after recalling the probabilistic interpretation of
¢’ (and ¢%), that is, for ¢ > 0,
¢! (t) =1 P (N'(t) = o)
=P(V/>t).
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6 Forward Age-Dependent Branching Processes with
Incubation Periods

In this section we study the influence of an incubation period on age-dependent branching
processes. That is, we investigate the explosiveness of the process (h,G,I)¢, where h is a
probability generating function and both G and I are distribution functions of non-negative
random variables. Similarly to the contagious period case, we have for Ny(t) the number of
individuals in the coming generation at time t:

D
Ne(t) =3 Lpexirrexy + Lprexian N (t = X)), (6.1)
i=1
where (N}i) (t)) are i.i.d. copies of Nf(t) for each t > 0. Define F' : [0, 1] x [0, 00) — [0, 1]
for (s,t) € [0,1] x [0,00) by F(s,t) = E [s¥®], then for such (s, ?),

- * e &
- Pp(D= k)/ (IE {sl{tsxl,zsx1}+1<zsx1<t>N <t—X1)D dI ().
k=1 0

Considering the indicator functions, it is best to split the integral at ¢,

t
F(s,t) = / h (lE [Sl“sxn“wsmeﬁ”(t*X1)}) dI(z)
0

+ /oo h(E [s't==x13]) dI ().

We proceed by integrating over X; (note that a factor 1 occurs when an indicator is not
satisfied), to obtain

F(s,t) = /t h <G(x) + /:IE {sN}”U—u)} dG(u) + s(1 — G(t))) dI(z)

8

/t h(G(z) + s(1 — G())) dI(z).

Note that E {sN.;'l)(t_“)} = F(s,t —u) and thus,

0

F
F(s,t) = th(G +/th t—u)dG(u )—i—s(l—G(t)))dI(m)
+/t°oh<c< )+ s(1 - G(a))) dI(2).

We see that, for t > 0, ¢¢(t) = li%rllF(s,t) =1—P(Nf(t) = 00) satisfies

G(t) = /Ot h (G(x) + /: 61 (t — u)dG(u) + 1 — G(t)) AI(z) + 1 I(t).

6.1 Fixed point equation

To answer the explosiveness question for the (h,G,I); process we study the fixed point
equation
o =T"g, deV, (6.2)
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where V is defined in (2.4). The behaviour of this equation resembles exactly the behaviour
of the fixed point equation describing the process with contagious periods. That is, the
process is conservative if and only if (6.2) allows only one solution in V. The operator

T;h’G’I) :V — Vis defined for ® € V by

(1D e)(t) = / h (G(x) + / t O(t — u)dG(u) + 1 — G(t)> dI(z) +1—I(t), t>0.
0 T

(6.3)
We proceed now by a similar approach as in the contagious period counterpart: we find an
iterative solution and show that it is both the right and smallest solution in V to (6.2).

6.1.1 An iterative solution

Our aim here is to show that the law of the explosion time may be obtained as a sequential
limit. To this end, set ¢9 = 0, and, for & > 0, ¢pr1 = T}h’G’I)@C. Indeed, by a similar
induction argument as carried out in the last section, we see that

(i) (¢x(t))r is a non-decreasing sequence for any fixed ¢ > 0,
(il) ¢(t) = kli)nolo or(t) < (t) if ¢ is any positive solution to (6.2) and in particular ¢(¢) < 1
for all ¢t > 0.

LDC gives us that ¢ is indeed a solution. Hence, we can conclude Theorem 6.1:
Theorem 6.1. ¢ defined fort >0 by ¢(t) = klggo or(t) is the smallest solution to (6.2), in
the sense that if 1 is any other non-negative solution, then ¢(t) < 1(t), for all t > 0.
The probabilistic interpretation of this iterative solution is the context of the next theorem:
Theorem 6.2. ¢ defined fort >0 by ¢(t) = khﬁn;o or(t) is the right solution to (6.2), that
is, p(t) =1 =P (Nf(t) = 00), for all t € [0,00).

Proof. For the notation we refer to the proof of Theorem 3.2. If we fix ¢ > 0, then, for any
r <t,
h1-Gt)+Gx)=PNMie{l,...,D}: X; >tor X; <z),

and hence,

o) =P (r" <t,Vie{l,...,D}: X;>tor X; <7)+P(r! > 1)

=1-—P(Jv e BP(¢) s.t. |v] =1), o

where 77 ~ I. By induction it then follows

o (t) ZP(TI <tVie{l,...,D}:— (Elv eBPO(t — X)) st o] =k — 1,7l < X; < t))

+P (TI > t)
=1—-P{3v € BP(¢) s.t. |v| =k}.
(6.5)
The steps, remaining to establish that ¢ is indeed the right solution, are identical to the ones
carried out in the proof of Theorem 3.2. O

Just as in the contagious period setting, i.e., Corollary 3.3, the explosiveness question is
completely decided by the behaviour of the process (h, G, I); immediately after the root
starts giving birth, which is a corollary to the theorems that we just proved:
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Corollary 6.3. Let h be a probability generating function. Let both G and I be distribution
functions of non-negative random variables. The process (h,G,I)y is explosive if and only if
there exists T > 0 and a function ¥ : [0,T] — [0,1] such that ¥ # 1 and

U(t) > (T}h’G’”w) (1), vt € 0,77, (6.6)
or, equivalently,
t t
w(t) > / h (G(x) +/ W(t — w)dGu) + 1 — G(t)) AI(z)+1—I(),  Vee[0,T).
’ : (6.7)
Proof. Identical to the proof of Corollary 3.3. O

Moreover, the explosion time of an explosive process is never bounded away from 0:
Theorem 6.4. If there exists T > 0 such that ¢(7) < 1, then ¢ <1 on (0,00).

Proof. Suppose to the contrary that there exists ¢ > 0 such that ¢(t) = 1, but then, as ¢ is
non-increasing, there must exist ¢ty > 0 such that

o(t)=1 for t < to,

o(t) <1  fort>tg. (6.8)

Then, for any t > t,
b(t) = A T <G(x) + /x T bt — WG () + /t tto AG(u) +1 - G(t)) dI(z)

+/tt h(g(xH/;dG(u)H—G(t)) dl(z) +1-I(t)

_ /Ot—to b (G(x) n /:—tU ot —u)dG(u) +1 - G(t - t0)> dI(z) +1— I(t —to).
Define ¢* : [0,00) — [0, 1] by
¢™ (1) = ¢(7 + to), T € [0, 00), (6.9)

so that,

¢"(7)

/OT h (G(:U) + /; (1 +to —u)dG(u) +1 — G(T)) dI(z) +1— I(r)

/OT h (G(x) + /; ¢* (1 —uw)dG(u) + 1 — G(T)) dl(z) +1 - I(r),

in other words ¢* is a solution to (6.2). But, ¢*(%) < ¢(%2), which contradicts that ¢ is the
smallest solution to (6.2). O
6.2 Comparison theorems

Corollary 6.3 suggests that the behaviour of a process is completely determined around 0,
which we further investigate by proving some comparison theorems:
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Theorem 6.5. Let both h and h* be probability generating functions such that for some
0 <1, h*(s) < h(s) for all s € [0,1]. Let G be the distribution function of a non-negative
random variable such that G(0) = 0. Let I be the distribution function of a non-negative
random variable. If the process (h,G,I)s is explosive, then so is (h*,G,I)s.

Proof. Consider the explosive process (h, G, I); and denote by ¢ the corresponding smallest
solution to (6.2). We observe that, for all ¢ > 0,

1> G /(;Sft—udG()+1—G(t)21—G(t).

Hence, since G(0) = 0, there exists T' > 0 such that, for ¢ € [0,T7],

+ /t ¢f(t —u)dG(u)+1—G(t) >0,

and thus, for those t,

h (G(m) + /t dp(t —u)dG(u) + 1 — G(t)) > I (G(x) + /t bt —u)dGu) + 1 — G(t)) .

We establish that, for any ¢ € 0,77,

t t
o5(t) > / h* <G(x) +/ o5t —uw)dG(u) +1— G(t)) dI(xz) +1—1(t), (6.10)
0 T
or,
os(t) > (1) (1), (6.11)
An appeal to Corollary 6.3, with ¥ = ¢, completes the proof. O

Theorem 6.6. Let h be a probability generating function. Let both G and G* be distribution
functions of non-negative random variables such that G(0) = G*(0) = 0, with densities g and
g* respectively. Assume that there exists a T > 0 such that g* > g on [0,T]. Let I be the

distribution function of a non-negative random variable. If the process (h,G,I)¢ is explosive,
then so is (h,G*,I)y.

Proof. Let ¢y be the smallest solution to (6.2), corresponding to the explosive process
(h,G,I)ys. Set for 0 <u <t <T, ¢(u) = ¢s(t —u), then, for z <t, since ¢ (t) = 1,

+/ d(w)dG(u) +1—-G(t) = G(x)(1 — ¢(z)) + 1 — / G(u)dgy(u)

t : (6.12)
= / G(z)dgs(u) +1 — / G(u)dg:(u),

after writing the first term in the right hand side of the first line as an integral. Now,

and we obtain

/: z)dg(u / G(u)der(u / / v)dvddy (u). (6.13)
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Combining (6.12) and (6.13), we have

+ [ awac +1-c0 =1~ [ [*gowsiw
>1_// v)doddy (u) (6.14)

/ 61 (w)g" (w)du + 1 — G* (1),
by a similar exercise. We find, for ¢t < T,

o5 (t) = (T("“Dos) 1) = (T Doy ) ),

and by Corollary 6.3 the process (h, G*,I)s must be explosive. O

Remark 6.7. We cannot hope that, for instance, G* > G on some interval would also lead
to a comparison theorem. Since, if the life-lengths become shorter, they might become even
shorter than the incubation periods. Hence, we must have, for small t > 0,

P(X<t|X>7") <P(X*<t|X*>7"),
where X ~ G, X* ~ G* and 71 ~ I. This is precisely reflected in g* > g on [0,T].

Theorem 6.8. Let h be a probability generating function. Let G be the distribution function
of a non-negative random variable. Let both I and I'** be distribution functions of non-negative
random variables such that I1(0) = I*(0) = 0. Assume there ezists a T > 0 such that I < I*
on [0,T]. If the process (h,G,I)¢ is explosive, then so is (h,G,I")y.

Proof. Let ¢; be the smallest solution in V such that ¢; = T}h’G’I)qbf. Fix T>t>0 and
define h; for x <t as

t
he(z) =h (G(x) —|—/ o5t —uw)dG(u) +1— G(t)) . (6.15)
We will see shortly that h; is increasing, which establishes the result, since then, for ¢t < T,
h,G,I
os(t) = (11 or) (1)
t

= [ m@are) +1-10 (6.16)

t

- / I(2)dha(z),
0

by partial integration, because h:(t) = 1 and I1(0) = 0. Next, note that dh; is non-negative
by the claim, and thus

6r(t) >1— /O I (@)any(@) = ({4 oy ) (o), (6.17)

and Corollary 6.3 ensures that (h, G,I*)s is explosive. It thus remains to verify the mono-
tonicity of hy. Fix t > 2’ > x and define, for u < t,

fi(u) = G(u) + / ¢f(t —v)dG(v) +1 - G(1),
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to see that

fi(2") = fi(x) = G(2') — / dr(t —v)dG(v / ¢r(t —v)dG(v)
. (6.18)
— Q) - Gla) — / 6 (t — v)dG(v).
Now, for all u < ¢, we know that 0 < ¢,(¢ —u) < 1, and hence
fe(@") = fi(z) >0
and as h is increasing,
he(2) — he(z) = b (fe(2")) — h (fe(z)) = 0

which was the only assertion left in need for a proof. O

6.3 The explosiveness question

Here we investigate what conditions on G and I make a process (h,G,I)y explosive. We
conjecture that it is explosive if and only if (h,G) and (h,I) both explode. In this section
we prove one side of the conjecture: the explosiveness of (h, G) and (h, I) is necessary. Then,
in the next section, we shall shift our attention to the backward process and show that the
conjecture holds for it under a very mild condition on G and I. In the last section, we
shall deduce explosiveness in the forward process from explosion in the backward process by
presenting an algorithm that finds an exploding path.

We can construct a realization of the (h, G, I)s process in the following way. First pick a
realization of (h,G) and take a tree point of view. That is, consider it as a realization of a
Galton-Watson tree with offspring probability generating function h and (life-time) weights
on the edges that are independently chosen from some distribution G. Then, give each vertex
a(n) (incubation) weight according to some distribution I. Remove every edge for which its
weight is smaller than the incubation on its upper vertex. The connection is now made by
identifying the desired realization of (h, G, I); with the component of the root.

Hence, it is clear that a realization of (h, G, I); may only explode if the underlying realiza-
tion(s) of (h, G) is/are explosive. Thus, explosiveness of (h, @) is necessary for (h,G,I)s to
be explosive. That it also necessitates the explosiveness of (h,I) is the object of study in
Theorem 1.22:

Proof of Theorem 1.22. It is equivalent to prove that the explosiveness of (h, G, I); implies
that (h, I) is explosive. Consider an ordinary Galton-Watson process with offspring probability
generating function h where to each vertex v two random variables 7/ ~ I and X, ~ G are
attached (see Fig. 1). Denote the root by r. We say, for a given edge e = {u, v}, that u is
its upper vertex if v is a child of u and denote this ordered edge by uv.
The process (h, G, I); can be thought of as the time-continuous BPW equal to the component
of the root in the graph that we obtain by letting each edge uv have length

LY =X,
and remove it if 71 > X, see Fig. 2.
We also consider the time-continuous branching process BP() where each edge uv has length

0 =,
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I I
X(10)" 7(10) X (40)* 7(40)

X(ll(J)'T(Illo)

Figure 1: A possible realization R of the Galton-Watson process enriched with random
variables X, ~ G and 7/ ~ I attached to each of its vertices v. The notation (ij0) means
that 7 is a child of j who has the root 0 as a mother. Note that not all random variables are
drawn and that all edges are assumed to have unit length and are yet unweighted.

see Fig. 3. Hence, to each realization R of the Galton-Watson process enriched with two

random variables attached to its vertices correspond realizations R(Y) and R of BP(),
respectively BP®?) . If R contains a finite ray, then R®) must contain such a ray as well.

Indeed, every surviving edge uv in R™) has length

=X, 2l = 1),
and we see that the exact same ray is finite in BP(®).

Consider a third time-continuous branching process BP®), where the root is born at time
7. We let every other edge uv have length 7! (see Fig. 4). Every realization R®) of BP®)
can mapped bijectively to a realization R(®) of BP(®) upon noting that both are obtained

by shifting the incubation periods on the vertices in a realization R either up or down.

Moreover, due to this shift, a ray in one realization is finite if and only if it is finite in the
other realization. Thus BP®) is explosive if and only if BP(? is explosive. Also, BP®)
is just the process (h,I) with the root now born at time 7/. We conclude that (h,I) is

explosive if the process (h, G, I); explodes. O
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I
X(20) 2 T(0)

X(120) = 7{o0) X(140) Z 7{10) X(240) 2 (10

Figure 2: A possible realization of BP(!) corresponding to R in Fig. 1. Note that weights
are now put on the edges and only the surviving edges are drawn, i.e., those for which the
infection time is larger than the incubation time on its upper vertex.

Figure 3: A possible realization of BP(®) corresponding to R in Fig. 1. All edges have a
weight equal to the incubation period of its upper vertex in R. Note that same-colour edges
have equal weight.
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Figure 4: A possible realization of BP®) corresponding to R in Fig. 1. The root is born at
time equal to the incubation time of the root in R. All other edges have as a weight the
incubation time on their lower vertex in R. Compare to Fig. 3.






7 Backward Age-Dependent Branching Processes with
Incubation Periods

Object of study is the process (h,G,I), = (h,Gr), where h is a probability generating
function and both G and I are the distribution functions of non-negative random variables.
We calculate, for < oo, that
Gr(z) = IP’(TI <X < :L')
z (7.1)
- / (1)dG(u).
0

As always, we start analysing this process by studying its characteristic fixed point equation.

7.1 Fixed point equation
Since (h, G, I), = (h,Gy), the fixed point equation to study is

& =1y, ey, (7.2)

conform (2.6). The operator Tb(h’G’I) = T(n,q,) is defined for ® € V as
t
(T(h,GI)(I)) (t) =h (/ (I)(t — u)dGl(u) +1-— G[(f))
0
t t
=h (/ O(t —u)l(u)dG(u) + 1 — / I(u)dG(u)> , t>0.
0 0

7.2 The explosiveness question

Here we prove part of the conjecture that

(h,G,I)p is explosive < (h,G) and (h, I) are both explosive.
That is, we prove Theorems 1.23 and 1.24:
Proof of Theorem 1.23. We have (h,G,I), = (h,Gr), where, for z < oo,

Gi(z) = /0 " H(w)dG(w) < I(x) /0 " 4G () = 1(2)G ().

Hence, Gy < T and Gy < G on [0, 00) and comparison Theorem 2.4 establishes the result. O

Proof of Theorem 1.24. We shall make use of the fact that (hq, $G?) and (hq, 51?) are both
explosive. On the one hand, if I > G, then

Gr(x) = /01‘ I(u)dG(u) > /01 G(u)dG(u) = %G@(m).

On the other hand, if the second assumption holds, we may restrict to the case where the
density of I extends to [0, d). Indeed, if I(0) > 0, then fix x € [0,0) to have

Gr(x) = /01’ I(u)dG(u) > I(0)G(x).
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Theorem 2.17 proves that (hq, I(0)G) is explosive and comparison Theorem 2.4 establishes
explosiveness of (hq,Gr).
Hence, we may assume that, for 0 < x < 9,

and, )
I(z) = /O i(w)du.

Because g > i on (0, 6), we have, for any 0 < z < §,

Lo
= §I ().

It remains to verify that (hq, %Gz) and (hq, %12) are both explosive, as the proof is then
finished upon an appeal to comparison Theorem 2.4.

But, Theorem 2.14 tells us that (hy, G?) and (hq, I?) are explosive, and the explosiveness of
(ha, 3G?) and (hg, $1°) is precisely the content of Theorem 2.17. O
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8 Comparison of Backward and Forward Processes with
Incubation Periods
This section is entirely devoted to the proofs of Theorems 1.27, 1.28 and 1.29:

Proof of Theorem 1.27. We show that that, for all ¢ > 0, ¢,(t) > ¢p(t), where ¢y is the
smallest solution to
o =1, eV, (8.1)

and ¢ is the smallest solution to
& =T7"Dg, dev. (8.2)

By (6.2) we have, for t > 0,

6 (t) = /O o (1{[0,ﬂ}(x) (G(a:) + /x ot — WG () + 1 G(t)) + 1{@,00)}(3:)) dI(z),

which we may bound from below due to the convexity of h,
t t
dr(t) > h (/ (G(x) —|—/ ¢t —u)dG(u) +1 — G(t)) dI(z)+1— I(t))
0 T

t t (8.3)
—h (1 —/0 I(u)dG (u) +/0 os(t — u)l(u)dG(U)) :

upon changing the order of integration in the double integral and carrying out partial
integration on the other terms. Hence, recall (7.1),

t
b5() > h (1 ~Gilt)+ [ ot~ u)dG;(u)) ,
0
and ¢ (t) > ¢p(t) follows from constructing an iterative solution to

o =1, deV,

in the same fashion as in the proof of Theorem 1.21. The proof is complete. Indeed,
d

o¢(t) > ¢p(t) implies Vi, < Vy, hence, Vy < t with positive probability implies Vj < ¢t with

positive probability. Thus, if the forward process is explosive, then so is the backward

process. O

The following proof is inspired by ideas of a proof presented in [1], see Section 1.8 for details.
However, as we cannot make use of independence, it is very different from the one given
there:

Proof of Theorem 1.28. We start with a few definitions. Let ¢ = $P(X > §) and m a

constant so large that

écml_‘/a > e. (8.4)

Define f by f(0) = m, and,

1

f(n+1):F5(1—W

), n>0, (8.5)
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so that
f(n) =mY V9" p >0, (8.6)

Let N be a constant so large that
1
1—2exp(—exp(l/(vVa)")) >1— ok Vn > N. (8.7)

Further, let (X7'), , and ()?Z") be i.i.d. sequences with distribution G. Let (1), , be i.i.d.

1!

according to some distribution I (note that we introduced a new notation for the incubation
periods). The core of the proof is an algorithm that finds with positive probability a finite ray
or exploding path (i.e., a path with infinitely many vertices on it, each being a descendant
of her predecessor, such that the sum of life-times over the entire path is finite). The path
starts at a vertex that we denote by xy, with degree at least f(N). Forn=N,N +1,---:

e Consider node z,,, the lowest node in the candidate exploding path. We denote by D,
its number of possible children and by I;! its incubation period.

e If at least ¢f(n) children survive, i.e., DS > cf(n), order those alive children of z,, by
how many children they in turn have, from largest to smallest. Let

cf(n)' v

W, = 5

(8.8)
Define the options from x,, to be the first W,, children in the ordering (note that
W, < (cf(n))'=v®/2 < D¢). Label those options in this ordering and denote their
life-lengths, respectively incubation periods, by Xi"Jrl and Ii”Jrl forie {1,--- , Wy}

If, however, D¢ < c¢f(n), the algorithm terminates in failure.

e Put
kn+1 = arg min ((XZ-""'l\Xi"""1 >1Ip )+ If”'l) ,
i€{1,+ ,Wn}

and set x,41 to be child k,1; in the ordering.

We shall now prove that the algorithm produces almost surely an exploding path whenever
it does mot terminate in failure. We begin by making some preparations. First, note that

(X 2 ) = (X7 - I X 2 )+ 1

which we compare to (1.20) by observing that without loss of generality (w.l.o.g.) we may
assume [(6) = 1. Indeed, define I'* as

I(z) if z € [0,0/2),
I(z) =3 1(0/2) + (= 6/2) =52 if 2 € [6/2,4], (8.9)
1 if x €[4, 00).

Thus I = I* on [0,6/2], and I*(§) = 1, hence, by comparison Theorem 6.8, (h,G,I); is
explosive if and only if (h, G, I*)y is. Also, w.l.o.g. (to keep the calculations neat), we may

assume that )
P(D > z)=—, (8.10)

za
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for all sufficiently large z. Indeed, by Potter’s bound, for all € > 0,

L(2) < 1
sa T gate’

P(D>z) = (8.11)
for large z, where L is a function varying slowly at infinity. We anticipate on the fact that
the remainder of this proof is independent of the value of a € (0, 1), see below for further
details.

The path produced by this algorithm has length L,

[eS) 9]
_ n+l __ n+1 n+1 n
L= Z an+1 - Z (an+1 |X/€n+1 = Ikn)
n=N n=N

nt1 ntl — kn41

=1+ >0 (- X > )+ I )
n=N

=Ih+ Ymin (0T I XU = I )+ 1Y)

we used that Xl?ntll = (Xgl11|XlZ:11 > I} ) to establish the second equality, which we
rewrote into the telescopic sum in the second line. Lemma 8.1 shows that we thus have the

following domination:

d e ~
c<iIy i (Kp )
= Dk n:ZNiE{lr,r-l}I}Wn} i A

Because the backward process is explosive, we know that
o0
> min (XPXP > 1) < o0 as., (8.12)

1 e/ (V)™
n:lle{l’ ,el/(Va)ny

and Lemma 8.3 gives that

d e ~
L< I,gv + Z min (Xi"Jrl +Ii"+1) < 00 a.s. ,
N 16{17...761/(\/5)"}

since (8.4) - (8.8) entail that
Wy > e/ > N,

hereby finishing the first part of the proof. Note that (8.12) justifies the assumption (8.10), as
(8.12) holds for all a € (0, 1) (recall that explosiveness of the backward process is independent
of o € (0,1)).

It remains to verify that with positive probability the algorithm does not terminate in failure.
With non-zero probability the root gives birth to f(N) children, hence we may set xx to be
the root. That the remainder of the algorithm does not fail is the context of Lemma 8.5. [

Lemma 8.1. Let (X), ~and ()?Z”) be i.i.d. sequences with distribution G. Let (I}');

be i.i.d. according to some distribution 1. Define, forn >0 and z > 0,

ZM (2) = (XM — 2] X > ) + I
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and,

kpi1n = argmin Z (Ip) = argmin (X7 — I | X >0 )+ 1Y)
i€{17"',Wn} iE{lx"'ywn}

Then, for M > 0,

M M
d ~
0 M-+1 . 2 . n+1 n . )(n+1 n+1
Sm (I’%’ h IkM+1) o nzoie{{l.l}{lwn} Zi (Ikn) = nzzoie{f,r.l}r}wn} ( it ) ’

(8.13)
Hence, for N in the proof of Theorem 1.28,
e d & ~
in Zrt(Ip) < i Rttt 8.14
TZ;Vie{lr’I'I'l'r’lW“} i ( kn) = ;Vie{lllr'l‘%r}wn} ( i + 1 ( )

Remark 8.2. Note that k, as it is defined here agrees with the definition of k, in the
algorithm presented in the proof of Theorem 1.28.

Proof of Lemma 8.1. We shall carry out an induction argument. We start with the case

M = 0. The variables in {minW ) Z} (I)) are dependent, but they become independent
e{l,--- ,Wo

as soon as we condition on the value of 1,80 = z. Due to assumption (1.20),

5
p( i, AR <) = [r( i 2w <d)ar(n <
0

i€{1,-- ,Wop} ie{l,--- ,Wo}

5
: 1 1 0
> / P <16{1m1nwo} (Xi + IZ-> < t> dP (19 < )
< min X} + I}) < t) ,
i€{1,- W@}
) =

recall that we justified the assumption 7(§) = 1. We proceed the induction proof by assuming
that the assertion holds for some M > 0. Consider

M+1
P <Z ~omin_ ZMH(Ip) < t> : (8.15)

— ie{l,-- ,W,}

Unfortunately, the individual terms are not independent. However, we may bypass this
complication by conditioning on the value of 1 ,i\j[w tll = z, that is, we investigate

ka4t

0 M+1 __ . M+2
P <SM (Ikov' o 7IkM7IkM+1 - (E) +i6{1,r.r.l,l‘?/N+1} Zz ( ) <t

M= :r) (8.16)

Now, again by assumption (1.20), for all 2 <4,

d ~
min ZMT2 (z) < min (XiM"'Z + IiM"'Q) ,
i€{l,- ,Warq1} i€{l, ,Wars1}
and, moreover, min ZZ-M+2 (x) is independent of Sj; (I,g , I,i” , ) Hence, the
i€{l, Wary1} M
probability in (8.16) is larger than or equal to
0 M : v M+2 M+2 M+1 _
P <SM (B Ipw) +  min (Rpe2 g2 <o | it — 1’) .
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This result holds for all < ¢, thus (8.15) is larger than or equal to

0 M+1 ; v M+2 M+2
P (SM (Iko’ o ’IkMJrl) + ie{l,»r.l.l,llal/Nﬂ} (Xi o ) = t) '

The important observation here is that the sum Sy, and the minimum are independent, so
that by the induction hypothesis this probability is larger than or equal to

M
P(Y min ()??“ +I?+1) +  min ()?ZM“ + IZM”) <t],
o 1€{1, Wy} ie{l, ,Wni1}

which equals
M+1
P in (R nt) <)
(Z;) egiiw,y TR =
Hence, we established (8.13). To verify (8.14), we observe that, for all M > 0 and ¢ > 0,

N+M N+M R
P ( S min Zpt(1p) < t) > P < S min (X < t) :

N i€{1,- Wy} N i€{l,-- ,W,}
(8.17)

which follows after realizing that the proof carried out above remains valid if we start with
n = N instead of n = 0. The events inside the probabilities on both sides of (8.17) constitute
a nested sequence and by the continuity of the measure P (-) we conclude that the inequality
remains to hold when M — oo, hereby establishing the result. O

i,n n

Lemma 8.3. Let (X), and ()?Z”) be i.i.d. sequences with distribution G. Let (I}');

be i.i.d. according to some distribution I. Assume that

oo
Z min (XX > 1I1) < 00 a.s..
oy €L et/ (VY
Then,
oo
Z min (XZL + IZ") < 00 a.s..
el et/ VY

d on n
Proof. 1t is easily verified that (X*| X > I") > # Indeed,

IE”(2(X?|XZ’ZI?)St)SP(IZ”r(XZ’\X?ZI?)St)Z/ Pz + (XX > 2) <t)dI(2).
0

Since (X'| X! > z) stochastically dominates X" for all z, the last integral is less than or
equal to

/ P(m+)?f§t>d[(x):@<lf+)?fgt).
0

Thus, for all M,

- M
< n;ie{lv"gllr}(ﬁ)"}( AR = ) (;ie{l,"g%ﬁ)q it ) = )
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Now, call the events inside the left probability Ejs and notice that Ei; C Ej for all £k > 1
(a similar observation holds on the right hand side). We may thus conclude, by continuity of
P(-), that the inequality remains to hold if we let M — oo. In other words,

o0 R d [ee)
min (X” 4 I.") <9 min X7|IXP > I,
712::17;6{1’...)61/(\/5)"} ¢ ‘ ;ie{l)...)el/(\/&W} (X7 0

Lemma 8.4. Consider the events and definitions in the proof of Theorem 1.28. Define
Ay ={Dn > f(N)},

and, form > N + 1,
A, ={D, > f(n),D;_; > cf(n—1)}.

Then, forn > N,

Fnaln) > (1- o (- LEX20)) (1 . (_f(mgf))
=(1—exp —Cfin))> (1 — exp <_Cf(")81ﬁ>> .

Proof. We start by writing the probability

P(Apt1]An) =P (Dyy1 > f(n+1), Dy, > cf(n)| Dy > f(n), Dj_y > cf(n—1))
= P(Dn-i-l > f(n+ 1)7sz > Cf(n)|Dn > f(n))
in a more revealing way:
P(huial40) =P (DR 2/ ()Da 2 /(1) P (Duss 2+ DIDE 2 0, Do 2 1)
8.18)

Let us focus on the first probability in the product on the right of (8.18). As I}! <4 (recall
1(6) = 1),

D, Dy,
D= Yrnsn 2 2 Hxrize):
i=1 " i=1
Since D,, > f(n), we have

7(n)
D2 Y Linving, 2 Bin(f(n),P (X > 9)).
1=1

Applying large deviation theory on the last random variable gives

(D5 < cf (D, > () < P (Bin(f ) F(X > 0) <

SWELLELIOY

IP’(XZcS)f(n))
2

b

(0]



since ¢ = P(X > d) /2. We bound the second probability in the right hand side of (8.18)
from below by

1= P (Dus1 < f(n+1)|D = cf(n), Dy = f(n)).
Consider the amount of good children G,,, where a child of x,, is called good if it has at least
f(n+1) children. D, 41 < f(n+1) only if G,, < W,,. We will show that this is very unlikely
to happen. First note that G,, < Bin(D¢,p), where p =1 — Fp(f(n+1)) = f(n)~vV®. Next,

1-va&
cf(n) < EGn-

W, =
2 -2

Hence,

EG,

P (Duss < f(n+ 1|5 2 ef (). D, 2 f() < (G <

D32 cfo)

cf(n)i-ve
< exp <—f(;> .

O

Lemma 8.5. Consider the events in Lemma 8.4, together with the definitions of N and m
in the proof of Theorem 1.28. For N as in (8.4) we have

P(ANy1, Anyo,---|AN) > 0.

Proof. Due to the choice of m,

1 n
gcf(n)l_\/a > el/WVa)"

Hence, we observe that

P(An11|An) > 1 —2exp(—exp(1/(Va)")) >1— %’

for n > N. Now, write for k > 1,
P(AN+k, ANgk—1, s AN+1]|AN)

as
P(ANtklANti-1, - AN) - P(ANgi-1|ANgr—2, - AN) - P (An | An) -

We employ this observation by noting that, for ¢ < j,
P(Aj|Aj1, Ajgy -, Aji) = P (A;1450),

so that,
N4k—1

P(ANyr, ANgk—1," ", Ant1|AN) = H P(A4;41]4;).
J=N

The assertion is now established by letting k& go to infinity, since H;i N (1 — i) > 0. O

n2
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d
We now remark that the condition (X — x|X > ) < X is met in most cases of interest.
Le., the explosiveness follows if either g(0) > 0 or g(0) = 0 and g is non-decreasing on some
non-empty interval [0, 0]:

Proof of Theorem 1.29. On the one hand, if g(0) = 0 and g is locally increasing, then we
may compare the process (h%,G,I); to (ha,G*,I)s, where G* defined below is seen to
satisfy the assumption (1.20). Let T > 0 be so that g increases on [0,T], and define ¢*, for
x >0, by
g(x) if x € 10,77,
g (z) =< g(T) if x € [T, T*], (8.19)
0 if x € [T*, 0),

where T* is chosen so that fooo g*(x)dz = 1. If X* is a random variable that has ¢g* as its
density, then, for x < %,

PX*"—z<t|X*>z)>P(X"<t),

for all t > 0. Indeed, if t + < T, then

1 t
PX " —ax<t|X*">z)= —F— *
( x <t X*>ux) 17G*(x)/og(u+x)du
1 t
> — *(u)d
= 1—G*(x)/0 9" (w)du
> G*(t),
since ¢g* is non-decreasing on [0, T™*].
Ift+x>T% then
1 t
P(X*—z<tX">ux) 71—@‘(@/0 9" (u+ z)du
1
- (1-G*
e -G @)

=1.

On the other hand, if g > € > 0 on [0, ], then we may compare the process (h%,G,I); to a
Markov process which meets assumption (1.20) with equality. O
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