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Abstract We study the competition of two species for a single resource in a chemostat.
In the simplest space-homogeneous situation, it is known that only one species survives,
namely the best competitor. In order to exhibit coeristence phenomena, where the two
competitors are able to survive, we consider a space dependent situation: we assume
that the two species and the resource follow a diffusion process in space, on top of
the competition process. Besides, and in order to consider the most general case, we
assume each population is associated with a distinct diffusion constant. This is a key
difficulty in our analysis: the specific (and classical) case where all diffusion constants
are equal, leads to a particular conservation law, which in turn allows to eliminate
the resource in the equations, a fact that considerably simplifies the analysis and the
qualitative phenomena.

Using the global bifurcation theory, we prove that the underlying 2-species, sta-
tionary, diffusive, chemostat-like model, does possess coeristence solutions, where both
species survive. On top of that, we identify the domain, in the space of the identified
bifurcation parameters, for which the system does have coexistence solutions.

Keywords Global bifurcation - Elliptic systems - Heterogeneous environment -
Coexistence - Chemostat
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1 Introduction

The present paper is devoted to the study of coexistence solutions in some chemostat-
like systems, where various species compete for a single resource. The starting point
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of our analysis is the fact that in the simplest models, i.e. in the space-homogeneous
situation, only one species survives, namely the best competitor. Therefore, and in
order to observe situations where all species are able to survive, we readily consider
the space-inhomogeneous situation, where the various species and the single resource
follow a diffusion process in space. Technically speaking, and in order to tackle the most
general situation, we assume that each population possesses its own distinct diffusion
coefficient. This is a major difficulty and originality in the present text, as we discuss
later in this introduction.

The main result of this paper is that the underlying 2-species chemostat-like model,
does possess coexistence solutions, i.e. solutions where all species survive. Besides,
we are able to identify a domain in the space of the relevant parameters, for which
coexistence holds.

Our construction relies on global bifurcations in elliptic systems. Although we con-
jecture that our analysis may be generalized to the case of N competing species for
any N > 2, our results can only be proved in the case N = 2 for the time being.

Let us come to technical statements.
We study the nonnegative steady-state solutions of the reaction-diffusion system

OtR = agAR — Fi(z, R)U — F3(z, R)V — mo(z)R + I,
U = a1 AU + (Fi(z, R) — my(z)) U, (xe R, t>0),
OtV = ag AV + (Fa(z, R) — ma(x))V,

where {2 is a bounded region in R™ with smooth boundary. The above system is
supplemented with Neumaan boundary conditions

OnR(t,x) = 0nU(t,x) = 0nV(t,z) =0 (x€edf2, t>0),

where 0y, is the normal derivative on the boundary 0f2.

The above system describes a situation where two species with density U = U(t, x)
and V = V (¢, x) respectively, compete for the same resource with density R = R(t, z),
through the nonlinear terms F;(z, R)U and F;(z, R)V (i = 1,2). Besides, the space
dependent resource R, as well as the two species U, V, follow a diffusion process in
space, with the distinct diffusion constants ag > 0, a3 > 0, a2 > 0 respectivelyﬂ The
space dependent functions m;(z) > 0 on 2 (i = 0,1,2), are death rates, while the
space dependent functions F;(z, R) = F;(z, R(t,x)) > 0 are the consumption rates.
The given, time-independent function I = I(x) > 0 is the nutrient input. All these
data are assumed smooth.

In order to implement a bifurcation method, we normalize the consumption rates
as follows. We readily choose given, smooth, functions f; = fi(x, R), fo = fa(z, R),
and introduce two bifurcation parameters ¢; > 0 and cg > 0, which somehow measure
the strength of the interaction between the species and the resource, through

Fi(z,R) = c1 fi(z, R), F>(z, R) = c2 fa(z, R). (1.1)

1 Robin boundary conditions, of the form agdnR + bo(z)R = g(z), a10,U + b1(z)U =
a20,V + b1 (z)V = 0 on 02, with g(z) > 0 and b;(z) >0 (i = 0,1, 2), would do as well, as we
discuss later in this text.

2 Our analysis is valid when the various constant coefficients diffusion operators a; A become
div a;(z)V for some smooth, space-dependent coefficients a;(z) > 0 on 0, provided all coef-
ficients a;(z) are proportional, i.e. a;(x) = Ajao(z) (i = 1,2) for some constants A1 > 0 and
A2 > 0. This easy extension is discussed later in the text. Needless to say, in that case, Robin
boundary conditions become ag(z)0n R + bo(z)R = g(x) on 942, and so on, with g(z) > 0 and
bi(z) >0on 02 (1 =0,1,2).



Note that, since we are only interested in nonnegative solutions (R,U, V), the only
important data is the value of f;(z, R) for R > 0: as shown by our analysis, any
smooth extension of f;(xz, R) may be retained for values R < 0, provided f;(z,R) <0
whenever R < 0.

With the above notations, in this paper we look for stationary solutions U = U(z),
V =V(x), R = R(z) to the above system, namel

(mo(z) — apA)R+ c1fi(x, R)U + cafa(x, R) V = I(x),

(m1(z) — a1 A)U —e1 f1(z, R)U =0, (x e ) 19
(ma(x) — a2A)V —cafo(z, R)V =0, (1.2)
OnR = OpU = 0V = 0 (z € 00).

More precisely, our goal is to exhibit coexistence solutions in ([1.2)), i.e. solutions R, U,
V for which R > 0, U > 0, V > 0. Our approach relies on a global bifurcation method,
where ¢; and co are used as bifurcation parameters. In that respect, we also aim at
identifying a domain in the (c1, ca)-plane for which coexistence holds.

Let us come to some bibliographical comments.

Bifurcation methods have been used in many texts concerning interacting species
(competition models, predator-prey systems), see [20l2TL23l22] and more recently in
the study of some age structured models, see [8[9]. In that respect, we wish to stress
that the chemostat involves a fairly specific mathematical structure, a fact that plays
a crucial role below: the nonlinear coupling in , say, only involves terms of the
form f;(x,R)U or f;i(xz,R)V; in other words the two species U and V in are
only coupled through the resource R. This observation holds in any chemostat model
and allows, in some situations, to reduce the original model to a standard competition
system by eliminating the equation on the resource, see [I3LI2L1TL3L18]T9L10].

Steady states of unstirred chemostats have been first studied by Waltman et al.
in [II]. The authors consider two species evolving in the one-dimensional situation
2 =[0,1]. A generalisation in the case of two species evolving in a higher dimensional
domain 2 is studied by Wu [I8] and Wu and Nie [19]. Using the index in a positive
cone (see [24]), Zheng et al. [I5L[14] show coexistence results in systems with various
trophic levels. In all these texts, the heterogeneity in space, that is crucial to recover
coexistence phenomena, is introduced by imposing a gradient of the resource, which in
turn is obtained through the boundary condition, of Robin type. All other coefficients
are space independent. In the present text at variance, we allow the reaction terms
(and other less crucial coefficients) to actually depend on space.

A key point is the following. In all the above works, the authors assume that the
competing species, and the resource, have the same diffusion rate and the same death
rate. This assumption provides a specific conservation law, that links the resource and
the competing species. In our case it reads (taking ap = a1 = az = a and mo(z) =
mi(z) = ma(z) = m(x))

m(z)(R+U+V)—aAR+U+V) = I(z). (1.3)

Relation (1.3 allows to eliminate the resource R from the equations, and to write a
reduced system whose semi-trivial solutions satisfy a simple, scalar, elliptic equation.

3 Recall that Robin boundary conditions are covered by our analysis, as well as variable
coefficients diffusion operators div a;(z)V, provided a;(z) = Ajao(z) (i = 1,2), see footnotes|I]
and 2}



Semi-trivial solutions are those corresponding to either (U > 0,V = 0) or to (U =
0,V > 0). They correspond to the case where one and only one species survives. Once
the semi-trivial solutions are constructed, global bifurcation techniques can be applied
to obtain true coexistence solutions, i.e. solutions of the form (U > 0,V > 0), from
the semi-trivial ones,.

When the conservation law , is not aivalable, very few is known. Some pertur-
bation results are available. In [13], the authors use a perturbation method to extend
the above mentioned result when the equation is nearly verified. Baxley and
Robinson [16] study a very general system in the case of N competing species, and
they establish a result close to the bifurcation point.

In this paper, we propose a global method using the more general conservation
equation

(mo(x) —apA)R+ (m1(z) — a1 A)U + (ma(z) — agA)V =1. (1.4)

Eliminating the unknow R in leads to nonlocal semi-trivial problems. We are able
to study these semi-trivial problems by using a lower-upper solutions technique in the
so-obtained scalar, nonlocal, elliptic equations. In an independent step, a specific use of
global bifurcation techniques then allows to construct true coexistence solutions (U >
0,V > 0), starting from the semi-trivial solutions (U > 0,V = 0) or (U =0,V > 0).
This is a key step of our approach. We wish to stress that the lower-upper solutions
part of our analysis requires (see Assumption [2| below) the crucial hypothesiﬁ

Va € (2 mi(z)

=1,2). 1.5
1 < o 2) (15)

It means that the ratio between death rate and diffusion rate should be larger for
the resource than for the competing species, or, in other words, that the two species
should diffuse relatively faster than the resource. Since spatial heterogeneity, and the
associated diffusion processes, are the key to obtaining systems which allow coexistence,
this assumption is quite natural: diffusion of the competing species helps obtaining
coexistence situations. To be complete, let us mention that in the case when Robin
boundary conditions are retained, another crucial assumption appears, namelyﬂ

vreoan, @ b (i=1,2). (1.6)

a; ao

Assumption (1.6) is similar to (1.5 in spirit, in that a stronger ratio between the
escape rate and the diffusion rate is required for the resource R at the boundary, in
comparison with the analogous ratio for populations U and V.

The organization of the paper is as follows. In section 2 we present the notations and
recall some technical results used in the paper. We also state our main results, namely
Theorems [2.14] and [2:16] In section 3, we construct the above mentioned semi-trivial
solutions. Under assumption [2} the lower-upper solutions method, in conjunction with
bifurcation arguments, allows to prove existence, uniqueness, and non-degeneracy of
the semi-trivial solutions. Section 4 is the main step of our study, in that we prove the

4 In the case when the diffusion operators a; A become diva;(x)V with a;(z) = A\ao(x)
(i = 1,2), the condition below becomes m;(z)/a;(x) < mo(x)/ao(z) for z € 2 (i = 1,2).

5 This assumption obviously becomes b;(z)/a;(x) < bo(z)/ao(x) for x € 82 (i = 1,2), when
the a;’s depend on x.



existence of solutions (R, U, V) to that satisfy R > 0, U > 0,V > 0. A global
bifurcation theorem is used to construct these coexistence solutions, by joining the two
families of semi-trivial solutions. Our construction leads to define a domain & C R?&- in
the space of bifurcation parameters (cy, c2), called the coezistence domain. This domain
is such that whenever (c1,c2) € O, a coexistence solution is at hand. In section 5, we
state some consequences of our analysis, which provide an ecological point of view.
Section 6 concludes this paper.

2 Preliminaries and statement of our results
2.1 Generalities

For i = 0,1,2, the constants a; are supposed positive, and the fonctions m;(z) and
I(z) are assumed smooth, with m;(z) > 0 on £ and I(z) > 0 and I(x) Z 0 on £2.
Taking a given a € (0,1) whose value is irrelevant, we define the space
X ={ueC®(2), 0hu=0on0dn}
Xy ={u€eX, Vz e, u(x) >0}, XT={ue Xy, Ve 2, u(z) >0} (2.1)

In the sequel, a solution to (1.2) is a triple (R,U,V) € Xi that satisfies (1.2)). A
coexistence solution is a solution that lies in X¥ x X% x X% . For ¢ =0, 1,2, we note

A; = my(z) — a; A. (2.2)
It is well known that, for all « € (0, 1), we have
A; : {w € C*T¥(2), dpw =0 on AN} —s C*(£2) is one-to-one.

In order to keep simple notations, the above operator will always be denoted by the
same symbol A; for any choice of a. In the similar spirit we note

Ki = A; " (2.3)

For each i = 0,1, 2, the operator K; is compact when seen as (more precisely : when
extended to) an operator from C1(£2) to C1(£2) and from L?(£2) to L?(£2). Note that
each operator K; maps X to X compactly as well. Recall that the strong maximum
principle for elliptic operators with Neumann (or Robin) boundary conditions reads,
whenever u € X,

Onu >0 = minu(z) =m > 0. (2.4)
uZ0 zeSf?

The strong maximum principle also implies the following uniqueness

Aiu:O _
{anu:O = u=0. (2.5)

We last recall the following standard Lemmas

6 with the obvious adaptation if Robin boundary conditions and/or variable coefficients a;’s

are retained: to each operator div a;(z) V—m;(x) with boundary condition a;(z)0n +b;(z)- = 0
is associated the space X; = {u € C?T¥(), a;(z)0nu + b;(x)u = 0 on 9N}, and the triple
(R,U,V) then is to be exhibited in Xo 4+ x X1, 4 X Xo 1.



Lemma 2.1 Take m(z) € CY(£2) and q(z) € C*(2). Assume m(z) > 0 for allz € £2.
Take a € R%.. Then the eigenvalue problem

(m(z) —aA)d + q(x)p = AP on £2, Ong =0 on 02
has an infinite sequence of eigenvalues

A1(g) < A2(g) <

Moreover, A\1(q) = min Ja (Ve)* + J(m+a )¢*
GEH (02), 70 /¢

the corresponding eigenfunction does not change sign on 2. The quantity \1(q) is the

only eigenvalue whose associated eigenfunction does not change sign on (2. Finally

A1(q) depends continuously on q and, if g1 < g2 with q1 # q2, then A1(q1) < A1(q2)-

is a simple eigenvalue and

Lemma 2.2 Take q(z) € C*(12), a € R such that g(x) > 0 for any x € 2. Then the
eigenvalue problem

(m(z) — ad)p = pq(x)¢, e =0,
has an infinite sequence of eigenvalues
0 < p1(g) < p2(q) <
V)2 2
Moreover, ui(q) = min JalVe)” + [mé

GEH (02), 0 J a?
corresponding eigenfunction does not change sign on 2. The quantity 11(q) is the only

is a simple eigenvalue and the

eigenvalue whose associated eigenfunction does not change sign on 2. Moreover, p1(q)
depends continuously on q and, if g1 < g2 with q1 # q2, then pu1(q1) < p1(g2).

2.2 Lower- and upper-solutions

In order to make use of a lower-upper solution technique later in this text, we readily
introduce the following assumption

Assumption 1 For i = 1,2, we assume fi(x, R) € C1(2 x R), with f1(z,R) < 0
whenever R < dZ] Besides, we assume that for any x € 2, we have

Ofi

VR>0, fi(z,R)>0, and R

(z,R) > 0.

In other words, the consumption rate is supposed to be non-negative and increasing
function of the resource. We also introduce the following crucial one-sided conditiorﬁ

Assumption 2 Fori=1,2 and x € {2, we have

mi(x)/a; < mo(x)/ag.

7 Recall that we are only interested in situations with R > 0, hence the way we extend f;
for negative values of R is irrelevant.
8 See footnote j4fin the case of variable coefficients diffusion operators.



As we show now, this condition provides a monotonicity property that plays a key
role in our analysis. Whenever w € Xy, define R;(w) € X as the unique solution in X
to

AoRl(w) —+ Alw =1. (26)

The operator w — R;(w) is introduced for the following reason. The one-species prob-
lem (corresponding to semi-trivial solutions (U > 0,V = 0) say), reads

AoR-l—clfl(x,R)U: 1, AlU—lel(JJ,R)UZO. (2.7)
This in turn is equivalent to
R=R1(U), AU —c1f1 (z, R1(U))U =0, (2.8)

and R1(U) may be seen as the resource at hand in the presence of the population U.
In any circumstance, the one-species problem leads to considering the above nonlinear
and nonlocal elliptic problem, with nonlinearity w — f1(Ry(w)) w.

Now, an easy computation provides the alternative formuhﬁ

a; 1
Rij(w) = Ko(I) — ;;Kvow + ;OKO((aimo(-’E) — agm;(z))w). (2.9)
A key point is the fact that the nonlocal term Kg(a;mo — agm;)w above satisfies
Ko(a;mo — agm;)w > 0 whenever w > 0, (2.10)

as an obvious consequence of Assumption [2| together with the maximum principle.
Another remark is in order. In the case of Neumann boundary conditions, we have the
obvious relation KgAgw = w. The reader’s attention is drawn to the fact that in the
case of Robin boundary condition, we have KgAgw # w in general. Note however that
the following holds. Provided we assume b;/a; < bg/ao (i = 1,2) — see equation
and footnote Bl — we have

KoAow < w whenever w > 0. (2.11)

This comes from the maximum principle together with the fact that, when w > 0, the
function v = KoAow satisfies Ag(v — w) = 0 with the boundary condition (ap0n +
bo)(v — w) = +(agby — boar)w/a; < 0.

We readily show that Assumption [2] implies the following one-sided Lipschitz con-
dition for the nonlinearity w +— f1(Ry(w))w in (2.8).

Lemma 2.3 Suppose Assumption 2 is true. Let M be a positive constant and take
i =1,2. Then, there exists v = v;(M) > 0 such that

wi(z) fi(z, Ri(w1))(@) — w2(z) fi(z, Ri(w2))(x) = —vy(wi(z) — w2(z))
whenever wi, w2 € X satisfy 0 < wz <wyp < M.

Remark 2.4 The point is, the above estimate is pointwise in x, though it involves the
nonlocal operator R;. 0O

9 When the diffusion operators become diva;(x)V with a;(z) = X\;ao(z), see footnotes
and {4 the formula below becomes R;(w) = Ko(I) — A;KoAow + Ko ((Aimo(z) — mi(z))w),
with A;mo(z) — mi(z) > 0 for all z, and our analysis is unchanged.



Remark 2.5 1If all diffusion operators are the same, as in the previously quoted papers,
namely if A; = Ag (i = 1,2), then the nonlocal terms of the form Ko(a;mo — agm;)w
vanish in the course of the analysis. In that particular case, the method we develop
coincides with that of [I8]. The nonlocal terms constitute the main difficulty we treat.
O

Admitting Lemma [23] is proved for the moment, we readily state that this result
allows us to apply a lower-upper solution method in the nonlocal elliptic system

Ajw — ¢ifi (z, Rij(w)(z)) w =0, (2.12)

where w € X is the unknown. Indeed, using Lemma [2.3] the following definition and
Theorem are standard (see [3]).

Definition 2.6 (lower- and upper-solutions) An upper-solution to equation (2.12])
is a function w € C2+® (ﬁ) vem’fyinﬂ

Ajw(z) — ¢ifi (x, Ry(w)(x)) w(z) >0 for allx € 2, and OnW >0 on IL2.
A lower-solution is defined in the similar way with reversed inequalities.

Theorem 2.7 (lower-upper solutions method — See [5])

Assume there exists a lower resp. upper solution wt resp. w2 to equation ,
which satisfies 0 < wt < w?2.

Then, equation admits a pair (W™, W) of solutions, with wWl<w™ <
wt<w?

If Wt and W2 are not solutions to , we have W < W= < Wt < W? on
0.

The pair (W™, W) is maximal in the sense that each solution W to which
satisfies W € [W, W?| necessarily verifies W € [W~, W] as well.

Remark 2.8 Stricto sensu the above Theorem is not to be found in [5]. Smoller requires
the nonlinear term be Lipschitz in w, a property that we do not have at hand in
the present case. It is standard to observe that the key of the proof, which relies on
an iteration of the maximum principle, is the following. When writing the equation
Aiw = ¢ fi(z, Ri(w)) w =: Gi(z,w), the point is to find a (large) K > 0 and a
(large) M > 0 such that whenever 0 < Wi(z) < Wa(z) < M for all z, we have
Gz, W1)(z) + KWi(z) < G(z,W2)(z) + KWa(z) for all z as well. The one-sided
Lipschitz estimate of Lemma is enough in that respect.

Note that Pao [7l[6] establishes variants of the above techniques for systems, in
the case where the nonlinear terms, which are vector-valued, satisfy so-called quasi-
monotonicity properties. O

There remains to prove Lemma [2.3]

Proof of Lemma
Firstly, when w € X satisfies 0 < w < M, the maximum principle provides in (2.9)

M
1B (w)lLoe < [IKo(DllLoe + M Ko(mo)llzee + - (1Ko (aimo = agmi)llpoe =: Moo.

10 With the obvious extension in the case of Robin boundary conditions.



The assumed smoothness of f; ensures that f; is globally Lipschitz on £ x [— Moo, Mog].
We call C; the Lipstchitz constant associated with f;.
Next, whenever 0 < wy < w; < M, with w; € X (i = 1,2), we have

Riwn) = Rylwa) = =5 KoAo(wr — wa) + 2-Ko (a;mo(@) — aomy(@)) (wn = wg)

> — Y Ko Ag(wy — wo)
ag
a;

> —— (w1 — w2).

> ao( 1 2)

where the first lower bound uses Assumption [2| while the second uses the observation

(2.10). Hence, writing

wi(z)fi (z, Ri(w1)(x)) — wa(x) fi (l‘ Ri(w2)(x))
= fi (z, Ri(w1)(2)) (w1 — w2)(z) + w2 (z)(f; ( (2)) = fi (2, Ri(w2)(2)) )
> wa(x) (fi (z, Ri(w1)(x)) — ( i, wz)(fﬂ)))

we distinguish two cases. If z is such that R;(w1)(z) > R;(w2)(z), then f; being an
increasing function of R, we recover

w1 (@) fi (z, Ri(w1)(2)) — w2 (z) fi (2, Ri(wz)(z)) > 0.

In the opposite case we have

w1 () fi (2, Ri(w1)(x)) — wa(z

> wa(x) (fi (@, Ri(w1)(x)) — fi (Ri(z,w2)(x)))
> +C; wa(x) (Ri(wr)(x) — Ri(ws)(x))
> -G ;%; wa(z) (w1 (z) — wa(z)) > —C; j—; M (wy(z) — wa(a)).

The proposition is proved. 0O

2.3 Bifurcation methods

We state the two bifurcation theorems we use in the sequel; for equations of the form,
T(e,W)=W,

where ¢ € R is the bifurcation parameter, W € Y is the seeked solution, and Y is
a Banach space, while T'(c, W) € CO(R x Y;Y) is a given, continuous map. In the
following we assume that T is twice Fréchet-differentiable in (¢, W), and we denote by
D¢ resp. Dy the Fréchet derivatives of T' with respect to ¢ resp. W.

We start with the local bifurcation theorem of Crandall-Rabinowitz [1].

Theorem 2.9 (Local bifurcation from a simple eigenvalue — see [1)])
With the above notation, we assume that

VeeR, T(c0)=0.
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We also assume that for some value & e R, the following holds:
dim (Ker(L(cO)) =1, where we note L(c) =1d — Dy T(c,0),
codim (Im(L(cO))) =1,
and, whenever Wy satisfies Ker (L(co)) = span(Wy), we have
DeL(cY) - Wo ¢ Tm(Lo).
Then, there exists € > 0 and a map (c(s), X(s)) € C°((—¢,e); R x Y), with ¢(0) = ¢

X (0) = 0, such that close to (c°,0) in R x Y, the only nontrivial solution to T(c, W)
W is given by

{ﬂmmzw

(¢, W) # (¢, 0)

We complete the picture by stating a global version of the theorem. Some additional

Il o

<= 3s € (—¢,¢) such that (¢, W) = (c(s), sWo + sX(s))

assumptions are required. We need the following compactness assumption

T:R xY — Y is a compact operator, and ,
V(c,W), T(c,W)=DwT(c,0) W+ R(c, W), (2.13)
where Dy T'(c,0) is a linear compact operator.

In other words we assume that the linearized part of equation T'(c, W) = W, close to
the trivial solution W = 0, is always a compact perturbation of the identity.

Now, for those values of ¢ such that the trivial solution W = 0 is an isolated
solution to T'(¢c, W) = W, i.e. typically whenever Dy, T (c,0) does not admit 1 as an
eigenvalue, one may define the index of the solution W = 0, as the Leray-Schauder
degree deg(Id — T'(c,-), B,0) (here B C Y is a ball centred at 0 such that W = 0 is
the only solution to T'(¢c, W) = W in B). In other words, the index of the considered
solution W =0 is

i(T(c,-),0) :=deg(Id — T(c,-), B, 0). (2.14)
It has the value
i(T(c,+),0) = deg(Id — Dy T(c,0), B,0) = (—1)P, (2.15)

where p is the sum of the algebraic multiplicities of all (real) eigenvalues of Dy T'(c,0)
that are greater than 1.
The following theorem holds true

Theorem 2.10 (Global bifurcation from a simple eigenvalue — see [20}18])
Under the assumptions and notation of Theorem [2.9, we suppose that T' is a compact
operator such that Dy T(c,0) is linear compact for any c, as in (2.13).

We also assumt{ﬂ that for some € > 0, the indezx i(T(c,),0) is constant on (co —
g,co) and on (co,co + €), and that whenever co —e < a < ¢ < B < cg + € we have

i(T(Oé, ')7 0) 7& i(T(ﬂv ')7 0)

11 This second assumption is not needed when D.T'(c,0) does not depend on c. In our case —
see below — we shall apply this Theorem for T”s of the form T'(c, W) = A+ c¢B(W) where A is
a constant and B a compact operator independent of c¢. This is due to our choice of bifurcation
parameters: they are only involved in the two terms c1 f1(R)U and ca2f2(R)V in (1.2), terms
which are proportional with c¢; resp. ca. We nevertheless describe our bifurcation method in
the present more general form, in order to keep a procedure that applies as well in the case
of a nonlinear dependence on the bifurcation parameters, as would be the case when choosing
(e1, c2)-dependent consumption rates for instance.




11

Then, there exists a com‘z’nuuwﬂ ¢ of nontrivial solutions to T(c,W) = W in
R X Y such that one of the following alternatives holds:

(i) The closure € joins the trivial solution (c°,0) to another trivial solution (¢,0), for
some ¢ € R, ¢ # cg, where Id — Dy T(¢, 0) is not invertible.

(i) The closure € joins (co,0) to 0o in R x Y.

2.4 Statement of our results

Our whole construction relies on a recursive procedure. We construct coexistence so-
lutions to (1.2]) (we do not rewrite the boundary conditions),

AOR + lel(ﬁ, R)U + 02f2(x7 R)V =1,
AU —c1f1(z, R)U =0, (2.16)
A2V — Cgfg(l', R)V = 0,

by starting from the O-species problem (namely trivial solutions corresponding to R >
0,U =0,V = 0),. Then we construct 1-species, or semi-trivial, solutions (corresponding
to R > 0, and either (U > 0,V =0) or (U =0,V > 0)), by using lower-upper solutions
techniques. This step is complemented with the use of bifurcations from the 0-species
problem, to prove the non-degeneracy of the so-obtained semi-trivial solutions, and to
compute the index of these solutions. This step is crucial, and makes a strong use of our
Assumption [2] It is the most difficult and technical part of our analysis. Armed with
these results, we then use bifurcations again to construct true coexistence solutions
R>0,U >0,V > 0. This last step uses all informations gathered on the semi-trivial
solutions.

We start with the O-species problem.

Theorem 2.11 (Trivial solution)
(i) The following equation has a unique solution S € X7,

ApS =1. (2.17)

(it) If (R,U, V) € X% is a solution to withU Z0 orV #£0, theﬂ() <R<S.

(i3) Let w € X. The equation
AoR+cifi(z, R)w=1

has a unique solutio jo) < X_T_. It satisfies 0 < jo) < S. The map w — Rg) is
decreasing from X4 to X4.

12 We call a continuum of solutions a connected familly of solutions (¢, W) € R x Y.

13 Recall that throughout this text the notation R < S means S — R € X7, or, in other
words, that for any € £2 we have R(z) < S(x)

14 Note that Rq(,f> # R;(w), see , unless we have A;w = ¢; f; (:c, Rﬁ?) w.
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We postpone the (easy) proof of this statement.
We next focus our attention on semi-trivial solutions to (|1.2)).
If V = 0 (the case U = 0 is similar), system ({1.2)) reduces to (we do not rewrite the

boundary conditions)
{AOR—i—clfl(x,R)U:I, (2.18)

AU = ey fi(z, R)U = 0.

We define the operator

_ (Kol —cifi(z, R)U)\ _ (S —Ko(f1(z, R)U)
Ti(en, RU) = ( Ki(eifi(z, R)U) > B (0) T ( Ki(fi(z, R)U) ) (2.19)

Clearly, T1 : R x X2 — X2 is continuous and compact, any fixed point (R,U) € X2
of Ty (c1,-,-), i.e. such that Ty (cy, R, U) = Y(R,U), is clearly a solution to (2.18), and
the trivial solution is T} (c1, S,0) = Y(c1, S, 0).

The following theorem describes two solution branches to (2.18]). It is proved in
section 4] using a global bifurcation technique with ¢; used as the bifurcation param-
eter.

Theorem 2.12 (Semi-trivial solutions)
Under Assumptions[]] and[3, the following holds.

(i) There exists ¢ > 0 such that:
o ifc1 < Y, then (S,0) is the only solution to (2.18) in X_Z,_,
o ifc1 > &, the system (2.18) has a unique solution in (X_T_)Q, noted

(Ru(er), U™ (c1)).
(i) Whenever ¢ > ¢, the solution (RZ(lclﬁ, U*(c1)) € (X3)? is non—degenemtﬂ
andTi(Ti (1, ), (Ri(er), U (e1)) =

(iii) The map R}, : c¢1 — Ri(c1) is decreasing, and belongs to C((c), +00), X1).
Moreover, the following two limits hold uniformly on £2, namely,

Ry (c1) —>OS, and Ry, (c1) — 0,
c1—cy c1—+oo

() The map U* : c1 + U¥(c1) is increasing, and belongs to CH (e}, +o0), X).
Moreover, the following two limits hold uniformly on 2, namely,

U* — 0, dU* —  Uso,
(Cl)clac? an (61)01—>+oo e

where Uso € Xi s the unique solution to A1Uso = I.

15 In other words, Ker (Id — D(g, 1yT1 (c1, Ry (c1), U*(c1))) = {0}

16 Qur proof not only provides that the index of this solution (R} (c1),U*(c1)) is one, but
also that all eigenvalues of Id — D (g )11 (c1, R, (c1),U*(c1)) are less than one whenever
c1 > c(l) is close to c(l). This implies that the so-obtained solution is stable, i.e. the associated
time-dependent parabolic problem admits (R} (c1),U*(c1)) as a locally stable steady state.

17 This apparently technical statement is the key to constructing true coexistence solutions
and obtaining Theorem @ below.
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Remark 2.13 In fact, the mere existence of semi-trivial solutions may be obtained us-
ing a simple global bifurcation argument, without making use of our Assumption
Assumption [2|is required at variance to obtain uniqueness of these solutions. This as-
sumption also plays a key role to establish non-degeneracy, and to compute the value
of the index. O

Naturally, the similar results hold in the case U = 0 and V' > 0. This provides a
critical value ¢3, and a solution branch (R} (c2),V*(c2)) € (X1)? whenever ca > ¢3,
which satisfies the properties similar to the ones listed before. The natural semi-trivial
solutions to are (R,U,V) = (R}(c1),U*(c1),0) (with ¢; > ¢Y), and (R,U,V) =
(Rj(c2),0,V*(c2)) (with ca > ¢3). We define the following two subsets of R% x X3,
namely

Cu = {(c1,cz,RZ(cl),U*(c1),O); c1 > 0(1)},

Gy = {(61,02,R:(02),0, V*(c2)); ca > cg} . (2.20)

With this notation at hand, the following Theorem is the main result of the present
paper. It establishes that coexistence solutions to may be defined using bifurca-
tions from the two sets %, and %,. The proof is provided in section Figure
illustrates the situation.

Theorem 2.14 (Coezistence solutions)
Under Assumptions[1] and[g the following holds.

(i) (Bifurcations from €y to €y). Let ¢1 > ¢ be fixed.
There exist ¢35 = c5(c1) > 3 and ¢5* = ¢5*(c1) > 3, and there is a continuum
of positive solutions to (1.2), noted (c1,c2, R, U, V) € (9, +00) x (Y, +o0) x (X_T_)S,
whose closure joins the semi-trivial (c1,c5, Ry (c1),U*(c1),0) € €y to the semi-trivial
(c1,¢5™, Ry(c5),0,V*(c5¥)) € 6.

In particular, noting ca(c1) = min({c3,c3*}) < max({c5, c5*}) =2(c1), we have
Veg € (2(01),6(01)) , A(R,U,V) e (Xi)3 coexistence solution to (1.2)).

(i) (Bifurcations from €y to €u). Let ca > ¢3 be fixed.
There exist ¢; = ci(c2) > ¢ and ¢* = ¢[*(c2) > ¢, and there is a continuu;n
of positive solutions to (1.2), noted (c1,ca, R, U, V) € (¢}, 400) x (c3, +00) x (Xj"r) ,
whose closure joins the semi-trivial (], c2, Ry(c2),0,V*(c2)) € €y to the semi-trivial
(e, c2, Ru(e1"), U™ (€1"),0) € Gu.

In particular, noting c1(c2) = min({c7, c1*}) < maz({c],c1*}) = ci(c2), we have

Ve € (ﬂ(cz),ﬁ(q)) , AR,UV) € (X_T_)S coezistence solution to (1.2)).

Remark 2.15 Note that the situation where c5(c1) = ¢5*(c1), say, may very well hap-
pen. In that case the interval (ﬂ(CQ),a(CQ)) is void. Hence, as we can see, the second
statement in part (i) of the Theorem is a weak byproduct of the first one, which ex-
hibits at variance an actual branch of coexistence solutions. We refer to the conjecture
stated in paragraph [6] below for a discussion of this point. O
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Fig. 2.1 Coexistence solution in the space R x X4 x X .

The parameter c; is fized here, with ¢ > c(l).

Dashed lines in the (U, c2)-plane represent (the projection of) few semi-trivial solutions
(R,U,0) in this plane: due to their very definition, these solutions do not depend on ca.
The particular semi-trivial solution associated with U*(c1) — see Theorem — is repre-
sented by a full line. The full curve in the (c2,V)-plane represents the (projection of the)
family of semi-trivial solutions (R,0,V*(c2)). Finally, the bold curve joining the two planes
(e2,U) and (c2, V) represents the (projection of the) coexistence solutions (c1,c2, R, U, V) €

(9, 00) x (ca(e1),eale1)) % (Xf‘ir)3 obtained in part (i) of the Theorem. In the present figure
we have assumed ¢} (c1) < ¢3*(c1).

With the use of the above Theorem, one may define a coexistence domain ©, as
© = {(c1,¢2) € (], +00) x (c3,+00), s.t.
c1 € (ﬂ(cz),a(cz)) and co € (@(cl),ﬁ(cl)) } (2.21)

It corresponds to values of the parameters (c1, c2) for which a coexistence solution may
be exhibited (a subset of the set of all values (c1,c2) such that a coexistence solution
may be exhibited — see paragraph |§| on that point).

The following Theorem is proved in section It explores the structure of 6.

Theorem 2.16 (Coezistence domain)
Under Assumption[d] and[3 and with the notation of Theorem[2.17), the following holds.

(i) Whenever ¢; > ¢, the quantity c¢5*(c1) is characterised by the relation
ci(ea”(e1)) = e,

and similarly when indices 1 and 2 are reversed.

(i) The two maps

ci(ca) : (cg7 +o00) — (c?,—l—oo), and c3(c1) : (c?,—!—oo) — (cg7 +00)
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Fig. 2.2 Coexistence domain and bifurcation solutions.

Figure (a) shows a possible coexistence domain ©. The full curve represents (c1, ¢ (c1)) and the
dashed one represents (c’l‘ (c2),c2). For any ¢ > c(l)7 the line ¢ = t intersects these two curves
at (t,c5(t)) resp. (t,c3*(t)), as implied by the very definition of the two quantities ¢} (c1) and
c3*(c1).

Figure (b) represents some bifurcating solutions corresponding to three values «, 8 and 7 of
the parameter ¢; > ¢?. The retained values are here assumed to satisfy c}(a) < c3*(c), resp.
c3(B) = c5*(B), resp. c3(v) > c3*(v). For each ¢1 > ¢f, there is a coexistence solution joining
(R,U*(c1),0) and (R, 0,V*(c1)).

are continuous and increasing. Moreover, for {i,j} = {1,2}, we have

lim ¢f(c;) = c? d 1l *(¢;) = 400.
C711_1:[1?%(01) cj, an ciigrloocj(Cl) +oo

(ii1) With the notation (2.21), whenever (c1,c2) € O, system (1.2]) has a coezistence
3

solution (R,U,V) € (Xi) , and we have
O =060_U0O4, with O_ ={(c1,c2), c¢1 <cj(c2) and ca < c5(c1)}
and O4 = {(c1,¢2), 1 >ci(c2) and ca > c5(c1)}

The next sections are devoted to the proof of Theorem m (trivial solutions),
Theorem (semi-trivial solutions), as well as Theorems and (coexistence
solutions and coexistence domain).

3 Zero species: trivial solutions — Proof of Theorem [2.11

We prove here the various statements of Theorem [2.11} Recall that the problem with
zero species reads, shortly, AgR = I.

Point (i). Existence and uniqueness of S is clear.

Point (ii). Let (R,U,V) € Xi be a solution to with U > 0 and V' > 0. We have
AoR =1 —c1 fi(z, R)U — cafa(z, R)V < I. Hence AgR < I with AgR # I whenever
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U # 0 or V # 0. The strong maximum principle provides 0 < R < S, with R < S
whenever U £ 0 or V # 0.

Point (). Take w € X} . Due to Assumption [1} for € > 0 small enough, S resp. € are
upper resp. lower solutions to

AoR+ ¢ fi(z,R)w =1I. (3.1)

As a consequence, there exists a pair (R™, R+) € X? of maximal solutions to ,
with 0 < R~ < RT < S. Let us show that R~ = RT. We have Ag(RT — R™) +
c; (fi(x, RY)—fi(z, R™))w = 0. Integrating over {2 and taking the boundary conditions
into accoun we obtain

/Q {mo(R"_ —R7)4¢ (fi(x,R") = fi(z,R7)) w] dr = 0.

Since R — f;i(x, R) is an increasing function of R for any value of x, we recover
(4)

R~ = RT. Existence and uniqueness of Ry, in the Theorem follows.
Lastly, take 0 < w1 < wa, with wy,ws € X. We have AORSQ +cifi (x, R%g) w1 <

1. Hence, Rq(j; € X is a lower-solution to AgR + ¢; fi(z, R)w; = I. As a consequence,
there exists an actual solution Eg} € X to AgR + ¢; fi(xz, R)w; = I, which satisfies
R%Z < 1?2532 < S. Uniqueness then provides Eq(ﬁz = RS} We recover the necessary

relation ngz < R%i This ends the proof.

4 One species: semi-trivial solutions — Proof of Theorem [2.12

In this section, we study the one species problem (2.18)), corresponding to the semi-
trivial solution (R, U,0) € X¥ x X¥ x X to (1.2). Recall that the one species problem
reads

AgR+c1fi(z, R)U =1,
AU —c1 fi(z, R)U = 0.

4.1 General facts about the one species problem

Lemma 4.1 Let ¢y > 0 be fized. There exists My > 0 such that each solution (R,U) €
(X1)? to @18) verifies
0<U < M.

Proof of Lemma Let (R,U) € (X7)? be a solution to (2.18). Summing the equa-
tions on R and U provides, as already noted, AgR + A;U = I. As a consequence, for
some a > 0 small enough we have

(a—=A)(apR+ a1U) < I.

18 Robin boundary conditions would add a term bo(z) [R+ — R7] >0, and the conclu-
a0
sion would remain unchanged.
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1
The strong maximum principl then provides 0 < agR+a1U < —||I||po. In the case

of variable coefficients a;(z) with a;(xz) = A\;ag(z), see footnote [2] the argument is the
same, due to the bound (o —divag(z)V) (R+ MU) < I = (mo(z) —divag(z)V) R
+ (my(z) — Aidivag(z)V)U. O

Lemma 4.2 The eigenvalue problem A1¢ — ufi(x,S)¢ = 0 with ¢ € X has a prin-
cipal eigenvalue c(l) > 0 and a corresponding eigenfunction ¢o € XY, unique up to a
multiplicative constant. We have

A1¢o — 1 f1(z, S)¢o = 0, (4.1)

with ¢ given by ¢ = min [/ a1 Ve? + m1¢2} / [/ f1(=z, S)(;SQ} .
dH' (2), $70

Proof of Lemma[f.4 This is a direct application of Lemma[2.2] O

Proposition 4.3 Let ¢ > 0 be fized. Suppose there exists (R,U) € (X})? solution to
[218). Then we necessarily have ¢ > ¢.

Proof of Proposition The function U > 0 verifies A1U—cy f1 (R)U = 0. Multiplying
by ¢, defined in Lemma and integrating over (2 leads to

0= /Q AUgo — e /Q f1(, R)Udo = /Q Ugo(c f1(x, 5) — 1 f1(z, R)).

Since Proposition ensures R < S hence fi(z, R) < f1(z,S), we recover the neces-
sary condition ¢; > ¢j. O

4.2 Existence, uniqueness, and some properties of solutions to the one species problem

The main result of this paragraph is the

Proposition 4.4 Suppose Assumptions and@ are verified. Assume c1 > c(lJ.
Then, system ([2.18) has a unique solution in (X3)?, denoted by (R} (c1),U*(c1))-

Proof of Proposition Take a solution (R,U) € (X})? to (2:I8). Defining, as in
([2:9), the quantity R (U) € X by the relation AgR1(U) + AU = I we recover the
necessary condition R = R;(U), and system can be rewritten (with 9,U = 0 on
09),

AU —c1 fi(z, R1(U))U =0, (4.2)

Let ¢9 > 0 be the eigenfunction defined in Lemma which satisfies A1¢g —
c(l)fl (z,S)po = 0. We claim that for ¢ > 0 small enough and M > 0 large enough,
the pair (e¢g, M) is a pair of lower-upper solutions to . Indeed, on the one hand,
choosing M > 0 large enough leads to R1(M) < 0 (since AgR1(M) =1—-A1M =
I — mq(xz)M). Therefore, we obtain

AIM — et M fi(z, Ri1(M)) > miM >0,

19 with the obvious adaptation in the case of Robin boundary conditions.
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with 9, M = 0 on {2, and M is an upper-solution to (4.2)). On the other hand, taking
€ > 0 small enough leads to

Ax(e60) = e1 f1 (2, Ra(e60) - (00) = 60 (e f1(2.5) = er1 (&, Ra(e60)) )
with ARy (e¢o) + e’ f1(x, S)o = 1.

It is clear that lirrb |IR1(ep0) — S|loo = 0. Therefore, we recover
e—

Ax(ego) = e1 i (@, Ra(e60) - (260) = & (e = 1) 60 /12, 8) + 0c0(1) <0,

with On(ed0) = 0 on 912. Therefore e¢g is a lower solution to for & small enough.

These considerations allow us to conclude (see Theorem that there exists a
pair (U™, U™) of maximal solutions to , satisfying e¢g < U~ < UT < M, and
for any solution U € [e¢g, M] to we necessarily have U~ < U < U™. Besides,
Lemma ensures one can choose M > My such that any solution U € X7} to
anyhow satisfies 0 < U < M. Remembering that 0 is a lower-solution, we thus obtain
that every solution U € X7} necessarily verifies 0 < U < U T as well.

Let us show that U = Ut. We first observe that the relation 0 <UL ut implies

0< Ri(UY) < Ry(U).

This is due to Theorem , together with the fact that Ry (U) = R;}) and Ry (UT) =
Rgl in the present case (for U and U™ solve the auxiliary equation A U = cifi(-.)U

and similarly for U). We deduce fi(x, R (U")) < fi(z, R1(U)). On the other hand,
the obvious integration by parts, together with the definition of U and U *, provide

0= /Q ([A1U} Ut — [A1U+} U) = /chUU"' (f1(1’,R1(U)) —f1(w,R1(U+))>.

Therefore we obtain fi(z, Ry (U)) = fi(z, R1(U™)), hence R1(U) = R1(U™). Eventu-
ally we deduce, using the equations satisfied by U and U™ again, the relation U = U™,
The same proof works in the case of Robin boundary conditions. 0O

With the above Proposition at hand, we complete the picture by stating some
properties of the pair (Ry(c1),U*(c1)). We begin with the asymptotic behaviour as
c1 — OQ.

Proposition 4.5 With the notation of Proposition[{.]] we have

lim ([[Ri(c1)lloo + U™ (1) = Usclloo) = 0.

c1—+oo

where Uso is the unique solution to AqU =1 in X 4.

Proof of Proposition [[.5

Firstly, the function U is an upper-solution to A U — ¢1 f1 (z, R1(U))U = 0 in
X . Indeed, we clearly have, using the definition of Uss and Ri(...), the relation
R1(Usxo) = 0, from which it follows that A1Usc — ¢1 f1 (2, R1(Uxo)) Uso =1 > 0.
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On the other hand, take an € > 0 fixed. For ¢; large enough, the function (1—¢)Ux
is a lower-solution to AU — ¢ f1 (, R1(U))U = 0 in X7 . Indeed, we have Ry ((1 —
£)Us) =eKo(I) =S > 0 on {2, so that

(1-e)A1Usc —c1f1(z, R1 ((1 —€)Usx0)) (1 — €)Uso
=1 =)l —c1f1(2,e8) U] <0,

on £2, whenever c; is chosen large enough.

The maximum principle, as stated in Theorem [2.7} establishes that there is a
maximal pair (U™, UT) of solutions to A1U — ¢1f1 (z, Ry (U)) U = 0, satisfying 0 <
(1 —e)Uso < U™ < UT < Uso. Lastly, we readily know that U*(cy) is the unique
positive solution of A1U — ¢1f1 (z, Ry(U))U =0 so that U~ = UT = U*(c1).

In particular, we recover (1 —&)Uso < U*(c1) < Uso. This shows lim ||[U*(c1) —

c1—+0o0
Usol|so = 0.

Next, we observe that Ry, (c1) satisfies AgRy(c1)+ A1U*(c1) = I = A1Uso, so that

formula provides

Rier) = =22 KnAo(U" (e1) = Use) + a—loKo [(armo — agma) (U* (1) — Uso)]

(with the similar formula if the coefficients a; become space-dependent, with aj(z) =
Aag(x) and az(x) = A2ag(z) — see footnotes and@). Using the fact that U*(c1) <
Uso, Assumption and, more precisely, relations and , give 0 < Ry (c1) <
Z—;(Uoo — U"(c1)). Using the established limiting behaviour of U*(c1) we deduce

lim || (c1)lloo = 0. O

c1—+oo
The next result is a monotonicity property.

Proposition 4.6 With the notation of Proposition the map ¢1 — U*(c1) is in-
creasing from (¢, +00) to X, while the map c1 — Ry, (c1) is decreasing from (), 400)
to X7

Proof of Proposition [{.6
Take by > by > ¢}. For i = 1,2 the function U*(b;) is the only solution in X to

AU (by) = bif1 (x, Ry (U™ (b;))) U™ (b;) = 0.
We observe that
ALU™ (b1) — baf1 (=, Ri(U™(b1))) U (b1) = (b1 — b2) f1 (z, Ry(U™ (b1))) U™ (b1) < O,

hence U*(b1) is a lower-solution to A1U — ba f1 (z, R1(U))U = 0 in X4+. On the other
hand, we have already established that Usxs > U¥(b1) is an upper-solution as well.
Hence the maximum principle, as stated in Theorem allows to conclude that there
exists a solution U(bz) to A U — bafy (z, R1(U))U = 0 in X which satisfies U(by) <
U(b2) < Uso. The uniqueness we proved in Proposition then provides U(bg) =
U(bs). Therefore we have U*(b1) < U*(b2).

From this we deduce, using the already observed fact that Ry (U™ (b;)) = jol*)(b.)v
(by definition of the various objects), and using Theorem [2.11] part (iii), the relation

R}, (b1) > Ry, (b2). This ends the proof. O
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4.3 Non-degeneracy and index of the semi-trivial solutions

The previous paragraph, and more precisely Proposition @ shows that two families
of solutions to the one-species problem coexist whenever c; > c?, namely the
trivial (c1, S, 0) and the semi-trivial (c1, Ry (c1),U*(c1)). As an immediate consequence,
it appears that (¢, S,0) € Rx (X4)? is a bifurcation point for system (2.18). Note that
the bifurcation solution (c1, Ry (c1), U*(c1)) is readily constructed for all values ¢; >
c(l), without using the Crandall-Rabinowitz theorem, so that it is not even clear that
the branch (c1, Ry (c1),U"(c1)) actually coincides with a bifurcation in the Crandall-
Rabinowitz sense (for instance, the limit as ¢; — ¢} of (R}(c1), U*(c1)) may well differ
from (S,0) at this stage).

In this section, we show essentially two results. On the one hand we show that
the Crandall-Rabinowitz theorem applies, and uniqueness allows to conclude that the
already constructed semi-trivial solution (ci, Ry (c1),U*(c1)) coincides with the one
obtained by bifurcation. On the other hand, and as a consequence, we deduce various
properties such as the non-degeneracy of the semi-trivial branch, or we compute the
index of this branch. This part of the analysis prepares for the next section where we
construct coexistence solutions to the full 2-species problem.

We begin with the

Proposition 4.7 (Local bifurcations in the one-species problem (2.18)))
With the above notation, let ¢g € X1 and c? > 0 be as in Lemma . Define
po = S Ko(f1(S)po) € X. On the other hand, recall from (2.19) the definition

Ti(c1, R U) =" (Ko (I —c1fi(z, R)U), Ky (c1f1(z, R)U)).
Then, the following holds

(i) The point (¢9,S,0) is a bifurcation point for Ty, in that Theorem applies.
In particular, there exists e > 0, and a map (c1(s), 7(s),U(s)) € CV((—¢,e); Rx X?),
with ¢1(0) = ¢¥, 7(0) = @(0) = 0, such that the branc

{(c1(5), 5 = s(po +7(s)), (0 + Uls)) € & x (XT)*; 0< 5 <}

is a familly of positive solutions to ([2:18). We set R(s) = S — s(po +7(s)) and U(s) =
s(¢o + u(s)).

Moreover, each solution (c¢1, R,U) € Rx (X1)? to near (¢{,0,0) is either the
trivial solution (c1,S,0), or it coincides with (c1(s), R(s),U(s)) for some s € (—¢,¢€).
In particular, for any c; > c(l), close to c(l), there exists s > 0, such that

(c1, Ri(e1), U™ (1)) = (c1(s), R(s),U(s)).
() If s > 0 is small enough, we have
i(Tl(cl(s), 9, (R(s), U(s))) =1.

Hence for ¢; > ¢ close to ¢ we hav@i(Tl(cl, ), (RZ(Cl),U*(Cl))) =1.

20 QOnly positive values of the parameter s are retained. This is due to the fact that we only
keep track of positive solutions to system (2.18)
21 Our proof also shows that all eigenvalues of Id—Dg,uyT1 (1, By (c1), U*(c1)) are less than

one when c; > ¢? is close to ¢, hence the corresponding solution (R} (c1),U*(c1)) is stable
for the time-dependent parabolic problem associated with the present stationary problem.
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Remark 4.8 Point (i) establishes that the branch (c1, Ry;(c1),U*(c1)) constructed so
far coincides at least locally with the bifurcation branch (c;(s), R(s), U(s)).

Point (ii) plays a crucial rdle later in the analysis, when exhibiting coexistence solu-
tions to the full 2-species system. We stress the fact that the computation of the above
index uses tools from bifurcation theory, hence relies on the identification between the
bifurcation branch (cj(s), R(s),U(s)) and the branch (c1, R;(c1),U*(c1)). O

Proof of Proposition - Point (i).
System(2.18) is equivalent to T1(c1, R,U) = Y(R,U), where the (compact, con-
tinuous and twice Fréchet differentiable) operator T : R x X2 — X2X, defined in

@19), is ] Ti(c1, R.U) = 1(8,0) + ex? (—~Ko(f1(R)U), K1(f1(R)U)) . We have, for
any ¢; € R, the relation Ty(c1,S,0) = ¥(S,0), which defines the trivial solution to
Ti(c1, R, U) = Y(R,U). Lastly, we define

Ll(cl) =1Id — D(R,U)Tl (Cl, S, O) (43)

With these notations at hand, we show that the Crandall-Rabinowitz Theorem [2.0]
applies at the bifurcation point (ctl), S,0).
Firstly, let (p, ¢) € Ker(L1(c})). We have

p+ A Ko(f1(S)¢) =0 and ¢ — K1 (f1(S)¢) = 0.

If ¢ = 0, then p = 0. Hence ¢ # 0 verifies A1¢ — c(l)fl(S)qb = 0. By Lemma
[£2] we recover, up to a multiplicative constant, the two relations ¢ = @9 > 0 and
p = —c{Ko(f1(S)¢o) = —po < 0. This establishes dim (Ker(Li(c}))) = 1 and
Ker(L1(c))) = span(—po, ¢o). Next, since Li(c}) is a compact perturbation of the
identity, its Fredholm index is 0 and codim (Im(Ll(c(lJ))) = 1. Lastly, there remains to
prove the relation De, L1(c)) - (—po, ¢o) ¢ Im (Ll(c(lj)). A direct computation shows

Dey L1(}) - (—po, do) = (+Ko(f1(S)d0), —K1(f1(S)¢0)).

Arguing by contradiction, if DLy (c}) - (—po, $o) € Im (Ll(ctl))), there exists ¢ and p
in X such that

(+K0 (71(8)60),—K1 (11(8)60)) = (p+ K0 (71(8)9). 6 = K (1(5)9) -

Applying A; to the second equation, multiplying by ¢g, integratinﬂ over 2, and
using the fact that Aj¢g — c(l)fl(S)QSo = 0, leads to / fl(S)qb% =0s0o¢g =0, a
2

contradiction.

We have established that Theorem [2.9] may be applied in the present situation,
which guarantees the existence of the branch (c;(s), R(s),U(s)). The uniqueness part
of Proposition ensures the identification of this branch with (c1, B3 (c1),U*(c1))
whenever s > 0 and ¢ > ctl). a

22 Here and below we abuse notation by writing f1(R) instead of f1(x, R) and so on.
23 Robin boundary conditions lead to the same calculation.
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Proof of Proposition[{.7] - Point (ii)
This proof is more delicate and uses more information from local bifurcation theory.
Since the local bifurcation Theorem of Crandall and Rabinowitz applies, it is known
(see [A20], see also [5] p. 179 for more details) that there exists two maps with C?

smoothness,
s (u(s),w(s)) = (u(s),p(s),d(s))) € R x X x X,
with p(0) = 0, w(0) = (—po, ¢o),
c1 = (v(er), woler)) = (v(er), poler), do(er)) € R x X x X,
with y(c]) = 0, wo(c}) = (—po, $o)

defined in the neighbourhood of s = 0, resp. ¢1 = c(l], such that along the trivial solution

(c1,5,0), we have
[1d = D¢g,inTi(e1,8,0)] - wo(er) = y(er) wo(er),

while along the semi-trivial solution (c1(s), R(s),U(s)) we have
[1d = D Ti(e1(5), B(s), U(s)] - w(s) = (s)w(s),

In order to prove that i(Tl(cl(s), ), (R(s), U(s))) = 1 for small values of s > 0,
we now show that D(g /)T (c1(s), R(s), U(s)) has no eigenvalue greater than one (see
equation (2.18)), i.e. all eigenvalues of Id — D(r,;nTi(c1(s), R(s),U(s)) are positive.
Since u(s) is the smallest eigenvalue of Id — D (g /)T (c1(s), R(s), U(s)) (thanks to
Lemma and using the value of the above operator together with the fact that the
components of w(0) = (—pg, ¢o) are uniformly negative resp. positive on §2, so that
the same property holds for the components of w(s) = (—p(s), #(s)), at least for small
values of s), we therefore need to show p(s) > 0 for small values of s > 0.

To do so we use the following known fact from local bifurcation theory, (see [] p.
179), namely

u(s) = —sv' ()i (s) +o(s) ass— 0. (4.4)

This is the key piece of information here. There remains to study the signs of the various
terms on the right-hand-side of (#.4). Concerning cj(s), if s > 0 is small enough, we
have, by definition of ¢;(s), the relation

s A1(¢o +1(s)) = sc1(s) f1(S = s(po +7(5))) (b0 + uls)).

Dividing by s and computing % gives

|s=0"
Ay’ (0) = e} f1(S)T(0) + €1(0) f1(S) b0 — A Dr1(S)bopo-
Multiplying by ¢¢ and integrating over {2, then provides, using the fact that Aj¢pg —

c(l)fl(S)géo = 0, the relation c/l(O) /Q fl(S)qﬁg = 0(1) /Q DRfl(S)qb(Q)po. We recover ¢} (0) >

0, hence ¢} (s) > 0 for small values s > 0. Concerning ' (c}), we start from the relation,
valid whenever c; is close to c(l),

Argo(cr) — c1f1(S)go(c1) = v(c1) A1 doler)-
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Applying d%ll| 1=y, multiplying by ¢o = do(cY), using v(c}) = 0, and integrating over
2 leads td*]
- [ a©6 = [ s
0 Q

Hence /() < 0. Eventually we have established that pu(s) > 0 whenever s > 0 is

small. This provides i(Tl(cl (s),), (R(s), U(s))) =1 whenever s > 0 is small.
The proof is complete. O

The following is an obvious consequence of Theorem [£77]

Proposition 4.9 With the notation of Proposition[{.]] we have

lim {|R*(c1) = Sl|oo + [[U"(e1)loo = 0.

c1—cy

Proof of Proposition[[.9 Using Theorem [4.7] together with the uniqueness statement
of Theorem , we have (R(s),U(s)) = (R*(c1(s)),U*(c1(s))). Since lir% c(s) =},
S5—

the result follows from the continuity of s — (R(s),U(s)). O

The next Proposition is independent from the previous considerations. It states
that each semi-trivial solution (R*(c1),U*(c1)) is non-degenerate.

Proposition 4.10 With the notation of Pmposition for each c1 > c(lj, we have
Ker(Id — D 1y T1(c1, Ry(c1), U™ (c1))) = {0}

Proof of Propostion
The proof is by contradiction.
Take ¢1 > ¢} and assume 0 is an eigenvalue of Id — D(g,onT1(e1, Ru(c1), U™ (c1)).
We define, for each u € X, the following auxiliary operator, acting on X. Taking a
large, fixed number K > 0, we introduce

we X Huw) = (A + K)  [AA(R(U) U + KU] € X (4.5)

where AgRi(u) + Aju = I as usual (see (2.9)). Up to the introduction of the terms
involving K, the function H is essentially the second component of 77, evaluated at
(R1(U),U). From the definition of H, the following equivalence is clear whenever U €
X7, namely

T1(R,U) = “(R,U) & [R = R1(U) and H(U) = U] (4.6)

Hence we readily have H (U*(c1)) = U*(c1), and the equivalence also implies,
since 0 is an eigenvalue of Id — D (g 11yT1(c1, Ri(c1),U"(c1)), that 1 is an eigenvalue
of Dy H(U*(c1)) as well.

We claim that the operator H is nondecreasing, i.e. whenever U and V' belong to
X, we have

U>V>0= HU)>HV). (4.7

This property is actually the reason for our introduction of the parameter K. It comes
from the fact that, according to Lemma from U >V > 0, we deduce f1(R1(U))U—

24 The computation is the same in the case of Robin boundary conditions.
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Ji(B1(V)V =2 =y(U = V) hence fi(R1(U))U — fi(Ri(V))V + K(U -V) > (K -
¥)(U — V) >0, and the maximum principle allows to conclude.
Our second claim is

DyH(U"(c1)) -U*(c1) = kU™ (c1), where k < 1. (4.8)

(Note that k is a function in X). This is the key ingredient. It comes from the following
computation. We have

DuH (U*(e1)) - U*(e1) = %]tZOH (1 + DU (1))
= %‘tzo(Al +E)7N A (R (A+ U (1)) + K] (L +8)U*(e1)
=W +EK)7 A (B (U (1)) + K] U*(er)

+(A1+ K)7" | Drfi (R (U (1)) U'(cr) %L:ORl (L+ 1)U (e1))

On the other hand, we have
(A1 +K)7' [f1 (R (U*(c1))) + K] U*(e1) = H (U (1)),
while
%]tZORl (1+ 86U (1)) = %L:OKO [I—(1+1t) A U (c1)]

- 7%yt:0(1 + 1)Ko [e1 fi (R1(U™(e1))) U™ (e1)]

=—Ko [c1 fi (R1(U"(c1))) U™ (c1)] = Ri(U"(c1)) — S < 0.
Eventually we have established

DuH (U*(c1)) -U™(c1) =U"(c1) + (R1(U™(c1)) = §) =1 kU™ (c1),

with £ < 1 as claimed. This proves relation .

Our third claim is a consequence of the previous one. It somehow asserts that the
two functions (1 + &)U*(c1) and (1 — )U*(c1) are lower-upper solutions to H(u) = u
in a strong sense. Namely, taking a (fixed) parameter p > 0 such that

k+p<l
We define
Hy(u) == H(u) + p(u — U™ (c1))- (4.9)
We claim that whenever € > 0 is small enough, we have
Hu (1=e)U"(c1)) = (1 —e)U"(c1), Hu (1+)U(c1)) < (1+e)U"(c1). (4.10)
This comes from the following expansion

Hy (L +)U*(er)) = Hy (U (1)) + eDuHy (U*(e1)) - U*(c1) + O(?)
=U*(c1) + & (k4 p)U*(c1) + O(e?)
< (1 +e)U" (1),
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provided ¢ is small enough. We have used relation together with the fact that
U*(c1) > 0.

Gathering all the above claims, let us now show that Dy H (U*(c1)) cannot have 1
as an eigenvalue. Take ¢ € X (¢ # 0) such that

DuH(U*(c1)) - ¢ = ¢.
Up to rescaling ¢, we may assume that
—U%(c1) < ¢ <U™(e1).

For technical reasons that become clear later, we may rescale ¢ again, so as to ensure
that there is a point xg € {2 such that

(14 p)¢(z0) > U™ (c1)(x0),

where 1 > 0 is as before. The idea is to compute H,, (U*(c1) 4+ £¢) in two different
ways, to obtain the desired contradiction.

On the one hand we have, from the relation (1 — &)U*(c1) < U*(c1) + g9 <
(1+2)U*(c1), and using (4.10), the bounds

Hy (U(e1) +e¢) < Hu (L +)U"(e1)) < (1+€)U™ (),

as well as Hy, (U*(c1) +e¢) > Hyu (1 —€)U*(c1)) = (1—€)U*(c1). On the other hand,
we may expand (the expansion holds in X)

Hy (U*(e1) + e¢) = Hy (U (1)) + eDuHy (U*(c1)) - ¢ + O(E?)
=U"(c1) + (1 + p)eg + O(e?)
=1 +e)U*(c1) +e((1+ p)¢ — U*(c1)) + O(E?).

Hence, at the point zg, we have H, (U*(c1) 4+ €¢) (o) > (1+¢) U*(c1)(0), provided
is small enough, which contradicts the fact that H, (U*(c1) +e¢) < (14 &)U*(c1).

To summarize, the whole idea of our contradiction argument is that on the one
hand (1 + &)U*(c1) satisfies H(U) < U in a strict fashion (as a consequence of (4.8)),
while the upper-lower solution technique, together with the fact that ¢ is associated
with the eigenvalue 1 of the linear part of H, imply that when perturbing U*(c1) in the
direction ¢, the function H must at the same time be almost constant in that direction
and it should decay in a strict fashion as well. O

As an immediate consequence of the non-degeneracy of the solution (Ry;(c1), U*(c1)),
together with the implicit function theorem, we deduce the

Proposition 4.11 The map c1 — (R (c1),U*(c1)) is continuously differentiable from
(f,4+00) to X% x X7.

Proof of Proposition
The pair (R;;,(c1),U*(c1)) is defined by the equation

T1(c1, Ri(cr), U™ (er)) = "(Ri(c1), U™ (c1).

On the other hand, we have just proved that Id—D g 1/yT1(c1, Ru(c1), U™ (c1)) does not
admit 0 as an eigenvalue, while it is clear from the definition of T that the linearized
operator D(g 1111 (c1,R,U) is compact for any value of (¢1,R,U) € R x X2 As a
consequence, we have that Id — D(g )Ti(c1, Ri(c1), U™ (c1)) is invertible, and the
local inversion Theorem applies. O
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A key consequence is the following
Proposition 4.12 For any c1 > c?, we have
i(T1(c1,0), (Ru(e1), U (c1))) = 1.

Proof of Proposition
Since Id — D (g 11y T1(c1, Ri(c1), U™ (c1)) is invertible, and a compact perturbation
of the identity, we have

i(T1(c1,-), (Ru(c1),U"(c1))) = (_1)1’(01)’

where p(c1), is the number of eigenvalues of D(g 11T1(c1, Ri(c1),U"(c1)) that are
greater than 1. Now, take any ci" > ¢ > C?. By uniqueness of the solution to
Ti(c1,R,U) = (R,U) in (X7})?, for any ¢1 > ¢}, we can choose a neighbourhood U of
the set {(c1, Ri(c1),U*(c1)); c1 € (¢ ,¢f)} in R x (X_T_)2 such that, if ¢; € (¢, ¢f),
no solution solution to Ti(ci, R,U) = (R, U) exists on dU. The homotopy conserva-
tion (see e.g. [4]) shows that ¢(T% (c1, ), (Ry(c1),U*(c1))) is constant on (c7, ci‘) This
argument is valid for each ¢ > ¢ > ) hence i(Ty(c1,-), (R*(c1),U*(c1))) is con-
stant on (¢, 400). We conclude using Proposition part (ii), according to which
i(T1(c1,-), (Ri(c1),U*(c1))) = 1 whenever ¢ > ¢} is close to ¢). This ends the proof.
O

5 Coexistence solutions

We now show the main result of this paper, namely we exhibit coexistence solutions to
the full 2-species system (1.2)), i.e. solutions (R, U, V') to (1.2) that lie in (Xi)?’. Recall
that the system with 2 species reads, shortly,

AR+ c1fi(z, R)U + cafa(z, R)V = I,
AU —c1fi(z, R)U =0, (5.1)
A2V - szg(m, R)V = 0,

5.1 Preliminary results
The following fact summarizes the work we have performed at this stage.

Proposition 5.1 The system (1.2) has the trivial solution (S,0,0) € Xi. Besides,
(i) if c1 > &Y, system (.2) has the semi-trivial solution (Rj(c1),U*(c1),0) € X3.
(ii) if ca > 3, system (L.2) has the semi-trivial solution (R}(c2),0,V*(c2)) € X3.
We denote these two families by
Gu = {(c1, e2, Ri(e1), U™ (e1),0), (e1, e2) € (e, +00) x (c3, +00)},
%y = {(c1, 2, Ry (c2),0,V*(c2)), (c1, c2) € (¢7, +00) x (c3, +00)}.

Our first result in the direction of obtaining coexistence solutions to (5.1)) is the
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Proposition 5.2 Let (c1,c2) € R?. Assume that (R,U,V) € (Xi)?’ s a coexistence
solution to .

Then, the following holds:
(i) We necessarily have ¢1 > ¢ and ca > ¢5.
(i1) With the above notation, the function R— Ry,(c1) (resp. R— Ry (c2)) either changes
sign on §2, or it vanishes identically.
(ii3) We have 0 <U < U*(c1) and 0 <V < V*(ca) (on 2).

Proof of Proposition[5.3

Let (R,U,V) € (X1)? be a coexistence solution to (L2).
Point (i).

By Theorem we have R < S. Hence, as in the proof of Proposition .3} we
deduce that ¢; > ¢} for i = 1,2.

Point (ii).
We have A1U — c1 f1(R)U = A1U* (1) — e1 f1 (R (c1))U*(¢1) = 0 with U > 0 and
U*(c1) > 0. Hence, by Lemma we recover

/\1(A1 — lel(R)) = )\1(A1 - lel(RZ(Cl))) =0.

Point (ii) therefore comes as a direct consequence of the fact that R — fi(R) in-
creases with R, from which it is deduced that R +— Aj(A1 — c1f1(R)) decreases with
R (Lemma [2.I)). The function R — Rj(c1) cannot have constant sign on {2, unless it
vanishes identically.
Point (i13).

We use a lower-upper solution method. Whenever u and v belong to X, denote by
R(u,v) the only solution in X to AgR + Aju + Azv = I. With this notation at hand,
the function u = U is seen to satisfy the following, nonlinear, nonlocal, elliptic problem

Aju—c1 fi(R(u,V))u=0. (5.2)

We first claim that U is the only positive solution to . To prove this, we observe
that whenever M > 0 is large enough, the constant function u = M is an upper-solution
to (5.2). Indeed, it is clear that R(M,V) > 0 when M is large (for Ag(R(M,V)) <0
under these circumstances), from which it follows A1 M —c; (f1 (R(M,V))M > miM >
0. The constant function u = 0 being clearly a lower-solution to , it follows that
there exist a maximal solution 0 < UT < M such that any solution u to such
that 0 < u < M also satisfies 0 < u < UT. In particular, taking M > U, we deduce
0<U<U".

To prove that U = U™, we define for convenience Rt = R(UT,V) and R =
R(U, V). We clearly havﬁ

o:/ (AlU+ : U—AlU.U+) - cl/ [fl(Rﬂ —fl(R)} Uty
2 2
which proves UT = U provided we establish RT™ < R. On the other hand, the function

r = R satisfies
Aor + a1 fi(r)U =1 = cafa(r)V, (5.3)

25 with the obvious adaptation in the case of Robin boundary conditions
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while the function r = R satisfies
Aor+ 1 fr(r)UT =1 —cafa(r)V.

Since U < U™, we see that RT is a lower-solution to (5.3). This implies, similarly to
the proof of the Theorem[2.11} that Rt < R. Hence U™ = U and U is the only positive

solution to (5.2]).

Let s € (0,1), we now claim U*(c1) resp. sU are (strict) upper resp. lower solutions to
(5.2). Indeed, on the one hand, we have

Ag (R(U(c1),V) = R(U"(c1),0)) = —AgV = —ca f2(R(U,V)) <0,
so that R(U*(c1),V) < R(U*(c1),0). We deduce
AU (e1) — a1 fi(R(U™(e1), V) U™ (e1)
=1 [fi(R(U(c1),0)) = fi(R(U(c1),V))] U"(e1) > 0.
On the other hand, we have
Ao (R(sU, V) = R(U,V)) = (1 — s)e1 f1(R(U, V)) > 0,
so that R(sU,V) > R(U,V). We deduce
A1(sU) = ¢ f1(R(sU, V) sU = c1 [fL(R(U, V) — f1(R(sU,V))] sU < 0.

Now, since infmU*(c1) > 0, one can choose s € (0,1) small enough such that sU <
U*(c1) and it follows that there exists a solution U to such that sU < U < U*(c1)
(the inequalities being strict because sU and U*(c1) are not true solution). Uniqueness
of the positive solution yields U = U hence U < U* (c1)-

The same proof shows that V < V*(c2). O

To conclude this section, we also state the following two Lemmas.

Lemma 5.3 Let c1 > 0(1).

Then the eigenvalue problem Astp — ufa(Ry(c1))Y = 0 has a principal eigen-

value c3(c1) > 0 and a corresponding eigenfunction 1™ (c1) > 0. We have c5(c1) =

[ a2V $® + mag”

min » 5
el (2), 920 [o f2(Rifc1)d

. In particular, there holds c(c1) > 3.

Proof of Lemmal[5.3
We only need to prove the inequality c5(c1) > cg, which comes from the formulae
giving c5(c1) resp. cg, in conjunction with the maximum principle. O

Lemma 5.4 Let ¢ > ¢ be fized.
Then, there exists 3™ = c5*(c1) > ¢ such that, if (R,U,V) € (X3)% is a
solution of (1.2), we necessarily have ca < c§'®*.

Proof of Lemma Let ¢1 > 0(1) be given fixed. We suppose by contradiction that
there exists a sequence of solutions (c§, Ry, Ux, Vi) € (€3, 400) x (X%)?3 with & — +oo.

As in the proof of Lemma [{I] from the relation AgRy + A1Uy + A2Vy, = I we
deduce that for some a > 0 we have (o — A)(agRg + a1Ug + a2Vy) < I (with the
obvious adaptation in the case of variable coefficients a; = a;(z), see the proof of
Lemma ), hence 0 < agRy, + a1Up + a2V, < M for some M > 0 independent of k.
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We deduce that all functions Ry, Uy, and Vj, are bounded in L°°, uniformly in k. In
turn we recover that AgRy, A1Uy, and A2V}, are uniformly bounded in L as well,
and a bootstrap argument shows that Ry, U, and V} are uniformly bounded in some
c*r space (8 > 0), hence converge towards some Roo, Uso, Voo in X4, say.

We claim that R = 0. Indeed, we define the function v, := verifies

Vi
5[V lloo
Agvy, = fa(Ry)vg. It follows that vy converges in X} to some nonnegative function
Voo verifiyng Asveo = f2(Reo)Voo. If Roo # 0 then vso > 0 which contradicts the fact
that [Jvg|lco = % — 0. We recover R, — 0 in X.

Now, the fact that Uy > 0 provides Aj(A1 — c1f1(Rg)) = 0. We deduce 0 =
A (A1 —c1fi(Rg)) — A(A1) as k — oco. The known fact Aj(A;) > 0 provides the
contradiction. 0O

5.2 Proof of Theorem [2.14]

Let us now come to the construction of coexistence solutions.
For a given value of ¢; > c(l), we introduce the (compact, continuous, twice Fréchet
differentiable) operator Tb : (¢, 00) x X3 — X? as

Ko (I —c1fi(R)U —caf2(R)V)

Ty(co, R, U, V) = c1 K1 (fi(R)U)
ca Ko (f2(R)V)
S —Ko (f1(R)U) —Ko (f2(R)V)
=10 |+4+c K1 (f1(R)U) + co 0 . (5.4)
0 0 Ks (f2(R)V)

Clearly (c2, R,U,V) € (3, 00) x (Xi)?’ is a coexistence solution if and only if
Ta(co, R, U, V) =Y (R, U, V).
We readily know that the semi-trivial solution (ca, Ry, (c1), U™ (c1), 0) satisfies
To(c2, Ry(c1), U (e1),0) = "(Ri(c1), U (1), 0),

for any value of ca. We now construct coexistence solutions using bifurcations from
the (family of) point(s) (c(c1), Ri(c1),U*(c1),0), where ¢5(c1) > ¢3 is provided by
Lemma 5.3

Proposition 5.5 Take ¢; > ). Let ¢ = c3(c1) > ¢ be the eigenvalue defined in
Lemma and ¥* = ™ (c1) € X7 be the associated eigenfunction.

Then (c5(c1), Ry (c1),U(c1),0) is a bifurcation point for Ta, in that the local bi-
furcation Theorem [2.9 applies.

In particular, there exists p* = p*(c1) € X and ¢* = ¢*(c1) € X, there emists
e > 0, there exists a map (7,,0) € C* ((*6,6),X3) verifying 7(0) = u(0) = v(0) = 0,
together with a map ¢ € C* ((—6,6),R+) verifying c2(0) = c5(c1), such that the
following holds. The branch

{(CQ(S),E(S),ﬁ(s),ﬁ(s)) 0<s< 5}
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is a family of positive solutions to , where we set
R(s) = Ri(er) +5 (0" (1) +7(s)) . Uls) =U(er) +5 (¢ (c1) +ls))
V(s) =5 (4" (c1) +(s)) -

Moreover, any solution (c2,R,U,V) € R x X3 to (5.1) near the bifurcation point
(c3(c1), Ru(c1), U™ (c1),0) is either the semi-trivial solution (c2, Ry (c1),U(c1),0), or
it coincides for some s € (—e, ) with (ca(s), R(s),U(s), V(s)).

Proof of Proposition [5.5].
Recall that the value of ¢; > ¢ is fixed. We set

La(cg) =1d — D(R,U,V)T2(027 RZ(Cl), U*(Cl)7 0). (5.5)

Using again the operator T} of the one species problem, see (2.19), we have, whenever
(p, b, 1) € X3, the relation

L2(6§(Cl)) : t(ﬂ: (b: ¢) = t(p7 ¢7 ¢')

* * P —KO(fQ(RZ(Cl))’l/J)
D(g,inTi(e1, Ri(c1), U™ (c1)) - <¢) () 0
0 Ko (f2(Ri(c1))¥)
Take now (p, ¢, ) € Ker (La(c5(c1))). We have

(Id — D(g, iy T1(c1, Rie1), U™ (1)) - “(p, @) = ' (c3(c1) Ko (f2(Ri(er))) ,0), (5.7)
Y — ca(e1) Ka(f2(Ri(c1))y) = 0. (5.8)
Equation on 1, and the definition of ¢5(c1), implies that 1 = 1*(c1) > 0 up to
a multiplicative constant. Equation on (p, @), together with the already proved
invertibility of Id — D(g 7y T1(c1, Ri(c1), U (c1)) (see Proposition, then provides

(0, ) = (5" (c1), & (c1)), where we have set
Yo (c1), 9" (c1)) == (5.9)

(Id—D(R7U)T1(C1,RZ(Cl),U ) (C C1 KO (fZ( ( ))¢*(Cl)>,0).

Hence Ker (La(c3(c1))) = span(p*(c1), ¢*(c1), %™ (c1)) and dim (Ker (La2(c5(c1)))) = 1.
The Fredholm alternative also provides codim (Im (La(c3(c1)))) = 1.
There remains to show that

De, La(c3(e1)) - '(p"(e1), 8™ (c1), ¥"(e1)) & Im (L2(c3(c1))) - (5.10)
We clearly have
De, La(cs(c1)) - "(p"(e1), 6™ (1), " (e1)) =
H=Ko(fa(Ri(c1)¥™ (1)), 0, —Ka(fa(Ry(c1))d™ (c1)))-
If relation is false, we can find 17 such that
—Ka(f2(Ru(c1))y™(e1)) = ¢1 — ca(er) Ka(fa(Rule1))yr).

. (5.6)

As in the proof of Proposition we get /f2 (Ry(c1)) (1/)*(c1))2 = 0, which contra-

dicts ¥*(c1) > 0.
Eventually we have proved that the local bifurcation Theorem applies, and the
Proposition follows. O
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Next, a global argument provides the

Proposition 5.6 Let c¢; > c(lj be fized. Then, equation (5.1) admits a continuum of
nontrivial solutions

%0 = {(627R7 U7 V))} CRx X2 X (X \ {O})7

whose closure Gy joins the bifurcation point (c(c1), Ri(c1),U*(c1),0) either to oo in
R x X3, or to a point (é3, R}(c1),U*(c1),0) in R x X3, where é& # ¢5(cy) is such that
Id — D(g,u,v)T2(¢2, Ri(c1),U"(c1),0) is not invertible.

Proof of Proposition[5.6, We apply the global bifurcation Theorem [2:10] It suffices to
show that i(T2(c2, ), (R (c1), U™ (c1), 0)) actually changes sign when crossing the value
co = c3(cp).

Let > 1 be an eigenvalue of D(g y,y)T2(c2, Ry (c1),U”(c1),0) = Id — La(c2).

There exists (p, ¢, 1) Z (0,0,0) such that (Id — La(c2)) “(p, ¢, 1) = u'(p, ¢, ).
If ¢» = 0, we recover, using relation (5.6)), that

(1d = D(g,p)T1(c1, Ri(e1), U (1)) (o, 0) = ' (p, 6)-

Hence p > 1 is an eigenvalue of (Id — D(p ) T1(c1, R (c1),U*(c1))). We know from
Proposition [£:12] that such x’s are in even number.
If ¢ # 0, we recover using relation (5.6)), that Asy — cafo(Ry(c1))Y = (1 — p) Az,

which means,

Agip — Cfﬁ(RZ(cl))w =0. (5.11)

Thanks to Lemma [5.3] it becomes clear that the above problem has no nontrivial

solution 1 # 0 whenever ca < c¢3(c1), while it has exactly one nontrivial solution (up

to a multiplicative constant), namely 1" (c1), whenever ca > c3(c1) is close enough to
N . .

c3(c1). This establishes

i(Ta(ca,-), (Ru(c1),U"(c1),0)) = 1, if co < c3(c1),
i(Ta(ca,-), (Ru(c1),U"(c1),0)) = =1, if ca > ¢3(c1).

The theorem [2.10|is proved. O

At this stage we have exhibited the continuum of nontrivial solutions 45 C R x
2 % (X \ {0}). We need to select positive solutions (i.e. coexistence solutions) out of
6.

Close to the bifurcation point (c3(c1), Ry (c1), U*(c1),0), the only solutions that be-
long to (Xj“r)3 necessarily belong to the branch { (02(5), R(s),U(s), ‘7(3)) 1 0<s< E} ,
as stated in Proposition To transform this construction into a global one, we now
define

%OJF is the closure of the maximal connected componant of
%o \ {(CQ(S),E(S), U(s), 17(5)) L e<s< o} . (5.12)

The questlon we need to address now is whether ‘5"' \ {(c5(c1), Ry (c1),U*(c1),0)} C
R x (X+) The following proposition states that thls set cannot remain in R x (Xi)
globally.
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Proposition 5.7 We have

Cg(;’— \ {(03(61)7}%7’:(61)7 U*(cl)70)} §Z R x (Xi)g

Proof of Proposition [5.7

We argue by contradiction. Assume that €5\ {(c5(c1), Ri;(c1), U*(c1),0)} C R x
(X+) The key point is, according to RameWltz [2], the subset %”0 of 6o satisfies
an alternative similar to the one satisfied by %, namely, one of the three following
situations occur:

(i) The set ;" joins (c5(c1), R*( 1),U*(c1),0) to (¢2, Ry, (c1),U*(c1),0) where Id —
D(g,u, V)Tg (2, Ry (c1),U*(c1),0) is not invertible and ¢y # c5.
(i) The set € joins (c5(c1), Ry, (cl) U*(¢1),0) to co in R x X3,
(iii) There exists (c2, R, U, V) in 6 0 , such that, writing

(c2,R,U,V) = (c2, Ry(c1) + 7, U" (c1) + u,v),

with (r,u,v) # (0,0,0), the symmetric point (c2, Ry (c1)) — r,U*(c1) — u, —v)
belongs to %0+ as well.

In the present contradiction argument, case (iii) cannot occur, nor can case (i)
occur. On top of that take a point (c2, R,U,V) € %OJF. Lemma, asserts that we
necessarily have ¢J < ca < 3**(c1). Hence ¢ remains in a fixed bounded subset of
R. Besides, the proof of Lemma also asserts that (R, U, V) necessarily belong to a
fixed compact subset of X3. Hence situation (ii) cannot occur.

This ends the proof. O

The above proposition asserts that %J necessarily leaves the positive cone. The
following Lemma provides information on the points where %0+ leaves the positive cone.

Lemma 5.8 Take ¢ > ¢}. Let (c2,R,U,V) € R x (X4)? be the limit, in R x X3, of
a sequence of positive solutions (cg,Rk, Uk, Vi) € R x (X_T_)3 to (5.1). Then, we have

AM(A1 —c1fi(R)) = M (A2 —c2f2(R)) = 0.

Proof of Lemma[5.8

For all k > 0, the function ¢y, = Uy||Ux||x" > 0 verifies Aj¢by — c1f1(Rg)vy = 0.
Passing to the strong limit and using elliptic regularization provides a ¢ > 0, limit of
the ¥yp’s, with ||¢||x = 1 and A1¢ — c1 f1(R)% = 0. Hence, Lemmaprovides v >0
and A1 (A1 — c1f1(R)) = 0. The proof for A\1(Az — c2f2(R)) is similar. O

The maximum principle now implies the following proposition.

Proposition 5.9 Take ¢; > .
Then, there exists c¢5*(c1) > ¢3, such that

%”OJF joins (c3(c1), Ry(c1),U*(c1),0)
to (c3"(c1), Ry(e3" (1)), 0, V¥ (ea"(c1)))-
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Proof of Proposition [5.9

Define for convenience %OJF =67\ {(c5(c1), Ry (c1),U*(c1),0)}.

In the neighbourhood of (c3(c1), Ri(c1),U*(c1),0), we anyhow have 457 € R x
(X%,

On the other hand, by Proposition , there exists (¢3, §7 ﬁ, ‘7) in the set ‘55‘ N
(R X B(Xj_)g), which is the limit of a sequence of solutions (clg,Rk,Uk, Vi) lying in
%H' N (R x (Xi) ). In particular, (R,U,V) € (X4)? satisfies (5:3), hence for some
z € (2, WehaveR( )U( )V( )=0.

The maximum principle and the Hopf Lemma then assert that R (resp. (7 resp.
YA/) cannot reach its minimal value 0 in {2 unless it is constant. In the case when
R= 0, we recover 1=0, Wthh is impossible. It follows that either U =0orV =0.
¥U=V= 0, then (3, U, V, R) is the trivial solution. By Lemma this implies
that ¢1 is an eigenvalue of A1¢ — c1f1(S)¢ = 0, hence that ¢; = 0(1). This contradicts
c > c(l). Now, suppose V=0and U > 0. Uniqueness of the semi-trivial solution
provides U = U*(c1) and R = R%(c1). By Lemma [5.8] there exists ¢ > 0 satisfying
Aotp—Ca fa(Ry (1)) = 0. Lemmanthen provides the necessary relation ¢ = c3 5(c1)
Wthh is again a contradiction. Eventually, the only possibility is V> 0, R > 0 and

~ o~ o~

U = 0. Hence (c1,62,U,V,R) € 6». O
Theorem is now a combinaison of Propositions [5.6| - 6] and [5 -

5.3 Coexistence domain : proof of Theorem

Theoremstates that two families of coexistence solutions may be obtained, namely
the first one is constructed by freezing ¢; > 0(1) and seeing co as a bifurcation parameter
to bifurcate from the semi-trivial (c5(c1), R5(c1),U*(c1),0) where ¢3(c1) > ¢J, while
the second one is constructed by freezing co > cg and seeing c; as a bifurcation param-
eter to bifurcate from the semi-trivial (¢} (cz), Rj(c1),0,V*(c2)) where ¢f(c2) > ¢f.
This construction leads to defining the quantities ¢3*(c1) > ¢J and ¢*(ca) > ). Note
that the three situations ¢5*(c1) > c5(c1), 5™ (c1) < c3(c1), e5*(c1) = ¢5(c1) may very
well occur, and similarly for ¢]*(c2) and ] (¢2).
Let us now exhibit some properties of the ¢ (¢;)’s and ¢} *(c¢;)’s

Lemma 5.10 For each c; > c(l) and cg > cg, we define

pler, e2) = Ai(Ar = erfi(Ro(e2))),  vler,e2) := (A2 — 2 fa(Ry(c1))).
We have the relation (where sgn(s) =+1ifs>0,=—-14is<0and =0ifs=0)
sgn (u(c1, c2)) = sgn (ci(c2) — e1) = —sgn (3" (c1) — e2) ,
sgn (v(c1,c2)) = sgn (63(01) - 02) = —sgn (CT*(CQ) - cl) .
Proof of Lemma[5.10

We show the result for pu. The proof for v is similar.

Take co > 3. The definition of ¢} (c2) readily provides u(ci(c2),ca) = A (Ay —
ci(e2) f1(R5(c2))) = 0. On the other hand, Lemma states that the map c;
u(e1, c2) is increasing. This shows that sgn (u(c1,c2)) = sgn (¢ (c2) — c1).

Take ¢; > ¢§. The construction of the point (¢3*(c1), R (c5*(c1)),0, V*(c5*(c1))),
together with Lemma [5.8] provide p(c1,c5*(c1)) = M (A1 — e1 fi(R5(c5*(c1)))) = 0.
By Theorem [2.12] the map co — Ry (c2) is decreasing, hence by Lemma the map
co + p(er, c2) is increasing. This shows sgn (p(c1,c2)) = —sgn (¢3*(c1) — c2). O
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With this Lemma at hand, we may now prove the

Proposition 5.11 Let be {i,j} = {1,2}. For all c; > c(;, the scalar ¢;*(c;) is charac-
terized bylﬂ

¢ (&5 (i) = ¢

Proof of Proposition [5.11}

Take ¢1 > ¢}. Set do = ¢5*(c1), a quantity that is characterized by the fact that
A (A1 — 1 f1(R;(d2)) = 0, according to the previous Lemma. Now the quantity dj :=
ci(dz) is in turn characterized by the relation Aj(A; — dy f1(Ry(d2)) = 0, and the
previous relation shows di = c;. This establishes c}(c3*(c1)) = c1. The proof of the
relation ¢3(ci*(c2)) = co is the same. 0O

The following Proposition is another consequence of the above Lemma.

Proposition 5.12 (i) The function c1 — c5(c1) is continuous and increasing from
(Y, 4+00) to (¢, +00). The similar statement holds for co — ¢} (c2).
(ii) We have lim c5(c1) = +oo and lim cj(c2) = +oo.
c1— 00 C2—> 00

(iii) We have lim c5(c1) = 3 and lim ci(co) = A,
01—)0(1J Cz—)cg

Proof of Proposition

We prove only the properties concerning the map ca — ¢} (c2).

Take co > ¢J. We have A1 (A1 —c (c2) f1(R5(c2))) = 0. On the other hand, Theorem
asserts that the function co — Ry (c2) is continuous and decreasing. Hence, from
Lemma we deduce that cj — ¢5(c1) is continuous and increasing.

Now, we have that R (c2) tends uniformly to 0 when cy — co. If ¢} (c2) remains
bounded as ¢z — oo, then A1 (A1 — cj(c2)f1(Ry(c2))) =0 — A1(A1) > 0 as ca — oo,
which is impossible. Therefore, we necessarily have ¢ (c2) — oo as cg — o0o.

Similarly, as Rj(ce) tends uniformly to S as co — cg, Lemma provides the

relation lim,_, .0 ) =d. O

At this level of the analysis, one may define the three open sets

@"r = {01702) € (c(lj>+oo) X (Cg7+00),cf(0j) <¢ < C;k*(Cj),Z ;é ]}7

ok

6 = {c1,¢2) € (), +00) X (3, +00), " (¢j) < ¢ < € (¢j),i # 3}
e—6_ue,.

It is clear that whenever (c1,c2) € O, a coexistence solution may be exhibited to (5.1)).
Note however that these sets may be void. Note as well that our construction anyhow
exhibits coexistence solutions for some values of (cj,c2), obtained by fixing ¢; and
letting co vary, say: in that respect the set © may not exhaust all values of (c1, c2) for
which a coexistence solution may be exhibited.

In any circumstance, the above results show that these sets have the simpler value

64 = {e1,¢2) € (], +00) X (3, +00),¢1 > c3(e1), €2 > ci(c2)},

O_ ={c1,c2) € (c(l),+oo) X (cg,Jroo),cl < ch(er), ca < ci(c2)}.

26 That is, cf* = (¢f)~1.
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For later convenience we also define
9+ = {01762) € (C(lJ?+OO) X (C(Q),“FOO),C;{(CJ') <¢ < C";*(Cj)»i 76 J}a
6 = {c1,¢2) € (e, +00) x (c3,+00), ¢i*(¢j) < ei < €} (), i # j}-
0=0_U6,.
6 Interpretations, and ecological aspects

6.1 A conjecture

Conjecture _
(i) If (c1,c2) ¢ O, then there cannot exist (R,U,V) € (X_T_)3 solution to (5.1)).
(ii) We have ©_ =0, or, in other words, cj(c;) < ¢j*(¢;) whenever i # j.

This conjecture is motivated by our numerical simulations. It states that the set
© actually characterizes those values of (c1,c2) for which a coexistence solution may
be exhibited. It also states that species 4 survives if and only if ¢; < ¢ (¢;). In other
words, species ¢ survives if and only if A1(A4; — ¢; fi(R*(¢;)) > 0.

6.2 Two ecological properties
Lemma [5.3] readily provides the following result.

Proposition 6.1 (dependence of the coexistence solutions on the diffusion
rates).

Take ag and ay in (0,+00), and consider the system as a function of the
diffusion rate ag.

Then, the map as — c5(c1)(az2) is increasing.

Moreover, if x — ma(x) — fo(z, Ry, (c1)(x)) is not a constant function , then ag
c5(c1)(az) is strictly increasing.

Provided the above conjecture holds, this assertion implies that as the diffusion
rate of a given species increases, its ability to survive decreases.

Proposition 6.2 (role of the heterogeneity).
(i) If (c1,c2) € O, we necessarily have that Ry,(c1) — Ry (c2) is neither positive nor
negative.
(ii) If Ry (c1) = Ry(c2), then, for alli,j = 1,2, # j, we have ¢ (¢;) = ¢ " (¢j) = ¢
and
{(c1,¢0, R, (1 — YU tV* £ € [0,1]} € {1, 0} x X3

is a familly of solutions joining (c1, ca, Ry (c1),U*(c1),0) to (c1,c2, Ry(c2),0,V*(c2)).

In other words, the coexistence domain @ is embedded in the set of the (c1,c2)
such that Rj(c1) — Ry(c2) is neither positive nor negative. This point highlights the
importance of the spatial heterogeneity in the coexistence process. This point in further
discussed in the next subsection.
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Proof of Proposition 6.2

If (c1,c2) € O, then p(cr,ca)v(ci,c2) > 0. On the other hand, we know that
A(A1 = e1fi(Ru(e1))) = 0 and Ai(A2 — cafa(Ry(c2))) = 0. Hence, if Ry(c1) >
Ry (c2), then p(ci,c2) = A1(A1 — c1fi1(Ry(c2))) > 0. Therefore, v(cy,c2) = Ai(As —
cafa(R5(c1))) > 0 as well. Hence A1 (A — caf2(Ry(c2))) > 0, which is impossible. The
same arguments shows that Ry (c2) > Ry (c1) is impossible.

Now, if Ry, (c1) = Ry(c2) := R, then pu(c1, c2) = v(c1, c2) = 0, hence ¢; = ¢ (¢;) =
¢;*(cj). One gets AgR + c1 f1(R)U = AgR + c2f2(R)V thus, for all ¢ € [0, 1], we have
AR+ (1 = )1 fi(R)U* + te1 f1(R)V* = 1. Since A U* = ¢1 f1(R)U* and AsV* =
caf2(R)V™, we see that {(c1,c2, Ry, (1 —t)U*,tV*,t € [0,1]} is a family of solutions.
O

6.3 Two degenerate cases

In the homogeneous case where the functions I(z), f;(z), m;(x), a;(z) do not depend on
x, and when Neumann boundary conditions are retained, we have that Ry (c1)(z) and
R} (c2)(z) are constant functions. Hence, by Proposition the coexistence is possible
only if Ry (c2) = Ry (c1), which induces a degenerate solution. Moreover, the fact that
R} (c1) and R} (c2) decrease imply that meas{(c1, c2) € (¢, +00) x (¢3, +00), R} (ca) =
R} (c1)} = 0. In that degenerate case we have the

Proposition 6.3 (The homogeneous case). Assume the problem is homogeneous,
i.e. I, m; and f; do not depend on x. Assume Neumann boundary conditions are re-
tained.

Then we have ¢ = inf {ci >0, fi_l(mi/ci) exists and is smaller than S := mio ,
and the only semi-trivial solutions are (Ry,(c1),U*(c1),0) and (R} (c2),0,V*(c2)), where

Ri(er) = fi H(mi/er),  Ri(ez) = fy H(mafea),
U*(Cl) = (I — mlRZ(cl))/mg, V*(Cz) = (I — mQR:;(CQ))/TTL[).

In particular, either Ry, (c1) > Ry(c2), or Ry (c1) < Ri(ca), or Ry (c1) = Ri(ca).
In any circumstance, we have

e =10,
& = {(c1,c2) € (e, +00) x (B, +00) s.t. Ri(er) = Ri(ea) < 5}

= {(cl,cz) € (), +00) x (3, +00) s.t. ffl (TZ—;) = f{l (@) < S}.

C2

Moreover, for all (c1,c2) € O, there exists a family of solutions {(R%(c1),tU*(c1), (1 —
)V*(c2)),t € [0,1]}.

Another critical case appears when the two species possess heterogeneous but pro-
portional diffusion rates, mortality rate, and consumption rate, namely

Proposition 6.4 (Case of similar species). Suppose that fi = fa and Az = a4,
for some constant o € R .
Then, for all (c1,c2) € O, we have the four relations

Ry (c1) = Ry(ca/a), © =10, 6= {(c1,c1),c1 > ctl)}, cs(c1) = acy.
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Moreover, the system has a coezistence solution (R,U,V) € (Xi)3 if and only if
(c1,c2) € O. In that case {(Ry,tU*, (1 — t)U*),t € (0,1)} is a family of solutions
and each coezistence solution satisfies (R, U, V) € {(Ry,,tU*, (1 —t)U™),t € (0,1)}.
Proof of Proposition|6.4. The system defining (R;,(c1),U*(c1)) is
AlU*(Cl) — lel(RZ(Cl))U*(Cl) =0, AORZ(Cl) + A1U*(Cl) =0,
while the system defining (R} (c2), V*(c2)) is in the present case
OcAlv*(CQ) — CQfl(R:(CQ))V*(Cl) =0, A()R:(Cg) +aA V" (c2) =0.

1
The uniqueness result of Proposition provides V*(c2) = — U* (0—2), and Rj(co) =
e «

c
R}, —2> . Now, since c3(c1) is defined as the unique value of the parameter co such that

o
)\1(142 —CQfQ(RZ(Cl))) = 0, i.e. )\1(A1 - (Cg/a)fl (RZ(Cl))) = O, it comes 63(01) = Qcy.
This together with the analogous relation for ¢} (c2) provides

e =10, 0 ={(c1,ac1); c1 >}

Take now (c1, ¢2) such that (R, U, V) is an associated coexistence solution. We have
c
Ar(Ar — Ezfl(R)) =M(A1 —afi(R) =0,

and monotone dependence of the above \;’s with the parameters c; and co implies
c2 = acy. Besides, summing the last two equations of (1.2) leads to

{AOR+61f1(R)(U+OzV) =1,
(A1 —afi(R)(U +aV) =0,

so that uniqueness provides U+aV = U*(c1), and R = Rj;(c1). On top of that, coming
back to the equations satisfied by U resp. V, it appears that there exists (¢,y) € ]Ri
such that U = tU*(c1), and oV = yU*(c1). Gathering the relations then provides the
necessary equation ¢t + y = 1. This ends the proof. O

6.4 Coexistence domain when diffusion rates tend to oo

For a small value of € > 0, we consider the system
a
(mo — ?OA)R + a1 fi(R)U + cafa(R)V =1,
al
(m1 — ?A)U — lel(R)U =0, (6.1)

(mag — %QA)U —c2f2(R)V =0,

with Neumann boundary conditiorﬂ It can be shown (see [25]), using the central
manifold theorem, that the solution to converges to the solution of the so-called
aggregated system

mor + clfl(r)u +eofo(ryv=1T

(m1 — crfi(r))u=0 (6.2)

(m2 —cafo(r))v =0

27 This is the only place in this text where Neumann — and not Robin — boundary conditions
are required
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where m; = ‘—}an m;(x)dz, ﬁ(r) = I%l\ffl fi(z,m), I= ‘—}Z‘fn I(z)dz, and the un-
known r, u, v now are scalars (independent of x). System is a homogeneous
chemostat system. Therefore, and as is easily seen on the equations, in the generic case
there are no positive solution to . As it is proved in [25], it turns out that for
€ > 0 small enough, the original system has no positive solution in the generic
case neither.

This result allows to describe the behavior of the coexistence domain @ when the
diffusion rates tend to +0o. Remark in passing that, if Assumption [2]is true for a given
€ > 0, then it remains true for each £ > 0. In this case, Theorem [2.16|shows that there
exists ©F C ]Ri such that, for each (c1,co) € ©%, the system admits a coexistence

solution. The boundaries of ©¢ are given by the curves
0 0
{(c1,¢5(e1)) s e1 > ¢} and  {(c](c2),c2; ca > ¢y ).

Define for convenience the quantity r; (c;) as

* -1 . PR * .
ri(c;) = fi (my/c;) if this is well-defined, and r; (¢;) = +o0 otherwise.
We have the

Proposition 6.5 Denote ©>° = {(c1,c2) s.t. ri(c1) = r5(c2) < +oo}.
Then, for each (c1,c2) ¢ O, there exists eg > 0 such that Ve € (0,e0), we have
(c1,c2) ¢ O°.

Proof of Proposition . If (e1,c2) ¢ ©°°, then ri(c1) # 75(c2). Therefore, the system
has no positive solution and this implies ([25]) that there exists 9 > 0 such that,
for all € € (0,&0), the system has no positive solution. Hence, (c1,c2) ¢ O° if € is
small enough. 0O

In this sense, the coexistence domain ©° tends to the curve ©>° when ¢ — 0. As
the diffusion rates increase, the aggregation phenomena leads to system that is close
to homogeneous in space, and the coexistence domain shrinks to a curve.

7 Conclusion and perspectives

This study examines a model where two species compete for a single resource, in a spa-
tially heterogeneous domain. Our system differs from the classical unstirred chemostat
system [I3|I2I1T1[3}18] in that the the reaction terms do depend on space, and, more
importantly, we allow the diffusion rates to depend on the species under consideration.
This point leads to a new mathematical difficulty. Namely, the conservation law which
links the resource R with the two species U and V, noted AgR + A1U + AV =1
in the core of the paper, becomes a nonlocal equation (as compared to the previously
quoted papers where the analogous equation is local). We circumvent this difficulty by
introducing Assumption [2| (supplemented with Assumption in the case of Robin
boundary conditions).

We show that coexistence occurs when the consumption parameters (c1, c2) lie in
a subdomain @ C Ri. In addition, we study the set © by using a characterisation of
O that relies on the two functions cj(c2) and c5(c1) defined in the text.

Several direction may extend this study. Firstly, our numerical observations indicate
that the coexistence solution are non-degenerate, except in the particular case when the
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two functions ¢} (.) and ¢5(.) coincide. When the coezistence solution is non-degenerate,
it turns out that our construction can be extended to three species, and by iteration,
to N species for any value of N. It would therefore be a key step to actually prove that
the coexistence solutions necessarily are non-degenerate, unless cj(.) and ¢3(.) coincide
Note in passing that Propositions [6-3] and [6.4] give two examples of situations where
ci(.) and ¢5(.) coincide, and a complete description of the coexistence phenomena is
provided in these situations.

Secondly, we defined © as the union of two subdomain ©_ and O4. If (c1,c2) € O—
then ¢ > ¢;* and the bifurcation occurs "to the left” (see Figure . We conjecture
that ©_ = () in any case. In fact, to rephrase our conjecture, if (c1,c2) € ©_, then
both species are "not invasive” in the sense that

>\1(A1 — lel(RZ(CQ)) <0, and )\1(A2 — CQfQ(RZ(Cl)) < 0.

Note that Waltmann et al. [LT] formulate a similar conjecture. Namely, they conjecture
that a necessary condition for two species to coexist is that both species are ”invasive”
in the sense that A\j(A4; — lel(R;k)(CQ)) > 0 and Aj(A2 — CQfQ(RZ(Cl)) > 0. Lastly,
note that if (¢1,c2) € ©_, then the index of both semi-trivial solutions is equal to
1. To rephrase the above considerations, Waltmann et al. in [II] conjecture that a
necessary condition for two species to coexist is that both sem-trivial solution are
unstable (for the time-dependent problem), which in our case, means that the index
of the two semi-trivial solutions is equal to —1. Note that even if the latter result is
proved, it is not clear that the coexistence solution itself is stable. Indeed, Hofbauer
and So [I7] show that there exists gradostats (that is, similar models with a discrete
spatial structuration) for which an unstable coexistence solution may be exhibited. A
more precise description of @ would be a first step to understand the situation.

Thirdly, we conjecture that if (c1,c2) ¢ ©, then no coexistence solution can be
found. Would this result be proved, we could use © as a geometrical indicator of the
possibility of coexistence in a given system. Numerical investigations on the relation
between O, spatial heterogeneity, and the biodiversity, will be published soon.

Finally, our proof uses basically Assumption [2] an assumption that allows us to
extend the analysis of the (known) case where all diffusion operators coincide. It is
to be noted, however, that our approach proves the existence of semi-trivial solutions
without using Assumption [2] This assumption is only needed to obtain uniqueness and
non-degeneracy of the so-obtained semi-trivial solutions. A natural question is: can one
extend our construction to situations where Assumption [2]is not verified?
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