GENERAL SELECTION MODELS: BERNSTEIN DUALITY AND MINIMAL
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ABsTRACT. The A-Wright-Fisher process describes the type-frequency evolution of an infinite popu-
lation. We model frequency-dependent selection pressure with a general polynomial drift vanishing at
the boundary. An appropriate decomposition of the drift allows us to construct a series of Moran-type
models that converge under suitable conditions to the solution of the associated stochastic differential
equation. The genealogical structure inherent in the graphical representation of these finite population
models can be seen in the large population limit as a generalisation of the ancestral selection graph
of [Krone and Neuhausel. We introduce an ancestral process that keeps track of the sampling distribu-
tion along the ancestral structures and that satisfies a duality relation with the type-frequency process.

We refer to it as Bernstein coefficient process and to the relation as Bernstein duality. The latter is a
generalisation of the classic moment duality. Many classic results in the restricted setting of a moment
duality generalise into our framework. In particular, we derive criteria for the accessibility of the bound-
ary and determine the time to absorption. It turns out that multiple ancestral processes are associated
to the same forward dynamics. We characterise the set of optimal ancestral structures and provide a
recipe to construct them from the drift. In particular, this allows us to recover well-known ancestral
structures of the literature.

MSC 2010. Primary: 82C22, 92D15 Secondary: 60J25, 60J27

Keywords. duality, frequency-dependent selection, branching-coalescing system, ancestral selection graph, fixation prob-

ability, absorption probability, coming down from infinity

CONTENTS

Introduction

Summary of main results

From selection decompositions to selection mechanisms
Ancestral structures and Bernstein duality

Properties of the Bernstein coefficient process and its leaf process
Applications: Absorption probabilities and absorption time

1903.06731v1 [math.PR] 15 Mar 2019

BRI i

. Minimal ancestral structures

EEREEE ==

References

arXiv

1. INTRODUCTION

Forward and backward neutral models. The analysis of models in population genetics is based on
two perspectives. One traces the evolution of type-frequencies in the population forward in time; the
other one the corresponding ancestral structures backward in time. The understanding of the interplay
between the two perspectives is of great significance for the development of inference methods.

A neutral setting typically leads to a driftless stochastic differential equation (SDE) forward in time;
whereas coalescent processes describe the genealogies of samples of the population. The most classic
example is the Wright—Fisher diffusion with two types and its ancestral counterpart, the Kingman coa-
lescent (see @]) Forward in time, the evolution of the frequency of one type (in an essentially infinite
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population) is described by the standard Wright—Fisher diffusion, i.e.

dX; = V/Xi(1—X,)dW;, Xo =z €0,1],

where (Wy;t > 0) is a standard Brownian motion. Backward in time, the block-counting process of the
Kingman coalescent, denoted by (L¢;t > 0), describes the evolution of the number of ancestors of a given
sample in the population. The formal link between the two processes is well-known to be a moment
duality (see, e.g. [38] for a survey on duality methods), i.e.

E,[X]] = E,[2%] Vxe[0,1],¥n €N. (1.1)

There is an alternative way relating the backward and forward perspectives. Finite population models
allow for a graphical representation as an interactive particle system that unites the two perspectives into
the same picture. For example, in the neutral Moran model with constant population size N (see [1§])
reproduction events that involve two individuals (the parent and the replaced individual) translate into
binary coalescence events (two individuals sharing a common ancestor) in the backward picture. This
leads to a natural coupling (a pathwise duality) between the type-frequency process and the N-Kingman
coalescent, which traces back the genealogy of the entire population. As the size of the population tends
to infinity, one asymptotically recovers the duality relation (LI]) between the Kingman coalescent and
the Wright—Fisher diffusion from the pathwise duality at the level of the finite population approximation.

The convergence to the Wright—Fisher diffusion, for the forward evolution, and to the Kingman coalescent,
for their genealogies, holds for a large class of population models (see [44, 45]). However, if the variance of
the number of offspring per individual is asymptotically infinite, these approximations are inappropriate.
Backward in time, this leads to consider more general exchangeable coalescents with multiple mergers of
ancestral lines, called A-coalescents, which were introduced independently in |16], |50], and |51], and have
been subject to extensive research in the past decades (see |§] for a review on the topic). They describe
the genealogy of a sample from a forward in time population model in which the type-frequency process
has jumps. In the two-type case, the type-frequency process (X;;t > 0) is called the A-Wright—Fisher
process and evolves according to the following SDE

dXt = \/A({O})Xt(l — Xt) th + / T(l{uSXt,}(l — Xt_) — 1{u>Xt,}Xt—)N(dta d?", du),

(0,1]x[0,1]

with Xo = x € [0, 1], where (W;;t > 0) is a standard Brownian motion, N(dt, dr,du) is an independent
compensated Poisson measure on [0,00) x (0,1] x [0,1] with intensity dt x r=2A(dr) x du (see |9] for
more details). As in the Kingman case, the forward model is related to its genealogy by the moment
duality (), where (L¢;t > 0) is now the block counting process of the underlying A-coalescent (see, e.g.
|18]). Alternatively, one can relate the forward and backward models at the finite population level, as in
the Wright—Fisher diffusion, via an extension of the Moran model where the offspring of one individual
may replace a positive fraction of the population (see, e.g. [10]).

Forward and backward models with selection. Many tools employed in the analysis of the afore-
mentioned models rely on the neutrality assumption. Forward in time, selection usually leads to the
inclusion of a drift term of the form z(1 — z) s(x), for some function s(-), to the SDE, i.e.

dX; = Xi(1—X)s(X)dt + VA{ON)X:(1 — X;) dW,

+ / T(l{ugxti}(l - th) - 1{u>X,,,}Xt7)N(dt; dT, du), XO =Ic [0, 1], (12)

(0,1]%x[0,1]

where W and N are as above. The resulting process is called the A- Wright—Fisher process with (frequency-
dependent) selection. Selection that is not frequency-dependent (i.e. when s is a constant function) is
called genic selection. In this case, the genealogy of (IL2]) was first described in the seminal work of Krone
and Neuhauser [41]|47] for the Wright—Fisher diffusion, and later complemented by |3, 122, [26, [33] to the
A-Wright-Fisher case. They all rely on the ancestral selection graph (ASG), which is the graph in which
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lineages of potential ancestors augment the associated coalescent process. The result is a branching-
coalescing process together with a rule that prescribes at each branching event the true parent (among a
given set of potential ancestors).

Little is known beyond the case of genic selection, i.e. when s is a trivial function of z. In |46], Neuhauser
described an extension of the ASG in the case of balancing selection, i.e. for s(z) = 1 — 2x. Gonzélez
Casanova and Spano [32] constructed another extension of the ASG when s is a power series with negative,
non-decreasing coefficients. Moreover, they prove that the moment duality (II]) then also holds between
(X¢; t > 0) and the block-counting process of the associated ASG (see also |26] for the case where s is a
negative constant).

Although frequency-dependent selection plays a central role in ecology and evolution |2], a general frame-
work to treat models with general selection term is, to the best of our knowledge, still missing. The
present article is a first step to fill this gap. We consider the SDE (L2) for a general polynomial s and
address the following questions.

(Q1) Can we associate a natural genealogy to the SDE (IL2)?
(Q2) Is there an extension of the moment duality (LI))?

For those models that can be approximated via a sequence of Moran-type models, the answer to (Q1)
is intuitive. Analogously to the neutral setting, for a Moran-type model, one can interpret selection and
neutral reproduction mechanisms at the level of individuals. Forward and backward models are then
embedded into the same graphical representation, which leads to a natural (sampling) duality between
the two perspectives. This leads to the following reformulation of (Q1).

(Q1’) Can we construct a family of Moran models converging to the solution of the SDE (I2)?

Indeed, it turns out that for any polynomial s such a construction is possible, and this construction
provides a natural dual backward process describing the genealogy of potential ancestors. Our answer
to (Q1) generalises the ASG of Krone and Neuhauser [41]|47] to models with general frequency-dependent
selection term. We also show that there are many ways to approximate (L2) by Moran-type models. One
important (and puzzling) consequence is that many different ASGs can be associated to the same model.
This plurality of ASGs will be addressed in more detail in (Q3) and (Q4) below.

We now turn to (Q2). For a given ASG, we formalise the aforementioned sampling duality at the infinite
population level in the spirit of |14, 15, 52]. The duality relation () then extends to general selection
models as

L.
E.[X]'] = Ee,., [th(f)be,u(z)]v (1.3)
=0

where L; counts the number of potential ancestors in the ASG of a sample of size n, b; 1, (x) is the i-th
Bernstein polynomial in the basis of degree L, and the coefficient process V := (V;;t > 0) is an explicit
Markov chain valued in U,en,R™ that is started in e,41 = (0,...,0,1)T, i.e. the (n + 1)-st unit vector.
We refer to this duality as Bernstein duality. After the formulation of the duality, the following question
arises.

(Q3) What can we say about the solution of the SDE (L2)) from (one of) its genealogical processes and
the duality relation among them?

The Bernstein duality allows us to relate the absorption (fixation/extinction) probabilities and the time
to absorption of (L2 to properties of the Bernstein coefficient process V', which appears in (L3). In
particular, we show that the fixation probabilities relate to the invariant measure of V' (when it exists)
and the time to fixation relates to the entrance law of V' at co (when it is non-trivial). [5, 26, 32| use the
moment duality to characterise the absorption probabilities of the process (X¢;t > 0); but this approach
was until now only feasible in the restricted case in which a moment duality is available. We generalise
the method to polynomial s for which this is not the case.

Next, since different ASGs associated to the same model can have substantially different behaviour (for
example, transience or recurrence of (Lt > 0)), the ambiguity in the choice of the ancestral processes
(i.e. the fact that we can construct different ASGs for a given forward model) makes it natural to ask:

(Q4) Are some ASGs better than others? Is there an optimal one? Is there a unique optimal one?
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The aforementioned ambiguity in the choice of ancestral models resolves with the introduction of the
notion of a minimal ASG. Loosely speaking, these ASGs are the ones that minimise the number of
potential ancestors. Via a restriction to those minimal ancestral structures, one recovers classical cases
from the literature |41, 146, 47].

Let us close this introduction with a reference to an independent work by Gonzalez Casanova and Smadi
[31], who answer question (Q1’) in a multidimensional setting (i.e with more than two types) and with
mutations. They design a fixed-size Wright—Fisher population model whose asymptotic type frequencies
converge to a multi-dimensional version of (LZ). In this framework, they study fixation and extinction
properties in some classical ecological models (such as the rock-paper-scissor and food-web models). Given
the intriguing biological applications presented in [31], it would be interesting to investigate the extension
of our duality result with regard to (Q2-Q4) in higher dimensions.

Outline. The article is organised as follows. Section [2] provides an outline of the paper and contains all
our main results. The proofs and more in-depth analyses are shifted to the subsequent sections. Section [l
contains the proof of the convergence of appropriate Moran models to the SDE (.2). A detailed discussion
of the ancestral process and the proofs of its properties can be found in Sectiondl In particular, it contains
the proof of the Bernstein duality. The process that keeps track of the number of potential ancestors is
analysed in Section Section [0l is devoted to applications of the new processes and of the duality. In
Section [1l we treat the problem of minimality among genealogies from two different perspectives. One
that seeks to avoid superfluous branches and another that minimises the effective branching rate.

2. SUMMARY OF MAIN RESULTS

In this section we provide a detailed outline of the paper and state the main results. We start with some
notation that will be used throughout. The positive integers are denoted by N and we set Ny := NU {0}.
For m € N,

[m]:={1,...,m} [m]o:=[m]U{0}, and ]m]:=[m]\ {1}.
Furthermore, define for m € N\ {1}

P = H{O} x [0, 1]671 x {1} and E™:= {(ﬂ,p) 8= (Be)iry € Rf_l, p=D0)jts € Pm}.
=2

For m € N and i € [m]o, let b;,, be the i-th polynomial in the Bernstein basis of degree m, i.e.
bim(z) := (7)2"(1 —x)™"", x € [0,1]. In addition, define the m-th Bernstein function By, via By, () :=
(bi,m ()", = € [0,1]. Since {bim : i € [m]o} forms a basis of the polynomials of degree at most m, for
any polynomial d with deg(d) < m, there exists a unique vector v € R™*! such that

d(-) = (Bm("),v),
where (-, -) denotes the standard inner product in R™*1. We call the vector v the Bernstein coefficient
vector (BCV) of d. If in addition d is such that d(0) = d(1) = 0, we define p(d) € R™~! as the unique
vector such that d(-) = (B, (-), (0,v”,0)"). For any Borel set S C R, denote by M(S) (resp. Mi(9))
the set of finite (resp. probability) measures on S. We use E)% to denote convergence in distribution of

random variables and g for convergence in distribution of cadlag process, where we endow the space
of cadlag functions with the Skorokhod topology. Let n,m,k € Ny with n > mV k, i < k Am. For a
random variable K, we write K ~ Hyp(n,m, k) if K has a hypergeoemtric distribution with parameter
n,m, and k. In particular, for i € Ng,

() (7)
O

Furthermore, let z € [0,1] and n € N. For a random variable B, we write B ~ Bin(n,z) if B has a

P(K =i) =

binomial distribution with parameter n and x. In particular, for i € [n]o, P(B = 1) = (})2'(1 — z)" .
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2.1. Moran models with frequency-dependent selection and large neutral offspring. To an-
swer (Q1’), we incorporate selection by means of selective replacement events; guided by an idea that
is already present in [32]. The basic principle is that at any selection event, an individual samples a
set of potential parents. One of them is chosen, according to a criterion that depends on the sample
composition, to pass on its type to the individual that initiated the selection event.

We now spell out our continuous-time finite population model in more detail. Consider a haploid pop-
ulation of fixed size N. Each individual in this population has a colour-type, which is either type a
or type A. The population dynamics is driven by frequency-dependent selection and neutral offspring
events that may lead to the replacement of a considerable fraction of the population. More specifically,
our model is characterised by two sets of parameters

e a selection mechanism that is a pair (8,p) € E™ for some m € |N],
e a neutral reproduction mechanism that is 4 € M ([N]o).

The dynamics of selective reproductions is as follows. For each ¢ €]m], each individual experiences an
{-replacement at rate By, independently of each other. This means that the selected individual joins a
group of £—1 potential parents chosen uniformly at random (without replacement) among the other N —1
individuals. If j of the potential parents (including the selected individual) are of type a, with probability
pj.e (resp. 1—pj ) one individual chosen uniformly at random among the type a (resp. type A) potential
parents reproduces and its single offspring, which has the same type as the parent, replaces the selected
individual, see Fig. [ (left).

....... -— P
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Ficure 1. Solid (resp. dotted) lines correspond to a type a (resp. type A). Time runs form left to right. Left: the
type A individual indicated by a black square is affected by a 4-replacement event; the other potential parents are
depicted by white squares; the individual is replaced by a type a (which occurs with probability p2 4). Right: The
individual with a black circle initiates a 3-reproduction event, all individuals indicated by a white circle are replaced
by its offspring.

Neutral reproduction is driven by the measure p. For each r € [N], each individual at rate u({r}) +
1;,—131({0})/2, independently of each other, gives birth to r individuals. They inherit the parent’s
type and replace r uniformly chosen individuals present in the population before the reproduction
event, see Fig. [1 (right). We call this event an r-reproduction. By construction, ¢-replacements and
r-reproductions keep the population size constant.

We refer to the previously described model as the (8, p, u)-Moran model. The description of its large
population behaviour requires some more notation. Define the operator 7% : M¢([N]o) — M;([0,1])
via

TNy = ML# <,u({0})50 + Z Ok M({k/’})k/’2> ;

where M), := p({0}) + Zgﬂ wu({k})k? and d, is the Dirac mass at y.

Theorem 2.1 (Large population limit). Fiz m € N\ {1}. Let (8,p) € E™ and A € M([0,1]). For
each N € N with N > m, let (8V,p) € E™ and uxy € Ms([N]o). Let XN := (Xt(N); t > 0) be the
type-a frequency process in a (Y, p, un)-Moran model of size N. Assume that

(1) Ng¥ —— 5,

(2) pn({0}) —— A{OD), My —— A(0,1]), and TV — = A/A(D, 1))
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If in addition, XéN) oo € [0,1], then (X](Vj\t[);t > 0) ?(:d):> X = (Xyt > 0), where X is the
—00 —00

pathwise unique strong solution of the SDE

m y4 .
(3
AXe =37 B Y bia(X) (pie — 7 )t + VATOD XL = X)dW
(=2 =0
(2.1)
+ / T(l{uSXt,}(l — Xt—) — 1{u>Xt,}Xt—)N(dta dT, du), XO =X.
(0,1]%[0,1]

Remark 2.1. Note that condition (2) in Theorem 2]is equivalent to
A(dr)

2 3

r

pv({0}) ——— A({0}) and sz(@ p() = [ 1)

(0,1]

for every f € C([0,1]) such that = € [0,1] — f(x)/2? € C([0,1]) (cf. |22, Condition (4.6)]).

The previous theorem provides conditions under which a given sequence of Moran models converges to
the SDE (2I)). The next result states an explicit sequence of Moran models having this feature.

Corollary 2.2. Let (B8,p,A) € E™ x M;([0,1]). Define (B~,p,un) € E™ x M¢([N]o) via

A)
N—-1
B 1 N
ﬂN = N and pun := A({0}) o + N2 kil >‘(J)V,k+1 Ok,
k=1
where X0 = rh=2(1 — )"k A(dr), n > k > 2. Let XNV .= X(N); t > 0) be the type-a frequency
n,k (0,1] t
process in a (BN, p, un)-Moran model of size N. If in addition, XéN) ST [0,1], then
— 00
(XVs 2 0) =2 X 1= (X;it > 0),
—o0

where X is the pathwise unique strong solution of ([2.1I).

Remark 2.2. Forn > k > 2, )\2, . corresponds to the rate at which any given tuple of k blocks in the
A-coalescent merges, when there are n blocks in total. The choice of py in the previous corollary is used
and studied in |10, Eq. (1.31)] (up to a factor N, because we consider rates per individual instead of total
rates).

Remark 2.3. Typical choices for p € P,,, are

(1) pie = L(i>1e/27y - majority rule (e.g. [19]), (3) pi¢ = L{—¢ - fittest type wins (e.g. [41]),

(2) pie = 1{<|¢/2)} - minority rule, (4) pie =i/l - uniform rule.
In general, if p; o € {0,1} for all £ €]m], i € [¢]o, we call the rule deterministic. The reason for this name
is that in such replacement events, the type of the descendent is a deterministic function of the types of
the potential parents. In particular, (1) — (3) are deterministic.

2.2. Selection decomposition. In order to give a complete answer to (Q1’), it remains to identify the
polynomials s for which the SDE (L2]) can be expressed as (2.I)). This leads to the notion of selection
decomposition.

Definition 2.3 (Selection decomposition). For m € N\ {1}, define the mapping B: E™ — R™~!

where B; (8, p) is the i-th Bernstein coefficient in the Bernstein basis of degree m of the polynomial
> Be(Bel-),poe — ue),
(=2

where uy := (i/€)¢_,. Any element of &; := B! (p(d)) is called a selection decomposition (SD) of the
polynomial d with deg(d) = m. Similarly, we say that (3,p) € E™ is a selection decomposition of
veR™Lifv=B(B,p).
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FIGURE 2. A realisation of the Moran interacting particle system (thin lines) for a population of size N = 9 and
the embedded ASG (bold lines) for a sample of size 1. Time runs forward in the Moran model (—) and backward
in the ASG («+). Backward time ¢ corresponds to forward time —t. Circle represent (neutral) reproduction events.
Squares represent (selective) replacement events. Backward in time, the potential parents that are involved in a
r-reproduction event merge into a single ancestor (black circle). In contrast, in a ¢-replacement event, the single
potential parent (black square) branches into £ (not necessarily new) potential parents.

Theorem 2.4. Let d be a non zero polynomial such that d(0) = d(1) = 0. The set &4 is infinite.

Note that the condition d(0) = d(1) = 0 is equivalent to say that d can be expressed as d(z) = z(1—x)s(x)
for some polynomial s of degree m — 2. Hence, the previous theorem implies that for any polynomial s
there are infinitely many ways of expressing (L2) in the form of ([21)). In particular, there are infinitely
many (substantially different) sequences of Moran models converging to the solution of (L2]).

A proof for Theorem 24 is provided in Section Bl The proofs of Theorem 2.1l and Corollary 2.2 as well
as some other complementary results are given in Section

2.3. Ancestry in finite populations. In this section, we answer question (Q1) at the level of finite
populations. We proceed in a heuristic manner. The hope is that this provides some intuition for the
definitions at the infinite population level, see Definition and [Z.7] below.

For (8,p) € E™ and u € M¢#([N)o), the (3, p, r)-Moran model admits a natural graphical representation
as an interactive particle system, see Fig. Here, individuals are represented by pieces of horizontal
lines. Forward time runs from left to right. Squares indicate which lines are involved in an ¢-replacement
(¢ €]m]): a black square marks the individual that is replaced, and white squares mark the other
potential parents. Circles indicate which lines are involved in a r-reproduction (for r € [N]): a black
circle marks the individual that reproduces and white circles mark the individuals that are replaced by
its offspring. These graphical elements arise in the picture according to the arrival times of independent
Poisson processes (the rates can be worked out easily from the definition of the Moran model).

So far, this procedure provides a construction of an untyped particle system. Given an initial type con-
figuration, types propagate forward in time along the untyped particle system according to the (random)
colouring procedure described in Section 2.1

Genealogical structures are extracted from the particle picture as follows. Start with a sample of n
individuals that is chosen at time ¢ = 0 and trace back the set of their potential ancestors by reading the
graphical picture from right to left, see Fig. Assume there are currently n potential ancestors in the
graph.

Then a k-reproduction has the following effect backward in time. If k potential ancestors simultaneously
encounter circles, they merge into one and take the place of the individual marked with a black circle. In
particular, the number of potential ancestors decreases to n — k + 1. On the other hand, the effect of a
¢-replacement backward in time is as follows (¢ € |m]). If a potential ancestor encounters a black square,
we add all the lines marked with a white square (in this case £ — 1) to the set of potential ancestors. In
particular, if all the £ — 1 white squares are outside the set, the number increases to n + £ — 1.
Applying this procedure up to backward time ¢ leads to a generalisation of the ancestral selection
graph (ASG) of Krone and Neuhauser [41], see Fig. In order to extract the true genealogy and
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the types of the individuals in the sample at time 0, we assign types to the lines in the ASG at backward
time ¢ in an exchangeable manner according to the initial type distribution and propagate them along
the lines forward up to time 0 subject to the colouring rule p, see Fig. 3

2.4. Ancestral selection graph. Fix a measure A € M;([0,1]) and a polynomial s of degree m — 2,
together with a SD (8,p) € &g of 2 +— d(x) := (1 — x)s(z). Consider the sequence of (3, p, ux)-Moran
models defined in Corollary 22l We are interested in the behaviour of the ASG described in the previous
section for large N and time sped up by N. First, note that the probability that a branching event
involves more than one line already present in the ASG is small (it vanishes as N — o). Moreover, in
this situation, it is not hard to see that: (1) each line branches into £ lines at a rate which is close to Sy,
and (2) a given group of k lines merges into one at a rate close to

An e 1= / P21 = )" A(dr) = A0 Lpeoy + A0, n >k > 2.
0,1]

The previous discussion leads us to the following definition.

Definition 2.5 (ASG). Let (8,p) € & and A € M4([0,1]). Let n € N and consider the branching-
coalescing particle system G = (G;)>0 starting with n particles at time 0 and the following dynamic.

e For ¢ €m], each particle branches at rate 3, into ¢ particles.

e If the current number of particles is n > 2, then for k €|n], every k-tuple of particles coalesce

into a single particle at rate A, .

Then the (8,p, A)-ASG in [0,¢] starting from a sample of size n is the pair (G, p), where G; is the
realisation of the particle system in [0,¢] and p is the colouring rule (see also Definition [l for a more
detailed description of the branching-coalescing system).

Remark 2.4. A realisation G; of the ASG in [0, t] equipped with the genealogical order can be understood
as a directed acyclic graph (DAG) (see Definition [T]). We refer to the particles in G, that are present at
time 0 as roots (sometimes called sources in graph theory) and to the ones at time ¢ as leaves (or sinks).

Remark 2.5. For any (8,p,A) € & x M;([0,1]), the (8,p, A)-ASG provides a natural genealogy to the
SDE (L2). From Theorem [2.4] we can conclude that, as announced in the introduction, one can associate
infinitely many different genealogies to the same forward model.

The number of lines in the ASG plays a crucial role in the analysis of the type-frequency process in
the cases in which a moment duality is available. Indeed, also in our framework this quantity will be
important.

Definition 2.6 (Leaf process). For each ¢ > 0, denote by L; the number of leaves in G;. We refer to
L := (L;t > 0) as the leaf process. It is a continuous-time Markov chain with the following transition
rates.

(1) For n € N and every ¢ € [m]
n—n+{—1 atrate np.

(2) For n € N\ {1} and every k €|n],
n—n—k+1 atrate (Z))\nk

2.5. Ancestral selection polynomial. The ASG introduced in the previous section is a rather cum-
bersome object. We condense the information carried by the ASG to a minimum by tracking only the
sample composition(s) as one goes backward in time in the ancestral structure. In order to do so, we
introduce the ancestral selection polynomial, which will be the cornerstone of Bernstein duality exposed
in the next section.

Definition 2.7 (Ancestral selection polynomial). The (3, p, A)-ancestral selection polynomial (ASP) is
the function = € [0,1] — Pi(z), where P;(z) is the probability that all the roots of G; are of type a
if each leaf of G; is of type a with probability = (resp. of type A with probability 1 — ), conditional
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Ficure 3. Colouring of the ASG of Fig[2l under the minority rule, i.e. p; p = 1{;<|/2]}- Assign colours to the lines
at (backward) time ¢ and propagate them through the graph up to time 0 by recursively applying the minority rule.
At every replacement event, the colour of the replaced individual (black square) is determined by the colour of the
potential parents (black and white squares). At every reproduction event, the offspring (white circles) inherit the
colour of the parent (black circle).

on the observation of the leaf process (Lg;s € [0,¢]). It is assumed that the initial type assignment is
independent for each leaf and that G; is typed from the leaves to the roots applying the colouring rule p.
(See also Definition for a more precise definition.)

The following linear operators describe the effect of branching and coalescence events to the Bernstein
coeflicient vector associated to the ASP.

Definition 2.8 (Selection and coagulation matrices). Fix (8,p) € E™. For every n € Ny := N U {0},
define the following linear operators.

(1) For every £ €]m], let S™*: R"+1 — R+ with

Sty = (E[ P Vig1-k, + (1= DpK,0) Ui—Ki])?:OZ_l ’

where K; ~ Hyp(n + ¢ —1,i,¢) and v = (v;)I, € R"*!
(2) For k €]n], let C™* : R*+1 — R"=k+2 with

i i n—k+1
oty = (v 4 (1- —— ) u, ,
° <”—k+1v+kl+< ”—k+1>v)i_0

where v = (v;)7, € R*TL.

The above operators define the transitions of a Markov process on R := U,cyR" that codes codes the
evolution of the Bernstein coefficient vector of the ASP. (See Remark 4] for details on the topology.)

Definition 2.9 (Bernstein coefficient process). The Bernstein coefficient process is the Markov process
V = (Vi; t > 0) on R* with the following transition rates.

(1) For v € R™*! and for every ¢ €]m],
v— 8™ at rate  nf.

(2) For v € R™! and for every k €]n],
v— C™*y  at rate (Z) An k-

For any ¢ > 0, set L; := dim(V;) —1 and denote by V;(i), for ¢ € [L¢]o, the i-th coordinate of the vector V;.

Remark 2.6. Note that if we start the process V at Vo = e,41 := (0,...,0,1)7 € R**! then the process L
from the previous definition is by construction equal in law to the leaf process with parameters (3, A)
started at n. This fact legitimises the abuse of notation in the use of L for both processes. Furthermore,
note that for any ¢ > 0, the value V; is a deterministic function of the initial value V and the realisation
of (Ls;s € 10,1t]).
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A precise relation between the Bernstein coefficient process and the ASP is provided by the following
proposition.

Proposition 2.10. For all z € [0,1] and n € N, the ASP (Pi(z); t > 0) with initial condition x™
(corresponding to the ASG with n roots of type a) is identical in law to ((Br,(x), Vi) ; t > 0) with initial
condition Vo = epyq1.-

2.6. Bernstein duality. In this section, we address question (Q2). In particular, we extend the moment
duality to what we call a Bernstein duality. Let us first explain the main idea behind this type of duality.
Consider the solution of the SDE (L2) starting at Xy = x, with s being a polynomial of degree m — 2 and
A € M#([0,1]). Consider the evolution of the underlying population model up to (forward) time ¢ and
independently sample at this point n individuals. The probability that they are all of type a, conditional
on the observation of X;, is X{*. Now, in order to approach the problem from a backward perspective,
consider a SD (8,p) € & of x — d(z) = z(1 — z)s(x), and run the corresponding branching-coalescing
system starting with the n sampled individuals up to (forward) time 0. Assign types independently to the
leaves of G; according to the type distribution (2,1 — z). The probability that the n sampled individuals
are of type a, conditional on the observation of the leaf process in [0,t], is by definition P;(z). After
averaging over all possible observations, this intuitive argument suggests that E,[X['] = Eyn[P(2)].

The next theorem makes this heuristic argument precise.

Theorem 2.11 (Bernstein duality). The processes (Xt > 0) and (Vi;t > 0) are dual with respect to
the duality function (z,v) — <Bdim(v),1(x),v>, .e. for allt >0,
E, [(Bn(Xt),v)] = E, [(Br,(z), V)], Vr €[0,1], ¥n € N, Vv € R, (2.2)

The following corollary illustrates that the Bernstein duality generalises the moment duality (L) to
arbitrary polynomial selection term.

Corollary 2.12. Consider the process V started at Vo = epy1.
(1) For all x € [0,1] and t >0

B, [X{T] = Ee,yy [(Br,(2), Vi) - (2.3)
(2) Let m > 2 and assume that d is of the form
m—2
d(z) = —z(1-2) ) sz’, ze€[01], (2.4)
i=0

where (si);?:OQ is a decreasing sequence valued in Ry. There is a SD (8,p) € Eq such that

(Br,(z),V;) = alt, for all t > 0. In particular, the Bernstein duality coincides with moment
duality, i.e.
E.[Xp] = Euet].
Remark 2.7. The specific class of selection terms exposed in (2Z.4]) was already studied in [32] and contains
the classical case of genic selection.

Remark 2.8. Dualities for diffusion processes in population genetics have been studied by Shiga [52] (see
his Lem. 2.1, Lem. 2.2). His approach leads to a moment duality penalised by a Feynmann—Kac term. In
contrast, our dual process has a larger state space, a more involved duality function, but no Feynman-Kac
correction.

Remark 2.9 (Mutation-selection models). The particular form of our drift term excludes models with
mutations. In particular cases of selection, |6, 21, 22] obtain a weighted moment duality. [34] further
extend this to models with recombination. In the diploid mutations-selection equation (i.e. if A = 0
in (L2) and s is a specific linear polynomial), [4] formulate an ASG-based dual process that takes value
in the weighted ternary trees. We believe that by introducing suitable operators that reflect mutations
in the ancestral structures, the Bernstein duality translates to this framework.

The proof of Proposition 2,10} connecting the ancestral polynomial to the Bernstein coefficient process, is
given in Section The proof of the Bernstein duality (Theorem 2.TT)) and Corollary 212 are provided
in Section 4.3
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2.7. Properties of the Bernstein coefficient process and its leaf process. In this section, we
expose some of the most relevant properties of the Bernstein coefficient process and its leaf process.
Recall that the leaf process depends only on the branching rates 8 and on the A-measure, and not on the
colouring rule p. It turns out that the following two quantities play a crucial role in the analysis of X
and V.

Definition 2.13 (Effective branching rate and coalescence impact). For a SD (8,p) € &4, define the
effective branching rate as

For A € M;([0,1]), define its coalescence impact as

A(dr)

r

c(N) = /[011] log(1 — 1)

Remark 2.10. The quantity ¢(A) was introduced in [36] as limy_, o log(k)/Ex[T}], where T7 is the absorp-
tion time of the A-coalescent in 1.

2.7.1. Long time behaviour: invariant distributions. In this part, we are interested in the long time
behaviour of the processes V' and L. We start with the following simple criteria for positive recurrence
or transience of the leaf process.

Theorem 2.14 (Classification). Assume A # §1. The leaf process L with parameters (8, A) is

e positive recurrent if b(5) < c¢(A),
o transient if b(5) > c(A).

Remark 2.11. If A = §;, the communication class of 1 is always positive recurrent, see Corollary 5.5 If
B2 > 0, this communication class is N.

Remark 2.12. Note that ¢(A) = oo for the Kingman model (A = §p) and the Bolthausen-Szitman model
(A = UJ0,1], see [11]). Therefore, for these models the leaf process is always positive recurrent. In
contrast, for the Eldon-Wakeley coalescent (A = ¢, for some ¢ € (0,1), see |17]), we have ¢(A) < co.

Remark 2.13. The first part of Theorem [ZT4] under the assumption ¢(A) < oo, is already present in |32,
Thm. 4.6]. Furthermore, they show that if b(3) > ¢(A), then the process L is not positive recurrent.

A consequence of the previous result is that if () < ¢(A), then the leaf process admits a unique stationary
distribution, which is characterised as the solution of a linear system of equations (see Eq. (5.4)). The
latter is a generalisation of the well-known Fearnhead recursions, which were introduced in [24] (see also
[53]) for a Wright-Fisher diffusion model and later extended to the A-Wright-Fisher model in [3].

The next result tells us that the condition b(8) < ¢(A) also assures the existence of a stationary distri-
bution for the Bernstein coefficient process.

Proposition 2.15 (Invariant distributions). The Bernstein coefficient process V' keeps the entries V;(0)
and V(L) constant along time. Moreover, if b(8) < c¢(A), then the following assertions hold.

(1) For every a,b, the Bernstein coefficient process V has a unique invariant probability measure p®®
with support included in {v € R : vg = a, Vgim(v)—1 = b}
(2) Let V&b be a random variable with law u®®. If Vo = v with vo = a and vy, = b, then
d
‘/t ( ) V(;,b.
t—o00

The proofs of Theorem 2.4l and Proposition 215l are given in Section 5.1l Other complementary results
on the stationary distribution of the leaf process are given in Section
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2.7.2. Small time behaviour: coming down from infinity. Now, we turn our attention to the small time
behaviour of the leaf process as the initial number of particles tends to infinity. More precisely, let
(LY; t > 0) denote the leaf process started at n. It is not hard to see that this process is monotone in n,
i.e. there exists a coupling such that for every n > m and for all ¢ > 0,

L} > L7 as..

As a consequence, we can always define a process (L{°; t > 0) valued in Ny U {oo} as the monotone limit
of the sequence processes {(L}; t > 0)}nen,- Note that lim; ,o+ L° = 0.

Definition 2.16 (Coming down from infinity). We say the the leaf process comes down from infinity
(c.d.i.) if and only if for every ¢ > 0, L2 < oo a.s.. We say that it stays infinite if for every € > 0,
L =00 ass..

It follows from Remark2T0 that if the A-coalescent c.d.i., then ¢(A) = co. In particular, the corresponding
leaf process is then positive recurrent. In fact, the following generalisation of a result of Pitman [50, Prop.
23] holds.

Theorem 2.17 (Criterion for c.d.i.). Assume that A has no mass at 1. Then the leaf process L either
c.d.i. or stays infinite. Furthermore, L c.d.i. if and only if the underlying A-coalescent c.d.i..

Moreover, if the leaf process c.d.i., then 400 is an entrance point for the Bernstein coefficient process.
This is the content of the following proposition.

Proposition 2.18 (Entrance law at oo). Assume that the leaf process L c.d.i.. Let (V™; t > 0) be the
Bernstein coefficient process with initial condition Vi’ = ept1.

(1) There exists (V,°; t > 0) such that

(V51> 0) = (V<5 1> 0),
where D([0, 00); R>) is endowed with the Skorokhod topology on any closed time interval [t1,ts] C
(0,00).
(2) Furthermore, for every to > 0, conditioned on V2°, (V% 5t > 0) is distributed as (Vi;t > 0)
with nitial condition Vio°.

The proofs of the results of the this section are presented in Section [5.4]

2.8. Absorption probability and time to absorption. If the leaf process and the type-a frequency
process are in moment duality, one can typically translate the long time behaviour of L into (time)
asymptotic properties of X, see [26,32]. This method extends to the Bernstein duality and allows us the
derivation of results on absorption probabilities and on the time to fixation.

Define T; := inf{t > 0 : X; = i} for i € {0,1}. Furthermore, define h(z) := P,(To < Ti). Using the
notation of Proposition 215 set Vo, := V21 and Lo, := L%

Proposition 2.19 (Absorption probabilities). Assume b(8) < c(A).

(1) To NTh < oo almost surely.
(2) For all x € [0,1],

h(z) = E[Br.(2), V)] (2.5)
(8) The boundary points 0 and 1 are accessible from any point x € (0,1), i.e. h(z) € (0,1).

Remark 2.14. Note that (Z3]) can be expressed as

oo L
h(z) = > P(Loo =1£) > diebie(x),
£=0 =0

where d; ¢ := E[ Voo (i) | Lo = ¢]. Moreover, under the extra assumption that L., admits exponential
moments, we obtain a series expansion of h around 0. See Proposition [6.2] for more details. This is similar
in spirit to Baake et al. |3, Thm. 2.4].
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Given a colouring rule p € P,,, define the colouring rule p € P,, with p;, := 1 — p—; ,. Consider
the Bernstein coefficient processes (Vi;¢ > 0) and (Wit > 0) with parameters (5,p,A) and (8,9, A),
respectively. Both processes can be constructed on the basis of the same realisation of the leaf process L.
The distribution of the fixation time of X can be related to the limiting ASP with initial condition =™
for n — oo via the duality.

Proposition 2.20 (Absorption time). Assume the leaf process L c.d.i.. Define the random polynomial
Qfo(ac) = <BL;;>¢ (.Z'), ‘/;OO> + <BLt°°(1 — x), Wtoo> R

with V° and W defined as in Proposition (218). Let T := Ty ATy be the absorption time of X and
() =inf{t >0 : L =1}. Then

P (T <t) = E[Q7(x)],

mmEM”

Complementary properties and the proofs of the results of this section can be found in Section

)

(1- Q?O(x))dt] :

2.9. Minimality. It follows from the results of Section 2.1 and 2.4] that infinitely many genealogies are
associated to the SDE ([2)) with polynomial drift term of the form z(1 — z)s(z). Among the possible
genealogies, we want to identify the ones with good properties. In view of Theorem [Z.I4] and Proposi-
tion 2T it seems natural to distinguish genealogies according to their effective branching rate.

Definition 2.21 (A-decomposability). Let m € N\ {1} and A > 0. We say that v € R™™! is A
decomposable if it admits a SD with effective branching rate A\. Denote by Sy C R™~! the set of
A-decomposable vectors, i.e.

Sn = BU{(B,p) € E™ : b(8) = \}).
In other words, a vector v € R™~! is Ad-decomposable if there is a SD with effective branching rate A for
the polynomial <Bm(~), 0,07, O)T>.

Definition 2.22 (Minimal selection decomposition). Let d be a polynomial with d(0) = d(1) = 0. We
say a SD (8, p) € &; is minimal (for d) if
b = inf b ! = b* d).
3= im0 =@

We call b, (d) the minimal effective branching rate of d.

Proposition 2.23. For every polynomial d with d(0) = d(1) = 0, there exists a minimal SD and the
minimal effective branching rate satisfies the following relation

be(d) = inf{A>0:p(d) € AS1}. (2.6)

In order to prove this result, it will be crucial to understand the structure of the set Sy. It turns out
that Sy is a polytope with the property that Sy = AS; (see Proposition BIl). An in-depth analysis
of &; allows us to prove the existence of a minimal SD and provides a geometrical recipe to find it (see
Algorithm [T8). Fig. @ illustrates S; for deg(d) = 3. In this case, the faces of the polygon Sy have a
natural biological interpretation. More specifically, we show that if d corresponds to the selection term in
a diploid Wright-Fisher diploid model with dominance (see[Z3), then the face of Sy, (4) that contains p(d)
depends on the nature of the dominance at hands (under- or overdominance). Section exposes more
details.

A classification of SDs according to their effective branching rates only provides a partial understanding
of the connection between different ASGs. One is inclined to say that an ASG G is better than G if one
recovers G by erasing superfluous branches from G. This motivates the following definitions.

Definition 2.24 (Thinning). A lower-triangular stochastic matrix T := (Ty ;)% is called a thinning
mechanism. For 3 € R™~!, define TS € R ! as

(TB), = Z BiTre.

k=¢
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0.4

0.2+

—0.2¢

—0.4 0.2 0 0.2 0.4

FI1GURE 4. The region delimited by the bold lines corresponds to Sy for deg(d) = 3.

Note that T}, . gives rise to a probability measure on [k].

Definition 2.25 (Graph minimal). Let (8,p) € £;. We say that (8, p) is graph-minimal if and only if
there is no thinning mechanism T and no colouring rule p’ such that (T3,p’) € &,.

We are now ready to state the main result of this section
Theorem 2.26. Any minimal SD (8,p) € Eq is graph-minimal.

For deg(d) = 3, we prove that the converse is also true. In particular, this shows that in this case the
minimal genealogies are the only relevant ones, i.e. they are the only ones that do not contain any
superfluous branches.

Proposition 2.27. Assume that deg(d) = 3. For every (8,p) € E4 with b(B) > by (d), there is a thinning
mechanism T and a colouring rule p’ such that (TB,p') € &4 is a minimal SD.

Remark 2.15. If we consider only genealogies that minimise the effective branching rate, we recover
classical cases of the literature. For instance, the ASG of [Krone and Neuhausel as the only minimal dual
to the Wright—Fisher diffusion with genic selection |41, |47]; and finally the minority rule of INeuhauser as
the only minimal dual of balancing selection |46].

2.10. Open questions. We list several open questions that stem from our work.

(1) The present article only deals with a drift term d of polynomial form that vanishes at the bound-
ary. We conjecture that for any continuous function d with d(0) = d(1) = 0, there exist an infinite
SD (B, p) such that

0o 14 .

d(z) = ;Bé ; (pi,e - %) bie(x).
For such a decomposition, the results of the present paper would easily extend to ASGs with
arbitrary large branching events.

(2) We showed that if the leaf process is positive recurrent, then both 0 and 1 are accessible. Is the
reverse true, i.e. assuming that the (minimal) leaf process is transient, are 0 or 1 not accessible?
This was answered positively by [32], when the coefficients of s are negative and non-increasing.
The general case seems more involved.

(3) Along the same lines, we showed that if the leaf process c.d.i. then the fixation time has finite
expected value. What about the converse 7

(4) We constructed the ASG of a selection model by tracing the set of potential parents backward
in time. The true genealogy of the process can be recovered by only keeping track of the actual
genealogical lines as in [53] (i.e. by removing all the "unused" potential parents in the ASG). As
discussed earlier, there are infinitely many ASGs for a given selection model. However, are the
actual genealogies embedded in those ASGs identical?
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(5) If deg(d) = 2,3, we prove that the minimal ASGs are also graph-minimal. What about higher
dimension?

(6) Mutation-selection models usually have a drift term that does not vanish at the boundary. We
conjecture that by including a suitable transition of the Bernstein coefficient process, the Bern-
stein duality translates also to this setting.

(7) Barbour et al. |6] use a moment duality to derive a transition function expansion for a Wright—
Fisher model with mutation and selection (see also |22]). If the the Bernstein duality translates
also to this setting, does it allow us to generalise such a transition function expansion to general
selection models?

(8) Duality methods have been successfully used in the study of spatial models with selection (see,
e.g., |19, 20]). It would be interesting to see if the concepts of selection decomposition and
Bernstein duality translate to this setting, and if so, whether they can be used to treat more
general selection mechanisms.

3. FROM SELECTION DECOMPOSITIONS TO SELECTION MECHANISMS

3.1. Existence and non-uniqueness of selection decompositions. In this section, we show that
every SDE (2] can be expressed in the form of the SDE (Z1]). This boils down to show that every drift
term in Eq. (I.2) admits a SD (see Definition 23). In fact, Theorem 2.4 states that every drift term d
of the form d(x) := z(1 — z)s(z), « € [0,1], with s being a polynomial, admits infinitely many SDs. The
following proposition is useful for its proof.

Proposition 3.1 (Scaling property). For any A > 0 the set Sy is a polytope with the property that
Sy = AS1. In particular, the minimal effective branching rate satisfy the relation (20]).

Proof. The sets Gy := {8 € erfl : b(B) = A} and Py, are polytopes. Thus, G\ X Py, is a polytope, since
it is the Cartesian product of polytopes. For every p € P,,, the map 8 — B(3,p) is linear and for every
RS Rf_l, the map p — B(8,p) is affine. It follows that Sy is a polytope. The property Sy = AS; is a
straightforward consequence of the fact that Gy = AG;. Finally, using the definitions of Sx, A > 0, and
of b,(d), we obtain

bi(d) = inf{\ > 0: p(d) € S»}.

Hence, (26) follows from the scaling property Sy = ASi. O

The previous result provides a geometric framework to prove Theorem 2.4l and Proposition 2.23] i.e. the
existence of infinitely many SDs and the existence of a minimal decomposition, for any given polynomial
drift.

Proof of Theorem[24] Fix an arbitrary colouring rule p € P,,. For every w € {0,1}"!, define the
colouring rule p¥ by replacing (piym)g’gl with w; keep the other entries unchanged. Furthermore, set
a:= (ar)jy € R™™ ! with ap, :=1/(m — 1) and ag := 0 for £ # m. A straightforward calculation yields

w C

Bla.p®) = m—1 m(m—1)

m—1

where ¢ := (i)]*7". Since b(a) =1 and & is a polytope,

(R c
conv <{O,m} ) —mCSL

It follows that S; contains an open neighbourhood of the origin of R™~!. From the scaling relation
S\ = AS1, we infer that

R™ 1 = Ux>0Sx. (31)
Now, let d be a polynomial of degree m with d(0) = d(1) = 0. We know that d admits a SD with effective

branching rate A if and only if p(d) € Sy. From BI) we deduce that there is Ag such that p(d) € S),.
Using again the scaling relation, we deduce that p(d) € Sy for all A > A\g. The result follows. O
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Proof of Proposition[2Z.Z3. One consequence of (3] is that
R™L = Ux>09Sx. (3.2)

Thus, for any polynomial d of degree m with d(0) = d(1) = 0, there is A\.(d) such that p(d) € ISy, - It
follows that there is (8,p) € &4 with b(8) = A« (d). Moreover, by construction A.(d) = b.(d). Hence, the
first part of the statement follows. The second part was already proved in Proposition [3.11 O

3.2. Existence, Uniqueness and Convergence. We start this section with a proof of the well-
posedness of the SDE (2] for every polynomial s. Afterwards, we prove Theorem 2] which provides
conditions for a sequence of Moran models with frequency-dependent selection and large neutral offspring
to converge to the solution of the SDE (2I)). The asymptotic (properly scaled) selection mechanism con-
sequently corresponds to a SD of the drift term. Corollary 2.2] states that the converse is also true, i.e.
for a SDE of the form (21 and a SD (3, p) of its drift, one can always construct a sequence of Moran
models converging (in the sense of Theorem [Z]) to the SDE (2.1)).

Lemma 3.2 (Existence and uniqueness). Let s : R — R be a polynomial and let A be a finite measure on
[0,1]. Let W be a standard Brownian motion and let N be an independent compensated Poisson measure
on [0,00) x (0, 1] x [0, 1] with intensity dt x r=2A(dr) x du. Then for any x¢ € [0,1], there is a pathwise
unique strong solution X := (X; t > 0) to the SDE ([L2) such that Xo = x¢ and X; € [0,1] for all t > 0.

Proof. We first introduce some notation. Set b(z) = z(1 — z)s(z), o(z) := /A{0})z(1 —z) and
go(x,r,u) = r((1 = 2)lfu<a) — ¥1{ysay) for x € [0,1], (r,u) € (0,1] x [0,1], complemented by b(x) :=
o(x) := go(z,r,u) = 0 whenever & ¢ [0,1]. Clearly b and o are continuous and go is measurable.
Moreover, for x € [0,1] and (r,u) € (0,1] x [0, 1], we have —z < go(x,r,u) <1 —z. It follows from |28,
Prop. 2.1] that any solution of (2] starting at a point xzy € [0,1] remains in [0,1]. In order to prove
existence and pathwise uniqueness of strong solutions of the SDE (2], we use |42, Thm. 5.1]. We need
to verify conditions (3a), (3b) and (5a) of that paper. Note first that b is Lipschitz (it is a polynomial in
[0,1]), and hence Condition (3a) is satisfied. Condition (3b) concerns only ¢ and go. In |32, Lem. 3.6] it
was proved that there a constant ¢ > 0 such that |o(z) — o (y)|? < c|z —y|. In addition, a straightforward
calculation shows that

A(dr)

2

/ lg0(z, 7, 0) — go(ysrs w2 2 gy < A((0, 1))z — .
(0,1]x[0,1]

Hence, condition (3b) is satisfied. It remains to verify condition (5a). Since b and ¢ are bounded, this
amounts to prove that z — f(O,l]x[O,l] go(x,7,)?r=2A(dr)du is bounded. This directly follows from the
fact that go(z,7,u)? < 2r2. O

Lemma 3.3 (Operator core). The solution of the SDE ([IL2)) is a Feller process with generator A satisfying
Af((E) = Asf(-r) + Awff(x) + AAf(:E)a fO’f’ any f € CQ([Oa 1])’1' € [Oa 1]a (33)

where

AHOD

9 7':6) f”(z>a

Asf (@) =zl —x)s()f'(z),  Awif(z)=
Anf(z) = /(0 1]$[f($+7“(1 —2)) = f(@)] + 1= 2)[f(z —r2) = f(2)]

A(dr)

r2

Moreover, C*([0,1]) is a core for A.

Proof. Let X be the unique strong solution of the SDE (Z). It follows from standard theory of SDEs
that X is a strong Markov process with generator A satisfying (3.3]). Since pathwise uniqueness implies
weak uniqueness (see |7, Thm. 1]), we deduce from [37, Thm. 2.16] that the martingale problem associated
to A in C*°(]0,1]) is well-posed. Using [54, Prop. 2.2], we infer that X is Feller. The fact that C*°([0, 1])
is a core follows then from [54, Thm. 2.5]. O

We now prove the convergence of the Moran-type models to the solution of the SDE (2.1)).
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Proof of Theorem[Z1l Let X be the solution of (1)) with X = x¢ € [0,1]. Denote by A and A" the

generator of X and XN .=

that for every f € C*(]0,1])

(X](VZI); t > 0), respectively. The main ingredient of the proof is to show

sup [AY floy (2) — Af(z)] —— 0, (3.4)
zelyn N—roo
where Oy := {k/N : k € [N]o} and f|g,, denotes the restriction of f to Oy. Let us first assume that this
is true. Since C*°([0,1]) is a core for A (see Lemma [B.3]), we can apply |23, Thm. 1.6.1 and Thm. 4.2.11]
to deduce the convergence in distribution of XN to X. It remains to prove Ba).
Let K7, . ~ Hyp(n,m, k) for n > mV k, i < k A'm. Define the discrete differential operators

flx+h) - fz) fla+h)+ fle—h) —2f(z)

Dyf(x) := - and DY) f(x) = 5
Then, the generator AV takes the form
AN f(x) ZA z) + AN f(z) + A (z), f:0Oy =R, z €0y,
where
Ay @) =200 0y D (),

AN f(@) = NBN {1 = )E [pys (| Dpf@) 2B [1=piy s o] Doy f@)},

a r—= ]]\\/'[mr K%zr
=N22uw<r>{w1€ f<x+%>—f<x> f(w— N’)—f(%)”-

Similarly, consider the generator A from ([B3]) with

‘ .
1 i )
sx:zig Eb- z(-——).
( ) ZC(l _ .’L') poet /Be — 112( ) pz,l E
In particular, the selective term admits a decomposition as Ag = Z;"ZQ Ag ¢, where

Asof (x) == B¢ (E [pB,. ] — ) f'(z) and By, ~ Bin({, ).

Appropriate Taylor expansions and the triangular inequality yield for f € C*([0,1])

up (45 flo () — AweF@) < (DI oy~ aqopIEl= —— 00 @5)

zeln N—oo

+(1—-2)E

For the term associated to {—replacements, first note that

(1 B .Z')E [pKJZ:f];lee} + 2l { KN 11 e—1tL Z} =E [pKJ]\\frT 1”4 '

As a consequence, appropriate Taylor expansions and the triangular inequality lead to

sup [AY, flow (@) — Awef (2)] < INBY — Belllf'lloe + e <”f b |y 71eRG )

zely

where
203

Y4
0
RY := sup ‘E {ngI’pe} —-E [pBe,I,Z]‘ < (L%J) N _7¢

zeln

The previous inequality follows from Lemma [3.4 We conclude that

lim sup |Asgf|DN( ) — Asef(z)| = 0. (3.6)

For the last term, note that

AN, Floy (@) — Anf(@)] < enva(@) + ena(@) + ena(),
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where

2 al T_KNLT r(l —x)
ena(x) = |N ;MN(T)HUE lf <$+ TN> —f (m+ ~ )]
N KY T
cxale) 1= [N D ()1~ 2B f<:v N) ~f (wﬁ)]

cxste) = ¥ S ) for (4 "2 D) w0 -g (5 T2) )} - Aus )

Second order Taylor expansions with integral remainder around the points z +7(1 —x)/N and z — rz/N

and standard properties of the hypergeometric distribution lead to

1 N
sup (en1(z) +enp2(2)) < 1 ZMN(T)T.
zely 2 r=1

Moreover, for any v € (0,1), we have

N
ZMN(T)T =

Hence, the portmanteau theorem yields

2. pn(rt 3 () < My <TNuN<[o,v]>w

1
N, 11)) .
1<r<yN Ny<r<N BN

vN

lim sup Z pn (r)r < A((0,7]).

N —oc0 r—1

Since this holds for any v € (0, 1), we conclude that the previous limsup is 0. Hence,

lim sup (€N71(x) + €N72(x)) =0. (3.7)
N—oo zely

Now, we set fo(r) := r~*(z[f(z+r(1-2))— f(2)]+(1—2)[f (2—rz)— f(2)]). Note that [fo(r)] < [[f"]loc/2-
Using this and the definition of TV iy, we get

1/ loo A(dr)
en(@) < [Myy = A([0, 1)) === + A([0,1]) o Fo(r)TN iy (dr) — o fz(T)A([O, ) ‘ . (38)
For any v € (0,1)
A(dr) |1f" [loo A((0,~])
ot - [ gl < B (ruon+ FEH) @9
For the remaining term, we have
rTN r) — r Adr) fo (1T r)— o (r 7A(dr)
e B R R e B ERT)

where f, is the continuous function coinciding with f, on [, 1] and being constant in [0,~]. Note that
f» is Lipschitz and bounded. Moreover, || fz|lLip < 4/ flloo/7> + 2| f'|oc/7? := C4(f), where || f|lLip :=

[l flloc Vsup, ., |f(x) — f(y)|/|z — y| denotes the bounded Lipschitz norm of f. Thus,
: : A(dr) A )
L (m)TN dr) — 2(T)——= — |,

R e R (R} A0,

where diip(v1,v2) = sup{|[ fdv1 — [ fdva] : ||f||lLip < 1} denotes the bounded Lipschitz metric in the
space of probability measures on [0, 1]. Assume that + is a continuity point of A. Combining (3.8)), (39,
BI0), 3II), and letting N — oo, we deduce that

< Cy(f)dvip (TNMN, (3.11)

lmsup sup exa(o) < 17| G- (3.12)

N—oo zelyn



GENERAL SELECTION MODELS: BERNSTEIN DUALITY AND MINIMAL ANCESTRAL STRUCTURES 19

This holds for any continuity point v € (0,1). Hence, the previous limit exists and equals 0. Together
with 37, this implies that

lim sup |A#Nf|[|N( x) — Apf(x)| = 0. (3.13)

— 00 zed

This ends the proof. O

At last, we prove Corollary [Z2] which provides a particular Moran model that converges to the solution

of ) for a given (5,p, A).

Proof of Corollary[22 Tt is enough to show that conditions (1) and (2) of Theorem [Z1] are satisfied.
Since N3N = B and un({0}) = A({0}), conditions (1) and the first part of condition (2) are satisfied. In
order to prove the other two parts of condition (2), it suffices to show that for every f € C([0,1])

N
Z f( ) N2 Nk+1(k+1) m o] f(r)A(dr).
By the definition of )‘9\/ 41 and a straightforward calculation,
N N-1 By_2,+1\ By_2,+1
E : : A(d
Z f< >N2 Nk+1<k+1> N o [f( N ) BN—Q,T+2:| (dr),

where By_2,, ~ Bin(N — 2, 7). The result follows then as an application of the law of large numbers and
the dominated convergence theorem. O

We end this section with an auxiliary result, which is used in the proof of Theorem Il For N € N,
my € [N]o and £ € [N], consider K%N’Z ~ Hyp(N,my, ). It is well-known that
my
lim - — .1 KN

The next lemma provides a uniform version of this result.

Lemma 3.4. For N € N, { € [N] and z € [0,1], we have

l 202
sup |P(KXN,,=i) —P(By.=1)| < ( >7
zely i€[lo [BURR. | L] N —(+1
Proof. Note first that
—i—1

i—1
Nz —k N(l-z)—k ; i—i
— 21— 2)
]-_-[N—k ey A S
k=0 k=0

Bt - #eoe - - ()

Hence, the result is a direct consequence of the following fact: if (a,)"_, and (b,)™_, are two sequences
of numbers in [0, 1], then

m m m
Hak*ku SZ lar, — bil.
k=0 k=0 k=0

4. ANCESTRAL STRUCTURES AND BERNSTEIN DUALITY

4.1. Ancestral selection graph. This section provides a more detailed description of the ancestral
selection graph. The branching-coalescing system that underlies the ASG arises from the following
(marked) particle system. Let 8 € RT* and A € M;. Each particle is equipped with a label in [0, 1].
Start at time ¢ = 0 with n particles. The i-th particle carries label U;, where (U;)?, are independent
random variables that are uniformly distributed in [0, 1]. If there are n particles present at time ¢, then
(1) at rate Byn for every £ € Jm|, mark one of the existing particles chosen uniformly at random and
generate £ — 1 new particles, where each new particle carries a new label that is independent from
the other labels and uniformly distributed in [0, 1],
(2) at rate (Z) A,k for every k €]n], eliminate k particles and give birth to a new particle with a new
label that is uniformly distributed in [0, 1] and independent of the previous labels.



20 F. CORDERO, S. HUMMEL, AND E. SCHERTZER
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— 4

ta to t1 0

Ficure 5. A realisation of the ASG. Each particle is represented by a labelled line. The vertical coordinate corre-
sponds to the label (on [0,1]). The right and left extremity of a line corresponds to the particle’s birth and death
time, respectively. Black elements indicate the marked particle at a replacement (square) or a newly born particle at
a reproduction event (circle).

Note that by construction a particle with label u has an associated birth and death time (b,,d,). See
Fig. Bl Let U be the set of labels assigned from ¢t = 0 to ¢ = co. The branching-coalescing system with
parameters (5, A), which is denoted by G, is the following (infinite and uncountable) directed acyclic
graph (DAG) with distinct horizontal and vertical edges.

e The set of vertices is given by {(u,s) : v €U,s € [by,dy]}.

e The set of horizontal (directed) edges is given by

{((w,), (u 1)) = s <t€[by,du]}
o Let {D;} (resp. {I;}) be the set of times at which the number of particle decreases (resp.
increases). The set of (directed) vertical edges is given by the union of the two sets

U {((u, Dy), (v, D)) : wkilled at time ¢, v born at time ¢}

U {((u, L), (v, Il)) : u marked at time ¢, v born at time t}

e The set of edges is the union of horizontal and vertical edges.

G is a DAG with distinct vertical and horizontal edges. In the following, we denote this type of graph by
vhDAG.

Definition 4.1 (ASG). Let (8,p) € €4, A € M;([0,1]) and n € N. The (8, p, A)-ASG is the pair (G, p),
where G is the branching-coalescing system with parameters (58, A), as defined above, starting with n
particles. Finally, the graph G; denotes the induced graph on the set of vertices with time coordinates
less than t. In particular, the process (Li;t > 0), where L; counts the number of leaves in G;, evolves
according to the rates in Definition

4.2. Ancestral selection polynomial and the Bernstein coefficient process. Let us start formal-
ising the idea of propagation of types (colouring) in a vhDAG G. We denote by R(G) and L(G) the set
of roots (sources) and leaves (sinks) of G, respectively.

Definition 4.2 (Colouring of a directed acyclic graph). Let G be a vhDAG having a maximal vertical
outdegree smaller than or equal to m and finitely many vertical edges. We call a vector ¢ := (t¢)ser(q) €
{a, A}L(G) a leaves colouring. For two vertices x,y of GG, we say that y transmits the colour to x4, if
there is at least one directed path from x to y and there is no directed path from = to y that contains a
marked point, different from x and y, with vertical outdegree larger than 0. We say that x4+ has colour a
(resp. A) if there is some vertex y with colour a (resp. A) that transmits the colour to x+. Given a leaves
colouring ¢ and a colouring rule p € P,,, we randomly colour the vertices of G according to the following
rules:

e A vertex z that is not marked gets the same colour as vertex y, if y transmits the colour to z+.
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e For a marked vertex x with vertical outdegree £ —1 > 0, consider the colours of the k — 1 vertical
neighbours together with the colour of z+. If i of them are colour a and k — i are colour A, then
colour z with type a (resp. A) with probability p; 1 (resp. 1 — p; x).
Now let Uy, k € [L(G)], be a uniform random variable on the leaves colourings of G that have k leaves of
colour a and L(G) — k leaves of colour A. Define R(G, p, k) to be the probability that all the roots of G
get colour a if GG is coloured according to Uy and p.

The previous notion of colouring of a vhDAG leads to a more precise definition of the ancestral selection
polynomial.

Definition 4.3 (Ancestral selection polynomial). Let (5,p) € €4, A € Mf([0,1]), and let (G, L) be as
in Definition Il For every time ¢t > 0, define V; € REF1 via

Vi(i) := E[R(Gr.p, 1) | (Ls;s € [0,4]) ], i € [Ly]- (4.1)
The ancestral selection polynomial (ASP) associated to the triplet (8, p, A) is defined as

Py(z) == Z Vi()bip, (z), =€ 0,1]. (4.2)

Remark 4.1. We abuse the notation by using the same symbol V; for (1) the coefficients of the ASP in
the Bernstein basis of degree L;, and (2) the Bernstein coefficient process defined in Theorem 2Tl This
abuse of notation is motivated by the fact that the two objects are identical in distribution as announced
in Proposition 210l

In words, conditional on the leaf process (Ls; s € [0,¢]) up to time ¢, P;(x) is the probability that every
root of the graph G, is of type a if we first assign type a (resp. A) with probability  (resp. 1 — z) to
each leaf of the graph G;, independently for every leaf, and then propagate types from the leaves to the
roots as in Definition We stress that P; is a probability conditional on the leaf process up to time ¢,
and thus a random object arising by the removal of all details of the graph G; except for the leaf process.

Remark 4.2. For fixed ¢, the graph {(z, P;(z));x € [0,1]} is the the Bézier curve associated to the set of
points {(i/n, Vi(i))} %, (see, e.g. [30]).

Remark 4.3. It is plain from the definition that L; > deg(P;). A natural conjecture is that L; = deg(P,).
However, it is easily seen to be false. For instance, consider the case deg(d) = 3 with 83 =0, 85 = 1 and
ps = (0,1,0,1), which corresponds to the selection term

d(z) =z(1 —z)(1 — 2x).

This colouring rule corresponds to a minority rule, which means that the minority type in the set of
potential parents provides the true parent. In this particular case, one can check that

C%208%3(1d) = Id

so that one can envision a scenario (branching followed by coalescence of a pair) where Ly = 142—-1=2
and deg(P;) = 1.

Remark 4.4 (Topology on R>). Let us briefly comment on the topology considered on the state space
R := U,enR™ of the Bernstein coeflicient process. One is inclined to embed R* in the set of infinite
sequences (adding infinite zeros at the end of every vector) equipped with the supremum norm. The
main reason not to do so is that in order to define the Bernstein coefficient process, one needs to know
the dimension of the current state of the process, and the latter does not necessarily coincides with the
last non-zero coordinate of the process. Instead, the following metric is more appropriate. For u € R"”
and v € R™, with n < m, define
d(u,v) :=d(v,u) ;== max|u; —v;| + max |v;| +m —n.
i€[n]o i€[m]o\[n]o

Note that the restriction to R™ of this metric coincides with the metric induced by then supremum norm,
and that the distance between two vectors with different dimensions is at least 1. Hence, a function
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Ficure 6. Left: At a replacement event, a branching point is grafted at a leaf chosen uniformly at random at
time t—. In this example, it is a 4-replacement, L;1 = 7, and L;— = 4. Right: In a coalescence event, a subset of
leaves at time t_ collapse into a single line. Here, 3 leaves merge, Ly = 2, and L;— = 4.

f :R*® — R is continuous if and only, for any n € N, its restriction to R™ is continuous. In particular,
the duality function in Theorem 211l is continuous under this topology. Moreover, one can easily prove
that (R>°,d) is a Polish space, which is a suitable setting for stochastic processes.

We now prove that the Bernstein coefficient process and the Bernstein coefficient vector of the ancestral
selection polynomial are identical in distribution.

Proof of Proposition[2Z10. Let (V,*,t > 0) be the Bernstein coefficient process with initial condition
Vi = ent1 so that (Brs(z),Vy) = 2", where L} := dim(V;*) — 1. Let (V;; ¢ > 0) be the Bernstein
coefficients of the ASP associated with the ASG started with n particles (see Eq. [@I)). Our aim is to
prove that the two objects are identical in law.

First note that L and L* := (L}; ¢ > 0) are by definition identical in law. Thus, in order to prove that if

Vo = V5 = ept1, then (V35 ¢ > 0) @ (V*; t > 0), it is enough to show that

(i) conditional on a positive jump of size £ — 1 of the leaf process (corresponding to a ¢-branching
event) at time ¢, we have Vi, = SLt—V,_ (where S¥* is the selection operator of Definition 2.5)).

(ii) conditional on a negative jump of size k (corresponding to a coalescence event of k leaves) at
time t, we have V;, = CF+—FV,_ (where C** is the coagulation operator of Definition ).

(i) Selection event. Let A(t,¢) be the event there is an f-branching event at time ¢. In this case,
Liy = Ly— + ¢ — 1. For each ¢ € [Li4]o, we need to determine E[R(Gyy,p,1) | Gi—, A(L,t)]. First note
that, conditional on (G;—, A(¢,t)), the ¢-branching point, call it u, is chosen uniformly at random among
the L;_ leaves at time t—. In other words, the ¢-branching point is grafted uniformly at random on a leaf
available at time t—. In order to determine R (G4, p, i), colour i leaves at time t+ with type a (uniformly
at random on the set of L;y leaves). Starting from time ¢+, there is a subset of leaves I' consisting of
exactly £ leaves that collapses into a single leaf u at time t— (see Fig.[d). Let K; be the number of type a
in the subset of leaves I', so that K; ~ Hyp(L¢,?,£). According to the colouring rule p, conditional
on K, the leaf u is of type a (resp. type A) with probability P, (resp. 1 —pKi,L,). Furthermore, at time
t— there are i — K leaves different from u that carry type a. They are distributed uniformly at random
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among the remaining leaves. Since u is chosen uniformly at random at time t— (as argued above),
E[R(Git,p,1) | Gie, A0, 1)] = E[pg, s R(Gei—i+1— K;) + (1 —pg, o) R(Gi—,i — K3) | Ge—],
and, since o((Ls; s € [0,t])) C o(Gi—, A(L, 1)),
E[R(Ger,p.i) | (Ls;s € [0,t=]), A0, t)] =E[pg, o Vi (i + 1 — Ki) + (1 — pg, 4) Vi (i — K;) |
= (8" Vi) (o),

which is the desired result.
(ii) Coalescence event. Consider a k-coalescence event with k > 2 and fix ¢ < Lyy = Ly~ — k+ 1. Colour
i leaves at time t+ uniformly at random. Starting from time ¢+, one leaf splits into k& leaves at time ¢—.
Seen from t—, this corresponds to k leaves merging into one leaf at time ¢+ (see Fig. [). If this leaf at
time ¢+ is of type a (which occurs with probability i/Liy = ¢/(Li— — k + 1)), then there are i + k — 1
leaves of type a at time t—. Otherwise, there are i leaves of type a at time t—. This translates into

i i

Vi (i) = I —Fk+1l m) Vi (i) = (CF =%V, ) (i),

The combination of (i) and (ii) yields that V' is a Markov process with the desired transition rates.

Vic(t+k—1) + (1

O

4.3. Bernstein duality (proofs). In this section, we prove Theorem [2.11] i.e. the Bernstein duality
between the type-a frequency process and the Bernstein coefficient process, both associated to the same
triplet (8,p,A). We also prove Corollary 212, which exhibits the connection between Bernstein and
moment dualities.

Let us start with the following result about the selection and coagulation matrices of Definition

Lemma 4.4. Fizn € Ny and v € R**L. Then
(™) = vy = (C™ ), and (S™)nir—1 = ve = (C™*0)p_py1.
Furthermore, ||S™ |00 < ||v]loe and |C™%v]| oo < ||V]0o-
Proof. This is plain from the definition of the fragmentation and coagulation operators. O
Proof of Theorem[211. We want to prove that X and V are dual with respect to the duality function
H:[0,1] xR*® = R4, (z,v) = (Baim(v)-1(2),v) .
First note that the generator B of the process V can be expressed as
Bf(v) = Bof(v) + Butf(v) + Baf(v), ©€R™, f € C(R),
where, for v with dim(v) =n+ 1,

A({0})
2

Bof () :=> np (£(S"v) = f(v)), Buf(v) = n(n —1) (f(C™*v) — f(v)),
=2

n n .

Baf(0) = Y- (1) (€™ — f(0).
k=2

In addition, for any v € R, the function x — H(x,v) is C*°([0, 1]), and therefore, belongs to the domain

of the generator A of X given in (33). Similarly, for any « € [0,1], v — H(z,v) is continuous (with

respect to the metric d defined in Remark 4], and hence, belongs to the domain of B. Now, we proceed

to show that for v € R> and z € [0, 1] the following holds

AH(-,v)(z) = BH(z,)(v). (4.3)

For this we prove the intermediate identities A H(-,v)(z) = B.H(z,-)(v), for k € {s,wf,A}. Let
(Y )e=0, (Wi )e>0, (K};)o<i<e<n be sequences of independent random variables, with Y,*, W ~ Bin(¢, z)
and Ky ; ~ Hyp(n — 1,¢,i). For any v = (v;)7, € R"*1,

9] 0?

E (Bn(),v) (x) = nElvys +1—vys ] and Eye) (Bn(),v) (x) = n(n—1)E[vys  12—2vys t1tvys ]
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Then a straightforward calculation yields

m

AH(-v)(z) = Z”ﬁf(E[pr,l] — ‘T)E[UW;LIJA — UWS}
(=2

=Y BBy ovws o1+ (=) v | — HGe0)
(=2

= Znﬂe( > Elprp,evioxp, o1+ (L= prp, o) viokp, | binte1(x) — H(z, v))
=2 i=0
= B,H(z,-)(v)

This proves identity for the part that corresponds to selection. For the Wright—Fisher part, we have
AwH (-, v)(x)

= A(go})nzvibi—lm—l(x) (i—1-—=x(n—-1))+ ni Vibin-1(z)(n—i—1—(1—z)(n—1))
i=1 i=0

- A({20}>n(n —1) ( 2 (ni Vi1 ”; 1 I ivi)bi,nfl(x) - H(x,v))

=0 -
= BytH(z,-)(v).

For the A-part, it is convenient to realise that
z4+r(l—z)=r4+zl-r),1—(z+r(l—-2z)=01-2)1-r),1—az+ra=r+ (1 —2)1-r).

Then a straightforward calculation yields

AnH (- 0) ()
_ /(011] 2 (Bu(r + (1= 1)2),0) + (1= 2) (Bu(2(1 = 1)), 0) — (Ba(2), ) Agr)
> (; v ! k41—

= BAH(z,-)(v)
which ends the proof of (£3). Now, assume that the process V starts at V) = v. Using the definition of
H and Lemma [£.4] we obtain

sup  [H(z, V5)| <[] oo (4.4)
z€[0,1],s€[0,T)

Similarly,

sup  |BsH(x,)(Vs)| < 2[[[|v]lc sup Ls, (4.5)
z€[0,1],s€[0,T] s€[0,T]

where |B| := >, B¢. Moreover, using |36, Lem. 3.3], we deduce that

2

sup |(Ba + Buwt) H (2, ) (Vs)] < 2[v]A([0,1]) ( sup Ls> : (4.6)
z€[0,1],s€[0,T] s€[0,T]

Finally, note that one can couple V' to a birth process (I'y; t > 0) such that: (a) Iy = dim(Vp) —1, (b) each

particle split into m particles at rate |8|, and (c) sup,ejo ) Ls < I'r. Since, I'r and I'Z are integrable,

the result follows by Ethier and Kurtz |23, Cor. 4.4.13]. O

Proof of Corollary[212 (1) The proof of the first statement follows directly from the Bernstein duality
and the fact that (B, (z),e,+1) = a™.
(2) For the second statement, fix m > 2 and (s;)/",> € RT with s; < s,_; for all i € |m]. Set

B = 8m_2>0, Bi:=8_9—8_1>0,1 E]m - 1]3 Pie = 1{1’:8}; i€ [f]o,f E]m]
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Note that
m ' m N4
a0 3s =3 (B, (e )L ).
i=0 (=2 -

which means that (3,p) is a SD of the polynomial on the left hand side of the previous identity. In
general, C™"e, 1 = e,_p42. A straightforward calculation yields that for our particular choice of p, we
have S”veenﬂ = en+e. In particular, if Vo = epy1, then V; = er, 41 for all ¢ > 0. Hence, the Bernstein
duality yields

E.[X3'] = E.[(Bn(Xt), ent1)] = Ee,. . [(Br,(¥), er,41)] = En[th]a

which proves the claim. O

5. PROPERTIES OF THE BERNSTEIN COEFFICIENT PROCESS AND ITS LEAF PROCESS

In this section, we study properties of the Bernstein coefficient process and its leaf process. The section
begins with the proof of the condition for transience and recurrence of the leaf process. This allows us to
derive and characterise the invariant measures for L and V. In particular, we obtain a recursion for the
tail probabilities of the stationary measure of the leaf process. At last, we study the property of coming
down from infinity for the leaf process.

5.1. Recurrence and transience of leaf process. The leaf process L with parameter (3,p) (see
Definition 226]) take values in N. Its infinitesimal generator is given by

Lf(n) :=Laf(n)+ Laf(n), (5.1)
for f : N — R, where

Cafln)i= Yo nddfln €= 1) = . Laf(n)i= 3 () Anal 0 b+ 1) = )
£=2 k=2

We want to prove Theorem [2.14] which provides conditions for positive recurrence and transience of
the leaf process. Let us stress again that the first part of Theorem T4l is already present in Gonzélez
Casanova and Spano [32, Thm. 4.6] in the case ¢(A) < co. The latter also states that L is not positive
recurrent for b(3) > c¢(A). We use here a different approach that allows us to show the transience of L
for b(B) > c¢(A). We closely follow the lines of Foucart [26] and adapt his arguments to fit our setting.
For completeness, we also prove the first part in such a way. Let us define f : N — R by

14
0= 3 s ().

where 6 : N — R with

A(dr)

n r

1
1
d(n) = —n/ log (1 ——(nr—14+(1- 7’)"))
0
It will be convenient to collect some known properties of these functions.

Lemma 5.1.

e n+— d(n) is non-decreasing.
e n— d(n)/n is non-decreasing.
e d(n)/n — c(A) forn — oco.

For a proof, see Herriger and Mahle |36, Lem. 3.1, Cor. 4.2].
Lemma 5.2. The function f is non-negative and increasing. Further, the A-coalescent c.d.i. if and only
if limy, 00 f(N) < 00.

Proof. The first part of the statement follows from the fact that 6(n) > 0 for n > 1 (this is easy to see
once one observes that this is true for n = 2 and §(n) is non-decreasing by Lemma B.). In [36], it is
shown that the A-coalescent c.d.i. if and only if )", ., d(k) < co. Since klog(k/(k —1))/6(k) ~ 1/6(k)
as k — oo, this completes the proof of the second part of the proposition. O



26 F. CORDERO, S. HUMMEL, AND E. SCHERTZER

The next lemma is a generalisation of Foucart |26, Lem. 2.3], which corresponds to the case Sy > 0,
Be =0 for £ # 2, and p; 2 = 0.

Lemma 5.3. We have

m n+l—1 .
4+Zﬂe > —,. (5.2)
—~ 5. 00)
Furthermore, if b(B) < c¢(A), then there exists ng € N and € > 0 such that,
b(B)
< >
Lf(n) < o) eb(8) <0, Vn > nog,

with the usual convention that 1/00 = 0.

Proof. Foucart |26, Proof Lem. 2.3] proves that L4 f(n) < —1. Hence, for the first claim it suffices to
prove that Lgf(n) < Y%, Be Z?iﬁﬁj/é(]) Note
n+6—1 . n+6— . n+6—1

n[f(n+£—1)— f(n)]=n Z 5 )1og(1+ ) Z 5 1og((1+ )) Z 5.

j=n+1
where we use that (1 4+ 1/n)™ is monotonically increasing to Euler’s number. The first claim follows in
a straightforward way. For the second claim, note that Lemma Bl implies that n/d(n) is non-increasing
and n/d(n) — 1/c(A). In particular, for all € > 0, there exists ng € N such that for all n > ng,

n 1
3m) S T

For n > ng, we can now estimate the right-hand side of ([&2]) by
m n+l—1

4*25@ > % 1+%+b(ﬂ)5,
=2 j=n+1

which, for b(8) < ¢(A) and € > 0 small enough, is negative. O

The following lemma gives a condition for the positive recurrence of the leaf process. In the case of genic
selection, this result again agrees with Foucart |26, Lem. 2.4]. Define for n € N,

T":=inf{s >0: Ly <n} and T,:=inf{s>Jy:Ls=n},
where J; is the time of the first jump of L.
Lemma 5.4. Assume b(8) < c¢(A). Then there exists ng and a constant ¢ such that for all n > ny,
En[T™] < éf(n).

Remark 5.1. In the analogous statement to Lemma 4] Foucart [26] has the additional condition
Y pe51/6(k) = oo to assure that the process is non-explosive. With our argument, we get rid of that
condition. This was already noted in |3, p. 4].

Proof of Lemma[5.4 We mimic the proof of Foucart |26, Lem. 2.4]. Note that, L is dominated by a
process that has only m-branchings at rate y_,”, 8¢ per existing line and no coalescences. Clearly, this
process is non-explosive. Hence, also L is non-explosive. Next, define for N € N, fx(n) := f(n)1{n<nim}-

(inte0 - [ cowtras)

is a martingale. By the previous lemma, there is ng € N and € > 0 such that
Lf(n) < —=1+b(8)/c(A)+eb(p) <

for all n > ng. Set C :=1—b(8)/c(A) — eb(B) and let ng < n < N. Define Sy :=inf{s > 0: L, >
N + 1}, i.e. the first time L is above N. Applying the optional stopping theorem to fn(Lrnoasyak) —

ano/\SN/\k Lfn(Ls)ds leads to
T™"OASN Ak
/ Lfn(Ls)ds
0

By Dynkin’s formula,

0

IEn [fN(LTHO/\SN/\k)} = fN(n) +E
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Clearly, Lfn(n) = Lf(n) for n < N and using Lemma 53] yields
En [fN(Lrronsynak)] < fn(n) — CEL[T™ A Sy N K.
Hence,
CE, [T”“ A SN A k] < fnv(n)-E, [fN(LT"O/\SN/\k)] < fn(n),

where the last inequality is a consequence of the fact that fy(n) > 0. Since L is non-explosive, Sy — oo

almost surely as N — oo such that
C’IEn[T"0 A k} < f(n).
Letting £ — oo yields the result. O

Corollary 5.5. Assume b(83) < c(A).

o If A #£ 61, then L is positive recurrent.
e If A = 61, then n is positive recurrent for L if and only if there exists k € N such that n =
ny+...+n, forng € {i € N: 841 >0}, £ € [K].

In particular, if B2 > 0, then L is positive recurrent.

Proof. Let L be the leaf process with parameter (8, A) with A # §; and let ¢(n, j) be the corresponding
transition rates. Consider ng from Lemma 5.4l Define another Markov chain L with transition rates

0, if n<ng,j€{no,...,n0+m—1},
(j(na.j) = Z’ZO:-;’ZI—l q(nv k)a if n< no, .] =no+m,
q(n, j), otherwise.

Define 7™ and 7,, for L as the analogue of T™ and 7y, for L. Since the transition rates of L and L agree
for n > ng, then we have E, [T"°] = E,,[T"™] < éf(n). Let T'(no) := inf{t > 0: Ly > no}. Analogously,
define T'(ng) for L. Clearly, Ex[T(ng)] = Ex[T(no)] < oo for all k < ng. Hence,

no—1

Eno+m[7;zo+m] < Enoer Tno Z Ek

and so, ng + m is positive recurrent for L. By irreduc1b1hty (smce A # 61), 1 is positive recurrent for L.
Assume that Lo = ﬁo = n for some n > ng. Clearly, there exists a coupling such that L; < I:t for
all ¢ > 0. In particular, since state 1 is positive recurrent for ﬁ, 1 is also positive recurrent for L. By
irreducibility, all states of L are positive recurrent.

If A =6y, then E,[T1] < oo. Hence, 1 is positive recurrent for L. The result follows, since the communi-
cation class of 1 consists of the numbers described in the second part of the statement. ]

The next results agrees with Foucart |26, Lem.2.5] in the case of genic selection.
Lemma 5.6. If b(8) > c¢(A), then L is transient.

Proof. Again, we mimic the proof of Foucart |27, Lem. 0.1]. Assume that there is ng € N and a
bounded strictly decreasing function g that is chosen such that Lg(n) < 0 for all n > ng. The pro-
cess (g(Liarno))e>0 started from n > ng is a supermartingale. By the martingale convergence theorem,
limy 00 Ep [g(Linrno)] < g(n) < g(ng) and so P, (T™ < 00) < 1. Decompose

Ppy-1(T(ng—1) <o) = Y Pp(T(ng—1) < c0)P(Ly, =n) Z P,(T(no — 1) < 00)P(Ly, = n).

n<ng—1 n>ngo

Since for n > ng, Pp(T(ng—1) < 00) < P, (T™ < 00) < 1, it follows that P,,—1(T(ng—1) < 00) < 1 and

so L is transient [48, Thm. 4.3.2]. As we will show, the conditions are indeed satisfied for the function

1
9(n) = log(n+1)
It is proven in Foucart |27, p.2] that

1
L -
M) = Togl s g 1 )

(c(A) + o(1)).
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Our claim is that L£gg(n) < m(fb(ﬂ) +0(1)). It then follows together with the just men-

tioned result of Foucart [27], that
- 1
~ log(n +2)log(n + 1)

for n large enough. It remains to prove the claim. Note that,

Lg(n)

(c(A) = b(B) +0(1)) <0,

% 1 n+1
= log [ ———
Lag(n) ;ﬂelog(n—i—f) log(n + 1)n o8 (n—i—f)

N 1
=- gﬁélog(n gt ) (D o)

1
< _
~  log(n +m)log(n+1)

(b(8) +o(1)),

where in the second equality, we use that nlog(25;) = —((f—1)+0(1)). At last, since log(nt2) _ q_ 1)

log(n+m) —
we have
1 log(n + 2) 1
— b 1)) < —b 1
fogn + 2)Togln + 1) log(n +m) ) T M) = g aytogim w1y (M) T oll)
which proves the claim. O
Proof of Theorem[2.1]] The result follows from Corollary and Lemma O

5.2. Siegmund duality and Fearnhead-type recursions for the leaf process. It is well-known
that in the neutral case and in the case of genic selection, the leaf process L is in Siegmund duality with
the fixation line (shifted by —1) |3, Rem. 4.6]. Loosely speaking, the fixation line codes how a new most
recent common ancestor establishes itself in the population, see |1, 29, 35, 149] for more details. In this
section, we extend the duality to our general setup and use it as an analytical tool to derive recursions
for the stationary tail-probabilities of the process L (in the positive recurrent case). We subsequently
use these recursions to deduce that the leaf process has exponential moments if A({0}) > 0. For (5,p,A)
with (8,p) € E™, we define the process D := (Dy;t > 0) on N U {oo} with the infinitesimal generator
Gy(d) == Gag(d) + Gsg(d), where

Crgld) = 3 (d te- 1)Ac+d,c+1[g<c ) — g(d)] + Lz AQLDg(0) — 9(d)],

c>1 C+1
(mAd)—1 m—1
Gagd)i= 3. (=B + 3 e )lald—7) - g(d)
r=1 k=r+1

Note that 1 is an absorbing state of D.

Lemma 5.7 (Siegmund duality). The process (Dy;t > 0) and (Ly;t > 0) are Siegmund dual, i.e. for
t>0
Po(d < Ly) = Pg(Dy < £), Vd, ¢ eN, (5.3)

Proof. Set H(d,0) = 1(q< for d,¢ € N. We will show that LH(d,-)(¢) = GH(-,{)(d). The result
then follows by |38, Prop. 1.2]. First, note that the result in the neutral case (see [3, Eq. (4.1),
Lem. 4.5]) implies that the processes generated by L4 and G are dual with respect to H. Hence,
LAH(d,)(¢) = GAH(-,£)(d). Thus, it remains to prove LgH (d,-)(¢) = GzH(-,£)(d). Clearly, for d < ¢
we have LgH (d,-)(£) = 0 = GH(-,£)(d). In addition, for d > ¢, a straightforward calculation yields

GsH(,0)(d) — LsH(d,)(0)

(dAm)—1 m—1 m—1
= Z (d—7)Bri1la<esry + Z Broa(d+dNAr —d)ligepranry — £ Z Bre1lia<isry-
r=2 r=2 r=2

The result follows by simple inspection of the cases m < d and m > d. O
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For the remainder of this section, we assume b(8) < ¢(\) such that L is positive recurrent (in the
communication class of 1). Let Lo, be a random variable distributed according to the stationary
distribution of L and define a,, := P(Lo > n), n € N. By the Siegmund duality, we deduce that
an = Pp41(D absorbs in 1). This relation is exploited in |3] in order to obtain a generalisation of the
Fearnhead recursion [24] for a A-Wright-Fisher process with genic selection. We further generalise this
recursions to our setting.

Proposition 5.8. The tail-probabilities are the unique solution to the system of equations

o (m—1)An m—1
Z <n+z 1)>\C+n,c[anac+n1]+A({1}>an Z ((n+1—7’)ﬂr+1+ Z ﬂkﬂ)[an,r—an]. (5.4)
22 r=1 k=r+1

with boundary conditions ag = 1 and limy, - a, = 0.

Proof. Clearly, the boundary conditions hold because a,, is a tail probability. Set h(n) := ap—1, n € N.
Lemma [57] implies that h(n) = P, (D absorbs in 1). Hence h is harmonic for G, i.e. Gh(n) = 0, and
Eq. (B4) follows. For the uniqueness, we follow the proof of |3, Thm. 2.4]. Denote by a’ = (a],)n>0
another solution of the recursion and set g(n) := a,—1 —a,_; for n € N. Hence, g(1) = 0, and
lim;, 00 g(n) = 0. Since n — a,—1 and n — a},_; are both harmonic for G, also ¢ is harmonic for G.
In particular, g(Dy) — fot Gg(Ds)ds = g(Dy), t > 0. Hence, (g(D¢);t > 0) is a bounded martingale. Let
Ty, :=inf{t >0: D, € {1,k,k+1,...}}. Then T}y is finite almost surely for every k € N. If Dy = d,
the optional stopping theorem yields g(d) = Eq[g(Dr, )] for all k € N. But g(Dr,,) — 0 as k — oo.
Hence, by the dominated convergence theorem, g(d) = 0 for all d € N and so o’ = a. a

Remark 5.2. In the case of genic selection, [12] give a general approach to solve (54). Moreover, they
provide explicit solutions for the Kingman case, the start-shaped case and the Bolthausen-Sznitman case.

Corollary 5.9. If A({0}) > 0, then Lo has exponential moments of all orders, i.e. Elexp(xLoo)] < 00
for all x € R.

Proof. Define ¢, := P(Looc = n) = an—1 — ap. A straightforward manipulation of Eq. (4] yields
that go =0, >, 51 gn = 1, and

Z qr <Cn,k + @) = z": qkbn i, neN (5.5)
k

k>n+1 =(n—m+2)V1
where
m—1
1 1 1 EANK—r+n+1)
Cnk ==Y ( > / r T L =) A(dr), b= Y Bri1.
n EZk [ —n + 1 [011) T:n7k+1 n
Note first that

Z qk (Cn,k + @) > dn+1Cn,n+1 > dn+1 (n ; 1) A({O})
k>n+1

In order to get an upper bound for the right-hand side of (53, we set some notation. For n € N, define
Gn=max{qy: k€ [n—1]\[n—m|} and r(n):=min{k € n—1]\[n—m]: ¢ = gn},
with the convention [k] = @) for k < 1. Write r? for the i-th composition of r, i.e. r¢(n) = r*~!(r(n)) and
r%(n) = n. By construction, we have r(n) <n — 1 for n > 1, and hence, r"~!(n) = 1. Set
d(n) :=min{fi € [n— 1] : r'(n) =1} <n— 1.
Clearly,

n

Z kan,k S m|ﬁ|QT(n+1)a
k=(n—m+2)V1

where |3| := >, B¢. Therefore, we obtain

l 2m| 8| 1 2m| 3| )
S RO TS T (3op)
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We claim that 7% (n) > d(n)—i for all i € [d(n)]o and n > 1. We proceed by induction. Since d(n) <n—1,
the claim is true for ¢ = 0. Now, let us assume the result is true for i —1 and let n > 1 such that i € [d(n)]o.
Since d(r(n)) = d(n) — 1, we obtain

r'(n) =1 (r(n)) > d(r(n)) —i+1=d(n) —i,

which proves the claim. As a consequence, we obtain that H?i%)_l ri(n) > d(n)!, and hence,

1 ( 2m|g] "™
= o (A<{0}>) a

Since, n — r(n) < m, we deduce that n/m — 1 < d(n) < n — 1. The result follows.

O

Remark 5.3. The system of equations (5.5]), complemented by the boundary conditions ¢ = 0 and
> . Gn =1, is equivalent to the infinite system 0 = gL, in the sense that both characterise the stationary
probabilities (g )nen,. However, in many situations is easier to deal with (&.3]). For the sake of illustration,
let us consider the case where A = §p and 8 = 0, which corresponds to the Kingman coalescent. In this

particular setting, the leaf process is absorbed at 1 after a finite time so that ¢, = 1(,—1;. On the one
n(n+1) n(n—1)
2 Int17 73

hand, the typical condition 0 = ¢~ yields qn = 0 for every n > 2. On the other hand,
B3 reads gn4+1 = 0 for every n € N, so it directly yields the solution to the infinite system.

5.3. Invariant measure of the Bernstein coefficient process. Let us now turn to the analysis of
the asymptotic behaviour of the Bernstein coefficient process. Before we begin let us make the following
remark. Even though the state space R is non countable, V' is morally a Markov chain. To see this,
note first that the space My of finite matrices that can be obtained as the product of a finite number
of (compatible) selection and coagulation matrices is countable. Moreover, one can use the rates of the
process V to define a continuous-time Markov chain M := (My;t > 0) on My, such that if M is the
identity matrix of size dim(Vp), then V; = M,V for all ¢ > 0. Hence, the dynamics of the process V is
completely determined by the Markov chain M.

Proof of Proposition[213. Tt directly follows from Lemma [£4] that V;(0) and V;(L;) are constant along
time. We now prove the other parts.

(1) Fix a,b € R. Denote by

Cv(a,b) = {M (‘b‘) ER™: MEMV},

the set of points that can be reached by V starting from (a,b)’. From Lemma B4l the set
Cy (a,b) is invariant for V. Moreover, by definition, Cy (a,b) forms a communication class of V,
which contains (a,b)”. Indeed, for w,w’ € Cy(a,b), in order to go from w to w’, first go from w
to (a,b)” by successive coagulation operations. Then go from (a,b)” to w’ in a finite number of
successive selection and coagulation operations. By Theorem [Z14] the assumption b(8) < ¢(A)
implies that L is positive recurrent. In particular, the state (a,b)? is positive recurrent for V.
Furthermore, the restriction of V' to Cy (a,b) is irreducible and positive recurrent. Hence, there
exists a unique invariant distribution p®? |48, Thm. 3.5.2, Thm. 3.5.3] for V restricted to
Cy(a,b). It remains to see that u®® is the unique stationary distribution of V' with support
included in CA‘V(a, b) := {v € R® : vy = a, Vgim(v)—1 = b}. But this follows directly noting that,
since L is positive recurrent, the process V starting in Vo = v € 6V(a, b) enters Cy (a,b) in finite

time.
(2) Let V&b ~ p®b. If Vo = (a,b)T, then V; t(l> Vb in law by classic Markov chain theory [48,
— 00

Thm. 3.6.2]. On the other hand, for n € Ny and v € R™*! with vy = @ and v,, = b, as remarked
above, V enters Cy (a,b) in finite time. Hence, the result follows.

O
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Remark 5.4. Let us provide more details on the invariant measures of Proposition We start with
two remarks. Let t; > t9. From the definition of the dynamics, V;, can be recovered deterministically
from V;, and the trajectory of the process (Ly; [to,t1]), i.e. by observing the succession of coagulation
and selection events. The second remark is that Lemma [£.4] implies that for every ¢ such that L; = 1,
we have V; = (a,b)T. Since the process (Ls;s > 0) is positive recurrent, it can be decomposed into its
finite successive excursions away from state 1. Let us denote by e; the excursion straddling time ¢. More
precisely, for i > 1, let T; be the i-th return time to state 1 of L and define

Ex; == {L, 7 :t€ [0, Ty1 — T;)},

the i-th excursion. Finally, whenever T} < ¢, define
7t = inf{i >1: T, > t} and e; := Ex,,

i.e. at time ¢, the leaf process is in excursion 73. From the two previous remarks, it is clear that there
exists a measurable map G (which only depends on the values of @ and b) such that V; = G(e(t — 7)).
Next, define €y the duration-biased excursion (from state a) of the leaf process

1

E[f(é0)] = ME [f(eo)do] ,

where eq is an excursion of the leaf process and dy its duration (i.e. dy is the first returning time to 0).
Since L is positive recurrent, the duration dy has a finite first moment. From standard renewal theory
and the previous lemma, we have

(e, 7t — 1) = (€00, Uno),s
where e, is the duration-biased excursion, and conditional on e, the random variable Uy, is a uniform
random variable on [0, d(e)]. Since Uy is a.s. not a jumping time for e, we get

et(tt —t) = e0o(Uso),

and
Vi = V& = Glew(Us)).

5.4. Coming down from infinity. Let us consider the leaf process (L}; t > 0) started at n. It is not
hard to see that the leaf process (L}; ¢ > 0) is monotone in n, i.e. there exists a coupling such that for
every n > m,

YVt >0,L} > L as.
As a consequence, we can always define a process (L{°; t > 0) valued in Ny U {00} as the monotone limit
of the sequence processes {(L}; t > 0)}nen,. Note that lim; g+ L$° = +o0.
Next, we prove the generalisation of a result of [50, Prop. 23].

Proof of Theorem [Z17. Recall from [50] that if A({1}) = 0, then the block counting of A-coalescent
counting process either stays infinite with probability 1, or c.d.i.with probability 1. The same arguments
that are used in the proof of Theorem 4 and Proposition 23 of [50] can be extended to our coalescing-
branching system. In particular, the same dichotomy also holds here.

Let us now show that L c.d.i. if and only if the underlying A-coalescent c.d.i.. Since the leaf pro-
cess stochastically dominates the underlying A-coalescent, it suffices to show that if the underlying A-
coalescent c.d.i., so does the leaf process. This directly follows from Lemma[5.2] and by letting n — oo in
the inequality in Lemma (4] O

The next proposition states that the coming down from infinity property is a stronger property than the
positive recurrence of the leaf process.

Proposition 5.10. If L comes down from oo, then L is positive recurrent

Proof. Assume that L c.d.i.. From Theorem [Z17] the underlying A-coalescent also c.d.i.. From [36] (see
also |26, Thm. 2.2), this implies > ,-, §(k)~! < co. Since d(k)/k — ¢(A), we must have ¢(A) = oo and
the proposition is then a direct application of Theorem 2.141 O

Let us now prove the result about the entrance law at oo.
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Proof of Proposition[2Z18. The second item directly follows from the first one since the processes {(V;"; t >
0)} have different initial conditions but evolve according to the same dynamics. We now turn to the proof
of the first item of the proposition. For every n € N, let G}’ be the ASG with n roots at time ¢. Let
V;* be the random vector ([@I]) constructed from the graph G'. Namely, for every ¢ < L?, the i-th
coordinate V;"(i) is the probability of having all the roots of type a (resp, A) if we assign uniformly ¢
leaves of type a (resp., L} — i leaves of type A) for the ancestral selection graph G;'. The consistency of
the branching-coalescing system of particles allows the construction of the graphs {G'}52 ; on the same
probability space so that that for every m < n the graph G} is a subgraph of G*, with the set of leaves
G included in the set of leaves of G}'. (In particular L > L™ for every t > 0.) It is then clear from our
colouring algorithm that

0< V(i) <V™(1), VteR4,Vi<L}. (5.6)
(Indeed, on top of the coupling between the graphs G/ and GJ*, one can couple the colouring in such a
way that the trace of colouring of G}* on the subgraph G/ is identical in law with the colouring of G;™.)
Since the leaf process L c.d.i., and {L}}$2; is increasing in n, for every 0 < t; < to, the process
(L5 t € [t1,t2]) coincides with (Lg°; t € [t1,t2]) after a certain rank. As a consequence, the number
of jumps of the process (V*; t € [t1,12]) is controlled by the ones of L. Finally, the monotonicity
property (B.6]) ensures that there exists a process (V,>°; ¢ > 0) such that

(‘/tn; te [tl,tg]) — (V;OO, te [tl,tg]) a.s.

in the Skorohod topology. (The monotonicity property ensures the a.s. convergence for every fixed ¢, the
control on the number of jumps then ensures convergence in the Skorohod topology.)

]
6. APPLICATIONS: ABSORPTION PROBABILITIES AND ABSORPTION TIME

In this section, we illustrate how one can make use of the results from the previous sections. The main
results provide conditions for the accessibility of both boundary points, expressions for the absorption
probabilities and times.

6.1. Absorption probabilities. In order to prove Proposition [2.19] we start with a useful lemma.

Lemma 6.1. The following three statements are equivalent
(1) For all x € [0,1]
Jim B, [ (Br,(2). V)] = lim B, [(Br, (2).V)] =pla). for some p(x) €[0.1]. (6.1
(2) Let x €[0,1]. For Xo = x, the limit Xoo := limy_,o0 X; exists almost surely and X, ~ Ber(p(z))

for some p(x) € [0,1].
(3) For all x € [0,1] and v € R" ™! with n > 2,

T B, [(Br, (@), V)] = (1— p(@)) v + p(z) o
for some p(x) € [0,1].

Proof.
(1) = (2) Let = € [0,1]. The duality in combination with (6.1 yields

Jim B, [X;] = lim Ee, [ (B, (2), V)] = p(2) = lim E, [(BL,(x),Vi)] = lim B, [X7]. (6.2)
Denote by u: the law of X;. Then, u; € M;[0,1]. Every collection of probability measures on [0, 1]
is tight, since [0, 1] is compact. Therefore, by Prokhorov’s Theorem, for every sequence of probability

measures (f, )e>0 With ¢ 7 0o as k — oo, there exists a weakly convergent subsequence (N’tkl )i>0 with
Pty = @S Il — 00. Let X be a random variable distributed according to u. Then,

E,[X(1- X)) = lim B, [X,, (1 X,,)] =0,

due to (62). Furthermore, pu ~ Ber(p(z)) and this is independent of the choice of the subsequence.
Hence, lim;_, o, X; exists almost surely and has distribution pu.
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(2) — (3) Assume that Xo = z, Xo = limy_,00 X; exists almost surely, and X, ~ Ber(p(z)) for some
p(x) € [0,1]. Let v € R™*! with n > 2. Then,

(1 = p(@))vn + p(x)vo = Eg [ (Bn(Xoo),v) | = lim By [ (Bn(Xe),v) ] = thj&Ev“Bh(x)th”-

t—o00

(3) — (1) Fix « € [0, 1] and choose v = ey and v’ = e3. Since v, = v} =1 and v, = v}, = 0, the result
follows. =

Proof of Proposition[2Z19. Assume b(8) < c¢(A). Let Vy = ea. By Proposition 215 V; E)% Vs, where

Voo ~ p%1. Denote by p(x) = E[(Br__ (), Vao)]. Then,

lim E[X;] = hm Ee,[(Br,(x), Vi)] =: p(x). (6.3)

t—o0

Also by Proposition 210 lim;—, oo Ee, [(Br, (x), V2)] = p(x). Furthermore,

Lo 0o 14
=E| Y Vac(bira ()] = 3 BlLoo = 0) Y disbis(z). (6.4)

=1 =0

where d; ¢ 1= E[Vx (7) | Loo = £]. Since ||V3|| < 1 for all ¢ > 0, we have d; ¢ < 1, by Lemma [£4] such that
also p(x) € [0,1]. Also by Lemma 4 dy, =0 and dy ¢ = 1. Hence, if z € (0,1),

O<ZIP’ =0z’ < p(x ZIP’ —(1-2)"<1. (6.5)

In particular, we are in the framework of Proposition 6.1l Hence, X, := lim;_, o, X; exists almost surely
and Xo, ~ Ber(p(z)). Consequently, (1) holds. Furthermore,

h(z) =P, (To < Ty) = tli}m E[X:] = p(x),
such that (2) follows by ([@.3]). Then, (3) follows by (G.3]). O

For £ € N and v € R*!, let ¢ (v) be the k-th coefficient in the monomial basis of (By(z),v), where
k € []o. Inspired by Proposition 2.1, a naive guess is that h(z) = Y ;- #*E[éy 1. (Voo )]. We make this
precise in the next lemma.

Proposition 6.2. Assume b(8) < ¢(A). If Lo admits exponential moments of order In(3), then h is
analytic and has the series representation h(z) = Y5 | cpa®, where ¢y = Y2 B [eke(Voo)1{1o—t}] -
Further,

Vo € [0,1], h(z) <E[(1+2z)l~] -1
Remark 6.1. If A({0}) > 0, then L has exponential moments of all orders (see Corollary [5.9). In this

case h is also harmonic for the infinitesimal generator and hence, it is then possible to derive a system of
equations for the cy.

Proof of Proposition[6.2 First note that for £ € N and v € Rt a straightforward computation yields
that for v with vy = 0, we have for £ > 1

w2 () ()

complemented by ¢ ¢(v) = 0. In particular, (By(z),v) = Zi:l ere(v)z®. If b(B) < c(A), the leaf process
is positive recurrent. Hence, we can start from ([6.4]). Provided that one can exchange the following two
infinite sums, a straightforward formal calculation yields

oo L 9]
szkE Ckg ]-{L _4} = Zl’kZEcké 1{Lm—l}]

=1k=1 k=1 l=k
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Let us justify the interchange of the two sums in the last equality. This requires the absolute convergence of
the series. Note that ||V||eo < 1 (by means of Lemmal4]). As a consequence |k ¢(Vio)| < Zf:o (i) (’f) =
(f;)Qk so that

0o 0o 0o £
D"y Bl (Veo) Lino=ry] < D P(Loo=10)) (i) (20)" = E[(1 +2x)"=] ~ L
k=1 ¢=1 =1

k=1
In particular the series is absolutely convergent for all z if we have exponential moments of order In(142z).
This is indeed the case under our assumption, and hence the interchange of the summation is justified. [J

6.2. Absorption time. Recall from Section 28 p; ¢ = 1 — pr—s¢. Let V" := (V*; ¢ > 0) and V> :=
(V,2°; t > 0) be defined as in Proposition 2 I8 for (8, p, A). Let W™ := (W/*; t > 0) and W := (W°; ¢t >
0) be the analogue, but defined w.r.t. (3,p,A). Since the leaf process only depends on the pair 8 and A,
the ASG and the leaf process are identical for the two sets of parameters (only the colouring algorithm
for the graphs are different) so that the processes V™ and W™ are naturally coupled.

Lemma 6.3. For everyt >0 andn € N,
E.[(1-X)"] = E[(Bro(1—2), W) ].
Proof. Let Y; =1 — X;. Then Y := (Y;; ¢ > 0) is identical in law to the solution of the SDE

dY; = —d(1-Y3) dt—i—\/A({O}) Yi(1 = Y:) dWi+ / (1{ugyt7}7"(1 -Y:) - 1{u>y,£7}7"Y;§_) N(dt, dr, du).
(0,1]x[0,1]
Note that

1,:0 Zﬂezw Ze ( Pig + ) Zﬂézbze (pi,e*%).

=2 1=0
By the duality Theorem m Y is dual to the Bernstein coefficient process with parameters (3, p, A),
which completes the proof of the lemma. O

Proof of Proposition[2.20. First,
E. [ X!+ (1= X0)"] =Eo[1payy (X 4+ (1= X0)™)] + Eo[Lrsy (X + (1 - X))
=Po(T <t) +Eo[Lirsgy (X7 + (1 X)),

By the monotone convergence theorem, the second term on the right goes to 0 as n — oo. On the other
hand, by duality, we have

E, [X7'] = E[(Bry(2), V")), Eu[(1—X)"] =E[(Brp(1—2), W)l.
The first identity of the proposition then follows by letting n — oco. For the second identity, first note
that V2., = W, = ea. This follows by first applying Lemma . 4to V™ and W and then in a second

(o) T 7 (o0

step considering n — co. Hence, for t = 7(°°),
Q@) = (Bup (@), V) + (Brp (L= 2), W) = o (1 =) = 1
Further, from the definition of the coagulation and selection operators, it follows that the latter identity

extends to any ¢t > 7(°°). The second identity is then obtained from the first one by writing E,[T] as
Jo S Bo(T > t)dt.

Corollary 6.4. If the leaf process c.d.i., then for every x € [0,1]
E. [To ATi] < E[r()].

Proof. By Propositon 2.20]

E.[ToATi] = E [/O

since Q¢° is the sum of two non-negative polynomials. O

7(50)

U—Qﬂmw%ngwL
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7. MINIMAL ANCESTRAL STRUCTURES

In this section, study minimal ancestral structures. The geometrical characterisation of the set of minimal
SDs is derived in Section[TIl For the sake of illustration, we examine the case deg(d) = 2,3 in Section[T.2]
more closely. The drift term in this case is of the form d(x) = z(1 — z)(Az + B) with A, B € R. We
explain in more detail the classic diploid selection model with dominance (see Eq. (7.3), which fits in
this framework. In particular, the faces of the polygon S; get a natural biological interpretation in terms
of under- and overdominance.

In Section [[3] we show that a minimal selection decomposition (8,p) € &, is also graph-minimal, i.e.
the branching-coalescing system associated to (8, A) (for any finite measure A) can not be obtained by
thinning the branching-coalescing system of a different pair (5’, A) with (8’,p") € £4. Loosely speaking,
the ASG associated to a minimal SD does not contain "dummy branches".

Finally, in Section [[4] we show that for deg(d) = 3, the set of graph-minimal SDs coincides with the set
of minimal SDs. In particular, the two notions of minimality agree in this case. In higher dimensions, i.e.
deg(d) > 3, the situation is more involved, and the question of the equivalence between the two notions
of minimality remains as an open problem. Our conjecture is that they are indeed equivalent in any
dimension.

In this entire section, d is a polynomial with deg(d) = m for some m € N\ {1} and d(0) = d(1) = 0. The
latter property motivates the following abuse of notation. We refer to p(d) (instead of (0, p(d)*,0)T) as
the BCV of d.

The following notations will be used in the remainder of the paper. For any compact set K ¢ R™~ !,
conv (K) denotes its convex hull. For m > 2, the m — 2-simplex is defined as

Ao = {a = (ap)jty €10,1]™ : Zae = 1} .

(=2

7.1. Finding minimal selection decompositions. In this section, we derive a geometric character-
isation of the set of minimal SDs. The starting point is the geometrical representation of the minimal
effective branching rate b, (d) as inf{\ > 0: p(d) € Sx} in Proposition 223 where Sy C R™~1! is the set
of A-decomposable vectors, i.e. Sx = B({(8,p) € E™ : b(B) = A}).

The representation of the function B given in the next lemma provides insight into the structure of the
set Sy.

Lemma 7.1. For every (8,p) € E™, and for every ¢ € |m — 1], we have

- i
Bz(ﬁap) = Zﬁ@ (E |:ng’1-,€:| - E) )
(=2
where Ky ; ~ Hyp(m, ¢, 7).

Proof. By the definition of B,

m

¢
(=2 =0

(pic=2) bt

nett () (2
2

Since, in addition

bje(z) = bim (), (7.1)

applying Fubini’s theorem yields

Bi(B,p) = iﬂe g % (pj,e - %) :

=2 j=0Vi—(m—1) i

The result follows by using classical properties of the hypergeometric distribution. O

Remark 7.1. The operation in (7)) is often referred to as the degree elevation of the Bernstein basis |39].
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Ficure 7. Points with red coordinates (resp. black coordinates) represent the extreme points of Si (resp. Si)7 and
correspond to deterministic 2-colouring rules (resp. deterministic 3-colouring rules). SE is the red line, $§ is the grey
square, and S), is their convex hull.

The previous result motivates the introduction of the function 6, : {0} x [0,1)*~! x {1} — [0,1]™1,

¢ €m], defined via
Oc(p) == (E[pm,iD
i=1

Set P§; := {0} x {0,1}*7! x {1} the elements of which we refer to as deterministic ¢-colouring rules (cf.
Remark [2.3)).

m—1

Proposition 7.2 (Characterisation of Sy). We have
A
S)\ = Cconv <{€_—1(9[(p) — um) . g E]m],p c P§11}> B

where upy, := (i/m)" ' Further, define for every ¢ €|m],

8L = B((B.p) € E™: b(B) = A, Vielm]\{f}, B =0).
Then

Si = conw ({%(Hg(p)—um) :pe7>§71}).

Proof. We use the notation of Proposition [3Il Recall that Sy is the image of G x P, under the linear-
affine map B. As a consequence, Sy is the convex hull of the image of the extreme points of Gy X Py,.
These extreme points are the points (5, p) such that

e there is £ € ]m] with 8, = A/(£ — 1), and for all ¢ € ]m] \ {¢}, 8; = 0.

e p.i € Py, for every k €]m].
By Proposition [T1] for (8,p) of this form, B(8,p) = A (6¢(p.¢) — um) /(¢ —1). This proves the first
identity. The identity for Sf{ is proved along the same lines. 0

Lemma 7.3. 6, is an injective map.

Proof. Note that 6, can be extended to a linear map on {0} x Rf. Hence, it suffices to show that if
0o(p) = 0, then p = 0. Assume p € {0} x R’ is such that 6,(p) = 0. By assumption, py = 0. Since
E[pk,,] = p1f!/m! =0, it follows that p; = 0. We proceed by induction. Assume p; = 0 for all i < k for
some k < £. Since Ky 11 is supported on [k + 1] and by the induction hypothesis

k+1 (£ ( m—¢ ¢

S OGES) ()

0= E[ng,k+1] = Z ( m ) p; = ( ™ )karl-

=0 k+1 k+1




GENERAL SELECTION MODELS: BERNSTEIN DUALITY AND MINIMAL ANCESTRAL STRUCTURES 37

—

Ficure 8. Left: Representation of some (A, ¥,a) € Cq4 for m = 3. Here, l2 = |Jva — pll2 and I3 = |jlvs — pl2.

ag =13/(l2+13) and az = l2/(l2 +13). Right: Ly and S intersect on the west face of the polygon at the point p(d).
Since 1-convex decompositions must involve a point in Sf (the diagonal segment inside S1), the unique 1-convex
decomposition of p(d) is obtained by taking the 1-convex decomposition of p(d) involving the two extreme points of
the west face.

It follows that also prr1 = 0. Altogether, p = 0. g

Definition 7.4 (A\-convex decompositions). Let A > 0. We call C* := [[, S{ x A,,_2 the set of \-convex
decompositions. For p € R™~1 we call (7,a) € C* a A-convex decomposition of p if p=>,", apvy.
Define

C:= {(/\,17,04) e Ry x HRmfl X Apo1: (U,a) € C/\} . (7.2)
=2
For a polynomial d with deg(d) = m and d(0) = d(1) = 0, define

Ca={(\,7,a) €C : (¥,a) is a A-convex combination of p(d)} .

Furthermore, define ¢ : C — E™ as p(\, 7, a) = (B p(A5:2))  where

NGa) A Nba) g1 [(£—1
) '_£f1aé and Py —921( X Ve + U | .

The next result states that any A-convex decomposition of a BCV can be associated to a SD.
Proposition 7.5 (Embedding). ¢ is a bijection from C to E™

Proof. The injectivity of ¢ follows from the injectivity of 6,. For the surjectivity, consider (3,p) € E™.
Set A :=b(B), ay := Be({ — 1)/, and v := A(0¢(p..¢) — um)/(£ —1). Clearly, A € Ry and a € A,,,—1. We
claim that o := (ve)}", € [T/ S%. To see this, first note that p. , can be written as a convex combination
of elements in the extreme set 7)57 1- Since B is affine in the second argument (see proof Proposition B.1]),
the claim follows by the characterisation of Sf given in the second part of Proposition [[21 At last, note
that indeed p(\, 7, @) = (8, p). O

Corollary 7.6 (Geometric characterisation of £;). &4 coincides with ¢(Cq).

Proof. (8,p) € &, if and ouly if p(d) = B(8,p). Moreover, for (A, ¥, a) € Cq,
B(ﬂ(%ﬁ,a),p(k’t_f‘,a)> = Zaeve = p(d)7
=2

where the last equality holds, since (7, «) is a A-convex decomposition of p(d). Since ¢ is bijective, the
result follows. 0

Remark 7.2. The previous result states that any SD of d can be identified with (1) an effective branching
rate A and (2) a A-convex decomposition of the BCV p(d).
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Remark 7.3. Let us explain the case m = 3 more explicitly. The objects of Definition [Z.4] admit a clear
graphical interpretation. Consider a SD (8,p) € ;. We can read of ¢~ (8,p) = (), 7, ) directly from
the Figs.[Mand® The first entry fixes the effective branching rate, the diagonal S3 (grey), and the square
(grey) S3. For @ = (v2,v3), the BCVs vy and vs with

ve = B (Oe(p-e) —uz), £=2,3,

correspond to points in 83 and S5, respectively. If we set I = [Jva — p(d)||2 and I3 = ||vs — p(d)||2, then
Qg = lg/(lg + 13) and ag = 12/(12 + l3)

Denote by O the origin in R™~!. Let Ly := {v € R™™! : v = Ap(d) for some A > 0}, i.e. the half line
passing through the origin and p(d), with extremity O. Since &; contains O, L, intersects with Sy in a
unique point, see also Fig. B (right) for an illustration if m = 3. Let p(d) be this point and let d be the
polynomial with BCV p(d), i.e. d(z) = (B, (z), (0,p(d)",0)T) . Note that p(d) is on the boundary of Sy,

and hence, b,(d) = 1.

Proposition 7.7 (Scaling).

(i) Let i € m — 1] such that p;(d) # 0. Then

pi(d)
be(d) = =
@) pi(d)
(i) (B,p) € Eq if and only if (b.(d)B,p) € &a-
Proof. This easily follows from the previous result and the scaling relation Sy = AS;. 0

In order to characterise the minimal SDs of d, by the previous result, it is enough to determine the minimal
SDs of d. This requires the knowledge of the intersection point p(d) of the line L4 and the polyhedron S;.
Finding an intersection point of a line and a polyhedron is a classic problem in computational geometry,
see e.g. |13, 125, [43]. We summarise this section with an algorithm that allows us to characterize the set
of minimal SDs of &,.

Algorithm 7.8.

Step 1. Compute the intersection point p(d).

Step 2. Compute b, (d) via Proposition [[.7H(i).

Step 3. Determine C™'" := {(\,7,a) € Cz: A = 1} and let £ := (CT™).
Step 4. Finally £7 := {(b.(d)B,p) : (B,p) € (p(S;—“i“)}.

Then, 5;‘““ is the set of minimal SDs.

7.2. Minimal SDs if m = 2,3. For the sake of illustration, we examine the case m = 3 more closely.
Here, d is of the form

d(z) = z(1 — z)(Ax + B).

In order to characterise S7,S;, and S; in this low-dimensional case, set
12— 1, 1 : R 71, 1 , V33— 71, 1 ,
33 6° 6 6" 3
and
1 1 1 1 1 1
22 . (_Z- _Z 2,3 — - = 4,3 — - )

1,3

Then,

2,3

S% = conv (01’2, 02’2) , Sf’ = conv (U 3.3 v4’3) ,

1,2 .2 2,1}1,3,”2,3) _

L0 v and Slzconv(v’,v’

See also Fig. [l The faces of S; are
Fups = {av?*? + (1 —a)v'?:ac 0 Fops := {av®? + (1 — a)v®? : a € [0,1]},
Fup_ := {av'? + (1 —a)v'? : a €]0,1]}, Fop_ = {av"? + (1 —a)v*® : a € [0,1]}.

=
=
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Ficure 9. D> and D3 delimits the plane into 4 regions. Those regions have a natural biological interpretation in
terms of over- and underdominance.

It will be convenient to identify the following regions
UD+ := {(z,y) € R? : y >z and y > —z},
UD— = {(z,9) €eR*:y >z and y < —z},

OD+ := {(z,y) e R? :y <z and y < —z},
OD— = {(z,y) e R? :y < x and y > —x}.
We refer to them as Underdominant+ (UD+), Underdominant— (UD—), Overdominant+ (OD+), and

Overdominant— (OD—). The terminology will be justified at the end of the section. See also Fig. [ for
an illustration of these sets. A direct computation yields

B
p(d) = (a,b) with a== and b:T.

The interpretation and analysis of the (minimal) SDs depends on the region of p(d). We now distinguish
the different cases.

7.2.1. Region UD+, UD—. Let us first assume that (a,b) € UD+. Then, Ly C UD+ and L, inter-
sects Fypy. In particular, p(d) € Fyp4. More specifically, a straightforward calculation yields

By Proposition [717 (alternatively Step 1 and Step 2 of Algorithm [.8]), the minimal effective branching
rate is

bo(d) = ;(b ~ 3a).
Let us now proceed to Step 3. The only 1-convex decomposition (¥, &) such that
p(d) = agua + (1 — ag)vs
for v, € Sf, £ = 2,3, is when vy and vs are extremal in Fyp,, i.e. vy = v>2 and v3 = v"3. See again
Fig. 8 Another computation yields

a+b 1
Ny — —— oy = — (9.
2 3q — b7 3 2
By definition of v*? and v, we have vy = £ (62(p.2) — us) with p.2 = (0,0,1) and vz = 1(03(p.,3) — u3)
with p. 3 = (0,0,0,1). In particular, Eg‘i“ = {(BL7) p(1T:a) ) where

(L,a) _ M
) =

-1

and py" =p, for Ce]3l.
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Ficure 10. Left: S%,S?,S% when m = 4. Right: &1 when m = 4. The front triangular face (bottom, dark green)
has two vertices corresponding to a deterministic colouring rule of order 4, i.e. in ’Pa1 ;- As a consequence, if p(d)
belongs to the interior of this face, there is no minimal SD with deterministic colouring rules.

At last, by Algorithm [.8, we have £ = {(3,p)} with

Be = ba(d) 77

If (a,b) belongs to region Fyp_, a symmetry argument exposes that in this case b, (d) and « are obtained

and p., asabove for (€]3].

from the case of region Fypy by the transformation (a,b) — (—b, —a) and by setting p. » = (0,1,0) and
pP.3= (05 07 L 1)

7.2.2. Region OD+, OD—. Assume that (a,b) € OD+. Then Ly C OD+ and p(d) € Fopy. More

precisely,
1 /a
5(d) = — - (—, 1).
pld) =—3 (3
We use again Proposition [7.7 and obtain the minimal effective branching rate as
b
be(d) = —=.
@) = -3
In contrast to p(d) € UD, here there are several 1-convex decompositions of p(d). The set of 1-convex
decompositions of p(d) is the set of points of the form
1 1 b 1
2,2 :
=v"7, = ,— = th eEl—=V——,-1,
V2 v V3 (.IO 3) W1 Zo [ 6 3a 3:|
and
10+ 3axo
g = ————.
a l+3xg
For fixed zg, v3 = %(93 (p..3) —usz) with p. 3 = (0, 2z + %, 0,1). As a consequence, the corresponding SD
is given by
1
By = b*(d)éa—el, for £€]3], and ps = (0,0,1), p3 = (o,2x0+ 5,0,1).

For (a,b) € OD—, one easily recovers the minimal SD by symmetry.

Remark 7.4. In general there can be infinitely many minimal SDs of d (see regions OD+ and OD—
above).

Remark 7.5. If m = 3, there always is a minimal SD with a deterministic colouring rule. In regions

UD-+ and UD—, this is automatic since v and wvs correspond to deterministic colouring rules. In region

OD+, this corresponds to choose one of the vertices of the cube as vs, i.e. either vy = v23 3,3

2,2 3.3)

or vy = v

(if the latter is permitted, i.e. when p(d) lies in between v*? and v*?). Then we have a deterministic
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colouring rule, i.e. the colour of the roots are a deterministic function of the ASG and the colouring of
the leaves. It is tempting to conjecture that also in higher dimensions there is always a minimal SD with
deterministic colouring rules. According to Step 3 of our algorithm, this equivalent to say that each face
of S; contains at most one vertex on each Sf, £ € |m] (i.e. each extreme point of a given face represents
a deterministic ¢-colouring rule, with a distinct £). However, numerical simulations when m = 4 reveal
that this is not the case, see Fig. 10

7.2.3. Classic examples for m=2,3. Let us consider several examples from the literature that clarify the
names of the various regions.

e The haploid Wright—Fisher diffusion with genic selection has the following drift term
d(z) = —ox(l — x)

with o > 0. Then p(d) = —ov*? belongs to the 1-dimensional subspace UD+ N OD+. By the

2,2 L2 and s = 1. In

previous calculations, the minimal SD of p(d) = v*? is of the form vs = v
particular, b,(d) = o and the minimal SD is 8 = o and ps = (0,0, 1). This is consistent with the
classical ASG of Krone and Neuhauser [41]]47].

e More generally, consider a diploid Wright—Fisher model with two alleles a and A and the following

relative fitnesses

faa = —0, faA = *hO’, fAA = 07
where o € R corresponds again to the selection strength and h € [0, 1] is the dominance coefficient,
i.e. h quantifies the contribution of a to the fitness of an heterozygote. When h = 1/2, selection
is said to be additive (and agrees with genic selection). When h € [0,1/2), a is called recessive
or underdominant. When h € (1/2,1], a is said to be overdominant. The appropriate large
population approximation in a weak-selection regime is the Wright—Fisher diffusion with drift
term

d(z) = —ox(1 — z)(h — z(2h — 1)). (7.3)
Here, p(d) = —o(h,1 — h)/3. A direct calculation shows that when o > 0, p(d) belongs to
region UD+ if A < 1/2 (underdominance), and to region OD+ if A > 1/2 (overdominance).
Note that the case h = 1/2 corresponds to the case of genic (additive) selection studied in the
previous example. When o < 0, p(d) belongs to region UD— if h < 1/2 (underdominance)
and it belongs to region OD— if h > 1/2 (overdominance). Again, h = 1/2 corresponds to the
case of genic (additive) selection studied in the previous example. In conclusion, we find that
the transition from underdominant to overdominant corresponds to a transition from one face of
the polytope &1 to another face when considering the minimal SD of d. We also note that the
previous analysis shows that in the underdominant regime, there is a unique minimal SD; whereas
there are infinitely many possible choices in the overdominant case. It would be interesting to
investigate if there is any biological meaning of this multiplicity.

e A model with balancing selection is a model in which the drift term is of the form

d(z) =2z(1l —z)(1 — 2x)

Here, p(d) = v*>2. In this case, v3 = v>® and agz = 1. This leads to 3 = (0,1) and p3 =

(0,1,0,1). This is consistent with the duality obtained in Neuhauser [46]. The particular form
of the colouring rule p is also called the minority rule. We note that in |46], it is shown that the
ASG generated from this SD has a natural genealogical interpretation in terms of the genealogy
of a diploid population model.

7.3. Graph-minimal selection decompositions. Let us consider a thinning mechanism, i.e. a lower-
triangular stochastic matrix T := {Tx;}}";_; (see Definition 2:24). Recall that a thinning mechanism
acts on er*l as follows

By = (TB)iy,  with (TB)r =Y BiThye. (7.4)

k=t
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In what follows, we give a natural interpretation to this definition, by explaining how the thinning acts
on a branching-coalescing system (see Section [ for a definition of the branching-coalescing system).

Definition 7.9 (Thinning a branching-coalescing system). Let (Gi;t > 0) be the branching-coalescing
particle system with parameters (8, A), and let T := {']I“k,i}};fi:l be a thinning mechanism. The branching-
coalescing system G thinned by T, denoted by TG := (TG;;t > 0), is defined dynamically according to
the following random procedure. Independently at every k-branching in G, with probability Ty ;, remove
k — i particles chosen uniformly at random among the new ones (the marked particle giving rise to the
branching event is never removed), and keep the remaining particles. We say that the thinning procedure
is non-trivial if T is distinct from the identity matrix.

Figure [[d] illustrates such a branching-coalescing system and a thinned version of it. It follows from the
consistency of the rates of the A-coalescent that TG is again distributed as a branching-coalescing system
with (unchanged) coalescence mechanism A and branching mechanism (T5,)7” 5 (as in Eq. (Z4))

The next result is a straightforward consequence of this construction.

Proposition 7.10. Let (Gi;t > 0) and (Gf;t > 0) be the branching-coalescing particle systems with
parameters (B,A) and (TS5, A), respectively. If both branching-coalescing systems start with the same
number of particles, then

vVt >0, GF @ TG: C Gi.

The notion of graph-minimality given in Definition (2.28) can be expressed at the level of the branching-
coalescing systems as follows.

Definition 7.11. We say that (8, p) € &, is graph-minimal if and only if there is no (non-trivial) thinning

mechanism T and (§',p") € &; such that G’ @ TG, where G’ (resp. G) is the branching-coalescing system
generated from the pair (8, A) (resp. (8, A)) starting with n particles at time t = 0.

In other words, the SD (5, p) € &4 is minimal if and only if there are no superfluous (dummy) branches
in the ASG.

In the remainder of this section, we prove Theorem 226l which states that minimal SDs are graph-
minimal. For this, we introduce a partial ordering < on Rf_l as follows. For any 3,3’ € Rf_l, write
B’ < B if and only if for all k& €]m]

m

D8 < Y8 (7.5)
j=k

j=k
Moreover, we write 8/ < g if and only if 8/ < 8 and 3’ # 3. The relation between this partial ordering
and the thinning is the content of the following proposition.

Proposition 7.12. Let 3,8 € RT%, A be a finite measure, and n € N. Let G’ and G be the branching-
coalescing particle systems constructed from the pairs (8',A) and (B,A), both system starting with n

particles. Then B8’ < B if and only if there exists a non-trivial thinning mechanism T such that G’ @ TG.

Proof. First, it is immediate to check from (74) that TS < S if T is non trivial. Let us now show the
converse, i.e. assuming that 5’ < /3, we construct a non-trivial thinning of G distributed as G’. First

N, N

3 .

Ficure 11. A branching-coalescing system (left) and its thinned version (right).
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define the thinning mechanism T(™ via

_ B
B

s (- 5) ()
m,m=1 Bm ﬁm_ﬁin/\l

/ / +
2 ! ﬂm ! ﬂm - ﬂ;n

T =0 for k> 2,

,

'H‘gglr)n :

and 'IF,(;.L) := 1y—p) for k& < m so that it is only thinned at m-branching events. Set g .= T(Mg,

Clearly, ,(nm) = f.. Furthermore, from (Z.3)), it is direct to check that T(™) has been chosen in such a
way that for all k € Jm — 1]

m—1 m—1

given by

Tgvrzn—fv)n—l = ﬁr(nn:)?

T = (1- 2t ) (St — )
ﬁmfl ﬁmfl_ ;nfl

e (1- B (1o )
ﬂmfl ﬂm717 ;nfl

T =0 for k>3,

and ngq) := 1y;—py for k # m — 1. The thinned system Gm=1 .= T(m=1G(m) has branching rates
Bm=1 .= Tm=1g(m) sych that "V = B, B Y =B/ | and for all k €]m — 2]

m—1
m—2 m—2
S8 < >
j=k j=k

Iterating this procedure, we construct successive thinning mechanisms T®*) until reaching a branching-
coalescing system G(?) with rates 32 = g, i.e. so that G is distributed as G’. Further, by (Z4), G*
is identical in law to TG, where T := T® ... T(") This completes the proof of the proposition.

O

Proof of Theorem[2.26. By Proposition[7.I2] it is sufficient to show that 5’ < 8 implies that b(5) < b(3).
This is easily seen by summing the inequalities in (Z.5). O

7.4. Equivalence of minimality if m=3. Theorem states that every minimal SD is graph-
minimal. In dimension m = 2, i.e. when deg(d) = 2, both notions of minimality clearly agree. In
higher dimensions, the question is more involved. In this section, we prove the equivalence of the two
notions in dimension m = 3.

The next result is valid in any dimension and describes an operation that improves the effective branching
rate and at the same time leads to a thinner ancestral structure.

Proposition 7.13 (Shrinking the polygon). Consider (A, ¥, a) € Cq. Set
A (U) :=inf{y>0:vp € S,e;, Ve €lm]}.
Then (\*(7), 7, ) € Cq and A (0):0:0) < gATha),

Proof. Assume X # A\*(¥). Since, vy € Sf{*(g) and p = >,°, apve the first statement follows. The second
statement follows by the definition of (%), O
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Do D5 Do Ds

Ficure 12. Left: Shrinking the Polygon Sy to Sx» while keeping ¥ constant. Right: Moving ¥ into int(Sy«) along
the direction of Dy. By the intercept theorem, this keeps the relative distances to p(d) constant.

Remark 7.6. The idea of this shrinking procedure is to consider vy not as a point in Sy, but in (the
smaller) Sy« (), see also Fig. (left). If ¥ is expressed in terms of the extremal points of the smaller
polygon, the total effective branching rate decreases, but the relative branching rates remain constant.

In the remainder of the section, assume that deg(d) = 3. We continue to use the notation of Section
In particular, v*2, 0% € 8 and v!:3,v%3 € S} are the extremal points of S;. Denote by

Dy :={aw"?: a € R} and D;:= {aw"®: a € R}.

Proposition 7.14 (Shifting ). Consider (\, ¥, ) € Cq. Assume that b,(d) = 1 and that \* := A\*(0) > 1.
If vg & {\*ob3 X v?3}, then there exists N < X\* and ¥ such that

o (N, ¥, ) € Cy,

o VT < GOV T,

o cither v € {Nvl3 Nov?3} orv) € F, fori€]3],

where F), is the face of S1 containing p(d).
Remark 7.7. vs ¢ {\*v"3 A\*0?3} means that v3 € S3. is not a corner point Sy«.

Proof of Proposition [7.14 Since \* > 1, it follows that as € (0,1). For a € R, define #(a) := (v2(a),vs(a))
via
v3(a) :=v3 +av®® and wy(a) 1= vy — %avl’Q.
2

Note that asvs(a) + asvs(a) = p(d). Hence, (X\*,7(a),a) € Cq if and only if #(a) € S3. x S3.. Since
Dy L D3 and v3 ¢ {\*vh3, X\*v23} there is a unique ag € R\ {0} such that v3(ag) € D3 N int(S3.). We
split now the analysis in two cases: (i) v3(ag) ¢ S and (ii) vs(ag) € S§. In case (i), since any line from
D3N (SP)C to (S?)C lies outside of S and p(d) € Sy is a convex combination of v2(ag) and v3(ag), we infer
that vy (ag) € S7. In particular, #(ag) € S3. x S.. Hence, (\*, #(ag), a) € Cg and fA"-7(a0).0) — g(\",0a),
Moreover, v;(ag) € int(Si.) for i €]3]. Therefore, X' := X\*(¥(ag)) < A*, and then, setting @ := ¥(ao),
the result follows from Proposition [[I3l In case (ii), there is a unique a; € R such that v3(a;) € F,.
Since F), is the face that contains p(d), we conclude that also v2(a1) € F,. As before, we obtain that
(A, T(a1),a) € Cq and fO"T@).2) — g(\"%e) - The result follows from Proposition by setting

N = X (F(a1)) < A* and ¥ := ¥(aq). O
Figure [[2 (right) illustrates the idea behind the proof of Proposition [[.T4

Proposition 7.15. Assume b,(d) = 1. Let (8,p) € &4 be a SD with b(8) = A > 1. Then there exists
(8',p") € Eq such that B’ <X B and b(B') = 1.
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Proof. Lemmal[l.H allows us to identify (8, p) with (X, ¥, a) € C4. We make the following case distinctions:
(1) ve € int(S§) for all £ €]3], (2) there is £ such that v, € 9S§, but vs ¢ { b3 23}, and (3)
vz € {\wl3 w23}, In case (1), apply the shrinking operation of Proposition This leads to a
new triple (\*,#,a) with A% < gAT.e) - In particular, (A\*,#,a) falls now into case (2) or (3).
In case (2), apply the shift-operation of Proposition [[.T4l This leads to a new triple (M, 7", @) with
BN Tha) < gAT) Moreover, either o € {Nvb3, Nv23} or v) € F, for i = 2,3. The first case falls
into case (3), and in the second case, the result directly follows by setting (5',p’) = ¢(N, ¥, ). Hence,
the proof reduces to prove (3). Assume vz € {Av™3 Av?3}. In particular, uz := v3/\ has to be an
extremal point of the face F, and vy € S} (otherwise the connection v3 to Do does not intersect F),).
Similarly, if us € 87 is the other extremal point of F},, then vy = yus for some v € [0,1]. Therefore,
p(d) = aoyus + asduz. Since ug and us are the extremal points of F),, there is & € A; such that
p(d) = Gaug + Gsus, i.e. (1, (u2,us),&) € Cq. Since ug and ug are linearly independent, we conclude that
a2y = G and as\ = Gs. It follows that f(1(u2:u8).4) < g(AT.2) which proves the result.

O

Proof of Proposition[2.271. The proof follows by Proposition[Z.I5together with the scaling property, which
is described in Proposition [ a

There is a third notion of minimality we have not considered so far, namely, the one induced by the
component-wise ordering, i.e. f <cw ' if and only if B, < 5 for all £ €]m]. Clearly,

B Zew B =B =B = b(B) <b(B).
The three notions are equivalent for m = 2. For m > 3, this is not anymore the case. However, by

inspection of the proofs of Propositions [Z.13] [.14] and [[.15] we see that for m = 3, we have proved the
following stronger version of Proposition

Proposition 7.16. Assume that deg(d) = 3. For any (8,p) € Eq4 with b(B) > b.(d), there is (5',p’) € Eq
such that b(f') = by(d) and ' <cw B-
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