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Abstract

This thesis aims to enhance existing models that infer parameters describing the spread of a
virus by analyzing the distribution of empirical cluster sizes of identical genetic sequences. An
approach that has gained recent popularity assumes that each individual cluster can be modeled as
a Bienaymé-Galton-Watson process, with the distribution of empirical cluster sizes being equal
to the law of the final size Y., of the branching process. By employing the theory of general
branching processes counted by characteristics, we demonstrate that the empirical cluster size
distribution C“ stochastically dominates Y., due to the exponential growth of the branching
process. Under the assumption that the underlying branching tree follows either a Bienaymé-
Galton-Watson process or an age-dependent process, we show that the mean of the empirical
cluster size distribution can be used for a (strongly) consistent estimator for the probability of
mutation v. For both branching models, we compute P(C® = n) for n = 1,2. We conjecture that
P(C* = n) is independent of the underlying model and that it can be expressed as a function
of the mean of the offspring distribution X, and the probability mass function of BIN(X, 1 — v).
An extension of the model is considered where the probability of mutation is sampled from a
distribution v for each cluster. We show that under this assumption the empirical mean of the
cluster sizes estimates the quantity [v~!(r)dr. We also show that the v can still be estimated
by the empirical mean of the cluster sizes, when the population is divided into a finite number of
types with inhomogeneous offspring distributions.
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Chapter 1

Introduction

The importance of epidemic modelling dates back to at least the eighteenth century. Daniel
Bernoulli studied the effects of variolation, the predecessor of modern vaccination against small-
pox, on the mortality rates associated with the disease [3]. He used empirical data to support his
model and advice on public health policies. Using a mathematical framework to address a public
health concern marked a pivotal moment in the history of epidemiology.

The next benchmark in epidemic modelling was established by two British scientists in 1927
[23]. While they were not the first to divide the population into compartments based on infection
status [30], their formulation of the SIR (Susceptible-Infectious-Recovered) compartment model,
accompanied by a system of differential equations for simulating epidemics, became a foundational
framework for future research. Moreover, the concept of the basic reproduction number (Rg) was
introduced, which is defined as the average number of secondary infections by a single infected
individual, in a fully susceptible population.

The basic reproduction number plays a crucial role in understanding and controlling infectious
diseases, as it serves as an indicator for the epidemic potential and guides the need for public
health interventions [I0]. Although Ry is not a biological constant, as it may differ for the same
pathogerﬂ in distinct populations and has to be interpreted with caution, it remains critically
important [§].

In the 1950s it became evident that randomness plays a crucial role in epidemic spread. A key
figure in this movement was Bartlett, who formulated the SIR compartment model in terms of
transition rates instead of differential equations [2], resulting in a Markov chain. By understanding
the stochastic nature of disease spread, the ability to predict the course of an epidemic could be
improved.

At this point, it was not a significant leap to utilize the theory of branching processes to model
epidemics [T9]. This theory originated from the works of Bienaymé in 1845 [4], and Galton and
Watson in 1874 [36], both of which aimed to investigate the survival chances of family names.
While the latter study is more widely recognized, we refer to the model defined in Section [2.2]
which is considered in both studies, as a Bienaymé-Galton-Watson process to acknowledge both
contributions.

The Bienaymé-Galton-Watson process is a simple model compared to the vast generalized
theory on branching processes. Nevertheless, it incorporates the stochastic elements of an epi-
demic better than earlier mentioned models. Unlike models that only consider the evolution of
an epidemic due to a fixed rate, the Bienaymé-Galton-Watson process captures elements caused
by random effects that occur in the early stages of an epidemic. In the Bienaymé-Galton-Watson

LA pathogen is defined as an organism causing disease to its host.



model, each infected individual produces an independent number of random infected individuals,
according to some distribution. The exponential growth which arises in the earlier model still
persists if the distribution is chosen appropriately. Moreover, properties that arise due to the
stochastic nature of the model can be studied, such as the probability of extinction, i.e. the
probability that a spreading virus does not become an epidemic.

Moving forward in time, the inference of Ry under various models continues to be a persisting
goal in research [7, @, [I0, 15]. As a result, many studies assume a branching process driving
the spread of an infectious disease [5l [12, 25 28], B5]. Advances in the field of DNA sequencing
enabled researchers to gather large amounts of genetic data sampled from infectious patients. As
a result, models can incorporate the availability of this data.

When a pathogen possesses the property that its genetic code mutates over time, clusters
of identical sequences appear in various sizes. This approach is used in [35] to infer model
parameters, such as Ry and a variance controlling parameter k. By considering a branching
process and a reproduction number pRy, where p is the probability that an infected individual has
an identical sequence to its infector, the distribution of cluster sizes is used to perform maximum
likelihood inference. This model is in fact the result of a branching process equipped with the
infinite alleles model [24], and the clusters can be modelled as branching processes embedded in
the original tree.

This thesis is the result of an attempt for inferring age-contact matriceﬂ from epidemiological
data. The methods of [35] inspired us to adapt the techniques in such a way that contacts between
groups can be inferred. However, it was suspected that the aforementioned methods were based
on incorrect assumptions, which could lead to biased estimates. One of these assumptions is that
each observed cluster has reached its final size and the sizes of the clusters can be modelled as
stand-alone branching processes. As mentioned before, the clusters appear inside a larger tree.
For this reason, if cluster sizes are observed at a certain time, inside a growing infection tree,
then the sample is more likely to contain small cluster sizes. This reasoning is made visible in
Figure

Regarding the application of the Bienaymé-Galton-Watson model by [35], the machinery pro-
vided by the classic theory of branching processes appears to be too limited. Resolving these
shortcomings is the main motivation for this thesis. Properties of the infinite alleles branching
process have already been studied in various settings [I1} 17, 26] 29, B7]. Motivated by [37],
where general branching processes counted by characteristics are used to derive results on the
frequency spectrunﬂ we aim to adapt these techniques and apply them to derive an expression
for the distribution of the clusters, as they appear in the larger infection tree.

The narrative of this thesis is divided in the following chapters. In Chapter [2] we formally
introduce the Bienaymé-Galton-Watson process and equip it with the infinite alleles model. The
derivations lead up to the probability mass function stated in Corollary as it appears in [35], and
the chapter concludes with a discussion that motivates the use of general branching processes.
The theory given in Chapter [2] also serves as a steppingstone for the subsequent chapters.

In Chapter|3] the main theory is established. Basing our notation on that of [21], we introduce
the Ulam-Harris family history space. This space forms the foundation for constructing the
probability space. Each element from the sample space contains information on every conceivable
individual. Using this model, we define measurable functions on the whole tree of conceivable
individuals. The outcome of these functions, which we define as characteristics, depend on the
information provided by the sample. As a result, we construct characteristics that take the

2An age-contact matrix C = (ciz) is a representation for the intensity of contacts between different age groups
within a population. Here, c;; denotes the average number of contacts for an individual in age group ¢ with
individuals from age group j. The time interval for this average dependents on the specific model and context.

3Within the infinite alleles framework, the frequency spectrum if often referred to as the vector (o (t)); where o (t)
is the number of alleles represented by j individuals at time t.
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Figure 1.1: An example of a Bienaymé-Galton-Watson process realization equipped with the
infinite alleles model. The dashed line denotes the time when the process is observed. If the time
of observation is before the time of extinction, it is possible that some clusters have yet to reach
their final size. This illustration demonstrates that, assuming all clusters have reached their final
size, larger clusters are disproportionately overrepresented in the sample, while smaller clusters
are underrepresented.

growth of the infection tree into account. Provided that the branching process is supercritical,
i.e. it grows exponentially in size, we may apply results from [21] 27] to obtain analogues for the
results derived in Chapter The analogues are for the Bienaymé-Galton-Watson process and
the age-dependent branching process. In Theorem [5| we state that under the Bienaymé-Galton-
Watson model, the newly found random variable C'* stochastically dominates the random variable
counting the observed cluster sized found in Chapter [2|

The mean of the observed cluster sizes C* for both models turns out to be independent of the
offspring distribution, but solely depends on the mutation parameter v. The mean coincides for
the two models. In Theorem [6] we give the main result of this chapter. It states that the sample
mean of the observed cluster sizes CTOL‘ gives a strongly consistent estimator for v. Moreover, we
explicitly compute the probability mass function P(C* = n) for n = 1,2, where the expressions
again coincide for the two models. We conclude the chapter with Conjecture [T} which states that
the expression for P(C“ = n) is independent of the two models, and only depends on the offspring
distribution.

In Chapter [d we extend the single-type model we define in Chapter [3] where the individuals
are assumed to be indistinguishable, to a multi-type model. The statements from Chapter [3]
are reformulated under the assumption that individuals carry types from a type space S. We
utilize this model to analyse the mean of the observed cluster sizes, under the assumption that



each cluster has a different probability of mutation. The mean of the observed cluster sizes is
also studied in the context where individuals carry a type, which characterizes a type-dependent
offspring distribution, i.e. the offspring distribution is not homogeneous among different types.

In Chapter [5| we apply the main results of Chapter By means of a simulation study we
show that in the supercritical regime, the statement in Theorem [5| is supported by the biased
estimates of the model derived in Chapter 2] We also show that Theorem [6] holds in a similar
simulation study.



Chapter 2

Classical branching processes

2.1 Model motivation

An infectious individual infects a random number of other individuals. We assume that every
newly infected individual also infects other individuals according to the same probability distri-
bution, which we refer to as the offspring distribution. This happens independent of all other
individuals. Continuing this process gives a random infection tree, and these trees can be modelled
as a branching process. In this section we model the tree as a classical Bienaymé-Galton-Watson
process.

When an epidemic is the result of a spreading virus, the virus is characterised by its genetic
sequence. Because the sequences mutate over time [31], infected individuals generally do not carry
identical sequences. Assuming there exists a probability v such that for each infection the newly
infected individual is infected with a different genetic code than its infector, we can model the
mutation process according to the infinite alleles model [24]. When the root produces offspring,
each child assumes the same label as the parent, or the child carries a newly introduced unique
label. We reserve the term type when the model is extend to a multi-type branching process.
We make use of the property that the individuals carrying the root’s label can be modelled by
a branching process itself. The details are further explained in this section, which results in the
derivation of the probability mass function for the number of individuals carrying the same label.
We refer to the individuals with an identical label as a cluster.

As a result, one can perform statistical inference using the obtained probability mass function.
By counting the sizes of clusters of identical genetic sequences, a likelihood function can be
constructed to infer model parameters using a maximum likelihood estimation, which is done
in [35]. In this section, the most simplistic model for counting cluster sizes is considered. In
later sections we make the model more elaborate with the help of theory on general branching
processes.

2.2 The Bienaymé-Galton-Watson process

The Bienaymé-Galton-Watson process is a nonnegative integer valued stochastic process (Zy,)nen
on a probability space (€2, F,P), starting with one initial individual alive, Zy = 1, which we call
the root. When we require that the branching process starts with ¢ individuals, i.e. Zy =i, we
denote the process by (Z5” )nen-

The root lives for one unit of time, and gives birth upon death to a random number of
children according to the offspring distribution given by a random variable X, Z; ~ X. Now



every individual in the first generation, the children of the root, randomly produces offspring again
upon death, after one unit of time. The offspring distribution of every individual in generation
1 is again given by X and occurs independent of every other individual alive. Thus if Xg ~ X
denotes the root’s offspring, then Z; = Zfiol X1,;, where (X1 ;)ien is a sequence of i.i.d. copies
of X. The same logic applies to

Xo X1,5 Xo
Z3 = E E Xo ;= g 2,
i=1 j—=1 i=1

where (Zs;)ien are now i.i.d. copies of Zs. Thus the number of individuals in the third generation,
Zs3, follows the same distribution as the sum of X independent copies of Z5. It is easily verified
that this holds for any n > 0, which gives the characteristic property

Xo
ZnJrl - § Zn,i»
=1

where (Z,,;)ien - Z,, and X ~ X. This follows from the additive property [I].

Proposition 1 (Additive property). The process (Zy” )nen with i initial individuals is the sum
of i independent copies of the branching process (Zn)nen-

As mentioned at the beginning of this section, every newly introduced individual inherits
its parent’s label, or it introduces a new label with probability v € (0,1). We refer to v as the
probability of mutation. Given an offspring distribution X, the number of individuals that inherits
the label of the parent then follows a X ~ BIN(X,1 — v) distribution. Now every descendent
carrying the same label gives birth to a random number of children with this label according
to X too. As a result, the number of individuals carrying the same label, follows a branching
process embedded in the initial tree of the branching process (Z,),en. We refer to this embedded
branching process as (Zn)neN, where Z) = 1 corresponds to the first individual to receive the
label after a mutation. Every such embedding is an i.i.d. copy of the embedding of individuals
carrying the ancestral label, which is the label assigned to the root. Because of this property, from
this point forward, the branching process (Z,)nen with offspring distribution X is considered as
a standalone process independent of (Z,)nen.

We can use the process (Zn)neN to obtain a distribution for the cluster sizes. When a new label
is introduced with a newborn individual, we want to count all the descendent of this individual
which carry this exact same label. From the following lemma we conclude that the descendants
of an individual can be modelled as a branching process as well. The proof follows from applying
the additive property.

Lemma 1. Suppose that T is the random rooted tree generated by a branching process (Zp,)nen.
For an individual v in T, let T (v) be the subtree rooted at v, pointing away from the root of T. If
Z,(v) denotes the size of n-th generation of T (v), then (Z,(v))nen is an i.i.d. copy of (Zn)nen.

Combining this with the fact that the descendants carrying the ancestral label are distributed
as the branching process (Z,)nen, we need to count all the descendants of this process to find
the distribution of the cluster sizes.

We define the total size up to generation n of a branching process (Z,)nen as

Y, = Z Z, (2.1)
k=0



for every n > 0. Letting n — oo, we define to the limiting random variable Y, = lim,_,, Y,, as
the total progeny of (Z,)nen-

The probability mass function is given by the following theorem. A proof can be found in [I8]
and is a result of the hitting time theorem for random walks.

Theorem 1 (Law of total progeny). For a branching process with i.i.d. offspring distribution X
1
IP’(YOO:n):E]P’(Xl—i—..A—Xn:n—l), (2.2)

where (X;);_, are i.i.d. copies of X.

Hence given an offspring distribution X, we can determine the probability mass function for
the final sizes of a cluster of identical labels with Theorem [

In [25] multiple offspring distributions are considered and fitted on epidemiological data. Here
they assume that every infected individual has an individual reproduction value given by a random
variable p with mean R, which denotes the average number of secondary cases. The secondary
infections are modelled with a Poisson process such that the number of infections has distribution
POIS(p), with p being random. When p is assumed to have a Gamma distribution with mean R
and parameter k such that Var(p) = R?/k, then POIS(p) ~ NEGBIN(k, q), where ¢ = k/(R+ k).
This choice of offspring distribution includes the conventional POIS(R) and GEO(q) when k — oo
and k = 1 respectively.

Now let X ~ NEGBIN(k, q), where k > 0 and ¢ € (0,1). We use a generalized parametrization
of the negative binomial which allows positive real values for k instead of just integers. The
probability mass function is then given by

T'(k+n) "
P(X =n)= ——¢"(1 — 2.3

(X =n) AT ¢ (1-4q)", (2.3)
for n € N. The usual properties of the negative binomial still hold and are given in the following
claim.

Claim 1 (Basic properties of negative binomial distributions). The probability mass function
given in sums up to 1 and the random variable X with NEGBIN(k, q) distribution has mean
E(X) = k%q for all k >0 and q € (0,1). Moreover if X1 and Xo are two identical copies of X,
then X7 + Xy ~ NEGBIN(2k, q).

Proof. The result follows from using the identity Qx,+x,(s) = Qx, (s)@x,(s), where Qx, and
Q) x, are the probability generating functions of X; and X respectively. O

The estimates for k in [35] are often smaller than 1, which is why it is necessary to include
these cases in the parameter space. The claim ensures that we have defined a proper distribution.
Moreover, adding two negative binomials with the same success parameter still results in a neg-
ative binomial distribution. The intuition stems from the fact that a negative binomial random
variable is the sum of k i.i.d. geometric random random variables, but generalizes to the case
where k is not an integer.

Assuming a negative binomial offspring distribution comes with two useful properties in the
computation for the probability mass function in . Since the branching process where each
individual carries the ancestral label has offspring distribution X ~ BIN(X,1 — v), we need to
apply Theorem to the offspring distribution X. It turns out that X is again a negative binomial,
and by Claim [1f we also have that the sum of i.i.d. copies of X is a negative binomial.

Claim 2. Let X ~ NEGBIN(r,q) with k > 0 and q € (0,1) and let X ~ BIN(X,1 — v) be the

thinning of X, with v € (0,1). Then X ~ NEGBIN(k, §) with ¢ = %.



The reproduction number R is the average number of secondary case infections and the infer-
ence of this parameter is the goal of many studies [Bl [7, @, [10] 15 25 28, 35]. In our model this
coincides with the mean of X and since we have E(X) = klzq = R, we often refer to a negative
binomial with mean R and dispersion parameter k. In this case we have ¢ = RLHC and from Claim
is follows that ¢ = W for the thinned negative binomial, as E(X) = (1—v)R. Now Claim

and [2| can be combined to show the following corollary of Theorem

Corollary 1. Let (Z,)nen be a branching process with offspring distribution X ~ NEGBIN(k, q)
with k > 0 and ¢ = RL_% for some R > 0, and let v be the probability of mutation. Then the

probability mass function for the final size of a cluster of identical sequences Yoo is given by

- (nk + (n —1)) k nk —v) nt
P(Ym:n)zr n!—;((nk)l ((1V)R+k> ((1(11/)le/€) ’ (24)

which, is proper if (1 — v)R < 1. Otherwise, (2.4) is defective and P(Yoo = 00) is the survival
probability.

2.3 Inferring the reproduction number from identical ge-
netic sequence cluster sizes

Following the ideas of [25], the probability mass function in can be used construct a likelihood
function. Given a set of observed cluster sizes, we can optimize the likelihood function to obtain
a maximum likelihood estimation for (R, k). In [35] they directly infer R and & from the result
obtained in Corollary [1} However, they assume that each cluster is a branching process standing
on its own, while in fact they are embedded in the bigger infection tree. This changes the observed
cluster size distribution, and the formula in needs to be modified, as we explain now.

Suppose that we observe the whole branching process up to some generation n € N. Moreover,
we also know the label of each node generated by the infinite alleles model, and therefore we know
the sizes of each cluster with identical labels. While observing clusters which have reached their
final size (the total progeny), we also observe newly started clusters of smaller sizes that have yet
to reach their final size (total size between its time of birth and n), see Figure Thus as n
gets large, a proportion of the small clusters we observe were started only a few generations ago,
but their potential final size is as least as large as the one observed. Hence we expect that the
cumulative distribution function corresponding to , is stochastically dominate(ﬂ by the true
distribution function.

The goal of the following sections is to incorporate into the model that the clusters are
observed in an exponentially growing tree, where some clusters might not have reached their final
sizes yet. This requires us to consider a more general approach to model branching processes,
which uses the Ulam-Harris family space of trees. With the help of this model we can define
functions (characteristics), which count for example how many cluster of size n we observe at
some time ¢ > 0 on a sampled tree. We then show that the stochastic processes that result from
counting these characteristics on a branching process, converge under the appropriate scaling, to
a computable limit. We use this limit to derive a likelihood function which better fits the model.
Moreover, this limit can be used to estimate the probability of mutation v from genetic sequence
data.

1For two real valued random variables X and Y, not necessarily living on the same probability space, Y is stochas-
tically dominated by X if for all z € R, P(X < z) > P(Y < x).
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Chapter 3

General single-type branching
processes

3.1 The family space

Consider a branching process that starts at the root and gives birth to new individuals throughout
its lifetime. Each individual is given a name instead of a label, since the latter term is already
reserved for the infinite alleles model. The naming of the individuals is done according to the
Ulam-Harris family history space, and our notation is based on that of [2I]. The root is named 0
and is the only element of N° = {0}. All of the root’s possible children receive the names i € N,
where N = {1,2,...}. The second generation, which are the grandchildren of the root, are assigned
the names x € N2, meaning that if z = (i, 5), then j is the j-th child of i € N. Continuing with
this logic, we can express any individual z € N**! for some n > 0 as z = (z1,...,Tnt1) = Y,
where y € N* and j € N. Here we used the concatenation zy = (z1,...,Zn,Y1,.-.,Yn) € NTT
for some x € N” and y € N™. The previous notation is consistent for any n,m > 0 if we also
introduce the notation z = z0 = 0z. A schematic overview of a realisation of the branching
process with only four generations is given in Figure [3.1

~_
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Figure 3.1: A schematic representation of the ancestral tree of a general branching process. The
vertices represent the individuals born over time. If an edge is drawn between two vertices, then
the top vertex gave birth to the bottom one over the course of it’s life. The naming of the vertices
follows the naming described in Section [3.1



We build the sample space from which each realization of the branching process is drawn,
first constructing a space for the life career of a single individual and expanding it to include all
(possible conceivable) individuals.

Definition 1. Each possible individual is contained in the set of all individuals which is defined

as oo
I=|JNm
n=0

All possible life careers are contained in the life space Q equipped with a o-algebra A.

All the individuals x € I are assigned a life career w, which is an element from the life space
). The information given by w € {2 depends on the model assumptions. For example, if we
consider a multi-type branching process in which individuals are associated with a certain type,
then w must describe which type is assigned to each child of the individual with life career w.
The life careers should in any case contain enough information to define the functions 7;(w), for
each ¢ € N, which gives the age of the parent with life w at the moment of giving birth to the
i-th child. So 71 (w) is the first moment of childbearing. We define this formally now.

Definition 2. The age of childbearing of i-th child is defined as the real-valued function 7; which
is measurable with respect to (£2,.4). Moreover, it must satisfy

OS’HSTQS‘..<OO, (31)

where we set 7;(w) = oo if the life w describes less than 4 births. The reproduction process £ is
defined as the point process
§(B) ={i:m € B},

for any borel set B € B(RT). We abbreviate

§(t) = £(10,1)). (3.2)

Given an individual x € I with life w, € €2, we denote its reproduction process by
2(B) = [{i : mi(ws) € B}|.

In the preceding definition, we also defined the reproduction process, which is an important
object for the application of the results in the following sections. Now that we have the ages
of childbearing of the mothers of the individuals, we can add up the ages of childbearing of the
ancestors to determine an individual’s time of birth in the process, provided we have knowledge of
the lives of these ancestors. For this reason, we now define the space from which the realizations
of the branching process are sampled.

Definition 3. The population process is defined as (Ql, .AI), where
of = X9, A=A, (3.3)
zel zel

which respectively denotes the Cartesian product of (Q),c; and the o-algebra generated by the
cylinder sets of (A)zer.

The elements of Q! are of the form {w,},.; and we denote w = {w,}, ., which is a realisation
of the branching process. Hence a life career w, can be identified for each individual x € I. This
gives us enough information to inductively define the times of birth for the individuals.

12



Definition 4. The birth times o, of the individuals are defined by setting the birth time of the
root
g0 (Q) = 07

and for any individual x = yi, where y € N" and i € N for n > 0, as
0z(w) = oy(W) + 7i(wy).

Note that in the definition of the birth times o, and o, are functions of w and 7; is a function
the element w,. This ensures that 7 is really a child of y. If we refer back to Figure we
see that individual 1 descended from 0 and gave birth to 11, which in turn did not produce any
offspring. We thus have 011 ({w}) = 01(w) + 71 (w1).

Whenever an individual # = yi is not born, ie. 7;(wy) = oo, it then follows from the
definition that also the birth times o,.(w) = oo for every z € I. The branching process inherits
its characteristic properties, e.g. the additive property given in Proposition (I} from the basic
assumption that all individuals produce i.i.d. offspring. For this reason we make the following
natural assumption to capture these properties for all population processes considered.

Assumption 1. We assume the existence of a probability space (!, AT, IP) such that the repro-
duction processes &, are i.i.d. for each x € I.

3.2 Counting general branching processes

Now that we have constructed the population process along with the birth times and a probability
measure, we have defined the branching process. We want to derive measurable functions of the
branching process. For example, the total size up to time ¢ can be counted via the function
Y; which is measurable with respect to the probability space (2!, Af,P). This can be done by
computing the sum

Y = Z ]1[01,00) (t)v (34)

xzel

which counts every individual whose time of birth occurred before ¢. If we want to count how
many individuals gave birth to at least one individual by time ¢, we need to replace the indicator
in by 15, 00) (%), since we want to count all individuals 2 which gave birth to their firstborn
z1. Giving the measurable function

N =N " g1 00) (1): (3.5)
xel

The indicators in the expressions and evaluate the contribution of each individual to
outcome of the functions Y; and N/2°*"*. We refer to the contribution of the root, in the examples
these are the indicators 1 o) () and 1(,, o) (t), as characteristics. We make this formal in the
following definition.

Definition 5. A random characteristic is any real-valued process (x(t)),cp defined on Q and for
which the map (¢, {wz},c;) = X (t {ws},c;) is measurable with respect to the product o-algebra
B(R) x Al and vanishes for negative values in the first argument.

Remark 1. Both characteristics Ig+ and 1(,, o) considered in and only look at the
root itself or at it’s reproduction process. For this reason we refer to characteristics that depend
on wy as individual characteristics. In more generality, a characteristic could also depend on a
larger (or the whole) subtree of the root. There is also an extension where one is allowed to look
upwards in the tree for finitely many generations, see e.g. [21].
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To be able to formally describe sums like (3.4]) and (3.5), we introduce for any x € I the shift
operator S, : O — Qf, which is defined as the map

Se({wndyer) = {@onbyer (3.6)

It maps any element from Q to the subprocess where z is the new root, thus making it a branching
process started at x.

Definition 6. Let w € Qf and x € I. The daughter process of x is defined as the subprocess
obtained by applying shift operator S, from (3.6) on w.

Remark 2. In the preceding definition we have used the term daughter process of = to describe
the subtree with root z. This terminology is taken from [27] which assumes that everyone is
female, and is equivalent to assuming that the reproduction process is asexual. The latter aligns
with our framework regarding virus spread, which is why we choose to adapt this naming.

We can evaluate the characteristic on the daughter process of x, which we denote by

Xz (a) = x(a, ;) = x © Sz (a) (3.7)

and can be interpreted as the score of = at age a. In order to count the scores at some time ¢,
we need to make the time shift ¢t — o, to make sure that the time at which the characteristic x,
is evaluated coincides with the age of z. If we set x(¢) = L+ (t), which corresponds to the case
of (3.4), then we indeed have x,(t — 04) = Lg+ (t — 02) = 1{5, o0)(t). With the tools at hand we
now define the general branching process counted by any characteristic satisfying Definition

Definition 7. Suppose that y is a random characteristic, we define the branching process counted
by the random characteristic x as

ZX = Xalt— o).

zel

We conclude the section by stating an intuitive lemma that gives us the property that the
daughter processes are indeed i.i.d. copies of the branching process started at the root. We denote
by A,, the o-algebra which contains the lives up to generation n, which is

An—a<{w$:x€ CJNk}> (3.8)
k=0

We now give the following lemma known as the Generation branching lemma, as stated in [21].

Lemma 2 (Generation branching lemma). Given A,, n € N, all daughter processes S, x €
N"*1, are conditionally independent and

P(S, € A | A,) = P(A), (3.9)

for any x € N**t1 and A € AL

3.3 Some results from renewal theory

We want to study the asymptotics of ZX. First, we study the convergence of the mean under
appropriate scaling. This scaling is also helpful in determining whether a limiting distribution
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exists. In this section, we derive some elementary results with the help of renewal theory. We
start with the mean of the process
my = E[Z}]. (3.10)

Results from renewal theory are relevant for us since they arise from the distribution of the arrival
of points on the real line, which in our case is the arrival of newborn children, described by the
reproduction process £. The expectation of ¢ is a useful object to study, which leads us to the
following definition.

Definition 8. Suppose that ¢ is a reproduction process as in Definition[2] The intensity measure
p of ¢ is defined as u(B) = E[¢(B)] for every B € B(R™). We write

u(t) = E[(1)].
with € as in

We use the intensity measure p to derive the renewal equation for the mean my given in
(3-10]), which is stated in the following theorem.

Theorem 2. Let ZX be a branching process counted by x and p be the intensity measure for the
reproduction process. Then the mean m)} = E[Z)] satisfies the renewal equation

t
m =B+ [ md, ud), (3.11)
0
We prove this theorem by deriving a (3.11)) from a decomposition for ZX. We make use of the
basic decomposition, which we state in the following lemma.

Lemma 3 (Basic decomposition of a branching process). The basic decomposition of a branching
process if given by

ZX=x(t)+)_zX,. (), (3.12)

ieN
where ZX(i) = ZX o S; denotes the branching process counted by x with individual i as the root.
Proof. We split the sum x € I over the different generations N™ to arrive at
o]
Zz?c :ZXI t*Uz = Z Z Xz tfam *XO(t)‘FZ Z Xr(tfaz)a
zel n=0zeN" n=1xeNn

and point out that xo(t) = x(t). By writing every individual x € N™ as z = iy with y € N~}
and 7 € N, the summation can be rewritten as

oo oo
DD Doxlt—ow) =D D0 > xult—ow) =D > Xyt — i)
n=1ycNn—1ieN m=0yeN™ €N ieN yel

Since we have S;, = Sy 0 S; and 03y = 0; + 0y = 0; + 0, 0 5;, we arrive at

ZZXyOSi(t_Ui_UyOS Z Z 4, (1),

€N yel €N
which gives the result. O

We are now ready to give the proof of Theorem
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Proof of Theorem[3. By taking expectations on both sides of (3.12)) we obtain by monotonicity
X1+ Y E[ZX,.(1)]
ieN
Since S; is independent of Ay by Lemma 2] and o; is measurable with respect to Ay, we see
E[thfoi (Z)] E [E [ZtX o; ( ) 0;€[0,t] | AO]] =E [E [thfoy_- (Z) ‘ AO:I ]laiE[O,t]:I
=E[E[Z ;. [1oc04] = Blmi s, Lo,cpon]-

If we again exchange the summation and expectation, we obtain

3| %ot ctncna] <o [ miian].

1€EN

By properties of the random measure £ we have

e[/ - [ i o) = [Pt

since we defined u(t) as the intensity function of &. O

Before stating the Renewal theorem, we give two definitions that are required for the statement
of the theorem. The first one puts a restriction on the integrability of E[x(¢)].

Definition 9. A non-negative function h: D C R — [0, 00) is directly Riemann integrable if the
upper and lower Riemann sums of h over the whole domain converge to the same limit as the
mesh of the partition vanishes.

Remark 3. The above definition is more restrictive than the usual Riemann integrability. When
D =[0,00), h is said to be Riemann integrable if the upper and lower Riemann sums converge on
[0,t] to a common value, and the integral is defined as the the limit of these values when ¢t — oo.
For the direct Riemann integrability we require that the upper and lower sums directly converge
on [0,00) as opposed to on [0,t] for all ¢ > 0.

The next definition concerns the intensity measure p and makes a distinction between the
cases where p has all of its mass concentrated on AZ for some A\ > 0.

Definition 10. A probability measure G on [0, 00) is called lattice with span A, if for some r > 0,
A is the largest number such that 37 ) G({jA+7}) = 1. We call G nonlattice if no such number
exists.

An example of such a lattice measure is the one for the Bienaymé-Galton-Watson process,
where all mass is concentrated at 1. Now we state the Renewal theorem. This version of the
theorem can be found in [I3] together with a proof.

Theorem 3 (Renewal theorem). Let G be a probability measure on [0,00) such that [ uG(du) <
oo and h is a directly Riemann integrable function on [0,00). Suppose that H is the solution of
the following equation

t
+/ H(t —u) G(du). (3.13)
0
1. If G is nonlattice, then
Jo_ hw) du
lim H(t 3.14
tggc (t) = fo uG(du) ( )
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2. If G is lattice with span A, then

o0

lim H(z 4 n)) — A2z ME L 0N (3.15)
n—0o0 Jo uG(du)
We can apply Theorem [3|to the (transformed) equation if we scale p such that it gives
a probability measure. Fisher describes in [I4, Chapter 2] that given a density for the expected
offspring, in our case this corresponds to u(du), we can determine the stable age distribution.
Note that i does in general not need have a density with respect to the Lebesgue measure. In
this case the expression [ f(u) u(du)) denotes the Lebesgue-Stieltjes integration of f with respect
to the measure y. When the unique rate a such that fooo e~ p(du) integrates to 1 is computed,
the cumulative distribution function for the stable age distribution is given by [ e=*" pu(du).
The parameter a captures the exponential growth of the process and is generally known as the

Malthusian parameter. For branching processes this is formally defined in the following way.

Definition 11. Suppose that 4 is an intensity measure as in Definition[2] We define the Malthu-
sian parameter (if it exists) as the @ € R such that

fla) = /OOO e~ p(du) = 1. (3.16)

Remark 4. As pointed out in [I], the Malthusian parameter always exists if p([0,00)) > 1 and
satisfies @ > 0 by monotonicity. If p(]0,00)) < 1, then we always have o < 0 provided that it
exists. When « > 0, we speak of a supercritical branching process, and is a requirement for most
of the following statements. The process is called subcritical is a < 0 and critical otherwise.

By definition, e~*" u(du) now gives a probability measure on [0,00), which we use in the
following corollary of Theorem

Corollary 2. Let Z)X be a branching process counted by x and u be the intensity measure for the
reproduction process with Malthusian parameter c. IfE[x(t)] > 0 is continuous almost everywhere
as a function of t and satisfies

oo

sup e ““E[x(a)] < oo, (3.17)
k=0 k<a<k+1

then as a result of Theorem[3, if p is nonlattice we have

© —au E d
lim et gz = Jo ¢ " EX(]du, (3.18)
t—00 Jo uem p(du)
If p is lattice with span \ we have
o —auA E Y
lim e~ B[Z)] = )2=u=0° be(ud)] (3.19)

n—sco JoS e p(du)

Proof. The result follows from multiplying both sides of equation (3.11)) with e~®. By rewriting
the following

t t
et [ ) = [ e e ),
0 0

we see that Theorem [3| applies for H(t) = e~ *'my, h(t) = e " E[x(¢t)] and G(dt) = e~ p(dt),
provided that e~ **E[x(¢)] is directly Riemann integrable. It follows from the assumption
that the upper Riemann sum is bounded from above. The assumption that E[x(¢)] is continuous
almost everywhere gives us then that the upper and lower sums converge to the same value. Now

(3.18) follows from (3.14)) immediately and (3.19) follows from evaluating (3.15]) at = = 0. O
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Remark 5. Corollary [2]is stated under the same conditions as Theorem 3.4 in [21], except they
restrict u to be nonlattice. We aim to extend the results obtained in Section [2.2] with the
use of characteristics, which is why we include the lattice case. Jagers and Nerman also prove
the convergence of e=®*ZX to a limiting random variable in probability and L' under similar
conditions. Moreover, under a more restricting assumption, but still valid in our application,
they provide almost sure convergence.

We want to use the results of this section in the following sections, where we construct char-
acteristics for statistical analysis. Since we need stronger results than the convergence of the
mean. It turns out that the scaled process e~ **ZX converges to a random variable W, scaled by
a factor of the limit in . We skip the details and conclude this section with a statement on
the almost sure convergence of the process. The proof can be found in [27] and is based on the
construction of a martingale {W,};>o which converges to Ws,. The more restrictive assumption
is the cost for having the almost sure convergence.

Theorem 4. Let Z¥ be a branching process counted by characteristic x, where x is nonnegative
and with paths in D([0, oo))E| Suppose that u is nonlattice with Malthusian parameter a € (0, 00)
and

/ e " u(du) < oo, (3.20)
0
for some r < a. Moreover, assume that x satisfies
E {sup e‘”‘x(u)] < 00, (3.21)
u>0
for some r < a. Then, ast — oo,
Zt)< > — U
v e E[x(u)]du almost surely, (3.22)
t 0

conditional on {Y; — oo} where Y; is as (3.4).

Remark 6. We stress that analogues for the lattice case also hold, as the results are intuitively
interchangeable in the sense of equations and , i.e. the Lebesgue differential du can
be replaced by Am(du), where m(u) = 1 for every integer v > 0. Conditions such as (3.20)
remain unchanged if interpreted as a Lebesgue-Stieltjes integral and can be relaxed by
changing the supremum over positive real numbers to the positive integers. However, starting
from the preceding theorem, the analogues are not stated any more for the sake of readability
and to avoid repetition.

3.4 Counting cluster sizes on an infinite alleles single-type
branching process

At the end of Section we argued that the observed sizes of the observed clusters are influenced
by the exponential growth of the process. With the results from Section [3:3] we can formalize
this conjecture.

We do not yet define the classical Bienaymé-Galton-Watson process as a general branching
process, because the characteristics we construct do not depend on the underlying reproduction

1 D([0,00)) is the space of functions defined on [0, 00) with left and right limits everywhere.
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process. We define the infinite alleles model again as a process independent of the reproduction
process £. We introduce the indicator function v : N x Q — {0,1} as

(%, wy) = 1(the i-th child of an individual with life career w,

inherits the label from the individual),

With probability v a new label is introduced for every born individual, making (i, w,) a inde-
pendent Bernoulli random variable with success probability 1 — v for every ¢ € N and w, € Q.
We assume that the outcome of v is i.i.d. for every pair (i,w,) € N x Q and independent of the
reproduction process.

We wish to derive an empirical measure of cluster sizes with the use of characteristics. When
gathering clusters of identical labels, e.g. genetic sequences, such a measure is exactly what can
be estimated from the data. The goal is to construct characteristics x™ and x such that

thn _ #fclusters of size n up to time ¢

= 3.23
zxX" #clusters up to time ¢ ’ (3.23)

and let ¢ — co. We are again computing a probability mass function for the observed cluster
sizes. But we expect to see a different result than 7 because we take into account that an
observed cluster can potentially attain a larger size than its size at the time of the observation.
Suppose that an individual y € I produces an offspring yi which carries a new label, i.e.
(%, wy) = 0. Then the number of individuals carrying the same label as yi in the subtree started
by yi, is equal to the size of this cluster. Hence we define a new reproduction process 5 embedded
in &, which only keeps individuals carrying the parent’s label. This new process can be expressed

as follows R

§(Byw) = Z’Y(i,W)]].B(Ti(W)), (3.24)

ieN

for B € B(R). Intuitively, this embedded process is the binomial thinning of original reproduction
process. All individuals in the branching process with the reproduction process é carry the same
label as the root, which is referred to as the ancestral label, analogous to Section We denote
by Y; the total size of the branching process carrying the ancestral label up to time ¢, in the same
way as (3.4). The characteristic x™ which counts how many cluster of size n result from the root,

can be defined as B
X"(t) =Y T (t = 03) (1 = 7(i,w0)) L) (Yt—m (i)>~ (3.25)
ieN
Here 1+ (t—0;) is the indicator that the individual ¢ is born by time ¢, (1—~(%, wg)) is the indicator
that a new label is introduced with ¢ and ]l{n}(f/t_gi (7)) is the indicator that the subtree started

by ¢ with the label of ¢ is of size n. Thus with thn we count for every individual the number
of children that satisfy the following condition: a child is born, a mutation happened between
the child and the individual, and Y;_,, (%) is equal to n. If we want to count the total number of
clusters, then we leave out the last indicator, which gives

X8 =D L (= 03) (1 =56, wn))- (3.26)
ieN
In order to compute the limit of (3.23)) as ¢ — oo, we state the following corollary of Theorem

Corollary 3. Let Z} and ZtX/ be branching process counted by x and X' respectively, such that
both x and X' and u satisfy the conditions of Theorem |Z| Then, as t — o0,

zx fooc e Elx(u)] du
7 e Bl (w)] du

almost surely,
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conditional on {Y; — oo}.

In the next two section we apply the corollary under two different assumptions. The first case
coincides with the Bienaymé-Galton-Watson process, which means that the age of childbirth is
one for every birth that takes place in the life w. The second case is the age-dependent branching
process, which means that the age of childbearing follows a general distribution G on [0, c0)
which is nonlattice, and all births in the life w take place at this time. In both cases we wish to
compute the probability mass function for the cluster sizes observed in an exponentially growing
tree. It turns out that Corollary [3] can immediately give us a probability mass function with the
characteristics we constructed. We state this in the following definition.

Definition 12. The limiting empirical cluster size distribution C'* is defined as the random
variable with the probability mass function

e Bl (w)] du
fooo e~ wE[\N(u)]du’

where " and x! are as in ([3.25)) and (3.26)) respectively.

P(C® = n) (3.27)

3.4.1 Empirical cluster size distribution for the Bienaymé-Galton-Watson
process
As in Section every individual produces offspring upon death according to a distribution X.
The lifetime of each individual is of length 1. The reproduction process for an individual with
life w is given by
E(taw) = Xw]]-[l,oo) (t)a (328)

where X, is a copy of X. The intensity measure u(t) = E[x(t)] takes the form

pu(t) = mé1({t}),

where E[X] = m and §; is the Dirac measure with ¢, (4)=1if 1 € A and 0 otherwise. Observe that
all the mass of p is concentrated at 1, which makes p lattice with A = 1 according to Definition
According to Definition [IT} the Malthusian parameter is the solution to

oo
/ e p(du) =me™ =1,
0

which is a = log(m). Observe that « > 0 only if m > 1, and corresponds to the supercritical
regime. We now wish to compute the probability mass function P(C® = n) as in (3.27)). Because
of the lattice property, the limit of the ratio (3.23) takes the form

Dm0 € U EX" (u)]

Do € EXN ()]
where we point out that e™®* = m~%. We need to compute the expectation of x"™(u), by the
independence of the mutation process we have

B[ ()] = B = (w0 E[a (u = 00) Ty (Vao, ()
1€EN

=v ZE |:I].]R+ (u— Ui)]]-{n} (?U—Ui (Z)H )

i€N

P(C® = n) = (3.29)

au
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where v is the probability that a child does not inherit the label of the parent. By conditioning
on X, using the law of total expectation, we know that Lp+(u —0;) = Lg+(u—1) if X >4 and
0 otherwise. This gives

e~ 5o 0)] - Bl -5 0) | .
- E|:]E|:]]-(Xwo > i) L+ (u — 1)11{n}(}7u,1(i)) ‘ XMOH7

where we can take the indicator measurable with respect to X, out. By Lemma [ we know that
the branching process started at ¢ is independent of the reproduction process of the root, and
therefore of X,,,. Rewriting this leads us to

]1(u > I)E[]l(XWO > ’L')E[]l{n} (i;u—l(l))”

= 1(u> 1)1@[11()@0 > z‘)IP’(f/u_l(z‘) - n)]

We again apply Lemmato argue that 17“,1(2') and )N/u,l are equal in distribution, and therefore
have

1(u > 1)P(17u_1 - n) E[1(X,, > )] = L(u > 1)P<Yu_1 - n) P(X,, > i).

At last we take out all terms that do not depend on ¢ out the sum and recognize the expectation
of the offspring distribution X, to obtain

E[x"(u)] = 1(u > 1)P(17u_1 - n) S B(Xuy ) = L(u > 1)}P’<Yu_1 - n) E[X].
€N

The computation for E[x"(u)] is along the same lines but with the indicator ]l{n}(f/u,l(i)) sub-
stituted by 1, and arrives at the expression

E[(w)] = 1w > 1)E[X],

We conclude that the probability mass function in equation (3.29)) is equal to

P(C* = n) = = Z‘:_lm“ ) (1 - ;) gomup(?ﬂ = n) (3.30)

The expression in terms of )N/u in allows us to compare the probability mass function with
the one derived in Corollary . The corollary is a specific case where the offspring distribution
is a negative binomial random variable, but it easily follows from Theorem [l| that a more general
formula can be stated.

Theorem 5. Consider an infinite alleles Bienaymé-Galton-Watson branching process with off-
spring distribution X and mutation parameter v € (0,1). Then the total size Yy, of the final
cluster sizes with (possible defective) probability mass function

IP(T/OO - n) ~ L pBINGX 1 - ) =n—1),
n

is stochastically dominated by C with probability mass function (3.30]).
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Proof. As mention at the end of Section Y is stochastically dominated by C® if for all
n €N, P(C* <n) >P(Ys <n). Observe that the event

{}700 Sn} = {ffu < n}ﬂ{f’t Sn,Vt>u},
is contained in {Y, < n} for any u € N. It then follows that
IP(T/OO < n) < P(Tfu < n)
which gives the result

P(C < n) = (1 - ;) im—up(ffu < n> > (1 - ;) im—up(ffm < n)

u=0 u=0
> P(f’oo < n)
]

The next quantity of interest is the mean of C'*. We state and prove the expression in the
following lemma which we use later to prove a more general statement regarding an estimator for
v.

Lemma 4. For a Bienaymé-Galton- Watson process with Malthusian parameter o > 0 equipped
with the infinite alleles model with mutation probability v € (0,1), the mean of empirically observed
cluster size is

E[C?] = vt (3.31)
Proof. Expanding and interchanging summation gives
(o] 1 o0 a o0 -
O] = 3 nB(C" =) = (1 - m) Z%m u 2np(yu ~n)

= (1-5) 2omeefR]

We can use the basic decomposition (3.12), for Y, where x(t) = 1g+ (t) and £(1,wp) = )~(w0 denotes
the number of individual produced by the root carrying the ancestral label. The decomposition
is as follows

Xug

Yy =1+ Y, (i),

i=1
where we use the convention that Y_; = 0 such that we correctly have Yo = 1. Substituting this
decomposition into the preceding expression gives

(1— ;) gm_“E[f@} - (1— ;) im‘“ﬂi 1+ i?ul(i)

Xy

= (1 — ;) i m~* + i m “E Z ?u_l(i) (3.32)
u=0 u=0 i=1
1+ (1 - ;) im’“E[)Z’wo} E[?u,1}7
u=0
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where we used Wald’s identity and the fact that Y,,_1 (i) is a copy of Y,,_1 in the last step. Since

X, is the binomial thinning of X,,, it has mean (1 — v)m and E {17,1(2)} = 0, we obtain
Z m “E {)?UJO} E [?u_l} =(1-v)m Z m “E {}7”_1}
u=0 u=0
0 ~
=(1-v) meuE[Yu]
u=0
where we moved the index of Y,,. Substituting this into (3.32) gives
1 - —Uu Ve (o3
E[C*] =1+ (1 — 1/)(1 - m> Z;)m E[Yu] =1+ (1-v)E[CY],
which simplifies to (3.31)). O

3.4.2 Empirical cluster size distribution for the age-dependent process

The age-dependent branching process is a stochastic process in continuous time. Similarly to
the Bienaymé-Galton-Watson process, individuals produce a random number of offspring with
distribution X upon death. However, lifetimes are not of length 1, but follow a general age
distribution G which takes values in [0,00) and is of nonlattice type. The reproduction process
has a similar form as the Bienaymé-Galton-Watson case 7 but is due to the random waiting
times defined as

f(ta w) = Xw]]-[Tw,oo) (t)a
where X, is a copy of X and T,, ~ G which are independent. The intensity measure is given by

wu(t) = IE[X]I[T)OO)(t)] =E[X]P(T > t) = m(1 — G(t)). (3.33)
We find the Malthusian parameter again by computing /i(«), which equals
/ e p(du) = / e "mG(du), (3.34)
0 0
where « solves ji(a) =1 as in (3.16).
Since the support of p is not a lattice in the age-dependent setting, we have to compute

P(C* = n) in the form of (3.27)). Starting with the numerator, we obtain in a similar way as the
lattice case that

ENC ()] = v Y E[1(Xup 2 0)E[Las (u = Tup) 1oy (Vaoriy ) | XKoo
=vY B(X >i)E {]lw (= T Ly (?U_Two)}

= VE[X] E[1R+ (= Ty Lny (f’u%o)] .

We can again apply the law of total expectation conditioning on T,

et Tt (Fn,) | 2]

_ /OOO E[ﬂw (= Toy ) Ty (?u,mo) ‘ T,y = t] G(dt)
= /0 ]P’(}N/u,t = n) G(dt).
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At last we compute

/OOO e " E[x"(u)]du = vE[X] /:o emou /OuIP’(f/ut = n) G(dt) du

=0

=vm /t: /ui e_a“]P’(?u,t = n) du G(dt),

and with the substitution v = u — ¢t we arrive at

l/m/ / e~ v+t ]P’(?U = n) dv G(dt)
t=0 Jv=0
= 1// e % G(dt)/ e v ]P’(?v = n) dv
t=0 v=0

= 1//0Oo efo‘”P<}~/U = n) dv.

Analogous to the Bienaymé-Galton-Watson case, we obtain the result for ¥ by replacing Liny (Yu—o, (7))
with 1, giving

/ e ™ E[x"(v)] du = l// e “m G(dt)/ e~ dv = g.
0 t

=0 v=0

The probability mass function for the observed cluster sizes in the age-dependent setting is there-
fore given by

P(C* =n) = a /OOO o ]P’(Yu - n) du. (3.35)

There is an analogue for Lemmald]in age-dependent case. Exactly the same phenomena occurs,

the average observed cluster size is given by »~!. The proof uses many of the same details from
the derivation of (3.35) and the proof Lemma

Lemma 5. For an age-dependent branching process with Malthusian parameter a > 0 equipped
with the infinite alleles model with mutation probability v € (0,1), the mean of empirically observed
cluster size is

E[C?] = vt

Proof. First we exchange the integral and summation, and make use of the basic decomposition
to obtain

E[C°] = a /O h e E[V,] du=a /u i eou (1 +E[X] /t :)E = G(dt)) du.  (3.36)

We evaluate and again exchange integrals,

1+E{)ﬂa/oo o /u E {ffu,t} G(dt) du
u=0 t=0
=14+ (1 —-v)ma /OO /OO e ™E [?u,t} du G(dt),
t=0 Ju=t

perform the substitution v = u — ¢, and recognize that [i(or) = 1 and the expression in (3.36)),
which brings us to

1+ (1-v) /:O e “'m G(dt)a/

=0 v=0

(3.37)

oo

e E [f/} dv =1+ (1—v)E[C?], (3.38)

and concludes the proof. O
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3.4.3 Parameter estimation for single-type branching processes and the
infinite alleles model based on empirical cluster sizes

In this section we cover the estimation of model parameters based on the results derived earlier
in Sections and We ended both sections with the computation of the mean for the
observed cluster sizes. It appeared that in both cases the mean equals ¥~ !, which implies that we
can use the empirically observed cluster sizes to obtain an estimator for v. Due to the simplicity
of the expression, we can obtain a strong result with the help of some basic limit theorems. In the
following theorem we state and prove that empirical mean gives a strongly consistent estimator
for the mutation probability v.

Theorem 6. Consider a branching process equipped with the infinite alleles model where each
indiwidual gives birth to a random number of children upon death according to a random variable
X. Moreover, assume that death occurs at age 1 (Galton-Watson) or after a random time with
nonlattice distribution G on [0,00) (age-dependent) and the Malthusian parameter satisfies o €
(0,00). If v € (0,1) is the probability that a new allele is introduced, then

is a (strongly) consistent estimator for v, where (C¥)_, are the observed cluster sizes with prob-

ability mass function (3.27)).

Proof. We showed in Lemmasandthat E[C?] = v~1. From the Strong Law of Large Numbers
it follows that C¢ — v~! almost surely as n — oo, as the observed cluster sizes are assumed to
be i.i.d. daughter process of the branching process. From the Continuous mapping theorem it
follows that as n — oo, 1/C2 — v almost surely, making C a strongly consistent estimator. [J

Observe how the only requirement for the process on the reproduction process is that a €
(0,00) which is for the Bienaymé-Galton-Watson process and age-dependent process equivalent
to being supercritical. We refer to a standard probability textbook for the limit results used in
the proof.

We use the rest of the section to derive expressions for the probability mass functions obtained
in equations and . Due to the dependence on the total size Y,,, it is hard to compute
probability mass function for large n. We restrict ourselves to analytically computing the proba-
bilities of observing clusters of size 1 and 2, resulting in a distribution P(C* = 1), P(C* = 2) and
P(C* > 3). Furthermore, we assume the offspring distribution X to satisfy E[X] =m > 1. In
Chapter such that we are in the same setting as Section Now X ~ BIN(X,1—v) gives the
offspring distribution for the branching process carrying the ancestral label, which can be found
in Claim

Bienaymé-Galton-Watson case

In the discrete time, we have that {f’u = 1} only occurs for u > 1 when the root does not produce
offspring with the same label, i.e. {X,,, =0}. Thus P(Yp =1) =1 and P(Y,, = 1) = P(X,,, = 0)
for w > 1. This gives

P(CY =1) = <1_7711> <1+§;m“IP(X’w0 —0)) =1- %(14}»(5&:0)).

For {?u = 2} we need that the root gives birth to exactly one individual with the same label, and
that individual needs to produce no offspring with the ancestral label. That is {X,, =1, X.,, =
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0}. We have

P(C® =2) = (1 - ;) <;P()?w0 —1) + im*up(&o —1)P(%., = o)>

u=2
- 1\ /1 -~ R
-p(=1) (1) (5 P =) )
u=0
which can be rewritten in the following form
P(C" =2)=P(X = 1) (ﬂl1 - %—HP’()N( :0)%) =

- —P(X

]P’(X

»—ls‘)—l

(e ER))
:1)1@ o« = 1),

(C*=1)

3

Age-dependent case

We consider an age-dependent branching process with general age distribution G and offspring
distribution X, where E[X] = m > 1, such that the branching process has Malthusian parameter
a € (0,00), according to [I].

We can have {Y,, = 1} if the root did not reach the end of its life yet at time u, or it produces
no offspring carrying the same label at the end of its life. Thus

P(ffu - 1) = P(T,,, > u) +P(f( = 0,1, < u)
- /OO G(dt) +1P>()? - o) /u G(dt),
t=u t=0

where T,,,, ~ G gives the root’s age of death. We simplify the equation further into
1- / G(dt) + P(}Z’ - 0) / G(dt) =1— (1 - IP()? - 0)) / G(dt). (3.39)
t=0 t=0 t=0

This can then be substituted in

P(CY =1) = aA:O e—ou (1 - (1 - P(O)O( - 0)) {to G(dt)> du -
-1+ (1 - IP()? - o))a/zoe*a“ _ Glandu,

since ae™*" is the density of an EXP(«) random variable. We continue with the integral, where
we exchange the integrals such that

o0 u o0 o0
a/ e~ G(dt)du = / a/ e du G(dt)
u=0 t=0 t=0 u=t
= / e*ata/ e dv G(dt).
t=0 v=0

We again recognize the density of an exponential. Moreover, the other integral is a multiple of
fi(c), which equals 1. For this reason we have

/ e_ata/ e~ dvG(dt) = — e mG(dt) = —. (3.41)
t=0 v=0 m Ji=o m
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Returning to (3.40)), we arrive at
1 -
P(C® =1) =1+ (1-P(X =0)),
m

which coincides with the Bienaymé-Galton-Watson case.

We have again two cases where {Y,, = 2} occurs. The root gives birth to one individual
with the same label before time u, but the newborn individual is still alive, which is the event
{Thy < U, Xy =1, T, + Tiyy, > u}. Or the root also gives birth to one individual with the same
label, but that individual produces no offspring with the ancestral label before time u. This is
given by {X,, =1, X, =0,T,, + T, <u}. Thus

P(ffu - 2) - IP()?WO =1,Tyy < u, Ty + Ty > u) +1P()?wo =1,Xu, = 0,1, + 1o, < u)
= P(Xwo = 1) (P(Two <, Ty + Ty > ) + P(X’wl = o) P(T,, + T, < u)).

We continue with the terms within the parentheses and rewrite them using the same step as in

(3.39), which gives

P(Tuy < 4, Ty + Ty > ) +P( Xy = 0) P(Tuy +Toy < )
u u - u u—to
:/ / G(dt1) G(dtg) +IP’<X = 0)/ / G(dty) G(dtp)
to=0 Jt1=u—to to=0 Jt1=0

— /to_()(l - (1 - ﬂ»(fc = o)) /tu_: G(dtl)) G(dto).

We substitute it in the following expression, and exchange integrals once again

P(C® =2) = a/oo o /t:_o (1 - (1 - P(}? = 0)) /:_:O G(dtl)) G(dto) du

u=0
[e%e} [e'] . u—to
_ / a/ oo (1 _ (1 - IP’(X - 0)) / G(dt1)> du G(dty),
to=0 u=tg t1=0
we can do a substitution again, which gives

v

/:O e—ath/vi e (1 _ (1 - P(}? - 0)) - G(dt1)> dv G(dto)

v

_ /too e—oto G(dto)a/:o e (1 - (1 - P()? - o)) - G(dt1)> do,

0=0
where the first integral is equal to (3.41) and the second one is from ([3.40). We arrive at

P(C = 2) = %IP’(X = 1) P(C® = 1),

which is again the same as in the Bienaymé-Galton-Watson case.

We have shown for the two models we considered, that the values P(C* = n) coincide for
n = 1,2. Due to a series of simulations, it is suspected that the probability mass functions for the
two models are equal. This would mean that the choice for the age distribution, either general or
constant, is irrelevant for the empirical cluster size distribution, as it would only depend on the
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choice of X. Moreover, if the conjecture is true, then an explicit expression for each n € N holds
for both models. By assuming that the relation

X
1
P(C* =n)=—P 1+) Cr=n],

holds for n > 2, where the C;*’s are i.i.d. copy’s of C'“, one can derive the implicit formula
Qea(z) = 2(1 - ) + 2 Q(Qea (=)
ca(z) =2 —) T2 Qx(Qo=(2)),

where Q¢ and Qg are the probability generating functions of C* and X respectively. Using
the Lagrange Inversion Formula [I6], the coefficients of Qco are given explicitly, i.e. we can give
an explicit expression for P(C* = n) for all n € N. However, this formula already fails for n = 3,
but only by a small margin. This effort did not yield the desired result, but this may inspire a
different approach that will pay off. For this reason, we formulate the following conjecture.

Conjecture 1. The probability mass function for the empirically observed cluster sizes is the same
whether the branching process follows a Bienaymé-Galton- Watson process or an age-dependent
process, provided that E[X] = m > 1 holds for the offspring distribution X and the Malthusian
parameter satisfies « € (0,1). Moreover, for all n € N there exist an explicit expression for
P(C* = n) in terms of a finite sum, depending only on m and the probability mass function of
X.

3.4.4 Observing cluster sizes on a downsampled tree

In real-world spreading processes, it is not always the case that every infected individual can be
observed. This is known as partial sampling. We assume that each individual is independently
sampled with probability s. Referring back to Section where the assumption is that each
cluster is a branching process on its own, the observed cluster size was denoted by Y., with
probability mass function Since each individual is independently sampled, the observed
downsampled cluster size follows a BIN( ,8) distribution. Hence the probability of observing
a downsampled cluster of size k is given by

P(BIN(Y@O, 5) = n) - i IP(Y/OO - k) P(BIN(k, s) = n), (3.42)

=n

where we include the case n = 0. Since clusters of size 0 can not be observed in general, this has
to be taken into account. The expression in can be normalized by 1 — P(BIN(Y,, s) = 0),
for an applicable statistical model.

In this section we show that we obtain an analogue of ([3.42 - for the case where we equip the
model in Section [3.4] with downsamphng Intultlvely, this result follows from replacing the term
P(Y, = n) with P(BIN(Y,, s) = n) in and exchange the integral and sum. By constructing
an appropriate characteristic, we show that this intuition is correct, up to a normalization factor.

Before we can construct the characteristic, we need to introduce a function on € that deter—
mines whether an individual is sampled. When we defined the reproduction process 5 in
for the total size Yt up to time ¢, we implied the existence of birth tlmes Gy, forx eI generated
by 5 These birth times are used to define Y; in the same way as in

We introduce the indicator function ¢ : Q — {0,1} as

¢(wy) = 1(an individual with life career w, is sampled).
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We stated at the beginning of this section that we assume to sample each individual independently
with probability s. Moreover, we assume that the outcome ¢ is independent of the reproduction
process and <y, which assigns the labels. This makes {¢(wy)}yer a sequence of i.i.d. Bernoulli
random variables with probability s.

Now, we construct the process that counts the number of individuals which are both sampled
and wearing the ancestral label. The process is defined as

i;;d) = Z ]l[&z,oo)(t)(b(wz)v
zel

which is a branching process counted by the characteristic
X?(t) = Lg+ (t)d(wo) (3.43)

With 17;{’ we are able to construct the characteristic which counts the number of empirically
observed downsampled clusters of size n. The characteristic is the same as in (3.25)), but Ytd’
plays the role of Y;. We have

) = 3 T (t = 00)(1 =36 w0)) Ly (V20,0
iEN
and for the total number of empirically observed downsampled clusters
() = 3 Tae (t = 00) (1 = 1 ,w0)) 1 (V21 ().
ieN

Note that the term lN(}Z‘io_i (7)) implies that we are not able observe to clusters of size 0. Similar
to Definition [3.29] we define the limiting distribution of the empirically observed downsampled
clusters as the random variable C®® with probability mass function

B fooo e au E[X"¢(u)] du

PO =) = e B o

where x™? and "¢ are as in (3.4.4) and (3.4.4)) respectively. We skip the derivations leading to
the expressions

/ e E[X"’d’(u)] du = / e~ ]P’(f/f = n) du, (3.45)
0 0
and
o0 oo -
/ e_a“IE[XN’¢(u)] du = / e‘““P(Yf > 1) du, (3.46)
0 0

as they run analogous to the computations in Section [B.4.1] and In order to arrive at the
analogue of (3.42)), we do have to show that Y,? ~ BIN(Y,,s). Which prove in the following

claim.

Claim 3. The branching process f’td) counted by x® as in (3.43)) has probability mass function

P(ff;" - n) - P(BIN(}Z, 5) = n) - i P(ﬁ - k) P(BIN(k, 5) = n). (3.47)
k=n
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Proof. We start with applying the law of total probability by conditioning on Y,

P(77 = n) = Y B(V¢ = n | T = k) BT = k).

We proceed with the conditional probability. Since the characteristic x® vanishes for negative
arguments, we can apply the decomposition

i;tqb = ZXi(t - al) = Z Xi(t - Uw) = Z ¢(ww)a

zel o<t <t

as birth times with & — ¢ > 0 imply that x?(t — 0,) = 0. Conditional on {Y; = k}, we see that
{6, < t}| = k. This gives

]P’(?f:n‘f/t:k):@) 3" plwe) =n| Y=k :P<i¢(wi):n>,

<t

as the outcome of ¢ is independent of the reproduction process. Since {¢(w;)}F_; is an i.i.d.
sequence of Bernoulli random variables with parameter s, we arrive at

k
IP(Z H(w;) = n) = P(BIN(k, s) = n),

i=1
which concludes the proof. O

We are almost done with deriving the expression for (3.44). With the preceding claim we have
computed the integrand of the numerator. The denominator gives a normalization term which
is not as simple as the 1/a we obtained in (3.35). This is due to the fact that {Y,? = 0} occurs

when every individual up to time w is not sampled.
Observe that (3.47)) is valid for n > 0, so we can apply it to (3.46]) to obtain

/000 e_a“]P’<1~/u¢ > 1) du /OOO e (1 — ]P’(f’u‘z’ = 0)) du

- /OOO e—au ép(ﬁ - k) P(BIN(k, s) = 0) du.

(%

We compute the probability that the outcome of a binomial is 0 and arrive by exchanging sum
and integration at

1 * —au - v _ _ 1 > —ou _
5_/0 e ;P<Yu_k) P(BIN(k,s)_O)du—a—kZ_l/O e P(Yu—k) du(1 — )
- é “Lec -,

(3.48)
where we recognize the expression in (3.35)) up to a factor a. Here, G¢,, denotes the probability
generating function of C,. At last we compute the numerator. We exchange sum and integration

by substituting (3.47) in (3.45)), which gives

/OOO emou ]ip(?u = k) P(BIN(k, 5) = n) du = ,i/ooo e~ (¥, = k) duP(BIN(k, 5) = n).

(3.49)
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We recognize again the term P(C® = k) up to a factor a in the summand. Substituting both

(3.46) and (3.49) in (3.44) gives

ren P(C* =k k,s)=n
p(0v =) - TR FC" = HEGING) =)

(3.50)

where we multiplied both sides with a.

Deriving an expression for the denominator turns out to be a challenge, as one needs to
compute the Laplace transform of the probability generating function of Y,,. However, one can
derive an implicit formula.

Proposition 2. For an age-dependent branching process with offspring distribution X with mean
m, lifetime distribution G, and Malthusian parameter o € (0,00), the following formula holds

L(Qy, (2)) = 2L(Qx (Qv, (2))), 220,
where L denotes the Laplace transform and Qx and Qy, are the probability generating functions
of X and Y, respectively.

Proof. We write Gy, (2) as E[zY*] and express Y, as Y, = L, <u} (1 +ZiX:“60 Yu(i)Two) +

]l{Tw0>u}, where the Yu(i) are ii.d. copies of Y, X,,, ~ X and T,,, ~ G. We apply the law
of total expectation and split the integral at ¢t = u
o0

E[zY*] = /t ! E[z" | T., = t] G(dt) + / E[2" | T,, = t] G(dt)

=0 t=u

u X i o0
t=0 t

=u

and consider the first integral. We take out z and condition on X,,, which gives

u Xw (i) u Xw (i)
/ E {Zuzi_oo YVule | T = t} G(dt) = z/ E[]E {zzi—oo YaZ
t=0 t=0

XWOH G(dr)
:z/:OE )ﬁﬁ{zyﬁ} G(db),

since Y(i)

u—

. is independent of X,,,. Since the Yu(i)t are i.i.d. copies of ¥,,_; and X,,, ~ X we obtain
u X“’O ) u u
z/ 8| ] E[zYu—t} G(dt) = z/ E[E[:"]"] Glan = z/ E[Qy, ,(=)¥] G(dt)
t=0 |y t=0 t=0

—: [ Qx(@v._ () 6,

O

This proposition is related to Conjecture [1} as L(Qy, (2)) = Qc«(z). By solving either the
conjecture or the formula given in the proposition, the denominator in can be explicitly
computed. As a result, this model would be more applicable to real data, than the model that
assumes observation of the entire tree, since it is often the case that only a fraction of a spreading
process is visible.

31



Chapter 4

General multi-type branching
processes

This chapter serves as an extension to Chapter where the individuals are assumed to be
indistinguishable. There are various reasons why we want to relax this assumption. For example,
in the context of epidemic spread, where a population can consist of multiple distinguishable
types. The transmission does not have to be homogeneous among the various types, resulting in
different reproduction processes. Another example is a varying mutation probability v. In the
preceding chapters, it is assumed that v is constant, but for each newly introduced allele, we can
sample a mutation probability v from some distribution. This can be made precise using the
multi-type model. Each individual inherits the parents type if it inherits the same label, but an
individual assumes a new unique type if a new label is introduced. The mutation rate is then
determined by the type of the individual.

4.1 An extension of the general single-type branching pro-
cess

The aforementioned examples indicate that the type space can be broad. Jagers gives in [20] a
construction of a general branching with an abstract type space, providing us with the machinery
to handle the extension to the multi-type branching process. The naming of the individuals
is as in Section The life space (€2,.A) as defined in Definition [I} and thus the times of
childbearing 7;, remain unchanged. The types are elements of some abstract type space S with a
countably generated o-algebra §. We require that the types are given by the measurable functions
pi: 2 —= S, i € N, where p;(w) denotes the type of the i-th child of an individual with life w € Q.

As hinted in the beginning of this section, an individual can produce offspring of different
types, where the distribution might depend on the type of the individual itself. For this reason
the reproduction process in the multi-type case is defined as an extension of , which is

€(Ax B)=|{i:p; € A,7; € B}, (4.1)

where A € S and B € B(R™). The appointment of each individuals type is a result of its parent’s
reproduction process, which is determined by the parent’s type. This can recursively be traced
back to the type of the root. Hence the population process which was previously defined in
Definition (3] now also has to include the type space S and the o-algebra S§. By including the

32



root’s type in the sampling of the trees, we arrive at the population process
(S x Qf, 8 x A, (4.2)

where Q! and A’ are as in and the products in represent the Cartesian product and
the o-algebra generated by the cylinder sets respectively.

A probability measure on can be constructed by assuming the existence of a probability
measure P(s, -) on the life space (€2, .A) for each s € S. The functions s — P(s, A) should be
measurable for every A € A. In [20] they show that this defines a unique probability measure
P, on the population space for each s € S. The P -expectation is denoted by E,. We
refer to E, as the r-expectation. Moreover, in [20], Jagers gives a stronger version of Lemma
which implies branching, i.e. the independence of disjoint daughter processes. We skip most
of the details, but point out that the conditional independence of S, for all z € N**! is in the
multi-type case with respect to S x A,, for some n € N, where A,, is as in . Furthermore,
for each s € S and n € N, now takes the form

P.(S, € A|S x A,) =P, (A),

for any x € N**1 and A € S x A!. Here, we use the convention that p, gives the type of individual
z el

In Section B.2] the notion of characteristics is introduced as measurable functions on the
sampled trees. For this reason, we require in Definition [5| that they are measurable with respect
to the product o-algebra B(R) x A®. Because the sampling of trees happens in the multi-type
scenario with respect to the population process (S xQ!, Sx AT), it is only natural to define a multi-
type characteristic as any real-valued process (x(t))er for which the map x : R x S x Qf — R+
is measurable with respect to the product o-algebra B(R) x S x A! and vanishes for ¢t < 0. The
definition of a branching process counted by characteristic y remains unchanged.

The intensity measure of & given in now takes the following form

p(r,ds x du) = E,[£(ds x du)],

where r € S denotes the type of the individual. The process is said to be Malthusian with
parameter o € R, if the kernel

f(r,ds;a) = / e~ u(r,ds x du), (4.3)
0

has Perron root 1. How this condition is satisfied is made clear depending on the context.

According to [22], there now exists, if & > 0, a o-finite measure 7 on the type space (S,S)
and a with respect to m-almost everywhere finite, strictly positive, measurable function A on the
same space, such that

/S,&(r, ds; ) w(dr) = w(ds),
/ h(s) pi(r,ds; &) = h(r).
s

It is assumed that -
0< 8= / ue”*"h(s)u(r,ds x du) w(dr) < oo,
0

which implies that we can norm h such that [ h(s)w(ds) = 1. Moreover, under the assumption
that inf h > 0, we can also norm 7 to a probability measure. At last we assume that there exists
€ > 0 such that

sup u(r, S x [0,¢]) < 1. (4.4)
res
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To be able to use the techniques of Chapter 3] we need multi-type analogues for Theorem [ and
as a result Corollary ] Unfortunately, we do not have these convergence results in the almost sure
sense for the multi-type case. Because we can restate Theorem 4| with L'-convergence at most,
the analogue of Corollary [3| can only be as strong as convergence in probability. However, the
conditions to obtain L'-convergence are more relaxed in some sense. The most notable difference
is that we require the reproduction process £ to satisfy what is known as the xlog(x)-condition,
which we define now.

Definition 13. A branching process satisfies the x log(z)-condition if the following holds for the
reproduction process
Ex[a&log™ (a)] < o0, (4.5)

where log™ (z) = max(0, log(z)) and

of = e~ h(s)&(ds x du).

SxR+

Remark 7. In Remark [5| it is pointed out that e **ZX converges to a multiple of the limiting
random variable We,. In [27], we find that the condition is equivalent to W > 0 almost surely
on {Y; — oco}. This allows us to imply the convergence of ratios. Moreover, in the age-dependent
case defined in Section the x log(x)-condition is equivalent to

E[¢log™ (€)] < oo.
We are ready to state the following theorem from [22]

Theorem 7. Consider a branching process Z{ counted by characteristic x with reproduction
process . Assume that € satisfies the xlog(z)-condition and £(S x RT) < oo, and the nonlattice
intensity measure p has Malthusian parameter o € (0,00) and satisfies . Moreover, assume
that x is bounded and e~ " E.[x(u)] as a function of r and u is directly Riemann integrable with
respect to w(dr) x duﬂ. Then, as t — 00,

e M ZX — / e*("“iwoo B x(w)] du in L'(P,),
0 af

for w-almost all r € S. Here Wy, is a nonnegative random variable such that E,.[Wx] = h(r).

In the single-type case, the x log(x)-condition is enough to ensure that W, > 0 on {Y; — oo},
as mentioned in Remark [ However, for the multi-type branching process we need to make this
assumption stronger by stating the analogue of Theorem [ in the following way.

Theorem 8. Suppose that the assumptions of Theoreml] hold, add the assumption that inf,.cg Ps(Woo >
0), then, as t — oo,
zZx e

= - e" " Ex[x(uw)] du in P.-probability,
Y 0

conditional on {Y; — oo}, for m-almost all T € S.
Remark 8. Observe the difference with (3.22)), apart from the mode of convergence, that the

expectation here is what we denote as the m-expectation, i.e. we integrate over E, on the type
space with respect to the stationary measure 7(dr).

L According to [33], a measurable function g is called directly Riemann integrable if for any ¢ > 0 we can find
§ > 0 and functions g—,gt € L'(n(dr) x du) such that for 7-almost all = € S, g~ (r,-) < g(r,-) < gt(r, ),
gF (r,u) = g% (r,n8) for nd < u < (n +1)8, and the difference in L' (n(dr) x du) between g~ and g is less than .
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4.2 Varying the probability of mutation

As an extension to the infinite alleles model, we can assume that with every newly introduced
allele a, we associate a probability of mutation v(a) € (0,1) with all individuals carrying the
allele. Rather than using the conventional labelling system, where the first introduced allele is
associated with label 1, the second with 2, and so forth, we instead uniformly sample a value
from the interval S = (0,1). In this way we can sample a new probability of mutation according
to the density v : S — (0,1).

The varying probability of mutation per allele influences the reproduction process &, as op-
posed to the assumption where v is constant. Individuals that carry an allele which is associated
with a large probability of mutation, are more likely to produce children which carry a new allele.
For this reason, we need the multi-type extension, and the labels the alleles are associated with,
are referred to as types from this point onward.

According to the lines of the beginning of this chapter, the i-th child’s type is given by p;.
For an individual with type r € S, we want to assign to each child a new type uniformly from
with probability v(r), or assign type r with probability 1 — v(r). Hence for each = € I we need
to introduce U, ~ U ~ U(0,1) and M,; ~ M, ~ BER(v(ps)), for all children i € N. We assume
that the sequences (U,)zer and (M, ).er are independent of each other and independent of the
ages of childbearing (7;(w;))ien for each x € I. The random variables M, indicate if a mutation
has occurred, and U, samples a new type. Hence for an individual with life w,, the functions p;
take the following form

pi(ww) = Uy Mz + pz(l - Ma:z)

It must be pointed out that we assume S = B(95).

We immediately consider the application to an age-dependent process with offspring distribu-
tion X and a general age distribution G, as defined in Section [3.4.2] The reproduction process
for an individual with life w and type r € S, takes the following form

Xuw
Z TA(UsM; + (1 — Mi))] Liz,,00) (1), (4.6)

i=1

&(r, A x [0,t],w) =

for A € S, where X, is a copy of X and T, ~ G. Taking the expectation of (4.6 gives the
intensity measure

w(r, B x [0,t]) = E.[X]|P.(U; M; + r(1 — M;) € B)G(t).
Computing the Malthusian parameter requires finding o € R in equation (4.3)). With some abuse
of notation, we have

f(r,ds;a) = / e *u(r,ds x du) = IET[X]/ e G(du) P (UM,, +r(1 — M,,) € ds),
0 0

where we recognize the expression (3.34)), considering that the number of offspring is independent
of the root’s type, i.e. E[X] = E,[X] = m. For any distribution 7, we find that

/SIP’T(UMPO +7(1 = M,,) € A)x(dr) :/S

= |A|/ql/(7”)77(d7")—|—ﬂ(A)—/ v(r)w(dr),

A

P(U € A)v(r) m(dr) + /S 1a(r)(1 —v(r))m(dr)

and therefore for any eigendistribution, we must have

T(A) ﬂ(a)(|A|/Su(r)7r(d7‘)+7r(A)/Az/(r)ﬂ'(dr)) (4.7)
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Assuming 7(A) = ji(a)w(A), we obtain that the Malthusian parameter is the same as in Section
0.4.2)

Remark 9. This assumption only holds if the kernel has Perron root fi(«), which we did not show.
However, we motivate this assumption by consulting the intuition which argues that the infinite
allele labelling process does influence the offspring distribution.

A suitable candidate which gives the equality in (4.7)) is 7w(dr) = Vj\(f;’) dr, such that

/Au(r) V]?]:) dr = N,,/A dr = NV|A|/S dr = \A|/Sz/(r) V]z[:) dr,

Nt = / v(r)~tdr.
s

Note that we made an implicit assumption about v. Specifically, the inverse v~
grable over S with respect to the Lebesgue measure.

We may again use the characteristics x™ and x" defined in (3.25) and . We obtain
the multi-type analogue for the probability mass function in ned in Definition by
applying the following corollary of Theorem

where

L must be inte-

Corollary 4. Let Z} and ZtX/ be branching process counted by x and X' respectively, such that
both x and X' and p satisfy the conditions of Theorem [ Then, ast — oo,

zXJy e Exx(uw)]du
7 e Eg X (w)] du

in P.-probability,

conditional on {Y; — oo}, for m-almost all r € S.

In order to compute

Jo o e Erlx" ()] du

B fooo e v B [xN(u)] du’

we must evaluate the expectations in the integrands. This is similar to the computations that
lead to (3.35)). However, when we take the expectation of 1 —v(i,wp) in the single-type case, this
gives the constant mutation rate v. We are now under the assumption that a mutation occurs
with probability v(r), if the root is of type r» € S. Hence, taking the m-expectation of 1 — (i, wp)
gives

P(C* =n)

(4.8)

B [1 — (i, w0)] = / B [1 — (i, wo)] m(dr) = / v(r) w(dr),

s s
where v(r) is the probability of mutation for the root. Writing 7(dr) as a density with respect
to the Lebesgue measure then gives

/S v(r) VJE;) dr = /S N, dr = N, (4.9)

As a result we have
Ex[x"(u)] = N, Ex[X],

and
EW[XN(“)] = N, E-[X].

Substituting these equations in ([4.8]) gives similarly to the single-type case the following expression

P(C* =n) = a/ooo e P, (37” = n) du. (4.10)
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Computing the mean of C'“ with the probability mass function given above is again similar to
the single-type case. Along the lines of equations (3.36)-(3.38]), we obtain

E[C?] = a/ooo e “E, {)7“] du=1+E, [)Z'] /t: e ot G(dt)a/

v=0

o0

e ““E, [}7”] dw,
where we used the fact that

E.[Y.0)] = /S £, [Va(i) | pi =] Br(ar) = /S E V] n(dr) =E.[V.]. (1)

We compute E [)? } by observing that the r-expectation of X is equal to the expectation of a
BIN(X, 1 — v(r)) random variable, which gives

E.[X] = /SIEW (%] (ar) :m/Su o)) m(dr).

Identical to the computation in (4.9), we obtain

m/(l —v(r))w(dr) =m(l — N,),
s

and

o oo

E[C°] =1+ (1 —Nl,)/

t=0
=1+ (1—N,)E[C?].

e~ “'m G(dt)a /

e “E, [ﬁ,} dv
v=0

The mean of C¢ is therefore given by

E[C*] = N, = /Su(r)fl dr,

which includes the case where v is constant.

4.3 Multi-type age-dependent model

We consider the age-dependent model in the multi-type case, as an extension of Section [3.4.2
The goal of this section is to show that Lemma || also holds when the offspring distribution is not
homogeneous. As mentioned in the introduction in Chapter [I} we aim to eventually extend the
results towards inferring the age-contact matrices. As this requires us to divide the population
into a finite number of age groups, we define our type space to be S = {1,2,..., N}, for some
N € N. We equip S with the o-algebra S = 2°. We assume in contrary to the previous section,
that the probability of mutation v € (0,1) is constant.

For an individual of type r € S, we assume that it produces a random vector of offspring
(X,s)ses, where X,.; denotes the number of offspring with type s. Note that the X,.’s are not
necessarily independent. One could assume a type-dependent age distribution G, for each r € S,
but we impose the restriction that G,, = G for each r € S, for some general age distribution
G. The matrix M = (M), s)cs2 Whose elements are given by m,., = E[X,], is denoted as the
mean matrix of the branching process.

The reproduction process for an individual with life w and type r € .S, is of the form

E(r {s} x [0,t],w) = Xrs.u 17, ,00) (1),
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for s € S. Here, X,5, ~ X5 and T,, ~ G. According to [I], the Malthusian parameter is
given by the number o such that the matrix M(a) = (Mrs)(r,s)cs2, Whose elements are 1, =
My fe_a“ G.(du), has largest eigenvalue 1. Since we assume that G, = G for each r € S, the
matrix M () is given by

M(a):/ e G(du)M.
0
Let \; denote the eigenvalues of M, for 1 < i < N. We define p = max; \; as the largest

cigenvalue of M. Hence, the eigenvalues of M (a) are given by J e~ G(du)A;. In order to find
the Malthusian parameter, we must therefore compute o such that

/e_"‘“p G(du) = 1.

We point out that p has taken over the role of E[X] = m in (3.34).
The eigendistribution, 7, is now given by a vector in RN More specifically, it is given by
the left eigenvector m such that 7M(«) = 7, or equivalently,

wM = pm.

As mentioned in Section we require that the vector 7 = (7(r)),ecs sums up to 1.

We continue with the computation of P(C'® = n), as expressed in , in order to derive the
mean of the average observed cluster size for a multi-type age-dependent process. The computa-
tions are again similar to the derivations in Section However, one arrives at

E ()] = v Y S EA[L(X, > i)]/ Py (Vi =n) Glar).
iEN s€S 0
By separately considering the double sum, we observe that
DD Eal(Xps =) =D Y Bl Z)m(r) = DD Y E[L(Xys 2 d)n(r),
i€N seS iEN seSres seSresSieN
where we recognize that the inner sum over i gives the mean of X, 5. Which leads to
Z ZE[XTS]TF(T) = Z Zﬂ(r)mrs = Zpﬂ'(s) =p, (4.12)
seSres seSres seS

as 7 is an eigenvector of the mean matrix M corresponding to eigenvalue p. In the last step we
use that 7 is normed to 1. We obtain

u
E:[x"(u)] = z/p/ P, (Yt = n) G(dt),
0
which gives
/ e" M EL[x"(u)] du = 1// e P, (57& = n) du,
0 0
as e~ *pG(du) integrates to 1. As a result we obtain the same expression for P(C® = n) as in

(14.10]).
We may argue that the computation for the mean of C¢, leads to the expression

E.[C*] = a / " emoug, ) du=1+ Y B [%,,] / Tt G L], (413)
0 s€S t

=0
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using a similar argument as in (£.11), where X pos ~ BIN(X,s,1 — v). The summation can be
simplified to

S B [Kpoe] = (1= ) S EXlJm(r) = (1= v)p,

seS sES

which was derived in (4.12)). Substituting this in (4.13)), gives

E[C*] =1+ (1-v) /OO e~ G(dt) E[C?],

t=0

yielding
E[C*] = v~ .
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Chapter 5

Application: A simulation study

In this chapter, the models derived in earlier chapters are applied in two simulation studies, one
which strengthens the importance Theorem [5| and the other which demonstrates Theorem 6l

The goal of the first study is to compare the random variables Y., and C“ as a model for
the empirically observed cluster sizes in a branching process, equipped with the infinite alleles
model. The probability mass functions of the two random variables are respectively given by
and (3:30). The probability mass function of Y. is used by [35] to infer (R, k) on real
epidemiological data, assuming an offspring distribution X ~ NEGBIN(k, ¢q), with E[X] = R.
We argue in Section that the empirically observed cluster size distribution is influenced by
the exponential growth of the branching process. This specifically happens when the clusters
are observed in a supercritical tree, i.e. with Malthusian parameter o € (0,00). Because this is
merely a demonstration, we restrict ourselves to only showing a comparison for one combination
of parameters R, k and v. To be able to apply the probability mass function of C'*, we need the
branching process to be supercritical, which requires R > 1. The probability mass function of
Yo is proper if (1 — v)R < 1. In order to be in the regime where both models are applicable,
which is also consistent with COVID-19 estimates, we choose the parameters R = 1.75, k = 0.5
and v = 0.5.

In Section we explicitly computed the P(C* = 1) and P(C* = 2). Continuing this
reasoning, one can also show that

P(C® = 3) = %P(f - 2) (1 - ;(1 —P(Xwo - o)2>) + %P(f( - 1) P(C* = 2).

We use the convention that all clusters of size n > 4, are observed with probability P(C* > 4) =
1—-P(C* < 3). We perform maximum likelihood estimation with this probability mass function,
which is referred to as the "Malthusian” model, because this model captures the emerging of
cluster sizes under Malthusian growth. The probabilities P(Y,, = n) can explicitly be computed
for all n > 1, and this model is referred to as ”Progeny”, as it is given by the law of total progeny
in Theorem [1

The results obtained by the simulations are shown in the box plots in Figure|5.1] The Progeny
model consistently underestimates both values, with very few outliers. Additionally, the distance
between the first and third quartiles is small compared to the Malthusian model. In contrast,
the Malthusian model shows a higher variance, but it demonstrates higher accuracy. Despite
the variance in the Malthusian model appearing to be at least an order of magnitude larger, its
accuracy is very promising. Especially considering the fact that only the first three values of the
probability mass function were computed, which is a plausible explanation for the high variance.
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Figure 5.1: Box plots of simultaneously estimated values for R and k from N = 100 simulations.
In each simulation, an infinite alleles single-type Bienaymé-Galton-Watson process with offspring
distribution X ~ NEGBIN(k, q) is simulated up to the tenth generation (¢t = 10), where k = 0.5
and g = RL_‘_,C, such that R = E[X] = 1.75. The probability of mutation » = 0.5 is chosen
such that the distribution in is proper. The sample is used for the maximum likelihood
estimation if the size of the branching at time ¢ = 10, yj9, satisfies y19 > 21(_17?1};) = E[Y10]. We
impose this threshold to exclude trees that have gone extinct or have a disproportional small size
which does not show the behaviour due to exponential growth. Maximum likelihood estimation
is performed for (R, k) assuming two different models. The first model has the probability mass
function given by forn =1,2,3, and for n > 4 we compute 1 —P(C* < 3). We refer to this
model as ”Malthusian” on the x-axis. The second model has the probability mass function given
by , and is referred to as "Progeny”. For both models the log-likelihood function LL(R, k)

is maximized simultaneous in both arguments, using the L-BFGS-B method [6].

The Progeny model seems to be consistently estimating a reproduction value close to 1. This
can be explained with Figure In the caption it is argued that assuming all clusters have
reached their final sizes, i.e. under the Progeny model, small cluster sizes are underrepresented.
Clusters that eventually reach a large size, might be represented in the sample at the time
of observation by a small value, further increasing the imbalance and decreasing the observed
reproduction number R under the Progeny model. This has a similar effect on the estimated
dispersion parameter k, which is proportional to the variance of offspring distribution.

The following simulation study is demonstrating the potential of Theorem [6] for real world
applications. The goal is estimate v, by computing the empirical mean of the observed clus-
ter sizes of an infinite alleles single type Bienaymé-Galton-Watson process. We again assume
X ~ NEGBIN(k,q), such that R = E[X], for the offspring distribution. However, we let
R € {1.05,1.75,2.45}, such that we have an almost critical branching process with R = 1.05,
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the same setting as the previous simulation study for R = 1.75, and a relatively high reproduc-
tion number with R = 2.45. For the probability of mutation we choose v € {0.1,0.5,0.9} to test
two extreme values, ¥ = 0.1 and v = 0.9, and the same value as in the previous study, v = 0.5.
The results are shown in the box plots in Figure [5.2

0.9 === Truev | === Truev ___%,___%.__.%,_-

Estimated v

0.1—--4%---%---%-- 1 1 === Truev

Underlying R

Figure 5.2: Box plots of estimates for v. In each simulation, an infinite alleles single-type Bi-
enaymé-Galton-Watson process with offspring distribution X ~ NEGBIN(k, ¢) is simulated up
to the tpa.-th generation (¢ = t,,4.), where k = 0.5 and ¢ = RL%, such that R = [X] €
{1.05,1.75,2.45}. The value of tpas 1S tmae = 11, tmae = 9 and t0, = 7, for R = 1.05,
R = 1.75 and R = 2.45 respectively to reduce computation time for the branching processes
with R = 2.45 specifically. The probability of mutation v takes values v € {0.1,0.5,0.5}. The
sample is used for the estimation if the size of the branching at time ¢ = ¢4z, Yt,,.., Satisfies
Ytrman > max(%7 100) = E[Y;,,..]. For each combination of R and v, a total of N = 100
simulations are performed. It must be pointed out that the estimates for v with different under-
lying R are not directly comparable, as a sample from a branching process with R = 2.45 often
contains hundreds of clusters, as 2.45” > 500. Whereas we only have 1.05!' = 1.71, for R = 1.05.
The results show indeed that the average of the cluster sizes is not dependent on the parameters
of the offspring distribution, but only depends on v.

The results show what is expected, provided that the whole tree is known up to the time of
observation, the average empirically observed cluster size is approaching v, independent from
the parameters of the offspring distribution. The estimations with R = 1.05 exhibit a larger
variance, likely due to the branching processes achieving much smaller sizes compared to those
with higher underlying reproduction numbers. These deviations are not unexpected, since a
consistent estimator converges as the sample size increases.
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Chapter 6

Conclusion

Multiple models of the infinite alleles branching process were considered, all with the same goal;
to count the sizes of cluster with identical labels. The classical Bienaymé-Galton-Watson process
was considered in Chapter 2| for which we derived a probability mass function P(Y,, = n),
counting the sizes of empirically observed clusters. Here the cluster sizes are modelled as the
final size of a branching process (Z,)n,en. We argued that this model is not suitable under the
assumption that the branching process is supercritical, i.e. the mean offspring distribution X
satisfies E[X] > 1. This reasoning led to the next chapter.

In Chapter [3] we considered general branching processes counted by characteristics in order to
derive a probability mass function P(C* = n). By utilizing the properties of these characteristics,
we count the cluster sizes as they emerge in the exponentially growing branching process. As a
result, we showed in Theorem [] that the obtained random variable C* stochastically dominates
Y,.. This implies that, by modelling a sample of observed cluster sizes as Y,,, smaller clusters
are underrepresented in the sample. Applying this model to any spreading event therefore leads
to biased estimates.

The random variable C* also provided a notably straightforward method for estimating the
probability of mutation, v. In Theorem [0 we demonstrated that the inverse of the empirical
mean of the observed cluster sizes gives a (strongly) consistent estimator for v». However, one
should be careful with the interpretation of v, as mutations in genetic codes are often modelled
as a continuous process, characterized by rates [32]. In [35], the probability of mutation v is
modelled as 1 — p, where p is the probability that transmission occurs before substitutiorﬂ The
estimation of v could therefore be of interest for the inference of transmission or substitution
parameters.

We also studied the expression for the probability mass function of C%, in the two cases where
the underlying branching process is either modelled by a Bienaymé-Galton-Watson process or an
age-dependent process. This lead to Conjecture [I} which states that P(C'“ = n) coincides for all
n € N, for the two models we mentioned. This would mean that, the empirically observed cluster
sizes are not affected by the general age distribution G. At last, the chapter was concluded with
the derivation of a probability mass function for cluster sizes which underwent downsampling.
Here, it is necessary to know the probability generating function of C*, which is unknown, as it
would partly solve the conjecture. The importance of solving the conjecture is strengthened by
the applied viewpoint of this section.

In Chapter [4 the multi-type extension of the general branching process is constructed upon
the fundamentals of its single-type analogue. The machinery provided by the multi-type model

LAlso referred to as a substitution mutation, which is the event where a character in the genetic code gets replaced
by another character.
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is employed in two different setups, which both aim to derive analogues of Theorem [6} In the
first model, it is assumed that the probability of mutation for each cluster is given by v(r), where
a type r is uniformly sampled from (0,1) and v : (0,1) — (0,1) a function. This allows the
probability of mutation to vary among different individuals in the branching process. However,
individuals carrying the same label, or which are of the same type in this case, have the same
probability of mutation. We show that, under the condition that »~! is integrable on (0, 1),
the mean of C* is equal to N, !. Here, N, is the normalization factor such that N, 'v~! is a
probability density function with respect to the Lebesgue measure.

We also considered the case where the population is divided into a finite number of groups,

and the offspring distribution might not be homogeneous among the different types. For the
purpose of extending the developed theory towards inferring age-contact matrices, which was
briefly discussed in the introduction in Chapter [T} it is of interest to know whether Theorem [6] is
still valid. We have shown that the mean of C? is still equal to »~!, assuming that the branching
process has Malthusian parameter o € (0, c0).
_ The results of Chapter [3] are applied in a simulation study in Chapter Here, C'* and
Y., are compared as a model for the empirically observed cluster sizes. A maximum likelihood
estimation is performed for the parameters R and k, where the offspring distribution is given
by X ~ NEGBIN(k, q) such that E[X] = R. We have shown that the simulation is consistent
with the obtained results. That is, when 17& is used as a model, the estimates show a significant
bias. This implies that in the context of virus spread, the severity of an epidemic might be
underestimated, which is undesirable from a public health perspective.

In light of the comparison of these two models, which indirectly compares to the model defined
in [35], we note that the application of C* as a model still requires careful consideration. For
example, lA/oo has been applied as a model by [5] to perform exactly the same inference, a maximum
likelihood estimation for (R, k). However, the context which supports the research in [5], is a
disease that is introduced from an external source, but is too weak to support epidemic spread,
i.e. they assume R € (0,1). It is not possible to compare C'* and Y, under this assumption, as
most of our results do not hold.

Concluding Chapter |5, using the same simulations as mentioned before, but for varying val-
ues of R, we demonstrated the capabilities of Theorem [6] Under multiple extreme setups, the
estimation of v appeared to be accurate, highlighting the potential for further investigation into
the inference of parameters determining the probability of mutation.

It is important to point out, that we are not the first to derive an expression of the form in
(3:35). A similar observation has been made by Taib in [34]. Whereas we look at the proportion
of observed n-sized clusters up to some time ¢, Taib investigates the proportion of alleles which
are represented by n individuals, exactly at ¢. The resulting expressions are almost identical,
as we can achive Taib’s formula by replacing Y, with Z, in , but their interpretations are
quite different. Our approach assumes that data is continuously gathered throughout time until
t, which is a valid assumption in the context of epidemiological data. When this assumption fails,
and data is only available at a single point in time, Taib’s model is more fitting. However, Taib
claims that it is not possible to be more specific about his formula, which we do not believe to
be true for .

Because finding an explicit expression for C“ would be highly valuable, we set out to make
further attempts to discover this expression. We expect that the computation of this expression
will be as computationally expensive as that of , resulting in more accurate estimator without
losing computational efficiency. This would be worth a publication on its own. If we do not
succeed in this, a larger simulation study will be conducted. This study will involve maximum
likelihood estimation using P(C* = n) with explicit terms up to some n > 4, with a possible
application to real epidemiological data.
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