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1. Introduction. In this paper we analyze the existence, multiplicity and stability of
coexistence states for the following problem

Liu = Iu— 4+ b
U= Au a(x)u2 (z)uv w0, (1.1a)
Lov = pv — d(x)v° + c(z)uv

u=v=0 on 01, (1.1b)
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where € is a bounded domain of RY with boundary 9 of class C? regularity, Ly,
k =1, 2 are two second order uniformly elliptic operators of the form

N N
L == ay(@)di0; + Y bp(@)d; +ex(z)  k=1,2, (1.2)
i,j=1 j=1
with
aijr €CQ),  bix,c € L), i,je{l,..,N}, ke{l,2}, (1.3)

and a, b, ¢, d € C(Q) satisfy a(x) > 0, d(x) > 0, for each 2 € Q, and b > 0, ¢ > 0 in ,
b#0, c# 0; \, u € R will be regarded as bifurcation parameters. Under these assump-
tions, (1.1) provides us with a model for symbiotic species, where (2 is the inhabiting
region, u(z) and v(x) are the densities of each of the species, a(z) and d(x) describe the
limiting effects of crowding in each population, b(z) and ¢(x) are the interaction rates
between the species, the operators L — cx(x), k = 1,2, measure the diffusivities and
the external transport effects of the species, and A — ¢1(z), p — co(z) are the growth
rates of the species, positive on favorable regions and negative on unfavorable ones. In
this model we are assuming that €2 is fully surrounded by inhospitable areas, because
both population densities are subject to homogeneous Dirichlet boundary conditions.

In this work our attention will be focused into the problem of analyzing the existence,
stability and multiplicity of the non-negative solution couples (u,v) of (1.1). Due to the
structure of (1.1) and thanks to the strong maximum principle, if (u,v) is a solution
of (1.1) with u # 0 (resp. v # 0), then u (resp. v) is strongly positive in the sense of
Section 2. Therefore, (1.1) admits three types of non-negative component-wise solution
couples. Namely, the trivial one, (0,0); those with one component positive and the
other zero, (u,0) or (0,v), referred as the semi-trivial positive solutions, and those with
both components positive, the coexistence states.

The symbiotic model has attracted much less attention in the literature than its
competing and predator-prey counterparts, due basically to the absence of a priori
bounds for the coexistence states in high spatial dimensions (N > 6) under strong
mutualism (be — ad large). This lack of a priori bounds was observed originally in [16],
where it was shown that the positive solutions of the parabolic problem associated with
(1.1) may blow up in finite time when £; = L5 = —A and bc > ad, and in [21], where
it was shown that if in addition A\ = u, then the coexistence states of (1.1) are given by
the positive solutions of

~Aw = w+w®* in Q,  wlpn =0, (1.4)
and that thanks to the results of [13], (1.4) possesses uniform a priori bounds in any
compact subinterval of X if, and only if, 2 < %, ie. if N <5.

The absence of a priori bounds for the coexistence states of (1.1) makes very involved
the problem of finding out global sufficient conditions for the existence of a coexistence
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state, since most of the technical tools available to attack this kind of problems involve
either degree theory, i.e. global bifurcation theory, or monotonicity techniques, where
the existence of a priori bounds is needed. Nevertheless, although most of the attention
has been focused into the very special case when £, = Lo = —A and a, b, ¢, d are
constants, in recent years some substantial progress has been carried out into the analysis
of these problems.

The study of symbiotic species actually started in [19], where it was constructed
monotonic sequences which approximate the solutions of (1.1). In [17] the method
of sub and supersolutions for systems, coming from [28], was used to show that if
A > oy and p > oy, then (1.1) possesses a coexistence state if, and only if, bc < ad,
where o7 is the principal eigenvalue of —A in 2 under homogeneous Dirichlet boundary
conditions. This result was generalized in [20] to cover some more general classes of
symbiotic kinetics. The first global result about the existence of coexistence states
for the symbiotic model was found in [25] by using global bifurcation theory, where it
was shown that if any of the semi-trivial positive solutions is linearly unstable, then
the model possesses a coexistence state provided bec < ad; global in the sense that if
some of the semi-trivial states is stable, then there are choices of the several parameters
involved in the setting of (1.1) for which the model does not admit a coexistence state
(cf. Section 11 here in for further details). Almost simultaneously, in [35] was found the
same result included in [25], but this time using the method of sub and supersolutions.
More recently, allowing the coefficients of the model to vary, the technique of decoupling
was shown to work out to get the same result as in [25] and [35], [5]. In [21] and [23]
fixed point index in cones and global bifurcation theory were shown to work out to get
the corresponding results for wider classes of models.

Although the global results of [21] work out to show that a global continuum of
coexistence states emanates from each of the surfaces of semi-trivial positive solutions
along their curves of change of stability in the space of the parameters (A, ), the first
global result in the case be > ad was found in [27], where it was shown that if N < 5 and
some of the semi-trivial positive solutions is linearly stable, then the model possesses a
coexistence state. We point out that this result was obtained for the special case when
Ly = L5 = —A and all coefficients are constant. In [27], the blowing up argument of
[13] was adapted to show the existence of a priori bounds in case N < 5 and then the
fixed point index in cones was used to complete the proof.

In this work we extend and complete all the previous features, obtaining in addition
some optimal non-existence and multiplicity results for all ranges of the parameters in
the general setting of (1.1), and in addition we analyze the bifurcation equations of (1.1)
at (\, i) = (0$2[L1], 0% [L2]). Hereafter, given an elliptic operator £, o$}[£] will stand for
the principal eigenvalue of £ in {2 under homogeneous Dirichlet boundary conditions.
Our analysis of the bifurcation equations at (o$}[£1], o$}[£2]) explains the drastic change
of behavior of the global continuum of coexistence states as some of the interactions
between the species, b or ¢, grows acrossing the critical value given by Theorem 10.1 in
Section 10. Namely, the global manifold of coexistence states linking the two surfaces of
semi-trivial positive solutions turns backwards in the parameter space (\, i) changing
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its relative position with respect to each the surfaces of semi-trivial solutions, as the
amplitude of b, or ¢, grows.

To state our main results, we have to introduce some of notation. Given A > o{}[L]
(resp. pu > o$¥[La]), (0x,0) (resp. (0,0,)) will stand for the unique semi-trivial solution
of (1.1) of the form (u,0), u > 0 (resp. (0,v), v > 0). Moreover, for any f € L>°(Q2) we
denote

fr :=ess inf f, fvi=ess sup f.
Q Q

Among our main results we list the following ones:

o If byscpys < apdr and any of the semitrivial positive solutions is linearly unstable,
then (1.1) possesses a coexistence state. If in addition A > ¢$*[£1] and p > o$}[Ls], then
there exists Iy > 0 such that if

min {bys, e} < I,

then the coexistence state is unique and exponentially asymptotically stable.

o If byrens < apdy and for (A, ) = (Ao, j40) some of the semitrivial positive solutions
is linearly stable and (1.1) possesses a coexistence state, then it possesses a coexistence
state for each (A, p) satisfying A > Ao, u > po, and at least two coexistence states if
A > Ao, i > pp and some of the semi-trivial positive solutions is linearly stable.

o If bysenr < arpdyp, then for each A € R, there exists pert(A) € R such that (1.1)
does not admit a coexistence state if g < pieq+(N). Similarly, for each p € R, there exists
Aext(fr) € R such that (1.1) does not admit a coexistence state if A < Aeze(p).

o If L) = Lo, N <5,
brer, — aprdpys > max {CLMbM — aLbL, dyen — dLCL}, (15)

and some of the semitrivial positive solutions is linearly stable, then (1.1) possesses a
coexistence state.

e Assume that £, = Lo, N < 5, (1.5), and that there exists (A, u) = (Ao, po) for
which (1.1) possesses a coexistence state being any of the semi-trivial states linearly
unstable. Then, (1.1) possesses a coexistence state for each (A, ) satisfying A < A\g and
1 < o, and at least two coexistence states if A < \g, p < pp and any of the semi-trivial
states is linearly unstable.

e Assume L1 = Lo, N <5 and (1.5). Then, for each A € R there exists prezt(A) € R
such that (1.1) does not admit a coexistence state if p > pieye(A). Similarly, for each

€ R, there exists Aezt(1) € R such that (1.1) does not admit a coexistence state if
)\ 2 )\ewt (,U)

We now describe the distribution and contains of this paper. In Section 2 we give an
extension of Theorem 2.5 in [22] to cover our general setting here in, and then use it to
infer some basic monotonicity properties of principal eigenvalues. Most of these results
come from Section 2 of [3].
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In Section 3 we study the single boundary value problem
Liu=Au—a(z)u® inQ, ulgo =0. (1.6)

A particular attention is paid to the behavior of its unique positive solution as A T oo,
showing that
0
lim [L"l))\:a] — a—l

1.
AToo A ( 7)

uniformly on any compact subset of €2, where 0|, \ ) stands for the unique positive
solution of (1.6). This result extends the corresponding singular perturbation result in
Section 3 of [12] to our general setting here in, and it is the basic technical tool to get
our non-existence results in Section 7.

In Section 4 we characterize the attractive character of each of the semitrivial positive
solutions in terms of several parameters involved in the setting of (1.1) through by the
principal eigenvalues of some related second order elliptic operators. Then, we analyze
the shape of the curves of change of stability in the space of the parameters (A, p).

Section 5 is devoted to the abstract results concerning the existence of global continua
of coexistence states emanating from the surfaces of semitrivial positive solutions along
their respective curves of change of stability. The analysis throughout this work shows
that these results are optimal, reducing the problem of finding out coexistence states
for (1.1) to the problem of finding out a priori bounds for the component-wise positive
solutions of (1.1). The methodology adopted in this section comes from the abstract
theory developed in [21] for general systems with two species.

In Section 6 we analyze the existence of coexistence states for the case of small
interaction coefficients. How small should they are is measured by condition

byeym < epdy . (18)

Precisely, we will find out some non-existence results and then we will use the theory
of Section 5 to show that (1.1) possesses a coexistence state if any of the semitrivial
positive solutions is linearly unstable. The analysis of Section 11 for the case of constant
coefficients will show the optimality of our results.

In Section 7 we analyze the existence of coexistence states for the case of large
interaction coefficients. How large should they are is measured by condition (1.5).
Notice that if any coefficient is assumed to be constant, then (1.5) becomes into

bc > ad . (1.9)

By technical reasons for most of the results in this section we need assuming that
L1 = L5, assumption needed in all previous references. We begin the section giving a
necessary condition for the existence of coexistence states which is totally new even for
the simplest symbiotic models where £; = £, = —A and any coefficient is constant.
Namely, if (0, 0z, .,q) (resp. (0(z, x,q1)) is linearly unstable, then (1.1) does not admit a
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coexistence state if p (resp. A) is sufficiently large (cf. Theorem 7.1 here in). This non-
existence result is based upon (1.7), finding out the behavior of an eventual sequence of
coexistence states for p, or A, large. Then, we adapt the blowing up argument of [13]
to show that uniform a priori bounds for the coexistence states of (1.1) are available if
N < 5. We should point out that our blowing up argument differs substantially from
the corresponding argument of [27] and that we need a general Liouville type result
much sharper than the corresponding result in [27]. These additional difficulties coming
from the fact that in this work we are dealing with a general elliptic operator and with
spatially varying coefficients. We refer to Section 7 for further details. Bringing together
the non-existence results and the a priori bounds, it follows from the global results in
Section 5 that if any of the semitrivial positive solutions is linearly stable, then (1.1)
possesses a coexistence state.

In Section 8 we use the abstract theory of [2] to show that the method of sub and
supersolutions is valid for (1.1). Then, we use it to analyze the structure of the set
of X's and p’s for which (1.1) possesses a coexistence state and to get our multiplicity
results, those already stated in the list above.

In Section 9 we obtain simple readily computable conditions in terms of the several
coefficients involved in the setting of (1.1) ensuring that (1.1) has a unique stable co-
existence state, and then consider the parabolic problem associated with (1.1) to show
that there is a dense subset of the set of initial data such that any solution starting
there in converges to the coexistence state as time grows to infinity.

In Section 10, considering (A, p) as the main bifurcation parameters we describe the
possible local bifurcation diagrams near the co-dimension two singularity

(A, 1) = (07[L1], 07 [L2]) -

For this, we apply the general results of [10] where one of the authors developed a
singularity theory to deal with this type of two parameter bifurcation problems.

Finally, in Section 11 we restrict ourselves to the original Lotka-Volterra symbiotic
model with diffusion, £; = L2 = —A and a, b, ¢, d constants, for which we can give
some sharper existence and non-existence results and can go further in the analysis of
the bifurcation equation around the co-dimension two bifurcation point, obtaining in
addition some global results about the nature of the local bifurcations to coexistence
states from the surfaces of semitrivial positive solutions along their curves of change of
stability. As a result from this analysis we can explain the drastic change of behavior
of the global manifold of coexistence that links the two surfaces of semitrivial positive
solutions along their curves of change of stability as bc acrosses the critical value ad
passing from values where bc < ad to values where be > ad.

2. The maximum principle. Main properties of the principal eigenvalues. In
this section we give an extension of Theorem 2.5 in [22] to cover our setting here and then
we infer some basic properties of principal eigenvalues which will be used throughout
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this paper. We will consider a uniformly elliptic operator of the form

N N
L==" ay(@)d0; + Y bj()d; +e(x), (2.1)
ij=1 j=1
with B
Qij GC(Q), bj,eELOO(Q), i,jE{l,...,N}, (2.2)

and use the natural product order on LP(€) x LP(9€2). Recall that p > N implies

W2P(Q) C 02_%_6(5) with compact imbedding for all ¢ > 0 and that each u €
W2P(Q) is a.e. twice classically differentiable in Q (e.g. Theorem VIIL1 of [33]).

Suppose that p > N. Then u € W2P(Q) is said to be strongly positive if u(z) > 0
for x € Q and J,u(x) < 0 for all x € 9N with u(z) = 0, where n is the outward unit
normal on J€). The operator L is said to satisfy the strong maximum principle in € if
p> N, ue€ W»P(Q), and (Lu,u) > (0,0) imply that u is strongly positive. Consider
the eigenvalue problem

Lu=ocu in Q, u=0 on 00, (2.3)

in W2?(Q) and let £, denote the closure of the operator £|WQYP(Q)HW01,;)(Q) in LP(Q).
Then, (2.3) can be reformulated as the eigenvalue equation

Lyu=ou in LP(92). (2.4)

It is an easy consequence of standard regularity theory that the spectrum and the
eigenspaces of £, are independent of p > N. Moreover, from the strong maximum
principle and the generalization of the Krein Rutman Theorem of [32] together with
Theorem 3 in [29], the following result holds (cf. Section 2 of [3]).

Theorem 2.1. There exists a least eigenvalue of (2.4), denoted by o$}[L] and called
principal eigenvalue of L in 2. This eigenvalue is simple and possesses a unique eigen-
function, up to multiplicative constants, which can be taken positive, the so called prin-
cipal eigenfunction of L in Q2. Moreover, the principal eigenfunction is strongly positive
and o$[L] is the only eigenvalue of (2.4) possessing a positive eigenfunction. Further-
more, any other eigenvalue o of (2.4) satisfies

Re o > o}'[L]
and (L, +v)~t € L(LP(Q)) is positive, compact and irreducible for v > —o$}[L].

If p > N a function u € W2P() is said to be a positive supersolution of £ in Q if
u > 0 and (Lu,u) > (0,0). If in addition (Lw,u) > (0,0), then it is said that @ is a
positive strict supersolution. Similarly, a function u € W2P(Q) is said to be a positive
subsolution of £ in Q if u > 0 and (Lu,u) < (0,0). If in addition (Lu,u) < (0,0), then
it is said that u is a positive strict subsolution.

JFrom the strong maximum principle it is easily seen that any positive strict su-
persolution is strongly positive. Moreover, the following characterization of the strong
maximum principle holds (cf. Theorem 2.5 in [22] and Theorem 2.4 in [3]).



8 M. DELGADO, J. LOPEZ-GOMEZ AND A. SUAREZ

Theorem 2.2. The following assertions are equivalent:
(i) o$[L] > 0;
(ii) L possesses a positive strict supersolution in €);
(iii) L satisfies the strong mazimum principle in €.
From this characterization we can readily get the following properties of ¢$}[£] which

will be used throughout this work. For selfadjoint operators, these properties are easily
obtained from the variational characterization of the principal eigenvalue.

Theorem 2.3. (i) Monotonicity with respect to the potential: Let Vi, Vo € L™ () such
that V1 < Vo and Vi < V5 on a set of positive measure. Then,
L+ Vi) < oL+ V3. (2.5)

(ii) Continuity with respect to the potential: If V,, € L>®(Q2), n > 1 is a sequence of
potentials such that

lim ||V, = V], =0,

n—oo

then
lim o[£+ V,] = o[£+ V].
(iii) If Qq is a proper subdomain of 0 with dQy of class C2, then

o [L] > o[L]. (2.6)

Proof. (i) Let ¢; be the principal eigenfunction associated with o$[£ + V;]. Then,
(L+ Vo)1 = o' [L + Viler + (Va — Vi)pr > o[£ + Vi)

on a set of positive measure, and hence ¢ is a positive strict supersolution of £+ Vo —
o$?[£ + V1]. Thus, thanks to Theorem 2.2, we find that

2L+ Vo — oL+ Vi]] > 0.

This relation implies (2.5).
(ii) For any € > 0 there exists Ny € N such that

V—-e<V,<V+e¢ Vn > Ng.
Thus, by Part (i) we find that
oL+ V] —e<oPL+ V] <ol L+ V] +e.

This completes the proof.
(iii) Let ¢ denote the principal eigenfunction associated with o$}[£]. Then,

(£ —oV'[C])p =0

in Q; and ¢ > 0 on Q. Thus, ¢ is a positive strict supersolution of £ — o$?[£] in
and hence, it follows from Theorem 2.2 that

oML — oPL]] > 0.
This relation implies (2.6). O
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3. The logistic equation. The semi-trivial positive solutions of (1.1) are given by
the positive solutions of a semilinear elliptic boundary value problem of the form

Lw = yw — f(z)w? in Q,
w =70 on 0N, (3.1)
where L is a second order uniformly elliptic operator of the form (2.1) with coefficients
satisfying (2.2), v € R, and f € C(Q) satisfies f(z) > 0 for each z € Q. If p > N and
w € WP(Q) N W, P(Q) is a positive solution of (3.1), then

(L + fw)w =~w
and thanks to Theorem 2.1 we have that
v=0y[L+ fuw] (3.2)

and that w is strongly positive. Therefore, w(x) > 0 for each x € 2 and d,w(z) < 0 for
each x € 0¥). The following result characterizes the existence of positive solutions for
(3.1).

Theorem 3.1. If p > N, then the problem (3.1) possesses a positive solution in
W2P(Q) N Wol’p(ﬂ) if, and only if, v > o$}[L]. Moreover, it is unique if it exists.
Let 0 .y denote it. Then,

lim 6 =0 3.3
Yiotlg) ) (3.3)

uniformly in Q.

Condition (3.3) says that the positive solutions bifurcate from the trivial state w =0
at the critical value of the parameter v = o$}[£]. This result is well known under some
additional regularity conditions on the several coefficients involved in the model setting,
e.g. see [14]. By the sake of completeness we shall give a short self-contained proof of

it.

Proof of Theorem 3.1. Let w be a positive solution of (3.1). Then, thanks to Theorem
2.1, we have (3.2) and hence Theorem 2.3(i) implies

v = o[£+ fw] > oP[L].
Therefore, v > o$}[£] is necessary for the existence of a positive solution. Assume
v > ot[L]. Tt is easily seen that large positive constants provide us with supersolutions
of (3.1) and that if ¢ > 0 stands for the principal eigenfunction associated with o$}[£],
then ep provide us with arbitrarily small positive subsolutions if ¢ > 0 is sufficiently
small. Therefore, (3.1) possesses at least a positive solution for each v > o$}[£]. We
point out that the method of sub and supersolutions works out thanks to the validity
of the strong maximum principle.
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To show the uniqueness let wy, wy be two arbitrary positive solutions of (3.1). Then,
(£ + flwr +w2) = 7)(w1 —wa) =0,

and therefore, 0 is an eigenvalue of £ + f(wy + wa) — 7 in W2P(Q) N W, P(Q). On the
other hand, it follows from Theorem 2.3(i) and (3.2) that

oL+ f(wr +ws) — 7] > o [L+ fur —7] =0
and hence, due to Theorem 2.1,
Re 0 > o[£ + flwy +ws) —7] >0

for any other eigenvalue o of £+ f(w; +ws)—~. This contradiction completes the proof
of the uniqueness. Condition (3.3) follows easily from the simplicity of o$}[£] and the
uniqueness given by the local bifurcation theorem of [7]. This completes the proof. O

The following result will be very usefull to compare positive solutions of different
logistic boundary value problems.
Lemma 3.2. (i) If v < o$}[L], then (3.1) does not admit a positive subsolution.

(ii) If v > o[L] and W € W?P(Q) is a positive strict supersolution of (3.1), then
W — O ~,p 18 strongly positive.

(iii) Similarly, if v > o$}[L] and w € W2P(Q) is a positive strict subsolution of (3.1),

then Oz -, 5 — w is strongly positive.

Proof. (i) Assume that v < o$}[£] and that (3.1) possesses a positive subsolution. Then,
since sufficiently large constants are supersolutions, (3.1) possesses a positive solution.
By Theorem 3.1 this is impossible and therefore, (3.1) can not admit a positive subso-
lution.

(ii) Assume vy > o$}[£] and let w € W?P(Q) be a positive strict supersolution of
(3.1). Then,

((L+f@0+0124,5) — 1)@ = Oz..51); Waa ) > (0,0)

and since
oL+ f@+Oicqyp) — ] > 0VIL+ fOicy ) — ] =0,

Theorem 2.2 completes the proof. Similarly, (iii) follows. O

In the sequel, given any function f € L>°(2) we shall denote

fvi=ess sup f, fr :=ess inf f.
Q Q
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Corollary 3.3. Assume o$}[L] < v1 < 2. Then,

012,742,011 = O1c.7. 00

18 strongly positive. It will simply said that

O012,71,7) << O1£,75.1] -

Moreover,
Y — €L
Orc.4.51 <
[ aV:f] fL

Proof. We have

Ee[‘ca’ylff] = 710[‘67’717]‘.] - f9[2£,'}’1,f] < 720[‘67'717.)‘.] - f9[2£,'}’1,f]

and hence, 0| ., 5 is a positive strict subsolution of (3.1) with v = v,. Lemma 3.2(iii)
completes the proof of this part.
Now, observe that

(L= )iy = (v =iy = 0y 5 < (V=)0 = FLbicq g
and hence, thanks to Lemma 3.2, v — e, > o}[£ — ¢] and
Ore.y,01 < Ole—ey—eroi)

Moreover, since V}LQL is a positive supersolution of

(L—e)u=(y—ep)u— fru?,
a further application of Lemma 3.2 gives

Y — €L
0[5—877—8L,fL] < I

Notice that any positive constant is a positive strict supersolution of £ —e in 2. Hence,

o$'[L — €] > 0 and v — e, > 0. This completes the proof. [

The following result provides us with the growth of 0/, ., ¢ as vy T oc.
Theorem 3.4. The following holds

0
lim [£.7.1] — f—l
Yloo 7Y

uniformly on compact subsets of €.
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Proof. The new function ¥, defined by

Ole.y.51 =7y
is the unique positive solution of
1
LY =T — fU?  in Q, Ulon =0. (3.4)
~
It suffices to show that
liTm v, =f"! (3.5)
yToo

uniformly on compact subsets of ).
Let K be a compact subset of 2. We shall show that given ¢ > 0 there exists
v=v(K,e) > 0 such that for every v > v(K,¢)

ffloe<¥, <f'4e in K.
Fix ¢ > 0 and let ¥ € C*°(Q) such that

FFl42<T<fl+e  in Q.

| ™

Then, there exists 79 = vo(¢) such that for any v > 7o the following is satisfied

T (O = fO(f 1 -T)<— LT in Q.

o<

o ™
2|

Thus, for any v > 7o the function W is a supersolution of (3.4) and thanks to Lemma
3.2 we have -
U, <U<ftte.

Since K is compact, to complete the proof of (3.5) it suffices to show that given xg € K
there exist a neighborhood U(xq) of xg and a v; = 1 () such that

L in U(zo)

for each v > ~7. For R > 0 such that Br(zg) C €2, where Bgr(z) is the ball of radius

R centered at x(, and 7 sufficiently large \115 #(0) will stand for the unique positive
solution of

1 .
;L\p =V~ f¥?  in Bgr(zo), UloB(e) = 0. (3.6)
Since VU, is a positive strict supersolution of (3.6), we find from Lemma 3.2 that

phrl) < W, in Bpg(xo).
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Thus, to complete the proof it remains to show that there exists v; such that
whnlro) > f=1 —¢in Br(w), (3.7)

for each v > 7;. To prove this we consider two different cases.

Case 1: There exists R > 0 such that f(z) is constant in By := Bg(zg) C . Let
©o denote the principal eigenfunction associated with o°[£] normalized so that

1
H(:OOHOO,BO = 5 :

Set By := Bxr (w0). Then, po(x) > 0 for each z € By and there exists ¢y € W2P(B)
such that
Po(wo) =1, @olloc,B, =1, $o(x) >0 Vre B,

and the function ® : By — R defined by

QDO(Z‘) if e B() \ Bl ,
O(x) = B
©o(x) if z€ By,

lies in W2P(By). Given § € (0,1) arbitrary set
s :=5f1d c WP(By).

We claim that ®; is a positive subsolution of (3.6) if 7 is sufficiently large. Indeed, the
following relation holds

7LD < D5 — fB2 in By

if, and only if,

% <~(1—-46P) in By. (3.8)

Since 7 > 0, § < 1 and 0 < ® < 1, the right hand side of (3.8) is bounded away from
zero. Moreover, by the construction of ® it is easily seen that %I) is bounded above
in By. Thus, (3.8) is satisfied for v large enough. This shows the previous claim and
hence, thanks to Lemma 3.2, we have that for v sufficiently large

U, > PR > 95 in Bp(a).

Clearly, if § is taken sufficiently close to 1, then ®; will be as close as we want to f~*
on some ball centered at xq, since ®(xp) = 1. This completes the proof in this case.
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Case 2: If f(x) is not constant in some ball centered at xg, then we can compare
\If,]fo with the positive solution of a problem with constant coefficients. Indeed, we have

YL = W — f(U5)7 2 WY —sup f(50)7
0

and so, \1150 is a positive supersolution of

YL =T — sup f¥?  in Bg(zo), U|oBp(ze) =0- (3.9)
0

Thus, it follows from Lemma 3.2 that

where \@50 stands for the unique positive solution of (3.9). Thus, there exists a neigh-
borhood U(zg) such that

WP = W = (sup f)~ -
0

N ™

in U(xg). Therefore, if By is chosen so that for each x € By

Y

(Sgp A7 = (@)™ =

N ™

then
for each © € U(zp). This completes the proof. [

4. Change of stability of semi-trivial positive solutions. By Theorem 3.1, (1.1)
possesses a semi-trivial positive solution of the form (u,0) if, and only if, A > o$}[L4].
Moreover, in this case the semi-trivial state is (6z, x,q),0). Similarly, (1.1) possesses
a semi-trivial positive solution of the form (0,v) if, and only if, u > o$}[£2] and if
this is the case, then it is given by (0,6z, ,.q)). The following result characterizes the
linearized stability of each of these semi-trivial states.

Proposition 4.1. Assume A > o$}[L1]. Then, (O1£,,7,a150) s linearly asymptotically
stable if, and only if,
p < oLy — (@), 2 all (4.1)

linearly unstable if, and only if,

B> 0’?[52 — ()02, 20 5 (4.2)
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and linearly neutrally stable if
p=07[L2 — c(x)fiz, xa)] - (4.3)

Similarly, if we assume p > o$}[Ls], then (0,0, ,.a) is linearly asymptotically stable
if, and only if, X < o [L1 — b(x)0(z, .q); linearly unstable if, and only if, X > o$}[Lq —
b()0z,,u,q]; and linearly neutrally stable if

A=07[L1 —b(x)0z, a) - (4.4)

Proof. The linearized stability of (0, x4, 0) is given by the sign of the real parts of the
eigenvalues of the linearization of (1.1) at (6iz, x.q],0), i.e. by the real parts of the 7’s

for which the following linear problem admits a solution (u,v) € (W, P(Q)NW?2P(€))2\

{(0,0)}
Liu=(A=2abg, ra))u+ bz, 200+ Tu,

(4.5)
Lov = (p+ iz, ra))V +T0.
If v = 0, then (4.5) becomes into
Liu= (A —2a0)z, yq)u+Tu. (4.6)

On the other hand, from the definition of 0., » 4 we find from Theorem 2.1 that
oLy + abliz, xa — A =0.
Thus, Theorem 2.3 implies
o [L1 +2a0(, 20 — Al >0, (4.7)
and hence, by Theorem 2.1 any eigenvalue 7 of (4.6) satisfies
Re 7 > o' [L1 +2a0z, ya — Al > 0.

Thus, the eigenvalues with associated eigenfunctions of the form (u,0) have positive
real part. If v # 0, then 7 is an eigenvalue of Ly — clz, x o — p. Assume (4.1). Then,

O’?[ﬁg - 09[[;17/\,(1] — ,u] >0

and due to Theorem 2.1 the real part of any eigenvalue of Lo — cfjz, x4 — p# must be
positive. Hence, under condition (4.1) the real parts of any eigenvalue 7 of (4.5) are
positive and therefore, the state (0|2, x.4],0) is linearly asymptotically stable. Now,
assume (4.2). Then,

T = O’?[ﬁz — iz, aa — 1 <O
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is an eigenvalue to a positive eigenfunction, say 1), of the second equation of (4.5). Since
71 <0, (4.7) implies
U?[ﬁl + 2&9[111»\@] — A= Tl] >0,

and therefore, thanks to the strong maximum principle, the first equation of (4.5) with
T = 71 possesses a unique solution. Namely,

U = (51 + 2@9[517)\@] —A— Tl)_l(be[ﬁl,)\7a]w) :

Therefore, under condition (4.2) 7 < 0 is an eigenvalue of (4.5) and hence the state
(01£,,x,a),0) is linearly unstable. Finally if we assume (4.3), it is easily seen that 73 =0
is an eigenvalue of (4.5) and that any other eigenvalue has positive real part. Therefore,
under condition (4.3) the state (02, x 4],0) is linearly neutrally stable.

The results concerning with the other semi-trivial state follow by symmetry interex-
changing £1, A\, a and b by Lo, i, d and ¢, respectively. [

By Proposition 4.1 we shall refer to the curve (4.3) in the (A, u)-plane as the curve of
change of stability of the semi-trivial positive solution (6z, x,q],0). Similarly, the curve
(4.4) will be refereed as the curve of change of stability of (0,0, , ). The following
result provides us with the global behavior of these curves.

Proposition 4.2. The mapping F(\) defined by
F(\) == oYLy — c(x)0iz2, a5 A > ad[Ly], (4.8)
is continuous strictly decreasing and satisfies

lim F()\) = o$[Ls], lim F()\) = —c0. (4.9)
A o$?[Lq] AToo

Similarly, the mapping G(u) defined by
G(u) = o20Ls — @)y ), 1> 2L, (4.10)
is continuous strictly decreasing and satisfies

lim  G(p) = oi¥[L4], lim G(p) = —o0. (4.11)
plof[La] ploo

Proof. The continuity and monotonicity of F(A\) can be easily obtained from Theorem
3.1, Corollary 3.3 and Theorem 2.3(ii). The first relation of (4.9) follows from (3.3) and

Theorem 2.3(ii). We now show the second relation of (4.9). Since ¢ € C(Q2), ¢ > 0,
c # 0, there exists a ball B with B C € such that

cp :=minc > 0.
B
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On the other hand, by Theorem 3.4

0 —
lim Erral -1 uniformly in B,
AToo

and hence, there exists \g such that for A > A

9 S A .
_ in
[£120] ~ g maxg a

%

Therefore, Theorem 2.3 implies

CL
2 maxg a

FO\) <oPlL, - ()01, 2 a)] < oPLs] — A

for each A > \g. This completes the proof. The same argument shows the corresponding
properties of G(p). O

By Proposition 4.2 the curves of change of stability of the semi-trivial positive solu-
tions meet at (0$}[L1], 0%} [L2]). The next result provides us with the tangents of these
curves and their concavity or convexity character at this co-dimension two singularity.

Lemma 4.3. Let ¢;, @] be the principal eigenfunctions associated with L; and L7,
respectively, 7 = 1,2, where x stands for the adjoint and

/ﬁ=L /w@=L j=1,2.
Q Q

Then,
Oy 0] = (A — oV [L1])my Jo1 + (A — 0T [L41])m, TUr + O((A — 07'[£4])?)
Q 1 Q Q 3 (4.12)
Orco ) = (0 — or' [Lal)my 12 + (1 — 01 [La])*my Uz + O((n — 07} [L2])?)
U¥[£2 —c(z )9[61 A a]] =0 [’52] Me a()‘ [ 1]) — MC,a(A - U? [El])Q
— 0 1 3
Q +O(0 - P11, O
oV (L1 = b(@)02, ) = 07 [L1] — mia(p — 07 [La]) — Mya(p — 07} [L2])

+O0((u = oy'[£2))*),
as X\ | oY[L1] and p | o$}[L2], where

M, o= / apip; >0,  mgyi= / de3e5 >0,
9] Q

—1
Mea =M, | Cp19205, Mp,d 7= My 1/ bpap17
Q Q
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Mo = / c(x)(mg 1201 + my 1Urp2) mca/ Va5 .
Q

Mb,d 1=/b( )(md 1¢1¢2+md 1U2901 mbd/wlsﬁ,
Q

and we have denoted by 3;, 1 = 1,2, and;, i = 1,2, the unique solutions of the following
linear problems in ) under homogeneous Dirichlet boundary conditions

(L1 — 0 [L1))B1 = Ma1p1 — a(x)p? /951901 =0,
(Lo — 03} [Ls)) B2 = maap2 — d(z)p3, /952902 =0,
(L1 — 0T [La])or = (—mp.a + my1b(z)e2)er / Y1p1 =0,

(L2 — 07 [La])the = (—meq +my1c(@)p1)e2 / Yoo =0,

mg,2
Up:=p — —

Q1 U2 =
Ma,1 md,l

where

Mg,2 = 2/ afre1p] — ma,l/ Bipy, mga = 2/ dBapaps — md,l/ Bapy .
Q Q Q Q

Proof. The relations (4.12) follow from the main theorem of [7] applied to (3.1) with
(L,7v, f) = (L1,\,a) and (L,v, f) = (L2, p,d). Assume (L,v,f) = (L£1,\,a). For
A =~ o$*[£4], the semi-trivial branch (X, 0, ) may be parametrized by two analytic

functions

A(s) = U?[ﬁl] + ZAjS‘j ) 9[51,A,a](5) = 5p1 + Zujsj_H ) s~0,

J=1

where
/ ujpr =0, j>1. (4.14)
0

Substituting these expansions into (3.1) and identifying the terms of order two and three
in s yields
(L1 — o3 [L1]))ur = A1 —a(z)p? in Q, ut]on =0, (4.15a)

(£1 — U?[ﬁl])UQ = )\1U1 + )\2301 — 2@(1’)901’&1 in Q, u2’89 = O, (415b)

respectively. From (4.14) and the Fredholm alternative applied to (4.15) it is easily seen
that
Al =Mg1, up = By, A2 =My .



SYMBIOTIC SPECIES 19

To obtain the first relation of (4.12), it suffices calculating s as a function of A from
A(s). Doing so, we obtain that

5 =mad (= oPIL)) — 152 0= oPIL]) + O~ 0P [£1))).

Indeed, substituting this expansion into the expansion of ., x 4)(s), the first relation
of (4.12) get shown.

By standard perturbation results (cf. [18]), the principal eigenvalues in the left hand
sides of (4.13) vary analytically with A and p. Thus, there exist K; € R, j = 1,2, such
that

a1 (L2 = e(2)01c, 3 )] = 07 [L2] + K1 (A = 07 [£1])

f KO — oL+ O - o). )

Moreover, if ¥()\) > 0 stands for the principal eigenfunction of o$*[Ls — c¢()0z, x.a]l,
ie.

EQ\I}()\) - c(x)H[El,A7a]\If()\) :0{2[52 - 0«9[&7)\7&}]\1'(/\) in Q (4 17)
T(\) =0 ondQ, '
normalized so that
Juor=1. [ @o-ee-o. (418)
Q Q
then W()\) admits a unique expansion of the form
TN =T+ (A= 2[L1])T1 + (A= [L1])2Ty + O((N — o [L1])?) . (4.19)
Using (4.18) gives
\IIOZQOQ, /\IijOQZO, jZl (420)
Q

Now, substituting (4.16), (4.19) into (4.17), using (4.12), (4.20) and identifying the
terms with the same order in A — 0$?[£1], we find that

(Lo — 07 [L2]) ¥y = (K1 +my 1c(x)p1) 2 , (4.21)

(EQ - 0'? [£2])\Ij2 = c(x)(m;jgol\lll + m;ﬁUlgpg) + Kl\Ijl + KQQOQ . (422)

Applying Fredholm’s alternative to (4.21) yields

Ky =-—mg1 | c(@)prpaph = —mea, — U1=1b.
Q

Now, substituting these values into (4.22) and applying Fredholm’s alternative gives

Ky = - / () (3 L1z + mZ2U102)0% + Mo / Yoy = — M.
Q Q
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By symmetry, 0|z, ,,.q and o$*[L1 —b(2)0|c, .4 have the expansions given in the state-
ment. The proof is completed. [J

By (4.13), the tangents to the curves of change of stability of the semi-trivial positive
solutions (4.3) and (4.4) at the singularity (o3}[£1], 03} [L2]) are given, respectively, by
the stright lines

p=0VLo] —mea(A—0V[L1]),  A=0V[L1] = mpa(p—oP'[La]). (4.23)

Close to the singularity (o$[£1],0%}[£2]) the convexity or concavity of these curves is
given by the sign of M., and Mgy, respectively. Although in general the problem of
ascertaining the sign of these quantities might be very difficult to handle with, as they
depend upon some unknown solutions of certain homogeneous Dirichlet boundary value
problems, there are some special cases where these signs can be easily found out, as the
following result shows.

Lemma 4.4. If L1 = L5 is a selfadjoint operator and the coefficients a and c are
constants, then

M., >0. (4.24)
By symmetry, if b and d are constant, then

Mb,d > 0.

Therefore, if a, b, ¢ and d are constant, then the curves of change of stability are concave
in a neighborhood of (a$}[L1], 03} [L2]).

Proof. Since £, = L5 is a selfadjoint operator, we have that

P1 = P2 = Q] = 5.

Hence,
/%@3 =/¢2902=0
Q Q
and
M., = cm;j / Yop? + cmgﬁ Urp?. (4.25)
Q Q
Moreover,
51@
Ma1 = a/ o3, Moo = 2@/ Brp?, =B — 2fQ Lo (4.26)
Q Q Jowi

and by the uniqueness of the solution of the corresponding boundary value problem in
the orthogonal complement of 7, we find that

Vo = B (4.27)

a? fQ S03



SYMBIOTIC SPECIES 21

Thus, substituting (4.26) and (4.27) into (4.25) gives

Moo= —ca ([ 20+ c/a) [ Pt (4.25)
To complete the proof of (4.24), it remains to show that
/folgo% <0. (4.29)
Indeed, from the (;-equation it is easily seen that
| e —ofiens = —a [ mot, (4:30)

since fQ B1p1 = 0. Moreover, (1 changes of sign in {2, and hence the variational char-
acterization of o$}[£;] implies that

/51 Ly —o7[L1])B1 > 0.

Therefore, (4.30) implies (4.29). This completes the proof. [

In Figure 1 we have represented the curves of change of stability of the semi-trivial
positive solutions in the case when a, b, ¢ and d are constant and £, = L5 is selfadjoint.

A=G ()

u=F(\)

Figure 1: The curves of change of stability.
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5. The existence of unbounded continua of coexistence states. Although with
less regularity on the several coefficients involved into our setting the abstract theory
of [21] applies to (1.1) if the solutions of (1.1) are regarded as fixed points of a compact
operator on (C3(€))2. This observation provides us with the following result, where the
notations introduced in the previous sections will be kept.

Theorem 5.1. Fiz A > o}[£1] and regard to u € R as the bifurcation parameter.
Then, the point

(1 u,v) = (07 [L2 — Oz, xalls 012y xa), 0)

is the only bifurcation point to coexistence states from the semi-trivial state (0|2, . q], 0).
Moreover, the maximal component (closed and connected) of coexistence states emanat-

ing from (0iz, x.q),0) at p= F(X), say C(JLMO) C R x C}(Q) x CL(Q), is unbounded.

Now, fix p1 < o}[Ls] and regard to X € R as the bifurcation parameter. By Proposition
4.2 there exists a unique \, > o3*[L1] such that u = F()\,). Then, the point

()\7 u, ’l}) - ()‘}M g[ﬁl,ku,a]v O)

is the only bifurcation point to coevistence states from the curve (0iz, x.q),0). Moreover,
the mazximal component (closed and connected) of coezistence states emanating from
(021,000, 0) at A= Ay, say C(ﬁ\ w0y C R X C(Q) x CL(Q), is unbounded.

Similarly, if we fiv u > 0[Ls] and regard to X\ € R as the bifurcation parameter,
then the point

(A u,v) = (07 [L1 — 0025 ) 0,05 )

is the only bifurcation point to coexistence states from the semi-trivial state (0,02, ,.q))
and the mazimal component (closed and connected) of coezistence states emanating from
(0,012,,,q) at A= G(p), say C(f\ 0.0) C R X C(Q) x CL(Q), is unbounded.

Finally, fix X < o}[L1] and regard to i € R as the bifurcation parameter. By Propo-
sition 4.2 there ewists a unique puy > 03![La] such that X = G(uy). In this case, the
point

(M? u, 1)) = (N)n 07 9[527u>\,d])

is the only bifurcation point to coexistence states from the curve (0,0z, ,,.q) and the max-
imal component (closed and connected) of coexistence states emanating from (0,0, ,..4))

at = py, say C(+u,07v) C R x CY(Q) x CL(Q), is unbounded.

Proof. The local bifurcations are obtained as an application of the main theorem of
[7] using rather standard arguments. It remains to show that each of the continua of
coexistence states emanating from the semi-trivial states are unbounded in the phase
space. We shall show this for the continuum C(tu,u,o)' The argument can be easily
adapted to cover the remaining cases.

By Theorem 4.1 in [21] the continuum C(Z,u

tives: Either

0) satisfies some of the following alterna-
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(i) C(JL w0y is unbounded in R x C3(Q) x C§(Q); or

(ii) there exists poo € R such that
A=0v 1Ly = 02y i a)

and (ftoo, 0,02, ) € closure C(J; w,0) 3 OF
(iii) there exists a positive solution é[ﬁl,,\ﬂ] # 02, 2,q) Of
Liu = M — au? in Q, ulon =0,
such that (o$2[£; — b012, 7a1l,012,,2,a),0) € closure C(Z,u,o) ; or

(iv) A = of'[£1] and (01'[L2],0,0) € closure C/), , -

23

(5.1)

(5.2)

Since we are assuming that A\ > o$}[£;], alternative (iv) is not possible. Moreover,
by Theorem 3.1 0|, ) q) is the unique positive solution of (5.2) and hence, alternative

(iii) is not possible either. Notice that (5.1) is not possible either, since

oV (L1 = b0y e )] < 0V [L4]

Therefore, alternative (i) must occur. This completes the proof.

6. Coexistence regions for small interaction coefficients. As an easy conse-

quence from Corollary 3.3 we obtain the following result.

Lemma 6.1. Assume that
bMCM < aLdL,

and that (1.1) possesses a coexistence state, say (u,v). Then,

A (e 200 ] (1 D) B (),

ardy, ardr, dr,

e 20 4 6216 (1= D) - D (),

ardr, ardr, ar,

and

g < (A= (e1)p)dr + (p — (c2)r)bum

?

CLLdL — bMCM
(n = (e2)r)ar + (A = (e1)r)em
CLLdL — bMCM ’

vy <

Proof. From (1.1) it is easily seen that

u = e[ﬁl,)\—l—bv,a] ) v = e[ﬁz,u—i—cu,d] .

(6.1)

(6.2)
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Moreover, by Lemma 3.2 and Corollary 3.3 we have

A+ bypoy — (1)
9[£1,)\+b’l),a] S 0[£17>\+bM'UM7aL] S ( ) ’

ar,
Thus,
A+b -
wpy < Ao = (e (6.4a)
ar,
Similarly,
oy < P Cartar = (e2)r (6.4)
dr,
iFrom (6.4), relations (6.3) follow readily.
Moreover, the second relation of (6.3) implies
At bagony < Aardr + byrarp(p— (c2)r) — emby(cr)r ’
aLdL — bMCM
and therefore, since 0[2, A 4py,0p,a,] = ¢ > 0, we find from Theorem 3.1 that
Aardp +b - —cpb
ardr +byar(pn— (c2)r) — eprbar(er)r S a?[ﬁl]. (6.5)
CLLdL — bMCM
Similarly,
d drp (A — —cpb
pardy + cpdr( (c1)r) — embar(ea)r > 02[L,]. (6.5b)
aLdL — bMCM
Relations (6.2) follow readily from (6.5). This completes the proof. [
Note that if A and u satisfy (6.2), then the following relations hold
by
A>(e1)r — d—(ﬂ —(e2)r)
CJ\]} (6.6)
p>(e2)p — — A= (1)),
ar,

and therefore, the right hand sides of (6.3) are positive. Indeed, it is easily seen from
Theorems 2.2, 2.3 that

o' [L1] = 0P [L1 —er + 1] > o [L1 —er] + (e)r > (e1)r - (6.7)
Thus, we find from (6.1) and (6.7) that

caprbar bMCM)

Q
Li]1(1 —
—m (c1)r + oy [L1)( ards

> (c1)r s
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and hence,
(e O g0y (1 OM) Oy s (e — P (- (e)1)
1LaLdL 1 &1 apdy deJ 2)L 1)L dLH 2)L) -
Similarly,
CMbM Q o CMbM B C_M B _ C_M _
(el 2000 4 of10a] (1 2000 ) M0 (1)) > (e = LN (ea)n).

This shows the claim above.

Under assumption (6.1), (6.2) provides us with a simple readily computable necessary
condition for the existence of a coexistence state. Moreover, (6.3) shows that we have a
priori bounds in L>°(€2) for the coexistence states of (1.1) uniformly on compact subsets
of the parameter space (\, ). By the LP-estimates of Agmon, Douglis and Nirenberg we
have uniform a priori bounds in W?2?(Q) for all p € [2,00). Notice that the boundary
of the non-existence region given by (6.2) consists of the stright lines

carbas Q cvbmr by
= —MEM 1— M,
)\ (Cl)L aLdL + 01 [El]( aLdL ) dL (Iu’ (CQ)L)’
N CMbM Q _ CMbM _ C_M _
p=(c2)r 0 d, T [£2](1 p—m ) - (A= (c1)L)-

In Figure 2 we have represented these lines together with the curves of change of stability

of semi-trivial positive ?olutions.
U

A=G (W)

b= F )

Figure 2: Estimating the coexistence region.



26 M. DELGADO, J. LOPEZ-GOMEZ AND A. SUAREZ

The stright lines in the figure across at the point

(o%11] = 2 (oR1La) — (e2)n) o lLa) = 2L (0PIL1] ~ (er):))

and is is easily seen that their relative positions with respects to the curves of change
of stability are those shown on it. Indeed, if u > o$}[£5] then we have from Lemma 3.2,
Corollary 3.3 and (6.7) that

oP1Ls — Wi, ) 20200 — 22 (0 — (e2)2)] = 020Ca] — M (4 — (e2)1)

dL dL
cvrbar Q cvby b
e 1-— — — (- .
>(01)L aLdL + 01 [ﬁl] ( aLdL ) dL (ILL (62)L>

Similarly, if A > o$}[£;] then

cyrb cab c
oPlLn ~ 0ie il > (e D afla] (1 2O ) - P (e,

Therefore, in the dark grey region of Figure 2 (1.1) does not admit a coexistence state.

The next theorem shows that (1.1) possesses a coexistence state in the bright grey
region of Figure 2. In the area in between these two regions (1.1) may have or not a
coexistence state depending on the size of the coefficients.

Theorem 6.2. Assume (6.1) and
A> oLy = bic, gl > 0r (L2 — g, xal- (6.8)

Then, (1.1) possesses a coezistence state.

Proof. Fix p > 0$![£5] and regard to A as the main bifurcation parameter. By Lemma
6.1 problem (1.1) does not admit a coexistence state if

carbar Q cambu b
A< 1—- — —(pu— .
< (e 200 4 of1a] (1 L000) B ()

Moreover, by Theorem 5.1 the continuum C(Jt\ 0,0) of coexistence states emanating from

(0,0[£,,1,q) at the value of the parameter A = oS [Ly — b0z, 1,q)] is unbounded, and
thanks to Lemma 6.1 these coexistence states are bounded in C} () x C3(Q) uniformly
on compact subintervals of A. Therefore, (1.1) possesses a coexistence state for each
A > o [L1— b0z, ,.q)- Similarly, if A > of[£;], then (1.1) possesses a coexistence state
for each p > o$}[Ly — iz, ,,q)]- This completes the proof. [
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7. On the existence of coexistence states for large interaction coefficients in
the case £, = £,. Throughout this section we assume that

Li=Ly=L, (7.1)

where £ is a differential operator of the form (2.1) with coefficients satisfying (2.2).
First we shall obtain some necessary conditions for the existence of a coexistence state.
Then, we shall show the existence of uniform a priori bounds for the coexistence states
in low space dimensions. Finally, we shall combine these results together with the global
bifurcation theorem of Section 5 to get some sufficient conditions for the existence of a
coexistence state. All these results will be obtained for the case when the interactions
between the species are sufficiently large. How large must be the interactions will be
measured in terms of the several coefficients involved in the setting of (1.1).

7.1. Necessary conditions. The following result provides us with some necessary
conditions for the existence of coexistence states of (1.1) in the case when the interactions
between the two species are sufficiently large.

Theorem 7.1. Under condition (7.1), the following assertions are true:
(i) If u > X\ > o}[L] and

brer, > apdy + apbyr — arpby, (72)

then (1.1) does not admit a coexistence state.
(ii) If X > u > o}[L] and

brer > apdyr + dyeyr — drer (73)

then (1.1) does not admit a coexistence state.
(iii) If
brer, > apdy + apbyr — arby, (74)
then for each X < oP![L] there exists p = p(X) such that X > o[£ — b0z (0).q] and

(1.1) does not admit a coexistence state if > p(X). Moreover, u(\) can be chosen to
be continuous in .

(iv) If

brer, > apdy + dyeyr — dper, (75)

then for each p < of![L] there exists X\ = ) such that p > $[L — cOiz z(u),a]] and
(1.1) does not admit a coexistence state if A > \(u). Moreover, A\(u) can be chosen to
be continuous in .

If the coefficients a, b, ¢ and d of (1.1) are assumed to be constant, then (7.2) and
(7.3) become into
bc > ad (7.6)
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and it follows from Theorem 7.1 (i), (ii) that under condition (7.6) the problem (1.1)
does not admit a coexistence state in the region

A>otlL],  p>otlL].

Therefore, Parts (i), (ii) of Theorem 7.1 provide us with a substantial extension of
Theorem 3.3 in [27] to cover our general setting. Theorem 3.3 of [27] as well as the
corresponding non-existence results of [17], [20] and [30] were found for the very special
case when £ = —A and a(z), b(x), c(x), d(z) are constants. Parts (iii), (iv) of Theorem
7.1 are new even for this special case and besides their intrinsic interest, they are pivotal
to get our existence and multiplicity results from Theorem 5.1. The proof of Theorem
7.1 will follow after a couple of lemmas which are of interest in their own right. The first
lemma is an extension of Lemma 3.2 in [27]. The second one is a sharper result showing
that the coexistence states of (1.1) must grow to infinity as p T oo at least linearly in
1, uniformly on compact subsets of €.

Lemma 7.2. (i) Assume (7.1), u > X\, and let (u,v) be any coexistence state of (1.1).

Then,

u < bar + dat v. (7.7)

cL t+ar

(i) By symmetry, under conditions (7.1) and X\ > p, we have

v < H u, (7.8)
for any coexistence state (u,v) of (1.1).
Proof. Assume (7.1), p > A, and let (u,v) be any coexistence state of (1.1). Set

w = (byr + dpr)v — (ep +ap)u.
Then, it is easily seen from (1.1) that
(L—=X+aru+dyv)w >0. (7.9)

Moreover, it follows from the second equation of (1.1) that

p= oL —cu+dv],

and hence, by the monotonicity of the principal eigenvalue with respect to the potential
we find that

A< p<olL—cpu+dyv].
Thus,

O'?[ﬁ — A= cLu—l—de] >0
and

U?[,C—)\—FCLLU—FC[MU] > U?[E—A—CLU—}—dM’U] Z 0.

Therefore, due to the strong maximum principle, (7.9) implies w > 0. This completes
the proof. [

The following result holds for general differential operators £, and L5, not necessarily
equal.
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Lemma 7.3. (i) Fiz A\ < o$}[L1] and consider puo(\) > 03}[La] such that
A> oV [L1— b0, ] for each > po(N). (7.10)

Assume that there exists a sequence of coezistence states of (1.1), say (fn, Un,vn), n > 1,
such that pu, > max{po(X),0} for each n > 1 and limyjoo ptn, = 00. Then, for any
compact subset K C Q) there exists a positive constant « = a(K) > 0 such that for each
n>1
" sa in K. (7.11)
Hn

(ii) Similarly, if we fix p < o$}[Ls], consider \o(p) > o$}[L1] such that
> 0¥[£2 — bz, aall for each X > Ao(p),

and assume that there exists a sequence of coexistence states of (1.1), say (An, Un,vy),
n > 1, such that A\, > max{\o(n),0} for each n > 1 and lim,j00 A, = 00. Then, for
any compact subset K C Q there exists a positive constant = B(K) > 0 such that for
each n > 1

;‘—" >8  in K. (7.12)

Proof. Part (ii) follows by symmetry from Part (i). So, it suffices to prove Part (i). Pick
up A < 0$?[£1]. The existence of () satisfying (7.10) is guaranteed from Proposition
4.2. Let (pn,un,v,), n > 1, be a sequence of coexistence states of (1.1) with p, >
max{po(A),0}, n > 1, and lim,, 0 ptn, = 00. Then, the second equation of (1.1) gives

Lovp = fnUp — dV2 + cUpvy > pfnv, — dv2
and hence v,, is a strict positive supersolution of
Low = ppw —dw? in Q, wlan = 0.

Thus, thanks to Lemma 3.2,
Un, Z 0[52,/%765] . (713)

Substituting (7.13) into the first equation of (1.1) and repeating the previous argument
gives

Un > 012, —bg a.hal - (7.14)

Note that the function on the right hand side of this inequality is well defined (and
strongly positive), because of (7.10). Relation (7.14) yields

[E2 sHn

Op,
liminf 2% > lim inf 2= 20e2 Xl (7.15)
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We now show that g
L L1—bo A, b
llm lnf [ 1 [52 sHn, ,d] CL] Z L ’
n—00 I anrdyr

(7.16)

uniformly on compact subsets of 2. Let €, {25 two arbitrary subdomains of € such
that - B
Q; CQy, Qy C Q. (7.17)

Set

9[£1 _be[CQ,,un,d] a>‘7a]
fhn

By definition, ©,, is the unique positive solution of

0, =

1 A 6
— Liw = <— + bM) w—aw® in Q, wlag =0. (7.18)
Hn Hn Hn

By Theorem 3.4,

0
llm [£2aﬂn7d] — d—l
n—oo ,LL’I’L

uniformly in Q.

Hence,

0 _
lim (i + bM) =bd~! uniformly in €.

n—oo \ Up M,

Thus, for any & > 0 there exists ng = ng(¢) such that for each n > ny we have

A 0 b
R - N (7.19)

Hn Hn dM
Now, since ©,, is the unique positive solution of (7.18), it follows from (7.19) that for

each n > ng the function ©,, is a strict positive supersolution of the following problem

1 b
—Liw = (—L — 5) w—aw? in O, wl|an, = 0. (7.20)
Hn dM

Suppose that € > 0 has been chosen so that g—; — & > 0. Then, for n sufficiently large
we have that

b 1 e
—L—5>0§22[—£1]:JI—[1]—>0 as n — 0o,
dM Hn Hn

and hence, it follows from Theorem 3.1 that (7.20) possesses a unique positive solution,
say ©S2. By Lemma 3.2 we have

0, > 6 in Q
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for all n sufficiently large. Moreover, thanks to Theorem 3.4, we find from (7.17) that

b
lim ©%2 = L E uniformly in ;.
n—o00 ad s a
Thus,
. br, 3 . .
liminf ©,, > - — uniformly in €5 .
n—0o0 CLMdM ar,

As this is valid for any € > 0, (7.16) holds uniformly in €. As €y is an arbitrary
subdomain of  with Q; C €, it is clear that (7.16) holds uniformly on any compact
subset of 2. Therefore, it follows from (7.15) that

br,

. .o u
liminf — > ,
n—0o0  Un andpy

(7.21)

uniformly on any compact subset of Q and, in particular, uniformly on ;. Now, setting

Pyp— un i Pp— Un
Up = —, Up 1= —,

L, L,
it follows from the second equation of (1.1) that

1

— Loy, = Oy, — dD2 + iy Dy,

fin

and hence we find from (7.21) that given ¢ > 0, there exists ng = ng(¢) such that o, is
a strict positive supersolution of

1 b
— Low = <1 4 oL —5) w—dw? in O,  wlg, =0 (7.22)
n anrdyg

for each n > ng. Suppose that € > 0 has been chosen sufficiently small so that

crbr

1+ > €.

a Md M
Then, thanks to Theorem 3.1, for n sufficiently large (7.22) possesses a unique positive
solution, denoted by ©$1, and, due to Lemma 3.2, we find that

v
by = — > O, (7.23)
fin
except at most for a finite number of n’s.

Let K be an arbitrary compact subset of €2 and choose €3, 5 satisfying (7.17) and
K C Q4. Then, by Theorem 3.4,

b
lim O = (14 —L°k

—e)d™! uniformly in K,
n—o0 andy
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and since this limit is positive and bounded away from zero, the existence of a > 0
satisfying (7.11) is easily obtained from (7.23). This completes the proof. [

Proof of Theorem 7.1. (i) Assume (7.1), (7.2) and pick u > X > o$}[£]. If (1.1) possesses
a coexistence state, say (u,v), then we find from the first equation of (1.1) that

A= [L+ au — bv] < oL + apru — bro). (7.24)
Moreover, thanks to Lemma 7.2(i), we find from (7.2) that

b d b
wg Mo 0L

- cptag an
Thus,
apyu—brv <0,

and (7.24) gives A\ < o$}[£], which is impossible. Therefore, (1.1) can not admit a
coexistence state. This completes the proof of Part (i). Part (ii) follows by symmetry,
interexchanging the roles of A\, a and b by u, d and ¢, respectively.

We now prove (iii). Assume (7.1), (7.4) and fix A < o$?[£]. We argue by contradiction
assuming that there exists a sequence of coexistence states of (1.1), say (pn,Un,Vn),
n > 1, such that p, > max{ug(A),0}, n > 1, and lim,jeo ptry, = o00. Without loss
of generality we can assume that p, > A for each n > 1. Let ; C Q an arbitrary
subdomain of Q with Q; C €. By lemma 7.3(i), there exists & = () > 0 such that
for each n >1

v .
2 >a in Q.
Lo

Moreover, by Lemma 7.2(i), we have that for each n > 1
Un by +da vn '
Hn cL +ap pn
Thus, by (7.4) there exists € > 0 such that for each n > 1
b
Un o 2L % o i Q.
Hn Qp Un

Hence,
apUn, —brv, < —cappn, in Q4 Vn>1. (7.25)

On the other hand, we find from the first equation of (1.1) that
A= a?[ﬁ + auy, — buy] < 0?1 £+ aprug — broy)
and therefore, (7.25) gives
A< oM [L] —eappin | —o0 as n — 0o.

This contradiction shows that (1.1) does not admit a coexistence state for p large and
completes the proof of this part. Part (iv) follows by symmetry. [
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7.2. A priori bounds for N < 5. The following result provides us with uniform a
priori bounds in L for the coexistence states of (1.1).

Theorem 7.4. Under condition (7.1), if N <5, bpcp > apdys and for some o > 0
max { |A[, |pu} < o,
then there ezists a constant C = C'(a, 2, a,b,c,d) such that
| o) < C, [l L) < C,

for any coezistence state (u,v) of (1.1).

This result is optimal in the sense that if N > 5, then there are choices of the
several coefficients and of € for which the uniform a priori bounds are lost (cf. the final
comments in Section 5 of [21] and Theorem 1.4 of [27]). For instance, if a, b, ¢, d are
constants and A = pu, then for any coexistence state (u,v) of (1.1) it is easily seen that

(L=A+au+dv)((b+d)v—(c+a)u) =0

and hence,
c+a
= 7.26
YT hrd ™ (7.26)
since o$![£ — X\ + au + dv] > 0. Therefore, (u,v) is a coexistence state of (1.1) if, and

only if, (7.26) holds and u is a positive solution of

bc — ad
Z+Z u? in Q, ulon =0. (7.27)

Lu = \u+

If be < ad, then the coefficient of u? in (7.27) is negative and hence the positive solutions
of (7.27) possesses uniform a priori bounds on compact subintervals of \. On the
contrary, when be > ad the coefficient of u? in (7.27) is positive and therefore (7.27) is
a superlinear problem. In this case it is well known that a priori bounds are available if
2 < T2 (cf. [13]), i.e. if N <5, while in the case when N > 6 the a priori bounds are
in general lost and the structure of the set of positive solutions can change drastically
as either the geometry of {2 changes or the spatial dimension N increases. Being the
higher dimensional case outside the scope of this work we send to the interested reader
in further details to [4] and [8].

In the special case when £ = —A and a, b, ¢ and d are constants Theorem 7.4 is
given by Lemma 4.3 of [27], but the proof of [27] can not be adapted to cover our
current situation here, as it will become clear later. The main difficulty coming from
the fact that now the coefficients are not constant. To prove Theorem 7.4 we will argue
by contradiction using the blowing up argument introduced in [13] for the case of one
single equation. It should be noted that our blowing up argument is somewhat different
from the corresponding argument used in [27].
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Proof of Theorem 7.4. We shall prove the result in case A > u. By symmetry, the result
is also true when p > A. If the conclusion of Theorem 7.4 is false, then there exists a
sequence of coexistence states (Ag, pk, Uk, vg), k > 1, with —a < pup < Ap < «, such
that

lillcnsup(HUkHLoo(Q) + vkl e (@) = o0 (7.28)
We claim that
lilgn sup [|ug || Lo () = liin sup [|v || Loe (o) = 00 (7.29)

Indeed, if {||vg||zc(0)}r>1 is bounded by some positive constant (3, then we find from
the first equation of (1.1) that

Luy, < (o + bprfB)uy — aus
and therefore, it follows from Lemma 3.2 and Corollary 3.3, that {[|ug||zec(q)}r>1 is
also bounded. By (7.28) this is impossible. Similarly, if {||ux|z)}r>1 is bounded,

then {[|vg|/z=)}r>1 is also bounded. Therefore, (7.29) is satisfied. By chosing a
subsequence, if necessary, we can assume that

i fug|peqe) =00, Hm (A, pr) = (Moo, boo) (7.30)

for some (Moo, fhoo) € R? satisfying —a < pieo < Moo < a. Note that thanks to Lemma
7.2(ii) we have that

CMm + ap
< -/ Vk>1. 7.31
L S L > (7.31)
For each k > 1, pick x; € Q0 such that
Mk = uk(mk) = ||uk||Loo(Q) . (732)

Since 2 is bounded, without loss of generality we can assume that

lim zp = 75 € Q. (7.33)

k— o0

Now, we consider two different situations, accordingly with whether z,, € Q or x,, €
of.
Assume that x., € €2. Then,

§ = d(2eo, 09)/2 > 0.

Moreover, setting
pk::Ml;l/Q, k=>1,
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we have limy_, o, pr = 0, since thanks to (7.30) and (7.32) limg_,o, My = oco. Now, it is
easily seen that the change of variables
r — Tk

Yy = O 5 (Zkawk) = Pi(ulka)a k > 17 (734)

transforms the system of (1.1) into

Apz, = pi)\kzk —a(zk + pky)zi + b(xk + pry)zEwy

: ) (7.35)
Arwy, = piprwr — d(zk + pry)wi + c(zk + pry)zrwg
where
N N
.Ak = — Z Qij (ack + pky)aic‘?j + Pk Z bj (:L‘k + pky)aj + pie(mk + pky) , (7.36)
i,j=1 j=1

provided zj + pry € Q. By definition of 4, for k sufficiently large, |z — x| < ¢ implies

x =z + pry € Q. Hence, |y| < /% implies © = xp + pry € Q and so (7.35) holds.

Since limy_, p% = 00, given R > ( arbitrary Br C Bg/,, for k sufficiently large, where
for any 7 > 0 B, stands for the ball of radius 7 centered at the origin. Now, from the

definition of p; we have that
e
Rk = PrUk Mk
and hence,
l2elleBry =1,  2(0)=1,  Vk>1. (7.37)

Moreover, thanks to (7.31) and (7.37), we find that
vk > 1. (7.38)

Now the same compactness argument of the proof of Theorem 1.1 in [13] shows that
given any p > N and passing to a suitable subsequence, again relabeled by k, there
exists (z,w) > (0,0) in W2P(Bgr) N C*(Bg), 0 < v < 1, such that

lim (zg, w) = (z,w) in (W2*P(Bg)NC"“(Bg))?*.

k—o0

By Hoélder continuity z(0) = 1. Moreover, passing to the limit as k — oo in (7.35) gives

N
— Z 4;j(0)0i052 = —a(200)2% + b0 ) 2w
ij=1

N (7.39)
— Z i (To0)0i0jw = —d(Too)W? + c(Too) 2w,

4,j=1
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in Bg, for any R > 0. By a standard diagonal sequence argument it is easily seen that
z, w € W2P(RY) and that (7.39) holds true in the whole of RY. Moreover, standard

loc

elliptic regularity theory implies that z, w € C?(R"). Furthermore, by a linear change
of coordinates (cf. [13] pg. 890), (7.39) can be reduced to

Az = —a(T00) 2 4 b(2oo ) 2w

in RV, 7.40
—Aw = —d(Too)W? + c(T00) 2w (7.40)

¢ From (7.40), it is easily seen that

(—A 4+ a(re0)z + d(Too)w) (w —

Since (z,w) > (0,0) and z(0) = 1, the potential
Vi=a(rx)z + d(zso)w

satisfies V' > 0 and V' # 0. Therefore, due to the following lemma, whose proof we
postpone up to conclude the proof of Theorem 7.4, we find that

w = c(oo) + a($°°)z. (7.41)

b(Tso) + d(Too)

Lemma 7.5. Assume that either D = RN or D = Rj\f, where
RY ={z e RY : oy >0}.
IfV € L®(D)NCY(D), V>0,V #0, then § = 0 is the only bounded solution of

(—A+V)§=0 in D. (7.42)

Substituting (7.41) into the first equation of (7.40) and rearranging terms gives

Ay — b(rc)c(T) — A(Too)d(Too) 52 in RY
A D) + d(zo) R . (7.43)

Since brer, > apdar, b(Too)c(Too) > a(o)d(o) and hence, thanks to Theorem 1.1
of [13], z = 0 is the unique non-negative solution of (7.43), because N < 5. This is a
contradiction with z(0) = 1. Therefore, 2o, € 92. Now, the same argument as in Case
2 of the proof of Theorem 1.1 in [13] shows that the problem

—Az = —a(T00)2* + b(To0) 2w

in RY. 7.44
—Aw = —d(Too)W? + c(Too ) 2w * (7-44)
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possesses a non-negative solution couple (z,w) with z(0) = 1. The same argument as
above shows that this is impossible. This contradiction shows the existence of uniform
a priori bounds and completes the proof of the theorem. [

We now prove Lemma 7.5, which is a Liouville type result interesting in its own right.
In the proof we use the concepts and results in Chapter 4 of [31].

Proof of Lemma 7.5. Thanks to Theorem 3.3(iii) in page 148 of [31], the Schrodinger
operator A — V' is subcritical on D, i.e. it possesses a Green function G(x,y) on D.
Therefore, thanks to Theorem 3.8(i) in page 151 of [31] for each non-negative p € C§ (D),
p # 0, there exists positive solutions u € C?¥ (D) of

(—A+V)u=p. (7.45)

Moreover, (7.45) possesses a minimal solution ug, given by

un(x) = /D Gz, y)ply) dy.

and any other solution of (7.45) must be given by
u=mug+0,
for some some positive solution 6 of (7.42). The minimality of ug shows that 6 = 0 is

the unique solution of (7.42). This completes the proof. [

Remark 7.6. (a) Although (7.31) implies w < % z, this does not necessarily entails

(Too) + a(Too) B
T b(2oo) +d(20)

(7.46)

and hence, Lemma 4.5 of [27] can not be applied to show that (z,w) = (0,0) is the
unique solution of (7.40). In fact, our corresponding Liouville type result is substantially
sharper than Lemma 4.5 of [27], as we do not need assuming (7.46) to infer z = w = 0.

(b) By the L? estimates of Agmon, Douglis & Nirenberg and Morrey’s Theorem,
Theorem 7.4 provides us with a uniform a priori bounds in C}(Q) x C3(Q2) for the
coexistence states of (1.1) on any compact subset of the (A, u)-plane.

7.3. On the existence of coexistence states in case N < 5. As an immediate
consequence, from Theorem 5.1, Theorem 7.1 and Theorem 7.4 we obtain the following
result.

Theorem 7.7. (i) If N <5, (7.4) and
A< oL =Y al, (7.47)

are satisfied, then (1.1) possesses a coexistence state.
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(i) If N <5, (7.5) and
p< ot L — izl (7.48)

are satisfied, then (1.1) possesses a coexistence state.

(iii) If N <5 and either (7.4) or (7.5) is satisfied, then (1.1) possesses a coexistence
state provided
A< ad[L], p<o[L]. (7.49)

Proof. We first show Part (i). Fix A < o$}[£] and consider y as the main bifurcation
parameter. By Theorem 7.1 (iii) there exists 1 = () such that A > o[£ — b0z ,.(n),q)]
and (1.1) does not admit a coexistence state for pu > p(\).

Moreover, by Theorem 5.1 the continuum C(Z,o,v) of coexistence states emanating

from (0,02 ,,,4) at py is unbounded, where py is the unique value of p > o{}[L] for
which X\ = o*[£ — b0 ,, q)). Furthermore, (7.4) implies brc, > andy and hence, we
conclude from Theorem 7.4 that (1.1) possesses a coexistence state for each p < py.
This completes the proof of Part (i). Part (ii) follows by symmetry and Part (iii) is an
easy consequence from Parts (i), (ii). O

In practice, the verification of conditions (7.47) and (7.48) is far from easy, as each
of them involves the evaluation of the principal eigenvalue of a second order elliptic op-
erator whose associated potential is given through by a positive solution of a semilinear
elliptic boundary value problem. The next results provide us with some easily com-
putable sufficient conditions in terms of the several coefficients involved in the setting of
(1.1) so that (7.47), or (7.48), holds. Our analysis extends to the case of general second
order elliptic operators the estimates of Theorem 2.3 (c¢) in [26], found for the special
case of operators in divergence form.

Lemma 7.8. Assume that L is a differential operator of the form (2.1) whose coef-
ficients satisfy (2.2). For v > o{}[L], let 0| ., 5] denote the positive solution of (3.1).
Then, there exists a positive constant

K =K(L, f,Q) > max { anlljo ) fiL} (7.50)

such that
1012, 71ll0 < K(y—0oP[L]) Vv >o07[L],

where @ is the principal eigenfunction associated with L, normalized so that

/soQ:l,
Q

and my 1 is the constant defined in the statement of Lemma 4.3.

Proof. Thanks to Lemma 4.3

do
MJHZUQW} _ :
dy ' My
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and hence, there exist § > 0 and a constant C' > 0 such that
161,71 ll00 < C(y = aP'[L]) (7.51)
for each v € [o$}[L], o$}[L] + 4]
On the other hand, it follows from Corollary 3.3 that
T —eL
fr

e[ﬁyv,f] <

Thus, there exists a constant C > 0 such that
1012,7,£1ll o0 < Y—ew 1
v—otlL] T y—aPlL] fr

for each v > o$?[£] + §. This completes the proof. [

Theorem 7.9. Assume that L is a differential operator of the form (2.1) whose coeffi-

cients satisfy (2.2), and let K1 := K(L,a,Q), Ky := K(L,d, ) denote the two constants
whose existence was shown by Lemma 7.8. Then, the following assertions are true:

(i) If N <5, (7.4) and

~ 1
< (C—
- fL

A<ot[L], A <min{ol[£] - barKa(n— o7'[£]), o7 [L] = == (n—er)}
are satisfied, then (1.1) possesses a coexistence state.
(i) If N <5, (7.5) and
p<ollL), p<minfoll] - enKi(A - of[L]), ofL] = 2 (A —ep)}

are satisfied, then (1.1) possesses a coexistence state.
Proof. By Lemma 7.8, we have that
10z xalllo < KA =0PILD), 0z pallee < Ka(u—o7'[£]).
Thus, it follows from Theorem 2.3 that
T [L = b0z 0] 20V [ = barll0pc .alloc] = 0T (L — barKa(p — 07 [L])]
=01'[£] — barKa(p — o7'[£]) .
Similarly,
ot [L = Oz xa)] = 0V [L] = errKi(A = o7 [L]).
On the other hand, Corollary 3.3 implies

A—er Ww—er
0 < 0 <
[L,\a] = ar ) (L,p,d] = dr )
and the same argument as above shows that

c

oTIL = el Z 0T 1] = A= ex).
by

o[£ = bO pa] > 0T [L] — E(M —er).

Theorem 7.7 completes the proof. [J
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8. The maximum principle. Multiplicity results. In this section we use the
abstract theory of [2] to show that the method of sub and supersolutions is valid for
(1.1). Then, we use it to analyze the structure of the set of A’s (or u’s) for which (1.1)
possesses a coexistence state and to get some multiplicity results of coexistence states.
The basic technical tool to prove these results is the strong maximum principle for linear
cooperative systems. The validity of the strong maximum principle is guaranteed if, for
instance, we assume that

b(x) >0, c(x) >0, Vo € Q. (8.1)

So, for the rest of this section we shall assume that this condition is satisfied.

8.1. The strong maximum principle for cooperative systems. If (ug,vg) is a
coexistence state of (1.1), then its linearized stability is given by the eigenvalues of the
linearization of (1.1) at (ug, vg), i.e. by the 7’s for which the following problem has some
solution (u,v) € Wg'P(Q) x WGP (Q), (u,v) # (0,0), p > N,

(5 2) () =2()+ () <8-2>

A:<)\—2au0+bv0 bug )

where

cvg W — 2dvg + cug (8:3)

Note that thanks to (8.1) the off-diagonal entries of this matrix are positive and so
the coupling matrix A is of cooperative type. More generally, we consider the linear
cooperative eigenvalue problem (8.2) with (u,v) € WZP(Q) x WFP(Q) for some p > N

and
L, (a(w) ﬁ(:v)) 54

where a, (3, v, p € C(Q2) and the off-diagonal entries, 5 and ~, are positive almost
everywhere in ). In the sequel we set

:(% g)—A (8.5)

and suppose that p > N. Now, to state the maximum principle we need some of
notation. Given (u,v) € LP(Q2) x LP(Q), it is said that (u,v) > 0 if w > 0 and v > 0.
If in addition uw # 0 or v # 0, then it is said that (u,v) > 0. A couple (u,v) €
WP (Q) x WPP(Q) is said to be strongly positive if u(x) > 0, v(z) > 0 for all z € Q
and dyu(x) < 0, Op,v(z) < 0 for all x € 02, where n is the outward unit normal at .

Definition 8.1. The operator L defined by (8.5) is said to satisfy the strong mazimum
principle in Q if x = (u,v) € WP(Q) x WPP(Q) and Lx > 0 imply that x is strongly
positive.
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Definition 8.2. A function T := (u,v) € W2P(Q) x W2P(Q) is said to be a superso-
lution of L in Q if T|gpg > 0 and LT > 0. If in addition LT > 0, or T|pq > 0, then it is
said that T is a strict supersolution.

Now, using Theorems 2.1, 2.2 of Section 2, the proof of Theorem 2.1 in [24] can
be easily adapted to cover our general setting providing us with the following general
versions of Theorems 2.1, 2.2 of Section 2.

Theorem 8.3. There exists a least eigenvalue of (8.2), denoted by o$}[L] and called
principal eigenvalue of L in ). This eigenvalue is simple and possesses a unique eigen-
function, up to multiplicative constants, which can be taken positive, the so called prin-
cipal eigenfunction of L in Q2. Moreover, the principal eigenfunction is strongly positive
and o$[L] is the only eigenvalue of (8.2) possessing a positive eigenfunction. Further-
more, any other eigenvalue o of (8.2) satisfies

Re o > o3}[L]
and (L+v)~t € L(LP(Q) x LP(Q)) is positive, compact and irreducible for v > —o$}[L].
Theorem 8.4. The following assertions are equivalent:
(i) o3'[£] > 0;
(ii) L possesses a positive strict supersolution in W2P(Q) x W2P(Q);

(iii) L satisfies the strong mazximum principle.
Moreover, the following generalized maximum principle holds.

Theorem 8.5. If L satisfies the strong maximum principle, then any strict superso-
lution T = (u,v) € W2P(Q) x W2P(Q) of L is positive in Q. In fact, u(z) > 0 and
v(x) > 0 for all x € Q. It will simply said that L satisfies the generalized maximum
principle in €.

Proof. Tt is based upon Theorem A,, of [34]. Thanks to Theorem 8.4, o$}[£] > 0. Let
h > 0 denote the principal eigenfunction associated with o$[£] > 0. We have that
Lh > 0 in Q. Therefore, thanks to Theorem A,, of [34], some of the following options
occurs: Either (i) T > 01in , or (ii) Z =0 in Q, or (iii) T = ah for some a < 0. Since,
we are assuming that 7 is a strict supersolution, the options (ii) and (iii) are excluded.
Therefore, T > 0 in Q. Corollary 2 of [34] completes the proof. [

Thanks to these results, for any operator £ of the type (8.5) there exists w such that
L+ v satisfies the the generalized maximum principle for all v > w. Therefore, the proof
of Theorem 9.4 of [2] carries over mutatis mutandis to our present situation, showing
that the method of sub and supersolutions works out for the nonlinear model (1.1). To
state our result we need to introduce the concept of sub and supersolution.

Definition 8.6. A positive function x = (u,v) € W2P(Q) x W2P(Q) is said to be a
subsolution of (1.1) if

Liu < du— a(z)u’ + b(x)u
Lov < po — d(x)v? + c(z)u

IS

m (),

1S
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and x|pa < 0. Similarly, a positive function T = (u,v) € W2P(Q) x W2P(Q) is said to
be a supersolution of (1.1) if
L1T > Na — a(x)T@? + b(x)TT

mn €,
LoT > pv — d(x)0* + c(z)u

S]]

and T|pn > 0.

Theorem 8.7. Suppose that there exists a subsolution x = (u,v) and a supersolution
T = (u,v) of (1.1) such that x < T. Then, (1.1) possesses a minimal solution x, =
(uy, ) and a mazimal solution x* = (u*,v*) in the order interval [x,T]. In particular,
if u>0 and v > 0, then (1.1) possesses a coexistence state.

Notice that this result is valid for any number of symbiotic species as well and there-
fore it provides us with a substantial generalization of Theorem 3 in [28].

8.2. Structure of the set of \’s for which (1.1) possesses a coexistence
state. Here, we use Theorem 8.7 to analyze the structure of the set of A’s (resp. u’s)
for which (1.1) possesses a coexistence state, denoted by A (resp. M). In the case of
small interaction coefficients we have the following result.
Theorem 8.8. Assume (6.1). Then, the following assertions are true:

(i) Assume p > oi'[Ls). Then, either A = (0*[L1 — bz, u.aq],00), or there exists
A < 0PLy — WOz, pua)) such that A = [\, 00).

(it) Assume X > o$*[L1]. Then, either M = (0f[Ls — iz, x.q)),00) or there exists
o < 0P Lo — i, aa)] Such that M = [p., 00).

Proof. We shall prove (i). Part (ii) follows by symmetry. Assume (6.1) and p > o$*[Ls].
Then, thanks to Theorem 6.2,

(0’?[21 — 69[£27N7d]], OO) CcA. (86)

Now, suppose that (1.1) possesses a coexistence state (ug,vg) for some A\g < 0'? Ly —
b0z, 1,q]- Then, (ug,vo) is a subsolution of (1.1) for each

AE ()\0, U?[ﬁl — 69[&7“@]]] . (87)

On the other hand, by assumption (6.1) it is rather clear that we can choose a couple
of positive constants (C7,Cs) such that for each A satisfying (8.7)

—arCy + by Co < (c1) — A, emCr —dpCy < (c2)p —

and ug < C1, vg < Co in Q. Such couple provides us with a supersolution of (1.1). Thus,
thanks to Theorem 8.7, for each \ satisfying (8.7) problem (1.1) possesses a coexistence
state. Therefore, using (8.6) we find that

[)\0,00) CA.
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Let A, denote the infimum of the set of \g < o{*[£1 — b8z, 4] for which (1.1) possesses
a coexistence state. We have that (A.,00) C A and that

A <0V [L1— b0z, 0] - (8.8)

Moreover, by Lemma 6.1, A, > —oo and due to the existence of a priori bounds, there
exists a sequence of positive solutions of (1.1), say (An, tn,vy), n > 1, such that

hm ()\n7unavn> = ()\*,’LL*,U*),

n—oo

for some non-negative solution (u.,v,) of (1.1) with A = A,. Necessarily u, > 0 and
vy > 0. To show this we argue by contradiction. Indeed, if u, = v, = 0, then the new
sequences 1, = HZ_H and v,, = ”f}—"” satisfy
Elffn = )\,:bﬁn a(a:)unun + b(z) U, vy Q. (8.9)
Loy, = py, — d(x)0pv, + c(x)Opuy,
Uy = Up = Up, = Uy, =0 on 0f2,

and, since (Uy,, Uy, ) is uniformly bounded, we can apply a standard bootstrapping argu-
ment and extract a convergent subsequence of (i, 0, ), again labeled by n, such that
U, — w and 9, — z, as n — 00, for some w, z € C}(Q). Necessarily w > 0, z > 0 and
passing to the limit in (8.9) we find that

Liw = \w _
in €,
Loz = pz
w=z=0 on 0N).
By the uniqueness of the principal eigenvalue,
)\* - O-?[Ll] ) H = U?[‘CQ] ’

and this is impossible, since we are assuming that pu > o$*[L5].
If u, > 0 and v, = 0, then we take the sequence (u,,v,) and the same compactness
argument as above shows that u. = 6|2, x , and that

p=0V[Ls — iz, n,a)) < 07 [L2),
which is not possible either. Finally, if v, =0 and v« > 0, then v, = 0|, , 4 and
A =0 [L1 — Byl
which contradicts (8.8). Therefore, u, > 0, v, > 0 and
A = [, 00).
This completes the proof. [

Similarly, for the case of large interaction coefficients we have the following result.
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Theorem 8.9. Assume L1 = Lo and N < 5. Then the following assertions are true:
(i) Assume (7.4) and X < o}[L1]. Then, either M = (—o0, ) or M = (—oo, u*] for
some p* > iy, where uy is the unique value of p satisfying A = o$}[L1 — b0z, uxd]]-
(ii) Assume (7.5) and p < o$}[Ly1]. Then, either A = (—oo,\,) or A = (o0, X*] for
some \* > N, where A, is the unique value of A satisfying p = oLy — iy A all-
Proof. We shall prove (i). Part (ii) follows by symmetry. Assume (7.4) and A < o$*[£4].

By Theorem 7.7,
(—oo, ux) C M. (8.10)

Now, suppose that (1.1) possesses a coexistence state (ug,vg) for some pg > px. We
now show that (1.1) possesses a coexistence state for each p € (i, po]. Assume that
px < < fho -

Then,
A > O'?[,Cl - bg[ﬁl,u,d}] , (8.11)

and hence,
Olc,—b0(c, ayrva) >0

Moreover, since A < o$}[L;], we have uy > o$}[£1] and hence, for each u € (ux, 0] we
find that
e[ﬁlnuad] > O :

Now, observe that the couple
(O ~0812, 0.0y Nl 011 )

provides us with a subsolution of (1.1), and that, thanks to Lemma 3.2, for any coexis-
tence state (u,v) of (1.1) we have
(9[£1_b0[£1,u,d]7Aaa]7 e[ﬁlaﬂad]) < (U, U) N
In particular,
(0121 —b012, g a1, M0l 0121, 110,d]) < (0, v0) -

Thus, thanks again to Lemma 3.2, for each pu € (uy, po) we find that

(9[£1—b0[£1’u7d],>\,a]7 g[ﬁl,u,d]> < (0[ﬁl—b0[£1’uo’d],)\,a]7g[ﬁl,uo,d]) < (UO, UO) I

and therefore, it follows from Theorem 8.7 that (1.1) possesses a coexistence state for
each 11 € (px, po).

To complete the proof it suffices to show that (1.1) possesses a coexistence state for
= . In the sequel we fix A\ and regard to p as the main bifurcation parameter. By
the last part of Theorem 5.1,

(ﬂ? u, U) = (:UO\? 0, 9[61,ux,d]) )
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is the only bifurcation point to coexistence states from the semi-trivial curve (u,v) =
(0,0[z,,1,4q) and the maximal component (closed and connected) of coexistence states

emanating from (0,0, , 4) at 4 = px, denoted by C(Z 0.0): is unbounded in R x CE(Q) x

C2(2). Moreover, by the local bifurcation theorem of [7], there exist a neighborhood
N = N(pr, 0,012, iy ap) OF (12, 0,012, s ap) In RX CE() x C§ (), a real number so > 0
and an analytic mapping

(1, u,v) = (—80,80) — R x Ca(Q) x C5(Q)

such that
(1£(0),u(0),v(0)) = (x, 0,02, yux.a1)

and
chao,v) ={(u(s),u(s),v(s)) : s>0}.

In fact, the unique coexistence states of (1.1) close to the bifurcation point are those lying
on the curve (u(s),u(s),v(s)). Since p(s) is analytic, s can be reduced, if necessary, so
that either u(s) < py for each s € (0, sg), or u(s) = py for each s € (0, s0), or p(s) > ux
for each s € (0, sg). If u(s) = py for each s € (0, s9) the proof is completed.

Assume that u(s) < py for each s € (0,s0). Since (1.1) possesses a coexistence
state for each p € (ux, io] and thanks to Theorem 7.4 uniform a priori bounds for the
coexistence states of (1.1) are available in the range p € [pa, pol, from any sequence of
coexistence states of (1.1), say (pn, Un, Vn), with g, > puy and p, | gy, we can substract
a convergent subsequence, relabeled by n, such that

lim (up,v,) = (u*,v")

n—oo
for some non-negative solution couple (u*,v*) of (1.1) with x = py. By the uniqueness
obtained from the application of Crandall Rabinowitz theorem [7],

(fons Uny V) EN

for n sufficiently large. Hence, (u*,v*) # (0,0, 4, q4)- Moreover, the same compactness
argument as in the proof of Theorem 8.8 shows that (u*,v*) # (0,0). Therefore, (u*,v*)
must be a coexistence state. This completes the proof in this case.

Finally, assume that ju(s) > uy for each s € (0,5s0) and let C;~ denote the maximal
subcontinuum of C(J;’O,U) outside /. It is clear that C; is unbounded. Thanks to
Theorem 7.4 uniform a priori bounds on compact intervals of u are available. Moreover,
thanks to Theorem 7.1 (iii), (1.1) does not admit a coexistence state if p is sufficiently
large. Therefore, C;” must go backwards and (1.1) possesses a coexistence state for
w = px as well.

The previous analysis shows that

(—o0, o] C M. (8.12)
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Let p* denote the supremum of the set of g > py for which (1.1) possesses a coexistence
state for each pu € (—oo, 1p]. By Theorem 7.1, pu* € R. Moreover, u* > py and due to
the existence of a priori bounds, there exists a sequence of positive solutions of (1.1),
say (fn,Un,vy), n > 1, such that

lim (Mna Un, s Un) = (,U,*, U*a U*) )

n—oo
for some non-negative solution (u*,v*) of (1.1) with p = p*. The same argument as in
the proof of Theorem 8.8 shows that u* > 0 and v* > 0. Therefore,

M = (—o0, u*].
This completes the proof. [

8.3. Multiplicity results. Here, we use the theory of Section 20 in [2] to give some
multiplicity results. Our main result is the following.

Theorem 8.10. Assume L1 = Lo and N < 5. Then the following assertions are true:
(i) Assume (7.4), A < 0}[L1] and M = (—oo, p*] with p* > pux. Then, (1.1) possesses
at least two coexistence states for each p € (px, u*).
(ii) Assume (7.5), p < o$¥[L1] and A = (—oo, \*] with \* > \,,. Then, (1.1) possesses
at least two coexistence states for each A € (Ay, \¥).

Proof. To prove this result we use the fixed point index in cones. It suffices to prove
Theorem 8.10(i), since Part (ii) follows by symmetry. Notice that thanks to the proof
of Theorem 8.9, under the assumptions of Theorem 8.10, Theorem 8.7 guarantees the
existence of a minimal coexistence state, which will be denoted by (u,,v,). If not,
from (0,0) or some of the semi-trivial positive solutions should bifurcate a sequence
of coexistence states and this is not possible by our assumptions on the coefficients of
the model. We now show that (1.1) fits into the abstract setting of [2]. Fix a < ua,
B > 0 and consider I := [a, u* + (]. Since we have uniform a priori bounds for the
non-negative solutions of (1.1), there exists K > 0 such that

au—bv <A+ K, dv—cu < p+ K,

for each p € I and any non-negative solution (u,v) of (1.1). Enlarge K, if necessary, so
that
K> —0o {2 [,Cl] ,

and let e denote the unique solution of
(L1 +Kle=1 in Q, elon = 0.

We have e(x) > 0 for each z € Q and 0,¢e(z) < 0 for each x € 99, where n stands for

the outward unit normal on 0f). Let C¢(£2) denote the ordered Banach space consisting



SYMBIOTIC SPECIES 47

of all functions v € C(2) for which there exists a positive constant x > 0 such that
—re < u < ke, endowed with the norm

|ulle :=inf {k >0 : —ke <u<ke}
and ordered by its cone of positive functions, P. Then, the operators
Kt Ce(€2) X Ce(2) — Ce(2) x Ce(9)

defined by
(L1 + K)7HA+ K)u — au® + buv]
Klu, v) = ( (Lr + K) " [(u+ K)o — dv? + cun] ) )

for each p € I, are compact and strongly order preserving. Moreover, the solutions of

(1.1) are the fixed points of IC,,. Let B, denote the unit ball of C.(£2) x C(€2) and, for
each p > 0, P, the positive part of pB.. Since by Theorem 7.4 we have uniform a priori
bounds for the non-negative solutions of (1.1), the fixed point index of £, in P, makes
sense for sufficiently large p. Moreover, we have the following result.

Lemma 8.11. Assume p € (ux, " +3]. Then, (0,0) and (0,0, ,,.q4)) are isolated fized
points of K, in P? and

(K (0,0)) = (K, (0,61, 1)) = 0. (8.13)

Moreover,
i(lclln Pp) =0, (814)

provided p 1s sufficiently large.

Since p > iy, (0,02, ,4,q) is linearly unstable by Proposition 4.1 in Section 4, and so
i(Ku, (0,012, 1,4))) = 0 (cf. [23]). On the other hand, from Lemma 13.1(ii) of [2] follows
that (K, (0,0)) = 0 and therefore (8.13) holds. Relation (8.14) follows by homotopy
invariance, taking into account that (0,0) and (0,0, ,q) are the only non-negative
solutions of (1.1) for p € (p*, u* + 5.

Now, we compute the fixed point index of the minimal solution (u,,v,) of (1.1). To
do this computation, we use the following lemmas, which are immediate consequences
from Propositions 20.4 and 20.8 of [2], respectively.

Lemma 8.12. If i € (pux, pu*], then the minimal coexistence state (u,,v,) of (1.1) is
weakly stable, i.e.

where L,, is the operator defined by (8.5) with A(x) given by (8.3) and (ug, vo) = (up, vy)-
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Lemma 8.13. (i) Let (u,u,v) = (o, o, vo) be a coexistence state of (1.1) such that
a1 [Lyy] >0, (8.16)

where L, is the operator defined by (8.5) with A(x) given by (8.3). Then, there ex-
ists € > 0 and a differentiable mapping (u,v) : (po — &, p0 + €) — P2 such that
(u(po),v(po)) = (ug,vo) and (p,u(p),v(pw)) is a coexistence state of (1.1) for each
w € (po — €, o +€). Moreover, the mapping p — (u(p),v(p)) is strictly increasing and
there exists a neighborhood Q of (o, ug,ve) in R x (Ce(Q))? such that if (u,u,v) € Q
is a solution of (1.1), then (u,v) = (u(p),v(p)).

(i) Assume o$}[L,,] = 0, instead of (8.15), and let ® denote the principal eigen-
function associated with o$}[L,,,]. Then, there exists ¢ > 0 and a differentiable mapping
(g, u,v) : (—e,8) — R x P? such that (u(0),u(0),v(0)) = (uo,uo,vo) and for each
s € (—e,e) (u(s),u(s),v(s)) is a coexistence state of (1.1). Moreover,

pls) = po+p(s), — (u(s),v(s)) = (uo,v0) + s® + (a(s),0(s)) , (8.17)

where fi(s) = 0(s), u(s) = o(s) and v(s) = o(s) as s — 0, and there exists a neighborhood
Q of (po,uo,vo) in R x (Ce(Q))? such that if (u,u,v) € Q is a solution of (1.1), then

(hsu,0) = (p(s), uls), v(s))
for some s € (—e,e). Furthermore,
sqn ' (s) = sgn o$}[Ls] (8.18)

where

Ls = (Eo1 ri) - (A i QGZSZT ) u(s) — 2?;;((3 4 cu(s)) '

If 0$¥[L,] > 0, then the Leray-Schauder formula implies that the local index

iy (up,vu)) =1

and therefore, thanks to Lemma 8.11, (1.1) must have a further coexistence state.
Therefore, in this case the proof is completed.

Now, assume that o$*[£,,] = 0 and let (u(s), u(s),v(s)) denote the curve of coexistence
states through by (u,u,,v,), for s = 0, whose existence is guaranteed by Lemma 8.13.
Since ® > 0, (u(s),v(s)) is strictly increasing and hence, if pu(s) = p for some s # 0,
then (1.1) possesses two coexistence states. Namely, (u,,v,) and (u(s),v(s)). Thus,
without loss of generality we can assume that

p(s) # p VOo<|s|<e. (8.19)
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We claim that

p(s) < p V s e (—¢,0). (8.20)
Indeed, if there exists s; < 0 such that uq := p(s1) > p, then
(u(51)7v(81)) < (U(O),’U(O)) = (um“u) S (u,u«wvul) ) (8'21)

since (u(s), v(s)) is increasing in s and the minimal solution is non-decreasing in u. Here,
(U, , vy, ) stands for the minimal coexistence state of (1.1) for p = ;. Relation (8.21)
contradicts the minimality of (u,,,v,,). Thus, (8.20) get shown. Moreover, by (8.19),
either pu(s) < p for all s € (0,¢), or u(s) > p for all s € (0,¢), so we can distinguish two
cases:

Case a: Assume that pu(s) < p for all s € (0,e). Then, since u < p* and (1.1)
possesses a coexistence state for each value of the parameter in [u, u*], there exists a
sequence of coexistence states (i, Un, vy,), n > 1, such that lim, o py, = pand p, > p
for all n > 1. By the existence of uniform a priori bounds, without loss of generality we
can assume that

lim (up,v,) = (uo,v0) ,
n—oo

for some non-negative solution (ug,vg) of (1.1). Since A\ < o$}[£1] and p > uy, with a

similar argument as in the proof of Theorem 8.8, it is easily seen that (u,ug,vo) is a

coexistence state. Moreover, by the uniqueness obtained as an application of Lemma

8.13(ii), (ptn,un,vn) ¢ Q for each n > 1 and hence, (u,up,v9) ¢ Q. In particular,

(e, uo,vo) # (1, uy,v,) and therefore, (1.1) possesses at least two coexistence states.
Case b: Now, assume that

p(s) > u Vs € (0,¢). (8.22)

Then, thanks to Lemma 8.13(ii), (p,u,,v,) is an isolated solution of (1.1) and so
i(Ky, (uy,v,)) is well defined. By Lemma 8.11, to complete the proof of Theorem
8.10, it suffices to show that

Ky, (up,vy)) =1 (8.23)

By (8.22) there exists s; € (0,¢) for which p/(s1) > 0. By (8.18), 0$}[L,,] > 0 and there-
fore, we find from Theorem 8.3 and the linearized stability principle that (u(s1),v(s1))
is exponentially asymptotically stable. Thus, Leray-Schauder’s formula implies

(s, (u(s1),v(s1))) = 1. (8.24)

Since (p(s1),u(s1),v(s1)) is non-degenerate and s — (u(s),v(s)) is increasing there
exists > 0 such that if

pr = [[(u(sr),v(s))lle =6, pa = [[(u, v)lle =9,

then (1.1) does not admit a coexistence state in

[11(51), u(s1) + 0] x O(Pp, \sz)'
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Moreover, by the uniqueness of Lemma 8.13(ii), § > 0 can be chosen so that (1.1) does
not have a coexistence state in P,, \ P, for p = p(s1) + 6 either. Thus, the homotopy
invariance implies

i(Kp(arys Py \ Ppy) = 0. (8.25)

Now, for § > 0 sufficiently small set
p = |[(uls1),v(s1)[le + 0
By (8.24), (8.25), we find that
i(Ku(s1), Po \ Ppy) = 1.

Moreover, by the monotonicity of (u(s),v(s)) and the uniqueness given by Lemma
8.13(ii), (1.1) does not admit a coexistence state on

(12, (1)) x O(Py \ Pp,) -

This implies (8.23) and completes the proof of the theorem. [
Similarly, for the case of small interaction coefficients we have the following result.

Theorem 8.14. Assume (6.1). Then following assertions are true:
(i) Assume p > of![Ls] and A = [\, 00) with N\, < o[£y — b(2)0)c, pa)- Then,
(1.1) possesses at least two coexistence states for each X € (A, 03 [L1 — b(2)02, u.a)])-

(it) Assume X > o1 [L1] and M = [p,00) with p, < o{[Ly — c(x)0iz, x.q)- Then,
(1.1) possesses at least two coexistence states for each p € (p, 03 [La — c(2)0)2, r.a)])-

Proof. Being the proof rather similar to the proof of Theorem 8.10, we are only to sketch
it. By symmetry, it suffices to show Part (ii).
Let (ps, us,vs) be a coexistence state of (1.1). Then, it is easily seen that for each

JIAS (M*a O{Z[EQ - C(x)g[ﬁl,)\,a]])
QZ(U*,U*), EZ(KMKQ)?

is an ordered sub-supersolution pair of (1.1) provided K; and K> are sufficiently large
positive constants. Moreover, thanks to Lemma 6.2, if K; and K, are sufficiently large,
then any coexistence state of (1.1) lies in the order interval [0,Z]. Therefore, (1.1)
possesses a maximal coexistence state within the interval [z, 7], denoted by (u*,v*).
Thanks to Proposition 7.8 of [2], (u#,v") is weakly stable and so o$}[£*] > 0 where LV
is the operator defined by (8.5) with A(x) given by (8.3) and (ug, vg) = (u*, v*).

If o$}[£*] > 0 the same argument of the proof of Theorem 8.10 completes the proof
of Theorem 8.11.
If o$}[£*] = 0 arguing as in the proof of Theorem 8.10 we find that

p(s) >p  Vse(0,e),
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and two different situations may arise:

Case a. If p(s) > p for s € (—¢,0), then the same argument of the proof of Theorem
8.10 applies to complete the proof of this one.

Case b. If u(s) < p for s € (—¢,0), then there exists s; < 0 such that x'(s1) > 0 and
hence,

KKy (us1), 0(51))) = 1.

Now, setting
pri= ([ v")[e +0, p2 = [l(uls1),v(s))lle +0, pi=|[(uls1),v(s1))lle = 9.
yields
i(KH(Sl)’PPl \Fm) =0, i(,C.U(Sl)’Ppl \]_Dp) =1, i(Ky, Py, \]_Dp) =1,

and therefore,
(K (', 09)) = 1.

This completes the proof. [

9. On the uniqueness of the coexistence state. In this section we give a unique-
ness result in the case of small interaction coefficients. When the interaction coefficients
are large we already know that (1.1) exhibits a superlinear character and so its number
of coexistence states might vary drastically when the geometry of the support domain
2 changes, [8]. Our main uniqueness result is the following.

Theorem 9.1. Assume that (6.1), (6.8) and (8.1) are satisfied and that for any coex-
istence state (ug,vg) of (1.1)

(), (), < (0.), o

Then, (1.1) possesses a unique coezistence coexistence. Moreover, it is exponentially
asymptotically stable.

After the proof of this theorem we shall use Theorem 8.7 to get some upper estimates
of the left hand side of (9.1), giving rise to very simple easily computable sufficient
conditions, in terms of the several coefficients involved in the model setting, for the
uniqueness of the coexistence state.

Proof. Under conditions (6.1) and (6.8) we have uniform a priori bounds for the non-
negative solutions of (1.1) and hence the fixed point index in cones can be used as
in Section 8.3. By Proposition 4.1 the semi-trivial positive solutions (6, xq],0) and
(0,0z,,,4)) are linearly unstable, if they exist, and a rather standard index computation
shows that each of them has local index zero (cf. [23] for details). Moreover, the state
(0,0) has index zero and the global index equals one. Therefore, by the principle
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of linearized stability, it suffices to show that under condition (9.1) any coexistence
state is linearly asymptotically stable, since by Leray-Schauder formula any linearly
asymptotically stable solution has local index one. Let (ug,v9) be a coexistence state
of (1.1). Then, the spectrum of the linearization of (1.1) at (ug,vo) is given by the
7's for which the following problem has some solution (u,v) € WgP(Q) x WgP(Q),
(u,v) # (0,0), p > N,

(L1 + 2aug — bvg — A)u =bugv + Tu,

9.2
(Lo + 2dvg — cug — p)v =cvpu + T . (92)

By Theorem 8.3 if we are able to show that there exist © > 0 and v > 0 such that
(L1 4 2aug — bvg — N)u > bugv, (L2 + 2dvy — cug — p)v > cvou, (9.3)

then the principal eigenvalue of (9.2) will be positive and therefore, the linearized sta-
bility of (ug,vg) will follow from Theorem 8.3. Taking (u,v) = (aug, fvg), where o« > 0
and [ > 0 have to be found, (9.3) becomes into

aaug > Bbug Bdvg > acug . (9.4)

Now, due to (9.1), it is rather clear that there exist @ > 0 and (§ > 0 satisfying (9.4).
This completes the proof. [J

The following result provides us with a sufficient condition for (9.1) to be hold.

Proposition 9.2. Assume L1 = Lo, b(x) > 0 and c(x) > 0 for each x € €2,

0’?[[:1] >0, byrens <CLLdL, )\>O’?[£1], M>U?[£1], (95)
and
2
aydy . (dL)\2+bM,u2)(aL,u2+cM)\2) . supg < 1 (9 6)
16aLdL(CLLdL —bMCM)2 (/\—a?[ﬁl])(u—a?[ﬁl]) Q (Y2 bMCM ’ '

where o > 0 is the principal eigenfunction associated with o$}[L1], normalized so that
||g0||Loo(Q) =1 and 1 > 0 is the unique solution of

£1¢:1 imn Qa WGQZO

Then (1.1) has exactly one coexistence state.
Proof. We claim that for each t > 1 the couple (uy,v;) defined by
t(dL)\2 + bMM2)

Ut = 4(CLLdL — bMCM) w’ vt =

tlapp® + ey A\?)
4(aLdL — bMCM)
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is a strict supersolution of (1.1). To prove this it suffices to show that

1> [A—tla(x)K1 — b(z)K2)Y],

(9.7)
1> [p—t(d(z)Ks — c(z)K1)Y],
where
dr A% + by p? arp? + e\
K, = , Ky = .
4(aLdL —bMCM) 4(aLdL —bMCM)
Since
AQ

sup(A — B = —

5213( 8= 15
we find that for each t > 1,

A2 A2
Y- [N = tla(x) Ky — b(z)K2)y] < < :

- 4t(a(:v)K1 — b(l’)Kg) - 4(GLK1 — bMK2)

Similarly,
2

P - [Iu — t(d(fE)K2 - C(.@)Kl)w] < 4(aLK2,u— bMKl) .

Thus, the following conditions imply (9.7)
)\2 :4(CLLK1 —bMKQ), [L2 :4(aLK2—bMK1).

Since these conditions are satisfied by the choice of K7 and K5 itself, the claim above
get shown.

Now, we need the following generalized version of the sweeping maximum principle
of [28], whose proof is postponed up to the end of the proof of Proposition 9.2.

Lemma 9.3. Let z = (u,v) € WP(Q) x W2P(Q), p > N, be a solution of the problem

Elu = f(.??, U/,U)

m 2,
Lov = g(z,u,v)

u=v=>0 on 0S5,

where f and g are two continuous functions in x and of class C' in (u,v), f increasing
in v, and g increasing in u. For eacht € (to,t1], let Tp = (T, v;) € WeP(2) x WIP(Q)
be a strict supersolution of this problem. Assume that T; is continuous and strictly
increasing in t, that Ty, — x is strongly positive, and that 0, T, is continuous in t, where
n stands for the outward unit normal to ). Then,

T < Ty, -
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Thanks to Lemma 9.3, we find that

dp\? + barp? o < app? + ey A?
- 4(CLLdL — bMCM) ’ 0= 4(aLdL — bMCM)

v, (9.8)

Ug

for any coexistence state (ug,vg) of (1.1). Similarly, it follows from Lemma 3.2 that

A — (L — oL
uo > Oz, Nna) = Az ailh) ®, vo 2> 012y ) = p=orlk) @

o dn (9.9)

Finally, using (9.8) and (9.9), it is easily seen that (9.6) implies (9.1). Theorem 9.1
completes the proof. [

Proof of Lemma 9.3. Let t, denote the infimum of the set of ¢ € (¢, t1) for which x — 7,
is strongly positive. We claim that t, = t3. On the contrary, assume that t, > tg.
By our assumptions it is rather clear that there exists K > 0 such that each of the
mappings

u— f(-,u,v) + Ku, v—g(,u,v)+ Kuv,

is increasing and K > — min{o$}[L;],0$}[Ls]}. Since T, is a strict supersolution of the
problem, some of its components, say u;, , satisfies

Thus, the strong maximum principle implies that u;, — w is strongly positive. This
contradicts the minimality of ¢, and completes the proof. [

Note that, thanks to the strong maximum principle, ¢ and v are strongly positive
and hence, supﬁg is well defined.

The estimates given by the following result will be used to find out another sufficient
condition for (9.1).

Lemma 9.4. Assume L1 = Lo, b(z) > 0 and c(z) > 0 for each x € Q, and
bMCM<CLLdL, )\Zu>0?[£1].

Then, for any coexistence state (u,v) of (1.1) the following estimates hold

My O, ) < < Nibig, na) s (9.10)
Mo e[ﬂl,u,d] <v < N e[ﬁl)\,a] ’ (911)
where
N, = CLM(dL -+ bM) , N, = aM(aL + CM) ’
aLdL —CMbM aLdL —CMbM
Mo — { dL(bL+dM) (bL+dL)[dM(aM+CM)—CLdL] }
1 = Imax 5 ’
andn —erbr T anldy(an + enr) — en(br +dp)]
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M, :max{ dL(CL—I—CLM) dM(aM+cM) } ‘

apmdyr — enbr ’ dM(CLM + CM) — CL(bL -+ dL)

Proof. Since
Niar, — by No = ayr Nody, — Nyicyr = anr

for each t > 1 we have that
t(Nyar, — Nabps) —apn >0, t(Nadp, — Nyepr) —apn > 0. (9.12)
Now, thanks to (9.12) it is easily seen that for each ¢t > 1 the couple (u;, ;) defined by
(g, 0¢) ==t (N1012, 2015 N2Oi2, 0 0a))

is a strict supersolution of (1.1). Therefore, thanks to Lemma 9.3, the upper estimates
in (9.10) and (9.11) get shown.

Now, in order to prove the validity of the lower estimates in (9.10), (9.11) we will
adapt a device coming from [17]. A reiterative application of Lemma 3.2 shows that

by pa) S, Bnbicy pa S, (9.13)
for each n > 1, where
dr, +br.Bn— d e
e R N S N
apm dyr

Thus, passing to the limit as n — oo yields

ae[ﬁl,,u,d] S u? /Be[ﬁl,u,d} S U7
where
_ dr,(br, + dur) _ dr(cr +anr)
CLMdM — bLCL ’ aMdM — bLCL ’

This provides us with half of the lower estimates in (9.10), (9.11). Now, it follows from
Lemma 7.2 (ii) that v/K > 0, , 4, Wwhere

dyr(epr + anr)

K= .
dM(CLM + CM) — CL(bL + dL)

Thus,
L1 =Xu— a(z)u® + b(z)uv > pu — a(z)u® + b Kbz, au

and hence, u is a supersolution of

Liw = (p+ b KOz, yap)w — a(x)w?  inQ,

w=20 on Of). (9.14)
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Therefore, Theorem 3.1 implies

g[ﬁl_bLKe[ﬁl,u,d]aMaa] S .

Finally, a further application of Lemma 3.2 shows that

Be[ﬁlaﬂ'fd] S 9[£17bLK0[61,u,d]7,u,a] ’

where
(bL + dL)[dM(CLM + CM) — CLdL]
anldnar(ans +enr) —ep(bp +di)]

This completes the proof. Note that K and B are positive constants. [

B =

Now, as an immediate consequence from Theorem 9.1 and Lemma 9.4 we obtain the
following result.

Corollary 9.5. Assume L1 = L2, b(z) > 0 and c¢(z) > 0 for each x € ,
chM<aLdL, )\ZM>O’?[,C1],

and

(9.15)

2
N; N. 0 a
LI (. RN ardr, .

Then, (1.1) possesses a unique coezistence state.
. o . 0[[ ’A7a] .
Note that since 0., x q) and 0|, ,, 4 are strongly positive, supg m is well defined.
Remark 9.6. (i) If a, b, ¢ and d are assumed to be constant, then

d(b+d) d(c+ a)
]\/Il_ad—cb7 M2_ad—cb’

although in case a = b = ¢ = 1 there are choices of d(z) for which some of these relations

fails.

(ii) If a, b, ¢ and d are constant, then (9.15) becomes into the condition found in
Theorem 3.3 of [17].

(iii) As a consequence from Proposition 9.2 and Corollary 9.5, it follows that if one
of the interaction coefficients (b or ¢) is small, then (1.1) possesses a unique coexistence
state. For some special classes of domains and differential operators, how small should
be b or ¢ to have uniqueness can be estimated in terms of the several coefficients of the
model. For instance, if Q = (0,7), £1 = Lo = —% and a = d = 1, then o$}[L;] = 1,
o(z) = sin(x), Y(z) = z(m — z)/2, Sup5% = 7/2 and the estimate (9.15) becomes into

0 1
R(\, 1) = sup =22 <

. (9.16)
a Oy Ve
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Some explicit estimates of R(A, ) were found in [17] and [1]. Namely, in [17] it was
shown that

/\3

R\ p) < ——— . 9.17

() < (9.17)

Therefore, thanks to Corollary 9.5, (1.1) possesses a unique coexistence state provided
(p—1)°

(iv) In many cases Proposition 9.2 is sharper than Corollary 9.5. Indeed, in the
previous example (9.6) becomes into

64 (A —1)(p—1)(1 —bc)?
T (A2 +bp?)(p? 4 cA?)

(9.19)

Thus, if A =2, p = 1.5 and ¢ = 1, (9.18) becomes into b < 1/32 ~ 0.031, while (9.19)
becomes into b < by with by ~ 0.099. Therefore, in this case (9.19) is sharper than
(9.18).

Under the assumptions of Theorem 9.1, the problem of the global attractivity of
the coexistence state with respect to the cone of positive functions in both components
is very difficult to handle with. This is in strong contrast with the competing species
counterpart of (1.1), where due to the compressivity of the model (cf [14]) the uniqueness
of a stable coexistence state implies its global attractivity as a result from the abstract
theory of [9]. Nevertheless, the presence of uniform a priori bounds in the context of
Theorem 9.1 allows us to apply the following result of [15] to the parabolic system
associated with (1.1).

Theorem 9.7. Assume that T is a strongly positive monotone continuous dynamical
system on X where the cone K has non-empty interior and X is separable. Moreover,

assume that O(x) (the positive semi-orbit of x) is compact for each x € X. Then,
there exists a dense subset A of X such that if x € A, then w(zx) (the w-limit of x), is
contained in the set of stationary points.

Using this result we obtain the following one.

Theorem 9.8. Assume that byrey < arpdp, A > o[L1], u > o}[Ls], blx) > 0,
c(x) > 0, for each x € Q, and that (1.1) possesses a unique coezistence state, say
(te,v.). Consider the following parabolic reaction diffusion problem

Ou + Liu = u — au® + buv,

m 2 x (0,00),
v + Lov =pv — dv? + cuw, ( )

u|aQ:v|aQ:0, t>0,

u(x,0) = ug(z), v(z,0) = vo(x), x €,
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where ug ,vg € C(Q). Then, the solution of this problem (u(x,t;ug,vp),v(x,t;ug,vo))
is defined for all t > 0 and there exists a dense subset A of (C(Q))? such that if ug > 0,
vo > 0 and (ug,vg) € A, then

tli)rgo |u(z,t;up,v0) — Uel| Lo (@) = tli)rgo |lv(z, t;u0, v0) — Ve L) = 0.

Proof. By Theorem 9.7 we know that if (ug,vg) € A, then the solution of the previous
parabolic problem, denoted by (u(z,t;ug,vo),v(x,t;ug, vg)), converges to some steady
state. It suffices to show that if ug > 0 and vy > 0, then it converges to a coexistence
state. Indeed, it follows from the parabolic maximum principle that

u(z,t;ug,v0) > Pz, a0 (2, 8 u0) v(z,t;ug,v0) > Pz, pa (2, t5v0)
where @, (z,1; z0) stands for the unique positive solution of
Oz + L =nz— f2? in 2 x (0,00),
zlon =0, t>0,

2(z,0) = zo(x), x e
Since for v > o$}[£] the positive steady state of this problem, 01,11, is a global attractor
for any positive solution, we have that
Jim (| @z, xay (2,85 u0) = b1z, xall Lo ) = B ([ @1z, 0 (2,85 10) = O papll L) = 0

Thus,

lim inf u(x, t; up, vo) > Oizy xa) >0, lim inf v(z, ; ug, vo) > Oz, ua) > 0,

t—o0 t—o0

and therefore, the solution must converge to a coexistence state; necessarily (u.,v.),
since it is unique. [J

10. Local bifurcation analysis. In this section we analyze the local structure of the
set of positive solutions of (1.1) near

(>‘7 M, U, U) = (0{) [ﬁl]a U? [£2]7 0, O) .

To make this analysis we will find out the bifurcation equations at this singularity
through by a Lyapunov-Schmidt decomposition of (1.1). In the special case when £
and Lo are perturbations of the Laplacian by some continuous potentials this analysis
has been already done in [10], [11], and [12].
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10.1. The bifurcation equations. Throughout this section we will consider the
Banach spaces

U=w=rQ)nwy,?@Q), V=LPAQ), p>N.

Let ¢;, ¢ denote the principal eigenfunctions associated with £; and L7, respectively,
J = 1,2, normalized so that

/w?zl, /¢j90§=1, j=1,2.
Q Q

Let L; :U — V,i=1, 2, be the differential operators defined by
Ly =Ly +03[L1],  Ly=—Lo+0[Ls],
and consider the operator L : U? — V? defined by
L(u,v) = (L1u, Lav) .
The null space of L, denoted by N[L], is given by
NI[L) ={(r¢1,sp2) : r,s€R}.

To short notations, we will denote by (Aoid, ftora) the original parameters (A, ) in (1.1)
and introduce the new parameters

(A 1) = (Notas pota) — (01 [L1], 07 [L2]) -

Then, the solutions of (1.1) can be regarded as the zeros of the nonlinear mapping
F :U? x R? — V? defined by

( Liu+ M — au® + buv
F(u,v,\, ) = <L20+Mv—dv2+cuv> ’

Let P : V? — N[L] denote the projection

P(u,0) = (Pru, Pyw) = (( [ oo ([ sosvm) |

Then, Q := I,» — P is a projection of V? onto the complement of N|[L], denoted by
W = W, x Ws, where W, stands for the complement of N[L;| in V, i = 1,2. Once fixed
the projection P, each element (u,v) € U? C V? admits a unique decomposition of the
form (u,v) = ® + w with ® € N[L] and w € W. Namely,

b = (91, Ps) := P(u,v), w = (w1, ws) == (I — P)(u,v).
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Since L(u,v) = Lw and for each w € W QLw = Lw, setting
N(u,v, A\, 1) = (Mu — au?® + buv, pv — dv® + cuw)
it is easily seen that the equation F'(u,v, A, u) = 0 is equivalent to the system
PLw + PN(®1 + w1, Py + wo, A\, ) =0, Lw + QN (P + wy, Po + wa, A\, u) = 0.

Since the operator L : W NU? — V? is a topological isomorphism, the implicit function
theorem implies that there exists a neighborhood A of 0 € N[L] x R? and a real analytic
function w : N — W such that w(0) = 0 and for each (®1, P, \, ) € N

L(w(®y1, P2, A, 1)) + QN((P1, P2) + w(Py, P2, A, 1), A, ) = 0. (10.1)

Thus, there exists a neighborhood M of 0 € U? x R? such that the solutions of (1.1)
within M are in one-one correspondence with the solutions of the following equation

f(T, S, )\,/L) = PN((@l, q)g) + w(<I>1, q)g, )\,,u), )\,[L) =0 (102)

within ' xR?. Notice that PLw = 0. Equation (10.2) is often referred as the bifurcation
equation. Computing the Taylor series of f := (f1, f2) up to third order terms, gives

fi(ry s, A\ ) =Ar + r(—a1r + ags)
+ r(—blrz + bors — bys® + dy\r — da\s)
+ O3, (r,8,\, 1))

fa(r, s, A, ) =ps + s(asr — ass)

(10.3)

+ 5(—byr? + bsrs — bgs® — dzur + dyps)
+ 0(37 (r7 S? A? M))) 9

where ® = (r¢1, sp2), O(3,(r, s, A, 1)) stands for terms of order three in the variables
(rys, A\, 1), as (r,s, A\, u) — 0, and the several coefficients involved in (10.3) are given by

alz/fw%ﬂ; az:/b%wﬂa @3:/0901@2@; a4:/d80390§»

Q Q Q Q

by =2 / WBhoret, by — / (2Bs01 +bB10s—blsp1) @l s by / b(Bas—Bar )"
Q Q Q

542/0(53901—51%)9037 b5:/(2dﬁ3s02—052902+0ﬁ4¢1)s037 b6:2/d8025490§,
Q Q Q

d1=/51¢1k, dzZ/ﬁzSOT, d3:/ﬂ390§, d4:/ﬁ490§,
Q Q Q Q
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where the (§;’s © = 1,... ,4 are the unique solutions of the following linear boundary
value problems

LiB1 = Qrap?, Biloa =0, / Bip1 =0,
Q
LBy = Qibpipa, B2lon =0, / Bap1 =0,
Q
Lyf33 = Qacp1p2, Bzlo =0, / Bapa2 =0,
Q

L= Qudgh,  Bilon=0, [ Biga=0.
Q
Observe that the bifurcation equation (10.2) is of the form

Ar+rp(r,s, A\, 1) =0
p( 1) (10.4)
ps + sq(ry s, A, 1) =0

where p and ¢ are given by (10.3). Thus, as it occurs with (1.1), there are three types
of non-negative solutions of (10.4). Those on the manifold of trivial solutions

Mo = {(0,0,A, 1) : Ay € (—¢,8)},
where ¢ > 0 is sufficiently small, those lying on the manifolds of semi-trivial solutions
My = A{0, 1), p) = t€(0,0), pe(=¢e)},
M, = {(0,t, A\, pa(t, ) : t€(0,0), u€(~¢e)},

for some o > 0 small enough, where \; and po are the unique solutions around the
origin of

Ar(t, ) +p(t,0, A (¢, 1), 1) =0, p2(t, A) +q(0,¢, A, pa(t,A) =0,
respectively, and finally, those on the manifold of coexistence solutions
Mo = A{(t, T, \(t, T, 1), u(t, 7,\)) : t, 7€ (0,0)},
where A\(t, 7, 1) and u(t, 7, A) are the unique solutions around the origin of the system
At 7, 1) + plt, T, Nt 70m),10) =0, w(t, 7, \) + q(t, 7, A, w(t,7,0) =0.

As in the situation described by Theorem 6.2 of [10], M, bifurcates from the mani-
folds My and M, along the coexistence curves Ay o(t) := (A1 (), pi(t)) and Ag1(t) :=
(A2(t), u2(t)), where g and Ao are the local solutions of

Nl(t) + Q(t7 0, >‘1(t7:u1<t>)7 Hl(t)) =0, >‘2(t) +p(07t7 >‘2(t)= :U’Q(tv >‘2(t))) =0.

In fact, A1 and Ag; provide us with a local parametrization at (o$}[L1],0$}[£L2]) of
the curves of change of stability of the semi-trivial positive solutions p = o$}[Ly —
c(2)02, 20)) and X = o[£y — b(x)0z, ,..a), Tespectively.
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10.2. Finding out the bifurcation directions. As in [10], [11] and [12] we can
use some techniques from singularity theory to analyze the bifurcation equation (10.2).
We point out that in our current situation we are not interested in the problem of
ascertaining whether or not the curve of change of stability of the semi-trivial states
meet or not, since except at (0$[£1],0$}[L2])) when we deal with (1.1) these curves
never meet, in strong contrast with the case of competing species. Now, our interest
will be focused toward the problem of analyzing the bifurcation directions to coexistence
states from the manifolds of semi-trivial states.

The following result is an immediate consequence from our previous analysis and
Theorem 5.1 (i) of [11], where we refer for any further detail.
Theorem 10.1. If

ao0as
A=

£1, (10.5)
a10a4

then, f is K-equivalent in the sense of [11] to
(r(A—r+ As),s(p+r—13s)). (10.6)

Moreover, f is its own universal unfolding and A is a modal parameter.

Under condition (10.5), the curves Aj o(t) and A 1(f) can be easily calculated. More-
over, the bifurcation directions to coexistence states from the semi-trivial states can be
easily found. As in [10], it suffices finding out the signs of the Jacobian of the mapping
(p, q) along each of the curves of change of stability Ay o(t) and Ag 1(t). These Jacobians
have the values

(Pras — @rps)(t,0,A1(t), pa(s)) =1 — A,
(pTQS - qus)(()? t, )‘2(t)? HQ(t)) =1- A,

and therefore, the bifurcation is supercritical if A < 1, while it is subcritical if A > 1.

In Figure 3 we describe each of the possible local bifurcation u-diagrams for a given
A > oY[L4]; the horizontal line represents the semitrivial states My, and the other
curve is filled in by coexistence states M,,. The value of u where M., bifurcates from
M, is given by poa = 0 [La — c()0]2, r,1u.a))- Stable (resp. unstable) solutions are
represented by solid (resp. dashed) lines. The local qualitative behavior of the solutions
in M, is given by Proposition 4.1. Figures 3 (a), (b) show the generic bifurcation
diagrams for A < 1 and A > 1 respectively. By the symmetry of the problem, the
corresponding results are true by fixing u > 0$}[£3] and using A as the main bifurcation
parameter.

A priori, the global behavior of M., is unknown, being strongly dependent on the size
of the interaction coefficients, the geometry of the domain €2 and the spatial dimension
N. Thanks to Theorem 6.2, if byscps < arpdy, then M., goes to the right and it is
defined for all values of p above the bifurcation value, while thanks to Theorem 7.7,
if N <5 and (7.5) holds, then M., goes back, being defined for all parameter values
below the critical one. If in the latest case we assume that N > 5, instead of N < 5,
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M, might not be defined for all these values of the parameter. This is the case if we
make the choice £1 = L3 = —A, A = pu, and assume all the coefficients to be constant.
In this example it is easily seen that the lack of a priori bounds forces M, to blow up
at a finite value of the parameter.

———————————— M,
@ W
,,,,,,,,,,,, M,
(b) H

Figure 3: Local bifurcation u-diagrams.

The following result provides us with a sufficient condition so that A < 1 for all values
of (A, 1) on the curves of change of stability of the semi-trivial states.

Lemma 10.2. Assume that
byrey < CLLdL, (107)

and that either L1 = Lo, or both, L1 and Lo, are selfadjoint. Then,

A<1.

Proof. In case L1 = Lo the result follows readily and so we omit the details. Now,
assume that both £; and Lo are selfadjoint operators and that (10.7) holds. Then,
;= ¢;, 7 =1,2, and hence,

sas = ([ 002 ([ o) <twrens ([ o) ([ ned)

o) U () ()
— ads (/(;pi’) </Q<p3) < (/chi”) (/st0§> e

This completes the proof. [J
Similarly, if instead of (10.7), we assume (7.5) and £ = Lo, then A > 1.
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We should point out that all the previous information is of local nature, i.e. it provides
us with the bifurcation directions to coexistence states from the semi-trivial states for
values of the parameters close to the co-dimension two singularity (o$}[L1],0%[L2]).
Being the problem of finding out global information about the nature of these local
bifurcations very difficult to handle with in our general setting, in the next section we
will restrict ourselves to the consider the very special case when £; = Lo, = —A and
all the coefficients are constant. In particular, it will be shown that there are ranges of
the parameters for which there is a change of the bifurcation direction to coexistence
states provided ad —bc > 0 is sufficiently small. This will provide us with some sufficient
conditions so that the model exhibits at least two coexistence states accordingly to the
multiplicity results of Section 8.

If A =1, then Theorem 10.1 can not be applied and the complexity of the bifurcation
diagrams increase. In this case, Theorem 5.1 (ii) of [11] gives the following result.

Theorem 10.3. Assume A =1, and set

e = sign a’, ¢ = —a3axc|d |7t
where
1(14 1a2 a9 1(12@4 1
= — by +b3 — ——b —=b — di +d3) — —ao(dy +d
a 2@324—3 2@354—&464—2@3(14— 3) 2a2(2—|— 1),
T 1as 1as 1 1 a3
= —by — ——by+by— ——bs — —as(d; +d ——=(dy — dy) .
c a21 2a22+4 2@45 2a3(1+ 3)+2a4(2 4)

Then, if a'd' ((¢')? — (a’)?) # 0, f is K-equivalent to

r(A—r+s—es?)
s(u+r—s—er?) )
Moreover, the universal unfolding of f is given by
rA—r+ (1+ 3)s —es?)
( s(p+r—s—rcr?) (10.8)

and ¢ is a modal parameter. Here, § ~ 0 is an unfolding parameter.

From (10.8), the bifurcation directions to coexistence states can be very easily found
out. In our present situation, the signs of the p,qs — ¢.ps depend on the parameter t,
as shown by the following identities

(Prqs —qrps)(A1,0(t)) = =B+2(1+B)et+..., (Pras —arps)(No,1 () = —B+2et+....

Notice that since A o(0) = Ap,1(0) = 0, when ¢ grows A; o(t) and Ag 1(t) separate from
(01 [£4], 0P [La)).
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The list bellow provides us with all the bifurcation directions as s grows from zero.
Without lost of generality, we can assume that ¢ = 1.
1. Bifurcation directions along Ay ;

1.1- If 3 > 0, then for values of the parameters sufficiently close to (o$}[£1], 0$}[L2])
the bifurcation to coexistence states is subcritical, up to some value of the parameter
where it becomes into supercritical.

1.2- If 8 < 0, then the bifurcation is always supercritical.

2. Bifurcation directions along A, g
2.1-If ¢ > 0 and 3 > 0, then the situation described in case 1.1 occurs.
2.2-If ¢ > 0 and 3 < 0, then the bifurcation direction is supercritical.
2.3- ¢ < 0 and (8 > 0, then the bifurcation direction is subcritical.

24- If ¢ < 0 and 8 < 0, then for values of the parameters sufficiently close to
(0$2[L1], 032 [L2]) the bifurcation is supercritical, while after some critical value becomes
subcritical.

We should point out that, due to the symmetry of the problem, if £; = L5 = —A
and o’ = ¢ =0, then f is much more degenerate than (10.8). To treat these degenerate
situations we refer to the Appendix of [10].

11. The special case £; = L5 = —A with constant coefficients. Throughout this
section we assume that £; = L5 = —A and that a, b, ¢ and d are constant. After a
change of variables we can assume that

a=d=1.
In the sequel we use the notation
oillgl =o' [-A+q], ori=010],  0y:=0_an,

and extend the definition of 6, taking 6, := 0 for v < 1. As an immediate consequence
from the results in the previous sections we obtain the following global theorem, which
is a substantial improvement of all the previous results in the references.

Theorem 11.1. (i) Assume bc < 1. Then, the following assertions are true:

(i.1) If any of the semi-trivial positive solutions is linearly unstable, then (1.1) possesses
a coexistence state. If in addition N > o1, p > o1, then there exists Iy > 0 such
that if either b < Iy or ¢ < Iy, then the coexistence state is unique and exponentially
asymptotically stable.

(1.2) If for (A, u) = (o, po) some of the semi-trivial positive solutions is linearly stable
and (1.1) possesses a coexistence state, then it possesses a coexistence state for each
(A, ) satisfying A > Ao, p > po, and at least two coezistence states if A > Ao, 1 > o
and some of the semi-trivial positive solutions is linearly stable.



66 M. DELGADO, J. LOPEZ-GOMEZ AND A. SUAREZ

(i.3) For each A € R, there exists piezt(A) € R such that (1.1) does not admit a coexis-
tence state if i < pert(N). Similarly, for each p € R, there exists Aezt(p) € R such that
(1.1) does not admit a coexistence state if A < Aegt(p). Moreover, thanks to Lemma
0.2,

fext(N) > (1 = bc)oy — e, Aext(pt) > (1 —bc)oy — bu. (11.1)

(11) Assume be > 1. Then, the following assertions are true:

(ii.1) If N < 5 and some of the semi-trivial positive solutions is linearly stable, then
(1.1) possesses a coexistence state.

(11.2) If N <5 and there exists (A, ;1) = (Ao, po) for which (1.1) possesses a coezistence
state being any of the semi-trivial states linearly unstable, then (1.1) possesses a coex-

istence state for each (A, ) satisfying A < Ao and p < pg, and at least two coexistence
states if A < Ao and p < po and any of the semi-trivial states is linearly unstable.

(11.3) For each X € R, there exists piezt(\) € R such that (1.1) does not admit a coexis-
tence state if i > pert(N). Similarly, for each p € R, there exists Aezt(pt) € R such that
(1.1) does not admit a coexistence state if X > Aegt(14).

The first goal of this section is finding out sharper estimates than (11.1) for the values
of Aezt(pt) and prer1(N) in the case be < 1. Our main result in this direction reads as
follows:

Theorem 11.2. Assume bc < 1 and

1456

A > A>u > — 0,]. 11.2
Then,
1+b
“ S ]. - b60>” v S 0[_A_cll_—i_bb09>\7/ﬁ71] ! (113)
for any coezistence state (u,v) of (1.1). Therefore, if A > o1 and
1+0b
< max{al[—cl +b 0x\], o1(1 —bc) — A} (11.4)
— be

then (1.1) does not admit a coexistence state. By symmetry, the same result holds if

@w> o1 and
1+ec

< _p— =
A < max{oq]| b1 s

0,], 01(1 —bc)—bu}.

Proof. Thanks to Lemma 7.2, (1+b)v < (1+c¢)u and hence, we find from the u-equation
of the system that
1—bc
1406

—Au < \u — u?.
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Thus, Lemma 3.2 implies the first upper estimate of (11.3). Substituting this estimate
into the v-equation of the system gives

1+b ,

(—A—cl_bce,\)vguv—v ,

and Lemma 3.2 completes the proof of (11.3). The remaining assertions follow readily
from Theorem 3.1 and Theorem 11.1 (i.3). O

Remark 11.3. The curve defined by the right hand side of (11.4) meets (01,01) at the
value A\ = o071, since limy |, 0 = 0 and hence,

1+ . 1+
0)\], o1(1 —bc) —c\} = )1\1lI§11 01[—01 e

lim max{o[—c 0] = o1,

Aoi 1—bc
thanks to the continuous dependence of the principal eigenvalue with respect to the
potential. Therefore, the estimate of the extinction region given by (11.4) is optimal for
values of A ~ o7.

Moreover, (11.4) is also optimal for values of A varying on compact subintervals of
[01,00) provided b is sufficiently small, as the following result shows.

Theorem 11.4. Assume bc < 1, A\ > o1 and pu < o1|—cl,]. Then, there exists by =
b(A\) > 0 such that (1.1) does not admit a coexistence state if b € [0, bg]. Moreover, b(\)
varies continously with .

Proof. The function

1+0
h(b) := —c —
() “1T—be’
is decreasing and it satisfies
h(0) = —c, blTin_l1 h(b) = —o0.

Thus, there exists a unique by = b(\) > 0 such that

1+
p=ol-co— bOOC 0] < o1[—ch)].

Therefore, for b € [0, by] we have that

1+0
p=onf-e— e 0] < o1[—cO)]

and Theorem 11.2 completes the proof. [

Remark 11.5. Thanks to the estimate (4.10) in the proof of Theorem 4.1 in [25], we find

that 140 140
< _
1—bce>‘]_01 Cl—bc

()\—0'1)

o1|—c
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and therefore, the following estimate for pie.+(A) is obtained

o= et (A= 01) i A< oy Bt

o1(1 —bc) —eh if )\>01%.

Hext (>\) Z {

This estimate provides us with some very readily computable sufficent condition in
terms of the several coefficients involved in the model setting for the extinction of the
species v.

In Figure 4 we have represented the curve of change of stability of (0y,0) together
with the boundary of the extinction region given by the estimate (11.4); for values of
(A, ) in the bright grey region the model possesses a coexistence state, while for the
values of (A, 1) in the darker region the species v is driven to extinction by w.

(0,,0,)

h=F(3)

Figure 4: The coexistence and extinction regions.

In the next result we complete the local analysis of Section 10 by giving some sufficient
conditions for completely ascertaining the bifurcation directions to coexistence states in
the case bc > 1.
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Theorem 11.6. Assume bc > 1, bc > 2+ ¢ and fix X\ > o1. Then the bifurcation
direction to coexistence states from (u,u,v) = (o1[—cOx],0x,0) is subcritical. By sym-
metry, if bc > 1, bc > 2+ b and we fix p > o1, then the bifurcation direction from
(A, u,v) = (01[—b0,],0,6,,) is subcritical.

Proof. Let (u(s),u(s),v(s)) denote the local curve of coexistence states emanating from
(0x,0) at u = o1[—cl,]. The main theorem of [7] guarantees that p(s) is real analytic
in s and hence it possesses an expansion of the form

p(s) = o1[—chr] + sp1(N) + O(s?), as s — 0,

for some pi(A) € R. A rather standard calculation shows that (cf. [6] and [10] for
details)

(N = 2+ 02+ be) /Q 3 — be(A — o1[—chy]) /Q ARMNea,  (115)

where R(\) := (—=A + 20, — A\)~! and ¢, > 0 is the principal eigenfunction associated
with oq[—cf,] normalized so that |||z = 1. This completes the proof. [

Modulo the change of b and ¢ by —b and —c, respectively, the formula (5.2) of [10]
provides us with the sign of u () for A ~ o;.

Lemma 11.7. (i) If X is sufficiently close to o1, then
sign 1 (X) = sign (1 —bc).
(i) Similarly, for p~ oy,
sign A1 (p) = sign (1 —be),
where A\ () = %Lq:o. Here, \(s) stands for the A\-component of the curve of coexistence

states emanating from (A, u,v) = (o1[—b6,],0,68,), whose ezistence is guaranteed by
Theorem 5.1.

We now show how change the bifurcation directions to coexistence states along the
semi-trivial branches as bc grows from the critical value 1, so completing the results of
Section 10. For this we will use the local bifurcation analysis already done in Section 10.
Interexchanging the roles of b and ¢ in [10] by —b by —c here, we obtain the bifurcation
equation

)\7’—7"29(7’,57)\;#,570) 207 MS_SQ(T787 )‘a,u; b,C) 207 (116)

where q(r, s, \, i, b,¢) = p(s,r, u, A, ¢, b) and
p(r,8,\, i, b,¢) = M(r — bs) + N[2r* — b(3 — ¢)rs — b(1 — b)s?]
+ K{5r3 = b(c? — 4c + 10)r%s — 3b[(1 — b)(1 — ¢) — b]rs?
—b(b* — 20+ 2)s%}
+ L[2Ar% — b(3\ — cp)rs — b(p — bA)s?]
+ 04, (r,s,\, 1)),
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where M, N, K, L are the constants defined by (3.6) in [10]. We should point out that if
bc = 1, then the constants a’ and ¢’ of the statement of Theorem 10.2 equal zero, and so
Theorem 10.2 does not cover this case. This is why to analyze the change of criticality
of the local bifurcations from the semi-trivial branches third order terms are needed.
Our main result in this direction is the following, where the notations introduced in
Section 10 are kept.

Theorem 11.8. Ifbc—1 > 0 is sufficiently small, then there exists a unique change of
criticality in a neighborhood of the origin along each of the curves My and M,,.

Proof. After some strightforward manipulations, we find that
Ai(t) = Mt 4 2Nt? + (5K + 2LM)t3 + O(t*) (11.7a)
p1(t) = —Mect — Ne(1 — )t? — (Ke(c® — 2¢+2) + LMc(1+ )t +O(t*) . (11.7b)

Thus, setting
Jaci(t) = (prgs — psqr)(t, 0, A1 (), (1)) ,
and substituting (11.7) in it gives

Jaci(t) = eM? 4+ (4 — 3¢)NMt + [2(c + 1)2 (KM — N?) 4+ eFJt> + O(t?),
where
e:=1—-be,  F.=M?L(3c*+4)+ KM(4c® —Tc+13) + N*(2c* —8c+2).
Making the change of variables

and setting

Jacy (=72, s07)
2 Y

Jac (1, 50) = P:=2(c+1)*(KM — N?),

-
it is easily seen that

Jacy (Ta SO) = _M2 - (4 - BC)NMSOT + Psg — 723(2)fc + 0(887) ,
We already know that P > 0 (cf. [10], pg. 109). Moreover, we have that

%) =0,  DyJacy(0, %) = 2VPM #0.

Thus, thanks to the implicit function theorem, there exists a unique function sy such
that for each 7 ~ 0

Jacy (0,

50(0) = M(P)"Y2  Jacy(r,55(7)) = 0.

Henceforth,
Jacy (—72,35(7)7) = 0.

Therefore, there exists a unique t(¢) > 0 such that
Jacy(t(e)) =0.

By symmetry, the remaining assertions get shown. This completes the proof. [
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Some further discussion. We now summarize the information given by the results in
the last two sections. For this, it is convenient regarding b and c as the main parameters
of the model. More precisely, we will fix ¢ > 0 and vary b. Thanks to Lemma 10.2, if
b < ¢!, then the bifurcation directions to coexistence states are supercritical. Thanks
to Theorem 11.8, there exists €9 = €o(c) > 0 such that if c™' < b < (1 +€p)c™! then
the bifurcation directions are subcritical for (A, u) close to (o1,01), in fact this holds
in a v/bc — l-neighborhood of (01,01), while they become supercritical outside this
neighborhood, within another slightly larger neighborhood of (01,01). Now, since the
curves bc = 2+b and be = 2+ c¢ in the statement of Theorem 11.6 meet at (b, c) = (2, 2),
changing their relative positions as ¢ acrosses 2, two different cases must be considered.
If ¢ < 2, then we find from Theorem 11.6 that (1 +¢&g)c™! <1+ %, since for bec > ¢+ 2
all bifurcation directions from (0y,0) became subcritical. If ¢ < 1, then our results
do not provide us with any further global information about the bifurcation directions
along (0,6,), while in case 1 < ¢ < 2 it follows from Theorem 11.6 that if b increases
up to acrossing some critical value, necessarily less than %, then all bifurcations to
coexistence states from (0,6,) will change to subcritical either. In case ¢ > 2 these
global changes in the nature of the bifurcations occur in the converse order. Now, any
bifurcation direction from (6y,0) is subcritical if b > —2- and moreover all bifurcation

c+1
directions from any of the semi-trivial states are subcritical if b > 1 + %

Figure 5: Varying b and c.

In Figure 5 we have summarized all the previous information. The first quadrant is
divided into four regions. The bright grey region stands for bc < 1, where we only have
local information; the black region, which is a thin streep above bc > 1, where we know
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that the local change of criticality occurs; the regions G\ and G, in between bc = 2 +c¢
and bc = 2+b, where we know that the bifurcation direction from one of the semi-trivial
branches, respectively (0x,0) and (0,6,,), is always subcritical but no global information
about the nature of the bifurcation along the remaining semi-trivial branch is available;
in the region G, thanks to Theorem 11.6 all bifurcation directions are subcritical, and
finally the region L, where only local information is supplied by our analysis. By the
continuous dependence of the bifurcation directions with respect to (A, u,b,c), if we
move away from L towards G\ UG, (or the region G), any point of change of criticality
on any of the semi-trivial branches should vary along this branch up to either meet with
another point of change of criticality or grow up to infinity. In the first case, both points
of change of criticality shrink at the meeting value and then dismiss. To complete our
discussion, in Figure 6 we have represented a typical bifurcation diagram for a value of
(b, ¢) lying the black area of Figure 5; a value of (b,c) where the points of change of
criticality are still close to the co-dimension two singularity (o1,071).

fo) )

(0 1/

1

u=F(\)
Figure 6: Local bifurcation diagrams along the curve of change of stability.
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