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Abstract

We address the currently open problem of existence of multiple periodic orbits in the chemostat model with
periodic removal rate. We give conditions on a subset of growth functions that ensure the coexistence of an arbi-
trary number of species within this subset. We show that proportions of some powers of the species densities are
periodic functions, leading to an infinity of distinct periodic orbits depending on the initial condition. We give
also conditions allowing the coexistence of two distinct subsets of species. Although these conditions are non-
generic, we show in simulations that when these conditions are only approximately satisfied, then the behavior
of the solutions are close from the non-generic case over a long time interval, justifying the interest of our study.

Key-words. Chemostat model, Periodic removal rate, Coexistence, Poincaré map, Multiplicity of periodic
orbits.
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1 Introduction

The mathematical model of the chemostat can represent a vast array of natural phenomena where different
living species compete for a common limiting resource. In particular, it is widely used to model waste water bio-
processes or to capture competition for a single resource in ecological modeling [I5], B]. Recall that the chemostat
is originally an experimental device in which bacterial species grow in a perfectly stirred vessel of constant volume,
continuously removed and fed with fresh substrate. Of course, the mathematical model of the chemostat reflects
also the behavior of this device.

When several species (of densities x;, ¢ = 1,---) all consume a single substrate that is fed in the ecosystem at
a constant rate, then the mathematical theory of the chemostat claims that the Competitive Exclusion Principle
holds, meaning that all the species will asymptotically disappear from the system, except the fittest one [I5] [].
However, in more complex environments, this property does not always hold. This is for instance the case of
periodic operation of bioreactors [I3] or temporal fluctuations in ecology [6, [, [T0]. If the environment favors for
some time one species and then another one in a balanced way, then one may expect the two species to coexist.
A large part of the literature is dedicated to the study of the asymptotic behavior of theses dynamics, with two
or more species, under periodic removal rate [16} (1L [7, @] or periodic nutrient input [6, 14, [4, 7] or both [I8| [IT].

Indeed, when a vessel with two species of concentrations z;(t) at time ¢ (¢ = 1,2) is fed with a periodic removal
rate, the system can exhibit the following different behaviors :

e The two species are washed out, that is lim;_, . 2;(t) = 0, for i = 1,2.
e One species only is washed out while the other survives.

e The two species coexist, that is x;(t) > € > 0, for t > 0 and i = 1,2, for some € > 0.



Those behaviors can be predicted using the Floquet theory. Namely, the Floquet exponents allow to determine
if the periodic solutions with only one species are unstable. If both of these single-species periodic solutions are
unstable, then the theory of competitive planar systems [2] applied to the chemostat model shows that any positive
solution converges asymptotically to a periodic solution with species coexistence (a complete description of this
theory is given for instance in [I5]). However, the possibility of having several attracting periodic orbits remains an
open problem. Although there is no theoretical obstruction for this, no such example has been yet exhibited in the
literature. The purpose of the present work is to show that having multiplicity of periodic orbits with coexistence
is indeed possible, but for a particular class of growth functions, providing moreover an infinite number of periodic
orbits, with two or more species.

The construction that we propose here is non-generic, relying on a relatively strong condition on the growth
functions that is deemed as unfeasible in real life. However, one may face practical situations close from this non-
generic case, which may provide a better understanding of the periodic chemostat over a long duration. Moreover,
our construction may be leveraged to design sufficient conditions for uniqueness of periodic orbits with coexistence.

Our construction lies on the concept of ”taxon”, which in this paper, denotes a group of species whose growth
functions share the same shape. We show that the fittest species from each taxon behave like one species in some
sense, and when they can coexist, then there exists an infinite number of periodic orbits. Moreover, when two
taxa are present in the chemostat, we show that the fittest species from each taxon can coexist all together under
conditions that generalize the coexistence conditions of two species in the chemostat with periodic removal rate.

The paper is organized as follows. In the next Section [2| we recall the equations of the model with the usual
assumptions and give some useful definitions and preliminary results. In Section [3] we present our new conditions
with a concept of ”"taxon” and show some relevant properties. Sections [d] and [5] give our main results, first
for a single taxon and then for competition between taxa. Finally, we presents and discusses several numerical
simulations to illustrate our results Section [6] before drawing conclusions in Section

2 The setting

We consider the multi-species chemostat model written as follows

n
. 1 (s)
tio= (pi(s) —u(®))z, 1<i<n,
(with n > 2) where s is the substrate concentration, s;, the input substrate concentration and z; (1 <i <n) are
the respective concentrations of the n populations. We recall the well-known fact that the yield coefficients Y;,

1 <4 < n can be taken equal to one without loss of generality, by a change of variables (x;/Y; replaced by z;). As
usual, the growth functions p;(.) satisfy the following properties.

Assumption 1. For anyi=1,--- ,n, u; is a C1 increasing function from Ry to Ry with p;(0) = 0.
Under this assumption, we define classically the break-even concentration for each species i = 1,--- ,n as the
function

Ai(v) :=sup{s € Ry; u(s) <v}, v>0.
Note that when A;(v) is finite, one has necessarily p;(A;(v)) = v.

Assumption 2. The removal rate u(-) is a time measurable function from [0,4+00) to [u—,us] with 0 < u_ < uy,
which is T-periodic (with 0 < T < +00). We posit

1 /7
UZT/O u(t) dt.

Consider now the variable b:= s+ )" | z;, whose dynamics is given by

b= u(t)(sin —b). (2)

Under Assumption [2] one has u(t) > u_ > 0 at any ¢ > 0 and one can deduce that the solution of converges
exponentially to s;,, independently of the initial condition of . With Assumption [1} the solutions of are



uniquely defined and bounded for any non-negative initial condition. Therefore the asymptotic behavior of the
n + 1 dimensional system is determined by the n dimensional dynamics

b= || =Dy | —u)| @ 1<i<n ?

which leaves the set

Ay = {x € R}, such that sz < Sm}

i=1
forwardly invariant. In the remaining, we shall consider the asymptotic dynamic on the set Ag only (which is
biology relevant in the chemostat framework).

Note that solutions of (3) with 2;(0) = 0 for some ¢ are such that x;(¢) = 0 for any ¢. Therefore, by uniqueness
of solutions of (3)), we deduce that a solution z(-) of (3) with a positive initial condition has to stay positive for
any time.

We give below a Lemma that will be useful in the rest of the paper.
Lemma 1. There exists a number s € (0, s;y,) such that the subset
n
A= {xEAO; sm—in >8}
i=1
is forward invariant and attractive by the dynamics (3)).

Proof. Posit s = s;, — Z?:l x;. Since x is a solution of and the set Aq is forward invariant, it comes

n

S':*Zm( )i (t) + u(t)(sin — s)
(o) Er st

( > Sin + u(t)(sin — 5)
9(s) = - (maX (s )) Sim - U_(8in — 5).

1<i<n

I\/
|/\><

I\/
\/\B

ax
i<n

The function g is continuous and decreasing with g(0) = u_s;, > 0 and g(s;;,) < 0. By the intermediate value
Theorem, there exists a number s, € (0, s;,) such that g(s,,) = 0 with g(s) > 0 for s < s,,,. Therefore, for any
s € (0,8,), the domain {s > s} is forwardly invariant and attractive by the dynamics of s, which amounts to
claim that the subset A is forward invariant and attractive by the dynamics . O

3 A taxonomic assumption and its consequences

We shall consider subsets I C {1,---,n} of at least two species, whose growth functions p; (i € I) share a
common property, defining what we propose to call a tazon in the present context.

Definition 1. A subset of populations I C {1,---,n} belong to a same taxon if there exists a C' increasing
function ¢ with p(s) < u— and p(sin) > us, and numbers a; > 0, B; € R for i € I such that

wi(s) = aip(s) + Bi, SEIS, Sin], €I (4)

We shall say that such a function ¢ is a generating growth function of the tazon. We also define the subset I* C I,
which is such that
*={iel; \(a) =min\;(a)}.

jeI



In this definition, the choice of the generating function ¢ is not unique but it can typically represent a canonical
growth function that verifies Assumption [I] so that the growth functions p; among a taxon differ only by an affine
transformation away for 0 i.e. on the interval [s, s;,]. Note that condition cannot be imposed for any s > 0
if B; # 0, because growth functions have to be equal to 0 at the origin (Assumption [1)). Several examples of
growth functions that satisfy Assumption [I| and condition will be given in Section [6| Let us point out that
this condition does not prevent the graphs of the functions p; to cross on the domain [s, s;5].

The second part of Definition 1| concerns the subset I* C I, which is made of all the species that share the
same minimal break-even concentration. In some sense, the set I* contains the fittest species, as these are the
surviving species in the autonomous chemostat model [5]. Generically, the set I* is reduced to a singleton, but we
shall study in this work the non-generic situation where more than one species belong to I*.

For convenience, we shall define some auxiliary numbers. The function ¢ being increasing with ¢(s) < u_ and
©(Sin) > u4, and as @ € [u_,uy], there exists an unique § € (s, s;,) such that

©(8) = 1, (5)
and for any i € I we define the numbers
T S
Vi = (,uz(s)—u)—a'—&—u(l—ozi ). (6)

Remark 1. We have for any i € I that p;(\;(2)) = @, which is equivalent to write
p(Ni(@) = a; (@ —B;) = — v, = @(5) — -

Since the generating growth function ¢ is increasing, a higher value -y; corresponds to a lower break-even concen-
tration X;. In particular, we have that ¢ € I™ exactly when v; = max;er ;-

The key point in our study will be to consider particular ratios of powers of species concentrations, for species
that belong to I, defined as follows
o/T;

a@’

The dynamics of these variables present some particular properties, as shown in the next Proposition.

Pij = i,5 € 1.

Proposition 1. Let I be a subset of populations that belong to a same taxon. For any solution positive solution
in A, the dynamics of the ratios p;; are as follows

pis = (3 =+ @—u®) (07 = a7))piy, irjel. (7)
Proof. Let us first differentiate the equality oy/Tjp;; = °/x; with respect to t:

1 -1 a5 . 1 -1, .
—xt dypy ) py = @, i€l
a; Q;

and replace zy, for k = 7,7 by the expression (agp(s(t)) + Bk — u(t))zg. One obtains

1 1
o o

o7 (0600 4 22 = a7 ) iy b2 iy =T (o) + 2 = o tuln)) g,

Q; 4

Multiplying by .T?j , one can write

o= (2= 2 utar —ap) gy et

Q; Q;

Finally, from the definition @ of numbers v, k € i, j, one can also write

pi = (3 = + @ = u®) a7 = a7H))piy, ijel.



The dynamics (7)) of the ratios p;; within a taxon presents thus the remarkable feature that the time evolution of
each ratio depends only on its initial value and the function w, i.e. their dynamics are decoupled. As a consequence,
one obtains the following properties of the solutions of .

Proposition 2. Let I be a subset of populations that belongs to a same taxon. For any positive solution in A,
one has

1. Fori,j in I*, pi; are periodic functions.
2. Fori eI\ I*, x; converges asymptotically to 0.
3. If liminf,~ 2;(t) > 0 for some i € I*, then liminf,~qx;(t) > 0 for any other j € I*.

Proof. From , one obtains the expression

d _ _ _
alngij = (i — ;) + (@ —u(t)) (o 't ; 1)7 t=>0

that we integrate between ¢t and ¢t + T"
log pij(t +T) =log pi;(t +T) + (vi —7;)T, t=0

which gives equivalently
pis(t+T) = pij(£)e )T ¢ >0,

Then, for ¢,j € I*, v; = 7; and the function p;; is thus periodic. If ¢ ¢ I*, for any j € I*, one has v; > ; (see
Remark (1) and thus z;(t) — 0 for ¢ — +oc0. The last point of the Proposition is a straightforward consequence of
point 1. O

This result states that the Competitive Exclusion Principle occurs within a taxon in the periodic chemostat. It
also means that when one or several species of a same taxon persist in a periodic chemostat, it can be invaded by
a new one belonging to the same taxon preserving the coexistence of all resident populations, under the condition
that all species have the same minimal break even concentration (for the average removal rate). Diversity can be
then (theoretically) augmented within a same taxon.

The (non-generic) property of having identical break-even concentrations that implies coexistence of species is
already known in the classical chemostat model with constant removal rate (see for instance []). However, it is
also known that this condition does not guarantee the coexistence under periodic removal rate. Instead, integral
conditions which depends on the periodic function u have to be fulfilled [I5]. Here, the remarkable feature within
a taxon is that under the simple condition of equal break-even concentrations, coexistence can be guaranteed
whatever is the periodic function u (provided that its average value is equal to the fixed value @). Moreover, we
show below that a multiplicity of periodic solutions can be obtained within a taxon, which is a new result in the
theory of the periodic chemostat model, up to our knowledge.

Now and for the rest of the paper, we shall assume that each species population can persist alone, which is
ensured by the following hypothesis.

Assumption 3. One has p;(sin) > for anyi=1,--- ,n.

4 Multiplicity of periodic solutions within a single taxon

We consider here that all the species belong to a same taxon.

Proposition 3. Assume that the whole set I = {1,--- ,n} of populations belong to a same taxon. Then for any
positive initial condition in A, the solution of converges asymptotically to a periodic solution composed of all
species in I*, the other species being washout. Moreover, if I* is not reduced to a singleton, the system admits
an infinite number of periodic solutions in A with distinct orbits, which depend on the initial proportions of species
i I* only.



Proof. Let x(+) be a positive solution of in A and p;;(-), 4,5 € I, be the corresponding solutions of . Take
+* in I* such that
We show that x;+» converges asymptotically to a positive periodic solution.

The variable x;+» can be written as the solution of the non-autonomous scalar dynamics

I"i* = (f(t,l’z*) — ’U,(t)):l?i*

where

[t y) = pa <8m = pur ()™ Yo - > Jii(t)> :

icl* igI
Let fi;» be a C! increasing extension of the function u;+ for negative arguments, and consider the dynamics

g = (f(t,y) —ult))y (8)

on R, where f consists in replacing i+ by fi;+ in the expression of the function f. Note that the choice of x;«
implies that one has a;/a;« > 1 for any ¢ € I*. Therefore, f is Lipschitz with respect to y and the solutions of
are well defined. At y = s;,,, the argument of fi;» is negative, but as y1;(0) = 0 and fi;+ is increasing, one has
necessarily fi;» < 0 for negative arguments, and then f(¢,s;,) < 0 for any ¢t > 0. The set [0, s;5,] is thus forwardly
invariant. Clearly, x;+ is the solution of for the initial value y(0) = x;+(0) (which belongs to [0, sip]).

According to Proposition [2| the functions p;+ for ¢ € I* are T-periodic and variables z; for i ¢ I* converge
asymptotically to 0. We then consider the limiting function

filt,y) = fuss (sm - Z pii ()% yaaii )

iel*

which is T-periodic and verifies

lim |f(t,y)y — fult, y)y| = 0 uniformly for y € [0, s;).

Consequently, by Proposition 3.2 in [I9], the non-autonomous semi-flow of () in [0, s;,] is asymptotically periodic
with limit periodic semi-flow of

= (filt,y) —u(t))y (9)
(for which [0, s;,,] is also forwardly invariant).

We follow now the approach exposed in [15] for one dimensional periodic dynamics, but adapted here to our
context. Let us consider the Poincaré map P associated to the periodic dynamics @

P :yo €0, 5in] = y(T,50) € [0, 5in]

where y(-, o) denotes the solution of (9) with y(0) = yo. One has clearly P(0) = 0, and from the Theorem of
continuous dependency of the solution of ordinary differential equation with respect to the initial condition, P is
continuously differentiable with P’'(yo) = 2(T'), where z(-) is solution of

2 = (Ot y(tyo)y(tvo) + Fultsy(t90)) — ()2, 2(0) = 1
that is

T
z(T) = exp (/0 Ay filt,y(t, yo))y(t, o) + fi(t,y(t,yo)) — u(t) dt) > 0.

The map P is thus increasing and one has P'(0) = exp (T (ui+(sin) — %)) > 1 (by Assumption . So 0 is
a repulsive fixed point of the map P, and for any yo > 0, the sequence {Pkyo} pen 18 strictly monotonic and
bounded, thus converging to a positive fixed point y* of P. Moreover, as y(-,y*) is periodic, one has

T~
A Rt (6. 5%)) — u(t) dt = 0



and thus

T ~
P'(§) = exp (/0 oy filt, y*)y(t,y*)dt> :

As the functions fi; are assumed to be increasing, one has fi;. > 0 which implies 8yfl < 0, and thus P'(y) < 1.
Therefore the map y — P(y) —y is decreasing at each root, which implies that it cannot have more than one root.
We conclude that the (positive) fixed point y* is unique.

As P admits a finite number of fixed points (indeed only one), one can apply the results about asymptotically
autonomous discrete dynamical systems (Theorem 2.4 in [19]), from which one gets

lim (¢ +kT) =y(t,y*), te][0,T].
k—+oco
and we conclude that the solution z(-) converges asymptotically to a periodic solution of in A, for which all
species in I* are present, the other species being excluded:

lim |z(t+kT)—2P(t)|=0, tel0,T]

k—-+o0

where zP(+) is the periodic solution given by

() =4 PO ylty")=s >0, el
07 2 ¢ I*,

for t € [0,T].

Consider now another positive initial condition in A but with the same initial ratios p;;« (0) for ¢ € I'*. According
to , the functions p;;« (i € I*) are identical and consequently the limiting periodic dynamics @ is also identical.
As this later one admits an unique periodic solution, we conclude that the solution of converges asymptotically
to the same periodic solution z?(-).

We now show how to construct an infinity of distinct periodic solutions, when I* is not reduced to a singleton.
Consider a sequence {p§ }ren of positive vectors in R™ such that

k+1 k
P> . (t), keN 10
ie?*l?é*}(po ) hax  max P (t) (10)

where p%. (-) are the periodic solutions of (7)) with p.(0) = (p); for i € I* \ {i*}. Condition imposes that
for each i € I*\ {i*}, the orbits v (pk.) = {pk. (t), t €[0,T]} of (7) are all disjoint for & € N. Moreover, for each
k, there exists an unique periodic solution xP¥(-) of in A for which all species in I* are present with ratios
given by the functions pf.. This implies that the periodic orbits y¥(2P*) = {aP¥(t), t € [0,T]}, k € N, of are
all disjoint. Indeed, if 4+ (2P¥) = v+ (2P!) for some k # I, there should exist 7 > 0 such that zP¥(t) = 2P!(t + 7)
for any ¢ > 0. In particular, one should have xfk (t) = xfl (t+ 1) for i £ i* in I* and any t > 0, but as the orbits
Y (pk.), v (Pl are disjoint, one should have pk. (t +7) # pl.. (t) for some ¢, that is 277 (t) # x2 (t+7) and thus
a contradiction with with the fact that the orbits are non distinct. O

The results of Proposition |3| are twofold. First, they complete those of Proposition [2| since we now have the
persistence of the species of I*, while the less fit species of I \ I* are washed-out. This stronger form of the
competitive exclusion principle comes from Assumption [3]and the fact that there is no species outside the taxon I.
This result allows coexistence in the periodic setting under the non-generic assumption that the surviving species
belong to I*. It generalizes known similar results in the non-autonomous setting [5].

Then, the second aspect of this result concerns the number of distinct periodic coexistence solutions of the
system , which is shown to be infinite under our assumptions. While the standard theory of the periodic
chemostat gives sufficient conditions for the existence of such solutions [I5], it says nothing about the uniqueness
of such solutions. Our construction sheds new lights on this issue, since Proposition [3] shows that if the growth
functions are close enough to each other, in the sense that the corresponding species belong to I*, then there are
infinitely many periodic coexistence solutions. We may expect that eventual sufficient conditions for uniqueness
forbid growth functions to be too close in a sense close to ours.



5 Multiplicity of periodic solutions with more than one taxon

We show here that it is possible to have coexistence of two taxa in competition, each of them preserving the
proportions of species having the same break-even concentrations, leading to an infinite number of periodic orbits.
For technicalities, we need in this section the following additional hypothesis.

Assumption 4. The functions u;, i € {1,--- ,n}, are analytic at any s > s, and u is an analytic function of t.

For convenience, we shall denote for any integrable scalar function ¢(-) the average quantity by

©r = 7 [ o

Proposition 4. Assume that one has {1,--- ,n} = I, U I, where species in I,, resp. Iy, belong to a same tazon.
For any fized positive initial condition in A, let (sE(-),zP(-)), resp. (s (), 2} () be the asymptotic periodic solution
of when only species in I,, resp. Iy, are initially present. If the conditions
Moo = (i(sp))r —u >0, i€l (11)
Aap = (ui(sE))p — @ >0, i€ lf, (12)
are fulfilled, then the solution of converges asymptotically to a periodic solution for which all species in I}
and I} are present, the other species being washed out. Moreover, when there exists at least one positive initial

condition satisfying the above conditions, and at least one of the subsets I, I} is not reduced to a singleton, there
exists an infinity of distinct periodic orbits of for which all the species in I; LI I} are present.

Proof. The taxa are characterized by generating functions ¢,, ¢, and numbers «; > 0, 8; > 0 such that
1i(s) = aipa(s) + Bi, i € Lo, pi(s) = aipp(s) + Bi, i € L.
Take i} € Iy and if € I}. Let z(-) be a positive solution of in A and define the functions, for ¢ € I} LU I}
(X5 t ) ) S I;a
ri(t) =" :(®) PEa t>0. (13)
piiz (t), 1€ Iy,
Then, variables z;;, z;; are solutions of the non-autonomous planar dynamics
y:a = (fa(tayavyb) - u(t))yav
9o = (fot, Yar o) — u(t))ys,

with
fa(tyasyn) = piz (st Ya, v6))s folts Yar Yp) = 1z (8(L, Ya, Y)),

where

s 2}

St Ya, U) = sin — D 1i(t) ™y b = Y )%y, = > @i(t).

= il TAEINY oo

Let f;x, fuix be C L increasing extensions of the functions Wiz, piz for negative arguments, and consider the dynamics

Ja = (fa(t, Yas yp) — w(t))a,
b = (folt, Yas ys) — w(t))ye, (14)

in the plane, where the functions f,, f, are defined with the expressions of f,, f, replacing the functions iz s Hig
by their extensions fi;x , f;; - As one has ai/ai; > 1fori e I, and ai/aig > 1 for i € I}, this dynamics is Lipschitz
in (Yq,yp). Moreover the set

S =10, 8in] X [0, Sin]

is forwardly invariant as one has fo (¢, Sin, ys) < 0, fo(t,Ya, Sin) < 0 for any (y,,yp) € S and ¢ > 0. Solutions of
are thus well defined in S and unique. The pair (z;s (-), z; (+)) is such a solution for (y,(0), y5(0)) = (x4 (0), z;x (0)).



With Proposition @ we know that the functions r; with ¢ € I; U I} are T-periodic, and variables z; with
i ¢ I7 U IF converge asymptotically to 0. We thus consider the limiting dynamics

= (fL(t, Yar vo) — u(t))Ya,
= (Pt yar ) — w0, (15)
where ) )
St yarye) = iz (5" (6 yas 06))s Fo(ts Yar vo) = fiiz (8" (£, Yas W)
with

&4 33

o) = 500 = 30 O™ = 3 ()

i€l i€l

which are time periodic functions. One has also

tl}?oo ‘(.fa(t; yaayb) - fclz(tayaayb))ya‘ = tl}?oo ‘(fb(tayaayb) - lel)(tvya7yb))yb| =0

uniformly for (ya,ys) € S. Therefore, the non-autonomous semi-flow of in § is asymptotically periodic with
limit periodic semi-flow of (see Proposition 3.2 in [19]). The system is competitive and we can apply
the results of the literature about periodic competitive planar systems, which states that any bounded solution
converges to a periodic solution (y2(-),y(-)) (see for instance Theorem 4.2 in [I5]). Let P be the Poincaré map
associated to this dynamics

PZYOESHY(TYO)ES

where Y (-, Yy) denotes the solution (y, (), ys(-)) of (15) with (y,(0),y»(0)) = Yy. On the axis y, = 0 or y, = 0,
the dynamics is with a single taxon. One can then reproduce the arguments of the proof of Proposition [3| to show
that there are unique fixed points Y = (y%,0), Y;* = (0,yf) of P in S with y} > 0, y7 > 0. Morecover, one
has yy = (28): (0), y5 = (3); (0), where 22(-), 2} (-) are the asymptotic periodic solutions of for the initial

conditions &, ¢
¢ = x;(0), i€ I, G = 0, 1€ I,
"o, iely, " @i(0), iel,

(remind from Proposition [2 I 2| that functions p”* (i € 1) or pii; (i € Ip) remain the same).
The linearized dynamics Y = M(@)Y of is given by the matrix

with

a(t) = (f Ya (1), ys(t)) — u(t) + By, Fo(yt, ya (1), ys(£))ya(t),
b(t) = By, fL(t, ya(t), ys(£))ya(t),

(t) = Oy, Fe(t, ya (), yn(£)) s (t),
d(t) = f3(t ya(t), yp(£)) — u(t) + By, F3 (£, ya (1), ys (£)) (1))

Along the periodic solution (2Z(-),0), one has

Q

M(t) = { 0 fL(t, ((xB)i (t),0) — u(t) }

for which the characteristics multiplier exp fOT St (@) (£),0) — u(t) dt is equal to exp(T'Apq) and larger than
1 under condition . The fixed point Y,* is thus hyperbolic repulsive. In a similar way, ¥;* is an hyperbolic
repulsive fixed point under condition . This implies that Y, and Y,* are isolated fixed points of P.

For Yy = 0, the solution of is identically null and one has

iz (Sin) — u(t) 0
M(t) = [ ' 0 tiz (Sin) — u(t) } '

The characteristics multipliers are thus exp fOT piz (sin) — y(t) dt, exp fOT tix (8in) — y(t) dt which are larger than
one under Assumption [3] The zero solution is thus repulsive.



Along any positive solution y4(-), ys(+), note that one has b(t) < 0 and ¢(t) < 0 at any ¢ € [0, T]. Then, one has
Yl >0 for Y7 =0 and Y5 <0, and Yg < 0 for Y7 > 0 and Y5 = 0. Therefore, the second and fourth quadrant are
invariant by the linear dynamics Y = M (t)Y, which implies that the matrix P’(Yy) has strictly positive diagonal
elements and strictly negative off-diagonal elements for a positive Yy € S. Let S’ = {Y € S; s'(0,Y) € (s,5in]}-
By Lemma (1} S’ is invariant by P and any fixed point of P belongs to &', including Y* and Y*. Following the
arguments given in [2], the positive fixed points of P lie on a continuous curve I' in §’, which connects the fixed
points Y, ¥*. Under Assumption [4] x(-) is analytic and the functions 7;(-) as well. Therefore, the map P is
analytic on &’. Then, the curve I is also analytic (see [2[4]). If there were an infinite number of fixed points of P
in S then all the points of the curve I' will be fixed points by analyticity, which contradicts the fact that Y and
Y," are isolated fixed points.

Finally, as P has a finite number of fixed points on S, we can apply the results about asymptotically autonomous
discrete dynamical systems (Theorem 2.4 in [19]), from which one gets

lim (2 (t+kT), 2t + kT)) =Y (T,Y™), te€][0,T].
k—+4o0 @ b

where Y is a fixed point of P in S. As the fixed points on the axes 0, Y* and Y;* are all repulsive, we conclude
that Y is positive, and that z(-) converges asymptotically to the periodic solution zP(-) given by

ri(t)ya(t,Y*) % >0, i€l

i

2{(t) = ri(t) @yt Y*) ™ >0, el
0, i¢ XU

for ¢ € [0, 7.

When I is not reduced to a singleton, take if # 4% in I* and consider perturbations °(-) of the solution z(-),
as solutions of for the initial condition

e B Il(O), _ { # i:ru
o= {(%(0) +e) g (0™, i=f 1o

with € > 0. By continuity of solutions of with respect to the initial condition, there exists € > 0 such that for
any ¢ € (0,€) 2¢(0) belongs to A and conditions (L)), are fulfilled for this new initial condition. As before,
we deduce that z°(-) converges asymptotically to a periodic solution 2P (-) for which all species in I} and I} are
present.

Let p§; be the ratio functions for the initial condition z{(0). Note from that one has pjzi* (0) = Pitis (0)+e.

One gets from @

la la

¢ ¢
P, (1) = p5i., (0) exp/ (@ — u(r) (a;l —a;)dr = pyi,. (t) + Eexp/ (@ — u(r) (a;l —a;t)dr, t>0.
a a 0 a a a’a 0 a a

Therefore, the orbits 7+(pzii*) for € € (0,&) are all distinct and we deduce, as in the proof of Proposition [3| that

the orbits of the periodic solutions y*(x?) are all distinct.
O

Remark 2. Conditions , are independent of the choice of i € I}, IF. Indeed, let 5, = A;(@) which is
identical for any i € I}, and one has

(mi(sp))r —u = ai{pa(sy))r + Bi —a
= ai{pa(s)) — 0a(8a))r + ai0a(8a) + Bi — @
= ai{pa(sy) — Pal3a))T

(using the property @ = 11,(34) = @;pa(Sq) + Bi for i € I}). The sign of (u;(sh))r — u is thus independent of
i € I¥, the numbers a; being positive. One obtains symmetrically the same property for the sign of (u;(sE))r — u
with © € Iy.

Similarly to Proposition [3| Proposition [4] generalizes known results while giving indications about the number
of periodic coexistence solutions of system . Indeed, when each taxon contains only one species, we obtain a
result similar to the ones in [I5]. However, thanks to our taxonomic assumptions, we are able to extend it from
two species to two taxa, under very similar conditions. Then, we are also able to establish the existence of an
infinite number of periodic coexistence solutions, generalizing the result of Proposition [3] from one to two taxa.
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6 Numerical illustrations

We have considered three generating growth functions, among the class of Hill functions [§]

2 4 2

mps mes
o) = g o) =Ry

MeS

#el8) = g e

with parameters given in Table [l} and operating conditions
sin =4, ©u=08, T=10

where the periodic removal rate is
27t
) =402 sin [ —
u(t) = @+ 0.2 sin ( T )

Graphs of the functions ¢, ¢p, . are depicted on Figure Then, we have generated nine growth functions
within these three taxa with characteristic numbers given in Table[2|and s = 0.5. Let us denote the sets of indices
of species belonging to a same taxon I, = {1,2,3}, I, = {4,5,6}, I. = {7,8,9}. The graphs of these functions are
depicted in Figure [2| where we have considered for each of these nine growth functions a C'! extension for s < s as
a polynomial increasing on [0, s] and null at 0. Clearly, Assumptions are satisfied. We have checked in
all our simulations that the solutions remain in the set A for this value of s. For the chosen value of 4, numbers
s and ~y; defined in in @ are given in Table (3| for each taxon. Accordingly to Remark |1} the fittest species
within each taxon are given by the subsets of indices I} = {1,2}, I} = {4,5}, I} = {8,9}.

) ‘ a ‘ b ‘ c
m; | 2 | 295 1.8
K | V3| V3 |V3

Table 1: Parameters defining the generating functions ¢g, ©p, ©c

species ‘ 1 ‘ 2 ‘ 3 H 4 ‘ ) ‘ 6 H 7 ‘ 8 ‘ 9
taxon a b c
; 0.9 1.15 0.85 0.8 1.05 0.6 0.9 1.1 0.7
Bi 0.161 | —0.0165 | 0.1455 || 0.232 | 0.0545 | 0.326 || 0.161 | 0.019 | 0.261

Table 2: Characteristics numbers of the nine growth functions with respect to their taxon

species | 1 | 2 | 3 | 4 | 5 | 6 || 7] 8|9
taxon a b C

s 1.28 1.30 1.40

v | 0.09 [ 0.09 ] 0.03 | 0.09 ] 0.09 ] 0.01 || 0.09 | 0.09 | 0.03

Table 3: For each taxon, numbers 5 and ~; (with @ = 0.8)
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Figure 1: Graphs of the generating growth functions.
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H2
T M3

— M
s
— e

— M
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T Mo

(a) Taxon I,

(b) Taxon I,

(¢) Taxon I,

Figure 2: Graphs of the growth functions for each taxon.

6.1 Simulations with species of a single taxon

One can first observe on Figure [3| that species that are not the fittest within their taxon i.e. that do not belong
to I}, Iy or I are washed-out in presence of all the species in I, I, or I. respectively. This observation is in
accordance with Proposition Most interestingly, Figure [4] illustrates the multiplicity of periodic orbits with
coexistence of two species, which is the main result of the present work.

— x

— X3

0.5

0.0 - —

1.5]

1.0] ~ - X
— x5
— X

o5t

0.5

0.0 = —

(a) zi(-) with z;(0) = 0.5, for i € I,

Figure 3:

(b) x4(-) with x;(0) = 0.5, for i € I

20 40 60 80 100

(c) xi(-) with z;(0) = 0.5, for ¢ € I.

Simulations with species of the same taxon.
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(a) Orbits in the (z1,z2) plane when (b) Orbits in the (x4, zs) plane (c) Orbits in the (z7, zs) plane when
species in I; only are present when species in I only are present species in I} only are present

Figure 4: Multiplicity of periodic orbits among a single taxon.

6.2 Simulations with species of two different taxa

We have first considered species of I, in presence with those of I, (Figure . One can verify that these species
satisfy the coexistence conditions given in Proposition for the initial condition (0.5, 0.5,0.5,0.5,0.5,0.5). Indeed,
we computed numerically Ay, = 0.012576 > 0 and A\, = 0.006272 > 0.

0.8

A
e

A
AR

IWUAVAKNRERE

500 500 1000 1500 2000 2500
t

(a) run on the time interval [0, 100] (b) run on the time interval [0, 500] (c) run on the time interval [0, 2500]

Figure 5: Simulations of z;(-) with z;(0) = 0.5, for i € I, U I.

We observe that the species from I, \ I} and I \ I} are washed-out while all the other species coexist. We also
observe a transient behavior where the concentrations of species from I; are initially raising faster than those of
I}, before decreasing.

We have then considered species of I, in presence with those of I. (Figure @ In this case, we computed
Aca = 0.071 > 0 and A\, = —0.0639 < 0, which no longer guarantee the coexistence of the two taxa.

o ] R AVAVAVAVA | PO
</ /A\/ -

(a) run on the time interval [0, 100] (b) run on the time interval [0, 500] (c) run on the time interval [0, 2500]

Figure 6: Simulations of z;(-) with x;(0) = 0.5, for i € I, U I..

This time, all the species that do not belong to I} are washed-out, as the second taxon is not well fit to survive
in the competition.
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6.3 Simulations under approximate taxon condition

The conditions for species to belong to a same taxon, and that some of them have identical numbers ~;, are
not generic among all increasing growth functions. In the spirit of former works [12] B] for constant removal rate,
we investigate here numerically cases where the condition (E[) is only approximately satisfied.

For this purpose, we considered an additional species labeled 2’ whose growth function ps is closed to ps but
that does not belong to the taxon I,,. For the illustration, we have simply taken por = po+e€n, where n is a smooth
function null at 0 with n(A2(@)) > 0 that is not proportionate to ¢,, and ¢ is a small number.

Remark 3. In the particular case where the perturbation is such that per still satisfies the taxonomic assumption
with ag = ag and vor = 2 — € (recall that y3 = 1), it is possible to study how the perturbation propagates over
time. Indeed, we have from Proposition [1] that

pro = (e+ (@ —ut)(ar" — az")) pror-

If 2(0) = 22/ (0) and the other initial conditions are the same, we can integrate this dynamics over k € N periods
from t =0 and obtain the following comparison result:

pror(KT) = pro(kT)er".

For the numerical illustration, we have taken 7(s) = 145 and first run simulations with species 1, 2 and 2'. For
€ < 0, the species 2’ is asymptotically conducted to wash-out. However, as one can see on Figurem the transient
can be very long when g9/ is very close to o so that the three species coexist in an almost periodic manner during
a long time horizon. On the opposite, for ¢ > 0, the species 2" is the final winner of the competition (Figure .
However, it can take a long time for the other species to decline, so that here also the three species coexist in an

almost periodic manner during a long time period.

— X1

150 T X
— %

1.0

0.5

AAAA 0.0
0 100 200 300 400 500 10T 10°

(a) e = —1072 (b) e =—10""*

Figure 7: Simulations with species 1, 2, 2’ together when ¢ < 0.

(a) e = 1072 (b) e = 1074

Figure 8: Simulations with species 1, 2, 2’ together when & > 0.
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Then, we have considered species of taxa I, and I, together, as before (Figure , but where species 2 is
replaced by species 2'. Figures EI, show that depending on the sign of €, species 2’ can be part or not of the
final composition of the ecosystem, and that the time necessary to distinguish this issue can be very long, even for
values of € not extremely small. Note that coexistence of several species is maintained in both cases. A message
here is that the analysis of non generic situations, as we do here, could be of some interest when facing cases likely
to be closed from the non generic case, and we believe that this could be even more likely when considering many
species.

T

e
MMM’J

0.8

0.6 A \ X — Xy

N v VY| T

— X3

— x1
— Xz
—x

L

L \WWWWW
= LTI
o v, Wm’mmemwmm

— x|
0.5

\ \/ - — Xa il
0.41\C 0.500 11}
Ny —xs ki
"\ — Xe

0.0| 0.00| 0.0

20 40 60 80 100 100 200 300 400 500 500 1000 1500 2000 2500
t

(a) run on the time interval ¢ € [0,100] (b) run on the time interval ¢ € [0,500] (c) run on the time interval ¢ € [0, 2500]

Figure 9: Simulations with species 1, 2/, 3, 4, 5, 6 together when ¢ = —1073.

0.8

0.6, “\ INVETAVITAVZANS N | — x

0.4\ >/ — X
\ — x5
“\ — X

0.0

20 40 60 80 100 100 200 300 400 500 0 500 1000 1500 2000 2500
t

(a) run on the time interval [0, 100] (b) run on the time interval [0, 500] (¢) run on the time interval [0, 2500]

Figure 10: Simulations with species 1, 2/, 3, 4, 5, 6 together when £ = 1072,

7 Conclusion

The present work has been motivated by the open problem about the number of periodic orbits that it is
possible to observe in the multi-species chemostat model with periodic removal rate. We introduced conditions
on subsets of species, that we call "taxa”, and show with the help of a Poincaré map that the dynamics admits
an infinite number of distinct periodic orbits when species belonging to a same taxon possess identical break-even
concentrations. Moreover, we gave conditions to have coexistence between species of two different taxa, leading
to a ”"double” infinity of periodic orbits. These constructions may serve as a counterexample to guide future
constructions of sufficient conditions for uniqueness of periodic orbits in the chemostat model. Finally, we showed
in simulation that although non-generic, these conditions could be ”almost” met in practice leading to many almost
periodic solutions with coexistence on a long time window.

References

[1] G.J. BUTLER, S.B. Hsu AND P.E. WALTMAN, A mathematical model of the chemostat with periodic washout
rate, STAM Journal of Applied Mathematics, 45, 435-449, 1985.

[2] P. DE MOTTONI AND A. SCHIAFFINO, Competition systems with periodic coefficients: a geometric approach,
Journal of Mathematical Biology, 11, 319-335, 1981.

[3] M. EL HAJJI AND A. RAPAPORT, Practical coexistence of two species in the chemostat - a slow-fast charac-
terization -, Mathematical Biosciences, 218(1), 33-39, 20009.

15



[4] J.K. HALE AND A.S. SOMOLINOS, Competition for fluctuating nutrient, Journal of Mathematical Biology, 18,
255-280, 1983

[5] J. HArRMAND, C. LOBRY, A. RAPAPORT, T. SARI, The chemostat, mathematical theory of continuous culture
of micro-organisms, ISTE Press, London, 2017.

[6] S.B. Hsu, A Competition Model for a Seasonally Fluctuating Nutrient , Journal of Mathematical Biology, 9,
115-132, 1980.

[7] P. LENAS AND S. PavrLou, Coexistence of three competing microbial populations in a chemostat with periodi-
cally varying dilution rate, Mathematical Biosciences, 129, 111-142, 1995.

[8] H. MOSER, The dynamics of bacterial populations maintained in the chemostat, Carnegie Institution of Wash-
ington Publication, 1958.

[9] S. NAKAOKA AND Y. TAKEUCHI, How can three species coexist in a periodic chemostat? Mathematical and
Numerical Study, Proceedings of the 9th International Conference “Difference Equations and Discrete Dynam-
ical Systems”, L. Allen, B. Aulbach, S. Elaydi, R. Sacker (Editors), Los-Angeles (USA), 2-7 Aug. 2004, World
Scientific, 121-133, 2005.

[10] S. NowAcK ANDI. KLAPPER, Fzclusion in a Temporally Varying Chemostat System: Dependence on Trade-
Offs, STAM Journal on Applied Mathematics, 78(5), 2819-2839, 2018.

[11] Q.-L. PENG AND H.I.FREEDMAN, Global Attractivity in a Periodic Chemostat with General Uptake Functions,
Journal of Mathematical Analysis and Applications, 249(2), 300-323, 2000.

[12] A. RAPAPORT, D. DOCHAIN AND J. HARMAND, Long run coezistence in the chemostat with multiple species,
Journal of Theoretical Biology, 257(2), 252-259, 2009.

[13] P.L. SILVERSON, R.R. HUDGINS, Periodic Operations of Bioreactors, Elsevier, 2013.

[14] H. L. SmrTH, Competitive coexistence in an oscillating chemostat, STAM Journal on Applied Mathematics,
40, 498-522, 1981.

[15] H. SmITH, P. WALTMAN, The theory of chemostat, dynamics of microbial competition, Cambridge Studies
in Mathematical Biology, Cambridge University Press, 1995.

[16] G. STEPHANOPOULOS, A. FREDERICKSON, R. ARIs, The growth of competing microbial populations in a
estr with periodically varying inputs, AIChE Journal, 25(5), 863-872, 1979.

[17] F. WANG AND G. PaNgG, Competition in a chemostat with Beddington DeAngelis growth rates and periodic
pulsed nutrient, Journal of Mathematical Chemistry, 44(3), 691-710, 2008.

[18] G. WOLKOWICZ AND X.-Q. ZHAO, N-species competition in a periodic chemostat, Differential Integral Equa-
tions, 11, 465-491, 1998.

[19] X.-Q. ZHAO, Asymptotic behavior for asymptotic periodic semiflows with applications, Communications on
Applied Nonlinear Analysis, 3(4), 43-66, 1996.

16



	Introduction
	The setting
	A taxonomic assumption and its consequences
	Multiplicity of periodic solutions within a single taxon
	Multiplicity of periodic solutions with more than one taxon
	Numerical illustrations
	Simulations with species of a single taxon
	Simulations with species of two different taxa
	Simulations under approximate taxon condition

	Conclusion

