N
N

N

HAL

open science

The distribution of the quasispecies for the
Wright—Fisher model on the sharp peak landscape

Joseba Dalmau

» To cite this version:

Joseba Dalmau. The distribution of the quasispecies for the Wright—Fisher model on the
sharp peak landscape. Stochastic Processes and their Applications, 2015, 125 (1), pp.272-293.

10.1016/j.spa.2014.08.008 . hal-03852266

HAL Id: hal-03852266
https://hal.science/hal-03852266

Submitted on 14 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03852266
https://hal.archives-ouvertes.fr

The distribution of the quasispecies
for the Wright—Fisher model
on the sharp peak landscape

Joseba Dalmau
Université Paris Sud and ENS Paris

September 8, 2014

Abstract

We consider the classical Wright—Fisher model with mutation and se-
lection. Mutations occur independently in each locus, and selection
is performed according to the sharp peak landscape. In the asymp-
totic regime studied in [3|, a quasispecies is formed. We find explicitly
the distribution of this quasispecies, which turns out to be the same
distribution as for the Moran model.

1 Introduction

The concept of quasispecies first appeared in 1971, in Manfred Eigen’s cel-
ebrated paper |7]. Eigen studied the evolution of a population of macro-
molecules, subject to both selection and mutation effects. The selection
mechanism is coded in a fitness landscape; while many interesting landscapes
might be considered, some have been given more attention than others. One
of the most studied landscapes is the sharp peak landscape: one particu-
lar sequence—the master sequence—replicates faster than the rest, all the
other sequences having the same replication rate. A major discovery made
by Eigen is the existence of an error threshold for the mutation rate on the
sharp peak landscape: there is a critical mutation rate ¢. such that, if ¢ > ¢,
then the population evolves towards a disordered state, while if ¢ < ¢. then
the population evolves so as to form a quasispecies, i.e., a population con-
sisting of a positive concentration of the master sequence, along with a cloud
of mutants which highly resemble the master sequence.

Eigen’s model is a deterministic model, the population of macromolecules
is considered to be infinite and the evolution of the concentrations of the



different genotypes is driven by a system of differential equations. Therefore,
when trying to apply the concepts of error threshold and quasispecies to other
areas of biology (e.g. population genetics or virology), Eigen’s model is not
particularly well suited; a model for a finite population, which incorporates
stochastic effects, is the most natural mathematical approach to the matter.

Several works have tackled the issue of creating a finite and stochastic ver-
sion of Eigen’s model [1], [5], [6], [9], [10], [11], [12], [13], [14]. Some of
these works have recovered the error threshold phenomenon in the case of
finite populations: Alves and Fontantari [1] find a relation between the error
threshold and the population size by considering a finite version of Eigen’s
model on the sharp peak landscape. Demetrius, Schuster and Sigmund [5]
generalise the error threshold criteria by modelling the evolution of a popu-
lation via branching processes. Nowak and Schuster [12] also find the error
threshold phenomenon in finite populations by making use of a birth and
death chain. Some other works have tried to prove the validity of Eigen’s
model in finite populations by designing algorithms that give similar results
to Eigen’s theoretical calculations [9], while others have focused on propos-
ing finite population models that converge to Eigen’s model in the infinite
population limit [6], [11].

The Wright—Fisher model is one of the most classical models in mathemat-
ical evolutionary theory, it is also used to understand the evolution of DNA
sequences. In [3], some counterparts of the results on Eigen’s model were de-
rived in the context of the Wright—Fisher model. The Wright-Fisher model
describes the evolution of a population of m chromosomes of length ¢ over an
alphabet with x letters. Mutations occur independently at each locus with
probability ¢. The sharp peak landscape is considered: the master sequence
replicates at rate ¢ > 1, while all the other sequences replicate at rate 1.
The following asymptotic regime is studied:

{— +o00, m — +00, q—0,

m
lg—a, 7—>o¢.

In this asymptotic regime the error threshold phenomenon present in Eigen’s
model is recovered, in the form of a critical curve ap(a) = In k in the param-
eter space (a,a). If ai)(a) < Ink, then the equilibrium population is totally
random, whereas a quasispecies is formed when at(a) > In k. In the regime
where a quasispecies is formed, the concentration of the master sequence in
the equilibrium population is also found. The aim of this paper is to continue
with the study of the Wright—Fisher model in the above asymptotic regime in



order to find the distribution of the whole quasispecies. It turns out that the
resulting distribution is the same as the one found for the Moran model in [4].
Nevertheless, the techniques we use to prove our result are very different from
those of [4]. The study of the Moran model relied strongly on monotonicity
arguments, and the result was proved inductively. The initial case and the
inductive step boiled down to the study of birth and death Markov chains,
for which explicit formulas could be found. The Wright-Fisher model is a
model with no overlapping generations, for which this approach is no longer
suitable. In order to find a more robust approach, we rely on the ideas
developed by Freidlin and Wentzell to investigate random perturbations of
dynamical systems [8], as well as some techniques already used in [3]. Our
setting is essentially the same as the one in [3], the biggest difference being
that we work in several dimensions instead of having one dimensional pro-
cesses. The main challenge is therefore to extend the arguments from [3] to
the multidimensional case. This is achieved by replacing the monotonicity
arguments employed in [3] by uniform estimates.

We present the main result in the next section. The rest of the paper is
devoted to the proof.

Acknowledgement: I want to thank the anonymous referee for his work and
contribution, which helped to improve the article.

2 Main Result

We present the main result of the article here. We start by describing the
Wright-Fisher model, we state the result next, and we give a sketch of the
proof at the end of the section.

2.1 The Wright—Fisher model

Let A be a finite alphabet and let x be its cardinality. Let ¢,m > 1. El-
ements of A’ represent the chromosome of an individual, and we consider
a population of m such chromosomes. Two main forces drive the evolution
of the population: selection and mutation. The selection mechanism is con-
trolled by a fitness function A : A* — [0, +-00[. We define a selection function



F: A" x (A9™ — [0, 1] by setting

A(u)card{i: 1 <i<m, z(i) =u}
A(z(1)) + -+ A(x(m))

vu € A° Vr e (AH™ F(u,z) =

For a given population z, the value F'(u, x) is the probability that the individ-
ual v is chosen when sampling from x. Throughout the replication process,
mutations occur independently on each allele with probability ¢ € ]0,1—1/k].
When a mutation occurs, the letter is replaced by a new letter, chosen uni-
formly at random among the remaining x — 1 letters of the alphabet. The
mutation mechanism is encoded in a mutation matrix M (u,v), u,v € A"
The analytical formula for the mutation matrix is as follows:
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vuve A Muw) =[] ((1 ~ Oug=i) + %11»(1)#@)) :
j=1

We consider the classical Wright—Fisher model. The transition mechanism
from one generation to the next one is divided in two steps. Firstly, we sample
with replacement m chromosomes from the current population, according to
the selection function F' given above. Secondly, each of the sampled chromo-
somes mutates according to the law given by the mutation matrix. Finally,
the whole old generation is replaced with the new one, so generations do not
overlap. For n > 0, we denote by X,, the population at time n, or equiva-
lently, the n—th generation. The Wright-Fisher model is the Markov chain
(X,)n>0 with state space (AY)™, having the following transition matrix:

VneN Vz,ye (AH)™

P =1 X, =) = TT (5 Fluopdttu() ).

=1 “yecAf

2.2 Main result

We will work only with the sharp peak landscape: there exists a sequence
w* € A*, called master sequence, whose fitness is A(w*) = o > 1, whereas
for all u # w* in A the fitness A(u) is 1. We introduce Hamming classes in
the space A’. The Hamming distance between two chromosomes u,v € A*
is defined as follows:

dy(u,v) = card{i e {1,...,0}:u(i) #v(i)}.



For K € {1,...,£} and a population z € (A°)™, we denote by Ng(x) the
number of sequences in the population z which are at distance K from the
master sequence, i.e.,

Ni(z) = card{i e {1,...,m} :dy(z(i),w")=K}.

Let us denote by I(p,t) the rate function governing the large deviations of a
binomial law of parameter p € [0, 1]:

t 1—t
vVt e [0,1 I(p,t) =tln—+(1—1¢t)In )
Y Ip.t) =t (-l

We define, for a €0, +oo|,

a® ik
Vk > 0 = 4 — 1 e —
20 = et =TS
i>1
. 0 it oe7*>1
& =
p(a) { 0 if cer<1

-1
w(a = inf inf [(L’%) +’Yk[( —a sz+1> :
leN . O'_ 1 pk 1 ’Yk

k=
po=p*(a), pp =0, pr, v € [0,1] f0T0§k<l}-

Theorem 2.1. We suppose that

¢ — +oo, m — 400, q—0,
in such a way that
lg — a €]0,400[, %—)ae[O,—Foo].

We have the following dichotomy:

o if ayy(a) < Ink, then

N (X,
VK >0 lim  lim E(L) =0,
l,m—o00,q—0 n—oo m
lg—a, F—a

e if a(a) > Ink, then

VK >0 lim lim E(NK—X”)) = Pk -

£m—o00,q—0 n—oo
Lg—a, F—a



Moreover, in both cases,

Ng (X,
VK >0 lim lim Var(K—)) = 0.
{m—o00,q—0 n—oo m
lg—a, F—a

We denote by Q(o, a) the distribution of the quasispecies of parameters o > 1
and a > 0, i.e., the probability distribution that assigns the mass pj, to each
non-negative integer k. In [4] we can find a couple of graphs showing the
concentrations of the master sequence as a function of a, for different values
of the parameter o.

2.3 Sketch of proof

The Wright-Fisher process (X,,),>0 is hard to handle, mainly due to the huge
size of the state space and the lack of a natural ordering in it. Instead of
directly working with the Wright—Fisher process, we work with the occupancy
process (Oy)n>0. The occupancy process is a simpler process which derives
directly from the original process (X,,)n>0, but only keeps the information
we are interested in, namely, the number of chromosomes in each of the /41
Hamming classes. The state space of the occupancy process is much simpler
than that of the Wright—Fisher process, and it is endowed with a partial
ordering. The occupancy process will be the main subject of our study.

We fix next K > 0 and we focus on finding the concentration of the individ-
uals in the K—th Hamming class. We compare the time that the occupancy
process spends having at least one individual in one of the Hamming classes
0,..., K (persistence time), with the time the process spends having no se-
quences in any of the classes 0,..., K (discovery time). Asymptotically,
when at)(a) < Ink, the persistence time becomes negligible with respect to
the discovery time, whereas when at)(a) > Ink, it is the discovery time that
becomes negligible with respect to the persistence time. This fact, which
already proves the first assertion of theorem 2.1, is shown in [3] for the case
K = 0; the more general case K > 1 is dealt with in the same way as the
case K = 0, and the proof does not make any new contributions to the un-
derstanding of the model. Therefore, we will admit this fact and focus on
the interesting case atp(a) > In k.

We build a coupling to compare the occupancy process with some simpler
processes, which will only keep track of the dynamics of the Hamming classes



0,..., K. The simpler processes can be viewed as random perturbations of
the same dynamical system. The dynamical system has two fixed points: an
unstable one, 0, and a stable one, p* = (pg,...,p)). We use the theory
developed by Freidlin and Wentzell [8], as well as some useful estimates
from [3], to show that the perturbed processes spend the greatest part of
their time very close to the stable fixed point p*, thus showing that the

invariant measures of the perturbed processes converge to the Dirac mass in
%

pr.

2.4 The occupancy process

The occupancy process (O,,)n>0 Will be the starting point of our study. It is
obtained from the original Wright-Fisher process (X, )n>0 by using a tech-
nique known as lumping (section 4 of [3]). Let P}, be the set of the ordered
partitions of the integer m in at most ¢ + 1 parts:

Piia = { (0(0). - .o(t) €N 0(0) - +o(t) =m }.

A partition (0(0),...,0(¢)) is interpreted as an occupancy distribution, which
corresponds to a population with o(l) individuals in the Hamming class [, for
0 <[ < {. The occupancy process (O,)n>0 is a Markov chain with values in
P, and transition matrix given by:

no_ Zke{owwf}O(k)AH(k)MH(k:,h) o' (h)
po(0,0) = H < Y neqo...ep o)A (h) ) 7

where Ay is the lumped fitness function, defined as follows

Yo,0' € Py

0<h<t

o ifb=0,
Vbe {0,...,0} AH(b):{ ) £p> 1

and My is the lumped mutation matrix: for b,c € {0,...,¢} the coefficient
My (b, ) is given by

(D00 ) ()

0<I<b
k—l=c—b

The state space P/}, of the occupancy process is endowed with a partial
order. Let 0,0’ € P},, we say that o is lower than or equal to o, and we
write o < o, if

vie{0,...,0} 0(0) +---+o(l) <d0)+---+().



3 Stochastic bounds

In this section we build simpler processes in order to bound stochastically the
occupancy process (Oy)n>0. We will couple the simpler processes with the
original occupancy process and we will compare their invariant probability
measures.

3.1 Lower and upper processes

We begin by constructing a lower process (Of),>o and an upper process
(OE*1), 50 in order to bound stochastically the original occupancy process
(On)n>0- In other words, the lower and upper processes will be built so that
for every occupancy distribution o € Py}, if the three processes start from o,
then

vn>0 OY =<0, = OF.

The new processes will have simpler dynamics than the original occupancy
process.

Let us describe loosely the dynamics of the lower process. As long as there
are no master sequences present in the population, the lower process evolves
exactly as the original occupancy process. As soon as a master sequence

appears, all the chromosomes in the Hamming classes K+1, ..., ¢ are directly
sent to the class £. Moreover, as long as the master sequence remains present
in the population, all mutations towards the classes K +1, ..., ¢ are also sent

to the Hamming class ¢. The dynamics of the upper process is similar, this
time with the Hamming class ¢ replaced by the class K + 1. The rest of the
section is devoted to formalising this construction.

Let W be the coupling map defined in section 5.1 of [3]. We modify this
map in order to obtain a lower map W5 and an upper map \IIIO(“. The
coupling map ¥o takes two arguments, an occupancy distribution o € P/,
and a matrix r € R, where R is the set of matrices of size m x (¢ + 1) with
coefficients in [0, 1]. The Markov chain (O,,),>0 is built with the help of the
map Vo and a sequence (R,,),>1 of independent random matrices with values
in R, the entrances of the same random matrix R, being independent and
identically distributed, with uniform law over the interval [0, 1].



Let us define two maps 7y, w1 : Pt — Py, by setting, for every o € P,

m(0) = (0(0),...,0(K),0,...,0,m —o((0) + -+ o(K))) ,
Tr41(0) = (0(0),...,0(K),m— (0(0) + - - + o(K)),0,...,0) .
Obviously,
Yo e P/, m(0) = 0 =2 mri1(0).

We denote by W* the set of occupancy distributions having at least one
master sequence, i.e.,

W' ={oe Pl :00)>1},

and we denote by N the set of occupancy distributions having no master
sequences, 1.e.,

N ={oeP/,:00)=0}.
Let us define

¢ ¢
Oenter:(laoa"’707m_1)7 Oexit:<07"’707m)-
¢ or and of .. are the absolute minima of the
sets W* and . We define the lower map U¢, by setting, for o € P}7; and

reR,

The occupancy distributions o’

Uo(o,r) if oe N and Up(o,r) & W*,

W (o0.r) = . if oe N and ¥p(o,1) € W*,
o m(Uo(m(0), 7))  if o€ W* and Wo(m(o),r) €N,
ol if oeW* and Up(m(o),r) € N .

Likewise, we define the occupancy distributions

Oglgz(m,(),...,()), 055{1:(0,771,0,...,0),

which are the absolute maxima of the sets W* and N. We define an upper
map 5! by setting, for o € Py and r € R,

Uo(o,r) if o € N and Up(o,r) & W,
T+ (o, ) = Obmer if o € N and Yp(o,1) € W,

71 (Yo(mks1(0),r)) if o € W* and Vo (mg41(0),7) € N,

of if o € W* and Wo(mri1(0),7) €N



The coupling map Wy is monotone —lemma 5.5 of [3]— i.e., for every pair
of occupancy distributions o, 0’ and for every r € R,

0=0 = Yp(o,r) X Vp(d,r).

We deduce that the lower map W5 is below the coupling map ¥o and the
upper map \Ing is above the coupling map Vo, i.e.,

Yoe P, VreR  Wolo,r) =< Wolo,r) = WET(0,7).

We use the lower and upper maps, along with the i.i.d. sequence of random
matrices (R, )n>0, in order to build a lower occupancy process (O%),>o and
an upper occupancy process (OX+1), 4. Let o € Pyy, be the starting point
of the processes. We set Of = O™ = 0 and

vn>1  Of = U500 ,R,), OF = ST (OE! R,).

n—1» n—1>

Proposition 3.1. Suppose that the processes (Op)n>0, (O))nz0, (OEF1),50
start all from the same occupancy distribution o. We have

vn>0 O =0, = Of.

The proof is similar to the proof of proposition 8.1 in [2].

3.2 Dynamics of the bounding processes

We study now the dynamics of the lower and upper processes in W*. Since
the calculations are the same for both processes, we take 6 to be either K +1
or £, and we denote by (OP),>¢ the corresponding process. For the process
(0%),,>0, the states in the set

T? = {o€ P2, :0(0) >1and 0(0) + -+ + o(K) + o(f) <m},

are transient, and the states in N'U (W* \ T?) form a recurrence class. Let us
take a look at the transition mechanism restricted to N'U (W*\ T?). Since

WNT? = {oeP,:0(0)>1and 0(0) + -+ o(K) +o(f) =m?},

a state in W* \ TV is totally determined by the occupancy numbers of the
Hamming classes 0, . .., K; whenever the process (O?),,>¢ starts form a state
in W*\ T?, the dynamics of (0%(0),...,0%(K)) o 18 Markovian until the

n>

10



time of exit from W* \ T?. We build now a Markov chain (Z¢),,>o which will
replicate the dynamics of the coordinates 0,..., K of (OY),>o in W*\ T?,
but with no neutral phase. Let us define the set

D={zeN:z4+ -2k <m}.
We define the projection 7 : P, — D by setting, for o € P/},

m(0) = (0(0),...,0(K)).

We denote by (Z?),>0 the Markov chain with state space I and transition
matrix given by: for z, 2z’ € D and for any n > 0, let o be the unique element
of P2, \ T? such that (o) = 2,

o if 29,2, > 1,

P(Zy =22, =2) = P(n(Oy,,) = 2'| 0}, = 0).

o if zp > 1 and 2, =0,

P(Znn =2l Za=2) = 3 P(a(05.) =70, =0),

1o —
z .ZO—

where z£, = (0,...,0) and z2;* = (0,m,0,...,0).

0

o if 2 = 2,

P(Z0, =20 120 =20 ) =1,

enter exit

where 2¢,., = (1,0,...,0) and 25! = (m,0,...,0).
The remaining non—diagonal coefficients of the transition matrix are null.
The diagonal coefficients are chosen so that the matrix is stochastic, i.e.,
each row adds up to 1. Let us denote by p’(z, 2’) the above transition matrix
and let us compute its value for z, 2 € D such that 2y, z;, > 1. We introduce
some notation first. For d > 1 and a vector v € R?, we denote by |v|; the L
norm of v:

vl = |vi| + -+ |va] -

For d > 1, a square matrix M € R” and i € {1,...,d}, we denote by
M(i,-) or M;. the i—th row of M, and by M (-,i) or M.; the i—th column of
M. We also denote by |M]; the L' norm of M in R*":

d
M|y =Y | M.

,j=1

11



We say that a vector s € D is compatible with another vector z € D, and we
write s ~ z, if

2=0=5=0 for ie{0,....,K} and z[i=m = |si=m

We say that a matrix b € NE+D? jg compatible with the vectors s, 2z’ € D,
and we write b ~ (s, 2’), if

Vie{0,....,K} 1b(i, )1 < s; and b(-, 1)1 < 2.

Finally, fori € {0,..., K }U{6}, we define M (i) to be the vector of [0, 1}%+1
given by
Mpy(i) = (My(i,0),..., Mu(i, K)).

Let z, 2" € D such that zp, 2), > 1. We now use the transition mechanism of
(O0),,>0 in order to compute the value of p’(z, 2/):

ZZ (2,8,0,2)

s~z br(s,2!)
where p?(z, s,b, 2') is the probability that, given Z¢ = 2:

eforie {0,...,K },s; individuals from the class i are selected, and m —|s|;
individuals from the class 6 are selected. The probability of this event is

! (020)028 -2 (m — |2yl
X )
Sol -+ sil(m —|s]p)! ((c —1)zg + m)™
e for i,j € {0,..., K}, b;; individuals from the class ¢ mutate to the class

J, and s; — |b(7,-)|; individuals from the class ¢ mutate to the class §. For
i€{0,..., K}, the probability of this event is

Si!
bio! - - - bic! (55 — [b(4, -)[1)!

e for j € {0,..., K}, z;—[b(:, j)|1 individuals from the class f mutate to the
class 7, and m — |s|; — |2/|1 + |b]1 individuals from the class # do not mutate
to any of the classes {0,..., K }. The probability of this event is

(m — |s[1)!
(20 = [0, 0)[)!- -+ (2 = [b(, K)[)!(m = sy = [2']x + [bl1)!
x My (0,0)207PCO N0, K= PGRO (1 — | My (9) )™ Il =2 hot bl

XMH(i, O)bi() . MH(i, K)biK(1_|MH(i)|1)Si*‘b(i,-)h ’

12



P(z,8,b,2) = m! (020)%025t -+ 238 (m — |2];)m~lsh y
So!-..sK!(m— |s]1)! ((o = 1)z0 + m)™
K
H X M (3,007 - My (i, K)P (1 — [ M (i)];) % b
o biol - — [bi)!
X (m - |3|1)!

(20 = [boo1)! -+ (2% — bk |1)!(m — [s]y — |2]1 + |b]1)!
X My (0,0)0 1ol My (0, K lbrcli (1 — | My (0) ) Ish =2+

3.3 Bounds on the invariant measure

Let us denote by ,uo,,uo,,uKH the invariant probability measures of the
processes (O)n>0, (05)n>0, (OX*1),50. Let v be the image measure of po
through the map

e P s 0(0) + -+ o(K) _ |7(0)|1 0.1,

For every function ¢ : [0,1] — R,

Jogor= f a5 oo = (o (F50))

£+1

Let now g : [0, 1] = R be an increasing function such that g(0) = 0. Thanks
to proposition 3.1, the following inequalities hold: for all n > 0,

() < (2 < (50

Taking the expectation and sending n to oo we deduce that

[, o o < [ ow < [ o) s

041 £+1

Next, we seek to estimate the above integrals. The strategy is the same for
the lower and upper integrals; we set 6 to be either K + 1 or ¢ and we study
the invariant probability measure uf. We will rely on the following renewal
result. Let £ be a finite set and let (X,,),>0 be an ergodic Markov chain with
state space £ and invariant probability measure p. Let W* be a subset of £
and let e € £ be a state outside W*. We define

™ =inf{n>0:X, e W}, T=inf{n>7":X,=¢}.

13



Proposition 3.2. For every function f : € — R, we have

if(Xn) Xo = 6)

/gfdu = E<":O

E(t|Xo=¢)

The proof is standard and similar to that of proposition 9.2 of [2]. We apply
the renewal result to the process (09),¢ restricted to N'U (W* \ T?), the set
W*\ T?, the occupancy distribution 0%, and the function o — g(|m(0)|;/m).
We set

™ =imf{n>0:00 e W\T}, 71=inf{n>7:00=0}.

Applying the renewal theorem we get

[, o() e = == Jg(TOS ) j

041 exit

Whenever the process (09),>¢ is in W* \ T?, the dynamics of the first K + 1
Hamming classes, (7(0%)) _, is that of the Markov chain (Z),>o defined
at the end of the previous section. Let us suppose that (Z%),>¢ starts from
20 o €D, where 2. = (1,0,...,0) and 25l = (m,0,...,0). Let 7 be the

first time that Z%(0) becomes null:

70 = inf{n>0:2%0)=0}.
Since the process (0Y),>o always enters the set W*\ T at the state o’ ..,
the law of 7y is the same as the law of 7 — 7* for the process (Oz)nzo starting
from of;. We conclude that the trajectories (w(Of)) and (Z9)

T*<n<Tt
have the same law. Therefore,

E(r—7105=0".) = E(1| 2 =20..).

0<n<tg
exit enter
T—1 T0—1 0
(O3] |Zn1
E<zg(T ot =t ) = B S o(21) | 22— 2,
n=r* n=0

Thus, we can rewrite the formula for the invariant probability measure uf)

14



as follows:

[, o(TR ) = pige e Tr A=

exit enter

= (128 o _ 0
FE E o) Z =
o g( m ) 0 Zenter
E(T* ‘ Cg = ngit) + E(TO | Zg = 'Zgnter) '

The objective of the following sections is to estimate each of the terms ap-
pearing in the right hand side of this formula.

4 Replicating Markov chains

We study now the Markov chains (Z!),>¢ and (Z5*1),5o. The computations
are the same for both processes, we take 6 to be either K + 1 or £ and we
study the Markov chain (Z9),>o. We will carry out all of our estimates in
the asymptotic regime

{ — 400, m — 400, qg—0, g — a€]0,4o00] .

We will say that a property holds asymptotically, if it holds for ¢, m large
enough, ¢ small enough and /¢ close enough to a.

4.1 Large deviations for the transition matrix

We define the set D C RE*! by
D={reRf":rg>0,....;rgk >0and ro+---+rxg <1}.
For p,t € D, we define the quantity Ix(p,t) as follows:

1—[th
1-— ]p|1 7

K
t
Ix(p,t) = > trln—=+ (1 —|th)In
=0 Pk

We make the convention that aln(a/b) = 0 if @ = b = 0. The function
Ix(p,-) is the rate function governing the large deviations of a multinomial
distribution with parameters n and po, ..., px, 1 —|p|1. We have the following
estimate for the multinomial coefficients:
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Lemma 4.1. For alln > 1, N < n and ip,...,ixy € {0,...,n} such that
s=1ig+---+1iy <n, we have

N ,
n! , iy n—
In — iN!(n—s)!+ E Zklng—l—(n—s) In < (N+2)Inn+2N+3.

Z‘--. n
0 k=0

The proof is similar to that of lemma 7.1 of [3].

We define a function f : D — D by setting

1
Vr e D flr)y = m(cro,rl,...,n().

We also define a function I, : D x D x [0,1]F+D* x D — [0, +00] by setting,
for r,&,t € D and g € [0, 1](K+1)2,

]€<T7£757t) = ]K(f<7n)7€> + kaIK (MH<k)7€I;1ﬁ<k7 ))

+ (U=l (Ma(0), (1 = 1€1) ™ o = 180, O)l - tac = 1B, 1))

Thanks to the previous identities, for all z, 2/, s € D and b € N&& “)2, we can
express the logarithm of the transition probability p?(z, s, b, 2') as follows:

z S

Inp?(z,8,b,2) = —mlig (f<a>, E) — iSkIK (MH(k)u s Ok, ))

— (m = [l i (M (0), (m = [s12) ™ (6 = b O) 1, 25 = [b(-, L) )

) O(z,8,b,2).

SRR

s b
I
m m

S Jw

+ ®(z,8,0,2") = —mIg(
The error term ®(z, s, b, 2') satisfies, for all m > 1,

Vo, 2 s€D Whe NKTV 1d(z,5,0,2)] < O(K)(Inm +1),

where C'(K) is a constant that depends on K but not on m. In the asymptotic
regime, for all 7,7 > 0,

. . — st 1 <7,
Mp(i,j) — Mx(i,j) = (j—)!
0 sii> 7.
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For k € {0,..., K}, we set
My (k) = (Mso(k,0),..., Mx(k, K)) .

For t € D, we call B(t) the subset of [0,1]*1* of the upper triangular
matrices § such that the sum of the columns of 5 is equal to the vector t,
i.e.,

B(t) = {ﬂG [Oa 1](K+1)2 15,‘3‘ =0for?>j and
1B( k)1 =ty for 0< k<K }.

In the asymptotic regime, for r,&,t € D and g € [0, 1](K+1)2, we get

—+00 otherwise,

Ié(rafaﬁat) — {

where the function I(r,&, 5,t) is given by

I(r,&,8,) = Lic(f(r),€) + Y &lue(Muo(k), & B(, -)

We define a function V; : D x D — [0, 0] by setting, for r,t € D,
Vi(r,t) = inf { I(r,&,8,t) : £ €D, BeB(t)}.
For r € RF*! we denote by |r| the vector |r| = (|ro],...,|7x])

Proposition 4.2. The one step transition probabilities of the Markov chain
(Z%),>0 verify the large deviations principle governed by V;:

e For any subset U of D and for any p € D, we have, for n >0,

_ 0 . 1 0 0
—inf {Vi(p,t) : t €U} < &Wlll_rgggf_)oalnp(ZnH emU| Z = |mp]).
Lg—a

e For any subsets U, U" of D, we have, for n > 0,

) 1
limsup —1In sup P(Z),, € mU'| Z] = 2)
£, m—so00,q—0 T zemU
lg—a

< —inf{Vl(r,t):TEU,tEU/}.
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Proof. We begin by showing the large deviations upper bound. Let U, U’ be
two subsets of D and take z € mU. For n > 0,

P(Zb, emU' |Z8 =2) = Z (2, 2)
Z'emU’'ND

= Z Zszsbz

2Z’emU’'ND s~z br(s,z’)

Thanks to the estimates on p?, we have, for m > 1,

sup P(Z),, e mU'| Z) = 2)

zemU "
< (m—|—1)C(K)max{p9(z,s,b,z'):zEmU, s~z ZemlU, b~ (s, 2)}
z s b z> ~zemU, z’EmU’}>

< C(K) mmi (_ s 2 F
< (m+1) exp | —mmin< I, e 5~z b (5,2)

where C'(K) is a constant depending on K but not on m. For each m > 1, let
Zms Smy 2 €D, by € {0,...,m }ED? be four terms that realise the above
minimum. We observe next the expression
Zm Sm bm 2!
limsup —1I, (—m, - —m) :
£,m—o00,q—0 m- -m m m
lg—a

Since D and |0, 1](K+1)2 are compact sets, up to the extraction of a subse-
quence, we can suppose that when m — oo,

m = m bm / J—
mo,elU, M seeD, M upelo B Im e
m m m m

If 5 is not an upper triangular matrix, or if, for some j € {0,..., K },

15(-, )| # t;, the limit is —oo. Thus, the only case we need to take care of is
when € B(t). In this case, we have

thllp _[£<Z_m,_’_,_> S _[(p7§>57t)
£,m—00,q—0 m-om m
Lg—a

Optimising with respect to p, &, 5, t, we obtain the upper bound of the large
deviations principle.

We show next the lower bound. Let £,¢ € D and § € B(t). We have

P20,y = |mt]| 2 = lmp)) = p"(Impl, [mé], ImB], |mt])
> (m 4+ 1)~ exp(_mh(tmm me] |mB) LngJ) )

m m = m

18



We take the logarithm and we send m, ¢ to oo and ¢ to 0. We obtain then

- 1 9 0
Jmint | i P(Z1, = |tm] | 2] = |om]) 2 ~1(p.6,8,1).
Lg—a

Moreover, if t € U , for m large enough, |tm] belongs to mU. Therefore,
lim inf ilnP(Ze EmU‘ZeszpJ) > —1(p,&,6,1).
{,m—00,q—0 M ntl " o T

Lg—a

We optimise over &, 3,t and we obtain the large deviations lower bound. [

A similar proof shows that the [-step transition probabilities of (Z¢),>¢ also
satisfy a large deviations principle. For [ > 1, we define a function V; on
D x D as follows:

-1

Vi(r,t) = inf{ Zl(pkygkaﬁkapk—kl) :

k=0

po="1, p=1t, pp,& €D, P € B(t) for 0§k<l}.

Corollary 4.3. For |l > 1, the l-step transition probabilities of (Z°),>o sat-
isfy the large deviations principle governed by V;:

e For any subset U of D and for any p € D, we have, for n >0,

. o . 1
—inf { Vi(p,t) : t € U} < Z’Alinogﬁio ElnP(ZzH emU|Z) = |pm]).
lg—a

e For any subsets U, U’ of D, we have, for n >0,

. 1
limsup —In sup P(Z,,, € mU'| Z) = =)
£,m—o00,q—0 T zemU
lg—a

< —inf{Vl(r,t):TEU,tEU/}.

4.2 Perturbed dynamical system

We look next for the zeros of the rate function I(r,&, 3,t). We see that
I(r,&,3,t) = 0if and only if &€ = f(r), B € B(t) and B(k,-)/& = Moo (k) for
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0 < k < K. We define a function F' = (Fy,..., Fk) : D — D by setting, for
reDand ke {0,... K},

k k—1i
4
Fi(r) = Zfi(r)e =)
=0
Replacing f by its value in the above formula, we can rewrite, for 0 < k < K,
—a k k k—i
e a a
F = ——|\— —r; .
(r) (0—1)r0+1(k!0T0+ (k—@')!r)

=1

The Markov chain (Z?),>0 can be seen as a perturbation of the dynamical
system associated to the map F"

L eD, Vn>1 2" = F(RE"h.

Let p* be the point of D given by:

Vke{0,...,K} pr = (ceT*=1)— ) —.

Proposition 4.4. We have the following dichotomy:

o ifoe* < 1, the function F' has a single fized point, 0, and (2™),>0 converges
to 0.

o if ce™® > 1, the function F has two fived points, 0 and p*. If 2§ = 0,
the sequence (2™)nen converges to 0, whereas if z0 > 0, the sequence (2™)nen
converges to p*.

Proof. For k € {0,..., K}, the function Fj(r) is a function of 7, . . . , 74 only;
we can inductively solve the system of equations

Fk(T‘):Tk, OSk’SK

For k = 0, we have
oe g
(c—Drog+1"
The equation Fy(r) = ro has two solutions: rg = 0 and ro = p§. For k in
{1,..., K}, we have Fy(r) = ry if and only if

e~ ak k-1 ak—i
T o e+ 1 e (H"TO * Zl (k — i)!”) '

1=

FQ(’I") =

20



We end up with a recurrence relation. If the initial condition is ro = 0, the
only solution is 7, = 0 for all k € {0,..., K }, whereas if the initial condition
is 79 = p§, the only solution is 7, = p; for all k£ € {0,..., K}, this last
assertion is shown in section 2.2 of [4].

It remains to show the convergence. We will show the convergence in the case
oe™® > 1, 2 > 0. The other cases are dealt with in a similar fashion, or are
even simpler. We will prove the convergence by induction on the coordinates.
Since the function

e rg
(O’ — 1)7’ o+ 1

is increasing, concave, and satisfies Fy(p*) = p§, the sequence (z{),>o is
monotone and converges to pg. Let k € {1,..., K } and let us suppose that
the following limit holds:

Fg(’l”) =

T (51 50) = (e ir).
Let ¢ > 0. We define two functions F, F : [0,1] — [0,1] by setting, for
p € [0,1],

k k-1 k—i

E) = e ot (o0 =9+ X g =9+ 0).

i=

By the induction hypothesis, there exists N € N such that for all n > N and
i€{0,....,k—1},|2" — pi| < e. We have then, for all n > N and for all
p € [0,1], B

F(p) < Ful& . 410 < F(p).
We define two sequences, (2"),>n and (Z"),>n, by setting 2V =zV = 2V

and for n > N B
zn — E<§nfl)7 En — F(znfl)

Thus, for all n > N, we have 2" < 27 < z". Since F(p) and F(p) are affine
functions, and for ¢ small enough their main coefficient is strictly smaller
than 1, the sequences (z"),>n and (Z"),>n converge to the fixed points of
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the functions F et F', which are given by:

e “ ak kol ke
e = (c—1)(ps+e)+1—e@ (EU(PO —e)+ Z m(pl — 5)> ’

ﬁz = (0__1)< _€)+1 (/{Z' <p0+8)+;(1€_2>'<p:+8>>

We let € go to 0 and we see that

Cm e’ _ s
nh_)ngozk - (0-_1),08"—]— (l{?' p0+z |p7,> = Pk
which finishes the inductive step. O

4.3 Comparison with the master sequence

In section 3, in order to build the bounding occupancy processes, we have
fixed an integer K > 0 and we have kept the relevant information about the
dynamics of the occupancy numbers of the Hamming classes 0, ..., K. Let
us call (©),>0 and (©!),>¢ the lower and upper occupancy processes that
are obtained for K = 0, and let us call, as before, (Of),>0 and (OX*1),50

the lower and upper occupancy processes corresponding to K > 0. Let us
define the following stopping times:

70 = inf{n>0:05eN}, 7O =inf{n>0:05" eN}.

We have constructed the processes (07),0, (0L)n>0, (Of)ns0, (OEF1), 50 in
such a way that they are all coupled and the following relations hold: if the
four processes start from the same occupancy distribution o € W*, then

vne{0,...,7(0)} ©f < 0! < OoF < e8!,
Vn € {0,...,7(OFH} Oftt < @} .

These inequalities are naturally inherited by the Markov chains derived from
the occupancy processes; let (Z%),>¢ and (ZX+1),5q be the Markov chains
associated to the processes (Of),>o and (OX*1),5,, as in the end of sec-
tion 3.2. Likewise, let (Y,¥),>0 and (Y!),>0 be the Markov chains associated
to the processes (@Z Jn>0 and (©}),50. The state space of the Markov chains
(Z8) >0, (ZE+L), 50 is the set D defined in section 3.2, whereas the state

n
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space for the Markov chains (Y,%),>0, (Y,})n>0 is {0,...,m}. Let us define
the following stopping times:

(YY) =inf{n>0:Y =0}, T(Z5) = inf{n>0:Z5"0)=0}.

Let 2 € D be such that 25 > 1, let the Markov chains (Z%),>0, (ZX*1),50
start from z, and let zy be the starting point of the Markov chains (Y,*),>0,
(Y'1),>0. The inequalities between the occupancy processes translate to the
associated Markov chains as follows:

vne{0,....,7(Y)} Yl < Z(0) < ZFM(0) <Y,
vne{0,...,7(Z5 Y  ZEtHo) < V).
The occupancy processes (0%),>0, (O1),>0, along with the associated Markov
chains (Y,%),>0, (Y;})n>0, have been studied in detail in [3]. Thanks to the
relations just stated, we will be able to make use of many of the estimates
derived in [3]. Let # be K + 1 or ¢ and let us call V' the cost function

associated to the Markov chain (Y?),>0. We will make use of the following
results from [3]:

Let us define a function F : [0,1] — [0,1] as follows:

or

Vr e [0,1] F(r) = e_“m.

Lemma 4.5. Suppose that oe=* > 1. For s,t € [0,1], we have V(s,t) = 0 if
and only if

e cither s=1t =0,

e or there exists | > 1 such that t = F(s),

e ors#0,t=p"

Let 7(Y?) be the first time that the Markov chain (Y,),,>o becomes null:
7Y% =inf{n>0:Y?=0}.

Proposition 4.6. Let a €]0,400] and let i € {1,...,m}. The expected
value of 7(Y?) starting from i satisfies

: 1 6 0 _ N\ __ *
I E(r(Y7) Yy =) = V(p;,0).
lg—a
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4.4 Concentration near p*

We show next that, when oe™® > 1, asymptotically, the Markov chain
(Z9),>0 concentrates in a neighbourhood of p*. Let us loosely describe the
strategy we will follow. The Markov chain (Z?),>¢ is a perturbation of the
dynamical system associated to the map F'. The map F' has two fixed points:
0 and p*. The fixed point 0 is unstable, while p* is a stable fixed point. The
proof relies mainly on two different kind of estimates. We estimate first the
typical time the process (Z?),> needs to leave a neighbourhood of the region
{z € D: z = 0}; since the instability at 0 concerns principally the dynamics
of the master sequence, we will be able to make use of the estimates devel-
oped in [3] by means of the inequalities stated in section 4.3. We estimate
then the time the process (Z7),>¢ spends outside a neighbourhood of the
region {2 € D : zp = 0} and p*. Since (Z9),>¢ tends to follow the discrete
trajectories given by the dynamical system associated to F', it cannot stay a
long time outside such a neighbourhood. This fact will be proved with the
help of the large deviations principle stated in the previous section. This
estimate will help us to bound the number of excursions outside a neigh-
bourhood of p*, as well as the length of these excursions. We formalise these
ideas in the rest of the section. In order to simplify the notation, from now
on we omit the superscript # and we denote by P, and E, the probabilities
and expectations for the Markov chain (Z,),>o starting from z € D.

Let us define
Ds ={reD:0<rg<éd}.

Lemma 4.7. For all 6 > 0, there exists ¢ > 0, depending on J, such that,
asymptotically, for all z € D such that zy > 1, we have

— 1
P.(Z1(0) > 0. Ziewmj-1(0) > 0, Zjetam) € m(D\ Dy)) 2 —r.

Proof. Let (Y,*),>0 be the Markov chain defined in section 4.3. By the re-
marks in section 4.3 we can see that

P.(Z1(0) > 0,.... Zclam|-1(0) > 0, Z|c1um| € m(D\ Ds)) >
P.(Z1(0) > 0,..., Zclamj-1(0) > 0, Z|c1nm) € m(D \ Ds),7(Y") > [clnm])
> P (Y >0,...,Y

clnm]

-1 > OﬂYLli:lnmJ > m(PS - 6)) :

As shown in lemma 7.8 of [3], this last probability is bounded from below by
1/me™m™ wwhich gives the desired result. O
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We estimate next the length of a typical excursion of (Z,),>¢ outside a
neighbourhood of {z € D : z5 = 0} and mp*. For p € D and § > 0, we
define the d-neighbourhood of p by

Ulp,d) = {reD:|jr—p/<d}.

Lemma 4.8. For all 6 > 0, there exist h > 1 and ¢ > 0, depending on 9,
such that, asymptotically, for all r € D such that ro > 9, we have

Pl (Z1(0) > 0,..., Z,-1(0) > 0,2, € mU(p*,8)) > 1 — exp(—cm).

Proof. Let 6 > 0 and let us define the set
K={reD:ry>0d}.

For each r € K there exists an integer h, > 0 such that F'(r) € U(p*,5/4).
By continuity of the map F', for each r € K there exist also positive numbers
8y, - - -, 05, such that &g, ...,0; < 46/2 and

vk € {0,....h.} F(UF"(r),6,_,)) C UF(r),6;/2).

The family {U(r,d5) : € K} is an open cover of the set I; since K is a
compact set, we can extract a finite subcover, i.e., there exist N € N and
ri,...,rn € K such that

N
KcU = JU@.a.
n=1

Let us set h = max{h,, : 1 <i < N}, Forn € {1,...,N} we take
Op" 415---,0;" to be positive numbers such that, as before,

Vk € {h, +1,....,h}  F(UFY(r,),867,)) C UF*(r,), 8 /2).

Let us define

N
Vke{l...,h—1} U = |JUF ), 0).

n=1

We have then, for any r € IC,

Plonr (Z1(0) > 0,..., Zh_1(0) > 0, Z, € mU(p*,8)) >
PLmrj(VkE {1,...,h} Zy, GmUk)

The rest of the proof is carried out as for lemma 7.10 in [3]. ]
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Corollary 4.9. Let 6 > 0. There exist h > 1, ¢ > 0, depending on 9, such
that, asymptotically, for all r € D\ (Ds U U(p*,0)) and for all n > 0, we
have

PLmrJ(ZtGD\(E(;UU(p*,(S)) for ()Stgn) < exp(—cmL%J)

The proof is carried out by dividing the interval {0, ...,n } in subintervals of
length A and using the estimate of lemma 4.8 on each of the subintervals. We
will not write the details, which can be found in the proof of corollary 7.11
of [3].

Proposition 4.10. Let g : [0,1] — [0,1] be an increasing and continuous
function, such that g(0) = 0. For all 2° € D such that 23 > 1, we have

H(So(52)]=-2)

n=0

Z,mﬁlolg}qao E(TO | Z() = ZO)
lg—a

= 9(lp"h)

Proof. The proof is an adaptation of the proof of theorem 7.12 in [3] to the
case of K + 1 dimensions. Thus, we will only outline the proof, and refer the
reader to [3] for the details. Let ¢ > 0 and let § > 0 be small enough so that
such that

Vp e U(p*,26)  |g(lph) — g(lp]1)| < e.

We define next a sequence of stopping times in order to control the excursions
of the Markov chain (Z,),>¢ outside U(p*,d). We take Ty = 0 and

Z. Ln
Tf:inf{nZO:—n € U(p*,é)} leinf{nZTl* :— %U(p*,Z(S)}
m m
* . Z’I"L * . * Zn *
T; :mf{nszl R ceU(p ,6)} Tk:mf{nZTk P ZU(p ,25)}

Let us also define, for n > 0,

K(n) =max{k>1:Tp 1 <n}.
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We can proceed as in [3] and break the sum up to time 7y according to the
sequence of stopping times we just defined, thus reducing the problem to

showing
K(m0)

Z(T]:/\TO_Tk—l) — 0.
k=1

We introduce the same threshold 7 as in [3]: in order to get rid of the 75 in
the above expression:

K(mo) K(m0)
(Ty ATo = The1) < Losan 7o+ Loyeen, > (Th Ao — Temn).
k=1 k=1

Thanks to the estimates developed in section 7.3 of [3], we know that, uni-
formly on the starting point of the Markov chain,

lim E(1, s 70) = 0.

m—0o0

Proceeding as in lemma 7.14 of [3|, we can obtain the following bound on K:
Lemma 4.11. There exists ¢ > 0, depending on §, such that, asymptotically,
k

Vk,n>0 P(K(n)>k) < %exp(—cmk).

We estimate the term
K (7o)
E(L—ogtﬂn Z (T]: N Ty — Tk_1)>
k=1

as in [3]: we use the Cauchy-Schwarz inequality along with the Markov
property to obtain the bound

N(70)
B <1To<ta (5 Ao = Tk_l)> < Y E(T7 A7) P(Zg,_, =2).

k=1 z€D: zp2>1

The following lemma will help to bound the random time 77 A 7.

Lemma 4.12. For all 6 > 0, there exist h > 1, ¢ > 0, depending on ¢, such
that, asymptotically, for z € D such that zg > 1,

1
P.(Z cium Ulp*,0)) > ———.
( lel I+h cm (p )) — chlnm
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The proof consists on applying lemmas 4.7 and 4.8 to obtained the desired
bound, in a similar way as for lemma 7.15 of [3].

Corollary 4.13. For all 6 > 0, there exist h > 1, ¢ > 0, depending on 9,
such that, asymptotically, for all z € D such that zy > 1,

Vn >0 P.(Ty Ao > n(lclnm] + h)) < <1— ! ) :

chlnm

The rest of the proof follows closely the argument in the end of section 7.3
of [3]. Using corollary 4.13 we obtain the bound
E((T}y A7)?) < m*mm,

which combined with lemma 4.11 gives

N(’T())
E(lmét% (le ATo — Tkl))

k=0
< mdelnm (t”m exp(—cem/3) + Z exp (g - cm§>> .

k>0

We choose n such that 0 < n < ¢/3. from the definition of ¢, and the
preceding inequality, we see that

Lm—o0,q—0 TN 1
lg—a -

1 N(7o)
limsup —InF (1709% (T,: ATy — Tk1)>

7 % C 7 %

Theses estimates, along with the result of proposition 4.6, imply that

T0—1
Zy .
B( X o( ")) - ol B < sem).
n=0
which concludes the proof of proposition 4.10. O

5 Synthesis

The first statement of theorem 2.1 is proved in [3] for the case of the master
sequence, K = 0. The proof for the case K > 1 does not involve any
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new arguments or ideas for a better understanding of the model; it is a
straightforward generalisation of the proof for the case K = 0. Thus we
deal only with the second statement of theorem 2.1. Let us suppose that
a(a) > Ink. As shown in [3], the following estimates hold: Va €]0,+o00[,
Va € [0, 400,

. 1 0 9 .
é,mﬁhog}tIHO E In E(TO ’ ZU - zenter) - V(p 70) )
lg—a, F—a

) 1
limsup —InE(7*|0f =0f;) < Ink.
£,m—00,q—0

lg—a, TF—a

Thus, since we are studying the case ap)(a) > Ink,

‘m E(TO | Z80: Zeegter) = +00.
tm—o0,q—0 E(1*|Of = 0 .,)
Lg—a, F—a

On one hand, g being a bounded function, the above identity readily implies

that -
— |7T(Oz>|1 0 0
E E L nsln = .
( g( m OO Oex1t
=0.

n=0
£,m—00, g—0 E(T* | Og = Oint) + E(T() | Zg = Zgnter) B
Lg—a, F—a

On the other hand, using proposition 4.10, we see that

T0—1
E 02: |Zz|1 Z@ _ 29
g m 0 T “enter

n=0

£m—00,q—0 F(T* | Og = ngit) + E(1| Zg _ Zeanter) 9(po Pic)
Lqg—a, %ﬁa

Reporting back in the formula at the very end of section 3.3, we conclude
the proof of theorem 2.1.

References

[1] Domingos Alves and Jose Fernando Fontanari. Error threshold in finite
populations. Phys. Rev. E, 57:7008-7013, 1998.

29



2l

13l

4]

[5]

(6]

17l

191

[10]

[11]

[12]

[13]

[14]

Raphaél Cerf. Critical population and error threshold on the sharp peak
landscape for a Moran model. Memoirs of the American Mathematical
Society, to appear, 2013.

Raphaél Cerf. Critical population and error threshold on the sharp peak
landscape for the Wright—Fisher model. Annals of Applied Probability,
to appear, 2014.

Raphaél Cerf and Joseba Dalmau. The distribution of the quasispecies
for a Moran model on the sharp peak landscape. preprint, 2013.

Lloyd Demetrius, Peter Schuster, and Karl Sigmund. Polynucleotide
evolution and branching processes. Bulletin of Mathematical Biology,
47(2):239 — 262, 1985.

Narendra M. Dixit, Piyush Srivastava, and Nisheeth K. Vishnoi. A finite
population model of molecular evolution: theory and computation. J.
Comput. Biol., 19(10):1176-1202, 2012,

Manfred Eigen. Self-organization of matter and the evolution of biolog-
ical macromolecules. Naturwissenschaften, 58(10):465-523, 1971.

Mark I. Freidlin and Alexander D. Wentzell. Random perturbations of
dynamical systems. Springer, Heidelberg, third edition, 2012.

Daniel T. Gillespie. A general method for numerically simulating the
stochastic time evolution of coupled chemical reactions. Journal of com-
putational physics, 22:403-434, 1976.

John McCaskill. A stochastic theory of macromolecular evolution. Bi-
ological Cybernetics, 50:63-73, 1984.

Fabio Musso. A stochastic version of the Eigen model. Bull. Math. Biol.,
73(1):151-180, 2011.

Martin A. Nowak and Peter Schuster. Error thresholds of replication
in finite populations. Mutation frequencies and the onset of Muller’s
ratchet. Journal of theoretical Biology, 137 (4):375-395, 1989.

Jeong-Man Park, Enrique Munoz, and Michael W. Deem. Quasispecies
theory for finite populations. Phys. Rev. E, 81:011902, 2010.

David B. Saakian, Michael W. Deem, and Chin-Kun Hu. Finite popula-
tion size effects in quasispecies models with single-peak fitness landscape.
Europhysics Letters, 98(1):18001, 2012.

30



