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Abstract

In this paper we study the Degn-Harrison system with a generalized reaction term. Once proved the global
existence and boundedness of a unique solution, we address the asymptotic behaviour of the system. The
conditions for the global asymptotic stability of the steady state solution are derived using the appropriate
techniques based on the eigen—analysis, the Poincaré—Bendixson theorem and the direct Lyapunov method.
Numerical simulations are also shown to corroborate the asymptotic stability predictions.

Moreover, we determine the constraints on the size of the reactor and the diffusion coefficient such that
the system does not admit non-constant positive steady state solutions.

Keywords: Generalized Degn—Harrison system; existence of solutions; steady states; asymptotic stability;
non-constant steady state solutions.

1. Introduction

Reaction—diffusion systems provide accurate models of different natural and physical phenomena across
a spectrum of disciplines including biology, ecology, chemistry, life sciences and engineering [1, 2, 3, 4, 5, 6].
The Degn—Harrison model is a reaction—diffusion system proposed in 1969 to describe the experimentally
observed oscillatory behavior of the respiration rate in continuous cultures of the bacteria Klebsiella [7].

In recent years, several studies have been dedicated to the investigation of the Degn—Harrison dynamics.
The diffusion—driven instability, the existence of nonconstant solutions and Turing patterns have been inves-
tigated in [8, 9, 10]. The stability analysis of the constant steady state solution, both in the ODE and the
PDE scenario, has been studied in [11], where the authors also explain the mechanism leading to pattern
formation.

More recently, sufficient conditions for the global asymptotic stability of the unique constant steady
state have been obtained in [12] and more relaxed sufficient conditions have been then derived in [13]. The
existence of Hopf bifurcation and the corresponding normal form have been also determined in [14, 15].

The Degn-Harrison system describes the reaction scheme between the oxygen u and the nutrient v,
taking into account that the excess of oxygen inhibits the respiration according to a nonlinear rate of the
type u/(1 + u?), see for details [7]. In [16] the author, having in mind that other phenomena can be
described by similar reaction schemes, generalizes the inhibitory law using an arbitrary function ¢(u). For
the resulting generalized Degn—Harrison reaction—diffusion system, the existence of periodic solutions has
been established in [16], using the Hopf bifurcation theory.

OMISSIS

{ut—Au=7(a—U—/\<P(U)U)::F(uvv)’ T, t>0, (1.1)

vy —dAv = (b= Ap (u)v) =: G (u,v), xeN, t>0,
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where v and v represent the dimensionless concentrations of the reactants. The parameters a, b, A,y and d
are positive constants and the inhibitory function ¢ € C'(0,00) N C0, 00) satisfies the following conditions:

©(0) =0, (1.2)
and for u € [0, a:
¢(u) >0, (1.3)
with:
0<d<a-—b (1.4)

The system (1.1), defined in the bounded domain Q@ ¢ RY, N > 1, with smooth boundary 0, is
supplemented with the initial data:

u (z,0) = ug (z) >0, v (z,0) =vg (x) >0, z e (1.5)
where ug (z) and v (z) are smooth functions, and the following Neumann boundary conditions:

ou  Ov
=220, z€09, t>0, 1.6
ov  Ov v (1.6)
where v is the outward unit normal vector of the boundary 0.
In what follows we shall assume a > b, therefore the system (1.1) admits a unique constant positive

steady state:
b
*oY=|a—-b —— ). 1.
) < b’Aw(am) (D

The aim of the paper is twofold: prove the global existence of a unique bounded solution of the system
(1.1) and find suitable conditions which prevent stationary pattern formation. In particular, the global
attractivity of the steady state solution (1.7) and the non—existence of non—constant positive solutions will
be addressed.

The plan of the paper is the following: in Section 2, once identified an invariant rectangle of the system
(1.1), we will prove the existence of a unique solution for all ¢ > 0 and we will establish its boundedness; in
Section 3, the eigenfunction expansion method is used to settle the local asymptotic stability of the steady
state solution (1.7). Then, the direct Lyapunov method is employed to obtain the conditions, involving both
the system parameters and the arbitrary function ¢(u), assuring the global convergence to the homogeneous
equilibrium solution (1.7); in Section 4, we will discuss the elliptic boundary value problem obtaining a priori
estimates for the nonconstant steady state solutions. Moreover, the nonexistence of non-constant positive
solutions will be proved when the size of the reactor are large enough or when the diffusion coefficient is
below a threshold depending on the size of the reactor. Finally, in Section 5, numerical simulations are
performed in order to corroborate the analytical findings of Section 3.

Throughout the paper the following notation will be used:

e the sequence 0 = Ay < A1 < Ay < ... denotes the eigenvalues of the elliptic Laplacian operator —A
under the imposed Neumann boundary conditions on (2.

e The algebraic multiplicity of the eigenvalue A; is denoted by m; > 1.
e The normalized eigenfunctions associated with the eigenvalue \; are denoted by ®;;, 1 < j < m;.
o Welet E(A\;) ={®;;:9>0,1<j<my}.

Recall that ®¢; are constant, the eigenvalue \; tends to oo as i — oo and fQ <I>fj (z)dz = 1, therefore the
set F();) is a complete orthonormal basis in L?(2).



2. Global existence of a unique bounded solution

In this section, we shall show that the system (1.1) has a unique solution (u(z,t),v(x,t)), defined for
all ¢ > 0, which is bounded by some positive constants depending on the system parameters, the arbitrary
function ¢ (u) and the initial conditions ug and vy. The existence of a unique bounded global solution will
be proved applying the theory of invariant regions as was developed in [17, 18, 19].

Lemma 1. For anyd > 0, the system (1.1) admits a unique solution (u,v) = (u(z,t),v(x,t)) defined for all
x € Q andt > 0. Moreover, there exist two positive constants C1 and Cy, depending on the initial conditions
(up,vp), the system parameters a,b, \ and the arbitrary function p, such that:

Cy < u(z,t),v(z,t) < Co. (2.1)

Proof The local existence and uniqueness of the solution for the system (1.1) are classical [20].
In order to prove the global existence and the boundedness, we construct the following rectangular region:

R= (ulau2) X (’111,112),

where:

. a .
up=minq 7 e TP Iilé% ug (x) p, uz =max {a, Htlg% o (x)} ,
u€[uy,us]
. b . (@) b ()
v] = min min vg (z Uy = max{ —————, max vg (
! Aug  sup o1 (u)’ zen 0 b2 A min p(u) zeq 0 ’
ue[u17u2] ue[u17u2]

and ¢4 (u) is such that p(u) = wp1(u) (it exists by condition (1.2)).
Along the edge u = u; and v; < v < vy of the rectangle R the following inequality holds:

Flu,0) = v(a—u = Ap (u1) v) = va —yu

1+ X sup cpl(u)vgl > 0. (2.2)

w€E[uy,usz]
Analogously, evaluating F'(u,v) at the boundary u = ug and v; < v < vy of the rectangle R, we get:

Fu,v) =7v(a—ug — Ap(ug)v) <v(a—u) <0 (2.3)

From (2.2) and (2.3), it follows that F(u,v) points inside the rectangle %.
Evaluating the function G(u,v) at the edge v = v1 and u; < u < ug of the rectangle R, we obtain:

G(u,v) =v[b— Ap(u)v1] >~ lb — Auwy ?up ]sal (U)]
ue|u,uz

(2.4)
> lb — Augvy  sup 1 (u)] > 0.

u€E[ug,us]
At the last boundary of the rectangle R defined as v = v9 and w3 < u < us9, the following inequality holds
for the function G:
G(u,v) =~v[b—Ap (u)ve] < v {b — A min ¢ (u) 7)2:| <0. (2.5)

wE[u,uz]

By (2.4) and (2.5), it follows that G(u,v) points inside the rectangle . Therefore, the rectangle R is an



invariant rectangle for the system (1.1) [21, 18]. Finally, defining the constants C; and C5 in (2.1) as follows:
Cy = min{ug,v1} >0 and Cy = max{ug,ve} >0, (2.6)

we complete the proof.
O
Let us now prove the boundedness of the solutions.

Lemma 2. Let (u,v) = (u(z,t),v(x,t)) be the unique solution of (1.1). Then, for all x € Q:

-0
tlggo supu < a, tlgglo supv < ;\LT@)' (2.7)
Proof Let € be a constant such that:
e < Ap (u)v, (2.8)
and @ = @ (¢t) be the unique solution of the following Cauchy problem:
di .
E =7 (CL - u) )
(2.9)
@ (0) = 2maxug (),
e
with:
i=a— -
5

Let us also define the variable & = v — @. From (2.9) and (1.1), we obtain:

—Uy + Al — i =y [ ¢ (u)v—a+a] >0,
4 (x,0) <0.

Using the maximum principle for parabolic equations and the Neumann boundary conditions (1.6), we get:
a(x,t) <0 = ulx,t)<a(t) forallt >0 and x € Q. (2.10)

The maximum principle for parabolic equations cannot be directly used for the solution v = v(x, t), therefore
we define o (t) as the solution of the following Cauchy problem:

dv e
5 = 19 (%,9),
(2.11)
(z,0) = 2maxvg (),
e
where: 5
G(@,0)= sup |b—A(7— 50)} 0 (6), (2.12)
Ci1<€<a
with g9 > 0, b> b and: ~
— téeo < a=9
Ao (@ T A (0)

Let © = v — 0. It follows straightforwardly that 9(x,0) < 0. Hence, we may prove by contradiction that for
allx € Qand t > 0:
o(x,t) < 0. (2.13)

If we let 9(z,t) < 0, then there exists T' > 0 such that #(x,t) < 0 for (z,t) € Q x (0,T) and 9(x,t) = 0 for
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some z € Q, which leads to:

max 0(z,t) = 0.
€N

If there exists x; € Q such that 0(x;,T) = 0, then 0;(x1,T) > 0 and Ad(x1,T) < 0 and thus we have:

71%(171, T) + dAlA)(fEl, T) S 0.
However, if we combine (1.1) and (2.11) for point (z1,T'), we end up with:
—0y + dAD =7 [g (4, 0) — [b— Ap (u) v]].

Setting v = v and w > u yields:

§@0) = s [b-A@-20)]e(©),

Ci1<é<a

= swp [b-A(v—z0)] ¢ (&),
Ci1<é<a

> sup - le (),
Ci1<é<a

> swp b (E),
Cl<é<u

> [b- e (u).

Therefore:
G (,0) = [b—Mv]p(u) >0,

and consequently:
—0¢(x1,T) + dAD(z1,T) > 0,

(2.14)

(2.15)

which contradicts the result in (2.14). Hence, (2.13) holds and we conclude that there exists some x1 € 9

such that 9(z1,T) = 0 leading to a positive right-hand side of (2.15) at (x1,T).
that it remains positive in ' x {T'} for any Q' being a sub—domain of 2 and x; € £'. Hence, we get:

—ﬁt(1‘1,T) + dAQA}(.Tl,T) > 0,

By continuity, we know

on ' x {T}. Up to this point, we cannot state whether or not this inequality holds for © x (0,7]. Using
Hopf’s boundary lemma on (2.15) in 0 x {T'}, we get 00 = 90(x1,T) > 0, which contradicts the Neumann

boundary conditions and thus:
v(z,T) < 9(t) for all z € Q and ¢ > 0.

Finally, we consider the ODEs system:

E:/Y(a’_ )a
& (.0,

in ®. From (2.12), we find that:

{ g (@,7) <0 forﬁ>%+ao,

§(a,7) >0 for o < Sz + <o

(2.16)



A (1)

+ ¢ constitutes the nullcline of § and the system admits the unique equilibrium:

. b
(a,v) = (a,WJrso).

Since lim;_, o @ (t) = a, it follows that (4, 0) is globally asymptotically stable in $, which implies that:

Hence, v =

lim v (t) b +

im o(t) = €0-

=0 M@ "

By (2.10) and (2.16), being a < a and %(&) +e0 < %7 the Lemma is proved.

3. Asymptotic Stability

In this Section we shall study the asymptotic behaviour of the generalized Degn—Harrison system (1.1).
In particular, we will find the conditions on the system parameters and the arbitrary function ¢(u) which
guarantee the attractivity of the unique homogeneous steady state solution (1.7) and therefore prevent
pattern formation. The asymptotic analysis shall be performed at first for the local dynamics using the
eigenfunction expansion method, then we will derive suitable conditions for the global asymptotic stability
using also the direct Lyapunov method.

3.1. Local Asymptotic Stability
At first let us perform the linear stability analysis of the equilibrium (u*,v*) in (1.7).

Proposition 1. Given the following ODFEs system associated to the generalized Degn—Harrison system

(1.1):
du

Ezv[a—u—)\go(u)v], t>0
(3.1)
W b2 (),
the solution (u*,v*) is locally asymptotically stable as an equilibrium of (3.1) if:
—[p(a—0b)+ by (a—0b)] < Ap?(a—1D). (3.2)

Proof The Jacobian matrix associated to the system (3.1) and evaluated in the equilibrium (u*,v*) is
computed as:

. wy Fo -Gy
sy = (4 Z0). (33)
where: x b
¥ a—
Fp=-1—-b—7—= d = —b). 4
0 ola—p ™ Go = Ap(a—1D) (34)

The equilibrium (u*,v*) is locally asymptotically stable if the eigenvalues of the jacobian matrix J (u*,v*)
are both with negative real parts. The following characteristic equation associated to J (u*,v*) :

o? —tr(J (u*,v*))o + det(J (u*,v*)) =0

admits roots with negative real parts if det(J (v*,v*)) > 0 and tr(J (u*,v*)) < 0 . From the assumption
(1.3) it follows that:
det(J (u*,v*)) = v2Go = v*Xp (a — b) > 0. (3.5)

6



Being:

tr(J (u*,v")) =7 (Fo — Go) = =7 |1 +b9:7/((5—li)))

under the hypothesis (3.2) we have tr(J (u*,v*)) < 0, therefore (u*,v*) is locally asymptotically stable.

+Ap(a—0)|, (3.6)

Using the eigenvalue/eigenfunction notation defined at the end of the Introduction, if .
A1 < ko, (3.7)
then i, is defined as the largest positive integer such that:
A <~Fy for 1 <ig,. (3.8)
Clearly, if (3.7) holds, then 1 < i, < co. In this case, we define the constant:
d— min di,  with dj— LC0 A+ D (3.9)

1<i<iq Ni (VEy — N

The following two theorems can now be formulated for the local stability of (u*,v*) as a steady state of
(1.1).

Theorem 1. Let us assume that condition (3.2) holds. The constant steady state (u*,v*) is locally asymp-

totically stable for the system (1.1) if:

;>
{ \i >~Fy  or (3.10)

Ai <~vFy and 0<d<d.

1If: y
Ni <~Fy and d>d,

then (u*,v*) is locally asymptotically unstable.

Proof Let L be the linearized operator associated to the system (1.1) in (u*,v*):

I = A + ’YF() —’YG()
1+~Fy dA—~Gqy |-

The constant steady state (u*,v*) is said to be locally asymptotically stable for the system (1.1) if and only
if all the eigenvalues of L have negative real parts. Denoting (¢1(z), ¢2(x)) the eigenfunction associated
with the eigenvalue &, we get:

[L —&I(¢1 (), ¢2($))t = (Ovo)tv

( 0l JrOI* ‘ dA*’)’GO* )<¢>1) <O>
(1 0) 0—¢ 2 0/
Defining (¢1(z), ¢2(z)) in sequence form as follows:

P = Z a;;®;; and ¢ = Z bi; ®ij,

0<i<oo0,1<j<m; 0<i<oo0,1<j<m;

YFo — Ai =& -G aij ~ (0
> (70(1+F0) 'YGOdg\if)(bi;>q)ij_<O>.

0<i<oo,1<j<m;

which explicitly reads:

we obtain:

7



Then, £ is an eigenvalue of L if for some ¢ > 0 the following equation is satisfied:
&+ PE+Qi =0,

where:
Py=Xi(d+1) +v(Go — Fo),

and:
Qi = id(\; — vFo) +7*Go (N +1) .

Since the condition (3.2) holds, then P; > 0. Moreover, being Gg = 7% det(J (u*,v*)), it is clear that Qo > 0
for Ag = 0. Let us now check the sign of Q; if the conditions (3.10) of the Theorem 1 are satisfied:

o If \; > ~Fy, then Q; > 0 for i > 1.
o If \; < vF, and 0 < d < d, then:
Ai <yFpand 0 < d < d;, fori € [1,i4].
Hence, Q; > 0 for i € [1,i,]. Furthermore, if i > i, then \; > vFy and @Q; > 0.

Therefore, when (3.2) and (3.10) hold, we get P; > 0 and @; > 0 for all ¢ > 0, which implies that all the
eigenvalues ¢ have negative real part, and the steady-state (u*,v*) is locally asymptotically stable.
Finally, if A; < vFp and d > d, we assume that the minimum in (3.9) is obtained for some k € [1,1,]:

d > dy, (3.11)

therefore Qr < 0 and (u*,v*) is locally asymptotic unstable.
O

Theorem 2. The homogeneous steady state (u*,v*) is locally asymptotically stable for the system (1.1) if
Fy <0 or:

0< Fp < G'()7 (3.12)

and:
AL = yFy or

d< % or (3.13)
= F,
M <~vFy and { gg <d<gp,

where @ is the solution of the following equation:
(Fox + Go)* = 4(1 4 Fy) Goz. (3.14)
Proof First of all, let us rewrite (1.1) in vector form as follows:

% = DAz + F (z), (3.15)

() (3 8) v ()

To prove the local asymptotic stability of (u*,v*) as the steady—state solution of (3.15) is equivalent to show

where:

that z* = (0, O)T is asymptotically stable as a steady state solution of the linearized system:

Oz
-2 Nl
o = DAz + A, (3.16)

8



where A = J (u*,v*).

The steady state z* is locally asymptotic stable for the system (3.16), if the eigenvalues of A — A, d have
negative real parts for all n > 0. Since the system is 2 x 2, it suffices that the trace of the matrix A — \,,d
is negative and its determinant is positive.

Let: C
_ o o= -G
A-XD = < vy(1+ Fy) —vGo—d\, >’
therefore:
det (A —Xod) = Md (M — 7F0) + 72 Go + 72 Go, (3.17)
tr(A—Ad) = (vFo— ) —7Go — And (3.18)

Let us recall that Gy > 0 due to the assumption (1.3) and check the signs of the above expressions in
(3.17)-(3.18) under the hypotheses of the Theorem 2.
o Let FO § 0.
It is straightforward to check that the determinant in (3.17) is positive and the trace in (3.18) is
negative.Hence, all the eigenvalues of A — A\, d have negative real parts and the steady—state z* is
locally asymptotic stable.
e Let (3.12) and the first condition in (3.13) be satisfied.
For the first eigenvalue A\g = 0, the matrix A — \od = A and:

det A = ~%2Gy > 0,
and
tr A=~ (Fy— Go) <0.
Being \; > vFp, then A, > vFy. Hence, the determinant in (3.17) is positive, the trace in (3.18) is
negative and the steady state z* is locally asymptotically stable.

e Let the second condition in (3.13) be satisfied.

For the eigenvalues \,,, n > 1 such that A\, > vFp, with the same arguments as above we can conclude
that A — A\, D has eigenvalues with negative real parts. Let 6 one of the remaining eigenvalues such
that 8 < vFj. Rewriting the trace as follows:

tr(A—6D)=~(Fy—Go)—0(d+1), (3.19)

it is straightforward to check it is negative under condition (3.12). We should now check the sign of
the determinant:
det (A —0D) = 6*d —~0 (dFy — Go) +7*Go. (3.20)

If the condition d < %‘]’ also holds, then the determinant in (3.20) is positive and the steady state z*
is locally asymptotically stable.

Generally, if the following discriminant:
(7 (dFy — Go))* — 4dv*Go (3.21)

is negative, then the determinant in (3.20) is positive for all 8, which is equivalent to require that the
following inequality holds:
(Fod + G0)2 <4 (1 + F()) God.



In the interval [0, +00), between the parabola y = (Fox + Go)? and the line y = 4(1 + Fy)Gow, it is

easy to see that, at the point = = %8, we have:

(Foi' + G0)2 <4 (1 + Fo) GoZ.

The line intersects the parabola at two points 1 and x5 such that 0 < z1 < T < x3. Setting p = xo,
we obtain that e is the solution of (3.14) satisfying:

In addition, the inequality:
(.F(]l' + G0)2 <4 (]. + Fo) GQIE,

holds for:

Go e
_— X .
) &

We can again conclude that the steady state z* is locally asymptotically stable.

3.2. Global Asymptotic Stability

In this Section, we shall obtain sufficient conditions to achieve global asymptotic stability of the steady
state solution (1.7). At first, we will apply the Poincaré-Bendixson theorem [22] at the ODEs system
associated with (1.1) in order to obtain global stability for the local dynamics. Then, in Theorem 3, we shall
find suitable conditions to guarantee the global stability of the steady state for the PDEs system (1.1).

The global stability of the equilibrium solution (1.7) will be also discussed performing the well-known di-
rect Lyapunov method. Further conditions ensuring that the steady state solution is globally asymptotically
stable for the system (1.1) are obtained in Theorem 6.

Let us first find the invariant rectangle Rs defined as in (3.23).

Proposition 2. Subject to conditions 1.4 and

a—20 b
> — ) 3.22
207 Tl e (3:22)

w€l[d,al

the rectangle:
b a—20

pr— .2
s =10.alx 13 w5 30 | (328)

ue|0,a

is an invariant rectangle for system (1.1).

Proof Let us evaluate the vector field (F, G) given in (1.1) at the boundaries of the rectangle Rs. Let:

S
A sup ¢ (u) Ap (0)’
w€[d,al

then it straightforwardly results:
F(3,0) =7(a—8— g (8)v) >0,

and
F(a,v)=7v(a—a—Ap(a)v) =—yAp(a)v < 0.

10



Similarly, assuming § < u < a leads to:

v | ey | 0 =0
Nswp o) | P o) T Tsup o (w) ’
u€ld,a) we[d,al

(o) oo v 2o g i) <o

where the last inequality follows by condition (3.22). Therefore the vector field (F, G) points inside on the
boundary d%, which implies the rectangle R is an invariant set for the system (1.1).

G

and

(]
The following Theorem will give the conditions for the global asymptotic stability of (u*,v*) as a solution
of the reduced ODEs system associated to (1.1).

Theorem 3. Given the ODEs system (3.1), let us define f(u) = a4 (—uz)z andu;,i =1,...,N, be the inflection

points of the function f(u). If the following condition holds:

max {i_r{laxN £ (), £ 6), f (a)} <\ (3.24)

then the equilibrium (u*,v*) given in (1.7) is globally asymptotically stable for the system (3.1).

Proof Let us rewrite the system (3.1) in terms of the function f(u):

T = Fluo) = () (L5 = ) =367 - 2ol
(3.25)
(c%) = G(u,v) = vp (u) <<p?u) - )\v) .
We would like to apply the Dulac criterion to the plane system (3.25) in the invariant region 35 defined in
(3.232;5 1) = —— be the Dulac function candidate. We shall check the sign of the following divergence:

Yo (u)

IF) | DWG) _ —pl) —la—w)g'lu) | (3.26)

Ou v (¢ (u))?
If f(u) is decreasing, then f’(u) < 0 and the sign of the divergence in (3.26) is negative. If f(u) is not
decreasing, then:

() < max{_max /(w),£6).f @) i 6.

i=1,...,
which implies:

)= x < max{ e fw) £ )7 @} -2 <0
i=1,...,
where the last inequality holds under the hypothesis (3.24) of the Theorem. Therefore, the divergence in
(3.26) has the same negative sign in Rs and, according to the Dulac criterion, there are no closed orbits
lying entirely in Rj.

To complete the proof it suffices to show that (u*,v*) is locally asymptotic stable. Since f’(u*) <

11



.....

F(u) < A\ (3.27)

The condition in (3.27) is equivalent to the assumption (3.2) which guarantees the local asymptotic stability
of the equilibrium (u*,v*). Therefore, using the absence of periodic solutions and the Poincaré- Bendixson
theorem, we complete the proof.
|
In order to achieve the global stability of the steady state solution for the system (1.1), we first prove
the following preliminary Theorem 4.
Let « denote the following quantity:

a= max < (u,v), 3.28
na (u,v) (3.28)

where ¢ (u, v) is the greatest real eigenvalue of the symmetric matrix J:

JE=-(J+J7),

N =

with J the Jacobian matrix associated to the system (3.1) and J7 its transpose matrix.

Theorem 4. Assume that:

Fw)>0 and A > % (3.29)
where f(u) = C= Y s in the previous theorem, o is defined by (3.28) and 8 = min{1,d}. Let z(z,t) be a

o(u)

solution of the Neumann boundary value problem associated with the linearized system (3.16). Then:
Jm [[Vz ()] L2 o) = 0 (3.30)
Proof In order to prove (3.30), we show that there exist two constants 7" and C' such that:
V2 ()l 2y < Cem PR for t > T. (3.31)

In fact, the inequality (3.31) together with the assumption A\; > % in (3.29) will directly imply (3.30).
At first, we observe that the assumption f’(u*) > 0 is equivalent to Fy > 0.
Let us evaluate the matrix J¥ at the steady state (u*,v*):

Fy (1+ Fo — Go)

1

N | =

JH (u*v%) =

Being Fy > 0, it follows that:
1
det JH (u*,v*) = —FyGo — 1 (1+ Fy — Go)* <0,
therefore the constant « in (3.28) is positive:

a>¢(u*,v*) > 0.

12



For the linearized system (3.16), there exist T > 0 such that:
z(z,t) = (u(z,t),v(x,t) € Rs, t>T.
Let us define the following function:

1
B(t) = 3V2(.0)liaq

_ %/(Vz(x,t),Vz(m,t))dm, for t > T, (3.32)
Q

where (.,.) denotes the inner product in R?. The derivative of ® (¢) is thus given by:

o (t)
= /Q<Vz,Vzt)dx (3.33)

—/ (Az, DAz) dx—i—/ (Vz,J" (2) Vz) dz.
Q Q

Using Lemma A.1 of [23], we deduce the following inequality:
/ (Az, DAz) dz > 5A1/ Vz|* da. (3.34)
Q Q

Using the definition (3.28) and the properties of the symmetric matrix J, the inequality in (3.34) can be
rearranged as follows:
(Vz,J7 (2)Vz) << (2) |Va]* < a|Vz]*. (3.35)

Using (3.35) into (3.33), we obtain:

4o (t)
dt

< — (B — a)/ \Vz|® da, t>T.
Q
Hence, the function @ satisfies the following differential inequality:
P (t) < —=2(BA\1—a)® (1), for t>T. (3.36)
From (3.36) we can state that there exists a constant ¢; > 0 such that:
D (t) < cre 2PM—)t)

and by the definition in (3.32), the (3.31) trivially follows with C' = 2¢;.
O
Let us now state the following Theorem on the global asymptotic stability of the steady—state solution
(u*,v*) for the system (1.1).

Theorem 5. Under the same assumptions of the Theorems 3 and 4, we have:
tliglo u(z,t) = u*|| o) = tliglo [v(2,t) = v*|lp2(q) = 0 (3.37)

Proof Let z = (u(z,t),v (x,t)) be a solution of the system (1.1). As demonstrated in Lemma A.2 of
[23], we may use the Poincaré inequality to obtain:

Iz (.. t) =z (., 1)

L2(0)

1

13



where:

z —L zZ (T X
@_MA;@wd

Using the inequality (3.38) and (3.30) we obtain:
i ) = (0)] ) = s o ,8) = 00 = 0 (3.9

where @ (t) and T (t) denote, respectively, the averages on € of u (x,t) and v (z,t). Now, using Theorem 3.1
in [23] again, we deduce that the pair (@ (t),v (t)) satisfies the following ODEs system:

F(u,v) 4+ q1 (t)
G (u, )+qz() (3.40)
:%f c0(0) = fyvo () da,

where for some k& > 0,¢t > T, and i = 1,2, we have:
lg; ()] < ke (Bh=at, (3.41)

From (3.41) it follows that as t — oo,
t+1
/ qi(s)ds —0, fori=1,2.
¢

Moreover, Theorem 3 guarantees that the constant steady state solution is globally asymptotically stable
for the ODE system. At this stage, we apply Theorem 5.5.7 of [24] to show that every solution of (3.40)
converges to (u*,v*), thus:
lim [@(¢t) —u*| = lim [ () —v*| =0. (3.42)
t—o0

t—o0

Since the following inequalities hold:

lu(t) = u o) < lu(t) = ()|l g2 + 1217 [@ () —u’],
and .
[v (1) =0 [l p2@) S v (8) =0l g2y + 1922 [0 (1) — v,

using (3.39) and (3.42) we end up the proof of the Theorem.
|
In what follows we will discuss the global asymptotic stability of the equilibrium (1.7) using the direct
Lyapunov method. Once given some preliminary results, we will obtain the suitable conditions for global
stability of the equilibrium in the Theorem 6.

Lemma 3. If u € [§,al], then there exists a constant p between u and u* such that

b __b :(u—u*)( b );_ (3.43)

Hw@m=]<b - b)mz& (3.44)

14



is given by:

Proposition 3. Let:
V(t) = / E (u(x,t),v(x,t))dx,
Q

where )
E (u,v) = H (u) + B (v—2v")

and (u(z,t),v(z,t)) is a solution of the system (1.1). If ¢ (u) is a decreasing function and:

(u* —u) <m—%> >0 for wed,u")U(u",al,

then V (t) is a Lyapunov functional.

Proof Let us rewrite the system (1.1) in the following convenient form:

T e R

with u* =a—band z € Q, t > 0.
Differentiating the functional V (¢) with respect to ¢ yields:

V(t) :)\/Q [(v—v*) (dAervcp(u) ((w?u) - w(bu)> —A(v—v*)))] da
LG —atm) (oo (555 - ) -e=)) oo

which we rewrite as follow:

Vt)y=I+J,
I:/Q(QO?UJ)—(p(l;*)>Audm—&-d)\/ﬂ(v—v*)Avdx,

7= e | (5t w0m) (5w~ fay) ~ X0 e
We now check the sign of I and J:
I = /Q< ? = s0(1;*))AuciachclA/Q(u—v*)Av dx

( ?)_go(blﬁ‘))VUdm_d)‘/Qv(”—U*)Vvdx

u
/
> |Vu|2d:rfd)\/ |Vo|? dz < 0.
u) Q

where:

and:

|
S~
~—~ < ©
AN

OMISSIS
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The condition (3.48) leads to:

u < ut = (u—u) (Z)?u;‘ - Z)zu“» <0, (3.51)
W > u = (u— ) (jp 5 (u"g;‘) <0, (3.52)

Using (3.51)-(3.52), it is straightforward to show that J < 0. Therefore:
V(t)<0

and V is a Lyapunov functional.
O

Theorem 6. Let ¢ (u) be a decreasing function and assume that (3.48) holds. Then, for any solution (u,v)
of (1.1) in Rs we have:

Jin lu (2,8) = ™| p2q) = Jim o (2, 8) = 0"[| 12 () = 0. (3.53)
Proof If (u,v) € Rs is a solution of (1.1) for which £V (t) = 0, where V (¢) is the Lyapunov functional

defined in (3.46), then w and v must be spatially homogeneous. Therefore, (u,v) satisfies the ODE system
(3.1). Noting that {(u*,v*}) is the largest invariant subset of the system (3.1):

d
Rs | =V(t)=0
{woers) Gvin-o},
we can employ the La Salle’s invariance theorem [25, 26] to obtain:
Jm fu (2,t) — | = L fo (z,1) = 0" =0,
uniformly in z. Hence:

lim [ (u(x,t)—u)de= lim [ (v(x,t)—0v*)dz=0, (3.54)

t—o0 Q t—o0 Q

which implies (3.53).

4. Nonconstant positive solutions

Let us now analyze the following elliptic boundary value problem:

Au+vla—u— Ao (u)v] =0, x €, (4.1)
dAv + v [b— Ap (u)v] =0, x €, ‘
supplemented with the following Neumann boundary conditions:
ou Ov
— = — =0 for all 4.
50 = By 0 for all x € 092, (4.2)

in such a way to determine a priori estimates for the nonconstant steady state solution and to find
conditions for the nonexistence of nonconstant positive solutions.

16



4.1. A priori estimates of the nonconstant steady state solution

Let us preliminarily state the following useful Proposition whose complete proof can be found in [27].

Proposition 4. Given the functions g € C (ﬁ X R) and w € C*(Q) N C* (ﬁ), it follows that:

(i) if:
Aw(z) + g(z,w(z)) >0 in Q,

with g—f <0 on 99 and w(xg) = maxg(w(z)), then:

g(xo,w(x0)) > 0.

(ii) Alternatively, if:
Aw(z) + gz, w(x)) <0 in Q,

with ow >0 on 092 and w(xo) = ming(w(x)), then:

ov

g(zo,w(zp)) <O0.

Proposition 5. (A priori estimates) Let (u,v) = (u(x),v (z)) be a positive solution to the elliptic boundary

value problem (4.1). Assuming:

i > b,
Jnin @ (u)

the following estimates hold for all x € Q:

a b
1-— <wu(x) < a,
sup 1 (u) min ¢ (u)
u€e[d,a) u€[d,al
b b
A max @ (u) <v@) <
u€[8,a] 4 A < m[gn] o(u)—"b
ue|0,a

(4.3)

Proof If the function v has a maximum over Q at some point in space, then by applying Proposition 4

to the boundary value problem (4.1), we obtain:

a—u—Ap(u)v>0,

then:
a—u>a—u—Ap(u)v >0,

which implies the following upper bound for the solution w:

u < a.

Similarly, if v has a maximum over Q at some point, then by Proposition 4 it follows:

b—Ap(u)v > 0.
Being:
b—Aminp (u) v+ Abv >b— Ap (u)v >0,
by condition (4.3) we get:

b— v ( min ga(u)—b) >0,
u€lé,al

17
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leading to the following upper bound for the function v:

b
A b
(im0 0)

In order to find the lower bounds in (4.4), we consider the case in which v has a minimum over € at
some point, then by Proposition 4 it follows:

v <

(4.6)

a<u+Ap(uw)v<u sup @1 (u)(1+ Iv).
u€e[d,al

Then, taking into account the bound (4.6), we get:

b
a<u sup @1 (u) |1+ A

u€ldal A < min ¢ (u) — b)

u€E[d,al

which implies:

a<m1n o (u) — b> <u sup <p1(u)<min}<p(U)>,

u€E[d,al u€els,al u€ld,a

and thus the following lower bound for u is obtained:

b
u>—22  f1-—2 . (4.7)
sup 1 (u) min ¢ (u)
u€(d,al u€[d,al

Assuming that v admits a minimum at some point over Q leads to:
b—Ap(u)v <0,

which implies:
b— A m[%x]go( w)v<b—Ap(u)v <0,
ue|o,a

then the lower bound for v is given by:
b

A
urg[%);] pid ( )

<. (4.8)

([
Notice that the estimates in (4.4) guarantee that there exist two positive constants ¢; = ¢1(b,v) and
ca = ca(a, ) such that:

|G (u,v)] = |y [b—Ap (u) v]| < e, (4.9)

and
[F (u,0)] = [v[a —u—Ap (u) v]] < ¢ (4.10)
Let us now define the averages of a given pair of solutions (u,v) = (u(z),v(z)) to the elliptic problem

(4.1) over Q as follows:

u= z)dr and T= /
12 / 12

where || is the volume of .
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Lemma 5. The average of u(x) over Q is given by:
T=a-—b. (4.11)
Proof Let us define the following change of variable:
w(x) = dv(x) — u(z). (4.12)

From (4.1), we get:
Aw(z) =7v[a—b—u]. (4.13)

Integrating (4.13) over ) yields:

’y/[a—b—u]da::/Aw(x)dx: 8—wds:O,
Q Q o Ov
therefore:
u=a-—>
O
Let us denote:
p=u—u and Y=v-T7, (4.14)
then:
/qbdx:/z/)dsc:(). (4.15)
Q Q

If (u,v) is not a constant solution, then ¢ and ¢ must not be trivial and their signs should alternate in €.
The following Lemma shows that the product ¢ has a positive average over ().

Lemma 6. Let (u,v) be a noncostant solution of (4.1) and (p,v) defined as in (4.14). Then:

/ oY de >0 and / VoV dz > 0. (4.16)
Q Q

Proof Equation (4.13) can be rewritten as:
—Aw = y¢. (4.17)

Multiplying (4.17) by w = dv — u and integrating by parts lead to:

/\Vw\zdaczwd/ ¢vdx—7/¢udx,
Q Q Q

/Q\Vw\zdaczvd/ﬂmp dx—'y/ﬂqﬁzdx.

1 1
/qw dx = 7/ |Vw|2d:c+f/ *dx >0 (4.18)
Q vd Jo dJo

and the first inequality in (4.16) is proved.
Multiplying (4.17) by ¢ and integrating by parts yields:

fy/Q(dex:d/QV¢V¢ dx—/Qqude,

which implies:

Therefore:
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which implies the second inequality in (4.16):

_7 2 1 2
/S)V¢V1/)dx_d/g¢dz+d/ﬂv¢dx>0. (4.19)

Lemma 7. There exists a constant Cq = Cq(b,7y,Q) such that:

/Qw2da:+/ﬂ\vw|2dx < Cgd™2. (4.20)

Proof Using (4.1), the Cauchy—Schwarz inequality and condition (4.9), we obtain:

1/2
d/Q|Vz/J|2dx:/QG(u,v)w dgc<c1\/|ﬁ</Q |1/)|2dx> . (4.21)

The Poincaré inequality yields:
1
/ Ve < 7/ V| d, (4.22)
Q A1 Jo

where A; > 0 is the first positive eigenvalue of (—A). Therefore, under the Neumann boundary conditions,

from (4.21) it follows:
2 €2 2\
d | |Vy|"de <ci1y) — V| dx ,
o At o

2 |Q‘C%
Vi|* da < . 4.2
| vear < 22 (4:23)

Adding up (4.22) and (4.23) and using once again the inequality in (4.23) leads to:

and consequently:

/w%&w/ IV|* dz < Cad ™2,
Q Q

where: L
+ A1
CG:C?|Q|< )\2 )
1
(]
Lemma 8. There exists a constant Crp = Cp(a,v,Q) such that:
/ ¢2dx+/ IVo|* do < Cp. (4.24)
Q Q

Proof The proof follows the same lines of the previous Lemma. Applying the Cauchy—Schwarz inequality
to (4.1) and using (4.10) yields:

/Q|V¢\2dm = /QF(u,v)¢ dr < ¢3/]9] (/Q |¢|2d:c)1/2. (4.25)

The Poincaré inequality assures that:
2 1 2
o°de < — [ |V¢|” d, (4.26)
Q At Ja
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where A; > 0 is the first positive eigenvalue of (—A). Hence from (4.25) it follows:

) /19 2\
/Q|V¢| dr < co )\1(/Q|qu| dm) ,

[ 1vof d < Qs (4.27)
A1

Adding up (4.26) and (4.27) and using once again (4.27) leads to:

implying that:

/ S+ / Vo2 de < Cr,
Q Q

where:

]

Lemma 9. Let (u,v) be a nonconstant solution of the problem (4.1). Then, the following inequalities hold:

2 Vo> d
- 4 < JalVol o< (4.28)
Y +20 (M +9) T @ [, Ve de
X Jo (IV6f +2962) de

()\1 + 1) (2)\1 (/\1 —+ fy) + 72) < 22 fQ (‘V¢|2 N 1/)2> Iz < 1, (429)

where ¢ and ¥ are defined in (4.14) and A1 is the first positive eigenvalue of —A.

Proof Let w = dv — u. Using the definitions in (4.14), we get:

/ |Vwl|? da
Q

/\V(dv—u)|2dx

Q

2 2 2,

d /Q|w| doc—i—/Q|V¢| do 2d/QV¢V¢ da.

Using (4.19) leads to:

/ \Vw\de:dz/ |Vz/1|2dx—/ |V¢\2dx—27/ ¢*dz, (4.30)
Q Q Q Q
which implies:
d2/ \V¢|2dx2/ \V¢\2dx+2w/ ¢>2de/ Vo de. (4.31)
Q Q Q Q
Therefore, the second inequality in (4.28) is obtained, i.e.:
Vo|*d
o Vol da =< (4.32)
d? fQ V| dx

Next, we use (4.18) and (4.30) to compute:

/|V¢| dx = /|v¢| dx+/¢2dx+d/ o da.



1
Using the e-Young inequality ab < 4—@2 + eb? leads to:
€
OMISSIS

Let us now prove the inequalities in (4.29). The Poincaré inequality leads to:

[ (190 +02) do < <(A1;”)/Q|W|2dx.

Therefore, we compute:

Jo (V¢2+2w2)dx>( M )fg (1ol +276*) do ( " ) S|V dz
@ fo (Vo +¢2)dz ~ \ ML) @2 [ (Vo) da MAL) @ [ Ve da

and the left hand side of inequality (4.29) follows from (4.28). Moreover, we have:

Jo IV9) dz + 27 [, ¢*da B Jo IV9)* dz + 27 [, ¢%da
@ [y (IV9I* +92) do & [o | V6P da

)

and using (4.31) we obtain the right hand side of the inequality in (4.29).

4.2. Nonexistence of nonconstant positive solutions

In this section, we shall concern the nonexistence of nonconstant positive solutions of (4.1).

Our results show that the size of the reactor (reflected by its first eigenvalue A1), and the diffusion
coefficient d play a critical role in obtaining the nonexistence of nonconstant positive solutions. In particular,
in Theorem 7 the nonexistence of non-constant positive solutions will be proved when the diffusion coefficient
is below a threshold proportional to the size of the reactor; in Theorem 8 the nonexistence of nonconstant

positive solutions will be achieved when the size of the reactor is large enough.

Theorem 7. If the diffusion coefficient d satisfies the following condition:

4)\102 (av ba s )‘)

0<d<dy, where dy = CQ(Qb’y)\) s
1 y Y Iy

then the problem (4.1) does not admit nonconstant solutions.

Proof Multiplying by % the second equation of (4.1) and integrating by parts yields:

d 2dr = b dz — )\ dz.
/QIWM x v/ﬂw x =y /Qw(U)W T

Being ¢ (u) = ug; (u) and using (4.15), we get:
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|
2
>

d/ VY| do = o (u) vy da
Q

[(upr (u) v = Tpy (u) v) + (@1 (u) v — U1 (u) D)

Il

|

2
>

S— —

+ (W1 (u) T — wpy (u) D) + up; (u) 0] Y da
o1 () (a1 v do = [ W1 () (0= 0) 6 o
Q

I

|

2
>

S~ — S

+
)
>

(u—1) 1 (u) VY dz — YA /Q wpy (u) VY da

IN
|
2
>
S|

w1 (u) (v—20)¢ dw—i—'y)\/ﬂ(ﬂ—u)apl (u) oY da
= 0 [ e do - [ T () v
Q

Using the estimates in Proposition 5 it follows that:

d/Q|V¢|2dx§C’1/Q¢w dx—CQ/Qq/)de,

where C7 and C5 are constants depending on a, b,y and .
By the Cauchy-Schwarz inequality and the e-~Young inequality, we have:

1/2 1/2
C’l/ﬂ¢1/} dr < O (/Q |¢|2d33) (/Q |w|2da:)

ct 2 2
< |6]” dx+€ | |¢|” da.
4e 0 0

Putting Cy = € and substituting in (4.35), we get:

d/ V| da < 012/ lo|? da
(9] - 402 Q ’

By the Poincaré inequality, we have:

CQ
d | |[VyPrde < 2L /v 2 dx.
[ vuttae < 5 [ vl

It follows from (4.28) and (4.36) that:

/WWmsi/WWm,
Q do Ja

where do = do (a,b,7, A\, A1) = 235£2. Therefore, if d < dy the inequality in (4.37) implies:
1

/ IVep|* dz = 0.
Q
Moreover, by the estimates in (4.28) it follows:
/ |Vo|* dz = 0.
Q
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Hence, |V¢| = |V¢| = 0 over Q and nonconstant solutions are not admitted.
(]

Theorem 8. There exists a positive constant A = A(a,b,v,\) such that the problem (4.1) does not admit
nonconstant positive solutions when A1 > A.

Proof Multiplying equation (4.1) by ¢ and integrating by parts, we obtain:

/|V¢\ da:—'ya/qﬁdx— /¢2dx—'y)\/ u) v dx.

Being ¢ (u) = upy (v) and using (4.15), it follows:

[weris = < [ @ao-an [ oo ds

- ¢2dx—7>\/ [(upr (u) v —Tpr (u) v) + (Tp1 (u) v — U (u) V)
Q
+ (@p1 (u) 0 — upy (u) ) + upr (u) 0] ¢ dz
—7/(1526596—%/ 1 (u)v (u— ) + Ty (u) (v — )
—p1 (u) ¥ (u— ) +upr (u) 0] ¢ do
—7/Q¢ (14 Xp1 (u)v) dx—v)\/gﬂgol (u) o dx—l—v)\/ggol (u) Tp*da.

IN

Therefore:
/ Vol de < A / o1 (W) T¢da — 1A / Hpr (u) $o do.
Q Q Q

Applying the a priori estimates in Proposition 5, we obtain:

/|V¢>|2da:§(]3/ ¢2da:—|—03/ |py| da, (4.38)
Q Q Q

where Cj3 is a constant depending on (a,b,~, ).
By the Cauchy-Schwartz inequality and the Poincaré inequality, we have:

T (/deﬁdx)“ (/dex)l " < L ([ o) 12 (/szdx)l/z

Thus, by (4.36) it follows that:

Ch
2/C5’

/qsw dazgcqx?'/?d*l/?/ IVo|>dz,  where Cy = (4.39)
Q Q

Combining the condition in (4.39) with the inequality in (4.38), we obtain:

20, < & L ?d :
/QIWI v <1+ (Ald)1/2>/ﬂ|v¢| z, (4.40)

where C (a,b,v,\) = max{Cs,C3 x C4}.
If d > 1, there exists A > 0 such that, once chosen A1 > A we have:

C 1 C 1
1+ —— <2 (1+——] <1
A ( (Ald)l/2> R ( ()\1)1/2>
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Therefore, the inequality in (4.40) implies [, IV¢|> = 0. The estimates in (4.28) also implies Jo IVy)* =0
and nonconstant solutions cannot exist.
On the other hand, if d < 1 there exists A > 0 such that for Ay > A we have dy > 1, where the expression
of dy is given in (4.33). Hence, the nonexistence of nonconstant solutions follows by the Theorem 7.
O

5. Numerical Examples

In this Section, we aim to validate the analytical findings regarding the asymptotic stability of the
equilibrium (1.7). We choose the following form of the arbitrary function p(u):

uP
k4wl

p(u) = or(u), (5.1)

with p,q > 0 and k£ > 0. We also assume that A\=~v=1,p = %, and g = 1. Substituting these parameters
into (1.1), we get:
N

u—Au=a—u— v,
k+u (5.2)
vy —dAv =b — v v,
k+u
which admits the following unique equilibrium:
b(k+a— b)>
uo)=la-b—=—+). 5.3
() = (a0 M 6:3)
The invariant region for the system (5.2) is:
b(k+o0 —0)(k+0
PN ELRCELIER |
V6 Vo
Letting b = & = &, since condition (1.4) must hold, then it should be:
5< 2. (5.4)

2

We choose the value § = %, which clearly satisfies the condition (5.4). With the above choices for the
system parameters, the steady state is given by (u*,v*) = (,2v2 (§k + g;))- Since the chosen function
o(u) is decreasing over [, a], then (3.22) is satisfied.

The equilibrium solution (5.3) is asymptotically stable for the ODEs system (3.1) if the condition (3.2)

holds. Substituting the chosen parameters into (3.2), we have:
—(24k +1) < 4V2,

which is always satisfied regardless of k. Therefore, for the chosen parameter set, we should achieve asymp-
totic stability of the ODEs system for any & > 0. We perform two different numerical tests. At the top of
Figure ??, for k = 0.05 and initial conditions (ug,vg) = (0.2,0.06), it is shown that the solutions converge

towards the equilibrium (u*,v*) = (%, % 2) . Analogously, at the bottom of Figure 7?7, for & = 0.1 and
initial conditions (ug,vg) = (0.2,0.09), we can see that the solution of the ODEs system asymptotically

converges towards the steady state (u*,v*) = (%7 %\/i). The same solutions are plotted in Figure 77 in

the u—v phase plane to better show the asymptotic evolution towards the steady state.
OMISSIS
Let us, now, consider the reaction-diffusion system (1.1) in a one-dimensional spatial domain. The initial
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conditions are chosen as the following sinusoidal disturbances:

{ u(z,0) = ug x (1 +sin (502)), (5.5)

v (2,0) = vo + (1 + cos (50)) .
Being ¢(u) a decreasing function, in order to achieve the global asymptotic stability of the solutions, the
condition (3.48) must hold. If the following function:
a—u a—u

flw)= ok (u) B %

1S

is also decreasing, then (3.48) holds. Using the system parameters as above, it is easy to check that, if:
1
kgmin{ézm,7—\/48a:7—\/§}, (5.6)

then the function f(u) is decreasing. We again perform two numerical tests choosing respectively k& = 0.05
and k = 0.1, as both these values satisfies (5.6). The corresponding numerical simulations of the one
dimensional reaction-diffusion system are respectively given in Figures 7?7 and 7?7 showing that the solutions
converge towards the spatially homogeneous steady state.

OMISSIS

6. Conclusions

In this paper, we have studied the dynamics of a dimensionless generalized reaction—diffusion system
based on the Degn-Harrison model. We have established the existence of a unique bounded solution.
Moreover, we have investigated the asymptotic behaviour of the steady state solution, deriving sufficient
conditions for its local and global asymptotic stability. We have also analyzed the elliptic boundary value
problem, obtaining some a priori estimates of the nonconstant steady state solutions. Finally, we have
obtained nonexistence conditions for nonconstant positive solutions depending on the size of the reactor,
which should be large enough, and the diffusion coefficient.

The mechanism of generating the steady-state mode has not been addressed here. The existence of the
non-constant positive solution will be the object of future works.
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