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Abstract

The two most popular tree models used in phylogenetics are the birth-
death (BD) and the Kingman coalescent (KC). These two models differ in
several respects, notably: (i) population size is random in the BD versus
fixed in the KC, (ii) the BD makes assumptions about the way samples
are collected, while the KC conditions on the number of samples and the
collection times, thus bypassing the need to describe the sampling pro-
cedure. These two models have been applied to different contexts: the
BD in macroevolutive studies of clades of species, and the KC for pop-
ulations. The exception is the field of phylogenetic epidemiology which
uses both models. It then asks the question of how such different models
can be used in the same context. In this paper, we study large-population
limits of the BD, in a search for a mathematical link between the BD
and the KC. We show that the KC is the large-population limit of a BD
conditioned on a given population trajectory, and we provide the formula
for the parameter 6 of the limiting KC. This formula appears in earlier
studies, but the present article is the first to show formally how the cor-
respondence arises as a large-population limit, and that the BD needs to
be conditioned for the KC to arise. Besides these fundamentally mathe-
matical results, we demonstrate how our findings can be used practically
in phylogenetic inference. In particular, we propose a new method for
phylogenetic epidemiology, ensuing from our results. We conjecture that
this new method, used in conjunction with auxiliary data, should allow
to estimate important epidemiological parameters (e.g. the prevalence
and the effective reproduction number), in a way that is robust to the
data-generating model and the sampling procedure. Future studies will
be needed to put our claims to the test.
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Introduction

The field of phylogenetics makes ample use of tree models to obtain a probability
distribution of a tree given an evolutionary model. Tree models may be used as
tree priors in Bayesian phylogenetic inference (e.g. [IH3)) or fitted to pre-estimated
phylogenies in order to estimate evolutionary parameters (4). In either case, the
choice of tree model is determined by the type of object that the phylogenetic tree
represents.

The overwhelming majority of phylogenetic applications of tree models resorts to two
canonical models: the birth-death (BD, [5)) and the Kingman coalescent (KC, [6]). The
BD is typically used in macroevolution where the phylogenetic tree represents a species
tree ((TH9)). It makes the simplification that speciation and extinction are instantaneous
phenomena, whose frequency is governed by speciation (birth) and extinction (death)
rates. In macroevolutionary studies, the BD is used to study the dynamics of species
diversification across space (10, [IT)), time (12, [13), taxa (I4), habitats (15} [16), etc...
In contrast, the KC is generally used in population studies, where a phylogeny is
taken to represent the genealogy of gene copies, borne by individuals in a population
(I7,[18). Its unique parameter is the instantaneous effective population size 6(t), which
determines the rate of coalescence of any two gene copies. The KC has been most
popular to study populations in part because of its robustness, as many population
models converge to the KC in the limit of large population size (19). Its most popular
application has been for demographic inference, in particular for estimating temporal
variations of the effective population size (2, 20)).

Thus, as a rule, the two tree models are used in different contexts: the BD for clades of
species and the KC for populations of individuals (21}, 22, but see 23] who applied the
KC to a species tree). A notable exception to this schism is the phylogenetic study of
epidemics, wherein the object of study is a population of infected hosts. Both the BD
and the KC have been found suitable to model the phylogenetic relationships among
pathogens borne by hosts (24 25). On the one hand, it makes sense to assume that
populations of pathogens too have an effective population size that governs the rate
of coalescence of pathogens’ gene copies, justifying the use of the KC (26H28). On the
other hand, the transmission of a pathogen to an uninfected host (aka the “birth” of a
new infected host) and the death (or recovery) of an infected host are seemly modeled
with birth and death rates, justifying the use of the BD (29-31)).

Given that the BD and the KC are both used in an epidemiological context, it makes
sense to ponder why two models with such different mathematical foundations can be
applied to the same object of study. The KC models the coalescence of the branches
in the phylogeny of a sample from present to past. It is parametrized with a single
function 6(t), and the coalescence of any two branches occurs at rate 1/0(t). Impor-
tantly, the KC is the large-population limit of population models whereby the census
population size N(t) is represented by a deterministic function of time (19). In con-



trast, the BD unravels from past to present and considers that N(t) is random: N (t)
is increased (decreased) by births (deaths) occurring randomly at per-capita rate A(t)
(u(t)). A phylogenetic tree of the sample is obtained by pruning unsampled lineages
off of the entire population tree (32). The fact that population size is represented by
a deterministic function in the KC and a random variable in the BD is certainly a
serious obstacle to the identification of mathematical bridges between the two models.

Nonetheless, previous studies reported that, if the BD population size were known
at some time ¢, any two branches in the tree should coalesce at that time at a rate
given by 2A(¢)/N(t) (24}, 33| [34]). This suggests the following equivalence between the
parameter of the KC and quantities of the BD:

0(t) = —+

®) 2A(t)
To remedy the inconsistency of having a deterministic left-hand side and a random
right-hand side in this equivalence relation, a deterministic function may be substituted

for N(t) to try and have the KC match the BD as closely as possible. For instance,
E[N(®)[\p]
2X(t)
(e.g. 24)). The mere inspection of the formulae for the probability density of a tree
under the two models indicates that the two models remain different, no matter what

parametrization of (¢) is chosen.

one may evaluate whether a KC with 0(t) = matches the corresponding BD

In the present paper, we build on this previous work and demonstrate a mathematical
link between the BD and the KC. To do so we note that, if the BD population size were
(approximately) known at all times (e.g. with y(¢) a non-random function, N(t) =
y(t) is given), then the branches of a BD tree should coalesce indeed at a rate close
to 2A(t)/y(t) at time ¢. This is a hint that the BD must be conditioned on the
population size following some trajectory for the KC to arise. We thus study a BD
conditioned on its population size being close to some curve (hereafter a conditional
BD, in opposition to an unconditional BD without a condition on population size),
and show that the KC arises as the large-population limit of the conditional BD.
Beyond this fundamentally mathematical result, we demonstrate how this finding can
be applied in an epidemiological context to estimate parameters of interest such as
a pathogen prevalence or reproduction number with the KC (seen as the limit of
a conditional BD). Importantly, the advantages of the KC (agnostic to the sampling
procedure) and of the BD (whose parameters can be transformed into epidemiologically
meaningful quantities) are combined into this new modelling approach.

The paper is structured as follows. After outlining the BD model, we consider various
limits of the (un)conditional BD. First, we study the limit of the unconditional BD
with fixed A(t) and p(t) and with an initial number of individuals n going to infinity.
We argue that the limit of this model is the trivial KC with 6(t) = co. Second, we
consider the unconditional BD with fixed A1 (¢) := An(t)/n and r(t) = An(t) —pn (t) and
show that as n — oo the BD converges to something else than a KC. Third, we show
that the conditional BD with fixed A1 (t) and 7(¢) converges as n — oo to a non-trivial
KC, which constitutes the main result of this paper. After this mathematical section,
we demonstrate how our results can be applied to the inference of epidemiological
parameters from a phylogenetic tree.



Outline of the birth-death parameters and ran-
dom outcomes

The variable ¢t denotes the time before present. We consider a BD process starting at
time 7" with n individuals. Each individual gives birth at rate A(¢) and dies at rate
p(t). The growth rate is r(t) = A(t) — pu(¢). We denote by N(t) the integer random
population size at time ¢, and by N := (N(t))t the value of N(¢) at all times. Initially,
N(T) =n. We call N the population process. We call a realization of the population
process a population trajectory. At the present, Z(0) individuals are sampled randomly,
each with probability p (Bernoulli sampling), and Z(t) denotes the random number of
ancestors of the sampled individuals at time ¢. We denote Z := (Z(t))t the value of
Z(t) at all times and call Z the sample process. A valid realization z = (2(t)), of Z is
a decreasing integer-valued function of time with unit decrements. A value z induces
a set a(z) of coalescent times, which are the time points at which z decreases.

Our purpose is to study the limiting distributions as n — oo of some random outcomes
of the BD process, namely the relative population size N/n and the sample process
Z, and in particular to determine in which case Z converges to a KC.

Various limits of the BD process

The unconditional BD with fixed A(¢) and u(t) as n — oo

The most obvious large-population limit of the BD is to keep A(t) and u(¢) fixed and
have n — oo. We study here the limits of N(¢)/n and Z and argue that, if Z does
converge to a KC, it converges to the trivial KC with 6(t) = oco. The BD process
considered here is called unconditional, as no condition on N is assumed.

Limit of the relative population size N(t)/n

The first result is that, as shown in Lemma in the Appendix, N(t)/n converges
in probability to E[N(t)|N(T) = n]/n = exp [, r(s)ds as n — oo, uniformly on [0, 7]
(see Figure [I| for an illustration), that is

([0 B =)

N(T)-n) —1

n—oo

This immediately implies that N(¢)/E[N(¢)|N(T) = n] converges in probability to 1
as n — oo. Hence, N(t)/n becomes deterministic in the limit of large population size.
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Figure 1: Distribution of the relative population size N(t)/n for the uncondi-
tional BD, for different values of n, with fixed A(t) = 1 and r(¢) ~ 0.069. The
black line is the expected value (equal to exp [, tT r(s)ds) and the ribbon ranges
from the .025 to the .975 quantile. The distribution narrows as n increases, il-
lustrating the convergence in probability of N(t)/n to the deterministic function

exp ftT r(s)ds.

Limit of the sample process Z

We now turn to the distribution of Z given Z(0) = zo (because the KC is expressed
conditionally on the sample size, the BD must also be conditioned on the sample size
if the two models are to be matched). In Section of the Appendix, we provide a
heuristic suggesting that the pairwise coalescent rate under the BD is given by (see

also [24] [33] 34)

_22(1)
wBD(N(t),t) = W

This rate is random, since N(¢) is random under the BD.

Given that N(t)/E[N(t)|N(T) = n] —2— 1, if the BD converges to a KC, it must be
n—oo

to the KC with parameter 6(t) = E[N (t)|N(T) = n]/(2A(t)), whose pairwise coalescent

rate is ) (t) B L B 2/\(75)
R0 T EIN@)IN(T) =1

and is deterministic.
Indeed we have that the ratio of the two models’ coalescent rates converges to 1 in
probability:

wre(t) N(t) P
wep(N(t))  E[NQ@)IN(T)=n] neo

1 (1)



It is however important to note that the matching KC has a null coalescent rate in
the limit n — oo, since
_ 2X(t) _ 2A(t)

EIN()[N(T)=n] nexp ftT r(s)ds n—re

ch(t)

As shown in Figure [2] this limit is not useful, as the limiting process is the process
whereby the outcome V¢ € [0,T] Z(t) = zo has probability 1.
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Figure 2: Distribution of the sample process Z given Z(0) = zo = 9 for the
unconditional BD (black solid line and grey ribbon), for different values of n,
with fixed A(¢) = 1 and r(¢) ~ 0.069. The thick line is the expected value
and the ribbon ranges from the .025 to the .975 quantile. For comparison, the
red dashed line and red ribbon show the distribution of Z under a KC with
0(t) =E[N(t)|N(T) = n]/(2A(t)). We see that, as n increases, although the two
distributions get more similar, coalescences are ever rarer, and they would not
happen at all in the limit n — oco.

Summary

There are good arguments to reckon that the pairwise coalescent rate of the BD
is given by 2A(t)/N(t) at time ¢ (see Section of the Appendix and [24] 33| [34).
Then the obvious problem for matching the BD with a KC is that this rate is ran-
dom under the BD (since N(t) is random). Yet, the convergence in probability of
N(t)/E[N(¢)|N(T) = n] to 1 as n — oo could imply that the BD converges to a KC
with coalescent rate 2A(t)/E[N (¢)|[N(T) = n] as n — oo. Unfortunately, this limiting
process is uninteresting since it has a null coalescent rate.



The unconditional BD with fixed )\(¢) and r(t) as n — oo

We now study the BD parametrized with p1, A1(¢) and r(¢) such that

with p1 € (0,1], and with on [0,7]: (i) A1(¢) > 0, (ii) A1(¢) and r(¢) uniformly
continuous and (iii) Ai(¢t) > r(t). We consider this parametrization because the BD
coalescent rate, as we shall see below, does not vanish as n — 0o, yielding non-trivial
limiting processes.

We show that N/n remains random as n — oo, and that Z converges in distribution

to a random process Z which is not a KC.

Limit of the relative population size N(t)/n

Lemma shows that Vn € Nsg

E{M‘N(T) - n:| = exp /tT r(s)ds

n

and Lemma [D.2] shows that

\@«[@‘N(T) - n} —— exp (2 /tTr(s)ds> /tT expz}l()(ds)du) >0

In other words, N(t)/n does not converge in probability to its mean but remains
random instead (see Figure |3 for an illustration).
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Figure 3: Distribution of the relative population size N(t)/n for the uncondi-
tional BD, for different values of n, with fixed A1(¢) = 0.1 and r(t) ~ 0.069.
The black line is the expected value and the ribbon ranges from the .025 to the
.975 quantile. The distribution barely changes as n — oo, illustrating that it
reaches a limit.

We notice that under the current parametrization, the BD coalescent rate does not
vanish as n — co. Indeed, we have

AE)  2\(1)

N(t) N(t)/n
and N (t)/n is stochastically bounded, since (using Bishop (35)’s Theorem 14.4-1 and
the O, (-) notation defined therein):
N(@)
n

E[N(t)/n|N(T) = n] + O, (Var[N(t) /n|N(T) = n]?)
= exp /t r(s)ds + Oy (Var[N () /n|N(T) = n]?)
with Var[N(¢)/n|N(T) = n] bounded since it reaches a limit.

Also, the BD coalescent rate remains random as n — oo, since Var[N(t)/n|N(T') = n]
does not vanish. This suggests that the KC, which has a deterministic coalescent rate,
will not be recovered as the limit of Z, as shown in the next section.

Limit of the sample process Z

Lemma shows that Z converges in distribution to a random process Z with density

(2) = i _ (20— 1) pDO.T) v
fi(z) = nll_{fgo fz(2) = (Z(T) _ 1)!2(T)! ((1 + p1B1(0, T))2>

—p1D(0,T) A1(t)p1D(0, 1)
<on (Fom01) M Tomone @




with z = (z(t))t a valid trajectory of the sample process (i.e. a decreasing integer-
valued function with unit decrements), a(z) the set of coalescent times induced by z
and with

D(t1,t2) := exp /t2 r(s)ds Bi(t1,t2) := /:2 A1(s)D(s,t2)ds

ty 1

Furthermore, Lemma in the Appendix shows that this implies that Z|Z(0) = zo
converges to a random process Z|Z(0) = zo with density function

F2(212(0) = 20) o f5(2) ®3)
Figure [4 shows the distribution of Z given Z(0) = z¢ for different values of n.

n=10 n=50 n =500
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Figure 4: Distribution of the sample process Z given Z(0) = zo = 9 for the
unconditional BD, for different values of n, with fixed A\;(¢) = 0.1 and r(t) ~
0.069. The black line is the expected value and the grey ribbon ranges from
the .025 to the .975 quantile. The distribution barely changes as n — oo,
illustrating the limit. For comparison, the red dashed line and red ribbon show
the distribution of Z under a KC with § = E[N(¢)|N(T) = n]/(2A(t)). We see
that, as n increases, the two distributions do not get more similar, illustrating
that the limiting BD distribution of Z is not a KC.

Importantly, the limiting density of Z conditioned on Z(0) = zo (Eq. , is different
from the KC density, which is of the form

B T (Z(QT)) 2(0)—=z(T) (z(o);url) t; (z(o);url)
gc(z)_exp</t 0(s)ds 1:[1 0t P /tH 0(s)ds )

2(0)—=(T)

with ¢o := 0 and with Vi € {1,...,2(0) — 2(T)}, t; € a(z), ti > t;—1. Indeed, it can be
verified that there does not exist a parametrization of 6(¢) in terms of p1, A1(¢) and
r(t) such that Eq. reduces into Eq. (3).



Summary

The parametrization considered here is interesting because the BD coalescent rate does
not vanish as n — oo, contrarily to the limit with fixed A(¢) and p(t) considered in
the previous section. However, the BD coalescent rate remains random in the limit,
which logically implies that the limiting sample process is not a KC.

The conditional BD with fixed \;(¢) and r(¢) as n — oo

We now consider the same limit as in the previous section, with fixed A1(¢) and r(¢) (p
will be irrelevant here), but we condition N on belonging to some set Q,, of population
trajectories such that N(¢)/n converges in probability to some deterministic function
u(t) as n — oo. In this case, the BD coalescent rate is given by

M) 2B 20 s 2()
N(t) o N(t) - N(t)/n n— o0 u(t)

>0,

becomes deterministic and does not vanish as n — co. As we show below, this means
that the limiting sample process of the BD is a non-trivial KC.

For Q, we chose the set of population trajectories defined as follows. Given u(t) any
function of time such that, on [0,7]: (i) u(t) is continuous (ii) u'(t) exists and is
bounded, (iii) u(t) > 0 and (iv) u(T) = 1, we define

y(t) = yn(t) := [u(t)n]

We further introduce g; : % € Nso, define g := 2, and define the set 2, such that
N € Q, if and only if

vt € {0,9,2g,....,T} N(t) = y(t) (5)

We call the conditional BD the BD process conditioned on N € €,,. This condition
means that N(t) is constrained to be equal to y(¢) every g units of time, with g x %
(see Figure. Notice that all the trajectories in €2,, that are not valid BD trajectories
(BD trajectories are step functions with unit increments/decrements) have probability

0.

10
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Figure 5: Valid population trajectories belonging to the set €2,,. The red line is
the function y(¢), and the grey lines are ten random trajectories belonging to
O, i.e. conditioned on N(t) = y(t) every g = g1/n units of time. The figure
shows the interval [5,5 + 3g]. Red dots delineate the three intervals of length g.
In this example Ay (t) = 0.1, r(¢) >~ 0.069, g1 = 10, T' = 10 and u(¢) is illustrated
in Figure [6]

Limit of the relative population size N(t)/n

We show in Theorem [G.3]in the Appendix that the condition N € €, implies that the
relative population size N(¢)/n converges in probability to u(t) as n — oo, uniformly
on [0,77] (see Figure @, that is, for any € > 0

inf IP’(’N(t) —u(t)’ <e

te[0,T] n n—oo

11
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Figure 6: Same example population trajectories belonging to the set €2, as in
Figure |5, but scaled by n and shown on [0,7], with T = 10. The blue line is
the function u(¢), and the grey lines are ten random trajectories. We see how

the trajectories in §2,,, scaled by n, narrow around u(t) as n — oo, illustrating
the convergence in probability of N(¢)/n | N € Q,, to u(t).

Limit of the sample process Z

The main result of this study is given in Theorem |F.1| (see also Section [B|of the Ap-
pendix for an overview of the proof) and shows that the sample process Z, conditional
on N € Q, and on Z(0) = 2o, converges (in terms of finite-dimensional distributions)
to the KC with a sample size z¢p and with parameter

o(t) = ) (6)

See Figure[7] for an example.

12
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Figure 7: Distribution of the sample process Z given Z(0) = zo = 9 for the
conditional BD (black lines and grey ribbons), for different values of n, with
fixed A1 (t) = 0.1, r(t) ~ 0.069, g1 = 10 and u(t) as in Figure[6] The thick line is
the expected value and the ribbon ranges from the .025 to the .975 quantile. For
comparison, the red dashed lines and red ribbons show the limiting distribution
of Z, i.e. that of a KC with 0(t) = u(t)/(2A1(t)). We see that, as n increases,
the two distributions get more similar, contrarily to Figure [4} and coalescences
do not become rarer as n increases, contrarily to Figure @

Importantly, 6(t) is finite, and since the coalescent rate of the limiting process depends
on u(t) and Aq(t), non-trivial limiting processes, which may or may not coalesce by
time T, can be studied.

We acknowledge that the conditional BD process considered here, if observed every
g units of time (i.e. for ¢t € {0,g,2g,...,T}), is in effect a (time-inhomogeneous)
Cannings process. It is therefore expected that the limiting process be the KC, given
the previous literature which shows that Cannings processes converge to the KC in
the limit of large population size (e.g. [6] [19). However, the demonstration that the
parameter of the limiting KC is given by the formula in Eq. @ is far from trivial (see
the proofs in the Appendix), and to our knowledge original.

We further acknowledge that our proof is specific to our choice of definition of €2,,, al-
though we conjecture that our result would hold for €2,, defined as any set of population

trajectories such that (¥|N € Qn) —L s u(t).
n—o0

Summary

We observe that two ingredients are necessary for the BD to converge to a KC. First,
one must condition the population process in such a way that the relative population
size N(t)/n converges in probability to a deterministic function u(t) as n — oco. This
ensures that, in the limit, the BD coalescent rate becomes deterministic, like for the
KC. Second, the birth rate must be proportional to n (actually our theorems could

13



probably be generalized to the case where A, (t)/n reaches a positive limit). This
ensures that the BD coalescent rate does not vanish as n — 0o, as the numerator and
the denominator of the BD coalescent rate remain of the same order.

In the next section we show how considering a KC with 6(t) = u(t)/(2X1(t)) as the
large-population limit of a BD conditioned in such a way that N(t)/n —Y— u(t)
n— oo

provides new avenues for phylogenetic inference with the KC.

Application to the phylogenetic study of epidemics

The present section aims to serve as a proof of concept for the practical usefulness of
our main result (Theorem and Eq. |§[) for the statistical inference of evolutionary
parameters from an observation z = (z(t)) . of the sample process. We focus on the
epidemiological context and consider using z as data to estimate a pathogen prevalence
(i.e. its population size N (t)) and effective reproduction number R.(t).

After reviewing briefly the methods most commonly used in phylogenetic epidemiology,
we present a new method ensuing from the main result of this paper. We argue that this
new method is robust with regard to the sampling procedure and the data-generating
model. We illustrate this robustness by showing examples where the new method is
accurate while some of the traditional methods fail.

Classical methods in phylogenetic epidemiology

As explained in the introduction, both the BD and the KC are used for the phylogenetic
study of epidemics. Because pathogen samples are collected at various points in time,
the BD has been extended to model the sampling procedure. This has given rise to
the “birth-death sampling” (BDS) model (29, [30)), whereby each individual pathogen
is sampled at rate 1(¢t). There are two main appeals of the BDS: (i) the parameters
of the BDS are readily converted into meaningful epidemiological parameters such as
the prevalence or the effective reproduction number (29] [30), and (ii) if the chosen
parametrization for the function (t) fits well the observed sampling times, the BDS
leverages the information of the sampling times to gain precision (34)). On the other
hand, the main drawback of the BDS is its lack of robustness to the misspecification
of ¥(t) (see 34 and our example below). In contrast to the BD, the KC conditions on
sampling times, and should therefore be robust with regard to the sampling procedure.
Uses of the KC in epidemiology can be classified into two main approaches. First, the
“skyline” approach sets 6(t) = f(t), with f(t) a piecewise function (e.g. [36H38]). Such
KC models can fit the data well, provided f(t) has enough free parameters. However,
the estimate of 0 is hardly interpretable, since f is a phenomenological representation
of §. Importantly, € is not, in general, proportional to the census population size N
(25). In the case of the BD, for instance, 6(¢) ~ N(t)/(2XA(¢)), so that proportionality
holds only under the assumption that the birth rate is constant through time, which is
violated by most epidemiological models (e.g. [39). Thus, with this approach, little can

14



be inferred about demographic or epidemiological parameters (although 6 does reflect
the genetic diversity and the potential for adaptation, [40). The second category of
KC models falls into the “mechanistic” approach, which sets 6(t) o f(t), with f(t)
the population size expected under some deterministic epidemiological model (e.g.
28, [36], [39, 41). For instance, Pybus et al. (39) studied the Hepatitis C virus using
the KC, setting f(t) to the number of infections predicted by a deterministic SIS
model. Contrarily to the skyline approach, and similarly to the BDS approach, the
mechanistic approach has the advantage that epidemiological parameters are readily
obtained. However, as we show below, it is not robust to the misspecification of
the data-generating model (e.g. the estimates obtained assuming an SIR model are
inaccurate if the true model was more like an SIS model). Furthermore, the same
problem as for the skyline approach remains: 6 is not, in general, proportional to IV,
so that the prevalence may not be inferred. Finally, the KC has been criticized for its
assuming that the population size is deterministic (e.g.24] 42), spawning extensions of
the KC to accommodate a random population size (e.g. [43], [44). Given our results, we
would instead argue that the KC does not assume that population size is deterministic:
it conditions on a given population trajectory (i.e. on one realization of an otherwise
random population process) in order to estimate it. In line with this, the KC is known
to be the limit of Cannings models, which are Galton-Watson processes (with a random
population size) conditioned on a population trajectory (45]).

Our new method

We propose a new method for epidemiological phylogenetics, ensuing from our main
result (Theoremand Eq. @ in that it consists of a KC seen as the large-population
limit of a conditional BD. Its purpose is to gain insight into the historical progress of
an epidemic from an observation of the sample process. We argue that our method
combines the three following advantages: (i) it is robust with regard to the data-
generating process (i.e. whether the epidemic unfolded as predicted by an SIS, SIR,
SIRV, etc... model), (ii) important epidemiological parameters can be estimated, in
particular the prevalence, effective reproduction number, transmission rate and du-
ration of infections, and (iii) it is robust with regard to the sampling procedure (i.e.
whether samples are collected homogeneously through time, punctually, erratically...).

Before presenting our new method, we here define a class of models, called BD-type
models, because we will argue that our method performs well for all the models of this
class. We define a BD-type model as a model whose population process is such that,
in any sufficiently small interval of time, every individual of the population can give
birth to at most one new individual or can be removed from the population. Moreover,
individuals are exchangeable at all times. This body of models notably encompasses
the BD model with deterministic per-capita rates which we studied in this paper,
and also the stochastic versions of many compartmental models used in epidemiology,
which are BD models with random per-capita rates (e.g. in the SIR model, the per-
capita birth rate of infectious individuals is proportional to the random number of
susceptible individuals).

Finally, we will now define N (t), A(t) and ji(t), which are phenomenological functions
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representing respectively the realized population trajectory, and what we call the re-
alized birth and death rates, and which our method will aim at inferring. For any
BD-type model, the population size is given by N(t) = N(0) — B(t) + D(t), where
B(t) and D(t) are the random cumulative number of births and deaths, respectively,
between the present and time ¢. To any population at study correspond fixed realiza-
tions N = v, B = 8 and D = § of these random processes, which we would like to
estimate. To do so, we represent 8 and § with differentiable functions B and D and
logically we represent v with a function N = N (0) - B+ D. We define the realized
birth and death rates as A := B'/N and ji := D’/N. Understandably A(t) represents
the per-capita birth rate in actlon at tlme t given that the number of births that
occurred by time ¢ is B(t) fo s)ds, and similarly for deaths and fi(t).
We call these rates reahzed” because they descrlbe the accumulation of births and
deaths in a realization of the population process.

Our method consists of a KC parametrized with

N(t)  N(0)exp fo (f(s) — A(s))ds

=5 " oA |

that is parametrized in terms of important epidemiological parameters: N (the realized
population trajectory, or prevalence), A (the realized transmission rate), fi (the realized
inverse of the average duration of infections), and also R. = A/ji (the realized effective
reproduction number) can be deduced. We will now explain how this parametrization
of 6 arises and why we think it should be robust.

Robustness with regard to the data-generating model. We have shown in
this paper that, for the BD with deterministic rates, after conditioning the population
process in such a way that N(t)/n 2 u(t) as n — oo, the sample process Z converges
to a KC with 0(t) = 524 Given that A,(t) = A(t)/n and that N(t)/n 2 u(t), we

2X1(t)
have that

Nt _ N@®/n P, _u(t)
IX(L) Ix(t)/n DYOR

some function u(t), for sufficiently large n, we should have that a KC with 6(t) =

This can be phrased informally as follows. For
N (t)
2X(t)
is a good approximation to the BD distribution of Z, conditioned on N(t)/n &~ u(t).
Hence, our proposed method is a KC parametrized with 6(t) = gf(? ‘While our result
is specific to the BD with deterministic rates, we argue heuristically in Appendix [J-I]
that our method should perform well for all BD-type models. Very briefly, for all
BD-type models, given realizations v and 8 of N and B, the probability that a pair

of individuals do not coalesce in [0, ] is given by (see notably 46])

ro=T1(1- ot)

i=1

where ¢; is the time of the i-th birth from present to past. In Appendix[J-I] we suggest
that, provided that v is sufficiently large in [0, ¢], the following approximation should

hold: _
P(t) ~ exp ( — 2:\(3) ds>

o N(s)

The latter expression is equal to the probability of a pair of individuals not coalescing
in [0,¢] under a KC with § = N/(2\) and, importantly, it should hold for all the
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BD-type models, given that our heuristic did not use any more assumptions than the
absence of multiple births, the exchangeability of individuals, and large population

size (see Appendix |J.1)).

Important epidemiological parameters can be inferred. Without further
considerations, fitting a KC with § = N/(2)), for some parametrizations of the curves
N and 5\, would not allow to estimate interesting parameters. Obviously, the scales
of the two curves cannot be separately identified, and j and R. cannot be derived.
To remedy this, we notice that, given the above definitions of X and i, then N =
N(0) — B + D implies that (see Appendix

N(t) = N(0) exp/o (R(s) — X(s))ds

This makes /i appear as a parameter, and consequently R. = :\/ o too. We thus
have 6 parametrized in terms of all the parameters that we wish to estimate. Still,
these parameters cannot be identified, since an infinite number of combinations of ;\,
i and N(0) can yield the same 6, and hence the same likelihood. Actually, letting a
triple (:\, o, ]\7(0)) define a “model”, and calling an equivalence class of models a set of
models yielding the same 6, we show in Appendix that the equivalence classes for
our method are the same as the equivalence classes defined in Louca and Pennell (47)
for the Bernoulli-sampled BD model. Therefore, our method cannot be used without
the use of auxiliary data to inform at least one of the curves A, fi or N. This must be
kept in mind as an important subject of study in the future, but identifiability shall
not be our primary concern here. Our purpose is only to show that, provided that an
external estimate of X\, oL or N can be obtained, the other parameters can be inferred.
In the remaining of this section, we will thus assume that [ is fixed to a value inferred
by other means than phylogenetics, and the phylogenetic analysis then comes to bring
additional information about the epidemic. Appendix [[| gives more detail about this,
and explains the chosen parametrization for the remaining free curve A

Robustness with regard to the sampling procedure. Because the KC
conditions on sampling times, it does not need to assume a particular sampling proce-
dure. This contrasts with the BDS approach, which is sensitive to the misspecification
of the sampling procedure.

Comparison of our new method with classical methods

In sum, in the previous section, we argued that our method of using a KC parametrized
with - - . ~
o) = N _ N(0)exp [y (A(s) = A(s))ds
2A(t) 2X(t)
provides estimators of important epidemiological quantities such as the prevalence N ,
or the effective reproduction number R., in a way that is robust with regard to the
data-generating process and the sampling procedure. To properly test our claims, a
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dedicated simulation study will be warranted. Here, we merely want to illustrate our
words with a few worked examples. We disclose that we have actively searched for
examples of failures of the methods other than ours, and we do not claim that these
methods fail in general. We assert that in the process of looking for examples, we have
not come across a case where our method was inaccurate.

We present the results of three pairs of analyses. For each pair, the same simulated
datasets are analysed with (i) our method and (ii) one of the classical methods (i.e. the
skyline KC, the mechanistic KC, and the BDS approaches described above). For each
pair of analyses, we simulated a single population trajectory, and then simulated 100
realizations of the sample process, conditional on the simulated population trajectory.
Each dataset was analyzed with the two methods being compared (i.e. parameter
estimates were obtained by maximum likelihood). All the details of the simulations
and inferences are given in Appendices [H] and [}

For the first comparison, we simulated the population trajectory using an SIS model
whose parameters have been chosen so that the predicted curve for 6 is not proportional
to NV, because of important temporal variations of the birth rate. Indeed, with an SIS
model, the per-capita birth rate is proportional to the number of susceptibles, which
decreases during the course of the epidemic. As a result, the predicted curve for 0
is shifted in time with respect to N. In this case, the estimate of 6 obtained with
the skyline KC method should not be an accurate estimate of the relative population
trajectory. Figure [8] shows that our method is accurate for estimating both N and
R. (in the sense that the range of estimated curves overall covers the true curves).
In comparison, the skyline KC method provides an accurate estimate of 6, which is
however not an accurate estimate of the relative population trajectory. In general, 6
cannot be conflated with the relative population size. For instance, lockdown measures
immediately decrease the transmission rate (i.e. the realized birth rate), but the
resulting decrease in prevalence is delayed. Probably the skyline KC method would
reveal the immediate decrease of 6, but would be unable to measure the delay of the
effect of the lockdown on prevalence. Finally, the skyline KC method has the drawback
that it does not provide an estimate of R.. The precision is lower towards the present
with both methods, due to less frequent coalescences in the recent past in the datasets
analyzed.
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Figure 8: Comparison of the skyline KC approach with our new method. The
population trajectory was simulated under an SIS model. The sampling proce-
dure assumed a fixed per-capita sampling rate. a) Estimate of # with the skyline
KC method. Black curve (left y-axis), true population trajectory. Blue curve
(right y-axis), true (realized) value of §. Red solid curve, median of estimates
for 0 across the 100 inferences. Red ribbon, .025 to the .975 percentiles of the 6
estimates. If N « 6 is assumed, the estimate of 8 may be taken for an estimate
of the relative population trajectory. In this example, it is inaccurate because
N o 6 is untrue. b) Estimate of the population trajectory with our method.
Black curve, true population trajectory. Red curve, median of the estimates for
N. Red ribbon, .025 to the .975 percentiles of these estimates. ¢) Estimate of
the effective reproduction number with our method. Black curve, true (realized)
value of R.. Red curve, median of the estimates for R.. Red ribbon, .025 to the
.975 percentiles. R, cannot be estimated with the skyline KC approach. The
gray shaded areas in all panels are the distribution of the coalescence times.
The death rate curve was fixed to a pre-estimated value for inference with our
method.

For the second comparison, the population trajectory was again simulated with an
SIS model. Population trajectories typical of the SIS model reach a plateau when new
infections and recoveries balance out. In contrast, typical curves of the SIR model
reach a peak and then decrease. Importantly, there is no parametrization of an SIR
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model that predicts population trajectories with a plateau. Therefore, we expect that
an SIR-based mechanistic KC approach, which assumes that 6 is proportional to a
deterministic SIR population trajectory, performs inaccurately. Figure [§] shows that
the estimates obtained with our method are again accurate. The estimates of N fol-
low closely the true curve, which reaches a plateau towards the present (Fig. [8p).
The plateau further shows in the estimates of R., which decrease to about 1 near the
present (Fig. ) For the SIR mechanistic approach, we fixed the proportionality
constant between N and 6 to 1, as we found that this constant, the time of origin of
the process, and the size of the whole population (i.e. the combined number of suscep-
tible, infectious and recovered individuals) were not separately identifiable. Therefore,
we assessed whether the estimates for 6 reflect the relative population trajectory. We
see that the estimated € curves show a clear peak around time 3 (Figure ) This
further shows in the estimates for R., which tell with confidence that R. goes below
1 around time 3 (Figure [8d). Based on this result, an investigator would conclude
that the epidemic is presently recessing, which is incorrect. Of course, in practice, an
investigator would carry out model selection if they do not know that their study sys-
tem approximately obeys a particular model. But delineating a good set of candidate
models may not be an easy task, in particular if exogenous factors induce temporal
variations of the epidemiological parameters. In contrast, since our approach is valid
for a large set of models, it does not require model selection.
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Figure 9: Comparison of the SIR mechanistic KC approach with our new
method. The population trajectory was simulated under an SIS model. The
sampling procedure assumed a fixed per-capita sampling rate. This figure reads
as Figure |8} The death rate curve was fixed to the same pre-estimated value for
both methods (see Appendix [I)).

For the third comparison, we used the same simulated population trajectory as for
the second comparison. However, instead of drawing sampling times based on a con-
stant sampling rate, we drew a fixed number of samples at three fixed times: 71
samples at time 0.1, 66 samples at time 0.5, and 26 samples at time 1. This sam-
pling procedure mimics punctual sampling campaigns carried out for other purposes
than phylogenetics. Such a distribution of sampling times is at odds with the expec-
tations of a constant-rate-based sampling procedure. As a consequence, we expect
the BDS method to fail if it assumes a constant sampling rate. Figure shows that
our method still performs accurately, for estimating both N and R.. The precision
decreases rapidly looking into the past, as the sampling procedure used in this ex-
ample yielded coalescent times concentrated in the recent past. In contrast, the BDS
parametrized with a constant sampling rate (¢(¢t) = 1) performs very inaccurately,
inferring an exponential growth that accelerates dramatically in the recent past, a
scenario which is totally different from the truth. We put this failure down to the
erroneous specification of the sampling procedure in the BDS, as the same analyses
with the data of Figure El (wherein sampling times were drawn based on a constant
rate) work very well (see Appendix. We acknowledge that a thorough investigator
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would not analyze data sampled from three points in time with a model assuming a
constant sampling rate, but this example highlights the fact that the misspecification
of the sampling procedure when using the BDS can have dramatic effects on the re-
sults. In contrast, our method, being based on the KC, conditions on the sampling
times and does not assume a sampling procedure.

BDS New method

1500 1500

1000

N(t)

500 500

Figure 10: Comparison of the BDS approach with our new method. The pop-
ulation trajectory was simulated under an SIS model. The sampling procedure
assumed that fixed numbers of samples were taken at three fixed points in time.
This figure reads as Figure@ except that a) here shows the estimates of the pop-
ulation trajectory rather than estimates of 6, since 6 is not a parameter of the
BDS model. Appendix[[]explains how an estimate for the population trajectory
is obtained from estimates of A, y and ¢ under the BDS. The death rate curve
was fixed to the same pre-estimated value for both methods (see Appendix .

Conclusion

This paper outlines a mathematical bridge between the BD and the KC by showing
that the KC is the large-population limit of a BD conditioned on a given population
trajectory. Earlier studies have searched to link the BD and the KC, and have found
the same formula as us for the BD coalescent rate (24, 33 [34], [48). However, the present
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study is the first, to our knowledge, to formally demonstrate this formula and to show
that, besides the assumption of a large population size, it is required that the BD be
conditioned on a population trajectory to obtain a KC. This is a reminder that the
KC does not assume that the population size is deterministic: it conditions on a given
population trajectory. We further demonstrate how the mathematical relationship
between the two models may be leveraged to improve phylogenetic inference with the
KC, in particular in the context of pathogen phylodynamics: we present a new method
which may be able to estimate accurately important epidemiological parameters. Like
its BD pendant (the BDS model), this new method requires external information to
identify the parameters, and is intended to be used in conjunction with auxiliary
epidemiological data. In principle, this new method should be robust with regard to
the data-generating model and the sampling procedure. Simulation studies dedicated
to testing these claims will be warranted.
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Appendix

After introducing the definitions and notations needed for our proofs in Section [A]
we present in Section [B| an overview of the proof of the central result of this paper
(Theorem . Sections |C| through to [E| derive the proofs needed for Theorem |F.1
In Section [C] we provide general results about the BD. In Section [D] we provide results
about the scaled BD (i.e. parametrized such that A(t) is proportional to n). In
Section [E| we provide results about the scaled BD, conditioned on Z(0) = zo and on
the population process taking certain values. Section [F]provides the formal statement
of the central result of the paper, along with its proof. Then, Section[G] gives the proof
of the convergence in probability of N(t)/n to u(t), for the conditional scaled BD.

The rest of the appendix gives the details of the phylogenetic inferences carried out
with the BDS, the skyline KC approach, the SIR-based mechanistic approach, and our
new method. Section [H] gives details about the data simulation procedure. Section [[]
gives details about the inference methods. Finally, Section E] provides details about
our method.

A Preliminaries

The following functions will be used frequently:

ta
D(t1,t2) := exp/ r(t)dt

t1
to

B(t1,t2) ;:/ A(t)D(t, t2)dt
t1

Blti,t2) _

Bl(thtg) = "

/ B (D 1)t

1

We use the O(-) and o(+) notations as follows (where y may represent several variables).

e h(z,y) = O(f(z)) as z — 0 (resp. © — oo0) means that there exist a constant
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C > 0 and a number X such that Vz € (0, X]| (resp. Vo > X)

Sup |h(z,y)| < Cf(x)

o h(z,y) = Oy(f(z)) as ¢ — 0 (resp. x — 0o) means that, for fixed y, there exist
a constant Cy > 0 and a number X, such that Va € (0, X,] (resp. Vo > X))

h(z, y)| < Cy f(z)

o h(z,y) =o(f(x)) as x — 0 (resp. * — o0) means that for any choice of C' > 0,
there exists a number X such that Va € (0, X] (resp. Vx > X)

sup |h(z,y)| < Cf(z)

e h(z,y) = oy(f(z)) as * — 0 (resp. = — oo) means that, for fixed y, for
any choice of C' > 0, there exists a number X, such that V2 € (0, X,] (resp.
vV > Xy)

|h(z,y)| < Cf(x)

Importantly, all the variables on which a function O(f(x)) or o(f(z)) depends (besides
x) are listed as indices, so that the absence from the list of indices of any one variable
means that the function does not depend on the variable. NB: the index p is reserved
for the notation Op(-)/0p(-), which means order in probability.

The BD process

Time (¢) runs backwards, from present to past, with ¢ = 0 the present.

A BD process starts at time 7' and is parametrized with a birth rate A(t), a growth
rate r(t) < A(t) and an initial number of individuals n. The death rate is given by

u(t) = M) — r(0).

The BD process unravels in continuous time and is defined by the probability distri-
bution of the number (; of offspring at time ¢t — dt of one individual at time ¢:

P(¢: = 0) = u(t)dt 4 o(dt)

P(G = 1) = 1 — (A(®) + u(t)) dt + ofd)

P(¢ = 2) = A(t)dt + o(dt)

P(¢ =r) = o(dt) (r>2)

as dt — 0.

The offspring distribution is the same for all individuals: the individuals are exchange-
able.

Finally, at the present, a random number Z(0) of individuals are sampled. We will
specify which sampling procedure is assumed where relevant.
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Random outcomes

Counting individuals induces the random population process N := (N(t)):cjo, 1]
where N (¢) is the number of individuals (the population size) at time ¢. The initial
state is N(T) = n.

Labelling the initial n individuals, and keeping track of which individuals give birth
and die, induces the complete forest, that is a totally ordered set of n ordered time
trees. Removing from the complete forest the vertices and edges that do not have any
descendants in the sample then induces the sample forest, denoted ¥ := (T';);=1,...,n,
where I'; is the ordered time tree generated by individual ¢, whose leaves are individ-
uals in the sample. Note that I'; may be the order-zero tree if individual i has no
descendants in the sample.

Labelling the Z(0) sampled individuals and keeping track (from the present to time 7")
of the ancestry relationships among sampled individuals and their ancestors induces
the random ancestral process, denoted R := (R(t))icpo,7]. R(t) is the equivalence
relation which contains the pair (7,7) if and only if the i-th and the j-th sampled
individuals have a common ancestor at time ¢. The initial state is R(0) = {(,4)i €
{1,...,Z(0)}}. Notice that R can be represented as a forest of |R(T)| leaf-labelled

time trees.

We denote Z(t) the number of ancestors at time ¢ of the Z(0) sampled individuals.
Z(t) is the number of edges in ¥ at time ¢, as well as the number of equivalence classes
in R(t). We call the curve Z := (Z(t))cjo,r] the sample process.

We denote a(Z) the set of coalescent times induced by Z, that is the times when
Z(t) decreases (when two ancestors coalesce into one). We further denote @(T';) the
node ages of I';. Then, given a realisation z := (2(t))¢c[o,r] of the sample process,
there exist not one, but a set Sy (z) of forests that induce z. Specifically, a given forest
¥ = (7i)i=1,...,n belongs to S, (z) if and only if U;=1,... na@(y:) = a(z) (i.e. Sn,(z) is the
set of forests with node ages matching the coalescent times of z). Similarly, a number
of different realisations of the ancestral process induce the same value z, all of which
have in common that R(0) = {(i,7)|i € {1,...,2(0)}} and that transitions between
different states occur at times a(z).

In this paper we are interested in the distribution of Z, but the above definitions of the
other types of random outcomes (N, ¥ and R) will be needed to derive results about
Z. Notably, our main focus is the distribution of Z under some condition about N. We
will come across ¥ because the literature about the BD, especially in phylogenetics,
often focuses on the distribution of ¥ (oftentimes with n = 1, in which case ¥ =T'; is
a tree, e.g. (12,47, [49)). And we will come across R because many results about the
Kingman coalescent concern the ancestral process (e.g. (€ [19)).
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B Overview of the proof of the convergence of
the conditional BD to the Kingman coales-
cent

The central result of this paper is that, for fixed A1(t) := A(¢)/n and r(¢), the sample
process Z of the BD, conditioned on Z(0) = 2o and on N € Q, (with Q, a set of
population trajectories defined in such a way that N € Q,, implies that N(t)/n — u(t)
as n — 00), converges to a Kingman coalescent with zo samples and with parameter

_u(t)
0 =30

This result is formally enunciated in Theorem [F-I]of Section[F]below, wherein sufficient
conditions on A (t), 7(¢) and u(t) for Theorem to apply are provided.

Here, we only briefly explain the rationale leading to Theorem The following is
not a mathematical proof, and is only intended to provide an intuition of how Theorem

[F1] arises.

B.1 The conditional BD process is a Cannings model

The definition of €2, is such that the condition N € §,, fixes the population size every
g units of time, with g « 1/n. Specifically, Vt € {0, g,2g,...,T}, N(t) = y(t). Hence,
the conditional BD process reduces into a discrete-time model with fixed population
sizes. Furthermore, the individuals in a BD process are exchangeable. These are the
characteristics of a (time-heterogeneous) Cannings model. Therefore, the conditional
BD process, when observed at the discrete times ¢ € {0, g,2g,...,T}, is a Cannings
model. We can then use one of the existing theorems that show the convergence of
Cannings models to the KC (hereafter a convergence theorem).

B.2 Convergence to the KC

We then have to verify that the conditional BD process verifies the conditions of
application of a convergence theorem. The most important such condition concerns the
probability ¢, (t) of coalescence of two individuals in [t—g, t], defined Vt € {g,2g,...,T}
as

en(t) :=P(Z(t) =1|Z(t — g) = 2,N(t) = y(t), N(t — g) = y(t — 9))
The expression of this probability is given by Mdéhle (19):

y(t)
yt -9yt —g)—1)

X E[vgrt (vgrs — DIN() = y(6), N(t — ) = y(t - g)]

cn(t) =
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where vg¢1 is the number of descendants at time ¢ — g of an individual existing at time
t.

The central condition for convergence theorems to apply is that ¢, (t)/g reach a limit
as m — oo. This limit is the coalescent rate of the limiting KC process, that is 1/6(t).
For the conditional BD model, we find that

1

— =1 (T =

o)~ A el = =10
To obtain this limit, we showed that (Lemma [E.6))

1 y(t) 1
g yt—g)(ylt—g) —1) n-oo u(t)gr

which was easily done.

Then we showed that (Lemma
E vy (vann — DIN(E) = y(), N(t — 9) = y(t — 9)| —— 2\ (t)s

which, to us, was much more involved and necessitated a long list of preliminary
lemmas (in Sections |CHE].

C General results concerning the birth-death

In this section we consider a BD process parametrized with A(¢), r(¢t) and n. A
Bernoulli sampling procedure with probability p is assumed where relevant. It is not
assumed that the parameters are scaled by n, as opposed to the scaled BD process
considered in Section [D] nor that the population process is conditioned, like in Section
[E] The goal of this section is to establish some notation and derive useful formulae for
the following sections.

C.1 Number of (sampled) descendants of one individual

In this section we give the distribution of the number of sampled individuals Z(0)
given N(T) = 1, along with the distribution of the population size N(t1), given a
population size N(t2) = 1 at an earlier time. The provided formulae are known (see
(@7)), and our goal here is to translate them into our notation.

Lemma C.1. Assuming a Bernoulli sampling procedure with sampling probability p,
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the distribution of Z(0) given N(T) =1 is

P(Z(0) = O[N(T) = 1) = 1 %
_ _ . _ _ pD(O,T) pBO,T) \*'
P(Z(0) = kIN(T) = 1) = (14 pBO.T)) <1+pB(O7T)) k>1

Proof. This distribution is given by Louca and Pennel ((47), Eq. 65). After setting
70 = T in Louca’s and Pennel’s expression, rearranging, and using the definitions of
D and B given earlier, we obtain the formula of the present lemma. O

Lemma C.2. The distribution of N(t1) given N(t2) =1, with t1,t2 € [0,T], t2 > t1
18

_ _ _ D(tlth)
BN(1) =0IN(t2) =1) =1 545
B o D(ti,t2) B(t1,t2) \*7"
PN (i) = HN i) =1) = (1 + B(t1,t2))” (1 + B(t17t2)> ’ =

Proof. If p = 1, then Z(0) = N(0) with probability 1. Therefore, Lemma with
p =1 gives P(N(0)|N(T) = 1). Then, setting T = t5 — ¢ in the formula of Lemma
and changing variables from t to t' = t 4 t; yields the formula of the present
lemma. O

C.2 Number of sampled descendants of several individuals

In this section we give the distribution of the number of sampled descendants Z(0) of
N(T) = n individuals (a generalization of Lemma [C.1J).

Lemma C.3. Assuming a Bernoulli sampling procedure with sampling probability p,
we have

P(Z(0) = 20| N(T) = n)
an z0 = 0
= zi n n—z zo—1 Q1 oA z7
onil (ZT) 0 T(ZOO—ZT) 1= 1-Qo 1y 20 21

with Qx = QY(T) := P(Z(0) = k|N(T) = n).
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Proof. For zy = 0, trivially,

P(Z(0) = OIN(T) = n) = Qo

For z9 > 1, denoting L; the number of sampled descendants of individual i existing at
time T, we have

P(Z(0) = 20, Z(T) = zr|N(T) = n)
=P(Z(T) = zr|N(T) = n) P(Z(0) = 20|2(T) = 2r)

= <ZT)(1 —Qo)TQy TP Z;L = 20|Vi L; > 1)
— <ZT;> (1- QO)ZTQgizT ]P)(Z(L —1)=z20—27|Vi L; — 1> 0)

=1

Using Lemma and noticing that Vi € {1,...,20} P(L; = ;) = P(Z(0) =
LIN(T) =1), we have Vi € {1,..., 27}
P(Li —1=k|L; —1>0) =P(L; = k+1|L; > 1)
_P(Li=k+1)
T 1-P(L; =0)
P(Z(0) = k+1IN(T) = 1)
1-P(Z ()—O\N(T) 1)

B Ql ( k+1-—1
T 1-Qo 1—Q0

-Za(-%)
l—Qo 1—Q0

showing that L;—1|L;—1 > 0fori = 1,..., 27 are iid. geometric random variables with
parameter 1?50. Given that the sum of zr geometric variables with parameter 1?&()

is a negative-binomial random variable with parameters zr the number of successes
and 7 Ql the probability of success, we have that

ZT

]P(Z(Li )=z — Vi L —1> 0)

=1

B Zo—ZT+ZT—1 (1_ Ql )zosz< Ql >ZT

o 20 — 2T 1*Q0 1*@0
z0—1 (1_ Q1 )zO_ZT( Q1 )ZT

20 — 21 1-Qo 1-Qo
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It then follows that, for zo > 1,

P(Z(0) = z0|N(T) = n)

> P(2(0) = 20, Z(T) = 2r|N(T) = n)

zp=1
_ = _ zZp AN—2T -1 _ Ql Fomer Ql =
_;1(”)(1 Q0T Qp (ZO_ZT>(1 1_Q0) (1—Q0>
_ e n n—zp z0—1 _ Ql FomEr z7
S (G )0 t) e

C.3 Mean and variance of the population size N(t)

Kendall (5)) gave the formulae for the mean and variance of N(t) of a BD process in
forward time. In this paper we always use backward time, and the purpose of this
section is to translate Kendall’s formulae from forward to backward time.

Lemma C.4. For a BD process starting at time T before the present, the formulae
for the mean and variance of N(t) in backward time are

E[N(t)|N(T) = 1] = exp (/Tr(s)ds)

E[N(®)|N(T) = n] :”eXp( )
Var[N(t)|N(T) = 1] = exp ( > / exp (U()s;“) *
Var [N (t)|N(T) = n] = nexp ( ) exp ( (2()8‘5“)

Proof. We denote q the forward time, and ¢ the backward time. We set the origin of
q at backward time T, so that g =T —t and t =T — q. This yields dg = —dt.

7(t) take backward time as their argument. We define A(q) :=
(T — q) their equivalent in forward time. We also have pu(t) =
) -

7(q) = (T — q).

Our functions A(¢) and
AT — q) and 7(q) := 7(]
A(t) = p(t) and fi(q) = Mg

We denote
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and M(q) :== M(T,T — q) and W(q) := W(T,T — q) their forward-time equivalents.

The functions M (q) and W (q) are those given by Kendall (5), and our purpose is here
to derive M(T,t) and W(T,1t).

Below we will use 7 as a specific value of backward time and thus save the symbol ¢
for inside the integrals. This way it is clear that when there is dq inside the integral,
we integrate over forward time, and when there is dt we integrate over backward time.
When integrals are nested, we also use ds for backward time.

From Kendall ((5)), Eq. 13), we have for 7 € [0, T]:

M(T,7)=M(T — )

= exp /0 7(q)dq (7)

T—1
= exp/ (T — q)dg
0

We proceed to a change of variable from ¢ to ¢, giving

T

E[N(T)IN(T) =1] = M(T,7) = exp/ r(t)dt
e (8)
= exp/ r(t)dt
From Kendall ((5), Eq. 14c), we have
W(T,7) =W(T — 1)
gy 2 (777 (Ma) + ()
=M(T —7) /o V() dq )
_ 2 [T (AT —q) + 1T - q))
=M(T,T) /0 MT.T - dq
We proceed to a change of variable from ¢ to ¢ in the integral, giving
Var [N (7)|N(T) = 1] = W(T,7) = M(T, 1) /TT —%dt
_ 2 1 () + p(t)
= M(T,7) /T S (10)

= exp (2 /TT r(t)dt> /TT mdt

Then, because the number of descendants of different individuals existing at time T
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are independent, we have

E[N(T)|N(T) =n] = nexp/ r(t)dt

Var[N(r)|N(T) = n] = nexp <2/ r(t)dt) / Wdt

C.4 Convergence of the relative population size N(t)/n

This section gives the proof that, under a BD model with fixed A(¢) and r(¢), the
relative population size N (t)/n converges in probability to ftT r(s)ds as n — oo.

Lemma C.5. Given fized functions \(t) and r(t) bounded on [0,T], the relative pop-
ulation size N(t)/n given N(T) = n converges uniformly in probability to ftTr(s)ds
as n — oo.

Proof. As per Bishop (35)’s Theorem 14.4-1, using Bishop’s O, (-) and o,(+) notation,
we have that

(%\N(T) _ n) _ E[%]N(T) _ n] +0, (w{%ﬂN(ﬂ = n] é)

Using Lemma we have

E{@‘N(T) - n} - %

‘E[N(t)|N(T) =n] = exp (/tTr(s)ds)
and

Var {@(N(T) = n} = % - Var[N(t)|N(T) = n]
_1 ex Tr s)ds ' _2A(s) =r(s) s
n p(2/t (s)d )/t exp(fsTr(u)du)d
Provided that r(t) and A(t) are bounded on [0,T], we have

\M[@]}V(T) - n] — 0(1/n)

‘We thus obtain

n

(M‘N(T) - n) = exp (/fr(s)ds) + O0p(1/v/n)



which concludes the proof.

C.5 Unconditional distribution of the sample process Z

The following lemma provides the unconditional BD density fz(z|N(T) = n). This
density has been established elsewhere (see (12, [47))) for n = 1. Here, we establish the
general formula for any n.

Lemma C.6. Assuming a Bernoulli sampling procedure with sampling probability p,
the density of Z given N(T) =n is

f2(2IN(T) =n)

_M n P n—z(T) ~p 2(T) o
EGEN] <Z(T)> QTN tell)A(t)Qla)

with
Qr(t) == ]P’(Z(O) =Ek|N(t) = 1)

and with «(z) the set of coalescent times induced by z.

Proof. We recall that a BD process starting at time 7" with n labelled individuals and
where Z(0) individuals have been sampled induces a sample forest U := (I';);=1,... n,
with I'; the ordered time tree comprising the ancestors of the sample descending from
individual ¢ existing at time 7. Given that the n trees composing the sample forest
are iid. under the Bernoulli-sampled BD, it follows that

n

fo@) =] fo(v)

=1
with v; a given value of I'; and ¢ = (;)i=1,...,n. & given value of V.
Consider a realisation Z = z of the sample process and recall that S, (z) is the set of

sample forests with n trees that induce Z = z, i.e. all the sample forests with n trees,
with z(0) leaves and with branching times a(z). We have

fzEN@) =n) = > fe@w)= Y J[se0w
$ESn(2) PYESy (2) i=1

Denote L; the number of leaves of I';, denote Zq(W¥) the set of initial individuals
without sampled descendants (i.e. i € Zo(V) iff L; = 0), and Z50(¥) the set of initial
individuals with sampled descendants (i.e. i € Z5o(¥) iff L; > 0). Notice that, for
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some realization z, and for some forest ¢ € Sn(z), Card(Z0(¢))) = n — 2(T) and
Card(E50(v)) = 2(T). We thus have

f2(AN(T) =n) = ( 11 fr(%-)>><< 11 fr(%))

YESn(2) \i€E(Y) 1€E50(¥)

5 ( 0 QS(T)>X< I fr(%‘))

YESn(2) \i€E(Y) i€E50(¥)

S oMk I fetw)

$ESn (2) 1€E50(¥)

Recalling that @(y) denotes the set of branching times of tree v, Louca and Pennel
(A7), Eq. 16 in the Supporting Information) give the density

fe(yIL > 0) = QO 7 1T 2oeim
téa(v)

since pU(0,¢) and E(t) in Louca’s and Pennel’s notation are respectively equivalent to
Q7 (t) and Qf(t) in our notation. Then we have that Vi € Zx0(1))

fr(vi) = fr(vlL > 0)P(L > 0)
= fr %‘|L > 0)(1 - Qp(T))
=QNT) ] 2t

tea(y;)

Recalling that 1 € Sy (2) implies that J;cz_ () @(7i) = a(z), we then have

(‘N Z QAT "Z(T)X H QYT H NOPAG)

YESn(2) 1€E50(¥) tGOé(%
S <™ I [ A0@to
H€ESn (2) i€E50(¥) tea(yq)
Z Qg( n =(T) o Qﬂ Z(T) H )\ Qp )
$ESn (2) tea(z)
—Quy D ™ T A0t 3 1
tea(z) PESn (z)

There then only remains to count the number of elements in Sy, (z):
> 1_( n ) (2(0) — 1)!
v 2(T) ) (2(T) —1)!
where (Z("T)) is the number of ways of choosing the z(7T) individuals with sampled
descendants among n individuals, and where % is the number of orderings of

a forest of z(7T') trees (each with at least one leaf) with a total of z(0) leaves.
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D Results for the scaled BD model

In this section, we consider the scaled BD process, parametrized with n, A1 (¢t) and ()
such that

We recall that we have set the conditions that on [0, T]: (i) A1(t) > 0, (ii) A1 (¢) and 7(¢)
are uniformly continuous (and thus bounded above and below) and (iii) A1 (¢) > r(¢).

Where relevant, a Bernoulli sampling with probability p = p1/n is assumed.

Contrarily to Section [E] it is not assumed that the population process is conditioned.

D.1 Results for the distribution of N(t) and Z(¢) in the
limit n — oo

The purpose of this section is to derive the limits of certain quantities as n — oo, and
it can be verified that these limits do not depend on n, as they should. All limits may
indeed depend only on r(t), Ai(t), D(t1,t2), Bi(t1,t2), p1 and on some realization z
of Z, all of which are independent of n.

Lemma D.1. The expected relative population size is given by, Vn € Nsg

E{@‘N(T) - n:| = exp /tT r(s)ds

Proof. This lemma’s claim follows trivially from Lemma [C.4] O
Lemma D.2. The variance of the relative population size reaches the following limit

E]
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Proof. Using Lemma @, we have
Var [% ‘N(T) = n]

- ni - Var [N ()| N(T) = n]
= o (2 [ o) (/Tm A W)

Lemma D.3. Assuming a Bernoulli sampling procedure with sampling probability
p =2, the density of Z given N(T') = n reaches the following limit as n — oo.

Vz:2(0) > 0,
. . (z(0) — 1)! < p1D(0,T) )zm
TN =) =2 G - e\ (5 ps0,1))°

—p1D(0,7) A1(t)p1D(0,¢)
XeXp(l—i—plBl((LT)) 11 (1+ p1B1(0,1))2

tea(z)

with a(z) the set of coalescent times induced by z.

Proof. By Lemma
fz(2IN(T) = n)
_ B =4 n P n—z(T) ~Hp 2(T) P
= : <Z(T)> QD" QT H() ADQA(¢)

with
Qn(t) :=P(Z(0) = k|N(t) =1)

We will now show that

P n—z(T _plD(O’ T)
Q)" ™ oo, OXP (1 + p1B1(0, T)) .
n pan2(T) 1 p1D(0,T) o
<z(T)> QT —— 2(T)! ((1 + p1B1(0, T))2) "

A (H)p1D(0,1)

AR = G Br0.0)2
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hence proving the lemma.
Notice that

pB(0,t) = p/o A(s)D(s,t)ds = % | A1(s)nD(s, t)ds

. /Ot M (8)D(s, 1)ds = py B (0, 1)

Using Lemma [C-1]

_ D0, 7) \" *"
P T n—z(T) —(1= P )
@(T) < 1+ pB(0,T)

_(1 1 puD(0,T) ))"‘Z(T)

n 1+ pBi(0,T

- ( —p1D(0,T) )
n—o0 1+ p1B1(0,T)

n o2 (T) n pD(0,T) (1)
(z(T))QI(T) - <z<T>> (wtr6.7)

) 1( pD(0,T) )zm
~\&(T) ) =™\ (1+ p1B1(0,T))?

(n—z(T)+1 ) =(T)

n

1 pD(0,7) P
T 2(T)! (—z@)n—2(M)+1D)*D \ (14 p1 B1(0,T))2

n!

Trivially,

n—2z(T)+1 =(T) 1
n n—oo

Also, using Euler’s infinite-product definition of the factorial (see (50)):

— I(n — =(T) ! =(T)
lim (n—z(T)(n—2(T)+1) — fim ml(m+1) _1
n—oo n! m=n—=(T) (m+ z(T))!

Therefore,

n p i 2(T) 1 p1D(0,T) (1)
<z<T>> (O s (B
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Finally, using Lemma

or pD(0,1) . A1 (8)p1D(0,t)
AW = DT 50,07 = 0+ p15:(0,0))2

is independent of n. O

Lemma D.4. Assuming a Bernoulli sampling procedure with sampling probability
p = L, the density of Z given N(T) = n and Z(0) = z0 € Nxo reaches a non-zero
limit as n — oo.

Proof.

Vz:2(0) =20 € Nso  fz(2|N(T) =n,Z(0) = z0) =

fz(2IN(T) = n)

P(Z(0) = z0|N(T) = n)

By Lemma we know that fz(z|N(T) = n) reaches a non-zero limit as n — oo.
There therefore remains to prove that, for a given zo, P(Z(0) = zo| N(T') = n) reaches
a non-zero limit to prove this lemma.

We write Qx = Q2(T) 1= P(Z(0) = k|N(T) = n).

Using Lemma we have for zp > 1

P(Z(0) = 20|N(T) = n)

_ ZZO n n—zp 20 — 1 <1 _ Ql )ZO_ZT zZT
zr ) 0 20 — 2T 1-Qo !

=1

We notice that (using Lemma |C.1))

pD(0,T)
@1 THeBOTY _ 1 1 1 _ _pBi(0,7)
_ - D(0,T) - - -
1-Qo TreBlony 14 pB(0,T) 1+ pB1(0,T) 1+ p1Bi(0,T)

is independent of n. Then, plugging in the limits as n — oo of (Z"T) T and Q) 7T

(given in Egs. [11}12)), we obtain
P(Z(0) = 20| N(T) = n)

Z0 zp—2
zZ0 — 1 p1B1 (O, T) 0 T
n— oo Z { (Zo — ZT> (1 + p1B1 (O,T)

zp=1
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D.2 Results for the distribution of the number of descen-
dants of one individual after g units of time.

In this section we derive a number of results that will be important for the study
of the conditional scaled BD tackled in Section [E] In particular, since the condition
considered in Section [Ef constrains the population size every g = gi1/n units of time,
we will need some results about the distribution of the number of descendants at time
t — g of a single individual existing at time t. Given some number N (t) of individuals
existing at time ¢, we denote vg¢; the random number of descendants at time ¢ — g of
the i-th individual (with ¢ = 1,..., N(t)). Given that under the BD process the vg;’s
are iid., we consider here the distribution of v4:1 without loss of generality.

Given that ¢ = g1/n and n € Nyq, the values of interest of g are comprised in the
set {4, %, % ...}, and the domain of ¢ is [g,T]. However, since the BD unravels in
continuous time, the distribution of vg4: is defined continuously for g € (0, ¢1] and for
t € [g,T]. Furthermore, as we will see, the limiting distribution of v41 as g — 0 exists,

so we will consider [0, g1] as the domain of g, and [g,T] as the domain of ¢.

Notice that in this section we will derive some results in the limit ¢ — 0, which is
equivalent to the limit n — oo, the focus of this paper, since g := g1 /n. Notice that our
notation does not always explicitly mention the dependency of variables or functions
on g (equivalently on n), so as not to encumber formulae.

Lemma D.5. The distribution of vge1 is given by

o D(t —g,t)

Plron =0)=1- 15005

L. Dlt—g Bt—gt) \"'

Plrgn = k) = (1+B(t—g,t))2(1+B(t_g7t)) =

with mean A(g,t) and variance V(g,t) given by

A(gvt) = D(t - gvt)
V(g7t) = 2"4(95 t)B(t - gvt) + A(g7t) - A(gat)Q

Proof. Given that vg1 is equivalent by definition to N(t—g)|N(¢t) = 1, the distribution
of vgs1 is obtained immediately by setting t1 = ¢ — g and t2 = ¢ in Lemma [C.2}
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Then we have

D(t_g7t) ]ﬂ( B(t_g7t) )kl
(1+B(t—g,t)° = \1+B{lt—g1)
_ D(t—g,t) . 1

(14 B(t —g,1)) ( _ _Blt-g) )2

14+ B(t—g,t)
= D(t -9 t)

1M

A(g,t) =

e
Il

—_

oo k—1
Vig.) = D00y (P20 )T gy

(L+B(t-g,1)* = \1+Bl-gt
B(t—g,t)
__D-gt) I TEEad
2 3 7
I+ B=g.0)" (1- 25705

= D(t — g, t)(1+2B(t - g,1)) — A(g,1)°
= 2A(g’ t)B(t - gvt) + A(97 t) - A(gv t)2

Lemma D.6. Defining voiu1 as the random variable with distribution
P(I/Otl = k) = ;%P(Vgtl = k),

vor1 has distribution

1
P(Votl = 0) =1- m
v o o 1 /\1(75)91 k-l
Floon =1 = (1+>\1(t)91)2(1+/\1(t)91) b=t

with mean A(0,t) and variance V(0,t) given by

A(0,t) =1
V(0,t) = 2X1 () g1

Proof. We note that, since A1 (t) and r(t) are continuous on [0, 7],
¢ t
R(t) == / r(s)ds and A () = / Ai(s)ds
0 0
are continuous and differentiable on [0, 7.

Therefore, by the mean-value theorem, 3s € [t — g, ] such that

R(t) — R(t — g) = 7(s)g
Av(t) = A1t — g) = M(s)g
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Hence, 3s € [t — g, t] such that

D(t—g,t)= /t du = exp (R(t)—R(t—g))
—exp( s) )—1+O(())
O(g) v;(ﬁl

where we have used the fact that O(r(s)g) = O(g) since r(t) is bounded on [0, 1.

Also, 3s € [t — g, ] such that

t):/t_ )\(u)D(u,t)du:/t_ A(u) (1 + O(g))du

g t
=(1+0(g )/ AMu)du = (1+ O(g )); t_g/\l(u)du
= (1+0( )%( —Ai(t—g))
_ 9Ly
= (14 0(0) % (Mi()9)
=(1+O )91)\1

Then, given that A1 (¢) is uniformly continuous, A1(s) = A\ (¢) + o(1) as t — s — 0, or
equivalently as g — 0, since t — s < g. Hence,

B(t—g,t) = (1+0(g)) g1 (M1 (t) + o(1))
=Ai(t)g1 +o(1)
—5 Mg

where we have used the fact that A1 (t)O(g) = O(g) since A1 (¢) is bounded on [0, T7.

Plugging the limiting values of D(t—g,t) and B(t—g, t) into the expressions of Lemma
[D75] yields this lemma’s statement. O

Lemma D.7.
P(I/gﬂ = k) = ]P(l/()tl = k) + Ok(].)
as g — 0.

Proof. In the proof of Lemma we have seen that

D(t—g,t) =14+ 0(g)
B(t —g,t) = A1(t)g1 + o(1)

as g — 0.
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Hence, using the fact that A1 (¢) is bounded on [0, 7], for k =0

Plran =0) =1 =m0 S = T s + o(1)
1
= e oW

= P(Votl = 0) + 0(1)

and for kK > 1

Vo = k) = D(t —g,t) B(t —g,t) o
P( gtl_k) - (1+B(t—g,t))2(1+B(tg’t))

_ 1+0(g) ( A1 (t)g1 +o(1) Y“
(1+ A1(t)gr + o(1))* \ 1+ Ai(t)gr + o(1)

(
1+ 0O(g) Mg, e
(14 ()g1)’ +0(1)< O (1))

(1+A1 +0O0(1fﬁggl+qn>kl
o) [ (e e 1)
el T+ (D)

_ 1 Mg\ o
= (1 n Al(t)gl)Q (1 4 /\1(t)g1> + k(l)
= IP’(I/ou = IC) + Ok(l)

Lemma D.8.
A(g,t) =1+ 0(g)

as g — 0.

Proof. By Lemma m A(g,t) = D(t — g,t). Furthermore, in the proof to Lemma
[D-6] we have seen that D(t — g, t) =14 O(g). O
Lemma D.9. Given )
p
g,t) :=1—
(g, 1) = p(0)

with p(k) = P(vger = k), there exist 7 > 0 and 7 < 1 such that Vg € [0,91] and
vt € [g,T]
< n(g,t) <1
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Proof. By Lemma for g € (0, g1]

_ B(t -9, t)
9D = T BG— 6.0
with
t o
B(t—g,t) := / A1 (t)=D(s,t)ds
t—g g
and with

D(s,t) :=exp /St r(u)du

First we will show that 3D > 0, 3D < oo such that Vg € (0,¢1], V¢ € [g,T] and
Vs € [0, ] § A
D <D(s,t) <D (13)

Denote 7 := infic(o,r)7(t) and 7 := sup,c(o, ) 7(t). Both 7 and 7 exist since r(t) is
bounded on [0, T7.

The following will hold Vg € (0, ¢1], Vt € [g,T] and Vs € [0, ].

We have
t

D(s,t) > exp/ Fdu = exp (F(t — s))
If 7 < 0, then

exp (f(t — s)) > exp(7T) = exp(—|7|T)
If # > 0, then

exp (F(t — s)) > exp(0) > exp(—|F|T)
Hence,

D(s,t) > exp(—|F|T) =D >0

We also have

D(s,t) < exp /t Fdu = exp (F(t — s))

If # <0, then

exp (7(t — )) < exp(0) < exp(|F|T)
If # > 0, then

exp (F(t — s)) < exp(fT) = exp(|#|T)
Hence,

D(s,t) <exp(|f|T) =: D < o0

Now we will show that 3B > 0, 3B < oo such that Vg € (0,¢1] and Vt € [g,T]

B<B(t—g,t) <B (14)
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Denote A1 := inf,e(o, 7 A1(t) and A= Sup;epo, ) A1(t). Given that Aq(t) is bounded

and > 0 on [0, 7], we have 0 < M <\ < 0.

We have Vg € (0, ¢1] and V¢ € [g, T

tiga 2/

t
B(t—g,t)ﬁ/ AlngSZ)\1g1D::B<oo
t—g

S \‘Q
>/(
=
]
)
I
m(
Vv
[an)

and

From this it follows that Vg € (0, g1] and V¢t € [g, T

B
= <n(g,t) < ~ <1
1+B 1+ B

0<

For g = 0, using Lemma we have n(0,t) = %. Hence, Vt € [0,T]

< NI <0, < 2
1+Algl 1+)\191

Hence, setting

7 := min BV,ngl >0
1+B 14+ Mg1

7) := max iﬂ)\ligl <1
1+B 14+ Mg

we obtain the lemma’s claim.

Lemma D.10. There exists V > 0 such that ¥g € [0, g1] and Vt € [g, T
Vig,t) >V

Proof. The following will hold Vg € (0, g1] and V¢ € [g, T].

By Lemma [D.5] we have
t
Algt) =Dt~ g,t) =exp [ r(s)ds
t—g

V(g,t) = A(g,t)(2B(t — g, t) + 1 — A(g,1))
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with .
B(t—g,t) = /ti A(s)D(s, t)ds

By Eq. , there exists D > 0 such that, Vs € [0, ]
D(s,t) > D

Hence, since t — g € [0, t], we have that
A(g7t) :D(t_g7t) ZD >0

Noticing that

0

aD(s7 t) = —r(s)D(s,t)

we have

1—14(9775) =1-D(t—g,t) :D(t7t)_D(t_g>t)
= /tig %D(s, t)ds = /tig —r(s)D(s,t)ds

We thus have
2B(tig7t)+17A(g7t) :B(tfgat)+B(t795t)+17A(g7t)

:B(t—g,t)—&-/ti A(S)D(s,t)ds—/ti r(s)D(s, 1)ds

g

=B(t—g,t)+ /t_ (A(s) = r(s))D(s, t)ds

Given that A(s) — r(s) > 0, that D(s,t) > 0, and using Eq. (14)), we have
2B(t —g,t) + 1 — A(g,t) > B(t —g,t) > B> 0

Therefore, Vg € (0, g1] and V¢t € [g, T
V(g,t) > DB >0

Then, for g =0 and Vt € [0, T], by Lemma we have
V(0,t) = 2X1(t)g1 > 2X1g1 > 0
where A1 := inf;c(o,7) A1(t) > 0 since A1(¢) is bounded and > 0 on [0, 7].

Hence, Vg € [0, g1] and Vt € [g,T]
V(g,t) > min(DB,2\1g1) =V >0
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Lemma D.11. For all k € Nxo, there exists a sequence (Mpm)m such that Vg € [07 gl]
and ¥t € [g,T)

P(vge1 = 0) < Mio m P (vger = m) < My My =" My < 00

m=0

Proof. Let Myo = 1 and obviously Vg € [0, g1] and Vt € [g,T]
P(Vgtl = 0) < Mo

For m > 1, by Lemmas and Vg € [0,¢1] and V¢ € [g,T]
P(vger = m) = P(vgn = 1)?7(9%)’"71

with

P(vgtn = 1)

H)=1— =)
n(g,t) 1= P(vgn = 0)

By Lemma|[D.9] Vg € [0, g1] and V¢ € [g, T
0<i<nlgt)<h<l1

Hence,
m P(vgn = m) = m"P(vgn = Dn(g,t)" " <m" )™ = My,

We then have

MkioMkm_H;il wpm _ g Liok(®)

where Li_j(z) is the polylogarithm of order —k of z, which exists for |z| < 1. Given
that |7] < 1, then Li_ (7)) exists. Given that 77 > 0, then

M, < oo
for all k € Nyo. O

Corollary D.11.1. For all k € N5

sup  sup E[ygﬂ] < 0o
9€(0,91] t€[g,T]

Proof. Vk € Nso, Vg € [0, 1] and Vt € [g,T]

l/gtl Zm]P’z/gtl—l Z M —1< o

m=1
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Lemma D.12. There exist V < oo and X < oo such that, Yg € [0, 1], Vt € [g,T]

V(g’t) < V X(gvt) = E[‘Vgtl _EVgt1|3] < X

Proof. Define the L, norm of random variable J as ||J||p := EUJMUP. Notice that

IEvgar]ly = E[Elvgn]?]V” = (Elvgn]?)” = Evgn

By Minkowski’s inequality, we have

[[vgtr — Bvgallp < |[vgerllp + | = Evgeally = |lvgerllp + [[Evgerllp = |[vgerllp + Evgn

Since vg41 > 0 and 2P is convex for x > 0, by Jensen’s inequality we have
E[vgn]” < E[ng}

Evgn < E[Vgtl}l/p = ||vgerllp

Hence,

Vgt — Evgu|lp < [lvgerllp + Evger < 2[|vgullp

Therefore,
2 2
V(g:t) = E[lvgn —Evgn’] = (Ilvonr —Evgullz) < (2llvonllz) = 4E[Vu]
3 3
X(9,t) = E[lvans — Evgn '] = (IIvgs — Evpuilla) < (2llvgnlla) = SE[v5]

Using Corollary [D-IT.1} we can set
V=4. sup sup E[l/gtl} < 00
9€(0,91] t€[g,T]

X =8 sup  sup IE[V;’“} < 00
9€(0,91] t€[g,T]

which completes the proof. O

Lemma D.13. Let ¢(g,t,s) := E[e””g“} be the characteristic function of vgy1. We

have )
18

. 1- 77(9, t)eis
2 o 2p(0)p(1)(cos(s) —n(g,t) +p(1)*
felort )l = PO+ G ) cosle) + (9,02

with p(k) == B (vyes = k) and n(g, 1) == 1 — 1200

w(g,t,s) = p(0) + p(1)

and
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Proof. For simplicity, let n = n(g,t) in this proof.

By Lemmas and we have for k > 1

‘We then have

_ p(o) + p(l)ezs Z eis(kfl)nkfl
k=1

—p(0) + o Y ()"

k=0
We have [¢*| < 1 and by Lemma In| < 1, so that |e**n| < 1. We can thus use the

formula for convergent geometric series and obtain

1

#(9:t,5) = p(0) +p(N)e™ - T—

Then, using Euler’s formula and doing some rearrangements, we obtain

p(l)(cos(s) - 77) +i p(1) sin(s)
1 — 2ncos(s) + n? 1 — 2ncos(s) + n?

©(g,t,8) = p(0) +

Then we obtain

(g o) = (p(()) ; p<1><<>—">> . (pu)())

1 —2ncos(s) + n? 1 — 2ncos(s) + n?

2p(0)p(1) (cos(s) —n) +p(1)*

_ 2
=p(0)"+ 1 —2ncos(s) +n?

after some rearrangements.

Lemma D.14. For any !l € (0,7], Vs € [, 7]

lo(g,t,s)| < @o+o(1)

as g — 0, with o < 1.
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Proof. First we show that

= sup sup [p(0,t,9) <1
te[0,T] s€(l, ]
From Lemma [D.13] we have

2 2 2po(0)po(1)(cos(s) — no) +po(1)?
’90(07 i, S)! = Do (O) + 1—2n COS(S) 4 ,’73

with (see Lemma [D.6)

po(0) = P(von = 0) = %

po(l) = P(l/o,gl = 1) = m
_ o) _ MBn
1—po(0) 14+ M(t)gr

no =n(0,t) :=1

‘We have
1o} .
g“P(O,t»S)‘Q = —sin(s)

2po(1) (po(0)(1 — 1) + po(1)mo)
(1 — 2no cos(s) + 773)2

By Lemma vVt € [0,T], 0 < mo < 1, which immediately implies that po(1) > 0.
These then imply that Vs € (0, )

0
g‘@(o,t,s)‘Q <0

so that, vt € [0, T], !go(O, t, s)‘2 strictly decreases with s on [0, 7], from a maximum at
s = 0, which is easily verified to be 1. We thus have V¢ € [0, 7]

sup (0,4, 5)|* = |0(0,£,1)|* < |(0,¢,0)]* = 1
se(l,m]

Given that A1 (t) is continuous on [0, 77, then |¢(0,¢, l)|2 is continuous on [0, T]. Con-
sequently, by the extreme-value theorem, there exists 7 € [0, 7] such that

@0 = sup sup |p(0,4,9)|* = sup |p(0,£,1)|* = |(0,7,1)]* < |(0,7,0)]" =1
te[0,T] s€[l,n] te[0,T]

Now we proceed to the demonstration of the lemma’s claim. We recall that by Lemma

D13

2p(0)p(1) (cos(s) —n) +p(1)”
1 — 2ncos(s) +n?

lo(g,t,5)|* = p(0)* +

p(1)

with p(r) :=P(vgs1 = r) and n = n(g,t) :=1— o0y
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By Lemma@ we have that

as g — 0, which induces

as g — 0.

We then obtain, Vs € [I, 7]

lo(g.t,9)]> = (po(0) + o(1))*

L 2(po(0) +0(1)) (po1) + o(1)) (€03(s) = 10 + 0(1)) + (po(1) + o(1))?
1 —2(no + o(1)) cos(s) + (no + 0(1))2

— po(0)’ + 2po(0)pci(i) g;:ifs)(s_) T)n; po(1) +o(1)

= |<p(0,t, s)|2 + o(1)
< @5 +o(1)

as g — 0.

Therefore, given that v/C + z = v/C + O(z) as  — 0, we have

le(g,t,8)| < o+ o(1)

as g — 0. (|

E Results for the conditional scaled BD process

In this section, we consider the scaled BD process, parametrized with n, A1(t) and r(t)
such that

We recall that we have set the conditions that on [0, T]: (i) A1(¢) > 0, (ii) A1 (¢) and r(t)
are uniformly continuous (and thus bounded above and below) and (iii) A1(t) > r(¢).

We consider this process conditioned on Z(0) = 2o and on N € Q,,, with ,, defined
such that N € Q, if and only if, for g : % € Ny and with g := 2

vt € {0,9,2g,....,T} N(t) = yn(t)
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where

y(t) = yn(t) := [u(t)n]
with u(t) any function of time such that, on [0,T]: (i) u(t) is continuous (ii) u'(¥)
exists and is bounded, (iii) u(¢) > 0 and (iv) u(T) = 1.

We notice that, given that u(t) is bounded on [0, 7], then y(t) = O(n) as n — oo, or
equivalently y(t) = O(1/g) as g — 0.

E.1 Pairwise coalescent probability

We denote ¢, (t) the “pairwise coalescent probability”, that is the probability that two
ancestors at time ¢t — g have a common ancestor at time ¢, under the condition N € Q,,:

en(t) :=P(Z(t) =1|Z(t —g) =2, N € Q)

for t € {g,2g,...,T}.

In the time interval [t — g, t], the conditional scaled BD is represented by the random
vector vgr = (Vgei)i, © = 1,...,y(¢), of fixed sum Zlyitl) vgri = N(t —g) = y(t — g).
(Hence the condition N € €, reduces to the condition N(t—g) = y(t—g) AN (t) = y(t)
in the interval [t — g, t].)

We note two properties of the conditional scaled BD:

1. Because of the Markov property of the BD process, and the fact that individuals
are exchangeable, vy, is conditionally independent of vy, for any s > t+ g, given
N(t) = y(t).

2. Because the individuals are exchangeable, then, given vy, any assignment of the
y(t — g) offspring to the y(t) parents are equally likely (provided these assign-
ments are compatible with vg;).

These two properties are those assumed by Mohle in (19), allowing us to apply Mdéhle’s
results to the conditional scaled BD. In particular, Mohle gives the expression for ¢, (t)
(denoted ¢, in his paper):

cn(t)
y(t)
= a7 =T 2 Bl s ~ DN~ 0) = 36— 9).N(0) = y(0)

y(®) (15)

- a1y B[ (e — DING = 9) = - ), N0) = (1)
— o) v (v~ DING - 9) = ylt — 9), N0 = (1)
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where we have used the fact that Vi
E[vgti (vari = DIN(E = 9) = y(t = 9), N(t) = y(t)]
= E[vpnr (vars = DIN(E = g) = y(t = 9), N(8) = y(t)]
since individuals are exchangeable.

Notice that, since the distribution of vg:1, y(t) and y(t —g) are all defined continuously
for t € [g,T7], cn(t) is also actually defined continuously on [g,T]. Thus, for simplicity,
we shall consider below that the function c¢,(t) has a continuous domain, although
ultimately we are only interested in the discrete domain ¢ € {g,2g,...,T}.

E.2 Limit as n — oo of the discrete-time pairwise coales-
cent rate of the conditional scaled BD

We define the “discrete-time pairwise coalescent rate” as

n

hn(t) := =cp(t)—
)= 2 e 2
which measures the (average) density of a coalescence event over [t — g, t].

The purpose of this section is to derive the “limiting coalescent rate”, defined as

h(t) == lim hn(t)

n—oo

which will be central for showing that the conditional scaled BD converges to the
Kingman coalescent.

Specifically, we will show that (Lemma [E.§ below)

_ 21 (t)

h(t) ()

and that
sup [hn(t) = h()] —— 0

te(g,T] neoe

E.2.1 Preliminary results

In this section we derive some results necessary for studying the limit of hy,(¢).
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Lemma E.1.

V(g,t)y(t)P(N(t—g) = y(t — g)IN(t) = y(t))

(v —g) —y)A(g,t)
¢( Vg, 0u(0)

)‘ ~0(y9)

Vg, t)(y(t) = 1)-P(N(t — g) = y(t — g) — [N (t) = y(t) — 1)

B ¢(y(t —g9) —r—(y(t) —1)A(g, 1)

)‘ — 0(v3)
Vg, t)(y(t) — 1)

as g — 0.

Proof. Obviously,

Vg, t)y(t) - P(N(t —g) =yt — g)|N(t) = y(t)) — ¢<

Vg, t)y(t
: _g) = — () — o FoyAl. )
< e | VWA - PN —0) = HNC) =319) = v<g,t>y(t>)‘

We will show that the RHS of this inequality is O(,/g) as g — 0, hence proving the
first claim of the present lemma.

By Doney’s Lemma 3 in (51J),

- o _ B 1 k—y(t)A(g,t)
sup [P(N(t ~ ) = KIN() = y(0) \/V(gvt)y(t)cb( W(g7t)y(t)>‘
CX(g,t)

=y (gap T

where C' is an absolute constant, where X (g,t) := E[|vg1 — Evgi |*] and where

™

d(g,1) =2 / e (=00~ ol 9D)ids

with I(g,t) = 4‘;(("g’tt)) and with ¢(g,t, s) the characteristic function of vy .

Multiplying by y(t)\/V (g,t), we obtain

V(g,0)y(#) - P(N(t —g) = KIN(t) = y(t)) — ¢<W>‘

< \9();(3’32 +y(t)VV(g.1) - d(g.1)
< OX
>~ V3/2

y(t) - sup
k

+y()VV(g,t) - d(g,t) (16)
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with (see Lemmas and [D.12)

0<V < inf inf V(g,t)
9€(0,91] t€[g,T]
sup sup X(g,t) < X <0
9€[0,91] t€[g,T]

Given that /y(t) = O(1/,/g), we need to show that the two terms of the RHS of Eq.
(16) are bounded above by a function that is O(1) as g — 0 to prove the lemma’s first
claim. This is the case for the first term, since it is an absolute constant. We will now
proceed to show that this is also the case for the second term.

We note that B
l(g,t) > 4‘{ =:1>0

&

We thus have
WOV Vig.0) - dla.0) < 2000V (.0 [ exp (= 01 liolg. 1, 9)))ds
1
given that the integrand is non-negative.

If I > m, the integral is non-positive, whatever the values of g or ¢, and therefore

as g — 0.

If I <7, by Lemma [D.14] we have that |¢(g,t,s)| < ¢o + o(1) as g — 0, with ¢g < 1,
provided s € [I, 7]. Hence,

VOV T - dla.0) < 200VT [ exp (=01 =G0 +o(1) ) s

= 2y(&)VV (r — 1) exp (0(1)) exp ( — y(t)(1 — o))
= 2y(t)VV (= ) (1 + o(1)) exp ( - y(t) (1 — b0))
=O0(1)y(t)exp (—y(t)(1 = @o))

as g — 0, with (see Lemma [D.12))

sup  sup V(g,t) <V < oo
9€[0,91] t€[g,T]

It is then straightforward to verify that, given that 1 — ¢g > 0,

5 exp(—1)
y(t)exp (— y()(1 — o)) < T 00 = 0(1)
as g — 0.

The second claim of the lemma is proven in exactly the same way. O
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Lemma E.2.

y(t —g) — A(g, t)y(t) = O(1)
vm  y(t—g) —m— A(g,t) (y(t) — 1) = O (1)

as g — 0.

Proof. We recall that

u(t)g:
t) =
y(t) { ’ l
with u(t) > 0 bounded on [0, 7] and with «'(t) bounded on [0, T7.
First we show that y(t — g) — y(t) = O(1) as g — 0.

We denote

et,g == y(t) —

€t—g,g =Yt —9g) —

u(t—g)gr _ P(t - 9)91} _ut—g)g
g

and note that €;,4,€—g,4 € [0,1).

‘We then have

u(t — 1 u(t)g1
y(t - g) — ()| = | M=o _uBar
g g
u(t — — u(t
< 7( g; () 91+|6tfg,g_€t,g|

Then, because v’'(t) is bounded, there exists C > 0 such that for all g € (0,91] and
t€lg,T]

t=g) —u)
I

Also, |€t—g,9 — €t,9] < 1, so that for all g € (0,¢1] and ¢ € [g,T]

ly(t —g) —y(t)] < Cg1 +1

Hence,
y(t —g) —y(t) =0(1)
as g — 0.

Now we show that y(t — g) — y(¢)A(g,t) = O(1) as g — 0.
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Using Lemma [D.§|
y(t —9) —y(t)Alg,t) = y(t — g) — y(t) + y(t) (1 — A(g, 1))
= 0(1) +y(1)O(9)
as g — 0. Then, given that u(t) is bounded on [0, T7], y(t) = O(1/g) as g — 0, yielding

y(t —g) —y()A(g,t) = O(1) + O(1/g)O(9g)
O(1)

as g — 0.

Similarly,
y(t —g) —m— A(g,t)(y(t) — 1) = y(t — g) —y(t)A(g,t) + A(g,t) —m
=0(1)+1+0(g) —m

=0n(1)

as g — 0.

Lemma E.3. Ym € N
P(N(t—g) =y(t—g) —mIN(t) =y(t) - 1)
]P(N(t—g) =y(t—g)|N(t) =y(t)) - 1+Om(\/§)

as g — 0.
Proof. In this proof, when we use the O(-) and o(+) notation, “as g — 0” is implicit.

For conciseness we write
P(i,j) :==P(N(t — g) = jIN(t) = 1)

‘We have
P(y(t) — 1,y(t — g) —m)
P(y(t),y(t —g))

g,t) - P(y(t) — 1,y(t — g) —m)

_ y() V) - DV(
y(t) —1 y(t)V (g, t) - P(y(t),y(t —g))
‘We have
yt)  ul®)D e, 14 gﬁ
yO) =1 u()L ey —1 14 93&;1
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Given that u(t) is continuous and > 0 on [0,T], inf,cfo,rju(t) > 0. Furthermore,
€t,g € [0,1). We thus have

y(t) _ 1+0(g)
y(t) -1  14+0(g)

=14 0(g)

Then, given that v/1+x =1+ O(z) as ¢ — 0, we have

01400 (17)

Then, using Lemma [E-I] we have

= V@ OV P(y(t) - Lyt — g) —m) — o L9 W~ VA0

vt € [g,T], V(g,t) >V >0, by Lemma

By Lemmamwe have that Vg € [0, g1],
1)A(g,t) = Om(1), and also y(t) = O(1/g) and

we have that y(t — g) — m — (y(t) —
1/(y(t) — 1) = O(g). Therefore

Then,

b 1(yt—g) —m— (y(t) - DAg. 1)\
"V P < 2< V(@) — 1)V (g, 1) ) >
= \/% exp (Om(g)) = %(1 + Om(g)) = % + Om(9)
This yields
Wt — DV (g,0) - P(y(t) — 1,y(t — g) —m) = O(V/g) + L% +Om(g)
1
= Jon + Om(V9)



Noting that by Lemma y(t — g) — A(g,t)y(t) = O(1), by the same rationale we
obtain

VOV(a.0) - Pu1).u(t = 0)) = —= +O0(Va) (18)
Finally, we get
Py(t) — Ly(t—g)—m) _ v +Om(V9) _
P(y(t),y(t—g)) - (1+O(g)) m+0(\[) 1+Om(\/§)
0
Lemma E.4.
P(N(t—g) =y(t—g) —mIN@®) =y(t) 1) _ o)
P(N(t—g) =yt —g)IN(t) = y(t))

as g — 0.

Proof. For conciseness we write

P(i,j) :=P(N(t — g) = jIN(t) =)

We have (t—g) (w(t) — 1) A(g, 1)
Yy —g) —m — g, .
¢>( e ) < $(0) = 0(1)
as g — 0.

Using this result and Lemma yields

V() —1)V(g,t) - P(y(t) — 1,y(t — g) — m)

_ - ) _ L) — o ¥ =9) —m = (y(t) —1)A(g, 1)
= VO —DVG.8) - P(y(t) — Ly(t —g) —m) ¢< ﬁ) e

y(t—g) —m— (y(t) — DA(g,1)

+¢( 0= DVeD )

— 0(vg) + 0(1)

o)

as g — 0.
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Then, using Eqs. (1L7f18), we obtain

P(y(t) — Lyt —g) —m)
P(y(t),y(t—9))
V() V() =1V (g,t)- P(y(t) —1Ly(t—g) — m)

y(t) —1 Vy@)Vig,t) - P(y(t),y(t — g))

_ , o)

= (1+0(9)) oY)

~ (1+0(g)) -0(1)
=0(1)

as g — 0.

Theorem E.5.

S E[vgi (vgnn — DIN(t — g) = y(t — 9), N(t) = y(1)]

—E [vor1 (vor1 — 1)] gH—0> 0

Proof. To simplify notation, we write

Pi(m) :=P(N(t —g) = y(t —g) —m|N(t) = y(t) — 1)
(t—9)

Py i=P(N(t—g) = y(t — 9)IN(t) = y(t))
p(m) = P(vgin = m)
po(m) :=P(ron =m)

and we write sup, for SUD:cg,7] and sup,, for sup,¢ (0,91] unless specified otherwise.

We have

E[vge1(vgn — 1)|N(t —g) = y(t — g), N(t) = y(t)]

y(t—g)

_ Py (m)
= mEZO m(m — 1)p(m) P
e Py (m)
= mE:Om(m — 1)p(m) i

where the last line is obtained after noticing that Vm > y(t — g), Pi(m) = 0.
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Furthermore,

o0
E [vor1 (vorn — 1)] Z m(m — 1)po(m)
m=0

Hence, the present theorem’s statement is equivalent to

oo

32 mlm = 1p(m) P~ mn 1>po<m>| =0

lim sup
g—0 4

First we note that

. - Py (m)
;%sgp Z:Om(m Dp(m) P m( Dpo( )’
S Pi(m)
Sgl_r)%z_osgp m(m — )p(m) —5= —m(m — 1)po(m)
Using Lemmas and FEEI, we have
Pi(m
sup [m(m — 1p(m) 2 o — 1)po(m)
gt 2
P
< sup [m{m — 1p(m) 2T 4 sup im(m — 1)po(m)
g,t 2 g,t
P
< sup m%(m)@ + sup m2p0(m)
g,t 2 gt
< Moy sup |2 4 0,
g,t Py
= M2nO(1)

By the definition of O(1), there exist C' > 0 and G € (0, g1] such that

sup sup |[m(m — 1)p(m) P(m) _ m(m — Dpo(m)| < M2, C

9€(0,G] ¢ P

Furthermore, by Lemma we have

ngmC:CiM2m<oo

m=0 m=0

The two last equations together imply, by the Weierstrass M-test, that the series

S sup mm = plm) 20— o = 1)po(im)
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converges uniformly for g € (0, G]. By the Moore-Osgood theorem, this allows us to
swap the limits and write

tim > sup m(m = Dpm) L G 1)po<m>‘
=3 timsup mGm — 0pm) 20— man — 1)p0 (m)‘

Now we will show that each term of this last sum is equal to 0, hence proving the
theorem.

We recall that, by Lemma [D.7}

as g — 0.

We recall that, by Lemma |E.3]

as g — 0.

‘We thus have

=m(m—1) (p(m) Pllgn) — pg(m)>
—m(m 1) ((po<m> om(V) (1 +On(va)) - po<m>)
=m(m — 1)on(1)

as g — 0.

The last line is equivalent to

lim sup

limy sup [m(m — 1)p(m)

for any fixed m. O

E.2.2 Actual limit

This section gives the limit of h,(t) as n — oo, in the form of Lemma
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We define

o y(t) n
U= -9~ o

En(t) :=Elvgn (von — DIN(t — g) = y(t — g), N(t) = y(t)]

so that

Lemma E.6.

as n — o0.

Proof. Denote

€t,g = y(t) —u(t)n
€t—g,g =Yt —g) —ult —g)n

and note that €;,4,€—g,4 € [0, 1).

Recalling that u(t) is bounded on [0, T], we have

— y(t) n
Onlt) = yt—g)(y(t—9)—1) o
_ ()”"'etg .
(u(t —g)n+ei—gg) (ut —gn+e—gy—1) o
u(t) +€tg/n

(“(t -g)+ Et—g,y/”) (“(t — )+ (et—g,g — 1)/”) g1
_ u(t) + O(1/n) 1

(u(t —-9)+ O(l/n)) (u(t —g)+ O(l/n)) g1
__u@®)+0@d/n) 1
S u(t-9)2+001/n) ¢

= g o

_(u®) —ut—g) )1 .
—< g +1> = +0(1/n)

Also, because u’(t) is bounded on [0,T], then u(t) — u(t — g) = O(g) as g — 0, and
equivalently u(t) — u(t — g) = O(1/n) as n — co. Thus, because u(t) is bounded and
> 0 on [0,T], we have
u(t) —u(t —g)
——————— =0(1/n
W= g) (1/n)
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as n — oo. Hence,

S
>~
o~
=
Il

(0(1/n) +1)*- J +0(1/n)

1u(t)

= PO +0(1/n)

as n — 0o. O

Lemma E.7.
En(t) = 2A1(t)g1 + o(1)

as n — Q.

Proof. By Theorem we have that

sup ‘E[Vgtl(llgtl — 1INt —g) =yt —g), N(@t) = y(t)] — E[von (von — 1)] ’

te(g,T]

— 0

n—r00

=: sup ‘En(t) — E[voe1 (von — 1)]
t€lg,T]

(since n — oo is equivalent to g — 0), which writes equivalently
E,(t) = ]El:l/otl(l/otl — 1)} +0(1)
as n — oo. Using Lemma[D.6] we obtain
E,(t) = Var[voe] + Evoer (Evoer — 1) + o(1) = 2X1(¢)g1 + o(1)

as n — oo. O

Lemma E.8.

as n — 0o, with

Proof. Using the facts that u(t) is bounded and > 0 and that A;(¢) is bounded on
[0,T], and using Lemmas and we have

hn(t) = Un(t) En(t)
1
= (ng(t) + O(l/n)) (2X1 (t)gr + o(1))
_ 2X1(t)

u(t)

+o(1)
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Corollary E.8.1.

as n — o0.

Proof. We recall that

Hence by Lemma [E.§ we have
hn(t) = h(t) + o(1)
en(t) 2 = h(t) + o(1)
g1

enlt) = %h(t) +o(1/n)

Given that A1 (t) is bounded on [0, 7] and that u(t) is bounded and > 0 on [0, 7], then

_ 21 (%)

h(t) )

is bounded on [0, T]. Therefore,

cn(t) = 0O(1/n)

F Convergence of the sample process of the con-
ditional scaled BD to the Kingman coalescent

Theorem [F-1] below constitutes the main result of this paper, about the convergence of
the conditional scaled BD to the Kingman coalescent. The proof to Theorem [F-I|relies
on lemmas and theorems derived in earlier sections of this appendix. The proofs to
these previous lemmas and theorems are valid conditionally on a series of assumptions,
which we recall here as sufficient conditions for the applicability of Theorem

Sufficient conditions for the applicability of Theorem We recall
that the scaled BD process is a BD process starting at time 7" with N(T") = n indi-
viduals and parametrized with A;(¢) and r(¢) such that



The conditional scaled BD process is the scaled BD process conditioned on Z(0) = zo
and on N € (,,, with Q,, a set of population trajectories defined such that N € Q,, if
and only if, for g : gll € Ny and with g := 2,

vt € {0,9,2g,....,T} N(t) = yn(t)

where
y(t) = yn(t) := [u(t)n]

The following conditions on A1 (t), 7(¢) and u(¢) have been assumed throughout earlier
sections of this appendix and constitute sufficient conditions for the applicability of
Theorem [F.1}

e Vt€[0,T], Mi(t) >0

e )\ (¢) is uniformly continuous on [0, T
e 7(t) is uniformly continuous on [0, 7T
o Vt € [0,T], \i(t) > r(¢)

e u(T)=1

o Vt € [0,T], u(t) >0

e u(t) is continuous on [0, 7]

o Vt € [0,T], u(t) exists

u'(t) is bounded on [0, T

Introduction to Theorem Consider the discrete-time ancestral process
(R( [t/g}))te[o T of the conditional scaled BD. Because of the condition Z(0) = zo,

R(0) = {(i,i)]i € {1,...,20}} =t A

Let (K(t))

t€[0,T]
u(t

T()t)’ restricted to t € [0, 7], with initial state I(0) = A.

denote the ancestral process of the Kingman coalescent with 6(t) =

Theorem F.1. (’R([t/g]))te[o ) converges to (’C(t))ze[o p) @8 M = 00 in terms of
finite-dimensional distributions.

Proof. Define

A(t):/o %S)ds

Notice that, since the integrand is strictly positive, A strictly increases, and its inverse
A~ exists and strictly increases.
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Consider the time scaling x = A(t). We have

-1
(RU/91) ez = (RUA™ @)/9D) .o ncry
and
-1 1
(K(t))te[o,T] = (K@ (x)))ze[O,A(T)] = (K (x))ze[O,A(T)]
where (K l(m))z denotes the ancestral process of the Kingman coalescent with 6(z) =

1.

By Mohle’s Theorem 1 in (19)), if the conditions stated below are verified, then
(R( [Ail(x)/gW))ze[O,A(T)] converges to (,Cl(m))ze[(),A(T)] as n — oo in terms of finite-
dimensional distributions, which proves the present theorem.

We thus need to prove that the conditions of application of Mohle’s theorem are
satisfied by the conditional scaled BD. These conditions read as follows in our notation.

e Condition 1 For all z € [0, A(T)]

A~ (2)/9]
M2 elmo =

e Condition 2 For all z € [0, A(T)]

lim sup cn(mg) =0
"7 m< AT (2) /9]

which is implied in our case by the following stronger condition (given that ¢, (t)
is defined continuously on [g, T]):

lim sup cn(t) =0

e Condition 3 For all z € [0, A(T)] and for all k£ € N>g

0= lim sup ( ! 3
0 < A-1(2)/g] \Y((m — 1)g) cn(mg)

y(mg)

X Z E[Vg,mg,i(yg,mg,i - 1)V§,mg,i|N((m - 1)9) = y((m - 1)9): N(mg) = y(mg)]

which is implied in our case by the following stronger condition. For all k € Nxq:

0= lim sup _
N0 te(g,T) y(t —g)3cn(t)

y(t)
x ZJE[ugn-(ugn- — DI N(t—g) = y(t — g), N(t) = y(ﬂ])
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e Condition 4 For all z € [0, A(T)]

. 1
0= lim sup ( i
noo meia-1@)/g1 \y((m —1)g) cn(mg)

y(mg)
X Z E[Vg,mgyi(’/g,mg,i - 1)V§,mg,j|N((m - 1)9) = y((m - 1)9)’ N(mg) = y(mg)])

3,j=1

which is implied in our case by the following stronger condition:

0= lim sup 1
n=oo yelg1) \ Y(t — g)*en(t)

y(t)
X > E[vgi(vars = D5 IN(E = g) = y(t - 9), N(t) = y(t)])

i,5=1

Proof of Condition 1.

Notice that, since A™!(x) strictly increases, for = € [0, A(T)], A~ (z) < A™Y(A(T)) =
T is bounded.

By Lemma with A(t) = 2218 we have

u(t)

as n — oo (or, equivalently, as g — 0).

Then, recalling that h,(t) := ¢, (t)/g, we have for all z € [0, A(T")]

[A=1(@)/g] [A=1@)/g]
ca(mg) = Y ha(mg)g
m=1 m=1
rA=1@)/g]
= > (h(mg)+o(l))g (asg—0)
m=1
rA=1@)/g] rA=1(@)/g]
= > himgg+ >, o)
m=1 m=1
rA=1@)/g]
= > h(mg)g+ A (x)/glo(1)g
m=1
(A (@)/g]
= Z h(mg)g + o(1) (because A~"(z) is bounded)
m=1

A~ Y(x) A~ ()
— h(t)dt = / ) g AA () =2
920 Jo 0 u(t)

which proves Condition 1, recalling that g — 0 is equivalent to n — co.
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Proof of Condition 2.

Condition 2 follows immediately from Corollary

Proof of Condition 3.

Given that individuals are exchangeable, we have
1 y(t) .
vt —g)pen® ;E[Vgti(’/gti — Dvgu|N(t—g) =yt —g),N(t) = y(t)]

y(
1 y(t)
- m . ZE[Vgtl(l/gtl — 1)V§t1|N(t —g)=ylt—g),N() = y(t)]
- ﬁ E[von (von — DV N(E — g) = y(t — ), N(8) = y(0)]

Given that y(t) = O(n) and that, by Corollary [E.8.1] ¢, (t) = O(1/n), we have

y(t)

ot g)eniny ~ O™

as n — o0.

Therefore, there remains to show that

E [y (vgr = Do IN(E = g) = y(t = 9), N(t) = y(t)] = ou(n)

as n — oo to prove Condition 3.

‘We have
E [vgt1 (vann = v N(t = ) = y(t = 9), N(2) = y(t)]
= ) _ P(N(t—g) =y(t—g) — mIN(t) = y(t) — 1)
- mz:: mlm = DmB(von = m) =y ) =yt = 9)IN ) = u(0)

Lemma [E.4] shows that
P(N(t—g) =y(t —g) —m|N(t) = y(t) = 1)
P(N(t—g) =y(t - g)IN(t) = y(t))
as n — o0o. Therefore,
E[ugﬂ(ugtl = DvgulN(t—g) =y(t —g), N(t) = y(t)}
y(t—g)

=0(1) Y m(m—1)m"P(ve =m)

m=0

=0(1)

<0() 3 B = m)

m=0

=O(1)E [1/5;[2]
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as n — oo. By Corollary for any given k,

sup  sup E[VS;EQ} < 0
9€(0,91] t€[g,T]

Hence,

E[vgr1 (vgr = Dy N(t = g) = y(t = 9), N(t) = y(8)] = Ox(1) = ou(n)

as n — o0.

Proof of Condition 4.

Given that individuals are exchangeable, we have

y(t)

S B [vgei (vars — Dv2uIN(t - g) = y(t — ), N(2) = y(t)]
i,j=1

1 y(t)

= m Z E[Vgtl(l/gtl - 1)y§t2|N(t —g)=ylt—g),N@t) = y(t)]

I
y(t — g)ten(t)

_ e ) B )
N m 'E[Vgtl(l/gtl — Dga|N(t—g) =yt —g),N(t) = y(t)]

By the Cauchy-Schwarz inequality, we have

y(t)2 2 _ -
gt — g)ien(t) 'E[Vg“(”stl — Dvgea|N(t = g) = y(t —9), N(t) = y(t)]
y(t)? > N e
= Y=g (D) E[(Vgtl(l/gtl — 1)) IN(t—g) =y(t —g),N(t) = y(t)]

xE[V§t2|N(t —g)=ylt—g),N({t) = y(t)] v

By the same arguments as for Condition 3, we have that

y(t)® - "
=gyt ~ O™

as n — 00, and there thus remains to show that

5 1/2
E[ (vans (van = D)*IN(t = g) = y(t = 9), N(t) = y(1)]
4 1/2
XE[via|N(t - g) = y(t = 9), N(t) =y(®)] = o(n)
as n — oo.
Using the same arguments as for Condition 3, we have that
9 1/2
B[ (vars (vorr = 1)*IN(E = ) = y(t = 9), N(t) = ()]

]1/2

XE [Vl N(t - 9) = y(t = 9), N(1) = y(®)] = 0(1) = o(n)
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as n — o0.

G Convergence of the relative population size
of the conditional scaled BD to the function

u(t)

Theorem below shows that, under the conditioned scaled BD, the relative popu-
lation size N (t)/n converges in probability to the function u(t) as n — oo. This gives
a meaning to the function u(t): it is the relative population size of the conditional
BD when population size is large. This meaning is particularly useful for interpreting
the parameter u(t) in statistical inference with the conditional BD, as the equivalence
u(t) = N(t)/n can be assumed for sufficiently large n.

Lemma G.1. For any time z € [0, T

Var [@]N € Qn} = 0(1/v/n)

as n — o00.

Proof. In this proof, all O(+)’s are as n — oc.

For some fixed g € (0, g1], for any ¢t € {g,2g,...,T} and for all z € (¢t — g, t], because
of the Markov property of the BD, we have that (N(z)|N € Q) = (N(z)|[N(t—g) =
y(t —g), N(t) = y(t)), and therefore

var| M| ¢ 0, | = var | M (e - g) = 0 - ), N ) = 00

By the law of total variance, we have

Var [@]N(t) - y(t)} —E

Var {# ‘N(t —g),N(t) = y(t)H

+ Var

so that

E \@«[@‘N(t — ), N(t) = y(t)] < Var [@]wu) - y(t)}
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‘We then have
Var {@‘N € Qn} P(N(t—g) =yt — g)|N(t) = y(t))

—Ver| M (e - g) = yt0 - 01, ¥10) = y(0)| BV = ) = (e~ 9N () = 9(0)

IN

;Var[fo)\Na ~) = k. N(O) = 5(0)] PV~ 9) = KN () = 5(0)

0
=E|Va

N

r[%’N(t —9),N(t) = y(t)H
< Var {%(N(t) = y(t)}

Hence,

Var[ | )]
(NGt —g) = ol - >|N< )= 4(0) (19)
. Var[N(z) =y(t)]
P(N(t-g) fy(t— )IN( ) =y(t))

=

\@[@‘N € Qn] <

3[0‘,_.

Eq. holds for some fixed g € (0, g1], for any ¢ € {g,2g,..., T} and for all z €
(t — g,t]. However, for some fixed time x € [0,7T], as n — oo and g — 0, eventually
z & (t — g,t]. Therefore, for some fixed time z € (0,7, we define

on = o (z) :==min {t € {g,2¢,..., THt >z}
so that Vn € Nso, z € (an — g, @] and the following holds Vn € Nsg and Vz € (0, 7]

ar M 1 Var[N(x)\N(an) = y(an)]
Var| X2 e ) < F(N(an — 9) = y(an — 9)IN (@) = y(am)

We then write
Var {@‘N € Qn}

1 Vi@V (g ) - Var[N(@)|N (an) = ylon)]
n?  \/ylom)V (g, an) - P(N(an — g) = y(on — 9)|N(on) = y(owm))

<

By Lemma we have that /V (g,t) ), and also 1/y(t) = O(v/n). In the

following of thls proof we will show that Va: € (0 T)
Var[N(x)\N(an) = y(an)] =0(n)
and that

( y(an>v<g7anm(w<an—g>=y<an—g>|N<an>=y<an>))f — o)

()



which concludes the proof for z € (0,7]. Then, for z = 0, we trivially have that

Var {@’N e Qn} - var[@‘N(o) - y(O)] =0

By Lemma[C.4] we have that
Var [N (@)| N (an) = y(an)]

= y(an) exp (2 /:” r(s)ds) /:” tﬂsz\(f?L——TgL;zl@ds

Noticing that o, — 2 < g = O(1/n) by definition of a,,, we have that
2/% r(s)ds < 2/% fds = 27 (an — ) = O(1/n)

with 7 := sup, (.7 7(t), so that exp (2 [ r(s)ds) = 1+ O(1/n) = O(1).
Similarly, for s € [z, an] (implying that o, — s = O(1/n)), we have

— /an r(u)du < — /O‘n rdu = —7(am — s) = O(1/n)
with 7 := inf,ejo, 1) 7(t), so that exp (— [ r(u)du) = 1+ O(1/n) = O(1).
Then,

< n/an 2X,0(1)ds

= n(an — )220 0(1)
=n0(1/n)O(1)
=0(1)

with A\; 1= SUp,eo,) A1(t). Also,

Given that y(ay) = O(n), we thus conclude that

Var [N (z)|N(an) = y(om)] = O(n)O(1)(0(1) + O(1/n)) = O(n)
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Finally, in the proof to Lemma [E.3] we have see that (Eq.
y(an)V(g, an) 'P(N(an - 9) = y(an - g)|N(O‘n) = y(an))

1
= Vo +0(1/vn)

so that

(\/ymn)wg, an) - (N (an — ) = ylan — )| N(an) = y(an>)) i
=271+ 0(1/y/n) = 0(1)

Lemma G.2. For any time z € [0, T
E{@ RE Qn] — u(z) = 001/ )

as n — o0.

Proof. In this proof, all O(-)’s are as n — oo.

(21)

For some fixed g € (0, g1], for any t € {g,2g,...,T} and for all z € (¢t — g, t], because
of the Markov property of the BD, we have that (N(z)|N € Q) = (N(z)|[N(t—g) =

y(t —g),N(t) = y(t)), and therefore

E[@ ‘ N e Qn] — u(z)

= &M | Nt 9) = yte - ). N0 = 910)] - )

n

We then have (using the triangle and Jensen’s inequalities)

E{@ ‘ Negn} — u(z)

= E{NT@—u(m) ’ NEQH}
< E[ M )| | Mt~ 9) = ule - 91, N ) :y<t>}

IN

E[(N(JC) —u(sc))2 ‘ N(t—g) =yt —g),N() =y(t)r

n

(s



Then, by the law of total expectation, we have

()
o[ (2  wo)

_ i{EKNT(f) —u(x))2

k=0

E

N(t) = y(t)]

X P(N(t—g) =k|N(t) = y(t))}

28 (M2 ) - ) = ute - .80 = 000

x P(N(t—g) =yt —g)IN() = y(1))

Hence,

E{@ ‘ N e Qn] —u(z)

NG 2 (22)
_ [ El(2 @) [N =)

- <P(N(t —9) =yt —g)IN(t) = y(ﬂ))

Eq. holds for some fixed g € (0, g1], for any t € {g,2g,..., T} and for all z €
(t — g,t]. However, for some fixed time x € [0,7], as n — oo and g — 0, eventually
z & (t — g,t]. Therefore, for some fixed time z € (0, 7], we define

on = an(z) :==min {t € {g, 29, ..., THt >z}
so that Vn € Nso, z € (an — g, @] and the following holds Vn € Nsg and Vz € (0,7

E{@ ‘ NeQn] — u(z)

(El(R ) [ o o] !
- <P(N(an —g) =y(an —g)|N(an) = y(om)))

We then write

E[% RE Qn} — (=)

< ( Y@V (g, E[(22 — (@) | Nan) = y(an)] )é
~ \WVy(an)V(g,an) - P(N(an — g) = y(an — g)IN(an) = y(an))
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By Lemma [D.12} we have that 1/V(g,t) = O(1), and also 1/y(t) = O(v/n). We have
also seen in the proof to Lemma that (Eq. 1))

-1
<\/ Y(an)V (g, an) - B(N(an — g) = y(an — g)IN(an) = y(ﬂn))) =0(1)
In the following of this proof, we will show that Vz € (0, 7]

£[(M) i)

which concludes the proof for « € (0,T]. The case for x = 0 will be dealt with at the
end.

N(an) =y(an)| = O(1/n)

We have
E[(Nf) (@) | N = y(aw]
= var| Y9 (2 | N(a) = y(an>] - E[fo) — (@) | N(an) = y(w}

= —Var [N(x) | N(an) = y(an)] - % <E [N(x) | N(an) = y(an)] - nu(:c))

In the proof to Lemma we have seen that (Eq.

Var [N(x) | N(an) = y(an)] = 0(n)

Using Lemma [C.4] we have

E[N(@) | N(an) = ylan)] — nu(z) = y(an) exp ( / o r(s)ds) ()

We recall that y(an) = [nu(an)] = nu(an)+e with 0 < e < 1 and that u(t) is bounded
on [0, 7]. We have seen in the proof to Lemmathat exp ( [ r(s)ds) = 1+0(1/n).
Furthermore, because u/(t) is bounded, (u(t)—u(z))/(t—z) = O(1). Also, by definition
of an, an —x < g = O(1/n). We then have

E[N(w) | N(an) = y(an)] —nu(z) = (nu(an) +€) (1 + O(1/n)) — nu(z)

= nu(an) — nu(z) + O(1)
_ x) u(an) — u(x) + O(l)

Qp —

—o(yem) —ula) 4 o)

Qp —
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We thus obtain

2 (M) o)

concluding the proof for = € (0,77].

N(an) = y(an>] = 20(n) ~ ~50(1) = O(1/n)

For = 0, with € := y(0) — nu(0) = [nu(0)] — nu(0) € [0,1), we have Vn € N5

E[@ ‘ N eﬂn} — u(0)

e[

| ¥0) =5(0)| - u(0)

() _

O

Theorem G.3. (%\N S Qn) converges uniformly in probability to u(t) asn — co.

Proof. Using Bishop’s O,(+) and o,(-) notation, we have by Bishop (35)’s Theorem
14.4-1 that

1
(@w = Qn) - E[@‘N = Qn] +0, (Var{N?Et)’N e Qn} 2)
Given that, by Lemma [G-1]
\@[@]N € Qn] = 0(1/v/n)
and that by Lemma
E{@‘N c Qn} — u(t) + O(1/ ¥m)
we have

(N ® e Q) — u(t) + O(1) ¥m) + Oy (1) ) = ult) + o(1) + 0p(1)

n

which concludes the proof.
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H Simulation procedure

For each comparison of two methods presented in the main text, we simulated 100
datasets, each consisting of a realization z = (Z(t))te[o b of the sample process Z.

A simulation of 100 datasets for one comparison of two methods proceeded in three
steps:

1. Simulate a single realization of the population process N, denoted v = (V(t))te[o T

v is a left-continuous step function with unit increments/decrements.

2. Given v, a set of sampling times is drawn, represented by an increasing step
function s(¢). The function s(t) represents the cumulative number of samples
taken between times 0 and ¢. If, at time ¢ = x, k samples were taken, then s(t)
increases by k at time z. We sample 100 sets of sampling times: {s;(t)}i=1,...,100-

3. Given v and s;(t), we draw a set of coalescence times, represented by an increas-
ing step function ¢;(t). The function ¢;(t) represents the cumulative number of
coalescences between times 0 and ¢. There cannot be two concomitant coales-
cences, since our procedure to simulate v is such that several concomitant births
cannot happen. We sample 100 sets of coalescence times, one for each simulated
si(t), yielding the set {c;(t)}i=1,...,100-

The -th realization of the sample process is obtained as z;(t) = s;(t) — ¢;(¢).

Simulation of a population trajectory In all three comparisons presented in
the main text, we simulated the population process of an SIS model. The deterministic
SIS model obeys the following system of ODEs (in backward time):

s'(0) = 8" W) e
1) =801 + i)

where S(t) is the number of susceptibles, I(t) is the number of infectious individuals,
and X = S(t) + I(t) is the size of the whole population, assumed constant. [ is the
transmission rate and p the recovery rate. Because samples of the pathogen are taken
only from the population of infectious individuals, the number of infectious individuals
represents our population process: I(¢t) = N(t). Because S(t) = X — I(t), obviously,
the above system of ODEs can be reduced to a single equation. We thus have:

X —I(t)

1'(t) = =B~ 1(0) + ul(0)

The stochastic version of the SIS model is obtained by noting that new infections arise
at rate )\(I(t)) = ﬁ%lm and infections terminate at rate p, per infectious individual.
Hence, I(t) follows a density-dependent BD model. This model can be simulated using
a Gillespie algorithm, proceeding forward in time as follows. At time ¢, the total rate
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of events is given by n(I(t)) = A(I(t))I(t) + pI(t), so the waiting time w(I(t)) until
the next event is an exponential random variable with rate n(I(t)). Drawing w(I(t))
gives the time t' =t — w([(t)) when the next event happens. If t' < 0, the simulation
is finished. If ¢ > 0, then the type of event e(t’) is a Bernoulli random variable with
probability A((t))I(t)/n(I(t)) that the event is a birth. Looking forward in time, if
e(t’) = 1, then I is increased by 1 at time ¢', and if e(t') = 0, I is decreased by 1 at
time ¢’. Starting at time T from the initial condition I(7T) and proceeding by drawing
births and deaths as outlined above yields a complete population trajectory on [0, T},
denoted v.

Simulation of sampling times In the comparisons of Figures and@, sampling
times were drawn by assuming a constant per-capita sampling rate . Individuals
were placed back into the population after sampling. Hence, the rate-based sampling
procedure is a time-inhomogeneous Poisson point process, which can be simulated as
follows. Denote tj, with kK = 1,...,d the time of the k-th event (birth or death) from
present to past as per v (i.e. the set {tx}r=1,.,4 are the points of discontinuity of
v), and define to = 0 and tq11 = 7. In [tk;7tk;+1], the population size is constant and
equal to V(tk+1). Hence, in [tk, tk+1], the total sampling rate is constant and equal to
Wy, = wu(tk+1). Therefore, the waiting times in between sampling events in [tg, tx+1]
are exponentially distributed with rate Wy. Waiting times are drawn iteratively in
[tk,trt1] until the sum of all waiting times is greater than try1 — ¢k, rejecting the
last waiting time. The procedure is repeated for k = 0, ...,d, yielding a set {z;}; of
sampling times. Then, s(t) is constructed as the step function that increases by one
when ¢t € {z;},;. We repeated the procedure 100 times, yielding {s;(t)}i=1,...,100-

In the comparison of Figure we deterministically took 71 samples at time 0.1, 66
samples at time 0.5, and 26 samples at time 1.0, for all 100 datasets.

Simulation of coalescence times Denote {b;}r=1,. 5 the times of births as
per v (i.e. all the time points at which v(¢) decreases), with by the time of the k-th
birth from present to past, and B the total number of births in [0,7]. Define by = 0
and bp4+1 = T. For a given sampling times function s;(t), denote ;% a random variable
which is 1 if a coalescence happens at time b, and 0 otherwise. Denote I';x = Zf;ll Yik
and define T';o = 0. ~; is Bernoulli distributed with probability (Si(bkgfrik)/("(g’“)).
The v;%’s are drawn iteratively for k = 1,..., B. Then, c;(t) is constructed as the step
function ¢;(t) = Ty for t € [br, br+1].

Parameters used for the three sets of simulations For all simulations,
T = 10. The population trajectory of Figure [§ was simulated with the parameters
X =1000, 8 = 2 and p = 0.5, with initial condition N(T) = 1. The sampling times
were drawn based on a rate ¥ = 0.05. The population trajectory of Figure |§| was
simulated with the parameters X = 10,000, 8 ~ 20.02 and p ~ 18.62, with initial
condition N(T) = 10. The sampling times were drawn based on a rate ¢» = 0.06. For
Figure the same population trajectory was used as for Figure E[, but the sampling
times were set deterministically.
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Estimates of the death rate As explained below, our method and the BDS
method cannot identify all the parameters they use. Hence, phylogenetic inference
with either method requires that we fix some parameter(s) to a pre-estimated value
during inference. In epidemiology, the death rate is probably the easiest parameter to
estimate from auxiliary data, as the death rate is the inverse of the expected duration
of infections. Hence, we chose to fix the death rate curve to a value summarizing the
temporal variation of the realized death rate, an information that is contained in the
realized population trajectory v. We proceeded as follows.

Above we have detailed how we simulated v using a Gillespie algorithm, using )\(I(t)) I(t)+
wl(t) as the total rate of events, and drawing waiting times in between events in an ex-
ponential distribution. Hence, switching to inference mode, we can estimate { = A+ pu

by fitting an exponential distribution with rate (v (t) to the waiting times of v (i.e.
the periods of times when v is constant). We divided the interval [0, T'] into five time
intervals (defined such that each interval contained 20% of the coalescence times of
the 100 simulated realizations of the sample process), and obtained five estimates of

¢: {61}1215 Then, counting the numbers of deaths and births in interval 7 as per

v, we obtained an estimate fi; for the i-th interval as

# deaths in interval i
# deaths in interval i + # births in interval i

fii = Gi -

I Parametrization of the various inference meth-
ods

I.1 Fixing the death rate curve

For our method, as explained in Section below, the parameters are not separately
identifiable unless a curve is fixed. The same is true for the BDS method (52). There-
fore, we fixed the death rate curve to a pre-estimated value for both these methods.
In Section [H] we explained how we derived estimates of the death rate in five time
intervals. We denote these estimates {ﬂi}izl ,,,,, 5. During inference with our method
or the BDS, we fixed the death rate curve to the following pairwise constant function:

m(t) = /:Ll ifte [tiati+l)

with {¢;}i=2,...,5 the times separating the five intervals, ¢t; = 0 and t = T.

1.2 Parametrization of our method

We fixed fi(t) = m(t).

Rather than parametrizing X and deduce N, we chose to parametrize N and deduce
A, as this resulted in smoother curves overall. We parametrized N as

N(t) = exp P(t)
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with P(t) a polynomial of degree 6.

Then solving
for A yields

In sum, we parametrized 0 as

o(t) = N(t) _ ]\7(0) eXp f(f ([L(S) - X(S))ds - exp P(t)
S 27(t) " 2(m(t) — P'(1))

The estimated curve for N is exp P and the estimated curve for \ is m — P'.

There are seven free parameters: the coefficients of P(t).

1.3 Parametrization of the BDS method

We fixed fi(t) = m(t).

We parametrized A as

)\(t) =a; +bit ifte [ti7ti+1)
Moo —Aes
with b; = ﬁ, a; = A; —bity, with {t; }i=2
used to define m(¢), and with ¢t; = 0 and t¢ = T. In other words, A(¢) is a continuous
piecewise linear function passing through the points {(¢;, A;) }i=1,....6-

5 delineating the same five intervals

,,,,,

The sampling rate was fixed to a constant: ¥ (t) = .
There are seven free parameters: {A;;)}i=1,...,6 and .

It can be verified that the BDS model parametrized in this way is identifiable, i.e. no
two sets of parameters yield models in the same equivalence class (congruence class
sensu Louca et al. (52))). However, to any model parametrized as outlined above, there
exist infinitely many other congruent BDS models (with other parametrizations of the
curves A and ).

The likelihood of this model is implemented in the R package castor (function fit_hbds_model_parametric()
). We used x =1 (i.e. sampled individuals are put back in the population).

For the BDS, we used the deterministic population size as an estimate of the realized
population size, calculated as



With an estimate of A and with g = m, we can only calculate the relative popula-
tion size. To obtain an estimate of the absolute population size, we must derive an
estimate of N(0). We proceeded as follows. Given that we used x = 1, our model
assumes that sampling does not impact population size. Hence, the total determin-
istic sampling rate is ¥ N (¢), and the deterministic sampling procedure of the BDS
is a time-inhomogeneous Poisson point process (PPP). The waiting times in between
sampling events thus contain information about the absolute value of N(t), and fit-
ting a PPP to the sampling waiting times allows to estimate N(0). Specifically, given
estimates \ and 1[1, the probability density of a sampling event at time ¢; given the
last sampling event was at time to > t; is

DN (0) exp ( /0 " (mt) - X(t))dt) exp ( _ /t t DN (0) exp /0 " (m(s) - x(s))ds)

I.4 Parametrization of the skyline KC method

With the skyline KC method, the only curve to parametrize is . We parametrized 6
as
0(25) =a; + blt if t S [ti,ti+1)

0t

0. —0¢.
with b; = %, a; = Qti —biti, with {ti}izz,

used to define m(t) for our method, and with ¢; = 0 and t¢ = 7. In other words, 0(t)
is a continuous piecewise linear function passing through the points {(¢;, Gti)}i:1 ,,,,, 6.

5 delineating the same five intervals

ey

There is no death rate curve in the skyline KC method, so we do not use the pre-
estimated curve m(t). However, to allow a fair comparison of the skyline KC with our
method, we use the same time intervals to define the pieces of (t) in the skyline KC
method as we use to define A(t) and /i(t) in our method.

1.5 Parametrization of the SIR-based mechanistic KC method

The SIR model is defined by the following system of ODEs (expressed in forward time,
denoted 7):

s = -1 sr)

1) =22 1)~ i)
R () = ul(r)

where S(7) is the number of susceptibles, I(7) is the number of infectious individuals,
R(7) is the number of removed individuals, and X = S(7) + I(7) + R(7) is the total
population size. We use for initial conditions S(0) = X — 1, I(0) = 1 and R(0) = 0.

We integrated numerically the above system of equations from 7 =0to 7 =T' > T,
where T" is the (backward) time of origin of the SIR process. This yields a numerical
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solution for I(7) in forward time, that is I;(t) = I(T" — t) in backward time. The
phylogeny being made up of only infectious individuals, I;(¢) is the equivalent of what
we call “population size” in this paper: I(t) = N(t).

With the SIR-based mechanistic approach, we parametrize 6 as

0(t) = kI,(t) = kN(1)

with £ a proportionality constant.

The parameters of the SIR-based mechanistic approach are X, 8, u, 7' and k. We
found that X, T” and k are at best weakly identifiable, so we fixed k = 1. Furthermore,
to allow a fair comparison with our method, we fixed p to the mean of {u;}i=1,... 5.

This way, both methods are informed about the true death rate. There results a model
with three free parameters: X, 8 and T".

J Details on our new method

J.1 Coalescence rate of BD-type models

Let v be a realization of the population process N and 8 be the corresponding curve of
the cumulative number of births. Define z := sup,¢|q , 1/v(s) so that 1/v(s) = O(z)
as © — 0. Every use of the O/o notation in this section is as z — 0.

We consider continuous and differentiable functions B and N as phenomenological
representations of 3 and v, respectively. We define the realized birth rate A = B'/N.

We make the following assumptions, Vs € [0, ¢]:

Ot W =
N
~
IV
NG
I

The first two assumptions mean that we represent the realizations 8 and v by some
phenomenological functions B and N that are proportionally closer to 8 and v as
we consider greater population sizes (as  — 0). The third assumption implies that
SUP,¢o,4) ¥(8)/ infseo,r) ¥(s) is bounded, and therefore the same is true for N. The
fourth assumption means that N, and therefore v, does not vary faster than an ex-
ponential function. The fifth assumption indicates that the per-capita birth rate is at
most of the same order as the population size.
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For all BD-type models, the probability P(t) of a pair of individuals not coalescing in
[0,¢] is given exactly by

B(t) 1
P(t) = 1:[1 (1 - m) (23)
Indeed, at time ¢; when the i-th birth happened, there were v(t;) individuals in the
population and therefore (”(;")) pairs of individuals. The probability that a specific
pair of individuals coalesces at time ¢; is the probability that these two individuals are
the two offspring of the i-th birth event, that is 1/("(;")). At all times when a birth
did not happen, coalescences have probability 0. The above equality is true only for
models whereby births spawn only two offspring. For instance, if at time ¢; the birth
spawned k offspring, then the probability of coalescence of a specific pair of lineages
would be (S)/(”(;i)), because there are (’;) pairs in the whole population that coalesce
at time ¢;.

Our purpose here is to show that the large-population limit (as x — 0) of P(t) is the
corresponding probability under the KC with 6 = N/(2)).

Now let’s write
B(t) 1
~P@®)==3 In (1 - T)
i=1 ( 27’)
[t/o]—1B(tj41)—B(t;)

where Vj € {0, ..., [t/x] — 1}, t; = jo and t;;/y) =t and where t;; is the time of the
k-th birth in [tj,t]'+1].

The following will be for all s € [0, t].

We have
(") w(s)2(1=1/v(s))  v(s)?(1+ O(x))
2 9 ,

= e (L H0W) = 5 +0)

Also,
N(s)\? B N — )

<v<s>> = (1+0(1))" =1+0(1)

Also,
1 1 1 1
N(s) - v(s) NG = O(x) 1+ o(1) =O0(z)(1+0(1)) = O(x)
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Hence,

(D(QS)) ,,(5) (3)2 N(s)z
2 2 3 2 2
= — = o O(z”) = = o(x
N(s)? + N(s)? (1) +O0(z") N (s + o(z”)

Hence,

[t/x]—1B(tj11)—B(t;) (

2 2
—InP(t) = — Z; g} In ]me+dx0

Given that —ﬁ + o(z?) = O(2?) and that In(1 + 2) = z + O(2?), we have

[t/a]—1B(tj41)—B(t;) 9
—InP(t) = — (f = +O(x4))
j;) ; N(tjx)?
[t/a1—1B8(tj41)—B(t;) [t/a]—18(tj+1)=B(t;)

2 4
- ng ; N(t]’k)2+ JZ O(z")

j=0 k=1

We now deal with the first term of the RHS of the previous equation.

By Taylor’s theorem and given that N’ /N = O(1) we have that

N(tjk) _ Nl(tj) T olz) = T
Nt,) =1+ N(tj)O( )+ o(z) =1+ O(x)
N(t)\* _ 2 _
( Nt,) ) = (1+0(=)) 14+ 0(x)
Ne)\ 1
(wa> “irow oW

We also have that

Bltssa) = Blt)) = FESBtyan) = F B

= (14 o(1)) (B(t;+1) — B(t;))
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‘We thus have
[t/a]—1B8(tj41)—B(t;)

2
J=0 k=1 N(tjk)Q
[t/a]—1B(tj+1)—B(t;)

- j=0 k=1 N(tj)Q (1 + O(m))

B [t/x]-1 2(ﬂ(t]‘+1) — ﬁ(t7))

- Z:: Ny o)

AT 2(Bty4n) — B(y) (1+ o(1))

_ ; O (1+0(x))
- [t/z]—1 Z(B(tJH) — B(tj))

- =0 V(t;)2 (1+0(1)
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‘We obtain

2
N(tjr)?

[t/z]—1B(tj+1)—B(t;)

D (14 o)

"2(A(t) N (ty)x + ofx

1

>
P
[t/a]—

0

>

J

) + o(z?)

—
B~
S|4
|
S
t
==
1<

[t/x]—1
>
7=0

[t/=]—
>
j=0

o
o

i)

2X(t
N(t
(tj)z

1-1

[t/
j=0

[t/z]—1
>
j=0

10(9:)) + o(a?)

(t5)

N

22
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Now we deal with the second term of Eq. . ‘We have

[t/z]—1B(t;+1)—B(t;)
~InP@t)= Y > o@h
j=0 k=1
[t/z]—-1

O(z") Z B(tj+1) — B(t5)

[t/z]-1
= O(z") Z (B(tj+1) — B(t;)) (1 + o(1))
re/z1-1 }
=0(z") (B(tj+1) — B(t)))
=0
le/z1-1 }
=0(z") > ME)IN(E)z + ofz)
_ 4 Ele S\(t]) N 2
= O(z") 2 N(tj)N(t]) x + o(x)
[t/a]-1
= O(a") 0(1)0(1/2*)0(x) + o(x)
=0
It/z]—1
=0(z") ) 0(/z) +o()
[t/z]—1
= O(a") : O(1/z)
= O(«")O(1/)O(1/x)
= 0(z°)

Putting the two terms back into Eq. yields

—ImP(t) = Ot 2%2;“ +o(1) + O(a?) = /Ot 2%2?3 +o(1)

And therefore
P(t) = exp ( _ /Ot 2%2?5 + 0(1)) — exp ( _ /Ot 2%2?5) +o(1)

Thus, in the large-population limit  — 0, the probability P(¢) that a pair of lineages

do not coalesce is the corresponding probability under a KC with 6 = % Notice
that this limit is only interesting if it is further assumed that N/X = O(1), otherwise
the coalescence rate goes to 0 as * — 0. Provided the assumptions mentioned at the
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beginning of this section are met, this result applies to all BD-type models, since the
initial equation (Eq. is true for all such models (but untrue as soon as multiple
concomitant births can happen or if individuals are not exchangeable).

We do not consider the above as a formal demonstration of the convergence of BD-
type models to the KC, because it focuses on the probability of coalescence of two
individuals (i.e. when Z(t) = 2). In contrast, a formal proof must consider the case
Z(t) = k and in our particular case here, we would need to show that in the limit

) 21\5;\5:)) when Z(t) = k. This is more involved, and the
existing theorems of convergence to the KC, such as that of Mohle (19) that we used in
Theorem [F.1] cannot be used as they assume that the curve of the cumulative number

of births is unknown, unlike in this section where it is fixed.

coalescences happen at rate (

In sum, Theorem constitutes our formal proof that a BD model with deterministic
rates converges to a KC, while we consider the present section as a heuristic that
suggests that the convergence should apply to all BD-type models.

J.2 Expression of the realized population trajectory

Here we explain why we have parametrized N as the following function of the realized
rates A and fi:

N(t) = N(0) exp/o ((s) — X(s))ds (25)

We recall that N(t) is the random population size, B(t) the random cumulative number
of births from the present to time ¢, and D(t) the random cumulative number of deaths.
We consider specific realizations of these random processes, which we denote v for N,
B for B, and § for D. These step functions are represented phenomenologically by
continuous and differentiable functions N for v, B for 8, and D for 6. We have defined
the realized rates as A = B'/N and i = D'/N.

Obviously, the random processes N, B and D are linked by the equation N(t) =
N(0) — B(t) + D(t), which is also verified by any specific set of realizations: v(t) =
v(0) — B(t) + 6(t). Hence, the phenomenological representations of these realizations
should also respect this relation: N(¢) = N(0) — B(t) + D(t). By the definitions of the
realized rates, given that B(0) = D(0) = 0, we have that B(t) = fot A(s)N(s)ds and

D(t) = Jo fi(s)N(s)ds. We thus obtain

N(t) = N(0) - / A(s)N (s)ds + / i) N (s)ds

Integrating on both sides yields Eq. .
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J.3 Identifiability of the parameters of our new method

J.3.1 Correspondence between the equivalence classes for our method,
and those of the Bernoulli-sampled BD model

Our method is a KC with

N(0) exp fot (a(s) — X(s))ds
2X(t)

o(t) = (26)

The function 6 is known to be identifiable. However, there are infinitely many models,
each defined by a triple (ﬂ, 5\, N(O)), that yield the same 0. All the models yielding the
same 0 are called “equivalent” (they yield the same KC likelihood, for any dataset),
and an equivalence class is defined by a function . For a given dataset with Z(0) = zo,
the equivalence classes of our model are the same as the equivalence classes defined by
Louca and Pennell (47) for the BD model with Bernoulli sampling.

Specifically, consider a Bernoulli-sampled BD model, with birth rate A(¢), death rate
1(t) and sampling probability p. As per Eq. (2) in (47), the deterministic population
size is defined as

N(t) = N(0) exp At (1(s) — X(s))ds
with N(0) = zo/p.

We can then define 6 for a Bernoulli-sampled BD model as

0 = i) (27)
Then, as per Eqs. (3,8) in (@7), we have
Nt = 1114}(;21&)
A) = 1ipgzt)

where M is the “deterministic LTT plot”, A, is the “pulled birth rate”, and E the
probability that a lineage existing at time ¢ has no sampled descendants.

We then obtain

M)
"0 = ox )
Then, as per Eq. (7) in (47), /
20 =40
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yielding
M(t)?

00 = 330

(28)

Importantly, all the Bernoulli-sample BD models in a given equivalence class sensu
Louca and Pennell (47) yield the same function M, and hence the same function 6.
It is also easily verified that, for a given function 6, there is a single function M that
satisfies Eq. (28). Hence, 6 defines the equivalence classes of Louca and Pennell (47)
in the same way that M or A, do.

In conclusion, according to the equivalences A = A, i = pu and ]\7(0) = N(0) between
the parameters of our model and those of the Bernoulli-sampled BD, the equivalence
classes of our model and those of the Bernoulli-sampled BD model are the same and
defined by 6, the latter being defined by Eq. in our model, and by Eq. in
the Bernoulli-sampled BD model.

J.3.2 Identifiability of the chosen parametrization of our method

Due to the identifiability issues outlined above, we have to bring external informa-
tion about some parameter(s) of our model. We chose to fix i = m. We have also
parametrized our model with a polynomial P, parametrizing Nas N = exp P, which
yields X = m — P’. We think that our model thus parametrized is identifiable, i.e.
there are no two different parametrizations of the polynomial P yielding the same 6.

However, to any one model parametrized with N = exp P and {i = m, correspond
infinitely many equivalent models with i = m and with N of a different form than
N =expP.

Specifically, given ji = m, and given that N(t) = N(0)exp fot (A(s) — X(s))ds, we have
that A = m — N'/N.

Hence, for a given P = P, yielding N = N and 6 = 09, all the models with N
such that ~
_ N —p©
2(m — N'/N)

are equivalent to the model with N® = exp P(?). Solving the previous equation for
N yields

- exp fot m(s)ds

N(t) = — — - (29)

Fo T N 3003y <P Jo m(u)du

In the above equation, ]\~/'(t) has one free parameter: ]\7(0) Hence, there are as many
equivalent models to the model with N(© = exp P9 as there are valid values of ]\7(0)
A valid value of N(0) is such that N(0) > 0, and also such that the resulting birth
rate A = m — N’/N is positive on [0, T].
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Future studies will be necessary to determine if the set of equivalent models are very
different from a given estimated model with N = exp P. In the meantime, we present
in Figures below the equivalent models for the analyses carried out in the main
text, and note that the equivalent models differ significantly from the estimated models
only in the time periods where few coalescences were observed.

Finally, for future uses of our method, we note that an estimate of either N or A at a
single time point completely identifies the model.

7 polynomial % equivalent

1500 1500

1000 N 1000

N(t)
N(t)

500

0.0 25 50 75 10.0 0.0 25 50 75 10.0

Figure 11: Equivalent models for the datasets of Figure a,c) Estimates of
N and R. with our method, i.e. with N = exp P and P a polynomial of
degree 6 (same as Figure . The black line is the true value, the red solid
line is the median of estimates and the red ribbon ranges from the 0.025 to the
0.975 percentile of estimates. For each estimate obtained with the conbtraint
N = exp P we obtamed a set of equivalent estimates of N, using Eq. with

N(0) € [N(0)/20, 20N(0)] (panel b). From these equivalent estimates of N, we
derived equivalent estimates for A as A=m—N’ / N, and equivalent estimates of
R, as R, = A\/m (panel d). We see that considering equivalent models decreases
precision significantly in the most recent period when coalescences events are
rarer.
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Figure 12: Equivalent models for the datasets of Figure @ This figure reads as
Figure[TI] We see that, contrarily to the example of Figure [T} here, considering
the equivalent models does not lower precision, except in the very recent past.
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Figure 13: Equivalent models for the datasets of Figure This figure reads
as Figure Like for the example of Figure precision is lowered only in the
very recent past.

K BDS inference with correct sampling rate

In Figure[I0] of the main text, we showed the result of fitting the BDS with a constant
sampling rate ¥ (t) = ¢ to datasets where the samples were taken at three determined
points in time. The BDS performed very badly on such datasets, and we reckon
that this is due to the fact that the simulated sampling procedure is at odds with
the fitted sampling procedure. In Figure [14] below, we show the results of fitting the
constant-sampling-rate BDS to datasets simulated with a constant sampling rate (i.e.
the sampling procedure assumed in inference is the correct one). We see that indeed
the BDS performs accurately in this case.
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t t

Figure 14: Inference with the BDS method (assuming a constant sampling rate)
for datasets for which sample times were drawn according to a constant sampling
rate. a) Estimates of the population size. Black curve, the true population size.
Red line, median of estimates. The red ribbon ranges from the .025 to the .975
percentiles of the estimates. b) Estimates of the effective reproduction number,
reads as a). The simulated population trajectory is the same here as in Figure
in the main text. The difference is that here the sampling procedure assumed
in inference (i.e. a constant sampling rate) is the one used for simulations.
We observe that the BDS performs well when it assumes the correct sampling
procedure.
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