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Evolutionary attractors in the chemostat model

R. Djidjou-Demasse!?, O. Seydi? and A. Rapaport?

Abstract. We consider the evolutive chemostat model with a continuous phenotypic trait of the
micro-organisms that impacts both the specific growth rate and the yield conversion, and whose evolution
is driven by a mutation kernel. We study the evolutionary attractors (EAs) for a general class of non-linear
growth functions, without assuming that the dynamics of the resource is fast compared to the growth.
We generalize the well-known reproduction number as a function of the trait, and show a concentration
of the asymptotic state on values of the trait that maximize the reproduction number. However, in the
case of multiple maxima, we show that the system can have a unique globally stable EA, depending on a
total order defined on the trait values.

Key-words. Chemostat model, mutations, evolutionary attractor, reproduction number.
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1 Introduction

Within the field of mathematical biology, competition modeling stands out as a particularly intricate
area. There is a numerous of works for the mathematical analysis of dynamical systems related to
populations competition and, in particular within the context of the microbial ecology and the ”chemostat
model” [20, 38]. This model describes the growth of one or several microbial species on a single limiting
resource. Differently to more classical population models, this model couples the dynamics of the (biotic)
populations with the one of the (abiotic) resource. Let us recall that the first experiments on species
competition on a resource are attributed to Gause who conducted them on microbial populations [12].
Generally, one of the primary objective involves characterizing, among numerous competitors vying for a
limited resource, which one (or ones) possess better competitive abilities. When there is a finite number of
competitors for a single resource and no direct interaction among them, we often witness the manifestation
of the Competitive Exclusion Principle (later popularized by Hardin as a general principle [19]). Put
simply, one of the competitors will inevitably hold a slight advantage over the others, ultimately resulting
in the extinction of all remaining contenders over the long term. Let us underline that environment is
supposed to be (temporally and spatially) constant in this framework, as stressed in [2]. This principle
has been proved on the mathematical model of the chemostat with several competitors on a single limited
resource, under various assumptions [3, 21, 24, 36, 37, 43]. Interestingly, the possibility of changing
the issue of the competition by modifying the operating conditions has been experimentally verified, as
predicted by the mathematical analysis [18]. However, species mutation is known from a long time to occur
in the chemostat [14, 30]. In [7], conditions for a mutant to invade in the chemostat model are studied,
depending on the conversion efficiency parameter considered as the ”trait” of micro-organisms. Trait
substitution sequences can then be studied, converging to a global ESS (Evolutionarily Stable Strategy)
trait. There is here an implicit assumption of a time scale separation between the (long) evolutionary
time and the (relatively short) period of competitive interaction. However, when species have closed
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characteristics, the time for a better competitor to replace a resident species can be very long [35], and
the assumption of time scale separation might be questionable. On may have then to consider a increasing
number of competitors, which make the prediction of the composition of the ecosystem more challenging.
Here, we consider a model of a chemostat with a continuum (or infinite) number of competitors, as in
[9, 33] but with different hypotheses on the growth functions. The model proposed is subject to a dilution
rate d > 0 with an input concentration of substrate s;,, assumed to be constant. The mortality rate of the
biomass is considered to be negligible compared to the removal rate d (as in the classical chemostat model
[20, 38]). We consider that the biomass is composed of a continuum of phenotypic traits represented by a
scalar variable z € R. The variable x can be perceived as a taxonomic label for the competitors. Let s(¢)
denote the concentration of substrate at time ¢ and v(¢,z) the concentration of microorganisms at time ¢
with phenotype x € R. The dynamics of s and v is given by the following set of equations

ds(?) u(s(t),y)
g = Asm = s(®) - /RT(@,)”(t’y)dy’ .
({%(g];x) = /]RK (fU,y) M(S(t), y)v(t,y)dy — dU(t, x),

where p(-, z) and 7(z) denote respectively the specific growth rate and yield coefficient of micro-organisms
with trait z. The kernel function K (z,y) represents the probability of mutation from phenotype y to
phenotype z. Initial conditions are such that

5(0) = s9 >0 and v(0,-) = vy € LL(R). (1.2)

In the works [9, 29, 33], similar models have been studied with one or several resources, but under the
assumptions that i. the growth functions p are linear with respect to s and ii. the dynamics of the resource
s is fast compared to the ones of the micro-organisms v. Under these two assumptions, the quasi-static
approximation gives an algebraic formula for s as function of v and the system (1.1) is replaced by the
single p.d.e in v. The aim of the present work is to relax these two hypotheses and to study the whole
system (1.1).

Note that Model (1.1) can be employed to retrieve the chemostat system with a finite number of
consumers, as in [1]. Specifically, denote by {v;}r=1,.. ,, the set of total densities for n competitors. Each
n

competitor is labeled with a phenotypic trait ;. Letting, v(¢,z) = > " ; v;(t)ds,(x), we can rewrite Model
(1.1) as follows

O _ gy — ) - 30 2D ),
i=1 E
o (1.3)

=D Kijui(s()v; (1) — dwilt),
j=1
where /J'](s) = :U'(vaj)v Tj = T(.’L’j), Kzg = K(.TZ,.’L']), with 2?21 sz =1.

The primary objective of this study is to characterize the positive steady state of System (1.1). To
achieve this, we will begin by presenting a result regarding the existence and uniqueness of such a steady
state. In this investigation, we will focus on the concentration properties in the space of phenotypic
values of the stationary state. Such a concentration properties of the steady state allows to characterize
the most stronger phenotypic traits, or persistent phenotypic traits at the model steady state. Those
stronger phenotypic traits will be refer as Evolutionary Attractors within the context of adaptive dynamics
[9, 13, 28, 31]. Although the result concerning the existence and uniqueness of the steady state in
Model (1.1) is derived under a relatively general assumption on the mutation kernel K, a more specific
characterization of the steady state in terms of the phenotypic space necessitates a particular form of
the mutation kernel K. More specifically, let us introduce a small positive parameter denoted e (with



0 < € < 1) to represent the mutation variance in the phenotypic space. This dependence on € can be
characterized using the scaling form of the mutation kernel K, given by

K.(z,y) = %K <f”;y> (1.4)

It is important to note that the specific form of the mutation kernel (1.4) does not imply that mutations
are rare. On the contrary, mutations occur at each life cycle of the biological process. Depending on the
properties of the growth rate function y, we will demonstrate that a one-dimensional function defined in
the phenotypic space is sufficient to fully characterize Evolutionary Attractors (EAs) of Model (1.1) in
for some configuration. However, in certain configurations of the growth rate function y, we will show
that the Pairwise Invasibility Plot (PIP), a two-dimensional function used to study the spread of a new
mutant strain in a resource already colonized by a resident strain, is necessary to accurately characterize
the EAs.

Our approach is closely connected to the results previously developed in [10] within the context of
steady-state concentration of integro-differential systems featuring non-local mutation terms. The work
in [10] likely provides valuable insights and theoretical foundations that contribute to understanding and
characterizing the concentration properties of Evolutionary Attractors in Model (1.1). However, in the
past decade, there has been significant interest in the concentration properties of continuously structured
models with slight mutations in evolutionary dynamics. For instance, in [9], the Hamilton-Jacobi approach
is used to study concentration properties in the phenotypic values space for a resource-consumer problem,
but under the assumptions of linearity of the growth function as mentioned previously. This approach
has been successfully applied to understand concentration points in different scenarios involving small
mutation parameters [6, 29, 34]. Other works, such as [4, 15|, have also investigated the effects of small
mutations on the phenotypic evolution of populations in different contexts.

The paper is organized as follows. Section 2 is dedicated to exploring several mathematical properties
of Model (1.1). These properties encompass the examination of the system’s existence, uniqueness, and
positive solutions for System (1.1). Furthermore, we establish the existence and uniqueness of the positive
steady state for System (1.1). Section 3 gives conditions for which the washed-out equilibrium (extinction
of all the species) is globally attractive or on the contrary when there is persistence of the biomass.
In Section 4 we focus on characterizing the EAs of Model (1.1) and in Section 5, we investigate the
concentration property of the positive steady state and discuss it for a particular class of growth functions.
We end by a conclusions section.

2 Mathematical properties of the model
System (1.1) is considered under the following general assumption.

Assumption 2.1 We assume that

(i) The mutation kernel K € L'(R?) N L>®(R?) is almost everywhere strictly positive, symmetric i.e.
K(x,y) = K(y,x) a.e. in R?, and has a unit mass, i.e. Jg K(z,y)dy =1, for all x € R.

(i) There exist some constants My > 0, ng > 0 and vy € (0,1) such that
0 < K(z,y) < Myexp (=no|lz —y|°), a.e. (x,y) € R%

(iii) d > 0, s4 > 0.

(iv) T = 7(x) is positive, bounded function on R, and there exists 79 > 0 such that T(x) > 79 for all
z € R.



(v) u=pu(s,z), with (s,x) € Ry xR is a bounded function such that, (0, -) = 0 and the map s — u(s,-)
is an increasing function.

(vi) For all v > 0 there exists Cy(r) :== Cy, > 0 such that

lp(s1,z) — p(s2,2)| < Cyulst — s2|, Ve € R, 0 < 51,82 < 7.

Note that Assumption 2.1-(ii) is satisfied if K is positive almost everywhere and there exist some constants
n > 0 and v > 0 such that

sup K(z,y)exp (n|z —y|7) < +oo.
(z,y)€R?

To see that, let 7o € (0, min(1,7)), then

sup K(z,y)exp (nlr —y["°) < sup [K(x,y)exp(nlz —y|")] sup exp(—nlz—y|" +nlz—y[") < +oo.
(z,y)€R? (z,y)€R? (z,y)€R?

Additionally, Assumption 2.1-(ii) is solely required to address the concentration properties of the steady
state in Model (1.1).

2.1 Existence of non-negative of solution, and uniqueness

In this section, we will derive necessary and sufficient condition for the existence of steady state of (1.1).
Let us introduce the linear operator H defined, for all ¢ € L'(R) and s € R, by

His, o] (x) = /R K (2,) u(s,y)p(y)dy, ¥z € R. (2.1)

Then, System (1.1) rewrites

adf )
v(t, -
o = —dvult;) +Hs(t) vt )],

s(0) = sp >0, v(0,-) = vy € L (R).

dS(t) — d(sin —S(t)) _/RH(S(t)
(2.2)

The following result ensures the the well-posedness of System (2.2).

Theorem 2.2 Let Assumption 2.1 be satisfied.

1. There exists a global and unique solution u(-, s, vo) : [0,00) = Ry x LY (R) of (1.1) with u(0, s, vg) =
(s0,v0) and u(t, so,vo) = (s(t),v(t,-)) for all t > 0.

2. The semi-flow defined by {u(t,so,vo) }ier, is bounded dissipative and asymptotically smooth, and
hence, it admits a global attractor in Ry x L1 (R).

Bounded dissipative: there exists a bounded set B C Ry x L (R) such that for any bounded set
U C Ry x LL(R), there exists n = n(U,B) > 0 such that u(t,U) C B fort >n.

Asymptotically smooth: for any nonempty, closed, bounded set U C R4 x Lﬁ_(R), there exists
a nonempty compact set J = J(U) such that J attracts the set {p € U : u(t,p) € U, ¥Vt > 0}.

Moreover, we have

t—+o00 T

lim sup (s(t) + i /Rv(t, :c)d:c) < Sin (2.3)

with T = sup,cg 7(2).



We recall that a nonempty set J C R x L*(R) is said to attract a nonempty set B C R x L'(R) if
drxri(r) (u(t, B),J)) — 0 as t — +oo, where dpy1(w) (B,J) = sup,cpinfies[u — v|rxr1(r) is a semi-
distance on R x L!(R). Moreover, it is worth noting that the term ”asymptotically smooth” here is used
within the terminology of Hale, Lasalle, and Slemrod [17]. However, this is strictly equivalent to the
notion of ”asymptotically compact” within the terminology of Ladyzhenskaya [23].

Proof. By setting F(s,v) = <dsin - Iz “T(a’g)v(y)dy , H[s,v(-)]), with (s,v) € R x L'(R), System
(2.2) becomes

at(s(t)’ ’U(t, l’)) =—d (S(t)v /U(tv CC)) + F(S(t)a U(ta ))(.T) (24)
By Assumption 2.1 on g and 7, it comes that for each r > 0 there exists A = A(r) > 0 such that

M+ H[s,v] € LL(R) and As + dsin — / M(i’y?;)v(y)dy >0,
R T

whenever (s,v) € Ry x L1 (R) such that 0 < s <7 and 0 < [po(y)dy < r. Since \.(s,v) + F(s,v) is
locally Lipschitz, then for any (sg,v9) € R x L', we can find Ty = Tp(so,vp) > 0 such that (2.2) has a
unique solution (s,v) € C ([0, Tp) x R,Ry x LL)NC! ([0, Tp) x R, Ry x L1 ). See, for eg., [32] for classical
results. The local well-posedness and positivity of (2.2) holds. To obtain the global existence of the
solution we note that for any fixed x

< (s(t) + ;/Rv(t,x)dx> < dspn —d (s(t) +2 /Rv(t,x)d:c> 20

with 7 = sup,cg 7(2). Therefore, the last inequality ensures that
. 1
lim sup <3(t) + = / v(t,a:)dx) < Sin. (2.5)
t—4o00 T JR

We show that the semi-flow {u(¢,, s, vo)}+ is asymptotically smooth, ie., for any closed, bounded and
positively invariant set B C Ry x L}, there exists a compact set Q2 C Ry x L1 such that y(u(t, K),Q) — 0
as t — oo, where «y is the Hausdorff semi-distance (eg., see [16]). By (2.4) we have

t
(s(t),v(t,-)) = e~ (s0,v0(-)) +/0 e~ B (s(n), v(n,-))dn, fort>0,s0 > 0,09 € L.

Then, the compactness of F' gives that the semi-flow {u(¢,-)}; is asymptotically smooth [41]. Note that
such a compactness of F' comes from the compactness of the linear operator . Furthermore, the last
item of Assumption 2.1 provides a condition on K to ensure the compactness of H (see [10] for more
details). =

2.2 Steady states
Let (s,v(:)) € Ry x LY(R) be a steady state of System (1.1). Then, by (2.2) we have

=)= [ 1)y,

7(y) (2.6)
0= —dv+ Hls,v].
First, it is easy to see that the washout steady state
Ey = (8in,0r1) (2.7)

is always a solution of (2.6).



In the following, we discuss the existence of a positive equilibrium E = (3,7) with 3 > 0 and v €
LY (R)\ {0z:}. From the first equation of (2.6), note that a necessary condition for the existence of E is
that 5 € (0, sin). Furthermore, the second equation of (2.6) rewrites

2%[5, 7] = . (2.8)
Let us define the function .
T(s) = 4" (H[s,"]), s>0 (2.9)

where r (H[s, ]) denotes the spectral radius of the linear operator H(s, -]. In order to deal with the positive
steady state £, we define the generalized break-even concentration of the model (1.1) as the solution s > 0
such that

T(s) =1, (2.10)

when it exists, and +oo otherwise.
Note that, since H[s, -] is a positive bounded linear operator, we know from [40] that

sign (7T (s) — 1) = sign (b(H[s, | — dla)), Vs € [0, Sin] (2.11)

with Iy the identity operator and b(H[s, -] — dlg) the spectral bound of H[s, | — dlg. We then introduce
the following result (the proof is given later).

Lemma 2.3 Let Assumption 2.1 be satisfied. Then s — T (s) is continuously increasing in [0, Ssin] and
the equation (2.10) has a unique solution in (0, siy) if and only if T (sip) > 1.

Next, since for all 5 > 0, éH[E, -] is compact and irreducible operator (eg., see [10]), by the equality
(2.8) the Krein-Rutman’s theorem gives that the spectral radius 7(5) of JH(5,] must satisfy T(5) = 1.

Furthermore, ¥ is a multiple of the normalized positive eigenvector ¢(s,) € L1 (R) of (s, ] associated
to the eigenvalue 7(5). Thus, the positive steady state E is such that

v =c¢(5,-), with ¢ >0,
d(sim — 5) = /R a T(Z/Z)/)@(y)dy, (2.12)
T(5)=1.
Thanks to Lemma 2.3, we have the following result on the steady state of System (1.1)
Theorem 2.4 Let Assumption 2.1 be satisfied.
i) If T(sin) <1, then System (1.1) has a unique steady state given by Ey = (Sin,0).

i) If T(sin) > 1, then (1.1) has two steady states Ey = (sin,0) and E = (5,0) with 5 € (0,s4,) the
unique solution of T(5) = 1. Furthermore, o = c¢(5,-), where the function ¢(5,-) € LY (R) is the
d2(8m — §)

S 556 (5,y)dy
We then complete this section by the proof of Lemma 2.3.

Proof of Lemma 2.3. We first note that the linear operator %17-[[5, /] is a positive, bounded,
compact, and irreducible linear operator for each s > 0, eg., see [10]. Therefore, the continuity of the
spectral radius in the space of compact linear operators implies that the map s — 7 (s) is continuous in
s > 0. Since %”H[s, -] converges to 0 as s — 0 in the operator norm topology, it follows that 7(s) — 0
when s — 0. Next, Assumption 2.1 implies that for s; > sy > 0 and v € L! (R) \ {0}

%(”H[sl, = Hsp, v > 0.

Thus, by the compactness and the irreducibility of 3(#[s,"]) it comes that s — 7(s) is continuously
increasing in [0, 400) (see [22, Proposition 10.12]). The proof is completed by applying the intermediate
values theorem. m

normalized principal eigenvector of é’H[E, ] and ¢ = > 0.




3 Extinction and uniform persistence of biomass

In this section, our objective is to establish the global asymptotic stability of the washout steady state,
specifically when 7T (siy) < 1. Furthermore, we will also show that the bacterium not only persists but
achieves uniform persistence when 7 (sj,) > 1. To do this, we first prove the following technical lemma.

Lemma 3.1 Let Assumption 2.1 be satisfied and set Ao := b(H[sin, -]—dlq). Then there exists ¢* € L°(R)
such that ¢*(z) > 0 for almost every x € R with the following properties

/ ¢* () (H]sin, v](z) — dv(z))dz = )\0/ ¢*(x)v(x)dz, Yo € L'(R) (3.1)
R
and

/¢ z)dz >0, Yo € LL(R)\ {01} (3.2)
Proof. Let {T(t)}+>0 denotes the semigroup generated by the bounded linear operator H[sin, ] — d.
Since H|[sin, -] — d is a bounded linear operator, one has Ag := b(H[sin, | — dlq) = wo(H[Sin, | — dlq) (see

[11, Corollary 3.11]) where wo(H[Sin, ] — dlg) is the growth bound of {T'(t)}s+>0. Furthermore, H[siy, -]
being, compact, and positive irreducible it follows that wg ess(H[Sin, -] — dla) < —d and b(H([Sin,-]) > 0.
Consequently

)\() = WO(H[Sin; ] — dld) = b(H[Sin, ] — dId) = b(H[Sin, ]) —d>-d> WO,ess(H[Siny ] — dId).

Furthermore, one can prove by standard arguments that {7T'(¢) };>¢ is positive irreducible. The result now
follows from [42, Proposition 4.5] or [5, Theorem 8.10, Theorem 9.10,Theorem 9.11]. m

Theorem 3.2 Let Assumption 2.1 be satisfied. If T (sin) < 1 then the washout steady state Ey = (S, 0)
is globally asymptotically stable in [0, 4+00) X Li_(R).

Proof. Assume that 7 (sjn) < 1. To prove that the washout equilibrium is globally asymptotically stable,
we show that the global attractor A of (1.1) is given by A = {(sin,071)}. To this end, let us first note
that due to (2.11) we have Ao := b(H[sin,:] — dlq) < 0. Let t € R +— (s(t),v(t,-)) be a complete orbit in
the global attractor. Thanks to (2.3) we have

0 < s(t) < Sin, Vt €R. (3.3)

Next, we note that using the v-equation in (1.1) and Lemma 3.1 one has
/ ¢*(z)v(t,x)dx = )\0/ ¢*(z)v(t, z)dx + /R(H[s(t),v(t, 9] — H[sin, v(t,-)]), Vt € R. (3.4)
Recalling that for each y € R, the map s — pu(s,y) is increasing, it follows from (3.3) and (3.4) that
/¢ o(t,z)dz < 0, Vi € R. (3.5)

If Ao < 0 then the equality (3.5) is achieved if and only if s(t) = sin and v(t,-) = 071. If \g = 0 then
equality (3.5) is achieved if and only if s(¢) = si, so that v(¢,-) = 071 for all ¢ € R. This implies that the
global attractor consists on the washout equilibrium (si,,071). =

We now prove the uniform persistence of the bacteria when 7 (si,) > 1. To this end, we consider the
following sets

I:.= {(So,vo) eRy x LL(R) : /Rvo(:c)d:c > o}
and

or .= {(so,vo) eRy x LL(R) : /Rvo($)dx = 0} :

The uniform persistence of the bacteria is precisely stated as follows.



Theorem 3.3 Let Assumption 2.1 be satisfied, and assume T (siy) > 1. Then there exists § > 0 such
that for each (so,vo) € I' we have

o >
ltlglJrlglof/RU(t, x)dz > &
Proof. Thanks to Assumption 2.1 and the form of (2.2), it can be easily proved that T' and OT' are
positively invariant with respect to the semi-flow generated by (2.2). Since the semi-flow generated by
(2.2) has a compact global attractor, we infer from [27] that the uniform persistence of the bacteria is
obtained from the ejectivity of OI'. Before proceeding, we note that the continuity of the map s — T (s)

in [0, +00) and (2.11) imply that there exists n € (0,1) small enough such that
sign (b(H[s—y, | —dlq)) >0, with s_, := (1 —n)sin. (3.6)

Next, we argue by contradiction to obtain the ejectivity of OI'. To this end, let £ > 0 be small enough
such that
——>1—n. (3.7)

Let (sg,vg) € I'. Since t — s(t) is bounded, we infer from items (iv), (v) and (vi) of Assumption 2.1 that
there exists Cy > 0 such that

0< M < Cps(t), Vt >0, Yy € R.
7(y)

Next, assume that

/ v(t, z)dz < ial & VtE>0 (3.8)
R Co
so that (s(t).9)
Hs(1), Y
——v(t,y)dy < d &s(t), Vi > 0.
As a consequence, the s-equation satisfies
dz(tt) > d(sin — s(t)) —d &s(t), Yt > 0. (3.9)

Recalling that t — s(t) is bounded on [0, +00), we infer from the method of fluctuation in [39, Proposition
A.14] that there exists a sequence t,, — +0o such that

ds(tn
lim 5(tn) =0 and lim s(t,) =liminfs(t) := seo. (3.10)

n—+o0o t n—4o00 t——+o00

Combining (3.7), (3.9), and (3.10) it comes

Sin
im i = >
sl = e 2 T

> (1 —n)Sin = 5y

from where we deduce that there exits tg > 0 such that
s(t) > s_y, Vt > to.
Hence, using the v-equation of (2.2) and the monotony of s — H]s, -] it follows that
du(t, -
vc(lt’ ) > —dvu(t,-) + H[s—y,v(t,")], Vt > to. (3.11)
Next, noting that H[s_,, ] — dlq is a bounded linear operator, one knows that the growth bound of the

semigroup generated by H[s_,, -] —dlq is b(H[s_y, | —dlq) > 0 (see [11, Corollary 3.11]). Therefore, (3.11)
and the comparison principles in [26] imply that

lim v(t,z)der = +o0
t—=+o00 Jp

which contradicts (3.8). m



4 Evolutionary attractors

In general, finding the Evolutionary Attractors (EAs) of dynamical systems is mostly based on properties
of the invasion fitness on an adaptive landscape [9, 13, 28, 31]. The invasion fitness is a two dimensional
function allowing to study the spread of a new mutant strain y in a resource already colonized by a
resident strain . Here, we show that in some situation, a one dimensional function is enough to completely
characterize EAs of the system. Furthermore, from the classical Adaptive Dynamics point of view, several
EAs may exist. We will show how the analysis presented here allow to go further steps by determining
among FKAs which one will persists.

Recall that by Theorem 2.4 the positive steady state E of System (1.1) is primarily dependent on
the principal eigenfunction of the linear operator H[s,:] when the given probability kernel K satisfies
Assumption 2.1. However, if we introduce a small positive parameter (denoted as 0 < € < 1) to represent
the mutation variance in the phenotypic space, the profile of the endemic steady state E with respect to
x € R can be precisely described. This dependence on € can be characterized using the scaling form of
the mutation kernel K, given by (1.4).

4.1 Invasion fitness

Taking formally the limit when € — 0 in (1.1) it comes

ds(t) pu(s(t),y)
T = dlon =) = [ Sy -

L) — o)+ 0l ), 2 € B

Assume that the population reaches a mono-morphic steady state E, with trait x such that FE, =
(52, Uz05(+)). Since v > 0, we have

_ ,u(gam l’) _
d in %) — N Uzr=VY, 4.2
(s = 52) = P20 = 0 (42)
14(5z, )
— = =1. 4.
: (43)
Let us posit the generalized reproduction number as a function of the trait
Sin, L
Rol(z) = “(d)_ (4.4)

By Assumption 2.1 on the monotony of the function p, it comes that the mono-morphic steady state E,
characterized by (4.2)-(4.3) exists (and is unique) if and only if Ro(x) > 1. Indeed, the solution (5, v,) of
(4.2)-(4.3) can be interpreted as the intersection in the (s, v) plane of the lines s+v/7(z) = s, and s = 5,
(where §, is the unique solution of (s, x) = d). This intersection lies in the positive domain exactly when
condition 5, < s;y, is fulfilled, that is for Ro(z) > 1. Next, assume that an invader with trait y introduces
a perturbation in (1.1) where a resident population with trait « has reached a mono-morphic steady state
E,. The initial growth of the invader is then governed by the linearized system of (1.1) around E,. Let
s(t) = 5; +u(t) and v(t, ) = U404(-) + vy(t)dy(-), then

vy ()0 () = p(52, ) K (-, y)vy(t) — doy(-Jvy(t),
which gives by integration

40 = n(sr) [ Kz = d] 0,00,

Since [p K(z,y)dz = 1, it comes

0= 222 e, 0 (45)



By (4.5), the growth rate f,(y) of the initial invasion of mutant strategy y into a resident z-population is
given by

fa(y) = M(S;’y) -1 (4.6)

The growth rate f,(y) is the so-called invasion fitness (or invasion exponent) of the invader of trait
y in the environment generated by the resident of trait = (eg., see [9, 13, 28]). Thus, the invader initiate
an exponentially growing clan of y individuals if and only if f,(y) > 0.

4.2 Singular points

Based on above notations, the evolution of a trait x is then governed by the selection gradient defined by

Ofe
r(x) = 8{; .
y=

Steady states of the adaptive dynamics (also called singular strategies or singular points) are trait = at
which the selection gradient vanishes, i.e., r(x) = 0. The classification of singular points is the corner stone
of Adaptive Dynamics theory as much information about the dynamics can be derived once all singular
points and their character are known [9, 13, 28]. This classification involves second-order derivatives of
the invasion fitness, namely, we have to compute below coeflicients:

0%, % f, 0%,

Co2 = C12 = €21 1= 11
oy? | ,—. 0x0y|,_, 922 |,_,

According to [8, 13, 28], a singular point z is called Evolutionary Stable Strategy (ESS) if coo < 0 and
Convergent Stable Strategy (CSS) if c12 + coo < 0. Evolutionary Attractor (EA) is then a strategy that is
both ESS and CSS. Finally, a branching point is a CSS which satisfies ¢12 < 0.

Returning to Model (1.1), we can demonstrate that computing the invasion fitness and the coefficients
¢ijs is not always essential for fully characterizing singular points. More precisely, by (4.4) and (4.3), we

have Ro(y) = & (Sg"y) and & (gj’x) = 1. Therefore, the invsasion fitness f;(y) defined by (4.6) rewrites

7:“’(§$7y) . (82, 7) (52, y) . p(5z, ) "
fa(9) _u(Sm,y)RO(y) d u(Sin,y)RO(y) u(Simx)RO( -

Hence, assume that for all  and y, we can find a constant ¢ = ¢(z, y) such that
Therefore, under (4.7) we have

W(8z,y) ez, y)pu(3z,2)  p(8s, )

H(Sinay) C($7Q)M(Sina$) :U’(Sin’x)‘

Consequently, under (4.7), let us introduce the function x such that

(s, )
x(s) ;= ——, forall (s,z) € Ry xR, 4.8
(5) == L2 for all (s,2) € Ry (4.8)
then one has
f(y) = x(52) (Ro(y) — Ro(z)) . (4.9)
Note that in this case the dynamics of v simply writes

t

81}59233) = dv(t,x) (X(S)Ro(x) - 1), z €R. (4.10)
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In such a case, an optimization principle based on the function Rg holds and the model’s evolutionary
attractors coincide with the local maximum points of Ry (eg., see [25] for more discussion). Indeed, by
(4.9), a straightforward computation gives

(o) = X(2Ro@), e = X(5IRE@), a2 = Rofa) - (x(52))-

From this, we deduce the properties

i. a singular point z is a ESS if and only if z is a local maximum of the map r. A sufficient condition
is to have R{(z) = 0 and R{j(z) < 0.

ii. a singular point z is a CSS if and only if the map x +— %—J;’C(y) is decreasing at y = z. A sufficient

condition is to have R{(xz) = 0 and x(5;)Ry(z) + % [X(52)] Rp(z) < 0, that is Ry(z) = 0 and
Ry(z) < 0.

iii. model (1.1) has no branching points, because c¢12 = 0.

As a result, EAs of Model (1.1) correspond to local maximum points of Ry when condition (4.8)
is satisfied. An example of a such condition is when the growth functions take the well-known Monod

expression
S

v+s’
where v is the half-saturation constant for uptake, which is assumed to be independent of the trait . In
such a configuration, as an optimization principle based on the function R¢ holds, the population always
becomes mono-morphic around an evolutionary attractor corresponding to the global maximum of the
function Ry (Figure 1).

However, when the half saturation constant for uptake depends on the phenotypic trait

M(87x) = ﬂmam(m) (4'11)

S

p(s, ) = Nmax(x)W

4.12
—|—S’ ( )

the optimization principle based on the function Ry does not apply (compared to the previous scenario)
and EAs could not be always characterized by the shape the function Ry. Accordingly, the Pairwise
Invasibility Plot (PIP) based on the calculation of invasion fitness using equation (4.6) becomes necessary
to characterize model’s EAs at the evolutionary steady state. Usually, the EA selected at steady state
may not correspond to the global maximum of the function Ry (Figure 2).

5 Globally stable EA and concentration phenomenon

In the context of this work, several EAs may exist. Classifying these EAs among themselves can then
be of significant use, i.e. by characterizing which on is persistent at the evolutionary steady state. We
only deal with the case where the growth function p = (s, x) satisfies the condition (4.8). In such a
case and when the scaling parameter e introduced in (1.4) is small enough, we shall show that only one
EA persists at the evolutionary steady state. The persistent EA (among several EAs) will be referred to
as the Globally Stable Evolutionary Attractor (GSEA for short). Furthermore, we shall show that the
positive steady state of Model (1.1) concentrates on the GSEA (when € is small enough).

We now denote by H, = H the linear operator defined by (2.1) with K. = K. Then, by Theorem 2.4,
we recall that the positive steady state E. = (3, ¥) of System (1.1) is characterized by (2.8), i.e. by the

eigenvalue equation
1 _ _
g%[ga d)(gea )] = ¢(§€a ')7

11
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Figure 1: The function Rg is bimodal, with both a global and a local maximum (left panel). At ¢ = 0,
the v-population is concentrated around the local maximum (central and right panels). The evolutionary
dynamics and phenotypic composition of the v-population are shown in the central panel. The distribution
of the v-population with respect to the phenotypic space x at t = 0 and at steady state is depicted in
the central and right panels, respectively. Here we fix, d = 1, s, = 100, 7(-) = 1, K(z) = exp —‘;C—|>,
e = 0.03, v(-) = 10, and pmax(z) = N(x,—0.47,0.2) + N (2,0.49,0.2), where N (z,a,b) stand for the
normalized density function of the Gaussian distribution.
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Figure 2: An illustration the evolutionary attractor selected at the steady state, 2* ~ —0.38 (line 2), does
not correspond to either the global maximum, x ~ —0.18, or a local maximum, x = 40.2, of the function
Ro (line 1, left panel). The pairwise invasibility plot (PIP) visualize the sign of invasion fitness f,(y)

(line 1, right panel). As a mutant strain y will invade the resident population z if and only if f,(y) > 0,

the PIP reveals a single evolutionary attractor z* ~ —0.38 (the vertical line through z* is completely
contained within a region marked ”-”). Here we have v(z) = 10 (N (z, —0.47,0.2) + N(x,0.49,0.2)) ",

tmax() = 1 and the other parameters are as in Figure 1.
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which, under condition (4.8), is equivalent to

where L€ is the linear operator defined on L'(R) by

Cw)(z) = /R K. (2,5) 0% (y)w(y)dy, (5.1)

and the function © : R — R, by

o) = /1) — Ry 5:2)

Note that the square function ©2 is introduced here in anticipation of later facilitating the reformulation
of the non self-adjoint operator £¢ into a self-adjoint operator on the Hilbert space L?(R,R).

Therefore, by Theorem 2.4, the positive steady state E of Model (1.1) strongly relies on the spectral
properties of the linear operator L. Moreover, note that spectral radius r (H.) and (L) of operators H.
and L€ are such that

T(s) = =r (Hels, ]) = x(s)r(L), for all s > 0. (5.3)

5.1 Preliminaries

In this section, we introduce some results on the principal eigenpair of the linear operator L. By
Assumption 2.1, the function © is such that © € C*°(R,R) and ©(x) > 0 for all x € R. Moreover, we
assume that the function © satisfies

Assumption 5.1 There exists a finite number of local mazimum points, at {xp}r=1,.n C R, to the
function ©. That is,
O'(xr) =0 and ©"(zx) <0, forall k=1,...,n.

Note that the above assumption is a sufficient condition to have a local maximum; we could have zero
derivatives up to a higher order.

Under Assumptions 5.1 and 2.1, we are able to derive the following spectral properties of the linear
operator L€.

Theorem 5.2 Let Assumptions 2.1 and 5.1 be satisfied, and let € > 0,

1. For each p > 1, the linear operator L is compact, positive, and irreducible on LP(R,R) and its
spectral radius, 7(L€) is positive. Furthermore, there exists a function ¢¢ € L'(R,R) such that
¢ >0 a.e. and L[P] = r(L)P".

2. For each k € {1,--- ,n}, such that O(z) = ||O|/cc, we can find a unique sequence {\;r}j>0 C R
such that for any N >0, r(L) writes:

N .
r(L°) = Z e%)\j,k +0 (€N+1) .
=0

The first three components of the above expansion are explicitly given by

2 "
Xox =0 (xp), Ag =0, Aoj = —W\/—2mQ[K] O () (5.4)
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where mo[K] = [, 2K (z)dz.

Details on the proof of Theorem 5.2 are provided by [10]. Here, we give some comments on above
results. Under Assumptions 5.1 and 2.1, for any p > 1 and w € LP(R,R), we have L[w] € LP(R,R), such
that £¢ can be viewed as a linear operator from LP(R,R) to LP(R,R) as appropriate. However, L€ is not
a self-adjoint operator on the Hilbert space L?(R,R). We then introduce the following linear operator
defined on L?(R,R) by

Me[w)(z) = 6(x) /R K. (2,) ©()w(y)dy. (5.5)

Then, M€ is compact, irreducible and self-adjoint operator on the Hilbert space L?(R,R). Furthermore,
spectral radius of M€ and L€ coincide, i.e.,

r (M) =r(L). (5.6)

Basically, for any k& € {1,---,n}, the sequence {\x;}, -, specified in Theorem 5.2 is obtained by a
construction of a suitable quasi-modes for the operator M€ around each local maximum point x; of the
function ©. More specifically, we introduce the unitary operators Uf defined on L*(R,R) by

Uglu)(z) = e iy (e*% (x — :ck)> )
and define the following linear operator
Mifu)(@) = (@)~ o M o Uf ) [ul (@), (5.7)

The sequence {\x ;} k>0 then comes from the fact that, the principal eigenvalue Aj, of the linear operator

M, has an asymptotic series, such that A}, = E;io eg)\;w-. In Appendix A, we give more details on the
derivation of M, and the first three terms of the asymptotic series given by (5.4).

5.2 Globally stable evolutionary attractor

By Section 4.2, recall that, under condition (4.8), each maximum point z; of the function © is an EA
of Model (1.1). Moreover, for any maximum point z; € {z1,..,2,} of the function ©, we are able to
define a sequence {)‘j,k}j>o C R (Theorem 5.2). Consequently, we can define an order relation on the

set {x1,..,x,}. For that purpose, recall that the set of real sequences RN can be endowed by the usual
(total) lexicographical order, denoted by =<, and defined as follows: for any pair of sequences, {a;} >0 and
{b;} ;50> one has

either ag < b,
{aj}jzo = {bj}jzo < (either Ip >0, a; =b;, Vj =0,..,p and ap11 < bpy1,
or a; = bj, Vj > 0.

This total order for real sequences allows us to define the following total order < on the set {z1,..,z,} as
follows: for any xy,x; € {x1,..,x,} we define

zp dap = {)‘j7k}j20 = {)\j7l}j20' (5.8)
Next, we now introduce the set My,q, C {21, .., 2, } defined by
Mipaz = max ({z1,..,zn}, ). (5.9)

In other words, x; € Mg, if and only if z, < z; for each p € {1,...,n}. Observe that M4, # ) because
{z1,..,zp} is finite and M4, is not necessarily reduced to a single point. Furthermore, if ; # x; belongs
to Mynaz, then A; = Aj, for all £ > 0, that is o) (x;) = o) (x;) for all kK > 0. We then introduce the
following definition.

14



Definition 5.3 The globally stable evolutionary attractor (GSEA) is the evolutionary attractor (EA) x;,,
when Mgz = {xi, }-

To better explain this result, let 1 and x5 be two local maximum points of the basic reproduction
number Ry introduced by (4.4), or equivalently of the function © introduced by (5.2). By above results,
both ;1 and z2 are EAs of Model (1.1). By Theorem 5.2, the spectral radius (L) of the operator L€
can be written as an asymptotic expansion of two sequences {a;};>0 and {b;};>0 defined about z; and
xo respectively. More precisely we have,

(L) = {ao + a1et? + age + (’)(63/2); about 1, (5.10)

bo + b1€eX/? + bye + (’)(63/2); about x».

Since O(z) = (Ro(z))?, by (5.4), we find that

ag Rf)’(:cl)
== = = —— — K _
ao = Ro(x1), a1 =0, a2 5 ma K] WRo(z1)’
and
ag Ro(w2)
= = = - —my[K .
bo Ro(%z), b1 0, b2 5 mg[ ]2R0(x2)

Using the total order < (defined by (5.8)) on the set {z1,z2}, we can then determine among both EAs
21 and xo which one is persistent as follows:

- if Ro(z1) # Ro(x2), then the GSEA is x1 when Ro(z1) > Ro(x2) and o when Ro(z1) < Ro(z2).
- if Ro(z1) = Ro(x2), then the GSEA is 1 when R{j(z1) > R{j(x2) and z2 when Rj(z1) < Rjj(x2).

- if Ro(x1) = Ro(z2) and R{(zx1) = R{(x2), then we need to determine higher-order terms in the
asymptotic expansion (5.10) to characterize M, and possibly the GSEA.

5.3 Concentration of the evolutionary steady state

Recall that, by Theorem 2.4, Model (1.1) has a unique positive steady state E¢ = (5¢,7¢) if and only if
the spectral radius 7 (sin) = 7(sin) of the operator é?—[e[sin, ], is such that 7¢(si) > 1. Moreover, by
(5.3), we know that 7(sin) = X(sin)7(L£)¢ = (L), because by (4.8) x(sin) = 1. Since r (L) = r (M°),
see (5.6), and M€ is a self-adjoint operator, the Rayleigh quotient gives

F(L) = sup / O(2)0(y) Ko(, ) o(x)p(y)dxdy. (5.11)
Hfﬂiﬁjﬂfil o

Even with an explicit formula of r (L) given by (5.11), the threshold 7¢(siy) remains quite difficult to
obtain (except through numerical computations). However, when the kernel parameter € is small, we can
go further steps by giving a simple approximation of 7¢(siy). Indeed, let Z € R be any point maximizing

of the function ©, i.e., ©(Z) = [|©|| (by Assumption 5.1, such a point is known to exist). Furthermore,
Theorem 5.2 ensures the existence of a sequence {\;}; such that r(L) = ;:8 e%)\j, with Ao = ||©]%,

see (5.4). From where,

T(sm) = 1015 + O(e),

such that for e small enough, condition |||l > 1 guarantees the existence of a unique positive steady
state E of Model (1.1).
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Another interesting property of the positive steady state E = (5¢,9¢(+)) is the concentration phe-
nomenon. Indeed, when the kernel parameter € is small and condition (4.8) is satisfies, the v®~-component
of the steady state E€ elusively concentrates around some points in the phenotypic space R. This con-
centration phenomenon is a consequence of the below theorem concerning the normalized eigenvector ¢¢
of the linear operator £ (see [10]).

Theorem 5.4 Let Assumptions 2.1 and 5.1 be satisfied, and assume Mqr = {x;}. Consider the prin-
cipal eigenvector ¢¢ of LS normalized so that ||¢°|| gy = 1. Then for each v € (0,70) there exists n > 0
such that the following concentration property holds

/ ¢°(z)dz = O (exp (—ne~ 7)) as e — 0.

R\]$i—€7,$i+€7[

In particular, one gets ¢¢ — 05, as € — 0 for the narrow topology, that is, for any continuous function
f € C(R) one has

lim /R f(x)o(z)dx = /Rf(m)éxl (r)dz = f(x;).

e—0

Consequently (by Theorems 2.4 and 5.4) and ) the concentration of the evolutionary steady state
E€ = (3¢, 7,) of Model (1.1) reads as

Corollary 5.5 Let Assumptions 2.1 and 5.1 be satisfied, and ||©]|oc > 1. Assume one has Miae = {2;}.
Then, there exist v > 0 and n > 0 such that the following concentration property holds

/ v°(x)dz = O (exp (—ne™7)) ase— 0.
R\|z;—€Y,z;+€7|
Furthermore, one has

lim 5. = x ! <1 >
0" ez /

iy [ St = S Lo (o) | £ 0

=0 JrN /J“(Sim T

and

In other words, Corollary 5.5 says that, under condition 4.8, when M4, = {z;} and the dispersal in
the phenotypic space is small, namely ¢ < 1, the unique positive steady state of Model (1.1) concentrates
on a single trait x;, i.e., the steady state of the biomass population is essentially mono-morphic.

For instance, if the growth function p follows the Monod-type expression (4.11), the proportionality
condition (4.7) is met, and R writes

Sin
Ro(x) = ———— x).
0( ) d(l/ + Sin)ﬂmax( )

Hence, there will be an asymptotic concentration around a singular trait even if the function pimax exhibits
multiple maxima. Another intriguing scenario involves a linear combination of separable growth functions

pas p(s,x) = >0 aj(z)p;(s), with aj,s and p;,s non-negative functions. Hence, for all z and y,

and the proportionality condition (4.7), which leads to the optimization principle for Rg, holds when the
functions «;,s do not depend on the index j.
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6 Conclusion

In this work, we have developed an integro-differential model that extends classical chemostat models. The
model proposed here incorporates a continuum of different consumer phenotypic traits represented by a
scalar variable, each consumer competing for a single common resource. The micro-organisms quantitative
factors given by the specific growth rate and the yield coefficient are assumed to depend on the phenotypic
trait. The evolution in the space of phenotypic values is modeled with an integral operator with a kernel
describing mutations from a micro-organisms with a phenotypic value to another one. In our investigation,
we have established the model’s mathematical well-posedness through the classical semi-groups theory,
along with demonstrating the existence and uniqueness of a positive steady state.

We have also investigated concentration properties in the space of phenotypic values at stationary
state. Such properties enable us to characterize the most dominant or persistent phenotypic traits at the
model steady state, which are referred to as Evolutionary Attractors (EAs). Under the assumption of the
proportionality of the growth rate functions associated to each phenotypic trait, we have demonstrated
that the EAs of the model correspond to local maximum points of a generalized reproduction number
Ro, defined as a function of the trait. Indeed, this is facilitated by the application of an optimization
principle that holds under this configuration condition.

Furthermore, when the set of maximum points of the function Ry admits an unique maximizer for
an order defined from the expansion of the principal eigenvalues of a linear operator, we have shown
the concentration property of the population towards a single trait. Let us underline that having an
unique mazimizer in this sense is possible even when the generalized reproduction number admits several
maximum points. Importantly, even under the condition of proportionality of the growth functions of
each trait, their proportionality coefficient can have multiple maxima as a function of the trait, while the
asymptotic concentration is with a single trait.

Finally, when the optimization principle is not satisfied, the characterization of EAs relies on a Pairwise
Invasibility Plot (PIP) of the invasion fitness. The PIP is a two-dimensional function that facilitates the
study of the spread of a new mutant strain in a resource already colonized by a resident strain.
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A Asymptotic estimates of the principal eigenpair

The objective of this section is to provide a step by step computations of the asymptotic expansion
(up to order 2) of the principal eigenvalue A° of £¢. Let us mention that we do not intend to give a
proof different from the one in [10] but present the computations in dimension 1 for completeness. Let
L€ : LY(R) — L'(R) be defined by

L] () = /]R Ik (‘T - y) O(y)?w(y)dy, Yz € R, Yw € L'(R)

€ €

with K and O satisfying Assumptions 2.1 and 5.1. We introduce the following self-adjoint linear operator

ME[w](z) = () /R Ik <”” - y) O(y)w(y)dy, V € R, Yw € L*(R)

€ €
which is related to £¢ by the following formula
ME[Ow] = OLw], Yw € L'(R).
Let (A, ¢¢) be the principal eigenpair of £¢ with ||¢||,1 = 1. Observe that
ME[O§] = OL[6] = XOg (A1)

so that A® is also the principal eigenvalue of M¢. Therefore, in what follows we will manipulate the
operator M€ instead of L€.

Reformulation of M€ In the next steps we will rewrite M€ in a more convenient form. Let
w € L'(R) and = € R be given. We first we make the change of variable z = = to obtain

M€w / K (2)O9(z — ez)w(z — ez)dz (A.2)
and secondly the change of variable z = —*=¥ to obtain
Mw](z) = O(x) / K (2) O(x + ez)w(x + €z)dz. (A.3)
R

Therefore summing up (A.2) and (A.3) we obtain
: O(x)
Mw](x) = —~5 K (2)©O(x + ez)w(x + €z)dz + K (x — ez)w(x — ez)dz
R

or equivalently

Mw)(z) = @(;) /RK (2) O(x + €2) [w(z + ez) —w(z)| dz
O k)6 — e2) [wa — e2) — w(a)] dz (A.4)

Oz —ez) + O(x + €2)] dz.

To get the desired form of the operator M€ we note that up to a change of variables we have

5 [ K @06 =) - ) —ui)as = 2 | K20+ e fule+e0) —wi@] s (49
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and we infer from (A.4) and (A.5) that

Mwl(z) = O(x) / (x +ez) [w(r + €2) —w(x)]dz
% (« (A.6)
w(zx) 5 / K (2) [O(x — €z) + O(z + ez)] d=.
Asymptotic expansion around a local maximum. Let x; € R be such that ©(z1) = [|©]|~. In

what follows, will show how to obtain the three first terms of the sequence {\; } defined in Theorem 5.2.
Following [10], we first localize the operator M€ around 1 by means of the operator U : L'(R) — LY(R),

e>0

uiful = v

More precisely we set

\/§1> , Yw € LYR) & (US)Hw] = w(zy + Ve -), Yw € L'(R).

M= UH o MEo U, Ve >0
so that for each w € L'(R) we have

\;)] (1 4 ex), Yz € R.

Thus from (A.6) and (A.7) we deduce that
Mewl(z) = O + fx)/ (2)O(a1 + Ver + e2) [w (2 + Vez) — w (2)] dz
tw (1) —————2 xl—i-\fx /K O(z1 + Vex — €z) + O(z1 + Vex + ez)] dz.

(A7)

(A.8)

Remark A.1 Since O(x1) is a global maximum of ©, X, the principal eigenvalue of L€, is also the

principal eigenvalue of M (eg., see [10]).

In the following we give an formal asymptotic expansion in terms of € which is fully justified in [10]. More

precisely we have for each z,z € R and ¢ > 0

22
w(l‘Jr\/EZ)*w(x):\/gzw’(x)JreE ( )Jre\[ ///( )+

Recalling that ©'(z1) = 0 we have for z € R and € > 0

2 3
O(z1 + Vex) = O(z1) + e‘%@"(xl) n e\/E%@"'(xl) T
Next we also note that for each x,z € R and € > 0

@(xl + \ﬁx + 62) = @(xl) + M@//(xl) + (\[1‘ + 6'2)39///(:61) I
c’ + 2ey/ers

— Oz + 0" (a1) + 6‘[ 0" (1) +

2
and )
O(x1 + Jex —ez) = @(x1)+W262)@"(x1) (\[ﬂ“ez) WA 9 () + -
6])2— €A/ ETZ €
_ 9($1)+Z\[@”(1'1> \[ @///( )
so that

3
O(x1 + Ver +€2) + O(x1 + Ver — e2) = 20(x1) + ex?0” (1) + eﬁ%@’"(ml) +--
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(A.9)

(A.10)

(A.11)

(A.12)



From (A.10) and (A.12), keeping only the term of order at most €,/ we obtain

O(z1 + ex)

5 [O(21 + Ver + €2) + O(w1 + Ver — €2)] = O(21)* + ex?O(21)0" (21)

3
eﬁ%@(:cl)@"’(xl) +

From (A.9) and (A.11), keeping only the term of order at most €1/e we obtain
2

O(x1 + Ver +ez) [w (z + Vez) —w (x)] = \[26(551) (= )+6%@($1)w”($)
2

+6\f w”(z)® ($1)+6\f—w( )0 (z1) +

and we deduce from (A.14) and (A.10) that
2

O(x1 + /€x)O(x1 + Ve + €2) [w (x + /ez) — w (x)] = VezO(x1)?w' (2) + e%@(ml)zw”(:r)
+ey/€ [ w" (x)O(x1)? + 332zw’(a:)@”(x1)®(:n1)] + -

Next observing that
/K(z)z”dzzo, n=2k+1, keN
R

it follows from (A.8) together with (A.13) and (A.15) that
M{w](z) = 6@(21 "( / K(2)2°dz + O(z1)*w(z / K(z

+€0(11)0 (wl)w(a:)/R K(2)dz + €/€O(21)0" (x1)w / —K(z)dz + -

Let $€ be the eigenvector associated with the eigenvalue A\ of M§. Then (A.16) implies that

Aegt(z) = O )o@ /K )22dz + O(21)26¢ (2 /K

dz?
+€@(9€1)9”(1’1)¢6($)/ K(2)dz + €/e0(21)0" (21)" (x / — K(2)dz +-
R
Thanks to [10] one knows that
" k -~ i k
= Zef)qg and ¢ = Zefgok
k=0 k=0

Hence we have on the one hand

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

Xg¢ = Xo[ipo + Vet + epa + ev/eps] + Ve [po + Vet + epa] + eda [po + Vepr] + ev/erspo + -
= oo + Ve [Aowr + Arwo] + € [Aow2 + Adrer + Aago] + e/€ [Aows + A2 + Azp1 + Aspo] +

and on the other hand, plugging (A.18) into (A.19) yields

2 k
2 'k'(x)/K(z)dez

Xgf(x) =

+ Z €O (21)0" (21)e? pp(z) / 22K (2)dz

R

+Z€\/@ .’131 6”/({1}1 EQ@k / K dz+
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(A.19)

(A.20)



By keeping only the terms of order at most €4/€ in (A.20) we obtain

)\eae(x) _ 6 ml // K

/ K(z de

+@(1‘1) wo(w)j K(z)dz + /€O (x1)? 901( )/ (2)dz
+6@(x1)2cp2(ac)/RK(Z)dz—i—eﬁ@(ml)Qcpg(x)/RK(z)dz
—i—e@(xl)@”(ml)cpo(x)/sz(z)dz—&—e\/g@(a:l)@”(ml)cpl(x)/sz(z)dz
R .3 R
—l—eﬁ@(xl)@”’(:m)goo(x)/ gK(z)dz%—
R

and rearranging the terms with respect to the order of ¢ it follows that

NG (x) = O(m)Ppo(x) / K(2)dz + Ve (e 2o (x / K(:

+€@(32U1) o( /K )2%dz + €O(z ) (w)/ )dz—|—e@(x1)@"(m1)gpo(a@)/x2K(z)dz
R
+ev/€O(x1) cpg /K 2dz
+€e/€O(21)O (xl)cpl(x)/ K(z )dz—{—e\f@(xl) "(x1)po( / —K(z)dz + -
R
(A.21)
Next making an identification between (A.19) and (A.21) it follows that
Nowo(z) = O(z1)*po(z /K
Aow1(z) + Arpo(z) = @(wl) pr(z) | K(z)dz
Aow2(x) + Arp1(x) + Aago(z) = 2 / K(2)z%dz

+0(21)0" (1) o z) /R PK(2)d

+0(x1)%pa(z) | K(2)dz
R
Mo@s(z) + Aga(z) + dagr (z) + Asgo(z) = O(x1)%ps(x) / K(z)dz + 2 / K(2)22dz
R
+0(z)0" (r)¢a(o) | 2K<z>dz
+0(21)0" (x1)po(z / —K(z
(A.22)
The first equation of (A.22) implies that
= @(x1)2/ K(z)dz. (A.23)
R
Hence the second equation of (A.22) rewrites as
Aow1(z) + Apo(z) = M1 (x), Ve € R = A\ =0. (A.24)
Using (A.23) and (A.24) together with the third equation of (A.22) we obtain
_ @(1'1 // 52
Aowo(x) = 5 K dz + O(x1)0" (x1)po(z K )dz, Yz € R. (A.25)

21



Set

m;[K] := / K(2)z'dz, Vi € N
R

so that (A.25) rewrites as

()(ml)Q "

Nago() = 5l (@ymal K] + ©(e1)O (1) o ) mol K, Vi € R (A.26)
or equivalently
2
2@”(.%1) ’ITL(][K] 2 2 )\2
o(x) — | - 2pg(T) = x), Vo € R. A.27
900( ) \/ 6(1'1) ’I?’LQ[K] 900( ) @(1’1)2 mQ[K]QOO( ) ( )
Thus,
2 Ao 20"(x1) mo[K] O(x1)? 20" (x1) mo[ K]
O(z1)2 ms|K] ¢ O(z1) ma[K] 2 2K =5 O(z1) ma[K]
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