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On the variations of the principal eigenvalue with respect to a
parameter in growth-fragmentation models

Fabien Campillo!? Nicolas Champagnat®*? Coralie Fritsch®34?

Monday 23*¢ January, 2017

Abstract

We study the variations of the principal eigenvalue associated to a growth-frag-
mentation-death equation with respect to a parameter acting on growth and fragmen-
tation. To this aim, we use the probabilistic individual-based interpretation of the
model. We study the variations of the survival probability of the stochastic model,
using a generation by generation approach. Then, making use of the link between the
survival probability and the principal eigenvalue established in a previous work, we
deduce the variations of the eigenvalue with respect to the parameter of the model.

Keywords: Growth-fragmentation model, eigenproblem, integro-differential equa-
tion, invasion fitness, individual-based model, infinite dimensional branching process,
piecewise-deterministic Markov process, bacterial population.

Mathematics Subject Classification (MSC2010): 35Q92, 45C05, 60J80,
60J85, 60J25, 92D25.

1 Introduction

In biology, microbiology and medicine, diverse models are used to describe structured
populations. For example the growth of a bacterial population or of tumor cells can
be represented, in a constant environment, by the following growth-fragmentation-death
equation (Doumic|, 2007; Doumic Jauffret and Gabriel, [2010; Laurencot and Perthame,
2009; [Fredrickson et al.l, (1967} [Sinko and Streifer| [1967; [Bell and Andersonl, (1967; Metz
and Diekmann, |1986])
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which describes the time evolution of the mass density m; of the population of cells which
is subject to growth at speed g, cell division at rate b, with daughter cells generated by
a division kernel ¢ and death at rate D. In order to study the asymptotic growth of
the population, the eigenproblem associated to this equation is generally considered. The
eigenvalue, also called Malthus parameter in this context, gives the asymptotic global
growth rate of the population and allows to determine if the environment favors the
development of the population.

Biologically, it is interesting to study the variation of this growth rate when its en-
vironment is changed (either by the action of an experimentalist or due to fluctuations
of external conditions). In this article, we consider the model described previously, in
which the growth function and the division rate depend on an environmental parameter
S describing the constant environment. The death rate is assumed independent of S since
we have in mind chemostat in which death is due to dilution at fixed rate. This parameter
can, for example, represent an external resource or the influence of other populations sup-
posed to be at equilibrium. The study of the influence of this parameter on the growth of
the population is a question of biological interest for a better understanding of the model,
but also of numerical interest, for example, for the study of mutant invasions in adaptive
dynamics problems (Fritsch et al., [2016)).

This new question seems to be difficult to approach with standard deterministic math-
ematical tools where, up to our knowledge, no result is available except a study of the
influence of asymmetric division by Michel (2006} |2005) and an asymptotical study of the
influence of the parameters by |Calvez et al. (2012)). See also the work of Olivier| (2016)
for a study of the impact of the variability in cells’ aging and growth rates as well as
the one of (Clairambault et al.| (2006]) for comparison of Perron eigenvalue (for constant in
time birth and death rates) and Floquet eigenvalue (for periodic birth and death rates).
The approach that we propose in this article uses the probabilistic interpretation of the
growth-fragmentation-death equation under the form of a discrete stochastic individual-
based model. This class of piecewise deterministic Markov processes is studied a lot, with
a particular recent interest to the estimation of the parameters of the model (Doumic
et al., 2015, Hoang, 2015; Hoffmann and Olivier}, |2015)). In this individual-based model,
the growth of the population is determined by its growth rate, but also by its survival
probability in some constant environment. The link between the eigenvalue of the deter-
ministic model and the survival probability of the stochastic model, which correspond to
two different definitions of the biological concept of invasion fitness (Metz et al., |1992;
Metz|, 2008), was established by (Campillo et al.| (2016). Our goal is to use this link to
deduce variation properties of the eigenvalue with respect to the environmental param-
eter S from the variations on the survival probability. The probabilistic invasion fitness
allows to use a generation by generation approach, which is more difficult to apply to the
eigenproblem since generations overlap. Using this approach, the variations of the survival
probability can be obtained by applying a coupling technique to the random process.

In an adaptive dynamics context, the variation of both invasion fitnesses are numeri-
cally very useful. For instance, considering the time evolution of a bacterial population in
a chemostat, the invasion fitness determines if some mutant population can invade a resi-
dent one when a mutation occurs (Metz et al., [1996). This invasion fitness is the one of the



mutant population in the environment at the equilibrium determined by the resident one.
In this example, the environmental parameter .S represents the substrate concentration at
the equilibrium of the resident population. When the mutant population appears in the
chemostat it appears in small size, hence its influence on the resident population and on
the resource concentration can be neglected, which allows to assume the substrate concen-
tration S to be constant as long as the mutant population is small. Moreover, due to the
small number of mutant individuals, it is essential to use a stochastic model (Fritsch et al.,
2015; \Campillo and Fritsch, |2015)). However, the stochastic invasion fitness is numerically
less straightforward to compute than the deterministic one. The mutual variations of both
invasion fitnesses established in this article allow to considerably simplify the numerical
analysis of a mutant invasion since the problem is reduced to the computation of a single
eigenvalue in order to characterize the possibility of invasion of the mutant population
(Fritsch et al., [2016]).

In Section [2| we present the deterministic and the stochastic versions of our growth-
fragmentation-death model. We give the definitions of invasion fitness in both cases :
for the stochastic one, it is defined as the survival probability and for the deterministic
one, it corresponds to the eigenvalue of an eigenproblem. We extend some results from
Campillo et al.| (2016)), in particular Theorem linking these two invasion fitnesses, to
our more general context. Section is devoted to the monotonicity properties of the
survival probability of the stochastic model with respect to the initial mass and the death
rate. In Section [3.2)we prove, under suitable assumptions, the monotonicity of the survival
probability with respect to the environmental parameter S. In Section[3.3] we deduce from
the previous results and from the link between the two invasion fitnesses, the monotonicity
of the eigenvalue with respect to S. Our assumptions are based on the realistic biological
idea that the larger a bacterium is, the faster it divides and the larger the parameter S is,
the faster a bacterium grows. This is biologically consistent in the case where S represents
the substrate concentration. The monotonicity of fitnesses is obtained under additional
assumptions which are detailed in the following sections. We extend this result assuming
a particular form of the growth rate g and give a more general approach in Section

2 Models description

In this Section we present two descriptions of the growth-fragmentation-death model. This
model is the one studied by |Campillo et al.|(2016), in which we add a dependence in a one-
dimensional environmental parameter S, which is supposed to be fixed in time. In Section
we study the variation of the invasion possibility of the population (whose definition
depends on the considered description) with respect to S for both descriptions.

2.1 Basic mechanisms

We consider models in which each individual is characterized by its mass x € [0, M|, where
M is the maximal mass of individuals, and is affected by the following mechanisms:

1. Division: each individual of mass z divides at rate b(S,z), into two individuals
with masses ax and (1 — «) x, where the proportion « is distributed according to



the probability distribution Q(z,da) = ¢(x, ) da on [0, 1].

2. Death: each individual dies at rate D.

3. Growth: between division and death times, the mass of an individual grows at
speed g : Ry x [0, M] — Ry depending on an environmental parameter S, i.e.

%xt =g(S,x¢) . (1)

In this model, individuals do not interact between themselves and the environmental
parameter S is fixed in time. This means that the resource S is not limiting for the
growth of the population, this is for example the case if the resource is continuously kept
at the same level or the consumption of the resource is negligible with respect to the
resource quantity. This model is relevant for a population with few individuals in a given
environment such that the resource consumption is low.

For any S > 0, let A7 be the flow associated to an individual’s mass growth in the
environment S, i.e. for any z € (0, M) and ¢t > 0,

t
AF@) =+ [ (5. A5 (@) du. 2)
0
Throughout this paper we assume the following set of assumptions.

Assumptions 2.1. 1. For any x € [0, M|, the kernel q(z,.) is symmetric with respect
to 1/2:
q(z,a) = q(z,1 — a), Va € [0, 1]

such that fol q(z,a)da = 1.
2. For any o € [0, 1], the function x — q(x, ) is continuous on [0, M].

3. There ezists a function q : [0,1] — Ry such that q(z, ) < g(«) for any x € (0, M)
and fol g(a)da < 4o00.

4. g(S,0) =g(S,M) =0 and g(S,z) > 0 for any x € (0, M) and S > 0.

5. 9(8,.) € C[0,M] N CY0,M) , where C[0, M] and C*(0, M) respectively represent
sets of continuous functions on [0, M| and continuously differentiable functions on
(0, M).

6. b(S,.) € C[0, M] and there exists my;, € [0, M) and b > 0 such that

b(S,z) =0 if v < Mgy,
0<b(S,2) <bifre (mg,M).



Assumptions and [2.1}{4] ensure existence and uniqueness of the growth flow defined
by (@) for z € (0, M) until the exit time Ty (z) := inf{t > 0| AY(x) > M} of (0, M) and
that A5 € C1(D) with D = {(t,2), t < Texit(2)} (Demazure, 2000, Th. 6.8.1). We define
this flow as constant when it starts from M. Note that the exit time Teyi¢ () is infinite if
the convergence lim,_, s g(S,z) = 0 is sufficiently fast (see for example (Campillo et al.)
2016, Assumption 3.) for more details). Assumption [4| means that the maximal biomass
of an individual is the same for any concentration of resources. This may not be true in
general, but we can always change the scale of biomass for each value of S so that the
maximal value of x is always M and modify the growth and birth parameters accordingly.
This is what we shall assume in the sequel.

2.2 Growth-fragmentation-death integro-differential model

The deterministic model associated to the previous mechanisms is given by the integro-
differential equation

9 S 9 S S

amt (x) + %(9(5, x)m; (:1:)) + (b(S,:c) + D) my (z) =2

T z

" us,2) q (z7 g) m?(z)dz,

(3)
s

where my (x) represents the density of individuals with mass = at time ¢ evolving in the

environment determined by S, with a given initial condition mg .

Let Gs be the non local transport operator such that dymy (z) = Ggmy (z): for any
f €0, M), x € (0,M),

3 M z X
Gs1 () ~0,(9(5,2) ()~ (D+0(5,0) Jio) +2 [ B2 g (

T z

and G¥ its adjoint operator defined for any f € C'(0, M), z € (0, M) by
G4112) 2 (D + (5, 2)) 1) + 9(5,0)0.1(2) +20(5.2) [ a(o.) Slaw)a. (9
We consider the eigenproblem
Gstg(r) = Asts(x), (6a)
M
iil)%g(S, z)ug(z) =0, D+As>0, ag(z)>0, /0 tug(r)dr =1 (6b)
and the adjoint problem

M
g:kgf)s(a:) = Ag0g(x), vg(z) >0, /0 vg(x)ug(x)dr =1. (7)

The eigenvalue Ag is then interpreted as the exponential growth rate (or decay rate if
it is negative) of the population.



In the rest of the paper, we will assume that the following assumption is satisfied.
Campillo et al.| (2016) have given some conditions under which this assumption holds (see
also (Doumicl 2007; [Doumic Jauffret and Gabriel, 2010) for sligthly different models and
(Perthame and Ryzhik, 2005} [Laurencot and Perthame, |2009; Mischler and Scher, |2016)
for exponential stability of the eigenfunctions).

Assumption 2.2. For any S > 0, the system (6)-(7) admits a solution (g, bg, Ag) such
that ig € C1(0, M) and 15 € C[0, M] N C*(0, M).
2.3 Growth-fragmentation-death individual-based model

The mechanisms described in Section [2.1]can also be represented by a stochastic individual-
based model, where the population at time ¢ is represented by the counting measure

Nt
D(dw) Y oxi(da), (8)
=1

where N; = fOM 7 (dx) is the number of individuals in the population at time ¢ and
(X},1=1,...,N;) are the masses of the N; individuals (arbitrarily ordered).

The stochastic individual-based model is relevant for small population whereas the
deterministic one is relevant for large population (Campillo and Fritschl 2015)).

The process (1;)¢>0 is defined by

No
S
= Z 045 (x4)
//// Lij<n, y 1{01<b(SXJ )/b} Lo,<q(Xj-,0)/a(a)} [ 5Af W (X30)

[0 t]XN* 3 =+ 5AS (aXJ ) + 5AS ((1 a X] ] Nl (du d], dOé d<91, d92)
N // Lij<n, }5Af_u(X7{,)N2(du>dj) (9)
[0,¢] x N*

where N (du,dj, da, dfy, 6;) and Na(du,dj) are two independent Poisson random mea-
sures defined on R4 x N* x [0,1] x [0, 1] x [0,1] and Ry x N*, corresponding respectively
to the division and death mechanisms, with respective intensity measures

n1(du, dj, da, d) = bdu ( 3 5g(dj)> g(e) dadf b , (10)
o>1
na(du, dj) = Ddu (Y 8(dj)) . (11)
>1

(see |Campillo and Fritsch| (2015) and |Campillo et al.| (2016) for more details).
This population process can be seen as a multitype branching process with a continuum
of types. We are interested in its survival probability.



We suppose that, at time ¢ = 0, there is only one individual, with mass xg, in the
population, i.e.
S
no (dz) = g, (d) .

The extinction probability of the population with initial mass xg is
p®(z0) € P (3t >0,N; =0),

where IP’;?ZO is the law of the process (1;)¢>0 under the initial condition 7§ = d,,. The
survival probability is then given by ]P’(i0 (survival) = 1 — p“ (o).

We define the n-th generation as the set of individuals descended from a division of
one individual of the (n — 1)-th generation. The generation 0 corresponds to the initial
population. We denote by Z, the number of individuals at the n-th generation and we
define the extinction probability before the n-th generation as

P§ (Zn=0), neN.

pg(xo) def
It is obvious that
5(

lim ps(azo) = p°(zp) .
n—oo

Let 7 be the stopping time of the first event (division or death). Then at time 7 the
population is given by

S def { 0 if death,

T =\ 6x, +0x, if division, (12)

with X7 = a A2(xo) and Xy = (1 — ) A¥(29) where the proportion « is distributed
according to the kernel q(A%(zp), @) da.

Applying the Markov property at time 7 and using the independence of particles, it is
easy to prove (see (Campillo et al.| (2016)) that for any = € [0, M] and n € N*

D/ (SA (z ))dudt-f-/oob(S,Af(l‘)) fO b(S,AS (x))du—Dt
0

/0 G(AS (2),0) pS_y (0 AS (2)) pS_ (1 — @) AS () dadt. (13)

with pg(a:) = 0. Tt can then be deduced (Campillo et all, 2016, Proposition 3) that p*
the minimal non negative solution of

Po(@) = / T Do Dt NS AT @) du gy
0
+/ b(S, A (x)) e Jo MS AT (@) du-Dr
0

1
/0 2(AS(2),0) % (0 A3 (2)) 5 (1 — 0) A () dadt,  (14)

in the sense that for any non negative solution p we have p > p°.



Remark 2.3. By a change of variable, we have

M b(S,2)4+D
P () = / e gy
« 9(Sy)

My S, _ [y S2)+D 4. 1
+/ gESZ;e Jr¥sED g /0 q(y’a)pS(ay)pS(a_a)y)dady.

Therefore, the extinction probability is solution of

1
g(ij)c?sz(a?)JrD(1—p5($))+b(5,$){/0 q(z,a) p®(az)p®((1-a)z) da—ps(ﬂf)} =0.

For any = €]0, M| and y > 0 such that z <y, let tg(z,y) be the first hitting time of y
by the flow A7 (z), i.e.
/Tgl(y), ife<y< M,

T

15
400, ify>M, (1)

ts(z,y) = inf{t >0, A7 (z) =y} = {

where Kga is the inverse function of the C'-diffeomorphism t +— A7 (z).

Campillo et al.| (2016)) we have made the link between the survival probability of the
stochastic process and the eigenvalue of the deterministic model, given by the theorem
below. This result was proved for a kernel ¢(z,.) which does not depend on = € (0, M),
but it can easily be extended to our case where ¢(x,.) depends on the mass x at the
division time as explained below.

Theorem 2.4 (Campillo, Champagnat, Fritsch (2015)). Under Assumptions and
we have the following relation between the two invasion criteria

As >0 <= P?Z(survival) >0, Vx e (0,M).

Note that, contrary to the works of Perthame and Ryzhik (2005); Doumic (2007));
Laurencot and Perthame| (2009); |Doumic Jauffret and Gabriel (2010); Mischler and Scher
(2016), we assume here a compact set [0, M] of biomasses to keep things simple in the
sequel. The extension of our approach to a non-compact case would require to identify the
good assumptions at infinity for the last result to hold (the rest of our arguments should
work similarly). The last problem is not so easy because it strongly depends on the
growth at infinity of the eigenfunctions 4 and © of Assumption Note in addition that
the problem of existence of these eigenfunctions also requires a careful study at infinity
(see Doumic Jauffret and Gabriel (2010))).

Proof. The key argument of the proof is that the process (e st Zf\[:tl 05(X}))i>0 is a
Pi—martingale such that

Ny

e MY ig(X]) —— Z P5 -as.
— t—00
1=

where Z is an integrable random variable (see (Campillo et al., 2016, Theorem 2 and
Lemma 3)). The arguments of Campillo et al.| (2016) to prove that



1. if Ag > 0 then IP’(SSI (survival) > 0 for any x € (0, M)
2. if Ag <0 then Pfx (survival) = 0 for any x € [0, M]

can be directly applied for a kernel ¢(z,.) depending on the mother mass x. The first
statement is proved using that if Ag > 0 then Z is bounded in L? whereas the second one
comes from the inequality

Es, (N;) < Cpelst, vt >0

where C;; > 0 is a constant depending on the initial mass z € (0, M). Its proof by Campillo
et al.|[(2016) is technical, but the extension to kernels ¢ depending on z is straightforward.
The only difficulty concerns the third point of the proof of (Campillo et al., 2016,
Theorem 2) in which we prove that if Ag = 0 then M; — 0 a.s. with M; the number of
individuals with mass in [s, M — €] at time ¢ for 0 < e < &. Then, the fourth point of
the proof, stating that M; — 0 implies extinction, follows similarly. The main idea of this
fourth step is that the number of individuals M; cannot indefinitely stay in a compact
subset {1,2,...,c} of N. Then either limsup,_, . My = oo or M — 0 a.s. However,
lim sup,_,., Mj = oo contradicts the fact that Z is integrable if Ag = 0, hence My — 0
a.s.
For the proof of the third point (see details in (Campillo et al., 2016))), it is sufficient
that for ¢ > 0, there exists ¢y such that
1> 7= 69154_61@595 (Mg, >¢) > 0. (16)
If g(x,.) = q(.) is independent of the mother mass, it is sufficient to take ¢ > 0 such
that © € (e, M —¢) and ¢ ([e/(M —2¢), 1/2]) > 0 to obtain for one ¢y. In our case,
the last condition must be replaced by inf.<;<p—c q(z, [e/(M — 2¢),1/2]) > 0 for some
e > 0. Note that the infimum above is reached at some x(g) € [e, M —¢], by Assumptions
and |3| Therefore, we proceed by contradiction and assume that for all € > 0, there

exists zo(e) € [e, M — €] such that g(z¢(e),a) = 0 for almost all o € |:Mi25 ; %} Then,

from the sequence (xo (%))n, we can extract a subsequence which converges towards ).
By continuity of  — ¢(x,a), we then get g(zf,«) = 0 for almost all & € (0,1). Hence
fol q(xf, o) da = 0, which contradicts Assumption O

3 Variations of the invasion fitnesses with respect to the
environmental variable

Our goal is to study the variation of Ag w.r.t S. For this, we start by studying the
monotonicity properties of the survival probability in the stochastic model.

3.1 Monotonicity properties w.r.t. the initial mass and the death rate
on the stochastic model

From a biological point of view, little is known about the dependence of the division kernel
g w.r.t. z (Osella et al., 2017). Most often, it is assumed independent of x in applications.



In order to obtain the most general result, we assume that ¢ depends on x, and we need to
state assumptions about this parameter. Note however that the self-similar fragmentation
is included in our assumptions. Moreover, although ¢(x, «) is assumed to be regular w.r.t.
a, more general kernels can be consider, in particular the following results should hold for
self-similar equal mitosis.

For any =z € (0,1), let F, : [0,1] — [0,1] be the cumulative distribution function
associated to the law ¢(z, o) da, that is for any u € [0, 1]

and let F, ! be its inverse function defined by

F ()= inf {F,(u)>v}.
u€l0,1]
Assumption 3.1. The cumulative distribution function F, satisfies, for any u € (0,1)
and any x <y,

e P () <y By (w) and (1—2) ' (u) < (1—y) FyH (u).

As we will see in Lemma 3.4 below, this assumption corresponds to a coupling condition
on the mass of offspring born from individuals of different sizes. We need this condition
because our method can be seen as a construction of a coupling of the masses of individuals
at each generation in two stochastic processes starting from different initial masses (see
our comments below, particularly Remark .

Remark 3.2. If F, ! is such that for any u € (0,1), z — F;*(u) € C*([0,M]) and
satisfies for any x € (0, M),
T Fy () € [=F (u), 1= Fy (w)]

then
Op(x F N (u) = Fy M (u) + 20, F; H(u) > 0.

Hence x F; 1 (u) is non decreasing. In the same way, (1—1z) F, 1 (u) is non decreasing too.
Therefore, Assumption [3.1] holds.

Examples 3.3. We give some examples which satisfy Assumption |3.1].
1. We consider the following division kernel,

~ Nu@<a<i-i@)}
q(z,a) = ST

where 1 € C*([0, M],(0,1/2)). Then for u € (0,1),
Fl(u)=(1-2u)l(z) +u

T

and, by Remarks Assumption holds if for any z, 0 < zl'(x) +I(z) < 1.

10



2. We can extend the previous example considering the following function q,

o —1(z))P®) 1—a—I(z))5®
q(z,a) = (C((m))) Hi@)<a<iyoy + ( C’(x() ) Lja<a<i-i@y  (17)

where C(z) =2 (1/2 — l(a:))'g(gc)Jrl /(B(x)+1) is a normalizing constant. The previ-
ous example corresponds to B(x) =0 for any x € [0, M]. Then

Bla)+
1 (u—I(x)
Fy =5 Li@)<a

(u) =5 (5_“@) {i()<as<1/2)

1 (1—u—1I(x) st
{13 <§—l(az)> Lajacasici@)y + Haci@<ay  (18)

and for any u € (0,1)

F = (- 10) @0V 4 10) e

#(1-10 - (5-10) @0- ) 1y (9)

An example of such functions is given in Figure [1]
Foru € (0,1/2],

O, Fl (u) = (—zf(a:) - (1 - l(a;)) (mil)(?l)? In(2 u)) (2u)/E@H) 4 ()

and for u € [1/2,1),

&;Fm—l(u) = (l’(x) + <; — l(x)) m In(2 (1 — u))) (2(1— u))l/(ﬁ(m)+1) . l’(x)

)
Assumption holds if 0 < x 0, F;; Y (u)+F, Y (u) < 1 for anyu € (0,1), for example
(

1( 1
if B is a constant function and if 0 < l(z) + zl'(x) <1 for any x € (0, M).

Lemma 3.4. Let f be a non-increasing function on [0, M]. Then, under Assumptz’on
the function

1
e /0 gz, ) flaz) F(1 - a)z)da

18 MON-INCreasing.

Proof. For any = € (0, 1), let 6, defined by 6, = F,}(U) where U is uniformly distributed
on [0,1]. Therefore the law of the variable 6, is q(z, a) da. By Assumption

O (2 0y) =6, —i—a:@wa_l(U) >0, — Fx_l(U) =0 a.s.

11



q(z,)
1

Figure 1: Representation of the function g (left), F}, (center) and F, ! (right) respectively
defined by Equations ([L7), and with [(x) = 0.25 and B(z) = 5.

and

Therefore, for any « < y we have 26, < y60, a.s. and z (1 —6,) <y (1—6,) a.s. Hence,

1
/0 4z, 0) faz) F(1 - a)x) da = E(f(0, z) F((1 - 0,) 2))
<E (f(gy y) f((1— Qy) v))
1
- /0 4y, ) flay) F(1— a)y)da. 0

Remark 3.5. Note that the last proof makes use of a probabilistic coupling argument, since
we actually prove and use the following property: the pair of random variables (0, x(1 —
0)), where 0, is distributed as q(x, a)da, is stochastically increasing w.r.t. x. This means
that, for all x <y, there exists a coupling of the random wvariables 0, and 0,, i.e. two
random variables 0}, and 0, with the same laws as 0, and 0, can be constructed on the same
probability space, such that x0;, < yb; and x(1-0) < y(1-0;). Therefore, Assumption
means that the offspring masses of two individuals reproducing at respective masses x and
y can be coupled so that the masses of the offspring are in the same order as those of the
parents.

Proposition 3.6. Under Assumption if the division rate b(S,.) is non decreasing
then the extinction probability p° : x — p°(x) is non increasing.

The assumption that b increases with the mass x of an individual is biologically natural,
since a bigger total biomass usually means a bigger fraction of biomass devoted to the bio-
molecular mechanisms involved in cellular division. We give below an analytical proof of
this proposition, but it can also be proved using probabilistic arguments, as explained in
Remark [3.7 below.

12



Proof. We prove by induction that the function p is non increasing for any n € N*, where
p5 is given by (13). Let 0 <z <y < M. As A3 (z) < AS(y), for any u > 0,

(@) =D /Oo e~ Jo S AT @) du=Dt gy > /OO e Jo tSATW) =Dt qp — pSi(y)
0 0

Then the function pf is non increasing. Let n € N*, we assume that the function p;j is
non increasing.
We can write p3_,(z) as

pgﬂ(x) =p¥(x) + IP)(;SI ({extinction before the (n + 1)-th generation} N {nf #0}),
with
IP’?; ({extinction before the (n + 1)-th generation} N {77;9 #+ O})
Z/oob(S,Af(x)) — [T b(S,AS (z)) du—D't
0

1
| atai@).0) il a3 @)1 - ) A3 @) dact.
The following relation holds
Poi (@) = pF (@) + ph i (2 |2 #0) (1 - pf(x))
with

Piﬂ(ﬂf |n #0) = IP’i (extinction before the (n + 1)-th generation |7 # 0).

Since for any ¢ > 0, Af(x y)+t(x) = A7 (y), then, by a change of variable,

/Oo b(S,AtS(gj)) fo b(S,A5 (z)) du—Dt
t

s(z,y)
1
/0 9(A5 (), 0) pS (0 AS (2)) pS (1 — @) A5 (x)) dadt

:e_fgsu,y)b(s,Ag(;p))du—Dts(x,y) /Oob(S,Af(y)) 1 B(S,A5 () du—Dt
0

1
/O (A5 (y), ) pS (@ AS (1)) pS((1 — @) AS () davdlt
tg(z,y)
= ¢ TS D) T (y 7 £ 0) (1 - pi (). (20)

For any t € [0,ts(x,y)] we have A7 (z) < y. Since we assume that the function p3 is

13



non increasing, from Lemma we then get

ts(z.y)
/ ’ b(S, Af("]j)) fo SAS(QU )du Dt
0

1
/0 9(AS(x), 0) pS (0 A5 (1)) pS (1 — @) A5 (z)) dardt

v

ts(z,y) 1
/ b(S, A (2)) e Jo MSAL@) du=D1 g4 / a(y, @) pS(ay) pS((1 - a) y) da
0

0
ts(x,
_ <1 e fots(z'y) b(S,AS (x)) du—D t(z,y) _ D / s(@y) e fg b(S,Ag(z))dthdt>
0

1
< [ atw ) piaw i - a)yda. ()
0
Still because the function p? is non increasing and from Lemma

}P’gy ({extinction before the (n + 1)-th generation} N {nf #£0})
00 . 1
< / b(S, A7 (y)) e~ Jo b(s’AE(y”d“‘Dtdt/ a(y, @) pn (@) pr (1 —a)y) da
0 0

1
— (- p¥) / 0y, ) pS(ay) p((1 — a) y) dar.
0

Hence

1
| o) ian 0 -y do > (w1 £ 0).
Adding and , and using the last inequality, we then get
- D ftS z,y) ffo b(S,AS (x)) du—D't dt
1—p7(x)

~ [ts® V) bg AS (2)) du—D tg(z,y) P (y) S S 4
—e 0 Rl 7 S Y e — 0 .

P (x| nd #0) > [

Moreover,
ts(z,y) .
pi(r)=D /0 T e o uS AL @) du=Dt gy 4 o= 50 08, AL (@) du=Dits () piy)-

Hence,

Pz |nS #0) > ps (] nS #0).
Thus,
pg+1(95) - pg—&-l(y) (95) +p§+1($ ’ 777 #0) (1 —py (= ( )
(y) = pha(y [ n #0) (1= pP(y))
> (p(z) — PP (y)) (1= poa (y |02 #0)) > 0.

14



This ends the induction. Passing to the limit, we finally get

p°(z) —p°(y) = lim (p)(z) — pi (y)) > 0. 0

n—o0

Remark 3.7. The last result can also be proved by a probabilistic coupling argument
as follows. First, for oll x € (0, M), the time of death or division of an individual of
mass x can be constructed from an exponential random variable E with parameter 1 as
T, = inf{t > 0: fg(b(S, AS(x)) + D)ds > E}. Hence, if x < y then A%(m) < A%y(y).
Second, we observe that the probability of death given death or division occurs for an
individual of mass x, D/(D 4+ b(S, x)), is non-increasing as a function of x. Hence, using
Remark [3.3], given x <y, we can construct a coupling between the branching processes
(ng,t > 0) with n§ = 0, and (77, t > 0) with i5 = &, such that the random sets M
and M, of masses at birth of the individuals of the first generation satisfy the following
property: the cardinals |My| and |My| of My and M, is either 0 or 2, |M;| = 0 implies
that |[My| = 0 and if both have cardinal 2, then My = {x1,x2} and M, = {1,292} with
T S :f?l and T2 § i’g.

It then follows by induction that the processes (7 ,t > 0) and (77, t > 0) can be coupled
so that, for all n > 0, the masses at birth of all the individuals of the n-th generation can

be ordered into two vectors V" = (z7,...,z¢ ) and Vo= (@r,... ,a%"é ), where G,, and

G are the random sizes of generation n inn° and 1° respectively, satisfying the following
property: for alln, G, < G, and for all1 <1 < Gy, 2} < 7. This implies Proposition
since survival of n° means that G, > 1 for all n and this implies that 7° also survives.
Hence pS(x) = p5(y).

We now extend the notation of the extinction probability with a dependence in D :
let poP (z) be the extinction probability of the population evolving in the environment
determined by S, with a death rate D and a initial individual with mass z.

Proposition 3.8. For any x € [0, M], the function D — p>P(x) is non-decreasing.
Proof. Let D' > D.

p5P(2) = D /°° o JLB(AS (@) du-Dt _ 4 /OO b(AS (z)) e~ Ji b4 @) du-D1
0 0
(A5 (2))

<1 /0 b(AS (z)) e~ Jo MAU @) du=D"t _ ,SD" ()

Hence D +— pls’D(x) is non-decreasing. For n € N*, let assume that D — ph”(z) is
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non-decreasing, then

& t
poh(x) =1~ /0 b(AS (z)) e Jo b(Ai(@) du—Dt

1
[1 — [ 43w ) p (@ AT @) (1 - ) A7) da} at
0

<1- /OO b(AS (z)) e~ Jo (AU (@)) du=D"t
0

1
[1 — [ a3 @) ) 0 AP (1 - ) AT @) da] at
0

S,D’
- pn+1 (x)

Then for any n, pS’D(l‘) < pS’D/ (x). Passing to the limit,

/

p*P(z) = lim ppP(x) < lim poP" (z) = p*P'(x). O
n—oo

3.2 Monotonicity properties w.r.t. S on the stochastic model

We now study the variations of the survival probability w.r.t. the environmental parameter
S. We need additional assumptions.

Assumptions 3.9. 1. The division rate function b is non decreasing in the two vari-
ables S and x.

2. The growth speed g in non decreasing in S':
g(St,x) < g(S%x), Vxelo,M],0<S'<S?.

3. For any x € (0, M), the function S — Sgg is mon increasing.

Assumptions [I] and 2] above are natural from the biological point of view since a bigger
total biomass means a bigger fraction of biomass devoted to division and a larger amount
of resources means a more efficient growth and division of cells. Assumption [3] means that
the growth rate increases faster in .S that the division rate. This excludes that, increasing
S, a faster division produces too small individuals to grow and reproduce. Note that these
assumptions are satisfied for instance if b does not depends on the variable S and if g
is of the form ¢(S,x) = p(S)g(x), where p is an non decreasing function, for example a
Monod kinetics (Monod, 1949)) 1(S) = pmax KLJFS where pmax and K are constants. The
form ¢(S,z) = pu(S) g(xr) means that the resource concentration S influences the speed of
growth of bacteria independently of the way x influences growth. In other words, the flow
t — A% (x) is just a proportional time change of t — AP (z) for all S, 5"

Theorem 3.10. Under Assumptions and we have for any z € (0, M)

P?:(sumival) < ]P’(;Sj(survival) , Vo< S'<s§%
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In other words, for the chemostat model, under the assumptions of the previous theo-
rem, the higher the substrate concentration in the chemostat at the mutation time is, the
higher the survival probability is.

Remark 3.11. Following Remark (3.7, the last result could be also proved by probabilistic
coupling arguments. These arguments would actually only require to assume that, for
all x < y and Sy < So, there exists a coupling between the sets Mf’sl and M{/’SZ of
biomasses at birth of the individuals of the first gemeration in the branching processes
(nfl,t > 0) such that ngl = §, and (ntsz,t > 0) such that 17(‘?2 = &y respectively, satisfying
the following property: |M1y’52| = 0 mplies |Mf’sl| = 0 and when both have cardinal
2, then Mf’sl = {x1,22} and M{J’SQ = {y1,y2} with x1 < y1 and x2 < yo. The proof
of Theorem given below actually consists in checking that the coupling assumption
above is implied by Assumptions[3.1] and[3.9 However, this coupling assumption is hard
to check in practice and this is why we chose to give an analytical proof based on the
Assumptions and[3.9, which are stronger, but easier to check.

Of course, Theorem 1s certainly valid under weaker assumptions, for example
if b or g are not monotonic w.r.t. S, but our probabilistic approach requires coupling
assumptions like the one stated in this remark, so the method would not extend easily to
such cases.

Proof. For any y € (0, M) the function S — g¢(S,y) is non decreasing then AS' (z) <
AS?(z) for any u > 0. Moreover the function (S, z) — b(S, z) is non decreasing in the two
variables S and z, then we have

o @) s =D [P ettt sttt > o
0

The function S + p7 (z) is then non increasing for any = € (0, M). Let n € N*, we assume
that the function S+ pS(x) is non increasing for any x € (0, M).

The function ¢ — fot(b(S, AS(x)) + D) du is a bijection from [0, 0o to [0, 00[. Hence,
for X > 0, there exists a unique 77 (X) such that X = fOT“'S(X)(b(S, A3(x)) + D) du. By
the change of variable X = fot(b(S, AZ(z)) + D) du in (13)), we obtain

D VT (X)
PE () = /0 ( )

_.I_
with

. . xp,%l’(X)] e X dX
b(S, A5y (@)) + D b(8, 451 (@)) + D

TS (X) = /O 1 a(Afs ) (@) @) b5 (@ Afs () (@)) 5 (1= ) Afs (@) ) dar. (22)
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Moreover, for all X > 0, for Sy < Ss, by the changes of variable Aii (x) =y fori=1,2
and by Assumption we have

52

/ATISQ(X)(I) b(S2,y) +D - X = / TSI(X) (@) b(S ,y) +D d
. 9(5%,y) S g(Shy)

Z/ TSI(X)( 2 (52, y) +Ddy
" 9(S%,y)

therefore ATS;Q x )( x) > A; 5(x) (). We deduce from Lemma and Proposition that

\1151*”()() > 0 *(X). Hence, using \Ilgl’x(X) > \I'SQ’QC(X) in the expression of p;ﬂ_l,
subtracting the expression of pgil and factorizing the terms, we obtain

D - D
(z ))+D b<52 A @ ))+D
(1— U7 (X))e X dX

1

o0
S 52
Prs1(®) = Doy () > /0

1 AS?t
b(s, A g

and as \DEQ’:”(X) < 1, by Assumptions 1 p;ﬁl(:ﬂ) > pgil(x) Finally, passing to the
limit, we get

P (@) = p¥ () = lim (p (2) —pS (2)) > 0. O

n—o0

3.3 Properties on the variations of the eigenvalue

Until now, we only studied the probability of survival of the branching process n°. The un-
derlying coupling arguments require to consider the population state at each generation in
a process where generations actually overlap. This is why such an approach is hard to ap-
ply directly to the integro-differential eigenvalue problem, where the notion of generations
is difficult to define. However, the link between the stochastic and deterministic problems
stated in Theorem allows to extend the monotonicity properties of Theorem to the
eigenvalue Ag, as proved below. The next corollary is a direct consequence of Theorems

2.4 and B.10

Corollary 3.12. Under Assumptions[3.1] and[3.9,
1. if there exists S1 > 0 such that Ag, > 0, then Ag, > 0 for any S > S1;

2. if there exists S1 > 0 such that Ag, <0, then Ag, <0 for any S2 < Si.

This Corollary allows to deduce the following result about variation of the eigenvalue
with respect to S.

Corollary 3.13. Under Assumptions[3.9, the function S — Ag is non decreasing.
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The monotonicity of b is important to obtain the monotonicity of the eigenvalue (and
of the survival probability). For example, one can imagine cases where a fast growth rate
g transports individuals to big masses and if the division rate is low for high values, the
monotonicity of the eigenvalue does not hold (see |Calvez et al.| (2012) for non monotonic
examples).

Proof. Let S* > 0 be fixed. We set D’ = D + Ag« > 0. Let A’y be the eigenvalue of the
following eigenproblem:

M p(S, 2)

z

0.(9(5.2) ts(2) + (S, 2) + D'+ Nia) =2 [

T

For S = S*, we have Ay, = 0, then from Corollary for any S < 5%, A’y < 0. Moreover

q (z, g) g (2) da.

A{SZAS-FD—D/:As—AS*.

Hence Ag < Ag+. O

3.4 Extensions and concluding remarks

The previous method can be applied for more general g, for which the growth in one
environment is larger than the growth in the other one for all masses. A particular case
is given in the following corollary.

Corollary 3.14. We assume that the division rate function b does not depend on the
variable S and is non decreasing in the variable x and that the growth speed g is of the
form g(S,x) = u(S) g(x), where g(S,z) > 0 for any x € (0, M) and g € C[0, M]NC(0, M)
is such that g(0) = g(M) = 0. Then, we have

Pés:(survival) < ng(survival) — u(SY) < u(s?)

and
Agt < Age <= p(S1) < p(S?).

More generally, the following result states the link between the comparison of the
survival probability and the comparison of the eigenvalue.

We extend the notations of the survival probability IP’?;D (survival) and the eigenvalue
Ag with a dependence to the death rate D.

Proposition 3.15. Let S1,S2 > 0. If for any x € [0, M] and for any D > 0, we have
P;vP (survival) > P> P (survival), then

VD >0, A§ >AS,.
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The condition on the survival probability stated in the previous theorem could be of
course obtained under the appropriate coupling assumptions (as in Remark , but it
seems hard to find general practical conditions on the parameters of the model ensuring
such a property. Note also that this coupling method could be applied for example to
the case where the division distribution ¢ also depends on the variable S. The results of
Section [3:1] would remain true as, for this section, the substrate concentration is fixed.
The difficulties are in the control of the variation in S of U5 defined by (22).

Proof. Let S; > 0. Weset D' = D + Agl > 0. Let A’y be the eigenvalue associated to the
eigenproblem

M z X
0 (9(S, ) () + (B(S, x) + D' + Ny)ily(x) = 2/ "2 () () a=.

. z
For S = 5y, Afgl = 0, we then deduce, from Theorem E that ]P>§17D’(Survival) =0 and
then, by assumption, that P?j’D/ (survival) = 0. From Theorem A’y, < 0. Moreover

5, =A5 +D—D =Ag —Ag
hence

AR <Af . O
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