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Abstract

We study the probabilistic evolution of a birth and death con-
tinuous time measure-valued process with mutations and ecological
interactions. The individuals are characterized by (phenotypic) traits
that take values in a compact metric space. Each individual can die
or generate a new individual. The birth and death rates may depend
on the environment through the action of the whole population. The
offspring can have the same trait or can mutate to a randomly dis-
tributed trait. We assume that the population will be extinct almost
surely. Our goal is the study, in this infinite dimensional framework,
of quasi-stationary distributions when the process is conditioned on
non-extinction. We firstly show in this general setting, the existence
of quasi-stationary distributions. This result is based on an abstract
theorem proving the existence of finite eigenmeasures for some pos-
itive operators. We then consider a population with constant birth
and death rates per individual and prove that there exists a unique
quasi-stationary distribution with maximal exponential decay rate.
The proof of uniqueness is based on an absolute continuity property
with respect to a reference measure.

Key words. quasi-stationary distribution, birth—death process, population
dynamics, measured valued markov processes.

MSC 2000 subject. Primary 92D25; secondary 60K35, 60J70, 60J80.



1 Introduction and main results

1.1 Introduction

We consider a general discrete model describing a structured population with
a microscopic individual-based and stochastic point of view. The dynamics
takes into account all reproduction and death events. Each individual is
characterized by an heritable quantitative parameter, usually called trait,
which can for example be the expression of its genotype or phenotype. During
the reproduction process, mutations of the trait can occur, implying some
variability in the trait space. Moreover, the individuals can die. In the
general model, the individual reproduction and death rates, as well as the
mutation distribution, depend on the trait of the individual and on the whole
population. In particular, cooperation or competition between individuals in
this population are taken into account.

In our model the set of traits T is a compact metric space with metric d. For
convenience we assume diameter(T) = 1. Let B(T) be the class of Borel sets
in T. The structured population is described by a finite point measure on T.
Thus, the state space, denoted by A, is the set of all finite point measures
which is contained in M(T), the set of positive measures on T.

A configuration n € A is described by (n, : y € T) with n, € Zy = {0,1, ...},
where only a finite subset of elements y € T satisfy 1, > 0. The finite set of
present traits (i.e. traits of alive individuals) is denoted by

{ny={yeT:n >0}

and called the support of 7. For a function f defined on the trait space T,
we will denote the integral of f with respect to n by

. )= fym,

ye{n}

Let || be the cardinal number of a set. We denote by #n = |{n}| the number

of active traits and by ||| = >_ 7, the total number of individuals in 7.
ye{n}
The void configuration is denoted by n = 0, so #0 = ||0|| = 0 and we define

A0 := A\ {0} the set of nonempty configurations.

The structured population dynamics is given by an individual-based model,
taking into account each (clonal or mutation) birth and death events.

The clonal birth rate, the mutation birth rate and the death rate of an individ-
ual with trait y and a population n € A, are denoted respectively by b,(n),
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my(n) and A,(n). The total reproduction rate for an individual with trait
y € {n} is equal to b,(n) + m,(n). We assume A\,(0) = b,(0) = m,(0) =0
for all y € T, which is natural for population dynamics. In what follows we
assume that the functions

A,(n), by(n), my(n) : Tx A° — R, are continuous and strictly positive. (1)

Let o be a fixed non-atomic probability measure on (T, B(T)). The density
location function of the mutations is g : T x T :— Ry, (y,2) — g¢,(2), where
gy(+) is the probability density of the trait of the new mutated individual
born from y. It satisfies

/gy(z)da(z) =1forallyeT. (2)

We assume that the function g¢.(-) is jointly continuous. To simplify notations
we express the mutation part using location kernel G(n, z) : A x B(T) — R
given by

Ve AVzEeT, Gln.2) = Y nymy(n)gy(z) = (n,m.()g(2)).  (3)
y€{n}

Note that the ratio G(n, z)do(z)/ [ G(n, z)do(z) is the probability that, given
T

there is a mutation from 7, the new trait is located at z. Hypothesis ([[) and
Lemma [[.4 stated below imply that the function G is continuous on A x T.

We define a continuous time pure jump Markov process Y = (VY;) taking
values on A. We denote by @ : A x B(A) — Ry, (n,B) — Q(n, B), the
kernel of measure jump rates given by

QnB = S ahm+ Y mAm+ / G, 2)do(z). (4)

ye{’]}ﬂ]‘f“;yeB ye{n}vn_éyeB 77+526B

The total mass Q(n) of the kernel at 7 is always finite and given by

Q) = 3 (QUnn+8,) + Qm.1—5,)) + / Qunnt6.)do(z).  (5)

vetn} T\{n)
Observe that because of ([l])
Vk =1, Qu(k) = sup{Q(n) : [In]| <k} <oo. (6)



The construction of a process Y with cadlag trajectories associated with the
kernel @), is the canonical one. Assume that the process starts from Yy = 7.
Then, after an exponential time of parameter (Q(n), the process jumps to
n+ 0, for y € {n} with probability Q(n,n + d,)/Q(n), or to n—4é, for y € {n}
with probability Q(n,n — d,)/Q(n), or to a point n+ 6, for z € T \ {n} with
probability density Q(n,n + d.)/Q(n) with respect to o. The process restarts
independently at the new configuration.

The process Y can have explosions. To avoid this phenomenon and other
reasons, throughout the paper we shall assume that

B* = sup sup (b, () +m, (n)) < co. (7)
neAye{n}

This condition also guarantees the existence of the process (Y; : ¢ > 0) as the
unique solution of a stochastic differential equation driven by Poisson point
measures. This is done in Section P following [I1], [

Since Q(0) = 0, the void configuration is an absorbing state for the process
Y. We denote by
To=inf{t > 0:Y;, =0}

the extinction time. In what follows, we will assume that the process a.s.
extincts when starting from any initial configuration:

VneA: P,(T) <oo)=1. (8)

So, in our setting we assume that competition between individuals, often due
to the sharing of limited amount of resources, yields the discrete population
to extinction with probability 1. Nevertheless, the extinction time Ty can
be very large compared to the typical life time of individuals, and for some
species one can observe fluctuations of the population size for large amounts
of time before extinction ([[7]). To capture this phenomenon, we work with
the notion of quasi-stationary measure, that is the class of probability mea-
sures that are invariant under the conditioning to non-extinction. This no-
tion has been extensively studied since the pioneering work of Yaglom for
the branching process in [BZ] and the classification of killed processes intro-
duced by Vere-Jones in [B1]. The description of quasi stationary distributions
(q.s.d. for short) for finite state Markov chains was done in [f]. For countable
Markov chains the infinitesimal description of q.s.d. on countable spaces was
studied in [[I§] and [RJ] among others, and the more general existence result
in the countable case was shown in [[I(J]. For one-dimensional diffusions there
is the pioneering work of Mandl [[3] further developed in ], [[4], [I§ and



for bounded regions one can see [ among others. For models of population
dynamics and demography see [, [I4] and [B].

Let us recall the definition of a quasi-stationary distribution (q.s.d.).

Definition 1.1. A probability measure v supported by the set of nonempty
configurations A" is said to be a q.s.d. if

VBeBAY : P,Y,eB|Ty>1t) =v(B), (9)

where B(A™°) is the class of Borel sets of A™" and where as usual we put
P, = [ Pydv(n).
A0

When starting from a q.s.d. v, the absorption at the state 0 is exponentially
distributed (for instance see [[L0]). Indeed, by the Markov property, the q.s.d.
equality P,(Y; € dn, Ty > t) = v(dn)P,(Ty > t) gives

P, (To>t+s) = / P,(Y; € dn, Ty>t+s) =P, (To>1) / v(dn)P,(Ty>s)
A0 A0
= P,(To>t)P,(Ty>s).

Hence there exists 6(v) > 0, the exponential decay rate (of absorption), such
that
Vi>0: P,(Ty>t)=e @t (10)

In nontrivial situations as ours, 0 < P,(Ty > t) < 1 (for t > 0), then
0<0(v) < oo.

1.2 The main results

Let us introduce the global quantity

A = inf inf Ay (n). (11)

neA=0 ye{n}

Theorem 1.2. Under the assumption
B* < )\, (12)
there exists a q.s.d v, with exponential decay rate

JEy(I[Y1]]) dv(n)

Ty~

O(v) = —log B with B =



This result is shown in Section [J. It is based on an intermediate abstract the-
orem proving the existence of finite eigenmeasures for some positive operators

(Theorem [.2).

In Section ], we will introduce a natural o-finite measure p and show that
absolute continuity with respect to u is preserved by the process. We study
the Lebesgue decomposition of a q.s.d. with respect to pu.

In Section f§ we will study the uniform case, which is given by

Ay(n) = A, by(n) = b(1 = p), my(n) =bp, (13)

where )\, b and p are positive numbers with p < 1. The property ([J) reads
A > b. In this case it can be shown that 3 = e~*~% so Theorem ensures
the existence of a q.s.d. with exponential decay rate A — b. We will prove
that this q.s.d. is the unique one with this decay rate, under the (recurrence)
condition

oc®0{(y,2) € T*: g,(2) =0} =0, (14)

and that given the weights of the configuration, the locations of the traits
under this q.s.d. are absolutely continuous with respect to o.

Theorem 1.3. In the uniform case assume that X > b and ([4). Then
there is a unique ¢.s.d. v on A, associated with the exponential decay rate
0 = X\ —b. Moreover v satisfies the absolutely continuous property,

v (i€ e|n) << a¥"(e).

In this statement, 77 denotes the ordered sequence of the elements of the
support {1}, (the compact metric space (T, d) being ordered in a measurable
way, see Subsection 2.1), and

n=(ny:y€{n}) (15)
is the associated sequence of strictly positive weights ordered accordingly.

In all what follows, the set A will be endowed with the Prohorov metric
which makes it a Polish space (complete separable metric space). This metric
induces the weak convergence topology for which A is closed in the finite
positive measure set. (See for example [[]] Chapter 7 and Appendix).

Let us give a general smoothness result which will be used several times later
on.



Lemma 1.4. Let F': AXT — R be a continuous function on T. Then the
function F defined on A x T by

F(n,2) = / Fly,m, 2n(dy),

T

1S continuous.

Proof. Let n,1 € A and z,2 € T. Thus

‘F(nv Z) - F(ﬁv Z/)| < <777 |F(7 m, Z)_F<'7 n, Z/>|>+<777 |F(7 1, Z/)_F('v ﬁv Z/)D
+| <77 - 77]7 F(a 77]? Z,)> |

Since T is a compact set, it is immediate that the two first terms are small

if z is close to 2’ and n close to 7. If 77 is in a small enough neighborhood of

7, these two atomic measures have the same weights, and the corresponding

traits are close. In particular, 77 belongs to a compact set, and the smallness
of the last term follows by the equicontinuity of ' on compact sets. O

2 Poisson construction, martingale and Feller
properties
Recall that ([) and ([]) are assumed. We now give a pathwise construction of

the process Y. As a preliminary result, we introduce an equivalent represen-
tation of the finite point measures as a finite sequence of ordered elements.

2.1 Representation of the finite point measures

Since (T, d) is a compact metric space there exists a countable basis of open
sets (U; : 1 € N ={1,2,..}), that we fix once for all. The representation

R:T — {01}, 2 = R(2) = (¢; : i €N) with ¢; = 1(z € U;)

is an injective measurable mapping, where the set {0, 1}" is endowed with
the product o—field. On {0,1}" we consider the lexicographical order <
which induces the following order on T: z < 2/ <& R(z) <; R(2’). This
order relation is measurable.

The support {n} of a configuration can be ordered by < and represented by
the tuple 7 = (1, ..., y4,) and its discrete structure is 7 = (7(k) :=1n,, : k €

k
{1,....;#n}). Let us define Sy(n) = 0 and Si(n) = >_n,, for k € {1, ..., #n}.
i=1
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Remark that Sy,(n) = ||n||. It is convenient to add an extra topologically
isolated point @ to T. Now we can introduce the functions H* : A — TU {0}
by H°(n) =0 for all n € A and for i > 1

0 otherwise.

Hi(y) = {yk if § € (Sk-1(n), Sk(m)] for k < #n

The functions H® are measurable. We extend the functions b, A and m to 0
by putting bs(n) = Ag(n) = ms(n) = 0 for all n € A.

2.2 Pathwise Poisson construction
Let (2, F,P) be a probability space in which there are defined two indepen-

dent Poisson point measures:

e (ii) M;(ds,di,dz,df) is a Poisson point measure on [0,00) x Nx T x R*,
with intensity measure ds (21@1 6x(di)) do(z)df (the birth Poisson
measure).

e (i) My(ds,di,df) is a Poisson point measures on [0, 00) x N x R*, with
the same intensity measure ds (Zk21 6x(di)) df (the death Poisson
measure).

We denote (F; : t > 0) the canonical filtration generated by these processes.

We define the process (Y; : ¢t > 0) as a (F; : t > 0)-adapted stochastic process
such that a.s. and for all ¢t > 0,

Y =Yy + / Li<vi- |y {5Hi<Ys> l{egb

[0,t]xNXTxR+

iy, )iy, y(?)}

+8: 1y M (ds, di, dz, d9)

bari v, )91 (v, ) VSO by, Oaic, (I F iy, y9micy, ()} }

— / 5Hi(YS,) 1{i§”Y5*H}1{9§)\ }Mg(ds,dz',dé). (16)

micr, ) (Ys-)
[0,{]x NxR+

The existence of such process is proved in [[]], as well as its uniqueness in
law. Its jump rates are those given by (f]) so this process has the same law
as the process introduced in Subsection [[.]. In particular, the law of Y does

not depend on the choice of the functions H® neither on the order defined in
Subsection B.I].



Proposition 2.1. For anyn € A, any p > 1 and ty > 0, there exists two
positive constants ¢, and b, such that

E,( sup [[Yi[") < ¢, €™ < oo (17)
te(0,to]

Proof. Let us introduce the following hitting times,
VKeN: Tg=mf{t >0: V]| > K}. (18)
From ([[f) and neglecting the non-positive term, we easily obtain that for
any I,
Yirze [P < ||Yo||p+/((||Ys—|| + 17 = Yo |P) Mi(ds, di, dz, ) ,
Do

where Dy is the subset of [0, A Tk| x N x T x R, which satisfies i < ||Ys_||
and 0 < bpi(v, ) gmi(v,-)(2) + iy, ) gmicv. ) (2)-

Then, by taking expectations, from ([]) and convexity inequality, we obtain

to
En(fngthKHp) < !\n!lp+B*p2p‘2/ (L+E,( sup [Yo|"))ds.
0

<to u<sA\Tk

Standard arguments (Gronwall’s lemma ) allow us to control the growth of
the r.h.s. with respect to ty. In particular, we have

En(sup H}/;/Hp) < (Han +p2p—2B*)€p2P72B*to'
AT

With p = 1, ([7q) implies
K Py(Ti < to) < |lnll €™, (19)

and thus Tx — 400 a.s. as K — +o00 and the process is well defined on R, .
Letting K go to infinity leads to the conclusion of the proof. O

Observe that the process ||Y|| is dominated everywhere by the integer-valued
process Z solution of

Zy = ||Yol+ / Li<z, -1y 1{9S B gHi(Z;)(z)}Ml(ds,di,dz,d@), (20)
[0,t]xNXTxR+

which is a birth process with rate B*. This means that a.s. ||Y;|| < Z;. We
can establish the following stronger result.
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Lemma 2.2. The process ||Y|| is dominated by a birth and death process
with birth rate B* and death rate \.. Then if we assume that \, > B*, the
process Y is absorbed exponentially fast.

Proof. We introduce a coupling on the subset # of A x N defined by

7 ={tm)e AxN : || <m}.

The coupled process is defined by its infinitesimal generator J, given by the
rates

J(n,m; 77+5y>m+1) = nyby, (n), ye{n},

J(n>mn+52>m+1) = ( UE )a 295{77}
J(m,m;n,m+1) = mB* — z{:}ny( y(n) +my(n)),

J(n,m n 5y,m)
J(n,m;n,m —1)

= )‘*nyv yE{U},
ny(Ay(m) =X, y € {n},
— N ).

ye{n}

It is immediate to check that the coordinates of this process have respectively
the law of Y and the law of a birth and death process with birth rate B* and
death rate A.. On the other hand when the coupled process starts from ¢
it remains in ¢ forever, so the domination follows.

In [PO] it is shown that the condition A, > B* implies that the birth and
death chain is exponentially absorbed. The above domination implies that
so does ||Y]].

O

It is useful to prove at this stage the following result on hitting times that
only requires the property B* < oc.

Lemma 2.3. For anyt > 0 and any n € A7, there is a number ¢ =
c(t,|In|l) € (0,1) such that,

VK >0: P,(Tx <t)<cleF. (21)

Proof. The proof follows immediately from the domination of ||Y|| by the
birth process Z introduced in (7). Indeed, assume ||Yy|| < K and denote by
TM the smallest time such that Z, > M. Then Tk < TK a.s.. Therefore, for
any t > 0, and any n € A°

P, (Tx <t) <Py (T < 1t) .

10



For a pure birth process (see for example [[]) we have
P TZ < <P 7. > K) = = m—1 —B*||In|| t 1 —B*t\ym—Inll
it (TR <) SPuy(Ze 2 K) = 3|y —y )€ (I—e7) :
m=K

The result follows at once from this estimate. O

2.3 DMartingale properties

The process Y is Markovian and we describe its infinitesimal generator, in
a weak form, using related martingales. The main hypotheses here are the
boundedness of the total birth rate per individual (see ([})) and the following
bound for the death individual rate: there exist p > 1 and ¢ > 0 such that

sup Ay (17) < c|[n|]”- (22)
y€eT

We define the weak generator of Y. Given f : A — R, a measurable and
locally bounded function with f(0) = 0, we define Lf as

Lf(n) = > myby(m) (f(n+6,) = f(n)) (23)
ye{n}
=3 ) [ (50r+0) = ) () ()
ye{n} T
+ Z Uyky(n)(f(n - 5y) - f(n)) .
ye{n}

Proposition 2.4. Let f: R, x A — R be a measurable function such that
for any p € A the marginal function f(e,p) is C'. We assume f(®,0) = 0
and we take Yy = 1.

(i) If f and Osf are bounded on [0,ty] x A, for any ty > 0, then

= s.v) — o) - | (Of(s. Yy + LEY)ds  (24)

is a cadlag (Fy : t > 0)-martingale.
(i) Moreover, if there exists a finite p such that for any to > 0 we have

sup | f(t,n)| +[9ef (8, )] < C(to) (1 + [In]”),

0<t<tp

for some finite C(ty), then .47 is a martingale.

11



(111) If the functions f,0sf are assumed to be continuous, or more gener-
ally locally bounded, then .47 is a local martingale and for any Ty =
inf{t > 0: ||Y;|| > N} the process (///%N,\t :t > 0) is a martingale.

Proof. Let us prove the first part of the Proposition. For all £ > 0

FOY) = 10 = [ 0uf(s¥ords = (76, Yor 4 (= Ye)) = 15,720

s<t

holds IP;, almost surely. A simple computation shows that

t
(6.3 = 1(00) = [ D.1(s,Yo)ds =
0
/1{z'<||Ys||} { (f(: Yot O ) = F(5,Ya0)) Loty 05 Iomir, )
[0,f] xNXTxR*
+ (f(s,Yse + 0.)—f(s,Y,0)) 1{e<mm(ys)(ys)gm(ys)(z)}}Ml(dsadi,dz,d@
- /(f(Sst—_ Orrivio) = F (8, Yoo)) Lz ve 1oh ey, (vao )y Ma(ds, di, dB),
[0,] xNxR+

where both integrals belong to L*(P,)). Compensating each Poisson measure,
using Fubini’s Theorem, and the fact that [ g,(z)do(z) = 1, we obtain
T

F(t,Y2) — £(0,m) — / (0 (5,Y2) + LF(Ya))ds

is a martingale. The rest of the Proposition is proved by localization argu-
ments, justified by the result and the proof of Proposition P.]. O

2.4 Feller property of the semi-group

Let N = (N; : t > 0) be the number of jumps for the process Y. We shall
prove by induction the following result.

Lemma 2.5. Assume that f : R, X A — R is a bounded continuous function.
Then for all m >0

(t,n) = Ey(f(t, Y1), N = m)

is a continuous function.

12



Proof. We notice that continuity and uniform continuity on every Ay, k > 1
are equivalent because these sets are compact. Also we have that |f| is
bounded on [0,ty] x (Uj_, Ax) for any to,n and we denote by || f|ls. its
supremum on this set. Denote by ¢ = ||n|| and n =m + ¢ + 1.

We first prove the continuity on time. For this purpose, we assume that
0 <u <t <ty where we assume that ¢, u are close and tg is fixed. From

FY2) = f{t,Ya)ln=n, + f(E Y Lnizn,
we find (recall the notation ([f)),

|E77(.f(t>)/t)>~/\/;f = m) - En(f(u>yu)aNu = m)|
< sup |f(4,€) = f(w, 1 + [ flleon@+(m+0) (t —u) + ot —u)) .

ll€ll<e4+m

Since the set {&|[|¢]| < ¢+ m} is compact, it follows from the uniform
continuity of f on compact sets that the first term on the r.h.s. is small if
|t — u| is small. Hence the result follows.

So in what follows we consider that ¢ = u and we prove continuity on . We
will do it by induction on m. In the case m = 0 we have E, (f(¢,Y;), N} =
0) = f(t,n)e" @M which is clearly continuous on 1. Now we prove the induc-
tion step, so we assume that the statement holds for m and all continuous
functions f. We have

t

En(f(tv }/;‘/)7 A/;‘/ :WH_l) = /(Al (7], m, t—S)-FAQ (7]’ m, t—s)—l—A3 (7]’ m, t_s))e—Q(ﬁ)s dS,
0

where
Al (7]7 m, t—S) = Z bey(n)EnMy (f(t -, Y%—s)v -/\/;f—s = m)
yen
A2(77> m, t_S) = Z ny)‘y(n)En—(Sy (f(t—S, Y;f—s)w/\/;f—s - m)
Yyen
A3(77> m, t_S) = /En-l-éz (f(t - S, Y;—s)w/\/;f—s = m)G(na Z)O'(dZ)
T

Using Lemma P.7, condition ([) and Lemma [.4, it is immediate that the
functions A, As and Aj are continuous in (¢,7). We conclude by the Domi-
nated Convergence Theorem since f is bounded. O

13



Proposition 2.6. Let f : R, x A — R be a bounded continuous function.
Then

(t,m) = Ey(f(t, Y1)

s a continuous bounded function.

Proof. Using Lemma P.7 (1) and the proof of Lemma .3, we obtain that for
each n € A, t > 0, there exists a = a(t, ||n||) > 0 such that for any positive
integer K,

P,(TH <t) = P,(W >M) <P, (Z>K+|nl)
= P||77|| (ng < t) < a te K (25)

Assume that 7' is closed to 7, and consider u,t close and smaller than ¢,
fixed. Then

|En(f(t7[1{€)) = By (f (u, Y))| < 201 ([P (Zey = M+ [|nl])+
mZ:O |E77(f(t7yz)7 -/\/;f = m) - Eﬁ/(f(uuyu>7 Nu = m)‘

The result follows by taking a large K, and by applying the bound (R§) and
Lemma P.5. O

3  Quasi-stationary distributions

3.1 The process killed at 0.

Let us recall that the state 0 is absorbing for the population process Y.
We have moreover assumed in (§) that the population goes almost surely to
extinction, that is P(7y < oco) = 1. This is in particular true if A, > B*. Our
aim is the study of existence and possibly uniqueness of a q.s.d. v, which is
a probability measure on A~° satisfying P,(Y; € B|Ty > t) = v(B). Let us
now give some preliminary results for quasi-stationary distributions (q.s.d.).

Since by condition ([[J), the process Y is almost surely but not immedi-
ately absorbed, and since starting from a q.s.d. v, the absorption time is
exponentially distributed (see ([[()), then its exponential decay rate satisfies
0 < 0(v) < oo. Since 0 is absorbing it holds P,(Y; € B) =P,(Y; € B, Ty > t)
for B € B(A™). So, the q.s.d. equation can be written as,

VB e B(A™®), u(B)=eMP, (Y, e B). (26)

14



From the above relations we deduce that for all § < 6(v), E,(¢’T) < oo,
So, for all § < 6(v), v—a.e. in 7 it holds: E,(e’70) < co. Then, a necessary
condition for the existence of a q.s.d. is exponential absorption at 0, that is

e A’ 30>0 E, ()< . (27)

Let (P, : t > 0) be the semigroup of the process before killing at 0, acting on
the set C,(A™°) of real continuous bounded functions defined on A~°:

Vne A, VfeC(A™) « (Bf)n) =E,(f(V2), Ty > t).

Let us observe that for any continuous and bounded function h : A — R and
for any n € A™°, we have

E,(h(Y:)) = E,(h(Y}), Ty > t) + h(0)P, (To < t) . (28)
In particular, if h(0) = 0, we get E,(h(Y;)) = E,(h(Y2), To > t).

We denote by P the action of the semigroup on .# (A7Y), defined for any
positive measurable function f and any v € . (A°) by

Plv(f) = v(Pf).

From relation (Bg) we get that a probability measure v is a q.s.d. if and only
if there exists ¢ > 0 such that for all ¢ > 0

v(Bf) = e "u(f),

holds for all positive measurable function f, or equivalently for all f €
Cy(A™%). Then v is a q.s.d. with exponential decay rate § if and only if
it verifies

Vi>0: Plv=e". (29)

3.2 Some properties of q.s.d.

Let us show that the existence of a q.s.d. will be proved if for a fixed strictly
positive time, the eigenmeasure equation (29) is satisfied. In what follows we
denote by Z2(AY) the set of probability measures on A47°.

Lemma 3.1. Let 7 € 2(A™°) and § > 0 such that Pl = 3. Then § < 1
and there exists U a q.s.d. with exponential decay rate 6§ := —log 3 > 0.
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Proof. From 3 = vP(A™Y) = Py(Ty > 1) < 1, we get 8 < 1, so 0 :=
—log 3 > 0. We must show that there exists v € 2(A~°) such that Py =
e %y for all t > 0. Consider,

1
v :/ Pl ds .
0

For t € (0,1) we have
1 1t 1
Plv = / e’ Pj—l—sﬂ ds :/ eesPttrsD ds +/ 668PJ+SD ds
0 0 1t
1 14t
= / =D PIo du + / D P du
t 1

1 ¢
= e‘et/ Pl du + e‘et/ e PPy du = e .
¢ 0

Fort > 1 wewritet =n+r with 0 <r <1 and n € N. We have

Plv=PiPly = g"Plv = e ey = 7%y |

Note that

B(v) = lim = (1—P,(Tp > £)) = lim w. (30)

t—0t ¢ t—0+

In the next result we give an explicit expression for the exponential decay
rate associated to a q.s.d. We will use the identification between y € T and
the singleton configuration that gives unit weight to the trait y.

Lemma 3.2. If v € (A7) is a q.s.d. then its exponential decay rate O(v)
satisfies

o(v) = / Q0. 0) v(dn) = / Qy,0)du(y) = / AWy, (31)

neA; T

Proof. Since 0 is absorbing we get that for all fixed n € A~° the absorption
probability P, (T < t) is increasing in time ¢. Let us denote

ag(t) = sup{Py(To < 1) : [|nl| =2}
Obviously we have as(s) < ao(t) when 0 < s < t. We claim that

sup{P,(To < 1)« |Inll = 2} < ax() (32)
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Indeed let Ty = inf{t > 0 : ||Y;|| = 2}. Since the process will be a.s. extinct
for all n € A with [|n|| > 2, we have P,(T5 < co) = 1. From the Markov
property and the monotonicity in time of as(t) we get that for all n € A with
Inll > 2,

P,(Ty <t) = Z/ (Ty = ds,Yg, = Pe(Ty < t — 5)
elel=2

as(t Z/ (T = ds, Yz = &) = ax(t).

&ll=2

Now let us show that as(t) = o(t), that is 11151 as(t)/t = 0.

Let n € Ay be a fixed initial configuration, thus ||n|| = 2. We denote by A,
the subset of trajectories such that the function (||Y;|| : ¢t < Tp) is decreasing,
that is at all the jumps of the trajectory, an individual dies. Remark that,
in the complement set A} of A, either at the first or at the second jump
of the trajectory, the number of individuals increases. Therefore, from (BJ),
the Markov property and the monotonicity in time of P, (7, < t, A)), we get
that

IA

sup{P(To < t, A7) - |Inll = 2} < sup{P,(To <, Ay) : [l = 2}.

Let us now denote by 7 the time of the first jump of the process Y, and y;,
y2 are the locations of the points in 7 (they can be equal). We have

P,(To <t,A) <P(To <t, A, Y =uy1) +P,(Th < t, A, Y = o),

and
t
P,(To <t,A,Y, =vy;) =P(e,+e, <t both events are deaths):/fi(s)ds
0

where e, and e,, are two independent random variables exponentially dis-
tributed with parameters Q(n) and Q(y;) respectively. Moreover, condition-

ally to the fact that the two jump events occur before time ¢, the probability
)‘yz (n) % Ayl Y1)
Q(n) Q(y1)

to obtain two death events is . We have for i = 1 (a similar

computation holds for i = 2),

fi(s) = / Ay (n)e—Q(n)u)\yl (yl)e—Q(w)(S—u)du < Qy)(1— 6—Q(n)3)‘
0

By using the bounds in (f]) we find,

sup{P,(To<t, A)) - [Inll=2} SQ+(1)/(1—6_Q*(2)8)d8=Q+(1) o(t).

0
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So as(t) = o(t) holds and from (B{) we obtain,

1
O(v) = tlir(g n P,(To < t)dv(y) .
T
Similar arguments as those just developed allow to get P, (Tp < t) = A\, (y)(1—

e~ QW)+ kay(t), where k is a positive constant. Then the result follows. [

4  Proof of the existence of q.s.d.

In this section we give a proof of Theorem [.3. The proof is based upon a
more general result, Theorem [[.2, which shows that for a class of positive
linear operators defined in some Banach spaces, whose elements are real
functions with domain in a Polish space, there exist finite eigenmeasures.
We show Theorem [[.7 in Subsection .3 For this purpose we construct the
appropriate Banach spaces and the operator, in order that the eigenmeasure
given by Theorem [.9 is a q.s.d. of the original problem.

4.1 An abstract result

In this paragraph, (X, d) is a Polish metric space. We will denote by Cj(X)
the set of bounded continuous functions on X. This set becomes Banach
space when equipped with the supremum norm.

Let S be a bounded positive linear operator on Cy(X'). We will also make
the following hypothesis.

Hypothesis .7: There exists a continuous function ¢, on (X, d) such that

A pa > 1
5 For any u > 0, the set ¢, ([0, u]) is compact.

It follows from .74 that if (X, d) is not compact, there is a sequence (z; : j €
N) in X such that lim;_ ¢2(z;) = oc.

Before stating the main result of this section we state and prove a lemma
which will be useful later on.

Lemma 4.1. Let v be a continuous nonnegative linear form on Cy(X). As-
sume there is a positive number K such that for any function ¢ € Cy(X)
satisfying 0 < ¢ < @9, we have

v(Y) <K .
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Then there exists a positive measure v on X such that for any function f €

Cy(X)
o(f) = / fv.

Proof. Let Cy(X) be the set of continuous functions vanishing at infinity. Let
@ be a real continuous non-increasing nonnegative function on R*. Assume
that w = 1 on the interval [0,1] and w(2) = 0 (hence @w = 0 on [2,00)).
For any integer m, let v,, be the continuous positive linear form defined on
Co(X) by
vn(f) = v(@(p2/m) [) .

This linear form has support in the set (o, ([0, 2m]) in the sense that it van-
ishes on those functions which vanish on this set. Note also that o, ([0, 2m])
is compact by hypothesis .745. Therefore it can be identified with a nonneg-
ative measure v, on X, namely for any f € Cy(X) we have

vm(f):/fdym.

We now prove that this sequence of measures is tight. Let u > 0 and define
the set

Again, by hypothesis 773, for any u > 0 this is a compact set. We now
observe that 1xe <1 —@(2¢y/u) . Therefore,

Vp, (Kg) < l/m(l — (2 <p2/u)) = vm(l —w(2 gpg/u))

= v(@(pa/m) (1 - @(2¢2/u))) .

We now use the fact that the function @@ (pa/m) (1 — @(2p2/u)) is in
Cy(X) and satisfies

u
5@ (p2/m) (1= @(2¢5/u)) < @(pa/m) (1 =@ (22/u))ps < 5
to obtain from the hypothesis of the lemma that
2K

v(@(p2/m) (1 =@ (2ps/u))) < —v(@(p2/m) (1= @(20/u))ps) < — .

2
u
In other words, for any u > 0 we have for any integer m

2k

Vi (K) < "
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The sequence of measures v, is therefore tight, and we denote by v an
accumulation point which is a nonnegative measure on X. We now prove
that for any f € Cy(X) we have v(f) = v(f). For this purpose, we write

v(f) = v(@(pa/m) f) +v((1 = @(p2/m)) f) -
We now use the inequality
p2 = (1 = @(p2/m))p2 = m(1 — w(p2/m)) ,

to conclude using the hypothesis of the lemma (since (1 — w(pa/m))ps €
Cy(X)) that

2=

[o((1=@(p2/m)) )] < v((L=w(p2/m)) If]) < If] v(1-@(p2/m)) <

In other words, we have for any f € Cy(X)

o) = vl < 7

From the tightness bound, we have for any f € C,(X)
lim v, () = v(f),

m—00

see for example [[l], and therefore v(f) = v(f) which completes the proof of
the lemma. O

We now state the general result.

Theorem 4.2. Assume hypotheses 74 and 7, and assume also that there
exist three constants c; >~ >0 and D > 0 such that

S(l) Z C1
and for any ¥ € Cyp(X) with 0 < ¢ < g
SY <vyp2+D.

Then there is a probability measure v on X such that v o S = pv, with

B =wv(S(1)) > 0.

Proof. In the dual space Cy(X)*, we define for any real K > 0 the convex
set A given by

Ky = {UE Co(X) v >0, v(1) =1, sup v(w)gK} ,

YECH(X), 0<y)<¢p
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Note that by Lemma [L.T], the elements of %} are positive measures.

We observe that for any K large enough the set %% is non empty. It suffices
to consider a Dirac measure 0, on a point € X and to take K > pq(x).
Since for any K > 0, #j is an intersection of weak® closed subsets, it is
closed in the weak™ topology.

We now introduce the non-linear operator 7" having domain 5 and defined
by
voS

v(S(1))
Note that since S(1) > ¢; > 0, we have v(S(1)) > ¢;v(1) and this operator

T is well defined on J#j. We have obviously T'(v)(1) = 1. We now prove
that 7" maps J#x into itself. Let ¢» € Cp(X) with 0 < ¢p < . Since

T(v) =

S < v + D

and obviously

0§5w§7E¥ﬂ

we get
0<8Y <7y(p2 A(ISYI/) + D

Therefore since the function ¢ = o A (||SY||/7) satisfies ¢ € Cp(X) and
0 < ¢ < py. We conclude that for v € H#f

T(w)(y) < w .
From the bound v(¢’) < K we get
T(U)(ID) §M§1K+Q§K
C1 C1 C1

if K > D/(¢; — ). Therefore, for any K large enough, the set J#j is non
empty and mapped into itself by 7.

It is easy to show that T is continuous on %% in the weak* topology. This
follows at once from the continuity of the operator S. We can now apply
Tychonov’s fixed point theorem (see [[9) or [§]) to deduce that 7" has a fixed
point. This implies that there is a point v € J#j such that vo S = v(S(1))v.
This concludes the proof of the Theorem. O

21



4.2 Construction of the function ¢, and the proof of
Theorem [2

We assume that the hypotheses of Theorem [[.3 hold. In our application we
have a semi-group P; acting on Cy,(A™"). We will use Lemma .1 to construct
a g.s.d. This lemma is proved using Theorem [I.9 applied to S = P;:

Sf(n) =Puf(n) =E,(f(V1), o >1), ne A™.

Here the Polish metric space (X, d) of the previous paragraph will be (A~°, dp),
and so the function ¢, will have domain in the set of nonempty configura-
tions.

We recall the elementary formula valid for any continuous and bounded func-
tion f on A and any t > 0

E,(f(Y) =E,(f(Y), Ty > t) + f(0)P,(To < 1) .
We start with the following bounds.

Lemma 4.3. Let \; = sup sup\,(n) < oo, then
n:nll=1 y€n

M <L1<0.

and for all t >0, B
eM<P1<1.

Proof. The proof follows at once from Lemma P4 and a computation of
L1 4-0 (see formula (B3)). O

Lemma 4.4. Consider for any a > 0 the function ¢3(n) = e“l"l1 4-0(n).
Then

Ls(n) < (B (e* = 1)+ A (e7* = 1)) [Inll ¥5(n).

Proof. We compute L4 (n) using (BJ). For n € A7 we have

Lgs(n) = Z}ny(by(n)+my(n)) (€% — 1) eelhnl

ye{n

+ 22 mAy(n) (7 = 1) el — Xy () 1y (33)

ye{n}
< B*|Inll ¥5(n) (e* = 1) + A Inll ¥5(n) (e7* — 1) .

To define the function o, we will need the two following results.
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Lemma 4.5. The differential equation

da_

- =M (I—e™)+B" (1 —¢) (34)

has two fized points a = 0 and a = log(A\./B*). The trajectory of any
initial condition ag € (0,log(\./B*)) is increasing in time and converges to
log(A\./B%).

Proof. Left to the reader. O

Lemma 4.6. Assume ([2). Let a(t) be the solution of (3]) with initial
condition ag € (0,log(\./B*)). Then

sup B, (e et Ol T s gy < coolbl
teRy

Proof. We introduce the function

ftn) = e el (n)

and for any integer N we denote by f% the function

fN(tJ?) = f(tv 77)1||7]||§N .

Note that fN(t,n) is continuous with compact support {n : ||n|| < N}.
Using Proposition .4 (iii) we get

tAT s N
PY Vi) = YO0 + [ @60+ LEY V) ds+ ],
where .#7" is a martingale. Then we obtain

E, (fY(t, Yiry,)) = V(0. Y0)+E, </OA N (8SfN(s,1§)+LfN(s,Ys))ds) .

Observe that if N > M and s < Ty we have fN(s,Y;) = f(s,Y,). Let N
tend to infinity to get

AT
By (o)) = 70.50) + 2, ([ (0076, + 76,V as )
Using Lemma [.4 we have

0.f(s,Ys) + Lf(s,Vs) =
e (A (1—e7®@) +B* (1—e"®))) [|Yal = A) 5" (Vo) + L™ (V2) < 0.
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Therefore

E, (f(t.Yiary)) < £(0,Y5) .
Letting M tend to infinity and by using the Monotone Convergence Theorem
we obtain,

E, (F(.77)) < £(0.%5).
The result follows from the definition of f O

We take as function ¢y the function

a(l
8022902( )7

for a solution of (B4) with initial condition ay € (0,log()./B*)). The operator
S is given by S = P, and hence is positive and maps continuously Cy(A™°)
into itself.

We must now show that S = P;, and ¢, satisfy the hypothesis of Theorem
1)

Lemma 4.7.

(i) The hypotheses 4 and 4 are satisfied.

(ii) S(1) > ¢y > 0, with ¢; = e M.,
(11i) For any v > 0, there is a constant D = D(v) > 0 such that for any
b € Cy(X) with 0 < ¥ < s
St <ypa+ D

Proof. The hypotheses 74 and 77 are easy to check using the Feller property
of P, (see Proposition B.G).

(1) follows at once from Lemma [.3. We now prove (7iz).
Let ¢ € Cy(X) with 0 < ¢ < 9. We have from Lemma [£.q

Pip(n) =B, (v(Y1), Ty > 1) < E(p2(Y1), Ty > 1) < & ellll

Since a(1) > ap by Lemma [L.F, for any v > 0 there is an integer m, such
that for any m > m, we have

M erom < yeam
Therefore, for any n we have
Pub(n) < & el <yl 4 Ao aom
In other words, we have proved (iii) with the constant D = e e®™ . [
Theorem follows immediately from the previous Lemma and Theorem

32
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5 The process and absolute continuity

In this section we introduce a natural o—finite measure . We will show that
the process Y preserves the absolutely continuity with respect to pu and that
when the process starts from any point measure after any positive time the
absolutely continuous part of the marginal distribution does not vanish.

5.1 The measures

We will denote by TF the set of all k—tuples in T ordered by =< defined in
Subsection P]. So, for n € A, its ordered support 77 = (y1, ..., yx,) belongs to

T#n. The discrete structure 7 is an element in N#7 and the set of all discrete
structures is denoted by

S(N)= [ J N".

neZly

Here N contains a unique element denoted by 0 and it is the discrete struc-
ture of the void configuration n = 0. A generic element of 3(N) will be
denoted by ¢. Moreover for each ¢ € X(N) we put #§ = k if § € N*. We put

As={ne A:q=q} for ge %(N),

and for B C A,
B;={neB:n=¢q} for de X(N).

In the sequel for ¢ € N*¥ and C C ﬁ we denote
{}xC={neA:n=qieC}. (35)

We denote by .#(A) the set of measures on (A, B(A)) that give finite weight
to all sets Ay. By #;(X(N)) we mean the set of measures on 3(N) giving
finite weight to all the subsets N*, and .#;(N)) denotes the measures on N

giving finite weight to all its points. Every measure v € .#;(A) defines a
measure U € #;(X(N)) by

B() = v(Ay). (36)

—_

Also v defines a set of conditional measures vz € # (T#7) by

0 if (q) =0,
vz(®) = R _ .
vine A:=¢q, 17 € e)/T(q) otherwise.
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Then vz € 9('@) is a probability measure if 7(g) > 0. In the case that
ve P(A) we have

vg(®) =v (€ @[T =q). (37)
Conversely a probability measure v € &(.A) is given by a probability measure
7 € Z(X(N)) and the family of conditional measures (v; € Z(A;)) so that

v(B) = > w(q) vg(By), BeBA™).
geX(N)

In this sense
dv(n) = v(n)dvy(n). (38)

Let ¢ : A — R be a function. Observe that its restriction to Az can be
identified with a function go} . With domain in T#7 by the formula go} L) =
©(n). Let ¢ : A — R be a v—integrable function, we have

/AsO(n) do(n) = >

gex(N

(@) | o], () dvg(i).

Now we define the measure pu by,
u(NO 5 T°) = u({0}) = 1 and pl = £ x oF for k> 1,  (39)

where (¥ is the point measure on N¥ that gives a unit mass to every point,

and oF is the restriction to T* of product measure c®*. Note that v € .#;(A)
satisfies

v << pu & (vqe E(N) vz << ;\#‘f) :
Hence, if v € H(A) is such that v << p, then v is of the form
v(n€ A7 =q.17 € dy) =0(q) pa(¥) do#i(y). (40)
where 7 € Z(X(N)) and for each fixed ¢ € X(N), ¢z(#) is a density function

in T#7 with respect to o#4.

5.2  Absolutely continuity is preserved

Proposition 5.1. The process Y preserves the absolutely continuity with
respect to p, that is

Voe Z(A), v<<p = VEt>0 Py(Y; €0) << pfe). (41)
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Proof. Let us define the jump time sequence,
o=0and 7, =inf{t >7, 1:Y, £Y, } forn>1.

In particular 7 = 77 is the time of the first jump. Remark that the sequence
7, tends a.s. to infinity, as it can be deduced from ([J). When we need to
emphasize the dependence on the initial condition Yy = 1 we will denote 7’
and 7" instead of 7,, and 7, respectively. We have

P(Y,€0)=> P,(Y, €07, <t<Tpp).

n>0

Since the sum of absolutely continuous measures is also absolutely continuous
it suffices to prove that

P,(Yi€o T <t<T) << pforalln>0. (42)

First, let us show the case n = 0. For B € B(.A) we have that the expression

P,(Y,eBt<t)=P,(Yo € B t<T)= /Bv(dn)Pn(t <T) (43)

vanishes if v(B) = 0, so also when p(B) = 0.
Before considering the case n > 1 in ([[J) let us prove the relation
v<<u = PV, €0) << p. (44)

It suffices to fix ¢ € X(N) and to show that the measure P, (Y, € o) restricted
to the class of sets ({¢} x C' : C' € B(T#9)) is absolutely continuous with

respect to o#9 (see BY). Let k = #¢. For k = 0 the claim holds because
1({0}) = 1. Let & > 1. Recall that the probability measure v has the form

stated in (£0), so 5 = dvg / do# is the density function on the space T#n,
Below, for n € A we denote

V=n—"0,, ye{n}; nF=n+d., V2eT;
W=y =gty Y=y T =gt (45)

3 3

We denote vi, = EE(@) (for k = 0 we set vo = 1). Let k € N, ¢ € N* and
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Ce B(ﬁ) be fixed. We have

5 _ / 1 /
PV e} xO) = [at) [ gisQuan
A (@ xC
_ = (ny—1)by(n~") _ o\ (= |k
/1<n D {}Z I e )
_1>>‘ (77+y)_ y Sty R
+/1 ny Q(nfy) 0(n )+ (17 |do* (i7)
C yE{n}
v +Z —
o | I e s e e
c 2€T\{n}
#2 fim=| o e X M0 i,
4 yeln} m,>1 vemnyy OV

where in the last two terms we have used the following relations

do(2)do* (if) = —2-da*1(i77) , z & {n}

Vi+1

and e - -
do* (1) = ﬁda(y') do*=1(77), y € {n}.
Hence, the relation ([4) is proved. An inductive argument gives

P,(Y,, €e) << pu forevery n>1. (46)

Now, let us show that (F) holds for n > 1. Denote by F, the distribution
of 7,,. By the strong Markov property and Fubini theorem we get

t
P,(Y; €07, <t <Tpi1) = / E, (]Pym (YVisco17>1— s)) dF,(s) .
0

which, by using relations (£3) and (EG), is absolutely continuous with respect
to w. ]

5.3 Evolution after the first mutation

We want to study the absolute continuity with respect to p of the law of
Y; initially distributed according to a general measure v. To this aim we
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will introduce the first mutation time. Note that a mutant individual has a
different trait from those of its parent, so the time of first mutation is

x =inf{t > 0:{Y;}  {¥o} }. (47)
When x is finite we have {Y, } # 0, so (x < 00) = (x < Tp).

Now, let us consider the first time where the traits of the initial configuration
disappear,
k=1inf{t >0:{V;} n{Yo} =0},

and for a fixed 7, the first time where the traits of n disappear, " = inf{t >
0:{Y;} n{n} =0} When {n} Nn{Yy} =0, then k"=0.

We have k # x except when k = xy = co. Obviously k < T. Moreover
(x>k) e (o=x>k) < (x>k=Ty) and (k<Tp) < (x<k<Ty). (48)
Also note that (v < x) N (k <t) C (k =Ty <t). Since P (Y, € 0,1y < t) =
do(e) is concentrated at n = 0, then
B,(Y; € 0,5 < x5 < ) = dofe).
The unique nontrivial cases are the following two ones.

Proposition 5.2. Letn € A% and t > 0, we have:

(2) Py(Y; € o, x < k <t <Tp) is absolutely continuous with respect to pi and
it is concentrated in A7°;

(i7) P, (Y; € o, < k) is singular with respect to p.
Proof. Let us show (7). From the Markov property we have,

P,(Yi€ox<r<t) = Y Px<r<tY-=¢Y,co) (49)
§0A{EC{n}

_ Em(E) [ oo
- Z Z Q(£> /OPn(XEd,Y;—f)

E0A{EIC{n} yelé}
/ 0y (2)Pess (Yi_o € 0, 1€ <t—s)dor(2).
T\{¢}

Hence, it is sufficient to show that for every u > 0, n € A% and y € {n}, it
holds

P, =(Y, € o, k7 <) gy(2)do(z) << p(e).
T\{n}
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By using [ Py ({Y.}Nn{n} #0,5" <u)g,(z)do(z) = 0, and since the
T\{n}
measure ¢ is non-atomic, a similar proof to the one showing Proposition

b.1] works and proves the result. Indeed, for each ¢t > 0, the singular part
with respect to p of P, (Y; € -) is a measure on the set of atomic measures
with support contained in {n} (corresponding to death or clonal events from
individuals initially alive).

Let us show (7). Let {n} C T be the finite set of initial traits and put

k = #n. Consider the Borel set B = {£ € A7 : {£} N {n} # 0} and define

B, ={e€ A #=n|{n{n}| =1} forneN I =1,...,nAk We

have B = U B ,,. Since ¢ is non-atomic we have p(B;,) = 0 for
neN,le{l,...,nAk}

all I € {1,..n A k}. On the other hand, from the definition of x we have

P,(Y; € B,t < k) =1, and the result follows. O

Let v € 2(A). We denote by v' the distribution of ¥; when the distribution
of Yy is v, that is
W{(B) =P,(Y, € B), BeB(A), t>0. (50)

We denote by v = v +v° the Lebesgue decomposition of v into its absolutely
continuous part v* << u and its singular part v® with respect to p. For v
this decomposition is written as v' = v%* + . As usual, ¢, is the Dirac
measure at 7 € A, so J), denotes the measure J) (o) = P, (Y; € o). We will
denote by supp(v) the closed support of a measure v.

Proposition 5.3. The process Y wverifies:
(i) For all t >0 and all n € A~ we have 6};°°(A™") > 0;
(it) For allt >0 and allv € P(A7°) it holds v"* > [,_, dbv(dn) > 0;

(iii) Assume condition (Ij). Then for alln € A™° with {n} C Supp(c) and
for all € > 0, the following relation holds,

Yt >0, 6, (B(n,e€))>0,
where B(n,e) ={n' € A: |0 —n| <e€}.

Proof. 1t suffices to show (7) and (i7i). Let us show the first part. Fix t > 0
and n € A™% We claim that P,(x < k < ¢ < Tp) > 0. In fact, it suffices
to consider the event where a mutation occurs at the first jump and after it
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all the initial traits disappear before ¢ and these changes are the unique ones
before t. This event has strictly positive probability, so the claim is proved.
Proposition p.2 (i) gives P, (Y; € o, x <k <t < Tj) << p and we deduce,

5 (A) 2 Py(x <k <t <Ty)>0.
Then (7) holds.

The proof of (iii) is entirely similar to the proof of (i) but we need some
previous remarks. For every y € T we have [ g,(z)do(z) = 1, and so,
T

o({z € Supp(o) : gy(2) > 0}) > 0. On the other hand from condition ([[4)
the set

D ={y € Supp(o) : o({z € Supp(0) : g,(2) > 0}) =1}

verifies o(D) = 1. In particular o(z € D : g,(2) > 0) > 0 is satisfied for all
y € T. Now, let {n} ={y; : ¢ = 1,...,k} and consider the following event:
a mutation occurs at the first jump to a trait ¢y’ € D, afterwords successive
mutations to the traits in B(y;, €) N D take place, then for each trait y; there
are ¢; — 1 clonal births, and finally all the initial traits and y’ disappear. This
history occurs before ¢t and assume that these changes are the unique ones
that happen before t.

From condition ([I4) and the definition of D this event has strictly positive
probability and the claim is proved. O

5.4 Decomposition of q.s.d.

Let us study the Lebesgue decomposition of a q.s.d. with respect to pu.
Proposition 5.4. Let v be a g.s.d. on A=°. Then,
(i) v £ 0;
(i1) Assume Condition (I4). Then {n € A7°:{n} C Supp(c)} C Supp(v*);
(i13) If v # 0, the probability measure v** := v*' [v*(A~°) satisfies

P,..(Y; € B) = e *WW*si(B) V B € B(B*),t >0, (51)

where B € B(A™°) is a measurable set such that u(B*) = 0 and v*(B*)
= v¥(A79).
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Proof. We first note that the existence of the set B*! is ensured by the Radon-
Nikodym decomposition theorem. Set H := A7\ B®. Let us show that

Vi>0,Vne A" : 6, (H)>0. (52)

Since u(B*) = 0 and 0> << p we have 0,*(B%) = 0. Then 0,*(H) =
672 (A™"). By Proposition p.3, 6;*(A7%) > 0 for all t > 0 and all n € A™°.
S0
,ac __ st,ac -0
SL(H) = 35(H) = 35(A™) > 0,

and the assertion (5J) holds.

Now we prove part (7). We can assume v # 0, if not the result is trivial.
From (B2) we get,

V(H) = /,40 o, (H)v(dn) > 0.

On the other hand, from relation () we obtain v(H) = ’®*t(H) > 0.
Since 1*'(H) = 0, we necessarily have v*°(H) = v(H) > 0, so (i) holds. Now,
from Proposition (i) a similar proof as above shows (i7).

Let us show (iii). Let v*2 := 1> /1*(A~). For every B C BS, B € B(A™),

we have
v(B) = """ (*(AOP,uc(Y; € B) + (A )P,.a(Y, € B)) . (53)

By Proposition p.1], Y preserves j, so P,«ac(Y; € o) << p. Since u(B%) =0
we get P rac(Y; € BS) = 0. By evaluating (53) at ¢ = 0 and since B € B(B®)
we find v*8(B) = v(B)/v(B*). By putting all these elements together we
obtain relation (BI]). O

6 The uniform case

6.1 The model
In this section, we assume that the individual jump rates satisfy,
Ay(m) = A, by(n) =b(1 = p), my(n) =bp, Vye{n}, (54)

A, b and p are positive numbers with p < 1. Recall that ¢ : T x T — R, is
a jointly continuous nonnegative function satisfying [ g,(c)do(c) = 1 for all

T
y € T and the condition ([4).
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We observe that in this case the process of the total number of individuals
Y|l = (||Yzll : t > 0) is a Markov process and that Y; = 0 < ||Y;|| = 0, which
means that the time of absorption at 0 of the processes Y and [|Y|| is the
same (note that even if the 0’s have a different meaning, they are identified).

Now, in [R0] it is shown that there exists a q.s.d. for the process ||Y]| killed
at 0 if and only if A > b. In addition, the extremal exponential decay rate
of ||Y||, defined by sup{f(v); v q.s.d.}, is equal to A — b and there exists a
unique (extremal) q.s.d. ¢® for ||Y|| with this exponential decay rate A — b,

given by -
co(k) = <§> (1 _ ;) B> (55)

When v is a q.s.d. for Y with exponential decay rate 6(v) then the probability
vector ¢ = (C(k) : k € N) given by

C(k)=v(Ay), keN, (56)

is a q.s.d. with exponential decay rate § = 6(v), associated with the linear
birth and death process ||Y]|. Hence a necessary condition for the existence
of q.s.d. for the process Y is A > b. We also deduce that all quasi-stationary
probability measures 7 of Y with exponential decay rate A — b are such that

(Ag) = ¢°(k), so by (BT) we get

U(p1) < 0o, where @i(n) = [|n]|.

Now, we know from Theorem [[.9 that there exists a q.s.d. v with exponential
decay rate 6(v) = v(Pi(1)). Moreover, it is immediate to show that ¢,
satisfies Ly; = —(X\ — b)py. Then, from Proposition B4 we get Pip; =
e~ @AYy . Hence, if v is a q.s.d. provided by Theorem [[[J its exponential
decay rate should be

0=\—0.

Let us now consider the semi-group R; given by,

Ry()(n) = " Pp)(n) = "By (p(Y)1gy51) , £>0.

The function ¢, satisfies R;p1 = @1 v—a.e. for all q.s.d. v with the expo-
nential decay rate 6.

Proposition 6.1. Fvery q.s.d. v with exponential decay rate 8 = X\ — b is
absolutely continuous with respect to fu.
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Proof. Let v be a q.s.d. which is not absolutely continuous. Then we can
write the Lebesgue decomposition

v=fu+¢ thatis v(B) = / fdu+¢(B), Be B(E),
B

where f is a nonnegative p—integrable function and £ is a singular measure
with respect to u.

From now on we denote by RI the dual action of R; on the set of measures
defined by (Rjv)(p) = v(Ryp) for every measure v € .#;(A) and any positive
measurable function ¢. Since v is a q.s.d. it is invariant by the adjoint semi-
group RZ, that is RIV = v, then

fu+€&=v=Rl(v)=Rl(fu) + Rl .

On the other hand, it follows from Proposition 1] that R} (fu) < p. There-
fore

Ri(fn) < fu.
Since ¢ is v integrable it must also be fdu integrable. From the relation
Ri(¢1) = @1 we get,

[exsin= [ eariin,

and since ¢; is strictly positive, we conclude RI (fu) = fp. This implies
R} (€) = €. However by Proposition (ii) (with v = €), R}(€) cannot be
completely singular with respect to p unless ¢ vanishes. This concludes the
proof of the proposition. O

Let us now turn to the study of uniqueness.

Lemma 6.2. Assume condition ([[]): 0 ® 0({g = 0}) = 0. Then the Borel
set Augy = {n € A:q= (1,1)} satisfies i(Aq,1)) > 0. Moreover, for any
q.s.d. v with exponential decay rate 0 = X\ — b and for any Borel set B with
p(Aaq N B) >0, we have v(Anqy N B) > 0.

Proof. Let us consider a q.s.d. v with exponential decay rate 6§ = X\ — b.
Lemma B.2 implies that the restriction vy of v to Ay = {n € A: [|n|| =1},
does not vanish. On the other hand by the previous result, it is absolutely
continuous with respect to o. Then,

dl/(l) = fldO’
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for some nonnegative function f; that does not vanish on a set of o positive
measure.

For any function f in Cy(A) such that f(0) = 0 and such that is supported
in a compact set, that is f(n) = 0 for all ||n|| large enough, it follows from

v(P,f) = exp(—0t) v(f) that
V(Lfl4-0) = =0 v(f).

Since this is true for any such function, we get (with 7 = (1, : y € {n}) as
defined in (), and notation (Bf) and (7)),

= Odvy(i)) = b(1=p) > (my = D7 *)dvy ()

yiny>1
A D (A 1)T@ ) dvy (7 )+>\ﬁ(ﬁ+z)/dun+z(ﬁ+z)
ye{n} z€T\{7}
+bp Y T@Y) Y ny gy () duy—(77) do(y)
yiny=1 y'e{n\{v}

—A+0) | D my | ) dvg(i) - (57)

ye{n}

It follows from equation (B7) applied to the measure v and solving for v that
for some constant C' > 0 we have

dv,ny (y1,52) = C (F1(y1) gy, (y2) + f1(Y2) 94, (1)) do(y1) do(ys) -

Using this lower bound in the equation for v(;), we get for some constant
C’'>0

0= [ fiw) guly) dotu)
Therefore for some constant C” > 0 we have the estimate

dva1y (1, 92) > C" do(yr) do(ya) X
(gyl ) [ )auton) dota) + (o) [ <u>gu<y2>do—<u>) |

Let B be a Borel set with 11(Ax1) N B) > 0. By the identification between

Aqa,1y and (1,1) x T2 it can be assumed that B C T2. We get from Fubini’s
Theorem

v(Aay N B) > C”/lB(y1,y2)9y1 (y2) f1(u) gu(y1) do(u) do(y1) do(yz) -

—

’]TS
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Therefore, if v(Aq 1y N B) = 0, we must have

15(y1,92) Gy, (Y2) fi(u) gu(vh) =0 0 x 0 x 0 —ae.,

which implies from the hypothesis ([[4) on g

15(y1,y2) fi(u) =0 o x 0o x0o—ae..

However this implies f; = 0 o—a.e., which is a contradiction. O

Proposition 6.3. There is a unique q.s.d. associated with the exponential
decay rate 0 = \ — b.

Proof. Let v and v/ be two different ¢.s.d. with the exponential decay rate
0. We can write the Lebesgue decomposition

V= fr+¢

with f a nonnegative measurable function and ¢ a singular measure with
respect to v. Assume £ # 0. Applying RI we get

V' = fv+&=Rl(fv)+ Rl(E) .

If f is bounded, since v is a q.s.d., we have R}(fr) < v. In the general
case, the same result holds by approximating f by an increasing sequence of
nonnegative functions. Therefore, we must have

RI(fv) < fv.

Integrating the function ¢, as before, we conclude that RI (fv) = fv, and
therefore RI(€) = €.

Then, we have two q.s.d. v and £ with exponential decay rate 6 = X\ — b,
which are mutually singular. We claim that this is excluded by Lemma [.9.
Indeed let B be a measurable subset such that {(B) = v(B¢) = 0. Then
v(BNAuyy) = v(Aan) > 0. Since v << p we get u(B) > u(BNAayy) > 0.
From Proposition we deduce {(B N A1) > 0 which is a contradiction.
Namely £ = 0 and we conclude that v/ = fv. Let us now show that f =1,
which will yield v/ = v and so will conclude the uniqueness result.

Recall the following notation on the ordered lattice of measures .#(A™°):
lv| = vt +(—v)* with vt = max(v,0). Since the linear operator R} is positive
it holds |R!(v)| < RI|v|, that is for all positive and measurable functions ¢,
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it holds [ @d|R}(v)| < [¢dR]|v|. Moreover, when there exists a couple
of sets Ay, Ay such that R(v)(A;) > 0 > RI(v)(A;) and RI|v|(4;) > 0,
R}|v|(A3) > 0, this inequality becomes strict and we put |R!(v)| < R}|v].
This means that

V>0, /gode|u\<oo where /<pd\Rj(v)|</gode|u\.

Assume that v(f # 1) > 0, which implies pu(f # 1) > 0. Thus, the sets
Ay = {f < 1} and Ay = {f > 1} fulfill the requirements for the signed
measure v = v — /. Then, by using that v and v/ are RI invariant, we find

v v = [RI() ~ R < Bl (v~ )

Since ; is R; invariant and fgpl d‘l/ — 1/’} < 00, we find

/gold‘y—yl} </(p1dRI(‘I/—I//D :/gpld}y—y’

which is a contradiction since ¢; > 1. The result is shown. O

)

The proof of Theorem [[.3 is now complete, it follows from Propositions p.1|
and p.J.
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