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Abstract

This paper deals with a nonlinear system of parabolic-elliptic type with a logistic
source term and coupled boundary conditions related to pattern formation. We prove
the existence of a unique positive global in time classical solution. We analyze also
the stationary problem associated. Moreover it is proved, under the assumption of
sufficiently strong logistic dumping, that there is only one nonzero homogeneous equi-
librium, and all the solutions to the non-stationary tend to this steady-state for large
times.
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1 Introduction

In many areas of research, from the biology of the embryonic development to the tumoral
growth, the models of the cell movement play a fundamental role. Broadly speaking, the
continuous models fall in two main classes: the mechanochemical models and the chemo-
tactic models. In the former, cells exert a traction on the extracellular matrix (ECM),
which carries out a key role; in the latter, cells secrete a chemical substance, which attracts
or repels, and move towards or away from the gradient of this chemical. There exists a
large number of examples where both types of models are applied to describe different
biological phenomena. Numerical simulations are used to compare the experimental data
with the mathematical results and to justify these mathematical models (see, [7], [12]). In
any case, the study of these systems have interest by itself (see, for instance, [13]).

On the other hand, we must not forget the influence of the boundary conditions on the
behavior of the solutions. Recently, nonlinear boundary conditions have been incorporated

'MD and AS have been supported by the Spanish Ministry of Science and Technology under Grant
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permitting a more accurate consideration of several situations (see, for instance, [6] and
references therein).

In [10], a generalized chemotactic model is considered whose origin was the spatial pat-
tern formation in embryology. It includes a generalized boundary condition which permits
to cover a number of them varying the control parameters. We think it is not difficult to
apply these models in other fields, for example, in angiogenesis, the cell movement linked
to the tumoral growth where the endothelial cells (ECM) move following the gradient of
TAF, the chemicals secreted by the tumor cells; for this reason, we think it is interesting
to study it. The nondimensional model is

ur = DAu — xV - (uVv) + psu(l — u) in Qx (0,7),

ve=Av—sv+s u in Qx (0,7),
ou ovy ov P2

p1 (Dan - Xu@n) =(1-p1)(p2—u), 3y = (1 —p3) <1+’Y v) on 00 x (0,7,

u(x,0) = up(z) in Q,

(1)
where Q C R? is a bounded domain with regular boundary, w is the cell density, v is the
concentration of chemoattractant, D > 0 is the diffusion rate, x > 0 is the chemotactic
coefficient of the motile cells, p is the linear growth rate of the cell population, v is a
constant governing the rate of chemoattractant production and degradation and s is a
parameter which controls spatial and temporal scale. In [10], it is presented numerical
solutions of this model in one spatial dimension and is discussed the behavior of the model
in two dimensions. The authors consider also the possibility to give different values to the
parameters p1, p2, p3 in different parts of the boundary.
During this work, we consider the following system of equations

up = Au— xV - (uVv) + pu(l — u) in Q x (0,7),

0=Av—v4 — in Q % (0,7),

0 o T o (2)
A A

i r(0 —u), o =" <2 v> on 0 x (0,T),

u(z,0) = up(x) in Q,

where p, 7,17, 0, x denote non-negative constants. As we can see, it is the model resulting

1-— 1-—
from (1) for D =s=~v=1, pp =60, r= '01, v =2"P and supposing that the

temporal scale of chemical diffusion is much lpalrger than t[l)lge scale of diffusion of cells
and consequently we can take v; = 0. We will suppose that 6, r and r’ are nonnegative
constants on 0f). Since we are interested only in non-negative solutions we assume that
up(x) > 0in .

Our purpose is the theoretical study of (2) and its associated stationary problem as-
sociated. Our main results can be summarized as follows:

a) The parabolic problem has existence and uniqueness of global solution Vr, v/, 60, u >
0, for suitable initial data.

b) With respect to the elliptic problem, we can summarize the situation as follows:

(a) If 6 > 0,
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e there exists at least a coexistence state Vr, r’', u > 0,
e there exists the trivial solution if, and only if, 7 = r’ = 0; which is unstable

for u > 0,

e there exists one semitrivial solution (0,v) if » = 0, ' > 0; which is unstable
for p > 0.

In particular, if # = 1, the system has the homogeneous solution (u,v) =

(1,1/2). Then, we prove that
o if r, ' > 0, then (1,1/2) is globally stable when p > 0,
e if ¥/ =0, r > 0, then (1,1/2) is globally stable when p is big enough.

(b) If & = 0, there exists the trivial solution and there is no semitrivial solution
(0,V). We can find three curves, p = hq(r), u = ha(r), u = hs(r), being
hi(r) > ha(r) > hs(r), such that

o if u > hy(r), then there exists a coexistence state,
o if u < h3(r), then there exists no coexistence state,
o if i < ha(r), then the trivial solution is stable.

It is worthy to be remarked that we use a fixed point argument to study the evolutive
problem due to the fact that our system has one parabolic equation and one elliptic
equation and the general theory for parabolic equations (which is used, for example, in
[8]) has to be applied in a non-local framework, less constructive than the method we
follow. On the other hand, the method of bifurcation to study the stationary problem
(see also [8]) needs the knowledge of some nonnegative solution of the system to begin the
branch of positive solutions; this solution is usually one of the semitrivial solutions, but in
our case the system does not admit any semitrivial solution when r, 7, and # are positive
and, for this reason, we use a decoupling method.

The paper is organized as follows. In Sections 2 and 3, we study the existence and
uniqueness of the global solution for the parabolic problem (2). This problem has only

one possible constant coexistence state for § = 1, (u,v) = (1, 5), we study in this case

the asymptotic behavior of the solutions of (2) in Section 4. In Section 5, we consider the
steady problem associated to our system, by a decoupling method and a sub-supersolution
method for nonlocal problems. We will obtain some results of existence of solutions and
some results of stability of the semitrivial solutions when they exist.

2 Preliminaries

First we observe that

XV-(qu):x(Vu-Vv—i-uAv)zx<Vu'Vv+u<v— liu)>

So, we may rewrite the system (2) as follows

ut:Au—XVIer—i—Xu(lj_u—U)+uu(1—u) in Qx (0,7),
OazAv—U—l—Hl+u , ) in Q% (0,7), 3)
L _ S

B, — XuT (2 v>—|—r(9 w), o =" <2 v) on 09 x (0,7),

u(z,0) = up(z) in Q.
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U
Next, in order to avoid the singularity of we define the penalized function
U

and we introduce the system

up = Au — xVu - Vo + xu <h(u) —v—l—'u(l—u)) in Q x (0,7),

X
0=Av—v+ h(u) in Qx (0,7),
ou , (0 0 ov (0 90 T (4)
5, = Xur <2—v>—|—r( —u), an—r(2—v> on x (0,T),
u(z,0) = up(x) in Q.

Observe that we may consider the equation for u as a linear equation

Ui — AU = —xa(z,t) - VU + xb(z, t)U in €,

ou _ xr'e(z, 1)U + (0 — U) on 99.
on
where
a(z,t) :=Vu,

b(a,t) = h(u) —v+ 21— w),

clx,t) = (g — v).

Thus, if b(z, t) € L>®(2x (0, Tinaz)), then, by the maximum principle, U(x,t) = u(z,t) >0
in  x [0,7) and a solution to (4) is a solution to (3) and viceversa. Now, having in mind
that for positive solutions the systems (3) and (4) are equivalent if u,v € L (Qx (0, Tynaz)),
we will show the local existence theorem for (4). Previously we prove the following result
where the notation is taken from [2], Sections 6 and 7:

Lemma 2.1 Letp > 1, 1 < < 2a < 1 —1—1% and (Wga_2’p,Aa_1) an element of the
interpolation-extrapolation scale generated by Ay := —A + I and the real interpolation
functor, then

it

ullsr < Ce " ullyza-2a, (5)
with k(B) € (0,1) and v € (0,1).

Proof. By Theorem 7.2 of [2], we have (Wa™, W2* >?),. , = W5, therefore, using this
reference, we know that there exists x € (0, 1) such that

1-k

He—tAa_l W;a—lp'

ullygr < el a0, 4o u

Next, we apply [2, Theorem 8.5] together with [2, (3.1)] and we get

I [ R v

4
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Taking into account that I+ A,—1 and A,_; are sectorial operators with Reo(I+ Ay—1) =
1+ Reo(Aq—1) = 2 then we invoke [9, Theorem 1.3.4]. Thus, there exist v € (0,1),
a € (0,2) such that

Heima—lu”wg,p <|[|({ + Aa—l)eit(IJrAa_l)etluuﬁwéaﬁ,pHeitAa_luHIlﬂ;;’Z—z,p

= eI + Aa—l)eit(I+Aa_1)UHKW;a72,pHeitAa_lu”‘l,;éZ—z,p

< elr(l—a)—v(1—=k))ty—r Huuwza—zp-
B

Finally, we pick 1 — a = —v and use the fact that WBB P = WBP to conclude the proof.
|

Lemma 2.2 Letl < § < 2a < 1—{—% then there exists k < 1 such that X, — W?5P_ where
X :=D((I+ Ap—1)")

Proof. Arguing in the same manner as we did in the previous lemma we have that there
exists 6 < 1 such that

lullwer < CIT + Aamt)ullfiza—zp g2,

Finally the lemma can be concluded with the use of [9, pg. 28, Exer. 11]. L]

3 Global existence in time

Theorem 3.1 Let p > d and consider the initial data ug € WP(Q) with ug > 0. Then
there exists T(||uo|ly1.0) such that the system (4) has a unique positive local in time solution

(u.v) € (C((0.7; WP(@) N ((0.7): (@)

and u(x,t),v(z,t) >0 for (z,t) € Q x [0,7]. Moreover, the solution depends continuously
on the initial data, i.e. if u(ug) and u(ug) denote the solutions to (4) with inial data ug
and wy respectively then

[u(uo) — u(@o)ll(c(o,7;wrry)2 < Clluo — Tollywie-
Proof. The proof of the Theorem is based on a standard fixed point argument. Let
Xr = C([0, T]; WP (9)).
For each f € X1 we consider the operator

S: Xy — C([0,T];W?P())
[ 5(f) =v,
where v is the unique solution to
—Av+v=n~h(f) inQx(0,7),
v , (0
=" (2 —v) on 02 x (0, 7).

5
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Moreover for each t € [0, 7], thanks to [1], the following estimate is satisfied

le(®)lwen < C@ (IRl + 18/2¢ w1700 - (6)

Next, we consider the operator

H:Xr — Xr
fo—= H(f)=u,

where u is the unique solution to the linear parabolic problem

u— Au=—xVf-Vo+xf(h(f) —v)+pf(1—f) nQx(07T),
ou

%:Xfrl <g—v>+r(9—f) on 0 x (0,7T). ()

Let 2a € (1, 1+ %) Thanks to the generalized variations of constants formula, see [2] pg.

63, we can rewrite (7) in the following manner
u(t) = e~ tug + /Ot e”TTAL(F(f,0) + Aam1Boyg(f,v))dr, (8)
where v : WhP(Q) — W1=1/PP(9Q) denotes the trace operator and
F(f,v) =—=xVf - Vuo+xf(h(f) —v)+pf(l-f)
o(f0) = xfr' (5 -0) +r0- 1),

Let us point out that, since A,_1B¢ € E(WZaflfl/p’p(é?Q),Wéa_Z’p) together with the
embedding W1=Y/PP(9Q) «— W2e—1=1/PP(9Q), then we can assert that A, ;B%y is well
defined for g(f,v) € W1P(Q). Next, we define the closed set

Bp = {f € C([0,T;W'*(Q)) : |Ifllx, < R}.

Now, we have to verify that the conditions of the Banach fixed point Theorem are
satisfied for the map H.
Step 1. There exist R, T > 0 such that for any f € B%, it holds that H(f) € BF.
From (8), thanks to (5) and the embedding WA?(Q) < W1P(Q) we get

t
[u®)llwrr < Clluollwry + C/O e Dt =) (1P (f 0) [y 2a-20+
HAa1BYg(f, 0) 2020 )T
Taking into account the embedding W'=1/PP(9Q) — W2=1=1/PP(9Q) we have

[Aa—1Bvg(f,v)llw2a-2p00) < Cllvg(fv)lw2a-1-1/m090)
< Clivg(fsv)llwr-1mma0)
< Cllg(fsv)lwre

also, having in mind [2, (7.5),(7.8)], we have LP := W3” < W2* *”. Thus, we infer
t
[u®)llwrr < Clluollwrr + C/O D =) (F )l + lg(f. o) lwre)dr. (9)

6
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On one hand we have

1E(f,0)llze < XUV - Vollp + IFR e + 1follp) + nllFllp + 121)- (10)

Now, we estimate each term of (10) separately

IVf-Voll, <|[[Vollc|Vfllp
< Cllollwre |l fllwrr
< Cllllwarl fllwe
< C([R(Hlp + CENDIf llwre
< C(IA(Hlloo + CNIfllwrr
< C(fllwre + COENNFllwre-

The remaining terms of (10) can be estimated in a similar way to obtain

IFCf, )l < COG s’ [ fllwea), (11)

with C'(x, u, 7', || f|lw1.») an increasing function on its arguments. On the other hand we

have
xOr’

lg(fs )llwre < == lF lwre + xr [ follwre + [Ir0lws + il fllwee. (12)

The term || fv|ly1.» is estimated as follows

[follwie < Clflwaellvllne
< Cllfllwre ([R(Hlp + C (7))
< Cllflwre (L fllwre + C(1")).
So, we obtain

lg(f, 0)llwee < COGr ", 0, (| fllwir), (13)

where C(x, 7,70, || f|lw1.») is an increasing function on its arguments. Now, we plug (11)
and (13) in (9) to obtain

t

lu@®llwre < Clluollwrr + C(R)/ Ce = (t — ) "dr
0
< C|luollyy1r + C(R)T".

Thus, choosing B > Cllug|w1» and 70 = T(R) sufficiently small then ||lullx, < R.
Moreover, ||u||x, < R for all " < 79. Now, we fix R > C||ug||y1.» and T' < 79 is free to
our disposal.

Step 2. H is contractive.
Let f1, fo € BE then, u; = H(f1) € Bg and uy = H(f2) € B}T2 and

un(t) — ua(t) = /0 e~ =D At (F(f1,01) = F(fa, v2)) + Aa—1B(9(f1,01) — g(fo, v2)))dr.

So, we obtain

t
lur () = ua()llwrr < /o e Tt — 1) (||[F(fr,01) = F(fa, v2)|lp+
+lg(f1,v1) — g(f2, v2)lwrp)dr.

(14)

7
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On one hand we have

[F(f1,01) = F(fa,02)llp < xIIVf2 - Vva = V1 - Vui|lp + x| f1h(f1) = foh(f2)lp+
+ullfy = fallp + pll f3 = £2]p-
(15)
Now, we estimate each term of (15) separately
IVf2- Yoy =Vfi-Voul, <|[V(f2=f1)- Voallp + [V V(vz = v1)llp
< C(lloallwzellfr = follwre + Rllor — vallw2)
< C(CR)|f1 = faellwre + RIA(f1) — h(f2)lp)-

Taking into account that [|h(f1) — h(f2)llp < [[(f1)+ = (f2)+llec < [If1 = f2lloc We get
IV f2-Vva =V f1- Vo, < C(R)|[f1 = fallwrs
For the remaining terms of (15) we can argue in a similar way to obtain

1E(f1,01) = F(f2, 02)[lp < C(R)[I 1 = fallwre- (16)

On the other hand we have

/

x0r
2

l9(1s01) — 9 favn)llwin < ( 4 ) 11— Fallwo + X7 fave — froallwio.

We deduce

[ fove = froillwre < lloa(f2 — f)llwre + [ f1(v2 — vi) lwre
< Jvallwrollfr = fallwre + [ fillwrellva — vrllwe
< CR)[Ifr = follwre-
Thus, we get
lg(f1,01) = g(f2, v2)lwre < C(R)|f1 = follwre. (17)
Finally, we put the estimates (16) and (17) in (14) to obtain

Jur — ugllx, < CR)T || fr — fallxp-

Hence, taking T sufficiently small we prove that H is contractive.

Now we deal with the regularity of the solution. Let us fix any ¢ € (0,7) then the
equation for u has the abstract representation
du
T + (I 4+ Aa—1)u = f(z,t), u(0) = up.
Thus, thanks to [9, Theorem 3.5.2] %‘(t) € X, with x < 1. In particular, by Lemma
2.2,we have 4%(t) € W5 for some 3 > 1, p > d. So, we obtain u € C*((0,7); WHP(Q2))

dt
and since the v-equation preserves the regularity in time then v € C*((0,7); WP(£2)). We

observe that
{ —Av(t) + v(t)

h/(u)(t) in Q,

v ﬁ on Of).

a—n(t) + 7' (t)

oo
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Taking into account that h(u)(t) € C%(Q2) then the elliptic regularity assures v(t) €
C?t*(Q). So, we have proved that v € C1((0,7); C?>T*(Q)). Now we rewrite the u-equation
as follows

—Au(t) + Vu(t) - Vo(t) = f(t) in Q,
g—:;(t) + <r —xr’ (g - v)) u(t) =r6 on 99,

where

f@) == (uh(u) —uv + pu(l — u) — u)(t).
Since f(t) € C*(Q), r — xr’ (% - v) (t) € C1T(99Q) and Vu(t) € CY(Q) then elliptic regu-
larity entails u(t) € C2T*(Q).

Next we observe that the positivity of (u,v) is consequence of the maximum principle
for parabolic equations.

At the end we show the continuity respect to the initial data, for this purpose we argue
in the following manner. Let R > C(||uol|y1.» + [|@ol|y1.»). We have

ww)(t) = et + [ DA P u(uo), o)) + Aa- 1B g ulu). o(wo)))dr

= e tAa-1q, 4 H(u(ug)) — e~ tAa—1qy.
Hence, we infer
(u(uo) = u(@o))(t)lwre < 2le” = (ug — To)llwr + |[1H (u(uo) = H(u(@o)) |-
Taking supremum on time, thanks to the contractivity of H, we obtain
[u(uo) — u(@o)||x, < Clluo —ollwre + Ellu(uo) — u(wo)l|x,,
with & < 1. Also we have

I(v(uo) = v(@0))(t)l[w2r < C@)[[A(uluo))(t) — h(to(uo))(t)]| e

_ (18)
< O()[luuo) — w(@o)llwre-

From (18) the proof of the continuity can be easily concluded. [

Now we deal with the issue of global in time solutions. To this end we have just to
show that ||u(t)||y1., < C(t) for all t < Tae where T4, stands for the maximal interval
of existence. We observe that

_AU+U: u IDQX (Omia$)7
5 llér U
v T
o + 7'y = o on 9Q x (0, Trnaz)-
Since || 05 < 1 then [lu(t) = < € for all ¢ € 0. Typer). Next we put the formula

of generalized variations of constants to obtain

t
u(t) = e a1y + / e~ (=) 4a (F(u,v) + Aq—1Bg(u,v))dr.
0

9
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So,

la(®)lwie < Cllugllyin +C / (1) (P ) e + 9t 0) i)
< Clluollwrs +C / =Tt 1) u(r) |y nodr

Finally the proof of global existence concludes with use of Gronwall’s Lemma.

4 Asymptotic behavior for 6 =1

When 6 = 1 there exists the coexistence state (u,v) = (1,1/2).

4.1 Caser' >0

Theorem 4.1 Assume r > 0. There exists C(r,r") > 0 a function increasing on r such
that if 0 < x < C(r,r") then

Hu( ) - 1Hwﬁp < Ce™ @ a(B,p,x)t H’U(t) _ 1/2HW21P < Ce—v(p,x)t

where < 1, p > 2 and a(B,p,x) > 0, v(p,x) > 0 are given functions that can be
computed.

Proof. We multiply the u-equation by v — 1 and after integrating in the spatial variable
we get

2ddt/<u_1 /\Vu—1]2+x/qu V(iu—1)—
—r/mm—n —p [ ulu=1y?
—/Q|V(u—1)|2+§/QW-V(U—1)2+X/QW-V(U—1)_

—7“/ (u—l)Q—,u/u(u—l)Q.
o0 Q

(19)
Now, we compute the terms [, Vv - V(u —1)2, [ Vo - V(u — 1). For this purpose we
multiply the v-equation by v — 1 and we integrate in ) to obtain

/QVU-V(u—i) —1/Q<1_l:u—v> (1;—1)—1—7“'/(99(;—1))(11—1)
:/ﬂ§1+1u)22>(u11)+/9(2v)(u11)+r'/(99<2v)(ul) (20)
L T

In the same manner we have

/Qw-V(u—lﬁz/Qm+/Q<;—v)(u—1)2+r'/m(;_v)(u_n?. (21)

Now, we estimate each term in the right-hand side of (21) and (20). We know that
e % for all s > 0. Therefore,

10
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Since v > 0 then

L)oo et o)t f

By the positivity of u© we have

(u—12 1
/s22(1—|—u) Sﬁ/sz(u_l)Q'

It remains to estimate (1) = [, (% - v) (u—1)+1"[5q (% — v) (u—1). We know that

/

(I) < (IT) + 2/u—l 5 (u—1)2,

=3 G- 5 G

Now, we try to estimate (II), to this aim we subtract 1/2 in the v-equation and we
multiply it by v — 1/2 to get, after integrating in the spatial variable, that

! 1 2 u 1 1
- = S — — - — II) = — = —— .
/QV(” ) 2/(” ) 2/39<2 ”) D /Q(1+u 2)(“ 2)
(22)
We provide a bound of the first and third term in the above inequality with the following

argument. Let A\1(r'/2) € [0, A\;(+00)) the principal eigenvalue of

where

{ —Ap = Ap in Q,

By the variational characterization of A1 (r’/2) we have that for all p € H*(Q)

/
M(T’/2)/ ¥? S/ !V90|2+£/ v*.
Q Q 2 Joa

Putting the previous estimate in (22) we obtain

1 , 1\? (u—1)%2 1 1\?

- 2 - = IN<e| "2 4~ _ =

(z+n02) [ (o-3) + )—6/524(1+u)2 1l (v-3)

for all e > 0. We pick € = ¢y > 0 such that ;— < 5 +A1(r'/2) . Thus,

(11) < %O/Q(u— 1)2.

All the previous estimates allow us to infer from (19) that

;2/ /IV (616(» /Q(u—l)2+ (3;17«’ _T> /(.39(“_1)2'

11
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Let z(x) =r— 3’517"/. Observe that, by the variational characterization of A1 (z(x)) we have

s [ < PO [(w-17,

x(6 + €
P = X010 ).
By the monotonicity of z and A\; we have that F'(x) is increasing in x. Since F'(0) < 0 and
F((4r)/(3r")) > 0 then there exists a unique x* = C(r,r’) such that for all x < C(r,r’)
F(x) < 0. From here we deduce that

where

lu(t) = 113 < fuo — 1[|3e* 00

Let p > 2. Since [Ju(t)|ly1» < C for all t > 0 then

/Q(u - < /Q(u —1)P2(u—1)% < CP72||ug — 1|22
Therefore,
u(t) = 1], < CP2||ug — 1]|/P2F00/pt

Next, the Gagliardo-Nirenberg inequality (see for instance [9, p. 37]) entails
lu(t) = Uwer < Cllu(t) = Ulppllult) = 1,7

for f < k, k € (0,1). From the last inequality easily follows the convergence of u to 1 in
norm W#A?. Finally the convergence for v follows from the W?2® estimates of v. L]

Remark 4.2 Observe that if p =r = 0 integrating in the u-equation we get

/Qu(t):/gug,

and then we can assure in general that u tends to 1.

4.2 Caser' =0
In this case we follow the lines of [11].

Theorem 4.3 We assume minug(x) > 0 and consider the constant ~y defined as follows
e

2x
(1 + %O)
where

Ty := max {maxuo(ac),l} , U 1= min {minuo(x),l} ,

z€eQ zEQ)
then the solution (u,v) to (2) fulfills

1

u(t) = oo + |[v(t) — 3 < —Ceyt In(ep)e®t ¢ >0, (24)

HWZP

for any p > 1 and ¢y := %—8

12
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Proof. Let
F = — 1_
(4, ) XU<1+U 1+v) + (1 - u)
)
F: = B —— 1—
2(u,v) xv(1+v 1+u) + po(l —v)

and (u,u) = (u(t),u(t)) the solution to the following system of differential equations

{ w = Fy(u,u),

Uy = F2<H7@)7

(25)

with initial data (@(0),u(0)) = (o, ug). Let us decompose the proof of the Theorem into
several steps.

Step 1. We first claim that
O<u<mu in (0, Trnaz)- (26)

where Tjq. > 0 denotes the maximal existence time of (25). Having in mind that F} and
F, are regular functions then, at least locally the system (25) has a unique solution in
(0, Tnaz)- Since F1(0,u) = 0 and @y > 0 then w(t) > 0 for all t € (0, T}pqz). Arguing in the
same manner we can prove that u(¢) > 0 for all ¢t € (0, T},,q¢). Finally, it remains to prove
u < u. Suppose that there exists to > 0 such that w(tg) = u(tp); then by the uniqueness
u(t) = u(t) = v(t) for all t > 0 where v solves v; = pv(1—v), v(to) = u(to). So, if ug = o,
then u = @ in (0, Tyaz); if uy < o, the u < @ in (0, Tinaz), because the previous ¢y can
not exist.

Step 2. We have
u<l<u in (0,Tmaz)- (27)

Since 7y is an increasing function, by (25) and Step 1, @ satisfies u; > pw(1 — ). Since

u(0) > 1, by comparison we get @ > 1. In the same fashion we prove u < 1.
Step 3. We next show that under assumption (23) we have
U(t) —u(t) < —eg In(eg)e™0r. (28)

On multiplying the first equation in (25) by % and the second one by %, we obtain

Ht N u _ .

2 — 1— 0,T,

- X(1+u 1+u)+ﬂ( ’LL) ln( 5 max):
and B

Uy u (% .

ﬂ X(1+U 1+u> +/~’L( ﬂ) ln( 9 maa:);

for ¢ > 0, respectively. Subtracting the previous equations we get

d u u U

dt(lnu>:2X(1+u_1+u>_”(u_u)' 29)

13
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Next, we observe that the mean value theorem entails

Therefore
d U

G (m2) =0@-w. (31)

u

Next, we claim that u(t) > €p. Suppose the contrary then the set
A:={t €[0,Tha) : ult) <eo}

in not empty and bounded from below because 0 € A. Therefore, there exists tg := inf A.
It is not difficult to infer that ¢y > 0. Thanks to (23) there exists k > 0 such that

2x
—— —u <0.
(te—k2 H=0
By the continuity of u and the definition of ty we have that there exists do(k) > 0 such that
u(to+9) > e—k for all 6 < dg. More generally, we have u(t) > eg — k for all t € [0, to + do].
Since &(t) > u(t) > eg — k for all t € [0,¢0 + do] then (t) < 0 for all ¢ € [0, ¢y + Jp]. Hence,
from (31) we get

gl
=
gl

0) _
— < —= = vt € [0,to + do).
= (0) 60 ’ E [ s L0 + 0]

Therefore, taking into account that w(¢) > 1, the previous inequality asserts

=
—~
=
[

e < Q(t) Vit € [O,to + 50] (32)

From (32) we infer inf A > ¢y + do, a contradiction. As a consequence of the previous
proof we have that v(¢) < vy < 0. Now, we observe that the mean value theorem entails

ﬂ_Q:elnu

_ elng _ elnﬂ(t) (lnﬂ _ lng) = ﬂ(t) In (Z) s (33)

where 4(t) € (u(t),u(t)). Substituting the term (33) in (31) we deduce

% (111 (Z)) =y(t)u(t) In (Z) < Y60 In (Z) .

Upon integration this yields

In (ZZ;) < —In(eg)e™0".

The above inequality prove that Ty = +00. Moreover substituting the estimate (33) in
the previous inequality we get

a(t) —u(t) < —eg ' In(eg)e™ 0"

14
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Step 4. We now establish a connection between (25) and (23) by showing that

u(t) <wulz,t) <u(t)  V(z,t) € Qx(0,00). (34)
We consider U(x,t) = u(x,t) — u(t) and U(x,t) = u(x,t) — u(t) which satisfy:
U;—AU = —xV- (UVU) — XU (1 _ﬂi_ﬁ — gi 1) + XU (qu - v) + pu(l—u) — pu(l —a)

since

_ u u _ U o U u u
_X“<1+u_u+1>+xu<1+u_”> :X“<1+u_1+u+u+1_“>’
:Xu< ! U+ —U)

(1+&)? u+1 ’

pu(l —u) — pu(l —u) = p(l —u —u)U
where & (z,t) € (min{u,u}, max{u,u}). Then U satisfies

1=

and

Uy — AU = —xV - (UVU) +Xu<(1 +1§1)2U+uj_1 —v) +u(l—u—u)U
ie.
Uy — AU = —xV - (UVU) —|—U((1_>:121)2+u(1—u—u)) +Xu(uj—1 —v). (35)

Notice that
/Q (~AT +xV - (UV0)) T, =
_ _ _ U 9
:/|VU+|2—X/UVU-VU+—/ ( T2\ U,
Q Q
:/ VT, 12—X/w-vvi—/ ((1—u)+xu)U+
o0 0
= [ VT - “ U

=2

+

2 =2
= 1-— .
G 2/ - )T - /mr< W)Uy

Since U, # 0 whenever u > @ then by step 2, u > u > 1. As a consequence, the boundary
term is non-positive. We take U as test function in (35) to obtain

d —9 — 9 —9 - — 7]
— <
i 7 7= [P x [T (). o
with -
_ X U Xu _
== — —_— 1—u—u).
g(uavvu) 9 (1 +u U) + (1 +£1)2 +:u( U u)

We try to estimate the last term in the right hand side of (36). We observe
u u
U - < U —_ =
/Q +u<1+ U) X/ +u<1+ U)
< x€g </U++/< — )),

15
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where in the last inequality we used that fi = —(—f)_. We note that

U 1
—A ——=U
B TS e

for some & (x,t) € (min{w, u}, max{u,u}). After multiplying the previous expression by

(v — 137)- we get
u
) (U_1+U>_
u
1+£2 (U_l-i-u)
u

f s ().

Taking into account that the boundary term is non-positive then, from the above inequality

we deduce
2/( 1+u) 2/U2 (38)

Plugging the estimate (38) into (37) we obtain

x/U+(—v)§xeal(/QUi+/QU2>.

The previous inequality provides with the following bound in (36)

d
— U_/U u,V,U) + X€q (/U /U2_>
2dt/ + +9 ) X€o + o

Since g(u,v,u) < C then

\Q

IA
\Q

e
{

IN

d —2 —2 9
— | U, <C U u- ).
2&%%*- (L ++AJ
In the same fashion we have
d 2 772 2
2dt /QQ‘ =C </Q Us + /QU_>

Adding the above inequalities and taking into account that (Ug) = (Uy)— = 0, we may
invoke Gronwall’s Lemma to achieve

U,=U_=0 (39)

which proves the step.
Step 5. Sinceu <u<uwand u <1<u then
u(t) — 1o €T —u < —€y " In(eg)e™ " V¢ > 0. (40)

16
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Next we observe that £ = % is the unique solution to the problem

1

—A§+§:§ in 2 x (0, +00),

0

% =0 on 09 x (0, 400).

Therefore 2z := v — £ satisfies
1

Artr= in  x (0, +00),
9 1+u 2 (41)
a—; =0 on 99 x (0, 400),

and elliptic regularity asserts

12(t)|lyyr2r < C Hm

concluding the result. [

< COllu(t) = 1o,

Hoo

Corollary 4.4 If u > 2x then the solution (u,v) to (2) is globally exponentially asymp-
totically stable and converges to the homogeneous steady-state (1, %) Moreover, if u > 2y,
then the previous homogeneous steady-state is the only positive solution to the steady-state
problem associated to (2).

Proof. Assume min ug = 0 then, by the strong maximum principle, min u(7) > 0 for
arbitrary 7 > 0 small as desired. Next, we observe that 79 < 2y — ¢ < 0 and thanks to
Theorem 4.2 we conclude the first part. The second part is a direct consequence of the
global stability. [

Another consequence of Theorem 4.2 is the next Corollary

Corollary 4.5 If i > % then the solution (1, %) to (2) is locally exponentially asymptoti-
cally stable.

5 The stationary problem

In this section, we analyze the stationary problem associated to (2), that is

—Au=—xV - (uVv) + pu(l —u) in Q,

—Av=—-v+ u in Q,

R (42)
o Xug, = (6 —u) on 012,

v , (0

&/L—T(2—U) on 0f).

First, in order to present and prove our main result, we need introduce some notation.

Given functions a,b € C(Q) with a > ag > 0, r € C(09), we denote by A1(a;b; N + ) the
principal eigenvalue of the problem

ou (43)

—div(a(x)Vu) = Ab(z)u in Q,
— +r(@)u=0 on 09.
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Recall that Aj(a;b; N + r) is increasing in a and r and decreasing in b.
On the other hand, denote by v, the unique positive solution of

—Av+v=1 in Q,
44
%+T’v:r’g on 9. (44)

It is clear that v,» = 1 if ¥/ = 0. Moreover, if v’ > 0
min{1,0/2} <wv,» < max{1,0/2}.
Finally, observe that since u/(u+ 1) < 1 we get
v<vy in Q. (45)
Now, we are ready to state our main result:

Theorem 5.1  a) Assume that 0 > 0 and v’ > 0. Then, there exists at least a positive
solution of (42) if p >0 and r > 0.

b) Assume that 8 =0 and ' > 0. Then, there exists at least a positive solution of (42)
if
> A (eX 1N + 1),

and (42) does not possess a positive solution if
0<p<A(L;eX; N +r).

Corollary 5.2 Assume that 0 = 1" = 0. Then, there exists at least a positive solution of
(42) if, and only if,
p> M (L1 N 4r),

In order to prove the main result we are going to use a decoupling method and a sub-
supersolution method for non-local problems. Let us begin showing the validity of the this
last method.

Consider a continuous map B : C(Q) — C(Q) and the non-linear equation

gz +r(z)u=h(x) on 0%, (46)

where f: Q2 x R x C(Q2) — R is a regular function; r, h € C(09).

{ —Au = f(z,u,B(u)) in Q,

Definition 5.3 We say that u,u € C3(Q) N C(Q) is a sub-supersolution of (46) if u <4
in Q and
_AQ_ f(maﬂvB(u)) <0< —Au — f(x,ﬁ,B(u)) in QJ Vu € [Q7ﬁ]7

b) _
— +r(x)u<h(x) < —+r(x)u on 0.
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Proposition 5.4 Assume that there exists a sub-supersolution of (46), u,u, in the sense
of Definition 5.3. Then, there exists a solution u € [u,u] of (46).

Proof. Being the proof standard, we outline only it. Take M > 0 large enough such that
uw f(x,u,&) + Mu is increasing for all x € Q and £ € C(Q2) and Ay (1;1; N +7) + M > 0.
Consider the map
T [Q, ﬂ]g — [g, ﬂ]g
w = u:i=T(w),

being u the unique solution of the following problem

Ou + r(x)u = h(x) on 09, (47)

{ —Au+ Mu = f(z,w, B(w)) + Mw in €,
on

where
.z = {u € L3(Q) s u < u <},

It is not hard to show that we can apply the Schauder fixed point theorem to 7 and
conclude the result. [

To study system (42) we are going to apply the change of variable
u = eX’w

which transforms the first equation of (42) into

48
av 4+ rw = rfe XY on Of). (48)

on
With respect to this equation, we get:

{ —div(eX*Vw) = peX’w(l — eX’w) in €,

Proposition 5.5 Fiz v € C(Q2) and denote by

vy, = minv(z), vy = maxv(x).
z€Q z€N

a) Assume that 6 > 0. Then, there ezists a unique positive solution, denoted w, of
(48) for p > 0. Moreover,

min{1,0}e X" < w < max{l,0}e XL if u >0,

49
Qe XM < q < fe™XVL if u=0. (49)

b) Assume that v = 0. Then, if u > 0 there exists a unique positive solution of (48)
if, and only if,
> A (eXV;eXYs N +r).

Moreover,
p— A1 (eXV;eXVs N + )

preXvM H(PHOO

where ¢ is a positive eigenfunction associated to \1(eXV;eXV, N +r).

p<w< e X (50)

If = 0 there exists a positive solution if, and only if, r = 0. In such case, any
positive constant is solution.

19
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Proof. We will apply the sub-supersolution method.
a) Assume that 76 > 0. Take w :=¢ > 0 and w := K > 0 with ¢, K to be chosen. Then,
¢ and K must satisfy

0<pu(l—eXYe) inQ, e<fhe X on 01,

and
0>u(l—eXK) inQ, K=>60e X" on0f.

This proves (49). The uniqueness follows because the map w — u(1 — eX’w) is decreasing
when p > 0, see [5]. In the case u = 0 the equation (48) is linear, and hence it is clear the
uniqueness result.

b) Assume rf = 0. Let w be a positive solution of (48). Then,

dw

—div(eX? XUy in O
iv(eXVw) < peX’w in Q, o

+7rw =0 on 0,
and so, multiplying by ¢ and integrating we get that p > Aj(eX?;eXV; N + r). For the
existence of solution take in this case w := ey with

= AN 4 r)
XM ]| oo

Again, the uniqueness follows similarly.
Finally, the case p = 0 follows easily. [

We fix now p > 0, the case u = 0 will be treated separately. Fix v € C(2) and consider
the equation (48). Denote by

{ wy if 6 >0orif rf =0 and pu > A\ (eXV;eX"; N + 1) |
w(v) =

0  in other case,
being w, the unique positive solution of (46), which exists by Proposition 5.5.
Lemma 5.6 The operator v € C(Q) — w(v) € C(Q) is continuous.

Proof. Consider sequences v, — v in C(Q) and w,, := w(v,). Observe that w, is solution
of
Owy,

on

—div(an(z)Vwy,) + wy, = hy, in Q, an(x) = gn, on 01,
being

an(w) = eXUn’ hn = Wy + pWwy, - (1 _ exvnwn)7 Gn 1= ap - (—rwn + T’HE_XU").

Observe that
O<a<a, <fB <o

and thanks to (49) and (50) we get that ||hn|le < C and ||gn||=@0) < C, and then, by
Theorem 2.1 in [3], it follows that

Hwanu(ﬁ) <C,

20
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for v € (0,1) and some constants depending on « and (. Hence, for a subsequence,
wy, — w in C(Q), being w a weak solution of (46). The elliptic regularity proves that w is
a classical solution of (46). Now, we can follow the lines of the proof of Lemma 3.1 of [4]
to conclude that in fact w = w(v). "

Proof of Theorem 5.1. Now, we have to study the following non-local and nonlinear
equation

XV
1 + exvw(v)
(51)
@ + 7'y = r’g on 0f)
on ) '

To study this equation we apply Proposition 5.4 with v = v, being v,» the unique
positive solution of (44).
We take as subsolution v = 0 . Observe that v = 0 is sub-solution and no solution of
(51) if
Or' >0 and w(v) >0 Vo e [0,v]
and some inequality strict. It is clear that this holds if 6" > 0 and paragraph a) follows
for > 0.
Assume now that v = 0 and 6§ > 0. If » > 0 then 76 > 0 and by Proposition 5.5 we
have that
w(v) > min{1,0}e X >0 for all u > 0.
If » = 0, by Proposition 5.5
w— A1(eX?;eX?; N +r)

peX™ [[pl| o

v < w(v)
if
> A (eX?;eX’; N) = 0.

Hence, w(v) > 0 if p > 0.
Finally assume that 7/ > 0 and # = 0. If » = 0, by a similar reasoning, we need that
w>0. If r > 0 we need that

> M (eXeX N 4+r) Yo e [0,v].
Thanks to (45) we get
A (XX N + 1) < A\ (eX s 1, N + 1),

hence it is enough that u > A (eX";1; N +r).
Finally, we show the non-existence result. Assume that 76 = 0. Observe that w(v) =0
if p>0and p < A (eX’;eX"; N +r). But

A1 (eX%eX N + 1) > A (1;eX; N +7r)

whence we deduce the result.

Consider now the case ;1 = 0. If 76 > 0 then there exists a unique w(v) > 0 solution of
(48) and the result follows in a similar way. If § = 0 and r > 0 then w(v) = 0, and then
u = 0. However, if r = 0, we obtain that w = C for any positive constant C', and then

u = eXVC.

21
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It is enough now to study the equation for v

CeX? . v , ,
—A’U—F'U—m an, %—I-TU—T‘

[NCRIIS

on Of).

We can argue as in the above case and conclude the result.
With respect to the semitrivial and trivial solutions, we get:

Proposition 5.7  a) The trivial solution (u,v) = (0,0) exists if and only if r6 = r'0 =
0. In such case, the solution is unstable for p > A (1;1; N + r) and stable for
p<A(1;1;N +7).

b) The semitrivial solution (0,V,/) exists if and only if r = 0 and r',0 > 0, being V.
the unique solution of
{—AV+V:O in Q,

oV 9 (52)
2

— 7V =7 on 0N.

on

In such case, (0,w,) is unstable for p > 0.

Proof. a) The existence result is not hard to show. On the other hand, the stability of
(0,0) is given by the real parts of the eigenvalues for which the following problem admits

a solution (&,n) # (0,0)
Al —pf=0f InQ,
—An+n=&+o0n inQ,

({Li +r{=0 on 012, (53)
l +7r'n=0 on 02.
on

If £ =0, then
o=XN(L1LN+7)+1>0.

Assume now that £ # 0, so
o= NLEN+7) —p > (LN +7) — p

Then, if g < A1(1;1; N + r) we obtain that o > 0 and (0, 0) is stable.
Assume now that g > A;(1;1; N + 7). Then,

o1 =ML LN +7r)—pu<O.

Denote by ¢ a positive eigenfunction associated to o1, that is

—Af — p€ =01 in Q, gi—i—rfzo on 0f).

Since o1 < 0, then
MLLN+7)+1—01 >0,

and so there exists 17 # 0 such that

—An+n—om=¢§ inQ, SZ—HJUZO on ON.
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Then, o1 < 0 is an eigenvalue of (53) with associated eigenfunction (£,n), so (0,0) is
unstable.
b) Again the existence result is direct. Now, the linearization around (0, V,/) is

—A¢ = —div(xéVVy) + p€ + o€ in Q,
—An+n=E§+on in ©,
7 x& o 0 on 0f),
on +7r'n=0 on 0f).
on

The first equation, after the change of variable

£ = ey,
is transformed into

9
on

If £ = 0 then, since  # 0, then o = A\j(1;1; N +7') + 1 > 0. On the other hand, if £ # 0
we get

—div(eXV"'Vep) = (u + 0)eXVyp in Q, =0 on 0.

o =XV XV N) — > M (XY XV N) — > 0,

since i (eXV+';eXVe's N) = 0 and u < 0.
Assume now that g > 0, then oy := A\ (eXV";eXV"; N) — 1 < 0 and consider 9 a
positive eigenfunction associated to o1, that is

—div(eXV"' V) = (p + 01)eXVep  in Q, ?;ﬁ =0 on 0.

Again, consider the change of variable ¢ = eXV/4), and 7 the solution of

on

—An+n=&+4 01 in Q, a——l—r’n:O on 99,
n
which exists because A;(1;1; N +7') +1 — 01 > 0. Then, o1 < 0 is an eigenvalue of (54)
with associated eigenfunction (§,7), so (0,V,/) is unstable. "
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