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Abstract The estimation of the time by which mutants adapted to control
measures emerge is a new challenge in modern epidemiology. Here, we use
competition processes, the extension of birth-death processes in higher dimen-
sions, to study the time S by which a particular type emerges in a controlled
population through a spontaneous birth or mutation. We give some bounds
for the tail of the probability distribution of S. Then using properties of quasi-
stationary distributions, we give conditions for the existence of an initial law
under which S is exponentially distributed. Finally, we provide some examples
of our model use for the estimation of the emergence time of pathogen mutants
overcoming host resistance in a host-pathogen system.
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1 Introduction

The population adaptation to control measures, such as emergence of a pathogen
pathotype infecting a resistant host, or of a pathogen evading chemical treat-
ment, or a cancer cell escaping from chemotherapy, etc. [5,7,8,17], leads to a
swift reduction of the number of effective disease control strategies. Thus, the
estimation of the time by which adapted mutants emerge, like the estimation
of the durability of a new crop resistance or the success probability of a new
treatment, is a crucial problem in modern epidemiology. Indeed, studying the
emergence time could help us to clarify key-factors and processes allowing us
to prolong the durability of control strategies.

Stochastic modelling is a well suited approach for describing such a random
process in adaptive dynamics like mutations. Paradoxally, branching processes
suited well for studying population extinction [2,12] are not widespread for
studying the emergence of new populations. There are only a few works where
authors consider emergence but only under specific progeny distribution laws
[8,16,17]. Emergence problem has also been considered in multitype Moran
models [4] and within the framework of the adaptation theory [13]. Unfortu-
nately, Moran type models are inefficient for the estimation of the emergence
time, since the population size growths with the appearance of a new adapted
subpopulation. In adaptation theory, emergence is described by the estima-
tion of the fixation time of an allele. The fixation time represents the time
before one allele have invade whole population, so it can not be applied to the
time when pathogen has defeated a control strategy. Thus, there is a lack of
the general theoretical framework for the estimation of the emergence time in
branching processes.

In comparison with the aforesaid approaches, multitype birth and death
processes models, called competition processes, are more adapted to the general
study of the emergence problems, since they allow adjusting birth, death and
mutation rates to studied biological system. A competition process (X AP i€ Ng})
is a continuous time homogeneous Markov chain with state space N¢, for d > 1,
whose transition matrix only allows jumps to certain nearest neighbors. Com-
petition processes where introduced by Reuter [15] as the natural extensions
of birth and death processes and are often involved in epidemic models [3,5,8,

10]. Here, we use competition processes in order to study adaptive population
dynamics. Let us first give a proper definition.

We call {p;(i,j) : t > 0,i,j € N&} the transition probability functions
of the Markov chain X = {(Xt(l), . 7Xt(d)), t > 0}, and we denote by @ =
{q(i,7) : 4,7 € N2} the associated Q-matrix, i.e. q(i,j) = py(i,5). Let i =
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(i1,...,14), then this matrix is defined as follows:
q(i,7) = Me(@), 7= (i1, oy in—1, 0k + Likg1, .- o5 4a)
= (i) s 5= (i1 inoryin — Ligst, .-, ia)
= ’ykl(i), j= (’L'l, o1y — g1, oo ti—1, 0+ 1,041, - - 04)
= ’Ylk(i), j = (’L'l, om0 F L, e =10 — 1,041, - e 4)
== qli,x), j=i

=0, for other j.

The value ¢(4, j) is the transition rate at which the process jumps from the state
i to the state j. For k,l € {1,...,d}, A\, pi and g, are nonnegative functions.
The values Mg (i) and p (i) represent the rates at which an individual of type k
is born or dies, respectively, when the population is of size i € N&. The values
i1 represent the rates at which an individual of type £ mutates into an indi-
vidual of type I. We assume that for all k and I, py(¢) = v (¢) = 0if i, = 0. We
emphasize that @ is conservative, i.e. q(i,1) = — Z#i q(i,7), for all i € N, so
that the Q-matrix is related to the transition functions through the backward
and forward Kolmogorov equations. We also make the classical regularity as-
sumption under which the (-matrix determines the law of X, see for instance
[6]. So X stays in state i for an exponential time with parameter >° _,; q(i, )
-1
and then jumps to state j with probability ¢(4, j) (ZI# q(i, z))

In this paper, we are interested in the computation of the law of the first
time S, when an individual of type r = 1,...,d first emerges from the popu-
lation (Fig. 1), i.e.

S, =inf{t>0: X" =1},

which can biologically represent the first appearance of a particular mutant in
the population. Let us also point out that in some cases, type r may become
extinct after the time S,., so that this time may not correspond to the first time
at which type r will settle definitively in the population. In such situations, it is
still possible to use the same method to study the time inf{¢t >0 : Xt(T) =n},
when 7 is a level by which type r is definitively settled, with an arbitrary large
probability.

This paper is organized as follows. In Section 2, we first give an estimation
of the distribution function of the emergence time when the process starts
from any initial law supported by the set {i € N& : i, = 0}. Then we show
that when the initial law is a quasi-stationary distribution, the emergence
time is exponentially distributed with a parameter which is made explicit in
terms of the transition rates. In Section 3, we discuss some conditions for
the existence of quasi-stationary distributions. In Section 4, as an application
of these results, we give a biological example of the time for pathogen type
overcome host resistance. Section 5 summarizes our findings and gives some
implications of our general model in evolutionary epidemiology. Then Section
6 is an annex which is devoted to the proof of a technical lemma.
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Fig. 1 Emergence time of a three dimensional competition process. This sample
path shows the variations of the three populations over the time. Solid line, big dashed line
and small dashed line correspond to first, second and third type, respectively. Then S3 is
the emergence time of the third type.

2 Emergence of a particular type.

In this section, we consider a competition process (X, {P; :i ¢ Ng}) as it is
defined in the introduction. Although our model is based on competition pro-
cesses, some results of this section may be generalized to general continuous
time Markov chains. For the sake of simplicity, we suppose that the type whose
emergence time is of interest is d. So in the sequel, we denote S; by 5, i.e.
with X = (XMW, ..., X)), we set

S=inf{t>0: X" =1}.

2.1 Some bounds for the tail distribution.
This subsection aims at describing the time S in terms of the characteristics
of the competition process X, in order to determine the exponential decay of

its distribution function, under general conditions.

Definition 1 We set for all i € N¢,

d
n(i) = Aa(i) + chl(i) :
=1
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The values 7(i) will be called the emergence rates (of type d). In particular,
when X is in a state ¢, an individual of type d will appear with probability

0() (S ai )

We define the restricted process X as the (d — 1)-dimensional competition
process with rates ¢(x,y) = q(«’, '), if © # y, where x = (z1,...,24-1), y =
(yla o aydfl) and z’ = (xlv s azdfla())v yl = (yla B 7yd7170> and (j(SC,SC) =
=2 yend -t sy A(x, ). We denote by {P; : x € N2~ the family of probability

distributions of the process X. Then we may check that (X, {I@’z tT € Ng_l})

is a competition process on Ngfl whose Q-matrix is Q = {4(z,y) : z,y €
Nd—1}.

In all the remainder of this paper, we assume that the @Q-matrices @ and Q
are regular, i.e. they determine the laws of X and X respectively, in a unique
way. We refer to Section 2 of [6] where some sufficient conditions for regularity
of @Q-matrices of competition processes are obtained. We begin this subsection
with the following lemma which presents a decomposition of the process X up
to time S.

Lemma 1 Let {e(z) : @ € NI} be a family of random variables which is
independent of the process X. We suppose that each random variable e(x) is
exponentially distributed with parameter n(x'), where ' = (x1,...,24-1,0).
Let (T,)n>1 be the sequence of jump times of X, set Ty = 0, define I,, =
Th—Th_1,n>1and

S=> (Tw+e(Xr, ), , (2.1)

n=0

where 2, = {e(Xr,) > I,...,e(Xr, 1) > In,e(Xr1,) < Lui1}, forn>1 and
2y = {e(Xo) < I1}. Then for all x € NI, we have the identity in law
(X, X D), u < 9), Pl o] = [(Xu, u < ), Py

u

Proof This result is a direct consequence of the general structure of continuous
time Markov chains. Indeed, it suffices to observe that when the process X is
in a state ¢ € Ngfl x {0}, the waiting time for type d to emerge is independent
from the past and exponentially distributed, with parameter n(i) = A.(i) +
Zld:l ~ir (7). Hence it is clear that before time .S, the process X behaves like a

competition process in Ngil, i.e. X killed at a time S, whose decomposition
is given by equation (2.1).

As an application of this lemma, the following result provides exponential
bounds for the distribution function of the emergence time. From now on we
set

E = NI x {0}.
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Theorem 1 Define the rates ag = inficpn(i) and oy = sup;cpn(i). Then
the tail distribution of the emergence time S satisfies the inequalities:

e Mt <Pt < 8) < et (2.2)

for all t > 0 and for all i € E. In particular, if there exists a > 0 such that
n(i) = «, for allt € E, then the emergence time S has an exponential law with
parameter o under P, for all initial distribution p with support in E.

Proof Tt follows from Lemma 1 that for all z € Ng_l and t > 0,
=P, (t<59)

= Z Z I@)Z(f < T, —f—E(XTn),inXTO = Zo,.. -7XTn = ,CCn) X

IEDI(XTO :ZC(),...,XT :.’L'n), (24)

where xp = z. Then, from the Markov property and the assumption on the
random variables {¢(z) : z € N¢™'} in Lemma 1, under P,, conditionally on
{)A(T0 = x9,... ,XTn = x,}, the random variables I, . .., I,11,e(x0), . .., e(xn)
are independent. So with I = (I1,...,I,,41) and y = (y1,. .., Yn+1), One has
I@)z(t<Tn+5(XTn);Qn|XTo :.’Eo,...,XT :ZCn) (25)

n

= / N Po(I € dy)Py(e(w0) > Y1, .-, e(Tno1) > Ynot — tn < e(Tn) < Yns1)
Ry

where ¢, = y1 + -+ - + Y. For all k > 0, set z}, = (v, 0). The integrand in the
above integral may be written as

I@I(s(zo) >y, e(xr) > Y2, 8(Tn_1) > Yn,t — b < () < Ynt1) (2.6)

= ¢ @)y —n(E)yz— =@ )yn (o=@ [(E=tn) VO] _ e*n(r;)ynﬂ)]l{td o)

where for n = 0, the term e~(@o)y1—n(@1)y2==n(=,_1)¥n is ynderstood to be
1. Hence by applying successively (2.6), (2.5) and (2.4), it follows

7, <Z e L= =n(X],_ ) [ g=n(X))[(t=To)v0] _ e—n(XLL)fW} ][{KTM}> ’

n=0

where for each n, X/, = (X,,0) and {X,, : n > 0} is a sequence of random
variables which has the same law as {X,, :> 0} under P, and which is inde-
pendent of the sequence {T;, : n > 0}. Let k be the (random) index such that
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T <t <Tg41, then we easily check that the term which is in the expectation
of the right hand side of the above equality is

oo

Y e XKD ) [efmx;)[(tfn)vm _ ew(X;)ml} Ter,,
n=0
— X = =n(X[ ) Ik [efmx,z)(tfm _ ew(XL)Iw}

+ Y e h G [1 _ e—n(XL)InH}
n=k+1

— o X Ti— - =n(Xp ) Tk o =n(X ) (t=Tk)
But from the assumption, we have n(X/,) > ao, a.s., for each n > 0, so that
it follows e~ "(Xo)i—=n(Xi_ )l o=n(X)(t=Th) < e=ao(lit+Ix)o—ao(t=Tk) —
e~ 0! a.s. which gives the second inequality in (2.2).

The other inequality is proved in the same way, by obtaining an upper

bound for I@I(Tn + E(XTH) <t, 2, |)A(T1 =x1,..., X1, = x,). As above, this
term can be desintegrated as

Po(Th +e(Xp,) <t,92,|Xp, =x1,..., X, =)

n

= / P(I € dy)P(e(x0) > y1,e(x1) > ya,. .., e(Tn-1) > Yn,

+
€(@n) < Yn+1 A (t—1tn)),
and for the integrand, we have
P(e(wo) > y1,6(x1) > Y2, -, €(Tn—1) > Yn, €(Tn) < Ynt1 A (t —tn))
= e M@)vi=n(@)y2 =@l _1)yn (] _ e*n(ﬂﬁ;)[ynﬂ/\(t*tn)])][{t <t}
so that

]P)(ac,O) (t < S)

&, <Z =X B (XD B (X)) (1 en<x;>[fnm<tTn>1)1m§t}> ,

n=0
If k is such that Ty, <t < Tj41, then

3 DD (X (] 1A (T
n=0
k—1
= Z e~ XY i=n(X) ==X ) (1 — () Insny 4
n=0
eI =n(XDTa=w=n(X} ) (] _ e=n(X0(=Ti)

L, <ty

—-1_ en(XI,e)t )

But since n(X},) < oy, a.s., we have 1 — enXit < 1 — e~ a.s., which proves
the first inequality in (2.2).
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We emphasize that for Proposition 1 to be relevant in the applications it is
necessary that ap > 0 and/or oy < co. In practice, the emergence rates are
often bounded away from 0 and co. At least, most of the time, it is reasonable
to make this assumption, see the application of Section 4.

2.2 Using quasi-stationary distributions

As already seen in the previous subsection, in order to study the emergence
time S, it is necessary to have a good description of the whole process X up
to this time. To be more specific, we introduce the killed process at time S, as

follows:
X, ift< S
S _ ts )
Xi _{A, itt> S, (2.7)

where A is a cemetery point. Then X¥ is a continuous time Markov chain
which is valued in E U {A}, whose Q-matrix Q% = (¢°(i, §)) is given by

q(i,j), ,jEFE
¢°(i,§) =} qli,A) =n(i), i€E (2.8)
q(A,5) =0, jeEU{A}.

Again, we assume that the matrix Q° is regular, so that there exists a unique
associated transition probability that we will denote by P°. We define the
vector 6 by 6(i) =0, if i € E and §(A) =

Theorem 2 A probability distribution p on E satisfies
Pu(Xe = ]S > t) = (i), (2.9)

forallt >0 and i € E, if and only if it solves the equation

pQ% = —ap +ad, (2.10)
for some a € [0,00). Moreover under P,, the time S is exponentially dis-
tributed with parameter

o= 3 nliu(i) . (211)

i€l

Proof Let us first show that under condition (2.9), the time S is exponentially
distributed. Let s, ¢ > 0, then from the definition of S and the Markov property
applied at time s, we have

]P)#(S > s+ t) = P#(]I{t<5}PXt(S < S))
=Pu(t < S)Pu(s < 5),
where the last equality follows from (2.9). This proves our assertion.

Then suppose that condition (2.9) holds and let a be the parameter of the
law of time S. Since (i) < oo, for all ¢ € E, we have P;(S = 0) = 0, for all
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i € F, so that P, (S = 0) = 0, therefore a < co. We extend the law p on EUA
by setting p(A) = 0. Then for all i € F U A, one has

P (X7 =i) =P, (X; =i,t <)+ Li_aP,(t > 9).

Since P, (X; = i,t < S) = e~?u(i), the transition function PS(t) of X°
satisfies
puP(t) = e '+ (1 —e 5. (2.12)

Differentiating with respect to ¢ and applying Kolmogorov’s backward equa-
tion gives

d

MEPS(t) = —ae 4+ ae™ s

= uQ5P3(t). (2.13)

Note that this differentiation is justified since each state in E is connected to
a finite number of neighbors through (P;) (and hence (P)), so that the term
P (t) is the sum of a finite number of functions. Then from (2.12) and since
§PS(t) = 6, we see that a solution of equation (2.13) is given by

PR = —ap+ad.

We finally deduce that pQ%(A) = 3. cpoa 1(i)q® (i, 4) = 3. p n(i)n(i) = a.

Conversely, let us assume that p is a distribution on F which satisfies
equation (2.10), for some value a € [0,00). Let us denote by P its associated
transition function. (Note that P is unique according to our assumption
of regularity.) Then from Kolmogorov’s backward equation and (2.10), the
transition function pP satisfies the equation

%ups(t) = —auP(t) + ad.

This equation admits uP?(t) = e~ + (1 — e~**)§ as a unique solution. But
the later equality is equivalent to (2.9).

A probability distribution g which satisfies (2.9) is called a quasi-stationary
distribution. We refer to [11] and Chap. 3 of [9] where some connections be-
tween quasi-stationary distributions and the @-matrix are presented for gen-
eral continuous time Markov chains. In population dynamics, these distribu-
tions are very much involved, and most of the time they are used to study
extinction of populations, see for instance [2], [10], [12] and [19].

Remark 1 There are situations when the emergence time may not correspond
to the first time at which the subpopulation of type d will fiz in the population.
More specifically, this time may occur only when the subpopulation size reaches
a certain level. For example, in epidemiology, it is interesting to know the
time at which the pathogen population reaches a certain level (in order to start
treatments for instance). In this case one is rather interested in the waiting
time S :
S = inf{t >0: Xt(d) =n}.
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Previous results may easily be adapted to S by considering:
E, =Ni"1'x{0,1,...,n—1}.

Then we define the killed process X5 as in (2.7). The later is a E, U{A}-

valued continuous time Markov chain whose Q-matriz Qs(n) = (qs(n) (i,7))
may be expressed as in (2.8), with

n(i) = { Aa(i) + 27:1 Yia(i), ifia=n,

0, otherwise.

Then the same conclusion as in Theorem 2 holds, that is a probability distri-
bution p on E, satisfies

Pu(X: =i|S™ > t) = u(i),
for allt >0 and i € E,, if and only if it solves the equation
s _
pQ” = —ap+ad,

for some ao > 0, and under P, the time S is exponentially distributed with
parameter

o= n(oul).
i€E
3 On the existence of quasi-stationary distributions
In the following subsection, we provide some sufficient conditions for the ex-

istence of quasi-stationary distributions. Then in the next subsection, we will
apply these results to a particular case of 2-dimensional competition process.

3.1 General results

We keep the assumptions of Section 2, that is (X, {P;:i¢€ Ng}) is a competi-
tion process such that the conservative Q-matrices Q and Q° are regular. We
denote by = the weak convergence of probability measures.

Theorem 3 If there exist probability measures m and p on E, such that

Pr(X: €dx|S >t)= p(dr), ast— +oo,

then p satisfies condition (2.9).
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Proof From the hypothesis, for all bounded function f : N¢ — R,

Jim Po(F06) |5 > 1) = [ fohulde).

Let w > 0 and A C E, then applying this identity to the function f(z) =
P, (X, € A, S > u) and the Markov property gives

/f(x)u(dx) = tlir&Eﬁ(PXt(Xu €A S>u)|S>t)

. 1

= tling]Pﬂ(XtJru S A, S >t + U)m

P.(S>t+u)
P.(S > t)

Let A = F in this identity. We obtain that for each u > 0,

lim Pr(S>t+u)
t—oo  Pr(S >t)

= Jim Pr(Xip € A|S > t+ ) (3.14)

=P,(5>u).

Since P, (S = 0) = 0, the above identity shows that S is exponentially dis-
tributed under P,,, with parameter o = —logP,(S > 1) > 0, i.e., for all u > 0,
P,(S > u) = e~ *". Plugging this equality into (3.14), gives

eMPu(Xy €A u<S) = tli}m Pr(Xtty €A|S>t+u)
= n(A),
which is identity (2.9).

Theorem 1 provides a sufficient condition for the existence of a quasi-stationary
distribution. However, in practice, for this result to be exploitable, we need
some information on the law of X,, conditionally to {S > u}.

Now we focus on conditions regarding the Q-matrix which are a bit more
technical than Theorem 1 but that can be verified provided this matrix is
sufficiently explicit. An application will be given in subsection 3.2. We first
state a general result on the existence of negative eigenvalues.

Proposition 1 Let M = (m;;) be any matriz on E and denote by I the matric
of the identity on E. If there exists a real ¢ € (0,00) such that,

(a) for alli,j € E and k € Ny,
mz(-;c) < o0, (3.15)

(b) the matriz (M + cI) is nonnegative and irreductible,
(¢) there exists i,j € E such that

n 1/n
0< lim <Z C’;mg?)c"—k) <ec, (3.16)
k=0

n—-+o0o
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then M admits a negative left eigenvalue with an associated positive eigenvector
(i.e. there are o > 0 and p such that 0 < p(i) < oo, for all i € E and
pM = —ap).

Proof This result is a consequence of Theorem 3.3 in [1]. Let us first check that
M + cI satisfies the three conditions of this theorem. We denote by (¢;j)i,jer
the entries of this matrix. First we derive from (a) that for all 4, j € E and
n € Ny,

(N) ch (k) in— P <o,

so that condition i) of Theorem 3.3. in [1] is satisfied. Then since from as-
sumption (b), the matrix M + ¢l is irreducible, by definition for all i,j €
E there exists n > 1 such that CE?) > 0, which is condition ii) of The-
orem 3.3. in [1]. From Theorem A in [20], the limits lim, 4. (c ("))1/" =

1/n
lim (Z Ckm (k) " k) exist and do not depend on i,j € E. Let us de-

n—-+oo
note by A* their common value. From Theorem A in [20], A* is the maximum
eigenvalue of M + c¢I. Moreover, from (¢) we have

0< N\ <e.

This implies, condition iii) of Theorem 3.3 in [1]. We deduce from this theorem
that there exists a vector u such that for all 4, 0 < u(i) < +oc0 and

w(M +cl) = puM + cpl = uM + cp=Np
Since \* < ¢, we have
pM = XN'p—cu = —ap,

with o = ¢ — A\* > 0, and the conclusion of the proposition follows.
A Q-matrix @ on N¢ being given, we consider the matrix Q = (g;;) on E
which is defined by

az’j = qij , i,jeE. (317)
Note that if Q° satisfies equation (2.10) for some nonnegative vector p (i.e. such
that (i) > 0, for all i € E and ), 5 p(i) > 0) and a € [0,00), then —a is a
left eigenvalue of @ and p is an associated eigenvector, i.e.

uQ = —ajp. (3.18)

Conversely, if 4 is a nonnegative vector such that 0 < >, u(i) < oo, then
equation (3.18), for u and « € [0, c0) implies equation (2.10) and hence (2.11),

for the vector (3. p ,u(i))_1 w and the value «.

Therefore if the matrix @ satisfies the conditions of Proposition 1 with
an eigenvector y such that 0 < >, ppu(i) < oo, then we may conclude
to the existence of a quasi-stationary distribution. Note that the condition
> e 1(i) < oo is satisfied whenever the state space E is finite and that in
this case, Proposition 1 amounts to Perron-Frobenius Theorem.
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3.2 Application to a 2-dimensional competition process

In this subsection we apply Proposition 1 and the consecutive discussion to
the particular case of a 2-dimensional competition process with constant birth
and death rates ¢ > 0 and bounded emergence rates, i.e. a1 = sup;cp 17; < 0.
The state space is then F = Ny x {0} which will be identified to the set of
nonnegative integers, i.e. ¥ = Np.

The matrix @Q introduced in (3.17) which is associated to the Q-matrix of
this competition process is then given by

—29—m 2q 0
g  —2g-m q 0 ...
0 q —2q—m3 q¢ 0 ...

Ql
I

In the remainder of this subsection, we will check that the matrix @ satisfies
conditions (a), (b) and (c) of Proposition 1. First note that condition (a) is nec-
essarily satisfied since the matrix @ has a finite number of nonzero coefficients
on each line and column.

Then in order to show that conditions (b) and (c¢) are satisfied, we state
a couple of preliminary results bearing on the matrix D = (d;;); jep with
coefficients

Lol ifi1=jorio1=],
7710, otherwise.

We first notice the following relations which follow directly from the definition
of D: for alli € Ny, j >0andn > 1,

di) = d ) 4 d) and dfy) =dl Y, (3.19)

where dg?) denote the coeflicients of the matrix D™. The proof of the following
lemma is postponed to the annex, in Section 6.

Lemma 2 The coefficients of the matrix D™ satisfy the following relations.

1. Foralli,j € E andn >0,

j>2+i+n,
or 1>2+j+n,

or i = j (mod 2), when n is odd,

or i+1=7j(mod2), when n is even,

(n) _ o
d;;" =0 if

and

dz(-?) > 0, otherwise. (3.20)
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2. For alln > 0, déz) =1 and for oll k > 0 and n > 2k, the coefficient
d(")

o(n—2k) MaY be expressed through the following sum:

n—2k n—2k+1—ig n—2k+2—ig—iy

don =2 2 2

i0=0 11=0 12=0
n—k—2—ig—iy—-—ip_g n—k—1l—ig—iy——if_o
> > 1. (3.21)
ig—2=0 igp—1=0

3. For allk >0 and n > 2k,

(n) B (2n+4—2k)(n+1— 2k) (n)
do(n—2k) - 2%k(n + 3 — 2k) 0(n+2—2k) * (3.22)
Now let us define the matrix, B = (bi;)i jer, with coefficients:
1, ifi+1=jori—1=j, and (¢,5) # (0,1),
bij: 23 if (’La.j):(oal)a
0, otherwise.
Let ¢ be a real such that ¢ — 2¢ > a;, then we have the decomposition:
U7 0 ...
B 0.
Q+cl=gqB+| . . , (3.23)
N 77
where u; = ¢ — 2q — n; > 0. From our assumption, it follows that (@

inf;cpu; > 0 and from (3.23), we derive that (Q + cI)Z(-?) > (¢B + u[)z(.?) =

> Cﬁbl(f)u”_k, for all 4,j and n. Note that the coeflicients of the matrix B
k=0

are very close to those of D, indeed we have b;; = d;;, for all (4,j) # (0,1)
and bg; = 2dp1. Then we easily see similar arguments to those of the proof of
part 1. of Lemma 2, can be applied to B in order to show that for all 7,5 € F,
there exists k such that bz(-f) > 0. This property, together with the previous

inequality proves that Q + ¢ is irreductible, so that @ satisfies part (b) of
Proposition 1.

Now we shall focus on the particular value déQO"). The following result
presents some interest in its own since it provides a new characterization of
Catalan numbers.

Proposition 2 For all n € N, the first element of the matriz D*", (i.e. dé%"))
is equal to the n'" Catalan number,

o 1
= —Cp . (3.24)

Cn
n+1
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Proof The proof bears on the characterization of the n'* Catalan number
which is given in Corollary 6.2.3 of [18]. This result asserts that C,, is the
number of monotonic paths along the edges of a grid with n x n square cells,
which do not pass above the diagonal.

Recall from (3.21) that we have, for all n > 0,

1—ig 2—ip—11 N—2—1pg—t1— " —fp_3 N—Ig—i1— " —in_2
2
digr) = E D) ) ) 1. (3.25)
10=021=0 12=0 Ip—2=0 in—1=0

0
Then there is Y. 1 = C; = 1 way to perform the first step. There are
i9=0
1— 7,0
Z > 1 = Cy = 2 ways to perform the second step (hence there are 2
Zo 011 0
1—ig9 2—109—11
ways to perform the two first steps). There are Z > 1=03=5
’Lo O’Ll 0 i2:0
ways to perform the three first steps, and so on... Hence the representation

(3.25) agrees with the characterization which is given in Corollary 6.2.3 of [18]
and the result follows.

From Proposition 2 and (3.20), we may state, for all n > 0,

00 —

{O, if n is odd, (3.26)

Cz, ifnis even.

Lemma 3 The coefficients (b;;) satisfy the following properties:

1. For alln >0 and for all k < n/2,

b(n) 2n + 2 — 2k (n)

nt2 m
0(n— 2k) n+1—2k 0(n—2k)

and bgg) = 5 oo’ -

2. For alln >0, b{t" < 22",

Proof Let us prove part 1. by induction. The relation is obviously true for

n = 1. Suppose that for all k < n/2, b}, = 222800 - and by =
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"Tﬁdég). Then for all k < n/2,

(n+1) ) (n)
bon+1—2) = bo(n—2k) T Po(nta—2n)
2n+2-2k (n) 2n+4 -2k ()
e — +
n+1—2k O0m—2k) " 3 9f T0(nt+2-2k)
_2nt4- de(n) + 2k o)
n+2—2k =2k " (n 41— 2k)(n+2—2k) 0(n—2k)
2nt4 =2k o) - 2n 4 4 — 2k )
n+2—2k Ont2-2k) T (n 4 9 9k)(n + 3 — 2k) O(nt2-2k)
= 22k D2 T doniz-2n)
n 2k (2n+4 —2k)(n + 1 — 2k) e
(n+1—2k)(n+2—2k) 2k(n + 3 — 2k) 0(n+2—2k)

T T2 2kt 3 — 2k nsa-zn s from (322)

_ 2n+4 =2k (ny1)

T n42—2k O0(n+1-2k)° from (3.19).

If nis even, then k < (n+1)/2 & k < n/2andif nis odd, then k < (n+1)/2 &
k < (n—1)/2. The case k < n/2 has already been considered above. So the
only remaining case is k = n/2, for which we can write

n+1 n n
byt = 2b) + by

2(n4+2) ) N (n
At
n+4, n n (n n n—+4 n
= PR )+ Gy + (5 - )
4 (0 4 A
:";L déﬁ+(%+%—n; )dfn), from (3.22)
n+4

Moreover,

n+1 n
™) =

n+3 (n
_ntl42 ;e
- 9 00 .
So by induction, for all n and k < n/2, b}, = ZEE22E400 ) and

bin) = m£24(") This ends the proof of part 1,
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Again, we prove part 2. by induction. We have b(o) = 2 < 22. Suppose that

b(()%(n_l)) < 22(n=1) then, from Proposition 2 and part 1. of Lemma 3,

CON (n+2) (2n)!

02 pl(n+1)!
b(2(n mn +2 (2n — 1)2n
n+1 nn+1)
b(2(n 1))n +(3/2)n -n
n3 +2n2+n

<4222 =%
which ends the proof of part 2.

Define the matrix
(eij)iyjeE = qB =+ (C — 2(])] .
On the one hand, from (3.23), for all 4,5 € E, (Q + cI);; < eij, hence

—(k) n— n
Z Cﬁqéo)c "< eéo) :
k=0
Moreover, from (3.26) and Lemma 3, b(k) < 2F for all k > 0, so that
688) Z kb(k) (c— 2q)nfk

< Z CFgR2k(c — 2q)nF
k=0

=c".

On the other hand, from (3.23), for all i,j € E, (@Jr cI)Z.j > gb;; and from

L 1/n
Lemma 3 and Proposition 2, lirJIrl (bg%”)) " >0, hence0 < lim ( 5 qu(k) n— k) _
n—r+00

n—-+oo k=0
Therefore, we have proved that there exists ¢ > 0, such that

1/n
. k) n—
0< nEIJIrloo (kzo Ck gO)C k) S ¢,

and we conclude that the matrix @) satisfies part (¢) of Proposition 1. Then,
applying this result, we derive that there is @ > 0 and a positive eigenvector
1 such that

pQ = —op
Finally, note that the coordinates of the eigenvector p are given explicitly in

terms of the coefficients of the matrix Q+cI, in the proof of Theorem 3.3 of [1].
However, this expression does not allow us to conclude that ), u(i) < oc.
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4 Breakdown of host resistance

Consider the emergence of pathogen mutants overcoming host resistance in a
host-pathogen system. For example, in a host-pathogen system where resident
live on susceptible host, we introduce resistants host. We want to estimate how
long it take to pathogens to defeat the resistance. We then assume that, in the
model, there are two types of habitat for pathogen individuals: susceptible and
resistant host subpopulations. Denote £ as the proportion of the resistant host
subpopulation (so the proportion of susceptible host subpopulation is 1 — &).
We distinguish mutant and resident individuals in the pathogen population.
A resident individual can only live on the susceptible hosts while mutants can
live on both susceptible and resistant host subpopulations. We denote by X ()
the number of residents individuals on susceptible host, by X (?) the number of
mutants on susceptible host and by X () the number of mutants on resistant
host. Every pathogen individual can give birth to another individual of the
same type or die. Suppose that resident individuals can mutate (X O —
X)) and mutants can migrate between the two habitats (X2 = X)), So
we have a three dimensional competition process, X; = (Xt(l), Xt@), Xt(g)) with
for example non linear transition rates (based on Lotka-Volterra equations).
When X reaches the state i = (i1, i2,43) € Nj, transition rates are:

)\1(’i1) = T(l — V)’il
)\Q(il,ig) = ﬁ?"ig + rviy
A3(iz) = Pris
p(in, i) = ({1@5}){ (i1 = 14 Biz) +£D)iy
pa(in,io) = (g (iz — 1+ §i1))ia (4.27)
palis) = (£(is —1))is
. [€Diy ifiy <K
123(iz) = EDYK else
y32(i3) = (1 —=¢)Dis

where 7 is a growth rate, v is a mutation rate, 5 is a mutation cost, K is the
total pathogen carrying capacity, D is a migration rate and ~ is a constant
such that vK is the maximum size that we are sure io will not exceed (y > £).
The rate 723 is assumed to be finite, since the size of a biological population is
finite even if the population is large. Moreover, since a mutation always occurs
together with a reproduction, the rate 12 is 0 and has been identified to the
spontaneous birth rate of type 2. So, we are interested in the emergence of the
third type — a virulent mutant able to invade and present on the resistant host
subpopulation:

S=inf{t>0: X" =1}.

Let us assume that 7 is a probability distribution on N} such that for all ¢ > 0
and i € N2 x {0},

]P)W(Xt = (’L'l,ig,()) | S > t) = 7T(’i1,i2,0).
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Then 7 solves the equation
Q% = —ar 4 ad, (4.28)

for some o > 0. Applying Theorem 2, this shows that the time S is exponen-
tially distributed with parameter
a= Y nliriz00m(ir,iz,0) = > (y23(i2) ¥ m(ir,i2,0)).  (4.29)

(41,i2,0) ip=1 i1=0

In order to solve the system (4.28), we used numerical methods of the Gauss-
Jordan Elimination and Raphson-Newton, see [14]. If a new resistant host
is introduced into the pathogen habitat and the initial pathogen population
structure follows the law 7 at this time, it will take, on average, a time equal
to 1/a before the resistance will be broken. The distribution of the emergence
time can be estimated by simulations of the competition process (4.27) using
the Gillepsie algorithm (Fig. 2).

1.2 : : . .
1.0 _

0.8 e d
06 -
0.4f / .
0.2

00 T T I !
0 20 40 60 80 100

X

T
3

P(S <x)
-

Fig. 2 Probability distribution function of the emergence time S. Dotted line
represents the distribution function of the exponential law with parameter « given in (4.29).
Crosses represent the distribution function of S obtained by simulations of the competition
process (4.27). The values of the parameters are K = 10,4 = 0.05,r =1,D=1,4=1,£ =
0.5 and v = 30.

From (4.29) one can derive key-processes and parameter values prolonging
the durability of host resistance. The approach can be generalized to n types
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of resistances. In this case, we may check that the number of different types of

pathogen is then N (& Z?:o C? 2"~ which corresponds to the dimension of
the competition process. Indeed, there are C areas with i resistances in the
environment, and there are 2" % types of mutant living on each of these areas.
This N-dimensional competition process can include recombinations between
pathogen types and it can be used to study the effects of the host population
structure on the pathogen adaptive dynamics.

5 Conclusion

We have developed a stochastic model based on birth and death processes
with mutations to describe a population adaptation to an unsuitable environ-
ment. Using properties of quasi-stationary distributions, we have obtained the
analytical estimation of the emergence time of an adapted mutant. We have
showed conditions under which the probability distribution of the emergence
time follows an exponential law. We have also provided an example of our
model use dealing with the problem of the durability of plant genetic resis-
tance.

Our approach is strikingly different from that of other models describing
adaptive dynamics. Most of these modelling approaches focus on the appear-
ance of new types of individuals that are able to escape extinction. They do
not consider the possibility to have different environments with differences
in individuals response [8,16,17]. Here, we have shown that the time for a
pathogen to adapt to a unsuitable environment follows an exponential law,
whose parameter depends on the initial law, in any structured environment.
So we can consider our model as a generalization of existing models focusing
on the emergence problem to a multi-environmental situation. Moreover, the
other approaches are concerned with the fixation time of an allele [13]. How-
ever this time is different from the emergence time, since it corresponds to
the moment when an allele have completely invaded the population. Here, we
are interested in the time of the emergence of an allele overcoming a control
strategy. We provide conditions for key-processes determining dynamics of a
biological system under which quasi-stationary law p exists. For instance, if
two populations have constant birth and death rates, our model exhibits the
evolution of the pathogen infectivity. Since the model can be resolved numer-
ically, it can be applied in situations when a quasi stationary law is implicit
or when biological processes impose a particular initial law.

Our model is a first attempt to derive a general law of the emergence time
in competition processes. We have shown that competition processes are a
powerful tool allowing us to gain insight into processes steering the emergence
rate of the adapted mutants. The flexibility of competition processes allows
us to estimate the durability of disease control strategies based on a diver-
sification whether by mixing different host populations, or by using several
treatments with different mechanisms of action. In particular, our model can
be used to estimate the effect of the crop diversification on the durability of
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the deployed genetic resistances and to select the most suitable strategies to
control pathogen dynamics.

6 Annexe: Proof of lemma 2.

Let us prove part 1. by induction. For n = 1 the result is obviously true. Then
let us suppose that it is true for some n > 1.

— Foralli>0and j>0:

ifj>24+i4+n+1,thenj—1>2+i+nandj+1>2+i+n,
ifi>2+j+n+1theni>2+(—1)+nandi>2+ (G +1)+n,

ifi = j (mod 2) and n+1 odd, then i+1 = (j—1) (mod 2) = (j+1) (mod 2)
and n is even,

if i+1 = j (mod2) and n + 1 even, then ¢ = (5 — 1) (mod 2) =
(7 +1) (mod 2) and n is odd.

. (n+1) _ 4(n) (n) _
Therefore in all these cases, d;; = di(jfl) + di(j+1) =0.
— For alli > 0 and for j =0 : we have 0 < 2+i+n+ 1, so the first condition
never holds. Therefore,

ifi>24n+1,theni>2+1+n,

if i =0 (mod 2) and n+ 1 is odd, then i +1 = (0 + 1) (mod 2) and n is
even,

ifi+1 =0 (mod 2) and n+1 is even, then i = (041) (mod 2) and n is odd.

(nt+1) _ 40)
dip " = dj(g41) =0

— If the triple (¢, 7, n+ 1) is not in one of the previous cases, then neither are

the triples (i, j—1,n) and (i, j+1,n). Hence dif ™) = dy)_ | +d{) | > 0.

So in all these cases,

So we conclude that part 1. is true for all n > 0.

Now, we prove part 2. again by using mathematical induction. For n = 1,
we have déll) = 1. Suppose that, dé’(:_l)l) =1, then d(()fl) = dé?;_l)l) + dé’(:_i)l) =
140 =1, from part 1. We conclude that the first assertions of part 2. are true.

We can check equation (3.21) for n = 2, by a simple calculation. Suppose that
(3.21) holds for all £k > 1 and 2k < n, then for 2k < n,

— if £ > 1, then
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d(”JFl)
0(n+1—2k)
= dgr(?zka) + d(()7(l'r)zf2(k71))
n—2kn—2k+1—ig n—k—2—ig—i;——ig_gn—k—1—ig—i1— - —ig_2
= Z Z e Z Z 1
10=0 11=0 ip—2=0 i1k—1=0
n—2(k—1) n—2(k—1)+1—ip  n—(k—1)—2—ig—is——ip_g n—(k—1)—l—ig—iy——ifx_3
sD DUEED DR > > !
i0—=0 i1=0 in_5=0 i5_2=0
n+1—2k n+1—2k+1—ig n+l—k—2—ig—i;——igp_3n+l—k—1—ig—i1——ix_2
= > 2 > > !
ig=1 i1=0 ig—2=0 ig—1=0
n+1—2k+1n+1-2k+2—ig nt+l—k—2—tg—i1——ig_antl—k—1—ig—i1——ig_3
D DD DI > > L
i0=0 i1=0 in_5=0 in_2=0
n+1—2k n+1—2k+1—ig n+l—k—2—ig—t1——ig_3nt+l—k—1—tg—i1——ip_2
= > 2 > > L.
10=0 11=0 1 —2=0 1—1=0
— if k=1, then
n+1—2
it = = S-S
10=0 10=1

Let us extend this equality to the case where 2k < n + 1. If n is even, then
2k <n+1<«< 2k <n.Ifnis odd, then for 2k =n +1,

(n+1) (n+1) ()
dO(nJrlka) =dy = dy;

—10 3—10—11

Sy

10=0121=0 1i2=0
n—(n—1)/2—2—ig—i1——i(n_1)/2-3 n—(n—1)/2—1—ig—i1——in_1)/2-2
> > !
in—1)/2-2=0 in—1)/2-1=0
1—i0 2—10—11
-y oy
10=0121=0 1i2=0
n—(n—1)/2—2—ig—i1——i(n_1)/241-3 n—(n—1)/2—1—dg—i1— - —%(n_1)/2-241
> > !
i(n-1)/2—2+1=0 i(n-1)/2—141=0
1—i0 2—10—11
Yy oy
10=0121=0 1i2=0
n+l—(n+1)/2—2—ig—i1——i(ny1)/2-3 ntl—(n+1)/2—1—ig—i1— - —i(n41)/2-2

> > 1.

i(nt1)/2—2=0 i(nt1)/2-1=
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So by induction (3.21) is true for all k > 0 and 2k < n.

Again, we prove part 3. using mathematical induction. For n = 2, we have
dé%) = Wdé? = %dé? = 1. Suppose that for all £ > 0 and 2k < n,

2(2+3-2)
sy = B IO
Then
52
= i+ s a0 = (e g 1) df

B 2n3 + 14n?% 4 28n + 16 + 8k2 — 24k? — 32kn — 8kn® + 8k2nd(n)

2k(n 43 —2k)(n+ 4 — 2k) 0(n+2-2k)
and
(2n + 6 — 2]6)(71 + 2 — 2]6) d(n+1)
2k(n + 4 — 2k) 0(n+3-2k)
B 2k(n + 4 — 2k) (do(n+2—2k) T do(nra—2n)
= (do(n—agk-1)) T omr2—206-1))

2k(n + 4 — 2k)
@n+ﬁﬂmn+2%)< (2k — 2)(n + 5 — 2K) 41>$m
2k(n + 4 — 2k) (2n +6 — 2k)(n + 3 — 2k) 0(n—2(k—1))
203 4 14n2 4 280 + 16 4 8k2 — 24k — 32kn — 8kn? + 8K%n ()
N 2k(n + 3 — 2k)(n + 4 — 2k) O(n-+2-2k) °

Then we extend this equality to the case where 2k < n + 1. If n even, then
2k <n+1<«< 2k <n.If nodd, then for 2k =n+1,

(n+1) ot ) NS )
do(n+1—2k) =dyy  =dy = 2(n — 1)d03

and

2n+1)+4-2k)(n+1+1- Qk)d(nﬂ)
2k(n+1+3—2k) 0(n+1+2—2k)

Y = (dg + df)

3(n+1) "% 3(n+1)

n—+5 n—+5 (n)
— 1)d

an+1)(ﬂn1)+ ) 03
_ nES )

T 2n—1) B
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Hence for all £ > 0 and 2k <n + 1,

(n+1) QM+ +4-2k)(n+1+1—-2k) J0+D)
0(n+1—-2k) — 21{3(71 +14+3— 2]{5) 0(n+1+2-2k) °

d
By induction the relation is true for all n > 2.
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