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Solution and Asymptotic Behavior for a Nonlocal
Coupled System of Reaction-Diffusion

Carlos Alberto Raposo * Mauricio Septlveda T Octavio Vera Villagran. *
Ducival Carvallo Pereira® Mauro Lima Santos?

Abstract

This paper concerns with existence, uniqueness and asymptotic behavior of the solutions for a nonlocal
coupled system of reaction-diffusion. We prove the existence and uniqueness of weak solutions by the
Faedo-Galerkin method and exponential decay of solutions by the classic energy method. We improve
the results obtained by Chipot-Lovato and Menezes for coupled systems. A numerical scheme is
presented.

Keywords and phrases: Coupled system of reaction-diffusion, The Faedo-Galerkin method, Asymptotic
Behavior, Numerical Methods.
Mathematics Subject Classification: 35K57,35B35

1 Introduction

We consider the reaction-diffusion coupled system in parallel way via parameter a > 0 of the form

ug —a(l(u)) Au+ flu—v) = a(u—wv) in Qx(0,7) (1.1)
ve—a(l(v)Av—flu—v) = a(v—u) in Qx(0,7T) (1.2)
u=v = 0 in 90x(0,T) (1.3)

u(z, 0) = wo(z) in (1.4)

v(z,0) = wvo(z) in Q (1.5)

where u = u(x, t) and v = v(x, t) are real valued functions. € is a bounded domain of R™, 9 is
the boundary of Q of class C2. f : R — R and a : R — R are Lipschitz continuous functions with
a(€) >m >0.1:L*(Q) — R is a continuous linear form.
For the last several decades, various types of equations have been employed as some mathematical model
describing physical, chemical, biological and ecological systems. Among them, the most successful and
crucial one is the following model of semilinear parabolic partial differential equation, called the reaction-
diffusion system
@—DAu—f(u):Q (1.6)
ot
where f : R” — R" is a nonlinear function, and D is an n x n real matrix of diffusion. This reaction-
diffusion model is obtained by combining the system of nonlinear ordinary differential equations called
the reaction system

du
i (u) =0, (1.7)
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and the system of linear partial differential equation called the diffusion system

ou

5 D Au = 0. (1.8)
In 1998, L. A. F. Oliveira [@] considered the reaction-diffusion system where D was a n x n real matrix
and f: R” — R” is a C? function. He studied the exponential decay for some cases. Except for some
publications on the subject, such as the searching for traveling waves solutions and some problem in
ecology and epidemic theory, most of authors assume that diffusion matrix D is diagonal, so that the
coupling between the equations are present only on the nonlinearity of the reaction term f. However,
cross-diffusion phenomena are not uncommon (see [E] and references therein) can be treated as equations
like in which D is not even diagonalizable. In 1997, M. Chipot and B. Lovat [E] studied the existence
and uniqueness of the solutions for non local problems

ur —a (/Qu(x, t) d:z:> Au = f(z,t) in Qx(0,T) (1.9)
u(z,t) = 0 on 02 x(0,T) (1.10)
u(zr, 0) = wo(xz) on O (1.11)

where (2 is a bounded open subset in R™ n > 1 with smooth boundary 0€2. T' is some arbitrary time. a
is some function from R into (0, 400). This problem arises in various situations, for instance u could de-
scribe the density of a population(for instance of bacteria) subject to spreading. The diffusion coefficient
a is then supposed to depend on the entire population in the domain rather than on the local density i.
e. moves are guided by considering the global state of the medium. They proven the following result:

Theorem 1.1. Let Ty > 0, ug € L%(), ug > 0, ug # 0. Let a be a continuous function positive in
a neighborhood of [, ugdx. Then for f € L*([0, T] : H1(Q)) there exists 0 < T < Ty and u solution to

(L9)-(L11) such that

u e L*([0, T] : Hy(Q)NC([0, T]: L*(2)),
ug € L*([0, T) : HY(Q)),

<ut,v>+a(/udx)(Vu-Vv)z<f,v> Vove Hi(Q), ae te]0, Ty
Q
where (Vu - Vv) = [, Vu- Vodz.

In 2005, S. D. Menezes [E], give a simple extension of the result obtained by M. Chipot and B. Lo-
vat [B], considering a = a(i(v)), f = f(u) continuous functions. Indeed, they studied the existence,
uniqueness and periodic solution for the following parabolic problem

u —a(l(w)Au+ f(u) = h in Qx(0,7T) (1.12)
u(z,t) = 0 on 90Qx(0,T) (1.13)
u(z, 0) = wo(z) on 0 (1.14)

where () is a bounded open subset in R™, n > 1 with smooth boundary 0€2. T' is some arbitrary time.
l: L*(Q) — R is a nonlinear form, h € L?(0, T: H~1(2)) and T > 0 is some fixed time. This problem is
nonlocal in the sense that the diffusion coefficient is determined by a global quantity. This kind of prob-
lems, besides its mathematical motivation because of presence of the nonlocal term a(l(w)), arises from
physical situations related to migration of a population of bacteria in a container in which the velocity of
migration 7 = a Vu depends on the global population in a subdomain €’ C Q given by a = a( Jo wdz).
For more information [E] and reference therein.

This article is concerned with to prove the existence, uniqueness and the exponential decay of the system
(D)‘) using the energy method. The method of energy consists of to use appropriate multipliers
to build a functional of Lyapunov, in this direction we prove that for this types of materials where the



energy, that can flow from one part to another, is strong enough to produce exponential decay for the
solution of the coupled system.

This paper is organized as follows. Before the main result, in section 2 we briefly outline the nota-
tion and terminology to be used subsequently. In the section three we prove the existence and uniqueness
of solution, in the section four we prove the exponential decay of solution of the system. Finally, numer-
ical evidence corroborating our theoretical results is given in section five. In this paper, we prove the
following two theorem:

Theorem 1.2. Let (ug, vo) € L*(2) x L*(2) and 0 < T < +o0, where the time T depends only |uo|r2(q)

and |vo|z2(a)- If (2-6)-(R-9) holds, then there is at most one solution of (IL.A)-(L.H) in L2(0, T : H(Q))N
C([0, T): L3(2)) x L2(0, T : HI())NC([0, T): L*()) with initial data (u(z, 0), v(x, 0)) = (ug, vo).

Theorem 1.3. Let (u, v) be a solution of system ([L1)-(L.5) given by the theorem 1.2, then there exist
positives constants C' and n, such that

E(t) < CE(0)e . (1.15)

2 Preliminaries

In this work we consider the reaction-diffusion coupled system in parallel way via parameter a > 0 as

ug —a(l(u) Au+ flu—v) = a(u—wv) in Qx(0,7) (2.1)
ve—a(l(v)Av— flu—v) = a(v—u) in Qx(0,7) (2.2)
u=v = 0 in 0Qx(0,T) (2.3)

u(z, 0) = wo(z) in (2.4)

v(z,0) = wvo(z) in Q (2.5)

where Q is a bounded domain of R™, 99 is the boundary of Q of class C2. f : R — R is a Lipschitz
continuous function, that is, there exists M; > 0 such that

[f(s) = fOI < Mils—t], Vs, teR. (2.6)

a : R — R is a Lipschitz continuous function, that is, there exists My > 0 such that

la(s) —a(t)] < Mz |s —t, Vs, teR. (2.7)

with
a(§) >m >0, VEeR (2.8)

and
1:L?(Q) - R is a continuous linear form. (2.9)

In the system, the distributed spring coefficient is coupled by the terms « (v — v) and « (v — «). In this
sense the Energy can flow from one part to another through this parameter .

By < -, - > we will represent the duality pairing between X and X', X’ being the topological dual
of the space X, We represent by H™ () the usual Sobolev space of order m, by H{"(2) the closure of
Cs°(Q) in H™(R), and by L?(Q) the class of square Lebesgue integrable real functions. In particular,
H}(Q) has inner product ((-, -)) and norm || - || given by

((u, v)):/Vu~Vv dz and ||u||2:/ |Vu|? d.
Q Q



For the Hilbert space L?(§2) we represent its inner and norm, respectively, by (-, -) and | - |, defined by

(u, v) = / uwv dx and lu|® = / u? dz.
Q Q

Throughout this paper ¢ is a generic constant, not necessarily the same at each occasion(it will change
from line to line), which depends in an increasing way on the indicated quantities.

We take the initial conditions as following

(uo(x), vo(x)) € L) x L*(Q). (2.10)
We denote the potential energy associated to this system by
1
E(t) = 5/ [Jul® + [v]*] da. (2.11)
Q

3 Existence and Uniqueness of a local solution

In this section, we will prove that for (ug, vo) € L2(€) x L?*(Q) there exists a unique solution of (R.4)-
(B-9) in L2(0, T : HI(Q))NC([0, T) : L3*(Q)) x L2(0, T : H}(Q)) N C([0, T) : L*(Q)) where the time
T depends only |ug|z2(q) and |vo|z2(q). We make use of Faedo-Galerkin approximation for to prove the
existence of weakly solutions. We write the system (R.1)-(2.3) in the following form,

ur —a(l(u) Au = — f(u,v)+g(u,v) in Q=02x(0,T) (3.1)
ve—a(ll(w)Av = f(u,v)—g(u,v) in Q=02x(0,T) (3.2)
u=v = 0 on 9INx(0,T) (3.3)

u(z, 0) = wo(x) in Q (3.4)

v(z,0) = wvo(z) in Q (3.5)

where we denote f(u, v) = f(u—v) and g(u, v) = a (u — v).

Theorem 3.1(Existence). Let (ug, vo) € L2() x L%(Q) and 0 < T < +oo. If (R.6)-(R.9) holds, then
there exists (u, v) solution of (B.1)-(B-3) such that

(u, v) € L*(0, T : HY(Q))NC([0, T): L*(Q)) x L*(0, T : Hy(Q))NC([0, T): L*(Q)) (3.6)

(ut, vi) € L2(0, T : H™Y(Q)) x L*(0, T : H™1(Q)) (3.7)
d
—(u, h1) +a(l u))/ Vu-Vhyde = —/ f(u, v) hy dx —|—/ g(u, v) hy dz (3.8)
dt Q Q Q
for all hy € H(Q), where (B-§) must be understood as an equality in D'(0, T).
jt(v he) + a(l /VU thdx—/fu v hgd:c—/ g(u, v) ho dz (3.9)
Q

for all hy € HY(Q), where (B.9) must be understood as an equality in D'(0, T).

Proof. i) Approximate problem: Let {w;};en be a Hilbertian basis of H{ () (cf. H. Brezis, [f]).
For each j = 1, 2, 3, ... represent by V;, the subspace of H{(f) generated by {wy,ws, ..., w;}. The
approximate problem, associated with (@)—(@), consists of to find u;, v; € V; such that

(uj, ha) = al(u;)(Auy, ha) = = (f(uj, v;), ha) + (9(uj, v;), ), Vha €V;  (3.10)
(v, h2) = a(l(v;))(Avj, ha) = (f(uj, v;), ha) = (9(uj, v;), ha), YV hy €V; (3.11)
u;(0) = ugj — ug strongly in  L?*(Q) (3.12)
v;(0) = wvo; — v strongly in  L*() (3.13)



Let hy = w;(x) and hy = w;(z) for i =1, ..., j, then in (B.10)-(B.13) we have for 0y;, dr; € C=(Q)

<Z 055 (t)wi(z), w; (x)) —a (z <Z Orj (t)wk(z)> ) (A > Ok (tywr (), wi(z)>
k=1 k=1

= - (f (Z O (tywi (), Y bns (t)wk(m) : wi(m)
k=1 k=1
+ (9 <Z Orj (Dwi(x), > b (t)wk($)> : wz($)>
k=1 k=1
and
<Z G () wi (), wz($)> —a (l (Z Drj (t)wk($)>> <Az¢kg (t)wy (), wz($)>
k=1 k=1 k=1
= <f > Ok (Dwi(w), Z¢kj(t)wk($)> ; wz@))
k=1 k=1
- (9 > Ok (@), Z¢kj(t)wk($)> , wz(@)
k=1 k=1
that is,
0k (1) = e a(l(uy)) O (1) = — (f(uy, vy), wi) + (g(uj, vj), wi) (3.14)

(b;cj (t) — Ak a(l(vj)) oy (t) (f(uj’ Uj)’ w;) — (g(uj’ Uj)’ wz) (3'15)

ii) Approximate solutions: We will just work with the equation (B.14). For (B.1f) the result is similar.
Fori, k=1,...,jin (), we have the following system

9/1_]’ all(u; 91]' (fv wl) (gv wl)
O | _ M al(uy)) ! Oo5 | | (s w2) . (9, w2)
Hj‘j ! A altlu)) 9;5 (f, .w]-) (9, 'wj)
that is,
X' = F(X, 1) (3.16)
X(0) = Xo (3.17)

where F(X,t) = AX + B and Xy = [ay;, agj, ..., aj;]T. The system (B.16)-(B.17) is equivalent to
system of ordinary differential equations of first order. Let us show that the system (B.16)-(B.17) is in
the conditions of Carathéodory’s theorem.

Claim. For fixed X, we will show that A and B are measurable in .

In fact, we observed that the matrix A is formed for the elements Ay a(l(u;)) with &k = 1,2, ..., 4.
Since ! is a lineal and continuous form and the operator a is continuous, then the composition a(l(u;))
is also continuous; therefore A, a(l(u;)) is continuous for k =1, 2, ..., j and then A is measurable in ¢.
On the other hand, let us observe that B is formed by the elements (f(u;, v;), w;) and (g(u;, v;), ws),
with i = 1, 2, ..., j. Since f and g are continuous and w; € H}(2), we concludes that B is continuous
and therefore measurable.

Claim. For fixed t, we will show that F' is continuous in X.



In fact, notice that B is continuous in X, because B is constant in relation to X. For continuity of
A X, is enough we verify that A is continuous in X. Let [[, X = 6i; (k =1, 2, ..., j) be the projection
R/ — R and o(X) = [], X wy. For each ¢ fixed, as

u;(t) = Z Or;j () wy,
k=1

we can consider the function

o (o) (£

Since A is lineal combination of continuous functions, proceeds that A is continuous in X, hence the
function F(X, ¢) is continuous in X.

Claim. Let K be a compact of D = E x [0, T], where E = {X € R/*! : || X]||gjx1 < d, § > 0}.
We will show that exists a real function m,.(¢), integrable in [0, T, so that

[|F(X, t)||gix1 < my(t), V(X,t)eD.
In fact, we denote by || - ||p4 the norm of maximum in RP?. But F(X, t) = AX + B, then
(X, Olljxa < [[Allxg [1X <1+ [[Bl]jx1-
Since X € E, we have ||X]|jx1 < 6. Then
(X Dlljxa < 6 [[Alljxg + [1Blljx1-
Notice that Ay a(l(u;)) are continuous functions, hence ||A||jx; < C (C > 0).

On the other hand, for the matrix B we have

|(f (ug, v), wi)| < |f(ug, vg)| Jwi| = | f(uy, vy)l,
1(g(ug, v), wi)| < |g(ug, vj)| lwi| = [g(u;, v;)l.

Thus ||[F(X, t)||jx1 <6 C+ |f(uj, vj)| + |g(u;, v;)| = m,(t), where m,(t) is integrable in [0, 7).

Hence, the system (B.16))-(B.17) satisfies the conditions of Carathéodory, and then exists {u;(t), v;(t)} €
[0, tj) x [0, tj)’ t; < To.

We now have to establish an estimate that permits to extend the solution {uw;(t), v;(¢)} to the whole
interval [0, T7].

From now on, {C;};=1...7, will denote positive constants, independents of j and ¢.

iii) A priori estimates: We put h; = u; and hy = v; in the equations (B.10) and (B.11]) respectively,
we have

(u}, uj) — a(l(uy)) (Aug, uj) = — (f(ug, v5), uz) + (g(us, v;), ;) (3.18)
(v, v5) = a(l(vy)) (Avy, vj) = (flug, v;), ug) — (g(uy, vy), uj). (3.19)

Using the boundary condition and the first Green’s identity we have

(—Auy, uy) = / (—Auy) u; dz = / Vu, - Vuj dz = [V = [[uy |2



Then, we can write (B.1§) as

1d 2 2 _ oy . .. .
5 g wl” + alllw)) llusl|” = = (F(ug, v5), uj) + (9(uy, v5), uy)- (3.20)

In a similar way we can write (B.19)) as

l1d 2 2 _ oy ) Sy .
5 vl allCa) llosl1” = (f (ugs 0), wg) = (9(uz,05), uy)- (3.21)

Adding the equations ) with () and integrating of 0 to ¢, we obtain
tl d t
| 5 st ds + [ Ta@wy) llus| + a(t(o,) sl ] ds = o
0 S 0
that is,
t
Jui (O] + v (O + 2/0 [a(U(uy)) llus|* + a(l(v;) [J;|* ] ds = Ju; (0)] + [v;(0)].
In the last identity, using (2.6) and (2.§) we obtain
t
Ju (O + o (1) + 2m/0 (s |2 + {5112 ) ds < Ju; (0)* + [0 (0)]%. (3.22)
Since u;(0) — ugp and v;(0) — vo strongly in L?(2) follows that |u;(0)|* + |v;(0)|> < C. Hence
Jui (O + |v; (1) < C.
From where follows that u;(t) and v;(t) are bounded in L>(0, T': L*(Q)). Thus,
t
Gl + iy as < .
then w;(t) and v;(t) are limited in L?(0, T': H}(Q)).

From (B.10))-(B.11), we have that
i = a(l(ug)Auj — f(ug, vj) + g(uj, v;) € HH(Q)
%= a(l(v;)Avs + f(uj, v) — g(uy, v;) € H'(9).
Notice that —a(l(u;)) Au; defines an element of H~!(2), given by the duality
(—a(l(uy)) Auj, hi) = a(l(uj))/ Vu; - Vhidz, Yhe Hy(Q).
Q
In a similar way we have

(—a(l(vy)) Avj, ha) = a(l(vj)) /Q Vv; - Vhaodz, Y hye H&(Q)

Using the fact that —a(l(u;)) Auj, —a(l(v;)) Av; € H1(2), the dual of H}(2), then they are lineal and
continuous forms and therefore both are bounded.

Since uj, v; € L?(0, T : L*(2)), then
1 el < [ Bluy = vldn < [ 5iul+ o)) da
Q Q Q

()" (s

<C




and

ot v)lde = [ atu;—vlde < [ aCul+ o)) de

Q

(/Q |uj|2d$)1/2+(/ﬂ |vj|2d:13)1/2].

fuj, v;), gluj, v;) € L*(0, T : L*(Q)) — L*(0, T : L*(Q))

<C

Therefore

and we concludes that uf;, v} are bounded in L*(0, T : H~'(Q)).

iv) Passage to the limit: We have that

uj, v;  are bounded in L*(0, T': L*(Q)) N L*(0, T : Hy(Q)), (3.23)
wj, vi  are bounded in  L*(0, T': H™'(Q)). (3.24)

Now, due the corollary of Banach-Alouglu (See [E], p. 66), we can extract subsequences of uj, = u; and
vj, = v; (which we denote with the same symbol) so that

uj > u weak star in L0, T : L*(Q)) (3.25)
v; v weak star in L0, T : L*()) (3.26)
u; —u weakin L*(0, T: Hy(Q)) (3.27)
v; = v weak in L*0,T: H}(Q)). (3.28)
Consequently
T T
/ (Uj, hl) dt — / (u, hl) dt, VY hi € LOO(O, T: L2(Q)) (329)
0 0
T T
/ (uj, h1)dt — / (u, hy)dt, ¥ hy € L*(0, T : Hy(Q)) (3.30)
0 0
T T
/ (’Uj, hg) dt — / (’U, hg) dt, YV hy € LOO(O, T: L2(Q)) (331)
0 0
T T
/ (vj, hg)dlf—»/ (v, ho)dt, Y hy € L*(0, T : Hy(Q)) (3.32)
0 0
For (B.24) it proceeds
ui; — weakly in L0, T': H™*(Q)) (3.33)
v = weakly in  L%(0, T : H~Y(Q)). (3.34)

On the other hand, H3(Q) <> L2(Q) < H~'(Q). By Lions-Aubin’s compactness Theorem [T follows
that

u; — u strongly in L*(0, T : L*(Q)) (3.35)
v; — v strongly in  L*(0, T : L*(2)). (3.36)

The convergence (B.23)-(B.2d) means that
T T
/ (uy (), w(t)) dt — / (), wE))dt,  Ywe LN0,T: L)
0 0

/ (v;(t), w(t))dt —>/ (v(t), w(t))dt, Ywe Ll(O, T: LQ(Q)).
0 0



We choose w = 0 hy with § € D(0, T), hy € L*(Q) and we will show that for all § € D(0, T') and for all
hi € LQ(Q>,

T
[ Latus, v ) = (9t 0. 1)) 60y e — .
0
Let T be a positive number such that supp(6) C [0, T], then

/ [(g(uy, v;), ha) = (g(u, v), ha)]0(t) dt :/ (9(uj, vj) = g(u, v), h1) 6(2) di.
0 0

Hence, by straightforward calculations

T T
/ (g(uy, v;) — glu, ), h)O) dt - < / 9y 05) — g(u, )| [l 6()] de e
0 0 Q

[ [t =)~ atu=v) I o) dzds
0 Q
T

[ [t =) = ato; ~ o)l ] (o) deds
0 Q

IN

T
/ /(oz|uj—u|+o¢|vjfv|)|h1| |0(t)| da dt.
0o Ja

Using L2(0, T: L*(Q)) — L*(0, T : L*(Q)) and the Cauchy-Schwartz inequality we obtain

T T 1/2 1/2
/(g(uj,vj)—g(u, o), h) () dt < c/ < |uj—u|2dx) </ |h1|2dac> dt
0 0 Q Q

T 1/2 1/2
+ C’/ </ lv; — v|2dx) </ |h1|2dz> dt.
0 Q Q

Applying the Cauchy-Schwartz inequality and considering the convergence () we obtain

T 1/2 1/2
C’/ ( luj — u|2dx) </ |h1|2dz> dt
0 Q Q
T 1/2 T 1/2
< C / / |uj — ul>dadt / / |h1|?dadt <e.
0 Jo 0 JQ
In a similar way using the convergence () we have
T 1/2 1/2
C’/ (/ lv; — v|2dx) </ |h1|2dz> dt
0 Q Q
T 1/2 T 1/2
< C / / lv; —v|*dx dt / |h1|?dx dt <e.
0 Jo 0 JQ

Therefore we have

/0 (g(uj, vj) — g(u, v), h1) O(t) dt < e.

Performing similar calculations we can to prove that

/0 (F(uys v7) — Fu, 0), hy) 6(8) dt < <.



We will show now, that for every 8 € D ([0, T]) and for every hy € L?*(Q)

T T
a(l(u;)) / Vu, - Vhy 0(t) dt — a(i(u)) / / V- Vhy 0(t) dt. (3.37)
0 JQ o Jao
It is enough we prove that
a(l(uj)) — a(l(u)) in L*0, T), VT > 0. (3.38)
Since a is continuous, we will show that
I(u;) — I(u) strongly in L*(0, T). (3.39)

In fact, because

T T T
/ |l(uj)—l(u))|2dt:/ |l(uj—u)|2dt§06/ luy — uf2dt < e
0 0 0

This last one result, is consequence of the convergence (B.35).

These convergence implies that we can take limits in the approximate problem ()—(), and then to
verify the conditions (7), (i¢), (#4%) and (iv) of the Theorem.

Now, we will make verify of the initial data and we prove the uniqueness of solutions. Using the re-
sult of regularity we have that

u, v € GO0, T: L*(Q)) (3.40)

In this form, makes sense we calculate u(0) e v(0). Let us consider € C1(0, T : R), with #(0) = 1 and
0(T) = 0. Since the convergence (B.29) we have

/T(u;, z)0dt — /T(u', z)6dt, z € LA(Q). (3.41)
0 0

Performing integration by parts in () we have

T T
— (u;(0), 2) /0 (uj, )0 dt — — (u(0), 2) /o (u, z) 0 dt. (3.42)

Using the convergence (B.29) in (8.49) we have (u;(0), 2) — (u(0), 2), for all z € H}(Q2). But u;(0)
converges strong for ug in L?(Q), consequently weak in L?(§2). Therefore (u;(0), z) — (uo, 2), for all
z € H}(Q). From uniqueness of the limit we have (u(0), 2) — (uo, 2), for all z € H}(Q). Thus, u(0) = uo.
In a similar way we can prove that v(0) = vp.

To finish this section we will show the uniqueness of solution.

Theorem 3.2(Uniqueness). Let (ug, vo) € L*(Q) x L?(Q) and 0 < T < o0, where the time T de-
pends only |uo|r2(q) and |vo|p2(q)- If (E )-(B-9) holds, then there is at most one solution of (B.1)-(B.5)
in L2(0, T : HYQ) NC(0,T) : L*(Q)) x L*0, T : H}(Q) N C(0,T) : L*NQ)) with initial data
(u(z, 0), v(z, 0)) = (uo, vo).

Proof. Assume that (u1, v1), (u2, ve) in L0, T : H ()N C([0,T) : L?()) x L0,
C([0, T) : L?3(2)) are two solutions of (@)—@) with wg, vy in L2(0, T : H=1(Q)) x L?(
so all integrations below are justified and with the same initial data, in fact (u; — ug)
(ug — ug)(z, 0) = 0. Then

T : H} Q)N
, T: HH(Q)),
(z,0) = 0 and

d

pri i a(l(ur)) Auy = —f(ur, v1) + g(u1, v1)
d

U a(l(vi)) Ave = f(u1, v1) — g(u1, v1)
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and

d

nr a(l(uz)) Aug = —f(uz2, v2) + g(uz, v2)
%02 —a(l(v2)) Ave = f(ua, v2) — gug, va).

Then

%(ul —ug, h1) + a(l(ul))/ Vui - Vhy dz — a(l(uQ))/ Vug - Vhy dx
Q Q

= —(f(ur, v1) = fluz, v2), k1) + (g(ur, v1) — g(uz, v2), h1), VY hy € Hy(Q)

i(vl —vg, ho) +a(l(v1)) | Vovi-Vhadr — a(l(vg))/ Vg - Vho dx
dt Q Q
= (f(ur, v1) = flug, v2), ho) = (g(u1, v1) — g(ug, va), ha), V¥ hg € Hy(Q).

Using that g(u1, v1) — g(ug, v2) = a (ug — uz) — a (v1 — v2) and that f(u, v) = f(u —v) we have

d
%(ul —ug, h1) + a(l(ul))/ Vuy - Vhy dx — a(l(uz))/ Vug - Vhy dzx
Q Q

= —(flug —v1) — flug —v2), h1) + a(ur —ug, h1) —a(vy —ve, hy), Yhi € H&(Q)

%(1}1 — v, ha) + a(l(vl))/QVm -Vhadr — a(l(’l)g))/QV’UQ -Vhydz
= (f(ur —v1) — f(uz — v2), ha) — @ (ug — ua, ha) + a(vy —va, ha), ¥V he € Hg(Q).

On the other hand, let h; = u; — us and hy = v1 — v3 we obtain

d 2
%|u1 —uz|” + a(l(u1)) /Q Vuy - V(ur — uz2) dz — a(l(ug)) /Q Vug - V(ug — ug) de

= —(f(ur —v1) — fug — v2), u1 — ua) + aur — ua|* — a (v1 — v2, U1 — u2)

and
d 2
E'Ul —vo|* +a(l(v1)) | Vor-V(v1 —v2)de —a(l(vz)) [ Vg V(vy —v)dx
Q Q
= (flur —v1) = flug — v2), v1 —v2) — a (u1 — ug, v1 — v2) + a vy — Vol
Hence
d
2w = wal” + all(wn) [l | + a(l(u2)) [fua|[* + [a(l(u1)) — a(l(uz) ]/ Vuy - Vug dx
Q
< f(un—v1) = fluz = v2)| Jur — uz| + afur — ual* + afor — vaf Jur — us
and

d 2 2 2
o1 = vl all(wn) [[n[[7 + a(l(v2)) [Jvz|] —i—[a(l(vl))—a(l(vg)]/QVm-vadac

S |f(u1 — ’Ul) — f(’u,g — ’Ug)| |’U1 — ’U2| + « |U1 — ’LL2| |’U1 — ’U2| +« |’U1 — ’U2|2.
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Using (R.6)-(R.9) and the Young inequality we have

d
E|U1—U2|2er||ul||2+m||u2||2
< My [(ur) = Uu2) | Jual] [Jue|| + M3 [(u1 — ug) — (v1 — v2)| [u1 — us

o o
+ afup —upf’ + By lur — vol® + 3 luy — ua|?

< My Cyfug — gl [Jual] [Juz|| + Ms Jur — ug|? + M3 [ug — uz] |v1 — va
3
+§a|U1—U2|2+%|U1—U2|2
m M2C? M.
< = 2 1Y1 2 o 21 M o 2 M3 _ 2
< g lluall® + == el fun = uaf ™ + Ma Jug — uaf” + == ur —ue
3 «
+73|’U1*1)2|2+504|U17U2|2+§|1)17’U2|2
m M2 C? 3 1
< §||U1||2+ﬁ||u2||2|ul*u2|2+§(1\43+04)|ul*u2|2+§(M3+04)|U1*1)22
and
da .9 2 2
e e
< M |l(vr) = Uv2) [|vr|[ [Jo2]] + M [(ur — uz) = (v1 = v2)] o1 — vo
o Q
+§|u1—U2|2+§|U1—U2|2+a|v1—v2|2
< My Oy |vy — vl |Jor]| |v2]] + M3 |1 — v2|? + M3 |uy — uz| [v1 — vo
3
+§a|v1—v2|2+%|u1—u2|2
M2 C? M.
< %||U1||2+ﬁ||v2||2|v1—U2|2+M3|U1—U2|2+73|U1—U22
3 «
+73|u17u2|2+§a|vl—v2|2+§|u1—u2|2
m M2(C?2 3 1
< 3||vl||2+#||v2||2|v1fvg|2+§(M3+oz)|v1702|2+§(M3+a)|u1f1m2
Then
d m
E|U1—U2|2+§||U1||2+7”'”L||U2||2
M2 C? 3 1
< Lt ||U2||2|U1 —U2|2+—(M3+a) |’LL1 —UQ|2+—(M3+CY) |’U1 — Vg 2 (343)
2m 2 2
and

d m
2o = vel” < [l P+ mfes|®
M2 C2 3 1
=~ #”'UQHQ |’L)17’U2|2+§(M3+04) |’U17’L)2|2+§(M3+Oé) |’U,17’U,22 (344)

Adding (B-43) with (B.44) we obtain

d m m
—(|u1 = ugl® + o1 — v2f?) + 5 [ur][ +m [Jua||* + B [vr][? + m [Jo |2

dt
M202 M202
< s — uaf? + = | for = eal?
+2(M3—|—CY) |U1—ug|2+2(M3+a) |’U1—’U2|2
M202 M2C2
= —21m1 ||U2||2+2(M3+04)] |y — uz|?® + [#HWHZJFQ(MBjLa) 01 — a2
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We define

M2 02 M2 02
o) =ML g 208+ 0). €)= Y2 ) 20y 1 ),
Thus,
d 2 2 2 2
7 [ur = ug|® + o1 —va?] < o(t) ur —ual® 4+ &(t) |1 — v2]*.
Let R(t) = sup{¢(t), £(t)}, then R > 0 and
d
% (|U1 — U2|2 + |’U1 — ’UQ|2) S R(t) (|’LL1 — ’LL2|2 + |’Ul - ’UQ|2) . (345)

Integrating (B.4H) over ¢ € [0, T'] and using that u1(0) = u2(0) and v1(0) = v2(0), we obtain
t
s — w2 + o1 — o < / R(E) (Jur — usl? + [or — o) da.
0

Let p(t) = |u; — u2|? + Jv1 — v2|?, then

t
p(t) < / R(s) p(s)ds. (3.46)
0
Applying Gronwall’s inequality, we obtain
p(t) <O0.
Therefore p = 0, i. e.,
|’LL1 — ’LL2|2 + |’Ul - ’UQ|2 =0.

Using the regularity of the solutions, the uniqueness follows.

4 Exponential stability

In this section we show that the total energy (R.11]) associated to system (R.1)-(R.§) decay exponentially
to zero as t tends to infinity. In what follows we will prove our main result:

Theorem 4.1. Let (u, v) be a solution of system )—(E) giwen by the theorem 3.1 and theorem
3.2. We suppose that m > 2¢, (M, + o) > 0, where ¢, corresponds to the constant of the Poincaré
inequality.. Then there exist positives constants C and n, such that

E(t) < CE(0)e . (4.1)
Proof. Multiplying equation (@) by u and integrating over x € {2 we have

1d
—— | |u|?dx + a(f(u))/ |Vul|® dz = —/ flu—v)udz —|—a/ (u—v)udz.
2dt Jq 0 Q Q
Multiplying equation (E) by v and integrating over x € ) we have
1d 9 9

—— | p|*dz+a(l()) | [Vu[?dz= [ flu—v)vde—a [ (u—v)vde.
2dt Jq Q Q Q
Adding the expressions above and using (R.§) we have

1d

—— [|u|2+|v|2]das+m/ [|Vu|2+|Vv|2]das§/|f(ufv)| |u—v|daz+a/|ufv|2dz.
2dt Jg Q Q 0
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Using (R.6) follows that

d
%E(t) < fm/ [[Vul* + |Vo|?] do + (M1 + a)/ lu — v|? da.
Q Q

Applying the Poincaré inequality and the Young inequality, we obtain

%E(t) < _QC—m E(t) +4(M; +a) E(t).

Now choosing m > 2 ¢, (M7 + «) > 0 follows that there exists C' > 0 such that

d
—FE(t)<—-CE{).
SEB(t) <~ CE()
From we concludes that there exists n > 0 such that

E(t) < CE(0)e ",

The proof follows.

5 Numerical Results

In this section we consider a particular case of the nonlocal reaction diffusion equations (2.1)-(R.3) in
1
one dimensional space (n = 1), Q = (0,1), and [ : L?(Q2) — R defined by I(u) = / u(x)dx. Then we

approximate the solution of the system using implicit finite differences. The numerical scheme reads as
following

k+1 k J k+1 _ o, k+1 k+1
i T k| Wipr — AU Uiy kb ok k
Sx —a Zl &Cuﬂ' 522 + flui —v7) = alui —v;), (5.1)
=
k+1 k J k1 _ g, k+1 k+1
Vi U k| Yk — 2V U I N
ox - ;&Mj 0x? = flui —vi) = a(v —uy), (5.2)
P = a7 = o = 53)

fori=1,...,J—1land k=0,...,K, where 6t =T/K, dx = 1/J, v; =idx, i =0,...,J and t;, = kdt,
k=0,....,K. In ()—(E), u¥ denotes the approximation of u(t, ;). In order to solve the system
(6-1)-(6.3), we consider the initial condition approximated by

u) = up(w;), and ) = wvo(w;), fori=0,...,J. (5.4)

For each £ = 0,..., K, the scheme (@)—(@) is equivalent to a linear system with a tridiagonal matrix
of RU=D>(/=1) which is positive definited and then there exists a unique solution of (.1))-(f-4).

In order to compare the numerical behaviour of the solution with theoretical and numerical behaviour
of the solution for one equation (scalar case), we take the same nonlinear reaction terms with similar
parameters and initial conditions of Ackle and Ke [E} Nonlinear reaction and nonlocal diffusion are given
by

a(§) = max{g, é} + my, for all &, (5.5)
flw)—oaw = rwk—w), for all w, (5.6)

where €, mg, r and x are constant and positive parameters. We remark that in the numerical example

of Ackle and Ke [E], the authors consider a nonlocal diffusion given by the expression . In our

01 u(x)dx
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Figure 1: Extinction of the population density u(z,t) (left) and v(z,t) (right) at time 7' = 0.2.

case the parameter € is a very small parameter and it plays a practical computational role to avoid the
numerical overflow on the diffusion when the extinction of the population occurs, that is when u =~ 0 or
v =~ 0. We consider a parameter mg to the numerical study of an extinsion case of population and for a
persistence case of population. In fact, the exponential decaying of the energy (@), can be interpreted
as the extinsion of two populations u and v. That is occurs when the hypothesis m > ¢,(M7 + @) of the
Theorem 4.1, is verified. If m is too small, the decaying of the energy is not guarantee and a population
persistence can be occur as we see in Figure 2.

The initial condition is given by ug(z) = §sin(rx), with § = 1.95 (see [F]), and vo(x) = —up(z) =
—dsin(mz). In this example, a negative vy has not a physical or biological sense, if u and v represent
densities of population, but we want to focus in the importance of the hypothesis of the Theorem 4.1,
showing numerically that the exponential decaying of the energy does no occur when the hypothesis is
not verified. We choose the parameter ¢ = 107° for the nonlocal diffusion function (@), and we choose
7= 1.0 and k = 10.0 for the reaction function (f.6). The discretization is given by J = 10* and K = 10%;
we solve the linear system (f.1))-(B.J) using Thomas algorithm programming in Fortran90.

We consider here 2 simulations, the first one with mo = 1.0 (see Figure 1), and the second one with
mo = 0.1 (see Figure 2). The population persistence phenomenom does not occur with a choice of a
big amplitude § for the initial condition as it occurs in [}f]. In fact we made simulations with different &
values and the exponential decaying is always observed.
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