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UNIQUENESS OF STEADY STATE POSITIVE
SOLUTIONS TO A GENERAL ELLIPTIC
SYSTEM WITH DIRICHLET BOUNDARY

CONDITIONS

Joon Hyuk Kang!f

Abstract The purpose of this paper is to give conditions for the uniqueness
of positive solution to a rather general type of elliptic system of the Dirichlet
problem on a bounded domain €2 in R™. Also considered are the effects of
perturbations on the coexistence state and uniqueness.
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1. Introduction

One of the prominent subjects of study and analysis in mathematical biology con-
cerns the competition, predator-prey or cooperation of two or more species of ani-
mals in the same environment. Especially pertinent areas of investigation include
the conditions under which the species can coexist, as well as the conditions under
which any one of the species becomes extinct, that is, one of the species is excluded
by the others. In this paper, we focus on the general cooperation model to better
understand the cooperative interactions between two species. Specifically, we in-
vestigate the conditions needed for the coexistence of two species when the factors
affecting them are fixed or perturbed.

2. Literature Review

Within the academia of mathematical biology, extensive academic work has been
devoted to investigation of the simple cooperation model, commonly known as the
Lotka-Volterra cooperation model. This system describes the cooperative interac-
tion of two species residing in the same environment in the following manner:

Suppose two species of animals, rabbits and squirrels for instance, are cooperat-
ing in a bounded domain Q. Let u(z,t) and v(x,t) be densities of the two habitats
in the place x of Q at time t. Then we have the dynamic cooperation model

Au(z,t) + au(z,t) — bu?(x,t) + cu(z, t)v(x,t),
Av(z,t) 4+ dv(z,t) — fo*(x,t) + eu(z, t)v(z,t) in Q x [0,00),
u(z,t) = v(z,t) =0 for x € 09,
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where a,d > 0 are growth rates, b, f > 0 are self-limitation rates, and c,e > 0
are cooperation rates. Here we are interested in the time independent, positive
solutions, i.e. the positive solutions u(z), v(x) of

Au(z) + u(x)(a — bu(z) + cv(x)) =0,
Av(z) +v(x)(d — fo(z) +eu(z)) =0 in £,
ulon = vlan =0, (2.1)

which are called the coexistence state or the steady state. The coexistence state is
the positive density solution depending only on the spatial variable x, not on the
time variable ¢, and so, its existence means that the two species of animals can live
peacefully and forever.

The mathematical community has already established several results for the
existence, uniqueness and stability of the positive steady state solution to (2.1).(
[9,11,13,14,22])

One of the initial important results for the time-independent Lotka-Volterra
model was obtained by Korman and Leung. In 1987, they published the following
equivalent condition for the existence of a positive steady state solution to (2.1):

Theorem 2.1 ( [9]). Let b= f =1 and a > A\1,d > \1. Then for existence of a
positive solution to (2.1), it is necessary and sufficient that ce < 1.

Biologically, the conditions in Theorem 2.1 implies that if the cooperation rates
are too large, in other words, if members of each species interact strongly with
members of the other species, then there is no positive steady state solution to
(2.1), that is, the two species within the same domain can not coexist.

In 1992, Zhengyuan and Mottoni classified the region of reproduction rates (a, d)
for the coexistence of species of animals.

Their primary result is given below:

Theorem 2.2 ( [22]). If ce < bf, then there exists a function ~vo(a) with

’}/Q(G,) <A1,a > A,
:)\15 a = )‘17
>>\1, a < )\1,
which is decreasing for a € R and satisfies
lim ~o(a) = oo,
a——0o0

lim ~g(a) = —c0
a— o0

such that the set ST of nonnegative solutions to (2.1) is characterized as follows:
(1) If a < A\1,d < \p, then ST = {(0,0)}.

(2) If a < M\, A1 < d < yo(a), then ST ={(0,0), (0, %Hd)},

(3) If a > A1,d < yo(a), then ST = {(0,0), (504,0)}-

(4) Ifa < Alad > ’YO(G‘)} then S+ = {(Oa0)7 (07 %ed)v (’UJ+,U+)}.

(5) If a > A1,7v0(a) < d < A, then ST = {(0,0), (%GQ,O), (uT,v™)}.

(6) [fa > M. d > Ay, then §* = {(0,0), (16,.0), (0, 26,), (u*,0*)}.

The work of Korman, Leung, Zhengyuan and Mottoni provides insight into the
cooperative interactions of two species operating under the conditions described in
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the Lotka-Volterra model. However, their results are somewhat limited by a few key
assumptions. In the Lotka-Volterra model that they studied, the rates of change
of densities largely depend on constant rates of reproduction, self-limitation, and
cooperation. The model also assumes a linear relationship of the terms affecting
the rate of change for both population densities.

However, in reality, the rates of change of population densities may vary in
a more complicated and irregular manner than can be described by the simple
cooperation model. Therefore, in the last decade, significant research has been
focused on the existence and uniqueness of the positive steady state solution of the
general cooperation model for two species,

ug(x,t) = Au(x, t) + u(z, t)g(u(z, t), v(z,t))
ve(z,t) = Av(x,t) + v(z, t)h(u(z, t),v(z,t)) in Qx R,

’U,(J?,t)|ag = v(x, t)|aQ =0,

or, equivalently, the positive solution to

Au() + u(@)g(u(z), v(z)) = 0
Av(x) +v(z)h(u(z),v(z)) =0 in €,

u|aQ = U|aQ = 0, (2.2)

where g,h € C! are such that g, < 0,9, > 0,h, > 0,h, < 0 and designate repro-
duction, self-limitation and cooperation rates that satisfy certain growth conditions.

Because of its broader applicability, the general cooperation model has become
a more popular subject of research within the mathematical community over the
past few years.

The functions g, h describe how species 1 (u) and 2 (v) interact among themselves
and with each other.

The followings are questions raised in the general model with nonlinear growth
rates.

Problem 1 : What are the conditions for existence or nonexistence of positive solu-
tions?

Problem 2 : What are the sufficient conditions for uniqueness of positive solutions?
Problem 3 : What is the effect of perturbation for existence and uniqueness?

In our analysis we focus on the conditions required for the maintenance of the
coexistence state of the model when the growth rate functions (g, h) are slightly
perturbed. Biologically, our conclusion implies that two species may slightly relax
ecologically and yet continue to coexist at unique densities.

In [7], we established the following existence result:

Theorem 2.3. If g(0,0) > A1, h(0,0) > Ay, where Ay > 0 is the first eigenvalue of

—A with homogeneous boundary condition, and

sup(gy) sup(f) < sup(gu) sup(ho),
then (2.2) has a positive solution.

We achieve solution estimates in the section 4 to prove the uniqueness and the
invertibility of linearization in sections 5, 6, 7 and 8, where we investigate the effect
of perturbation for existence and uniqueness.
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An especially significant aspect of the global uniqueness result is the stability
of the positive steady state solution, which has become an important subject of
mathematical study. Indeed, researchers have obtained several stability results for
the Lotka-Volterra model with constant rates(see [2,3,6,10]). However, the stability
of the steady state solution for the general model remains open to investigation. The
research presented in this paper therefore begins the mathematical community’s
discussion on the stability of the steady state solution for the general cooperation
model.

3. Preliminaries
Lemma 3.1 ( [4]). We consider the system

— Au+gq(x)u = du in Q,

uloq =0, (3.1)
where q(x) is a smooth function from Q@ to R and Q is a bounded domain in R™.

(i) The first eigenvalue A1(q), denoted by simply A1 with the corresponding eigen-
function ¢1 when q =0, is simple with a positive eigenfunction.

(ii) If q1(x) < q2(x) for all x € Q, then Ai(q1) < Ai(qz).

(#ii) (Variational Characterization of the first eigenvalue)
Vo|? + q¢?)d
PEW ()60 Jq ¢?dx
Lemma 3.2 ( [12]). Consider

Au+uf(u) =0 in Q,

u|aQ =0,u>0,
where f is a decreasing C' function such that there exists co > 0 such that f(u) <0
for u > ¢y and Q is a bounded domain in R™.

If £(0) > Ay, then the above equation has a unique positive solution. We denote
this unique positive solution as 0.

The most important property of this positive solution is that 6 is increasing as
f is increasing.
We specifically note that for a > A1, the unique positive solution of
Au+ula—u)=0 in Q,
’LL|8Q =0,u>0,
is denoted by 6,. Hence, 6, is increasing as a > 0 is increasing.
Consider the system
Au+ f(z,u) =0 in Q,
u=0 on 01, (3.2)

where u = (uq, ..., um) and f = (fi1, ..., fm) IS quasimonotone increasing, i.e. f;(z,u)
is increasing in u; for all j # 1.
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Lemma 3.3 (]9]). Let wy be a family of subsolutions[supersolutions/(c < X\ < ()
to (3.2), increasing in A such that

Awy + f(z,wy) > [<]0 in Q,
wy =0 on ON.

Assume also u > wq[u < wgl, wx does not satisfy (3.2) for any A, and 65”*

continuously in A on 0. Then u > supwy[u < inf w,].

changes

Lemma 3.4 ( [17]). Assume that f(x,z) is quasimonotone increasing in z and that
there exist v, w satisfying

v<w,Av+ flz,v) >0,Aw+ f(z,w) <0 in Q,
v<0<w on ON.

Then there ezist solutions u*,u. of (3.2) satisfying v < u, < u* < w and with the
property that any solution v with v < u < w satisfies u, < u < u*. The solutions
uw*, uy are called mazimum and minimum solutions, respectively.

4. Solution estimate

In this section, we build up upper and lower bounds of solutions under certain
conditions to establish uniqueness results in the next sections.
We consider

Au+ ug(u,v) =0 in £,
Av +vh(u,v) =0 in Q,
u=v=0 on 09, (4.1)

where € is a bounded domain in RN with smooth boundary 09 and g,h € C! are
such that
(SE1) g, < 0,9, > 0,hy > 0,h, <0,
(SE2) sup(gu) < —1,sup(hy) < -1,
(SE3) sup(gy) sup(h,,) < 1,
(SE4) there is ¢ > 0 such that g(u,0) <0,h(0,v) <0 for all u,v > c.
We have the following solution estimate.

Theorem 4.1. If ¢(0,0) > h(0,0) > A1, then for any positive solution (u,v) to
(4.1), we have

Gg( ,0) <u < a99(0 0)»
0}1 <’U<59 (0,05

1+sup(g.) and B = 1+sup(hy)

where ¢ = ——— 2%~ = -
1—sup(gv) sup(hw) 1—sup(gv) sup(hw)

Proof. Suppose (u,v) is a positive solution to (4.1). Then

A+ ug(u,0) = Au + ulg(u, v) + g(u,0) — g(u,v)]
— ulg(u,0) — g(u, v)]

<0
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by the monotonicity of g, and so, u is a supersolution to
AZ+Zg(Z,0)=0 in Q,
Zloa = 0.
Furthermore, for sufficiently large n € N, since ¢(0,0) > Ay,
1
A% D@ o) = Ay + arg( 2 0)
n n"'n n n
1
= Lnion + 19( 2 0]
n n
¢1 $1
=—=[-A —,0
L+ (2 0)
>0
by the continuity of g, and so, % is a subsolution to
AZ+Zg(Z,0)=0 in Q,
Zloa = 0.
Hence, by the super-subsolution method and Lemma 3.2, we conclude that
99(.’0) < u. (4.2)
Similarly, we can establish that
On(o,) < v. (4.3)

Let ux = aX0y(0,0), VA = BAOg(0,0), A > 1, where

 lism(e)

1 —sup(gy) sup(hy,)’
g Ltsup(hn)
B 1- Sup(.gv) Sup(hu) .

Then by the Mean Value Theorem

Auy + urg(ux,vy)

=Auy + ux[g(0,0) 4+ g(ux,vr) — g(0,vx) + g(0,vx) — 9(0,0)]

<Auy +ux[g(0,0) + ux sup(gy) + va sup(gy)]

<aA[Abg0,0) + 04(0,0)19(0,0) — aXby(0,0) + sup(gv)BAg0,0) }]

:a)‘[Aeg(O,O) + 99(0,0){9(0, 0) - /\99(0,0) (a - sup(gv)ﬂ)}]
=aA[Aby(0,0) + y(0,0)

—sup(gy) — sup(hy) sup(gy) + 1 + sup(g,)

{9(0,0) = Ag(0,0)( 1 — sup(gy) sup(hra)

=aA[Aby(0,0) + 04(0,0){9(0,0) — Ag(0,0) }]
<aA[Aby(0,0) + 04(0,0{9(0,0) — y0,0)}]
:O,
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and

Avy + vpyh(uy, vy)
=Awvy + vA[h(0,0) + h(ux,vr) — h(ux,0) + h(ux, 0) — h(0,0)]
<Auvy + v)[h(0,0) + vy sup(hy) + ux sup(hy)]
<BA[AO(0,0) + 04(0,0){7(0,0) — BAOy(0,0) + sup(hu)arby(0,0)}]
<BA[Aby(0,0) + 04(0,0){9(0,0) — Aby(0,0)(8 — sup(hu)ar)}]
=BA[A0g(0,0) + bg(0,0)

— sup(fa) — sup(hu) sup(g,) + 1 + sup(ha)

19(0,0) = Myc00( T sup(g.) sup()
=BA[AbO40,0) + 04(0,019(0,0) — My(0,0)}]
<BA[AOg0,0) + 0g(0,019(0,0) = Oy0,0)}]
=0.

)M

Therefore, by the Lemma 3.3,
u < Oéog(o)o),ll < /ng(0,0)~ (44)
By (4.2), (4.3) and (4.4), we have the desired inequalities. O
We also established the following solution estimate in [7].

Lemma 4.1. Let (u,v) be any pair of positive solution to (2.2).
(i) If g(0,0) > h(0,0),-1 < g, < 0,h, < —1, then
[sup(hy) + 1u > [inf(g,) + 1]v.
(i) If g(0,0) < h(0,0), -1 < h, < 0,9, < —1, then

[inf(hy) + 1u < [sup(gy) + 1]v.

5. Uniqueness 1

In this section, we prove the following uniqueness result.

Theorem 5.1. If g(0,0) > h(0,0) > Ay and

0 0
asup M[sup(gv)]2 + B sup 79(0.0) [sup(hu)}2 + 2sup(gy,) sup(hy,) < 4,
Ono.) O4(-0)

1+sup(gv) _ 1+sup(hy,)
T=sup(ge) sup(he) and B =

T=sup(gs) sup(h Tsup(gu) sup(ioy then (4.1) has a unique positive

where o =
solution.

Proof. Let (u1,v1), (u2,vs) be positive solutions to (4.1), and let p = uq —uo, g =
v; — va. We want to show that p = ¢ = 0. Since (u1,v1), (ug,vs) are solutions to
(4.1),

A(p) + g(u1,v1)p + [g(u1, v1) — g(uz, v2)]uz = 0,
A(Q) + h(UQ7 vg)q + [h(ul, ’Ul) — h(UQ, 1}2)]’1)1 =0.
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So,

A(p) + g(ur,v1)p + [g(ur, v1) — g(uz, v1) + g(u2, v1) — g(u2, v2)uz =0,
A(q) + h(ug, v2)q + [h(u1,v1) — h(ug,v1) + h(ug,v1) — h(ug, va)]vy = 0.

By the Mean Value Theorem, there are @, v,and u, v such that @ and @ are between
u1 and ug, ¥ and ¥ are between v; and wvg, and

g(ulvvl) g(u271)1) =gu( 701)
g(u27vl) g(u271}2) = Gv (Ug, )
h(u1,v1) — h(ug,v1) = hy (@, v1)p,
h(ug,v1) — h(uz,ve) = hy(uz, 0)q
Therefore,
A(p) + g(u1,v1)p + [gu (@, v1)p + go(u2, )qlus = 0,
A(q) + h(ug, v2)q + [hy (G, v1)p + by (ug, ©)qlvy = 0.
Since

by the Lemma 3.1, we have
[ -p5@) = glun,vipds =0,
Q

/ —gA(q) - h(us, va)gPdz > 0,
Q

and 50, fQ _gu(avvl)u2p2 - [gv(UQa'l_})UQ + hu(ﬁvvl)vl}pq - hv(u%f})vlqzd‘r <0
Hence, p = ¢ = 0 if the integrand is positive definite, in other words,

(90 (w2, B)ug + ho (@, 01)01]% < 4gy (@, v1)hy (w2, D)ugvr,
which is true if
[sup(gu)]*uj + [sup(hu)]*vf + 2uzv1 sup(g,) sup(hy) < 4ugvr,
which is true if

[sup(g0)]” 7% + [sup(hu)]* 7%+ 2sup(g0) sup(hu) < 4,
1 2

which is true if the condition is satisfied by the solution estimates in the Theorem
4.1. O

6. Uniqueness 2

In this section, we derive another uniqueness result.
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We consider the model

Au(z) + u(z)g(u(x), v(z)) = 0,
Av(z) +v(x)h(u(z),v(z)) =0 in Q,
ulon = vlaa =0, (6.1)

where g,h € C! are such that g, < 0,9, > 0,h, > 0,h, < 0, g(-,0) > h(0,-),
sup(gu) < —1,sup(hy) < —1, sup(gy,)sup(h,) < 1, and there is ¢ > 0 such that
g(u,0) < 0,h(0,v) <0 for all u,v > c.

. O (o..
Define § = infq %.
g 5

Theorem 6.1. Assume ¢(0,0) > h(0,0) > A;. If aBsup(gy)sup(hy) < inf(1,46?%),
where

o= 1+ sup(go)
1 —sup(gy) sup(hy)’

1 + sup(hy,

5 p(hu)

1 —sup(gy)sup(hy)’
then (6.1) has a unique positive solution.

Proof. Since sup(g,) < —1,sup(h,) < —1 and sup(g,) sup(h,) < 1, by the The-
orem 2.3, the existence part was established. We focus on the uniqueness. Assume
there is more than one solution. Then the Lemma 3.4 guarantees existence of the
maximal solution (u, ), i.e. u < 4,v < ¢ for any other solution (u,v) of (6.1).
Consider a family of supersolutions wy = (u + Au,v + Ayv) with any A > 0 and
v > 0 to be specified. © < u+ Au,v < v+ Ayv for A sufficiently large. In order for
w) to be a family of supersolutions, it suffices that

Alu~+ Au) + (u+ Auw)g(u + Au, v + Aywv) <0,

6.2
A(v + M) + (v + My)h(u + du, v + Ayv) <0, (6.2)
which will be satisfied if

Au+ ug(u + Au, v+ Ayw) + A[Au + ug(u + Au,v + Ayv)] <0,
Av + vh(u 4+ Au, v + Ayv) + Ay[Av 4+ vh(u + Au, v + Ayw)] <0,

which will be satisfied if

ulg(u + Au, v + Ayw) — g(u, v)] + Aufg(u + Au, v + Ayv) — g(u,v)] <0,
v[h(u + Au, v + Ayv) — h(u,v)] + Ayv[h(u 4+ Au, v + Ayv) — h(u,v)] <0,

which will be satisfied if

(1 + Nulg(u + du,v + Ayv) — g(u,v)] <0,
(1 + My)v[h(u + Au, v + Ayv) — h(u,v)] <0,

which will be satisfied if

g(u + Au, v + Ayw) — g(u, v)
h(u 4+ Au, v + Ayv) — h(u,v)

0,
0,

IA A
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which will be satisfied if

g(u+ A, v+ Ayv) — g(u, v + Ayw) + g(u, v + Ayv) — g(u,v) <0
h(u + du, v + Ayv) — h(u + Au,v) + h(u + Au,v) — h(u,v) < 0.
But, by the Mean Value Theorem there are @, v, 4, 0 such that
u<u<u+ Au,
v <9< v+ Mo,
u<u<u-+ Au,
v < U< v+ Ay,
and

glu + Au, v + Ayw) — g(u, v + Ayv) = Augy (4, v + Ayv),
g(u, v+ Ayw) — g(u, v) = Aygy (u, ),

h(u+ Au,v) — h(u,v) = Auhy, (G, v),

h(u + Au, v + Ayw) — h(u + Au, v) = Ayvh, (u + Au, 0),

and so, (6.2) will be satisfied if

0,
0,

Augy (@, v + Ayw) + Ayvg, (u, )

<
Myvhy (u 4+ Au, 0) + Auhy (4, v) <
which will be satisfied if

Ausup(gy) + Ayvsup(gy,) <0,
Ayvsup(hy,) + Ausup(h,,) <0,

which will be satisfied if

u sup (g
sup(gv) < _ usup(gy) )7
Y
ey
sup(hy,) < _USupte) sup( )
U

But, since sup(g,) < —1 and sup(h,) < —1, (6.2) will be satisfied if

sup(gy) <

sup(hy) <

=|23]=

But, by the Theorem 4.1 and the definition of §,

O9c0) o Onos o 0
= BOy0,00  BOg0,0) B’
Ono) o 0

- 0499(070) - Oé’

gle <&
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and so, (6.2) will be satisfied if

This can clearly be accomplished by choosing v by the condition. Letting A — 0,
we conclude the proof by the Lemma 3.3. O

We may also use the Lemma 4.1 at the end of proof of theorem 6.1 to derive the
following another uniqueness result. We consider the model

Au(z) + u(x)g(u(x),v(x)) = 0,
Av(x) +v(z)h(u(z),v(z)) =0 in €,
ulon = vlog =0, (6.3)

where g, h € C' are such that g, < 0,¢, > 0,hy > 0, h, <0, and
sup(gy) sup(h,,) < 1.

Theorem 6.2. Ifg(0,0) = h(0,0) > A1,sup(gu) = sup(hy) = —1 and 4 < 1, where
A = sup(g,) sup(hy,)[sup(g,) + 1][sup(h,) + 1] and B = [inf(g,) + 1][inf(h,) + 1],
then (6.3) has a unique positive solution.

7. Uniqueness with perturbation

Define B = {(g,h) € [C'1?|gu;, g, hu, by are bounded, sup(g,) < —1,sup(h,) <
—1 and g(0,0) = 1(0,0).} with || (g,v) ||z=|9(0,0)|+sup [gu|+sup [gu]+|(0,0)[+
sup |hy| + sup |h,| for all (g, h) € B.

Then by the functional analysis theory, (B, || - ||z) is a Banach space.

The following theorem is our main result about the perturbation of uniqueness.

Theorem 7.1. Suppose

(A) (g,h) € B is such that g(0,0) > h(0,0) > Aq,

(B) (4.1) has a unique coexistence state (u,v),

(C) the Fréchet derivative of (4.1) at (u,v) is invertible.

Then there is a neighborhood V of (g,h) in B such that if (g,h) € V, then (4.1)

with (g, h) has a unique positive solution.

Proof. Since the Fréchet derivative of (4.1) at (u,v) is invertible, by the Implicit
Function Theorem, there is a neighborhood V' of (g,h) in B and a neighborhood

W of (u,v) in [Co*(9)]? such that for all (§,h) € V, there is a unique positive
solution (#,7) € W of (4.1) with (g,h). Thus, the local uniqueness of the solu-
tion is guaranteed. To prove global uniqueness, suppose that the conclusion of
Theorem 7.1 is false. Then there are sequences (gn, ln, Un, Un), (Gn, An, ul, v}) in

mnsy n “n

V x [C2*(2)]2 such that (u,,v,) and (u*,v?) are positive solutions of (4.1)) with

n - n
(gns hn), (Un,vn) # (ul,vr) and (gn, hn) — (g,h). By Schauder’s estimate in el-
liptic theory and the solution estimate in the Theorem 4.1, there are uniformly
convergent subsequences of u,, and v,, which again will be denoted by u,, and v,,.

Thus, let

(Un,vn) — (G, 0),
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(U, vp) = (W7, 07).
Then (a,v), (u*,v*) € (C%*)? are also solutions to (4.1) with (g,h). We claim
that « > 0, > 0,u* > 0,v* > 0. By the Maximum Principles, it suffices to
claim @, v, u*,v* are not identically zero. Suppose that it is not true. Then by the
Maximum Principles again, either one of the followings will hold: (1) & = 0,72 > 0
(2) u>0,9=0 (3) &= v =0 First, suppose @& = 0. Let i, = 14— and Uy, = vn.
Then b

By the elliptic theory again, there is @ such that @, — «, and so,
A+ ag(
Av + vh(

Hence, A1[—g(0,9)] = 0. If ¥ = 0, then —g(0,0) + A; = A;[—g(0,0)] =0,

and so g(0,0) = Ay, which is a contradiction to our assumption. If 7 is not identically

zero, then —g(0,0) + A1 = A1[—g(0,0)] > A\1[—g(0,0h(0,))] = 0, and so, g(0,0) < X\
which is also a contradiction. Next, suppose that @ > 0 and v = 0. Let

Up = Un,
Un

Up =

Then

Aty + angn('&ny Un) =0,
Av, + ﬁnhn(’ﬁn, vp) =0

By the elliptic theory again, there is v such that v,, — v, and so,

A4+ ug(w,0) =0,
AD + oh(u,0) = 0.

Therefore, —h(0,0) + Ay = A1 [—h(0,0)] > A1 [—h(@,0)] = 0, and so, h(0,0) < A
which is a contradiction. Consequently, (@, 7) and (u*,v*) are positive solutions to
(4.1)) with (g,h), and so, (u,v) = (u*,v*) = (u,v) by the uniqueness condition.
But, this is a contradiction to the Implicit Function Theorem, since (un,v,) #
(uk,vk). O

n’vn

Lemma 7.1. Suppose (u,v) is a positive solution to (2.2). If 4sup(gy) sup(hy)uv >
[sup(g,)]2u?+[sup(hy)]?v2+2uv sup(g, ) sup(h.,), then the Fréchet derivative of (2.2)
at (u,v) is invertible.

Proof. The Fréchet derivative of (2.2)) at (u,v) is

A+ g(u,v) + ugy (u,v) ugy (u, v)
vhy (U, v) A + h(u,v) + vhy(u,v)
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We need to show that N(A) = {0} by the Fredholm alternative, where N(A) is the
null space of A. If

A¢ + [g(u7 U) + uQu(“) U)]¢ + G (u’ U)u¢ = 07
AY + hy(u,v)vd + [h(u, v) + vhy(u,v)]) = 0,

then
[ 196 = lo.0) + g, (0,06 = g, (w0t =0
/ |Vep|2 — hy(u, v)vdtp — [h(u,v) + vhy(u,v)]p?dz = 0.
Since (u,v) is a positive solution to (2.2)), by the Lemma 3.1, we have
[ Vol . 0)tan > 0
/Q |Vep|* — h(u,v)p?de > 0.
Hence,
| —uge0)6 = g oyudnds < o
/Q —h (1w, )oY — hy(u, v)v1p?dz < 0.

Therefore, [, —ugy (u,v)$* — gy (u, v)u + hy(u, v)v]Pt

— hy(u,v)vp?dz < 0. Hence, (¢,1) = (0,0) if the integrand is positive definite,

which is true if the condition is satisfied. O
Combining Theorem 5.1, Theorem 7.1, and Lemma 7.1, we obtain the following

corollary.

Corollary 7.1. If (g,h) € B is such that g(0,0) > h(0,0) > A\ and

6400 40,0
asup o= 79(0.9) [sup(gv)] + Bsup 99( ) [sup(hy)]? + 2sup(g,) sup(hy,) < 4,
h(0, g(-,0)
where a = ks&}:?y—% and f = Hﬁ;‘&‘i—%, then there is a neighborhood

V of (g,h) in B such that if (g,h) € V, then (4.1) with (g, h) has a unique positive
solution.

We can establish other perturbation results using theorems 6.1 and 6.2.

Corollary 7.2. If (g,h) € B is such that g(-,0) > h(0,-),9(0,0) > h(0,0) > Ay,
afBsup(g,) sup(hy,) < inf(1,6%) and

0 0
sup Yg(0,0) [Sup(gv)] + sup 22 Y4(0,0) [Sup(hu)}z + QSup(gv) Sup(hu) < 4,
Hh(O,) 09( O)

then there is a neighborhood V' of (g,h) in B such that if (g, h) € V, then (4.1) with
(g, h) has a unique positive solution.
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Corollary 7.3. If (g,h) € B is such that g(0,0) = h(0,0) > A1,sup(g.) =

_ sup(gy) sup(hy)[sup(ge)+1][sup(hy)+1]
sup(hy) = —1, SRS R e <1 and
0 0
sup 79(0.0) [sup(gv)}2 + sup 709(0’0) [sup(hu)]2 + 2sup(g,) sup(hy,) < 4,

h(0,-) g(+,0)

then there is a neighborhood V of (g, h) in B such that if (g, h) € V, then (4.1) with

(g, h) has a unique positive solution.

8. Uniqueness with Perturbation of Region

The following theorem is the more generalized perturbation result.

Theorem 8.1. Suppose I' be a closed, bounded, convex region in B such that

(A) for each (g,h) €T, g(0,0) > h(0,0) > Ay,

(B) for every (g,h) € 9L, (4.1) has a unique positive solution, where Oy =
{(\n, h) € Tlfor any fized h, | M, = inf{]l g | l(9,h) € T},

(C) for each (g,h) € ', the Fréchet derivative of (4.1) at every positive solution
(u,v) is invertible.

Then for all (g,h) € T, (4.1) has a unique positive solution. Furthermore, there is
an open set W in B such that T C W and for every (g,h) € W, (4.1) has a unique
positive solution.

Proof. For each fixed h, consider (g,h) € OrT' and (g,h) € I'. We need to
show that for all 0 < ¢ < 1, (4.1) with (1 —¢)(g,h) + (g, h) has a unique positive
solution. Since (4.1) with (g, k) has a unique positive solution (u,v) and the Fréchet
derivative of (4.1) at (u,v) is invertible, by the Theorem 7.1, there is an open
neighborhood V' of (g,h) in B such that if (go, ho) € V, then (4.1)) with (go, ho)
has a unique positive solution. Let Ay = sup{0 < A <1| (4.1) with (1 —¢)(g,h) +
t(g,h) has a unique coexistence state for 0 < t < A}. We need to show that
As = 1. Suppose A; < 1. By the definition of A, there is a sequence {\,} such
that A\, — A, and a sequence (u,,v,) of the unique positive solutions of (4.1) with
(I —An)(g,h) + An(g, k). Then by the elliptic theory, there is (ug,vp) such that
(tn, vy) converges to (up,vp) uniformly and (ug,vg) is the solution to (4.1) with
(L1 —Xs)(g,h) + As(g, h). But, by the same proof as in the section 6, ug > 0,v9 > 0.
We claim that (4.1) has a unique coexistence state with (1 — As)(g,h) + As(g, h).
In fact, if not, assume that (g, Tp) # (ug,vo) is another coexistence state. By the
Implicit Function Theorem, there exists 0 < a < As and very close to As such that
(4.1) with (1 —a)(g, h) + a(g, h) has a coexistence state very close to (g, 0p), which
means that (4.1) with (1—a)(g, h)+a(g, h) has more than one coexistence state. This
is a contradiction to the definition of ;. But, since (4.1) with (1—X;)(g, h)+As(g, h)
has a unique coexistence state and the Fréchet derivative is invertible, Theorem 7.1
implies that A\; can not be as defined. Therefore, for each (g,h) € T, (4.1) with
(g,h) has a unique coexistence state (u,v). Furthermore, by the assumption, for
each (g,h) € T', the Fréchet derivative of (4.1) with (g,h) at the unique solution
(u,v) is invertible. Hence, Theorem 7.1 concluded that for each (g,h) € I', there

is an open neighborhood V{, 1y of (g,h) in B such that if (§,h) € V{4 ), then (4.1)
with (g, 71) has a unique coexistence state. Let W = U(g,h)er Vig,n)- Then W is an

open set in B such that I' € W and for each (§,h) € W, (4.1) with (§,h) has a
unique coexistence state. O
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Apparently, Theorem 8.1 generalizes Theorem 7.1.
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