N

N

GENEALOGIES OF TWO LINKED NEUTRAL LOCI
AFTER A SELECTIVE SWEEP IN A LARGE
POPULATION OF STOCHASTICALLY VARYING
SIZE
Rebekka Brink-Spalink, Charline Smadi

» To cite this version:

Rebekka Brink-Spalink, Charline Smadi. GENEALOGIES OF TWO LINKED NEUTRAL LOCI
AFTER A SELECTIVE SWEEP IN A LARGE POPULATION OF STOCHASTICALLY VARYING
SIZE. 2016. hal-01116232v3

HAL Id: hal-01116232
https://hal.science/hal-01116232v3

Preprint submitted on 6 May 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01116232v3
https://hal.archives-ouvertes.fr

GENEALOGIES OF TWO LINKED NEUTRAL LOCI AFTER A SELECTIVE
SWEEP IN A LARGE POPULATION OF STOCHASTICALLY VARYING SIZE

REBEKKA BRINK-SPALINK AND CHARLINE SMADI

ABSTRACT. We study the impact of a hard selective sweep on the genealogy of partially linked neutral loci
in the vicinity of the positively selected allele. We consider a sexual population of stochastically varying
size and, focusing on two neighboring loci, derive an approximate formula for the neutral genealogy
of a sample of individuals taken at the end of the sweep. Individuals are characterized by ecological
parameters depending on their genetic type and governing their growth rate and interactions with other
individuals (competition). As a consequence, the ”fitness” of an individual depends on the population
state and is not an intrinsic characteristic of individuals. We provide a deep insight into the dynamics
of the mutant and wild type populations during the different stages of a selective sweep.

INTRODUCTION

We study the hitchhiking effect of a beneficial mutation in a sexual haploid population of stochastically
varying size. We assume that a mutation occurs in one individual of a monomorphic population and that
individuals carrying the new allele a are better adapted to the current environment and spread in the
population. We suppose that the mutant allele a eventually replaces the resident one, A, and study the
influence of this fixation on the neutral gene genealogy of a sample taken at the end of the selective sweep.
That is, in each sampled individual we consider the same set of partially linked loci including the locus
where the advantageous mutation occurred. We then trace back the ancestral lineages of all loci in the
sample until the beginning of the sweep and update the genetic relationships whenever a coalescence or a
recombination changes the ancestry of one or several loci. Our main result is the derivation of a sampling
formula for the ancestral partition of two neutral loci situated in the vicinity of the selected allele.

The first studies of hitchhiking, initiated by Maynard Smith and Haigh [20], have modeled the mutant
population size as the solution of a deterministic logistic equation [16l 13 22 21]. Barton [I] was the
first to point out the importance of the stochasticity of the mutant population size. Following this paper,
a series of works took into account this randomness during the sweep. In [9 [I8] Schweinsberg and
Durrett based their analysis on a Moran model with selection and recombination, while Etheridge and
coauthors [T0] worked with the diffusion limit of such discrete population models. Then Brink-Spalink [2],
Pfaffelhuber and Studeny [I7] and Leocard [14] extended the respective findings of these two approaches
for the ancestry of one neutral locus to the two-locus (resp. multiple-locus) case.

However, in all these models, the population size was constant and each individual had a “fitness”
only dependent on its type and not on the population state. The fundamental idea of Darwin is that
the individual traits have an influence on the interactions between individuals, which in turn generate
selection on the different traits. In this paper we aim at modeling precisely these interactions by extending
the model introduced in [19] where the author considered only one neutral locus. Such an eco-evolutionary
approach has been introduced by Metz and coauthors [15] and has been made rigorous in the seminal paper
of Fournier and Méléard [12]. Then it was further developed by Champagnat, Méléard and coauthors
(see [3L 5, 4] and references therein) for the haploid asexual case and by Collet, Méléard and Metz [6] and
Coron and coauthors [7] for the diploid sexual case.
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The population dynamics, described in Section[I] is a multitype birth and death Markov process with
competition. We represent the carrying capacity of the underlying environment by a scaling parameter
K € N and state results in the limit for large K. In [3] it was shown that such kind of invasion
processes can be divided into three phases (see Figure 2)): an initial phase in which the fraction of a-
individuals does not exceed a fixed value € > 0 and where the dynamics of the wild type population is
nearly undisturbed by the invading type. A second phase where both types account for a non-negligible
percentage of the population and where the dynamics of the population can be well approximated by a
deterministic competitive Lotka-Volterra system. And finally a third phase where the roles of the types
are interchanged and the wild type population is near extinction. The durations of the first and third
phases of the selective sweep are of order log K whereas the second phase only lasts an amount of time
of order 1. This three phases decomposition is commonly encountered in population genetics models and
dates back to [16].

In Section B we precisely describe these three phases and introduce two couplings of the population
process, key tools to study the dynamics of the A- and a-populations. Section [ is devoted to the proofs
of the main theorems on the ancestral partition of the two neutral alleles. Sections[H] to [[] are dedicated to
the proofs of auxiliary statements. In Section Bl we compare our findings with previous results. Finally,
we state technical results needed in the proofs in the Appendix.

1. MODEL AND RESULTS

We consider a three locus model: one locus under selection, SL, with alleles in A := {A,a} and two
neighboring neutral loci N1 and N2 with alleles in the finite sets B and C respectively. We denote by
& = A x B x C the type space. Two geometric alignments are possible: either the two neutral loci are
adjacent (geometry SL— N1—N2), or they are separated by the selected locus (geometry N1—SL— N2).
We introduce the model and notations for the adjacent geometry, their analogs for the separated one can
be deduced in a straightforward manner.

Whenever a reproduction event takes place, recombinations between SL and N1 or between N1 and
N2 occur independently with probabilities 1 and ro, respectively. These probabilities depend on the
parameter K, representing the environment’s carrying capacity, but for the purpose of readability we do
not indicate this dependence. We assume a regime of weak recombination:

(1.1) limsup r;log K < o0, j=1,2.

K—o0

This is motivated by Theorem 2 in [I9] which states that this is the good scale to observe a signature
on the neutral allele distribution. If the recombination probabilities are larger (neutral loci more distant
from the selected locus), there are many recombinations and the sweep does not modify the neutral
diversity at these sites. Recombinations may lead to a mixing of the parental genetic material in the
newborn, and hence, parents with types a8y and o/37’ in £ can generate the following offspring:

possible genotype event probability
afy, o 'y no recombination (I—=r)(1—r9)
aff’y', o By one recombination between SL and N1 r1(1—rg)
afy', o By one recombination between N1 and N2 (1 —r1)re
af'y, o By two recombinations 172

We will see in the sequel that the probability to witness a birth event with two simultaneous recombina-
tions in the neutral genealogy of a uniformly chosen individual is very small.

As we assume the loci N1 and N2 to be neutral, the ecological parameters of an individual only
depend on the allele o at the locus under selection. Let us denote by f, the fertility of an individual
with type a. In the spirit of [6], such an individual gives birth at rate f, (female role), and has a
probability proportional to f, to be chosen as the father in a given birth event (male role). Denoting the
complementary type of the allele a by & we get the following result for the birth rate of individuals of
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type afy € &:
fanaﬁ +f5¢n07ﬁ
1.2) 055 (n) = (1 — 1)1 = 72) fanagy + 71(1 = 72) fana . s
( ) ozB'y( ) ( 1)( 2)f By 1( 2)f fania + fana
(A r)raf 25 eB.e) Napy (fatapy + fanapy) oS 25 AeB,c) gy (faltapy + fanapy)
“ fana+fAnA “ fana+fAnA ,

where nqgy (resp. no) denotes the current number of afv-individuals (resp. a-individuals) and n =
(Napy, (a, B,y) € &) is the current state of the population. An a-individual can die either from a
natural death (rate D, ), or from type-dependent competition: the parameter C, o models the impact
an individual of type o’ has on an individual of type a, where (a,a’) € A2. The strength of the
competition also depends on the carrying capacity K. This results in the total death rate of individuals
carrying the alleles a8y € &:

Oa C(I a
(1-3) dfgry(n) = (Da + kA na+ 7’7’%) Nafy-

Hence the population process
N = (N¥(),¢ > 0) = (N85, () (@pmesst = 0),

where N O{%V(t) denotes the number of af3y-individuals at time ¢, is a multitype birth and death process

with rates given in (L2) and (L3). We will often work with the trait population process (N5 (¢), NX (¢)),t >
0), where NX(¢) denotes the number of a-individuals at time ¢. This is also a birth and death process
with birth and death rates given by:

(1.4) bi((n) = Z bi(ﬁ—y(n) = fana
(B,y)eBxC
Ca,A Ca,a
d¥(n) = Z dfﬁ,y(n) = (Da + 7 A + 7 na)na.
(B,y)eBxC

As a quantity summarizing the advantage or disadvantage a mutant with allele type « has in an a-
population at equilibrium, we introduce the so-called invasion fitness S,5 through

(15) Sa@ = fa - Da — Cayd'fl@,
where the equilibrium density n, is defined by
— foz - Da
1.6 o=
(1.6) n O

The role of the invasion fitness S,5 and the definition of the equilibrium density 7, follow from the
properties of the two-dimensional competitive Lotka-Volterra system:

(1.7) 1P = (fo — Do — Coan) — Coann, zeRE, n0) =z, acA

a (03 @

If we assume
(1.8) na >0, ng>0, and Si, <0< S,a,

then 71, is the equilibrium size of a monomorphic a-population and the system (7)) has a unique stable
equilibrium (0,7,) and two unstable steady states (7i4,0) and (0,0). Thanks to Theorem 2.1 p. 456
in [I1] we can prove that if NX(0) and NX(0) are of order K and K is large, the rescaled process
(NK/K,NE/K) is very close to the solution of (LT)) during any finite time interval. The invasion fitness
Saa corresponds to the per capita initial growth rate of the mutant a when it appears in a monomorphic
population of individuals A at their equilibrium size n4K. Hence the dynamics of the allele a is very
dependent on the properties of the system (L1) and it is proven in [3] that under Condition (L8] one
mutant a has a positive probability to fix in the population and replace a wild type A. More precisely, if
we use the convention

(1.9) PE() == P(|NEK(0) = |aaK ]|, NE(0) =1),
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Equation (39) in [3] states that

(1.10) lim P (Fix®) = Saa _

3
K—o0 a

where s is called the rescaled invasion fitness, and the extinction time of the A-population and the event
of fixation of the a-allele are rigorously defined as follows:

(1.11) TX =inf {t>0: N (t) =0} and Fix" :={TkX

ext < OO,le((TeI);) > 0}

From this point onward, we fix d in N. We aim at quantifying the effect of the selective sweep on
the neutral diversity. Our method consists in tracing back the neutral genealogies of d individuals
sampled uniformly at the end of the sweep (time 7.X,) until time 0. Two event types (see Definition
[AT)) may affect the relationships of the sampled neutral alleles: coalescences correspond to the merging
of the neutral genealogies of two individuals at one or two neutral loci, and recombinations redistribute
the selected and neutral alleles of one individual into two groups carried by its two parents. We will
represent the neutral genealogies by a partition @ff which belongs to the set P; of marked partitions
of {(i,k),i € {1,...,d},k € {1,2}} with (at most) one block distinguished by the mark x, which will
correspond to the descendants of the original mutant a. In this notation (i,1) and (4,2) are the neutral
alleles at loci N1 and N2 of the ith sampled individual. Let us define rigorously the random partition
of:

Definition 1.1. Sample d individuals uniformly and without replacement at the end of the sweep (time
TX,). Follow the genealogies of the first and second neutral alleles of the i-th sampled individual, (i, 1)
and (i,2) for i € {1,...,d}. Then the partition OF € P is defined as follows: each block of the partition
@ff is composed of all those neutral alleles which originate from the same individual alive at the beginning
of the sweep; the block containing the descendants of the mutant a (if such a block exists) is distinguished
by the mark .

We will show in Theorems [[] and 2] that when K is large the partition ©X belongs with a probability
close to one to a subset Ay of Pj, which is defined as follows:

Definition 1.2. Ay is the subset of P consisting of those partitions whose unmarked blocks (if there
are any) are either singletons or pairs of the form {(i,1), (¢,2)} for onei € {1,...,d}.

Example 1. In the example represented in Figure[I] the marked partition 7(¢*) belongs to Ag:

we) = {{0,1),(1,2), (2,1, (5,2} {2, 2}, {3, 1), (3,21, {4 D} {(4,2)1 {65, 1))

For a partition m € P, we define for some possible ancestral relationships the number of individuals
in the sample whose two neutral loci are related in that particular way:

Definition 1.3. Let d € N and m € P). Then we set:

||y = #{1 <14 < d such that (i,1) and (i,2) belong to the marked block }

|| = #{1 < i < d such that (i, 1) belongs to the marked block and {(i,2)} is an unmarked block}
|m|s = #{1 < i < d such that (i,2) belongs to the marked block and {(i,1)} is an unmarked block}
|m|la = #{1 <i < d such that {(i,1), (i,2)} is an unmarked block}

|7|s = #{1 < < d such that {(i,1)} and {(i,2)} are two distinct unmarked blocks}

To express the limit distribution of the partition © we need to introduce:

P qig)
r1+r2(1— fa/fa)
where the invasion fitnesses have been defined in (ICH). We did not make any assumption on the sign of
fa(r1+72) — fare, but g3 can be written in the form 6(e™* —e™")/(v — p) for (6, p,v) € RY so that it is
well defined and non-negative. It is easy to check that g3 < 1. The forms of ¢1, g2 and g, are intuitive (see
comments of Proposition[I]).The form of ¢3 is more complex to explain and results from a combination of

different possible genealogical scenarios during the first phase. We now define five non-negative numbers
(pk, 1 < k < 5) which will quantify the law of ©F for large K in Theorem [T}

_ farilog K _ faralog K B _ farglog K 71 (q
(1.12) qgr:=€ Sea | qx:=e Saa | Go:=e [Pad  and g¢3:=

(1.13) pri=qeel —(1-q)1—-a), p2:=aqlll —qagqw)— @@l —q),
p3:=qq2(l — @)1 —q1), pa:=qqs and ps:=(1—q)(l —qq(l —q)) — Gqs.
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FI1GURE 1. Example of genealogy for a 5-sample: dark blue neutral alleles originate from
the mutant and light blue ones from an A-individual. We indicate the selected allele,
A or a, associated with the neutral alleles during the sweep. It can change when a
recombination occurs. Bold lines represent the A(green)- and a(red)-population sizes.
In this example, the two neutral alleles of the first individual, the first neutral allele
of the second individual and the second neutral allele of the fifth individual originate
from the mutant; the two neutral alleles of the third individual originate from the same
A-individual, whereas the two neutral alleles of the fourth individual originate from two
distinct A-individuals.

Note that >, -, -5 pr = 1. Finally, we introduce an assumption which summarizes all the assumptions
made in this work:

Assumption 1. (NX(0), NX(0)) = (|naK|,1) and Conditions (L)) on the recombination probability
and (L) on the equilibrium densities and fitnesses hold.

With Definitions [[T] and in mind, we can now state our main results:

Theorem 1 (Geometry SL — N1 — N2). Under Assumption[d, we have for every = € P}

lim  [PY(OF = mlFix™) — 1(rea o1 ™ paM2ps! ™o pgIThepsI™le | = 0.

K—o0

Notice that when K is large, ©X belongs to A4 with a probability close to one, and that

[7[1, 7|2

(pr ™ po ™l pg Il p I mlapglmls 7 e Ay)

is a probability on Ay (depending on K). Moreover, this result implies that the d sampled individuals
have asymptotically independent neutral genealogies. With high probability, the neutral alleles of a given
sampled individual ¢ either originate from the first mutant a and belong to the marked block, or escape
the sweep and originate from an A individual. In this case they belong to an unmarked block which is of
the form {(¢, 1)}, {(4,2)} or {(4, 1), (¢,2)}, according to Definition [[3] As a consequence, if some neutral
alleles of two distinct sampled individuals escape the sweep, they originate from distinct A-individuals
with high probability. However, the genealogies of the two neutral alleles of a given individual are not
independent. For example the probability that (7, 1) and (i, 2) escape the sweep is ps + ps; the probability
that (¢,1) (resp. (4,2)) escapes the sweep is ps + ps + ps (resp. p2 + ps + ps), and for every K € N such
that 1 7é 0

(p3+pa+ps)p2+ps+ps) =1 —q)(1—qrq2) < (1= @)1 — q1q2 + (1¢2G32) = pa + ps.

This is due to the fact that if (backwards in time) a recombination first occurs between SL and N1, the
neutral allele at N2, linked to V1, also escapes the sweep. As the term ¢1¢2G> does not tend to 0 when
K goes to infinity under Condition (IZII), the only possibility to have an equality in the limit is the case
where 71 log K < 1 or in other words when the probability to see a recombination between SL and N1
is negligible.

Let us now consider the separated geometry, N1 — SL — N2:
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Theorem 2 (Geometry N1 — SL — N2). Under Assumption [, we have for every = € P}

lim |PUO(OF = m|Fix) = 1reay[aaa] ™ a1 (1 = ¢2)] ™21 = 1)ga] ™ [(1 = 1) (1 — g2)] ™| = 0.

K—oo

Again the neutral genealogies of the d sampled individuals are asymptotically independent. Further-
more, we have independence between the neutral loci. Indeed Theorem [2l means that a neutral allele at
locus Nk escapes the sweep with probability 1 — g; independently of all other neutral alleles, including
the allele at the other neutral locus of the same individual. This is due to the fact that in the separated
geometry a recombination between SL and one neutral locus has no impact on the genetic background
of the allele at the other neutral locus. Note in particular that there is no block of the form {(i, 1), (¢,2)}
in the limit partition, as the two neutral alleles have a very small probability to recombine at the same
time.

2. COMPARISON WITH PREVIOUS WORK

In [I8] the authors gave an approximate sampling formula for the genealogy of one neutral locus dur-
ing a selective sweep. The population evolved as a two-locus modified Moran model with recombination,
selection, and in particular constant population size. They introduced the fitness s°P of the mutant a as
follows: when one of the iid exponential clocks of the living individuals rings, one picks two individuals
uniformly at random (with replacement), one dies, and the other one gives birth. A replacement of an
a-individual by an A-individual is rejected with probability s¥P. In this case, nothing happens. In [I9],
the author studied the one neutral locus version of the here presented model. It was shown that the
ancestral relationships in a sample taken at the end of the sweep correspond to the ones derived in [I8]
when we equal the fitness of [I8] and the rescaled invasion fitness s°° = S,4/f, and when we have the

equality |Saa|/fa = Saa/fa (in this case the first and third phases have the same duration, S, 4 log K/ f,).

In [2], the author generalized the model introduced in [I§] towards two neutral loci and used similar
methods to derive a corresponding statement for the genealogy of a sample taken at the end of the sweep.
If we however make the analogous comparison and try to match our result for the adjacent geometry
with the statement from [2], we observe an interesting phenomenon: the probabilities of the different
types of ancestry only coincide if the birth rates of a- and A-individuals are the same, that is, if f, = fa.
In biology, the fitness describes the ability to both survive and reproduce, and can be defined by the
average contribution of an individual with a given genotype to the gene pool of the next generation.
Hence a mutation which affects the fitness of an individual in a given environment can either act on
the fertility (f, in our model), or on the death rate, intrinsic (D,) or by competition (Cy o), or on
both. Our result is comparable to that of [I8] if the mutation only affects the death rate (and still if
SSD = SaA/fa = |SAa|/fA>-

In [I7], instead of a birth and death process, the authors modeled the population with a structured
coalescent. It is shown that this process can be approximated by a marked Yule tree where the different
marks are realized by Poisson processes and indicate a recombination of one or two loci into the wild
type background. The impact of the third phase is taken into account by a certain refinement prior to
the beginning of the coalescent which leads to the same effect of splitting of the two neutral loci as it
is seen here. We again find similarities with our results when f4 = f,. In contrast, the techniques and
precision used in [I7] yield that coalescent events with A-individuals cannot be ignored, that is, there are
neutral loci of different individuals from the sample which have the same type-A-ancestor. The structure
of the sample is therefore different from our results here. Notice that it is also the case of the second
approximate sampling formula stated in [I], which is more precise than the first one.

3. DYNAMICS OF THE SWEEP AND COUPLINGS

3.1. Description of the three phases. We only need to focus on the trajectories of the population
process where the mutant allele a goes to fixation and replaces the resident allele A. Champagnat has
described these trajectories in [3] and in particular divided the sweep into three phases with distinct A-
and a-population dynamics (see Figure 2)). In the sequel, ¢ will be a positive real number independent
of K, as small as needed for the different approximations to hold. Moreover, from this point onward we

will write N, (resp. Nus-) instead of NX (resp. Nlﬁ(B’Y) and P instead of P(¢) for the sake of readability.
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F1GURE 2. The three phases of a selective sweep The y-axis corresponds to population
sizes (A in black, a in red), and the x-axis to the time. In this simulation, K = 1000,
(fa,fa) =(2,3), D0 = 05,0 € A, Co.or = 1,(a,a’) € A%2. We have also indicated some
of the notations introduced in Section Bl

First phase. The resident population size stays close to its equilibrium value n 4 K as long as the mutant
population size has not hit |eK |: if we introduce the finite subset of N

(3.1) = [K(ﬁA - 258:";)%(@ +2522‘*:)} AN,

and the stopping times TX and SX, which denote respectively the hitting time of [¢K | by the mutant

population size and the exit time of IX by the resident population size,
(3.2) TE = inf{t >0, N,(t) = [eK]} and SX :=inf{t >0,Na(t) ¢ I},

then we can deduce from [3] (see Equations (A.5) and (A.6) in [I9] for the details of the derivation) that
the events Fix™, {75 < SK} and {T < oo} are very close:

(3.3) limsup PYO ({15 < SKY AFix®) <ce, and limsup PE{TK < oo} A Fix™) < ce,

K—o0 K—oo

for a finite ¢ and e small enough, where we recall convention ([C9). In this context, A is the symmetric
difference: for two sets B and C, BA C = (BN C°) U (C N B°). From this point onwards, ”first phase”
will denote the time interval [0, 7%] when the a-population size is smaller than |eK |.

Second phase. When N4 and N, are of order K, the rescaled population process (Na/K,N,/K) is
well approximated by the Lotka-Volterra system (7). Moreover, under Condition (L8] the system (L)
has a unique attracting equilibrium (0, 72,) for initial conditions z satisfying z, > 0, where 7, has been
defined in ([C6). In particular, if we introduce for (na,n,) € N? the notation,

(3. Pnsnay () = PUINA(D) = 14, Na(0) = ),
then Theorem 3 (b) in [3] implies:

3.5 lim sup P, . ( su ‘N“—(t)fn(az)t‘>5):0,
(3.5) i sup Pear tzarn || S0P |7 ()| =

for every § > 0, where

(3.6) r— {z ERA [2aK| € I 2, € [5/2,51},
(3.7) to(z) i=inf {s > 0,V > 5,0 (t) € [0,£2/2],n)(t) € [0 — £/2, 70 + /2],

te :=sup{te(2),z € I'} < 0.

In the sequel, "second phase” will denote the time interval [T, TX +t.] when the population process
is close to the solution of the system (LT]).
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Third phase. Equation (B3] also implies that

(3.8)  Jim PR € by ], |Rellettd) iy | <, (el M) e -,
— 00

where

(3.9) 2wy := inf {nff)(te),z el} >0, and wg:=2sup {nff)(tg),z el <&’

The ”third phase”, which corresponds to the time interval [TX +t., TX ], can be seen as the symmetric
counterpart of the first phase, where the roles of A and a are interchanged: during the extinction of the
A-population, the a-population size stays close to its equilibrium value 7, K.

Let us introduce the positive real number M” := 3 + (fq + C4,4)/Ca,q and the finite subset of N

£

(3.10) JE = [K(ﬁa - M”E),K(ﬁa + M”s)} AN.

The times TéK’A) and SS(K’G) are two stopping times for the process restarted after the second phase and
denote respectively the hitting times of [uK | by the A-population for u € Ry, and the exit time of JX

by the a-population during the third phase,
(3.11) TN .= inf{t > 0, Na(TE +t. +1) = |[uK|}, SUED .=inf{t >0, N(TX +t.+1) ¢ JE}.
If we define the event

(3.12) NE = [TK < §K}ny {NA—”I?—” € [y, wa], | NelLette) fﬁa‘ < 5},

we get from the proof of Lemma 3 in [3] that for a finite ¢ and ¢ small enough,
(3.13)

lim sup {[P(FixK A WE A {TED < A A sEany 4 PR A VK 0 {1 < TgK7A>}]>} < ce.

K—o0
To summarize, the fixation event Fix’ is very close to the following succession of events:

e The a-population size hits |eK | before the A-population size has escaped the vicinity of its
equilibrium IX (first phase)

e The rescaled population process N/K is close to the deterministic competitive Lotka-Volterra
system during the second phase

e The A-population size gets extinct before hitting [eK | and before the a-population size has
escaped the vicinity of its equilibrium JX (third phase)

3.2. Couplings for the first and third phases. We are interested in the law of the neutral genealogies

on the event Fix®. Equations (33) and FIJ) imply that it is enough to concentrate our attention on

the event NX N {TéK’A) < TE(K’A)}, but the dynamics of the population process N conditionally on this
event is complex to study. Indeed it boils down to studying the dynamics of a process conditioned on a

future event ({TX < SX} for the first phase and {TO(K’A) < TE(K’A)} for the third one). Hence the idea

is to couple the population process with two processes, N and N, whose laws are easier to study. These
processes will satisfy:

(3.14) limsup P({3t < TX,N(t) # N(t)}, T < o0) < ce.

K—oco

and
(3.15) limsup P({3 0 < ¢t — (TX + t.) < TV N(t) # N@O)}, T < TEANE < x0) < ce.
K—o0
Let o be in A and n be in N€. Denote n{® the o component of the population state:

(3.16) n() Z NaBy€aBys
(B,y)EBXC

where (eqp, (o, 8,7) € &) is the canonical basis of RE. We are now able to introduce a process needed
to describe the couplings:

()
Definition 3.1. We denote by Moran process of type a with recombination ro a process M R&n ) with
values in N®*BXC initial state n'®, and the following dynamics:
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e After an exponential time with parameter fonoK we pick uniformly and with replacement three
individuals and draw a Bernoulli variable R with parameter ro

o The first individual dies, the second one gives birth to an individual carrying its alleles at loci SL
and N1, the third one is the potential second parent

e If R =0, there is no recombination and the allele at locus N2 of the newborn is also inherited
from the second individual; if R = 1 there is a recombination between N1 and N2 and the newborn
inherits its second neutral allele from the third individual

e We again draw an exponential variable with parameter fonoK and restart the procedure

Coupling with N: N and N are equal up to time SXK; after this time the A individuals in the population
process N follow a Moran process with recombination independent of the a-individuals. Let bc be in
B x C. We let the a-population evolve as if the a-individuals were interacting with N4(s) individuals
with genotype Abc:

~ N (gK
(817) N(t) = Less N + Limsx (MR85 4 Y eusy
(B,v)eBxC

t
1) } 3 (2) 5 5
/SK /[R+ {Qﬂv (dsvd9)1{0<9ﬁbfgw(NA(S*)eAu,NW(s*))}7QB7(d57d9)1{0<95d§ﬂ7(NA(Sf)eAH,NW(s*))}})’

where MREL‘N(A)) has been defined in Definition 3] and (Q(Bizy,i € {1,2},(8,v) € B x C) are independent

Poisson Point processes with density dsdf, also independent of M RN “). The reason for the construction
of such a coupling is that we need to control the A-population size and the number of births of A-
individuals during the first phase in Section Bl With the process N such control is achieved easier.

Coupling with N: we assume that NE from BIZ) holds; N and N are equal up to time T +
te + SéK’a) A TE(K’A). Then the a-individuals in the population process N follow a Moran process with
recombination independent of the A-individuals, and each AfB~vy-population evolves as a birth and death
process with individual birth and death rates f4 and fa + |Sas|, independent of the a-individuals and

the AS’'+y'-populations with (3,v) # (5',7):

(3.18) N(TK +t.+1t) =1

+ Z eAﬂv[/

(B.y)EBXC T +te+S

(a) (g(K,a)
éK,a)N(TEK +it-+t)+1 (,0) (MRSIN (52 ))(t - SgK’a))Jr

t<S, t>9
T +to+t

g /ue+ Qprlde, da){1{0<9§fA1\:7Am(S*)}_1{0<9*fA1\:fAm(5*)S(fAHSAa\)Z\:fAm(S*)}H)’

(a)
where M R,(IN ) has been defined in Definition B and is independent of the sequence of independent
Poisson measures (Qgy, (8,7) € B x C), with intensity dsdf. The a-population size and the number of

births of a-individuals will be easy to control for the process N during the third phase, and again we will
need such control in Section

Inequality (B.14) follows from ([B3). Moreover, from the proof of Lemma 3 in [3] we know that
lim inf (75" < 7O A SEDINE) 21— e
—00

for a finite ¢ and e small enough. Adding BI3) we get that (3I5]) is also satisfied. Hence we will study
the processes N and N and deduce properties of the dynamics of the process IV during the first and third

phases.
4. PROOFS OF THE MAIN RESULTS

As the proof of Theorem [2]is simpler than this of Theorem [I and follows essentially the same ideas,
we only prove Theorem [I1

4.1. Events impacting the genealogies in each phase. Let us now summarize the results on the
genealogies for the three successive phases of the sweep that we will derive in Sections [6 and [7]
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First phase: As explained in the previous section, we work with the process N to study the first phase.
Let us introduce the jump times of V:

(4.1) =0 and 7K =inf{t >z | [ N@t)#NETE )}, m>1.
The number of jumps during the first phase is denoted by J%(1):
(4.2) JE(1) ;= inf{m € N, N, (t5) = [eK]}.

Coalescence and recombination events are defined as follows (see Figure [3):

Definition 4.1. Sample two distinct individuals at time T and denote afy and o/ ' their type.

We say that 3 and 3’ coalesce at time TX if they are carried by two distinct individuals at time TX and

m
by the same individual at time 7K _|. Seen forwards in time it corresponds to a birth and hence a copy
of the neutral allele. Seen backwards in time it corresponds to the fusion of two neutral alleles into one,
carried by one parent of the newborn. We define in the same way coalescent events at locus N2 (resp.
loci N1 and N2) for alleles v and ' (resp. allele pairings (8,v) and (8',7")).
We say that 3 (and/or ~) recombines at time TX from the a- to the o/ -population if the individual
carrying the allele B (and/or vy) at time 75 is a newborn, carries the allele o inherited from it first parent,

and has inherited its allele B (and/or v) from a different individual carrying allele o .

We are only interested in recombinations which entail new associations of alleles. In particular we will
not consider the simultaneous recombinations of a pair (3, ) within the a-population.

K

t:TnI”ffl t:Tm B

g
——CO—1 O—O—1FJ
& ‘o——m ik

FIGURE 3. Mlustration of Definition LT} the newborn (individual k) has inherited the
selected allele from its ”white” parent and the two neutral alleles from its ”blue” parent;
hence the encircled neutral loci (of individuals i and k) coalesce at time 7.5. In terms
of recombinations, the two neutral loci of the newborn individual recombine at time 7.5
from the a- to the A-population

Let us now describe the genealogical scenarios which modify the ancestral relationships between the
neutral alleles of one individual and occur with positive probability when K is large. We first focus on
the first phase and pick uniformly an individual i from the a-population at time TX. We introduce:

NR(i))V) : there is no recombination into the A-population affecting (4,1) or (i,2)
and both neutral loci of the i-individual originate from the first mutant,
R2(i)(1) :only the neutral allele (7,2) is affected by a recombination with the A-population,
hence (i, 1) originates from the first mutant and (¢,2) from an A-individual,
R12(i)M :  one recombination between SL and N1 from the a- into the A-population occurs
and both neutral alleles (i,1) and (i, 2) originate from the same A-individual,
[2, 1] = first (backwards in time) (4,2) recombines into the A-population, then (i, 1)
recombines into the A-population and connects to a different individual than (i, 2).
[12,2]%¢% :  first (backwards in time) the tuple {(i, 1), (i,2)} recombines into the A-population,
then a second recombination splits the two neutral loci inside the A-population.
R12(3) 199+ [2,1]785 U [12, 2] (see Figure H)
Finally, we introduce a conditional probability for the process N:
(4.3) PO =P(|JX(1) < o0),
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> —€5

FIGURE 4. Illustration of events [2,1]7¢¢ (individual 1) and [12,2]7¢¢ (individual 2)

where J% (1) has been defined in ([£2)). Hence, recalling the definition of (¢1, g2, ¢3) in (LI2) we will prove
in Section

Proposition 1 (Neutral genealogies during the first phase). Let i be an a-individual sampled uniformly
at the end of the first phase (time TX ). Under Assumption[D, there exist two finite constants ¢ and o
such that for every e < ey,

timsup { PO (NRHY) = qraz| + [PO(R20)D) — (1 - 2)|

K—oo
PO (R120)) - g5 + [PORIR20) M) — (1 - 41 - g3)|} < ce.

For large K, the sum of the four probabilities of Proposition [Il equals one up to a constant times e.
Hence, in the limit we only observe the events described on page The probabilities of the first two
events are quite intuitive: broadly speaking, the probability to have no recombination at a birth event is
1 —r1 — ro, the birth rate is f, and the duration of the first phase is log K/S,4. Hence under [P(l), the
probability of the event NR(7)(") is approximately

(1—(r + 742))fa log K/San exp(—(r1 + 742))fa log K/San _ 7o

Similarly the probability to have no recombination between SL and N1 is close to ¢; and subtracting the
probability of NR(i)(") we get this of R2(i)(). The probabilities of R12(i)(") and R1/2(i)(9%) are more
involved. The proofs rely on a fine study of the different possible scenarios.

Second phase: We work with the process N to study the second phase. The latter one has a duration
of order 1, and the recombination probabilities are negligible with respect to one (Condition (LI)).
Consequently, no event impacting the genealogies of the neutral loci occurs during the second phase.
More precisely, let us sample uniformly two distinct a-individuals ¢ and j at the end of the second phase
(time TX +t.) and introduce the events:

NR(i)® : there is no recombination affecting (i,1) or (i,2),
NC(i, g )(2) :  there is no coalescence between the neutral genealogies of ¢ and j.
Then we have the following result, which will be proven in Section [7

Proposition 2 (Neutral genealogies during the second phase). Let i and j be two distinct a-individuals
sampled uniformly at the end of the second phase (time TX +t.). Then under Assumption[d,

Jim P(VR@)® 0 NCG,5)P TS < 55 = 1.
— 00

Third phase: Finally, we focus on the process N. When K is large, there is only one event occurring
with positive probability during the third phase which may modify the ancestry of the neutral alleles of
an individual 7 sampled at the end of the sweep in the adjacent geometry:

(4.4) R2(i)39% :  a recombination between loci N1 and N2 occurs and separates
. (¢,1) and (4,2) within the a-population,
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Indeed, if we also define the events

NR(#)®) :  there is no recombination affecting (i,1) or (4,2) and they both

originate from the same a-individual at the end of the second phase

NC(i,7)® :  defined as NC(i, j)® for two distinct individuals sampled

uniformly at the end of the sweep,

and the conditional probability for the process N::

(4.5) PO)() := P(NE, T < T,
where 720(1(,,4) and i(K’A) are the analogs of TéK’A) and 7.4 (defined in (B.I1])) for the process ]§7, then
we will prove in Section [Tt

Proposition 3 (Neutral genealogies during the third phase). Let i and j be two distinct a-individuals
sampled uniformly at the end of the sweep. Under Assumption [, there exist two finite constants ¢ and
gg such that for every e < g,

timsup { [P (R2()*92) — (1 - @)| + [PONRGD) - @| + [POWNCE ) -1} < evE.
K—oo

In particular, there is no recombination with the A-population during the third phase. As for the
probabilities of the first two events in the Proposition [ this result is quite intuitive, as the duration of
the third phase is close to log K/|Saq|.

Independence: Finally we again consider the population process N and state a proposition which
enables us to give the statement of Theorem [1l independently for all sampled individuals, that is, jointly
for the whole sample. To this aim, let us introduce a partition @;K’l) € P; which is the analog of @ff
where the d individuals are sampled at the end of the first phase and not at the end of the sweep. Recall
Definitions and [[3] and denote by |R2(3:99)|; (resp. |NR®)|;) the number of a-individuals in a d-
sample taken at the end of the sweep whose neutral alleles originate from two distinct a-individuals (resp.
from the same a-individual) at the beginning of the third phase. Then we have the following result:

Proposition 4. Let Assumption [l hold. Then there exist two finite constants ¢ and ¢ such that for
every € < go, the ancestral relationships of a d-sample taken at the end of the first phase (time TX)
satisfy for every (mg,1 <k <4) € 7%:

lim sup [P(|®;K’1)|k =my, 1 < k <4|TK < 8F)
K—oo

d

: )m4
mllmg!m3!m4!

= Limifmotmatma—d} (1q2)™ (1 (1 — q2))"™ 5" (1 —q1 — g3 < ce.

In the same way, the neutral genealogy of a d-sample taken at the end of the sweep satisfies for every
(mi,1 <k <2)eZ2:
d!

limsup (P((|R2%99|4, [NR®)|q) = (m1,ma) V) — Lmitma=d} 7

L—q)™qy”
K —o0 1!m2!( )"

< ce.

The Proposition@lis a key result: we only need to focus on individual neutral genealogies to get general
results on the genealogy of a d-sample with respect to the neutral loci. It will be proven in Section

4.2. Proof of Theorem [l Let 7 be an individual sampled uniformly at the end of the sweep. The idea
of the proof is the following: in a first step, we list certain compositions of coalescent and recombination
events leading to specific ancestral relationships which could be described by blocks of a partition of Ay.
Then we approximate the probabilities of the described events and prove that these probabilities sum
to one up to a constant times /¢ for some fixed small e. This shows that in the limit for large K the
neutral genealogy of the individual ¢ belongs to those described on page [[0] with a probability close to
one. In a second step we use Proposition M to treat the neutral genealogies of the d sampled individuals
independently.
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i) We consider two possible trajectories such that the alleles at both neutral loci originate from the
mutant: either the two neutral loci separate inside the a-population during the third phase and
coalesce during the first phase, or they stay in the a-population and do not separate during the
whole sweep (see individual 1 in Figure [):

(RQ(@')(?”Q“) NNR(i1)® N NR(i2)® N NC(i1,i2)? N [NR(i1)Y U R2(i1)M] N NR(iQ)(l))
|| (NR(i)(s) ANRGHP N NR(i)(l)) ,

where L is the disjoint union and we denote by il and 2 the labels of the parents of the first
and second neutral loci of 7, respectively, at the end of the second phase (the way we label the
a-individuals has no importance as they are exchangeable).

il) We consider two possible trajectories such that (i,1) originates from the mutant and (¢, 2) origi-
nates from some A-individual

(RQ(@')(?”Q“) NNR(i1)® N NR(i2)? N NC(i1,i2)? N [NR(i1)Y U R2(i1)M)]
N [R12(:2)V U R1)2(i2)V U R2(i2)(1)]) || (NR(z')(?’) ANRGH)® N R2(i)(1)) .

The first bracket considers a separation of the two neutral loci during the third phase. As a
consequence, the fate of the first neutral locus of individual ¢2 during the first phase has no
consequence on the neutral genealogy of i. This is why we consider the event {R12(i2)(") U
R1|2(i2)™M U R2(i2)M} and not only {R2(i2)(M'}. The second bracket corresponds to individual
2 in Figure [I

iii) We consider one possible trajectory such that (i, 1) originates from some A-individual and (i, 2)
originates from the mutant (see individual 5 in Figure [I))

R2()399 N NR(i1)® N NR(i2)@ N NC(i1,i2)® n[R12(:1)V U R1|2(i1) 199 N NR(i2)V)

iv) We consider one possible trajectory such that (i, 1) and (7, 2) originate from the same A-individual
(see individual 3 in Figure [I])

NR(i)® N NR(i)® n R12(:)®
v) Finally, we consider two possible trajectories such that (i,1) and (,2) originate from distinct
A-individuals (see individual 4 in Figure [[] for the second bracket):
(R2(z')(3’9“) NNR(i1)® N NR(i2)® n NC(i1,i2)? n[R12(i1)D U R1|2(i1)V)]

N [R12(:2)M U R1)2(i2) D U R2(i2)(1)]) || (NR(i)(3) ANR(#)® n R1|2(i)(1’g“)).

Thanks to F3), and (I3) to FIH) we know that for all non negligible measurable events C(1), C'(?)
and C®) occurring during the first, second and third phase respectively,
46)  PCW,C® 0O FixX) = p(CW,0®, O NE TN < THED A SEDY) 4 Ok (e)
where Ok (¢) is a function of K and e satisfying

(4.7) limsup |Ok (¢)] < ce,

K—o0

for ¢ < g¢ where ¢y and c¢ are finite. Using the same inequalities we can decompose the right hand side
of [@G) as follows

P(CO T < co}) + PCD, (FALithe) ¢ [y ], | RelTt) | < e} |00 (T < 8KY)
+P(CO T <« 1D A sEAN e @ NEY 4 Ok (o).
Then from (B14) we get

PC)(TX < oc}) = PO(EW)P(TX < o0) + Ok (e),
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from (B)
P(C®), (Nalitte) ¢ ) o), | NelTete) | < 2} {TK < SK}) = P(CP|CW {TK < SK})+0k(e),
and from [BI3) and FI5)

P(C® (T < T4 A gAY oW o) iKY = PO(EB|0MD) | @) 1 Ok (e),

where C(1) (resp. 5(3)) corresponds to the event C1) (resp. C®)) expressed in terms of the process N
(resp. N). Putting everything together we finally obtain

(4.8)  P(CW,C® cBFix) = PO (EG|CW, c?)P(CP|CD (TE < SKPHPO(EW) + O ().

By applying Propositions [l 2 B and @] we then can calculate the probabilities corresponding to the five
sets from Definition [[3 and get the probabilities (pg, 1 < k < 5) defined in (ILI3]), which sum to one. Let
us detail the calculations for the case i): by applying (48], Proposition 2] and the Markov property, the
probability to see one of the two trajectories described in 4) is

(4.9) P(,1) = PO (R2(6) 9 PO (INR(H)M U R2()) V] n NR(j)W)
+ PO NRED)PD(NREM) + Ok (),
where i and j are two distinct individuals (exchangeability). But thanks to Proposition [ we know that

the neutral genealogies of individuals ¢ and j are nearly independent. Hence adding Proposition [I] leads
to

PO(NRGM U R2(:) V) N NRG) V) = (@142 + a1 (1 = 2))102 + Oxc (&),
Applying Propositions [l and Blin (9) yields

P(i,1) = (1 = @2)di a2 + 20192 + Ok (V) = p1 + Ok (Ve),
where we recall the definition of py in (LI3).

Finally, we get the asymptotic independence of the neutral genealogies of the d sampled individuals
during the first and third phases by applying the multinomial version of the de Finetti Representation
Theorem (see [8] Chapter 4 for a simple proof) to the result of Proposition @l The asymptotic indepen-
dence during the second phase follows from Proposition [2] as, with high probability, nothing happens.

5. NUMBER OF BIRTHS AND DEATHS DURING THE SELECTIVE SWEEP

_ In this section we derive some results on birth and death numbers of the population processes N and
N, needed in Sections B and [ to prove Propositions [ B and

5.1. Coupling with supercritical birth and death processes during the first phase. We are
interested in the dynamics of the process N, during the first phase, that is, before the time TX. The idea
is to couple this process with two supercritical birth and death processes, and deduce its dynamics from
well known results on birth and death processes. Recall the definition of the rescaled invasion fitness s
in (LI0), and for € < Sga/(2C4,4C4,6/Ca,a + Cy,q) define the two approximations,

20@ ACAa+Ca aCAA Ca ACAa
5.1 s — ’ ’ : —e=:5_(e) <s<sy(e)i=s+2————¢.
(5.1) FuCan () +(e) FuCoan
Then for t < TEK A SEK the death rate of a-individuals in the process N equals that of the process IV,
defined in (4] and satisfies

da(N(1))

(5.2) 1—s(e) < A 1—s+ %(NA@) —iaK) + %Na(zﬁ) <1-s_(e).

For SX <t < TX according to the definition of N in ([BIT), the death rate of a-individuals also satisfies

dX(NA(SE 7 )eape, N(1))
faNa(t)

(5.3) 1—s4(e) < <1-—s_(e).
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Hence, following Theorem 2 in [3] we can construct the processes Z_, (]\7 A4, N,) and ZF on the same
probability space such that almost surely:

(5.4) ZZ(t) < Nu(t) < ZF(t), forallt < TK,
where for * € {—, 4}, Z is a birth and death process with initial state 1, and individual birth and death
rates f, and fo(1 — s.(¢)).
Let o denote the time of the first hitting of [u] by the process N,:
(5.5) ol = inf{t >0,N,(t) = [u]}, weRy.

If for —1 < s < 1, Z®) is a random walk with jumps 41 where up-jumps occur with probability 1/(2 — s)
and down-jumps with probability (1 —s)/(2 — s), we introduce

(5.6) PO =L (291290) =1), ieN.

the law of Z(®) when the initial state is i € N and for every p € R4 the stopping time
(5.7) 7, =inf {n € Z,,Z = p|}.

5.2. Number of jumps of N, during the first phase.

5.2.1. Expectation of the number of upcrossings. Let us recall Equation [ and consider k < |eK|.
Then the number of upcrossings from & to k + 1 during the first phase is:

(5.8) UK(1) = #m, 75 < T, (Na (), Nalr0)) = (b b+ D),
where (1) stands for the first phase. Recall (B1]) and (5.1]), and introduce a real number A,
(5.9) A= (1= s (2)*(1— 55 ()2,

which belongs to (0,1) for £ small enough. We have the following result:

Lemma 5.1. There exist three positive finite constants ¢, Ky and ¢ such that for K > Ky and € < gq:
Ifj<k<|eK| andny € IX +1,

(5.10) En)A j)[Uk (1)] - 1—(1—s)leEl=k (1 — 5)kt1 e

s
Ifk<j<|eK| andna € IX £1,

1 K (1—s_(g)"
(5.11) Er, ) O (L] < T s (9)s2(e)

Ifk' <k<|eK| andna € IX £1,

(5.12) Covly), 5 UKW, UE )| < (A2 1),

(na,j)

Proof. The idea, which comes from [I8] and will be used several times throughout Sectionf is to compare
the number of upcrossings with geometric random variables. Suppose first that j < k. Then on the event
{TK < oo} the process N, necessarily jumps from k to k + 1. Being in k + 1, it either reaches |eK |
before k, or it goes back and then again from % to k41 and so on. We first approximate the probability
that there is only one jump from k to k + 1. As we do not know the value of N4 when N, hits k for the
first time, we bound the probability using the extreme values it can take. Recall Definitions (&3] and
(7). The upper bound is derived as follows:

(5.13) PO UKW =1) < sup P

K K
(na.d) 1 <ov)
na€lX+1

Jer)

_ o Peaen(TE <o) @)
- p = qk I
nactf 1 Py ki) (TK < 00)
where we use [#3]) and for (s1,s2) € (0,1)2

7)(51) <
(5.14) goren) o P (Tere < 7)

P (e < T0)
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E:L)A j)(U,g((l) =1) > q,(f*(a)’“(g)). In the same way, we can approximate the
probability that there are least three jumps from k to k& 4 1 knowing that there are at least two jumps,
and so on. We deduce that we can construct two geometric random variables G; and G35, possibly on an

Similarly, we show that P

enlarged space, with respective parameters q,(f*(g)’s’(s)) A1 and q,(f’(g)’s+(€)) such that
(5.15) G <UK(1) <Gy, as.
In particular, taking the expectation we get from (B
(L= (= s @) H)A - (1 —s (P _
@O — (A= (@) = Hoa
A= —s ()T - (1 —si ()
- s—(e)(1 = (1 = s4(e)) =K))

According to (LI0) and GI), 0 < s < 1 and |sy(e) — s_(e)| < (4C4,4Ca,4 + Ca.aCa 4)e/(faCa ).
Hence the last inequality and straightforward calculations lead to (B.I0).

(5.16) [0 (1))

Let us now assume that k < j. Then we have

-~ P, iy (TK < coloK < TEVP, , (o < TK
(na.j) (nAJ)(U/f <TF)= sup a) (T2 |7 e )P ma) (9 :)

Py WUFM) 1)< sup P ;
na€lX+1 na€lX+1 P(”A,j)(TEK < OO)

PPk <P P < i) (-5 ()7

PO (1 < 7o) RCINE)

where we again used ([{3)) and (BJ]). Moreover, the same proof as for (515 leads to:

3

-1
1 s ,S —
EQ HUEOIUEW) > 1] < (40O O) 7 <s2e),
where we used Equation (B3). This ends the proof of (E10]). The last inequality, (512)), has been stated
in [I9] (Equation (7.26)). O

5.2.2. Ezpectation of hitting numbers. Let us recall (5.8]) and introduce for 0 < j < k < [eK | the total
number of downcrossings from k to k — 1,

(5.17) DE(1) 1= #{m, & < T, (No(r), Na(r 1)) = (k= 1)},

and the number of hittings of the state k by the process N, before the time TEK :
(5.18) VEQ) == U (1) + Digy (1) = #{m, mh <TX No(rh_y) # k, No(m ) = k}.

Recall the definition of A. € (0,1) in (B9]). We can state the following Lemma, which will be useful to
get bounds on the number of upcrossings of the A-population during the first phase (see Lemma [B.4)):

Lemma 5.2. There exist three finite constants ¢, Ky and g¢ such that for K > Kg, e <egg and k' < k <

leK|:

(2= s5)(1 = (1= s)l=KI=F - (1 %)
s

EWVE(1)]-

< e, and |CovD(VE (1), VEQ))] < c(g+)\gk—k')/2)_

Proof. Under P(Y) the a-population size goes from 1 to |¢K |, thus the number of downcrossings from
k+1 to k is equal to the number of upcrossings from k to k + 1 minus 1. Adding (5I8) yields
vEW =K, )y+UE1) -1, PY —as.

We get the first part of the Lemma by taking the expectation and applying (5I0). The proof of the
second part follows that of (5.12), and once again we can find the details in the proof of Equation (7.26)

in [19)]. O
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5.2.3. Number of upcrossings during an excursion above or below a given level. We now focus on the
number of upcrossings from k to k + 1 during an excursion above or below [. Let us denote by o/<(1) the
jump number of the first hitting of [ before the end of the first phase: for | < |eK |,

(5.19) o (1) := inf{m, 75 < TEK, Na(TK) =1},

m

and for 1 < k,l < [eK| and ny € IX £1,

(5:20) U, D) = #{m < of (1), (N5, Na(75,1)) = (k. k+ D).
Then, if we denote by p. the real number

(5.21) pe = (1= 5-(e)*(1 = s+(e) 7,

which belongs to (0, 1) for £ small enough, we can derive the following bounds:

Lemma 5.3. There exist three positive, finite constants ¢, Ko and ¢ such that for K > Kg, € < &,
1<k<l<|eK] andna € IX £1,

1 1 _

EG) i UR ea(DIof (1) < 0] VE, UK (D] < enl .

Proof. Equations (B.5) and (B.6) in [19] state that for k <1 < [eK | and ny € IX £1,

1 _
PO ey Uk (1) = 1ol (1) < 00) < e(1 =5 (2))'7F,
and
1 1—s4(e)\l=k
[Pgn)A,k—i-l)(Uii7k7l(1) =1UE, 5 (1) > 1,00 (1) < o0) > C(ﬁt(&:))

for a finite ¢. By comparing UfA 7,“(1) with a geometric random variable we get the first inequality.
To bound the expectation of upcrossings from k to k + 1 during an excursion below [ we first bound
the probability to have at least one jump from k to k£ 4+ 1 during such an excursion. By definition, NV,
necessarily hits | — 1 during the excursion below [. Recall Definitions (£3), (53) and (7). Then for
every n4 in IEK +1,
[P(nAﬁl,l)(TgK < o0o|of < o )Pai—ny(of <of)
Plnai—1) (15 < o0)

(s+(2) (s—(2)) I—k—1

Py (Terxe <T0)P27 (T < 1) < (1-s5-(g))
/PZ(EE(E))(TEK < To) B S—(E) ,

1
[Pgn)A,l—l)(UI€(<UzK|UZK<oo) =

where we used (B.J). The next step consists in bounding the number of upcrossings from & to k + 1
during the excursion knowing that this number is larger than one: for ny € IX +£1,

p P k) (T < o0lof < of )Pk (0f < of)

(na,k+1)

(off <o) = =
Plna k1) (TE < o0)
pl(S—(a))(TEK < TO)PJS_](E))(TI < )

P (rex <0)

Y

> 5” (),

where we again used (BI). Hence on the event {US (1) > 1}, UX (1) is smaller than a geometric
random variable with parameter s (¢) and we get:

(15 ()~

e
s3 (¢) ’

(nA,l—l)

U] < s PG, 1) (U k(1) 2 1) <

n (nA,l—l) n

which ends the proof of Lemma O
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5.3. Number of jumps N, during the first phase. We introduce for k < |eK | the number of
upcrossings of the A-population when the a-population is of size k:

(5.22) UE (1) = #{m, 75 <TE Na(tE, ) = Na(rE) = 1, No (1K) = k}.
We are now able to get bounds for the expectations and covariances of these quantities:

Lemma 5.4. There exist three finite constants ¢, Ko and e such that for K > Ko, € <eg and k < |eK |,

k
ED K JanaKlogk < (1) K < 2 2
‘ [ E U; } T cK(1+¢logk) and Var ( Ezl U, (1)) < cK*(1+elog™ k).

Proof. The proof is based on the comparison of the A- and a-population jump rates. Let us first focus
on the a-population. For k < |[eK | and ny € IX £1,

POy (Na(68) # k) = Py g (T < 00| Na(68) = k £ 1P, 1y (Na(0) =k 1) /Py, 1y (T < 00)
< PELE(TE < 00)P iy 4y (Na(6t) = k£ 1)/PLEENTE < o0)

= % ((1 (1= fak+ (1 =) (1= (1—8)"") (Do + CaAﬁA)k)cSt

(5.23) = (14 ce)fa(2 — s)kdt,

for a finite constant ¢ and € small enough, where §t is a small time step and by abuse of notation we
did not indicate the o(dt)’s. We used the definition of P() in @3] for the equality, Coupling (54) for
the first inequality, (B) for the second one, and the equality Soa = fo — Dy — Ca a4 for the last one.
Reasoning similarly we get:

(5.24) (1= ce)fa(2— s)kdt <P, (Na(5t) # k).

Let us now focus on the number of upcrossings of the A-population. The definition of N in FI7) and
Bayes’ Theorem yield

(5.25) (1= ce)fanakot <PQ) o (Na(0t) =na+1) < (1+ ce) faniaKot,
for a finite ¢ and € small enough. Indeed, from Coupling (5.4) and Equation (B) we get the following
bound, independent of n4 in IX +1:

1-(-s ©F _p
T (T s ()T = 7

1—(1—s4(e))*
(1 <o) < T o T

Hence there exist two finite constants ¢ and g such that for every ¢ < &, if we introduce the parameters

1 fanaK fanaK 1
q,(cl)(s) ( ce) (2 —38)fak — ( ce)

2=s)fak " ¢P(e)
we can deduce from (G.23) to (B25]) that for k < [eK |

(5:27) 2 (Gf},i.”(a )<u’“ Z ( o) )

viEQ@) (1)

(5.26)

where for j € {1,2}, (G @) ()’ .7 € N) is a sequence of geometric random variables with parameter q(J)( )
A

independent of V% (1) (defined in (EI8)) for all [ < [eK |. Hence a direct application of Lemmas [£.2 and

leads to

(5.28) ’[E(l) [u,fu)} - ff:’;:kKu —(1—s)f = (1—s)lEKIR)| < ce%,

for a finite ¢ and ¢ small enough. This implies the first inequality of Lemma [5.4]

Let us now bound the second moment of (1) and the expectation of U (1)U (1) for k # 1. The
first upper bound follows again from a direct application of Lemmas and We get

om0 <e0[( T o, )] < 2 <0 (255,
k a
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for a finite ¢ and & small enough. A new application of the same Lemmas yields, for k < < [eK|

EQVEOVEQ)] (1 \(=k)/2 (fanaK)?
PoPe TR T

where we used that EO[XY] = EM[X]EM[Y] + CovP(X,Y) for any real random variables (X,Y).
From (5.27) to (B30) and (B.2) we deduce that there exists a finite ¢ such that for ¢ small enough and
k< |eK],

(5.30) EO [l uf ()] <

(5.31) ED [(éuﬁu)ﬂ <(1+ cs)(W)2 +eK?.

Reasoning similarly to get the lower bound, we obtain

(5.32) ‘[E(l) {(Xk:uf((n)z} - (w)z‘ < cK2(1 + elog® k).
i=1 a¥

Adding the first inequality of Lemma [5.4] we conclude the proof. O

5.4. Coupling with subcritical birth and death processes during the third phase. We couple

the process N, with two subcritical birth and death processes to control its dynamics. We recall the
definition of NX in [3I2) and introduce

(5.33) 5= Saal/ .
Let us define for € small enough,

M/IC o C M/IC o
(5.34) s Chn g () <5< (e) =54 AAT M Cla,

fa fa '

where M" has been defined just before Definition ([B.I0). Then, according to the definition of N in BI9),

we can follow Theorem 2 in [3] and construct the processes Y.", N and Y_" on the same probability space
such that on the event N

(5.35) Y(t) < Na(t) <Y (1), forall TX +t. <t <TK 41, + TN as,

where for * € {—,+}, Y* is a birth and death process with initial state N4(TX + ¢.) and individual

birth and death rates f4 and fa(l+ 5.(g)), and we recall that 720(1(,,4) is the analog of TéK’A) (defined in

(BII) for the process N.

Recall Definition (5.6, and let us introduce for i € N QZ(-S) = ’PZ-(is) and for p € R4 the stopping time

(5.36) v, :=inf{n €7y, 2% = |p]}.

5.5. Number of jumps of ]ffA during the third phase. Similarly as in (5I8) we introduce for
1 < k < |eK ]| the random variable V{(3) which corresponds to the number of hittings of state k by the

process N4 during the third phase. Recall Definitions B3), BI0) and (5:34). We have the following

approximations:

Lemma 5.5. Let u be in [wy,ws]. There exist three finite constants ¢, Ky and eg such that for K > Ky,
e<egand ng in JE £1, if |[uK| <k < |eK],

+s

3 2 _ WK | —
E(Dr 1 [VE B)] < (14 c2) = (1 + 5 () M),

and if k < [uK|,
2+s

S

ECn i) oy [V (3)] —

(1—(1+5)7F -1 +5)k K| <ce
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Proof. The proof is very similar to that of (&.I0), hence we do not detail all the calculations and refer to
the proof of Lemma[51l First we consider |uK | < k < |eK | and approximate under P®) the probability
for N to hit k before the extinction of the A-population. Indeed, if k& < |uk |, we know that N, hits
kEPGas. Let |uK| < k < [eK]. Then for every n, € JX + 1, Equation (B) implies

- Q(5+(5)) Vo < U Q(Ef(a)) Ve <
(5.37) P sy (Vo hits k) < — (o <ver)Qlure) e <o) 14ee
un e Q(LZ}((JE))(VO < Vek) (1+5_(g))k—luK]

for a finite ¢, € small enough and K large enough. The second step consists in counting how many times
the process N4 hits k during the third phase knowing that it happens at least once. Once again we will
compare this number with geometric random variables, by approximating the probability to have only
one jump. The following inequality follows the spirit of (5I3]). The only difference is that in the third

phase Ny is coupled with subcritical birth and death processes, whereas in the first phase N, was coupled
with supercritical birth and death processes. For every n, € JX £ 1 and k < |eK |,

Q,(ffl(a))(l/o < Vk)QEj7 (E))(Vk—l < Vky1) - (1—ce)s

(3)
P — > — — — .
QN (1 < 1) (2+35)(1— (1+5)F—(1+8s)k L=K])

(k na)(f\:fA(t) < k,Vt >0) >

We derive the upper bound similarly and end the proof by comparing the hitting numbers with geometric
random variables. For |uK | < k < |eK | we have to multiply the expectation of the geometric random
variables by the probability to hit k at least once, approximated in (537). O
5.6. Number of births of a-individuals during the third phase. Recall BI8) and let UX(3) be

the number of births in the a-population during the third phase when N4 equals k < |eK |

(5.38) U,f(?)) = #{m,TaK +t. < T"If < Telit,NA(Tg) =k, and {{Na(TK+1) — Na(Tnff) =1}

m
or {Na(Tis1) = Nal(rih), N (r5 1) # N@O(71).
We now state an approximation for the expectation of U, ,f( (3). We do not prove this result as it is obtained
in the same way as Lemma (.4} the birth rate of the a-population is close to f,7, K, the jump rate of the

A-population is of order (2 + 5)fak when N4 = k and the expectations of the hitting numbers for the
A-population are given in Lemma The only difference is that the A-population size can hit values

bigger than the initial value of the third phase, N A(TX +t.). However the probabilities to hit such values
decrease geometrically (see Lemma [5.5) and they have a negligible influence on the final result. Thus we
get

Lemma 5.6. There exist three finite constants ¢, eg and Ko such that fore < eg, K > Ky and k < |eK |

k _ k

fa K log k

‘[E@){ E UZK(3)} - fngTog <cK(1+elogk) and Var® ( g UZ-K(S)) < cK?(1 +elog® K).
i=1 i=1

6. FIRST PHASE

This section is dedicated to the proof of Proposition Il We prove that there are only four different
possible ancestral relationships of the two neutral loci and calculate the probabilities for the non-negligible
possibilities.

6.1. Coalescence and recombination probabilities, negligible events. Recall Definition 1] and
define, for j € {1,2}

7 =114 Lgjmoy(ra — 2rir2),  and 7 5 =172,
which denote the probability to have one (resp. two) recombination(s) somewhere before the locus Nj
(resp. before the locus N2) at a birth event.

Definition 6.1. For (a,a’) € A2, j € {1,2} and n = (na,n,) € N* we define:

pgcc’f,.)(n) := probability that two randomly chosen neutral alleles, located at locus Nj and associated respec-
tively with alleles o and o/ at time T | coalesce at this time conditionally on (Na, No)(7E_|) =n
K

and on the birth of an individual carrying allele a at time 7, .
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p(ofg, (n) := probability to have one (and only one) recombination from the a- into the o -population before
locus Nj conditionally on (Na, No)(TE_|) = n and on the birth of an individual carrying allele

a at time 7K

m *

pso’f)(n) := probability to have a double recombination under the same conditions

Then we have the following result:

Lemma 6.1. Let a € A, n = (na,n,) € N4 such that n, < [eK|, na € IX £1 and j € {1,2}. Then
there exists a finite ¢ such that,

ped (n) = _ 2 (1 _ M) () (n) = rifa

ad na(na + 1) fAnA + fana “ (na + 1)(fAnA + fana)
Proof. The proof of the two equalities can be found in [I9] (Lemma 7.1) as the expression is the same
for na € IX or dist(na,IX) =1 (where dist is the canonical distance on R). The only difference is that
we consider two neutral loci and have to exclude the double recombination case. Indeed, if there are
simultaneous recombinations the alleles located at SL and N2 in the newborn originate from the same

parent. The expressions of pff’aj)(n) in the case where ny € IX are also stated in [19] (Lemma 7.1), and

from the definition of N in BIT) we get that when dist(na, IX) =1, pffﬁ)(n) =2/n% and pff(’lj)(n) =0.
This ends the proof. (]

Next we focus on the recombination probabilities:

Lemma 6.2. Let « € A, n = (na,n,) € NA such that n, < |[eK|, na € IX 1 and j € {1,2,(1,2)}.
Then there exist two finite constants ¢ and €g such that for every e < gg,

ngg(n) _ T;fa(na - 1) , pg‘{g(n) _ Tj fAnA :
(na+1)(fAnA+fana) (na+1)(fAnA+fana)

j ce T2 2 T2
(6.1) p%(”) < m and (1 — CE)E Spfq,)q(”A,k) < na k< [eK]

Proof. The second equality is stated in [19] Equation (7.2).

Conditionally on the birth of an a-individual and the state of the process at the (m — 1)-th jump, the
probability of picking the newborn when choosing an individual at random amongst the a-individuals is
equal to 1/(n,+1). A recombination before the locus Nj (or before locus N1 and locus N2 if j = (1,2))
happens with probability r}, independent of all other events. Finally, the probability that the second
parent is an a-individual but is different from the first parent is equal to f,(ng —1)/(fana + fang). This
proves the first equality.

When ny4 € IX we get similarly that

I nag—1 . 5 fana

5 falna—1) and p? (n) i ’
(nA+1)(fAnA+fana) (nAWL 1)(fAnA+fana)
and from the definition of N in BID) we obtain that when dist(na, [X) =1, pfi)(‘(n) =ra(na —1)/n%
and pi{i (n) = 0. Condition (I completes the proof. O

ph(n) =

Remark 1. Let us recall the definition of IX in @BI)). Then there exist three finite constants c, €9 and
Ko such that for e < eg, K > Ko, j € {1,2,(1,2)}, na € IX £ 1 and k < |eK ],

r 4 r
— < p(na,k) < iy and pl(nak) < Jar2 ¢

Recalling the definitions of the mth jump time and the number of jumps in ([@I) and [E2]), we define
for j € {1,2,(1,2)}, m € N and an individual ¢ uniformly picked at the end of the first phase,

(6.2) (1 ce)

(6.3) (i) := {m < J¥(1) and the j-th locus/loci of the i-th individual is/are associated
to an allele & at the m-th jump time}.

The notation (wil),,, (&'i2),, here implies that the two neutral loci of individual i are associated to two
distinct individuals at the mth jump time, for any o, o’ € A.
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To approximate the genealogy of the neutral alleles sampled at the end of the first phase we will focus
on the recombinations and coalescences which may happen during this time interval. Keep in mind that
when looking at coalescing neutral loci, the parent’s type may differ from the type of up to one child.
We first prove that we can neglect some event combinations. Sample 2d distinct individuals uniformly at
the end of the first phase (maximal number of ancestors for the 2d neutral alleles sampled at the end of
the sweep) and define:

aAa: a neutral allele recombines from the a-population to the A-population, and then (backwards in
time) back into the a-population

CR: two neutral alleles coalesce in the a-population, and then (backwards in time) recombine into the
A-population

C'A: two neutral alleles coalesce and at least one of them carries the allele A at the time of coalescence

2R: a neutral allele takes part in a double recombination (i.e. a recombination before N1 and a

recombination before N2 at the same birth event)

R2a: a recombination separates the two neutral loci of an individual within the a-population

We can bound the probability of these events as follows:

Lemma 6.3. There exist three positive finite constants ¢, Ky and €¢ such that for e < ey and K > Ky

PO (ada) + PO(CR) + PD2R) + PO (R20) < ——,  and PO (CA) < LBE

log K K
Proof. The probabilities of events aAa, CR and C'A are bounded in [I9] Lemma 7.3 and Equation (7.19)
for the process N. But according to Lemmas [6.1] and [6.2] the coalescence and recombination probabilities
for the process N are very close or even smaller when dist(na, IX) = 1 than when N and N are equal.
Hence we just have to bound the probability of 2R and R2a. If a neutral allele experiences a double
recombination, it happens either when it is associated with an allele a, or with an allele A. From Lemma
and the fact that 71 and ro are of order 1/log K we get for k < |eK |:

(1,2) (1,2) ¢ (1,2) (1,2) ¢

sup (paa + 1, )(nA, k) < and  sup (p o TPp )(nA,k) < :
na€IK+1 A (k+1)log® K naercir VO A4 Klog? K

Recall the definitions of U (1) and Y[ (1) in (E8) and (5.22) respectively. As a birth of an a-individual

is needed to have a recombination from the a- to the a’-population, we can bound the probability to

have a double recombination by:

leK]|—1

[P(”(2R)§10g§K[E<1>[ ; (%Jr@ﬂ

By applying inequality (5I0) and Lemma 54 we succeed in bounding P™)(2R) by a constant over log K.
It remains to consider the event R2a of a recombination within the a-population. Define the first time
(with respect to the backwards in time process) that this event happens:

RWM () := sup{m, m < J¥(1) and both neutral loci of the i-th individual are

6.4
(6.4) associated to distinct a-individuals at the (m — 1)th jump,

where R,(ﬁl)(z) = —oo if the event does not happen during the first phase of the sweep. Then,

leK]—-1

=1

leK]—1
= > D POm < TN), Na(rh_)) =1 Na(7) = 1+ 1, (ail)m, (ai2)m, Ym' > m : (ail2)m)
=1 m<oo
leK]—-1

< S Y sw (pg?(nA,z)nv(” (vmzo:(am)m))[P(l)(mgJKa),Na(T,{i_l):z,Na(T,{g):m)

J+1
=1 m<oonA€I€K:|:1 (na )

leK]—-1
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by (GI0) and (G.2). O

To simplify the notations we will denote the union of all negligible events by

(6.5) NE :=aAa UCRUCAU2RU R2a.

6.2. The two loci of one individual separate within the A-population. Having excluded events
of small probability, there are exactly two ways for the neutral alleles of an individual sampled at the
end of the first phase to originate from two distinct A-individuals. The two possibilities were already
described on page[I0land represented in Figuredl The ideas which are pursued in this section are similar
to the ones from [2], but there are extra difficulties due to the randomness of the population size.

6.2.1. Fvent [2,1]7°7. The aim of this section is to prove the following approximation:

Proposition 5. Let i be an a-individual sampled uniformly at the end of the first phase. There exist two
finite constants ¢ and ¢ such that for e < e,

T2

lim su [P(l) 2,1T€Q _ _e—%logl_aKJ + 1 e_r148rT2 log\_EKJiH < ez,
msup [PO)(2,179) — [ 2 - <eve

We first give a preliminary Lemma before proving Proposition Recall (£2) and define for j €
{1,2,(1,2)} and m € N,
(6.6) R(i,j) :=sup{m,m < J¥(1) and the j-th locus/loci of the i-th individual

is/are associated to an allele A at the (m — 1)th jump time},

the last jump (forwards in time) when the j-th locus/loci of the i-th individual belongs to the A-population

Tec

(with sup ) = —oc). To prove Proposition [ the idea is to decompose the event [2, 1] according to the
different possible a-population sizes when the first (backwards in time) recombination between N1 and
N2 occurs.

(6.7) PU(2,1]%5) = PW(R(,2) > R(i,1) > 0)
leK )

= Z [P(l)(R(Zv 1) Z 07 R(Zv 2) > R(Za 1)7 NG(TII{(LQ)) = l)
=1

leK|—-1
= > PUO(RG,2) > R(i,1), Na(rh; ) = DPU(R(i, 1) > 0|R(5,2) > R(i, 1), Na(h; 5) = 1).
=1

In the following Lemma, which then gives rise to the proof of Proposition Bl we consider separately the
two probabilities of the above product:

Lemma 6.4. There exist three finite constants ¢, Ko and g such that for K > Koy, € <eg andl < |eK |,

(6.8)

e P

PO(R(i,2 1), No(mK. ) = 1) —
PO(R(,2) > BG,1), Nalrh ) = D) = s 0D < ook

and
-1
(6.9)  [PO(RG1) 2 0R(,2) > R(,1), NE () = 1) -
k=1

T1 1
s

s(k+1)°

Proof of Proposition[d. From Lemma [6.4] and Equation (G.7) we get the existence of a finite ¢ such that
for K large enough and e small enough,

leK]—1 -1

rec r _ritra o, LK) C\/E r _ T og =L
G0 PR < 3 |y gwl ST e
=1
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Rewriting the second term in brackets and applying Lemma [B.3] with ¢y /log N = r1/s yields:
-1
e—%log(l—l)EZLe%logk_’_c\/g < 6_%10g(l_1)(6%10gl—1+cﬂ) +C\/E
5 = E+1 s

< 1— e+ losl +cv/e,

for K large enough, € small enough and a finite ¢, whose value can change from line to line and which
can be chosen independently of I. We use in the last inequality Condition (CI]) which claims that
limsupg_, . 71 log K < co. Including the last inequality in (GI0) gives

leK]—-1

[P(l)([Q, 1]?465) < Z S(lri 1)6_I1—?2 log|eK | (erltm logl e%logl) T Ve,

for a finite ¢, K large enough and e small enough, where we again use ([LT]) which ensures that exponential
terms are bounded away from zero and infinity in the following sense:
1 ritra r1tr2

— <liminfe™ "= log|eX ] <limsupe >~ log|eK | <ec
C K—oo K —s00

for a positive and finite c. Applying again Lemma [B.3] we get:

|P(1) 2. 1]7ec) < ( T2 __—Mlog|eK]| 1 77‘1‘:7‘2 lOgLEKj) .
([ ) ]A,z) = \r; +ro € + 77‘1 +T2€ +C\/E

The lower bound is obtained in the same way. Notice that it is a little bit more involved as we need to
use (B2) in addition. O

The end of this section is devoted to the proof of Lemma

Proof of Equation (6.8). We can decompose the event {R(7,2) > R(i, 1),](7@(7}5(1.,2)) = [} according to
the jump number of the (backwards in time) first recombination. Recall the definition of NR(i)(") on
page We will use this event with a different initial condition for (N4, V,), which will not necessarily

be (|naK|,1). It will however still correspond to the absence of any recombination before the end of the
first phase. We recall conventions (L9) and ([@3]). With the definition of («ik),, in ([63) we get

(6.11) PW(R(i,2) > R(i,1), Na(Th; 5) = 1)
= > PY(m < K1), Na(ris 1) = 1=1, Na(75) = 1, (ai1) 1, (Ai2)pm—1,¥m < m/ < TH(1) 1 (ai12)m)

m—1
m>1

<2 sw PR DR, (VRGD) PO m < JK(1), Na(rif_0) =1 = 1, Na(rif) =1

m>1 ’n,AEIEK:I:l

= swp {pnal - DR, (VROHD) JEDUE, (1),

naelX+1
and the same expression with the infimum on ny € IX £ 1 for a lower bound. Adding @.2) and (AT)
yields,

2
l+1
T2

< (1
= ( + C\/E) ) e

for a finite ¢, £ small enough and K large enough, where we used that (1 + r2)log K is bounded. We
similarly get a lower bound and end up the proof of Equation (68)) by applying (&.10). O

leK]

(em o S L e BEV U, (1)

PU(R(i,2) > R(i, 1), Na(Th2) =1) < (1+ce)

— T2 160 #[E(l)[Uzifl(l)]’

Proof of Equation ([69). We will decompose the event considered here according to the value of N, when
the first (backwards in time) recombination occurs. Let us denote by (X (1) the jump number of the last
hitting of k < |eK | by N, during the first phase,

(6.12) GE(1) = sup{m, 75 <TK N,(v5) =k},
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and recall (5.19). Then we can define the events

(6.13) NR(l,&,1) := {the first locus of individual ¢ sampled at jump time TgK
does not recombine from the a- to the A-population between 0 and TgK }

where & € {¢f(1),0/(1)}. Similarly as in (€I, Bayes’ rule leads to:

(6.14) PM(R(i,1) > 0| R(i,2) > R(i, 1), Na(7f; 5)) = 1)
leK |
= Z PO(R 0, Na(Th1y)=k | R(i,2) > R(i,1),Na(Th(; 2) = 1),
LEKJ

< Z ( sup pgljg(nA,k: )[P&) k)(NR(l,o,i)))S(k,l),
k=1 na€lX+1

where for the sake of simplicity we have introduced the notation
Sk,1):= Y PO(m < R(i,2), Na(ri_1) = k = L Na(rhy) = k | Na(7f;2)) = ).
m<oo

The lower bound is obtained by taking the infimum for n4 in IX + 1 and replacing o by (. To lighten
the proof, we bound the probability in the brackets for both & and ¢ in Lemma [A1] Equation (A2]).

First we prove that with a probability close to one the a-population size is bigger when the (backwards
in time) first recombination occurs than when the second, of locus (i, 1), occurs. Note that by (B.I0) and
Lemma 53] there exists a finite ¢ such that for every | < k < |eK |:

Sk, 1) <ED[UEMD)] sup EY
(k1) U ( ]nAezgi (AL d+1)

[Uvﬁ,l,k—l(l)blK( ) < oo < cpfl,

where we recall that p. < 1 for £ small enough. Hence, recalling (614) and (62)), we obtain for k > [

leK] k I
(1) c
PY(R(i,1) > 0, NE (7'R(Z 1) = UR(4,2) > R(i, 1), N, (TR(l o) =1) <cr kzl;rl Ek: < log K’

for a finite ¢ and e small enough, which entails

PO (R(i,1) > 0| R(i,2) > R(i, 1), N, (7'R(Z ) =1)

!
(1) , 1
sup  poa(na,k—1)FP NR(l,0,i)))S(k,l +O(—).
Z( i (o iy (VR(L0,0) ) S0, 1) +0 { 1o
We therefore can ignore all k£ > [ in the sum in (6.I4]) and continue with the case k& < [. In this setting,
we can bound the sum S(k,1) as follows:
EOWEL () = sup EQ) ) U

na,l—1 n
nAEIEK:tl ( A )

e (DIED[OF (D] < Sk, 1) < EV[UEE (1)),

Bounding the difference between the two bounds above within Equation (IB:IE) then yields

nAGIK:tl

I
1)
Z - sup [E(m,l 1)[Uvﬁ,l rt(MIED TR ()] < e kz_: K’

for a finite ¢ by (IBZI), (EI0) and Lemma B3l As a consequence,
!

(1) (1) . (D)rrK 1
sup  p, TLA,I{/’ 1) NR Z,O',’L ‘S k,l —E U 1 ‘ <O( )a
ot (n cr ! A( ) (’nA k)( ( ))) ( ) [ k 1( )] 1 K

and thus we can work with E[UX | (1)] as an approximation for the sum S(k, 1):

PM(R(i,1) > 0| R(i,2) > R(i,1), Na(7f; 2) = 1)

l
(1) . (W) r7K 1
< E u — 1P NR(l,o U N+ 0 .
= (HAEIE 1paA(”Aak ) (na, k)( (@, ,z))) [Ux=1(1)] (log P()
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Reasoning in the same way to get a lower bound and using (6.2) and (A.2) we get the existence of a
finite ¢ such that for K large enough and e small enough,

-1

PO(R(i, 1) > 0|R(1,2) > R(i, 1), NS (rf,5) = 1) - %e—%log%[ww,f(n] < ey
k=1
Applying (EI0) and (B2) yields Equation (69). Notice that we have replaced 1/k by 1/(k + 1). We
used Condition (LI)) to do this. O

6.2.2. Fvent [12,2]"7¢. Recall the definition of [12, 2]f{ on page[[0 This section is devoted to the proof
of the following result:

Proposition 6. Let i be an individual sampled uniformly at the end of the first phase. There exist two
finite constants ¢ and ¢ such that for e < e,

_f
Ot log|e K]~ T2 log|eK] _ ,— A2 log|eK]

1—e"
lim sup |PM 12, 2”C —-r +
K—>oop ([ ] ) ! r+ e T1 +T2(17fA/fa

Proof. As the proof is very similar to the proof of Proposition Bl we will be very brief here and only give
the ingredients. Let us introduce for [ < |eK | the event:

”<c\/_

(6.15) RA(l, i) »= {[12,2]’57 | R(i,2) = R(i,1) > 0, N, (TR(Z y) =1}

Then we can rewrite the probability of [12,2]7¢¢ as follows:
leK]

(6.16) PO([12,2%5) = > PUO(RA(L,1))PW(R(,2) = R(i,1) > 0, NS (rf; 1) = D).
I=1

Apart from the point of recombination, the second probability in the above sum coincides with the
probability studied in (6.8]) and we obtain for e small enough and K large enough,

(6.17)  sup |PW(R(i,2) = R(i,1) > 0, NS (rf, 1) = 1)—
I<|=K]

K|-1 I4+1
rl(l_(l_s)lﬁ . _(1_8) )e——”irz log# <ec \/g ,
s(l+1) log K
for a finite ¢, when substituting r5 by r1 in the fraction which mirrors the recombination probability. The
probability of RA(l, ) is derived in Lemma[AT]l Inserting (GIT) and (A3]) into (GI6) yields

leK]
PO < 3o (1—e B el T i oz
=1

mt?‘Z logle K| _ 1 6T1+T2*SfAr2/fa, log|leK| _ 1:| \/_
— +cve
1+ 172 r14re— fara/fa

where we again applied Lemma to express the sum in a different way, and used the finiteness of
limsupg_, . (r1 + r2)log K assumed in Condition (LIJ). Reasoning similarly for the lower bound and
rearranging the terms end the proof of Proposition [Gl U

IN

_ritro €
re —2 log|eK | |:

6.3. Proof of Proposition [1l
Event R2(i)("): By definition and from Lemma [63]

PO (R2(1)V) = PO(R(i,2) > 0) — PD(R(3,1) > 0) + O(lof(K)a

where R(i,1) and R(%,2) have been defined in (G.G). But these probabilities have already been derived
in [I9] Lemma 7.4, and we get:

POR2(1)V) = (1 — q1g2) — (1 — q1) + O (e) = 1 (1 — @2) + Ok (€),

where O (g) satisfies [7T)).
Event R1|2(i)(9%9): By definition (see page [IT)

PO(R1J2(3)97)) = PO ([2,1155) + PO (12.2055)
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The result then follows from Propositions Bl and

Event R12(i)(V): From Definition ([GI5) and Equation (A3]) we obtain for K large enough,

[eK]
PU(R12(1)M) = > (1= PWO(RA(L4)))PY(R(i,1) = R(i,2) > 0, Na(1f; 2)) = 1)
=1
[eK] K|—l I+1
_taraegl—(1—s)l —(1-s) — AT 1o LK)

= fa s

r1;e FIESY e —|—OK(\/_)
_ 1 7T—2f—AlogLsKJ _nitry log|eK |
= s + O ,

r1 412 — farz/ fa (e ) K(Ve)

where we again used the statement of Lemma [B3] to substitute the sum, as well as Equation (B.2).

Event NR(i)"): From Lemma 6.3}

PONRGE)D) =1 — POR2()D) — PO(R12(1) D) — PO (R2(5)V) +O(10}5{K).

This ends up the proof of Proposition [l O

7. SECOND AND THIRD PHASES

This section is devoted to the proofs of Propositions 2l and

7.1. Proof of Proposition 2 We need to show that two distinct lineages picked uniformly at the end
of the second phase coalesce or recombine during that phase only with negligible probability. Let us
recall the definition of the jumps 75X in ([@I]) and denote by UX(2) the number of upcrossings of the
a-population during the second phase:

(7.1) UR2) = #{m,TX <78 <TE + 1., No(7E 1) — No (7)) = 1}.
Let us introduce the event C’EK :

CE = {TK < SEKYN{NEK(t) > 2K/4.v TK <t <TK +t.}.
In particular on the event CX | for TX < 7K <TK 4+ and j € {1,2}

() 8r; K 32
Paa(N (1)) < o and PGP (N () < Yo

Then if we recall the definition of NR(i)?) on page [Tl we have for m € N,
. 8(r1 +1r2)\™
(1) @K (9) — 0 Ky > (1
(7.2) PO(NRG)P|UK (2) = m, CK) > (1 S )
But for K large enough, log(1 — 8(r1 4+ 72)/(e2K)) > —10(r1 + 72)/(¢2K) and hence

PONRGPICE) = (1-POOFE) > KloglogK|C§))eK1°g1°gK1°g(1_&?27¥2))
> (1-POUR(2) > Kloglog K|CK) )= 85

According to Condition (L)) the exponential term is equivalent to 1 when K is large. Moreover, by
@3), NX is smaller than 27, K on the time interval [TX, TX +t.] with probability close to 1. When this
property holds, we can bound the birth number U (2) by the sum of 272, K iid Poisson random variables
with parameter f,t.. The strong law of large numbers then yields

Jim PO WK (2) > Kloglog K|CK) =
—00

Applying again 3] to get limgoP(CE|TE < 00) =1 finally gives
lim P(NR(i)?|TE < o) = 1.
K—oo

The coalescence part in Proposition [2] can be proven in the same way.
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7.2. Proof of Proposition Bl The proof of the asymptotic probability of R2(i)(9%) is the same as for
(A.3), except that the roles of A and a are exchanged. Hence we do not give more details. Note however
that it extensively uses Lemma 5.6l Let us now focus on the event NR(i)(®), and introduce

NRA(i )(3) = {no neutral allele of individual i recombines from the a to the A population}.

Recall the definitions of P(®) and UX(3) in @3) and (538) respectively. We decompose the probabilities

according to the number of upcrossings of N, during the third phase and get in the same way as in (Z2),
for m € N

PONRAG U (3) = m, (T < FHN 5Ky > (1 - LAy

where we recall that 720(1(,,4) and i(K’A) are the analogs of TO(K’A) and TE(K’A) (defined in (BIT]) for the

process ]if . But for K large enough and e small enough,

falry +ro)e
Fo(fia — M7z )QK) —2/a

Hence we get for a finite constant ¢ and e small enough:

PO (NRAM®) > (1 - [p<3>(UK(3) - &\EK)) oxp ( ~ 2fa(n +f:;)2\/glogK)

(1 _ \/E[ifl)(g;(?))]) (1 2fa(r1 +f;21)2f10gK) (1 — eVa),

where we used Lemma [0.0] and that (r1 + r2)log K is bounded (Condition (LII)).

(7‘1 +7ra)e
fan2K

log (1 —

Y

The proof of the last part of Proposition Blis very similar to that of Proposition 2l The key arguments
are that the expectation of the birth number of a-individuals during the third phase under P®) is of
order K log K (Lemma [5.6]), whereas the probability for two neutral alleles associated with an allele a to
coalesce is of order 1/K? at each birth of an a-individual (Lemma [G.1]).

8. INDEPENDENCE OF NEUTRAL LINEAGES

This section is dedicated to the proof of Proposition @l We sample d distinct individuals uniformly at
the end of the first phase. We recall the definitions of the genealogical events during the first phase on
page [0 and introduce:

R(12):= > 1gippaes, R(1):=RAR2)+ > lgippo and R(2) + > dgay
1<i<d 1<i<d 1<i<d

From Proposition[Ilwe know that R(1), R(2) and R(1|2) are sufficient to describe the neutral genealogies
at the end of the first phase up to a probability negligible with respect to one for large K. Let j, k,[ be
three integers such that [ < j and j 4+ k < d. We aim at approximating

(8.1) p(j: k1) - =P(R(1) = j, R(2) = j + k, R(1]2) = [T < SF)

= P(R(1) = j|IT < SE)P(R(2) = j + kT < SX,R(1) = j)
P(R(1[2) = IITX < SX R(1) = j. R(2) = j + k).

The approximations of the two first probabilities are direct adaptations of Lemma 5.2 and the proof of
Proposition 2.6 in [I§], pp 1623-1624. More precisely, Lemma 7.3 in [19] which states that with high

probability two neutral lineages do not coalesce and then recombine (backwards in time) allows us to get
an equivalent of Lemma 5.2 (with J = 0) in [18]:

d 4 ,
p(r(1) = 1T < 55) — (D) ELF (0L~ Ry 1T < 559 < o
J
for € small enough, where c is a finite constant,

Fy ==P(R(i,1) > 0|((Na, No) (7

n
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and R(i,1) is defined in (60). Then Equations (7.21), (7.23), (7.24) and (7.26) of [19] yield
limsup [E[F (1~ F)*|T5 < SK]— (1 - q1)gf"™)| < ce,
K—oo

where ¢; has been defined in (LIZ), which allows to conclude

d o
(32) imsup [P(R() =517 < 55) = ()1 = )] < es

K—oco

for € small enough where c is a finite constant.

The derivation of the second probability, P(R(2) = j + k|TX < SK R(1) = j), follows the same
outline. The lineages where N1 does not escape the sweep can be seen as lineages where SL and N1 are
the same locus and the recombination probability between SL — N1 and N2 is ro. This is due to the
independence of the recombinations between SL and N1 and between N1 and N2. Hence we can rewrite
the probability as follows:

P(R(2) = j + kTS < SX,R(1) = j) = P(R(2) — R(1) = k|T < SE,d— R(1) = d — j).
We can then directly apply the result [82]) for the law of R(1) and get:

. . . d—7j i
83t [P(RE) =+ HTE < s R0 =) - (1) 0= @) < s

K—o0 k

for € small enough where ¢ is a finite constant and g2 has been defined in (I2]).

The derivation of the last probability in (81]) is more involved but follows the same spirit. First note
that we only have to focus on genealogies where N1 escapes the sweep. Hence the derivation of the
probability comes down to the derivation of P(R(1|2) = I|TX < SK R(1) = j). The idea is to propose an
alternative construction of the process with the same law and where we add the recombinations between
N1 and N2 at the end:

e First we construct a trait population process (N4, N,) with birth and death rates defined in (4]

e Second we "add” the recombinations between SL and N1: at each birth event we draw a Bernoulli
variable with parameter r; to decide whether there is a recombination or not. If there is a
recombination, the parent giving its neutral allele at N1 is chosen with a probability proportional
to its fertility (fa or fa).
After this step of the construction we know the genealogies of the d neutral alleles at N1 sampled
at the end of the sweep. We label (i1, ..., 7;) the j sampled neutral alleles at N1 which experience
a recombination between SL and N1 in their genealogy.

e Third we "add” the recombinations between N1 and N2 sequentially in the lineages where there
is already a recombination between SL and N1: we first follow backward in time the lineage of iy
and at each birth event we draw a Bernoulli variable with parameter ro to decide whether there
is a recombination or not, and choose the parent of neutral allele at N2 as in the second step.
Then we do the same with the lineage of i2, and so on until the lineage of .

e Finally we ”"add” the recombinations between N1 and N2 in those lineages which were not marked
with any recombination between SL and N1.

Such a construction generates a process distributed as the original process and facilitates the study of
the dependencies between lineages (i1, ...,7;). According to Lemma [6.3] with high probability there is
no recombination between SL and N1 after (backwards in time) a coalescence at locus N1 among the d
sampled individuals. In the same way, there is no coalescence at locus N1 after a recombination between
SL and N1 in the A-population (this is due to the large number of A-individuals; similar proof as for
the last probability of Proposition[Bl Hence if we introduce

NC(j) := {there is no coalescence between lineages (i1, ...,7;) at locus N1},

we get:

P(R(1]2) = [|TX < S5, R(1) = j) = P(R(1]2) = IITX < SK,R(1) = j,NC(j)) + O(MgTK)'
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With the construction of the alternative process we can also define sequentially for 1 < k < j:
NC(j, k) := {there is no coalescence between lineages (i1, ..., %) after completion of the
process of adding the recombinations between N1 and N2 in the lineage iy }.
Then, if we introduce for 1 <k < j and § € {0,1}
{ri, = 0} :={there is 6 recombination between N1 and N2 in the lineage iy},
then for (81, ...,d;) € {0,1}7

Pri, = 0k, 1 < k < j|T < 85, R(1) = j) =
log K
[T Plri, = 8ITX < SK,R(1) = j,NC(j), NC(j 1), ..., NC(j, k = 1)) + O 222 ).
1<k<j

Indeed, the probability that the event NC(j, k) is not realized after witnessing the recombinations between
N1 and N2 in lineage i) has order log K/K according to Lemma 63l But for 1 < k < j,

(84) P(ri, = 8T < SK,R(1) = j, NC(j),.., NC(j, b — 1))
_ P(ri, =05, R(1) = j, NC(j), ..., NC(j, k — 1)|T* < SK)
P(R(1) = j,NC(), - NC(, k — DITE < 5K)
_ P(ri, = 0, R(1) = j|TF < SE) — P(ri, =0, R(1) = j, (NC(j) N ... NNC(j, k - 1))°|TF < SE)
P(R(1) = JITK < SK) — P(R(1) = j, (NC(j) N .0\ NC(j,k — 1)F[TK < SK) |
and according to Lemma and Coupling ([BI4), there exists a finite ¢ such that for K large enough
and e small enough,

P(NC() M. ANCG.k — D)TE < 55) < (28 42).

As P(ry, = 6, R(1) = j|TX < SK) does not go to 0 when K goes to infinity, we get

log K
[P(rik = 6k|T€K < SsKaR(l) :jaNC(j)a ...,NC(j,k/’—l)) = Ip(rik = 67€|T8K < SEK’R(l) :])+O( Of( +5)

P(R1[2(i),) 199 |TK < 5K log K
P(R(ir, 1) > 0|TX < SK) K
1—q—gs l—q—gs log K
) o5 ),
k s +( k) - a + O K +e€
where we recall the definition of R(iy,1) in (B8], the definition of R1|2(ix)*9%) on page I and we used
Proposition[Il Adding Equations ([82]) and ([83]) we finally obtain:

skt = (Ma-apad ("o () (1 L) () okt

n! . .
n—j—k 1— k j—l 1— o l 9] )
This ends the proof of the independence between genealogies during the first phase.
The derivation of the asymptotic independence of neutral lineages during the third phase is an easy
adaptation of Lemma 5.2 and the proof of Proposition 2.6 in [I8], pp 1623-1624 as with high probability
two lineages do not coalesce during this phase. (I

P(R1[2(ix) 9| TK < SK)

=4
""P(R(ix, 1) > 0]TK < SK)

(8.5) —

APPENDIX A. LEMMA [A ]

Recall the definition of NR(i)(!) on page [0, and Definitions ([GI3) and (EI5). Then we have the
following approximations for large K.

Lemma A.1. There exist three finite constants ¢, Ko and €y such that for every K > Ky and € < gg

K
(A1) sup PY (NRGED) - exp ( _ntr, %)‘ < v,
S

N
naclK+1,1<|eK]| (na.)
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-1
(A.2) sup sup ’[PE;) p(VR(1,7,1) — exp ( — 2 log )‘ < cv/E,
re{¢,0} naclK+1,k<I<|cK] ak k
(A.3) sup ‘[P(l)(RA(l,i)) - (1 - exp( Jar logl))‘ < ey
I<[K] fa

Proof. Let us introduce the sigma-algebra generated by the trait population process
F = O’((NA, No) (5, 7K < TEK)

We use some ideas developed in [I8] and extended in [2] towards the two-locus case. The proof, although
quite technical, can be summarized easily: for (g,b,¢,d, f) € [Ri_, the Triangle Inequality and the Mean
Value Theorem imply

lg—e "1 <lg—e [+ lc—dl +|d— fl+|f -0l

Hence for every random variables (X1, X») € R% and measurable event C:

POCIF) — e < [pOE1F) - e 4 X0 - o
+[ X — EV )| + [EV ] - %m%’.
By taking the expectation and applying Jensen and Cauchy-Schwarz Inequalities, we obtain:
(A4) ‘[P(U(C’) — et log 15 ‘ < [E“)‘D’(”(CU-“) e Xy [E(l)‘Xl - XQ‘
+ v/ Var(Xa) + [ED[Xo) - ntr 1og@’.

l

Hence the idea is to find the appropriate random variables (X7, X5) € [R%r to get small quantities on the
right hand side.

Proof of Equation (AJ): The first step consists in working conditionally on F, describing this probability
as a product of conditional probabilities close to one, as well as in deriving a Poisson approximation. To
this aim, we define for m € N:

9(12)(m) = 1{755T§}1{Na(m)71\7a(7 D= 1}(17((1,3 +P( ))(NA,N )(Tim—1)»

where we recall the definition of the pg) in Definition Notice that Remark [l p. 21l implies that for

o

pe{l,2},nacIXt1andl < |eK],

(A.5)
-1 [E(l) UK(l) 00 -1 |E K(l)
_ _(na )7k V7 (1) (12) _ ”A _(nah) 7k \7/
(1 CE)(T1+T2)p(}; (k+ 1) ) = [E(nA,z)L;(e (m>1{Na<rfrf><l}>p} < (ritrs) (; (k+1)° )

Then, similarly as in [I8], we have for ny € IX £ 1 and | < |eK |

1 1
PO S(NROWIF) = [T - 092 (m)), BY | —as.
m=1
If we introduce the variable,
T )
m=1
which will play the role of X; in ([(A4]), we get by following the path of Lemma 3.6 in [18]:
1 1 = Cc

(A.6) E o] H =002 (m)) — exp(—n12)| < B ) [ D002 (m))?] < -y

m=1

for K large enough, na € IX £1,1 < |eK | and a finite ¢ (which can be chosen independently of 1), where
we used Equations (5.10) (5.11) and (A.H), and Condition (L)) for the last inequality. Next we introduce



32 GENEALOGIES OF TWO NEUTRAL LOCI AFTER A SELECTIVE SWEEP

an approximation of the random variable n(*?) | namely

(A7) =D 0 MLy, ()2, 00)

=1

which will play the role of X5 in ([(Ad). For ny € IX £1 and [ < [eK|:

(1) 12 ~(12 2
(A.8) 0<E,., (™) — 7)) [ Z 60 (m M), ()<
-1
T1 +7’2 (1—s_(g))* (r1 +12)
A9 <
(4.9) Zl k + 1T =T

for a finite ¢ and € small enough, where we used (A5) and (5I1) for the first inequality, and (B.2)) for
the second one. This latter ensures that ¢ can be chosen independently of I. The expected value of 712

can be bounded by using (AF), (5I0) and (B-2)

leK] -1 leK |~k k+1
(1) (12) . 1 1 — (1 — S) — (1 — S) .
E )2 0 =) 4m) 3 g - ce)
14+ T2 |eK | c
Al > (1 — I —
(A.10) > (1-ee) g 2 e

for a finite ¢ and e small enough. For the upper bound we get similarly,

+ K
(A.11) [EE?A ) [77(12)] < (14 cs)% log LEZ J

The last step consists in bounding the variance of 7%, As the calculation of this variance is quite
involved, we introduce an approximation of 7?), namely

00 leK]|—
ry 412
Z Th_1) (0)}1{Na(ff,§)*1\7a(fﬁ,1):1}N (rK Z
a m— :N

m=1

Equation [B32) yields (1 — ¢)71? < 7(12) < 5012) for a finite ¢ and & small enough. Hence

1 1 . 2
(A.12) ’vargn{w (2 _varl® | (12>’ SCE[EEnL,nK”(u)) }

leK|-1

EOUL (1)) + ED[UEW)?] _

< ce(r 4 ry)? (k+ 1)(K +1) a

k=l

where we used (515) and (B.3) which ensure that U/ (1) is smaller than a geometric random variable

with parameter q(s @51+ > 5 (¢). Thus it is enough to bound Var&)A l)ﬁ(m). Thanks to (5.12) and
Condition (LI we get:

leK|—1 (1) K K

Varl) 700 = ()2 3 G0V Ui (1), Uy (1))

(nasD) R (k4 1) (K +1)

leK]—-1

S 2(7’1 + 7’2)2
k<k'=l

AF=R/Z o log|eK |

< +elogleK|).
CESVCESVERST= S
Recalling (A-12) and again Condition (I.IJ), we finally obtain

(A.13) hmsupVargn)A 1)77( 2 < e,
K—o00
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for a finite ¢ independent of I and & small enough. Applying ([(A4) with X; = 7'? and X, = 7(?) yields

p )(NR( )(1)) —ntr2 jog LEKJ‘ [Eg:l)“ ’ ]._.[ 9(12) exp(—n(m))

(na,
1 _ / ) - 1 _ 1+ leK ]
+ IEETL)A,l) [77(12) - 77(12)] + Vargn)A,l)n(lm + ‘EEH)AJ) [77(12)] - s 1Og l .
We end the proof of Equation (AJ]) with Inequalities (AZ6), (A8), (AI3), (AI0) and (ATI).

Proof of ([(A2): There is a supplementary difficulty due to the randomness of Na(rg(m)). In the previous
case we were interested in an event before the first hitting of [¢K |, while in the current case, the
conditioning on the value of Na(Tg(i,Q)) does not tell us how many times N, has hit this value before.
This is why we have introduced NR(l,0,i) and NR(l,(,) in (GI3). Define for m > 1,

0 (m) =1 s cqmey L ey (e =1y Pad (Na, No) (7).

We again condition on the trait population process and get for ng € IX 1 and k <1 < [eK |,

ol (1)
(A.14) P W (NR(Loi)F) = ] (1-0Dm)), P, —as.,
m=1

and the same expression with o replacing (. We define the corresponding parameters for the Poisson
approximation as follows:

) o (1) . ¢
771( A Z 0 (m), and 77( )t Z 0 (m
m=1 m=1

They will play the role of X in (A4]). We will show that both can be approximated by:
1) ¢
(A15) ~( Z 0 1) l{N (O)<N (rE)<ip>

which will play the role of X5 in (A4). Recall Definitions (5.8), (517) and (520). On the one hand, for
na € IX+1and k < |eK],

¢
ED [0 — 0] = g
E i =Enak) [ Z 0 (m) (U () <y +1{NK<TK>>1})}
k—1
S[E(l)[Di((l)]Z sup pgfi(”AJ) sup [Egn)Ak 1)[U Ak]( )]
j=1 nAEI nAEIEKil
|=K]
(A.16) +EOWE W] Y sup ph(narg) sup  EL LUK e (1) < o,
j:l+1nA€I§ naelX+1

where we used that in the first phase, under P(); the number of excursions below k (resp. above [) is
equal to DE (1) (resp. UK (1) — 1). Applying Inequality (510), Lemma 5.3, and Equation [2), we get
the existence of a finite ¢ such that for ¢ small enough:

leK] \ |
Fw 1)+ _ § : ¢
(nA k) [77 Tll - — logK
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as pe € (0,1) for e small enough and by Condition (II). On the other hand, by using the same results

as in (A16), we get

D W () e " W
ol =i < B | 2 0 eman 3 00 e ]
m=1 m=o] K1)+
k—1 k—j -1 1—j
ik pt ) c
< < .
= crl(j_1j+1+j_zkj+1 = log K

This shows that it is sufficient to use ﬁl(l) for the Poisson approximation. From (A.6) we deduce that
this approximation holds true up to terms of order 1/log® K. Recalling once again (AZ), we see that
it only remains to calculate the expected value of ﬁl(l) and to bound its variance. The expectation can

be approximated in the same way as the expected value of 771(12) from the previous part in (AI0) and

(A1)

-1
(A.17) (1- cg)r—1 log °_ <W
s

~(1)] [—1
ko logK — (nak) '

[771 <(1+ CE) log %

A comparison of the definitions of 77( ) in (AIH) and 72 in (A7) shows that the variance of 77( ) can
be bounded by the same expression, that is, a constant times €. This ends the proof of Equation (A22]).

Proof of Fquation (A3) It can be done in a similar way as for Equations (AJ)) and (A.2). We have the
following lower and upper bounds:

W ot (1)
(1) I [1 - s Na)] < 1 - PORACDIF) < H 1= pA(Va, No) (7).

Once again we aim at deriving a Poisson approximation. As a birth event in the A-population is needed
to see a recombination within the A-population, bounds on the expected number of jumps will concern
the process N4 and we have to use Lemma 541 O

APPENDIX B. TECHNICAL RESULTS

This section is dedicated to technical results needed in the proofs. First we recall a well known result
on the hitting times of birth and death processes which can be found in [I8] Lemma 3.1:

Proposition 7. Let Z = (Z;)i>0 be a birth and death process with individual birth and death rates b and
d. Forie 7", T; =inf{t > 0,Z; =i} and P; is the law of Z when Zy = i. Then for (i, j, k) € Z% such
that j € (i, k),
1—(d/b)’""
1— (d/b)k—t"

We also recall Lemma 3.5 in [I8] and the first part of Equation (A.16) in [I9] which are used several
times:

(B.1) P,(Tk < T;) =

Lemma B.1.
o Ifa>1 thereis a C such that for every N € N,

(B.2) Yoo« Ca”

e Recall Definition (5I4). Then for (s1,s2) € (0,1)% and k < [eK |,
(B.3) q,(cslAS”lv&) > 81 A Sa.

Finally, we state two technical results. The first one can be proven by using characteristic functions,
the proof of the second Lemma is given below:
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Lemma B.2. Let V be a geometric random variable with parameter py and (G%,i € N) a sequence of
independent geometric random variables with parameter pa, independent of V.. Then the random variable:

Z = ZGi
i<V
is geometrically distributed with parameter pips.

Lemma B.3. Let (cy, N € N) be a bounded sequence of R. Then there exists a finite constant ¢ such
that

k=1 _°N_jog]
. elos N logN e
lim sup sup ‘ E _ o (elogNN gk _1)| < ¢
Nooo k<N [+1 cN

1=1
Proof. We prove the Lemma for a sequence (cy, N € N) in R* and extend the result by using the
convention

(“g_N(ekf;VN logk _ 1)) — log k.

CN ‘CNZO
The idea is to compare the sum with the integral

k
/ zloéVN_ld:C:lmg—N(elogNNIngil)'
1 CN

Let I be in {1,..., N — 1}. Then we have

l+1 c (—fN c c (jiN
R e (A LR L il
. I+1 CN logN [ +1
SN
_ IOgNllocgJVN((1+l)logN _1_ CN )
cN l (I+1)logN

An application of the Taylor-Lagrange formula yields that
(1+ 1)% N N ( ey _1)L(1+x)%*2
l llogN = log N \log N 2[2
where x belongs to [0,1/1]. As the sequence (¢y, N € N) is bounded, we deduce that there exists a finite

constant ¢ such that .
I+1 iy
_°N__q &
xleN " dr — ‘ < .
‘ /l ’ I+1l= 2
This ends up the proof of Lemma [B.3l O
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