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SELECTIVE SWEEP AND THE SIZE
OF THE HITCHHIKING SET
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Abstract

Just after the fixation of an advantageous allele in the population (this spread is called
a selective sweep), the neutral genes close to the site under selection tend to have the
same ancestor as the gene under selection. However, some recombinations may occur
during the selective sweep and break the link, which reduces the number of hitchhiking
alleles. We consider a large selection coefficient o and extend the results of Etheridge,
Pfaffelhuber and Wakolbinger (2006) and the work of Pfaffelhuber and Studeny (2007)
about genetic hitchhiking, where the recombination rate scales with «/logo. We first
describe the genealogy at an arbitrary number of partially linked neutral loci, with an
order of accuracy of O (1/(log @)?) in total variation. Then, we use this framework to
obtain an approximate distribution for the size of the hitchhiking set at the end of the
selective sweep, with the same accuracy.
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1. Introduction

We study the allelic diversity of neutral genes close to a site under selection, immediately
after a selective sweep, when an advantageous allele quickly spreads in the population until its
fixation. Selection tends to reduce the diversity of these genes. Indeed, if no recombination
event occurred in the region separating these genes from the selected gene during the selective
sweep, all the individuals in the population would carry the same alleles as the ancestral
individual (the original carrier of the beneficial mutation) at the end of the selective sweep.
However, because of recombinations, the loss of diversity is less and less radical as the distance
from the selected locus increases. This concept of genetic hitchhiking has been highlighted by
Maynard-Smith and Haigh [10] and is the topic of a number of studies [2], [16], [17], [11].
In particular, the complexity of this phenomenon induces a need for approximations that yield
quantitative information [2], [14], [16].

These considerations motivate us to introduce the concept of a hitchhiking set. We define the
hitchhiking set as the set of contiguous alleles located close to the selected site that share the same
ancestor as the site under selection (a more precise definition will be given in Section 3.2). The
knowledge of the joint genealogy of the neutral genes allows us to reconstruct the hitchhiking
set of individuals at the end of the selective sweep. The measure of the size of the hitchhiking
set is a very interesting tool for phylogenetic studies: since the fixation of the advantageous
allele is very quick, few recombinations happen during the selective sweep and, consequently,
the hitchhiking set is bigger than under neutrality. Thus, under the hypothesis of constant
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recombination probabilities along the chromosome (for example, the considered region does
not contain arecombination hotspot, which is a small portion with highly elevated recombination
rate [11]), detecting large hitchhiking sets can be a way to detect positive selection. With similar
arguments, Sabeti et al. [15] used the evolution of extended haplotype homozygosity along the
genome to deduce that two genes involved in resistance to malaria are under selection. Depaulis
and Veuille [1], Hanchard et al. [6], Hudson et al. [7], and Wang et al. [18] also based their
statistical tests of detection on haplotypes.

We consider a model with a single selected site and we ignore the effects of mutation (at
the selected site or elsewhere) during the selective sweep. In case of strong selection and
when the recombination rate scales with «/(log o), where « is the rescaled selective advantage,
Etheridge et al. [2] recently obtained an approximate formula for the genealogy at a single
partially linked neutral locus, with an order of accuracy of @(1/(loga)?) compared to the
Wright—Fisher model. Pfaffelhuber and Studeny [13] used some of the results of that work to
describe the genealogy at two partially linked neutral loci, with the same order of accuracy.

The present work begins with an extension of the results established by Pfaffelhuber and
Studeny. With the same accuracy of @(1/(log@)?), we obtain the full description of the joint
genealogy of a number, 2m, of partially linked neutral loci (m > 1), m located at one side
and m at the other side of the site under strong selection. In this part, our analysis is based on
the methodology of [13]. However, not only do we correct some imprecisions, but we need
novel observations and calculations necessary to cover the case of several neutral genes in the
proof of Proposition 13 as well. We then use these results as well as some results established
in [2] to calculate an approximate distribution for the size of the hitchhiking set, with the
same accuracy. We made simulations under the exact model of evolution to see how well our
approximations perform. The results are presented in Section 3.3. We can see that the error
due to approximations is very small when the size of the sample is small.

The paper is organized as follows. In Section 2 we present the evolutionary model, describing
the evolution at the selected site and the modeling of coalescence and recombination events. In
Section 3 we present the two main results of this work and some numerical comparisons.
In Section 4 we construct the approximate model obtained by successive approximations,
neglecting events whose probability is @ (1/(log)?), and we give the proof of Theorem 1.
Section 5 is dedicated to the proof of Theorem 2. Section 6 contains the technical proof of a
proposition needed in Section 4.

2. Model of evolution

2.1. Notation and hypotheses

The population is assumed to be haploid and of constant size 2N.

We consider the genome (or its subregion) as a single chromosome with a succession of
genes. We make the hypothesis that one of these genes, denoted by Ry, is under a selective
sweep (see Section 2.2 for precisions) and that its location is known. We use it to initialize the
location of all the genes, denoting by O the locus of this gene. Let m be the number of genes
to the right and to the left of Ryg. We denote by Ry, ..., R, the genes to the right of Ry and by
R_,,, ..., R_j those genes to its left, as shown in Figure 1.

Recombinations may arise along the genome. The rate of recombination between R, and
R,, —m + 1 < a < m, is denoted by p,, and is assumed to be constant in time. These rates
depend on a because they depend on the length of the DNA between R,_; and R,. Indeed, the
larger this gap, the more recombinations may happen within this gap.
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FIGURE 1: Model for the genome. The gene under selection is Ry. There are m neutral genes to the right
and to the left of Ry. The recombination rate between loci a — 1 and a is denoted by p,, —m+1 < a < m.

Remark 1. The results can be easily extended to a continuous chromosome on [—1, 1] with a
continuum of loci. In this case, recombinations occur during the evolution process according
to a Poisson process on Ry x [—1, 1] with intensity p d¢ x dx.

2.2. Evolution at the selected site

First of all, let us describe precisely the evolution at locus 0. We assume that reproduction
in the population follows the Wright—Fisher model. At the beginning, all the individuals have
the wild-type allele b of the gene Ry. Att = 0, a new allele B appears in one individual.
Compared to b, this allele has a selective advantage denoted by s. We make two assumptions:
no other mutation occurs at this locus and B is fixed in the population after a finite time 7', so
that nobody carries allele b after time T < oo. This process is called a selective sweep and T
is its duration.

Let X, be the proportion of B in the whole population at time # > 0. With this notation,
T =inf{r > 0; X; = 1}.

To model the evolution of X;, we make the approximation that the size of the population is
infinite and we assume that limy_, o, 2s N = o, where o € (0, +00). Rescaling time so that
2N generations become one unit of time and conditioned upon fixation of the allele B, (X;);>0
is the solution of the following stochastic differential equation:

dXt =C(Xt(1 —Xt)COth<%Xt) dt+\/2X[(1 _Xl‘)th’ XO =0, (1)

where W is a realization of the standard Brownian motion (see [5]).
We are interested in the case where 1 < «.

2.3. The different ways of recombination and coalescence

We consider a sample of n individuals taken at the end of the selective sweep (i.e. att = T).
We consider 2m + 1 loci from each of them.

We denote by r, , the allele of gene R, of individual p, —m < a <m,1 < p < n. For
simplicity, we identify r, , with the integer an + p, sothatan + 1, ..., an + n correspond to
the alleles of the sample for gene R, (see Figure 2).

Going back in time from 7 = T to t = 0, coalescence and recombination events occur. Note
that until the end, we will always look back in time, so that if two events A and A, happen at
time 71 and #p, respectively, and if 11 > t,, we will say that A happens before A».

First, we describe the coalescence events. Because of the hypothesis that no mutation
happens for the gene under selective sweep after the one which created the advantageous allele
at t+ = 0, we think in terms of structured coalescence [8], where individuals carrying allele b
cannot coalesce with those carrying allele B. Thus, coalescence events are only allowed for
two individuals carrying the same allele at locus O.

Recall that X; is the proportion of B in the population at time .
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FIGURE 2: For —m <a <mand 1 < p <n, the allele r,,, of gene R, of individual p is identified with
the integer an + p.
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B Ta-1 P ‘{ Ta, P
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FIGURE 3: The event (B " b, a) for a > 0. Genes R, ..., R, originate from an individual carrying b,
whereas R_,, ..., R, originate from an individual carrying B.

Two individuals carrying B coalesce at rate 2/ X, (this event will be called coal B), and two
individuals carrying b coalesce at rate 2/(1 — X;) (this event will be called coald) [2].

‘We now focus on the recombination events, which are independent of the coalescence events.
For any ancestral individual, we care about the alleles present at locus 0 and the genetic material
that is present in the sample at the end of the selective sweep. Several kinds of recombination
may occur, according to the place of the recombination and the allele which is present at locus 0.
For —m + 1 < a < m, we define the events (B I" b, a) and (B I’ B, a) if the individual carries
B,and (b7 B,a) and (b T b, a) if the individual carries b, as follows.

Consider the event (b " by, a), where by and by can be either B or b. For an individual
carrying b atlocus 0, arecombination happens between the loci @ — 1 and a, and the ancestor for
gene R, carries by at locus 0. In other words, ifa > O ora < 0, genes R, for —m <c <a—1
have to originate from an individual carrying by or, respectively, b, and genes R, fora <c <m
come from an individual carrying b, or, respectively, b1. An example is given in Figure 3.

For any individual carrying B or b, the rate of the events of type (B I’ b, a) or, respectively,
(b7 b,a)is p,(1 — X;) at time ¢. Indeed, the recombination occurs between the loci a — 1
and a at rate p,, and the ancestor for gene R, is chosen from the population carrying b, whose
proportion is (I — X;) at time ¢. Similarly, the rate of event (B I B, a) or, respectively,
(b7 B,a)is pgX; at time .
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We have to pay attention to the number of recombination events occurring during the selective
sweep. If the number of events is negligible, we expect to find (almost) no variation in the data.
If the number of events is excessive, we expect a neutral pattern. Since the duration of the
selective sweep is of order O (log/«) (see [2, Lemma 3.1]), we choose the rates p, to be of
the order «/ log . Then the number of recombinations during the selective sweep is not trivial.
We let p, depend upon « as follows: for each —m + 1 < a < m, let y, be a fixed positive
number and let p, = y,«/log .

Given all these events, we construct the genealogy of the sample at time ¢. The genealogy
7 (t) of the alleles at time 7 is a marked partition (an asterisk is added to denote marked blocks)
of {—mn+1, ..., (m+ D)n}. In previous work [2], it was said that two alleles are in the same
block if they have the same ancestral allele. Here we consider the evolution of several genes, so
we say instead that two alleles are in the same block at time ¢ if their ancestral alleles are carried
by the same individual at time . We mark the blocks corresponding to ancestors carrying B at
locus O at time ¢. In this way, we finally obtain the ancestral marked partition 7 (0).

Since the rates of the various recombination and coalescence events depend on (X;)o<;<7,
to obtain the distribution of the ancestral partition, we will first describe the conditional law of
7 (0) given (X;)o</<7, and then average over all the paths X = (X;)o<;<r. We denote this
final distribution by I".

3. Main results

3.1. Approximate model

From now on, for any tree, a branch denotes an edge connecting two consecutive nodes of
this tree.

Consider the following procedure.

1. Start with the partition r = {{-mn+ 1, —(m — Dn+1,...,mn+ 1}*, ..., {—-mn +
n,—(m—Dn+n,...,mn+n}}

=az=m, 1=p=

2. Draw (Ug,p) —m+1<a<m, 1<p<n independent Bernoulli variables with parameter

y L)
1-— - - .
exp< logazﬁ)

=1

If Uy, = 1, realize the event (B ' B, a) for the individual p. This produces a new
partition 7/, with |7’/| = |7| + Za’p Ud,p-

3. Simulate a Yule tree with rate « until it has |« | leaves.

4. Extract a subtree Y| of |'| leaves, which are uniformly chosen among the |« | leaves
of the simulated Yule tree.

5. On each branch of the subtree, independently put a label r representing the recombination
events on the branch according to the following probabilities:

Pr=(1.....r) =[] A=p2(1.....r.0)) [ ... 0)
c€fry,....rq} cg{ry,....7q}

@)
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with
%3
Ye 1 .
exp| — =) ifryy <c < rigt1;
, p( logae;rlﬁ) o = = Tiotl
pelz((rla"-vrq)ac)z K_Z]
Ye 1 .
exp| — — otherwise,
p( log o ; E)
where iy € {0,...,q} denotes the unique index such that r;; < 0 < r;41 (we set
ro=—-mandryy; =m+1).

6. Determine v” according to the following equivalence relation. For any j,k € {—mn—+1,
..., (m 4+ Dn}, let JT} and 7, be the blocks of 7" respectively containing j and k.
Let —m < ¢ < d < m be such that j and k are respectively alleles of gene R, and gene

Ry (even if it means exchanging j and k).

Consider the subtree of Y/ joining ]T;- and 7/ to the root of Y, : T M (in the
following we will use thick lines to denote branches that we will have to pay attention
to).

We have j ~ k if and only if one of the following conditions holds true.

(i) ¢ = d and there exists ani € {0,...,qg + 1} suchthatr; < 0 < rj;1 — 1 and

ri <d < riy1 — 1 forthelabelson % 7%, i.e. if no recombination brings either
J or k into background b before the coalescence of their lineage on ¥/, owing
toanevent (" b,a),0 < |a|] < |d].

(ii) ¢ < d and there exist iy, iz, i3 € {0, ..., g + 1} such that

o7, <0<rj+1—landr, <c <ry41 — 1 forthelabelson % 7,

e 7, <0<ri41—landr, <d <ri,41 — 1 for the labels on % ;

A

o ri; <c <d <rj41 — 1 forthelabelson % 7

i.e. if no recombination brings either j or k into background b before the coales-
cence of their lineages on Y,/ (owing to an event of type B ' b), and if, after
coalescence, no recombination occurs between the two loci (owing to an event of
type (BT b,a), c <a <d,or,ifcd > 0,anevent (BT b, a), |a| < min(|c|, |d|),
followed by anevent (b " b, a), c < a < d).
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7. Let I'y = {{wp}*, " \ {=7}}, where 7y = (U {jalleleof R,: there existsi €

a=—m

{0,....,g+ 1}, ri <0<riy1 — 1, andr; <a < riy; — 1 for the labels on ”f} is the
nonrecombinant block, that is, the marked block.

We write I'y for the distribution of the ancestral partition under this model, defined on the
set of the partitions of {—mn + 1, ..., mn + n}.

Recall that I is the distribution for the ancestral partition under the Wright—Fisher diffusion
model, considered as the exact model.

Theorem 1. We have dry(I',I'1) = O(1/(log (x)z), where dty denotes the total variation
distance.

Section 4 will be devoted to the proof of Theorem 1.

3.2. Approximate distribution for the size of the hitchhiking set

We consider a sample of n individuals taken at the end of the sweep. For each individual,
we define the hitchhiking set.

Definition 1. The hitchhiking set of an individual is the set of loci (the selected site included)
between the last recombination B " b on the left of locus 0 and the first recombination B " b
on the right of locus 0.

We are interested in the size, H, of the hitchhiking set.

We use symbols to specify whether an allele comes from the ancestral individual where B
appeared: an allele is symbolized by a circle if it comes from this individual and by a diamond
otherwise. The size of the hitchhiking set can then be seen as the length of the block of circles
containing Ry. For example, in Figure 4 we have H = 6.

Note that the size of the hitchhiking set may be smaller than the total number of ‘circle’
symbols. An example is given in Figure 5, where H = 3, but four alleles are inherited from
the initial carrier of B.

For simplicity, we assume that y, does not dependona: y, = y forall —-m + 1 < a < m.
We draw a sample composed of n individuals at the end of the selective sweep. For 1 < p < n,
let H), be the size of the hitchhiking set for individual p. We study the joint distribution
of Hy,..., H,. To write our approximate joint distribution, we have to define N-valued
rglndom variables. For 1 < p < n,leth, € {I,...,m+1}. LetU. , = U.Yp + 1, where
U.p, 1 < p =< n, are independent random variables of binomial distribution with parameters
(hp — 1,1 —exp((—y/loga) Y1, (1/0))).

B~ B B~BB- B
. B i NN
0 | R
Br~b Haplotype B~b BrbBrb
length

FIGURE 4: An example of the size of the hitchhiking set. The circles and diamonds respectively mark
alleles inherited from an ancestor carrying B and an ancestor carrying b at locus 0. Here, H = 6.
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FIGURE 5: An example where the size of the hitchhiking set is smaller than the number of alleles inherited

from the original carrier of mutation B. The gene under selection is at locus 0. The studied individual,

located at the bottom of the figure, carries four alleles symbolized by circles, whereas the size of the

hitchhiking set is equal to 3. The filled symbols correspond to the genetic material carried by the studied
individual.

GivenU. p = up,letYs p, ..., Yy, p be N-valued random variables such that

P((Y2,p =Y2,ps s Yup,p = yup,p))
hy,—1\""
_ 1f1§y2,,,<~-~<yup,p§hp—l;
up — 1
0 otherwise.

We set y1,p =0, Yu,+1,p =hp,and U = Z;zl U.p.
Let S and F be two N-valued random variables, conditionally independent given U = u,

defined respectively on {0, ..., u} and {2, ..., |«]} as follows. Forall0 < s < u,
1
— ifs =0;
log(oz) k
1 .
— ifs = 1;
PS=s|U=u)= log(a) Sk 3)
1
ye - if2<s<u-—1;
log(a) s(s — 1)
yu 1 if s = u.
log(a) u — 1
Forall2 < f < |«],
—u—=1)---(f =1
PR < f Uy Y@= =) @

(f+@—=1)---(f+1)
Given up, Yap,1 <a <up, 1 < p <n,and 1 < k < m, let O be the cardinality of
{(a, p); Ya+1,p < k}.

Theorem 2. We have
hy

h
P(H; =hy,...,H, = hy) = Z-.-ZP(Hfzkl,...,H,f=k,,)

k1=1 kp=1
XPH =hi —ki+1,...,H = hy—ky + 1),
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where (H K, R H,f) and (H{, ..., H)) are two independent, identically distributed vectors.
For any individual p, HIZ and Hf; stand for the restriction of its hitchhiking set to {0, ..., m}
and {—m, ..., 0}, respectively.

The distribution of these random vectors is easily deduced from

P(H > hy,...,H >h,) = E[(q((éj)) [Z (G)S"ﬂ +1— (max(hy, ..., hy) — 1)q(U)>
S k=1

n U. p+1 1
_ p=I1 Zazz (Ya.p_l) (9
X PF-1 ]+ (10got)2 ,

where q(U) = (Uy /loga) Y-V='(1/€) and pr_ = exp(—(y/loge) Y"1 (1/0)).

Remark 2. Note that the selected locus is present in both of the restrictions. This is why
we have to consider P(H; =hp —kp +1) instead of P(H;7 = hj, — kp) in the convolution
formula.

Section 5 will be devoted to the proof of Theorem 2.

3.3. Numerical results

In this subsection we present some numerical results to confirm that our approximations
perform well.

We consider two examples. In both examples, we chose N = 10000 and s = 0.1, that is,
a = 2000. In the first example, we set p = 42, whereas in the second example we set p = 100.
Note that 1/(loga)? =~ 0.0173.

We implemented a program which simulates recombination and coalescence events during
the selective sweep as explained in Section 2, without any approximation and using a dis-
cretization of the diffusion (1). We obtained the corresponding size of the hitchhiking set. We
simulated 30 000 genealogies for each value of the set of parameters. The following tables and
figures compare the empirical distribution with our approximation.

In Tables 1 and 2 we compare our approximation of the size of the hitchhiking set restricted
to {0, ..., m} to the simulations with p = 100 and p = 42, respectively, when n = 1. For each
length we give the value of P(H] = hi) according to our approximation and the estimation
obtained from the 30 000 genealogies. The value for the last locus, 1 = 10 for p = 100 and

TABLE 1: p = 100, « = 2000, and n = 1

hy Approximation ~ Simulations A x (log a)?
1 0.336 0.321 0.826
2 0.240 0.220 1.086
3 0.161 0.150 0.635
4 0.104 0.103 0.029
5 0.065 0.067 0.087
6 0.041 0.045 0.277
7 0.025 0.032 0.393
8 0.016 0.022 0.306
9 0.011 0.012 0.075

> 10 0.002 0.027 1.467
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TABLE 2: p =42, =2000,and n = 1

hi Approximation ~ Simulations A x (logot)2
1 0.149 0.149 0.006
2 0.132 0.130 0.081
3 0.115 0.109 0.335
4 0.099 0.096 0.179
5 0.084 0.082 0.150
6 0.071 0.066 0.295
7 0.060 0.059 0.075
8 0.050 0.048 0.150
9 0.042 0.041 0.040
10 0.035 0.034 0.052
11 0.029 0.031 0.110
12 0.024 0.025 0.046
13 0.020 0.020 0.000
14 0.016 0.018 0.104
> 15 0.075 0.093 1.046

hy =15 for p = 42,is P(H| > h). We can see that our approximation is very close to the

exact distribution.

In Tables 1 and 2 we also give the ratio of the absolute difference A between the two results
over 1/(log «)?. With this rescaling, we can see that the constants hidden behind the O's remain
small and that our approximation performs well.

Note that the half-length of the 95% confidence interval due to the Monte Carlo method is
bounded by 1.96,/0.5 x 0.5/30000 = 0.0057 < 1/(log)?, so the error due to the Monte
Carlo method is not significant.

We have also checked that the order of the approximation is @ (1/(log«)?) whenn = 1. To
do this, we carried out the same calculations as in Tables 1 and 2 with different values for «
while y = ploga/a remained constant. We fixed y = 100 x 1og(2000)/2000 ~ 0.38, and
we studied the cases « = 10000, @ = 2000, « = 500, and o = 200. For all the sizes between
1 and 9, we obtained A x (log «)? < 1.5 (results not shown). So the approximation error of
O/(og «)?) cannot be improved.

Moreover, we also analysed the quality of our approximation when n = 3 and n = 5.
Because the probabilities of the various n-tuples are generally smaller than 1/(loga)?, we
calculated the probabilities of the events {H| {>hy,...,H >h,} whenl < by < ... <
h, <9for p € {42,100}, n € {3,5}, and m = 8. The results are presented in Tables 3 and 4.

Table 3 shows the repartition of the values of A x (log a)? for the 50 most probable events,
the others being negligible, when n = 3 and p = 100, for the 78 most probable events when
n = 5 and p = 100, and for the 162 most probable events when n = 3 and p = 42. Again, we
can see that the approximation performs well.

Unfortunately, for the approximate model, as already noted in [14], the approximation does
not perform well as soon as the size of the sample is greater than 5. This remark is also true for
our approximation when n = 5 and p = 42, as shown by several examples in Table 4.

Moreover, a star-like approximation is sometimes used for the genealogy at the selected
site [9], [16]. This approximation, whose order of accuracy is only O (1/(log«)), leads to
a simpler formula for the size of the hitchhiking set because recombinations independently
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TABLE 3: Repartition of the values of A x (log «r)? for the most probable events, when n = 3 and p = 100,
n=>5and p =100,and n = 3 and p = 42.

n 0 Minimum Maximum Mean Variance
3 100 0 3.03 0.65 1.32
5 100 0 4.65 1.13 1.70
3 42 0 6.07 1.54 2.76

TaBLE 4: Comparisons between our approximation and simulations when p = 42 and n = 5. We present

values of P(Hl’ >hy,..., HS’ > hs) for various values of (411, .. ., hs5) and the absolute difference scaled
by (log@)2.
(hi,...,hs) Theorem?2 Simulations A x (log oe)2
(1,4,4,4,6) 0.2331 0.1669 3.8225
(2,2,3,4,5) 0.3454 0.2437 5.8743
(2,3,3,6,6) 0.2098 0.1458 3.6981
(3,4,4,6,8) 0.0940 0.0765 1.0132
(4,4,4,5,5) 0.1778 0.1298 2.7772
4,5,6,7,8) 0.0234 0.0446 1.2244
(5,5,5,5,5) 0.1188 0.0941 1.4269

impact the individuals of the sample: under the model presented in [9], the distribution of the
size for each individual is geometric with parameter 1 — exp(—y), i.e.

n
P(Hy > hi,..., Hy > hy) = exp(—y >y - 1)).
p=1

We compared this formula to our approximation and the simulations for various values of n
and (hy, ..., hy) (30000 genealogies have been simulated in each case). We chose o = 2000
and p = 100 (y = 0.38). The results are presented in Table 5. We have to keep in mind
that we do not know the constants in @ (1/log«) and O (1/(log Ol)z), so we are not sure that
the error for our approximate model is smaller. However, the numerical results show that our

TaBLE 5: Comparisons between our approximation, simulations, and the star-like model when o = 2000
and p = 100. We present the value of P(H| > hy, ..., H; > hy) for various values of n and (h1, . .., hy)
in the three cases.

n (hy,...,hy;) Theorem?2 Simulations Star-like model
3 2,2,2) 0.4414 0.3963 0.3198
3 (3,3,3) 0.1609 0.1558 0.1023
3 (3,3.4) 0.0964 0.1052 0.0699
3 2,4.4) 0.0941 0.1011 0.0699
5 2,2,2,2,2) 0.2735 0.2626 0.1496
5 2,2,2,2,4) 0.0795 0.1227 0.0699
5 2,2,2,3,3) 0.0956 0.1349 0.0699
5 2,2,2,3,4) 0.0222 0.0922 0.0478
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approximation is in general better than the star-like tree approximation. This is due to the fact
that a recombination may impact on an ancestor of several individuals of the sample. This
dependence between individuals is not taken into account with the star-like model.

4. Construction of the approximate model and proof of Theorem 1

4.1. Evolution at the neutral sites

In this section we assume that X = (X;)o<;<7 is given. We explain how to model the
transition events with independent Poisson processes.

The rates given in the following paragraph are those for a single lineage. The first idea would
be to consider a single Poisson process per lineage. However, the number of lineages under
consideration at any specific moment depends on the past events. So we will define independent
Poisson processes such that at any given Poisson jump time, we will choose uniformly at random
among the living lineages, the lineage undergoing transition at this moment. This choice is
modeled by independent random variables W, given below. Since the events of type (B I’ b, a)
and (b I b, a) have the same rate but occur under two mutually excluding conditions, we use
the same Poisson process ?pb,a to account for both types. Note that we could also combine
(BT B,a)and (b T B, a)inasimilar Poisson process. However, as we will see in Section4.2.1,
the probability of events of type b " B is negligible, so these events will not be taken into account
in the approximate models.

Let (‘C_C()a]B, <T_coalb’ <r_r>;,’a, (‘L'_},VB,H, and (‘C_BVB,H, —m + 1 < a < m, denote Poisson
processes, which are conditionally independent given the random frequency path (X;)o<;<7.
Since recombination and coalescence events are considered back in time, these processes are
defined for the reversed time 8 =T —t from 8 =0to B = T:

2m + 1 2
(F conts (B)op=r has rate 7 T D" at time .
- 2 XT,ﬁ
2m + 1 2
(T coalv(B))o<p=r has rate @mA+Dmy 2 at time S,
- 2 1 —Xr_g

(T rba(B))o<p<r hasrate np,(1 — X7_p) attime f, —m + 1 < a < m,

(ThrB.a(B)o<p<ts (T Brp.a(B))o<p<r have rate np, X7_p at time B, —m +1 < a < m.

We then denote by TcoalB, Tcoalb> Trb.a> TbrB.a» and Tpr g 4 the Poisson processes defined for
t €10, T1bY Teaun(®) = Teoun(T = 1), eoun(t) = Teoats (T = 1), p(t) = Trp(T 1),
TprB(t) = T ppp(T — 1), and tppp(t) = T prp(T —1).

Let

Weoals = (Wonpdsees  Weoats = (Wmpdsenes  Weba = (W) sen,
Wirg.a = (W}jii)B’a)SGN*’ and WgrBa = (Wl(;rzg,a)seN*v
for —m + 1 < a < m be sequences of independent discrete variables, specified as follows:
Wc(g;l g and Wc(gilh are uniform on the set of pairs of elements of {—mn + 1,..., (m + 1)n},

with cardinality
2m+ n
’ ;

while Wr(z)a, Wéslfba, and WI(;,BB , areuniformon {an +1,...,an+n}, —-m+1<a <m.
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We assume that Wc(gde, Wc(gzdb, ng))’a, Wb(sﬁ)B,a’ and W};ggya, —m+1<a<m,seN* are
also independent of (X, tcoalB, Tcoalbs Trb.a> ThP B,as TBPB.a» —M + 1 < a < m).

To construct the ancestral genealogy, we consider the successive jumps of the Poisson
processes. More precisely, suppose that a jump occurs at ¢t = ty (i.e. 8 = T — 1o for the
reversed time). Let 7t(tar ) be the genealogy just before the jump. Denote by m; the block of
Jr(t(;r ) containing allele j, which will be identified with the ancestor of j att = tO+ .

If the jump corresponds to the sth jump of <r_c0a1 B or (T_Coalb, we choose a pair (j, k) of alleles

according to the realization of WC(S;] g Or, respectively, w)

" coalp- 1f J and k are respectively the
smallest elements of 77 ; and 7r¢, and if both 77 ; and 7 carry B or b, i.e. both or, respectively, none
of them are marked, then the two blocks coalesce and the new block is marked or, respectively,
not marked. Otherwise, nothing happens.

Note that we only consider the case where j and k are the smallest elements in order to avoid
size biasing.

If the jump corresponds to the sth jump of (t_m,,a, we choose an allele j from the realization
of Wﬁ(f?),a. If j is the smallest element of 7; N {an + 1,...,an + n} then 7; splits into
wiN{—mn+1,...,an}and; N{an+1,..., (m+ 1)n}. When r; carries Borbanda > 0,
only the first block or, respectively, none of the blocks will be marked. When 7; carries B or
b and a < 0, only the second block or, respectively, none of the blocks will be marked. This
event is of type (B I’ b, a) or, respectively, (b T b, a).

Finally, if the jump corresponds to the sth jump of <T_br’ B.a OF T BrB.a>» W€ choose an
allele j from the realization of W,ESV)B’ 4 O, respectively, ngsg .- If j is the smallest element
of m; N{an + 1,...,an + n} and if 7; carries b or, respectively, B, then 7; splits into
amiN{—mn+1,...,an}and 7; N{an +1,..., (m + 1)n}. When a > 0, only the second
block will be marked when 7 carries b and both of the blocks will be marked when 7; carries
B. When a < 0, only the first block will be marked when 7; carries b and both of the blocks
will be marked when 7; carries B.

In this way, we obtain 7 () from ﬂ(tg_) and (Weoa1B» Weoatbs Web,as WorB.a» WBrB.a)- An
example is given in Figure 6.

1
- 321,123} x 04,8 Wgpp =5
AT NS S R i I (L0 10481 W,
e {-3,-2,-1,1,2,3,5,6,7}* {04.8)% W2 n={-3.1}
coalB -r————"7FF""~¥""~""~""~"~"fr~—"FY+V7—-"—T7"TF"77T7"7"7T""77"~"""~">"™"™"™"™"7 =
- (=3,-2,12,5,6)* {-1,3.7}* [0.4.8} Wyppo=4
T[,r’gg()(l) -r-———""~"~>""~"~®>"~"">""¥["~"~"""~™"™"™""™"™"™""™"°99~"~""™"™/"/""7/""7/"7™7 =
<‘L'_ IB(I) _.__{::_5’:%’1’_2’5’6}* ________ {___1§L7_}i_____{924’8}* Wcloale {-3,-2}
coal
End of the (-3,1,5)%  {-22,6)% {-13,7}* {0,4,8)*

selective sweep
FIGURE 6: An example of evolution. Here m = 1 and n = 4, so that the alleles at loci —1, 0, and 1 of four

individuals are involved. Note that the second event (looking back in time) does not modify the partition
since the impacted block is marked.
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Let E be the set of Poisson processes defined on [0, T'], and let & be the set of partitions of
{—mn+1,..., (m+ 1)n}. Given (X,)o</<7, this procedure specifies a map
fiEXEx(ExExE) x (NZ)N* x (NZ)N* x (NN % NNV x NN*)Z’” — P

such that

S (Tcoal B, Teoalbs Tb,as TbP B.as TBP B.as» WeoalBs Weoalb, Web.as WorB.a» WBrB.as
—m+1<a<m)=m(0).
Now we successively construct several simplified models, where in the final model we no
longer need to compute (X;)o<;<7 to obtain a sample of ancestral partitions from the distribution
of 7 (0).
From now on, by background B and background b we mean the subpopulation carrying
allele B and allele b, respectively.

4.2. Suppression of rare events
In this section, a path X is given and PX denotes the conditional probability given X, while

P denotes the unconditional probability.

4.2.1. Events coalb and b ' B are negligible. First, we see why it is possible to ignore the
occurrence of events coalb and b I' B in the approximate models.

Proposition 1. The probability of events of type coalb and b ” B is O (1/(log @)?).
Proof. The following two statements are proved in [2, Proposition 3.4.].
1. The probability that two lineages coalesce in background b is O (1/(log @)?).

2. The probability that, looking in reversed time, a lineage goes from background B to
background b and then goes back to background B is also @ (1/(log)?).

The events of type b " B bring lineages from background b to background B. However, since
the sample was taken at the end of the selective sweep, all the lineages began in background B,
and considering an individual in background b implicitly implies that it has already moved at
least once from background B to background b. Consequently, owing to statement 2, we find
that the probability of an event b " B is O (1/(log )?).

Remark 3. Our simulations (not shown) indicate that the error induced by the approximation
in Proposition 1 is truly of order @ (1/(loga)?), and not of a smaller order; so the accuracy of
our model cannot actually be improved.
Corollary 1. Let ® € P. Let f: E x (E x E) x (NO)N x (NN x NN)2" 5 9 be the
map defined by
f(fcoale Tl‘)b,a’ TBl_)B,av Wcoale Wﬁb,av WB’-)B,(Z’ —m + 1 S a S m)

= f(fcoalB, T, TF’b,a’ T, TBI_)B,av WCOHle wi, Wﬁb,as w2, WBI_)B,av —m + 1 S a S m)v

)

where Ty denotes a Poisson process without jumps, w; € NN is such that, for all s € N¥,
w1(s) =0, and wy € (N x N)N* is such that, for all s € N*, wy(s) = (0, 1). Then

3 1
PO =P )+ 0 s )
(loga)
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The choices of w; and w, are arbitrary. Indeed, the corresponding Poisson processes have
no jump, so the values of w; and w> do not influence the realization constructed by (5).

4.2.2. Order of the events. Let us first focus on events of type B I B, and show that we can
assume that they all occur before any of the other events (still looking back in time). To see
this, we define ¢ = (loga)?/a and T, = inf{r > 0: X, = ¢}. Since we consider large values
of «, note that ¢ is small.

In the same spirit as Equations (5.10), (5.11), and (5.12) of [13], we have the following
proposition.

Proposition 2. The Poisson processes described in Section 4.1 have the following properties:

1
P(tcoats N [T:, T] # D) = (9<(10ga)2>7 (6)
" log &)? 1
P( U (wrs.a N0, Tl # ®}> = (9<( 0g) ) < (9(—2) (M
st o (log@)
p . : _o 1 .
(7m min Sm(mm TBPB,a) < max max(fr’b,a)) = <—(loga)2>. ®)

We use the notation H =n ), .| V4, Which is a constant that depends only on n and m.

Proof of Proposition 2. Equation (6) is proved in [2, Lemma 4.3]. To prove (7), we use
Jensen’s inequality to compute

m m Tg
P( U rBﬁB,am[o,T£]=@)=E[exp<—n Z pa/ Xsdsﬂ
a=—m+1 a=—m+1 0
m
zexp(—n > paeE[Ts])
a=—m+1

2
=eXp(_H(logw) +0(10ga>>
a a

2
>1— (9<(1°g“) )

o

For (8), we write

P( min  (mintprp,) <  Mmax (maxr.»bya)>

—m+1<a<m —m+1<a<m
m m
= P(min U TBrB.q < Max U rpb,a>.
a=—m+1 a=—m—+1

Given X, all the Poisson processes are independent, so UZ’:_”H_I TprB,q and Ugl:_mH Th.a
are independent Poisson processes. From now on, | - | denotes the cardinality. We have

P( min  (mintppp,,) <  Mmax (maxrpb,a)>
—m+1<a<m —m+1<a<m

o[

m

U trsani01]

a=—m+1

m

> O> pX (max U TPha € dt)i|

a=—m+1
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o[ ool )

T o o
xexp(—[ H—(l—Xs)ds>H—(1—X,)dt] 9)
¢ loga loga

) aZ T t
<H (loga)2 E[/(; </() X ds>(1 — X;) dti| (10)
1
N (9<(1oga)z>'

Equation (9) follows from the fact that, under P, | UZ:—m +17BrB,a N[0, t]] is Poisson with

parameter
/ Z PaXsds = / H X ds
loga

a=—m+1

and | U'a":_m+1 Trp,q N [£, T']] is Poisson with parameter ftT H(x/loga)(1 — X)ds.
The expectation in (10) is estimated in [2] (see Equation (4.5) therein and the following
estimates) and the result follows.

Proposition 2 immediately implies the following result.

Corollary 2. With probability 1 — @ (1/(log @)?), all the events of type B T B occur before all
the other events.

Remark 4. The presence of H? in (10) shows that the sample size and the number of loci enter,
at least quadratically, the global error term O (1/(log &r)?).

4.2.3. Interchangeability of the events of type ' b or B 7 B. The following proposition is
similar to Equation (5.9) of [13], but extended to events of type B " B.

Proposition 3. Let T = tcoan UZL?m 11(®b,a Y TBrB,a). This union is called the superpo-
sition of Poisson processes. Let s and t be two consecutive points of T such that s € trp
and t € tpp g, With ¢ < d (we do not impose s < t). Let rrﬁb’c = (trp.c \ {8} U {1},
Tr/’b,d = (trp.q \ {t}) U (s}, and Tr/>b,a = trpq foralla ¢ {c,d}. Then

S (TcoalB, Trb,a> TBPB,a> Weoal B Wl"b,a, WBF)B,aa —-m+1<a<m)

r /
= f(TcoalBs Trp,a» VBT B,a> WeoalB, Wrb,a, WBrB.ay —m + I <a=m).

The same result can also be shown for two consecutive events of type BT B.

Proo (f Assume that s is the xth point of 77 . and that ¢ is the yth point of tpp 4. Write
Wepe and k = WV b LetT; and . be the blocks respectively containing j and k at time

(s v t)Jr

Consider 7; # 7. Even if the two recombinations are realized, the first one splits one of
the blocks—for example, 7 j—into two blocks that are still different from ;. Consequently, it
has no effect on the realization of the second recombination.

Consider 7; = my. If j > min(w; N{cn +1,...,cn +n}) and if k > min(z N {dn + 1,

., dn + n}), no recombination is realized.

Now suppose that j = min(w; N{cn +1,...,cn +n}) and k > min(mg N {dn + 1, ...,
dn +n}). If we begin with the recombination tpp ¢, 7 splitsinto r; N {—mn +1, ..., cn} and

https://doi.org/10.1239/aap/1253281062 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1253281062

Selective sweep and the size of the hitchhiking set 747
miN{en+1,...,(m+Dn}. Wehavec < d,sok e m;N{cn+1, ..., (m+ 1)n} and we still
have

k> min(r;N{cn+1, ..., (m+Dn}N{dn+1,...,dn+n}) = min(z;N{dn+1, ..., dn+n}).

The recombination at locus d is not realized. When we change the order or the two recombi-

nations, the first one at locus d is not realized since k > min(wy N{dn + 1, ...,dn 4+ n}) and
the one at locus c is realized. So, the result is the same.
The arguments are the same when j > min(w; N{cn + 1, ..., cn +n}) and k = min(w; N

{dn+1,...,dn +n}), and when j = min(w; N{cn +1,...,cn + n}) and k = min(m, N
{dn+1,...,dn +n}).

By (6)—(8), with probability 1 — @(1/(log «)?), events of types ' b and B I’ B restricted
to [T., T] are consecutive. Applying Proposition 3, we find that the order of events I b and
B I B is not important during [7; T'], that is, all the information is given by |trp o N [Te; T1|
and |tgrpa NI[Te; T, —m+1<a <m.

Recall that E is the set of Poisson processes defined on [0, T]. We denote by E, the set of
Poisson processes restricted to [0, T¢].

Lett; € E,. Let TcoalB € E such that TcoalB [0; T;] = 71 and |rc0alB N [Ts, T] =0.

For—m+1 < a < m, letrzc, € E., ¢, € N, andd e N. Letrpb € E such
that ‘L'|_>b N[0; T:] = 12,4 and |rﬁba N[Te, T]| = cq. Let TBPB € E such that |TBI"Ba N
[0; T.]| = 0 and |TBﬁB N[T,, T]| =

We define the map g: E. x (E; X N x N)2m x (NN 5 (NN x NNYY2m 5 2 guch that

g(Tl’ 7:2,(41 Ca, dlh WCOleB7 Wl"b,a: WB’-)B,av —m + 1 S a S m)
Fe.0 0 0
= f(TeoalB> Tb.a> TBPB.a> WeoalB> Wrb.a, WerB,a, —m +1 <a <m).

Corollary 3. Forall ® € P

X —1 _pX/f—-1 1
P2 (g7 (©) =P (f (®))+(9((1 a)2>

4.2.4. Approximate independence. In this section we explain why the events of type (B " B, a)
can be approximated by the realizations (before any other event) of independent Bernoulli ran-
dom variables with parameter 1 —exp(E[—p, fOT X, ds]), where here E denotes the integration
over all the paths (X;)o</<7.

We first show that the number of B I B events is approximately independent of the number
of events of type " b (events of type " b are the other possible events occurring during the time
interval [T; T]). We do not condition upon X anymore. More precisely, we have the following
result.

Proposition 4. For any ug, v, € N, —m + 1 < a < m, we have

P(|Tl'>b,a N[T; T = uq, |fBI"B,a N[Tg; Tl =ve; —m+1<a<m)

[1 ®lwesa NITe: TN = ua) Ptar5.a N [Te; T1 = va))

a=—m+1
1
+ n(a, va; —m +1 <a =m)0 5 )
(loga)
where Z:ﬁmﬂ .... Um0t 1o im=0 M (s Vas —m +1 < a <m) < 0.
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The proof of this proposition, which is quite technical, is given in Section 6. We already
know that recombination and coalescence events are independent. Thus, the events B ' B can
be realized independently of all the other events.

Combined with the strong Markov property, Proposition 4 leads to the following result.

Corollary 4. Forany ® € P

P((tcoats N [0; Tel, Ty N [0; Tel, [top.0 N [Te; T, |T8r 5.0 N [ Te; T,
Weoals Web.a» Warg.ar —m +1<a <m) € g71(®))

= Z(P(rcoam N10; Te] = Neoats rba N0 el = nppar —m + 1 < a < m)

m
1_[ P(trp,a N[Te; TNl = ua) P(It8r B0 N [Te: Tl = va)

a=—m+1

X P(WeoalB = WeoalB, Wr’b,a = Wprp, WBF’B,a =wpgpp, -m+1<a< m))

1
of—1 ),
* (<log(a>)2>

where the sum is over {(NcoalB, NPb,a» Ua» Vas Weoal B> Wrp, Warp, —m +1 < a < m) €

g @)

We now prove that, for fixed a, the cardinality of tpp g , approximately follows a Poisson
distribution with parameter E[np, fo X, ds], denoted by P More precisely, we

fO X, ds]®
have the following result.

Proposition 5. For all —m + 1 < a < m, the total variation distance between the laws of

|TBrB.a| and PE[np(, J7 X, ds) is O(1/(loga)?):
~ \doga)? )’

1

32
keN

Proof. Fix k € N. From the Taylor expansion of order 2 between p and E[p], there exists

a p such that |p — E[p]| < |p — E[p]| and

e_ppk
P(ltprBal = k) = E[ }

e  EIPTE[(p)¥]
k!

P(ltprBal = k) —

where p = np, fOT X, ds.

k!

—Elpl g(p)k =P pk
=E[k—(m =Bl

: * Ip=Elp]
3% e Ppk
2

+5 (p BlpD* 55— p:ﬁ]
_ e EPIE[(p)F]
N k!

1 . ﬁk—Z ﬁk_l ﬁk
“E|(p—Elpn2e (L — LA | L
+ 5 [(P [pD7e <(k ] lig>2) — G Dl + k!)}’
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2

keN

e EIPTE[(p)X]
k!

1 5 5 ﬁk—Z p~k—1 ﬁk
< EE[(p—E[p]) e ”<k =21 +2;;(k_1)! +ZF)}

k>0

P(lzprB,al = k) —

< 2E[(p — E[p])?*]
= 2var(p).

Moreover, using a proof similar to that of [13, Equation (5.22)], we obtain

T 1
var(p) = var n,oa/ X;ds | < 2n2,0§ var(T) = 9| ——— |.
0 (log)?

Furthermore, since the events of type B I’ B occur before all the other events, they only
take place for the individuals of the sample. For each event, the implied individual is chosen
uniformly in the sample and the corresponding split is done. Consequently, P n
be seen as the superposition of n independent Poisson variables whose rate is

T
E|:,oa/ Xsds],
0

one for each individual of the sample.

[npa JI X, ds] 2

Corollary 5. Eventsoftype B T B can be approximated by realizations of Uy p, —m+1 < a <
m, 1 < p < n, independent Bernoulli variables with parameter 1 — exp(E[—p, fOT X, ds]).

Proof. The impact of the Poisson process T gp B.q On the evolution of the genealogy is the
same as long as at least one of its event points happens, because once the split has occurred,
another event will not change anything: one event or several events of type B I" B for the same
(a, p) produce the same result. This is why we canuse (U, p, -m+1<a <m, 1 < p <n)
independent Bernoulli variables, U, 1, ..., U, ,, with parameter

T
L=P(Py, iy g =0 =1~ exp(— E|:,0a /O X, dsD.

If Uy, , = 1, the event described in event (B I B, a) is realized for individual p. If U, , = 0,
nothing happens. For a given individual, the order of the realizations is not important because
the partition becomes finer and finer.

Finally, we obtain the following model.

1. Start with the partiton 7 = {{-mn+1,—(m — Dn+1,...,mn+ 1}*, ..., {—mn +
n,—(m—Dn+n,...,mn+n}}

2. Draw a path (X;)o</<7 asin (1).

T
1 —E|:pa/ X, dsi|.
0

If Uy, p = 1, realize the event (B " B, a) for individual p.
A new partition 77’ is obtained. Note that |7'| = || + Za’p Ua,p.
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4. Use this new partition from ¢ = T to construct the genealogy until # = 0, via Poisson
<~ <~
processes T coalB.q and T pp 4, —m+1 <a < m.

5. This gives us a random approximate ancestral partition 77 (0), which depends on the path
(X t )0 <t<T-
6. The distribution of the approximate ancestral partition, obtained by integrating the law

of 77(0) over all the paths X = (X;)o<<r, is denoted by I': for any set A of partitions
of {—mn +1,...,(m+ Dn}, P(T" € A) = E[PX(7(0) € A)].
Theorem 3. We have dry (T, T) = O(1/(loga)?).
Proof. Since the number of partitions of {—mn + 1, ..., (~m + 1)n} is finite, it is enough to
prove that, for a fixed partition ®, we have |P(I' = ®) — P(I' = ®)| = O(1/(og a)?).
In the following equation, E corresponds to the integration over the random paths X.
Recall that 7(0) and f are defined conditionally to a given path X. The sum is still over
{(Ncoal B+ NPb.as Uas Va, Weoal B> Wb, WErE, —M + 1 <a <m) € g71(©)}. We have

PT =0)
= E[P¥(7(0) = ©)]
= E[P* ((Tcoal B, Teoalbs TPb.as ToP B.as TBP B.as
Weoats» Weoalss Web,as Wor B.a» WarB.a) € f1(©))]

= Z[P(TcoalB N [0; T¢] = Ncoal B, Trp,a N [0; T.] = Nrb,as |Tl"b,a N[Te; Tl = uq,

WeoalB = WeoalB» Wﬁb,a = Wpp,a, —M + 1 <a<m)
1
x HP<U‘”’ - 1176{“’5;;3,11’1<S<Ua}):| + 0<(logo{)2>’

by application of Corollaries 1, 3, 4, and 5 and Proposition 5.

4.3. Modeling evolution at the selected locus with a Yule tree

4.3.1. Time rescaling and the Yule tree. We argued in Section 4.2.1 that it is sufficient to consider
events of types coal B, " b, and B I" B. The events B I’ B happen before all the others and give
a new partition 7’ at t = T. So, the remaining events are those of types coal B (at rate 2/ X;)
and (" b, a) (atrate p, (1 — X;)).

First, note that, by rescaling time with dt = (1—X;) dt, the proportion of B in the population
is now the solution on [0, inf{r > 0: Z; = 1}] of the supercritical branching process:

o

dZ, =aZ; coth(22,> dt ++/2Z,dW,, Zo =0,

where W is still a standard Brownian motion (see [3, Chapter 6]).

With this time rescaling, the rates of recombination of events (© b, a) become constant,
equal to p,. The coalescence rate becomes 2/Z; (1 — Z;). However, when the coalescence
rates are 2/Z;(1 — Z;) and 2/Z, the genealogies coincide with probability 1 — @ (loga /)
(see [2, Proposition 4.2]). Moreover, the pair coalescence rate of the individuals with an infinite
line of descent is 2/Z; (see [2, Lemma 4.5]), so lines taken at random from the supercritical
branching process coalesce as infinite lines of descent with probability 1 — @ (log /).
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O’Connell [12] showed that the genealogy of individuals with an infinite line of descent is
a Yule tree with birth rate «, and that the number of lineages, D, at the end of the selective
sweep is Poisson with parameter o (from [4] and the Markov property). Consequently, we can
extract a subtree from a Yule tree Y with birth rate « stopped at Poisson(«) leaves to simulate
the genealogy of the sample at the selected locus. Of course, in order for this procedure to make
sense, the number of leaves of the stopped Yule tree must be bigger than |7'|. Let us explain
why this is the case.

In fact, with probability 1 — @ (1/(log «)?), the number of lineages, D, of the Yule tree Y at
the end of the selective sweep is |«]. Indeed, by the Chebyshev inequality,

P(|D—a|>a3/4)<M—L<0<;)
T @M Ja T T \doga)? )

so we can make the approximation [«o — @3/ < D < |a + o?*]. Moreover, as will be
explained in Section 4.3.2, the probability that a recombination event occurs (for example, at
locus a) between the instants when the Yule tree has |« — /4| and [« + «3/#] lines is bounded
by
v la+a’/4) 1 1
l—exp(— 4 Z —)+(9( )
1 1 2
ogQ =la—a3/41+1 ¢ (loga)
v la+a’/4) 1 1
a
Z4+0( —

log o " Z 14 ((log a)2>

[ae—a3/47+1
20374 1
< L +0 -
loga o — a3/ (log @)

1
Z@(aogaﬂ)‘

The probability that such a recombination event happens is negligible. Consequently, since
[ — a3/4] < la] < |la+ a3/4j for large o, we can approximate D by |« ] and use a Yule tree
with |« ] leaves.

By hypothesis, 1 < «, so |7’| < |«a] and the above sampling procedure is possible.

Now, randomly choose |7/| of the | | leaves of the tree. The corresponding subtree, denoted
by %7/, is the genealogy at locus O for the sample after events B I' B. Hence, the Yule subtree
can be used to replace the draw of successive events coal B with a probability error of order
O(1/(loga)?).

4.3.2. Use of labels for recombination events. The leaves of the Yule tree are the blocks of 7’
(all these blocks are marked). Since we are interested in the genealogy of the neutral genes, we
have to place events of type I’ b along this tree.

Recall that events I" b correspond to recombinations B " b and b I’ b. These recombinations
split the blocks. Each time a nonmarked block is produced, it escapes the tree (because the
tree describes the descendants of the individual where B appeared at ¢+ = 0) and then splits in
background b according to recombinations b " b until + = 0. Consequently, at each node of
the tree, only one marked block is present.

To place events (" b, a), we use Poisson processes with rate p, on the branches of Yz
(a branch denotes an edge of the tree connecting two consecutive nodes). The branches where

A
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jumps happen are labeled. Each label accounts for all the events on the corresponding branch,
so that there is at most one label per branch.

Alabel is writtenas r = (rq,...,7y), 1 <q <2m,where —m <ri <rp <---<ry <m
are the locations of the recombination splits. Its meaning is that g recombinations occurred
and, for 1 < i < g, the ith recombination occurred between loci r; — 1 and r;. It must have
happened either on that branch, and it is then a B " b recombination, or after the allele at locus
r; has escaped Y5/ (owing to a prior ' b recombination), and it is then a b I" b recombination.

We write rg = —m and r441 = m + 1. Letip € {0, ..., g} denote the unique index such
thatr;, <0 < riy+1. Let ¢ be the block present at the node determining the beginning (looking
back in time) of the branch. This block is marked.

The above label r implies that, at the time corresponding to the end of the branch, ¢ is
replaced by ¢ N (R—p, ..., Rry—1), E N (R, ..., Rip1), ..., 2 N (qu, ..., Ry) in the new
partition, and among these new blocks, only ¢ N (R s Rrjp =1 is marked and is present
at the node determining the end of the branch.

Consider a branch of the extracted tree. At the beginning of this branch, the full Yule tree
has ¢, lineages, and at the end of this branch, it has only £; < £> lineages (there is at least the
coalescence of the studied branch).

When the Yule tree has £ lineages, the time between two consecutive coalescence events is
exponential with rate £oc. Consider a Poisson process with rate p on a lineage simulating instants
of recombination. Coalescence and recombination events on this lineage are independent.
Thus, the probability that there is no recombination on the chunk of the branch corresponding
to having £ lineages on the full Yule tree is the probability that a coalescence event occurs before
arecombination event, that is £o/ (o + p), and the probability of having no label on the whole
branch is therefore ]_[ﬁzzglJrl La/(a + p).

rlO’ . +l

Proposition 6. With
y
) Lo
@)= []

{=x+1 bor + Pe

the probability of the label r = (r1, ..., ry) is

rig+1—1
[Hqﬂmk—ﬁmwﬂwﬂmm)

c=r,~0+1
14 ¢
xflawﬂm{ I %wﬁ
i#io, ip+1 (c>r,~0+| or c<r,-0), cér
Proof. The label r = (ry, ..., ry) is the intersection of the following events.

e1: No recombination between loci r;, and r;,41 — 1 along the branch (that is, when the full
Yule tree goes from ¢; to £; lineages).

e2: At least one recombination between loci 7;, — 1 and r;, along the branch.
e3: At least one recombination between loci r;,11 — 1 and r;, 1 along the branch.
e4: Recombinations at loci r;, i ¢ {ig, iop + 1}.

es: No recombination elsewhere (even after the lineage has escaped ¥%7/)).
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‘We have
P(eyNexNesNesNes) = P(er) P(ez | e1) Ples | e1,e2) Ples | e, e2,e3)Ples | e1, ez, €3, e4),

which explains the five terms of the product.

It is important to observe that in the last two terms, we have 1 — qu and not 1 — qflz because
involved recombination events can happen either before the recombinations, between loci r;, —1
and r;, and between loci r;, 1 — 1 and r;; 4 (still looking in reversed time)—which explains
the ¢, superscript—or later, but the lineage has then escaped Y7/, and the event can happen
until r = 0.

Proposition 7. With an error of O(1/(log «)?), the probability of the label r = (r1, .. ., rq) is
given by (2).

Proof. By Taylor’s expansion,

1% la 1% 0
l_[ =exp< Z log<1 - = ))
0=0,+1 to + pe 0=0,+1 o+ pe

=exp| — Ye [22 l expl O ;
P logar 4= ¢ P (log )?
={

:pglz(r,c)uo(

1
(log a)? ) '

It is possible to construct the successive partitions after each event of coalescence or recom-
bination, until # = 0. Nevertheless, we can also define an equivalence relation that will allow
us to decide (directly) if, given the labels on the subtree, two alleles are in the same block of
(0). This equivalence relation and the attainment of the marked partition are presented in
Section 3.1.

4.3.3. The final approximation of the process. We want to establish a final model where we no
longer need to simulate a path X in order to construct the ancestral genealogy. For the moment,
the parameters of the Bernoulli variables still depend on X.

Proposition 8. With an error of O(1/(loga)?), Ua,p follows a Bernoulli distribution with

parameter
o]

o] Ya 1
1— a)=1-— — E Z).
po (r,a) exp( og g)

=1

Remark 5. Note that pé‘” (r, a) depends only on ¢ and «.

Proof of Proposition 8. By the time reversibility of (X;)o<,<r, the parameter of U, ) is

l—exp(—E[pa/OT X, dsD :1—exp<—E|:pa/0T(l—Xs)ds:|).

Let (N;):<o be a Poisson process with intensity E[p, (1 — X;) 1;<7}] for t > 0. Then
T
exp(—E[pa / (1—-X5) ds:|> =P(N7r =0).
0
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With dt = (1 — X;)dt, P(Ny =0) = P(N(O(J = 0), where N’ is a Poisson process with
intensity p, along a whole line of the Yule tree, that is, while the tree goes from | ] to O leaves.
The probability of a whole line without any label is the product of the probabilities for each
branch constituting the line. Therefore, P(N ! o] = =0) = p0 (r a)+ 0O(/(og o)?).

Finally, we obtain the approximate model presented in Section 3.1.
Theorem 4. We have dry(I'1, T) = O(1/(loga)?).
Proof. Let® € P

PT=0)-PM=0)=) PT1=0|r"=u~-PC =01 =wPa"=un

+Y P =0 |7 = W@ =u —PE =),
"

where we sum over all the partitions € 4. Their number is finite, so it is enough to
estimate each term of the sum. We have P(n’ = ) — P(7' = p) = O(1/(loga)?) and
P =0 |a" =pn) — P(f =0 | = w) = (9(1/(10ga)2). These two estimates follow
from a combination of the following facts.

e Proposition 3.6 of [2].

e The equivalence relation with the labels gives the same partition as the events of type I" b
inI'y.

e There is a finite number of labels (independent of «) and the probability of each event
differs by O (1/(loga)?) according to Proposition 7.

e Proposition 8.

Finally, combining Theorems 3 and 4 yields Theorem 1.

5. Approximate distribution of the size of the hitchhiking set

In this section we assume that the recombination rate is the same for all the loci: y, = y for
all—-m+1<a <m.

We are interested in the joint distribution of the sizes of the hitchhiking sets of n individuals
taken at the end of the selective sweep (n > 1). Let H, be the size of the hitchhiking set of
individual p.

In this Yule-approximation, the evolution to the left of the selected locus is independent of
the evolution to the right because events happening to the right do not influence the genealogy
to the left, and vice versa. We note that this point does not hold for the ‘exact’ model, where, for
example, recombined lines from both sides of the selected locus may coalesce in the wild-type
background, which would make their genealogy dependent.

If we denote by H, Cand H , the sizes of the hitchhiking set restricted to {—m, ..., 0} and
{0,...,m}, respectlvely, then H}, and H, ¢ are independent and identically dlstrlbuted so that

P(H1=h1,..., H, = hy)
hy

= Z ZP(Hl =ki,....H  =k))P(H =hy —ki+1,..., H =h, —k, + 1).
ki=1 kn=
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<~——Early label

t Late label

§=3

FIGURE 7: An example of early and late labels. Late labels (filled diamonds) occur before the first

coalescence event (dotted line), and early labels (open diamonds) occur after the first coalescence event.

Here S is the number of leaves of the subtree under the early label. It is the number of individuals in the
sample that is impacted by this early label.

We consider the evolution to the right of locus 0. In particular, the labels are r = (rq, ..., ry)
with0 <7 < --- < r; < m. For simplicity, we write

Lot
_ o] _ Y 1
pe, =py o) = eXP<— E Z)’

log(«) Pt

since it does not depend on r and ¢ anymore. We wish to determine an approximate formula
for P(H{ > hy,..., H] > hy).

5.1. Concepts established in [2]

In this subsection we recall the definitions and main results obtained by Etheridge et al. [2]
that will be necessary in the next subsection. Note that these results were established for a
single neutral gene, so we generalize them.

Definition 2. A late label is a label attached to recombinations occurring between the end of
the selective sweep and the first coalescence event in the sample.

An early label is a label attached to recombinations occurring between the first coalescence
event in the sample and the beginning of the selective sweep.

Remark 6. The term ‘first coalescence event’ corresponds to reversed time, as for transition
events in most of this paper. On the other hand, the terms ‘early’ and ‘late’ introduced in [2]
should be understood in nonreversed time. However, to use the same terminology as [2], we
keep these two adjectives (see Figure 7).

Theorem 5. We consider m neutral genes located to the right of the site under selection.
1. With probability 1 — O(1/(loga)?), there is at most one early label.

2. Considering the subtree with U = |7'| leaves associated to the sample, let S be the
number of leaves under the early label (S = 0 if no early label). Up to a total variation
distance of O (1/(loga)?), given that U = u, the distribution of S is given by (3).

3. Let F be the number of living lineages in the full Yule tree Y at the time of the first
coalescence event in the sample. Up to a total variation distance of O(1/(log «)?), given
U = u, the cumulative distribution of F is given by (4).

https://doi.org/10.1239/aap/1253281062 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1253281062

756 S. LEOCARD

4. Up to a total variation distance of O(1/(loga)?), given that F = f, the probability that
a late recombination occurs between Ry and R, on a fixed branch of Y 51| is

ay S|
1 - D)f=1- — =.
(pr-1) eXP( Tog(@) P 6)

An illustration is given in Figure 7.

5.2. Approximate distribution of the size of the hitchhiking set

Leth, e{l,....m+1},1 < p <n.

We wish to obtain an approximate formula for P(H{ > hy,..., H, > h,). We always
have H ,’, > 1 because of the site under selection. Looking at individual p, the history at loci
between /1, — 1 and m have no interest for this computation. Consequently, we focus on alleles
0,1,...,hp — 1forindividual p, 1 < p <n, and sethm_lz max(hy, ..., hy) — 1.

To simplify the notation, we write U. , =143 ", U, , forall 1 < p < n and then
U = Z’;Zl U., = |n'|. Consider individual p (I < p < n). Given that U. , = up, let
Yapseoos Yu,p be the ordered locations of the (1, — 1) recombinations of type B " B. We set
y1,p = 0and Yup+1,p = hp.

After all the B ' B recombinations, the genetic material of individual p is carried by
U, ancestors, with the ith ancestor, called A; j,, carrying the alleles from locus y; , to locus
Yi+1,p — 1. Using Proposition 8, we have, forallu), > land1 <y p < -+ < yu,p <hp—1,

P(U<,p =Up, Y2,p =Y2,pr--es Yup,p = yup,p)

—D—(up— 1
= (11— up—1 (hp—1)—(up—1) o .
(I = po)**~"py + Toga)?

Moreover, B " B recombinations independently affect the n individuals of the sample, so

PWU. p=up, Yo p=Yap,2<a=<up 1 <p=<n)

n
= l_[ P(U-,p =Up, Ya,p = Ya,p> 2<ac< up)~
p=1

Let &£, (h)) be the event that none of the neutral alleles at loci 1, ..., h, — 1 for individual p
escaped the selective sweep because of a late label. Let &,(h,) be the event that none of the
neutral alleles atloci 1, ..., h, — 1 for individual p escaped the selective sweep because of an
early label. Then

P(H] = hy,..., H} = hy)
=E[P(H1r zhl,...,H; > hy | U.,p,Yl,p,...,Ypr,p, 1 <p<n)

n
=E[P(ﬂ Ep(hp) N L y(hy) ’ Up: Yipo oo Yup 1<p < n>:|

p=1
n n
= E[P(ﬂ Ep(hp) | [ Lphp) Uop Yipooo o Yy p 1< p < n)
p=1 p=1
n
X P(ﬂ Ly(hy) ’ UpYipeooonYu,p 1 <p < n>:| (11)
p=1
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For1 <i <U. pand1 < p < n, the alleles between loci ¥; ;, and Y; 1, , — 1 do not escape
the selective sweep because of a late label if and only if no late recombination occurs between
Ro and Ry, 1 for the ancestor A; . Since the late recombinations occur independently on
the U ancestors, we obtain

n
P((ﬂ Ly(hy) ’ UpYipeooo.Yu,p 1<p < n))

p=1
n U..p+l1
ZEI:pF_lzp=1 Za=§ (Ya.p*l):l +(9 1 . (12)
(log )?
If r = (r1,...,7y) is the early label (if there is no early label, r = @), define E(a) =

[rN{l,...,a}| forall 1 <a <m. Then P(E(a) > 1) is the probability that at least one early
recombination took place between Ry and R,. We set E(0) = 0. Since, by Theorem 5,

u—1
PS>0 U=uwy=—"""S1 0o(L1
log(er) = k (log ar)?

is the probability that there is at least one early recombination at a given locus, we have

u—1

PE@=11U=w="2 31 o ! (13)
a =u) = - ,
- log(er) = k (log ar)?
and, in particular, for any k € {1, ..., m},
u—1
uy 1 1
PEM 21 EC-D=0U=w={ 30+ (9((10g—a)2>. (14)

The total probability formula leads to
n
p ( ﬂ €p(hp)
p=1
m n
>p(( 60
k=1

p=1

n
ﬂ °Cp(hp)a U-,[)v Y],pa LA} YU..],,[)? 1 S p S n)
p=1

n
Lphp), U p, Y1p,..., YU.,I,,p» 1 <p<n,

p=1

Ek—1)=0, Etk) > 1)

n
X P<E(k - 1) = 07 E(k) 2 1 ﬂ £p(hp)5 U~,p7 Yl,p’ MR YU.,p,pv 1 S p S n)

p=1

n
() Lrtp) U, Yips .. Yo, po 1 < p <n, E(m) = o)
p=1

+P<ﬂ &p(hy)

p=1

n
x P(E(m) =0 () Lphp). U.p.Yips.osYu,po 1 <p < n)

p=1
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m
= ZP(individuals A p such that y;11,, — 1 > k are not impacted by the early label)
xPEK)=1|Ek—-1)=0,Up,Y1p,....Yu ,p, 1 =p=n)
xP(EGk—=1)=01U . Y1p,.... YU ,p, 1 =p <n)+P(E@m)=0).

We remark that the above individuals are not impacted by the early label if and only if the S
picked individuals are among the ancestors A; , which are such that ¥; 1 , — 1 < k. Let O
be the number of such individuals, and let u = szl up. Letq(u) = (uy/loga)y ,_ (I/Z)
Using (13), (14), and the convention (;) =0ifn < p, we obtain

P(ﬂ &,(hy)

p=1

“2(6) TG-S g

+1—mq(u)+(9<

n
m £p(hp), UA’p =Up, Yl,p = Y1,p» --~7YU.,p,p = Yup.p> 1< p = I’l)
p=1

1
(log a)2>

W\ ' (O 1
—awel(5) X ()] e+ o((ogam) )

Theorem 2 follows from (11), (12), and (15).

6. Proof of Proposition 4

We are going to use the following notation. To any random variable £ we associate the
random variable Pg, whose conditional law given that £ = A is Poisson with parameter A. We
have

P(1trpa N[ Te; T1l = ta) = EIP* (Py, ) = a)),
P(ltgrp.a N[Te: Tl = va) = E[PX (Py,s5) = va)l.
where Y4 (8) = npa [ (1 — X,) ds. 0(8) = np, [ X, ds,and 8 = 1/(loga)?.
We highlight the dependence on § due to the presence of p,. It has already been shown in

the proof of Proposition 5 that var(6,(6)) = O((log @)™ = 03). Similarly, we can check,
by the time reversibility of (X;)o</<7, that

T T
var (Y, (5)) < var(n,oa/ (1-— Xs)ds> = Var<n,0a/ X ds) = (9(;2)
0 0 (loga)

If the variance was null, we would have independence of the Poisson processes. In our case, we
have in fact a mixture of Poisson processes for which the variance of the parameters is small.
The key observation is that, for all a,

Va(®) = 2296) = L2y 6) = cav (6).
141 Y1

where ¢, is independent of § and v = ;. Similarly, 6,(8) = c,6(8) for all a.
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Consequently, P(|zp,a N[ T, T1| = tta) = EIPX (Pe,y5) = a)] and P(|zgr .o N[ T, T| =
va) = B[PX(P05) = va)]. Define Z, = PX (P, ys5) = uq) and Yg = PX (P, 0(5) = va) for
—m+1<a<mand —m + 1 < d < m. Since the Poisson processes are conditionally
independent given X, we have to prove that

m m m m
E[ [T z [I Yd} - [I Blza [] Ema
a=—m+1 d=—m+1 a=—m+1 d=—m+1
=W g1y Uy Vg1 - - -5 V) O (6).

First step. The idea in the following calculations is to use the properties of the variances of
Z, and Y;. To do this, we rewrite the above difference as a sum of differences, adding terms
just after removing them. Covariance terms then appear:

m m m m
E[ T z [I Yd]— [T Eiza ] B
a=—m+1 d=—m+1 a=—m+1 d=—m+1

=E|: ﬁ Za ﬁ Yd:|—E|: ﬁ Za]E[ ﬁ Yd]

a=—m+1 d=—m+1 a=—m+1 d=—m+1
m m m m
+E[ I ZH}E[ I Yd}—E[ I1 Za}E[Y_mH]E[ I Yd}
a=—m+1 d=—m+1 a=—m+1 d=—m+2
m—2 m K m

+ > <E[ I za} I1 E[Yd]E[ I1 Yd}
K=—m+1 a=—m+1 d=—m+1 d=K+1
m K+1 m

—E[ ]_[ Za:| ]_[ E[Yd]E[ ]_[ YdD
a=—m+1 d=—m+1 d=K+2

m m

+E[ I1 za} I1 E[Yd]—E[z_mH]E[ [1 za] [T Eval

a=—m+1 d=—m+1 a=—m-+2 d=—m+1

+ mf < ]£[ E[za]E[ ﬁ Za} ﬁ E[Y,]

K=—m+1 “a=—m+1 a=K+1 d=—m+1

K+1 m m
- 11 E[Za]E[ I1 Za] I1 E[Yd])
a=—m+1 a=K+2 d=—m+1
m m m m
=cov( 1_[ Za, l_[ Yd>+E|: l_[ Zai|cov<Y_m+1, 1_[ Yd)
a=—m+1 d=—m+1 a=—m+1 d=—m+2
m—2 m K m
+ > <E[ [1 za} [1 E[Yd]cov(YK+1, I1 Yd>>
K=—m+1 a=—m+1 d=—m+1 d=K+2
m m
+cov(z_m+1, I1 za> [T Erra
a=—m+2 d=—m+1
m—2 m K m
+ D (cov(zK+1, [1 Za) [T Eiza J] E[Yd]>.
K=—m+1 a=K+2 a=—m+1 d=—m+1
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Since, forall —-m +1 <a<mand —-m—+1<d <m,wehave 0 < Z, <land0 <Y; <1,

‘EI: [T z [] Yd}— [T Eza [] Ewva

a=—m+1 d=—m+1 a=—m+1 d=—m+1

m m m
< Var( 1_[ Za> var( 1_[ Yd)—i— var(Y_m+1)var( 1_[ Yd>
a=—m+1 d=—m+1 d=—m+2
m m
+ Z var(YK+1)var( 1_[ Yj>+ var(Z_m+1)Var< 1_[ Z,')
K=—m+1 j=K+2 i=—m+2
m
+ Z var(ZK+1)var< H Zi>.
K=—m+1 i=K+2

Since, foralla, b > 0,+/ab < max(a, b), we have to prove that, forall —-m+1 < Ko < K < m,
var(]_[a Ko Za) = n(uky, .., ug)O(8) and Var(]_[{f:KO Ya) = p(vggs - .., vg)O(8) with
Zuxo """ ug=0 LUK, - - uK) <ooand ) 0 _gu(VKg, ..., VK) < OO.

(To simplify, the function is still denoted by w even though the number of parameters is

different.)

Second step. Let —m + 1 < Ky < K < m. We are going to show that var(]_[a Ko Za) =
u(uko, ..., ug)O(8) with Z ..... ug=0 LUKy, .., ug) < oo. The proof is exactly the same
for Hd K, Ya-

With Z, = exp(—c, V) (cq )" Ju,! for all a, we obtain

K K K 2
var( I1 Za) =E|: I1 zg} - (E[ I1 Za]>
a=Ko a=Ko a=Ko
_ E[e"m 20K gl Zro 1K W]
[Tk, (a)?
(E[e"p( i cay )k e TTE Ko © ]>2
Hf:Ko Ug!
— B.

Third step. In this step we show that

exp(=2(TK g, ca) B B(p) Dok e K (2
[T5_x, (ua!)?

+ upluky, ..., ug)O(S).

Using an order 1 Taylor expansion between the values 1 and E[v] of the function

exp(—(Xa_x, ca)¥) Y2t TIE . ci

K
Ha:[(o Ma!

[y = fY) =
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and taking the expectation and the square of the result, there exists a ¥ such that | — E[y]]| <
| — E[¥]] and

K 7 K a
exp(—(CK . cod [T g, ch)

l_[aK=K() Ma!
K

K K K 2
(- 3 )i o (3 w)=ne)]).
a=Kjy a=Kg

Expanding this equation and applying Schwarz’s inequality, we obtain

|B — f(E[¥])?]

= <f(E[¢]) + E[(i/f —E[yD

exp(—(XK 4, co i [T, i)

nf:K() Ma!
K

K
(- 2 )+ (L w)i=ne)]
a=Kj a=Kg

exp(—(ak, ca)¥) [Th—x, ca*)

< 2f(E[1ﬁ])' E[(w —E[y)])

+E[ly — E[W]E[(

n5=K0 ug!
K X K P 2
(- X )=+ (3 w)imne )]
a=Ko a=Ky

(16)

We can rewrite the term whose expectation of the square is the last factor above as

5 (e ey _w(c g\ eV (e, )t
() ) D)=

a=Kg a=Kjy r=Ko a#r
u>0
So,
exp(—(X Ak, ca) V) (TThek, ca®) N
K | = 2 ca )P
Ha:KO Ug: a=Ky
K ok AT
+ ( ) ua)wz”o e )}
a=Ky
K 2 K K 2
< (Z ca> (H Baua) + Y (1"[ ﬂa<ua>>ﬂr(ur - 1))
a=Ko a=Ko r=Ko “a#r
ur>0
= up,1(UKy, .-, UK),
where B, (1) = e_ca‘/’(cuw)“/u' and Zuk YYYY ug=0 MB.1(UKg, - ., UK) < 00 owing to

D Baw) =1,
u=0
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For the other term on the right-hand side of (16), we again use a Taylor expansion of order 1,
between v and E[v] to find v such that | — E[Y/]| < |¥ — E[¥]] < |¢¥ — E[¥]| and

=K - 5:[( g —
‘“‘Xp(‘<i%>¢)(ﬁcg«)((_Z§:K°C“)‘”Z”° + (K gy =0 ™)
a=Ky a=K

Hf:Ko Uq!
ool () 1)

a=Ko

L (Cik, ) B =50 "] 4 (TX g, uq) B Zo=ko ")
Hf:KQ Ma!

_ K 7 K
+ (& . E[W])CXP(HKZG_KO Calﬂ) 1—[ CZ“

|
a=Ko Ug: a=Ky
K 2 ~ 2521(0 4a K K ~ 25:1(0 ta=1
A((Za) s () (L)
a=Ky a=Ky a=Ky

K

K
(3 ) (2 wa—1)in?)
a=Kg a=Kg

= B| + (y —E[Y]) x By.

The first term, Bj, is deterministic, so its contribution to the right-hand side of (16) is
zero. Moreover, some easy but technical calculations (not shown), based on the inequality
exp(—x)x*/u! < 1 forall x > 0, u € N, show that B, is bounded by (Zle(o ca)2 +
2(25: Ko ca)* + (Zfz Ko c)? = C, with C independent of u,. Therefore, using Schwarz’s
inequality,

|B — fEYD?|
<2fE[Y]) x C x E[ly — E[Y1|1Y — B[] + 1,1 Uy, - .., ug) x O()
<2f(EV]) x C x B[|Y — E[Y11*] + up1(uk, - - - ug)O )
< up(ugy, ..., ug)O()

with ZECI)(O,‘.-,MK=0 wB(Ky, ..., ug) < 00, because
K
FEYD = [] Balua),
a=Ky

where B4 (q) = exp(—c; E[¥])(ca E[Y 1) /u!.
Fourth step. In this step we show that

@ SP2AT i o) ELYD B oo T 3

[Ta—k, a)?

+ualugy, ..., ug) x 0(9),

.....

https://doi.org/10.1239/aap/1253281062 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1253281062

Selective sweep and the size of the hitchhiking set 763

As above, we use a Taylor expansion, but now at order 2, and we compute the expectation:
there exists a i such that [y — E[vy]| < | — E[¥]| and

| _ P2 i, ) ELVD) E(yy2Zoko e [TK_ (2o
Hf:KO (I/ta ‘)2

2 82 (eXP(—Z(Z;(:KO ca)lﬂ)wzzll’;](o Ua n5=KO Cgua ) ‘ :|
8w2 H5=KO (ua!)2 1’0,1/} )

1
+5 E[IW —E[y]]
We expand the last term:

K
Kl (CXP<—2(25:KO c)y)y 2 ik b T 20 ) ’
ay? Hf:KO(”a!ﬂ "
K
= exp<—2< Z Ca)&)
a=K
Sk "
(M LR A | AR
15 &, (a!)?
~ K _ "
_ 8(25=K0 Ca)(2§=l(() ua)l/fz Za:KO ug—1 1—[5:1(0 CZ a
Hf:[(o (”a!)z
K B .

+ 2 Z5:[(0 ua)(2(25=K0 Ug) — 1)1/,22.;:1(0 Ua=2 Hf:KO C(% a )

[Th—k, (ah?

=: A1+ Ar + Aj.
If, for all a, u, = 0, then
82 K X 2 K ~
sl (=(2 w)v))| =2 ) (=2 )7)
a=Kj v=y a=Ky a=Kj

Again, after easy but technical calculations, we find that if there exists an ag such that u,, > 1
then, writing B, (u) = exp(—c,¥)(cqa V)" /u!,

e A is bounded by 4(2;;1(0 ca)? Hf:Ko Ba(ua),
e Aj is bounded by 8(25:[(0 Ca)2 HZ(:K() Ba(ua),
e A3 is bounded by

K K K
4( > c)[ > (H ﬁawa))ﬁb(ub - l)cb] +2 ) (1"[ ﬂawa))ﬂr(ur — Dercay-
a=Ko

b=Ko a#b r=Ko “a#r
up>0 ur>0
Finally,
2 K7 a 2 a
1092 (exp(=2(Lh g, cadw)y? ko TIA ¢ i
58 5 < 3 ~S;,LA(MKO,...,MK)
¥ Ha:](()(ua!) v=y
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with Z:ﬁo,...,w:O pwa(uky, ..., ug) < ooand

P2 g, ) BIVD B 0 [T
T8k, (ua))?
< Ay, ..., ug) E[ly —E[y]]%]
= pna(ugy, ..., ug) < 9(6).

Combining the third and fourth steps gives the result announced in the second step, which
completes the proof.
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