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CRITICAL POPULATION AND ERROR THRESHOLD ON THE
SHARP PEAK LANDSCAPE FOR THE WRIGHT-FISHER MODEL

BY RAPHAEL CERF
Université Paris Sud and IUF

We pursue the task of developing a finite population counterpart to
Eigen’s model. We consider the classical Wright—Fisher model describing
the evolution of a population of size m of chromosomes of length ¢ over an
alphabet of cardinality «. The mutation probability per locus is g. The repli-
cation rate is ¢ > 1 for the master sequence and 1 for the other sequences.
We study the equilibrium distribution of the process in the regime where

£ — 400, m — 400, q—0,
Lg — a €]0, +o0l, %—> a € [0, +o0].

We obtain an equation avr(a) = Ink in the parameter space (a, ) separat-
ing the regime where the equilibrium population is totally random from the
regime where a quasispecies is formed. We observe the existence of a crit-
ical population size necessary for a quasispecies to emerge, and we recover
the finite population counterpart of the error threshold. The result is the twin
brother of the corresponding result for the Moran model. The proof is more
complex, and it relies on the Freidlin-Wentzell theory of random perturba-
tions of dynamical systems.

1. Introduction. In 1971, Eigen studied a population of macromolecules,
evolving under replication and mutation [7]. He considered the situation where
one specific sequence, called the master sequence, replicates faster than the others.
A fundamental discovery of Eigen is the existence of an error threshold. If the mu-
tation rate exceeds a critical value, called the error threshold, then, at equilibrium,
the population is completely random. If the mutation rate is below the error thresh-
old, then, at equilibrium, the population contains a positive fraction of the master
sequence and a cloud of mutants which are quite close to the master sequence.
This specific distribution of individuals is called a quasispecies. Since then, the
notions of error threshold and quasispecies have been widely used to understand
the evolution of populations in biology. However, biological populations are finite,
and Eigen’s model cannot be directly applied in this context because it is formu-
lated for an infinite population of macromolecules. A crucial task is therefore to
reformulate and to understand the notions of error threshold and quasispecies in
biological models describing the evolution of a finite population.
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The Wright-Fisher model is one of the most studied models in mathematical
population genetics. In this work, we apply to a basic Wright-Fisher model the
ideas presented in [3] for the Moran model, thereby pursuing the task of devel-
oping a finite population counterpart to Eigen’s model. Numerous works have at-
tacked this issue [1, 5, 11, 17, 21, 25]. Using different techniques, Saakian, Deem
and Hu [24], Park, Mufioz and Deem [23], Musso [20] and Dixit, Srivastava and
Vishnoi [6] considered finite population models which approximate Eigen’s model
when the population size goes to infinity. These models are variants or generaliza-
tions of the classical Wright—Fisher model of population genetics. The problem
is to understand how the error threshold phenomenon present in Eigen’s model in
the infinite population limit shows up in the finite population model. We refer to
the introduction of [3] for a detailed discussion of this question and the heuristics
guiding our strategy. We consider here the classical Wright—Fisher model describ-
ing the evolution of a population of size m of chromosomes of length £ over an
alphabet of cardinality «. The mutation probability per locus is g. The replication
rate is o > 1 for the master sequence and 1 for the other sequences. We study the
equilibrium distribution of the process in the regime where

£ — +o0, m — 400, qg—0,
g — a €10, 400l %—>O{ € [0, +ool.

We obtain an equation oy (a) = Ink in the parameter space (a, o) separating
the regime where the equilibrium population is totally random from the regime
where a quasispecies is formed. We observe the existence of a critical population
size necessary for a quasispecies to emerge, and we recover the finite population
counterpart of the error threshold. It is a classical fact that the Moran model and
the Wright—Fisher model have similar dynamics. Indeed, the main result here is
the twin brother of the main result of [3], the only difference being the equation
of the critical curve. While we could compute exactly the critical curve for the
Moran model, here the critical curve is defined through a variational problem de-
pending on the parameter a. Apart from this point, the scaling and the associated
exponents are the same in both cases. This confirms a conjecture of [3], and it
sustains the hope that this kind of analysis is robust.

A potential application of the result concerns genetic algorithms. Indeed, the
Wright-Fisher model is identical to the genetic algorithm without crossover. In her
Ph.D. thesis [22], Ochoa investigated the role of the error threshold phenomenon
for genetic algorithms, and she concluded that there exists a relationship between
the optimal mutation rate and the error threshold. The result proved here provides
a theoretical basis for some heuristics to control efficiently the genetic algorithms
proposed in [2].

On the technical side, the Wright-Fisher model is much more difficult to han-
dle than the Moran model. In the Moran model, the estimates of the selection drift
relied on a birth and death model introduced by Nowak and Schuster [21]. In the
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Wright—Fisher model, the bounding processes are more complicated; they involve
three dependent binomial laws. As the size of the population grows, their transition
probabilities satisfy a large deviation principle, derived with the help of the classi-
cal Cramér theorem. In the set of the populations containing the master sequence,
the process can be seen as the random perturbation of a discrete dynamical system.
This discrete dynamical system is simply the sequence of the iterates of a rational
map F:[0, 1] — [0, 1]. Depending on the parameters, this map has either one sta-
ble fixed point or two fixed points, one stable and the other unstable. This opens the
way to the application of the general scheme developed by Freidlin and Wentzell
[10] to study the random perturbations of dynamical systems. Originally, Frei-
dlin and Wentzell studied diffusion processes arising as Brownian perturbations
of a differential equation. These processes are continuous time Markov processes
with a continuous state space. However, their approach is robust, and it can be
applied in other contexts. Kifer [14, 15] reworked this theory in the discrete time
case. Unfortunately, our bounding processes do not fit the hypothesis of Kifer’s
model, for the following two reasons. In Kifer’s model, the large deviation rate
function of the transition probabilities is not allowed to be infinite, and the large
deviation principle for the transition probabilities is assumed to be uniform with
respect to the starting point. Certainly the general framework considered by Kifer
could be adjusted to include our case, with the help of some relaxed hypothesis.
Yet in our case, we have only two attractors, one unstable and one stable, and we
need only two specific estimates from the general theory, which is concerned with
a finite number of attractors of any type. In fact, the kind of estimates we need
have been computed in two other works handling closely related models. In an
unpublished work [4] (transmitted to me by courtesy of Gregory Morrow), Darden
analyzed a Wright-Fisher model with two alleles and no mutation with the help of
the Freidlin—Wentzell theory. What we have to do essentially is to obtain results
analogous to Darden for the model with mutations. Morrow and Sawyer [19] con-
sidered a more general model of Markov chains evolving in a convex subset of R¢
around one stable attractor. Our bounding processes would fit this framework, were
it for the uniform assumption on the variance of the transition probabilities. In our
case, this condition is violated close to the unstable attractor 0. We can apply their
results outside a neighborhood of 0, but this would lead to a messy construction.
It appears that, in any case, if we try to apply the results of Kifer or of Morrow
and Sawyer, we have to make a specific study of our process in the vicinity of
the unstable fixed point 0. In the end, it seems that the most efficient presentation
consists in deriving from scratch the required estimates, following the initial ideas
of Freidlin and Wentzell. The techniques involved in the proof are classical and go
back to the seminal work of Freidlin and Wentzell. However, there is an important
simplifying feature in our case. Indeed, the bounding processes are monotone. This
allows us to avoid uniform large deviation estimates and to provide substantially
simpler proofs.
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We describe the model in the next section, and we present the main result in
Section 3. The rest of the paper is devoted to the proofs. The global strategy is
identical to the case of the Moran model. The lumping is performed in Section 4.
In Section 5, we build a coupling and we prove the monotonicity of the occu-
pancy process. This allows us to define simple bounding processes in Section 6.
Section 7, which analyzes the dynamics of the bounding processes, is much more
complicated than for the Moran model. Section 8 presents the estimates in the neu-
tral region. These estimates were derived in [3] for the Moran model, and they can
be easily adapted to the Wright—Fisher model, so most of the proofs are omitted.

2. The Wright-Fisher model. Let A be a finite alphabet, and let ¥k = card A
be its cardinality. Let £ > 1 be an integer. We consider the space .A¢ of sequences
of length £ over the alphabet .A. Elements of this space represent the chromosome
of an haploid individual, or equivalently its genotype. In our model, all the genes
have the same set of alleles, and each letter of the alphabet .4 is a possible allele.
Typical examples are A ={A, T, G, C} to model standard DNA, or A = {0, 1} to
deal with binary sequences. Generic elements of .A¢ will be denoted by the letters
u, v, w. A population is an m-tuple of elements of A¢. Generic populations will be
denoted by the letters x, y, z. Thus a population x is a vector

x(1)
x=|
x(m)
whose components are chromosomes. For i € {1, ..., m}, we denote by

x(@,1),...,x(@,0)
the letters of the sequence x(i). This way a population x can be represented as an
array
x(1,) - x(1,0)
x=| :
x(m,1) --- x(m,¥0)
of size m x £ of elements of A, the ith line being the ith chromosome. The evo-

lution of the population is random and it is driven by two antagonistic forces:
replication and mutation.

Replication. The replication favors the development of fit chromosomes. The
fitness of a chromosome is encoded in a fitness function

A: A = [0, +o00l.
With the help of the fitness function A, we define a selection function F: A® x
(AYH™ — [0, 1] by setting
A(u)

14 £Hm — .
Vue A%, Vx € (A%) F(u,x)= A T T AGEY) > ity

1<i<m
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The population x being fixed, the values F(u, x), u € A%, define a probability
distribution over A‘. The value F(u,x) is the probability of choosing u when
sampling from the population x.

Mutation. The mutation mechanism is the same for all the loci, and mutations
occur independently. We denote by ¢ €]0,1 — 1/k[ the probability that a muta-
tion occurs at one particular locus. If a mutation occurs, then the letter is replaced
randomly by another letter, chosen uniformly over the ¥ — 1 remaining letters. Mu-
tations are rare, and the most likely outcome for a given letter is to stay unaltered;
this is why we impose that ¢ < 1 — 1/«. We encode this mechanism in a mutation
matrix

M(u,v), u,ve A,

where M (u, v) is the probability that the chromosome u is transformed by muta-
tion into the chromosome v. The analytical formula for M (u, v) is

¢
M, v) =] <(1 — D lugh=v() + % 1u<j>¢v<j>)-
j=1

Transition matrix. We consider the classical Wright—Fisher model. In this
model, generations do not overlap. The mechanism to build a new generation is
divided in two steps. In the first step, m chromosomes are sampled with replace-
ment from the population. The sampling law is given by the selection function.
In the second step, each chromosome mutates according to the law specified by
the mutation matrix. For n > 0, we denote by X, the nth generation. The Wright—
Fisher model is the Markov chain (X,),cn on the space (A)™ whose transition
matrix is given by

VneN, Vx,ye (.Ag)m

P =y1X =0 = T (X FaoMu.y0)).

I<i<m “yeAt
3. Main results. We present the main results in this section.

Sharp peak landscape. We will consider only the sharp peak landscape defined
as follows. We fix a specific sequence, denoted by w*, called the wild type or the
master sequence. Let o > 1 be a fixed real number. The fitness function A is given
by

¢ |1, if u £ w*,
VueA A(u)_{a, if u = w*.

Density of the master sequence. We denote by N (x) the number of copies of the

master sequence w™* present in the population x:

N(x)=card{i:1 <i <m,x(i)=w"}.
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We are interested in the expected density of the master sequence in the steady state
distribution of the process, that is,

1
Master(o, £,m,q) = lim E(—N(X,,)),
n—o0 m
as well as the variance
1 2
Variance(o, £,m,g) = lim E((—N(Xn) — Master(o, £, m, q)> >
n— 00 m

The ergodic theorem for Markov chains ensures that the above limits exist. We
denote by I (p, t) the rate function governing the large deviations of the binomial
law of parameter p € [0, 1], given by

t 1—
Vvt €0, 1] I(p,t):tln——l—(l—t)lnl
p —
We define, for a €10, +o0[,

ce % —1

_ ifoe ™ > 1,
p*(a)z{ o1 11 oe >

0, ifoe™ @ <1,

—a Pk+1
Y(a) = 1nf1nf{21(m,yk)+yk1( )

Vk

,ooz,o*(a),pl:O,pk,yke[0,1]f0r0§k<l}.

Since I (p,0) = —In(1 — p), we have
op*(a) >=ln (0 —Dp*(a) +1
o—1)p*@a)+1 1—p*a)

Thus the function  is finite on ]0, Ino [, and it vanishes on [Ino, +o00[. We will
prove in Lemma 7.4 that ¢ is positive on ]0, Ino[.

¥(a) < 1((

THEOREM 3.1. We suppose that
L — 400, m — 400, q—0,
in such a way that
tq — a €10, +o0, % — a € [0, +o0].

We have the following dichotomy:

e Ifay(a) <Ink, then Master(o, £,m,q) — 0.
o Ifayr(a) > Ink, then Master(o, £, m, q) — p*(a).
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In both cases, we have Variance(o, £, m, g) — 0.

The statement of the theorem holds also in the case where « is null or infinite,
but a must belong to ]0, +oo[. This result is very similar to the result for the Moran
model. Therefore all the comments made for the Moran model apply here as well.
The main difference is that the function ¥ (a) is more complicated. While we could
obtain an explicit formula in the case of the Moran model, here the function ¥ (a)
is the solution of a complicated variational problem. The general structure of the
proof is similar to the one for the Moran model. We use the lumping theorem to
reduce the size of the state space. We couple the lumped processes with different
initial conditions. The coupling for the occupancy process turns out to be mono-
tone. We construct then a lower and an upper process. These processes behave like
the original process in the neutral region and like a Wright—Fisher model with two
alleles whenever the master sequence is present in the population. The dynamics of
these models is analyzed with a specific implementation of the Freidlin—Wentzell
theory. We compute estimates of the persistence time of the master sequence, as
well as its equilibrium density. Although the results are similar to the case of the
Moran model, this part is much more technical in the case of the Wright—Fisher
model. Indeed, in the case of the Moran model, we needed simply to estimate some
explicit formula associated to the birth and death model introduced by Nowak and
Schuster [21]. The approach used here to handle the Wright-Fisher model is quite
robust, and it should work for other variants of the model. In the final section we
analyze the discovery time of the master sequence. This part is similar to the case
of the Moran model. It is even simpler, so most proofs are omitted.

4. Lumping. We denote by dy the Hamming distance between two chromo-
somes

Vu,ve A dy(u,v)=card{j:1<j<€u(j)#v()}
We define a function H : A — {0, ..., £} by setting
Vu e A* Hu) =dy(u, w").
We define further a vector function H: (A%)™ — {0, ..., £} by setting
x(1) H(x(D))
Vx = : € (Az)m H(x) = :
x(m) H(x(m))
Mutation. We state some results on the mutation matrix that have been proved

in [3]. The mutation matrix is lumpable with respect to the function H. Let b, c €
{0, ..., ¢}, and let u € A* such that H (u) = b. The sum

> Mu,w)

weAl
H(w)=c
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does not depend on u in H~'({b}). It is a function of b and ¢ only, which we
denote by My (b, c¢). The coefficient Mg (b, ¢) is equal to

L—b b koy _  N—b—k q l( B q )b—l
0512—1:( k )<l)q = (K—1> : k—1 '

0<i<b
k—Il=c—b

Replication. The fitness function A of the sharp peak landscape can be factor-
ized through H. If we define

Vb el0,....t) AH(b)={‘1’: gll:(l)
then we have
Vue A A(w)=Au(H®w).
Distance process. We define the distance process (Djy,),>0 by
V=0  Dp=H(Xp).

As in [3], it can be checked that the Markov chain (X,,),>0 is lumpable with re-
spect to the partition of (A%)™ induced by the map H, so that the distance process
(Dy)n>0 is a genuine Markov chain. Its transition matrix py is given by

Vd,eef0,..., )"

~ An(IMu(dG), i)
pud.e) = lgm<1§,z§m ) o A

Occupancy process. We denote by P, | the set of the ordered partitions of the
integer m in at most £ 4 1 parts,

,Pzn+1 = {(0(0),...,0(@)) ENK'H :000)+---+o0(0) :m}‘

These partitions are interpreted as occupancy distributions. The partition (0(0),
...,0(£)) corresponds to a population in which o(/) chromosomes are at Ham-
ming distance / from the master sequence, for any / € {0, ..., £}. Let O be the
map which associates to each population x its occupancy distribution O(x) =
(o(x,0),...,0(x, £)), defined by

vielo,..., 4} ox,ly=card{i:1 <i <m,dg(x(), w*)=1}.
Ford € {0, ..., £}™, we set
og(d,)=card{i:1 <i<m,d@i) =1},
and we define a map Op : {0, ..., £} — P}’ by setting

On(d) = (ou(d,0),...,0a(d,?)).
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We define the occupancy process (Op),>0 by setting
Vn>0 Onp =0(Xy) = On(Dy).

As in [3], it can be checked that the Markov chain (D, ),>0 is lumpable with re-
spect to the partition of {0, ..., £}"* induced by the map O, so that the occupancy
process (Op)n>0 1s a genuine Markov chain. Its transition matrix po is given by

I (Zke{o ..... g o)Ay (k)M (k, h))O’(h)
O<h<t > 0<h<¢0(h)Ap (h) :

Vo, o € Py, pol(0,0') =

5. Monotonicity. A crucial property for comparing the Wright—Fisher model
with other processes is monotonicity. We will realize a coupling of the lumped
Wright-Fisher processes with different initial conditions, and we will deduce the
monotonicity from the coupling construction. All the processes will be built on a
single large probability space. We consider a probability space (€2, F, P) contain-
ing the following collection of independent random variables, all of them following
the uniform law on the interval [0, 1]:

Ubi, on>=1, l1<i<m, 1<j<U¢,

i .
S, n>1, 1<i<m.

5.1. Coupling of the lumped processes. We build here a coupling of the
lumped processes. We set

sLult, . Ul
sm Um,l Um,(f

n>“n 0 Yn
The matrix R, is the random input which is used to perform the nth step of the
Markov chains. We denote by R the set of the matrices of size m x (€ + 1) with

coefficients in [0, 1]. The sequence (R,),>1 is a sequence of independent identi-
cally distributed random matrices with values in R.

Mutation. We define a map
My 0, ..., 0 x[0,11* => {0, ..., &}

in order to couple the mutation mechanism starting with different chromosomes.
Letbe{0,...,¢},and letuy,...,up €0, 11¢. The map My is defined by setting

b [
Muyb,uy,...,ug)) =b— Z lug<q/e—1) + Z Luyg>1—g-
k=1 k=b+1
The map My is built in such a way that, if Uy, ..., U, are random variables

with uniform law on the interval [0, 1], all being independent, then for any
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be{0,..., ¢}, thelaw of My (b, Uy, ..., Uy) is given by the line of the mutation
matrix My associated to b, that is,

Vee{0,....8})  P(Mgub,Uy,...,Up) =c)=My(b,c).

Selection for the distance process. We realize the replication mechanism with
the help of a selection map

Sy :{0,..., )" x[0,1]1={1,...,m}.
Letd €{0,...,¢}", andlets € [0, 1[. We define Sy (d, s) = i where i is the unique
index in {1, ..., m} satisfying
Agd) +---+Ag(d(i—1)) - Agd)+---+ A d@i))
Apd()+---+Ap(dm)) — Agd()+ -+ Ag(d(m))

The map Sy is built in such a way that, if S is a random variable with uniform law
on the interval [0, 1], then for any d € {0, ..., £}, the law of Sy (d, S) is given by

_ An(d(i))
Ap@D) + -+ Apdm)’

Coupling for the distance process. We build a deterministic map

Vie{l,....m}  P(Sy(d,S)=i)

Wy {0,..., " xR —1{0,..., )"

in order to realize the coupling between distance processes with various initial
conditions. The coupling map Wg is defined by

VreR, Vd €{0,...,£)"
Mp(d(Su(d,r(1,1))),r(1,2),...,r(1,£+1))
Vy(d,r)= :
Mp(d(Su(d,r(m,1))),r(m,2),...,r(m, £+ 1))
The coupling is then built in a standard way with the help of the i.i.d. sequence

(Rn)n>1 and the map Wy . Letd € {0, ..., £} be the starting point of the process.
We build the distance process (D;,),>0 by setting Dy = d and

Vn>1 D, =Vy(Dy—1, Ry).

A routine check shows that the process (D,),>0 is a Markov chain starting from
d with the adequate transition matrix. This way we have coupled the distance pro-
cesses with various initial conditions.

Selection for the occupancy process. We realize the replication mechanism with
the help of a selection map

So: Py x[0,11— {0, ..., £}.
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Leto € Pg”+1, and let s € [0, 1[. We define Sp (0, s) = where [ is the unique index
in {0, ..., £} satisfying
oMAFO)+---+o(l—-—1DAgI—-1) o oA O)+---+o()Au ()
o0(MAFO)+---4+0(l)Ag (L) - 0(0)Ag0)+---+ o)A (L)

The map Sp is built in such a way that, if S is a random variable with uniform law
on the interval [0, 1], then for any o € PE”H, the law of Sp (o, S) is given by

o o)A u (1)
Vielo,..., ¢ P(SO(O,S)_I)_O(O)AH(O)_FM_’_O(K)AH(Z).

Coupling for the occupancy process. We build a deterministic map

Vo : P xR— Pl

in order to realize the coupling between occupancy processes with various initial
conditions. The coupling map Wy is defined by

VreR, Yoe P},

Mpu(So(o,r(1,1)),r(1,2),...,r(1,£+ 1))
Vo (o,r)=0p :
Mpu(So(o,r(m, 1)), r(m,2),...,r(m, £+ 1))

Let o € P}, | be the starting point of the process. We build the occupancy process
(On)n>0 by setting Op = o0 and

Vn>1 0,=VY0(0u-1, Ry).
A routine check shows that the process (Op,),>0 is a Markov chain starting from o

with the adequate transition matrix. This way we have coupled the occupancy pro-
cesses with various initial conditions.

5.2. Monotonicity of the model. We first recall some standard definitions con-
cerning monotonicity and coupling for stochastic processes. A classical reference
is Liggett’s book [16], especially for applications to particle systems. In the next
two definitions, we consider a discrete time Markov chain (X,),>¢ with values in
a space £. We suppose that the state space £ is finite and that it is equipped with a
partial order <. A function f:& — R is nondecreasing if

Vx,yeE x=<y = fx)=<fO.

DEFINITION 5.1. The Markov chain (X,),>0¢ is said to be monotone if, for
any nondecreasing function f, the function

xe&r E(f(Xn)|Xo=x)

is nondecreasing.
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A natural way to prove monotonicity is to construct an adequate coupling.

DEFINITION 5.2. A coupling for the Markov chain (X,,),>0 is a family of
processes (X, ),>0 indexed by x € £, which are all defined on the same probability
space, and such that, for x € &, the process (X;'),>0 is the Markov chain (X,),>0
starting from X = x. The coupling is said to be monotone if

Vx,ye& X<y = Vn>1 X, <X,.
If there exists a monotone coupling, then the Markov chain is monotone.

We try next to apply these definitions to our model. The space {0, ..., £}" is
naturally endowed with a partial order

d<e << Vief{l,....m} d(i) <e(i).
The map M g is nondecreasing with respect to the Hamming class, that is,
Vb,ce{0,..., €}, Yuy,...,ug €[0,1]
b<c = Mpubu,...;up) <Mpu(c,uy,...,up);

see [3] for a detailed proof. In the neutral case ¢ = 1, the map Sy does not depend
on the population, in fact,

Vd €{0,...,¢}", Vs €[0, 1] Su(d,s) = |ms].
As a consequence, we have
Vd,eec{0,...,¢)", Vs e[0,1] d<e = d(Sud,s))<e(Sule.s)).
LEMMA 5.3. In the neutral case o = 1, the map Vg is nondecreasing with
respect to the distances, that is,

Vd,ec{0,...,0)", VreR d<e = Wy(d,r)<Wyle,r).

PROOF. LetreR,andletd,ec{0,...,£}",d <e.Leti €{l,...,m}. Since

Su(d,ri, 1)) =8u(e,r@, 1)) =|mr@, )],

we have

d(Su(d,r@, 1)) <e(Su(e ra,1)).
This inequality and the monotonicity of the map M g imply that
Mp(d(Su(d,r@, 1)), r@,2),....,r@i,£+1))

<Mpu(e(Sule,r@, 1)), rG,2),...,ri, £+ 1)).

Therefore Wy (d,r) < Wg(e,r) as requested. [
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COROLLARY 5.4. In the neutral case o = 1, the distance process (Dy)n>0 is
monotone.

Unfortunately, the map Wy is not monotone for o > 1. Indeed, suppose that
k=3, o=2, m=3, £>2,
%<s1<%, %<s2<1, %<S3<1,

Vie{l,2,3), ¥je{l,....0) ui,je[%,l—q]
St, U1, 1,5 ULY
r=1\s,ux1,....,u2¢ |.

§3, U315 ..., U3¢

wf)-() ()0

This creates a serious complication. To get around this problem, we lump further
the distance process in order to build the occupancy process. It turns out that the
occupancy process is monotone even in the nonneutral case. We define an order
=< on Py as follows. Let 0 = (0(0), ..., 0(¢)) and 0’ = (0'(0), ..., 0'(£)) belong
to Py, . We say that o is smaller than or equal to o', which we denote by 0 < o', if

Vi<t o) +--+o)<dO)+---+0.

As shown in [3], the map Sp is nonincreasing with respect to the occupancy dis-
tribution, that is,

Yo,0 e Py, Vs €0, 1] 0=<0 = Sp(0,5)>S0(d,s).

Recall that

We have then

LEMMA 5.5. The map Vo is nondecreasing with respect to the occupancy
distribution, that is,
/

Vo,o/GPé"H,VreR 0<0 = Wolo,r)<xWo(d,r).

PROOF. Letr € R,andleto, o € PZ’H be such that 0 < o’. Using the mono-
tonicity of the map Sp, we have

Viell,...,m) So(o,r(i, 1)) =So (o', r(,1)).
This inequality and the monotonicity of the map M g imply that
Vie{l,...,m} Mpu(So(o,r@, 1), r@i,2),...,r@i,£+1))
> My (So(o',r@i,1)),r(,2),...,r(i, L+ 1)).
Therefore Wp (0, r) < W (0, r) as requested. [

COROLLARY 5.6.  The occupancy process (Oy),>0 is monotone.
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5.3. The FKG inequality. We consider the product space {0, ..., £} equipped
with the natural product order

d<e <= Viefl,....m} d@) <e().

DEFINITION 5.7. A probability measure p on {0, ..., £} is said to have pos-
itive correlations if for any functions f, g: {0, ..., £}’ — R which are nondecreas-
ing, we have

3 f(d)g(d)u(d)z( )3 f(d)u(d)>< ) g(d)u(d))-

defo,...,m defo,...,m def0,...,0)m

The Harris inequality, or the FKG inequality in this context, says that any prod-
uct probability measure on {0, ..., £} has positive correlations. The FKG inequal-
ity is in fact true for any product probability measure on a product of the interval
[0, 1]; see Section 2.2 of Grimmett’s book [12]. As far as correlations are con-
cerned, there is not much to do with the original Wright—Fisher model because its
state space is not partially ordered. So we examine the distance process.

PROPOSITION 5.8. Suppose that we are in the neutral case o = 1. If the law
of Do has positive correlations, then for any n > 0, the law of D, has positive
correlations.

PROOF. The Wright-Fisher model (X,,),>0 can be seen as a probabilistic cel-
lular automaton. Indeed, given the population X,, = x at time »n, the individu-
als (X,4+1(@),1 <i <m) of the population at time n 4 1 are independent. This
still holds for the distance process. By Corollary 5.4, the neutral distance process
(Dy)n>0 is monotone. Monotone probabilistic cellular automata preserve the FKG
inequality. This is explained in detail by Mezi¢ [18], and it was first observed by
Harris [13] at the very end of his article on continuous time processes. Because
the argument is very short, we reproduce it here. Suppose that the initial law ©

of Dy has positive correlations. Let f, g:{0, ..., ¢} — R be two nondecreasing

functions. For any d € {0, ..., £}'", the conditional law of D knowing that Dy = d

is a product measure on {0, ..., £}, thus it satisfies the FKG inequality, whence
vd €{0,...,¢)"

E(f(D1)g(D1)|Dg=d) = E(f(D1)|Do=d)E(g(D1)|Do=d).

We integrate the inequality with respect to the initial law u:

S E(f(D)g(D)IDo = d)u(d)

defo,...,m

> Y E(f(D1)|Do=d)E(g(D1)|Dy=d)p(d).
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Since (Djy,)n>0 is monotone, the maps
def0,...,6)" — E(f(D1)|Do=d),
def0,....0}" — E(g(D1)|Do=d),

are nondecreasing. By hypothesis, the initial law p has positive correlations, there-
fore

> E(f(D1)|Do=d)E(g(D1)|Do=d)u(d)

(¥ eg@ope=ap@)( ¥ Enibi=du).

The two above inequalities imply that the law of D has positive correlations. We
conclude by iterating the argument. [J

6. Stochastic bounds. In this section, we take advantage of the monotonicity
of the map W to compare the process (O, ),>0 with simpler processes.

6.1. Lower and upper processes. We shall build a lower process (O,f)nzo and
an upper process (0,1 )n>o0 satisfying

V>0 0'<o0,=<0.

Loosely speaking, the upper process evolves as follows. As long as there is no
master sequence present in the population, the process (O,ll )n>0 evolves exactly
as the initial process (Oy),>0. When the first master sequence appears, all the
other chromosomes are set in the Hamming class 1; that is, the process jumps
to the state (1,m — 1,0, ...,0). As long as the master sequence is present, the
mutations on nonmaster sequences leading to nonmaster sequences are suppressed,
and any mutation of a master sequence leads to a chromosome in the first Hamming
class. The dynamics of the lower process is similar, except that the chromosomes
distinct from the master sequence are sent to the last Hamming class ¢ instead
of the first one. We shall next construct precisely these dynamics. We define two
maps 7, 71 1 Pyl — Pyl by setting

Voe Pl  m(o)=(00),0,...,0,m —0(0)),
71(0) = (0(0), m — 0(0),0, ..., 0).
Obviously,
Vo € Py, me(0) 20 X m1(0).

We denote by W* the set of the occupancy distributions containing the master
sequence, that is,

W*={oe P/ :0(0) >1}
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and by N the set of the occupancy distributions which do not contain the master
sequence, that is,

N ={oe P :0(0)=0}.

Let Wy be the coupling map defined in Section 5.1. We define a lower map \Ilg by
setting, for o € P | and r € R,

Yol(o,r), ifoe N and Yo (o,r) ¢ W*,

\IJg (0,r)= (Yoo, 1)), ifoe N and o (o, r) € WH,
71’((‘110(71’((0),1‘)), if o € W*.

Similarly, we define an upper map \Il(l) by setting, for o € P;, | and r € R,
Wol(o,r), ifoe N and Yo (o,r) ¢ W*,

W (0,r) =1 m(¥o(o, 1)), if o e N and Wo (0, r) € W,
7'[1(\110(7'[1(0),1’)), if o € W*,

A direct application of Lemma 5.5 yields that the map \Iff) is below the map Vo
and the map W 10 is above the map Wy in the following sense:

VreR, YoePl,  Wh(o,r) < Wo(o,r) =W} (o,1).

We define a lower process (0£)n20 and an upper process ( 0,11 )n>0 with the help
of the i.i.d. sequence (R;),>1 and the maps vt \1110 as follows. Let o0 € Pt’in+1 be
the starting point of the process. We set 05 = 06 =o0 and

Vva>1  OL=w5(0L_ | R,),  O)=W,(0)_i,Ry).

n—1> n—1-

PROPOSITION 6.1. Suppose that the three processes (Of;)nzo, (On)n>o0,
(O,}),,Zo, start from the same occupancy distribution o. We have

vi>=0 0'=<o0,=<0.
The proof is similar to the proof of Proposition 8.1 in [3].

6.2. Dynamics of the bounding processes. We study next the dynamics of the
processes (Oﬁ)nzo and (0,1),120 in W*. The computations are the same for both
processes. Throughout the section, we fix 0 to be either 1 or £, and we denote by
(Oﬁ )n>0 the corresponding process. For the process (02 )n>0, the states

T? ={o e P}, :0(0) > 1 and 0(0) + 0(8) < m}

are transient, while the populations in AU OW* \ T?) form a recurrent class. Let
us look at the transition mechanism of the process restricted to WW* \ 7. Since

W\ T? ={oe P} :0(0) > 1 and 0(0) + 0(0) = m},
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we see that a state of W*\ 77 is completely determined by the first occu-
pancy number, which is equal to the number of copies of the master sequence
present in the population. From the previous observations, we conclude that,
whenever (O,f )n>0 starts in W* \ 77, the dynamics of the number of master se-
quences (03 (0)),>0 is Markovian until the time of exit from W* \ T?. We denote
by (Zg)nzo a Markov chain on {0, ..., m} with the following transition probabili-
ties: forh e {l,...,m} and k € {0, ..., m},

Vvn>0  P(Z0., =klZ)=h)=P(0l, (0)=kl0OL0)=h),
and for h=0and k € {0, ..., m},

m

Vn >0 P(z§+1=k|z,2=0)=<k

) My (6.0)5(1 — My ©,0)" "
Let us denote by p?(h, k) the above transition probability, and let us compute its
value. We use the definition of the transition mechanism of (OS )n>0 to get

pliky=">" > pl(hi. j.k)

i€{0,...,m} j=0
where p?(h, i, j, k) is given by

i master sequences are selected,
p J master sequences do not mutate, 79— 1
k — j nonmaster sequences n
mutate into a master sequence

_(m (ch)(m —h)" /i i1 i—j
~(7) o=t g () M0/ (1 = 4 0.0)

pl(h,i, j k)=

x (’:__Jl ) My (0,007 (1 — My ©,0)" .

The Markov chain (Zz)nzo corresponds to the evolution of the number of master
sequences in a Wright-Fisher model with two types, the master type having fit-
ness o and the other type having fitness 1, and with the following mutation matrix
between the two types:

P (the master type mutates into the nonmaster type) =1 — Mg (0, 0),
P (the nonmaster type mutates into the master type) = Mg (6, 0).

We can also realize the Markov chain (Zf;) n>0 On our common probability space.

We define two maps E¢, E':{0,...,m} — P, by setting

+1
Vi€ {0,...,m) i) =(,0,...,0,m—1i),
i) =(@G,m—i,0,...,0).
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Leti € {0, ..., m} be the starting point of the process. We set Zg =i and
vex>1 20 =wl(8%(Z%_)), R.)(0).

This construction yields a Markov chain (Z )n>o0 starting from i with the adequate
transition matrix. Moreover the maps Z¢, "‘1 are nondecreasing. By Lemma 5.5,
the map Wy is also nondecreasing with respect to the occupancy distribution. We
conclude that the above coupling is monotone, and the Markov chain (Zz)nZO is
monotone.

6.3. Invariant probability measures. Our goal is to estimate the law v of the
fraction of the master sequence in the population at equilibrium. The probability
measure Vv is the probability measure on the interval [0, 1] satisfying the following
identities. For any function f:[0, 1] — R,

sav=tim E(r(N0)) = X (N o,

(0,1] E(A[)m

where u is the invariant probability measure of the Markov chain (X,,),>0. In fact,
the probability measure v is the image of u through the map

e (AHY" = lN(x) €[0,1].
m

We denote by M£0’ Ho, ,ulo the invariant probability measures of the Markov
chains (Oﬁ)nzo, (On)n>0, (O,%),,zo. The probability v is also the image of o
through the map
m 1
o€ Py~ —o(0) €[0, 1].
m
Thus, for any function f:[0, 1] - R,

sav="% 7(22 Yo = tim £(f(5-0,))

(0.1 06P€+1

We fix now a nondecreasing function f :[0, 1] — R such that f(0) = 0. Proposi-
tion 6.1 yields the inequalities

1 1 1
=0 f(010)=s(,0.0) < 5(5 000).
m m m
Taking the expectation and sending n to oo, we get

5 f(O(O))uo(o)<f fave Y f(0(0)> oy

0€Py 0P

We seek next estimates on the above sums. The strategy is the same for the lower
and the upper sum. Thus we fix 8 to be either 1 or ¢, and we study the invariant
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probability measure :“0 For the Markov chain (0 )n>0, the states of 7Y are tran-

sient, while the populations in A'U (W* \ T?) form a recurrent class. Let 0 . be
the occupancy distribution having m chromosomes in the Hamming class 6,

Vie{o,..., ¢} ogxit(z)={

exit

m, ifl=0
0, otherwise.

The process (0 )n>0 always exits W* \ TY at 0ex1t This allows us to estimate the
invariant measure with the help of the following renewal result.

PROPOSITION 6.2. Let (X,)n>0 be a discrete time Markov chain with values
in a finite state space £ which is irreducible and aperiodic. Let |1 be the invariant
probability measure of the Markov chain (X,),>0. Let W* be a subset of £, and
let e be a point of £\ W*. Let f be a map from & to R which vanishes on £\ W*.
Let

t* =inf{n > 0: X, e W*}, t=inf{n>1": X, =e¢}.

Xo-e)

This result is proved in detail in [3]. We apply the renewal result of Proposi-
tion 6.2 to the process (0 Yn=0 restricted to N U OW* \ T?), the set W*\ T?, the
occupancy distribution 07 . and the function o — f(0(0)/m). Setting

We have

1
Z F)ulx) = W (Z J(Xn)

xe€ n=t*

ex1t
t*:inf{nzo:Og e W*}, t=inf{n > 1* Og_oem}
we have
o(O> 0 E(X o £((02(0))/m)|Of =08
> f Ho(0) = 0_ 0 :
UEPH] E(T | 00 = Oexit)

Yet, whenever the process (0 Yn=0 is in W* \ T?, the dynamics of the number
of master sequences (0 (0))n>0 is the same as the dynamics of the Markov chain
(Z )n>0 defined in Section 6.2. Let 7o be the hitting time of 0, defined by

79 =inf{n > 0: 79 = O}.
The process (0 )n>0 always exits W* \ T? at Oex1t Therefore © coincides with

the exit time of W* \ TY after t*. Leti € {1, ..., m}. From the previous elements,
we see that, conditionally on the event {Of* (0) =i}, the trajectory (09(0) T <

n < 1) has the same law as the trajectory (Z 0 <n < 19) starting from Zo =i,
whence

E(t — 0% (0) =)

(n;*f(o (0)>‘of*(0):i) :E(Z f< )‘zo_z>

E(w0]Z§ =),
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Conditioning with respect to Of* (0) and reporting in the formula for the invariant
probability measure MGO, we get

Ogin(9%9)u%a»

_ SR ECS (Zy/mIZg =D P(0%.(0) =i|0f =ofy)
E(t*|0f = o) + iy E(w0 2 = i) P(0%.(0) = i|Of = 0%;)

We must next estimate these expectations. In Section 7, we deal with the terms

involving the Markov chain (Zg)nzo. In Section 8, we deal with the discovery
time T*.

7. Approximating processes. This section is devoted to the study of the dy-
namics of the Markov chains (Zﬁ)nzo and (Z,ll),,zo. The estimates are carried out
exactly in the same way for both Markov chains. As we said before, the Markov
chain (Zg)nzo corresponds to the evolution of the number of master sequences in
a Wright-Fisher model with two types. Throughout the section, we fix § = 1 or
0 = ¢, and we remove 6 from the notation in most places, writing simply p, Z,
instead of p?, Z?.

Asymptotic regime. We shall derive estimates in the regime where

£ — 400, m — 400, g — 0, lg — a €]0, +o0l.

Several inequalities will be valid only when the parameters are sufficiently close
to their limits. We will say that a property holds asymptotically to express that it
holds for £, m large enough, ¢ small enough and £¢g close enough to a.

7.1. Large deviations for the transition matrix. For p € [0, 1] and t > 0, we
define

t 1—1¢
tlh—+ (1 —1¢)In , O<p<1,0<t<1,
I(p, 1) = I=r
(p,1) = 0, t=p=0ort=p=1,
+00, (pef0,1},r#p)ort > 1.

The function I (p, -) is the rate function governing the large deviations of the bino-
mial distribution B(n, p) with parameters n and p. We recall a basic estimate for
the binomial coefficients.

LEMMA 7.1. Foranyn>1,any k € {0, ..., n}, we have

n! s k+( 01 n—=k
n———— n—+m—4%k)In
k!(n —k)! n

1 <2Inn + 3.
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PROOF. The proof is standard; see, for instance, [8]. Setting, for n € N,
¢(n)=Inn!—nlnn + n, we have

n!
lnm = lnn! — lnk‘ —ln(n — k)‘
=nlnn—n+¢(n) — (klnk —k + ¢ (k))

—((n—k)In(n —k) — (n — k) + p(n — k))

n

—k
+ o) — k) —p(n—k).

n

k
=—kln— —(n—k)In
n

Comparing the discrete sum Inn! =", Ink to the integral [{" Inx dx, we see
that 1 <¢(n) <Inn + 2 for all » > 1. On one hand,

¢(n) —pk) —¢p(n—k) <lInn;
on the other hand,
¢p(n) — k) —p(m—k)>1— (Ink+2) — (In(n —k) +2) > =3 —21nn,

and we have the desired inequalities. [

We define a function f:[0, 1] — [0, 1] by

or
fr)= m
and a function I, : [0, 1]* — [0, +-00] by
le(r.s, B.0) = 1(f (7). s) +s1(MH<0, 0), ?) +a —s)1<MH(9,0), tl__f).

The function I, depends on ¢ through the mutation probabilities My (0, 0) and
My (6,0). Using Lemma 7.1 and the expression of p?, we see that

Vh,i, j kef0, ..., m)

. hy i , J

inpihi. gk = -m1(£() ) =i (Mu(0.0).7)

m m !
: k—j .
_(m_l)1<MH(950)7—>+<D<hal’,]9kam)

m—1

h i j k

:—m1[<—,l—,i,—)—f—q)(h,i,j,k,m),

where the error term ® (4, i, j, k, m) satisfies

Vh,i, j.ke{0,....m}  |®h.i, j.k,m)|<6lnm+9.
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In the asymptotic regime, for 6 = 1 or § = £, we have My(0,0) — e ¢,

My (0,0) — 0, so that, for r, s, B, t € [0, 114,

I(r,s,t), if B=t,
L(r,s, B, t) —> {—i—oo, if B,

where the function [ (7, s, t) is given by

3 Lt
Vr,s,t €[0, 1] I(r,s,t):I(f(r),s)+sI(e a,;).

PROPOSITION 7.2. We define a function V| on [0, 1] x [0, 1] by
vr,t €[0,1] Vi(r,t) =inf{I(r,s,1):5 € [0, 1]}.

The one step transition probabilities of (Z,)n>0 satisfy the large deviation prin-
ciple governed by Vi: for r € [0, 1] and any subset U of [0, 1], we have, for any
n=>0,

—inf{Vl(r,t):te(})}

1
< liminf —InP(Z,+1 €mU|Z, = [rm]),
{,m—00,q—0 m
lg—a

1 _
limsup —InP(Zyy1 €mU|Z, =rm]) < —inf{Vi(r,t):t € U}.
£,m—00,q—0 m
lg—a

PROOF. Letr €10, 1], and let U be a subset of [0, 1]. For any n > 0,

P(Zyy1€mU|Z, = |rm]) = Z p(lrm], k)
kemUN{O0,...,m}

= Z iip([rm],i,j,k).

kel0,...,m}i=0 j=0

From the previous inequalities, we have
P(Zyy1 €mU|Z, = |rm])
< (m+ 1> max{p(lrm],i, j,k):0<i<m,0<j<ikemU)

11 . lrm| i j k ..
<m " exp| —mminj I, ,—,—,— :0<j<i<m,kemU}¢;).
m m m m

For each m > 1, let iy, ju, km be three integers in {0, ..., m} which realize the
above minimum. By compactness of [0, 1], up to the extraction of a subsequence,
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we can suppose that, as m goes to 00, i, /m — 8, j/m — B, kypy/m — t. If B <t,
then

. Lrm| im Jm km

limsup —1I ,—, —, —

£,m—00,q—0 m m m m
lg—a

< limsup —(1—%>I(MH(9,O), (km/m)_(j’”/m)>=—oo

£,m—00,q—0 1- (lm/m)
Lg—a
because
li km _jm (km _jm)/m
msup — In - = _
£,m—00,q—0 m (11— (lm/m))MH @,0)
Lg—a

Thus we need only to consider the case where 8 = . We have then

rm] im jm k t

lim sup —Ig(l' J,ﬂ,J—m,—m>5—1(f(r),s)—s1<e_“,—).

£,m—00,q—0 m m m m S
lg—a

This implies the large deviation upper bound

1 _
limsup —1InP(Zyy1 €mU|Z, =|rm]) < —inf{I(r,s,t):5s €[0,1],t € U}.
£,m—>00,q—0 M
Lg—a

Conversely, let s, t € [0, 1]. We have

P(Zp1=tm]|Zy = [rm])
> p(lrm], [sm], [tm], [tm])

§ %exp(—mQ(LrnTJ’ LS,;nJ’ UZJ’ L::;J))
by )

Taking In and sending m, £ to oo, we obtain

1
liminf —InP(Zyq1=tm]|Z, = rm])>—1(r,s,1).
{,m—o00,q—>0m
lg—a
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o
Suppose now that ¢ belongs to U, the interior of U. For m large enough, the integer
Ltm] belongs to mU . From the previous estimate, we have

1
liminf —InP(Z,41 €mU|Z, = rm]) > —1(r,s,1).
{,m—o00,q—>0m
lg—a

Optimizing over s, t, we get the large deviation lower bound

1 0
liminf —InP(Z,41 €mU|Z, = |rm]) > —inf{I(r,s,1):5 €[0,1],1 € U}.
{,m—o00,q—>0m
lg—a

This finishes the proof of the large deviation principle. [J

Proceeding in the same way, we can prove that the /-step transition probabilities
satisfy a large deviation principle. For [ > 1, we define a function V; on [0, 1] x
[0, 1] by

-1

Vi(r,t) =infy 1ok, Vi, k1)1 p0 =1, o1 =1, pis vk €[0, 1] for O <k <1 .
k=0

COROLLARY 7.3. For |l > 1, the l-step transition probabilities of (Zn)n>0
satisfy the large deviation principle governed by V;: for any subset U of [0, 1], any
r € [0, 1], we have, for any n > 0,

—inf{Vi(r,t):1 € l})}

1
< liminf —InP(Zy4; e mU|Z, = |rm]),
{,m—o00,q—>0m
lg—a

1 _
limsup —InP(Z,4 emU|Z,=|rm]) < —inf{Vi(r,1):t € U}.
£,m—00,q—0 1M
lg—a

Let us examine when the rate function 7 (r, s, ) vanishes. We see that
t
I(r,s,t)=0 <= s=7f(r), e =-.
s

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

ore ¢

(c—Dr+1°

The Markov chain (Z,),>¢ can be considered as a random perturbation of the
dynamical system associated to the map F

z0€[0,1], Vn>1 2= F(zp—1).

Vr €0, 1] Fry=e “f(r)=
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Let us set
oe % —1
pr@=1 o—1
0, ifoe™ @ <1.
Since F is nondecreasing, the sequence (z,),cN iS monotonous and it converges
to a fixed point of F. If ce™? < 1, the function F' admits only one fixed point, 0,
and (z,)nen converges to 0. If ce™® > 1, the function F' admits two fixed points,
0 and p*(a). If zg > 0, then (z,),eN converges to p*(a).
The natural strategy to study the Markov chain (Z,),>0 is to use the Freidlin—
Wentzell theory [10]. The crucial quantity to analyze the dynamics is the following
cost function V. We define, for s, ¢ € [0, 1],

Vs, t)= llgf Vi(s, 1)

a

, ifoe™@ > 1,

-1

=li§{inf > (o, vk ok 0 =S5, pr =1, pi, v € [0, 1]
= k=0

f0r0§k<l}.

LEMMA 7.4. Suppose that ce™® > 1. For s, t € [0, 1], we have V (s,t) =0 if
and only if:

o cithers =t =0,
e or there exists | > 1 such that t = F! (s),
e ors=#0,t=p*(a).

PROOF. Throughout the proof we write p* instead of p*(a). Let s, ¢ € [0, 1]
be such that V (s, t) = 0. Suppose first that s = 0. Since 1 (0, y, p) = 400 unless
y = p =0, any sequence (0o, 0, - - -, V1) such that pg =s =0 and

-1
> 1ok Vi Pr1) < 00
k=0
has to be the null sequence, so that necessarily + = 0. We suppose next that s > 0.
For each n > 1, let (o, vj) - - -, pl”(”)) be a sequence of length /(n) in [0, 1] such
that
I(n)—1 1

00 =S Plmy =1, > I(PZ’M:’,P/?H)S”
k=0

We consider two cases. If the sequence (/(n)),>1 is bounded, then we can extract

a subsequence

dn) @) ¢ (n)
(Po s Yo """Ol(¢)(n)))
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such that /(¢ (n)) = [ does not depend on n, and for any k € {0,...,] — 1}, the
following limits exist:

lim pf™ =p,  lim yf™ =

n—oo n—oo

Vk-
The map [ being continuous, we have then
Vke{0,...,1 -1} I (pks Yks Pk+1) =0,
whence
Vke{0,....1}  px=F"(po).

Since in addition pg = s and p; = t, we conclude that r = F I(s). Suppose next
that the sequence (/(n)),>1 is not bounded. Our goal is to show that r = p*. Using
Cantor’s diagonal procedure, we can extract a subsequence

om) _ d(n) ¢ (n)
(g Y0 s Pig )
such that, for any k > 0, the following limits exist:
lim p¢™ = py, lim 3" = y.

n— 00 n—oo

The map [ being continuous, we have then
Vk=0  I(pk, Y&, pk+1) =0,
whence
Vk=0  pe=Fpo).

We have I(p*, f(p*), p*) =0. Let ¢ > 0. The map I being continuous, there
exists a neighborhood U of p* such that

VoeU  Vi(p*, p)<I(p*, f(p*),p) <e.

Since s > 0, the sequence (F"(s)),eN converges to p* and Fh (s) € U for some
h > 1. In particular,

: d(n) _ ph
nlggo,oh =F"(s)eU,

so that, for n large enough, pf(n) isin U and

1
V(e* ) < Vi(o® ") + V(e " ) et

Letting successively n go to oo and ¢ go to 0, we obtain that V (p*,¢) = 0. Let
8 €10, p*/2[,and let U =]p* — 8, p* + S[. Let « be the infimum

a =inf{I(po, y0. p1):po €U, 0 €[0,11, p1 ¢ U}.
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Since I is continuous on the compact set U x [0, 1] x ([0, 1]\ U), then
Ao, v pF) €U x [0, 11 x ([0, 11\U)  a=1(p§, v 0F)-
The function F is nondecreasing and continuous, therefore
FU)=F([p*=38,p*+8])=[F(p* —8), F(p* +9)].
Moreover we have
p*—=8<F(p*—8)<F(p*+6) <p"+3s.

Thus F(U) C U and necessarily p} # F(py) and a > 0. It follows that any se-
quence (0o, Y0s - - - » P1) such that
[—1

poeU, > I (ok. Vi pry1) <
k=0

is trapped in U. As a consequence, a point ¢ satisfying V (p*, t) = 0 must belong
to U. This is true for any § > 0, hence for any neighborhood of p*, thus t = p*.
0
7.2. Persistence time. We recall that
790 =inf{n > 0:Z,, =0}.

In this section, we will estimate the expected hitting time 7 starting from a point

of {1, ..., m}. This quantity approximates the persistence time of the master se-
quence w*.
PROPOSITION 7.5. Leta €10, +oo[ and leti € {1, ..., m}. The expected hit-

ting time tq of O starting from i satisfies

1
lim —InE(r|Zo=1i)=V(p*(a),0).
{,m—o00 m

q—0,lg—a

PROOF. Before proceeding to the proof, let us explain the general strategy,
which comes directly from the theory of Freidlin and Wentzell. To obtain the upper
bound on the persistence time, we show that, starting from any pointin {1, ..., m},
the probability to reach a neighborhood of O in a finite number of steps is larger
than

exp(—mV (p*,0) — me).

This way we can bound from above 7y by a geometric law with this parameter;
see Lemma 7.6. To obtain the lower bound on the persistence time, we first show
in Lemma 7.7 that, starting from any point, the process has a reasonable proba-
bility of reaching any neighborhood of p* before visiting 0. This estimate is quite
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tedious because the process might start from Zy = 1, which is close to the unsta-
ble fixed point of F. Since we need to control the hitting time of O starting from
any point, such an estimate seems to be indispensable, and it cannot be done in
the more general situations considered by Kifer [14] or Morrow and Sawyer [19]
without adding some extra assumptions. So we give a lower bound on the prob-
ability of following the iterates of a discrete approximation of F. With a Poisson
fluctuation, the process jumps away from 0, then, because F' is expanding in the
neighborhood of 0, it reaches the point nm after Inm steps, for some n > 0, and
with a finite number of additional steps, it lands in a neighborhood of p*. We study
then the excursions of the process outside a neighborhood of 0 and p*. Whenever
the process is outside such a neighborhood, it reenters the neighborhood in a fi-
nite number of steps with probability larger than 1 — exp(—cm) for some ¢ > 0
depending on the neighborhood. Thus the process is very unlikely to stay a long
time outside a neighborhood of the two attractors {0, p*}. In fact, the length of
an excursion outside a neighborhood of {0, p*} is bounded by a constant, up to a
very unlikely event. We consider the hitting time ts of the §-neighborhood of 0.
Obviously we have g > 5. We focus on the portion of the trajectory which starts
at the last visit to a neighborhood of p* before reaching a neighborhood of 0. Such
an excursion occurs at a given time with probability less than

exp(—mV (p*, 0) + me),

and therefore it is unlikely to occur before time exp(mV (p*, 0) — me).

We start now with the implementation of this scheme. Throughout the proof
we write p* instead of p*(a). We start by proving an upper bound on the hitting
time. The next argument works in both cases ce™ <1 and oe™ > 1. In the case
oe % <1, we have p* =0 and V(p*, 0) =0, and the proof becomes simpler, so
there is no need to consider a path from p* to 0. We have I (p*, f(p*), p*) =0.
Let ¢ > 0. The map [ being continuous, there exists 6 > 0 such that

Vpelp* =8, p"+8[  I(p. f(p).p*)<e.
Moreover the sequence (F" (1)), <N converges to p*, thus
=1 F')e]p* =35, p* +5[.
Let! > 1 and let (pg, y0, - .., 1) be a sequence in [0, 1] such that

-1
po=p*p1=0, > I(pk, vk prs1) < V(p*,0) +e.

k=0
We consider the sequence obtained by concatenating the two previous sequences
to=1, so=f1), n=FQ1), .., t_1=F"YD,
Sh—1 = f (th-1),
t = F"(1), sp=f (), thy1 =P, Sh+1 = Y0,

th+2 = p1, BN h+l = P1-1, Sh+l = Vi—1, thai+1 =p1 =0.



1964 R. CERF

We set j = h + 1 + 1. This sequence satisfies

Jj—1

to=1,1;=0, > It sk, teg1) < V(p*,0) + 3.
k=0

We have then

j—1
P(Zj=01Zo=m) =[] p(lmu], Lmsi]. lmtis1], Lmigy1]).
k=0

Taking In, sending m to oo and using the estimate on the transition probabilities
obtained in the proof of Proposition 7.2, we have

NP = .
liminf —InP(Z; =01Zg=m)>— > I(tx, sk, tr41) = —V (0", 0) — 3e.
{,m—00,q—>0 m =0
lg—a -
Thus, asymptotically, we have
P(Z; =0|Zyo=m) > exp(—mV (p*, 0) — 4me).

Using the monotonicity of the Markov chain (Z,),>0, we conclude that, asymp-
totically,

Viell,...,m} P(Z;j =0|Zy=1i) > exp(—mV(p*, 0) — 4me).

We have thus a lower bound on the probability of reaching O in j steps starting
from any point in {1, ..., m}. For any n > 0, we have, using the Markov property,

P(tvo> (n+ 1) j|Zo=m)

Il
NE

P(to> (n+1)j, Znj = h|Zo=m)

=
I
—_

I
NE

P(to>nj, Zyj=h,Zyj1#0,..., Zuy1)j #01Zo=m)

=
Il
—_

I
WE

P(Zpj+1#0, ..., Zw+1)j #0lto > nj, Znj =h, Zo =m)

=
I
—_

x P(to>nj, Zyj =h|Zo=m)

I
NE

P(to > jlZo=h)P(to > nj, Zyj = h|Zo =m)

=
I
—_

< (1 —exp(—mV(p*,0) — 4me)) P(t9 > nj|Zo = m).

Iterating this inequality, we obtain the following result.
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LEMMA 7.6. For any ¢ > 0, there exists j > 1 such that

Yn >0 P(v0 > nj|Zo=m) < (1 —exp(—mV (p*,0) — 4me))".

It follows that

(n+1)j
E(tlZo=m)=)_ )Y P(mo=klZo=m)
n>0k=nj+1
< ij(‘[() >nj|Zo=m) < jexp(mV (p*, 0) + 4me),
n>0

whence

1
limsup —InE(19|Zo=m) < V(p*,0) +4e.
{,m—00,g—0
lg—a
Letting ¢ go to 0 yields the desired upper bound.
We compute next a lower bound on the hitting time. If ce™ < 1, then p* =0,
V(p*, 0) =0, and obviously,

1
liminf —InE(w|Zo=m)>V(p*,0)=0.
£,m—00,q—>0 m
lg—a

Thus we need only to consider the case ce™® > 1. We start by estimating from

below the probability of going from 1 to a neighborhood of p* without visiting 0.
Before proceeding with the mathematical details, let us explain the strategy to
get this lower bound. When Zy = 1, the binomial law involved in the replication
mechanism can be approximated by a Poisson law of parameter o, and the process
(Zn)n>0 can jump to any fixed # € N with a probability larger than a positive
quantity independent of m. Using a simple estimate on the central term of the
binomial law, we have that

P(Zn-i-l =G|Z, = h) =

~ (m+ 1%
where G is a map from {0, ..., m} to {0, ..., m} such that
1 h 1
—G(h) > F(—) - —.
m m m

We study then the iterates of the function F(x) — 1/m. This function, which is
a small perturbation of F', has two fixed points, one unstable close to 0, of order
1/m, and one stable close to p*. We take & large enough so that i /m is larger than
the unstable fixed point. Then the repulsive dynamics of F(x) — 1/m will bring
the point #/m close to a value n > 0 (independent of m) in a number of iterates of
order Inm. Once the process (Z,),>¢ is at [nm ], a finite number of iterates leads
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into the neighborhood of p*. The lower bound is obtained by combining the three
steps

1 clnm+c
P(1— h)P(h— qm)P(qm — (P*‘(S)’”)Zc<m) ’

where c is a constant independent of m. This is the idea of the proof of the next
lemma.

LEMMA 7.7. For any & > 0, there exists ¢ > 0, depending on &, such that,
asymptotically,

P(Z1>0,....Z1ctam)—1 > 0, Z|ctnm) > m(p* —8)|Zo=1) >

mclnm :

PROOF. The binomial law B(n, p) of parameters n > 0 and p < 1 is maximal

at [ (n + 1)p], therefore
n L+ Dpl () — pyr—LtDpl o
(L(n+1)pJ)p (=p a1

See, for instance, Chapter VI in Feller’s book [9]. We shall use this inequality to
bound from below the transition probabilities of the Markov chain (Z,),>0. Let us
define amap G:{0,...,m} — {0, ..., m} by

Yhel0,...,m—1} G(h) = {({(m + 1)f<%>J + 1>MH(0» O)J,

G(m) = | (m+ DMy (0,0)).

The map G depends on the parameters m, £ and g. Applying the previous lower
bound to the binomial laws involved in the transition step of (Z,),>0, we obtain

Vn,h >0 P(Zuy1 = G()|Z, =h)
h
> > p(n | nr(2) ] conk)
k=G (h) m
.
T (m+ 1)
It follows that for n, 4 > 0,
P(Zy=G'(h),.... Zy = G"(W)|Zo=h)

= Y P(Zi=G'(W).....Zy1=1,Z, > G"(W)|Zo = h)
I>G"=1(h)

= ) P(Z,z2G"WIZu-1 =)
I>G"=1(h)
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x P(Z1 =G (h), ..., Zs_1=11Zo=h)
> P(Zy = G"(W)|Zp1 = G" (b))
X P(Z1 =G (h), ..., Zy_1 = G""\(h)| Zo = h)

> > Gl(h > G" N (h)| 2o =
_(m+1)2( (h)s s Zn—12 (W) Zo = h).
Iterating this inequality, we obtain, for n, h > 0,
P(Z1>G'(h),...,Z, > G"(h)|Zo=h) > _
- LI n — _(m+1)2n
The map G is nondecreasing. Moreover, for z € {0, ..., m},
h h
G = |+ 17 () Mu(©.0)| = mg ()M 0.0 1.
m
Let us define a map H :[0, 1] — [0, 1] by
1
Vx € [0, 1] H(x)=¢"My(0,0)F(x) — —.
m
We can rewrite the previous inequality as

Vhelo,....m}  G(h) zmH<%>

Iterating this inequality, we get, thanks to the fact that both G and H are nonde-
creasing,

h
VYn>0, Vhel0,...,m} G”(h)zmH”<—>.
m

The map H, which is a small perturbation of the map F, has two fixed points
o' < p”, whose expansion is given by

;o 1 1
p_m(aMH(o,O)—1)+0<m)’

. oMu0.0—1  oMu(0,0) (l)
P m(o Mz (0,0) — 1)

a

m
Notice that My (0, 0) converges to e~ ¢, so p’ is close to 0 and p” is close to p*.
Let n > 0. If x <n, we have F(x) > ax, where

oe 4

T -+l
For n sufficiently small, we have o > 1 and the map F restricted to [0, n] is ex-

panding. Let 8 = (1 4+ «)/2. Asymptotically, we have ae* Mg (0,0) > B. Let us
study the iterates of x through the map H. We set

N =inf{n>0:H"(x) > n}.
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For 1 <n < N, we have then
1
H"(x)=H(H" '(x)) > pH" ' (x) — —,
m

which we rewrite as

1 1
EHH(X) > WHn_l(x) -
Summing fromn =1to N — 1, we get

N-1 N-1 N—1
N P R o)

m n=0

man—l :

Let 4 be an integer such that

h > 2i.
p—1
Notice that this condition does not depend on m. We suppose that m > h. We
take x = h/m, and we denote by N (h) the associated integer. From the previous

inequalities, we have then
p > g0 (ﬁ) S g1 1
- m) 2m
Thus N (h) satisfies
1 2mn
Nh)<l4+ —In—,
In g h
and we have, asymptotically,

P(Z,>0,..., ZNh)y—1 > 0, Znw) >mn|Zo=h)
h h
> P(21 zmH1<—),...,ZN(h) zmHN(’”(—)‘zo =h>
m m

> P(Z1 =G ' (W), ..., Zywy = GNP (h)|Zo = h)
. b
- (m + 1)2N(h)'
We control next the probability to go from 1 to 2. We have
m ah(m _ l)m—h
h ) (c —1+mm
In this regime, where £ is fixed and m is large, the binomial law involved in the

replication mechanism can be approximated by a Poisson law of parameter o,
whence, asymptotically,

Pz, ZhIZo=1)2< M (0, 0)".

1 h
P(Zy =z h|Zo=1) = 2 exp(—a)% exp(—ah).
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We control finally the probability to go from nm to the neighborhood of p*. We
do this by following the iterates of F starting from 7, and by controlling the error
term with respect to the iterates of H.

LEMMA 7.8. We suppose that ce™% > 1. Forn >0, x € [0, 1], we have

n 1 (o Mp(0,0)"*!
H" () z ("M (0,0)F)"(x) — Z(:M:((O 0)))—1 '

PROOF. We have
Vx € [0, 1] |F'(x)] <oe™,

and, for any n > 0,
1
H"™ ' (x) = H(H" (x)) = ¢* My (0,0)F(H" (x)) — —.
m

We shall prove the following inequality by induction on n:

n 1<
H"(x) = (¢ My (0.0)F)" (x) — — > (o Mu(0,0)".
k=1

The inequality is true for n = 0, 1. Suppose that the inequality holds for some
n > 0. Since F is nondecreasing, we deduce from the inequality on F’ and the
mean value theorem that

H"™ ! (x) = "My (0, 0>F((e“MH(o, 0)F)" (x) - % > (eMu (. 0))") - %
k=1

> (e“My(0,0)F)" ' (x) — o My (0, O)% > (0 My (0,0))" - n%

k=1
4 n+1 1 n+l k
= (¢"Mu (0,0F)" (x) = — 3 (e Mu (0,0))",
k=1

and the inequality is proved at rank n 4 1. Summing the geometric series, we obtain
the inequality stated in the lemma. [J

Let § > 0. The sequence (F"(1)),en converges to p*, thus F'(n) > p* — § for
some ¢ > 1. For m large enough, we have also

1 (6 Mg (0,0))t!

a 4 - *
(e"Mu(0,0)F) (1) o Mn0.0) 1" 8,
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and Lemma 7.8 implies that H'(n) > p* — 8. Let i be an integer strictly larger
than nm. We have

P(Z1>0,...,Zi-1>0,Z; >m(p* = 8)|Zo =1i)
> P(Zi=mH'(),.... Ze =mH"'(0)| Zo =)

( >mH( )...,thme&)jzo:i)

>P(Z 1>G (i)y..os Ze > G ()| Zo =)

- (m + 1)21

To conclude, we use the monotonicity of (Z,),>0, and we combine the three pre-
vious estimates. The values /4, ¢ do not depend on m, and there exists a positive
constant ¢ depending on 1, i such that, asymptotically,

NMh)+t+1<clnm,

1 ol clnm 1 1
(5 exp(—U)ﬁ exp(—ah)) (m + 1)2N(m)+21 = mclnm’

Letus set s = |clnm| — (N (h) + t). Recall that ¢ depends on 1, § and & depends
on 1. We have

P(Z1>0,....Z1ctam|—1 >0, Z|cinm) > m(p* —8)|Zo=1)

ZZZ Zl>h Zs1=2h,Zs=j,Zs+1>0,...., ZssN()—1 > 0,

jzhi=my
ZsiNty =1, ZstNy+1 > 0, .o, Zgy Ny +1-1 > 0,
Zsi N+t > m(p* = 8)[Zo=1)
>3 Y P(Zizh,....Ze1>h,Z;=jlZy=1)

J=hi>mn
X P(Zs11>0,...,ZsaNi)y-1 >0, Zsyniny =11 Zs = ])
X P(Zssnmy+1 >0, ..., Zsy Ny+1—1 > 0,
Zsi N+t > m(p™ = 8)| Zsinwmy) =)
>P(Z1=h,....,Z;>h|Zp=1)
X Y P(Z1>0,....ZNay—1 >0, Zyawy =ilZo = h)

i>mn
X P(Z1>0,...,Zi-1>0,Z >m(p* = 8)|Zo=1i)
> (P(Z1 = h|Zy=1))’
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1

x P(Z,>0,...,.7Z _1>0,7 >mn|Zo=h)——
(Z) N(—1 Ny > mn|Zo=h)

N
2 ) (m + 1)2N(h)+2t = mclnm'
This is the required lower bound. [J

1 o 1
> (Sexp(-0) % exp(—a)

Whenever the starting point is far away from 0, the estimate of Lemma 7.7 can
be considerably enhanced, as shown in the next lemma.

LEMMA 7.9. We suppose that ce™ > 1. For any § > 0, there exist h > 1 and
¢ > 0, depending on §, such that, asymptotically,

P(Z1>0,...,Zy_1>0,Z >m(p* —8)|Zo = |m8]) > 1 — exp(—cm).
PROOF. Let 6 > 0. The sequence (F"(§)),en converges to p*. Thus there

exists 4 > 1 such that F"(8) > p* — 8. By continuity of the map F, there exist
00, P1, - .., pp > 0 such that pg =6, pp > p* — 8 and

Vkefl,..., h} F(pr—1) > px.
Now,
P(Z1>0,...,Z4-1>0,Zp >m(p* —8)|Zo = [m3))
> P(Vke{l,...,h}, Zx = mpr| Zo = |mé]).
Passing to the complementary event, we have
PEke{l,....,h—1},Zx=00r Z, <m(p* — 8)|Zo = [md))
<P(EFke{l,....,h}, Zr <mpx|Zo = mé))

< Y P(Zi=mpi,..., Zk—1 = mpr—1, Zx < mp| Zo = |mé])
1<k<h

< Y. > P(Zioi=iZi <mplZo = md))

1<k<hizmpjy_

< > Y PZi<mpZi—1 =i)P(Zk-1 =i|Zo = m))

1<k=<hizmpj_
< > P(Zi <mpi|Zo = mpr—1]).
1<k<h

The large deviation principle for the transition probabilities of the Markov chain
(Zn)n>0 stated in Proposition 7.2 implies that for k € {1, ..., A},

1
limsup —InP(Z1 <mp|Zo = |mpi—1])
£,m—00,q—0 1M
lg—a

< —inf{l (pk—1,s,1):s €[0, 11,7 < px} <O.
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Since h is fixed, we conclude that
dkell,....h—1}, Z;y =

) 1
lim sup —lnP< orthm(,o*—(S)

£,m—00,q—0 m
Lg—a

O‘ZO:Lm8j)<O,

and this yields the desired estimate. [

With the estimate of Lemma 7.9, we show that the process is very unlikely to
stay a long time in [m§, m(p* — 3)].

COROLLARY 7.10. We suppose that ce™® > 1. Let 6 > 0. There exist h > 1
and ¢ > 0 such that, asymptotically,
Vk € [mé, m(p* —38)], Vn >0

P(mé <Z,<m(p*—8) for0<t<n|Zy=k) < exp(—cm{%J).

PROOF. Letk € [md,m(p* —§8)]. Let § > 0, and let 2 > 1 and ¢ > O be asso-
ciated to § as in Lemma 7.9. We divide the interval {0, ..., n} into subintervals of
length £, and we use repeatedly the estimate of Lemma 7.9. Let i > 0. We write

P(mé <Z,<m(p* —8)for0 <t < (i + h|Zo=k)

dm=j<(p*—8)m

forO<t <+ Dh,Zin = jlZo=k)

= > P(md <Z, <m(p*—8)for0<t <ih, Zin= jlZo=k)
dm<j<(p*—d&)m

X P(mé <Z; <m(p*—8) forih <t < (i + Dh|Zin=j)

< > P(mé<Z, <m(p*—8)for0<t <ih, Zy = jlZo=k)
Sm=j<(p*—8)m

x P(Zn <m(p* —8)|Zo = |md])
<Pmé<Z, <m(p*—3§)for0<t<ih|Zy=k)exp(—cm).
Iterating this inequality, we obtain
Vi >0 P(mé <Z, <m(p* —8) for0 <t <ih|Zy=k) <exp(—cmi).
The claim of the corollary follows by applying this inequality with i equal to the
integer part of n/h. [

We have computed the relevant estimates to reach the neighborhood of p*. Our
next goal is to study the hitting time tg starting from a neighborhood of p*. Since
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we need only a lower bound, we shall study the hitting time of a neighborhood
of 0. For § > 0, we define

s =inf{n > 0:Z, < mé}.

Let i > (p* — 8)m. We shall estimate the expectation of 5 starting from i. The
strategy consists of looking at the portion of the trajectory starting at the last visit
to the neighborhood of p* before reaching the neighborhood of 0. Accordingly,
we define

S=max{n <t5:Z, > (p* — §)m}.
Notice that S is not a Markov time. We write, forn, k > 1,
P(ts <n|Zo=1)
= Y P(s=t,S=s1Zy=1i)

1<s<t<n

= Y, Pw=t.S=slZo=i)+ )Y 6 Plu=tS=s/Zo=i).
1<s<t<n 1<s<n
s<t<s+k s+k<t<n

Let 4 > 1 and ¢ > 0 be associated to § as in Corollary 7.10. For 1 <s <n and
t>s+k,

P(ts=t,8S=5|Zop=1i)
= Z P('E5=t,S=S,Zs+1=j|Z0:i)

mé=<j=<(p*—8)m

< ¥ P(‘Smﬁz’f(’)*_a)m(zm:j)

mb<j<(p—8)m fors+1<r<t-—1

(- =)
<mexp|—cm — )

whence
t—1
Z P(ts=t,S=s|Z¢g=1i) < anexp(—cmL—J).
1< h
=s<n t>k
s+k<t<n

Forl <s<t<nandt<s-+k,
P(ts=t,S=s5|Zog=1i)
< Y Ps=t,S=s52Z=jlZo=i)
> (p*—8)m
< > PZ <éml|Z;=))

J>(p*—=8)m
<mP(Zi—s <3m|Zo=|(p* — 8)m]),
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whence
Y Ps=t.S=slZo=i)<n Y mP(Z <dm|Zo=|(p* —8)m]).
1<s<n 1<t<k
s<t<s+k

Putting together the previous inequalities, we obtain

piszniza =0 20 Do -on| -

>k h
+n Y mP(Z, <ém|Zo=|(p* —8)m]).
I<t<k
We choose k large enough so that

lim sup l1n(22mexp<—cm\‘%J>> <=V(p*-34,9),

£, m—00,q—0 M t>k
Lg—a

and we use the large deviation principle stated in Corollary 7.3 to estimate the
second sum,

lim sup l1n< > mP(Z,<8m|Zo=L(p*—5)MJ)>

£, m—00,q—0 M 1<t<k
lg—a T
< — min Vi(p*—86,8) <—-V(p*—34,3).
< — min Vi(p )=—V(p )

Applying the previous inequalities with n = exp(mV (p* — §, 8) — mé), we con-
clude that

lim  P(ts <exp(mV(p*—6,8) —ms)|Zop=i)=0
£,m—o00,g—0
lg—a
and therefore
.. 1 : X
liminf —InE(ts|Zo=1i)>V(p*—6,8) —34.
{,m—o00,q—>0m

lg—a

To derive a lower bound on the expectation of 7¢ starting from 1, we combine the
previous estimates as follows. By Lemma 7.7, asymptotically,

P(Z1>0,....Z1ctam|—1 > 0, Z{ctnm) > m(p* = 8)|Zo=1) >

Thus, letting i = [ (p* —8)m ] + 1, forany n > [cInm],
P(to>n|Zog=1)
>y P(Z1>0,.... Zictlamj-1> 0, Zjctam) = J. T0 > n|Zo=1)

Jj=zi
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>> " P(Z1>0,.... Zicwm)—1 > 0, Zcim| = jlZo=1)
Jj=i
X P(Zicinmj+1 >0, ..., Zy > 01Z|clam) = J)
>P(Z1>0,.... Zjciam|-1 > 0, Z|cinm) > m(p™ — 8)|Zo = 1)
X P(Zictam)+1>0,...,Zy > 0| Z|ctnm) =1)

> mclnmP(TO >n—|clnm]|Zo=1i).

Summing from n = | clnm] to +o00, we get

E(wl|Zo=1) = E(nolZo=1).

mclnm
The very definition of t5 implies that 79 > t5, whence
E(w|Zo=1i) > E(t5|Z0 =1).

From the lower bound on 75 and the previous inequalities, we deduce that

1
liminf —InE(w|Zo=1) > V(p*—3,8) — 4.
£,m—o00,q—>0 m
lg—a

The conclusion follows by letting 6 go to 0. [J

7.3. Concentration near p*. In this section, we estimate the numerator of the
last formula of Section 6.3. As usual, we drop the superscript 8 from the notation
when it is not necessary, and we put it back when we need to emphasize the differ-
ences between the cases 0 = ¢ and 6§ = 1. Let f:[0, 1] — R be a nondecreasing
continuous function such that f(0) = 0. Our goal here is to estimate the expected
value of the sum

70 Z

()

n=0
The Markov chain (Z,),>¢ is a perturbation of the dynamical system associated
to the map F, and therefore it spends most of its time in the neighborhood of the
stable fixed point p*. On very large time intervals, the process visits points far
away from p*, and then it returns quickly to p*. From this picture, we conclude

that the fraction of the time spent away from p* is negligible. We will show that the
above sum is, on average, comparable to f (™).

PROPOSITION 7.11.  We suppose that ce=% > 1. We have, uniformly with re-
specttoi €{l,...,m},

i ECN o f(Zu/m)|Zo=1i)
1m =

£,m—>00 E(tg|Zog=1)
q—0,lg—a

f(p%).
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PROOF. Before proceeding to the proof, let us explain the general strategy,
which comes directly from the theory of Freidlin and Wentzell. For § > 0, we
denote by U (8) the -neighborhood of p*,

U®)=]p"—8.p"+9[.

We choose 6 small enough, so that when the process is in U (2§), the value
f(Z,/m) is approximated by f(p*). When the process is outside of {0} U U (25),
it reenters U(8) in [clnm| steps with probability at least m <" for some
¢ > 0; see Lemma 7.14. Therefore the average length of an excursion is bounded
by m€™™™ At a given time, the probability to start an excursion from U (8) reaching
the outside of U (26) is less than exp(—cm), for some ¢ > 0. With this estimate we
can control the number of these excursions (see Lemma 7.13), and we show that,
typically, their total length until the time 7 is negligible compared to .

We start now the detailed proof. Let ¢ > 0. Since f is continuous, there exists
8 > 0 such that

VoeU@28)  [f(p)—f(p*)| <e.

We define then a sequence of stopping times in order to track the excursions of
(Zn)n>0 outside U (8). More precisely, we set 7o = 0 and

z V4
T} = inf nzO:—"eU(S)}, T1=inf{nzT1*:—”¢U(28)},
m m

. ' Z, . . Zn
T, =inf nsz_l.ﬁeU(S) , T, = inf nsz.;géU(Z(S) ,

Next, we decompose the sum over the intervals [Ty, T)'[, [T}, Tx[, k > 1. De-
noting by s A ¢ the minimum min(s, ), we have

70 7
> £(2) - £l
n=0 m
T nto—1 Tintp—1

X = G- 3 (G -ren)

k>1n=Tr_1A19 k>1n=T} 19

We bound next the absolute value as follows:
70 7
> r(50) = £l
m
n=0
It remains to deal with the sum. We define, for n > 0,

K@) =max{k >1:Ty_1 <n},

<2f() Y (TF Ato— Ti1 A T0) + £T0.
k>1
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and the sum becomes

K (7o)
Z(Tk* ANTg—Tr_1 A ‘E()) = Z (Tk* AT)— Tk—l)-
k>1 k=1

Let n > 0. We set
tyy =exp(m(V(p*,0) +n)).

We decompose the sum as follows:

K (19) K (1)
Z (Tk>I< ATy — Tk—l) < lro>t,',71.[0 + lroft,',’, Z (Tk* ATy — Tk—l)-
k=1 k=1
We suppose that the process starts from i € {1, ..., m}. The estimates are carried

out exactly in the same way for any value of i, therefore, to alleviate the notation,
we remove the starting point from the notation. Throughout the proof the expecta-
tion E and the probability P are meant with respect to the initial condition Zg = 1.
Taking expectation in the previous inequalities, we get

E(gof(%)) — 1 (p")E(wo)

K (7o)
<eE(1ry) + 2f(1)E(110>[;)1 T0) + 2f(1)E(110§[’Z Z (Tk* ATy — Tk—l))-
k=1

Next, we take care of the second term.

LEMMA 7.12. Forany N, j > 1,

E(toley>nj) S NjP(to> Nj)+ Y jP(10 > nj).
n>N

PROOF. We compute
E(tolysnj) = Y kP(to=k)= D> > lyP(to=k)

k>Nj k>Njn>0
=33 Pw=k =) P(to > max(Nj,n))
n>0k>Nj n>0
k>n
<NjP(to>Nj)+ Y P(to>n).
n>Nj

Next,

j—1
Y. Pw>n)=) Y P>nj+k <) jP(xw>nj),

n>Nj n>N k=0 n>N
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and we have the desired inequality. [

We apply Lemma 7.6 with ¢ = 5/8: there exists j > 1 such that
Vn >0 P(to > nj|Zo=m) < (1 —exp(—mV(p*,0) —mn/2))".

We apply Lemma 7.12 with this j and

) 1
N =4/i) = | s explmV (6,0) ) |
and we use the previous inequality

E (191

T0>tl'r]t)

< E(t0lgy=n;) < NjP(tg>Nj)+ Y_ jP(t0 > nj)

n>N
S N
< (Nj + jexp(mV(p*,0) +mn/2))(1 — exp(—mV (p*, 0) — mn/2))
<1+ j)exp(mV(p*,0) +mn)exp(—N exp(—mV (p*,0) —mn/2)).
Thanks to the choice of N, this last quantity goes to 0 as m goes to co. Thus
mlgmm E(110>z’rril 79) = 0.
We deal now with the last sum in the inequality before Lemma 7.12. We give first

an upper bound on K.

LEMMA 7.13.  We suppose that c e~ > 1. There exists ¢ > 0, depending on §,
such that, asymptotically,

k
Vien>0  P(K@)>k) < % exp(—cmk).

PrROOF. For k > 0, we define
* Zﬂ
Sk=sup1 Ty <n<T:— € U&);.
m

For k, n > 0, we have
P(Km)>k)=P(Tx<n)= Y P(T¢=r"Sk=sTi=1).
t*<s<t<n

Let 2 > 1 and ¢ > 0 be associated to § as in Corollary 7.10. We can suppose that
h > 2. For given values of * and s, we split the sum over ¢ in two parts,

Yo P(IE=1"S=s5Ti=t)= > - + ¥

tis<t<n t:t>s+h+1 t:s<t<s+h+1
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We study next the first sum, when ¢ > s + 4 + 1. We condition on the state at
time s + 1

Z - Z P(Tk*:t*’Sk:S,Zs_’_l:j,Tk:l’)
tit>s+h+1 t:t>s+h+1
jemU (286)\mU ()

5 P( Ty =%, Zos1 = j, Zi ¢ mU (28) )
e Zsi1s- s Ziy €mU(28) \ mU ()
jemU@28)\mU (8)

= Z P(Zs+1,...,Zt_1GmU(ZS)\mU(é),

t:t>s+h+1
jemU (26)\mU (8)

Zi ¢ mU(28)| Zgy1 = )
x P(T{ =t*, Zs11 = j).
ForO<s<nandt>s+h+1,
P(Zos1..... Zimr €mUQR8) \mU(8), Zy ¢ mU (28)| Zy41 = j)

mé <Z, <m(p* —3) >
P 71 =7
(fors—l—lfrft—l s+ =
Zr >m(p* + .
( " ( ) Zs+1=J>
fors+1<r<t-—1

)

In fact, in Corollary 7.10, we gave an upper bound on the first probability. Yet the
second probability can be handled in exactly the same way. Thus

3 5( 3 exp(—cm{%J>)P(Tk*:[*).

t:it>s+h+1 t>h+1

Let us focus on the second sum. We condition on the state at time s

> = Y P(IF=rSi=s,Z=j, Te=1)

t:s<t<s+h+1 t:s<t<s+h+1
jemU ()

> P(Zi¢mUQ)|Zs = j)P(Tj =1*, Zs = j)
t:s<t<s+h+1
jemU ()

Y P(Zi¢mUQ0)|Zog=j)P(Tf =1*,Zy = j).
t:1<t<h+1
jemU (8)

IA

IA
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For any j € mU (8), using the monotonicity of (Z,),>0,
P(Z; ¢ mU(28)|Zo = j)
< P(Zi =m(p* —28)|Zo = j) + P(Z = m(p* +20)| Zo = j)
< P(Z: <m(o" —29)|Z0 = | (0" — O)m )
+ P(Z; =m(p* +28)|Zo = | (p* + 8)m]).
We use the large deviation principle stated in Corollary 7.3 to estimate the last two

terms. Forany r € {1,...,h + 1},

1
limsup —1InP(Z; <m(p*—28)|Zo=|(p* — §)m])
£,m—00,g—0 m
Lg—a

<—inf{V,(p* —8,p):p < p* — 25},
1
limsup —InP(Z; >m(p*+28)|Zo=|(p* + 8)m])
£,m—o00,g—0 m
Lg—a
< —inf{V,(p* + 6, p0):p > p* +25}.
By compactness, the infima are realized. Because of the constraints on p, the point
p realizing the infimum

inf{V;(p* — 6, p):p < p* — 28}

is not an iterate of p* — § through F. Hence by Lemma 7.4, the above infimum is
positive. We argue in the same way for the second infimum, and we conclude that
there exists ¢’ > 0, depending on 8, such that, asymptotically,

VjemlU($) Z P(Z,¢mU(28)|Zo=j)§exp(—c'm),
t:1<t<h+1
whence
> - <exp(—c'm) P(T =r¥).
t:s<t<s+h+l1

Let ¢” > 0 be such that, asymptotically,
t—1
> exp(—cm L—J) + exp(—c'm) < exp(—c"m).
h
t>h+1
Reporting in the initial equality, we obtain that, asymptotically, for any n, k > 0,
P(Ty <n) < Z exp(—c"m) P(T; = t¥)

t*<s<n
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<> exp(—c"m)P (T <s)

s<n
< Z exp(—c"m)P(Tx—1 < s).
s<n
Iterating this inequality, we obtain

k
P(Tx <n) < > exp(—c"mk) < Z—‘ exp(—c"mk)

0<npg<---<ng_i1<n

as required. [J

We estimate now the last sum in the inequality before Lemma 7.12. By the
Cauchy-Schwarz inequality, we have

K (0)
E(lrost’rrll Z (Tk>l< A T)— Tk—l))

k=1

=D E(lgyzn =k o) (T¢ A 70 = Ti—1))

k>1
©) - n 1/2 % 2\y\1/2
<Y P(vo<t), K(t0) = k) "“(E(lk<k r) (T A0 — Tim1)”))
k>1
<3 P(K(}) = k) (E (ke o) (T7 A 10— Ti-1))) /2
k>1

If 1 <k < K(1), then T}_1 < 19 and Z7,_, > 0, so that, using the Markov prop-
erty,

E(Li<g oy (Tf A0 — Tee1)?)
> E(lizk o (T¢ Ao — Tie1) 121, = j) P(Z1_, = J)

1<j<m
2 . .
> E((T{ At0) | Zo=j)P(Zg,_, = ).
1<j<m
We will next bound the time 77" A 1o, starting from j € {1, ..., m}.

LEMMA 7.14. We suppose that ce™® > 1. For any § > 0, there exists ¢ > 0,
depending on 8, such that, asymptotically, for j € {1, ..., m},

P(m(p* _8) < ZLclnmJ < m(p* +8)|ZO :]) >

meclnm’

PROOF. Using Lemma 7.7, there exists ¢ > 0 such that, asymptotically,
1

mclnm :

P(Zictam) <m(p* —8)|Zo=1)<1—
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Proceeding as in Lemma 7.9, we obtain that there exist &, ¢’ > 0 such that, asymp-
totically,
P(Zn>m(p* +8)|Zo=m) <exp(—c'm).
We have then
P(Zcinm) =m(p* +8)|Zo=m)
= Y. P(Ziwm =m(p* +8), Ziciam)—n = j|Zo=m)

jefl,....m}
= Y. P(Zp=m(p*+98)Zo=j)P(Zctam)—n = j|Zo =m)
jell,om)

<exp(—c'm).
Using the monotonicity of (Z;),>0, we have
P(Zicinm) & Jm(p* = 8), m(p* +8)[1Zo = j)
< P(Zietnm) =m(p* —8)|1Zo=j) + P(Zictam) = m(p* + 8)|Zo = j)

< P(Zicwmm) =m(p* = 8)|Zo=1) + P(Zcinm) = m (0" +8)|Zo =m)
1
<1- T + exp(—c'm).

This estimate is uniform with respectto j € {1,...,m}. U

COROLLARY 7.15. We suppose that ce™ > 1. For any § > 0, there exists
¢ > 0, depending on §, such that, asymptotically, for j € {1, ... ,m},

. l "
Vi >0 P(Tl*/\roZnLclanZO:J)f<1_chm> '

PROOF. We proceed as in Corollary 7.10 to obtain this inequality. We divide
the interval {0, ..., n|cInm]} into subintervals of length |cInm ], and we use re-
peatedly the estimate of Lemma 7.14. [J

By Corollary 7.15, we have, asymptotically, for any j € {1, ..., m},
E(Tf A1) 1Zo=j) =Y P(T{ Ato = Vk|Zo = j)
k>1
1 >L«/E/LclnmJJ

SZ<1—W

k>1

Let us set
1

parTTR t=|clnm].

a=1-—
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We have
2
Y VR < Y VR < /Ooaﬁ/’—ldx S /Ooe—ﬁdy,
k=1 =1 0 a(na) Jo
therefore, asymptotically, for any j € {1, ..., m},

E((Tf At0)|Zo = j) <m>™™.
Reporting in the inequality before Lemma 7.14, we have
Vk>1  E(lg<k (T Ao — Tr1)) < mim,
Plugging this estimate in (()) and using Lemma 7.13, we obtain
K (10)
E(lmﬁz S (T AT — Tk_1)>
k=1
< 3> P (K (1) > k)2

k>0

(tri)k 1/2
< mp3¢inm (t,?1 exp(—cm/3)+ 1+ Z ( ’Z CXP(—ka)> )

!
k>t exp(—cm /3)

k k
< 1713Ch”"<t,?1 exp(—em/3) + 1+ Z exp(— — cm—)).
=0 2 3

To get the last inequality, we have used that k! > (k/e)k, whence, for k >
t exp(—cm/3),

k
We choose 1 such that n < ¢/3. The above inequality implies that

t77 k t’? k
(Z’) 5(e—m) < exp(k + cmk/3).

1 K (%)
limsup — lnE<lfo<tn Z (TE Ao — Tk_1))
£,m—>00,q—0 M - k=1

lg—a

< max(V(p*,O) +n— %O) < V(p*,0).

All these estimates, together with Proposition 7.5, imply that, asymptotically, uni-
formly with respecttoi € {1, ..., m},

E(éf(%)‘zo :i) — f(p")E(w0|Zo=1)

This achieves the proof of Proposition 7.11. [

<3e¢E(t9|Zo=1).
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8. The neutral phase. We denote by A the set of the populations which do
not contain the master sequence w*, that is,

N = (A {w* )"

Since we deal with the sharp peak landscape, the transition mechanism of the
process restricted to the set A is neutral. We consider a Wright-Fisher process
(X)n>0 starting from a population of A/. We wish to evaluate the first time when
a master sequence appears in the population,

7, =inf{n > 0: X,, ¢ N}.

We call the time 7, the discovery time. Until the time t,, the process evolves
in AV, and the dynamics of the Wright-Fisher model in A/ does not depend on o.
In particular, the law of the discovery time 7, is the same for the Wright—Fisher
model with o > 1 and the neutral Wright-Fisher model with o = 1. Therefore, we
compute the estimates for the latter model.

Neutral hypothesis. Throughout this section, we suppose that o = 1.

8.1. Mutation dynamics. We consider a Markov chain (Y,),>0 with state
space {0, ..., £} and having for transition matrix the lumped mutation matrix M.
In this section, we recall some properties and estimates concerning the Markov
chain (Y,),>0. We refer to the corresponding section of [3] for the detailed
proofs. The Markov chain (Y,),>0 is monotone. We denote by B the binomial
law B(£, 1 — 1/k) with parameters £ and 1 — 1/, that is,

wewo so=(0)(-)(1)

The matrix My is reversible with respect to the binomial law B. This binomial
law is the invariant probability measure of the Markov chain (¥,),>0. When ¢
grows, the law B concentrates exponentially fast in a neighborhood of its mean
£ =£(1 —1/k). We restate next without proofs several inequalities and estimates
proved in [3].

LEMMA 8.1. Forb <t/2, we have
1 /2N’ eb
—(—=) <B®b) <——.
K6(2b) - ()_K‘Z_b

PROPOSITION 8.2. We suppose that { — +o00,qg — 0,€g — a €]0, +o0l.
Asymptotically, we have

Vn>+C  P(Y,>Inf|Yo=0)>1—exp(—1(n0)?).
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PROPOSITION 8.3. We suppose that £ — +00,q — 0,£g — a €]0, +o0l.
Let ¢ €10, 1. There exists c(¢) > 0 such that, asymptotically, we have
4¢

Vn > — P(Yy > £ (1 —8)|Yo=0) > 1—exp(—c(e)e).
ae

We define

70 = inf{n >0:Y,, =0}
PROPOSITION 8.4. For any a €10, +o0[,

1
limsup -InE(t9|Yo=¢) <Ink.
{—00,q—0
Lg—a

8.2. Ancestral lines. Let us define an ancestral line. For i € {1,...,m} and
n > 1, we denote by Z(i, n, n — 1) the index of the ancestor at time n — 1 of the ith
chromosome at time n. More precisely, if the i th chromosome of the population at
time n has been obtained by replicating the jth chromosome of the population at
time n — 1, then Z(i,n,n — 1) = j. For s < n, the index Z(i, n, s) of the ancestor
at time s of the ith chromosome at time 7 is then defined recursively with the help
of the following formula:

Z(i,n,s)=Z(Z(i,n,n—1),n—1,s).

We define also Z(i,n,n) = i. The ancestor at time s of the ith chromosome at
time n is the chromosome

ancestor(i,n, s) = Xs(Z(i,n, s)).

The ancestral line of the ith chromosome at time 7 is the sequence of its ancestors
until time O,

(ancestor(i, n,s),0 <s <n) = (Xs(Z(@,n,s)),0<s <n).

PROPOSITION 8.5. Let b € {0,...,m}, and let (X,)n>0 be the neutral
Wright—Fisher process starting from (b)™. Let i € {1, ...,m}. For any n > 0, the
law of the ancestral line (ancestor(i, n, s), 0 < s < n) of the ith chromosome of X,
is equal to the law of (Yo, ..., Yy) starting from b.

The proof is standard. One can proceed by induction as in [3]. In fact, the an-
cestral lines of the individuals at time n are given by a coalescent process. Along
an ancestral line, a chromosome moves according to the mutation dynamics given
by the matrix Mpg.
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8.3. Discovery time. The dynamics of the processes (05),120, (O,i)nzo in N/
are the same as the original process (O;),>0. Therefore we can use the original
process to compute the discovery time

" =inf{n > 0: 0, € W*}.

The law of the discovery time t* is the same for the distance process and the
occupancy process. With a slight abuse of notation, we let

t* =inf{n > 0: D, € W*}.

We will carry out the estimates of T* for the distance process (Dj,),>0. Notice that
the case o = +00 is not covered by the result of next proposition. This case will be
handled separately, with the help of the intermediate inequality of Corollary 8.7.

Notation. For b € {0, ..., £}, we denote by (b)" the vector column whose com-
ponents are all equal to b.

PROPOSITION 8.6. Leta €10, +oo[ and a € [0, +o0[. For any d € N,

. 1 «

lim —InE(t*|Dg =d) =Ink.
L,m—00,q—0 £

Lg—a,m/l)—a

PROOF. By Corollary 5.4, the neutral distance process (D,,),>0 is monotone.
Therefore, for any d € A/, we have

E(t*|Do=(1)") < E(t*|Do=d) < E(t*| Do = (£)").

To bound the discovery time t* from above, we consider the time needed for a
single chromosome to discover the master sequence w*, and we remark that, if the
master sequence has not been discovered until time # in the distance process, then
certainly the ancestral line of any chromosome present at time n does not contain
the master sequence. By Proposition 8.5, the ancestral line of any chromosome
present at time n has the same law as Yy, ..., Y,,. Therefore, we conclude that

Yn>0 P(t* >n|Dy= (&)™) < P(vo > n|Yo = ¢),

where 7 is the hitting time of O for the process (Y;),>0. Summing this inequality
over n > 0, we obtain the following upper bound.

COROLLARY 8.7. Foranyd € N, any m > 1, we have

E(‘L'*|D() =d) < E(t|Yo=1).
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With the help of Proposition 8.4, we obtain the desired upper bound. To bound
the discovery time t™ from below, we use the same strategy as in [3]. There are
two main differences in the case of the Wright-Fisher model. First the time scale
is multiplied by m, because m mutations can occur at each generation. Second, the
neutral distance process (D;,),>0 has positive correlations. This makes the proof
substantially simpler than in the case of the Moran model, where a technical ex-
ponential estimate had to be used instead of a correlation inequality. We give here
only the main steps of the proof. The details are similar to [3] in that they involve
repeated intermediate conditionings, use of the Markov property and monotonicity.

We suppose that the distance process starts from (1), and we will estimate the
probability of a specific scenario leading to a discovery time close to «*. Let £ be
the event

E={Vn< vie{l,....om}, U > g/ — 1)}

If the event £ occurs, then, until time ¢3/%, none of the mutation events in the
process (Dy),>0 can create a master sequence. Let ¢ > 0. Conditioning on the
population at time m£3/4, we obtain

P(* > 179Dy = (1)™)
> P(t* > 179 gDy = (1)™)
> P(t* > 79| Dy = (In)™) P(D 373 > (In €)™, E| Dy = (1)™).

We first study the last term in the above inequality. The status of the process at
time £3/4 is a function of the random matrices

R,=(S,, U, ... Ut

n )lgism’ 1§n§€3/4.
We make an intermediate conditioning with respect to the variables S,’;,
P(Dgys = (In0)™, €] Do = (1))
= E(P(Dps = (In0)", E1SE,1<i<m, 1 <n <% Dy=(D)™M).

The variables S,’;,l <i<m,1<n<g/H being fixed, all the indices of the
chromosomes selected for replication are fixed, and since the mutation map
Mpy(-,uy,...,up) is nondecreasing with respect to uq, ..., ug, the state of the
process at time £3/4 is a nondecreasing function of the variables

ubl Uk, 1<i<m,1<n<¢¥4

Thus the events £ and D3+ > (In£)™ are both nondecreasing with respect to these
variables. By the FKG inequality for a product measure,

P(Dys = (In€)™, EISI 1 <i<m,1<n<%
> P(Dps = (™SI, 1<i<m, 1 <n<e*PE).
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We have used the fact that £ does not depend on the variables S,i. Reporting in the
conditioning, we obtain

P(D€3/4 > (Ino)™, 5) > P(D€3/4 > (In E)m)P(g).

By Proposition 5.8, the distance process starting from (1)” has positive correla-
tions, therefore

P(Dpis = (n0)™) > [] P(Dp(i) =1Int) =Pz =In0)".
1<i<m

Using the estimate of Proposition 8.2, we get
1 m q me3/4
P(Dysja > (InO)™, E) > (1 — exp(—§(1n£)2>> <1 — —1> .

K J—
We study next
P(t* > k179 Dy = (In)™).

The following inequality can be proved exactly as Lemma 10.15 of [3].

LEMMA 8.8. Forbe{l,..., L}, we have
B(0)

Yn >0 P(r*§n|D0=(b)m)§nm%.

Let ¢ > 0. Conditioning on the population at time £2, we obtain
P(t* > "9 Dy = (In)™)
(@) > P(t* > k"1 Dy = (e (1 - ¢')™)
x P(t*> €2, Dy > (€ (1 —€))" Do = (Ine)™).
We first take care of the last probability. We write
P(t* > €%, Dp > (6(1—€")"|Do = (In€)™)
® > P(Dp > (be(1—¢")"|Dp=(Ine)™) — P(r* < ?\Dy = (In&)™).

To control the last term, we use the inequality of Lemma 8.8 with n = £2 and
b=1In/, and Lemma 8.1,

(b) P(t* < €*|Dg = (In))™) < ¢2

BO)  , <2lne)ln@
m <{“m .

B(In¥) 14
For the other term, we use the monotonicity of the process (D,),>0, the fact that
it has positive correlations (by Proposition 5.8), and Proposition 8.3 to get

P(Dyp > (€c(1 —¢€")" Do = (Ine)™)
(65 > [ P(Dp(i)=tc(1—¢)Do=(0)")

1<i<m

=P(Yp>(1—¢)Yo=0)" > (1 —exp(—c(&')¢))".
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Plugging the inequalities (b) and () into the inequality (), we obtain

P(t*> €%, Dp > (6(1 = &))" Do = (Ine)™)
()

21nz)1"@

= (1= exp(—c(e)0)" ~ Em (=

Using Lemma 8.8 with n = x*(1=®) and b = £, (1 — ¢’), and a standard large devi-
ation estimates, we see that, for ¢’ small enough, there exists ¢(¢) > 0 such that,
for ¢ large enough,

l(1—e¢) B 0)
* 2(1—¢) _ __m K mb5( —c(e)t
(®) P(t*=<«k |Do = (€, (1 —¢)) )S—B(ZK(I—s’)) <me .

Plugging the estimates (&) and (#) into the inequality (), we conclude that, for £
large enough,

P(c* > k179 Dy = (1)™)

- (1-e(-2ane?)) (1 L)
< (1— mexp(_c(g)z))<(1 — exp(—c(e)0)" — 62m<21;£ )M)

Moreover, by Markov’s inequality,

E(t*|Dg = (1)™) > 1= p(¢* > 1= Dy = (1)™).
It follows that

1
liminf - InE(t*|Do=(1)")> (1 —¢)Ink.
£,m—00,q—0 £

Lg—a,m/l)—o

Letting ¢ go to 0 yields the desired lower bound. [J

9. Synthesis. As in Theorem 3.1, we suppose that { — +o00, m — 400,
q — 0, in such a way that £g — a €]0, +oo[, m/¢ — « € [0, +00]. We put now
together the estimates of Sections 7 and 8 in order to evaluate the formula for the
invariant measure obtained at the end of Section 6.3. Using the monotonicity of
(Zg)nzo, we have
m

E(t0lZ§ =1) =Y E(wlZ) =i)P(0%(0) =i|0f = o)

exit
i=1

< E(w0|Z§ = m).
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These inequalities and Proposition 7.5 imply that

. 1 & . .
Jim ;mZE(ng =i)P(0%.(0) =i|0f =0%;) = V(p*(a),0).

q—0,lg—a i=l

By Proposition 8.6, for « € [0, +o0],

1
lim ~InE(t*10§ =l ;) =Ink.
L,m—>00,q—0 £
Lg—a,m/l)—a
For the case o = 4-00, by Corollary 8.7 and Proposition 8.4,
. 1 *1 0 0
lim sup 7 In E(t*|0y = 04y) < Ink.
£,m—00,qg—0

Lg—a,(m/l)— 00

These estimates allow us to evaluate the ratio between the discovery time and the
persistence time. We define a function ¥ : ]0, +o0o[ — [0, +o0[ by setting

Va €10, +o0[ VY(a)=V(p*(a),0).
For a € [0, +00[ or @ = +00, we have

" E(101Z =i)P(0%.(0) =i|0§ =0l

lim 0 0
£,m—00,q—0 E(t*| 00 = Oexit)
lg—a,(m/l)—a

_ |0, if ey (a) < Ink,

| 400, if ey (a) > Ink.

By Proposition 7.11, we have

he Xim EQCL f(Zh/m)IZG =) P07 (0) =] 0f = 080 _

qi’(';Zfia " E(@|Z=i)P(0%(0)=i|0§ =dl.)

f(p%).

Putting together the bounds on v given in Section 6.3 and the previous considera-
tions, we conclude that

0, ifay(a) <Ink,

Y ]fdv:{f(p*(a)), if ey (a) > Ink.

£,m—00,q—0 J[0,1
Lg—a,(m/l)—a

This is valid for any continuous nondecreasing function f:[0, 1] — R such that

£(0)=0.
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