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1. INTRODUCTION

1.1 A very brief history of random graphs

When told by mathematicians, the history of random graphs usually goes like this:
one of their first notable use is due to Paul Erdés who, in 1947, used a strikingly
simple method to provide a lower bound on Ramsey numbers [9]. In the following
decade, several other papers related to random graphs were published. In particular,
in 1959 Edgar Gilbert formally introduced the FErdés-Rényi random graph for the
first time [13] and Erdés again used random graphs to prove graph-theoretic results
that have nothing to do with randomness [10].

Finally, the theory was really born when, around 1960, Erdés and Alfred Rényi
published a series of papers in which they did a comprehensive study of the model
that now bears their name, and proved many of the classic and celebrated results of
the theory [8, 11, 12]. That such a simple model could display a rich behavior was
stunning, and the mathematical community was quick to recognize the potential of
the underlying theory.

According to this account, random graphs were thus invented by mathematicians,
for mathematicians.

While this is largely true, this obscures the fact that things were also happening
outside of mathematics around the same period, and that the study of networks
has been an interdisciplinary science from the beginning. For instance, physicists
were already working on percolation theory in the late 1950s [3]. More strikingly,
the Erdés-Rényi random graph had been introduced and studied as an interesting
object on its own by the psychologist and mathematical biologist Anatol Rapoport,
nearly a decade before the seminal papers of Erdés and Rényi [25]. In fact, in their
1951 paper Solomonoff and Rapoport had already correctly identified the phase
transition for the giant component or the Erdds-Rényi random graph (it has to be
said, though, that the comprehensiveness and rigour of their study was nowhere near
that of Erdés and Rényi).

While Rapoport’s ideas do not seem to have percolated to the mathematical
community, they had a profound impact on social studies, explaining in part the
pioneering role that they played in the development of network science.

Over the second half of the 20th century, random graph theory and network
science developed at a steady pace, for the most part independently of each other.
Things then took an interesting turn in the late 1990s, when better computers and
the democratization of the Internet made it possible to study social and informa-
tion networks on an unprecedented scale. Instead of simply describing the structure
of networks, scientists started devising models to understand how networks were
formed and evolved. Two major milestones in that respect were the introduction of
small-world models by Watts and Strogatz in 1998 [27] and of preferential attach-
ment models by Barabasi and Albert in 1999 [1]. Since then, network science has
been booming and random graphs have become an established part of the modeler’s
toolbox, finding applications in countless disciplines. Biology is no exception, and
random graphs are now routinely used to study topics ranging from gene regulation
to the wiring of the brain.

The historical account given in this section is based on [21] and [2]
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1.2. A need for tractable random graphs in evolution

1.2 A need for tractable random graphs in evolution

In the study of evolution, random graphs are used for a variety of purposes and at
every level of description of evolutionary processes.

At the level of the gene, we now know that in many cases the effect of a gene
cannot be considered independently of its interaction with others genes. A major
challenge is thus to understand how gene regulatory networks are evolved — and how
they affect the dynamics of evolution in return [15].

At the level of individuals and populations, the intra and inter-specific inter-
actions of individuals have a crucial effect or their survival and reproduction. In
particular, a substantial part of the literature on the evolution of social behavior is
concerned with games on graphs that represent the structure of the population [22].
Other contexts in which random graphs are used include the evolution of food webs
[17, 23, 24] and the study of the effect of population structure on gene flow and
speciation [7].

At the level of species, random graphs have long played a central role in phy-
logeny, in the form of random trees used to model phylogenies [26, 16]. More recently,
with the advent of DNA sequencing, evidence of the importance of horizontal gene
transfers and hybridization on speciation has been accumulating rapidly. This has
led several authors to call for a major change of paradigm in the way we think about
phylogenies and to advocate the replacement of phylogenetic trees by phylogenetic
networks [14].

Despite the great diversity of contexts in which random graphs are used in evo-
lution, at least one general rule seems to have emerged: tractable models are rare.
In fact, the majority of models of random graphs that are introduced are only stud-
ied through simulations or heuristics; and when in need of analytical tractability,
authors often have no choice but to turn to the Erdés-Rényi random graph — which
is often unsatisfying from a biological point of view, since this amounts to assuming
the absence of any structure specific to the problem at hand.

In phylogeny and population genetics, the need for tractable model is perhaps
even more palpable, as researchers have become accustomed to the benefits of work-
ing with highly tractable models such as the Kingman’s coalescent or Markov branch-
ing models [16].

In this context, the aim of this thesis is to identify and study models of random
graph that:

1. Emerge naturally from questions related to evolution.
2. Are highly tractable while retaining some mathematical interest.

The challenge of course is that there is a delicate trade-off for the second point:
models that exhibit rich behavior tend to be intractable, while tractable models
tend to be dull. Some models, such as the Erdos-Rényi random graph, manage to
fall perfectly between these two extremes. But these are the exception rather than
the rule.

The models that are introduced in this thesis are all highly tractable. I hope the
reader will not find them dull.



1.3

1. INTRODUCTION

Outline of the thesis

This thesis is structured in independent chapters, each corresponding to a different
research project.

The aim of Chapter 2 is to give a mechanistic yet tractable model of speciation —
or, more generally, a model to describe the structure and dynamics of interbreeding-
potential networks. Indeed, it is a widely held view that species should be defined
based on the capacity of individuals to interbreed, namely as clusters of populations
with high interbreeding potential [5]. However, there are currently no data nor
theoretical models to tell us what we should expect these clusters to look like, let
alone how they should evolve through time. We thus introduce one such model,
in the form of a dynamic random graph whose vertices represent populations and
whose edges indicate interbreeding potential. In its definition, this random graph is
reminiscent of classic models of protein interaction networks, but it turns out to be
much more tractable and to have a very different behavior. In particular, this model
produces dense clusters that are poorly connected to each other, in agreement with
the biological intuition behind the definition of species and in contrast to most of
the classic models of random graphs.

In Chapter 3, we introduce a very natural model of random forest. Although the
idea for this model came from very specific biological questions, its interest lies in
the simplicity of its definition and its connections to other random objects such as
the Moran model [19], uniform random recursive trees [6] and uniform rooted labeled
trees. Indeed, one of the main features of this random forest is that it can be built
either from a graph-valued Markov chain, from a uniform attachment procedure, or
from a uniform rooted labeled tree.

Chapter 4 is devoted to a specific model of phylogenetic networks. Tree-child
networks form a class of phylogenetic networks that has gained traction among
combinatorists and phylogeneticists in recent years [4, 18, 28, 28]. Unfortunately,
they are not very tractable: for instance, it is not even known how to count them.
By adding some appropriate structure to tree-child networks, we introduce a very
tractable class of phylogenetic networks that are easy to count, sample and study
analytically. These new phylogenetic networks also have the advantage of being more
relevant from a biological point of view: indeed, their additional structure ensures
that they could have resulted from evolutionary processes — unlike general tree-child
networks, the majority of which could not have been produced by time-embedded
processes compatible with evolution.

The result discussed in Chapter 5 is not tied to any particular biological setting
and is a general property of randomly oriented graphs — namely, the positive asso-
ciation of the oriented percolation cluster. This generalizes and simplifies the main
result of [20]. This technical result can be useful in applications, and to illustrate
this a toy model of percolation is studied in detail.

Finally, the last chapter is a bit of an intruder. During my undergraduate studies,
I became interested in structured populations and the various measures of generation
time. I kept this interest during my PhD and this led to the work presented in
Chapter 6, in which I point out serious problems associated with one of the most
widely used measures of the mean age at reproduction and suggest an alternative
way to quantify it. While this work is not directly related to random graphs and
involves more biology than mathematics, I chose to include it in this thesis for two
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1.3. Outline of the thesis

reasons: (1) it was made possible by some basic knowledge about Poisson point
processes which, having been trained as a biologist, I lacked before starting this
PhD and learned as a beneficial side effect of my work on random graphs; and (2)
it is representative of my research interests and of the fact that in addition to doing
mathematics I want to keep working with biologists.
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2. THE SPLIT-AND-DRIFT RANDOM GRAPH

This chapter is joint work with Florence Débarre and Amaury Lambert.

started during the research internship that preceded my thesis.
Amaury was very interested in the biological species concept and in the geome-
try of interbreeding-potential networks (which phenomena such as ring species [10]).
He therefore suggested I look for a biologically relevant model of random graph that

would produce clusters.

After comparing several candidates through computer simulations, the model
presented in this chapter seemed to stand out as the best compromise between

simplicity and richness of behaviour.

Publication:

This chapter has been published in Stochastic Processes and their
Applications under the title “The split-and-drift random graph, a null model for

speciation” [2].

Chapter contents

At this time,

2.1

2.2

2.3

24

2.5

2.6

Introduction . . . . . .. ..o
2.1.1 Biological context . . . . . . . . ... ... ...,
2.1.2  Formal description of the model . . . . . . ... ... ...
2.1.3 Notation . . . . . .. ... oo
2.1.4  Statement of results . . . . ... ... L.
Coalescent constructions of G, ., . . . . . ..o oL
2.2.1  The standard Moran process . . . . . . .. . .. ... ..
2.2.2  Backward construction . . . . .. ...
2.2.3  Forward construction . . . . . . .. ... ...
First and second moment methods . . . . . . . .. .. ... ...
2.3.1  First moments of graph invariants . . . . .. .. ... ..
2.3.2  Identification of different regimes . . . . . ... ... ...
The degree distribution . . . . .. . .. ... 00 0oL
2.4.1  Ideas of the proof of Theorem 2.4.1 . . . . ... ... ...
2.4.2  Formal proof of Theorem 2.4.1 . ... ... .. ......
Connected components in the intermediate regime . . . . . . . ..
2.5.1  Lower bound on the number of connected components . .
2.5.2  Upper bound on the number of connected components . .
Number of edges in the sparse regime . . . . . . ... .. ... ..
2.6.1  Proof of the positive relation between the edges . . . . . .
2.6.2  Proof of Theorem 2.6.1 . . . . . . ... ... ... .....

Chapter references . . . . . . . . . ...
2.A  Proofs of Propositions 2.2.4 and 2.2.6 and of Lemma 2.2.5

2.B

2.C

2.A.1 Proof of Propositions 2.2.4 and 2.2.6 . . ... .. .. ...
2.A.2 Proof of Lemma 2.2.5 . .. ... ... ... ... ...
Proofs of Proposition 2.3.5 and Corollary 2.3.6 . . . . .. ... ..
2.B.1  Proof of Proposition 2.3.5 . . . . .. ... ... ... ...
2.B.2  Proof of Corollary 2.3.6 . . . . ... ... .. ... ....
Proof of Theorem 2.4.2 . . . . . . .. .. ... ..
2.C.1  Outline of the proof . . . . . ... ... ... ... ....
2.C.2 Stepl . . ..
2.C3 Step2 . . . .

22

12



2.1

2.1.1

2.1. Introduction

Introduction

In this chapter, we introduce a random graph derived from a minimalistic model
of speciation. This random graph bears superficial resemblance to classic models of
protein interaction networks [5, 11, 20, 23] in that the events shaping the graph are
the duplication of vertices and the loss of edges. However, our model is obtained as
the steady state of a Markov process (rather than by repeatedly adding vertices),
and has the crucial feature that the duplication of vertices is independent from the
loss of edges. These differences result in a very different behavior of the model.

Before describing the model formally in Section 2.1.2, let us briefly explain the
motivation behind its introduction.

Biological context

Although it is often presented as central to biology, there is no consensus about how
the concept of species should be defined. A widely held view is that it should be
based on the capacity of individuals to interbreed. This is the so-called “biological
species concept”, wherein a species is defined as a group of potentially interbreeding
populations that cannot interbreed with populations outside the group.

This view, whose origins can be traced back to the beginning of the 20th cen-
tury [18], was most famously promoted by Ernst Mayr [16] and has been most
influential in biology [6]. However, it remains quite imprecise: indeed, groups of
populations such that (1) all pairs of populations can interbreed and (2) no popula-
tion can interbreed with a population outside the group are probably not common
in nature — and, at any rate, do not correspond to what is considered a species in
practice. Therefore, some leniency is required when applying conditions (1) and (2).
But once we allow for this, there are several ways to formalize the biological species
concept, as illustrated in Figure 2.1. Thus, it seems arbitrary to favor one over the
others in the absence of a mechanism to explain why some kind of groups should be
more relevant (e.g., arise more frequently) than others.

GODOED

Figure 2.1: The vertices of the graph represent populations and its edges denote inter-
breeding potential (that is, individuals from two linked populations could interbreed, if
given the chance). Even with such perfect information, it is not obvious how to delineate
“groups of potentially interbreeding populations that cannot interbreed with populations
outside the group”: should these correspond to connected components (on the left, in
green), maximal complete subgraphs (on the right, in red), or be based on some other
clustering method (middle, in blue)?

Our aim is to build a minimal model of speciation that would make predictions
about the structure and dynamics of the interbreeding network and allow one to
recover species as an emergent property. To do so, we model speciation at the
level of populations. Thus, we consider a set of n populations and we track the
interbreeding ability for every pair of populations. All this information is encoded in
a graph whose vertices correspond to populations and whose edges indicate potential
interbreeding, i.e., two vertices are linked if and only if the corresponding populations
can interbreed.

13



2.1.2

2.1.3

2. THE SPLIT-AND-DRIFT RANDOM GRAPH

Speciation will result from the interplay between two mechanisms. First, pop-
ulations can sometimes “split” into two initially identical populations which then
behave as independent entities; this could happen as a result of the fragmentation
of the habitat or of the colonization of a new patch. Second, because they behave as
independent units, two initially identical populations will diverge (e.g., as a result
of genetic drift) until they can no longer interbreed.

Formal description of the model

Start from any graph with vertex set V' = {1,...,n}, and let it evolve according to
the following rules:

1. Vertex duplication: each vertex “duplicates” at rate 1; when a vertex dupli-
cates, it chooses another vertex uniformly at random among the other vertices
and replaces it with a copy of itself. The replacement of j by a copy of ¢ means
that j loses its incident edges and is then linked to ¢ and to all of its neighbors,
as depicted in Figure 2.2.

Figure 2.2: An illustration of vertex duplication. Here, ¢ duplicates
and replaces j. After the duplication, j is linked to i and to each of
its neighbors.

2. Edge removal: each edge disappears at constant rate p.

This procedure defines a continuous-time Markov chain (G (t))i>0 on the finite
state space of all graphs whose vertices are the integers 1,...,n. It is easy to see that
this Markov chain is irreducible. Indeed, to go from any graph G to any graph
G®@) one can consider the following sequence of events: first, a vertex is duplicated
repeatedly in order to obtain the complete graph of order n (e.g., Vk € {2,...,n},
vertex k is replaced by a copy of vertex 1); then, all the edges that are not in G®
are removed.

Because the Markov chain (Gy,(t)):>0 is irreducible, it has a unique stationary
probability distribution p, ,. This probability distribution on the set of graphs of
order n defines a random graph that is the object of study of this chapter.

Notation

To study the asymptotic behavior of our model as n — 400, we can let p, the ratio
of the edge removal rate to the vertex duplication rate, be a function of n. As will
become evident, it is more convenient to parametrize the model by

Thus, we write Gy, ., to refer to a random graph whose law is p1,, 2y .
‘n—1

14



2.1. Introduction

Although some of our results hold for any (n,7), in many cases we will be inter-
ested in asymptotic properties that are going to depend on the asymptotics of r,.
To quantify these, we will use the Bachmann—Landau notation, which for positive
sequences 1, and f(n) can be summarized as:

e r, ~ f(n) when r,/f(n) — 1.

e 7, =o(f(n)) when r,/f(n) — 0.

e 7, = O(f(n)) when there exists positive constants « and /3 such that, asymp-

totically, af(n) < r, < Bf(n).

e r, =w(f(n)) when r,/f(n) — +oo.
These notations also have stochastic counterparts, whose meaning will be recalled
when we use them. Finally, we occasionally use the expression asymptotically almost
surely (abbreviated as a.a.s.) to indicate that a property holds with probability that
goes to 1 as n tends to infinity:

Q, aas. <<— P(Q,) ——1.
n—-+oo

2.1.4 Statement of results

Table 2.1 lists the first moments of several graph invariants obtained in Section 2.3.1.
These are then used to identify different regimes, depending on the asymptotic
behavior of the parameter r,, as stated in Theorem 2.3.10.

Variable Expectation Variance Covariance
1 . .
Tiop 4 W (H_T)Jw if vertex in common,
r .
AT 26 (3120 otherwise.

(4) —1 r(n—1)(14+2r+n) 3(n—2) 2(n—2)(n—3)
Dn T T2 (3+2r) ) (1 T 3 T 6 )
E n(n—1) rn(n—1)(n?42r24+2nr+n+5r+3)
| En| 2(157) 3(1+r)2(31r) (3r2r)

k—1
Xn,k (Z) (17_}_7,) unknown —

Table 2.1: First and second moments of several graph invariants of G »: 1} is the variable indicating
that {ij} is an edge, D& the degree of vertex i, | Ey,| the number of edges and X, 1 the number of complete
subgraphs of order k. The covariance of the indicator variables of two edges depends on whether these
edges share a common end, hence the two expressions. All expressions hold for every value of n and r.

Theorem 2.3.10. Let D,, be the degree of a fized vertex of Gy ,. In the limit
as n — +oo, depending on the asymptotics of r, we have the following behaviors
for G r,

(i) Complete graph: when r, = o(1/n), P(Gyr, is complete) goes to 1, while when
rn = w(1/n) it goes to 0; when r, = O(1/n), this probability is bounded away
from 0 and from 1.

(ii) Dense regime: when r, = o(1), P(D, =n—1) — 1.
(iii) Sparse regime: when r, = w(n), P(D, =0) — 1.

(iv) Empty graph: when r, = o(n?), P(Gny, is empty) goes to 0 while when
rn = w(n?) it goes to 1; when r, = ©(n?), this probability is bounded away
from 0 and from 1.

15



2. THE SPLIT-AND-DRIFT RANDOM GRAPH

In Section 2.4, we derive an explicit expression for the degree distribution, which
holds for every value of n and r,. We then show that, under appropriate rescaling,
this degree converges to classical distributions.

Theorem 2.4.1. Let D,, be the degree of a fized vertex of Gy r,. Then, for each
ke{0,...,n—1},

2r, (2rn + 1)
n+2r,)(n—142r,

k
P(D, =k) =

E+1
)( +1) n—1i+2r,—1

=1

where the empty product s 1.
Theorem 2.4.2.

(i) Ifr, — r >0, then % converges in distribution to a Beta(2,27) random
variable.

(ii) If ry is both w(1) and o(n), then nl/)ﬁn converges in distribution to a size-biased

exponential variable with parameter 2.

(iii) If 2r,/n — p > 0, then D, + 1 converges in distribution to a size-biased
geometric variable with parameter p/(1+ p).

Asymptotic bounds for the number of connected components are obtained in
Section 2.5, where the following theorem is proved.

Theorem 2.5.1. Let #CC,, be the number of connected components of G r,. If

is both w(1) and o(n), then
% +op(rp) < #CC,, < 27plogn + op(ry logn)

where, for a positive sequence (uy), op(uy,) denotes a sequence of random variables
(Xn) such that X,,/un — 0 in probability.

Because the method used to obtain the upper bound in Theorem 2.5.1 is rather
crude, we formulate the following conjecture, which is well supported by simulations.

Conjecture 2.5.4.
da, >0 s.t. P(ar, < #CC,, < fr,) —— 1.

n—oo

Finally, in Section 2.6 we use the Stein—Chen method to show that the number
of edges is Poissonian in the sparse regime, as shown by Theorem 2.6.1.

Theorem 2.6.1. Let |E,| be the number of edges of Gy, . If r, = w(n) then

drv (|En|, Poisson(\y)) m) 0,

where dpy stands for the total variation distance and N, = E(|E,|) ~ % If in

addition T, = o(n?), then A\, — 400 and as a result
|En’ - )\n D
vV An n——+oo

where N'(0,1) denotes the standard normal distribution.

N(0,1),

These results are summarized in Figure 2.3.
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|E,| = Poisson(A,)
o < #CC, < 2mlog(n) IE;%\;A” i./\/((), 1)
complete ! empty
graph ,L < Kn K < 12208Tn) 10510") graph
Du=n—1|Ds 2 Bota(2,2r) | xSz de | PDat1=k) > ph1-P) Dy =0
>
1 2
o) o 6w o  w)  w() T
N’ N —~ J
dense regime intermediate regime sparse regime

Figure 2.3: A graphical summary of the main results; D, is the degree of a fixed vertex, |E,| the number of edges,
#CC,, the number of connected components, and k, the clique number.

understood “asymptotically almost surely” (i.e. hold with probability that goes to 1 as n tends to infinity).

2.2

2.2.1

Coalescent constructions of G, .,

In this section, we detail coalescent constructions of G, ,., that will be used through-
out the rest of the chapter. Let us start by recalling some results about the Moran
model.

The standard Moran process

The Moran model [17] is a classic model of population genetics. It consists in a
set of n particles governed by the following dynamics: after an exponential waiting
time with parameter (g), a pair of particles is sampled uniformly at random. One of
these particles is then removed (death) and replaced by a copy of the other (birth),

and we iterate the procedure.

In this chapter, we will use the Poissonian representation of the Moran process
detailed in the next definition.

Definition 2.2.1. The driving measure of a standard Moran process on V is a
collection M = (M(;;))(ij)ev2 of i.i.d. Poisson point processes with rate 1/2 on R.

We think of the elements of V' as sites, each occupied by a single particle. In
forward time, each atom ¢ € M;;) indicates the replacement, at time ¢, of the particle
in 7 by a copy of the particle in j.

For any given time a € R, M defines a genealogy of V' on |—o0, a]. Taking a = 0
and working in backward time, i.e. writing ¢ > 0 to refer to the absolute time —t,
this genealogy is described by a collection of ancestor functions a;, t € [0,+0o0],
a;: V — V, defined as follows: (at):>0 is the piecewise constant process such that

(i) ag is the identity on V.

e For all k such that a;— (k) = i, a,(k) = j.
e For all k such that a;— (k) # 1 a

e
-
—
=y
~—
I
T
—
Ny
~—

(iii) If for all (ij) € V2, M5 N [s,t] = @, then a; = as.

We refer to a.(i) as the ancestor of i at time t before the present — or, more
simply, as the ancestor of © at time t. o

17
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The standard Moran process is closely related to the Kingman coalescent [12].
Indeed, let R; denote the equivalence relation on V' defined by

iRj = a(i) = a(4),

and let Ky = V/R; be the partition of V induced by R;. Then, (K};)¢>¢ is a Kingman
coalescent on V. In particular, we will frequently use the next lemma.

Lemma 2.2.2. Let (a;)i=0 be the ancestor functions of a standard Moran process
on'V. For any i # j, let

be the coalescence time of i and j and, for any S C V, let

Then, for allt > 0, conditional on {Ts > t}, (Ts —t) is an exponential variable with
parameter ('g').

For a more general introduction to Kingman’s coalescent and Moran’s model,
one can refer to e.g. [7] or [9].

Backward construction

We now turn to the description of the coalescent framework on which our study
relies. The crucial observation is that, for ¢ large enough, every edge of G, (t) can
ultimately be traced back to an initial edge that was inserted between a duplicating
vertex and its copy. To find out whether two vertices i and j are linked in G, (t),
we can trace back the ancestry of the potential link between them and see whether
the corresponding initial edge and its subsequent copies survived up to time ¢. The
first part of this procedure depends only on the vertex duplication process and,
conditional on the sequence of ancestors of {ij}, the second one depends only on the
edge removal process, making the whole procedure tractable. The next proposition
formalizes these ideas.

Proposition 2.2.3. Let V = {1,...,n} and let V?) be the set of unordered pairs
of elements of V. Let M be the driving measure of a standard Moran process on
V', and (at)t=0 the associated ancestor functions (that is, for each i in V, a:(i) is
the ancestor of i at time t). Let P = (P{ij}){ij}eV(Q) be a collection of i.i.d. Poisson
point processes with rate r, on [0,+oo[ such that M and P are independent. For
every pair {ij} € V@, define

Phijy = {t 20:te P{at@)at(j)}} ;

with the convention that, Yk € V, Py = @. Finally, let G = (V, E) be the graph
defined by

E={{ij}ev®: Py, = 0}.
Then, G ~ Gy, .

Throughout the rest of this chapter, we will write G, ,,, for the graph obtained
by the procedure of Proposition 2.2.3.

18



2.2. Coalescent constructions of G, .,

Proof of Proposition 2.2.3. First, consider the two-sided extension of (G, (t)):>0, i.e.
the corresponding stationary process on R (see, e.g., Section 7.1 of [8]), which by

a slight abuse of notation we note (G, (t))ier. Next, let (G,(t))ier be the time-
rescaled process defined by

G(t) = G(t(n —1)/2) .

This time-rescaled process has the same stationary distribution as (Gn(t))ter and
so, in particular, G, (0) ~ Gy, ..

In the time-rescaled process, each vertex duplicates at rate (n — 1)/2 and each
edge disappears at rate r,, = (n—1)p, /2. All these events being independent, we see
that the vertex duplications correspond to the atoms of a standard Moran process
on V = {1,...,n}, and the edge removals to the atoms of (g) i.i.d. Poisson point
processes with rate r, on R, that are also independent of the Moran process. Thus,
there exists (M, ?) with the same law as (¢, ?) from the proposition and such that,
for t > 0,

o Ifte M( then j duplicates and replaces i in Gy, (—t).

i)y

o Ift e P{ij}, then if there is an edge between i and j in G, (—t), it is removed.

Since (M, P) has the same law as (M, P), if we show that

where

_[5{*1]} = {t >0:te P{&t(i)at(j)}}

is the same deterministic function of (M, P) as Ppisy of (M, P), then we will have
proved that én(O) has the same law as the graph G from the proposition.

Now to see why the edges of G,,(0) are exactly the pairs {ij} such that P{ij}
is empty, note that, in the absence of edge-removal events, G,,(0) is the complete
graph and the ancestor the edge {ij} at time ¢ is {a;(7) a;(j)}. Conversely, deleting
the edge {k¢} from G, (—t) will remove all of its subsequent copies from G, (0), i.e.
all edges {ij} such that {a;(i) a;(j)} = {k€}. Thus, the edges of G, (0) are exactly
the edges that have no edge-removal events on their ancestral lineage — i.e, such that
P{*i = Q. ]

Proposition 2.2.3 shows that G, ., can be obtained as a deterministic function of
the genealogy (a;)¢>0 of a Moran process and of independent Poisson point processes.
Our next result shows that, in this construction, (a;)¢>¢ can be replaced by a more
coarse-grained process — namely, a Kingman coalescent (note that the Kingman
coalescent contains less information because it only keeps track of blocks, not of
which ancestor corresponds to which block at a given time ¢). This will be useful
to give a forward construction of Gy, ,, in Section 2.2.3. The proof of this result is
straightforward and can be found in Section 2.A of the Appendix.
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Proposition 2.2.4. Let (K;)i>0 be a Kingman coalescent on V = {1,...,n}, and
let (i) denote the block containing i in the corresponding partition at time t. Let
the associated genealogy of pairs be the set

g= {(t, {me(d) m(5)}) : {ij} e VP, t € [07T{ij}[};

where Ty = inf{t > 0: m (i) = m(j)}. Denote by

Liigy = { (&, {m(@) m()}) : € [0, Tz [

the lineage of {ij} in this genealogy. Finally, let P* be a Poisson point process with
constant intensity rn, on G and let G = (V, E), where

E={{ij} e v®: P 0Ly =0}
Then, G ~ Gy, -

We finish this section with a technical lemma that will be useful in the calcu-
lations of Section 2.3.1. Again, the proof of this result has no interest in itself and
can be found in Section 2.A of the Appendix.

Lemma 2.2.5. Let S be a subset of V). Conditional on the measure M, for any
interval I C [0,4o00] such that

(i) Forall{ij} € S, Vt eI, a(i) # a(j).

(ii) For all {kl} # {ig} in S, Vt € I, {a(i) at(j)} # {at(k) a:(£)},

we have that (P{*Z.j} NI, {ij} € S), are independent Poisson point processes with
rate v, on I. Moreover, for any disjoint intervals I and J, (P{*ij} NI, {ij} €8)is

independent of (Pfij} NdJ, {ij} €59).

Before closing this section, let us sum up our results in words: if we think of
{at(i) ar(j)} as being the ancestor of {ij} at time ¢, then the genealogy of vertices
induces a genealogy of pairs of vertices, as illustrated by Figure 2.4. Edge-removal
events occur at constant rate r, along the branches of this genealogy and the events
affecting disjoint sections of branches are independent, so that we can think of
(Pf‘ij}, {ij} € V@), as a single Poisson point process P* on the lineages of pairs of
vertices. A pair of vertices is an edge of G, ., if and only if there is no atom of P*
on its lineage.

BT,
i j kL {ik}  {jk} {ie} {56} {k€} {ij}

Figure 2.4: On the left, a genealogy on {i,j, k, £} and on the right the corre-
sponding genealogy of the pairs. Edge removal events occur at constant rate
along the lineages of pairs of vertices, and a pair of vertices is an edge of Gy r,,
if and only if there is no atom on its lineage.
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2.2. Coalescent constructions of G, .,

Forward construction

We now give a forward version of the coalescent construction presented in the pre-
vious section. Here, unlike in the previous section, the graph G, , is built by adding
vertices one at a time. This construction will be useful in proofs and provides a
computationally efficient way to sample G, ;.

Consider the Markov process (GI(t));>0 defined by

i) Gf

T

(0) = ({1,2},{{1,2}}) is the complete graph of order 2.

(ii) Conditional on V; = {1,...,n}, where V; is the set of vertices of GI.(t): at rate
(g), a vertex is sampled uniformly in V; and duplicated without replacement —
that is, we copy the vertex and all incident edges, and label the new vertex n+1,

resulting in a graph with vertex set {1,...,n + 1}.

(iii) During the whole process, each edge disappears at constant rate 7.

Next, for every integer n > 2, let G%(n) = Gl.(t,—), where
tn = sup{t >0:Gl(t) has n Vertices} :

Finally, let ®,,(G(n)) denote the graph obtained by shuffling the labels of the ver-
tices of G(n) uniformly at random, i.e. let ®,, be picked uniformly at random among
all the permutations of {1,...,n} and, by a slight abuse of notation, let

D (Gr(n) = ({10}, {{@a()) ®uli)} : {i} € G3(n)})

Proposition 2.2.6. For any r > 0, for any integer n > 2,

(G (n)) ~ Gy -

Going from a backward construction such as Proposition 2.2.4 to a forward
construction such as Proposition 2.2.6 is common in coalescent theory. The proofs,
though straightforward, are somewhat tedious. They can be found in Section 2.A
of the Appendix, and we save the rest of this section to comment on the forward
construction.

Proposition 2.2.6 shows that, for any given sequence (r,), for any n > 2,
®,(G5, (n)) ~ Gp,,. Note however that this is not a compatible construction of
a sequence (Gpp,)n>2. In particular, all elements of a sequence (®,(Gr(n)))n>2
are associated to the same value of r, while each term of a sequence (G, )n>2
corresponds to a different value of r,,.

Finally, it is necessary to relabel the vertices of G7(n) in Proposition 2.2.6,
as failing to do so would condition on {k,k — 1} being the (n — k + 1)-th pair of
vertices to coalesce in the genealogy of G, , (in particular, the edges of GJ(n) are
not exchangeable: “old” edges such as {1,2} are least likely to be present than more
recent ones such as {n—1,n}). However, since G;(n) and ®,,(G}(n)) are isomorphic,
when studying properties that are invariant under graph isomorphism (such as the
number of connected components in Section 2.5 or the positive association of the
edges in Section 2.6), we can work directly on GJ(n).

21



2.3

2.3.1

2. THE SPLIT-AND-DRIFT RANDOM GRAPH

First and second moment methods

In this section, we apply Proposition 2.2.3 and Lemma 2.2.5 to obtain the expressions
presented in Table 2.1. These are then used to identify different regimes for G, .,,
depending on the asymptotic behavior of the parameter r,.

In order to be able to use Lemma 2.2.5, we will always reason conditionally on
the genealogy of the vertices (i.e. on the vertex duplication process M) and then
integrate against its law.

First moments of graph invariants

Degree and number of edges

Proposition 2.3.1. For any fized vertices i and j, i # j, the probability that i and

J are linked in Gy, ., is
1

147,

P(i ¢ j) =

Corollary 2.3.2. Let D,, be the degree of a fized vertex of Gy, , and |E,| be the
number of edges of Gy r,. Then,

n—1 n 1
E(D,) = Ty and E(|E,|) = <2> T

Proof. By Proposition 2.2.3,
{i < j} — P{*Z-j} N[0, T =9.

Reasoning conditionally on Ty, and applying Lemma 2.2.5 to S = {{ij}} and
I =10, T{ij}[, we see that P{*ij} is a Poisson point process with rate r, on I. Since
T{ij} ~ Exp(1),

P(i ¢ j) = P(e1 > Ty )
where e; = inf P*ij is an exponential variable with rate r, that is independent

of Ty;j1. This concludes the proof of the proposition.

The corollary follows directly from the fact that the degree of a vertex v can be

written as
DY) =" 10
i#v
and that the number of edges of Gy, ., is
Eal= D Lgeg- O
{ijtev®

Proposition 2.3.3. Let i, j and k be three distinct vertices of Gy, . We have

Tn

34 2r,)(1 4 ry)?

COV(]I{Z‘H]‘}, ]l{zﬁk}> = (

Corollary 2.3.4. Let D,, be the degree of a fized vertex of Gy, r,,. We have

rn(n—1)(142r, +n)
(T+7)2(3+2r,)

Var(D,,) =
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Proof. For all t > 0, let S; = {a(i),a:(j),ar(k)}. Let 7 = inf{t > 0: ]S = 2}
and 7o = inf{t > 7 : |S;| = 1}. Recall from Lemma 2.2.2 that 71 and 7 — 71 are
independent exponential variables with parameter 3 and 1, respectively. Finally, let
{u,v} =5,

By Proposition 2.2.3, {ij} and {ik} are edges of Gy, ,, if and only if P*ij}ﬂ[(), Tiipnl

and P{*ik} N [0, Tk [ are empty, which can also be written

(Pty N[0, m1) U (P 010, 71]) U Py N [r1,7]) = @

Conditionally on 71 and 72, by Lemma 2.2.5, (P{*Z.j} N[0, ) U (P{*ik} N[0, 71[) is inde-
pendent of P*uv} N [1, 72, Pf‘ij} and sz‘k} are independent Poisson point processes
with rate r, on [0, 7], and P{*uv} is a Poisson point process with rate r,, on [r1, 2]
Therefore,

P(i < j,i <> k) =P(ey > 11)Pea > 1 — 11),

where e; = inf(P{*ij} U P{*ik}) ~ Exp(2ry,) is independent of 7 and ez = inf(P{*uv} N
[T1, +00[) ~ Exp(ry,) is independent of 7o — 71. As a result,

3 1
P(i(—)j,i(—)k):3+2 X1~|— .
Tn T'n

A short calculation shows that

Tn
34 2rp,)(1+1,)%’

Cov (]l{“_)j}, ]1{“_)]6}> = (

proving the proposition.

As before, the corollary follows from writing the degree of v as fo) =D izv Licso)s
which gives

Var(DﬁL”)) =(n-1) Var(]l{iﬁv}) +(n—1)(n-2) Cov(]l{“_w}, ]l{ﬂ_w}) .
Substituting Var(1geey) = m/(1+ )% and Cov(L{isv}, Lijesey) vields the desired
expression. ]
Proposition 2.3.5. Let i, j, k and ¢ be four distinct vertices of Gy, . We have

271,
14+ 7,)284rn)(34+2ry,)

COV@{M;’}J{kM}) =1
Corollary 2.3.6. Let D7(Li) and Dflj ) be the respective degrees of two fixed vertices i
and j, and let |E,| be the number of edges of Gy ,,,. We have

Tn 3(n—2) 2(n—2)(n—3)
4 (1 s+a2r, (3+7«n)(3+27«n)>

Cov(D), DY) =

and
n(n—1)m>+2r2+2nr, +n+5r, +3)

2(147)2B+7m)(34+2ry,)

Var(|E|) =

The proof of Proposition 2.3.5 and its corollary are conceptually identical to the
proofs of Propositions 2.3.1 and 2.3.3 and their corollaries, but the calculations are
more tedious and so they have been relegated to Section 2.B of the Appendix.
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Complete subgraphs

From a biological perspective, complete subgraphs are interesting because they are
related to how fine the partition of the set of populations into species can be. Indeed,
the vertices of a complete subgraph — and especially of a large one — should be
considered as part of the same species. A complementary point of view will be
brought by connected components in Section 2.5.

In this section we establish the following results.

Proposition 2.3.7. Let X,, ;. be the number of complete subgraphs of order k in

Gn,r,- Then,
n 1 k—1
E(X,x) = .
(Xonk) <k><1+rn>

Corollary 2.3.8. Let k,, be the clique number of G, r,, i.e. the mazimal number of
vertices in a complete subgraph of Gy, . If (ky) is such that

n 1 kn—1
() =0
o)) =

then ky, is asymptotically almost surely an upper bound on ky, i.e. P(k, < kyp) — 1
as n — +oo. In particular, when r, — +0o0,

(i) Ifrp = o(n), then k, < log(ry)n/ry, a.a.s.
(ii) Ifrp, = O(n/log(n)), kn = Op(n/ry), i.e.

Ve > 0,3IM >0, AN s.t. V/n > N, P(k, > Mn/r,) < ¢.

Proof of Proposition 2.5.7. The number of complete subgraphs of order k£ of G,
is

Xn,k = Z ]l{Gnyrn [S] is complete}
Sev k)

where the elements of V(¥ are the k-subsets of V = {1,...,n}, and G, [5] is the
subgraph of Gy, ., induced by S. By exchangeability,

E(Xnk) = <Z> P (Gn,r,[S] is complete) ,

where S is any fixed set of k vertices. Using the notation of Proposition 2.2.3,
G, [S] is complete <= V{ij} € S, Pi;;y = 9.

For all t > 0, let A; = {a:(¢) : i € S} be the set of ancestors of S at t. Let 7o =0
and for each £ =1,... k — 1 let 7 be the time of the ¢-th coalescence between two
lineages of S, i.e.

= inf{t > 11 |AY = ‘AT£71| - 1}

Finally, let Ay = A., and Iy = |14, Te41[. With this notation,
k—2
£=0
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where
By= () {Pj;Nnl=9}
{ijyeAl”
and Af) denotes the (unordered) pairs of A, Since for ¢ “m, I,NI, = @,

Lemma 2.2.5 shows that conditionally on Iy,...,Ir_1, the events By,..., Bir_o are

independent. By construction, for all {ij} # {uv} in Zlgz),

Vt € I, {ay(i), ar()} # {ar(u), ar(v)} # &

and so it follows from Lemma 2.2.5 that, conditional on Iy, (P{*ij} N1p), {ij} € flf),
are i.i.d. Poisson point processes with rate r,, on I,. Therefore,

P(By) = P(min{cl) : i} € AP} > 1),
where e%}, {ij} € Aéz), are (k ;K) i.i.d. exponential variables with parameter 7, that

are also independent of |Iy|. Since |Ij| ~ Exp((k;e)),

1

P(By) = 5
n

and Proposition 2.3.7 follows. O

Proof of Corollary 2.5.5. The first part of the corollary is a direct consequence of
Proposition 2.3.7. First, note that

Xok, =0 <= r, <ky

that a complete subgraph of order k£ contains complete subgraphs of order ¢ for all
¢ < k. As a result, any k, such that P(X, 5, =0) — 1 is asymptotically almost
surely an upper bound on the clique number x,. Now, observe that since X, j, is a
non-negative integer, X, 5, > 1 {Xo i #0} and therefore

E<Xn,kn) > IP<Xn,kn 7é 0) .

Finally, X,, » being integer-valued, P(X,, x, # 0) — 0 implies P(X,, 5, = 0) — 1.

To prove the second part of the corollary, using Stirling’s formula we find that
whenever r,, and k,, are o(n) and go to +00 as n — +00,

n ( 1 )knl C n" ( 1 )knl
kn J\1+m, VEn kK (n = kp)n—kn \1 471y ’

where C' = v/27. The right-hand side goes to zero if and only if its logarithm goes
to —oo, i.e. if and only if

. n—ky kn, 1+7r,
An = knlog(knuw> ”1°g(1 n) “0g< N )

goes to —oo. Now let k,, = ngy, /ry,, where g, — +o0 and is o(ry,), so that k, = o(n).
Then,

n—ky

Fon 10g<kn(1 ¥ )

> ~ —kp log(gn)
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and

K,
—nlog(l — ) ~ k.
n

Moreover, as long as it does not go to zero,

1+r, 3 1
log< T > ~5 log(r,) — 5 log(ngy,) -

Putting the pieces together, we find that A, is asymptotically equivalent to

1
——log(gn) + = log(ry) — 5 log(ngy,) -
Taking g, = log(ry), this expression goes to —oo as n — +oo, yielding (i). If
rn, = O(n/log(n)), then it goes to —oo for any g, — 400, which proves (ii). Indeed,
if there exists € > 0 such that

VM >0, VN, 3n > N s.t. P(kp, > Mn/r,) > ¢,
then considering successively M = 1,2,..., we can find ny < no < --- such that
Vk € IN, P(kp, > kng/ry,) > €.
Defining (g,) by
Vn € {ng,...,ng+1— 1}, gn =k,

we obtain a sequence (g,) that goes to infinity and yet is such that for all N there
exists n := min{ny : ny = N} such that P(k, > g,n/r,) = €. O

A natural pendant to Proposition 2.3.7 and Corollary 2.3.8 would be to use the
variance of X, ;. to find a lower bound on the clique number. Indeed, it follows from
Chebychev’s inequality that

Xn
P(X,, =0) < M‘
E(Xn k)

However, computing Var(X,, ;) requires being able to compute the probability that
two subsets of k vertices S and S’ both induce a complete subgraph, which we have
not managed to do. Using the probability that Gy, [S] is complete as an upper
bound for this quantity, we have the very crude inequality

2
Var(X,, k) < (Z) p(1—-p),

where p = 1/(1 4+ r,)*='. This shows that when r, — 0 and k, = o(1/r,),
P(Xp, %, =0) tends to zero, proving that r, is at least ©(1/7y,).

Finally, because we expect our model to form dense connected components,
whose number we conjecture to be on the order of r, in the intermediate regime
(see Theorem 2.5.1 and Conjecture 2.5.4), and since the degree of a typical vertex
is approximately n/r, in that regime, it seems reasonable to conjecture

Conjecture 2.3.9. In the intermediate regime, i.e. when r, — +00 and r, = o(n),

da, B> 0 s.t. P(an/ry, < kp < Bn/m) — 1. o
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Identification of different regimes

We now use the results of the previous section to identify different regimes for the
behavior of G, ,,. The proof of our next theorem relies in part on results proved
later in the chapter (namely, Theorems 2.4.1 and 2.6.1), but no subsequent result
depends on it, avoiding cyclic dependencies. While this section could have been
placed at the end of the chapter, it makes more sense to present it here because it
relies mostly on Section 2.3.1 and because it helps structure the rest of the chapter.

Theorem 2.3.10. Let D,, be the degree of a fized vertex of Gy ,,. In the limit
as n — +oo, depending on the asymptotics of r, we have the following behaviors
for G,

(i) Transition for the complete graph: when r, = o(1/n), P(Gy,, is complete)
goes to 1, while when r,, = w(1/n) it goes to 0; when rp, = ©(1/n), this proba-
bility is bounded away from 0 and from 1.

(ii) Dense regime: when rp, = o(1), P(D, =n—1) — 1.
(iii) Sparse regime: when r, = w(n), P(D, =0) — 1.

(iv) Transition for the empty graph: when r, = o(n?), P(Gy, is empty) goes to 0
while when r, = w(n?) it goes to 1; when ry, = ©(n?), this probability is bounded
away from 0 and from 1.

Proof. (i) is a direct consequence of Proposition 2.3.7 which, applied to k = n, yields

1 n—1
P(Gy,, is complete) = (1 n Tn) :
(ii) is intuitive since E(D,,) = (n—1)/(1+7ry); but because it takes r, = o(1/n?)
for Var(D,,) to go to zero, a second moment method is not sufficient to prove it.
However, using Theorem 2.4.1, we see that P(D,, =n — 1) can be written as
r'e+2r,)l(n+1)
F'n+1+2mr,)

where I' is the gamma function. The results follows by letting r, go to zero and
using the continuity of I

P(D,=n-1)=

)

(iii) follows from the same argument as in the proof of Corollary 2.3.8, by which,

D,, being a non-negative integer, P(D,, # 0) < E(D,,) = 17:7"11

In (iv), the fact that Gy, ., is empty when r,, = w(n?) is yet another application of
n(n—1)

2(14rp)?
in conjunction with the fact that G, ., is empty if and only if |E,| = 0; to see why

the graph cannot be empty when 7, = o(n?), consider the edge that was created
between the duplicated vertex and its copy in the most recent duplication. Clearly,
if this edge has not disappeared yet then G, ., cannot be empty. But the probability
that this edge has disappeared is just
Tn
(3) + 7’
which goes to zero when r, = o(n?). Finally, the fact that P (G, is empty) is
bounded away from 0 and from 1 when 7, = ©(n?) is a consequence of Theo-

rem 2.6.1, which shows that the number of edges is Poissonian when r, = w(n). As
a result, P(|E,| = 0) ~ e~ B(EnD, .

this argument, but this time using the expected number of edges, E(|E,|) =
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Remark 2.3.11. Note that when r,, = o(1), Var(D,,) ~ r,n?/3 can go to infinity
even though D,, = n—1 with probability that goes to 1. Similarly, when r,, = o(1/n),
Var(|Ep|) ~ rpn*/18 and |E,| = (3) a.a.s. Notably, D, = (n — 1) — D,, converges

to 0 in probability while Var (En) goes to infinity. o

The degree distribution

The degree distribution is one of the most widely studied graph invariants in network
science. Our model makes it possible to obtain an exact expression for its probability
distribution:

Theorem 2.4.1 (degree distribution). Let D,, be the degree of a fixed vertex of
Gnrn- Then, for each k € {0,...,n — 1},

k

2r, (2rp + 1) n—i
P(D, = k) = k41 , :
( ) (n+2rn)(n—1+2rn)( * )gn—z+2rn—l

where the empty product is 1.

The expression above holds for any positive sequence (r,) and any n; but as
n — 400 it becomes much simpler and, under appropriate rescaling, the degree
converges to classical distributions:

Theorem 2.4.2 (convergence of the rescaled degree).

(i) Ifrn, — r > 0, then % converges in distribution to a Beta(2,271) random
variable.

(ii) If ry is both w(1) and o(n), then n[/)ﬁn converges in distribution to a size-biased

exponential variable with parameter 2.

(iii) If 2rn/mn — p > 0, then D, + 1 converges in distribution to a size-biased
geometric variable with parameter p/(1+ p).

In this section we prove Theorem 2.4.1 by coupling the degree to the number
of individuals descended from a founder in a branching process with immigration.
Theorem 2.4.2 is then easily deduced by a standard study that has been relegated
to Section 2.C of the Appendix.

Ideas of the proof of Theorem 2.4.1

Before jumping to the formal proof of Theorem 2.4.1, we give a verbal account of
the main ideas of the proof.

In order to find the degree of a fixed vertex v, we have to consider all pairs {iv}
and look at their ancestry to assess the absence/presence of atoms in the correspond-
ing Poisson point processes. To do so, we can restrict our attention to the genealogy
of the vertices, and consider that edge-removal events occur along the lineages of
this genealogy: a point that falls on the lineage of vertex ¢ at time ¢ means that
t € Pf;,,. In this setting, edge-removal events occur at constant rate r, on every
lineage different from that of v.
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Next, the closed neighborhood of v (i.e. the set of vertices that are linked to v,
plus v itself) can be obtained through the following procedure: we trace the ge-
nealogy of vertices, backwards in time; if we encounter an edge-removal event on
lineage ¢ at time ¢, then we mark all vertices that descend from this lineage, i.e. all
vertices whose ancestor at time t is ¢; only the lineages of unmarked vertices are
considered after t. We stop when there is only one lineage left in the genealogy. The
unmarked vertices are then exactly the neighbors of v (plus v itself). The procedure
is illustrated in Figure 2.5.

T‘ [™1 ] 0 [

-
1
1

v v v

Figure 2.5: Illustration of the procedure used to find the neighborhood of v. On the left, the
genealogy of the vertices. The dashed blue line represents the lineage of the focal vertex v, and a
dot on lineage k corresponds to a point in Pfrq,(v)}- In the middle, we uncover the genealogy and
edge-removal events in backward time, as described in the main text. On the right, the forest that
we get when the procedure is complete. The non-colored (black) branches are exactly the neighbors
of v.

This vertex marking process is not convenient to describe in backward time
because we typically mark several vertices simultaneously. By contrast, the forest
that results from the completed process seems much easier to describe in forward
time. Indeed, the arrival of a new lineage corresponds either to the addition of a
new unmarked vertex or to the addition of a marked one, depending on whether the
new lineage belongs to the same tree as v or not.

Moreover, in forward time, the process is reminiscent of a branching process with
immigration: new lineages are either grafted to existing ones (branching) or sprout
spontaneously (immigration). Let us try to find what the branching and immigration
rates should be. In backward time, when there are k 4+ 1 lineages then a coalescence
occurs at rate (k;rl), while an edge-removal event occurs at rate kr,. Reversing
time, these events occur at the same rates. As a result, when going from k to k + 1

lineages, the probability that the next event is a branching is (k+1)/(k+1+427ry,).

Next, we have to find the probability that each lineage has to branch, given that
the next event is a branching. Here, a spinal decomposition [3, 14] suggests that
every lineage branches at rate 1, except for the lineage of v, which branches at rate 2.
To see why, observe that this is coherent with the fact that, in backward time, when
going from k + 1 to k lineages there are k pairs out of (k;rl) that involve the lineage
of v, so that the probability that the lineage of v is involved in the next coalescence
is 2/(k+1).

If this heuristic is correct, then in forward time it is easy to track the number of
branches of the tree of v versus the number of branches of other trees: when there
are p branches in the tree of v and ¢ branches in the other trees, the probability
that the next branch is added to the tree of v is just (p+1)/(p+ 1+ g+ 27,).
Moreover, when the total number of branches reaches n, the number of branches
in the tree of v is also the number of unmarked vertices at the end of the vertex
marking procedure, which is itself DS)) + 1, the degree of v plus one.
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Formal proof of Theorem 2.4.1

The ideas and outline of the proof parallels the account given in the previous section:
first, given a realization of the vertex-duplication process M and of the edge-removal
process P, we describe a deterministic procedure that gives the closed neighborhood
of any vertex v,

Nglvl={i eV :{iv} € E} U{v},

where G = (V| E) is the graph associated to M and P; then, we identify the law of
the process (F})i=o corresponding to this procedure, and recognize it as the law of
a branching process with immigration.

Definition 2.4.3. A rooted forest with marked vertices is a triple F' = (V°, V', E)
such that
(i) Vvenve=4¢.

(ii) Letting V- =V°euve, (V, E) is an acyclic digraph with the property that Vi € V,
deg™ (i) € {0,1}, where deg™ (i) is the out-degree of vertex i.

The marked vertices are the elements of V'®; the roots of F' are the vertices with
out-degree 0 (that is, edges are oriented towards the root), whose set we denote
by R(F); finally, the trees of F' are its connected components (in the weak sense,
i.e. considering the underlying undirected graph), and we write Tr(i) for the tree
containing ¢ in F'. o

The vertex-marking process

We now define the backward-time process (F}):>o that corresponds to the procedure
described informally in Section 2.4.1. Recall the notation of Proposition 2.2.3. For a
given realization of M and P, and for any fixed vertex v, let (F});>o be the piecewise
constant process defined deterministically by

i FO = (V7®7®)
o If t € M;;), then Vk, £ € R(F;—) N V2 such that (a;—(k),ar—(¢)) = (4, ),
Ey=E, U{(k0)}.
o Ift € Ppyg,(v)}, then letting di(i) = {j € V : a;(j) = i} be the set of descendants
of ¢ born after time t,
Vi = V2 \di(i)
V=V udi(i).
What makes (F})i>o interesting is that
Nglv] =V .
Indeed, by construction,
eV = U ( U P{j%(v)}) =9,
sel0,t] \ jrieds(y)

and since for every s the unique j such that i € ds(j) is as(¢), we have

ve={ieV:Piyn[0.1=0}.
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The Poissonian construction given above shows that (Fy, a;)¢>0 is a Markov pro-
cess. Now, observe that conditional on a;

(1) Mgy Nt 400 ~ Mg, (iya,(j)) Nt +oo and is independent of (Fy, as)s<
(i) Pliayw)} N1t +0[ ~ Pa,(i)a,(v)} N, +0o[ and is independent of (Fy, as)s<t
(iii) j € di(i) <= i € R(F}) and j € TF,(7)
As a consequence, (F});>o is also a Markov process, whose law is characterized by
o Iy =(V,D,0).
e F; goes from (V2, V2, Ey) to

— (V2, Vi#, By U{(i,7)}) at rate 1/2, for all i, j in R(F})

— (Vo\ Tr,(i), V2 UTE,(i), Et) at rate ry, for all i in R(F}).

Let (ﬁk)ke{l,...,n} be the chain embedded in (F});>0, i.e. defined by
Fp=F;,, where ty =inf{t >0: |R(F})|=n—k+1}.

The rooted forests with marked vertices that correspond to realizations of ﬁ’n are ex-
actly the f, = (V°,V*, E) that have n vertices and are such that V° = T (v). More-
over, for each of these there exists a unique trajectory (fi,..., fn) of (Fi,...,Fy)

such that F}, = f, and it follows from the transition rates of (F});o that

(1/2)n— 1R RO

P ﬁn:fn =
( ) I1 (k(k=1)/2+4 (k= 1)rn)
1 (27, 1EFn)I-1
= - (2.1
(-1 1 (k +27) )
k=2

Finally, note that 17,? = V3 is the closed neighborhood of v in our graph.

The branching process

The process with which we will couple the vertex-marking process described in the
previous section is a simple random function of the trajectories of a branching process
with immigration (Z;)¢>0. In this branching process, immigration occurs at rate 27,
and each particle gives birth to a new particle at rate 1 — except for one particle,
which carries a special item that enables it to give birth at rate 2; when this lineage
reproduces, it keeps the item with probability 1/2, and passes it to its offspring with
probability 1/2.
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Formally, we consider the Markov process on the set of rooted forests with
marked vertices (augmented with an indication of the carrier of the item), defined
by Zo = ({1},0,@,1) and by the following transition rates:

(Z;)i0 goes from (W°, W*, E, ¢) to
— (WP U{N}, W*, EU{(N,i)}, c) at rate 1, for all i € W°
— (W°, WO U{N}, EU{(N,i)}, c) at rate 1, for all i € W*
— (WP U{N}, W*, EU{(N,¢)}, N) at rate 1
— (W°, WeU{N}, E, c) at rate 27,

where N = |[W° U W?*| +1 is the label of the new particle. The fourth coordinate of
(Z¢)t=0 tracks the carrier of the item.

As previously, the Markov chain (Z;)ren+ embedded in (Z;)sso is defined by
Zy = Zy,, where t), = inf{t > 0: |Wp UW;| =k}.

The realizations of Z,, are exactly the (W, W3, E,, ¢pn) such that f, = (W2, W2, En)
is a rooted forest with marked vertices on {1,...,n} and W7 = T}, (1) = T, (cn).
For these, it follows from the transition rates of (Z;);>o that

(27,11

P(Zy = (W, Wy, By en)) = —5 . (2.2)
[Mk+1+2r,)
k=1
Finally, note that (Xg)ren+ = (|W,§|, ]W,ﬂ)kem*, which counts the number of

descendants of the first particle and the number of descendants of immigrants, is a
Markov chain whose law is characterized by X; = (1,0) and X}, goes from (p, q) to

e (p+1,q) with probability %

q+2r

Relabeling and end of proof

The last step before finishing the proof of Theorem 2.4.1 is to shuffle the vertices of
the forest associated to Z,, appropriately. For any fixed n, v and cin {1,...,n}, let
P (cv) be uniformly and independently of anything else picked among the permuta-

tions of {1,...,n} that map ¢ to v; define ®,(Z,) by

q)v<ﬁ//1i7ﬁ//7;7ﬁn?an) - ((I)(én,v)(WS)v (I)(én,v)(ﬁ//ﬁ)v (I)(En,v)(En))

where @, ) (E,) is to be understood as {(<I>(gmv) (1), @, (9)) = (4,4) € En}

With all these elements, the proof of Theorem 2.4.1 goes as follows. First, from
equations (2.1) and (2.2) and the definition of ®,, we see that for all rooted forest
with marked vertices f,,

P(ﬁn - fn) - IP(@U(Z”) - fn) .
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In particular, ‘7,;’, the set of unmarked vertices in the vertex-marking process, and
®(5,,0)(Wy), the relabeled set of descendants of the first particle in the branching
process, have the same law. Now, on the one hand we have

7] = [Nel] = DY + 1,

and on the other hand we have

@60 (W)

— (VT@‘;’

Since ‘WT‘:’ is the first coordinate of the Markov chain (Xj)gen+ introduced in

the previous section, it follows directly from the transition probabilities of (X} )ren=
that

k n—k—2
>H(p+1) 1 (g+2r,)

n—1

k

p=1 q=0

)

IP(Xn:(k+1,n—k—1)):<

[T ((p+a)+1+42m,)
(p+q)=1

from which the expression of Theorem 2.4.1 can be deduced through elementary
calculations.

Connected components in the intermediate regime

From a biological perspective, connected components are good candidates to define
species, and have frequently been used to that end. Moreover, among the possible
definitions of species, they play a special role because they indicate how coarse the
partition of the set of populations into species can be; indeed, it would not make
sense biologically for distinct connected components to be part of the same species.
As a result, connected components are in a sense the “loosest” possible definition of
species. This complements the perspective brought by complete subgraphs, which
inform us on how fine the species partition can be (see Section 2.3.1). For a discussion
of the definition of species in a context where traits and ancestral relationships
between individuals are known, see [15].

The aim of this section is to prove the following theorem.

Theorem 2.5.1. Let #CC,, be the number of connected components of Gp r,. If Ty
is both w(1) and o(n), then

% +op(rp) < #CC,, < 271plogn + op(ry logn)

where, for a positive sequence (uy), op(uy) denotes a sequence of random variables
(Xn) such that X,,/u, — 0 in probability.

Lower bound on the number of connected components

The proof of the lower bound on the number of connected components uses the for-
ward construction introduced in Section 2.2.2 and the associated notation. It relies
on the simple observation that, letting #CC(G) denote the number of connected
components of a graph G, #CC(G7, (k)) is a nondecreasing function of k. Indeed,
in the sequence of events defining (G (k))r>2, vertex duplications do not change

33



2.5.2

2. THE SPLIT-AND-DRIFT RANDOM GRAPH

the number of connected components — because a new vertex is always linked to
an existing vertex (its ‘mother’) and her neighbors — and edge removals can only
increase it. Thus, if m, < n and ¢, are such that P (#CC(G}, (my) > £,) — 1 as
n — oo, then ¢, is asymptotically almost surely a lower bound on the number of
connected components of Gx (n) — and therefore of G, ., .

To find such a pair (my, ¢,), note that, for every graph G of order m,
#CC(G) = m — #edges(G) .

Moreover, since for any fixed n, Gy (m,) has the same law as Gy, r,, the exact
expressions for the expectation and the variance of |E};, |, the number of edges of
Gy, (my), are given in Table 2.1. We see that, if 7, and m,, are both w(1) and o(n),

T

E(E" Mo and Var(|E* M (02 Lo
(1B ) ~ 1 and - Var(B ) ~ T8 (2 +207) .
n n

By Chebychev’s inequality,

B Var(|E}, |
P(11E3, |~ BB, | = mb) < YUl
n

When m,, = O(ry,), since r, = w(1) the right-hand side of this inequality goes to 0
as n — +oo, for all € < 1/2. It follows that

B, | = E(ER, 1)+ op(rn)-
Taking m,, := |ar,], we find that
H#CC(GE (mn)) = my — |2 | =a (1 - %) P+ 0p (1) -

The right-hand side is maximal for & =1 and is then ry, /2 4+ o, (ry).

Upper bound on the number of connected components

Our strategy to get an upper bound on the number of connected components is to
find a spanning subgraph whose number of connected components we can estimate.
A natural idea is to look for a spanning forest, because forests have the property
that their number of connected components is their number of vertices minus their
number of edges.

Definition 2.5.2. A pair of vertices {ij} is said to be a founder if it has no ancestor
other than itself, i.e., letting Ty;;, = sup{t > 0: a;(i) # a;(j)} be the coalescence
time of i and j, {ij} is a founder if and only if Vt < Ty;;, {ai(i) ar(j)} = {ij}. <

Let 7 be the set of founders of Gy, ., = (V, E), and let T,, = (V, ¥). Note that
#F =n—1 and that T, is a tree. Therefore, letting F;, = (V, F NE) be the spanning
forest of G, , induced by T;,, we have

#CC,, < n — #edges(F),).

Let us estimate the number of edges of F,. Recall Proposition 2.2.3. By construc-
tion, V{ij} € ¥, Py =Py 0 [0, T(353)- Tt follows that

#edges(Fo) = >, lyp o, -0}
{ijter
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and, as a consequence,
#CCn S 1+ Z L Py nom 120} -
{ijleF
Now, H{P{ij}ﬁ[O,T{m}#@} < #(Ppjy N 10,Tyi5]), and since (Ppijy)qijres are idd.
Poisson point processes with intensity r;, that are also independent of (7, {ij}){ij}e 75
> #(Pup N[0, Thpl) S #(P N0, Ly)),
{ijteF
where P is a Poisson point process on |0, +oo] with intensity r,, and L, = T\vrca +
> tijyer Tijy is the total branch length of the genealogy of the vertices. Putting the
pieces together,
#CC,, < 1+ #(PNJ0,Ly, ).

Conditional on Ly, #(PN|[0, L,]) is a Poisson random variable with parameter r;, L.
Moreover, it is known [22] that

n—1 1 n—1 1
E(L,) =2 Z = and  Var(L,) =4 Z =
i=1 i=1
As a result,

]E(#(P n 1o, Ln])) = raE(Ly,) ~ 27, logn

and
Var(#(P N o, Ln])) = 1, B(Ly,) + Var(r,Ly,) ~ 271, logn + ar?,

with a = 272 /3. Using Chebychev’s inequality, we find that for all € > 0,

2 o
P P L)) —2r,1 >erpl = .
(!#( N[0, Ly)) rplogn| >er ogn) O(52 o Tog(n) + = log(n)2>
The right-hand side goes to 0 as n — 400, which shows that #(P N[0, L,]) —
27y logn = op(ry, logn) and finishes the proof.

Remark 2.5.3. Using #(PnN|0, L,]) as an upper bound for > {ijer ]l{P{ij}m[O,T{ij}];é@}
turns out not to be a great source of imprecision, because most of the total branch
length of a Kingman coalescent comes from very short branches. As a result, when
n = o(n), only a negligible proportion of the Py;;y N[0, T ]’s, {ij} € F, have more
than one point.

By contrast, using n — #edges(F},) as an upper bound on #CC, is very crude.
This leads us to formulate the following conjecture. o

Conjecture 2.5.4.

da, >0 s.t. P(ar, < #CC,, < fr,) —— 1. o

n—oo

Remark 2.5.5. After this work was published, the following argument supporting
Conjecture 2.5.4 was given to me by Gustave Emprin: let |[CC(v)| denote the size
of the connected component containing vertex v. Then we have

1 1
#CC,, = ——— < — ~ 2r
©T L S Xppag T
where the asymptotic equivalent follows from point (ii) of Theorem 2.4.1 o
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Number of edges in the sparse regime
From the expressions obtained in section 2.3.1 and recapitulated in Table 2.1, we
see that when r, = w(n),

2

Ni-
271,

E([En]) ~ Var(|Exal)

This suggests that the number of edges is Poissonian in the sparse regime, and this
is what the next theorem states.

Theorem 2.6.1. Let |E,| be the number of edges of Gy, . If 1, = w(n) then

drv (|Eyl, Poisson(Ay)) ——— 0,

where dpy stands for the total variation distance and A, = E(|E,|) ~ % If in

addition r, = o(n?), then A\, — +00 and as a result

|En’ - )\n D
\/E n—-+00

where N'(0,1) denotes the standard normal distribution.

N(0,1),

The proof of Theorem 2.6.1 is a standard application of the Stein-Chen method
[21, 4]. A reference on the topic is [1], and another excellent survey is given in [19].
Let us state briefly the results that we will need.

Definition A. The Bernoulli variables X 1y , Xn are said to be positively related

if for each i = 1,..., N there exists (Xfl), .. .,X](\?), built on the same space as
(X1,...,XnN), such that

G (x9,.. x0)~ (X, Xy) | X =1

(i) Forallj=1,...N, X\ > X

Note that there are other equivalent definitions of positive relation (see e.g.
Lemma 4.27 in [19]). Finally, we will need the following classic theorem, which
appears, e.g., as Theorem 4.20 in [19].

Theorem A. Let Xi,...,Xnx be positively related Bernoulli wvariables with
P(X;=1)=p;. Let W=, X; and \ = E(W). Then,

N
drv (W, Poisson(\)) < min{1, A7} (Var(W) —A+2 Zp12> .
i=1

Proof of the positive relation between the edges

It is intuitive that the variables indicating the presence of edges in our graph are pos-
itively related, because the only way through which these variables depend on each
other is through the fact that the edges share ancestors. Our proof is nevertheless
technical.
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Preliminary lemmas

In this section we isolate the proof of two useful results that are not tied to the
particular setting of our model.

Lemma 2.6.2. Let X = (X1,...,Xn) be a vector of Bernoulli variables. The
distribution of X is uniquely characterized by the quantities

E(HXZ), Ic{l,....N}, I#0Q

icl

Proof. Forall I C {1,...,N}, I # @, let

iel il jel©

pr :]E<HXZ-> and ¢r :]E(HXi [T Xj)>

where the empty product is understood to be 1.

Clearly, the distribution of X is fully specified by (q;). Now observe that, by the
inclusion-exclusion principle,

a=> (-nlp,,

JDI

which terminates the proof. O

Lemma 2.6.3. Let X1,...,Xx be independent random nondecreasing functions
from [0, 400[ to {0,1} such that

Vie{l,...,N}, inf{t >0:X;(t) =1} < +oo almost surely.

Let T be a non-negative random variable that is independent of (X1,...,Xn). Then,
X1(T),...,XN(T) are positively related.

Proof. Pick i € {1,...,N}. Now, let 7; = inf{t > 0: X;(¢) = 1}. Assume without
loss of generality that X; is left-continuous, so that {X;(T") =1} = {T > 7;}. Next,
note that,

Ve, t >0, P(T>z,T>t)>P(T >z)P(T>t).

Integrating in ¢ against the law of 7;, we find that
Ve>0, P(T>z|T>mn)>2P(T>x).

This shows that T is stochastically dominated by T, where T(* has the law of
T conditioned on {T" > 7;}. As a result, there exists S, built on the same space
as Xi,...,Xn and independent of (Xj);-;, such that S ~ T® and S > T. For all
J #1,let XJ@ = X;(5). Since X is nondecreasing, X](-l) > X;(T), and since (X;) -
and (T, 7;) are independent, (X](.l))#i ~ ((X;(T))jzi | Xi(T') = 1). This shows that
X1(T),...,Xn(T) are positively related. O

Remark 2.6.4. Lemma 2.6.3 and its proof are easily adapted to the case where
X1,...,Xn are nonincreasing and such that inf{¢ > 0: X;(¢) = 0} < +oo almost
surely. o
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Stein—Chen coupling

Proposition 2.6.5. For any n > 2 and v > 0, the random variables 1y, 5 for
{ij} € V@), which indicate the presence of edges in Gn.r, are positively related.

Proof. We use the forward construction described in Section 2.2.3 and proceed by
induction. To keep the notation light, throughout the rest of the proof we index the
pairs of vertices of Gx(n) = ({1,...,n}, E}) by the integers from 1 to N = (}) and,
fori € {1,..., N}, welet X; = l;cpxy. We also make consistent use of bold letters

to denote vectors, i.e., given any family of random variables Z1, ..., Z,, we write Z
for (Z1,...,2y).
For n = 2, the family X; for i € {1,...,n} consists of a single variable X, so it

is trivially positively related.

Now assume that Xi,..., Xy are positively related in GJ(n), i.e.

Vi< N, 3Y® = (v,?, ..., v") such that
0 YO~ (X[X;=1) (2.3)
(i) Vk<N, V"> X,
Remember that G} (n+1) is obtained by (1) adding a vertex to G} (n) (which, without
loss of generality, we label n 4 1) and linking it to a uniformly chosen vertex wu,, of

Gr(n) as well as to the neighbors of w,; and (2) waiting for an exponential time T’
with parameter () while removing each edge at constant rate 7.

Formally, Vk < N + n, define the “mother” of k, My € {1,..., N} U{@}, by
o If k <N (ie., if k is the label of {u,v}, with 1 < u < v < n), then My, = k.

e If & > N is the label of {v,n + 1}, with 1 < v < n, then My, = ¢, where / is
the label of {u,,v}.

e If k > N is the label of {u,,n + 1}, then My = @.

Letting X}, = ]l{keE;+1}7 we then have

,_{m, if My =@
-

X, Ay otherwise
with Ay = 1y, -7}, where we recall that 7' ~ Exp(N) and, e1,...,en4, are iid.

exponential variables with parameter r that are also independent of everything else.

Note that the random functions Ay : t — Lie, >3, kB € {1,... N +n} are nonin-

creasing and such that inf{t > 0 : A;(t) = 0} < 400 almost surely. By Lemma 2.6.3
(see also Remark 2.6.4), it follows that Aj,..., Ax4y are positively related.

We now pick any i < ("erl) = N + n and build a vector Y’ that has the same
law as (X' | X; = 1) and satisfies Y/ > X'

Assume that M; # (3. In that case,

1. By the induction hypothesis, there exists YM:) that satisfies (2.3).

2. Since by Ay,..., Ay,y are positively related, 3B ~ (A | A; = 1) such that
B0 > A.
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2.6. Number of edges in the sparse regime

Note that A, B, X and Y are all built on the same space. Therefore, omitting
the (M;) and (i) superscripts to keep the notation light, we can set Y/ = 1 and, for

k# i,

k):

> {Bk if My, =@

Yu, By otherwise.

With this definition, VJ C {1,..., N + n},
o (11%) - o 10 (11
JGJ jej jGJ
where J = {M; : j € J, M; # @}. By hypothesis,

HYJ =E HXJ Xy, =1 :E(XMi HXJ>/E(XM1)

jed jed jed
Similarly,
B( 18] =6(a 14 )/ B
jedJ jeJ
As a result,

]E(XM HJEJX)E(A HJGJA)
E(Xn)E(A:)

E(XMiAi HjeJ X],)

= ]E(HXJ/- X{:l)

jeJ
By Lemma 2.6.2, this shows that Y ~ (X' | X/ =1).

(M;)

(11

jed

If M; = @, we can no longer choose Y . However, in that case, X/ depends
only on A;. Therefore, we set Y/ = 1 and, for k # 1,

Y, = X, By
Remembering that X/ = A;, we then check that

E (Hyjf) _ E(Hjerj]%a(ji [jes AJ') —E (HX]‘

jeJ jedJ

ngl).

Finally, it is clear that, with both constructions of Y, Y’ ,(j) > X O
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2.6.2 Proof of Theorem 2.6.1
Applying Theorem A to |E,| =3 (i} L{iesjy and using the expressions in Table 2.1,

we get
dTv(!En\,Poisson()\n)) < min{l, )\;1} o
. — n(n — 1)(n2rn + 2nr721 + nr, — 27,721 + 37, +9)

227+ 3)(rn +3)(r, +1)2

TZ4 n3

When r, = w(n),

n

Now, if r, > n(nT—l) — 1, so that min{l,)\gl} = 1, we see that C,, = @(713/7“%) If
by contrast 7, < n(nz_l) — 1 then \;'C,, = ©(n/ry). In both cases, min{1, A\, 1} C,
goes to zero as n — +oo, proving the first part of Theorem 2.6.1.

The convergence of Mi)\_M to the standard normal distribution is a classic con-

sequence of the conjunctionn of drv(|En|, Poisson(\,)) — 0 with A, — +o00. See,
e.g., [1], page 17, where this is recovered as a consequence of inequality (1.39).
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2.A
2.A.1

Appendices to Chapter 2

Proofs of Propositions 2.2.4 and 2.2.6 and of Lemma 2.2.5

Proof of Propositions 2.2.4 and 2.2.6

Proposition 2.2.4. Let (K;)i>o0 be a Kingman coalescent on V- = {1,...,n}, and
let m¢(1) denote the block containing i in the corresponding partition at time t. Let
the associated genealogy of pairs be the set

G ={(t {m)mG)}) : {ish € VI, 1€ [0, Ty [}

where Ty = inf{t > 0: m (i) = m(j)}. Denote by

Lij = {(t, {m (i) m(5)}) : t € [OaT{z‘j}[}

the lineage of {ij} in this genealogy. Finally, let P* be a Poisson point process with
constant intensity rn, on G and let G = (V, E), where

E={{ij} e V®: P* 0Ly = 0}
Then, G ~ Gy,

Proof. Let (at)t=0 and P* be as in Proposition 2.2.3, and let

g* = {(t, {a(D) a:(i)}) : {ij} € VP, t € 0,77}

where T, ,, = inf {t > 0:a:(i) = at(j)}. Being essentially a finite union of intervals,
G* can be endowed with the Lebesgue measure.

As already suggested, conditional on (a;)¢>0, P* can be seen as a Poisson point
process P* with constant intensity r, on G*. More specifically,

P ={(t, {a(@) a(§)}) : {ij} € VP, t € Py}
With this formalism, writing
oy = {& {a@a()}) t € 0,17, [}
for the lineage of {ij} in this genealogy, we see that P{*i 18 isomorphic to P*N L?i ne
In particular,

42



2.A. Proofs of Propositions 2.2.4 and 2.2.6 and of Lemma 2.2.5

Now let (7¢)¢=0 be defined by
VieV, m@)={jeV :ia@)=a@)}.

Then, ¥: (¢, {ai(i) ar(j)}) — (¢, {m(i) 7¢(j)}) is a measure-preserving bijection from
G* to ¢¥(G*). Therefore, ¥(P*) is a Poisson point process with constant intensity
rn on P(G*). Since (7)i>0 has the same law as (m;)i>0 from the proposition, we
conclude that

(¥(G7), $(P7)) ~ (G, P*)

which terminates the proof. O

Proposition 2.2.6. For any r > 0, for any integer n > 2,

(G (n)) ~ Gy -

Proof. First, let us give a Poissonian construction of (GL());>0. The edge-removal

{ijte
processes with rate 7 on R such that, if t € Py;;y and there is an edge between 7 and

events can be recovered from a collection P = (P{Tl.j}) v(2 of L.i.d. Poisson point

J in G:[(t—), it is removed at time ¢. The duplication events induce a genealogy on
the vertices of G%(n) that is independent of Pf. Using a backward-time notation,
let a} (i) denote the ancestor of i at time (t, — t), i.e. ¢ time-units before we reach
Gr(n). Observe that, by construction of G}(n),

{ij} € Gi(n) <= {t>0:tePTaT =Q.

{af (i) ai(m}

Taking the relabeling of vertices into account, the genealogy on the vertices of

G (n) translates into a genealogy on the vertices of ®,,(G5(n)), where the ancestor

as function is given by a; = ®, o aI o ®, 1. To keep only the relevant information

about this genealogy, define
(i) = {j € V 1 a&(j) = a(i)}

and let
G = {(t AF DR : {is} € VO, te [0,T [}

where Ty;;y = inf{t > 0: 7(i) = 74(j)}. As before, let us denote by

Lyjy = {(t, {m(i) me(5)}) : 1 € [0, Ty [}
the lineage of {ij} in this genealogy. Finally, define

D — N = /. (s (2) T
P={(t RO RGN : i) € V€ Py i |

Then, conditional on G, P is a Poisson point process with constant intensity r, on
G. Moreover,

{ij} € ®n(Gi(n)) < {0, (i) ®,"'(j)} € Gi(n)

:»{wo:tepb ')
t

{ <<I>n1<i>>a1(<1>n1<j>>}}
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Therefore, by Proposition 2.2.4, to conclude the proof it is sufficient to show that
(7¢)t>0 has the same law as the corresponding process for a Kingman coalescent.
By construction, the time to go from k to k — 1 blocks in (7;)¢>0 is an exponential
variable with parameter (g) and thus it only remains to prove that the tree encoded
by (7)¢>0 has the same topology as the Kingman coalescent tree. This follows
directly from the standard fact that the shape of a Yule tree with n tips labeled
uniformly at random with the integers from 1 to n is the same as that of the shape
of a Kingman n-coalescent tree — namely, the uniform law on the set of ranked tree
shapes with n tips labeled by {1,...,n} (see e.g. [13]).

Alternatively, we can finish the proof as follows: working in backward time,
for ¢ = 1,...,n — 1, consider the i-th coalescence and let U; denote the mother
in the corresponding duplication in the construction of G}(n). Note that U; ~
Uniform({1,...,n —i}), and that the coalescing blocks are then the block that con-
tains @, (U;) and the block that contains ®,,(n—i41). Let us record the information
about the i first coalescences in the variable A; defined by Ag = @ and, for i > 1,

A= (Pp(n—k+1), @n(Uk))k:L_

i

Thus, we have to show that, conditional on A;_1, the block containing ®,(n—1i+1)
and the block containing ®,,(U;) are uniformly chosen. We proceed by induction.
For ¢+ = 1, this is trivial. Now, for ¢ > 1, observe that, conditional on A;_1, the
restriction of ®,, to

L=A{1,....,n}\ {®n(n),...,Pn(n—1)}

is a uniform permutation on ;. As a result, {®,(n —i+ 1), ®,(U;)} is a uniformly
chosen pair of elements of I; (note that the fact that U; is uniformly distributed on
{1,...,n — i} is not necessary for this, but is needed to ensure that the restriction
of ®, to I;41 remains uniform when conditioning on A; in the next step of the
induction). Since each block contains exactly one element of I;, this terminates the
proof. O

Proof of Lemma 2.2.5

Lemma 2.2.5. Let S be a subset of V?). Conditional on the measure M, for any
interval I C [0,4o00] such that

(i) Forall{ij} € S,Vt eI, a(i) # a(j).

(ii) For all {kl} # {ig} in S, Vt € I, {ar(i),ar(j)} # {ar(k),ar(€)},

we have that (P{*ij} NI, {ij} € S), are independent Poisson point processes with
N1, {ij} € S) is

rate r, on I. Moreover, for any disjoint intervals I and J, (P{*

independent of (P, N J, {ij} € 5). 7
Proof. For all t > 0, define S; by
St ={{ar(@), ar(4)} - {1} € S}
Set top = inf I and let ¢1,...,¢y,—1 be the jump times of (S;)i=0 on I, i.e.
tp=inf{t >t, 1: S #S;, .}, p=1,...,m—1
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2.B. Proofs of Proposition 2.3.5 and Corollary 2.3.6

Finally, set t,, = sup I and, for p = 0,...,m — 1, let I, = [ty,{p11[ and @, = ay,,
so that (@p)pefo,...,m} is the embedded chain of (a¢);er. With this notation, for all
{ij} €5,

m—1

Piip N1 =" (P, (i).a,00) N 1)

p=0
where for p # ¢, I, NI, = @, and Py, {uv} € V@ are ii.d. Poisson point
processes on [0, +oo[ with rate r,. By assumption, for all p = 0,...,m — 1, for all
{ij} # {kl} in S, @p(i) # ap(j), ap(k) # ap(¢) and {ap(i), ap(j)} # {ap(k), ap(0)}-
This shows that (Pga,(),a,()y N Ip), {7} € S and p=0,...,m —1, are i.i.d. Poisson
point processes with rate r, on the corresponding intervals, proving the first part of
the lemma.

The second assertion is proved similarly. Adapting the previous notation to work
with two disjoint intervals I and J, i.e. letting (d{;)pe{o,...,ml} be the embedded chain
of (at)ter and (@) pefo,..m,y that of (a)e, for all {ij} € S we write

mr—1
PiynI= U (Pare.azgy N 1) s
p=0
and
my—1
Phjynd = U0 (Peagtiy,ag (i N ) -
p:

We conclude the proof by noting that the families

(P{d{xi),ag,(j)} NIy, {ij} € S, p €{0,... ,ml})
and
(Pag.aion N I {id} € S, p €0, ,my})

are independent, because the elements of these families are either deterministic (if,
e.g, Eié(i) = 6{,(]’), in which case Para),a1(j)} = @) or Poisson point processes on
intervals that are disjoint from each of the intervals involved in the definition of the
other family. O

Proofs of Proposition 2.3.5 and Corollary 2.3.6

Proposition 2.3.5. Let i, j, k and ¢ be four distinct vertices of Gy, . We have

2r,
1+7,)284+7r0)(34+2ry)

Cov (]l{iﬁj}, ]l{k<_>g}) = (

Corollary 2.3.6. Let DS) and D,(lj ) be the respective degrees of two fixed vertices i

and j, and let |E,| be the number of edges of Gy, ,,,. We have

D oG\ Tn 3(n—2)  2(n-2)(n-3)
COV<D£)7D7(L)) BT SE (1+ 3+2r, T (3+rn)(3+27“n)>

and
n(n—1)mn?*+2r2+2nr,+n+5r,+3)
2(14+7)2(B34+ 1) (3+2r,) '

Var(|Ep|) =
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Proof of Proposition 2.3.5

The proof of Proposition 2.3.5 parallels that of Proposition 2.3.3, but this time the
topology of the genealogy of the pairs of vertices has to be taken into account.
Indeed, define

S = {ax(i), ar(4), ar(k), ar(€)}

and let 71 < 72 < 73 be the times of coalescence in the genealogy of {i, j, k, ¢}, i.e.
T, =inf{t >0:|S|=4—-p}, p=1,23.

Write I} = [0, 71[, Io = [11, 72[ and I3 = |12, 73[. Finally, for m = 1,2, let

A = {ar, (1) # ar,—(0)} O {ar,, (1) = 4z, (v)}

be the event that the m-th coalescence in the genealogy of {i,j, k, ¢} involved the

lineages of w and v (note that the third coalescence is uniquely determined by the

first and the second, so we do not need Aﬁ)v}).

On Ag;.} N Aﬁ)e}, {i > j,k < {} is equivalent to
(Piyy 1) U (Pluy 1) U (Ply N 1) = @
so that, conditionally on I} and I, by Lemma 2.2.5,

P (i gk £ A 0 AR ) = P((Piy U Py N h=0) x P(Ply NI = 0)
6 3
= X .
64+2r, 3+m,

By contrast, on Agh N Ag])g}, {i > j, k< 1} is

(Pl V1) U (Pligy N10) U (Piy N 12) U (Pley N 1) = &

and thus

) 6 3 1

S (1) A 4® ) _
P (i ¢ j,k > 0] AL 0 AQ =558 X 5e X Tar

{ik}
Given a realization of the topology of the genealogy in the form A&)ﬂn} ﬂAg)wQ b
we can always express {i <> j,k <> £} as a union of intersections of P{*Z. i and Pfk@}

with I, I» and I3. In total, there are (;l) X (g) = 18 possible events A&)ﬂu} ﬁA&LvZ},
each having probability 1/18. This enables us to compute P (i < j, k <> £), but in
fact the calculations can be simplified by exploiting symmetries, such as the fact
that {ij} and {k¢} are interchangeable. In the end, it suffices to consider four cases,

as depicted in Figure 2.6.
Putting the pieces together, we find that

6 1 3 6
Pl kjl)= -
Gokiol= §X X370 " 57 2r,

2 1 3 6

—I—*X X X
9 1+7r, 3+mn 6421,
1 3 6

+ = x X
9 34+4r, 64+2r,

9+ 2r,
(1+7r)B+7m)B+2r,) "
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and Proposition 2.3.5 follows, since

IP(i<—>j)IP(k:<—>£):< ! )2.

A B C D

{e@} {O0O} {e@} {OO} {e@} {OO} {e@} {OO}
P(i < j, k< L] A) P(i < j,k < | B) P(i+ j,k< L] C) P(i <> j,k < £ | D)

Figure 2.6: The four cases that we consider to compute P (i <> j, k <> £). Top, the “aggregated”
genealogies of vertices and their probability. Each of these correspond to several genealogies on
{4, j, k, €}, which are obtained by labeling symbols in such a way that a pair of matching symbols has
to correspond to either {ij} or {k¢}. For instance, C = (A({Z} ﬂAﬁ)Z})U(A&)Z} ﬂAg,;}) and therefore
P(C) = 2/18. Similarly, A = (A7), N AZ) YU(AL, nAT ) u(AD), nAl))u(Al, nAL),) and
P(A) = 4/18, etc. Bottom, the associated genealogy of the pairs and the corresponding conditional

probability of {i +» j,k < (} & {0+ 1,0 + @},

2.B.2 Proof of Corollary 2.3.6
Corollary 2.3.6 is proved by standard calculations. First,
COV(DS), Dﬁf)) = Cov (Z Loy Z ]l{jﬁg})
ki (4]
= Var(Lie.7})
+3(n—2) Cov(]l{iﬁk}, ]l{ij})
+ (n—2)(n—3) Cov(]l{m,g}, n{j%)

Remembering from Proposition 2.3.1 that Var(Ly;) = rn/(1 + r)? and from
Proposition 2.3.3 that Cov(Ljjsry, Ljjor) = and using Proposi-
tion 2.3.5, we find that

i N T 3(n—-2)  2(n=2)(n-3)
Cov(D), DY) = O <3+7“n><3+27“">>'

Tn
(14+7rn)2(3+2 7y
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Finally, to compute Var(|E,,|), we could do a similar calculation. However, it is

easier to note that
1 & :
|E,| = §§ "D

=1

As a result,

Var(|En|) = i(nVar(D,(P) +n(n—1) Cov(DY, DY)

Cran(n—=1)(n*+2r2+2nr, +n+ 51y + 3)
B 214+ 7n)2(3 + 1) (3 +270) '

Proof of Theorem 2.4.2

In this section, we prove Theorem 2.4.2.
Theorem 2.4.2 (convergence of the rescaled degree).

(i) Ifr, — r >0, then % converges in distribution to a Beta(2,271) random
variable.

(ii) If ry, is both w(1) and o(n), then nl/):n converges in distribution to a size-biased
exponential variable with parameter 2.

(iii) If 2rn/mn — p > 0, then D, + 1 converges in distribution to a size-biased
geometric variable with parameter p/(1+ p).

First, note that the proof of (iii) is immediate: indeed, by Theorem 2.4.1,
k—1

n—t
n—i+2r,—1°

2r, (21, + 1)
(n+2ry)(n—142r,)

P(D, +1=k)=
i=1

2 k—1
If 27, /n — p, then for any fixed k this goes to k(ﬁ) (ﬁp) as n — +oo0.

Let us now focus on the proof of (i) and (ii).

Outline of the proof

To prove (i) and (ii), we show the pointwise convergence of the cumulative distribu-
tion function F;, of the rescaled degree. To do so, in both cases,

1. We show that, for any € > 0, for n large enough,

Vy 2 0, /Oyfn(x)dngn(y) </Oy+€fn(37)dx

for some function f, to be introduced later.

2. We identify the limit of f, as a classical probability density f, and use domi-
nated convergence to conclude that

Yy >0, /Oyfn(x)dm%/oyf(x)da:.
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2.C.2

2.C.3

2.C. Proof of Theorem 2.4.2

In order to factorize as much of the reasoning as possible, we introduce the
rescaling factor N,:

e When r,, — r, i.e. when we want to prove (i), NV, = n.

e When r, is both w(1) and o(n), i.e. when we want to prove (ii), N, = n/r,.

Thus, in both cases the rescaled degree is D, /N, and its cumulative distribution

function is
LNnyJ

Fo(y) = Z P(D,=k).
k=0

Step 1

For all z > 0, let
fn(x) = NyP(D,, = [ Npx|),

so that

(k+1)/Nn

Wk € IN, ]P(Dn:k:):/ fula) da.

k/Ny,

If follows that
(INny]+1)/Nn
F.(y) = /0 n(z)de.

Finally, since y < W"Niyjﬂ <y+ N%L and f, is non-negative, for any ¢ > 0, for n

large enough,

V20, [ fule)do < Fuly) < /OW ful@) da,

and the rank after which these inequalities hold is uniform in y, because the conver-
gence of (| Npy| +1)/Ny, to y is.

Step 2

To identify the limit of f,,, we reexpress it in terms of the gamma function. Using
that I'(z) = 2I'(2), by induction,

| k ‘ L(n+2r, —1)
Hon=0=, = ot Hmie2me=) =50 500 =

Therefore, fy,(x) can also be written

Np2r, (21, +1)
(n+2ry)(n—142r,)

fnlx) = ([Npz| + 1) x Py(x), (2.4)

where
I'(n)T(n— |Npz] +2r, — 1)

Fa@) = s SN T2, = 1)

We now turn to the specificities of the proofs of (i) and (ii).
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2. THE SPLIT-AND-DRIFT RANDOM GRAPH

Proof of (i)

In this subsection, r,, — r > 0 and N,, = n.

Limit of f, Recall that

I'(n+ «) o

Using this in (2.5), we see that, for all x € [0, 1],
Pu(z) = (1 —x)> L.
Therefore, for all x € [0, 1],
falz) = 2r@2r+ a1 —2)> 1.
Noting that 2r(2r + 1) = 1/B(2,2r), where B denotes the beta function, we can
write f = lim,, f, as

z(l —x)?1
B(2,2r)

and we recognize the probability density function of the Beta(2,2r) distribution.

f: T +— 1[071[(.%)

Domination of (f,) First note that, for all x € [0, 1],

. lna) . [na

n—1
n—i+2r,’

n-—1
n—i+2r,—1 n—|nz]+2r, —1 -

n—1+2rni

=1 1

where the empty product is understood to be 1. Since 27, > 0, this enables us to
write that, for all z € [0, 1],

Lnz]
n2r(2r +1 nr|+1 1 n—1
falz) = ( )>< [nz) X x [[ ———
n+ 2r n—1+2r n—|nz|+2r—1 15 n—i+2r
<(2r+1)2 <L A

where, to avoid cluttering the expression, the n index of r,, has been dropped. Since

anJ +1 < (TL — 1)33 +z4+1 2 uniformly

<z+ ,
n—1+4+2r, n—1 ST n—1 n-+oo o

there exists ¢ such that, for all x € [0, 1] and n large enough,

fa(z) <cx

Since f, is zero outside of [0, 1], this shows that (f,) is dominated by g: z —
cx g ().

Proof of (ii)

In this subsection, 7, is both w(1) and o(n), and N, = n/r,. For brevity, we will
write k,, for |nx/r,|. It should be noted that

e ky, is both w(1) and o(n).

e kyrp/n — x uniformly in z on [0, +-o00].
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2.C. Proof of Theorem 2.4.2

Limit of f,, In this paragraph, we will need Stirling’s formula for the asymptotics

of IT':
t

t
I't+1)~ 27Tt;.
Using this in Equation (2.5),

I'(n)T'(n— | Npz] +2r, — 1)
I'(n— |Npzx|)T(n+2r, —1)

(n=1)(n—2—kn+2ra) en—1—kn gn—2+2ry o
(TL — 1= kn)(n —242 Tn) en—1 gn—2=kn+2ry n
=1

P,(x) =

~1

where
(n—1)""1(n—2—ky+ 2ry,) 2 Fnt2m

(n —1— kn)”_l_k" (n -2+ an)n—2+2rn .
Let us show that Q,, — e~ 2%:
logQn = (n—1)log(n — 1)

+ (n—a+b)log(n —a+b)

— (n —a)log(n —a)
—(n—14+b)log(n—1+b)

Qn:

where, to avoid cluttering the text, we have written a for k, + 1 and b for 27, — 1.
Factorizing, we get

-1 _ _ . 1
log Qn = n10g<(” Jn—a+ b>)a10g<”a+b)+blog<na+b) 1Og<n> .
n—a n —

(n—a)(n—1+0b) 1+0b n—1+b
Now,

(n—l)(n—a+b)_1+ (a—1)b

(n—a)(n—1+0b) n?—n-+nb—na+a—ab

~Enm = o(1)
so that ) . ok
nlog<(n_ Jn—a+ )) ~ T oy
(n—a)(n—1+Dd) n

Similarly,

—alog(m):—alog<1+ b >~—(:)—>—2:r

n—a n—a

n—a+b 1—a ab

n—1
—14b

n

and, finally, — log< ) — 0. Putting the pieces together,

log @, — —2x.

Having done that, we note that

2n(2r, +1)
(n+2r,)(n—14+2r,)

(kn+1) — 4x.
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2. THE SPLIT-AND-DRIFT RANDOM GRAPH

Plugging these results in Equation (2.4), we see that
Ve eR, fo(z) — dze Lo 400 ()

and we recognize the probability density function of a size-biased exponential dis-
tribution with parameter 2.

Domination of (f,) Recall that, since N,, = n/r,, for all x € [0, 1],

k .
- n—1

(kn+1) [] .

Z.:ln—fH—27‘n—1

2n(2r, +1)

@) = g m—1+2m)

Next, note that, for all 7,

n—1 21, — 1 < (_ 2r, — 1 )

- =1- - < exp
n—14+2r,—1 n—t+2r, —1 n—t+2r, —1
so that
k k
- n—1 - 2r, — 1
1_[1n—2+2rn—1 S P (_gn—z—i—?rn—l) ’
with

Because r, = w(1), foralle > 0, 27, —1 > (1 —¢)2ry, for n large enough. Similarly,

since , = o(n), ﬁ > ﬁ As a result, there exists ¢ > 0 such that

k, 2r, —1 > cky, 2& uniformly 9x
n—14+2r,—1
We conclude that
uid n—1
Vo 20, - < -2
v Z.Zl_[ln—z—i—an—l exp(—2cz)
for n large enough. Finally,
2 1)(k 1
2 x i ><(TnJr )(n+)<4cx
n+2r, (n—14+2r,)
———

<1 —2z, uniformly

and so (f,) is dominated by g: z — dcxe 2 Ly 4 oof(a).
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The Moran forest
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3. THE MORAN FOREST

The model presented in this chapter arose in two very different contexts: the first
one was when talking with Guilhem Doulcier about the phenomenon of snowflake
yeasts, where a daughter cell remains glued to its mother after mitosis [18]. The
Moran forest provides a very natural way to model this situation, but because none
of us had any real incentive to start a project on snowflake yeasts, we did not go
any further than running a few simulations.

The second occasion in which this model came up was when Amaury Lambert,
Félix Foutel-Rodier and I tried to think of a dynamic, forward-in-time model of
population structure that would make it possible to track the movements of genes
backwards in time. Even though the Moran forest turned out to be of no use for
this, it was a very natural candidate so Félix and I started thinking about it. After
realizing that the forward-in-time version of the coalescent construction of the model
was so simple and elegant, we decided to start working on it and were quickly joined
by Jean-Jil Duchamps.

So what exactly is the Moran forest? According to the Internet',

The Moran Forest is a thick forest filled with magic that no
human could pass easily [...]. It has even come to be called by
humans as the “Forest of Illusion” due to its magical nature.

While I would agree that there is some magic in this forest, I am clearly biased in
that regard and the paragraph above seems a bit excessive. In particular, it is hard
to argue that it is “thick” when it mostly consists of very small trees, the largest of
which is of size x logn.

Publication: This chapter has been submitted for publication in Random Struc-
tures and Algorithms under the title “The Moran forest”.
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3.1
3.1.1

3.1.2

3.1. Introduction

Introduction

The model

Consider a Markov chain on the space of graphs on {1,...,n} whose transition
probabilities are defined as follows: at each time-step,

1. Choose an ordered pair of distinct vertices (u,v) uniformly at random.
2. Disconnect v from all of its neighbors, then connect it to w.

Note that if u is the only neighbor of v at time ¢, then the graph is unchanged
at time t + 1. A simple example illustrating the dynamics of this Markov chain is
depicted in Figure 3.1.

® 0 ® ®
& \o . & \o oo e o 6o @
® @ ® @) ® ® ® @

Figure 3.1: Example of four successive transitions of the Markov chain. Starting from the left-most
graph, transitions are represented by dashed arrows decorated with the pair (u,v) which is chosen
uniformly at each step.

This Markov chain has a stationary distribution whose support is the set of
non-empty forests on {1,...,n}. Indeed,

e The graph cannot be empty because there is always an edge between the two
vertices involved in the last transition.

e Starting from any graph, the chain will eventually reach a forest (for instance,
the sequence of transitions (1,2),(1,3),...,(1,n) will at some point turn the
graph into the star graph centered on vertex 1).

e The chain cannot leave the set of non-empty forests because its transitions
cannot create cycles.

e Any non-empty forest is accessible from any other graph (if not clear, this will
become apparent in Section 3.2).

e The chain is aperiodic because it can stay in the same state.

The stationary distribution of this chain is the random forest model that we
study in this paper. We denote it by %, and call it the Moran forest, in reference
to the Moran model of population genetics, where at each time step two distinct
individuals are sampled uniformly at random, and the second one is replaced by a
copy of the first [17, 9, 11].

Main results

Our first result, which we detail in Section 3.2, is that there is a simple way to
sample %,. This construction enables us to study several of its statistics, such
as its number of trees (Section 3.3.1), its degree distribution (Section 3.4.1), and
the typical size of its trees (Section 3.5.2). Some of these results are presented in
Table 3.1.
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3. THE MORAN FOREST

Notation Variable Distribution
n
N, Number of trees Zlf’ where I ~ Ber(%)
=1
D Asymptotic degree Ber(1 — U) + Poisson(U),
distribution where U ~ Unif(]0, 1])
Y Asymptotic size of Geometric(e™),
a uniform tree where X ~ 2zdz on [0, 1]

Table 3.1: Some statistics of the Moran forest, for fixed n in the case of the
number of trees, and as n — oo for the degree and the size of a uniform tree.
Note that the degree also has a simple, explicit distribution for fixed n (see
Proposition 3.4.1). The Bernoulli variables I, used to describe the distribution
of N,, are independent and, conditional on U, so are the Bernoulli and Poisson
variables used for the distribution of D.

In Section 3.3.2, we show that the Moran forest is closely linked to uniform
rooted labeled trees. Specifically, we prove the following theorem.

Theorem 3.3.4. Let T be a uniform rooted tree on {1,...,n —1}. From this tree,
build a forest F on {1,...,n} according to the following procedure:

1. Remove all decreasing edges from T (that is, edges ub pointing away from the
root such that w > v).

2. Add a vertex labeled n and connect it to a uniformly chosen vertex of T
3. Relabel vertices according to a uniform permutation of {1,...,n}.

Then, the resulting forest F has the law of the Moran forest .

Finally, we study the asymptotic concentration of the largest degree and of the
size of the largest tree of ¥,. The following theorems are proved in Sections 3.4.2
and 3.5.3, respectively.

Theorem 3.4.5. Let D' denote the largest degree of F,. Then,

logn log n logloglogn
D = —=— 1 1
n IOg logn + ( + Op( ))

(loglogn)?

where op(1) denotes a sequence of random variables that goes to 0 in probability.

Theorem 3.5.8. Let T)"** denote the size of the largest tree of F,. Then,
T = a(logn — (1 + op(1)) loglogn),

where o = (1 —log(e — 1))~! ~ 2.18019.
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3.2.1

3.2. Sampling of the stationary distribution

Sampling of the stationary distribution

Backward construction

Consider an i.i.d. sequence ((Vz, Wy), t € Z), where (V;, W) is uniformly distributed
on the set of ordered pairs of distinct elements of {1,...,n}. These variables are
meant to encode the transitions of the chain: W, represents the vertex that is discon-
nected at step t, and V; the vertex to which W, is then connected. We now explain
how to construct a chain (%,(t), t € Z) of forests from the sequence ((V;, W), t € Z),
by looking at it backwards in time.

Fix a focal time t € Z. For each vertex v, let us denote by
7t(v) = max{s < t: Ws, = v}
the last time before t when v was chosen to be disconnected, and define
mi(v) = Vi)

to be the vertex to which it was then reconnected. We refer to the time 7(v) as
the birth time of v, and to the vertex my(v) as its mother. Note that the variables
(1(v), 1 < v < n) are independent of (m(v), 1 < v < n).

Now, for each s < t, let the vertices be in one of two states, active or inactive, as
follows: vertex v is active at times s such that 7(v) < s < ¢, and inactive at times
s < 1¢(v). Finally, let %,(t) be the forest obtained by connecting each vertex v to
its mother if the mother is active at the time of birth of v, that is,

v is connected to my(v) <= T(me(v)) < 1(v).

This procedure is illustrated in Figure 3.2.

14|“
3 1 2 3 4 5 6 7
Figure 3.2: Illustration of the backward construction. Each vertex corresponds to a vertical line.
A pair (Vi, Wt) is represented by an arrow V; — W;:. The line representing a vertex is solid black
when that vertex is active, and dashed grey when it is inactive. Arrows pointing to inactive vertices

are represented in dashed grey because they have no impact on the state of the graph at the focal
time: their effect has been erased by subsequent arrows.

Let us show that the chain (%,(t), ¢t € Z) has the same transitions as the chain
described in the introduction. First, note that for v # W} we have 7 (v) = 1—1(v),
and thus my(v) = my—1(v). As a result, edges that do not involve W; are the same
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3. THE MORAN FOREST

in %, (t) and in %, (t—1). Now, 7(W}) = t, so that W} is always inactive as a mother
in the construction of %, (t), and m,(W;) = V; with 7(V}) < ¢, so that W; is linked
to V in %, (t). In other words, %, (t) is obtained from %, (t — 1) by disconnecting W
from its neighbors, and then connecting it to V4. This corresponds to the transitions
of the chain described in the introduction.

Finally, (%,(t), t € Z) is stationary by construction, and thus %, (t) is distributed
as the Moran forest for all time ¢ € Z.

Uniform attachment construction

We now give a forward-in-time variant of the construction described in the previous
section. This forward-in-time procedure, which we call the uniform attachment
construction (UA construction for short), is our main tool to study %, and will be
used throughout the rest of the paper.

Let (Un(¢), 1 < £ < n) be a vector of independent variables such that U,(¢)
is uniformly distributed on {1,...,n} \ {¢}. Consider the forest ¥ on {1,...,n}
obtained by setting

k is connected to ¢, with k < ¢ <= U,({) = k.

We will show that, after relabeling the vertices of & according to a uniform per-
mutation of {1,...,n}, we obtain the Moran forest. Before this let us make a few

remarks.

First, it will be helpful to think of the construction of % as a sequential process
where, starting from a single vertex labeled 1, for £ = 2,...,n we add a new vertex
labeled ¢ and connect it to Uy,(¢) if U,(¢) < £. See Figure 3.3. This will make the
link with some well-known stochastic processes more intuitive. This also explains
that we speak of the ¢-th vertex in the UA construction to refer to vertex ¢ in F,.

1+ < °
21 «—e @
3t o—>|
4 1 0—|>|
51 q
ol | | \ )
/| T
l
o(1) a(2) o(3) a(4) o(5) o(6) o(7)
Figure 3.3: Illustration of the uniform attachment construction for n = 7 and the vector

(Un(1),...,Un(n)) = (5,4,2,1,2,7,2). The ¢-th vertical line from the left corresponds to ver-
tex o(¢) (i.e, in the sequential vision, to the ¢-th vertex that is added). U, (¥) is represented by the
arrow pointing from the Uy, (¢)-th line to the ¢-th one at time ¢. Compare this with Figure 3.2: the
vertical lines corresponding to the vertices have been reordered in increasing order of their birth
time, and the grey arrow that left no trace on the graph at the focal time has been removed.

Second, the edges of & are by construction increasing, in the sense that if we
root every tree of ¥ by letting the root of a tree be its smallest vertex, then each
edge ub pointing away from the root of its tree is such that u < v.
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3.2. Sampling of the stationary distribution

Rooted trees that have only increasing edges are known as recursive trees [8],
and forests of recursive trees have been called recursive forests [4]. Recursive trees
have been studied extensively [5, 16, 15]. In particular, the uniform attachment tree,
which corresponds to the uniform distribution over the set of recursive trees, has
received much attention, see [8] for an overview. However, the random forest &
does not seem to correspond to any previously studied model of random recursive
forest (in particular, it is not uniformly distributed over the set of recursive forests).

Proposition 3.2.1. The random forest obtained by relabeling the vertices of F,*
according to a uniform permutation of {1,...,n} is distributed as the Moran forest.

Proof. Consider the forest %,(0) built from the variables ((Vz, W;), t € Z) in the
previous section. To ease notation, we will omit the subscript in 7y and my.

Let us relabel the vertices in increasing order of their birth time: since the
variables (7(v), 1 < v < n) are all distinct, there exists a unique permutation o of
{1,...,n} such that

T(o(1)) < - < 71(c(n)).

In words, o(¥) is the ¢-th vertex that was born in the construction of %, (0). Using
the new labeling, let us denote its birth time by 7%(¢) = 7(c(¢)) and its mother by
m*(£) = o~ (m(o(0))).

Now, for every vertex v = o(¥),

v is connected to m(v) in F,(0) <= 7(m(v)) < 7(v)
= T (m*(l)) < 7 (¥)
= m*l) <.

Thus, if we set U, (¢) = m*(¢) in the construction of & then ¢ is connected to m*(¢)
if and only if v = o(¢) is connected to m(v) = o(m*(¢)) in F,(0). Therefore, to
finish the proof we have to show that:

(i) The variables (m*(¢), 1 < ¢ < n) are independent and such that m*(¢) is
uniformly distributed on {1,...,n}\ {¢}.

(ii) The permutation ¢ is uniform and independent of (m*(¢), 1 < ¢ < n).

First, note that by construction the variables (m(v), 1 < v < n) clearly sat-
isfy the analog of the first point above, i.e. that those variables are independent
and that for each v, m(v) is uniformly distributed on {1,...,n} \ {v}. Since the
permutation o depends only on the variables (7(v), 1 < v < n), which are inde-
pendent of (m(v), 1 < v < n), we see that o is independent of (m(v), 1 < v < n).
Moreover, the variables (7(v), 1 < v < n) are exchangeable so the permutation
o is uniform. Now, for any fixed permutation 7 of {1,...n} and any fixed map
f:AL,....,n} = {1,...,n} such that f(£) # ¢ for all ¢,

Plo=m,m"=f) = ]P(O‘ZTI‘,m:TFOfOﬂ'_I)
1 1

n!(n—1)""
concluding the proof. O
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Number of trees

Law of the number of trees

In the UA construction, let Iy = Ly, 1)<y be the indicator variable of the event
“the ¢-th vertex was linked to a previously added vertex”. The variables (I3, ..., 1)
are thus independent Bernoulli variables such that

I, ~ Bernoulli(@).

n—1

With this notation, the number of edges |E,| and the number of trees N,, are
n n
|Enl=> 1 and N,=)» (1-1I)).
/=1 =1

Moreover, since I, L I_¢+1, we see that
P(N,=k) = P(N,=n—k) = P(|E,| =k),

that is, the number of trees and the number of edges have the same, symmetric
distribution. In consequence, from now on we only use the notation IV, and refer to
it as the number of trees of %, when stating our results—even though we sometimes
work with the number of edges in the proofs.

From the representation of IV,, as a sum of independent Bernoulli variables, we
immediately get the following result.

Proposition 3.3.1. Let N,, denote the number of trees of .

0 EWMa) =3

(i) Var(N,) = ZEZ: f;
n—1

(i) Gn,(2) =B(z") = [T (1+ 35 (: - 1))
k=1

The representation of N, as a sum of independent Bernoulli variables also makes
it straightforward to get the following central limit theorem.
Proposition 3.3.2. Let N,, denote the number of trees of &,. Then,

N, —n/2 d

N(0,1).

Proof. This is an immediate consequence of the Lyapunov CLT for triangular arrays
of independent random variables. Indeed, ]E<|I ¢ — E(Ig)|3) < 1. Therefore,

1 & N
wan B —B) < 5 o 0.

and the result follows, e.g., from Corollary 11.1.4 in [3]. O
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3.3. Number of trees

Link with uniform labeled trees

As announced in the introduction, there is a strong connection between the Moran
forest and uniform labeled trees. Our starting point is the following observation
about the probability generating function of N,,. First,

n—1
S PNy =k)F = [[(1+ 55— 1)
k>0 k=1
n—2
z
= n—1—k+kz
(n—1)n=2 kl;[l< )
_ niQa(n— Lk) pi
iz (n =)
where
n—2 n—2
aln—1,k) " = [ (n—1—k+kz).
k=0 k=1

Second, the coefficients of this polynomial have a simple combinatorial interpreta-
tion: a(n — 1,k) is the number of rooted trees on {1,...,n — 1} with k increasing
edges, where an edge u? pointing away from the root is said to be increasing if
u < v. This fact is known in the literature as a consequence of the more general
Theorem 1.1 of [10] (see also Example 1.7.2 in [7] and Theorem 9.1 in [12]).

This simple observation already gives us the following proposition.

Proposition 3.3.3. The probability mass function of the number of trees of Fy, is

aln—1,k—1)
P(N, =k) = 2072072
( ) (n _ 1)n—2
where a(n, k) is the number of rooted trees on {1,...n} with k increasing edges

(sequence A0679/8 of the On-Line Encyclopedia of Integer Sequences [1]).

Looking for a bijective proof of Proposition 3.3.3 naturally leads to the following
more general result about the link between the Moran forest and uniform rooted
labeled trees.

Theorem 3.3.4. Let T be a uniform rooted tree on {1,...,n — 1}. From this tree,
build a forest F on {1,...,n} according to the following procedure:

1. Remowve all decreasing edges from T (that is, edges uv pointing away from the
root such that w > v).

2. Add a vertex labeled n and connect it to a uniformly chosen vertex of T

3. Relabel vertices according to a uniform permutation of {1,...,n}.

Then, the resulting forest F has the law of the Moran forest F,.

Proof. In the UA construction, let F'|,—1 denote the forest obtained after the ad-
dition of n — 1 vertices, before their relabeling. After this, the n-th vertex will be
linked to a uniformly chosen vertex of F'|,—;. As a result, to prove the theorem
it suffices to show that F'|,—1 has the same law as the forest obtained from 7T by
removing its decreasing edges.
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To do so, we couple F'|,—1 and 7 in such a way that the edges of F'|,—1 are
exactly the increasing edges of 7. Formally, F'|,,—; is a deterministic function of the
random vector U = (Uy,(2),...,Un(n — 1)). Moreover, U is uniform on the set

= {u e{1,... nenll oy, 2 5} .

Thus, to end the proof it is sufficient to find a bijection ® from ¥} ; to the set of
rooted trees on {1,...,n — 1} and such that

kt € F|,—1(u) <=kl is an increasing edge of ®(u).

First, let
Fp—1 = {1’ o, n— 1}{2,...,n71}

and consider the bijection © : #}_; — ¥,,_1 defined by
Ou:/l+— Uy — ]l{uz>f} .

Importantly, note that © does not modify the entries of u that correspond to edges
of F|,—1(u), that is, for all k < ¢,

kt € Flp_i(u) <= w=k <= (©Ou)({)=k.

As a result, it remains to find a bijection ¥ from ,,_1 to the set of rooted trees on
{1,...,n — 1} such that

up < ¢ <= wuy and ¢ are linked by an increasing edge in ¥(u).

This bijection will essentially be that used in [10], which can itself be seen as a
variant of Joyal’s bijection [14, 2].

Let 9, be the directed graph on {1,...,n — 1} obtained by putting a directed
edge going from wy to £ for all £ > 2.

If %, has no cycle or self-loop, then it is a tree. Moreover, the orientation of its
edges uniquely identify vertex 1 as its root. Thus we set ¥(u) = %,,.

If 9, is not a tree, set €y = {1} and let 61,...,%6), denote the cycles of 4y,
taken in increasing order of their largest element and treating self-loops as cycles of
length 1. Note that because each vertex has exactly one incoming edge, except for
vertex 1 which has none, these cycles are vertex-disjoint and directed.

To turn %, into a tree, set so = 1 and for ¢ > 1 let m; denote the largest element
of 6; and mys; its out-going edge in “6;. With this notation, for i = 1,..., k remove
the edge mys; from %, and replace it by m;s;—1. Note that

e This turns 6g Ll - - - L 6% into a directed path % going from s to 1.

e Because m; = max6; and that 1 < my < --- < my, every edge mys; was
non-increasing and has been replaced by the decreasing edge m;s;_1.

Therefore, this procedure turns %y, into a tree ¥(u) rooted in s, without modifying
its increasing edges. Consequently, the increasing edges of ¥(u) are exactly the pairs
k¢ for which k = up < £.

To see that W is a bijection, it suffices to note that the cycles 6y, ..., 6,, can be
recovered unambiguously from the path ¢ going from the root to vertex 1. Indeed,
writing this path as the word 1myq - - - symg - - - s, the m; are exactly the left-to-right
maxima of that word.

Setting ® = WoO thus gives us the bijection that we were looking for, concluding
the proof. ]
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Figure 3.4: Example of construction of ®(u), for u = (7,8,1,13,11,6,7,7,9,12,5). Applying ©
yields u' = ©u = (6,7,1,12,10,6,7,7,9,11,5). The directed graph %, encoding u’ is represented
on top. Its cycles are €, = (10,6,7,9), 62 = (11) and 63 = (12,5), and we set 6o = (1). The edges
mys; are dashed. Rewiring them as described in the main text turns %, into the rooted tree \I/(u')
represented on bottom. No information is lost when turning the cycles (1)(10,6,7,9)(11)(12,5) into
the path going from 5 to 1 encoded by the word (1,10,6,7,9,11,12,5), because the left-to-right
maxima of that word—here 1, 10, 11 and 12—each mark the start of a new cycle.

Degrees

Degree of a fixed vertex

Using the UA construction and the notation from Section 3.2.2, let us denote by

e Iy =1y, (t)<e the indicator variable of the event “the ¢-th vertex is linked to
a previously added vertex”.

o X év) = L4y, ())=o-1(v)} the indicator variable of the event “the (-th vertex is
linked to vertex v”.

e B, = o7 '(v) the step of the construction at which vertex v is added.

With this notation, the degree of vertex v is

n
Dr(zv) = IBT) + Z Xg(v)
{=B,+1

Moreover, conditional on {B, = b}, (X @) .,XT(LU)) are i.i.d. Bernoulli variables

b+l "

with parameter 1/(n — 1) and [, is a Bernoulli variable with parameter % that is
independent of (X éi)l, el 7(;))). As a result, conditional on B, and writing L, for

n — By,

DY) £ Ber(1- L) 4 Bin(Ly, 747),
where the Bernoulli and the binomial variables are independent conditional on L,,.
Using that L, is uniformly distributed on {0,...,n — 1}, the mean, variance and

probability generating function of DT(«LU) are obtained by routine calculations.
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Proposition 3.4.1. Let D,, be the degree of a fized vertex of F,. Then,

() E(D,)=1.
. ~ 2(n—2)
(ii) Var(Dy,) = 3 =1)
n—1
(i) Gp, (=) = B(=P) = 3" (14 (1= 90 = 1) (14 75 = 1)
=0

(iii") G, (2) = 2(1 - 1) (i) -1 1.

Remark 3.4.2. Note that we also have E(DT(LU) | L,) = 1, that is, the average
degree of a vertex is independent of the step at which it was added in the UA
construction. o

Proposition 3.4.3. The degree D,, of a fixed vertex of ¥, converges in distribution
to the variable D satisfying:

(i) D ~ Ber(1 —U) + Poisson(U), where U is uniform on [0,1] and the Bernoulli
and Poisson variables are independent conditional on U.

1 |
(i) Gp(2) ::]E(zD):/ (1+(1—-2)(z—1)et Vg =2— = 1.
0 z—1
2
iii) Forallp>1, E(D(D—-1)---(D—p+1)) = ——.
(iii) For all p DO -1 (D=p+1) =7
(iv) P(D=0)=1-2/e and, fork > 1,
2 1
PD=Fk = -3 =
(D=k) er!
j>k
Proof. First, for all z € C\ {1},
1 (142 -1 el -1
=2(1-— -1 2 —1.
Gpa(2) < n) z — 1 n—o0 z—1

This pointwise convergence of the probability generating function of D,, proves con-
vergence in distribution of D,, to a random variable D satisfying (ii). Point (i) then
follows immediately from the integral expression of Gp.

To compute the factorial moments of D, note that

(z —1)*
Gp(z) = 2 — 1
p(2) ];(k:—kl)!

As a result, for p > 1 the p-th derivative of Gp is

_ 1)k
Gy - 2y CU
izo (B +1+p)k!

and, in particular, E(D(D —1)--- (D —p+1)) = Gg)(l) = %, proving (iii).
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Finally, to prove (iv), using (i) we see that

1 2
P(D=0) = / ze fdr = 1——
0

(&

and that, for k > 1,

1 1
P(D=k) = E/o (/mk_l — ka4 ka) e “dx.

Noting that (kz*~1 — ka® + 2*+1)e~® = 2zke + &L ((xk — :ckH)e_z), one gets

PD=k) == [ aherd
( _)_kloxe Zz,

and an easy integration by parts yields
P(D=k+1) = P(D=k) — —
from which (iv) follows by induction. O

Before closing this section, let us give an asymptotic equivalent of the tail of D,,.
We will need it in the proof of Theorem 3.4.5 on the largest degree.

Proposition 3.4.4. Let D,, be the degree of a fixed vertex of F, and let D have the
asymptotic distribution of D,.
(i) Forallk > 1,

2/e
TES

2 e
P(D>k) < (HD (k:QJil)!'

(ii) For all K,, = o(\/n), there exists e, = o(1) such that, for all k < K,
IP(D, > k) —P(D>k)| < enP(D > k).

(iii) For all ky, — +o0 and K, > ky such that K, = o(y/n),

2/e

P(Dn2 k) ~ i

uniformly in k such that k, < k < K,,.

Proof. First, observe that
1 1 1

SISV ESE

O (P
/T i) G+

>4

so that

Recalling from Proposition 3.4.3 that

P(D>k) = gzz%,

ik 0>
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point (i) follows readily.

The proof of (ii) is somewhat technical so we only outline it here and refer the
reader to Section 3.A of the Appendix for the detailed calculations.

Consider the function

An(z) = Y (P(D=i)—P(Dy > i))z".

120

With this function, (ii) can be re-expressed as

AR (0) = —— forall k < K, = o(v/n),

where Ag{) denotes the k-th derivative of A,. But A,, can be expressed in terms of
the generating functions of D and D,,, namely as

Balz) = (14 -5 )(G2) - G, (2).

The expressions of Gp and Gp, obtained in Propositions 3.4.1 and 3.4.3 thus make
it straightforward to obtain a power series expansion of A, at z = 1, and this

expansion can be used to bound Aglk) (0) and conclude the proof.

Finally, (iii) is a direct consequence of (i) and (ii). O

Largest degree

The aim of this section is to prove the following result.

Theorem 3.4.5. Let D;'®* = max, D,(;“) denote the largest degree of F,. Then,

max logn log n logloglogn

D = — 1 1
n loglogn + ( +0p( ))

(loglogn)?

where op(1) denotes a sequence of random variables that goes to 0 in probability.

Our proof uses a first and second moment method which will also be used in
the proof of Theorem 3.5.8 concerning the size of the largest tree. In order to avoid
repeating ourselves, we isolate this classic part of our reasoning as a lemma, whose
proof we recall for the sake of completeness.

Lemma 3.4.6. For all integers n, let (XS), ey Xy(Ln)) be a vector of exchangeable
random variables and

X = maX{Xfli) tl= 1,...,n}.

Write pn (k) for IP(XS) > k), and suppose that there exists a sequence (my) and a
constant B such that, for all € > 0, as n — oo,

(i) npn((B+e)mn) — 0.

(i) npn((B —e)my) = +oo.

(iii) P(X8) > (8 — e)ma, X2 > (8 — €)mn) ~ pu((B — €)mn)?.
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Then for all € > 0,
PX)™ > (B+e)my) =0 and P(XP™ > (B—e)my,) — 1,
which can also be written
X = (B + 0p(1))

where o0p(1) denotes a sequence of random variables that goes to 0 in probability.

Proof. First,

P(X3™ > (B +¢e)my) =P (O {Xﬁi) > (6+ E)mn}>

i=1
< npn((/B + E)mn) s

which goes to zero by (i). Now, denote by

n
n= z; Lex 2 (5—cymn)
1=

the number of variables Xq(f) that are greater than or equal to (8 — €)m,,. By the

Cauchy—Schwartz inequality,

(X0 > (6 - e)my) = P(Z,>0) > -

Moreover,

E(22) = mpa((8 - )ma)
+ n(n = VP (XL > (8= e)mn, XP) > (8- e)mn) ,

and so, by (ii) and (iii), E(Z,)*/E(Z2) — 1 as n — oco. O

Remark 3.4.7. Note that under assumption (ii) of this lemma, for any ¢ > 0,
letting n — oo in E(Z,)?/E(Z2) < 1 shows that

pu((B —)mp)? < IP(XS) > (B —e)mp, X,(LQ) > (8- a)mn)(l +0(1)).

Therefore, to prove (iii) it suffices to show

(iii") IP(XT(ll) > (B —e)mn, X2 > (8- 5)mn) < pul((B —e)mn)?(1+ o(1)). o

We now turn to the proof of Theorem 3.4.5.

Proof of Theorem 3.4.5. Instead of proving the theorem directly for the variables
(Dy(ll), e ,Dy(ln)), we prove it for some auxiliary variables (Dﬁf), . .,D%n)) whose
maximum has the same asymptotic behavior as D**. The point in doing this
is that the tails of the variables Dﬁ}’) are less correlated than those of the variables
DS’), which makes it easier to study their maximum by the first and second moment
method.
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Remember from Section 3.4.1 that, in the UA construction,

n
DY = Ip, + Y X,
{=B,+1

where B, is the step at which vertex v was added, X év) is the indicator of “the /-th
vertex is linked to vertex v”, and I, is the indicator of “the ¢-th vertex is linked to
a previously added vertex”. With this notation, set

Dq(;)) _ Z Xé'u)
{=By,+1

and DX = max{f)gj) cv =1,...,n}. Since DP* and D™** differ by at most 1,
for any m,, — +o0,

Dy — D™ = op(mn),

i.e. (DM — Dmax)/m  goes to 0 in probability. Thus, to prove the theorem we
apply Lemma 3.4.6 to the variables

@m_logn [;(n)_bgn)
" loglogn’ loglogn /)’

with m,, = (logn)(logloglogn)/(loglogn)? and 3 = 1.

Using Proposition 3.4.4 and Stirling’s formula, we see that for any k,, = o(y/n),
log (P(Dy, 2 ky)) = —kplogk, + kn + O(logky,).

Writing D,, to refer to the common distribution of the the variables Ds]), since

P(Dy > ky+1) < P(Dy>hn) < P(Dy > k),
we also have
log (P (D > ky)) = —knloghn + kn + O(loghn).

In particular, for k, = (logn)/(loglogn) 4+ vm,, with

log n logloglogn
my, =

(loglogn)?
this gives
log (P(D > kv ) = —logn — (1) logn logloglogn | O(bg”> (3.1)
& nemy & 7 loglogn loglogn '

As a result, for all € > 0,

. ~ logn
. ~ logn
(ii) nIP(Dn " Toglogn > (1- a)mn) — +00.
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Thus, to apply Lemma 3.4.6 and finish the proof it suffices to show that

(2) > k:n> ~ IP(Dn > k:n)2

n

P(BY > by, D

whenever k, = (logn)/(loglogn) + (1 — €)m,,. More precisely, using Remark 3.4.7
it is sufficient to show that

P(DY > ko DP > k) < P(Du> k) + o(P(Dy > ko))

First let us fix by # b € {1,...,n}. Conditional on {B; = b, By = by}, recall
that the variables (X l@, by +1 < ¢ < n) are independent Bernoulli variables with
parameter 1/(n—1). By further conditioning on the variables X él), the independence

of (X 52), by +1 < £ < n) still holds but their distribution is changed. Indeed, choose
(m¢, £ # b1) € {0,1}""1 and consider the event

A= {By = b1, By = by, Y0 # by, XV = ).

Then by construction, for all £ ¢ {b1,bs}, we have

(R EES

Consequently X f) is always stochastically dominated by a Bernoulli(ﬁ) random

variable, and so we bound the distribution of D = Dby X 552) conditional on A
by

~ d
(fo) | A) < Binomial (n — by, 12) .
n—

To get a bound on the distribution of [)9 conditional on DT(«Ll) = ¢ for some 14, first

note that summing over all configurations by, by, (x4, # b1) such that Y7, , x; =1
gives

(]_N)ff) | By = b1, By = by, ]_N)gl) =1) % Binomial <n — bo, - L 2) .
Let us now write for conciseness L1 = n — By and Ly = n — By. Note that Ly is not
independent of {D,(ll) = i} because they are linked by L;. Indeed, L; is positively
correlated to DS) and we always have Ly # L. Nevertheless, since conditional
on Ly, Ly is independent of DS and uniform on {0,...,n—1}\ L1, we have the
following stochastic ordering;:

~ d _
(Ly | By =by, DY =i) < Lo,

where Lo is uniformly distributed on {1,...,n — 1}. Summing over b; and by, one
thus get

~ ~ d T 1
(D7(12) | Dg) =4) < Binomial (LQ, 2) .
n—
1

Let us define a random variable M, ~ Bin (Zg, m) As the previous bound is

uniform in 7, we have

P(DP) > kn | DY) 2 kn) < P(My > k).
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To conclude, it is sufficient to show that P(M,, > k,) ~ IP(Dn > kn) since this
would imply

]P(D(l) > ky, D? > k:n> < ]P(Dn > k:n)]P(Mn > k) ~ IP(Dn > kn)z.

n
For this, define on the same probability space as the variables Lo and M,, the variable

L, is then uniformly distributed on {0,...,n — 2}, and we have the equality in
distribution

d ~ . . 1
Mn]l{fzgn—Q} = Dy—1 ~ Binomial <L2, — 2) .

As the two variables M,, and M,1 {La<n—2} differ on an event of probability no
greater than 1/(n — 1), we have

P(My > k) =P (Du1 > kn) +0(2),

and finally (3.1) with v = (1 —¢) allows us to conclude that this expression is indeed
equivalent to P (bn > kn) ]

Tree sizes

In this section, we study the size of the trees composing the Moran forest. Sec-
tion 3.5.2 is concerned with the typical size of these trees, while Section 3.5.3 focuses
on the asymptotics of the size of the largest tree. But before going any further we
need to introduce a process that will play a central role throughout the rest of this

paper.

A discrete-time Yule process

Let T,, = (Thr(¥), ¢ > 0) be the Markov chain defined by 1,,(0) = 1 and the following
transition probabilities:

. (et if j=i+1
IP(Tn(Hl):J|Tn(f)zz):{1_1 Loifj=i

n—1

and stopped when reaching n.

The reason why this process will play an important role when studying the trees
of %, is the following: let ?7751]) denote the tree containing v, and @E”) the subtree
descending from v in the UA construction—that is, letting m(v) denote the mother
of v and " \ {vm(v)} the forest obtained by removing the edge between v and
m(v) from ALY (if that edge existed), F") is the tree of J,\" \ {vm(v)} containing
v. Recalling that L, denotes the number of steps after vertex v was added in the
UA construction and letting Ty(f) = |§,§”)\ be the size of %”), we have

7w L v, (L,),

n

where Y, is independent of L,. In particular, the size of a tree created at step n — h
of the UA construction is distributed as Y, (h).

In the rest of this section, we list a few basic properties of T,, that will be used
in subsequent proofs.
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Lemma 3.5.1. Forall0 <4< n—1,

n—1

B(T,(0) = <1+ ! )E.

Proof. For 0 < ¢ <n — 1, we have T,,(¢) < n almost surely, therefore we can write

T (4 T, (¢
B+ 1] Ta0) = 220 +1) + (1- 2270
n—1 n—1
1
_ rn(z>(1 - 1) ,
and the result follows by induction. O

We now compare the discrete-time process Y, to the Yule process. By Yule
process, we refer to the continuous-time Markov chain (Y (¢), ¢ > 0) that jumps
from i to i + 1 at rate i (see e.g. [19], Section 5.3).

Lemma 3.5.2. Asn — oo,
(Tn(ltn]), t 20) = (Y(t),t>0),

where “ =7 denotes convergence in distribution in the Skorokhod space [6], and
(Y(t),t > 0) is a Yule process.

Proof. Since both processes only have jumps of size 1, it suffices to prove that the
sequence of jump times of (Y, (|tn]), ¢t > 0) converges in distribution to that of the
Yule process. For 1 < i < n, let

tn(i) = inf{ > 0: 1, (0) =i}

be the jump times of the chain T,,. By the strong Markov property, the vari-
ables (t,,(i + 1) —t,(i), 1 < i < n — 1) are independent, and (i + 1) — t,(i) ~

Geometric(*7). Therefore,

(Ll +1) = ta(), 1<i<n—1) —1 (8(1), i > 1),

n—oo

where the variables (€(i), ¢ > 1) are independent and & (i) ~ Exponential(i). This
concludes the proof. O

Lemma 3.5.3. For all integers 0 < k <€ <n—1,
P(Y (55 > k) < P(Tu(t) > k) < P(Y(alk)35) > k),

where

Proof. Let us start with the upper bound, and write A := A, (k) for simplicity. Note
that, for all t > 0 and ¢ > 1,
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and that we have chosen A such that if i < k then

T < 1_ni1 = P(T,(L+1)=i| T,(f) = ).

Thus, until it reaches k + 1 individuals, the process T, is dominated by the Markov
chain (Y(%), 0 < £ <n—1). This shows that

P(Tu(0) > k) < P(Y(;X4) > k),

n—

proving the second inequality of the lemma.

To prove the first inequality, we couple Y, with a “censored” Yule process Y.
Intuitively, this censoring consists in ignoring births that occur less than 1/(n — 1)
unit of time after another birth.

Formally, we define Y. by specifying the sequence t9 = 0 < t; < t3 < ... of
times corresponding to births in the population. Let (&;, i > 1) be an independent
sequence of exponential random variables where &; ~ Exponential(i). Set typ = 0
and, for each ¢ > 1,

i 1 i — '
t;, = 81+Z< —i—&;) = n_l—i-zgi. (3.2)
We now define, for all £ > 0,

Yo(t) = 14 Lgery = D ilg, <ict)-

i>1 i>1

The censoring of the Yule process after birth events implies that for any time
t > 0, the random variable Y;(t + —15) — Y¢(t) takes values in {0,1}. Furthermore,
for any i € IN,
i 1

P(Ye(t+ L) =i+ 1|Ye(t)=4) < 1—e 71 <

n—1

n—1
Therefore, we can couple (T,(¢), 0 < £ < n—1) and (Yc(¢), t > 0) in such a way
that, for all 0 </ < n—1,

Ye(3755) < Ta0).

Now, by construction, the sequence (t; — %, i > 1) has the distribution of the

sequence of jump times of a Yule process. Therefore,

which yields the lower bound of the lemma. O
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3.5.2 Size of some random trees

In this section, we study the size of some typical trees of F,. In particular, we study

the asymptotics of size TT(Ll) of the tree containing vertex 1 and of the size T of a
tree sampled uniformly at random among the trees composing %,. Our main result
is the following theorem.

Theorem 3.5.4.
(i) Let TV be the size of a uniform tree of F,. Then,

IP(T,E] = k) — 2 1fvff"’f(l — e %)Ly,

n—0o0 0
that is, T L TV where TV ~ Geometric(e™~), and X ~ 2xdz on [0,1].

(ii) Let T7(L1) be the size of the tree containing vertex 1 in F,. Then,

1
IP(Tr(Ll) = k) —— k[ ze (1 —e ) dy,

n—oo 0

that s, Tr(ll) converges in distribution to the size-biasing of TV .

Remark 3.5.5. Note that even though the limit distribution of 7, 7(11) is the size-
biased limit distribution of TnU , for finite n the distribution of Tr(Ll) is not the size-
biased distribution of TV o

We start by giving the distribution of T7(11) in terms of the process T,, defined
in Section 3.5.1. For this, we first need to introduce some notation. Let %“’ be
the tree containing vertex v in %,. We denote by HTSU) the number of steps after
the root of gr(bv) was added in the UA construction. Recalling the notation from
Section 3.2.2, where o ~!(v) € {1,...,n} denotes the step of the UA construction at
which vertex v was added, we thus have

HY) = p— min{a_l(u) Tu € 975”)} .

Proposition 3.5.6. Let qul) be the size of the tree containing vertex 1 in %, and

denote by H,(ll) the number of steps after the root of that tree was added in the UA
construction. Then,

h 1 \"
(i) ForO<h<n-1,P(H, h) nln —1) 1+n—1

(ii) Conditional on {Hﬁl) =h}, TV 4s distributed as the size-biasing of Tp(h).

Remark 3.5.7. The size-biasing of Y, (h) can be easily represented as follows.
Consider the Markov chain Y7 = (Y7 (¢), 0 < £ < n — 1) defined by Y},(0) =1 and
the following transition probabilities:
el ifj=i+1
Py =imo-0- {7,

il
1 n

if j = i.

A straightforward induction on ¢ shows that Y (¢) is distributed as the size-biasing
of Tp, (). o
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Proof. First, note that HT(LI) = h if and only if a new tree is created at step n — h,
and vertex 1 belongs to this tree. Now, the probability that a new tree is created at
step n—h is 7, and the size of this tree is then distributed as Y, (h). Moreover, at
the end of the UA construction, the labels are assigned to the vertices uniformly. As
a result, conditional on a tree having size i, the probability that it contains vertex 1
is ¢/n. We thus have

h

. Z’ )
P(HY = b T =i) = S2q TR0 =)

Summing over ¢ and using Lemma 3.5.1 yields

S

P(Tél):i’]{fll):h):Z']P(Tn(h)zi)(l-i- ! >_h,

which concludes the proof. ]

Finally,

We can now turn to the proof of our main result.

Proof of Theorem 3.5.4. (i) First recall the notation of the UA construction and
Section 3.4, and note that conditional on the event

{I,—n = 0} = {a new tree is created at step n — h of the UA construction},

the total number of trees has distribution

n
(Nn|In—h:O i Z 1*16
/=1

{#n—h

where I, ~ Ber(%) are independent random variables. From this, it is clear that
uniformly in h,
n
E(Nn ’ Inp = O) ~ 5 . (3'3)
On the event {I,_;, = 0}, let us denote by 7, the size of the tree created at
step n — h. Note that the marginal distribution of 7,, 5, is simply Y, (h). Let us now

compute

P(1 =k HY =h) = P (Top =k, HY = h| L, =0)

and note that

25 (5 I =0) = P(X,(h) = b)

+]E<(”/2—1) h_o)

The last term in this display goes to zero as n — oo, uniformly in hA. Indeed,
using (3.3) and applying Hoeffding’s inequality [13] to N,, which is a sum of n
independent Bernoulli random variables, we get, for € > 0 and uniformly in A,

(3.4)

P(——1’>5‘In h_o) < 2O
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where C'is a positive constant that depends only on . Using that for any 0 < e < 1/2
and positive z, we have ‘% - 1‘ > 2¢ = |z — 1| > ¢, we may bound

IE(”/2 1HI" h_o) < 2€—|—§]P<"/2 1‘>25‘In,h:0)

<25—|— <‘7]L\;’§—1‘>5‘In,h:0)

N

2¢ +n

This shows that the last term in (3.4) goes to zero uniformly in h. We thus get

=5 (P(Tn(h) = k) +o(1)),

P(TY =k, HY =h) = =

and so using Lemma 3.5.2, summing over h yields

Recalling the well-known fact that Y (z) has a Geometric(e™™) distribution (see for
instance Section 5.3 in [19]) proves the first point.

(ii) We know from Proposition 3.5.6 that

1=y

1P(T7§1> :k) =

n:n—l

E (Tn(h)ﬂ{rn(h)zk})

Again, using Lemma 3.5.2 and dominated convergence, we have

Z — 1 (h) =k) ——k ; 2P (Y (z) = k)dz,
which yields the result. O

Size of the largest tree

The goal of this section is to derive asymptotics for T)"** := max,, T,(Lv), the size of
the largest tree in the Moran forest on n vertices, when n — co.

Theorem 3.5.8. Let T'"** denote the size of the largest tree in Fy,. Then
T = a(logn — (1 + 0p(1)) loglogn),

where o = (1 — log(e — 1))~! a 2.18019 and op(1) denotes a sequence of random
variables that goes to 0 in probability.

As in Section 3.5.1, for any vertex v let us define ?77@ C 37,&1]) as the subtree
descending from v in the UA construction. For our purpose, it will be sufficient
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3. THE MORAN FOREST

to study the size Tp," [ |?7 () | of those subtrees instead of that of the trees J," Q)
Indeed, observe that )
T = max T\,
v

so that applying Lemma 3.4.6 with m,, = aloglogn and 8 = —1 to the exchangeable
variables (1 Y~ a logn,..., N,(fj) — alogn) will prove the theorem. Again, we omit
the superscript and denote by T}, a random variable with distribution equal to that

of T,El).

For the rest of the section, we thus study the tail probabilities of the variable
T,,. Recall from the UA construction that the number L of steps after a fixed vertex
was added is uniformly distributed on {0,...,n — 1}, and from Section 3.5.1 that,
conditional on {L = ¢},

Proposition 3.5.9. For any sequence of integers ky, — oo with k, = o(y/n),

P (T > k) ~ ki@ — e LykntL,

Proof. Using the upper bound in Lemma 3.5.3 and the fact that L is uniform on
{0,...,n— 1}, we have

P (T, > k) < iSJP(Y(/\n(k)nel) > k)
=0

n—1

_ /1 ]P(y(xn(kn)%) > kn) dz + %P(Y(An(kn)) > ky,)

1
< / P(Y (An(kn)) > kin) de + —(1 — e Anln)yhn
n
1
— / (1 — e Mnlayhn g L(q o= nlkn)yn,
0 n
Now recall that A, (k) = log( —) = 1+O(ﬁ) so uniformly in z € [0, 1],

e Mnlkn)e — g=w 4 O(k—n)

n

Since kn, = o(y/n), we have k,/n = o(1/ky,) and thus Lemma 3.B.1 from the Ap-
pendix gives

1 o (e Vo e —1\kn+1
/ (1 —e n( n)l‘) n dx ~ ?(1 —e ) n+ .
0

n

Elementary calculations also show that when k,, = o(y/n), we have

LS N ko _ (1—e by
S e O(ikn ).

It remains to examine the lower bound in Lemma 3.5.3. As above, we get an integral
P (T, > k) > Z]P( (Shot) > k)

n—l
> P(y (2e=Dl=ky 5 1 Y g
/0 (( n—1 ) )JI

n

n—1

> - /OllP(Y(x—ﬁ)>kn>dx.
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Since

IP(Y(:): — ) > kn) = (1 —exp(—z + %))k" =(1-e"+ O(kn/n))k",

using Lemma 3.B.1 again, we get

]P(Tn > kn) >n-l /OIIP(Y(:U — ) s kn) dz ~ kiu e lykat,

n n

which completes the proof. O

Note that if k,, is not integer-valued, then
I - [ ~ L1 = e ka1
P (T > kn) = P (T > [kn]) e ,

which is not necessarily equivalent to ﬁ(l — e )kn+1l since k,, — | k| may oscillate

between 0 and 1. However, we do have P(T}, > k,) = O((1 — e~ 1)*» /k,,), where the
Bachmann-Landau notation u,, = ©(v,) indicates that there exist positive constants
¢, C such that cv, < u, < Cuv, for n large enough. This approximation is sufficient
for our purpose.

We may now prove Theorem 3.5.8 using the first and second moment method
that we already used for the largest degree.

Proof of Theorem 3.5.8. We apply Lemma 3.4.6 to the exchangeable variables

(xW XMy = (TM —alogn, ..., T —alogn),

n

with m,, = aloglogn and 8 = —1. The first two points of the lemma are readily
checked, since Proposition 3.5.9 tells us that for a = (1 —log(e —1))~! = —(log(1 —
e 1))~ and any v > 0, we have for k, := a(logn — vloglogn)

(logn)7~* )

P(Tn—alogn>—7aloglogn):P(Tn>kn):@( -

Thus, for all € > 0,

(i) nP (Tn —alogn > (—1+ 6)aloglogn> — 0.
(ii) nP (Tn —alogn > (-1 — E)aloglogn) — +00.

All that remains to check is the third point of the lemma. From now we fix
kn = a(logn — (1 + ¢) loglogn) for some € > 0, and for the sake of readability, we
set R, = IP(Tn > kn) With this notation, given Remark 3.4.7 we need to show
that

P(TV > &, T > k) < R2 4 o(R2). (3.5)

Since this is rather technical, we defer the complete proof to Lemma 3.B.2 in Ap-
pendix 3.B, and only outline the main ideas of the proof here. As in the study of
the largest degree, we prove this by showing that the law of TT(L2) conditional on
{Tél) > ky,} is close to its unconditional law. We first prove that

P(An, T > ko, T2 > k) = o(R2),

n
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where A4,, .= {5’7752) C 5%1)} L {?779) C ?7,&2)} is the event that one of the two vertices 1
and 2 is an ancestor of the other in the UA construction. We then show that

P(AS, TV > k,,, TP > k,) < R2+0(R2),

where A{ denotes the complement of A,,. This is done by showing that, conditional
on {T, = i}, on the event A¢ the process counting the number of vertices of the tree

7§2) in the UA construction behaves as a modified Y, process, which we essentially
bound from above by Y,_;. Therefore, T,(LQ) can be compared with an independent

variable with distribution 7,_;. Finally, we show that
S P(T = i)P(Ti > kn) < RE+o0(R2),
i2kn

thereby proving (3.5) and concluding the proof of Theorem 3.5.8. O
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3.A

Appendices to Chapter 3

Proof of point (ii) of Proposition 3.4.4

We want to prove that, for all K, = o(y/n), there exists €, = o(1) such that, for all
k< K,

P(Dy, 2 k)—P(D>=2k)| < e,P(D>Ek).
Doing this directly from the expressions of D,, and D involves unappealing calcula-
tions. To somewhat circumvent this, we make use of the simple expressions of the
probability generating functions Gp, and Gp. For this, let
120

so that the k-th derivative of A,, evaluated at z = 0 is

AR (0) = k! (P(D

\Y%
=
|
i
)

3
\Y%
Z

Since P(D > k) > %, we have to show that for any given sequence K, = o(y/n),

€n
kE+1

AP(©) =

for some ¢, — 0 and all £ < K,,. Now, since for any non-negative integer-valued
random variable X,

Y P(X i) = 7ZE<ZX) _1,

>0 z—1

we can express A, in terms of the generating functions of D and D,,, that is,

1
An(z) = (1 + ,2—1) (Gp(2) = G, (2)) -
Moreover, we know from Proposition 3.4.3 that

(z 1)

Grle)= 275~ =1 = 22 iy

120
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and from Proposition 3.4.1 that

Gp,(2) = 2(1_1) (reh) -1 1

s gy n—€> (z — 1)
=2 : 1,
i:O(Z:l_[ln_l (i +1)!

where the empty product is 1. Therefore,

1i
Gp(z)—Gp,(z ZATLZ 1))'

120
where '
n—/
A(n,i) =21 — 1y
o= (}In— Jrae]
Using that A(n,0) = A(n,1) = 0 and rearranging a bit, we obtain the following
expansion of A, at z = 1:
L~ Amyi+ 1)\ (2 1)
ATL = A 9 . . 9
(2) Z( (i) + = )(z—i—l)!

from which we get

W Lo Alit 1) (—1)i-k
Af(o)—§<A(’)+ i+ 2 )(@'—k)!(z'ﬂ)'

Now, pick any J, = o(y/n) such that K,, = o(.J,,). For all i < J,,,
A(n,i+1 Inp—
’A(n,z‘)+W+)’ < 4(1—H” ) = &,

14+ 2

with €, — 0, since
Jn B In
5> (52) = (- +ol(9)).

(=1

For i > J,,, we have

A(n,i+1)
142

Combining these two upper bounds, we get

‘A(n,i) 4

Jn—1 4

AP0l < X GomiEen * 2 aoma

i=k i2Jn
En Cl CQ
SGry Ty
Finally, since K, = o(J,,), we have for all k < K,
1 1 K,+1
Jn+1 S k+1 Ju 17
with (K, +1)/(J, 4+ 1) = o(1). This concludes the proof.

Note that although we have been quite crude in that we have used the triangle
inequality on an alternating series, a more careful analysis would show that the
o(y/n) requirement on K, is in fact optimal.
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Technical lemmas used in the proof of Theorem 3.5.8

Lemma 3.B.1. For any sequence k, — oo and any sequence of measurable maps
frn 1 10,1] = R such that for all z € [0,1], (1 —e™* + fn(x)) = 0 and sup,|fn(z)| =
o(1/ky), we have

1 k e
/ (1= e 4 fu(@) " do ~ (1= ety
0 k

n

Proof. Let us compute

—x n T .
[T e [ (12T )
0 ( 0

1—e1)kn e—1 e—1

k kn
n Y e—1
= 1—- = n ——dy,

where we used the change of variable y = k,(e!™® — 1)(e — 1)7!, and defined the

map g as
e

- €-1)).

Now since (1— ——i—gn(y))k” < exp(—y+ S kn sup, fu()), it follows from dominated
convergence that

o (1—10g(1+]3

n

gn(y) =

1 (1 —e T fn(x))kn o
ky, do —— Ye—1)dy=e—1,
/0 (17671)1% v n—oo 0 € (6 ) Y €

concluding the proof. O

Lemma 3.B.2. Let TY(LU) denote the size of the subtree descending from v in the
UA construction of F,. Then, for a = —1/log(1 —e™') and any € > 0, letting

kn = a(logn — (1 +¢)loglogn) and R,, = IP(Tn > kn),

P(TV > k,, TP > k,) < R%+ o(R2).

Proof. We have R,, = @(M).

Let us denote by A4,, := {?7,&2) C %1)} L {E’i&l) C 552)} the event that one of the
vertices 1 and 2 is an ancestor of the other. We start by showing that

P(A,, TV > k,, TP > k,) = o(R?). (3.6)
By exchangeability, we have
P(A,, TV > k,, T2 > k)
= 219(37(2) C g}(l) N(l) > kn, T2 > k)
=Y PP gV T

i=kn

Let us call the height of a vertex the number of steps after it was added in the
UA construction. Conditional on {T,&” = 4} and on the heights of the vertices

of ?7751) being ¢ > ... > {;, the height Ly of vertex 2 is uniformly distributed on
{0,...n— 1} \ {£1}. Moreover, in order to have
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the height of vertex 2 must belong to {/,...,#;_(,—1)}, which happens with prob-
ability %= Therefore,

n—1

== Y P(Ta>i)

i>kn

3
|

To show that this is small enough, we let K,, = k,+a(log n)‘s with 0 < § < min(1,¢),
and K], = 2alogn, and crudely bound

S P(T0>i) < (Kn = ka)P(To > kn) + K, P (T > Ko) + 0P (T, > K1)
i>kp

Now let us show that these three terms are negligible compared to nR2. Recalling
that R, = @(M), we have nR2 = ©((logn)?¢/n) and therefore

log n)5+a

o (Kn—Fka)P(Ty > kn) ~ alogn)’ Ry, = @(( ) = o(nR2).

n
. K{lIP(Tn > Kn) = @(logane*(log”)a) =o(R,) = o(nR?).

-2

. nIP(Tn > K{l) = @(nlogn) = o(1/n) = o(nR?).

Therefore (3.6) is proven, and it remains to show that
P(AS, TV > ko, T2 > kn) < R2 + o(R2),

where Af denotes the complement of A,,. We now fix n > 1, i > k,, and a finite
sequence n — 1> 41 > ... > ¥; > 0. Let us write B for the event that %l) contains
exactly the vertices with heights ¢; > ... > ¢;. Conditional on B, let us examine the
distribution of 97?). Recall that the height Lo of vertex 2 is uniformly distributed
on {0,...n—1}\ {¢1}. Now in the UA construction, define T as the tree obtained
by starting from a root arrived at height Lo and allowing the attachment of a vertex
with height ¢ to T only if ¢ ¢ {¢1,...¢;}. Then, on the event AS, this tree must

coincide with %@, and so
P (A, T > kn | B) = P(A5, |T| > kn | B).

From the UA construction, for any ¢ ¢ {/1,...,/;}, conditional on BN{Ly = (}, we
can describe |T| using a modified process Ty, which we denote by (YT,(m), 0 < m < ¢),
and define by

o Ty(0)=1.

e Forall0 <m </, To(m)—"e(m—1) € {0,1} and, conditional on Ty(m — 1) = j,
Yo(m) = j+ 1 with probability

j | |
m if ¢ m¢{€1,...,&}

0 it 6 —me{b,... 0},
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where

JIm = |{€1,...,Ei}ﬂ{ﬁ—m,.‘.,nﬂ
is the number of vertices of 75" with height greater than ¢ — m in the UA
construction.

With this definition, for any ¢ ¢ {¢1,...,¢;}, conditional on B N {Ly = ¢}, we have

by construction |T| 4 Y(¢). Now, note that the probability of increasing is always
bounded by j/(n — 1 —i). Therefore the modified process Ty can be coupled with
T,_; in such a way that, for all 0 < m < f < n — i,

To(m) < Tnei(m).

For { > n — i, we use instead the crude bound P(T,(¢) > k,) < B(Te(0))/kn
in that case. Using the same the same reasoning as in Lemma 3.5.1, note that
E(To(0)) < (14 —5)""""1 < e. We thus get

]P(Afl, IT| > ky | B) < ]P(LQ ¢ {l1,.... 0} |T| > ky | B) (3.7)
1 n—1

= > P(Tu(l) = k),

n—1 =
£g{1,...0;}
ei 1 !
< P(Y, i(¢) >k 3.8
et n—i ~
= P(Th_; > kyn). 3.9
nn—1) " n-1 (Tomi = ko) (39)
As this bound depends on the set {¢1,...,¢;} only via its cardinality ¢, one can

integrate with respect to the distribution of ?7,51) to get

c > ~(1):, < el n—1 ~_'>
IP(Anu |T| /kn|Tn Z) X k:n(n—l) +n_1IP(Tn 1/kn)7

d
Finally, because T,,_¢j11)(£) = Tp—i(¢), the expression (3.8) (and therefore (3.9)) is
nondecreasing in ¢, and we have

P (A5, T > b, T > ko)
<3 p(f=i) (=g + i (= b))
+¢§nP(Tn = i) (kn(;i_ 5 Z:iP(T’H’ > kn)) , (3.11)

for any sequence K, > k. Letting K, = «a(log n)HE/Q, we then show that (3.10)
is asymptotically no greater than R2, and that (3.11) is negligible compared to R2.
Indeed, (3.10) is bounded from above by

e K, n— K, ~
Rn IP Tnf 2 kn .
<k:n<n—1> oy BT, )>
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/2

Now note that k:(fj = O((log Z)

kn, = o(v/n — K,,). Therefore, by Proposition 3.5.9, P (Tn_Kn > kn) ~ R,. Finally,
up to a multiplicative constant, (3.11) is bounded from above by

) = o(Ry), and that since n — K, ~ n, we have

f(logn)E/Q
7 _ofm _ -2y _ 2
P (T, > K,) = 0 i ) = o(n™2) = o(R2).
Putting everything together, we have proved that
P(TV >k, T > k) < R2 4 o(R2),

n

which concludes the proof. ]
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CHAPTER 4

Ranked tree-child networks
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This project originated when Mike Steel and Charles Semple met with Amaury
Lambert and told him about the difficulties posed by the enumeration of a class
of phylogenetic networks known as tree-child networks. Amaury had the idea to
rank the internal nodes of these networks in order to make them easier to study and
generate via time-embedded processes, as is done for ranked trees. Nevertheless, the
ranking that he used was in a way too “flexible” and the objects he studied remained
quite complex.

I started working on the subject after meeting Mike with Amaury. I reused
Amaury’s idea to rank tree-child networks in order to make them more tractable,
but used a different — more constraining yet biologically natural — notion of ranking.
This made the resulting “ranked tree-child networks” more different from regular
ones, but in a way more biologically relevant. This also made them much more
tractable, to the point that I feared they might fall on the dull end of the spectrum.
Fortunately, this also created connections with other combinatorial objects and some
interesting questions remained. Mike gave me the opportunity to work on them with
him in the University of Canterbury.

As of today, we are working on Conjecture 4.6.6 with Amaury and Mike to
complete this project.
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4.1

4.1.1

4. RANKED TREE-CHILD NETWORKS

Introduction

Tree-child networks are a class of directed acyclic graphs (DAGs) introduced by [4] as
a way to model reticulated phylogenies (that is, phylogenies that take into account
the possibility of hybridization or horizontal gene transfer). In addition to being
biologically relevant, tree-child networks are mathematically interesting combinato-
rial structures and have thus gained attention recently to become one of the most
studied classes of phylogenetic networks. However, they are also notoriously hard to
study. For instance, their enumeration is still an open problem [10, 7] and there is
no known algorithm to sample them uniformly (although a recursive procedure to
enumerate them has recently been introduced [3]). As a result, very little is known
about the properties of “typical” tree-child networks.

In this paper, we introduce a new class of phylogenetic networks that we term
ranked tree-child networks, or RTCNs for short. These networks correspond to a
subclass of tree-child networks that are endowed with an additional structure en-
suring that they could have resulted from a time-embedded evolutionary process,
something that is not required of tree-child networks.

Besides being arguably more biologically relevant than tree-child networks, one
of the main advantages of RTCNs is that they are much easier to study. For in-
stance, there are explicit formulas for the number of leaf-labeled RTCNs as well
as simple procedures to sample them uniformly at random (or even uniformly at
random subject to some natural constraints such as containing a fixed number of
reticulations, or displaying a given tree). These make it possible to get some insight
into the structure of uniform RTCNs.

Preliminaries

Let us start by recalling the definition of tree-child networks and introducing some
vocabulary.

Definition 4.1.1. A binary phylogenetic network is a directed acyclic graph where
each vertex has either
e in-degree 0 and out-degree 2 (the root)

(
e in-degree 1 and out-degree 0 (the leaves)

e in-degree 1 and out-degree 2 (tree vertices)
(

e in-degree 2 and out-degree 1 (reticulation vertices) o

If V is the vertex set of a binary phylogenetic network, we write OV for the set
of its leaves. The vertices that are not leaves are called internal vertices and we
denote their set by V°.

We refer to the elements of the set I}, (v) = {u : u — v} as the parents of v and
to that of the set Tyt (v) = {u: v — u} as the children of v. Two vertices are said
to be siblings if they share a parent and step-siblings if they share a sibling.

Finally, an edge uv is called a reticulation edge if v is a reticulation vertex and
a tree edge if v is a tree vertex or a leaf.

Definition 4.1.2. A tree-child network is a binary phylogenetic network such that
every internal vertex has at least one child that is a tree vertex or a leaf. o
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Note that there are other simple characterizations of tree-child networks. Con-
sider for instance the following equivalent definition (see Lemma 2 in [4]).

Definition 4.1.3. A binary phylogenetic network is tree-child if and only if for
every vertex v there exists a leaf such that every path going from the root to that
leaf goes through v. o

Ranked tree-child networks

First, note that every DAG — and thus every tree-child network — is endowed with
a partial order, which we refer to as the genealogical order, defined by

u ~» v <= there exists a directed path from u to v.

Let us now introduce the notion of events of a tree-child network.

Definition 4.1.4. Let N be a tree-child network. Define an equivalence relation R
on the set of V° of internal vertices of N by

uRv <= wu and v are linked by a reticulation edge.

The equivalence classes of R are called the events of N. Moreover, writing u for the
equivalence class of a vertex u,

e cither u = {u}, in which case u is called a branching event;

e or u = {u,v,w}, and u is called a reticulation event. o

Definition 4.1.5. A ranked tree-child network is an ordered pair (NN, <) where

e N is a tree-child network.

e The chronological order < is a strict total order on the set of events of N that
is compatible with the genealogical order — that is, for every internal vertices

u and v,
U~V = U<V or u=~u. o

Observe that in the case where N is a tree, Definition 4.1.5 agrees with the
classical notion of the ranking of a tree: indeed, in that case every internal vertex is
its own equivalence class and so the chronological order can be seen as a total strict
order on V°.

Note that this ranking is very natural from a biological point of view. Indeed,
real-world phylogenies are the end result of a time-embedded evolutionary process
where lineages speciate and hybridize. In a tree-child network corresponding to a
real-world phylogeny, each internal vertex can therefore be associated to one of these
punctual evolutionary events. Now if to that vertex we associate a time-stamp ¢
corresponding to the time at which the event occurred, then, under the assumption
that no two events can occur simultaneously ', by defining

u=0v < t(u) =t(v) and u<0v <= t(u) < t(v)

! This means that the time-stamps of events are distinct; but the three vertices that form a
reticulation will share the same time-stamp.
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4. RANKED TREE-CHILD NETWORKS

we obtain a valid partition into events and a valid ranking. Of course, this can only
work if the tree-child network had been produced by a time-embedded process to
start with; we will come back to this in a moment.

In other words, RT'CNs are simply the combinatorial description of dated phylo-
genies, discarding the specifics of the times at which the events occurred but keeping
the information about their relative order of occurrence.

—

branching

— [ 1c
reticulation I I I I I I _I t

\

Figure 4.1: Graphical representation of a RTCN. Each “L1” corresponds to a tree
vertex (or the root), each “T” to a reticulation vertex, and the tip of each dangling
vertical line to a leaf. The vertical lines represent tree edges, and the horizontal ones
events. Note that a < b if and only if the horizontal line representing b is below that
of a.

The notion of ranking raises two questions:
1. Can all tree-child networks be ranked?
2. How many rankings are there for a given tree-child network?

It is not hard to see that the answer to the first question is no. In fact, we will
prove in the next section that almost no tree-child network can be ranked. While
this rules out the possibility of using RT'CNs to gain insight into the structure of
tree-child networks, this does not make RTCNs irrelevant, because the tree-child
networks that we can expect to see in nature should be rankable?. Thus, from a
strictly biological point of view, rankable tree-child networks might be more relevant
than tree-child networks.

Regarding the second question, Knuth proved in [8] that the number of ways to
rank a tree is
2575 (0 —1)!
HveVo ()\(’U) - 1) ’

where /¢ is the number of leaves of the tree, k the number of cherries, s the number
of symmetric vertices and A(v) the number of leaves subtended by v — that is,
Av) =#{u € IV : v~ u}. See e.g. Section 1.2.2 of [9]. However, the proof of
this results relies on the recursive structure of trees, which tree-child networks lack.
Thus, counting the number of ways to rank a given tree-child network remains an
open question.

2 This is not necessarily the case if some extinct lineages are not observed. But if we assume
that the only possible evolutionary events are binary branchings and reticulations, then we can
always assume that there exists an underlying ranked tree-child network.
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Relation to other types of phylogenetic networks

Let us start by recalling the definition of temporal networks.

Definition 4.1.6. A binary phylogenetic network N = (V, E) is temporal if it is
possible to assign a time-stamp ¢ to each vertex in such a way that

(i) If ub is a reticulation edge then t(u) = t(v).

(ii) If ub is a tree edge then t(u) < t(v). o

Every RTCN is a temporal network, because to get a valid temporal labeling ¢
one can assign to every internal vertex the rank of the corresponding event (that
is, t(u) = k where u is the k-th event, and ¢(p) = 0 for the root). However, not all
temporal tree-child networks are RT'CNs because there is no requirement that the
time-stamps of vertices that belong to different events be distinct in Definition 4.1.6.

Let us now recall the notion of normal network, as introduced by [16].

Definition 4.1.7. An edge ub is said to be redundant (or a shortcut) if there exists a
directed path from u to v that does not contain ut. A normal network is a tree-child
network that has no redundant edges. o

It is well-known and not too hard to see that every temporal tree-child network
is a normal network (see e.g. Proposition 10.12 in [13]). As a result, rankable tree-
child networks are normal networks, in the sense that if (N, <) is a RTCN then N is
a normal network. Since by Theorem 1.4 in [10] the fraction of tree-child networks
(leaf-labeled or vertex-labeled alike) that are also normal networks goes to zero as
their number of vertices goes to infinity, this proves the next proposition.

Proposition 4.1.8. The fraction of rankable tree-child networks with £ labeled leaves
and the fraction of rankable tree-child networks with n labeled vertices both go to 0
as £ and n go to infinity.

Main results

All the results presented in this paper are about leaf-labeled RTCNs.

In Section 4.2, we give two constructions of RTCNs: one in backward time and
one in forward time. Each of these constructions yields a proof of the following result.
Note that the number of reticulations of a RTCN with ¢ leaves and b branchings is
r=0—b—1.

Theorem 4.2.3. The number of ranked tree-child networks with £ labeled leaves and
b branchings is
-1
= T,
Cep [ b ] v,

where Ty = ¢! (£—1)!/ 2~ Vis the number of ranked trees with ¢ labeled leaves and [Zgl]
is the number of permutations of {1,...,£ — 1} with b cycles (these quantities are
known as the unsigned Stirling numbers of the first kind).
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The backward-time and forward-time constructions also provide simple proce-
dures to sample leaf-labeled RTCNs, be it:

e uniformly at random;
e uniformly at random conditional on their total number of reticulations;

e uniformly at random conditional on which events are reticulations.

The rest of our study focuses on the properties of uniform leaf-labeled RTCNs.
One of their interesting characteristics is their intimate relation to uniform leaf-
labeled trees. This is detailed in Section 4.3, where we also explain how to sample
a uniform RTCN conditional on displaying a given tree.

Two of the most basic statistics of binary phylogenetic networks are their number
of cherries and of reticulated cherries. While almost nothing is known about them in
uniform tree-child networks, they prove very tractable in uniform RTCNs. Explicit
expressions for their mean and variance are given in Section 4.4, where we also prove
the following theorem.

Theorem 4.4.2. Let kg be the number of cherries of a uniform RTCN with £ labeled
leaves and xp be its number of reticulated cherries. Then, as £ — oo,

(i) ke -5 Poisson(3).

(i) xe/f = 1.

Sections 4.5 and 4.6 contain our most informative results about the structure of
uniform RTCNs: in Section 4.5 we study the length of some typical paths joining
the root to the leaf set of uniform RTCNs and prove the following theorem.

Theorem 4.5.3. Let v be a uniform RTCN with £ labeled leaves and let

o ¥ be the path taken by a random walk going from the root of v to its leaves,
respecting the direction of the edges.

o ~1 be the path taken by a random walk going from a uniformly chosen leaf of
v to its root, following the edges in reverse direction.

Then, letting length(-) denote the length of these paths, not counting reticulation
edges, there exist two constants ¢+ and ¢t such that, as £ — oo,

(i) length(y") ~ Poisson(2log? + ¢t)
(ii) length(y") ~ Poisson(3log? + ¢t)
in the sense that the total variation distance between these distributions goes to 0.

Remark 4.1.9. Compare Theorem 4.5.3 with the analogous for uniform ranked
trees, in which length(y*) ~ log ¢ and length(y") ~ 2log . o

Finally, in Section 4.6 we study the number of lineages in the ancestry of a leaf,
i.e. in the subgraph consisting of all paths joining this leaf to the root, as illustrated
in Figure 4.2. Starting from the leaves and going towards the root, one event of the
RTCN after the other, this number of lineages will on average start by increasing but
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will eventually decrease as we get nearer the root and the total number of lineages
of the RTCN itself decreases.

Let X = (X ,g), 0 < k < £ —2) denote the process counting these lineages.
What can we say about the behavior of X as ¢ goes to infinity? As it turns out,
X ,S,E) remains quite small as long as k = |2f] with 0 < z < 1. However, when

we reach the regime k = [£ — 2/, X ’gé) starts to increase substantially, until a
point where it will decrease suddenly. Moreover, even though the properly rescaled
trajectories of X seem to become smooth as £ — oo, they do not become deter-
ministic. In fact, simulations presented in Section 4.6.2 suggest that they behave
has a deterministic process with a random initial condition.

Figure 4.2: In red, the ancestry of a leaf and
on the right the process counting the number
of lineages in this ancestry.

Another natural way to study the asymptotics of X©, instead of restricting
ourselves to an appropriate time-window, is to consider the embedded process X,
that is, to ignore the steps in which X(® does not change. As illustrated in Fig-
ure 4.3, simulations suggest that that the scaling-limit of X is a remarkably regular
deterministic process with a random initial condition.

¢ =216 ¢ =219

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10

Figure 4.3: 500 superimposed trajectories of the process X “), rescaled so that their domain is [0, 1]
and that the total area under each curve is equal to 1.

This part of our study is still work in progress, so our discussion will rely mostly
on simulations and heuristics. Below are some of our results and conjectures so far.

Proposition 4.6.5. For all £ > 2 and k such that 0 < k < /f—2,

14 2k ) /{
1-— < E(X < — .
E—k—{—l( (E—k‘)(ﬁ—k‘—l)) ( k) {—k
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As a result, for M > 2 and all £ large enough, for all € > 0,
1 2 1 (0 1
a ‘ff)w(l B Mz> S E(«qu—Mm) S A

so that the sequence of random variables ﬁXfﬁlMﬂJ is tight and bounded away
from 0 in L.

Conjecture 4.6.6.
1 y(@ d
MV MV e M0 ©)

Proposition 4.6.7. If Conjecture 4.6.6 holds, then for all € such that 0 < & < 1,
as £ — 0o,

1y
(X vy LE 01 =2]) = (y(t, W), t€[0,1-€])

where = denotes convergence in distribution in the Skorokhod space and

1-1¢

£, W) =
y(t, Wat) Cau-(1—t)2+1

where Cyr = W];[l — 1.

Counting and generating RTCNs

Backward-time construction of RTCNs

Let us start by recalling that there is a simple way to label the internal vertices of
any leaf-labeled tree-child network (or any leaf-labeled DAG), namely by labeling
each internal vertex with the set of labels of its children.

Definition 4.2.1. Given a tree-child network with leaf set OV = {1,...,/¢}, the
associated canonical labeling is the function & such that

(i) YvedV, &) =wv.

(i) Yo e Ve, &) ={&(u) : v — u}. o

While the canonical labeling of a tree-child network encodes it unambiguously
(the whole network can be recovered from the label of the root), this is not the case
for RTCNs because the information about the order of the events is missing. One
way to retain this information is to encode RTCNs using the process (P, 1 < k < /)
defined as follows.

First, given a set P = {&1,...,&n} of labels of vertices of (IV, <), define the two
operations:

o coal(P, {§,&}) = (P\{& &) U {{& &1
b ret(P, §i7 {EJ’&C}) = (P\ {§Z7€]7§k}> U {{{5@},5]}; {{5@},§k}}
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Now, let U; < -+ < Uy—1 denote the events of (N, <). Then, starting from
P, ={1,...,¢} and going backwards in time, for k =1 to £ — 1:

o If Uy is the coalescence of v and w, i.e. if there exists u such that Up_p = {u}
and Ioye(u) = {v,w}, then let Pyyq = coal( Py, {£{(v), {(w)}).

o If Uy_; is the reticulation of u and v with the hybrid h, ie. if Uy =

{0 v} with Toue(u') = {u, h'}, Toue(v') = {v, '} and Ty (R') = {h}, then
let Pyi1 = ret(Py, £(h), {£(u),E(v)}).

The result of procedure is illustrated in Figure 4.4. Note that the RTCN that
produced a process (P, 1 < k < f) can unambiguously be recovered from that
process.

Py = {{{1,{2}}, {{{2}, 3}, 4}}}

({1, {2}, {{{2}, 3}, 4}}

{{{2},3},4}

{1.{2}}] {2} [{{2},3}

1 2 3 4

Figure 4.4: A RTCN with its canonical labeling and the associated process (Px, 1 < k < £).

In order to count RTCNs based on their number of reticulations (or, equivalently,
branchings, since both are linked by r +b = ¢ — 1), we need to introduce the notion
of profile of a RTCN.

Definition 4.2.2. Let v be a RTCN and U; < --- < Uy_q its events. The profile
of v is the vector q = (q1,...,q¢—1) defined by

1 if Uy is a branching,
ar =

0 otherwise.

We are now in position to prove our main result concerning the enumeration of

RTCNs.

Theorem 4.2.3. The number of RTCNs with profile q s

-1
Fa) = [] (g + (k= 1)(1 - q)) Tt
h=1

where Ty = 0! (£ — 1)! /21, As a result, the number of RTCNs with ¢ labeled leaves

and b branchings is
-1
Cop = T,
4,b l b ] Iz

where the bracket denotes the unsigned Stirling numbers of the first kind.
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Proof. Let us count the processes (Pg, 1 < k < ¢) with profile . When going from
k + 1 to k lineages, i.e. when considering event Uy, there are:

° (k'gl) possible coalescence events;

o (k—1)(*1) possible reticulation events.

Therefore,
-1
k k+1
Fla) = T (e + (k=130 = ).
k=1
Factoring out the binomial coefficients, we get the first part of the theorem. Then,
summing over all profiles with b branchings,

-1
Cep = (Z I (@ + (k= 1)1 _Qk))) xTy.

la[=b k=1

The first factor can be seen to be the coefficient of degree b of the polynomial
P(X)=(X+0)(X+1)--- (X +¢—2). Since by definition of the unsigned Stirling
numbers of the first kind,

this concludes the proof. O

Theorem 4.2.3 and its proof have several immediate corollaries. Let us start by
pointing out the following procedure to sample uniform RTCNs conditional on a
profile.

Corollary 4.2.4. The following procedure yields a uniform RTCN with profile q.
Starting from { labeled lineages, for k = ¢ —1 down to 1:

o Ifqp.=1: |let two lineages coalesce, uniformly at random
k+1

among all (") possibilities.
o Ifqp.=0: |let three lineages reticulate, uniformly at random
among all (k — 1)(*3") possibilities.

Second, let us lift the restriction on the number of reticulations.

Proposition 4.2.5. For { > 2, the number of RTCNs with £ labeled leaves is

0 —1)?
Co=—%r1 —
Proposition 4.2.6. Starting from £ labeled lineages, let pairs of lineages and triplets
of lineages reticulate, choosing what to do uniformly among all possibilities at each
step and stopping when there is only one lineage left. Then, the resulting RTCN has
the uniform distribution on the set of RTCNs with £ labeled leaves.

Proofs. Proposition 4.2.5 is obtained by recalling that 3j_ [zzl] = (¢{ —1)! and
Proposition 4.2.6 by noting the realizations of the procedure correspond to those of
the process (Py, 1 < k < £), which uniquely encodes every leaf-labeled RTCN. O
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Finally, let us point out the following fact about the profile and the number of
branchings of uniform RTCNs.

Corollary 4.2.7. Let q be the profile of a uniform RTCN with ¢ labeled leaves.
Then,
q ~ (le...7Xg,1),

where (X1,...,Xy_1) are independent Bernoulli variables such that
1
PXp=1) = —.
(Xp=1) = o
As a result, the number By of branchings of a uniform RTCN with ¢ leaves, which
is distributed as the number of cycles of a uniform permutation of {1,...,¢— 1},
satisfies

(i) IE(B¢) = Hy_1, where Hy_1 = Zf;;ll 1/k is the (£ — 1)-th harmonic number.

(i) As ¢ — oo, dypy (B, Poisson(Hy—_1)) — 0. In particular, By_logt d, N(0,1).

\/logt

Proof. The first part of the proposition follows from the fact that the steps of the
algorithm described in Proposition 4.2.6 are independent and that, when going from
k + 1 to k lineages there are (k — 1)(*1') possible reticulations and (*3') possible
coalescences, so that choosing uniformly among those the probability of picking a

coalescence is 1/k.

Points (i) and (ii) for By are classic properties of the distribution of the number
of cycles in a uniform permutation — see for instance Section 3.1 of [11] — that follow
easily from its representation as a sum of independent Bernoulli variables. Indeed,
(i) is immediate and for (ii) we can use the Stein-Chen bound on the total variation
distance between a sum of independent Bernoulli variables and the corresponding
Poisson distribution (recalled as Theorem B in Section 4.5) to get

-1
. . 1 .
dry(By, Poisson(Hy-1)) < min{1,1/Hp1} )" o5 = O((log0)™"),
k=1
from which the central limit theorem follows readily (see e.g. [2], page 17). O

Finally, let us close this section by pointing out an unexpected connection be-
tween RT'CNs and a combinatorial structure known as river-crossings.

Remark 4.2.8. The number of RTCNs with ¢ labeled leaves is also the number of
river-crossings using a two-person boat. It is recorded as sequence A167484 in the
Online Encyclopedia of Integer Sequences [1], where it is described as follows:

For ¢ people on one side of a river, the number of ways they can all travel
to the opposite side following the pattern of 2 sent, 1 returns, 2 sent, 1
returns, ..., 2 sent.

However, there does not seem to be any natural bijection between river-crossings
and RTCNs. Indeed,

1. RTCNs have a recursive structure that river-crossings lack.

2. For ¢ = 3, the C'3 = 6 river-crossings are completely equivalent up to permuta-
tion of the labels, while the 6 RTCNs are not: 3 of them contain a reticulation
while 3 of them don’t. o
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Forward-time construction of RTCNs

In this section, we give a forwards-in-time construction of RTCNs that will yield a
second proof of Theorem 4.2.3. This proof is more combinatorial than the one we
have already given, and will provide a different intuition as to why Stirling numbers
arise in the enumeration of RTCNs.

The following notion of decorated RTCN will be useful.

Definition 4.2.9. A decorated RTCN is a pair (v,0), where
(i) v isa RTCN with vertex set V and root p.

(ii) The decoration is a function 6 : V'\ {p} — {0,1} such that
e If v is a reticulation vertex or the child of a reticulation vertex, 6(v) = 0.

e If 4 and v are siblings or step-siblings and none of them is a reticulation
vertex, then 6(u) =1 — 0(v). ©

Note that this formal definition is just a way to say that:
e For every tree vertex v, we distinguish one of the outgoing edges by assigning
a “1” to one of the children of v.

e For every reticulation vertex v, we distinguish one of the incoming edges by
assigning a “1” to one of the siblings of v (this unambiguously determines their
common parent u and therefore the incoming edge ).

The notion of decorated RTCN is similar in spirit to that ordered ranked tree,
where an ordering is specified for the children of each vertex, and indeed both notions
are equivalent for trees. However, when working with RTCNs it is not useful to
order the children of every vertex, in part because reticulated vertices already play
a special role.

Figure 4.5: An example of decorated RTCN with its simplified representation on the right. For
branchings, the decorated lineage is distinguished by drawing it to the right. For reticulations,
it is distinguished by a white dot (but note that this white dot corresponds to which of the
outgoing edges of the reticulation points to a 1 — not which vertex of the reticulation (if any)
bears one.

An important characteristic of decorated RT'CNs is that, unlike their undecorated
counterparts, they are intrinsically labeled. Indeed, it is possible to assign a unique
label to every vertex of a decorated RTCN (v, 0) as follows: first, remove every
reticulation edge distinguished by the decoration. This yields a tree 7. Then, assign
to each vertex v the label 0(u) - - 6(v), where (p,u,...,v) is the unique path going
from the root p to v in 7. A consequence of this unique labeling of internal vertices
is that there are ¢! ways to label the leaves of a decorated RTCN with ¢ leaves.
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Before describing the forward-time construction of decorated RTCNs, let us in-
troduce one last combinatorial object.

Definition 4.2.10. A subexcedant sequence of length n is an integer-valued sequence
s=1(s1,...,8n) such that, for all k, 1 < s; < k. For any two subexcedant sequences
s and s', the number of encounters of s and s’ is defined as

enc(s,s') = #{k>1:s,=s}} o

Lemma 4.2.11. For any subsexcedant sequence s of length n, there are [Z] subez-

cedant sequences s’ of length n such that enc(s,s’) = k.

A combinatorial proof of this classic result is recalled in Section 4.A of the Ap-
pendix. However, it also follows immediately by considering a uniform subexcedant
sequence s’ and noting that its number of encounters with s is distributed as the
sum for k£ =1 to n of independent Bernoulli variables with parameters 1/k.

Let us now describe how to encode decorated RTCNs using subexcedant se-
quences. Let s° and s® be two subexcedant sequences of length £ — 1. Start from a
single lineage indexed “1” and, for k =1 to £ — 1:

o If s7 = s}, then let lineage s}, branch to create lineage £ + 1.

o If 57 # s}, then let lineages sy and s}, hybridize to form lineage k + 1.

At each step of this procedure, decorate the lineage s; with a white dot. This
construction is illustrated in Figure 4.6.

O

Figure 4.6: Graphical representation of the forward-time construction of RTCNs. On the
left, the black and white dots represent the subexcedant sequences s® and s°, respectively,
and on the right the corresponding RTCN. At each step, the new lineage (marked by a
cross) is linked to the black dot and the white dot. It these two dots fall on the same
lineage, we get a branching.

Observe that in this construction every pair of subexcedant sequences (s°®,s°)
will yield a different decorated RTCN v°, and that given a decorated RTCN v° it is
possible to unequivocally recover the subexcedant sequences (s°, s°) that produced
it. Thus, letting #,_ denote the set of subexcedant of length ¢ — 1 and 6; that
of decorated RTCNs with ¢ unlabeled leaves, this constructions gives a bijection
between Sy_1 x Fy_1 and 6.

Also note that if at every step of the procedure we only link lineage k 4+ 1 to
lineage s}, and decorate the latter with a white dot, we get a bijection between #y_;
and the set 7 of decorated ranked trees with ¢ unlabeled leaves.
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From this forward-time encoding of decorated RTCNs and Lemma 4.2.11, we
immediately get the following proposition.

Proposition 4.2.12. There are [*,'](¢ — 1)! decorated RTCNs with ¢ unlabeled
leaves and b branchings.

To recover Theorem 4.2.3 from Proposition 4.2.12, it suffices to recall that there
are £! ways to label the leaves of a decorated RTCN and to note that there are 261
ways to decorate a RTCN.

Finally, let us close this section by pointing out that the following simple stochas-
tic process generates uniform RTCNs.

Proposition 4.2.13. Starting from a single lineage representing the root, let ev-
ery lineage branch at rate 1 and every ordered pair of lineages hybridize at rate 1,
decorating a lineage when it branches and decorating the first vertex of an ordered
pair of lineages when it hybridizes. The RTCN obtained by stopping upon reaching £
lineages is uniform on the set of decorated RTCN with £ leaves. Relabeling its leaves
uniformly at random and discarding its decoration yields a uniform RTCN with ¢
labeled leaves.

RTCNs and ranked trees

The forward-time construction of the previous section gave us a way to encode a
decorated RTCN using a decorated ranked tree and a subexcedant sequence. In
fact, Theorem 4.2.3 shows that it is also possible to encode an undecorated leaf-
labeled RTCN using a leaf-labeled ranked tree and, e.g., a subexcedant sequence or
a permutation — even though we were unable to find any meaningful such encoding.

In this section, we specialize the results of the previous section in order to explain
how to obtain RTCNs from ranked trees using simple graph operations, without
having to explicitly manipulate subexcedant sequences. In particular, we give a
simple way to sample a uniform RTCN conditional on displaying a given ranked
tree. Readers who are more interested in the structural properties or RT'CNs than
in how to sample them can jump to the next section.

Reticulation, unreticulation and base trees

Let us recall that the classic graph operation known as the werter identification
of u and v consists in replacing u and v by a new vertex w whose neighbors (in-
neighbors and out-neighbors, respectively) are exactly the neighbors of u and those
of v (without introducing a self-loop in the case where u and v were neighbors).
Conversely, the cleaving of 4t consists in introducing an intermediate vertex w
between u and v, that is: adding w to the graph, removing ut and adding uw
and wv.

Definition 4.3.1. The unreticulation of a reticulation edge ub is the graph operation
consisting in

1. Removing 1.
2. Identifying u and its (now only) child.

3. Identifying v and its child.

100



4.3.2

4.3. RTCNs and ranked trees

Conversely, the reticulation of a tree edge ey into a tree edge e consists in

1. Cleaving e; and es.

2. Adding an edge from the vertex introduced in the middle of e; to that intro-
duced in the middle of es.

These operations are illustrated in Figure 4.7. o

unreticulation of e
(& — e
B
€2
reticulation of ey into es

Figure 4.7: The operations of unreticulation and reticulation.

Unreticulating edges of a tree-child network N yields a tree N’ with the same
number of leaves as N as well as a partition into events and a genealogical order
that are compatible with those of N. This justifies the following definition.

Definition 4.3.2. A ranked tree 7 is a called a base tree of a RTCN v if is possible
to obtain it by unreticulating edges of v. In that case, we write 7 C v and say that
v displays T. o

Note that since each reticulation vertex has two incoming reticulating edges and
that unreticulating each of these yields different RTCNs, every leaf-labeled RTCN
with r reticulations displays exactly 2" ranked trees.

Uniform base trees of a uniform RTCN

Proposition 4.3.3. The ranked tree obtained by unreticulating one the of two in-
coming edges of each reticulation vertex of a uniform RTCN with £ labeled leaves,
each with probability 1/2, has the uniform distribution on the set of ranked trees with
¢ labeled leaves.

Proof. Let v be a uniform leaf-labeled RTCN. The procedure described in the propo-
sition amounts to:

1. Decorating v uniformly at random to obtain a decorated leaf-labeled RTCN v°.

2. Unreticulating each of the undecorated reticulation edges of v° to produce a
decorated leaf-labeled tree 7°.

3. Discarding the decoration of 7°.

In the forward-time encoding, v° corresponds to a unique triplet v° ~ (s®,s° o),
where the permutation o represents the leaf labeling. Now, since v° is uniform on
the set of decorated leaf-labeled RTCNs, (s°,0) is also uniform and as a result so
is 7° ~ (s°,0). Finally, the tree obtained by forgetting the decoration of a uniform
decorated leaf-labeled ranked tree is uniform on the set of leaf-labeled ranked trees,
concluding the proof. O
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Sampling RTCNs conditional on displaying a tree

To obtain a RTCN from a ranked tree, we need to pay attention to the constraints
imposed by the chronological order. Indeed, it is not possible to reticulate any tree
edge of a RTCN into any other tree edge and obtain a RTCN. To formulate this
restriction, we need to introduce the notion of contemporary edges.

Definition 4.3.4. Let us write 4 < v to indicate that © < v or 4 = v, and convene
that if u is a leaf then w = OV and v < u for any internal vertex v.

The edge ub is said to be alive between two events U < U’ if

(i) It is a tree edge.

(i) axUand U’ 5 0.

Two edges are said to be contemporary if there exist two events such that they
are both alive between these events. o

As for events, these definitions become very intuitive when using the graphical
representation of RTCNs. Recall that, in this representation, we think of the vertical
axis as time, and that tree edges correspond to vertical lines while events correspond
to horizontal ones. An edge is alive between two events if a portion of it is located
in the horizontal strip of the plane delimited by the two events. Two edges are
contemporary if they overlap when projected on the vertical axis. This is illustrated
in Figure 4.8.

Note that if we let U} < ... < Uy_1 denote the events of a RT'CN with £ leaves,
with the convention that U, = 0V, then there are exactly k 4+ 1 edges alive between
Uk and Uk+1.

/ |1 U,

Y

Figure 4.8: A RTCN with its events numbered in increasing order
(and with the convention that U7 = V). The red edges are the four
edges that are alive between events Us and Uy.
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Recall the Definition 4.2.2 of a profile.

Proposition 4.3.5. Let 7 be a ranked tree with £ labeled leaves and let q be a profile.
Letting Uy < ... < Uy_1 denote the branchings of T, for k=1 to ¢ — 1:

o If g, =1, do nothing.

o If g, =0, letting u denote the vertex such that Uy = {u}:
1. Pick an edge e uniformly at random among the two outgoing edges of u.

2. Pick an edge € wuniformly at random among the k — 1 edges that are
contemporary with e and do not contain u.

3. Reticulate €’ into e.
Then, resulting RTCN v has the uniform distribution on the set of RTCNs with
profile q displaying 7. Moreover, if T is uniform then v is uniform on the set of
RTCNs with profile q. If in addition q is distributed as the profile of a uniform

RTCN (see Corollary /.2.7), then the resulting RTCN is uniform on the set of
RTCNs with £ labeled leaves.

U1| |
Us

Uy |7 7
Figure 4.9: Example of the random construction of a RTCN from a ranked tree
described in Proposition 4.3.5. Here, nothing happens for U; and Us. For Uz and
Uy, the black dot represents the edge e and the white one the edge e¢’. Note that
the modifications of branching events can be performed in any order, but that they

have to be performed sequentially, so that contemporary edges remain well-defined
at every step of the procedure.

Proof. The first part of the proposition follows from the fact (1) that for every fixed
ranked tree 6 and for every RTCN g displaying 6 there is exactly one sequence
of modifications of € that yields u, and (2) that each possible realization of the
procedure described in the proposition has the same probability, namely

—1
a(@) = [T (g +2(k = (1 — )",

k=1

although the exact value of this probability does not matter here. Thus, letting
Q(p) denote the profile of p,

Plv=plr=10) = ald) Ligu)=q,00p} -
Now let us assume that 7 is uniform. We have to show that for any RTCN g,

P(v=p) = pgliew=a)
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where F(q) is the number of RTCNs with profile q, whose exact value does not
matter here. Since P(7 = 0) = 1/} for all fixed ranked tree 6,

1
Plv=p) = > ald): 7 Ligu=a) -
¢
oC i
Now let r = i;ll(l — qr) denote the number of reticulations of the profile q. Since
every RTCN with profile q displays exactly 2" ranked trees, we have
2"a(q)
Plv=n) = =5~ TQu=a}»

which concludes the proof since the factor 2"a(q)/7; does not depend on u. O

To close this section, note that to generate all RTCNs displaying a ranked tree it
suffices to apply the procedure above without the restrictions of the profile, and that
there are then 2(k — 1) + 1 possible actions at step k of the procedure. This gives us
the following proposition counting the number of RTCNs displaying a ranked tree.

Proposition 4.3.6. The number of RTCNs displaying any ranked tree T is

/-1

#r:rovy = [[2k-1) = (20-3)

k=1

Remark 4.3.7. Surprisingly, this is also the number of rooted unranked binary
trees with ¢ labeled leaves — see e.g. [9] or [13]. While it is possible to give a bijective
proof of this, we have not found a simple and visual bijection that would make this
intuitive. o

Cherries and reticulated cherries

Cherries and reticulated cherries are among the most basic statistics of tree-child
networks. In biological terms, a cherry is a pair of non-hybrid sibling species and a
reticulated cherry is a group of three extant species such that one of these species was
produced by the hybridization of the two others. These notions can be formalized
as follows.

Definition 4.4.1. An event is said to be external when

U Fout(u) C aV,
uelU

where Tyt (u) denotes the set of children of vertex u and 9V is the leaf set of N.

e A cherry is an external branching event.

o A reticulated cherry is an external reticulation event.

These notions are illustrated in Figure 4.10 o
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S

Figure 4.10: A RTCN with its only cherry (in
blue) and its two reticulated cherries (in red).

Number of cherries

In this section, we prove the first part of what was announced in the introduction
as Theorem 4.4.2.

Theorem 4.4.2 (Point (i)). Let k¢ be the number of cherries of a uniform RTCN
with £ labeled leaves. Then,

d . 1
k¢ — Poisson( 7).
{—00

The proof consists in coupling x, with a Markov chain to show that the factorial
moments of kg, that is, m} = E(ke(ke — 1) - - (kg — n + 1)), satisfy the recursion

" (—2n\? . n(l—-2n+2)
My = 7 my + -z Mo

and then using this recursion to prove that mj; — 1/4 as £ — oo for all n. We
separate each of these steps into different propositions.

Proposition 4.4.3. Let (Xy)¢>2 be the Markov chain defined by
(i) Xo=1

(ii) For £ > 2, conditional on X, =k,

2k(2k — 2
k — 2 with probability k(;;)
2k + 4k — 2k
N (02

y ) (0 —2k)(¢ —622k— 1) + 2k

{—2k
62

k+1 )

Then, for all £ > 2, Xy is distributed as the number ky of cherries of a uniform
RTCN with £ labeled leaves.
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Proof. Let us use the forward-time construction to build a nested sequence (v})¢>2
of uniform decorated RTCNs. Recall from Section 4.2.2 that to go from v} to vj,,
we choose an ordered pair (u,v) of lineages vy uniformly at random. If v = v, we
let the lineage branch; otherwise we let v and v hybridize.

Now, assume that vy has k cherries, so that there are 2k lineages that belong to
cherries (which we refer to as C-leaves) and ¢ — 2k lineages that do not (F-leaves).
Let us list all possible choices of (u,v) and see their effect on the number of cherries.

1. If the next event is a branching:

(i) If a C-leaf is chosen, the number cherries does not change. This happens
with probability 2k/¢2.

(ii) If a F-leaf is chosen, one cherry is created (probability: (¢ — 2k)/¢?).
2. If the next event is a hybridization:

(i) If the two leaves of a same cherry are chosen, that cherry is destroyed
(probability: 2k/¢?).

(ii) If two leaves of two different cherries are chosen, these two cherries are
destroyed (probability: 2k(2k — 2)/¢?).

(iii) If a C-leaf and a F-leaf are chosen, one cherry is destroyed (probability:
4k(0 — 2Kk) /%),

(iv) If two F-leaves are chosen, the number of cherries does not change (prob-
ability: (¢ —2k)(£ — 2k —1)/¢?%).

Doing the book-keeping and observing that a RTCN with 2 leaves has one cherry
concludes the proof. O

Notation 4.4.4. We denote by 2 = [[}_(x — k) the n-th falling factorial of x. o

Proposition 4.4.5. Let (Xy)¢>2 be the Markov chain defined in Proposition 4.4.3
and let m} = E(X}") denote the n-th factorial moment of X;. Then,

. (—2n\? n(l—-2n+2)
My = 7 me o M

Proof. Let p(_g), (1), P(+0) and p(41) denote the transition probabilities of X, con-
ditional on Xy, = k. Then,

B(XP, | X = k)
= (k=2)"pz) + (E=1)pry) + K poy + (k+1)%p

n ((E—=n)(k—n—1) k—n kE+1
=k< k(b —1) P(-2) T+ ——P(-1) T P0) + kn+1p(+1))

_ M (4(k—n)(k:—n—1) + 20k —n)(1 +2(¢ — 2k))

(k + 1)(¢ — 2k)
+ (E—2k:)(€—2k:—1)+2k:+k_n+1>
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After a little algebra to rearrange this last expression, we get

{ —2n\? no1 Nl +2—2n)
I e =

E(XeﬂH]Xg:/c) - k:”< e

and the proposition follows by integrating in k. O
Proposition 4.4.6.

. 30—5)¢

(1) For all ¢ 2 2, ]E(Iig) = W

i) Foralln>1, E(k)) = 1/4 as ¢ — co. As a result, kg — % Poisson(1/4).
¢ ¢
— 00

Proof. The expression for E (k) given in (i) follows from Lemma 4.B.1 and routine
calculations. To prove (ii), we proceed by induction on n. First, we see from the
expression in (i) that m} — 1/4 as £ — oo. Now pick n > 2 and assume that

m?_l — 1/4™ as ¢ — oo. By Proposition 4.4.5,
my,, = agmy + by,

where

‘ Iz ¢
Since ay # 0 for all £ > 2n + 1, and that

0 —2n\? 0 —2n +2
CLg—( n) and bg:wm”_l.

ﬁ (j—2n>2 1
- = 2
j=amt1y 7 (2n)

using Lemma 4.B.1 we get
-1 2 2
nk—2n+2) ( k _1 -1
k=2n+1

Now, as k — o0, (2’;) ~ k" /(2n)! and, by the induction hypothesis, mj ' ~ 1/471.
As a result,

nk—2n+2) [k an—l /At
k2 2n k (2n)!2

Using Lemma 4.B.2 to get an asymptotic equivalent of the sum of these terms,

R ((2n)!)2 e

T o2 g T\ e

The convergence in distribution of X, to a Poisson distribution with mean 1/4 is
then a classic result (see e.g. Theorem 2.4 in [15]). O
Number of reticulated cherries
In this section, we prove the second part of Theorem 4.4.2.
Theorem 4.4.2 (Point (ii)). Let xy be the number of reticulated cherries of a uni-
form RTCN with £ labeled leaves. Then,

1

Xe P

Y4 ARSI
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The proof is quite similar to that used in the previous section to study the number
k¢ of cherries — namely, we couple x, with a Markov chain in order to compute its
moments. The difference is that the moments of y, are not as tractable as those
of k¢. As a result, we only compute the first two moments explicitly and then use
Chebyshev’s inequality to prove the convergence in probability.

Proposition 4.4.7. Let (Xy)¢>2 be the Markov chain defined by
(i) Xo=0

(ii) For £ > 2, conditional on X, =k,

k — 1 with probability W
3k(3k—2)+ ({ —3k)({ -3k —1
X1 = qk / 1-— ( ) (22 I )
£—3k)({—3k—1
b1 (=3¢ =3k~

Then, for all £ > 1, X, has the distribution of the number of reticulated cherries of
a uniform RTCN with ¢ leaves.

Proof. As in the proof of Proposition 4.4.3, let us consider a nested sequence of
uniform decorated RTCNs (v})¢>2 produced by the forward-time construction, and
see how the number of reticulated cherries is affected when we go from v} to vy, ;.

Assuming that there are k reticulated cherries in xy, there are 3k leaves associated
with reticulated cherries (RC-leaves) and ¢ — 3k other leaves (F-leaves). Now

1. If the next event is a branching:
(i) If a F-leaf is chosen, the number of reticulated cherries does not change.
This happens with probability (¢ — 3k)/¢2.
(ii) If a RC-leaf is chosen, the corresponding reticulated cherry is destroyed
(probability: 3k/¢?).

2. If the next event is a reticulation:

(i) If two F-leaves are chosen, one reticulated cherry is created (probability:

(€ —3k)(£ — 3k —1)/¢%).
(ii) If a F-leaf and a C-leaf are chosen, one reticulated cherry is destroyed and
one is created (probability: 6k(¢ — 3k)).

(iii) If two RC-leaves are chosen:

a. If they do not belong to two different reticulated cherries, these
are destroyed and a new reticulated cherry is created (probability:
3k(3k — 3)/02).

b. If they belong to the same reticulated cherry, this reticulated cherry
is destroyed and another one is created (probability: 6k/¢2).

Doing the book-keeping and observing that a RTCN with 2 leaves has 0 reticulated
cherries yields the proposition. ]
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Proposition 4.4.8. The expected number py = E(x¢) of reticulated cherries of a
uniform RTCN with ¢ leaves g satisfies the recursion

_(6—3)2 Ll
He+1 = 7 e VS

As a result, we have py =0, us = 1/2, pg = 2/3 and, for £ > 4,

(1543 — 8502 + 1440 —T71) ¢
105 (¢ —1)(¢ — 2)(¢ — 3)

He =

Proof. Using the Markov chain of Proposition 4.4.7, we have

E(Xp | Xe=k)=Fk + P(Xppa=k+1[Xg=k) - P(Xp41 =k - 1| X, =k)

0—3\? (-1
()

and the recursion follows by integrating against the law of Xj.

The expression of u, then follows from Lemma 4.B.1 and calculations that are
better performed by a symbolic computation software such as [14]. O

Proposition 4.4.9. The variance of the number of reticulated cherries of a uniform
RTCN with £ leaves is

24 1

The proof of this proposition is exactly the same as that of Proposition 4.4.8 but
involves more complex expressions that can be found in Section 4.C of the Appendix.

Finally, the convergence in probability of x,/¢ to 1/7 follows readily from Cheby-
shev’s inequality and the fact that E(x,) ~ ¢/7 and Var(x,) = O(¥).

Random paths between the roots and the leaves

In this section, we study the length of two random paths going from the root to the
leaf set:

1. A path obtained by starting from the root and going “down” towards the
leaves, choosing each outgoing edge with equal probability whenever we reach
a tree vertex.

2. A path obtained by starting from a uniformly chosen leaf and going “up”
towards the root, choosing each incoming edge with equal probability whenever
we reach a reticulation vertex.

Definition 4.5.1. The length of a path  is its number of tree edges. o

The reason why we do not count reticulation edges when calculating the length
of a path is that, from a biological point of view, reticulation edges are supposed to
correspond to “instantaneous” hybridization events.

Before starting with the proofs, let us introduce some notation.

109



45.1

4. RANKED TREE-CHILD NETWORKS

Notation 4.5.2. We denote by

m _ Ny~ L
Hn - Z Lm
k=1

the n-th generalized harmonic number of order m. We also use the notation y =
lim, H,sl) — logn for the Euler-Mascheroni constant. o

Finally, let us recall a classic bound on the total variation distance between a
sum of independent Bernoulli variables and the corresponding Poisson distribution.

Theorem B. Let Xq,...,X, be independent Bernoulli variables with parameters
P(X; =1)=p;, and let A, = i~ pi. Then,

n n
drv (Z Xi, Poisson()\n)> < min(1,1/\,) pr ,
i=1 =1

where dpvy denotes the total variation distance.

This inequality is a consequence of the Stein-Chen method and can be found,
e.g. as Theorem 4.6 in [12].
Length of a random walk from the root to a leaf
In this section, we prove the first part of what was announced as Theorem 4.5.3 in

the introduction.

Theorem 4.5.3 (Point (i)). Let v be a uniform RTCN with { leaves, and let v*
be a random path obtained by starting from the root and following the edges of v,
choosing each of the two out-going edges of a tree vertex with equal probability and
stopping when we reach a leaf. Then,

/-1
length(1') = 3 I,
k=1

where I, ...,1I;_1 are independent Bernoulli variables with parameter
2k — 1
P(l=1) = T

In particular, letting ¢t = 2y — 72 /6, where y is the Euler-Mascheroni constant,
(i) E(length(y*)) = 2log + ¢t + o(1).
(ii) Var (length(’yi)) = 2log ¢+ O(1).

(iii) drv (length(y*), Poisson(2log + ct)) — 0.

Proof. The idea of the proof is to use the forward-time construction to build jointly
a nested sequence (1§)s2 of uniform decorated RTCNs and the random path *.
With the convention that v{ consists of a single lineage, for k > 2 let (uy, vy) denote
the pair of lineages that was chosen to turn v;_, into v} (recall that if uj = vy then
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the next event is a branching) and let zj record the position of the random walk
among the leaves of v;_;. With this notation, the length of 7+ in vy is

-1

length(’yi) = Z]l{l’kE{ukvvk}}’
k=1

where the variables 1, c(y, v,1} are independent because (rx_1,z)) is independent
of (ug,vy). Moreover, since (ug,vg) is chosen uniformly among the pairs of lineages
of v7_, and independently of xy,

2k -1

P(x € {uk,vr}) = o

which proves the first part of the proposition.

The rest of the proposition follows immediately from Theorem B since, letting
Pr = (2k - 1)/]{:2’

o B(length(v4)) =S4} pr = 2HY, — B,

. Var(length(vi)) = S k(1 — i) = 20D, — 5HE, + 48, — B,

o Yiliph= 4HE)1 - 4Hz@1 + Hz@r -
Length of a random walk from a leaf to the root

In this section, we prove the second part of Theorem 4.5.3.

Theorem 4.5.3 (Point (ii)). Let v be a uniform RTCN with ¢ leaves, and let v'
be a random path obtained by starting from a uniformly chosen leaf and following
the edges of v in reverse direction, choosing each of the two incoming edges of a
reticulation vertex with equal probability and stopping when we reach the root. Then,

l
length(y") = >~ J,
k=2

where Jo, ..., Jp are independent Bernoulli variables with parameter
3k —4
P(J.=1) = ——.

In particular, letting ¢t = 3y — 4, where y is the Fuler-Mascheroni constant,
(i) E(length(y1)) = 3logl + ¢t + o(1).
(i) Var(length(y)) = 3log/ + O(1).

(iii) drv(length(y1), Poisson(3logl + ct)) — 0.

Remark 4.5.4. Note that the random path 7' is not uniformly chosen among all
the paths going from the focal leaf to the root. o
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Proof. The proof is similar to that of the previous section, but this time the idea is
to use the backward-time construction to jointly build the RTCN v and the random
path 4T, Recall that, in the backward-time construction, for & = ¢ down to 2, we
go from k to k — 1 lineages by choosing an event uniformly at random among the
k(k —1)/2 possible coalescences and k(k —1)(k — 2)/2 possible reticulations. Out of
these, k — 1 coalescences and (k —1)(k — 2)(k — 3)/2 reticulations involve the lineage
through which 7 goes, and the choice is independent of the position of 4T. As a
result, the probability that the lineage containing ' is involved in the event that is
chosen is
E—143k—-1)(k—2)/2 3k —4

k(k—1)/2+k(k—1)(k—2)/2  k(k—-1)"

proving the first part of the proposition. The rest of the proposition then follows

Theorem B and from the fact that, letting py = k‘?i:‘i),

. E(length(fyT)> = k= SHCSI) —4+43/¢.
o Var(length(y")) = S _o pr(1 = pg) = 3H; +20 = 1TH — 7/0+1/¢2,
o St opt=—1TH® +24—10/0 + 1/¢2, 0

An alternative proof of Theorem 4.5.3

In this section, we give another proof of Theorem 4.5.3. This proof is less direct
than the previous one, but it will give another intuition as to where the Poisson
distribution, the log ¢ order of magnitude and the factors 2 and 3 come from.

Because writing down this proof formally would require introducing additional
notation, and because we already have a formal proof, we allow ourselves to present
it as a heuristic.

Let us start with v*. Slowing-down time in Proposition 4.2.13, consider the
uniform decorated RTCN with ¢ leaves v° obtained by:

1. Starting from one lineage.
2. Conditional on there being k lineages, letting:

e cach lineage branch at rate 1/k;

e cach ordered pair of lineages hybridize at rate 1/k.

3. Stopping upon reaching ¢ lineages.

Note that in this construction a branching event is viewed as the production of
a new particle by another, rather than as the splitting of a particle into two new
particles. Thus, we can consider the path 3+ obtained by always following the edge
corresponding to the lineage of the first particle, as illustrated in Figure 4.11.

From the forward-time joint construction of v° and v+, we see that the distri-
bution of v+ does not depend on which lineage it chooses to follow, as long as this
choice only depends on the past of the process. As a result,

length(y¥) 4 length(3) .
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TT

14375 26 14375 26

Figure 4.11: On the left, the path v+ and on the
right the path 5% corresponding to the lineage of
the first particle.

Now, length(3+) is simply the number of events affecting the lineage of the first
particle, and the rate at which each given lineage is affected by events is (k—1) %—k% R
2. Therefore, conditional on the time T it takes for the process to reach ¢ lineages,

length(3%) &~ Poisson(27T") .

Finally, the total number of lineages increases by 1 at rate k - % +k(k—1)- % =k
and therefore follows a Yule process (Y (t)t > 0). Since as t — oo, Y (t)e™! — W
almost surely, where W is a random variable (namely, an exponential variable with
parameter 1), we see that the random time 7' it takes for the process to reach ¢
lineages is asymptotically

T ~logl —logW .

Putting the pieces together, we see that length(++) ~ Poisson(21log ¢).

Let us now give a similar, forward-in-time construction of v where it can be
identified with the lineage of the first particle. For this, we need to “straighten” '
thanks to a set of deterministic rules telling us how to fix each bend, as illustrated
in Figure 4.12. This yields a 7° = f(v°,+") in which 37, the image of 7', is the
lineage of the first particle.

”YT X/T
1 2 1 2 f I
................... > ‘
R e )
T nl 1|
14375 26 137 45 2 6

Figure 4.12: Tllustration of the deterministic procedure used to “straighten” the path 4" in order
to make it coincide with the lineage of the first particle. Left, the local modifications that are
made each time a branching or a reticulation is encountered : these essentially consist in swapping
lineages. Right, an example of application of the procedure to a RTCN.

Having done this, length(y") = length(3") and, conditional on 7°, the length
of 31 is the number of events affecting the lineage of the first particle.
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Now, 7° has the same distribution as the decorated RTCN £° generated by the
following continuous-time Markov chain.

e Each lineage branches at rate 1/k, except for that of the first particle, which
branches at rate 2/k.

e Each ordered pair of lineages hybridizes at rate 1/k, except for pairs involving
the lineage of the first particle, which hybridize at rate 3/(2k).

This is proved by writing down explicitly the laws v° and 2°, exactly as we did in
Section 2.4 of Chapter 2 — something that requires introducing notation to give a
formal description of 7°. However, to see where the factors 2 and 3/2 for the lineage
of the first particle come from in the construction of £°, it suffices to note that when
going from k—1 to k lineages the probability that the next event involves the lineage
of the first particle is

3(k—2)+2 3k —4

3(k—2)+2+(k—2)(k—3)+(k—2) k(k—1)’

and so is indeed the same as the probability the lineage containing 4" is involved
when going from k to £ — 1 lineages in the joint backward-time construction of v°
and " given in Section 4.5.2.

In the construction of 7°, conditional on there being k lineages, events affect the
lineage of the first particle at rate 2(k — 1) - % + % ~ 3 so that letting T denote the
random time it takes for the process to reach ¢ lineages, length(y") & Poisson(37).
Finally, since the total number of lineages increases by 1 at rate k+1 when there are
k lineages, the total number of lineages is distributed as Y (£)—1, where (Y (), t > 0)
is a Yule process started from 2, so that Y (t)e™* — W 4 W’, where W and W' are
independent exponential variables with parameter 1. Therefore, T' ~ log ¢ and we
recover length(y") ~ Poisson(3log ¢).

Number of lineages in the ancestry of a leaf

Let us start by giving a formal definition of the process counting the number of
lineages in the ancestry of a leaf that was described in Section 4.1.4.

Definition and characterization of X

Definition 4.6.1. The ancestry of a vertex u of a RTCN v is the subgraph v,
consisting of all paths going from the root of v to . o

Definition 4.6.2. The number of lineages of a subgraph p of a RTCN v is the
process (Xk, 0 < k < ¢ — 2) defined by

Xy = #{e € p : the edge e is alive between Uy, and Uy41},

where Uy > --- > Uy_1 are the events of v, taken in inverse chronological order, with
the same convention as in Definition 4.3.4 that Uy = 9V o

In the rest of this section, we study the number of lineages in the ancestry of
a uniformly chosen leaf of a uniform RTCN with ¢ labeled leaves, and denote it by
X @ See Figure 4.2 in Section 4.1.4 for an illustration. We also study the embedded
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process X(© defined by X; = Xk,, where kg = 0 and, for ¢ > 1, k; = inf{k > k;_; :
Xk 7& infl}'

Let us start by characterizing the law of X (0.

Proposition 4.6.3. The process X,gé) is the Markov chain characterized by Xég) =1

and the transition probabilities:

zx(l—k—x)l—k—x—1)
(L—k)(l—Fk—1)

. P(X,ﬁ?lzxﬂ‘x,g@):x):

e P(x) =a-1]x) =2) =

e P(x0 =2 | X0 =2) =1-P(Xp =1 X" =)

Proof. The proof relies on the backward construction of a uniform RTCN and a bit
of book-keeping to see how the (k + 1)-th event, which takes us from ¢ — k lineages
to £ — k — 1 lineages, affects the number of lineages in the ancestry of a leaf. Recall
that in the backward construction there are (¢ — k)(¢ — k — 1)?/2 possibilities for
the (k + 1)-th event. Let us refer to the lineages in the ancestry of the focal leaf as
marked lineages. Conditional on X ,gé) = x, there are z marked lineages and { — k —x
unmarked lineages and thus there are:

e x(x —1)/2 possible coalescences between marked lineages. These decrease the
number of lineages by 1.

e x(x — 1)(x — 2)/2 reticulations involving only marked lineages. These also
decrease the number of lineages by 1.

o x({—k—x)({—k—x—1)/2 possible reticulations where the hybrid is a marked
lineage and the other two lineages are unmarked. These increase the number
of marked lineages by 1.

Other types of events (coalescences between two unmarked lineages, coalescences
between a marked and an unmarked lineage, etc...) leave the number of marked
lineages unchanged, as illustrated in Figure 4.13.

A At

-1 0 -+

Figure 4.13: List of all the possible types of events and their effect on the number of
marked lineages.

Since the event is chosen uniformly among all possibilities, this concludes the
proof. ]
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Simulations

In this section, we present simulations supporting the conjectures about X and
X® made in Section 4.1.4 and outline some ideas to approach these conjectures. Let
us start by looking at some individual trajectories of these processes, for increasing
values of £. As can be seen in Figure 4.14.A, most of the interesting behavior of X )
seems to happen very close to the root so that to obtain a non-degenerate scaling-

)

limit, we need to focus on a small window of time, for instance by considering X ,gg
for k= [ — M{(1—1t)] and t € [0,1].
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0 50 100 150 200 250 300 0 100 200 300 400 500 600

500 1000 1500 2000 2500

Figure 4.14: Individual trajectories of the processes described in the main text, for
different values of £. A, the process X©, B the process ¢ — L x® | and C,

VI EMVE(1—t)
the process X,

Even though the trajectories represented in Figure 4.14 seem to become smooth
as ¢ — 0o, they do not become deterministic, as made apparent by Figure 4.15, where
the distributions of some statistics of X (©) are given. In particular, these simulations

suggest that the relevant scaling limit for X is indeed - X ©)

i MVE—t)] and support

Conjecture 4.6.6.

Our current idea to approach the study of the process X is to separate it into
two phases:

1. A slow, stochastic phase, where up to time k = [£ — M+/¢| the process X lg)
remains relatively small and highly stochastic

2. A fast, deterministic phase, during which the internal dynamics of the rescaled
process become deterministic, but retain a trace of the stochasticity of the first
phase in the form of random initial conditions.

116



4.6. Number of lineages in the ancestry of a leaf

¢ =216 =219 ¢ =222
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Figure 4.15: Distribution of some statistics of X® for M = 10 and 500 trajectories.
{ {4
A, iemax{Xlg) :0< k< l—-2} B, \%ﬂ(f—argmax{X,(c) 10 < k<€—2}> and C,

1 ()
TZXI_Z—M\/ZJ

4.6.3 The stochastic phase
In this section, to avoid clutter we will sometimes drop the superscript in X ©).

Let us start by considering the process Z = (Z,0 < k < £ — 2) characterized by
Zy =1, Zk+1 — 7y € {0, 1} and
B z
A —k—-1

Comparing the transition probabilities of Z with those of X, we see that we can
couple these two processes in such a way that X < Zj, for all k. Let us now compute
the first moments of Z.

P(Zyt1=2+1|2 = z)

Proposition 4.6.4.

6 B(Z)=

0C+k+1)
-k —k+1)

(i) B(2})=

Proof. We have
1
E(Z =14+ —F7 | E(Z).
(Zi41) ( +£—k—1> (Zx)
Using that E(Zp) = 1, we get

k—1

1 12
E(Zk) = <1+—. ) = —,
1) = =%

proving (i). For (ii), we note that

E(Z% | %) = g_i’“_1+<€_2_1+1>z,§.
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Taking expectation and substituting I£(Z) by /(¢ — k), we get

‘ (ki1
B(Ztn) = o B

Multiplying both sides by (£ — k)(¢{ — k — 1),
(C=k)(C=(k+1)E(Z1) = £+ ((= (k= 1))t~ k)E(Z})

and therefore

M+ k+1)
(72) = R —k+1)

concluding the proof. O

Proposition 4.6.5. For all{ > 2 and k such that 0 < k < /{— 2,

0 2% 0
E—k+1<1_(£—k)(£—k—1)> < B < 7%

{—k
As a result, for M > 2 and all £ large enough, for all e > 0,
1 2 1 (0 1
“‘%w(“m) < E(ﬂXuMm) S
1 (0 S
so that the sequence of random wvariables \fXLE Mya) S tight and bounded away
from 0 in L.

Proof. The upper bound on E(X}) follows immediately from Xj > Z; and Propo-
sition 4.6.4. For the lower bound, let us denote by Fj = o(Xo, ..., Xk; Zo, ..., Zk)
the filtration generated by Z and X. Then,

_ Xp(l—k—Xp) (0 —k — X — 1) Xp(Xp —1)2
B(Xen | 7o) = Xet =5 " TR ko 1P

- C—R)(—k—1)—1 20—k —3

= x(1+ =R~ k1) ‘w—k)(f—k—l)?X’f)

1 272
> . k

Taking expectations,

E(Xpy1) > <1 + £1k> E(Xk) - ME(%) )

and using Proposition 4.6.4 we get

1 20+ k+1)
E(Xy41) = (1 + M) S S v e

Multiplying both side of the inequality by (£ — k), we get

20(0+ K+ 1)
(—k+1)(l—k—1)2

(l = k) E(Xp1) = (0= (k—1))E(Xy) -

and as a result,

{+1+1
C—i+1)(f—i—1)2

(= (k=1)B(X) > (+1-— %Z
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Using the fact that

C+i+1 _ O+
U—it+DH(l—i—1)2 = (-l —i—-1)(l—i—2)
and that 1
- C+i _ k
g(é—z‘)(z—i—l)(é—z’—2) U=k -k—-1)"
we get

{—k+1
Finally, to taking k = [¢ — M+/?] in these inequalities we get

l 2k
P = (- 7= )

1 2(0 — MV7) 1 1

1-— < —=E(X < —

VEIMVI+2) ( M~E(MVE - 1) Nz (i) M
where the term on the left-hand side of the inequality goes to ﬁ(l — %) as £ — oo.
Finally, the tightness follows from Markov’s inequality. O

Proposition 4.6.5 makes the following conjecture seem likely to hold.

Conjecture 4.6.6. The sequence of random variables %X[?—M\/ZJ converges in

distribution to a positive random variable Wy . o

However, we have so far been unable to prove it. The problem is that as soon as
we get in the regime k = [£ — M+0(1—1)|, Z®¥) and X©® start to differ significantly
and therefore the coupling is not so useful.

A very natural idea would be to use the backward-time construction to couple
X® and X,E;Hl), but a difficulty with this approach is that this coupling lacks

continuity in the sense that, with probability ©(¢), X Igz) and XD will differ by a
factor ©(¢) for k = [£ — MV/{].

The approach we are currently investigating consists in finding another tractable

process than Z() with which to couple X ().

The deterministic phase

Proposition 4.6.7. If Conjecture 4.6.6 holds, that is, if

1 ) d
Ve = MvE] oeg” VM >0

then, for all € such that 0 < e <1, as £ — oo,

14
(X arvia_gy LE 01 —2]) = (u(t, W), t€[0,1—€])

where = denotes convergence in distribution in the Skorokhod space and

(1-t)M
CM~(1ft)2+1

where Cyr = Wﬂ}l — 1.
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Proof. Let us write for convenience My := M V¢ and

To= 3510, £ =2~ [£— M}
Define the Markov chain (Y;(e) , t € Jy) taking values in MLE]N by
0 _ 1 5®
Yo = an X e, -

The Markov chain Y has infinitesimal mean

bO(y,t) = MKE(Yt(Jf)l/M@ _y ’ Yt(f) - y)
_ () () _
= E(XLZ—MgJ—&-tMg—&-l —yM, ‘ XLZ—MgJ—&-tMZ = ny)

yMy(l —k —yMy)(f —k —yM, —1) yMy(yM; — 1)?

(L—k)(l—Fk—1) (=Kl —k—1)2
where k = |¢ — My| + tM,. Let us show that, for any R > 0 and any € > 0,

50 (4t y(1—t —y)? Y
Wt = —a 1-1)3"

uniformly in (y,¢) € [0, R] x [0,1 —€]. Let us write

b0y 1) = yMo(l —k —yMy)( —k —yM, — 1)
v =Wl —F—1)

Y
b Oy, 1) = yM(yM; — 1)

- (L—Kk)(l—Fk—1)2
Using that £ — My < k <€ — Mp+ 1, we get

y(1—t—y—2/M,)> % y(1—t—y)?
DL S S T

As a result,

1—t—y)? 4 4
69@”>‘y&1fw5) >(lfw3<—Mfl—t—y%+A@>

4R

/’_?EE+{NUM§)
Similarly,
1—t—y)? 1—t—y)?
H&%w—wu_wﬁ <(1_$u_tfamwﬂk%ﬁ—u—pﬂﬂmﬂ
R(1+ R)? 6
< e o (o + 00).

This proves the uniform convergence of bg) (y,t). The uniform convergence of

b (y,t) is treated similarly.

Now, Y has infinitesimal variance
¢ 215t
.0 = (v 0, —0) | V0 =)

1
= 21 (w0 +06.0).,

120



4.6. Number of lineages in the ancestry of a leaf

which goes to zero uniformly in (y,t) € [0, R] x [0,1 — £]. Assuming that

1 (@) d
X (=m) et WM

the convergence of the piecewise constant interpolation of Y to the solution of the
Cauchy problem

dy _ y(l—-t—y?* ¢
dt  (1-1)3 (1—1t)3
y(0) = Wn

follows from Corollary 4.2 of [6] (see for instance Chapter 8.7 of [5] for a more
practical introduction). Note that in these references, the results are stated for time-
homogeneous Markov chains. However, they are easily adapted to time-inhomogeneous
ones by extending the state space with time in order to obtain a time-homogeneous
process.

Finally, the function given in the Proposition is then readily checked to be the
unique solution of that Cauchy problem, concluding the proof. O

To close this section, let us mention briefly that an idea to study the embedded
process X is to introduce the process S® that counts the jumps of X, Indeed,
with this process,

0 _ xv(©®
X7 =X 0

(SO)@)

As a result, if we can study the convergence
1 () )
(s onn S en) = ((2),5(0),

this would show that o
(¢ .
ﬁeXLéfMg(l—t)J = z(s” (1)),

and we might be able to take M — oo to study the convergence of %XEQJ' For the

moment however these are just ideas.
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4.A

Appendices to Chapter 4

Permutations and subexcedant sequences

In this section, we recall a few classic combinatorial results that can be used to
obtain a bijective proof Lemma 4.2.11 concerning the cycles of permutations and
encounters of subexcedant sequences. While these results are not essential to our
study, they are interesting in their own right and help get a better intuition as to
why Stirling numbers emerge in our results.

Let us start by recalling the definition of subexcedant sequences and introducing
some notation.

Definition 4.2.10. A subexcedant sequence of length n is an integer-valued sequence
s =(s1,...,8n) such that, for all k, 1 < s < k. We denote by

Fn=[[{1,... .k}
k=1

the set of subexcedant sequences of length n. For any two s and s’ € #,,, the number
of encounters of s and s’ is defined as

enc(s,s') = #{k>1:s,=s,}. o
Remark 4.A.1. In the literature, subexcedant sequences frequently refer to integer

sequences (Sp)n>1 such that 0 < s, < n — 1. They are also known as inversion
sequences. o

Notation 4.A.2. We denote by &,, the set of permutations of {1,...,n}. o
Let us now describe a bijection L: &,, — &, known as the Lehmer code. It is

based on a simple idea: to describe a permutation ¢ = o109 ---0,, it suffices to
know that:

e 01 is the i1-th element of {1,...,n}
e 09 is the io-th element of {1,...,n}\ {01}
e 0y is the ig-th element of {1,...,n} \ {o1,09,...,06-1}

e 0, is the i,-th element of {1,...,n}\ {o1,09,...,0n-1}

123



4. RANKED TREE-CHILD NETWORKS

The sequence s = iyip_1---i211 constitutes the Lehmer code L(o) € &, of 0. Let
us give a slightly more compact and formal definition.

Definition 4.A.3. The Lehmer code L(o) of a permutation o is the sequence
5182 - Sp, given by
sp=#{j<k:oj<op}. o
Note that, by definition of the Lehmer code, if s = L(o) then
sp=k <= Vj<k, o0;<oi.

that is, s = k if and only if ¢ has a left-to-right maximum at k. As a result, get
the following lemma.

Lemma 4.A.4. Let s* =12 ---ne,. For all i,
#{s € Py :enc(s,s*) =i} = #{o € &, : 0 has i left-to-right mazima} .

Let us now recall briefly why the number of permutations of {1,...,n} with ¢
left-to-right maxima is the same as the number of permutations of {1,...,n} with ¢
cycles. Observe that by:

(1) Writing permutations in canonical cycle notation, (that is, making cycles start
by their largest element and ordering them in increasing order of their largest
element).

(2) Dropping the parentheses delimiting cycles.

we obtain a bijection F' : G,, - &,, — a result known as Foata’s transition lemma.
Moreover, the largest element of each cycle of o correspond to a left-to-right maxi-
mum of F(o) and vice-versa. This proves the following lemma.

Lemma 4.A.5. For all i,
#{o € &), : 0 has i left-to-right mazima} = #{o € &, : 0 has i cycles}.
Finally, to obtain a proof of Lemma 4.2.11 it suffices to note that the number of

subexcedant sequences that have i encounters with a fixed subexcedant sequence s*
does not depend on s*.

Lemma 4.A.6. For any two s* and s € &y, for all 1,
#{s' € Sy renc(s,s*) =i} = #{s' € S, renc(s,s) =i}
Proof. For any fixed pair of subexcedant sequences s* and s, let ®(s') := s”, where
for all k
sy = 8 — s+ sp mod {1,...,k},

with ¢ mod {1,...,k} denoting the unique j € {1,...,k} such that j = i + mk for
some m € Z. This yields a bijection ® : &, — &, such if ®(s") = s” then for all k,
sy, = sy if and only if s} = sy. O

Combining all of these results proves Lemma 4.2.11:

Lemma 4.2.11. For all s € ¥, for all i,
#{s' € Sy renc(s,s') =i} = #{o € &, :0 hasi cycles}
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Lemmas used in Section 4.4

In this section, we recall the proof of two elementary lemmas that were used to study
the number of cherries and of reticulated cherries in Section 4.4.

Lemma 4.B.1. Let (ug) be a sequence satisfying the recursion
Upy1 = agug + by

and let 1 be such that V¢ > i, ay # 0. Then,

/-1
Vvl > 1, = <ul ) H ay

jz]

Proof. For k > i, since aj # 0 we have

Ugyr  up by
E T, TP’
=i &j ITj=i a; =i 4j

where the empty product is one. As a result, for all £ > ¢

Uy Zl( Ug41 Ug = b
+
- U= Z ko —1 ) = Z k )
Hj:i a; k=i

1
I1 j=i @j k=i =i aj =i Gj

and the proof is over. ]
Lemma 4.B.2. Let (vy) be such that vy ~ alP, where p > 0 and o # 0. Then,
vp ~ —— (P
Z k p+ 1

Proof. Let ey — 0 be such that vy = afP + £, ¢P. Then,

-1 /-1 {—1

ka = aka—i-ZEkkp

k=i k=i k=i
Comparison with an integral shows that S-¢_ kP ~ ¢7+1/(p + 1), so to finish the

proof we simply have to show that Zk_ er kP = o(¢P*T1). Since e, — 0, for all > 0
there exists j, such that Vk > jy, |ex| < n. Therefore,

Jn—1

< Z\skk”] + nka

k=jn

Z&‘kkp

For fixed 7, the first of these sums has a fixed number of terms and thus is bounded.
The second one is asymptotically equivalent to n#P*1/(p + 1). Thus, for all n > 0,
for ¢ large enough,

Tl <1

|Z é‘kkp

and the proof is over. ]
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Variance of y,

In this section, we prove Proposition 4.4.9 by obtaining an explicit expression for the
variance of the number y; or reticulated cherries of a uniform RTCN with ¢ labeled
leaves.

Consider the Markov chain (X/)s>2 defined in Proposition 4.4.7, and let sy =
E(X?). From the transition probabilities of X, we get

(—6\? 202 — (-3 (-1
2 _ _ 2
E(Xf—i-l‘Xé—k)—(g >k t gkt
Integrating in k, this yields
_(£—6)2 +2£2—8£—3 L -l
St =\ ) Se T T ke T

where, for £ > 4, we can substitute the expression of uy given in Proposition 4.4.8.
Rearranging a bit get that for all ¢ > 4,

<£—6>2 30 /0% — 185 ¢* + 188 43 + 746 /2 — 1649 ¢ + 843
Se+1 = S¢

A 105 (0 — 1)(¢ — 2)(¢ — 3)¢

Using Lemma 4.B.1 and a symbolic computation software, we get an explicit expres-
sion for sy, and, from there,

(59400 £° — 1618650 (5 + O(£7))¢

V) = st (- 120 =27 (= 37— 4)(. = 5)({ =)

from which Proposition 4.4.9 follows.
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5. ORIENTED PERCOLATION IN RANDOMLY ORIENTED GRAPHS

This chapter was initially supposed to be about first passage oriented percolation
on the Bernoulli site percolation cluster of the hypercube. This idea came from
Amaury Lambert, who saw it as way to model the exploration by mutants of a
“holey” genotypic landscape, where some genotypes are unviable. His idea was that
we might be able to adapt and simplify classic results of Fill and Pemantle [5], and
perhaps even a more recent results of Martinsson [8].

Unfortunately, I have so far been unable to get any significant results and this
project is still in its early stages — which is why it has not been included in this thesis.
Nevertheless, while working on these questions I started reading about oriented
percolation. In particular, I found about an article recently published in Probability,
Combinatorics and Computing by Narayanan [9], in which he proves that for any
graph whoses edges have been randomly and independently oriented, for any set of
vertices S, writing {S ~~ i} to indicate that there is an oriented path going from a
vertex s € S to vertex i, the events {S ~» ¢} and {S ~~ j} are positively correlated
for any fixed pair of vertices ¢ and j.

The surprising thing about Narayanan’s paper, which he pointed out, was that
his proof was unexpectedly complex. In particular, he had not been able to find
a proof that did not use the Ahlswede-Daykin inequality (also known as the four
functions theorem). I therefore tried to find a more elegant coupling proof, and even
though I was unable to find one I eventually realized that it was possible to prove
a much stronger result than the pairwise positive correlation of the events {S ~- i},
without resorting to the Ahlswede-Daykin inequality.

Having recently learned about the Stein-Chen method during my work on the
split-and-drift random graph (see Chapter 2), I tried to find a simple example of
randomly oriented graph in which I could use positive association to show that the
number of vertices in the oriented percolation cluster was Poissonian. If anything,
this made me experience first-hand the trade-off between dullness and intractability
that was mentioned in Section 1.2: all the models that I could conceive proved either
trivially simple, or too hard for me to study. As a testimony to my endeavours, I
have included one of these models in Section 5.3 of this chapter. While this model
clearly tends to fall on the “dull” side of the spectrum, it is not entirely trivial and
has a few interesting properties (see in particular Proposition 5.3.9).

Publication: Sections 5.1 and 5.2 of this chapter have been accepted for publica-
tion in Probability, Combinatorics and Computing under the title “Positive associa-
tion of the oriented percolation cluster in randomly oriented graphs”.
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5.1.1

5.1. Introduction

Introduction

Oriented percolation is the study of connectivity in a random oriented graph. In
most settings, one starts from a graph with a fixed orientation and then keeps each
edge with a given probability. Classical such models include the north-east lattice [3]
and the hypercube [5].

Another broad and natural class of random oriented graphs is obtained by start-
ing from a fixed graph and then orienting each edge, independently of the orienta-
tions of other edges. Note that, in the general case, the orientations of the edges
need not be unbiased: some edges can be allowed to have a higher probability to
point towards one of their ends than towards the other. Percolation on such ran-
domly oriented graphs has been studied, e.g. in [7], and more recently in [9], which
motivated this chapter.

In [9], Narayanan showed that if the edges of any fixed graph are randomly and
independently oriented, then writing {S ~ i} to indicate that there is an oriented
path going from a vertex s € S to vertex i, we have

P(S 0,8~ j) > P(S i) P(S ~ j).

The aim of this chapter is to strengthen and simplify the proof of this result. More
specifically, let V' be the vertex set of the graph. We prove that the events {S ~ i},
1 € V, are positively associated, without resorting to advanced results such as the
Ahlswede-Daykin inequality [1].

Positive association and related notions

There are many ways to formalize the idea of a positive dependence between the
random variables of a family X = (X;);c;. A straightforward, weak one is to ask
that these variables be pairwise positively correlated, i.e.

Vi,j €1, E(XiX;) > E(X:)E(X;).

A much stronger condition, due to [4], is known as positive association. In the
following definition and throughout the rest of this note, we use bold letters to
denote vectors, as in X = (X;);es, and we write X < X’ to say that X; < X/ for
all 4. Finally, a function f: Rl — R is said to be increasing when X < X! —

F(X) < f(XO).

Definition 5.1.1. The random vector X = (X;);ey is said to be positively associated
when, for all increasing functions f and g,

E(f(X)9(X)) > E(f(X))E(9(X))

whenever these expectations exist. o

Without further mention, we only consider test functions f and g for which
E(/(X)), E(g(X)) and E(f(X)g(X)) exist.

We say that the events A;, i € I, are positively associated when the corresponding
vector of indicator variables (1 4,)ics is positively associated. Similarly, a random
subset R of the fixed set I can be seen as the vector

R = (Ljicry);e; -
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5.2

5.2.1

5. ORIENTED PERCOLATION IN RANDOMLY ORIENTED GRAPHS

so that R is said to be positively associated when the events {i € R}, i € I, are.
This is equivalent to saying that for any increasing functions f and g from the power
set of I to R,

E(f(R)g(R)) > E(f(R))E(9(R)),

where f being increasing is understood to mean that ' C r = f(r’) < f(r).

Positive association is famous for the FKG theorem, which states that it is
implied by a lattice condition that can sometimes be very easy to check [6]. Another
reason why it is so useful is that it implies weaker positive dependence notions that
have to be checked in applications. One example of this is the existence of increasing
couplings and the corresponding notion of positive relation used in the Stein—Chen
method — see e.g, [2] and [10].

Notation
Let us fix some notation to be used throughout the rest of this chapter.

We study the simple graph G = (V, E). Unless explicitly specified otherwise, V'
is assumed to be finite and we denote by |V| its cardinality. The edges of G have
a random orientation that is independent of the orientations of other edges and we
write {i — j} to indicate that the edge {ij} is oriented towards j. Formally, we are
thus given a family of events ({i — j}, {ij} € E) such that {i — j} = {j — i} and
for all {ij}, {i = j} L ({k — €}, {ke} # {ij}).

Finally, for every pair of vertices i and j, we write {i ~» j} for the event that
there exists an oriented path going from ¢ to j. Similarly, for every source set S we
let {S ~~ i} =U;es{j ~ i} be the event that there is an oriented path from S to i,
and for every target set T' we let {i ~ T} = ;er{i ~ j} be the event that there
is an oriented path from ¢ to T'. If there is an ambiguity regarding which graph is
considered for these events, we will specify it with the notation {i <> 5}.

Positive association of the percolation cluster

Preliminary lemma

Lemma 5.2.1. Let I' be a finite set and let R be a positively associated random
subset of I'. Let X[, r CI' and ¢ € V, be a family of events on the same probability
space as R with the property that

i) rcr = X' CX/,VieV.
(ii) For allr C T, (X])iev is positively associated and independent of R.
For alli € V, define XZ-R by

XP .= U{rR=r}nXxj.
rCI

Then, the events XiR, 1 €V, are positively associated.
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5.2. Positive association of the percolation cluster

Proof. Let f and g be two increasing functions. We have

E(f(XM)g(X™) = 3" B(f(X)g(X ) (rr))

rCI

= B(f(X"g(X")P(R=r)
rCI

> B(fX))E(X")P(R=r),
rCI

because X" I R and X" is positively associated. Now, let u: r — E(f(X")) and
v:r — E(g(X")), so that the last sum is E(u(R)v(R)). Note that v and v are
increasing, since f and g are and, by hypothesis, ' C r = X" < X". Therefore,
by the positive association of R,

E(u(R)v(R)) = E(u(R))E(v(R)).

Finally, using again the independence of X" and R, we have E(u(R)) = E(f(X%))
and E(v(R)) = E(g(X®)), which concludes the proof. O

Main result

Theorem 5.2.2. Let G be a finite graph with vertex set V, whose edges have
been randomly and independently oriented. Then, for any source set S, the events
{S ~~ i}, i € V, are positively associated, i.e., for all increasing functions f and g
and writing X = (1{g..;})iev,

E(f(X)g(X)) = E(f(X)) E(g(X)).

Proof. Our proof uses the same induction on the number of vertices as Narayanan’s.
The difference is that we use Lemma 5.2.1 rather than the Ahlswede-Daykin in-
equality to propagate the positive dependence.

The theorem is trivial for the graph consisting of a single vertex (a family of a
single variable being always positively associated) so let us assume that it holds for
every graph with strictly less than |V| vertices. Let I" be the neighborhood of S, i.e.

F={veV\S:3se st {vs} € E}.
Then, let R be the random subset of I' defined by
R={vel:3se S st s—v}.

Observe that the events {i € R}, i € I' are independent, so that the set R is positively
associated.

Next, let H be the subgraph of G induced by V'\ S. Note that, for alli € V'\ S,

{52} ={r%).

For every fixed r C T, the family {r <> i} for i € V \ S is independent of R
because it depends only on the orientations of the edges of H, while R depends
only on the orientations of the edges of G that go from S to I' — and these two sets
of edges are disjoint. Moreover, by the induction hypothesis, the events {r & it,
i € V'\ S, are positively associated. Since for fixed sets r and r’ such that v’ C r,
{r' ~ i} = {r ~ i} for all vertices, we can apply Lemma 5.2.1 to conclude that
the events {R ~» i}, i € V'\ S, are positively associated.

To conclude the proof, note that the events {S ~» i} are certain for ¢ € S and
that the union of a family of positively associated events and of a family of certain
events is still positively related. O
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5.2.3 Corollaries

Corollary 5.2.3. Let G be a finite graph with independently oriented edges. For
any target set T, the events {i ~ T}, i € V, are positively associated.

Proof. Consider the randomly oriented graph H obtained by reversing the orienta-
tion of the edges of G, i.e. such that {i = j} = {j = 4}. Then for all i € V,

{i STy ={T % i},

and we already know from Theorem 5.2.2 that the events {T' % i}, i €V, are
positively associated. O

Corollary 5.2.4. Let G be an infinite graph with independently oriented edges.
Let f and g be increasing, non-negative functions on RY that depend only on a
finite number of coordinates (i.e. such that there exists a finite set U C V and
f:RY - [0, +00] such that f = fo @, where ¢ is the canonical surjection from RY
to RY). Then, for any source set S, letting X = (Li5i})iev,

E(f(X)g(X)) > E(f(X)) E(g(X)).

Proof. Let Gy, be an increasing sequence of finite graphs such that G = J,, G, and
forall i € V, let

X" = {s %},

—~

so that Xi(n) C Xi(nﬂ) and X; =U,, X (") Since the functions f and g are increasing,
so are the sequences f(X () and g(X(™). Thus, using Theorem 5.2.2 and monotone

convergence,

3=

E(lim £(X)g(X™)) > B(lim f(X™)) B(lim g(X™)).

Finally, if f and g depend on a finite number of events X;, then for every realization
of X we have lim,, f(X™) = f(X) and lim,, g(X™) = g(X). O

Corollary 5.2.5 (Narayanan, 2016). For any (possibly infinite) graph with inde-
pendently oriented edges, for any source set S and for any two vertices i and j,

P(S ~ 1,8~ j) = P(S~i)P(S ~ j)
Proof. Take f: (xi)kev + x; and g: (zx)rey — z; in Corollary 5.2.4. O

Corollary 5.2.6. Let G be a finite graph with independently oriented edges and
vertex set V. For any source set S, let

N= 2 Lseiy
iEV\S

denote the size of the oriented percolation cluster of G, and set A = E(N). Then,
drv (N, Poisson(\)) < min(1, A1) (Var(N) —A+2 Z P(S ~ 1)2) ,
iEeV\S

where dpvy denotes the total variation distance.
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5.3.1

5.3. Percolation from the leaves of a binary tree

Proof. This is a direct application of the Stein—Chen method to the positively related
variables 1yg..;3, 7 € V'\ S — see e.g. Theorem 4.20 in [10] (this theorem can be found
as Theorem A in Chapter 2). O

The interest of Corollary 5.2.6 is that one only needs a suitable upper bound
on Cov(lyg.;}, Lfg..j}) to show that the size of the oriented percolation cluster is
Poissonian, as illustrated in the next section.

Percolation from the leaves of a binary tree

In this section, we study percolation on the randomly oriented complete binary tree
of height n. We start by introducing this graph and some notation.

Setting and notation
The binary tree T},
Let V,, be the set of words of length at most n on the alphabet {0, 1}, i.e.

n

v, = (J{0,1}",

k=0

where {0, 1}0 is understood to represent the empty word.

A word v is said to be a successor of u when v = us, with s € {0,1}. Thus, every
word of length less than n has two successors in V,,. Similarly, every non-empty word
of V,, has exactly one predecessor. With this terminology, let

E, = {{u,v} : (u,v) € V2, v is a successor of u} .
What we call the complete binary tree of height n is the graph T,, = (V,, E,,). Let
us fix some vocabulary and notation for working with 7;,.

The leaves of T,, are the vertices of degree 1, and its root is the only vertex of
degree 2. The root will always be denoted by r.

The level of a vertex is its distance from the leaf set. Thus, the leaves are the
level-0 vertices, and the root is the only vertex of level n. We will write ¢(v) for the
level of vertex wv.

The unique path between two vertices u and v will be denoted by [u,v]. Some-
times, we will need to remove one of its ends from [u, v], in which case we will write

Ju, v] for [u,v] \ {u} and [u,v[ for [u,v] \ {v}.

Finally, there is a natural order < on the vertices of T;,, defined, e.g, by
U v <= vEu,r]

Thus ordered, (V,,,<) is a join-semilattice, i.e. we can define the join of any u and
v, denoted by u Vv v, as

wv v =inf ([u,7] N [v,r]) = sup [u, v]
These definitions are illustrated in Figure 1A.
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5. ORIENTED PERCOLATION IN RANDOMLY ORIENTED GRAPHS

Figure 5.1: A, the complete binary tree T3. The black vertices are the leaves of the tree, and r is
the root. The numbers on the right indicate the levels of the vertices. The path [u,v] between u
and v has been highlighted and u v v, the join of u and v, can be seen to be the unique vertex of
maximum level in [u,v]. B, percolation and downwards percolation on T4. Water starts from the
leaves and then flows downwards through black edges and upwards through dotted edges. It does
not reach the grayed-out portions of the tree. The percolation cluster C,, consists of both black
vertices and white vertices, while the downwards percolation cluster C}; consists of black vertices
only. Note that the leaves are excluded from both percolation clusters.

Percolation and downwards percolation on T,

Let every edge of T}, be oriented towards the root with probability p and towards
the leaf set with probability 1 — p, independently of the other edges.

In this application, the source set L will be the leaf set of T},. In other words,
we pump water into the leaves of T;, and let it flow through those edges whose
orientation matches that of the flow, as depicted in Figure 1B. For any vertex v,
write

X’U:{LWU}7

for the event that the water reaches v, and
" = P(X,), where k= ((v)

for the probability of this event. In the special case where v = r is the root, we use
the notation

Finally, let
Ch,={veVp,\L:X,}

denote the percolation cluster.

As will become clear, this percolation model is closely related to a simpler one
where, in addition to respecting the orientation of edges, water is constrained to
flow towards increasing levels of the tree. If we think of the root of T;, as its bottom
and of the leaves as its top, then water runs down from the leaves, traveling through
downwards-oriented edges; hence we refer to this second model as downwards per-
colation. Again, this is represented in Figure 1B.

Let us write Y, for the event that that vertex v gets wet in downwards percolation,
and let

C’}Z:{veVn\Liyv}
be the downwards-percolation cluster.
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How are percolation and downwards percolation related? First, it follows directly
from the definition that Y, C X,. Second, note that

Y;":X’r

because every path from the leaf set to r is downwards-oriented. Furthermore,
letting T, ﬁv) denote the subtree of T, induced by v and the vertices that are above
it, then the randomly oriented trees Tr(fv) and Tj(,) have the same law. As a result,
for all v € V,,,

P(Yy) = pow) »
from which the next proposition follows.

Proposition 5.3.1. Let |Ct| be the number of wet vertices (not counting the leaves)
in the downwards-percolation model on T,,. We have

E(lcH) = 32" o
k=1

General results
Percolation threshold

If the probability p that an edge is oriented towards the root is sufficiently small,
the probability p, of the root getting wet will go to zero as n goes to infinity. Define
the percolation threshold as

0. =sup{p: pn — 0}.

Proposition 5.3.2. The probability p, of the root of T,, getting wet in either per-
colation model satisfies the following recurrence:

prt1 = 2ppn — (ppn)?,  with po = 1.
The percolation threshold is therefore 6, = 1/2 and
(i) p<b. = pp—0.

(i) p>0. = pn— (2p—1)/p° > 0.

Proof. First, note that
Y,=Yon{0—=rhu¥ in{l —=r}),

where 1 and 0 are the two successors of the root r. These four events are independent
and we have P(0 - r) = P(1 - r) = p and P(Yy) = P(Y1) = pn—1, whence the
recurrence relation.

Now, let f,: x ~ 2pz — (px)?, so that ppi1 = fp(pn). For p < 1/2, the only
solution to the equation f,(z) =2 in [0,1] is = 0, and fy(z) < z forall 0 < z < 1.

This proves (i). For p > 1/2, the equation f,(z) = x has a non-zero solution
a = (2p—1)/p? in [0,1]. Finally, f,(z) > = for 0 < z < «a and fy(z) < x for
a <z < 1, proving (ii). O

Remark 5.3.3. Another way to obtain Proposition 5.3.2 is to note that the ex-
istence of an open path from the leaf set of T, to its root is equivalent to the
existence of a path of length n starting from the root of a Galton—Watson tree with
Binomial(2, p) offspring distribution, i.e. to its non-extinction after n generations. In
the limit as n — oo, the probability of non-extinction is strictly positive if and only
if the expected number of offspring is greater than 1 —i.e., in our case, 2p > 1. ©
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Expected size of the percolation cluster

Let us clarify the relation between percolation and downwards percolation by ex-
(n)

pressing the probability 7, that a vertex gets wet in (bidirectional) percolation as
a function of pg, ..., pn.

Proposition 5.3.4. Let TFI(Cn) =P(X,), where {(v) = k. We have

( ) (n)

=pr+ (1 —pr)ay’,
where
(n ) n—1—k i—1
o, p)p >, (1 =) prri [[(1 = pois)
=0 7=0

is the probability that water reaches v “from below” and py is the probability that it
reaches it “from above”.

(n)

Remark 5.3.5. To make sense of the expression of a;, 7, it can also be written as

n—k

o =3"P(M=k+i), withP(M=k+i)=(1- pPk+z1H = PPh+)-
=1

In this expression, M is the level of the highest (that is, minimal with respect to <)
vertex u € |v, r| such that Y,,N{u ~» v} (with M = +oc if there is no such vertex). ¢

Proof. Water can reach v from above (i.e. coming from one of its successors) or from
below (coming from its predecessor). These two events are independent, because
they depend on what happens in disjoint regions of T;,.

Water reaches v from above if and only if v gets wet in downwards percolation.
To reach v from below, water had to travel through a portion of the path [v,r] from
v to the root. To enter this portion of the path, it had to reach at least one vertex,
say u, from above. Let ¢(u) be the successor of u that does not belong to [v,r]. The
water had to get to ¢(u) from above, flow to u, and from here to v.

This reasoning, which is illustrated in Figure 2A, leads us to rewrite X, as
X, =Y, U U (Y‘p(u) N{o(u) = u} N {u~ U})
u€|v,r]

In order to compute the probability of this event, we rewrite it as the disjoint union

Xo=v U U (mmff;mmwv}),

u€lv,r] wEv,uf

where N
Yo =Y, N{e(z) = x}.

Next, we note that the factors of each term of the union over u € Jv,r| are inde-
pendent, because they are determined by the orientations of disjoint sets of edges:
Y, depends only on the orientations of the edges of T}ﬁv); each Y, of those of the
edges of 759 and of {z,p(z)}; and {u ~» v} of the edges of [u,v]. Using that
P(Yy) = pe(oy, P (}733) = PPu)—1 and P(u ~ v) = (1 —p)#u?) and replacing the sum
on the vertices of Ju, r] by a sum on their levels, we get the desired expression. [
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Tr(ﬁv) T7(1<‘P(T)) ?u
¥ _ -
v . UO\N Yw Yv
N P
{
RS

Figure 5.2: A, the notations used in the proof of Proposition 5.3.4. Water can reach
v from above, i.e. traveling through TT([“<U), or from below, coming from some vertex
u € Ju,r]. B, the notations used in the proof of Proposition 5.3.8. The arrows
represent possible entry points for the water, and the 177 the associated events, i.e.,
Y, is the event that x receives water from the corresponding arrow.

From Proposition 5.3.4, we get the following expression for the expected size of
the percolation cluster:

Proposition 5.3.6. Let |C),| be the number of wet vertices, not counting the leaves,
in the (bidirectional) percolation model on T,,. Then,

B(Cn) = 322" (e + (1= pr) o)
k=1

where a;n) 1s defined in Proposition 5.5.).

Using a similar reasoning, it is also possible to express P(X,X,) — and from
there Var(|C,|) — as a function of p and p1,...,p, only. However, the resulting
expression is rather complicated, and thus of little interest. We will therefore only
give the asymptotic estimates that are needed to apply Theorem 5.2.2.

Badly-subcritical regime

In this section, we focus on what happens when p = p,, is allowed to depend on n and
made to go to zero as n goes to infinity. We are therefore in a “badly-subcritical”
regime, where only a negligible fraction of the vertices are going to get wet.

Note that the results of the previous sections still hold, provided that px is
understood to depend on n as the solution of

Pr+1 = 2Pnpr — Pupr)®,  po=1.

To avoid clutter, the dependence in n will remain implicit and we will keep the
notation py.

Asymptotic cluster size and maximum depth
Proposition 5.3.7. When p, — 0, then as n — oo,

o ~ (2p0)F

where the convergence is uniform in k.
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Proof. Clearly,

Plugging this first inequality into the recurrence relation for px, we get

Pt = (200 — P (200)%) p1
from which it follows that
k—1
o> Cpa) T (1- B o))
2:0

Let us show that

i=1

k
n = H(l - (2pn)z)

has a lower bound that goes to 1 uniformly in k as n — oco. For all k > 1

o(11) >

Now,
Zlog(l — (2pn) )
=1 i=1j=1
and
(0] o o )
ij (2pn)*
Y Yemy = -y e s
i—1j=1 = 1—(2pn)
so that P( ) >

2pn

e (1—2pn)? (Qpn)

which terminates the proof.

Zlog(l — (2pn)* ) .

< e < (2pa)F,

Proposition 5.3.8. When p, — 0, then as n — o0,

E(Cal) ~ E(ICH) ~ 2"pa.

(n)

Proof. From the expression of a,

n—1—k

a,ﬁ") < P Y Prri-

But since pr4; < (2pn)ipk7

a,&n) <

Pn Pk
1—2p,

given in Proposition 5.3.4,

=33 @)Y = =0 (2pa)Y

> exp(—2pn/(1 — 2p,)?). Putting the pieces together,

Using this in Propositions 5.3.1 and 5.3.6, we see that for n large enough,

E(’Cn‘) < (1 + . _pn
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5.3. Percolation from the leaves of a binary tree

Next, using again that pp < (2p,)* 1p1,

n

n
27171/)1 < Z 2nfkpk < 2n71p1 prlfl
k=1 k=1

Since the sum in right-hand side is bounded above by 1/(1— p,,) and since p; ~ 2py,,
this finishes the proof. O

Proposition 5.3.8 shows that, in the badly-subcritical regime, the overwhelming
majority of wet vertices are level-1 vertices. It is therefore natural to wonder: how
deep does water go?

Proposition 5.3.9. Let ﬁﬁﬁﬁx be the mazximum level reached by water, and let

_ log(2)n
log(1/pn)

If pp, — 0, then letting |x] = |x 4+ 1/2] denote the nearest integer to x,
P (60 = Lrn] = Lor [£a]) = 1

as n — oo. In particular,

o Ifp, =n"%, then k, = cn/log(n), with ¢ =log(2)/a.

—

o Ifp, =" 1<vy<2, then/in—}ggg

~

Proposition 5.3.9 shows that the maximum level reached by water is remarkably
deterministic in the limit as n goes to infinity, independently of the speed of conver-
gence of p, to zero. It also shows that, even in the badly-subcritical regime, water
can go infinitely deep — even though these depths will always represent a negligible
fraction of the total height of T,.

Before jumping to the proof, let us give a simple heuristic. Let
By = Card{v € C} : (v) = k}

be the number of level-k vertices that get wet in downwards-percolation. Using
Proposition 5.3.7, we see that

E(B{") = 2" % ~ (pa)t2".

If k£ is such that this expectation goes to zero, then the probability that this level will
(n)

be reached by water will go to zero and k will be a lower bound on #max. Conversely,

if this expectation goes to infinity then it seems reasonable to expect that B,in) >1

with high probability, in which case we would have zﬁr’{ﬁx > k.

Proof. Let L be the set of level-k vertices. The event that water does not reach

level k is
{th <k} = N v,
veLy

Since each Y, depends only on Tr(ﬁv)

]P(ﬁl(na)ux < k) =(1-p)* "

, these events are independent and we have
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5. ORIENTED PERCOLATION IN RANDOMLY ORIENTED GRAPHS

Whether this expression goes to 0 or to 1 is determined by whether p,2"~ % goes
to 400 or to 0, respectively. Now let k£ = k,, depend on n. By Proposition 5.3.7, we
have

P, 2"~ (pn)tn 2"
Again, whether this quantity goes to +o00 or to 0 depends on whether
wy, = log(pn) kn + log(2) n

log(2)n
log(1/pn)

goes to +00 or to —oo, respectively. Setting k, = , we see that:

(i) If there exists n > 0 such that k,, < x,, — n for all n, then w,, — +o0c and as a
result IP(EI(IQX > k‘) — 1.

(ii) If there exists n > 0 such that k, > k, + n for all n, then w, — —oco and as a
result P (EEQQX < k) —1.

Finally, we note that

o |kp| — 1< Ky —1/2. By (i), this shows that IP(KI(IZQX > |kn] — 1) — 1.
e |kn] + 1> Ky +1/2. By (ii), this shows that IP(&(IQX < |knl| + 1) — 1.

As a result,
P(Ln] =1 <60 < [kal) = 1,

ma.

and the proof is complete. O

Second moments and main result

We have seen in the previous section that level-1 vertices account for a fraction 1
of the expected size of both percolation clusters. But do they also account for a
fraction 1 of the variances?

For downwards percolation, it is not hard to convince oneself that it is. Indeed,
the number B§”) of wet vertices of level 1 is a binomial variable with parameters p;
and 2", From here, if we neglect “collision” events, where a vertex receives water
from both vertices immediately above it, then the downwards percolation cluster

resembles Bgn) independent paths with geometric lengths, that is,

Bgn)
|G| ~ Z Ti, where 7; ~ Geometric(1l — py,) .
i=1

Since Var(r;) ~ pn, by a simple application of the law of total variance we find that

Var(\C}l\) R~ Var(B%n)) ~ pp 2.

For bidirectional percolation however, things are not so obvious because there
is a very strong feedback from higher-level vertices to lower-level ones: if vertex v
gets wet, water will flow up from it to most vertices of Tr(fv) that are not already
wet. Thus, every rare event where water reaches a vertex of level k£ will results in
approximately 2¥ additional vertices getting wet — which it seems could increase the
variance of |C),|. However we will see that this is not the case.
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5.3. Percolation from the leaves of a binary tree

Proposition 5.3.10. In the regime p, — 0,

(i) Ifu < v then Cov(X,, X,) < 775( ))

(ii) Otherwise, Cov(Xy, Xy) < d(u,v)pgiuyv)-

As a result, Var(|Cy|) ~ 2" p,, and Var(|Cy,|) — E(|Cy|) = O(2" p2).

Proof. Point (i) is clear, since
Cov(Xu, Xo) < P(Xy N X,) < min{P(X,), P(X,)} = mi()) .

As a side note, this upper bound on P (X, N X,) is not as crude as it may seem.
Indeed, X, N{v ~» u} C X, N X, and is it not hard to check that P (X, N{v ~ u})

is greater than (1 — pn)d(“’v),ﬂ)z(fu)ﬂ ~ 77%3)/2-

To prove (ii), let us show that
IP(Xu N Xv) < 7‘—1&”)”1(;”) + d(u7 v)pf(uvv) :

As in the proof of Proposition 5.3.4, we start by re-expressing X,. For every w €
Ju, v, let p(w) be the successor of w that does not belong to [u,v], and for every
z € Juvu,r], let 1(z) be the successor of z that does not belong to [uvwv,r|. Then,
for every w € [u,v], define Y, by

Y if w=worw=nv.
Y, = U Yo n{(z) = 2} n{z ~uve} ifw=uvo.

z€Jluv v, r}

Yow) N {p(w) = w} otherwise.

These definitions are illustrated in Figure 2B. Note that ?uw is simply the event
that u v v receives water “from below”. Thus, using the notation of Proposition 5.3.4,
we have

P(Yuvo) = i)

For both s = v and s = v we have

Again, we rewrite this as the disjoint union
U 2.,
wE[u,v]

where N _
= ((Y5) Yy N {w~ s}.

z€[s,w|

Next, we note that for any vertices z and y in [u, v],
o If [u,z] N [y,v] = @, then Z}} I Z.
o If [u,z] N [y,v] = {w}, then Z3 N Z, = Yo N {w ~ u} N {w ~ v}

e Otherwise, Z3' N Z) = ?.
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5. ORIENTED PERCOLATION IN RANDOMLY ORIENTED GRAPHS

As a result,

x.nx,= | U zinz

z€[u,v] yElu,v]
= U QUZ:;HZ;;) y <Z;mzz>)
z€[u,v] \YE|z,v]
It follows that
P(Xy Xo) = Y. Y PZOP(Z) +P(YVe,z~ uw,z~v),
z€[u,v] y€lz,v)
To bound this sum, first note that

S Y Pmrz) < Y Y PzyP(Zy) = arim.

z€[u,v] y€lz,v) x€u,v] y€u,v]

Next, Y, and {z ~> u,z ~» v} are independent and, writing m(z) = d(z,uvv) for
the number of downwards-oriented edges in the unique configuration of the edges of
[u,v] such that {z ~ u,x ~> v},

P(x ~ u,z ~ q)) = p:’;(x)(l — pn)d(u,v)—m(x)
while
aé@vv) fxz=uvov
IP(YQ)Z Pe(z) fr=uwvorxz=v

Dn Pe(z)—1 Otherwise.
Since for = € [u,v|, {(x) = {(uvv) —m(z), and that
—k —k
Pe(uvv)—k (2pn) Pe(uvv) < Dn Peluvo) s

we see that for every = € [u,v], x # uvv,
P(?xvx Uy L U) < Pe(uvv) s

while for z = u v v we already know from Proposition 5.3.8 and its proof that

OJZZVU) < Pn Pe(uvo) -

Discarding this negligible last contribution and summing these inequalities over the
d(u,v) vertices of [u,v]\ {uvv}, we find that

Z P(?x,mwu,xwv) < d(uav)pf(u\/v)a

z€(u,v]
which complete the proof of (ii).

Now let us show that Var(|C,|) < E(|Cy|) + O(2"p2). For w € |v,7], let p(w)
denote the successor of w that does not belong to [v,r]. We decompose Var(|C,,])
into

Var(Cal) = 37 | D Cov(X, Xu) + > (Cov(Xy, Xu) + Y Cov(X,, X,))

V€T \ uersY we]v,r] peT(<ew)
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5.3. Percolation from the leaves of a binary tree

where it is understood that the sums exclude leaves. Using (i), we see that

> Cov(Xy, Xy) < (20— 1) 7))

uET,(fU)

Similarly, using (ii) we have

> Cov(Xy, Xi) < Y (d(v,w) + d(w, 2)) pou)

e (<200 ser (<P
< (2" 1) (d(v, w) + L(w) — 1) Pe(w) -

Since Cov(X,, Xy) < 7722), which is asymptotically equivalent to py(,), we have

Cov(Xy, Xu) + Y Cov(Xy, Xz) < (U(w) + d(v,w)) 2°) pyqyy)

xeT}z#v(w))

Replacing the sum on w by a sum on its level and letting k denote the level of v, we
get, for every € > 0,

n—=k
> (Cov(Xy, Xu) + - Cov(Xy, X,)) < 3 (k +2i) 2 pg
wev,r] e (5e@) i=1
" n—=k n—k
< 2Fpy, (k > pn)' +2) i(4pn)z>
=1 =1

< (L+e)py (k+2) 2"

Putting the pieces together, we find that

Var(|Col) < S"207F@F — D) ml™ + (1+2)pn 32" 2 (k +2) pi -
k=1 k=1
The first sum is

n

Sk - = B(C) + S 2n k@ — 1) £
k=1 k=1

where

N

SoorNhl o <o 3 gl = 0@2pl),
k=1 h=2

since W,(Cn) < (1 +¢)pr and pp < (2pn)*. Finally, the second sum is also clearly

O(2" p2), and the proof is complete. O
With Proposition 5.3.10, Theorem 5.2.2 makes the following result immediate.

Proposition 5.3.11. In the regime p, — 0, we have
drv (|Crl, Poisson(2"p,)) = O(pn)

where dpy denotes the total variation distance.

Proof. The proposition is a direct application of the Stein—Chen method to the
positively related variables X, v € Tj,. O
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CHAPTER 6

The equivocal “mean age of
parents at birth”

Photo credit: Marc Manceau.
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6. THE EQUIVOCAL “MEAN AGE OF PARENTS AT BIRTH”

As mentioned in Section 1.3, this Chapter is not related to random graphs, and
was not originally meant to be part of this thesis. It began after I met Mauricio
Gonzalez-Forero to talk about his work on the definition of species [13] and talk
about the split-and-drift random graph presented in Chapter 2.

Because we both shared an interest in structured populations, we also discussed
Mauricio’s current work on the subject and he showed me some of his calculations.
Intriguingly, the “mean age at reproduction” he had computed also corresponded
to the mean age at death in the population. However, the problem did not come
from Mauricio’s calculations, but from the formula he had used. This was very
surprising, because this well-known formula has been the standard for decades. So
even though the problem with the formula itself was simple enough — it approximates
the expectation of a ratio by the ratio of expectations — the fact that it could lead
to incoherencies in practice was somewhat worrying.

I therefore derived formulas for a measure of the mean age at reproduction that
was more conform to the intuition and compared this measure with the classic one,
both on theoretical examples and in real-world models. The results were quite sur-
prising, as the margin by which the classic measure was off was more often significant
than not.

From a mathematical point of view, this work consists mostly of straightforward
calculations involving Poisson point processes and is admittedly not very exciting.
Its interest comes from the fact that it sheds a new light on one of the most ba-
sic measures used by biologists in a variety of concrete applications, ranging from
conservation studies to the theoretical study of evolution.

Publication: This chapter has been published, in a slightly different format, in
The American Naturalist under the title “The equivocal mean age of parents in a
cohort” [1].
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6.1

6.1. Introduction

Introduction

The mean age at reproduction is a central notion in the study of the evolution of
reproductive timing and of the slow-fast continuum. It also plays an important role
in demography. However, as with many descriptors of populations, it is not clear
how it should be defined — let alone quantified in practice. A standard measure of it
is the mean age of parents of offspring produced by a cohort, also frequently referred
to as the cohort generation time. To obtain it, consider all offspring produced by a
cohort of newborns over its lifetime; for each of these offspring, record the age that
their parents (mother, in the case of a female-based model) had when the offspring
was born; finally, take the average of these ages.

It is straightforward to compute this quantity from complete census data. In
practice however, it is usually estimated from life-tables using the following formula:

_Jy T tm(e) £(t) dt
MU R ) ety de

In this expression, the survivorship function £ gives the probability that an individual
of the chosen cohort reaches age t, and the age-specific fertility m represents its rate
of offspring production in such a way that, assuming the individual remains alive
between ages a and b, the expected number of offspring it will produce in that
interval of time is | ; m(t) dt. There is also a discrete-time version of formula (6.1):

(6.1)

Zt tlymy
thof Lymy ’

where ¢, is the probability that an individual survives to age t and m; is the expected
number of offspring produced at age ¢ by individuals who reach that age.

= (6.2)

Formulas (6.1) and (6.2) go back a long way and are ubiquitous in the literature.
They have been popularized by classic references such as [16] and [4] in demography,
and [3] and [2] in biology. They can also be found in more recent works of reference,
including [15], [21] and [18].

A consensus interpretation of u; is that it represents the mean age at which
a typical parent produces offspring. The aim of this chapter is to show that this
interpretation is inaccurate and can be problematic in practice. To do so, I introduce
a more direct measure of the mean age at reproduction of a typical parent. Consider
a typical parent, and compute the average of the ages at which it gives birth to its
offspring. The expected value of this average is what we term the mean age at
reproduction. Under standard assumptions, it is given by

where f denotes the probability density function of the lifespan of an individual and

the constant oo )
c = / (1 —e o m<3>d5> Ft)dt (6.4)
0

is the fraction of individuals that produce offspring during their lifetime. As with
11, there is a discrete-time formula for 7:

t
Z ZS 15Ms <1 -1 ems> P, (6.5)
s=1

i1 =1Ms
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where p; = ¢y — {1 is the probability mass function of the lifespans of individuals

and
t
c = Z(l — H €_ms> Pt - (66)
s=1

t>1

Using the expressions of p; and of 7, we show that these two quantities can
differ greatly, even in the most simple models. We also prove that p; is always
greater than 7, and that the difference between the two can be arbitrarily large.
Finally, comparing the two measures numerically for 3871 real-world models from
the COMPADRE and COMADRE databases [7, 6], we obtain an average discrepancy
of 20.6% and find than in one model out of four they differ by more than 30%.

Derivation and interpretation of the expressions of ;; and 7

In this section, we give a rigorous interpretation of the quantities p; and 7. Our
first step will be to lay out our assumptions about the dynamics of the population.
This is rarely done formally in the sources presenting 1, which might explain why
there has been some confusion about its interpretation.

An explicit model for the population

The setting that we use is that of a Crump-Mode-Jagers process [8, 9, 14], where
the population consists of a discrete set of individuals such that:

(i) Each individual ¢ has a random lifespan 7; with distribution v and which is
independent of everything else.

(ii) Individual i produces a new offspring at age ¢ for every point of P; at ¢ such
that ¢ < T;, where P; is a point process with intensity m on [0, +oo[ that is
independent of everything else.

Note that the point processes P; are not homogeneous (m is a function of the age of
individuals) and that they do not have to be simple (an individual can give birth to
several offspring simultaneously). For mathematical tractability however, it is often
convenient to work with Poisson point processes (a brief introduction to Poisson
point process can be found in Section 6.A of the Appendix). While the assumption
that P; are Poisson point processes is not needed in the study of up, it will be
required to derive explicit formulas for 7.

In this setting, the definition and interpretation of the survivorship function and
of the age-specific fertility are straightforward. The survivorship is defined by '

(t)y = P(T; > t) = v([t,+00]) .

Working with the measure v is convenient because it makes it possible to treat the
case where T; is a continuous random variable and the case where it is a discrete
random variable simultaneously. However, in many applications T; will have a den-
sity f. Thus, we will do most of our calculations with v but express our final results
in terms of f or ¢, as in formulas (6.1) and (6.3).

! In probability theory and statistics, the survival function almost invariably refers to the com-
plementary cumulative distribution function of T3, t — IP(T; > t). Here, however, we will stick to
the convention used in biology.
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6.2. Derivation and interpretation of the expressions of p and 7

The age-specific fertility is the function m. If we denote by M;(a,b) the integer-
valued random variable corresponding to the number of offspring produced by i
between ages a and b, then assuming that b < T; we have, as expected,

b
B(Mi(a,b) = [ mit)dt,

Obviously, the framework of Crump-Mode-Jagers processes has some serious
restrictions. For instance, it assumes that individuals are independent and thus
excludes any kind of density dependence. Similarly, the (optional) assumption that
individuals reproduce at rate m is constraining, and in particular implies that they
cannot produce several offspring simultaneously. Nevertheless, this framework is
close to the minimal setting containing all the ingredients needed to define most
descriptors of populations, whilst being simple enough to remain tractable and make
it possible to derive explicit formulas for these descriptors. Moreover, the hypotheses
above correspond quite well to the assumptions that are made, typically implicitly,
to obtain the classic expressions of many of descriptors of populations.

Finally, to obtain discrete-time equivalents of formulas (6.1) and (6.3) we will
need to consider the following version of the model, which allows simultaneous births:
we keep assumption (i) under the extra hypothesis that the lifespan 7; is an integer-
valued random variable, and we replace (ii) by the assumption that at each age
t=1,...,T;, individual ¢ gives birth to Mt(i) new individuals. Again, this corre-
sponds quite well to the usual hypotheses on which many classic formulas rely.

The mean age of parents of offspring produced by a cohort

We now give a rigorous interpretation of the quantity p; given by formulas (6.1)
and (6.2). As we will see, this interpretation is more subtle than what is usually
assumed. This is because p1 does not correspond to the expected value of the average
of the ages of the parents of the offspring produced by a cohort, but only to the limit
of this average when the size of this cohort goes to infinity.

Let C denote a cohort, that is, a set of n individuals considered from the time of
their birth to the time of their death. Let T; be the lifespan of individual 7, and P; be
the set of ages at which it produces offspring. Note that in our setting, conditional
on T;, P; is a point process with intensity m on [0, T;].

The average of the ages of the parents of the offspring produced by the cohort

over its lifetime is
Ze = ZZEC ZtGPi t _ ZiEC Si

Ziec ZtePi 1 ZieC N; ’

where N; = >, p 1 is the number of offspring produced by individual i, and S; =
> tep, t is the sum of the ages at which it produces them. Note that Z¢ is well-
defined only when > ;.- IV; > 0, but that this happens with probability arbitrarily
close to one for a large enough cohort.

As we have already seen, the expected number of offspring produced by an
individual ¢ whose lifespan is T; = t is

/Otm(s)ds.

This quantity can be thought of as “IE(N; | T; = t)”, even though this interpretation
is subject to some caution. At any rate, it follows that

B(N;) = /0+°° (/Ot m(s) ds> du(t) .
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Moreover, using Fubini’s theorem,

/O+oo (/Ot m(s) ds) dv(t) = 0+Oom(s) (/:mdy(t))ds'

Using that [, ;roo dv(t) = £(s), we get the well-known expression for Ry, the mean
number of offspring produced by an individual during its lifetime:

Ro = E(N;) — /0 T () 0(t) dt

Using Campbell’s formula (equation (6.11) in Appendix 6.A) and the exact same
reasoning, we can express the mean sum of the ages at which an individual produces

offspring as .
E(S;) — / Em(t) () dt
0

Now let N (resp. S) denote a random variable that has the common distribution
of the variables N; (resp. S;). Then, as pointed out in most sources presenting the

measure (1, we have
E(S)

LSRG
This however does not establish a link between p; and Z¢, the average age of the
parents of offspring produced by the cohort. To see how these two quantities are
related, observe that since the variables N; (resp. S;) are independent, if we denote
by n = Card(C) the size of the cohort then by the law of large numbers, as n — +oo,

fggjv —— E(N) and Z;S —— B(9).

As a result,

1
n ZiGC Sl a.s.

Ze = 1 Hr -
7 2iec Nio notoo

Importantly, note that p; is not the expected value of S;/N; or of Z¢. In fact, the
expected value of S;/N; (conditional on this variable being well-defined) is precisely
what we call the mean age at reproduction. We explain how to compute it in the
next section.

The mean age at reproduction

Recall that we would like the mean age at reproduction 7 to represent the mean age
at which a typical parent produces offspring. Formally, assuming that individual ¢
has some offspring, the average age at which it produces them is

7275
Z1;eP

where, as before, N; is the total number of offspring produced by ¢ and P; is the set
of ages at which it produces them. We thus define the mean age at reproduction as

).

which, given our assumptions, does not depend on ¢ or on the composition of the
population.

T:E(Xi
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6.2. Derivation and interpretation of the expressions of p and 7

Note that if I is a “typical parent”, i.e. is sampled uniformly among the individ-
uals that produce offspring during their lifetime, we have

)=B(%).

Moreover, letting T' denote the lifespan of I, X is the average of a point process
with intensity m on [0,7]. As explained in Section 6.A of the Appendix, in the case
of a Poisson point process, the expected value of this average is simply the expected

E (Xi

value of a random point of [0, T] with density t — m(t)/ [ m(s) ds. The remarkable
fact that it does not depend on the value of N, is a consequence of the absence of
internal structure of Poisson point processes. From this, we get

o~ Tsms ds
o Gz

As a result,
+00 d
Ty T CL

S

where 7 is the law of the lifespan T of I. Note that it is different from v, the
lifespan of a fixed individual, because conditioning on the fact that an individual
produces offspring biases its lifespan; for instance, if — as frequently the case in real
applications — there exists an age « such that m(t) = 0 for ¢t < «, then individuals
that produce offspring all live longer than «, whereas it is not necessarily the case
for other individuals.

The last thing that we need to do in order to get an explicit formula for 7 is thus
to determine 7. For this, note that

P(T<t> =P(T; <t|N; > 0)
P(T; < t,N; > 0)
IP(Ni>0)

Conditioning on T;, using the void probabilities of Poisson point processes for the
probability that an individual with lifetime s produces some offspring, and finally
integrating against v, we get

t s
]P(E <t,NZ >O):/ (1—6_f0 m(T)dT> dV(S)
0
As a result,

di(t) = 1(1—e—f5 m<8>d8> dv(t),

C

where the constant ¢ = P(N; > 0) is given by

c = /04-00 (1 —e Jom(s) ds) dv(t).

Note that, by integrating by parts and using that ¢(¢) — 0 as t — +o0, we can also
express ¢ directly in terms of £ and m as

+oo t
¢ — / e~ Jo ™ ds ) 0ty dt
0
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Putting the pieces together in the case where T; has a density f, we get formula (6.3):
+oo [t
= 1/ M (1 —e Jo mi(s) dS) F(t)dt.
¢ Jo Jom(s)ds

Note that neither the biological interpretation of 7 nor the derivation of its expression
depend on the assumption that individuals are independent.

Sometimes, especially when studying evolution, one is interested in the average
of a function z of the ages at which a parent produces offspring, rather than in the
average of the ages themselves.” In that case, letting A be uniformly chosen among
the ages at which a typical parent produces offspring, for every function z,

_ L o) mis)ds (1 frings)as
B=(4) = c/o Of(fm(s)ds (1 ) )ﬂt)dt?

with the constant ¢ given in equation (6.4). This is proved by working with

- 1
W, = — Z z(t)
Ni tep;

instead of X;, and using equation (6.10) instead of equation (6.9) to get

B (| T) = & =(s) mls) ds

fOT m(s)ds

Finally, the justification of the expression of 7 for discrete age structures can
be found in Section 6.B of the Appendix. It essentially consists in approaching
the discrete-time model with the continuous-time one by choosing appropriate age-
specific fertilities, and relies on the assumption that the number of offspring pro-
duced each year by each individual follows a Poisson distribution. It should also
be pointed out that, because in the discrete-time setting individuals can produce
several offspring simultaneously, there are two possibilities to define the average age
at offspring production: counting all births equally, or weighting them by the num-
ber of offspring produced. Formula (6.5) is obtained by weighting the ages by the
number of offspring produced when averaging them.

Computing 7 in matrix population models

Matrix population models are widely used quantitative models of structured pop-
ulation dynamics. Their mathematical tractability and ease of use in real-world
applications makes them a tool of choice for many biologists and demographers.
The framework of matrix population models is the following: consider a population
structured in discrete classes i = 1,...,m and assume that the the per-capita con-
tribution of individuals in class j at time ¢ to the composition of class 7 at time ¢ + 1
is a;j. Then, letting n;(t) denote the number of individuals in class ¢ at time ¢, the
dynamics of the population are governed by the equation

n(t+1) = An(t),

where n(t) = (n;(t)) is called the population vector and A = (a;;) the population
projection matrix.

2 This was pointed out by Mauricio Gonzélez-Forero.
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6.3.1

6.3. Examples

What makes these models interesting from a mathematical point of view is
their connection to the theory of nonnegative matrices (and especially the Perron-
Frobenius theorem) and their connection to multitype branching processes. For a
presentation of matrix population models, see e.g. [2].

An expression of p; is available for matrix population models: if we let S be the
survival matrix and F be the fertility matrix (i.e. if we decompose the projection
matrix A into A = S+F to separate survival probabilities from fertilities) and denote
by w the stable distribution of the population (the dominant right-eigenvector of A)
and e = (1,...,1) the row vector consisting only of ones, then we have the following
modern version of the classic formula of [5], which can be found in [11]:

eF(I - S)?Fw
o= eFEI - si—le' (67)

Note that (I —8)~! = 3,.;S"! and that (I - 8)™2 = ¥,., ¢S, so that this
expression closely parallels (6.2). The entries of e represent the weight given to each
type of offspring when computing the average age of the parents. Should we wish to
give more importance to some offspring type, any vector with positive entries could
be used in place of e — in fact [5] suggest using the reproductive values as weights.
See [11] for more on this.

To obtain an equivalent of formula (6.5) giving 7 in the contex of matrix pop-
ulation models, one would need to (1) find the law of the conditional trajectory of
an individual in the life cycle given that it produces offspring and (2) integrate the
average of the ages at which it produces offspring against this law. While the first
of these steps is feasible?, it is unclear whether the second is — and whether the
resulting expression, if it could be obtained, would be simple enough to be useful.

Nevertheless, the definition of 7 as the mean age at which a typical parent
produces offspring can easily be transposed to the framework of matrix population
models, making it straightforward to estimate it via individual-based simulations.
This is detailed in Appendix 6.E

Examples

In order to get a sense about how the measures py and 7 differ, let us compare them
on some examples, using both theoretical and real-world models. More general
mathematical results, such as the fact that = < p; that was announced in the
introduction, will be proved in the Appendix.

Theoretical examples

Let us start with a simple but fundamental example, where individuals reproduce
at constant rate m. In that case,

_ Bl meds) _ 1m(ry
T (T mas) 2B

and

OTmsds 1 -
T = E(fffmds) - 5IE(T).

3 This was explained to me by Stephen Ellner — see e.g. Chapter 3 of [12].
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The expression of 7 is unsurprising: when birth events are uniformly distributed on
the lifetime of individuals, on average they occur in the middle of their life. Also,

B(7) = B(r(1-eT))

E(l—e™T)

since

and that for all ¢ > 0, 1 — e~™ increases to 1 as m goes to infinity, it follows from
the monotone convergence theorem that

E(T) —» B(T) asm — +o0.

By a similar argument (see Appendix 6.C), we also have

-\ E(T?)
IE)(T) — B(T) asm — 0.
Furthermore, since E(T) is a decreasing function of m, we conclude that when
individuals reproduce at a constant rate,

IE(T) < 7 < .

In fact, the inequality 7 < wu; holds for general age-specific fertility functions: see
Proposition 6.D.2 in Appendix 6.D.

To make this example more concrete, let us further assume that individuals die
at constant rate 7, so that T is an exponential variable and that £(t) = e~ . In that

case, we get
L and ! (1+ ! ) (6.8)
=— and 7T=_— — . .
S 21 L+m/n

Note that here u; is also equal to the expected lifespan in the population. Inter-
preting it as the mean age at which parents reproduce would therefore lead to a
contradiction, because — in the case where the fertility m is large enough, so that
most individuals get to reproduce during their lifetime and that the lifespan of a
typical parent is not very different from that of a typical individual — this would
imply that, on average, the age at which an individual reproduces is the same as the
age at which it dies. This is absurd, because unless individuals reproduce exactly
when they die, the former has to be smaller than the latter.

From (6.8), we also see that for m/n large enough, uy ~ 27. For m = 7, which
corresponds to the minimum ratio m/n for a viable population, the difference is
already 25% of the value of pj. The relative difference between p; and 7 as a
function of m/n is plotted in Figure 6.1.

Now consider the closely related discrete-time model where individuals survive
from one year to the other with probability p and produce Poisson(m) offspring at
each age t > 1, so that

pr=0-p)p" and ¢ =p",

After straightforward calculations, we find that the numerator in formula (6.2),
which corresponds to the mean sum of the ages at childbirth, is mp/(1 — p)? and
that the denominator is mp/(1 — p). As a result,

1
Ml—l_p-
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6.3. Examples

Continuous-time model Discrete-time model
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birth-death ratio m/m (log scale) expected number of offspring m

Figure 6.1: Relative difference between p1 and 7 as a function of the parameters of the models
considered. Left, the continuous-time model in which individuals give birth at constant rate m and
die at constant rate . Right, the discrete-time model in which they survive from one year to the
other with probability p and give birth to Poisson(m) offspring each year. Dashed lines indicate
values of the parameters for which the population is not viable in the long term.

Note that this model can also be seen as a 1 x 1 matrix population model with
survival matrix S = (p) and fertility matrix F = (m), so formula (6.7) can also be
used and gives the same result.

Because E(T") = p/(1 — p), we see that
Hm1 = E(T) + 1,

which also corresponds to the expected lifespan of individuals that reach age 1. For
the same reason as before, this implies that w1 is not credible as an estimate of the
mean age at which a typical parent produces offspring.

Finally, after routine calculations we find that

_1( Lo, )
T 1—p 1—pe ™)’

As previously, % w1 < 7 < pp, but the difference between ;1 and 7 can be quite high,
even for very reasonable values of p and m: for instance, with p = 0.5 and m = 2
both measures differ by 23% of the value of u1; for p = 0.9 and m = 2, by 44%.
Again, this is illustrated in Figure 6.1.

Real-world examples

The examples of the previous section show that p; and 7 can be very different,
even in the most simple models. But do they differ significantly in practice? To
answer this question, p1 and 7 were calculated for every model of the COMPADRE
Plant Matrix Database [7] and COMADRE Animal Matrix Database [6] for which
this could be done. Because there is no formula for 7 in matrix population models,
it was estimated numerically in such a way that, for each estimated value, the width
of the 95% confidence interval was less than 2% of the estimated value itself (see
Section 6.E of the Appendix for details). Figure 6.2 gives the distribution of the
relative difference between the two quantities, computed as Ay, = 100(p1 — 7)/ 1,
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and Table 6.1 lists some statistics of this distribution. These conclusively show that
the measures py and 7 differ significantly for most real-world models. In particular,
the fact that the median of (u1 — 7)/u is of order 20% means that, by using p; to
quantify the mean age at reproduction, one overestimates its actual value by more
than 25% in half of the cases.

COMPADRE (2706 models) COMADRE (1165 models)
o — —
(= —
v o —
v ——
5 —
S
< —
“© “«
S S o ]
2 g 2 g
ks ks
S o )
= Z B8 1
: |,
- H‘\
o - o - =
T T T T T T 1 T T T 1
-20 0 20 40 60 80 100 0 20 40 60
relative difference 100 (ny —7)/u, relative difference 100 (1 —1)/p4

Figure 6.2: Distribution of the relative difference between p; and 7 for the COMPADRE and Co-
MADRE databases. The difference is given as a percentage of u1; for instance, a 30% difference
means that 7 = 0.7u;.

Mean 1% quartile Median 3™ quartile

COMPADRE 19.97 05.26 17.73 30.49
COMADRE 22.16 12.54 22.60 31.14

Table 6.1: Statistics of the distribution of (p1 — 7)/p1 for the Com-
PADRE and COMADRE databases. All values are percentages.

For a detailed example of a real-world model in which p; and 7 differ greatly,
see Appendix 6.F. This example is particularly interesting because it illustrates the
fact that p; can be greater than the expected lifespan conditional on reproduction,
which decisively rules out its interpretation as the mean age at reproduction.

Before closing this section, let us comment on the fact that some models (152
out of 3871) appear to have 7 < p;. These are in fact models for which 7 is very
close to p1, but because of the uncertainty in its estimation appears to be slightly
smaller than it. Indeed, for most of these models p; — 7 is very close to zero (only
ten of them have a relative difference such that |Ag| > 1%). All things considered,
the fact that pq lies below the 95% confidence interval of 7 for only 0.46% of all
models is consistent with the fact that 7 < py (it would have to be more than 2.5%
to constitute a contradiction).

Finally, the excess of models for which p; &~ 7 in COMPADRE compared to CO-
MADRE is due to (mostly 2 x 2) models with very short generation times, presumably
corresponding to annuals plants in which the lifespans of individuals exhibit little
to no variation.
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6.4. Discussion

Discussion

The mean age of the parents of the offspring produced by a cohort p; and the mean
age at reproduction 7 are two genuinely different notions. So why have they not been
recognized as such before? Probably because precise definitions of these quantities
are seldom given. For instance, in the references given above — which are or have
been among the most influential in the field — p is variously described as the “mean
age at childbearing in the stationary population”* by [16]; as the “mean age of
childbearing in a cohort” by [4, eq. (2.10) p. 19]; as the “mean age at reproduction of
a cohort of females” by [3, eq. (1.47a) p. 30]; and as the “mean age of the mothers at
the time of their daughter’s birth” by [21, eq. (4.12) p. 98]. Yet these four definitions
fail to detail how this “mean” should be computed, and could thus be thought to
refer to 7.

It is not obvious from the definitions of ; and 7 how these two quantities are
related — or indeed why they should differ at all. One helpful way to think about it
is the following: w1 can be seen as an offspring-centric measure of the mean age of
parents, whereas 7 is a parent-centric measure of it. Indeed, to compute p; we ask
each newborn produced by a cohort “how old is your parent?”, while for 7 we ask
a parent “how old are you going to be when you have offspring?” These questions
have distinct answers because they correspond to two different ways to sample a
parent.

Among other things, this explains why wy is greater than 7: indeed, parents that
live longer tend to have more offspring, and thus have a higher probability of being
sampled via their offspring than when the sampling is done uniformly at random.
As a result, they contribute more to p1 than to 7. Since these parents with longer
lifespans are also those that tend to have a higher mean age at reproduction, this
biases p1 upward compared to 7.

This also explains why the difference py — 7 goes to zero as the fertility becomes
vanishingly small (see Appendix 6.C): in that case, the proportion of parents that
give birth to more than one offspring during their lifetime goes to zero, and as the
result the two parent-sampling schemes become equivalent.

To close this series of remarks regarding the link between @1 and 7, observe that,
from a purely mathematical point of view, the difference between the two can be
made arbitrarily large. Indeed, recall that, when individuals reproduce at a constant
rate m, py = E(T?)/E(T) and 7 — $E(T) as m — 4oo. Thus, by choosing an
appropriate distribution for the lifespan T and taking m large enough, we can make
w1 arbitrarily large and 7 arbitrarily small.

Now that we have seen that p1 and 7 are two different concepts, that they differ
significantly in practice, and that we better understand the link between them, one
important question remains: which of py or 7 should be favored in which context?

From a practical point of view, the expressions of 7 are, admittedly, more complex
than those of p1. This of course is not a problem for real-world applications, where
they are going to be evaluated numerically; for theoretical applications however, this
does make exact calculations harder, if possible at all.

Another important difference between both measures is their slightly different
domain of validity. While the interpretation of p; hinges on the assumption that
there are no interactions between individuals, the expression of 7 relies on that of

4 What Keyfitz calls the stationary population is actually a cohort.
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Poissonian births. One might cynically argue that this is hardly a problem, because
both hypotheses are often used jointly in theoretical models, and never met in real-
world applications. Nevertheless, there is a real difference here that should be taken
into account when deciding which measure to choose.

Lastly, 7 has the advantage of having a more direct interpretation than pu;.
Judging from the phrasing used by several authors, it seems that it is sometimes 7
they have in mind, even when working with p;. Moreover, the interpretation of
might not be as intuitive as we usually assume; notably, the fact that it can be greater
not only than the expected lifespan but also than the expected lifespan conditional
on reproduction (as illustrated by the Medium density scenario for Astrocaryum
mezxicanum in Section 6.F of the Appendix) is likely to come as a surprise to many
ecologists and demographers.
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6.A

Appendices to Chapter 6

Basic facts about Poisson point processes

This section was originally written as an online supplement to the article that forms
the basis of this chapter. Its aim was to present the basics of Poisson point processes
to biologists, we focusing on the properties on which our calculations rely. Thus no
attempt is made at stating the results in full generality, and we do not preoccupy
ourselves with technical conditions such as measurability. For a detailed presentation
of Poisson point processes, see e.g. [17] or [10].

It is common in modelling to assume that an event occurs at rate r(t) at time t.
Loosely speaking, this means that the probability that the event happens between ¢
and ¢ + dt is independent of its previous occurrences, and is approximately r(t) dt.
The rigorous way to formalize this is to say that the events are distributed according
to an (inhomogeneous) Poisson point process with intensity r. Such a process can
be seen as a random set of points characterized by the following properties: writing
N(I) for the number of points that fall in a fixed set I C R,

(i) N(I) is a Poisson random variable with mean [, r(t) dt.
(i) N(I) and N(J) are independent whenever I and J are disjoint.

Note that the following useful fact is an immediate consequence of (i):

P(N(I) = 0) = exp(—/lr(t) dt) .

Property (ii), often known as the independent scattering property, essentially says
that Poisson point processes have a “completely random” structure.

From now on, we consider a fixed set I C R such that [;r(t)dt < +00. We let
P be a Poisson point process with intensity  on I and denote by N = Card(P) its
number of points. Let X be a random point of I with density t — r(t)/ [, r(t) dt,
i.e. whose distribution is characterized by

VA CI, IP(XGA):“W,

and note in passing that
B(X) = fltr(t) dt

Jyr(t)dt
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6.B

6.B. Expression of 7 for discrete age structures

An important property of Poisson point processes is that, conditional on the
event {N = n}, P consists of n independent copies of X — that is, for every func-
tion ¢,

E(e(P)|N=n)=E(pe({X;:i=1,...,n})),

where X;, i = 1,...,n, are independent copies of X. A consequence of this is that
the expected value of the average of the points in P is E(X). Formally, if N > 0
then we can define a random variable X by

_ 1
X =— t.
P
We then have
E(X|N>0)=E(X). (6.9)

Indeed,
1

E(X|N>0) = m;E(X‘N:n)IP(N:n),
and, for every n > 1,

E(X|N=n) = E(M> = B(X).

n

In fact, given a function f, the exact same reasoning can be applied to

- 1
W= Y5

teP

to show that
E(W [N >0) = E(f(X)). (6.10)

We close this short overview with a fundamental result known as Campbell’s
formula. This formula states that, for every function f,

E(Zf(t)) _ /If(t)r(t)dt. (6.11)

tepP

In contrast to (6.9) and (6.10), which are consequences of the independent scattering
property, Campbell’s formula is not specific to Poisson point processes.

Expression of 7 for discrete age structures

In discrete time, individual ¢ has an integer-valued lifespan T; and, at each age
t=1,...,T;, produces Mt(i) new individuals, where the variables Mt(i) are integer-
valued and independent of everything else. Here we will also need to assume that
each variable Mt(i) is a Poisson random variable with mean m;.

In that setting, the average X; of the ages at which individual ¢ produces offspring
can be defined as

15, )
Xi=—> tM",
' Ni5 '

this definition being valid only when N; = ZtT;j Mt(i) > 0. Note that, in this
expression, each age at which ¢ produces offspring is weighted by the number of
offspring produced. This is similar to what is done for wu;, where each offspring
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contributes to the average age of the parents. But another possibility would be to
weight all ages equally, that is, use the variable
o Sty A2 Y

(3 i

IARY Y
where It(i) =1if Mt(i) > 0 and 0 otherwise.

Since X; = Y; when individuals cannot give birth to several offspring simultane-
ously (or, more generally, when the number of offspring produced is either 0 or some
constant m), the two definitions were equivalent in the continuous-time setting. But
now, X; and Y; are two different and legitimate candidates for the “average age at
which ¢ produces offspring”. However, Y; does not lend itself to analysis as easily as
X; and to obtain formula (5) — which is arguably the natural discrete-time equiv-
alent of formula (3) — it is X; that should be used. Therefore, we define 7 to be
E(X; | N; > 0).

The reasoning that lead to (3) could be adapted to obtain an expression for 7.
However, it is also possible to deduce this expression directly from our results in

continuous time. Indeed, the calculations of Section C of the Appendix are valid for
general lifespans, including discrete ones: when v is discrete, we simply have for any

function ¢ .
JACCIZOED OIS

t>1
where p; = P(T; = t).

Moreover, observe that if we let the age-specific fertility m be the piecewise
constant function defined by

= Z ms]l}sfl,s] (t)
s>1
where 1),_; 4 is the function that evaluates to 1 if ¢ € |s —1,s] and 0 otherwise,
then the number of offspring produced by an individual between ages (t — 1) and ¢
is a Poisson variable with parameter m;. Thus, the only difference with the dis-
crete setting is that the ages at which these offspring are produced are uniformly
distributed in |t — 1,¢] instead of all equal to t¢.

Now, if we take the age-specific fertility to be the function m() defined by

[ ms
m( )(t) = Z ?]l]s—s,s] (t) )

s>1

then the number of offspring produced between ages (¢t — 1) and ¢ is still a Poisson
variable with parameter my, but this time the ages at which these offspring are
produced are uniformly distributed in |t — ¢,¢]. Taking ¢ to zero, the mean age at
childbirth will therefore tend to that of the discrete-time model. We spare the reader
the straightforward but somewhat technical argument by which this can be made
rigorous. Noting that, for continuous functions g,

/Otg(s)m()( ds —— Zg s)my ,

e—0
we obtain the following discrete-time equivalent of (3):
¢
Z ZS 15T (1 — H €ms> bt
Ciz1 2us=1Ms s=1
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6.D

6.C. Proof of E(T) — B (T?)/E(T) as m — 0

where py = P(T; =t) = ¢y — 441, and

c=Z<1—ﬁ16_ms>pt.

t>1

Proof of E(T) — E(T?)/E(T) as m — 0

In this section we prove that, when the lifespan 7" of a fixed individual has a second
moment — a condition that is always met in practice — and the age-specific fertility
is constant and equal to m, then the expected lifespan of individuals that produce
offspring during their lifetime converges to E(T?)/E(T) as m — 0. As seen in the
main text, it follows immediately that 7 — p1, both in the continuous setting where
offspring production occurs at a constant rate m during the lifetime of individu-
als and in the discrete setting where individuals produce a Poisson(m) number of
offspring at each integer-valued age t > 1.

Proposition 6.C.1. Let T denote the lifespan of a fized individual, and let T have
the distribution of T conditional on reproduction in the model where reproduction
happens at constant rate (or in the model where individuals produce Poisson(m)
offspring at each integer age t > 1 at which they are alive), i.e.

5 E(T(1 —e ™)
E(T) = 5@(1—6—%))

Then, if B(T?) < +oc,

. E(T?
E(T)%IE}((T)) asm — 0.

Proof. The following proof is due to Stephen P. Ellner and is a welcome simplification
of my original proof.

Let g(m,t) = (1 —e~™")/m, so that

; E(Tg(m,T))
5(1) = Fgim )

Since
—mt

8?ng(m, t) = (1 +mt — emt) em—z

and that 1 + z < e® for all z, we see that g(m,t) increases to t as m decreases
to 0. By the monotone convergence theorem, it follows that E(g(m,T)) T E(T") and
E(Tg(m,T)) t E(T?) as m | 0. This terminates the proof. O

Proof of 7 < 1y

In this section we prove that up, as defined by formulas (1) and (2), is always
greater than or equal to 7, as defined by formulas (3) and (5). This will be a simple
consequence of the following lemma.

Lemma 6.D.1. Let X be a positive random variable, and let g and h be positive

functions such that x — g(x)/x is nondecreasing and x +— h(z)/x is nonincreasing.
Then,
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Proof. Let Y be a random variable with the same distribution as X and that is

independent of X. We have to show

— ]E<Xh(Y) (Q(XX) - Q(YY))) > 0
PN E(Xh(Y) (Q(XX) - ggfy))n{by}) (6.12)
+ E(Xh(Y)(g(XX) — g(YY))n{Xd}) > 0
Since = +— g(x)/x is nondecreasing,
(‘Q(XX) - g(yy)>]l{x<y} <0,

and since x — h(z)/x is nonincreasing,

0 < Xh(Y)lixeyy < YA(X)Lixcyy-

As a result,
B(xn0n) (42 - D)1y
> E(Yh(X)(g(XX) - g@”)n{m)
= 1 (o) (2 - A1)
Plugging this into (6.12) finishes the proof. O

Proposition 6.D.2. Let T denote the lifespan of a fixed individual. Define the
random variables M and M* by

T T
M:/ m(s)ds and M* :/ sm(s)ds
0 0

in the case where reproduction occurs at a constant rate, and by
T T
M:st and M*:ZSmS
s=1 s=1
in the case where it takes place at integer-valued ages t > 1, so that, in both cases

B(47 (1))
M= Ron MM TS TR e

Then, T < p1.

164



6.D. Proof of 7 < 1y

Proof. First, observe that M* is actually a deterministic function of M. Indeed, let
¥ (resp. 1*) denote the function such that M = (T (resp. M* = ¢*(T)). Since 9
is nondecreasing, if we define 6 by

O(x) =inf{t > 0:¢(t) > x},
then we have M* = ¢*(0(M)). To see this, note that (M) < T by construction

and that 0(M) < T implies fGT(’M) m(s)ds = 0 (resp. ZSTZQ(M) ms = 0), which in turn
implies feT(M) sm(s)ds =0 (resp. ZST:Q(M) smg = 0). Thus, writing

g(e) =" (0(x)) and h(x)=1-c ",

we have to prove

BGON ERGn) > B(E ) B,

Clearly, M is a positive random variable, and the functions g and h are positive.
Therefore, all we have to do to finish the proof is to show that x — h(x)/x is nonin-
creasing and that x — g(x)/x is nondecreasing, so that we can apply Lemma 6.D.1.
First,

d (h(x)) _ e (1l4+2)—1 <0,

de \ =z 2

since 1 + z < e®. Second,

o@) _ 0 (0a) )
PO B

where F': t — ¢*(t)/1(t). The function 6 is nondecreasing by construction. The
fact that F' is nondecreasing can be shown by straightforward calculations, e.g., in
the continuous case,

Do - m(t) (Ji(t = s)m(s) ds)

dt (fg m(s) ds)2

= 0.

However, it is more satisfying to see that F'(¢) can be interpreted as the expectation

of a random variable X; with density fi(s) = m(s)1j4(s)/9(t) in the continuous

case, and with probability mass function pgt) = mg/9Y(t) for s = 1,...,t in the
discrete case. It then is easy to see that X; is stochastically dominated by X for

t < t', and so if follows immediately that F(¢t) = E(X;) < E(Xy) = F(¢). O
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Computing ;1 and 7 for Compadre/Comadre

In this section, we detail how the data behind Figure 6.2 and Table 6.1 in the main
text were obtained.

The CoMPADRE and COMADRE each contain thousands of projection matrices
for hundreds of species. However, not all of these matrices are suitable to compute
p1 and 7. Indeed, for this we need:

(i) The A = S + F decomposition of the projection matrix into its survival and
fertility components.

(ii) Non-zero S and F matrices.

(iii) A survival matrix S whose columns all sum to less than one, so that it can be
interpreted as a substochastic matrix and that (I — S)~! is always guaranteed
to exist.

This leaves us with 3319 models in COMPADRE and 1245 models in COMADRE.
For each of these, pu; was computed with formula (11) and 7 was estimated by
averaging several realizations of the random variable S/N described in the main-
text (conditional on N > 0). One such realization can be obtained thanks to the
following procedure, where w = (w;) denotes the stable distribution:

parent < False
while not parent do
i < random newborn stage chosen proportionally to the entries of (3, firws);
age, N, S + 0,0,0
alive < True
while alive do
age < age + 1
offspring <+ Poisson(zj fii)
N < N + offspring
S« S + offspring - age
with probability 1 —3_; s;; do
alive + False
else do
i +— random stage chosen proportionally the entries of (s;;);
end while
if N >0 then
parent < True
end while
return S/N

Each estimate 7 is associated with a confidence interval [ — e,7 + €], where
e = 26 //n with 6 the empirical standard deviation and y/n the number of replicates.
In order to get reliable estimates, the number of replicates n was doubled until
e < 0.017.

Because the probability of an individual producing some offspring during its
lifetime can be arbitrarily small, this means that obtaining one realization of S/N
with the procedure above can take an arbitrarily long time. To avoid getting stuck
on a computation, all models for which 7 could not be computed with the desired
precision in a reasonable time were ignored, and 1182 models were thus rejected.
Because this is a non-negligible fraction of the 4564 models available, this has the
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potential to bias our results. However, note that since those models for which the
probability of producing offspring during one’s lifetime is very small are precisely
those for which we expect pp to differ greatly from 7, if anything this will lead us to
underestimate the difference between py and 7.

Finally, after performing these calculations, 11 models (0.28%) were discarded
for having biologically unrealistic descriptors (e.g, A ~ 200 or an average age of
mothers in the stable population A ~ 10000), leaving us with numerical values of
w1 and 7 for 2706 models of COMPADRE and 1165 models of COMADRE.

Projection matrices for A. mexicanum

In this section, we detail a specific example of a real-world model in which p; and
7 differ greatly. These particular models were chosen because they have frequently
been used as examples of matrix population models. For instance, one of them is
shipped with the ULM software for studying population dynamics [19].

The following projection matrices for the tropical palm Astrocaryum mexicanum
are from Appendix 6 of [5], who averaged them from several projection matrices
of [20]. Note that there is a small typo in the projection matrix for the Low density
model given by [5]: the entry (9,8) of the projection matrix given is 0.8775, when it
should be 0.08775. Correcting this, we find the same descriptors as in their Table 4.

The model is mostly size-based. Stage 1 corresponds to seedlings; stages 2—4
to non-reproducing juveniles and stages 5-10 to full-grown adults. In the matrices
below, entries in bold correspond to reproductive transitions.

0 0 0 0 0 1.4792 81560 9.9513 14.259 23.594
0.037349  0.83093 0 0 0 0 0 0 0 0
0 0.015881  0.89666 0 0 0 0 0 0 0
0 0 0.048969  0.95944 0 0 0 0 0 0
Ahigh _ 0 0 0 0.029778  0.90496 0 0 0 0 0
0 0 0 0 0.082074  0.91348 0 0 0 0
0 0 0 0 0 0.086520  0.90553 0 0 0
0 0 0 0 0 0 0.094467 0.87733 0 0
0 0 0 0 0 0 0 0.088200 0.88642 0
0 0 0 0 0 0 0 0 0.11358  0.9950
0 0 0 0 0.18385 4.222 8.41 8.8405 16.676 19.904
0.03629 0.84127 0 0 0 0 0 0 0 0
0 0.014582  0.91636 0 0 0 0 0 0 0
0 0 0.058131  0.93735 0 0 0 0 0 0
Amed. _ 0 0 0 0.051565  0.91462 0 0 0 0 0
0 0 0 0 0.065923 0.8468 0 0 0 0
0 0 0 0 0 0.1424 0.8725 0 0 0
0 0 0 0 0 0 0.1200 0.84332 0 0
0 0 0 0 0 0 0 0.14800 0.913030 0
0 0 0 0 0 0 0 0 0.086966 0.9950
0 0 0 0 0.33 0.918 8.0875 16.606 13.068 16.875
0.030332 0.850010 0 0 0 0 0 0 0 0
0 0.026738 0.93928 0 0 0 0 0 0 0
0 0 0.04966 0.94548 0 0 0 0 0 0
Alow _ 0 0 0 0.04804 0.9185 0 0 0 0 0
0 0 0 0 0.0815 0.9313 0 0 0 0
0 0 0 0 0 0.0687 0.86362 0 0 0
0 0 0 0 0 0 0.13637 0.91225 0 0
0 0 0 0 0 0 0 0.08775 0.87867 0
0 0 0 0 0 0 0 0 0.12133  0.9950
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Table 6.2 lists some relevant descriptors of these models. The difference between
w1 and 7 is significant in all three scenarios — a factor 2 in the Medium density model.
Finally, and most surprisingly, we see that in the High density case, u is greater
than the expected lifespan conditional on reproduction. This counter-intuitive fact
casts serious doubts on the relevance of p; as a measure of reproductive timing in

the life-cycle.

High density Medium density Low density

M1 275.2
T 152.0
Tr, 197.6
A 1526
L 2322

261.8
131.3
169.2
122.8
207.6

275.5
184.8
153.6
105.1
296.0

Table 6.2: Comparison of several measures of reproductive timing for three real-
world models for the demography of the tropical palm Astrocaryum mezicanum,
in part taken from Table 4 of [5]: Tr, denotes the Ry generation time, which
corresponds to the time it takes for the population to grow by a factor of its net
reproductive rate; A is the mean age of parents of offspring in a population that
has reached its stable distribution; p: is computed as in formula (11); 7 and
L are estimates of the mean age at reproduction and of the expected lifespan
conditional on producing offspring, respectively.

years.
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