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ABSTRACT. Muller’s ratchet, in its prototype version, models a haploid, asexual popu-
lation whose size N is constant over the generations. Slightly deleterious mutations are
acquired along the lineages at a constant rate, and individuals carrying less mutations
have a selective advantage. The classical variant considers fitness proportional selection,
but other fitness schemes are conceivable as well. Inspired by the work of Etheridge et
al. | ] we propose a parameter scaling which fits well to the “near-critical” regime
that was in the focus of | ] (and in which the mutation-selection ratio diverges
logarithmically as N — o). Using a Moran model, we investigate the‘“rule of thumb”
given in [ ] for the click rate of the “classical ratchet” by putting it into the context
of new results on the long-time evolution of the size of the best class of the ratchet with
(binary) tournament selection, which (other than that of the classical ratchet) follows an
autonomous dynamics up to the time of its extinction.

In | | it was discovered that the tournament ratchet has a hierarchy of dual
processes which can be constructed on top of an Ancestral Selection graph with a Poisson
decoration. For a regime in which the mutation/selection-ratio remains bounded away
from 1, this was used in [ ] to reveal the asymptotics of the click rates as well
as that of the type frequency profile between clicks. We will describe how these ideas
can be extended to the near-critical regime in which the mutation-selection ratio of the
tournament ratchet converges to 1 as N — oco.
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1. INTRODUCTION

Muller’s ratchet is a prototype model in population genetics. Originally it was con-
ceived to explain the ubiquity of sexual reproduction among eukaryotes despite its many
costs [Mul64, Fel74]. In its bare bones version, Muller’s ratchet models a haploid, asexual
population whose size N is constant over the generations. The neutral part of the random
reproduction is given by a Wright-Fisher or a Moran dynamics. Slightly deleterious muta-
tions are acquired along the lineages at a rate m, and individuals carrying less mutations
have a selective advantage. The classical variant of Muller’s ratchet considers fitness pro-
portional selection, where the selective advantage of an individual carrying x deleterious
mutations over a contemporanean that carries a larger number ' of deleterious mutations
is (&’ — k). Since the mutation mechanism is assumed to be unidirectional, every once
in a while the type with the currently smallest number of mutations « will disappear from
the population. As Herbert Muller puts it in his pioneering paper [MulG4], “an irreversible
ratchet mechanism exists in the non-recombining species . .. that prevents selection, even if
intensified, from reducing the mutational loads below the lightest . .., whereas, contrariwise,
"drift’, and what might be called “selective noise’ must allow occasional slips of the lightest
loads in the direction of increased weight.” Every slip of the lightest loads is what we call
a click of the ratchet. The question “How often does the ratchet click?” was asked by
Etheridge, Pfaffelhuber and one of the present authors in [/ W09], and there it was found
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that m
= 1
7 slog(Nm) (1)
is “an important factor in determining the rate of the ratchet’. Specifically, under the
assumption 1 < Nm < N, | | states the following Rule of Thumb:

(RT) The rate of the ratchet is of the order NY"'m? for v € (3,1), whereas it is ex-
ponentially slow in (Nm)'=7 for v < 3.

For a polynomial mutation rate m = N2 0 < 8 < 1, the condition that v remains
constant (or at least bounded away from 0 and co) as N — oo amounts to the requirement
that the mutation-selection ratio

m
0:=—
S
is of the order log N as N — oo.
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FIGURE 1. This is an illustration of the Rule of Thumb (RT) predicting
the order of magnitude of the interclick times of the classical ratchet. Each
data point was obtained by pooling the first 4 interclick times from 100
simulations of the (classical) ratchet for the corresponding parameter con-
figuration (N, 3, 0) in the (3, §)-scaling (2). In the exponential regime, (RT)
predicts for the interclick times an order of magnitude exp(c N1=77%). We
see from panel (A) that the constant c is difficult to estimate from simula-
tions up to N = 104, but ¢ = 2.3 as chosen there seems to give a reasonable
fit. For the polynomial regime, (RT) predicts the order of N 1-0 which fits
very well in the situation of panel (B).

We will thus focus on a family of parameter scalings which we call the (8, d)-scaling of

the classical ratchet:
m=N"P 6=4dlogN. (2)
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This means that we consider moderate mutation-selection, with m and s scaling with the
same power —f in N. Still, the mutation-selection ratio € diverges logarithmically in N,
and (together with () the factor ¢ in front of log N turns out to be critical for the click
rate. In the (f,6)-scaling, (1) takes the form

1)
= m
The condition 0 < v < 1 from (RT) restricts the pair (/3,0) to the triangle
A:={(p,0):0<p8,0<d<1—-p}
The polynomial and the exponential regime predicted by (RT) thus correspond to
P={3<v<1}={(B,0)eA:1(1-p)<s<1-p}, (3)
E={0<y<3}t={B0)eA:0<s<i(1-78)]}, (4)

and the predictions for the orders of magnitude of the expected interclick times take the
form

N(Nm)™ = N'=0 = Ne~? for v € (3,1), (5)
exp (const(Nm)'~7) = exp (constNl_ﬁ_5) for v € (0, 3). (6)

In view of the predicted transition from polynomial to exponential click rates we refer to
P UE as a near-critical regime. See Figure 1 for an illustration of (RT) via simulations.

As observed by John Haigh ([ ]), in the deterministic limit (N — oo and m, s not de-
pending on N) the type frequency profile in equilibrium becomes Poisson with parameter 6.
Consequently, Ne~? is asymptotically equal to the size of the best class in equilibrium, and
the rule (5) goes along with Haigh’s prediction that the rate of the ratchet should be pro-
portional to the inverse of the size of the best class (unless the ratchet is not exponentially
slowed down by selection).

The evidence for (RT) that is given in | ] is based on a diffusion approximation
for the evolution of the relative size X of the best class (which consists of the individuals
that carry the least amount of mutations in the current population). Because of the fitness
proportional selection, the drift coefficient in this diffusion approximation contains the first
moment M of the type frequency configuration (Xo, Xi,...). In order to obtain an ap-
proximate autonomous dynamics for X, the empirical first moment M has to be predicted
based on Xy. A classical way to do this uses the so-called Poisson profile approximation,
which we will explain in some detail in Section 3.

In the present paper we will consider, apart from the classical one, a variant of Muller’s
ratchet in which fitness proportional selection is replaced by (binary) tournament selec-
tion. This kind of selection has been studied in the context of evolutionary computation
([ , ]) and has found attention also in the biological literature [ ]. In
the ratchet’s context this means that selective advantage of an individual carrying x dele-
terious mutations over a contemporanean that carries a larger number ' of deleterious
mutations is constant (say & for some s = sy > 0), irrespective of the value of the differ-
ence k' — k. For the Moran version of the tournament ratchet, which was introduced in
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[ ] and whose definition we recall in Section 2, this means that “pairwise selective
fights” are always won by the fitter individual.

Other than in the classical ratchet, the size of the (m, s)-tournament ratchet’s best class
follows an autonomous dynamics. As we will see in Section 3, this dynamics is equal to
that of the Poisson profile approximation of the size of the classical (m,s)-ratchet’s best
class, provided that

m
p== 1 —exp(—m/s) =1—e". (7)

In view of (7) we define, in analogy to (2), the (3, 0)-scaling for the tournament ratchet

as

m= NP, p:?:l—N_é. (8)

We now state the main result of the present paper. Besides extending | , Theo-
rem 2.3] on the asymptotic rates of clicks from the subcritical to the near-critical regime,
this result also gains importance with regard to | I’s Rule (RT), in the light of the
correspondence (7) between the tournament and the classical ratchet. Recall definitions
(3) and (4).

Main result (MR). In the (8,09)-scaling of the tournament ratchet, as N — oo, the
expected time between clicks is

= N if (8,6) € P, 9)
= exp (Nl—ﬁ—%) if (8,6) € €. (10)

Here and below, =< stands for logarithmic equivalence, i.e. ay < by means logay ~ log by,
or equivalently ﬁi—zx — 1. See Figure 2 for an illustration of (MR).

While both (RT) and (MR) state the same boundary (v = 3) between the polynomial
and the exponential regime, the exponents differ between (5) and (9) as well as between (6)
and (10). Specifically, in the polynomial regime P the exponent % for the tournament
ratchet is larger than the exponent 1 — § for the classical ratchet.

Here is an explanation for the polynomial regime. The centers of attraction of the
equilibrium profile weights of the best and the second best class differ by the factor N > for
the tournament ratchet (see Sec. 4.3), while they are given by the Poisson weights e~ and
Be~? for the classical ratchet and hence for the latter differ only by the factor 6 = §log N
(and thus have the same polynomial order N 1_5). This latter factor is only logarithmic in
N; therefore, when starting the “new best class” at the time of a click in its “old” center
of attraction, the tournament ratchet has a longer way to go than the classical ratchet.
The exponent # in (9) will be obtained by a Green function analysis in the proof of
Theorem 3.2. This analysis will also explain the exponent 1 — § in (5), which corresponds
to Haigh’s prediction, saying that “the interclick times are of the order of the size of the
best class”. An intuitive explanation for the appearance of the exponent 1 — 5 — 26 in (10)
will be given at the end of Section 3.2.

The exponential rate in (6) has been obtained in | | by a rescaling of the diffusion
approximation of the so called relaxed Poisson profile approrimation. We will explain the
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FIGURE 2. This is an illustration of the prediction of the Main Result (MR),
which predicts the order of magnitude of the interclick times of the tourna-
ment ratchet. Each data point was obtained by pooling the first 4 interclick
times from 100 simulations of the tournament ratchet for the correspond-
ing value of N. Here, (3,6) = (0.6,0.28), which belongs to the polynomial
regime P. Even for N as small as 10® the asymptotics predicted by (MR)
are already observable.

idea of this approximation, and define it in the context of the Moran model, in Section 3.4.
There we will also give an intuitive explanation why the exponent 1 — 3 — ¢ appears in (6).

Similar as [ |, the papers | , , ] used a diffusion approximation
for the classical ratchet and modications thereof. Metzger and Eule | | consider, as a
proxy to the classical ratchet, a two type Moran model with selective advantage s of class 0
over class 1 and mutation rate m from class 0 to class 1. Their formula (8) corresponds to
our formula 7 but their approximations for the classical ratchet concentrate on a regime in
which 6 remains bounded (see the discussion around | , (23)], whereas we focus here
on a regime in which 6 diverges logarithmically with .

In | ] it was discovered that the tournament ratchet has a dual which consists
of a hierarchy of competing logistic processes. The main results of | ] (on the click
rate of the tournament ratchet and its type frequency profile between clicks) were obtained
for the so-called subcritical regime (see Sec. 2.2) and were proved there via duality, with
the help of recent results on logistic processes (see in particular [ , ). This
“backward in time” view, which comes on top of an Ancestral Selection Graph decorated
with mutation events, will be briefly explained in Section 4.1, since it opens a route for
proving the above stated result (MR) and for analysing the type frequency profile of the
tournament ratchet also in the near-critical regime. In Section 4.4 we will sketch central
ingredients of a proof that the type frequency profile of the tournament ratchet “between
clicks” is (at least in the exponential regime of the (S, d)-scaling) asymptotically close to
the deterministic equilibrium profile, some of whose properties will be explored in Sec. 4.3.
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2. MULLER’S RATCHET AS A MORAN PROCESS WITH MUTATION AND SELECTION

2.1. Model and basic concepts. In the Moran version of Muller’s ratchet, neutral re-
sampling within any ordered pair of individuals happens at rate ﬁ, and mutation from
K to k + 1 takes place at rate m/N along each individual lineage. Selective reproduction
for an individual of type k happens at rate % > y ® (k' — k), where the sum is taken over
all those individuals j whose type ' is larger (and therefore “worse”) than x. For the
classical case of proportional selection, one has ®(xk' — k) = s(k’ — k), while for the case of
(binary) tournament selection one has ®(k’ — k) = s. In the sequel we will refer to these
two Moran variants of Muller’s ratchet briefly as the classical ratchet and the tournament
ratchet. Both models have (IV,m,s) as their parameter triple, and in both models a crucial
role is played by the mutation-selection ratio 3. In this section we reserve the symbol s
for the selection parameter. Later, this will be specified as different parameters s and s for
the tournament and the classical ratchet, respectively. The following definition gives the
rates for the type frequencies of the two ratchets.

Definition 2.1.

a) Writing Ny for the current number of individuals of type k, the jump rates are
specified as follows:
- Resampling: for k # K/,
(Ni, Ni) jumps to (Ni, +1, N, — 1) at rate 55NN,
- Mutation: for k,
(N, Niy1) jumps to (N, — 1, Ney1 + 1) at rate mN,
- Selection: for k < K/,
S N.N. (k' — the classical ratchet
(Ni, Ny) jumps to (No+1, N —1) at rate § N7 7 (K" = ) for the classical ratche
~ NNy for the tournament ratchet
b) The currently best type is
K*(t) == min {x € Ng : N.(t) > 0}.

c) The click times of the ratchet are the jump times of K*, i.e. the times at which
the currently best type is lost from the population. The type frequency profile seen

from the currently best type has the (random) weights
1

In the limit N — oo with m,s remaining constant, the stationary (non-random) type
frequency profile (pg)ren, is given by the mutation-selection equilibrium conditions

mpr1—pe) =spi | Y, @K —k) |, k=0,1,2..., (12)
k’eNp

where we put p_1 := 0, ®(0) = 0 and ®(—d) = —®(d) for d € N.
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For the classical ratchet, (12) turns into

m(pk—l _pk) :Spk(:u’_k)? k:071727 (13)
where p1 := >, kpy, is the first moment of the profile. As already noticed by John Haigh
{l ]), this is solved by the Poisson weights with first moment p = . Indeed, this is

the unique solution of (13) under the condition py > 0.
For the tournament ratchet, (12) turns into

m (px — Pk—1) = SPk Z D! (1{k'>k} - 1{k’<k}) , k=0,1,2... (14)
k’€Ng

Here the condition py > 0 leads to the requirement m <'s and yields pg = 1 — =*. Various
properties of the solution (py/) of (14) are stated in | ] Theorem 2.4. The r.h.s. of
(14) equals

k—1
S Pk 1—pk—22pk/ ., k=0,1,2... (15)
k'=0

A formal analogy between (13) and (14) results because (15) is close to 2spy(3 — g(k)),
where ¢ is the cumulative distribution function of (pg/). In this sense the role played by
the profile’s first moment in (13) is taken by the profile’s median in (14).

2.2. The subcritical regime of the tournament ratchet.

We now report briefly on the main results of the recent paper | |. The parameters
of the tournament ratchet will be denoted by (m,s) and its mutation-selection ratio by
pi="2.1In| ], as N — oo, the mutation-selection ratio p = % is kept constant and

smaller than 1, and it is assumed that m — 0 and mN — oco. (For technical reasons, mN
is assumed to be of larger order of loglog N, which keeps the regime slightly away from
that of weak mutation, in which mN would be of order one as N — oo.) We will refer
to this regime as the subcritical regime of the tournament ratchet. The main results of
[ | are

Theorem 2.2. In the subcritical regime the click rate of the tournament ratchet on the
%—tz’mescale 18, as N — 00, logarithmically equivalent to

e2Nm<%—1+logp>' (16)

Theorem 2.3. In the subcritical regime and for N large, the empirical type frequency pro-
file at generic time points between clicks of the tournament ratchet is with high probability
close to the mutation-selection equilibrium system (14) (py) with po = 1 — p.

These two theorems are proved in | | via a hierarchical duality. We will explain
this approach in Section 4, and give an outlook how it can be extended to the near-critical
regime of the tournament ratchet described in Section 1.
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3. A SYNOPSIS OF THE CLASSICAL AND THE TOURNAMENT RATCHET

3.1. The dynamics of the best classes.
For k=0,1,... let Y,7(t) = N, . (t) and V,T () = Nk, . (t) be the sizes of the (k + 1)t

best class of the classical and the tournament ratchet, where (N).en, and (N7T)een,

follow the dynamics specified in Definition 2.1. Here we assume that the mutation rate m
is equal for both ratchets, but the selection coefficients are different:

m_.g for the tournament ratchet.

{% =5 for the classical ratchet
S —=
P

The jump rates from n to n — 1 are given for both YU and Yy’ by

n(% <1—%>+m>, (17)

but the jump rates from n to n + 1 are different: those of YOT are

(30-5)+(-3)

1 n >
n §<1_N> +5;ka : (19)

where (X (t))ren, is the type frequency profile as defined in (11), with (NS) in place of
(Ny). Writing

while those of YOC are

M(t) :=>_ kXy(t)
k=1

for the first moment of the type frequency profile (X}), (19) takes the form

n G <1 - %) + m%) . (20)

An inspection of the jump rates in Definition 2.1 reveals that for each k € N the process

(Y%, ..., Y;l) obeys an autonomous dynamics; for k = 0 this is evident from (17) and (18).
For later reference we note here that (YOT, YlT) has, as N — oo, the center of attraction

provided Nm — oo and p — 1.

In contrast to the tournament ratchet, the rates (20) depend not only on the size of
the best class but also on the profile (X;(t))r>0 (via its first moment M(t)). There are
various ways to predict M(¢) on the basis of YC(t), and thereby to replace (20) by a rate
which is autonomous; one of these will be described in the next subsection. As conjectured
already by John Haigh | |, such a strategy should work in a regime in which the
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expected time to extinction of YOC typically takes long compared to the relaxation time of

the noiseless classical ratchet. The latter is lofe (see Remark 4.3 | |), whereas the

time to extinction of a neutral Moran(NN)-process starting in Ne~? is of the order Ne™?.
Hence this amounts to the parameter regime

1
Ne ¥ > -,
I

which in the (3, d)-scaling (2) just means that (3,0) € A.

3.2. The Poisson profile approximation for the classical ratchet.
A first idea is to think of the profile (X),~, as (nearly) proportional to the Poisson profile

i
T = € H,

and as the mass my — X being distributed proportionally upon this profile. This leads to
the so-called Poisson profile approximation of (X;.C)k21 based on Xy, given by

k>,

1—-Xo
H(X()) = <X0,1_77T0(7T1,7T2,...)> . (22)
(cf [ , (2.5)]). The first moment of II(Xj) is
0
M(X()) = (1 — XO) 1 s (23)
0
in accordance with | , (5.3a)]. Plugging this into (20) in place of M leads to the

following Poisson profile approximation of the upward jump rates (20):

n<%<1—%>+$<1—%>) (24)

We denote the birth-and death-process on Ny with downward jump rates (17) and upward
jump rates (24) by Yppa; this process can be seen as an approximation of YOC.

3.3. A correspondence between the classical and the tournament ratchet. A
crucial observation is that the upward jump rates (24) and (18) are equal if and only if
m = s(1 — e~?), which is equivalent to the “dictionary” (7).

Remark 3.1. a) With (7), the jump rates (17) and (18) of the size of the best class
of the (m, s)-tournament ratchet are equal to the jump rates (17) and (24) of the
Poisson profile approximation for the size of the best class of the classical (m,s)-
ratchet. Thus the “dictionary” (7) gives a 1-1 correspondence between the (3, 6)-
scaling for the tournament ratchet defined in (8) and the (3,0)-scaling for the
classical ratchet defined in (2), with the dynamics of the size of the best class being
preserved under this correspondence.
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b) With 7 := -F& (24) takes the form

IE

n(% (1_%> —l—m—l—%(]\fﬁo—n(l—%\o))). (25)

Hence in the (3, 0)-scaling (2), (25) is asymptotically equal (as N — o) to

n(%(l—%)—l—m—co(n—a)) (26)

a:=N"0 ¢ :=N"175 (27)

Then, as long as n < N, the dynamics (17)&(26) is close to that of a logistic
branching process with standard binary branching term, and parameters a and
¢o given by (27). For (8,9) € A the center of attraction a becomes large and
the “mean reversion” coefficient ¢y becomes small as N — oo. Here is a quick
intuitive argument why ~ = % marks the boundary between the exponential and
the polynomial regime for the extinction time of both Y¢ and Y7 (which, as we
have seen, have the dynamics (17)&(26) in common). For ea < n < (1 — €)a,
we roughly see a slightly supercritical binary branching Galton-Watson process
with supercriticality of the order N™1"#N1=9  When starting with the order of
a = N'7% individuals, the probability for “long time survival” is high if and only
if NI=ON—PF=9 is large, i.e. v < % More specifically, for v < 1/2 the extinction
probability “in one quick go” is

with

s N1=9 N1-B-28
= (1 _ NP ) ~e : (28)
which explains (10).

3.4. The relaxed Poisson profile approximation for the classical ratchet.
The Poisson profile approximation of the classical ratchet (which we discussed in Sec-
tion 3.2) predicts that immediately before the time of a click the profile should (at least
concerning its first moment) have features of

I1(0) = L(O,m,ﬂg,...).

T 1-mg
A simple “shift by 1” would turn II(0) immediately after the click into

Ti= ﬁ(ﬂ'l,ﬂ'g,...).
However, depending on the parameter constellation, a “relaxation” towards the equilibrium
profile 7 may have started already before the click. Not least to provide a systematic
framework for previous approaches ([ ) | to the approximation of the size of
the ratchet’s best class, [ | suggested to replace the PPA TI(xg) by the so-called
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relaxzed Poisson profile approzimation R4(xg). This is based on the ratchet’s deterministic
mutation-selection dynamics

dag(t) = | 8> @l — k) + m(zp_1(t) — 2(t) | dt,  k=0,1,... (29)
)4
(with z_1 = 0) and on its relazation time
log 6
T =
S

which turns out to be the time for which 2¢(7) = -£5mo ~ 1.6mg provided z(0) = 7, see
[ , Remark 4.3]. For A > 0 and =y € (0,1), Ra(zo) is defined as the profile which
has evolved over time AT according to the dynamics (29), starting from some II(z*), where

x* € (0,1) is chosen such that the first component of R4(zg) equals xg. It is proved in
[ , Proposition 4.4] that the first moment of R4(zo) is

Ma(eo) =0 0 (1
AV exp(61-4) —1 o)

For the choice A = 0 this renders the PPA prediction (22), and for the choice A = 1 we

obtain |
Ml(xo):9+—<1—@>:9+0.58<1—@>, (30)
e—1 o o
which is | , (5.3b)]. See Figure 3 for a comparison of the quality of the PPA My and

the RPPA(1) M, prediction of M in the light of simulations. Let us note that, according
to the RPPA rule, (30) is applicable only for those xy that appear as first component of the
result of the deterministic dynamics started from some II(z*) and run over time 7. The
maximal such xg results for * := 1, which according to | , (4.11)] leads to xg = mg-e
and to Mj(xzo) =6 — 1.

Plugging (30) into (20) gives the RPPA(1) upward jump rates

n(%(l—%)—l—m—cl(n—a)). (31)

0.58m
=N = . 2
a To, C1 Nomof (32)

Like those of PPA, the downward jump rates of RPPA(1) are given by (17), which is (31)
without the term ¢; (n — a). In the (5, 6)-scaling (2), (32) turns into
0.58 N—A+o-1

O TlgnN

We thus see a close analogy between the dynamics (17)&(26) and (17)&(31). However the
mean reversion coefficients ¢; and ¢ differ by the polynomial order N?. Replacing —3 by
—B+ 6 turns the r.h.s. of (28) from exp(—N'"#72%) into exp(—N'78=9). This shows that
the boundary between the polynomial and the exponential regime for the extinction time

with

a= N1_6,
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of RPPA(1) is marked by v = 1, and makes it clear also in the Moran framework that the
clicking rate predicted by (6) is based on RPPA(1) (rather than on PPA).

> Data points . > Data points
h P --- Regression line IR --- Regression line
’ AN N PPA prediction 000 %0n o PPA prediction
- ---RPPA(1) prediction H 8 ---RPPA(1) prediction

M
M

11 ’7 = 025’ 05l
B8=0286=02 B=04,5=05
bi 05 06 07 o8 09 1 1l 12 13 14 15 16 %05 1 15 2 25 3 35 4 45 5 55 6 65 7
Yo Yo
22
> Data points
2F, . --- Regression line
0%, PPA prediction
L850, o ---RPPA(1) prediction

M

v = 0.5,
p=07,0=015

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 24

0.4

F1cure 3. This figure is inspired by [P W09, Figure 6]. It illustrates the
quality of the PPA prediction (22) and of the RPPA(1) prediction (30) of
the profile’s first moment M based on the size Y of the best class. For
N = 1.000 we took snapshots of (Yp, M) at times t = 10k, k = 1,2,....
The plots diplay the estimated regression line with the predictions given by
PPA and RPPA(1). The fit of PPA is worse than that of RPPA(1) for small
~ and becomes better for larger . See also [XPW09] Fig. 6 for analogous
simulations based on the Wright-Fisher model.

3.5. On the expected time to extinction of the best class in the (f,J)-scaling.
In this subsection we focus on the birth-and-death process Y := YOT with jump rates (17)
and (18), and denote its extinction time by Tp. Let us emphasise again that this process
has the same dynamics as the process Yppa defined in Section 3.2, provided the mutation
rates are equal and the selection coefficients are translated through the “dictionary” (7).
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The proof of the following theorem, which will be given in Section 5, is based on a careful
analysis of the Green function associated with the dynamics (17)&(18).

Theorem 3.2. Consider the (8,0)-scaling (8). Then, as N — oo,

a) For (8,9) € P,

Eye [Ty] ~ 2 (# - a> (log N)N®, o<1 (33)
7T3/2 148
Eye [To] ~ —-N'7, a> L (34)

b) For (B3,0) € € and every sequence ng = n((]N) such that ng > N*°(1 — N—9)~1,
En, [To] = exp (Nl—ﬁ—%) , (35)
where < denotes logarithmic equivalence (as defined after (10)).

Remark 3.3. a) While (35) cannot be deduced directly from Theorem 2.2, the asymp-
totics of (16) relates nicely to that of (35). Indeed, the exponent in (35) equals
Nm(1 — p)?, while the exponent in (16) is 2Nmh(p) with

1
h(p):%—1+logp~—§(1—p)2 as p — 1.

b) In the light of Remark 3.1.a), Theorem 3.2 is relevant not only for the tournament
ratchet, but also for the Poisson profile approximation of the classical ratchet.
Prominent starting values for Y are

— with regard to the tournament ratchet: nl := N 1-0/2 " which according to (21)
is the asymptotic center of attraction of the size of its second best class,

— with regard to the classical ratchet: ng := Nm = Nfe? which in the
(8, 6)-scaling equals N'=9§log N. Figure 4 illustrates that this asymptotics of the
starting value can indeed be seen in simulations of the classical ratchet. The starting
value ng is used in Figure 6, and the starting value noc is used in Figures 5 and 7.

For (8,0) € P we have

1+ 5 1)

l-d<——<1—--.
2 2

Hence Theorem 3.2.a) gives
E"OT [T()] =N
which meets (9) and (5).

1+8
2

and  E,c[To] < N'7°,
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v = 0.55 10} v=0.7

¢ log size of new best class = ¢ log size of new best class
== log(N'=9/2§1og N) o == log(N'=9/2§1og N)
log(N1-9/2) I log(N1-9/2)
--- log(N'-9) - log(N1—%)
K 01 02 03 04 05 06 07 08 0 0 01 02 03 0.4 05 06 07 08 09
B B

¢ log size of new best class
- log(N'=9/251log N)

2| IOE(NF?/Z)

. === log(N17?)

0 01 02 03 04 05 06 07 08 09

8

FIGURE 4. For N = 100.000 we compare the size of the “new” best class
of the classical ratchet immediately after after a click (as observed by simu-
lations) with Nmy = N'=0 Nm, = N9 log N and N1-9/2 which are the
centers of attraction of the best and the second best class of the classical
ratchet and the center of attraction of the best class of the fancy ratchet (cf.
Remark 3.3. b)). For various fixed values of -, we consider (the logarithms
of) these quantities as functions of § (recall that 6 = /(1 — 3)). Each data
point was obtained by pooling the first 4 interclick times from 20 simula-
tions of the classical ratchet for the corresponding parameter configuration.
Depending on the choice of ~ the size of the new best class seems to lie
between Nmy and N7y, but way below N1-4/2,

15
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¥ log(avg. obs. interclick times) > log(avg. obs. interclick times)
ol | log Ey1-s/2[T0] 1 1ol [ 1og Eni—s/2[To)
(log N)(1+3)/2 (log N)(1+ 3)/2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 GU 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

¢ log(avg. obs. interclick times)
ol |77 log En1s/2[T0)
(log N)(1 + 3)/2

FI1GURE 5. For fixed population size N = 100.000 the prediction for the ex-
pected interclick time of the tournament based on i) a numerical calculation
of the Green function and ii) Theorem 3.2 are compared with simulations.
Each data point was obtained by pooling the first 4 interclick times from
20 simulations of the tournament ratchet for the corresponding parameter
configuration. FKach plot shows this for one fixed value of v with varying .
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> log(avg. obs. interclick times)
b log Envey (T3 ]
log Enn, [T

> log(avg. obs. interclick times)
[ log By (T3 7]

RPPA
log Bz, [Ty )

0 0.1 0.2 0.3 0.4 0.5

0.1 0.2 0.3 0.4 0.5

> log(avg. obs. interclick times)
||~ logEnm [T

RPPA/
log Bz [Ty )

> log(avg. obs. interclick times)

| | log Evr [T5 7]

RPPA
log Bz, [Ty )

FIGURE 6. For fixed population size N = 100.000 the PPA as well as the
RPPA(1) prediction for the expected interclick time of the classical ratchet
are checked via simulations for various values of 5 and +. Each data point
was obtained by pooling the first 4 interclick times from 20 simulations
of the classical ratchet for the corresponding parameter configuration. In
agreement with the empirical findings on the size of the new best class
(as reported in Figure 4) we use N7 as a starting value and compute the
expectations of the extinction times of Yppa and of Ygrppa(1) by a numerical
evaluation of their Green functions. Each plot shows this for one fixed value
of ~ for varying 5. In most of the observed scenarios the observed interclick
times are approximated better by RPPA(1) than by PPA.
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40

35
—emp. occup. density up to ¢ = 2000 | —emp. occup. density up to ¢ = 10000
- tGY(Nmy,n)/Cy 30 -t GY(N7y,n)/Co
tG'(Nm,n)/Cy ’ tGY(Nm,n)/Cy
25
20
8=01,6=0.3 " 8=05,6=04
or A
2 2 3 3 4 4. 6 UU 0.‘5 1 1 2 2. :f 3. 4 4
y/mo y/mo
(A) (B)
FIGURE 7. This figure is inspired by | , Figure 5]. The empirical

occupation density of the size of the best class in a simulation of the clas-
sical ratchet is compared to the (numerically computed) Green functions
GY(Nmy,-) (of Yppa) and G' (N, ) (of Ygppa(1)). The norming constants
are C; := Y., ; G'(Nmy,n), i = 0,1. The choice of the starting value Ny
is in agreement with the findings reported in Figure 4. Panels (A) and
(B) feature the exponential and the polynomial regime, respectively, with
v = 0.33 in panel (A) and v = 0.8 in panel (B). In panel (A) the popu-
lation size is N = 2000 and simulations were run up to (generation) time
t = 2.000. In panel (B) the population size is N = 10.000 and simulations
were run up to ¢ = 10.000. In (A) no click time was observed till time
t = 2000, and in (B) 13 click times occurred till time ¢ = 10000. Panel
(B) may give the impression of a certain clustering of the process of click
times. This may go along with a conjecture stated by Mariani, Pardoux and

Velleret in | ] on the transitory regime where the “relaxation time”
starts to become larger than the interclick times. Here is a quote from the
introduction of [ |- “If [the relaxation time] tgy is of the same order

as [the expected click time] tc or larger, we a priori can not exclude that
trains of short interdependent intervals could alter this observed distribution
of interval length. But already if tg is of the same order as tc, there shall
still be long realizations of inter-click intervals after which we can say that
the dependence in the past is forgotten.”
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4. THE TOURNAMENT RATCHET NEAR CRITICALITY

4.1. A backward-in-time view. We briefly review some essentials of the graphical ap-
proach developed in | |. This kind of approach dates back to the pioneering work
of Krone and Neuhauser | , | and has been intensely used in mathematical pop-
ulation genetics since then; for some recent related work see for instance | , ,
]). For fixed parameters N, m,s this approach gives a representation both of the
Moran tournament ratchet as well as of its hierarchical dual, and it is instrumental for
[ |’s proof of Theorems 2.2 and 2.3. Some of the ideas of this proof are summarized
in Figure 1 of | ].
The line counting process of the Ancestral Selection Graph (ASG) is a birth-and death

process on N with upward jump rate sn(N — n) and downward jump rate % The
lineages are decorated by a Poisson point process with intensity m; the number of points
on a (potential ancestral) lineage is the (mutational) load accumulated along that lineage.
The load of a potential ancestor ' of an individual Z is the mimimum of the loads of the
lineages connecting Z and Z’. If all the individuals at time 0 are assumed to be of equal
type, then the type of an individual sampled at time ¢ is the minimum of the mutational
loads carried by the ancestral lineages that lead back from this individual to time 0 (cf.
[ , Remark 4.2]).

We now consider times ¢, u with % < t < u. For k > 0, the minimum~+k load ASG
(back from the total population at time u), denoted by A¥ =: Ay, consists at any time
t' < w of all those individuals living at time ¢’ that are a load (k + kmin)-potential ancestor
of some individual living at time w, where ky;, is the minimum of all the loads of lineages
connecting times ¢’ and u. We say that ¢’ is a backward click time along Ag if t' is the time
of a jump of knin.

For an individual Z sampled at time ¢, and & > 0, the graph made up by its load k&
potential ancestors is the load k ASG of Z, denoted by A, = (Ak(t —7))r>0. We write
Ap(t—r) == #A,(t—7), and Ap(t—7r) := #Ax(t—7), r > 0, for the line counting processes
of Ai and Aj.

Key insights of | | are that (in the parameter regime considered there)

(i) the process of backward click times along Ay is asymptotically close to (and a fortiori
has asymptotically the same rate as) the process of click times of the tournament ratchet,
and

(ii) the type of an individual sampled at time ¢ results with high probability as N — oo
from its potential ancestry within Ag.

[ , Lemma 5.1] tells that both Ag(t —r) and Ag(t —r), r > 0, are birth-and-death
processes whose jump rates are given by

ns(l—%) from n to n + 1,

+n_1 f t 1
nim 2N rom n ton .
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More generally, for any k € Ny, both the processes (Ao, ..., Ax) and (Ao, ..., Ax) have the
Markovian multivariate birth-and death dynamics specified in [ ] Lemma 5.1. Let
(Zo, Z1,...) be a process whose first k£ + 1 components have the just mentioned dynmaics.
It is not difficult to check that, asymptotically as N — oo, the process (Zy, Z1) has center
of attraction

(a,b) ~ (2Ns(1 —p),2Ns/(1 — p)) , (37)

provided that m — 0, Nm — oo and p — 1. Notably, this is (21) up to the factor 2s. In
the (5, 0)-scaling (37) turns into

(a,b) ~ (2N1=B=0 oN1=8-0/2),

Starting the process (Zp, Z1,...) from (N,0,0,...) leads to a process which is similar in
structure to (Yp, Y1,...) started in (N,0,0,...): every once in a while, the minimal index
k for which Z, is different from 0 jumps to k+1. This process of jump times has the same
distribution as the process of backward click times mentioned above, and in the subcritical
regime was shown to be asymptotically Poisson as N — oo. For two pairs (3,0) in the
near-critical regime, Figure 8 shows simulations of the asymptotics of backward interclick
times compared with that of the (forward) interclick times.

4.2. A basic duality relation. For fixed N, let Yy(t) be the number of type 0 individuals
at time ¢. Assume that at time 0 all individuals are of type 0. The event {Yp(¢) > 0} then
occurs if and only if among the individuals living at time 0 there is at least one load
zero potential ancestor of some individual living at time ¢. Consequently, for Zy being a
birth-and-death process with jump rates (36), we have

P[Yo(t) > 0| Yo(0) = N] = P[Zo(t) > 0| Zo(0) = NJ. (38)

(More general than (38), | , Remark 2.5] says that the process Z; is in hyperge-
ometric duality with the process Yy/N; see also [ ] for more details on this notion.)
Such duality relations are a powerful tool to study ancestries in population genetics models
[Moho9, PP13, I

Let us write 7 for the first click time of the tournament ratchet, and T for the extinction
time of Zp. Then (38) translates into

P[T >t]|Yo(0) = N]=P[T > t| Zy(0) = NJ. (39)
Integrating (39) with respect to ¢ from 0 to co gives
E[7 | Y0(0) = N] = E[T"| Zo(0) = N]. (40)

In the next subsection we will make use of the analogue of (40) that is based on the
graphical approach described in Sec. 4.1.

In | ] the click rate of the tournament ratchet was obtained via the process
(Zo, Z1,...), defined at the end of Sec. 4.1. As soon as Z; gets extinct, the old Zj
becomes the new Zj,_1, and in particular the old Z; becomes the new Z3. The following
result can this be seen as a “dual analogue” of Theorem 3.2. Its proof (which we will not
include in the present paper) follows similar lines as that of Theorem 3.2.
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Theorem 4.1. Denote the extinction time of Zy by fo, and consider the (f3,0)-scaling.
Then, as N — o0,

a) For (8,9) € P,

Ene (] ~ (52-0a)(ogN) N, o<1l (41)
3/2
~ T 148 _
Ene [BD] ~ T5-NF, o> 1L (42)
b) For (3,0) € £ and every sequence ng = n(()N) such that ng > AN*—8-9
En, {T\o] = exp (Nl_ﬁ_%) . (43)
B e s o e o e b Y D

10% |

B=06,7=07 X B=08,v=04
C/ 1«‘)-‘ 104 C’ 1[‘] 3

N N

10*

FiGURE 8. For two parameter constellations in the near-critical regime,
this displays the outcomes of a simulation comparing (on logarithmic scales
for N up to 10%) a long-term average of observed (forward) interclick times
with a long term average of observed backwar interclick times. The left and
the right panel belong to the polynomial and to the exponential regime,
respectively. The backward and the forward rates seem to have (virtually)
the same asymptotics. This still leaves the conjecture that the click time
processes should be asymptotically Poisson in the exponential regime, while
they exhibit clusters in the polynomial regime.

4.3. The equilibrium profile in the deterministic limit. For 0 < p < 1 we denote by

p) = (p](gp ))kENo the solution of the recursion

k=1
p1=0, po=1-p,  pk—pr1)=pr | 1=k =2 pr |, k=1 (44)
k=0
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m

For 0 < m < s and p := 7, p®) is the solution of (14) (with s := s), and hence is
the equilibrium frequency profile of the noiseless (m, s)-tournament ratchet. As already
observed at the end of Section 2, the recursion (44) implies

pok —pr-1) =Pk | D — D o | k=1 (45)

k'>k k'<k

Thus pj, — pr—_1 is positive as long as k is strictly smaller than the median of p®, and it
becomes negative as soon as k is strictly larger that the median. This immediately leads
to the following

Remark 4.2. The mode and the median of p'») have a distance of no more than 1.

It has been proved in | | that the tails }°,, p@p ), k > 0, are given by the k-fold
iterations (’52@ (u) == B,(&,(...(u))) of the function

1
Q5p(u):§<1+p— (1—1—,0)2—4,0u>, 0<u<l. (46)
More precisely, | , Theorem 2.4 d)] tells that
Zp =&® (p), keN. (47)
1>k
With regard to the (3, 0)-scaling (8) we put for N € N and § € (0,1)
pMD =N e N, (48)

The following result will be proved in Section 5

Proposition 4.3. For any fixed k > 0 we have the asymptotics as N — oo

pp %~ N7 (49)
Sop Y~ N (50)
<k

The relation (50) invites to approximate the median of p@™:9) by solving the equation
L1 N9,
That this strategy works relies on a refinement of Proposition 4.3 which is provided by

Proposition 4.4. a) The asymptotics (49) and (50) are valid up to k of order loglog N.
b) The following asymptotics holds true for the median of the type frequency profile:

log(log(N?)/log(2
(N,é)) ~ Og( Og( )/ Og( )) as N 5 00. (51)
log(2)
A proof of this proposition is given in Section 5.
Plugging (51) into (49) (which is allowed because of Proposition 4.4 part a) and recalling
Remark 4.2 we arrive at

median(p
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Corollary 4.5. maxy p,(CN’é) — % as N — oo.

Remark 4.6. Here is a quick argument based on the recursion (44) which shows that the
weight of the median of p() is roughly % as soon as p is close to 1. For vy := %pk we obtain

for all K € N, dividing (45) by p? and summing over k between 1 and K,

K K
0 = Z(Vk_Vk—l)_Z Vg ZV]'—ZVJ

k=1 k=1 >k i<k
K oo
= VK — 1y — ZZ l/kljj |:1{j>k} — 1{j<k}:|
k=1 5=0
K K 00
:VK_VO+VOZVk_ E E ViV,
k=1 k=1j=K+1

For p close to 1 and K such that E,[fzo v R % this gives (since then vy = 1;pp becomes
small)

~ 1 1 o 1
ONVK—V0+VQ<§—VQ)—ZNVK—Z.

4.4. The type frequency profile in the near-critical exponential regime.

In this section we give evidence that, in the near-critical exponential regime (4), the type
frequency profile between clicks is with high probability close to (pg) given by (44). We
will start by briefly reviewing how this was proved in | | for the subcritical regime.
Resuming the notation of Sec. 4.1 we consider for k € Ny the event

81, :={there is a coalescence event between Ay and Ay
but no coalescence event between A; and Ay for j < k}.

In [ ] the following was proved for the subcritical regime:

(H) The probability that the randomly sampled individual Z has type k is asymptotically
equal to P(&).

We conjecture that (H) is valid also in the exponential regime of the (3, d)-scaling, but
defer the proof of this to future work. The link between (H) and the prediction (48) for
the empirical type frequency profile is established by the following

Claim 4.7. For (3,0) € £ and for each k € Ny,
(B(&), ..., P(&) ~ G, pM) as N — 0. (52)

In the rest of the subsection we will outline the main mathematical insights that support
this claim. Let us first consider the case k = 0. In the regime &, the quantity a = 2N*'=8—9
is the typical (order of) size which the process Ay attains (and keeps) “between clicks”.
As long as Ay and A are disjoint, the rate of coalescence events between Ay and A on the
NPB_timescale is

NB%AO(t ) Alt—1) ~ Aot — )N, (53)
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The event &y will thus with high probability go along with the event
& = { Ay reaches an order of magnitude beyond N°}.

Notably, the condition (8,9) € &, which is equivalent to 1 — 8 — § > J, ensures that the
center of attraction of Ag is above N9. However, since A starts in 1 and then is only slightly
supercritical, the probability that Ay makes it up to its center of attraction is small for
large N. Indeed, in view of its dynamics (36), (Ao (t —7)),>0 behaves for sufficiently small r
similar to a binary Galton-Watson process. That this approximation is good enough for
our purposes goes along with the following

Lemma 4.8. Let H = (H,),>0 be the binary Galton-Watson process with splitting rate
b:= N7 and death rate d :== NP1 — N7°). Put R := KNPT0log N with K < 1%5.
Then

1 (R 1 2b N n-s-
W/o E[H,(H, — 1)|H survives]dv ~ Wmew’_dm = N1==3 e2NTITOR o(1).

Proof. This follows from the fact that the second moment of H, conditioned on survival is

E[H3|H SllI‘ViVes] = eQ(b—d)r + % <e2(b—d)?“ _ e(b—d)r) ‘

O
As a consequence of this lemma we obtain

Corollary 4.9. The processes (Ao(t —1))r>0 and (Hy),>0 can be coupled such that, as
N — o0, they coincide with high probability up to times r < NP0 log N.

With H as in Lemma 4.8, and with
py(r) :=P(H, > 0)

we have

E[H,.|H, > 0] = exp(N=P=0). (54)
py(T)
Let us now choose a time rg such that

NP 1oglog N > 1o > NPT,

We claim that for this g we have

Nolog N > exp(N7P=%rg) > N? (55)

Py (o)
and

pi(ro) ~ N7°. (56)
For checking (56) we recall that for a binary Galton-Watson process (G,) with individual
birth rate 1 and individual death rate 1 — N~9 the generating function F(¢,7) := E[¢C7]
fulfills

N _14e ™ (1 _ N—5)
—1+e ™7 (1—-N-9)

F(0,7) =
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Putting
70 :=roN 8 (57)
we obtain
pr(ro) =P(Gr, > 0) =1 - F(0,7),

which meets (56) since 70 > N°. Finally, (55) is immediate from (56). This proves
Claim 4.7 for the case k = 0. Let us now turn to k£ > 0, and abbreviate

In order to argue that (py) satisfies, at least for sufficiently small k, approximately the
recursion (44), we proceed similarly as in the proof of | | Proposition 11.1, and

consider a standard Yule tree % with Poisson decoration at rate p = 1 — N—9. For 7 as
in (57) we have
Niloglog N > 75 > N°.

Let %(70) be that part of % which is below time 7y (i.e. the tree % cut at height 7). Let
L) be the minimum of the Poisson loads carried by the branches of % (). By a similar
argument that lead to (54) and (55) one can see that, conditional on {L(®) = k}, the
number of branches of #(7) that carry the Poisson load k is of an order (slightly) larger
than N°. Thus the same argument we used based on (53) for the case k = 0 shows, now for
any fixed k£ > 0, that conditional on {L(TO) = k} the event &} occurs with high probability,
thus implying

Pr~PLM™) = k) as N = oco. (58)

We write (px)ren, = (p,(fN))keNO for the distribution of L(™). Let T be a random variable
with standard exponential distribution (playing the role of the first splitting time of %),
put
To :=min(T, 7o)
and given T let My be a Poisson random variable with parameter 75(1 — N7°).
Decomposing % (70) at the time of the first branching of % (provided this time is smaller
than 79) we obtain that L(™) solves the stochastic fixed point equation

L) £ My + min(L{077), L5070y (59)

where, given T, the random variables My, LYO_%) and Lgo_%) are independent.

We are now going to establish a stochastic fixed point equation whose solution is asymp-
totically equivalent to that of (59). To this purpose let M (V) £ 1 be a geometrically

;:%iﬁ . Let L) be the solution of the

distributed random variable with parameter
stochastic fixed point equation

P
1+p

LM LA™ 4 min(z™, LMy

where LgN) and LgN) are independent copies of L that are also independent of M),

Let #®™) be the distribution of LV). The fact that the distribution weights of the random

(N)
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variables L(™) and L(™~70) are asymptotically equivalent as N — oo strongly suggests
that for all k£ € Ny

p,(QN) ~ F](CN) as N — oo. (60)

By applying step 4 of the proof of | | Proposition 11.1 to the random variable L)
(instead of the random variable L figuring there ) and using (60) we obtain the asymptotic
validity of the recursion

k—1
po=N"  (I=N)pr—pe)=px [1=Pr—2D pw
k'=0

Together with (58) this gives the assertion (52) of the Claim.

5. PROOFS

5.1. Proof of Theorem 3.2. Denote by ) the process whose jump rates are obtained
through multiplying (17), (18) by % = NB. Then Theorem 3.2 is an immediate corollary of
the following result, which gives a refined statement on occupation times of ), depending
on various starting conditions.

Theorem 5.1. a) For (B,9) € €,

To
e / Lasyeney |~ 2N*77a<f+d
0

To 4
Epye / 1{1§yt§Na} dt ~ €2N ’ 6, 5+5<O&< 1-9
0
Ty ] 2 1
B ni-s / Lj<y,<ney dt| = exp | N'"F2K <— - K> ; K< -
| /0 - ] p p
1-8-26 1 1 1-6
Eyo [T()] ~ exp N ? s y() > ;N .
b) For (B,9) € P
a—pf 1+ /8
Ene [To) ~ 2((1+8)/2—a)logNN*FP,  a< — (61)
3/2 1
Ene [T] ~ N<1—B>/2”T, %ﬂ < a. (62)

This we prove now. We denote the time-discrete embedded process corresponding to J
by Y, and write G(m n) for the expected number of visits at n of Y when starting in m.
Denote by jp; and jg; the upward resp. the downward jump rate of J from j. Let us start
with an anlysis of G(n,n). By standard arguments we have
1

é(n,n) = M’

(63)
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where ¢(n) is the escape probability of 5} from the state n, i.e.

dn
n) = 1—hrM™(n-1)), 64
o) = —2— (1= h)(n — 1) (6
where h(™ : {0,1,...,n} — [0,1] is Y-harmonic on {1,...,n—1} and satisfies the boundary
conditions h(™ (0) = 0, A (n) = 1. Hence (cf. e.g. | D
=1
—od
h(")(ﬁ):w, (=0,...,n, (65)
2k=0 d(k)
where d(k) is the oddsratio product
d(k) == H =
=119
From (65) we obtain
1—h™M(n—1) = %. (66)
2 k=0 d(k)

Writing G(n,n) for the expected time spent by ) in n when starting in n we observe the

relation ) ) 1
Gn,n)=——= —"- .
M) =50 n ot

Combining this with (63), (64) and (66) we arrive at

12 dk)
G(n’n):n—qn.kzzoid(n—l)’

Let us now turn to G(m,n) with m # n. For n < m we have

G(m,n) = G(n,n),

such that
n—1
B 1 d(k)
G(m,n) = G(n,n)= — an—1)
k=0
n—1 n—1
- Ly
Qo120 k=iy1 Ik
while for m > n we have
m—1
o d(l)
G(m,n) = G(n,n) - 20 22 (67)
> = d(l)

Writing out (67) gives

L dk) Xt d)
gn-n = dn—1) Yrld()

G(m,n) =
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m—1 n—1

_ ! ZH%-

-n
in 1=0 k=I+1

In total this gives
m—1An—1 n—1

G(m,n) = 1n Z H%

=0 k=I+1

We now have the following expressions for the jump rates from the state n:

= (3 2) ()

fromn ton+1 and

from n to n — 1. We thus have:
an

(1 2 2m
Pn p 1—n/N

142" 4o 53 n)
_— m —_—
= ~

-)
)

k .\ pki;o(_nk <27m>k+1

Hence if we introduce

(68)
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then

I 11— )6+p6z< )k

Pn 1

A second order Taylor expansion thus gives:

2
1o ogn S\ -2 P (n)
glogp—n (1—p)+ka:1<N> 5 G} 26<];<N>

In particular, if n is of order at most N*—9/2,

2

3 k 2 2 3 k

o dn (1 n\"_ (A=p) e P n
ot = aoas iy (5) -0 26(2(N>)

10 <N—36—35/2 i N‘5‘25)

2

2 k 2 2
1 nY _ (=P e P2 —5-35/2
— p)6+p6;<N> et -Le (< +O(N )

— _(1-p)& <1—@6>+p(‘5%+p6 (1——6) (N

This implies for K < oo and n < KN1~9/2

=
~——
_|_
Q
/N
=2
W
%
-

logd(n) = —(1—-p)& <1 - O;JGS) n+ pGn—z +p6(1- BG) —3 +o(1)

2 S 3
- —(1—p)6n—|—62n—N+6<1 ) " o(1).
We will first prove point b).

5.1.1. The polynomial regime. Here we have 1 — 8 — 2) < 0. Let us first take a < 1 — 6.
Then for any n < N%, d(k) ~ 1 and

G(n,n) ~ g, ~2N7P.
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Hence
KN©

Z G(n,n) ~ 2K NP,
n=1

Now let us take 1 —d < o <1 —6/2:
ga: G(n,n) ~ 2N /1 du/le(l—P)GN“u(l—v)—GNmuz%_(6_%2)N3au
n=KN1-8 ’ niia B
Forl-d<a<1-4/2,
(1-p)&Nu(l —v) _2N'"°°
SN2 T

goes to 0 when N goes to infinity and w # 0. Likewise,

S(1- (S N3au3 (1—®)

o 1—v2
S N2aq21=02) 5N )
goes to 0. We deduce that

NQ
O‘_B 1 1 _GNZau2(1*“2)
E G(n,n) ~ 2N du [ e N dv
n=KN1-8 KNt=o=e Jo

a—p3 1 1 _GN2ay2 (1*’112)

= 2N dv e 2N du
0 KN1-é6—«a

/1 /S N2a—1 (1*2112)

_os (1—02)
K\/GNl 26 e

2
e “du

) Ne—B /1 dv
\/6N2a—1% 0 V1—2

2
oN(1-B)/2 /ldiv/m
0 V1—12

K\/6N1726(17—2”2)
SN1-26 (1- U2)
2

.2
e " du.

We have

— 0, N — o0.

Ifl-6<a<(1+p)/2

1— 2
\/6N2a—1(27”) 50, N-ooo

and
Na

> G(n,n) ~2N",

n=KN1-¢
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whereas if (14 8)/2 <a <1-4§/2,

02
\/6N2a—1(1 ”)—mo, N = 00

2
and
ol v 2
G(n,n) ~ 2N(1_6)/2/ 7_/ e du
n Igl\:ﬂ 5 0 1—v? 0
3/2 7\ 3/2
oN(I=A)2T _onO-p)/2 (T )
1 5 (69)
Let ng < n. Then from (68),
1 a0
o) = g & Ty
1=0
Hence for any € > 0,
Ni-e no—1
d(l) ’I’LO — 1
< NP —
n;OG(nO’ ) nogdno—l) d’l’L—l
Now notice that for n > N'=%2 and N large enough,
In > p 4 N2,
Pn
In particular, for e < §/2,
Ni—=¢ [e's)
d(N1=9/2 _ 1) —n
= < 14+ N—A702) o NOH/2
Z dn—-1) — Z ( * )
n:lets/Z n=0

Moreover we get from the previous computations,
1-6/2_
R ()
N1=8/2 Z d(N1-6/2 — 1)
=0

— — 7'u2 S — 1—’!)3
/1 e(l—p)GN1 /2(1—v)-6N? 5%—6(1—5)1\73 36/2(3T2)dv

0

1 2
_ 25 (1—v%)
/e N N dov
0
1
_ 1-85 (1—v)
/e N T dv
0

= — e Vdv ~ NBH-D/2,

IN

IN
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Hence

les
> GIN'T2n) < NP (VANURITDR) NAOR o aNO-0mA2,

n=N1-6/2

But from the condition

1-6-6>0
we deduce that § < 1 — 8 and thus for large N,
les
Z GIN'™2 n)=o0 (N(l_ﬁ)/Q) )
n=N1-96/2

Adding (69) yields for any small € > 0,

Nl—¢ N1-6/2 Nl-¢

1-8
Yo GNPy < N Gln)+ ) G(N1—5/2,n):o<NT>.
1-8 1-8 n=N1-6/2
n:NTJrs n:NTJrs

This ends the proof of (62).

Let us come back to the case @ < (1 + )/2. First notice that for ¢ > 0 such that
a+e< (1+08)/2,

N@+B)/2—¢ NA+B)/2—¢

Z G(N®,n) ~ Z %~2((1+5)/2—€—a)10gNN°‘_5.

n=N& n=N¢& n

Indeed we proved that d(n) ~ 1 for any n < N(+8)/2=¢ Now notice that the condition
1—/5—260 < 0 implies that 1—¢ < (1+f)/2. Moreover, from the definition of ¢, and p,, we
see that ¢,/p, > 1 as soon as n > N'79. Hence if ¢ is small enough, 1 —& < (14 8)/2 —¢
and

NO+B8)/2+e NA+B8)/2+4e 1 Ne—1 d(l)
G(N“ = i —
YDINCICII e i U

NQ+B)/2—¢ n=N1+8)/2—¢ =0

NA+B8)/2+e Ne—1

1 1
< d(N(+8)/2=e 1) Z ngn Z d(l)

n
n=NQ1+8)/2—¢

~ 2elog NN~ P,

Finally,
N N Ne

o« ) = 1 d(k)
> GN*n) = > —Zm

n
NQ+8)/2+e N1—8)/2+e K
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__2NeF YaNe —1)
< yoEE d(n—1)
NQO+8)/2+¢e
N

INe—B Z 1
1 2 _ :
N(+B8)/2+e N0 T d(n—1)

But from the Taylor expansion we see that
N N

Z ﬁ S/ e_zeﬁdxzo(l).

yota e A7 NCra e

This concludes the proof of (61).

Let us now focus on point a):

5.1.2. The exponential regime. Here we have 1 — 8 — 26 > 0. From the Taylor expansion
we deduce that there are three possibilities:

e lfa<l—4,
log d(N®) ~ —(1 — p)SN®
[ ] If K c R-l-?
KN1—5 2
log d(KN'™) = ~(1 - KN 4 p& BN Ty o (i-r-2)

e Ifa>1-4,
2

n
log d(N®) ~ p& —
ogd(N®) PS5y

We will consider the three cases successively.
Ifa<p+y9,

N« . . »
Z G(n, n) ~ QNOC—B / du / e(l—p)bN u(1—v) dv
0 0

n=1
2No—B LS| s Na
- (1=p)&N*(1-v) _ ~ a—p3
(1—p)6N0‘/0 1_?}(6 1>dv 2N*7,

Recall that =~ stands for logarithmical equivalences. If 5+ < a <1 —,

N© 1 1
Z G(TL,’I’L) ~ / dU/ e(l_p)GNa“(l—”)dU ~ e(l—p)GNa ~ 62]\[&75’76‘
n=1 0 0

Now, let us take K € R;. Then:

KN1-6 KN1-¢ n

x 2 _ n 2 _
1 1

n=1
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KN'=%  p
1 2 -
/ dn/exp <W(ac—n) <x+n—;N1 5>>dx
1

1

K A
2

/d)\/exp (Nl—ﬁ—%(u - ) <u +A— —>> du

] P

T 2

/d)\ exp (Nl_ﬁ_z‘su <u -2\ + ;)) du.

0

There are then two possible cases for the last integral:

o If A>2/p,
A 2
/ exp | N17P=2%y <u -2\ + —> du = O(1).
0 P
o If A <2/p,

A
/ exp (NI—B—Q(S,LL <’LL — 2\ + %)) du ~ exp <N1_6_26A (% _ )\>) ]
0

We deduce that
e If K <1/p

Q &Q

&Q

o ——_ . °

KN1-9 9
Z G(n,n) ~ exp <N1_B_25K <— — K>>

n=1 P
o If1/p <K,
KN'—9 1
Z G(n,n) = exp <N1_B_25—2>
n=1 P
Notice that for n > N1=¢ Gn/prn > 1 and recall that for n > ny,

1 no—1 n—1 P
G(ng,n) = — Pk
o =5, 2 I

Hence for (2/p)N'70 < ng <n

(2/p)N1=5~1 (2/p)N1 =01

Gno,n) < G ((2/p)N' ") Ly M -

" 1=0 k—it1 Ik

IOV G o512, 212

ngn

IN
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(2/p)N'0qea)pn1-s

= e O(1).
We deduce that for (2/p)N'=9 < ng
N
Z G(no,n) =o <exp (NI_B_%)) .
n=no

This ends the proof of point a).

5.2. Proof of Propositions 4.3 and 4.4.

Proof of Proposition /.3. We abbreviate py := p,gN’é), p:=1—N~° and proceed by induc-

tion. For k = 0, (49) is true since pg = 1 — p by (44). Let us now assume that for some
k € N the asymptotics (49) is valid for all £ < k. This implies in particular the validity of
the asymptotics (50) for this k. Re-arranging (44) we obtain

2

1 1
P =35 P—1+22m +la P—1+2Zm + PPE—1- (70)
<k <k
Because of (50), and since p — 1 = —N 7%, we have

NO/2F ,0—1+2Zpg -0 as N — oo
i<k

This together with (70) implies

N6/2kpk ~ \/pN5/2kD1pk_1 as N — oo.

As the r.h.s converges to 1 by induction assumption, this completes the induction step. [

Proof of Proposition /./. First notice that for any k& > 1,

p—1+2) p=p—1+2p=1-p=>0
<k

VaZz+b—a<vVb

which holds for any a,b > 0 and from (70), we get that for any k£ > 1,

Pk < VPt < (ppo) /P = (pN0)W/", (71)
We deduce that for any € > 0 and k < loglog N/(log 2 + ¢),

k k
_ log log N _ log log N/(log 2+¢)
< N2 < D808 n—6y(1/2)
eE—om_ ZE_O(/) ) og2 e PN

From the inequality

loglog N o~ (log N)ToE 2Tz

—0 as N — oo.
log2 + ¢
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We deduce that

. loglog N
median(p'™?) > Tog 2 £ ¢
when N is large enough.
From (71) we get
k—2 k—2 00 -5 (1/2)/&72
ye—2 ye—2 é (pN7°)
D pe < (PN (N7 < (pN TS (N7 = T
=0 /=0 =0 1—- pN

Adding (70) yields

(pN )/
> Jone_1 — Dr_1 —
Pr = \/PPk—1 — Pk—-1 1 pN-°

Now let us choose a small € and introduce K, such that
(PN /D™ < o < (pN—0)1/D T (72)
Then for any k < K.,
P = (VAL = 3¢/yp) ™ (pN )0/,
where s(k) = 1+1/24...4+1/2%=1. Indeed this holds for k¥ = 0 and if it holds for k—1 < K,

(pN =)W/
> — Y
Pk = /PPh—1— Pk—1 N

VP—1 /PP (pN 7)1/
VP \/PPi—1 1—pN—

= /PPk—1 — \/PPk—1

> \/pp NG (pN_é)(l/z)k V/PPE—1 (/)N—(S)(1/2)’“’2—(1/2)’c
= k—1 — k—1 — ﬁ(k 5 R — -
\/ﬁ 1/2+ (1 _ 3%) 5 1—pN
—6)(1/2) —5y(1/2)k—1
- | 1 (pN \/)_ B k 1 3¢ \ S(k—1) (pjlv— )N—5
p pl/2+s(k=1)/4(1 — %)—2 p

where we used (71) and the induction hypothesis. Adding again the induction hypothesis
and (72) then leads to

£ 1 €
Pk 2 \/PPk—1 (1 - \/—ﬁ - po(k)/2(1 — 35/\/ﬁ)s(k—l)/2 1-— pN—5)
P21 = 32/ ) kDR (pN=0) /" (1 - 2i)

v

N
= O3/ o) (pN )

Notice that for any k € N,
s(k) <s(oc0) =2
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and thus
pPB2(1 =3¢/ /p) ™ > p(1 - 3¢/ /p)?.

In particular, this holds true for k = K, and thus
rr. > p(l— 36/\/5)2(/)N—5)(1/2)Ks
2
— ,0(1 _ 36/\/5)2 <(I0N—5)(1/2)Ks+1>

> p(1-3e/yp)’e.
As the (pg)ren are non decreasing up to the median (recall (45)), the last inequality implies
that the median is smaller than K, + 4¢~2. Adding that

 log(log(N%),/ log(2))
log(2)
ends the proof. O

K, as N — oo
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