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Abstract. A semilinear system of reaction and diffusion equations with non-
linear boundary conditions and discontinuous real valued data for which a
mild solution is only known to exist is studied from the point of view of the
Holder continuity of the solutions. This regularity of the solutions furnishes
the stability of attractors in an adequate notion via Arzela-Ascoli’s Theorem
uniformly on the domain in arbitrary space dimensions. The limit in question
is of large diffusivity. In this case, the dynamics of the limit process are gov-
erned by a nonlinear coupled system of ordinary differential equations. This
allows to assert that in chemical engineering or biochemical reactions models,
the long time dynamics of systems of reaction and diffusion equations yielding
the formation of spatially heterogeneous stable states of patterns of concen-
trations by certain chemical substances can only occur in the case of relatively
small diffusions.
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Let Q C IRN be an open bounded regular domain with boundary 9Q = T,

€ > 0 be a given parameter and A > 0 be a real number. In this paper, we consider
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the following weakly coupled system of reaction and diffusion equations

ug — Div(de ()Vu) + VE(@)u + Au = f(u) in
(1) da(:v)% +0°(x)u = g(u) onT, te(0,T)
u(0) = uf in Q,
with nonlinear boundary conditions, where u = (uq,. .. ,um)—r is a vector function,
= (ni,... ,nN)—r denotes the unit external vector at the boundary T,
d° = diag[d;] € L=(Q; Mpmxm),
(2) Ve = diag[VS] € LP(Q; My xm), and
b° = diaghi] € L (4 Mpxm) fori=1,....,m
are diagonal matrices with the first being positive definite and
> 1 ifN=1 > 1 ifN=1
Do > 1 ifN=2 and qo > 1 if N =2
> 8 if N >3, > N—-1 ifN>3

respectively. We assume in the last two matrices of (2) that the functions have at

most their integrated values converging as e — 0. Also we suppose that u§ € H'(Q)

and the nonlinearities of the system N = f,or g¢:IR™ — IR™ are such that
|N(u) — N(w)| < p(u,v)|]u —v| componentwise, where

(3) p(u,v) = Cul™ + ot +1)  and

4
<14+ — <1

If N =2 we assume Vn > 0,3C,, > 0 such that
plu,v) = C'n(emul2 +enlf 4 1).

If N =1 no growth conditions are imposed.

if N > 3.

Our interest in the above semilinear initial and boundary value parabolic problem, is
to study the asymptotic global in time limit dynamics of the the system of equations
in the presence of large diffusivity. This theme has been studied by many authors
[7, 8, 13, 16, 20, 22, 33, 36]. However, to the best of our knowledge, none of
these references has proved the stability of attractors in the C'(2)— topology at
infinite diffusivity in the system of equations when the domain of the equation is an
open regular bounded subset in arbitrary space dimensions. Some possible reason
for this is either a study of the problem via Sobolev space embedding theorems
[13, 20, 22] or via elliptic regularity results [33]. These methods naturally yield
restrictions on the space dimension of the domain in the equations. To bypass this
type of rectrictions, a lot more work need be done. Our approach is a direct method
based on Moser-Nash-De Giorgi type of iterations [2, 31, 25, 26]. The success
of this technique has insofar been demonstrated mostly for quasilinear parabolic
equations. We reobtain its non trivial applicability in our present situation of
equations (1). The novel aspects of this application are exact general iterations
schemes for both global boundedness in time uniform in the domain and Holder
continuity of solutions on the cylinder Q x (0,T).

The main hypothesis yielding large diffusivity in the system of equations (1) is
the following

4) o1(¢) = igf{df(ac) €d’} — o0 ase— 0.
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Asserting precisely the sense in Banach spaces of the limit process of reaction and
diffusion equations under assumption (4) is not always a trivial task, even in the case
of a simple non homogeneous linear parabolic initial and boundary value problem.
It is much more difficult when nonlinear boundary conditions are taken into account
in the problems. For more details on these facts see for example in [8, 13, 33, 36].

The interest in the topic on asymptotic global dynamics in time of semilinear
reaction and diffusion equations with large diffusivity, comes from the need to
understand situations in pattern formation. These normally arise in models either
of chemical engineering or biochemical processes, see [13, 20, 40]. A more recent
study on pattern formation has been provided in [24]. It yields together with
analytical results, a detailed numerical simulation of a 2D simple chemical system
of reaction and diffusion equations with a general order of autocatalysis and decay.
Another study has been furnished by [42], without numerical simulations. This
reference analyses a situation that incorporates both mechanisms of small and large
diffusivity in a one dimensional system of Gierer-Meinhardt equations. It also
provides a large bibliography on the topic. There has been important results [9,
21, 35] on large diffusivity effects in semilinear wave equations.

In the sequel, we assume that the oscillation of the diffusion coefficients is
bounded, that is

(5) osco{d;(xz) € d°} < o0, Ve > 0.

This last assumption is not immediately necessary. However it is important when
proving the Holder regularity of solutions to equations (1).

The paper is organized as follows. In section 2 we give some preliminaries.
These will review properties in standard Sobolev spaces of Hilbert type of the given
elliptic system spatial differential operator of second order in (1). A study of the
behaviour of the eigenvalue problem in large diffusivity is also given. The system
elliptic differential operator, therefore turns out to be an infinitesimal generator
of a linear semigroup in scales of Hilbert spaces and we can solve the homoge-
neous problem associated to our system (1). This semigroup admits a spectral
representation in the mentioned scales of spaces. Consequently, the asymptotic
behaviour of the principal eigenvalues and their corresponding eigenfunctions in
large diffusivity furnishes the existence of a limit semigroup and the convergence is
obtained in operator norm. In Section 3, we study the well posedness of the com-
plete problem (1).We prove the existence of at most one mild solution in the space
C((0,T); HY(Q)). The remaining part of the section, studies the Holder regularity
of solutions. A necessary condition for the cited regularity of solutions is to prove
uniform boundedness on Q x [0, 00) of the nonlinear semigroup generated by the
system of equations. Consequently, in Section 4 we are able to prove the existence
of a global compact attractor for the nonlinear evolution problem (1). This attrac-
tor is obtained in the space H'(Q)NC(Q), without imposing dissipative conditions
on the nonlinearities of the problem. Since this attractor depends on the diffusion
of the system of equations, we prove in the hypothesis (4) the stability in the C(Q)-
topology of attractors. A review of the definition of an attractor and criteria for
determining its existence for nonlinear semigroups defined by evolution problems,
is provided at the beginning of the cited section. Concluding remarks, confirm that
the dynamical properties of the system of equations (1) are completely determined
by those of its natural limit processes in large diffusivity. This includes upto the
case of finite escape times of the nonlinear semigroups.
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2. Preliminaries.

Throughout this paper, we assume that the reader is familiar with standard
notations of normed function spaces. For simplicity we do not make distinctions in
these function space notations when vector or matrix functions are involved. Thus
we use the same function spaces notation for single real valued functions defined
on the domain. The inner product of the space L?(£2) will be denoted by (-,-) and
generic constants will be denoted as C' > 0. Let X be a Banach space, then the
norm notation || - || x will be used.

2.1. The elliptic system problem. In this subsection, shall prove results
on the behaviour of the principal elements of the associated eigenvalue problem of
the elliptic system differential equations in (1). Thanks to the assumption that the
system of equations (1) is weakly coupled. This implies that the coupling in the
equations only occurs in the nonlinear terms of the system. Thus considerations for
the elliptic part of the system of equations can be obtained by analyzing only the
scalar m = 1 case, then adequate generalization concludes results for the system of
elliptic second order differential operators.

To begin, we note that system of elliptic second order differential operators of
the system of reaction and diffusion equations (1) can be defined (taking into ac-
count the regularity of the data) in a distributional sense as the operator (A€, D(A®))
where

. u€ HYQ,IR™) : —Div(d*Vu)+ (Ve + Nu € L%(Q)
(6) D(A)_{ % +bu=0 onT. }
Moreover, this operator A° : D(A%) C L*(Q) — L*(Q) is maximal monotone and
self adjoint. Actually it is the restriction to the space L?(Q2) of the isomorphism
L#(u) € H7Y(Q) defined for every u € H'(Q) by

() (Lo().g) = /

d*VuVe + /
Q

(Ve s Nup+ [ Fup, Voe H@),
Q T

Note that (7) is a bilinear form and by hypotheses Lax-Migram’s Theorem [6, 29] is
satisfied. This implies in particular we can solve for at most one solution u® € H' ()
the corresponding elliptic linear non homogeneous problem

(8) —Div(d°Vu) + Veu+u = f° inQ
da% +bu = ¢g° onl,

where in particular, if the Sobolev imbeddings
(9) H'(Q) — L9 (Q) are satisfied
we may consider
fo=ff o fp)T € LP(Q) with 2+ g =1 and
(10) 9= (95 0m) " € HH(D).

Also, as consequence of Lax-Milgram’s Theorem we have that the associated eigen-
value problem

(11) —Div(d*Vu) + Veu+Au = pu in
da%—i—bgu = 0 onl,
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has solutions. More precisely, there exists a sequence of eigenvalues
(12) O<pi<...<pp,<pp <.../00 asn— oo

with corresponding orthonormal in L?(Q) eigenfunctions {¢%, : n € IN*} C H(Q)
that form a Hilbert basis of the space L?(€2). Thus from [23, 30] the power spaces
X2 =2 D((A%)*), 0 < a < oo defined by the operator (6) are well defined and
endowed with the graph norm

el = 11CA%) a2 = me P ifue Xe.

As usual the dual spaces are denoted by X * = [X2]*.

We now say a few words on the limit process (4) of large diffusivity in the
system of equations (8). Following, from our results in [36] if we consider the elliptic
system problem (8) and we assume given in (10) is that the integrated values of the
functions converge as € — 0. Then the sequence of solutions {u®:e >0} C H(Q)
associated with this problem (8) has a strong limit as ¢ — 0 in the space H'(Q)
which we denote as ug = (ud,...ul)" € IR™ and satisfy that

(13) ug = Lalhg where Lo = diag[u;] fori=1,...,m and
I
(14) 1 ][V+||Q|| b; + X #£0,
L !
IQI IQI
(15) Furthermore, we have lin(lJ d5|Vu5|2 =0
e=bJa

Note that the integral type define spatial average functions and also that in the
subspace W = {¢ € H*(Q) : [, =0} of H'(Q2) the limit function ug = 0. If the
spatial average limits of the reaction terms given in (10) are not bounded in & > 0
then ug = oo.

In what follows we study the behaviour of the fundamental elements of the
eigenvalue problem (11) in limit of large diffusivity in the equations.

2.2. Aysmptotic behaviour of eigenvalues. In subsection, we prove the
asymptotic behaviour of the principal elements of the eigenvalue problem (11) in
limit (4) of large diffusivity. First we recall the min-max characterization of the
eigenvalues in (12) and for this we define

Lf(w),w
fQ |w|
This functional is known as the Rayleigh quotient and following [14] we have for
n > 2 that

‘ui = inf Js(w)
w#0
w Lspan[es,...,05 4]
= sup Je(w)
w0
wespan[ps,...,p<]
(16) = inf sup Je(w),

We CHL(Q) weW,
dimW.=n
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and the first eigenvalue is given by

de
17 e Y inf  Jo(w) = Jo(¢5).
(17) RS i S (w) = Je(¢7)

It is easy see to that the eigenvalue (17) is simple. In fact, if ¢, € H'(Q) \ {0}
are any two eigenfuctions associated with it, then

0=Je(p) = Je(v) = B Q(w_q’b)2:>/9<pw_%</gz<p2+/ﬂ¢2) ” 0

for some 3 > 0. Thus the eigenfunctions can not be orthogonal in L?(Q2) and the
simplicity of the first eigenvalue (17) is proved.

Concerning the behaviour of eigenvalues of the problem (11) when large diffu-
sivity (4) is assumed, we have the following theorem.

THEOREM 2.1. Consider the eigenvalue problem (11) and assume (4) is satis-
fied. Then the first m-eigenvalues and associated eigenfunctions verify

(18) () = o 9072) and limy [ 5|95
E—> Q

forn =1,...,m as € — 0 where the convergence of eigenfunctions is strong in
HY(Q), {€, : 1 < n < m} denotes the canonic basis of IR™ and p, > 0 is as in
(14). Also there holds

€
(19) lim inf 2L > AN,
e—0 01 (E‘)
where \Y # 0 is the first non zero eigenvalue of —A subject to Neumann zero
boundary conditions.

PrOOF. We prove the results of the theorem from the case m = 1 of (11). First
let us observe that from (16) we get that

Vwl|?
(20) us = inf Je(w) > B inf {7&2 | 2| } + By — o0
weH(Q) weHL(Q) fQ |w|
wles, fow=0 wlef, fow=0

where By > 0 and 3 — oo as € — 0. Thus the sequence {¢5 : ¢ > 0} ¢ H'(Q)
of first eigenfuctions is uniformly bounded with respect to ¢ > 0. By compactness
there exists a weak limit function ¢ € H(Q) and

(21) /|ch|2 <11m1nf/ |Vg01|2

This implies that ¢ € W = {w € H'(Q) : [,w = 0}. On the other hand, the
Sobolev embeddings H(Q) C L?(Q) are compact. Thus the convergence of the
first eigenfuctions is strongly in L?(€2) and their normalization in this space yields
that ¢ = |[Q]72. Now in view of (21) we get that the convergence is stongly in
HY(Q) as e — 0.

The second assertion in (18) is obvious. Otherwise we obtain a contradiction
with the boundedness of (17). On the other hand, the continuity of the bilinear
form in the left hand side of (7) yields passing to the limit as € — 0 the convergence
of the first eigenvalue of (11) to the value 1 = (14) > 0.

Assume that a similar estimate (20) also holds for the second eigenvalue using
the third eigenvalue. However this is impossible as we find a contradiction with the
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ortogonality of the associated second eigenfunction in limit (4). Thus in (20) if we

set
N def . Jo IVwl?
)\2‘,5 = mf 72
’ weHL(Q) fQ |w|

wles, [, w=0
then, since w L span[v®, ||~ 2] with v° € W, we get AY. > AY. Hence dividing
throughout by o1(g) and noting that lim._,o % =1, leads to
(22) liminf —H2_ > A\
e—0 01 (E) -2
Consequently, generalizing this proof to the non coupled system eigenvalue problem

(11) we obtain the conclusion of the theorem. O

2.3. The linear semigroup. We now conclude these preliminaries, by re-
viewing the well posedness of the homogeneous problem associated with the system
of equations (1). We also will prove the asymptotic behaviour in large diffusivity
(4) of the linear semigroup generated by the homogeneous equations of the system

(D).
We note the homogeneous equations of (1) can written using the isomorphism
operator in (7) as

(23) ug+ Lo(u) =0, uje€e X aelR
in H=1(Q) for almost t € (0,7). Relating to the well posedness of the system
evolution equations (23) we have from [23, 30] the following theorem.

THEOREM 2.2. The operator (LE,X‘;H_%) s an infinitesimal generator of an
analytic semigroup
(24) [S5(6);t > 0} = {emp(—L0),t > 0} C X%, 0 € IR
such that the mapping

t— uf(t) = exp(—Lt)ug € XS a € R
and the problem (23) has at most one solution of class in a =0,
_1
u® € C([0,00),X: 2)))NC¥((0,00), X&), Vo€ R.

In addition, for any ap,cq € IR the mapping Sc(t) : X0 — X2 is bounded and
there exists M > 0 such that for any 0 < w < inf{u: p € o(L°)} we have

M
(25) 155 (#)lag,ar <

- tal—ao

e, forallt > 0.

In other words, the linear semigroup has a smoothening effect and is aymptotically
stable.

Observe that in view of the fact that the operator (6) is maximal monotone
and self adjoint, we the semigroup {S%(¢) : t > 0} compact. This conclusion we
obtain from [27] Proposition 5.2. Also the given semigroup does admit a spectral
representation in the scales of Hilbert spaces X,a € IR. This enables us to write

o0
(26) S (Hw = 3 ez wi gt € X2, 120

n=1
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for any w € X2, where the pair (us,¢%),n > 1 solves the system eigenvalues

problem (11) and wg = (w,¢5). Concerning the asymptotic behaviour of this
semigroup in view of hypothesis (4) we have the following lemma.

LEMMA 2.3. Consider the semigroup T(t) = e~ Lot ¢t > 0 where Lo = diag[j,]
forn=1,....n] is definite positive and is defined as in (13). Then

(27) lim sup e[| S%(t) — T(t)||ay.00 =0, VYo, a1 € R
e=0¢>0

where SE(t),t > 0, is the semigroup generated by (23) and inf{p,;1 <n<m} >§
with p, satisfying (18).

Proor. Let w € X, € IR then write realization of the finite dimensional
semigroup as
m
(28) T(tw =Y e " (1) wnpn € X2, £>0
n=1
where @, = |Q|71/2¢€,,, {€,;1 <n < m} is the canonic basis of IR™, w,, = (w, v,),
n=1,...,m. Using (26) we find that
o0
(S () =T w2, < Y et ug oo Peofur P+
n=m-+1

m
3 (et = e g e g P g 2+
n=1

L9 672unt|‘ui|2(a1*ao)|ui|2a“|wi|2“@i - ‘Pn”%) :

This enables us to deduce the following

€ |x1 —Qp 2
(55(1) — T(t)wl2, . < <sup {L} +

=
n>m-+1 eﬂnto

2
R e A R
1<n<m (t>to

_ 2
+ 2210 sup {|pn ] T lef — enlld} ) lwll,
1<n<m

for any 0 < to < t. Thus implying the result (27) on taking into account (18)-(19)
since 01(g) — o0 as € — 0. Our proof of the lemma is complete. O

3. Regularity of solutions.

In this section, we prove the well posedness of the system of equations (1) for
at most one mild solution in the space C((0,T), H'(2)). The remaining part of
the section, proves under additional hypotheses on the initial data, mild solution
and nonlinearities of the system of equations, well posedness in the sense of Holder
continuity of the solutions. This regularity of the solutions to the system of equa-
tions (1) has a necessary condition the proof for uniform boundedness of solutions
on Q x (0,00).

Our first result on the regularity of solutions of the semilinear system of reaction
and diffusion equations (1) states the following.
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THEOREM 3.1. Consider the semilinear initial and boundary value problem
defined by the system of reaction and diffusion equations (1) in given hypotheses
upto to conditions (3). Then, there exists at most one mild solution of class u® €
C([0,T), HY(Q)). Furthermore, uS € L*(0,T,L*(Q)) and for almost all t € (0,T)
we have that

(20) /Q Wi+ (L (), ) o () = /Q Fu)p + / o(u")p

for any ¢ € HY(Q).

Moreover, this solution is given by the variation of constants formula
€ t €
(30) ut(t) = e Lt —|—/ e L= p(uf(s5))ds
0

where the generator of the linear semigroup is the system isomorphic differential
operator defined in (7) and h(u) . fa(u) & gr(u) € H=Y(Q) is a nonlinear form.

PROOF. First we note that the system of equations (1) can be read using the
isomorphic operator defined in (7) as
us+ Lfu = h(u)
(31) { ulte) = uf € HY(Q),

for almost all ¢ € (0,T), where the nonlinearity h(u) € H~1(£2) is defined by

def
(910 [ o+ [ oo, o€ @)
In abbreviation, we write this as
hw) 2 fo(u) + gr(u) € L7(Q) & XP ¢ H-1(Q)

where U—ll ++2=1and —1/4> 3 > —1/2. In this case, the Nemytskii operators

>
(32) fo:HY Q) — L°*(Q) and gr: HY(Q) — XP

are well defined and the Sobolev embeddings of the space H'(Q2) C L” are con-
tinuous and compact. Technically, we seek solutions to the evolution problem (31)
that are continuous functions on (0,7) with values uf(t) € H'() and are fixed
points of the nonlinear mapping F(u)(¢) defined by the right-hand side of(30) on
some subspace V' C C([to, to + h], H'(Q)) such that |Ju(t) — uo| < & with h,§ > 0
sufficiently small. Then use the extension theorems to get a solution on the max-
imum interval of existence (0,7). This yields existence and uniqueness results in
[23, 30]. Thus it is sufficient to prove local Lipschitz continuity of the nonlinear
terms in (1) to obtain our theorem.

Consider the nonlinear operators (32), denote by X either 2 or I" and without
loss of generality assume |X| > 1. Also recall the following inequality

(33) (a+b)? < 2%(a” + V), a,b>0,p>0.
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Now from (3) a repeated application of (33) and Holder’s inequality yields

/ |N )|o’l <220’1LU'L X| (/ |u|p 1)01|u ,U|<7Z +
s [ poe o [ )
+1‘71 +1t71
< 2% L7 (| X|70)7 [(/ |u|P+1> </ |v|ﬂ+1) +1
< fu- v|ﬂ+1) ,

where - + % =1fori=1,2 with p > 1 as in (3). Therefore

X

oL
IN(u) = N@)|lpoix) < (2277 Lj|X

O’ix

x (Il ey + Il b ey + 1) = ol o),

which is also valid in the case of | X| < 1. Moreover, the embeddings of the space
HY(Q) c LP™! are continuous and compact (see [23, 30]). Thus the Nemytskii
operators in (32) are locally Lipschitz continuous. Now results in [23, 29], more
precisely Proposition 7.4 and Theorem 7.8 of [29], give the conclusion of the theorem
for case N > 3.

The same is true for the case N = 2. In fact, if we set ¢ = Hu”|u‘1(ﬁ) for any
H

u e H'(Q) then |l¢|| g1 (o) = 1 and there exists 7o such that

(34) /e(nmo)2 <M
Q

where the constant M < co. Indeed suppose not, that is for all g > 0 there is a
sequence {¢,,n > 1} C H*(Q) verifying ||¢n||#1(o) =1 and D > 0 such that

(35) /e(”‘”"")2dx >D, Vn.
Q

Since the sequence {@,,n > 1} is bounded in H'(f2), a passage to subsequences if
necessary implies that ¢,, — ¢ weakly in H(2) and strongly in L?(Q2) as k — oo.

On the other hand, if we let 7(pn,) = We(%‘/’nk)z then (7(¢n,),¥) —
0F M ¥Fng

(1(p), ), for any ¢ € L3(Q) as k — oo. In particular, we find that 7(p,,) is
bounded in L?(2) norm, which contradicts (35).
Next we notice that

(2-p)L75
p

p
Liglulm @) < Slel* + “lu IIHl(Q)

where L > 0 and we have used the standard Young’s inequality with s = %.

Therefore, if we let g = p/2 and C = (2 — p)L'i_pP/p then from (34) we get that

2p

(36) /eLMp < M|Qle Cllell iy
%

Consequently, upon taking C' = 21 we have H'(Q) > u — f(u) € LP() is well
defined for any p > 1. Finally, if p = 2 then the conditions (3), Schwartz’s inequality
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and repeated use of (33) conclude

1/2
150) = F(0) iy < 161002 C3l ol ([ b4 [ e 1) ™
Q Q

again provided || > 1 and with obvious changes in the otherwise case. This yields
the desired results including the case of p < 1, since the inclusions H*(Q2) C L*(£2)
are satisfied.

Now we prove that g : H*(Q) — X2 for —1/4 > 3 > —1/2is locally Lipschitz.
But this is even much simpler, since the trace space Hz(I') ¢ L>(T') continuously.
Thus the conditions (3) implies

lg(u) = g(0)llp.e < (1)~ *CHMIT] + D)lu = vl 11 ()

The case N = 1 is trivial, thanks to the Sobolev embeddings theorem H!(Q) C
C%(2), 0 < 6 < 1 continuously. It now follows from results in [29] pp.50 and pp.
52 that the theorem is proved. O

The delicate regularity result of this paper is related to the Holder continuity
of the mild solution in Theorem 3.1. This is stated in the following main theorem
of the section.

THEOREM 3.2. Consider the system of equations (1) and suppose that uf§ €
L>(Q) for all e > 0. Let r > 1 be such that conditions (3) for the nonlinearities
are verified with

2r

T
<1t

37 1
(37) pr <1+ N1

respectively. Assume that an a priori bound of the mild solution u¢ € L™(Q) for all
t € (0,T) and for all e > 0 is given. Suppose the condition (5) on the oscillation
of the diffusion coefficients of the system of equations is satisfied. Then, the mild
solution of the system of equations (1) is Holder continuous and bounded for any
€ > 0. In other words,

ut € C*2(Qx(0,T),0<a<1
for any e > 0.

To render a proof of this Theorem 3.2 we need first prove the following theorem
on uniform boundedness of solutions to (1) on £ x [0, c0).

THEOREM 3.3. Assume that all other hypotheses of the Theorem 3.2 except for
the hypothesis (5) are satisfied. Then, the mild solution to the system of equations
(1) is bounded uniformly on Q x [0,00). More precisely,

(38) sup |u®(t,ug)| < C, V¥t >0,Ye > 0.
Thus the nonlinear semigroup generated by the system of evolution equations asso-

ciated with the problem (1) is globally defined and bounded in L°° () independently
of e > 0.
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3.1. Proof of Theorem 3.3. We carry out this proof in several stages. Our
first lemma is the following.

LEMMA 3.4. Under the hypotheses of Theorem 3.3 the system of evolution equa-
tions (1) admits a differential inequality of the form

d r vl o r
69 g [ B e < 0O) [ a4 rC
Q Q

where r > 1, 3= B(n) >0 and o1 = o(N, py, pg, ?,0) > 0 for some 9,0 > 0.

PRrROOF. Consider equations (1). Then there holds
d T ri T T T
@y G [t B B < 1O [l )

for some 8 > 0, where X = QUT, by taking ¢ = |u|""'u € H'(2) as a test function
n (29). We estimate from above term by term the right hand side of the inequality
(40). The first term yields that

Neen \ O ©2 ©s
€ [ < oo (=) () ()
Q Q Q Q
o Ney = Os
== N=2 r r
< o€ (10 Boe) ™ (L 1) ([ )
Q Q
(a) < ) E oy +r €200 [ g
Q

where we have used a combination of Holder’s inequality and Sobolev embeddings
[1, 6] in the first estimate. Also

(N —2)(ps — 1) 2(ps — 1) v
("') = s @ = B a d @ = 5
YT NG -1 +0 2T Ner-D+0 U T Npr—1)+0
for some ¥ > 0. On the other hand
NO —
N—-2 N(ps—-1)+79 N -2
where we have applied the following Young’s inequality
(42) ab<ma®+Cpb® with 0<n<1, C,=n =1

to get the last estimate.
Similarly we estimate the same term on I to obtain

T 1 2(pg—1)
rC / P <l () F By + 75 5 / ™+,

2 2(pg—1)
27| (w) |2 gy + 15O Ju "+
Q

IN

(43)

where 6 > 0, Og = m, and where we have used the Sobolev inequality

/|w|2 §5/ |Vw|2—|—05/ |wl|?
r Q Q

. . c A 20g-1\ 71
to find the last estimate with Cs = 5 >0 and J = (res C o ) n.
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Analogously this inequality, with § = L, implies that

T ﬂ T
(44) rcﬂjm+lsmmozu%mn+rclgm+%

Note that the other terms need not be estimated. Thus (41),(43) (44) and the
hypotheses yield the desired estimate (39) from (40). O

LEMMA 3.5. Let y;(t) = [q [u|""t" with r; = 2',i € IN*. Then (39) can be
written in the form

dyi o s
i + Byi < (r:C)7 (yi—1 +1)%

(45) o

for some B = B(n) > 0, where s; = T:j:il, o=01(N+2)/2 and C > 1(without

loss of generality).

PROOF. Let r; = 2¢ for i > 1 and define

2ri 1) o) =1-0,

0= Nri+1) — (N—2)(riq +1) i

It follows from Hoélder’s inequality and Sobolev’s embeddings that

(TiC)m |u ri+1 </ |u|N1(\:l+21)) </ |u THrl)
Q Q
1 61
ritl m r
) ()™ ([ 1)
@)™ 21y + (C) (/hﬂzﬁﬂ ,

where N l < 1 ( we have used Young’s inequality (42) to obtain the last estimate
) and s; = % and 0 = o1(N +2)/2 > o1 (Nri—1 + 7 + 2)/(r; + 2).

Consequently we obtain (45) from (39) and the proof of the lemma is complete.
O

IN

IN

IN

To complete our proof of the Theorem 3.3 we have the following additional
lines.

PROOF. Solving (45) using the above hypotheses, we find that there exists
K = K(||u§]|so) > 0 such that

(46) yi(t) < C(r:iC)? (K(T““)Si +( sup ym(ﬂ)“) :

t€(0,T)
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Tterating (46) for arbitrary ¢ = k > 1 furnishes

yk(t) < (20)1+25k+25k—15k+~~~+25253~~~5kx

(20)1€0+(7€—1)08k+~~~+08253~~~SkK25152~~~Sk +

+ X

(20)1+25k +2sp 18k +...+25283...5 %

518283...5k
% (2c)ka+(k—l)ask+...+05253...sk( sup /|u|2>

te(0,T) JQ

Xk
< (20)24%(20)7 B K2 4 (20)?4%(20)7 B | sup / |ul?
te(0,7) JQ
where xr = sg...51 < ”2—+1 and
A = 1458+ skSp—1+ ...+ SESk—1... Tk—l—lz
1=0 ri

B = k+(k—1)5k+(k—2)8ksk,1—I—...—|—Sk8k,1.. < T’k—|—1 ZT

—1 3

Since 7; = 2¢ the above series do converge. Therefore

1/2\ "kl
() < <<2O>ZW1<2C>WZK+<2c>2“1<20>0w2 sup ( / |u|2) )

te(0,T)
1/2 rr+1
< ((20)2‘”1 (20)°“2 K < sup (/ |u|2> + 1))
te(0,T) Q
where wy =327 g and wy = 3777 .
Passing the power index r; + 1 to the left-hand side of the inequality, taking
up limits as k — oo, gives (38). O

Theorem 3.3 has interesting consequences on the global dynamics generated by
the nonlinear solutions semigroup of the evolution equations (1), see Section 4.

3.2. Proof of Theorem 3.2. We shall carry out this proof in several lemmas.

PRrROOF. Let w = In((wg + R)/I(u)) where wy denote the oscillation of |u| on
Qar = Bup X [to,to +4R? for some 1/2< R <1,
l(u) = 2(My — |u]) + R and My = supg,,, |u|. Then the following lemma holds.
LEMMA 3.6. w is a super (sub) solution to some parabolic equation.

PROOF. Let ¢/l(u) with » € H'(Q) non negative be a test function in (29).
Since

2Vu  if >0 { 2urf g > ()
Wt =

(47) sz{ 10N i(w)

—fay if u <0, —f’(iut) if u<0,
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we obtain in the positive case that
1 1
—/wtcp+—/d8(:v)Vngo +
2 Jq 2 Ja
1 /2My+ R .
w bE w
+ 2(7w4+R></(V+)\)690+/F egp)
1 1
(48) /f <p+/ g(w )¢+—/(V8+/\)<p+—/ba<ﬂ,
2 Jq 2 Jr

where the nonlinear terms are in the form
h(u)e® C
(49) h(w) = 295, < 2
for C' > 0 independent of R and wy.
Thus w is a super-solution to some parabolic problem. In the case u < 0,
w satisfy an inverse differential inequality to (48) and is a sub-solution to some
parabolic equation. (Il

In what follows, we search for a local integral inequality in view of a Moser
type iteration process. Let

Qin = Bip x [to,to +4R?] where B, = {x € Byp:u > Ms+my}
with my4 = infg,, u, denote a cylinder and its base respectively. Also let z. =

o1(e)~Y2x — 2y where o1 (¢) is defined as in (4).
Next, consider a smooth function ¢ : QIR — IR such that

OSQPSL V(.Is, )€Q4R7
(50) o= 0 ift <ty OI“LEEEQ\B4R,
B 1 if tg > tg +4R? and z. € B;R
IV(p) < (eR)™Y, |0ip| < (0R*)™! for some 0 < o < 1,

independent of ¢ > 0.

LEMMA 3.7. There exists a differential inequality in terms of w of the form
d 7‘+

+
E 4 (w ) +6”w B SO”Hl(B*)

4R

(51) < C(e) (ﬁ /B+ wr+2> 1)

where >0, Cyr(g) > 0 depends on r > 0 and is uniformly bounded in £ > 0.

PROOF. Let |w|"wp? = w"™¢? for r > 0 be a test function in (48) to obtain

1 d r+2 (9 01(5)/ 42 (12 )‘/ r+2 19
—_— w2 + —= V(w2 +3 w2
serm TS [ v g [ @)

< [ swwrtes [ gt 4
B, B,nT

1/M+R ., ,
5( = ></+(V6—|—/\) +1 2+/+ bi_w+1<ﬂ2>
B BN

(52) R e LTy N

4R
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where ¢4 (z) denotes positive part and o3(¢) is the supremum of the diffusion coef-
ficients.
Now we observe that (50), (49) and the following Young’s inequality

1 1 ’ ’

(53) ab< =6%a®+ 466" for a,b>0,0>0,
s s

upon taking s = 2(r +1)/(r +2) > 1 and § < R?, imply that

(54) [t < [ @ oo,
4R

4R
since 6~ ("2 > R=20+2) " Similarly (49), (50) (using Sobolev’s embeddings [1, 6]
and (53)) give an estimate of

r 42 r+2
] swurt < (/ w2+ | |V(w2<P)|2>
Bf,nT B B

+ +
4R 4R
+ (r+2)7to5tR
It is easy to see for the next sum of terms in (52) that in virtue of (50), using
Holder’s inequality and the Sobolev’s embeddings H'(Q2) C LY where

9(po) = 2po(r +1)/(r+2) or 9(go) = 2q(r +1)/(r +2),
respectively and (53) yield a bound from above of the form

< (/B wFep+ [ |V(w%a>|2> '

+ +
4R 4R

—1 e r+2

+ (r+2)7 (Csllai (@)lr)

for each term in the summed expression. It only remains to consider the last two
integrated terms in the right-hand side of (52). These can be estimated as

C
(55) <—0 / w2,
(R)* Jp+,

Thus there exist § > 0 and a strictly positive linear expression y(g) > 0 consisting
of the sum of the constant C5 > 0 and the values of the coefficients V7, b5 in norms
of the respective L™ spaces, for which there holds

d ri2 ri2
(w 2 @)2"’—5”1” 2 SDHiU(BIR)

dt Jpy,

9 1
(56) < (r+ 20 (W /.

w’”“’) +9(e)"*C,
4R
after multiplying by 2(r 4+ 2). This proves (51). O

LEMMA 3.8. Assume that Lemma 3.7 holds. Then, there exists an integral
inequality of the form

(57) ‘/Q+ w25i+1 S Cls(&') (ﬁ /Q:r w251‘> —I—Cis(E)

i+1
where C(g) > 0 is bounded for alle >0, s = 1+N/2>0,i € IN, and Qf = Bj X
[Ti,to +4R2] for R,=R;_1— 3(2_i)R7 Ry=4R, 7, =T7,1 +22_iR2, To = to.
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PRrOOF. Consider (51) given an in (56). Then integrate in time to find

r+2 to+4R? rt2 g
sup / w2 + 4 wZ P
to<t<to+4R2.JBT ( 2 to I HHI(BIR)

1

(58) < (r+2)(e) PCER) (W /Q

+
4R

wr+2> 4 ’7(5)T+2C(2R)2,

because of the second property in (50) and since R > 1/2.
Let ¢ = 2(142/N). Then, from [25], the embeddings of the spaces of functions
with values in Banach spaces

L>=(0,T,L*(Q)) N L*(0,T, H*(R2)) c LY x (0,T))
are verified. These embeddings restricted to the set @, in (58) with s = 1+2/N

give

[, w9 < (200 eO)ER?) X
Q

i
4R
1 r ) r S
(59) X <W / L “) + (v()""(2C)(2R)?)
o Q4r
where we have used
(60) (a+b)P <2P(a? +bP) for a,b>0, p>0.

It follows, upon defining nested cylinders of the form as in the lemma and taking
r; = 2(s* — 1) which imply r; + 2 = 2s?, that the integral estimate (59) has the form

L e s (e eoen?)

The desired integral inequality is obtained and (57) is proved. O

AN

(61)

X

LEMMA 3.9. Assume that Lemma 3.8 holds. Then, there exists a positive con-
stant C' > 0 independent of R such that

1
1 3
sup |w| < C (—/ |w|2) +1].
Qr RN+2 Qar

PROOF. The proof of this lemma follows from general inductive process of
inequality (61). Since the process is recursive using repeatedly (60), we obtain for
arbitrary k£ > 1 that

/ wzsk < 22(k71)s+2(k72)32+...+25kV(E)kakX
Qf

k

<%)2s+252+...+25k <® /Q(T w2>5

2 25-}-2524-...-{-25’c
(62) + 22(k—1)s+2(k—2)52+...+2sk (27(5))21@5’6 (_) :

g
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since R > 1, C > 1, (¢ R)~! is monotonic increasing with increasing exponents and
since 1 < s < 2 imply k2sk < 92ks"

Next we note that

20k — 1 20k —2)s% + ...+ 25" < 24" i.:2’24.
( )s + 2( )s© + —i—s_s;SZ s

Since s = 1+ 2/N > 1, the quotient rule yields convergence of the series. In
addition, the sum to infinite of geometric series gives

21 N
25+ 2524 ... 4+ 2sF 1 <2k T = 9k [ 1),
S+ 28" + + 2s _S;Sz S 5

Therefore, in (62), we arrive at

1 QSk

w2s" A N/2 1 i w? :
Lo s (emerteor s UR(/% )
N 25"
v <(4v(€))’4 (2) )
N 1 : 2
() 20) " (RT / J w> e (2)

Now passing the power 2s* in the left-hand side of the inequality we get

o) = s ) (el )

k
3
1 2
= cte (W/+w> +1 )
Qg

where the cte is independent of R. As a result, taking limits as k — oo, we conclude

that
1 1
A 1 9 :
sup |w| < lim / w? < cte —/ w +1
Qn k— 00 Qk+ RN+2 Q(T

The rest is obvious (since the above two last estimates are true for the positive part
wy of w on the cylinders Qy = Byr, X [Tk,to + 4R?], k > 0) and our lemma is
proved. ([l

25
N
2

IN

vz

Now, we assert the following lemma.

LEMMA 3.10. Assume that Lemma 3.9 holds. Then, the integral expression

1

63) —x7s

/ |w|>dxdt is bounded above from independently of R.
Qar
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Let us first observe that if ¢?/I(u) is taken as a test function in (29), then

d A
A () | Vaw|2 02 _/ 2
5 | we+3 [ @Vl 5 [

<| [ E@evuvel+ [ e+ [ gt

1 M . , 1 M s
(64) +2<1+R>/Q(V++)\)cp +2<1+R)/Fb+cp.

We now estimate (64) from above. For the first term, we use the following Young’s
inequality

1 n%a? L oo

5 (l—f—ﬁb, G/,b207 0<77<1,
)

for some § > 0 sufﬁc1ently small. Consequently

(65) ab <
with n = (601(2))* /s (e

do C
I/ds )eVuwVy| < i /IV ol* + 53

The integrals involving the nonlinearities can be quite easily estimated as

(66) < CR™? / ©®> + CRN72,
Q

A bound from above similiar to (66) is verified by the last sum of integrals. As
a result, one has

1d 2 )\ c 2 N-2
% wtp+6/|Vw| /wnp_RQ/g)—i-C'R

for some 3 = /6’( ) > 0 and C > 0 independent of R.
Now we can carry out the proof of Lemma 3.10.

(67)

PRrOOF. Consider the closed time interval I = [to,to + 4R?] and define the
cylinder Q@ = Bagr x Io. Let Qu = {(z,t) € Q 1 u < my + 5}

Then w < 0on @, if u > 0 and on @ \ @, if v < 0. Furthermore, w; must
vanish on some Qp C @ with |Qo| > %|Q| depending on the case. Denote such a
function by v and define

Q) ={z € Bygp:vy(z,t) =0}, m(t) =10 for tels.

Also define the function
—1
- () ([)
Q Q

Since W (t) > —In2 for all ¢ € I, the Poincaré inequality (due to Moser)

(68) / O (v —W)? < 16R2/ loVul?
Q Q

is satisfied. Hence we have an estimate from below in (67), for v in place of w in
the complete inequality. This process yields, if we take the second and third terms
in the lower estimate on a smaller set QY and if we let Sr = 8|Q9|(8R?)~!

dt

Since fIQ m(t)dt = |Qo] > CRN*2, we have (69) and [26] Lemma 2.5 implies
W(t1) < C, with t; € I independent of R. This fact, together with (67) in v and

d
(69) —W x / ©® + BrRW < CRN 72,
Q
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the third integrated term in the left-hand expression taken on Y, then integrating
the resultant inequality on subinterval [t1,ts] C I3 yield

to+4R?
-2 <W(t)<C, Vtel, and / / ©*(v—W)? < ORN*TZ
to Q

upon using (68). This concludes (63) and the proof of the lemma is complete. O

To complete the proof of Theorem 3.2, we have that there exists a C' > 0
independent of R such that w = In((ws + R)/l(u)) verifies w(z,t) < C for all
(x,t) € Qqr. This implies w1 < dwyg + CR for 0 < § = (C —1)/C and, using [19]
Lemma 8.23 yields the proof of Theorem 3.2 complete. O

4. Stability of attractors

We are in a position to study the stability in large diffusivity of attractors for
the nonlinear dynamical system generated by the evolution equations (1). The ba-
sic theorem from which we obtain the existence of the attractor for the nonlinear
semigroup to our equations is Theorem 3.3. Several notions of attractors and cri-
teria for proving their existence for infinite dimensional dynamical systems arising
in evolution equations have been extensively studied [21, 38, 37, 39]. The basic
notion of a global compact attractor can be defined as follows.

DEFINITION 4.1. Let (X,d) be a metric space, and S(t) : X — X defined for

t > 0 be a semigroup generated by the solutions to a certain nonlinear evolution
system of equations. The set A C X is called a global attractor for the trajectories
defined by this semigroup if

(1). A is nonempty and compact

(16). A s invariant i.e SG)A=A VYVt >0

(i43).  For any bounded set B C X, we have lim;_,, dist(S(t)B, A) =0,
where, for any pair of sets A,B C X,

dist(A, B) = sup inf dist(z,y)
rcAYEDB

denotes the Hausdorff semidistance.

We shall say that B C X is an absorbing for the nonlinear semigroup if
VBy C X, By bounded, E'to(Bo) : S(t)BO CcB Vt> to(BQ.)

The semigroup is said to be uniformly compact if, for any bounded set B C X,
there exists to(B) > 0 such that the positive trajectory y*(B) = Ui>,S(t)B is
relatively compact. If the nonlinear semigroup generated by a system of nonlinear
evolution equations admits an absorbing set B and this semigroup is uniformly
compact, then

W(B) = Nr>0Uar S(0) B

is a global compact attractor and is unique for the semigroup. There are other
criteria for asserting the existence of an attractor, for example in [10, 11, 12, 21],
if S(t),t > 0, is a compact C°— semigroup, that is in addition point dissipative,
then, there exists a global compact attractor for semigroup {S(¢) : ¢ > 0} in X.
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We obtain from Theorem 3.3 the following corollary on the existence of a global
compact attractor for the evolution equations generated by the semilinear system
of reaction and diffusion equations (1).

COROLLARY 4.2. Suppose that the hypotheses of Theorem 3.3 are satisfied.
Then the nonlinear semigroup generated by the evolution equations (1) has a global
compact attractor A C H*(Q) N L>(9).

PRrOOF. Consider the variation of constants formula (30). Since the nonlinear
term h(u) € H~1(Q) satisfies ||h(u)|| g-1(q) < C for all £ > 0, we have

IN

t
[ (¢, u§) || 1 ) Mt~ 2| u§|| L2y + C / e =) (¢t — §) 2 ds
0

IN

oo
Ctde ulumy +C [ et e
0

This together with Theorem 3.3 imply that the nonlinear solution semigroup has
an absorbing property in X = H(Q) N L>°(Q). More precisely
lim sup ||u® (¢, ug)||x < C.

t—o0
Thus, from [27] Proposition 5.4, the set {u®(¢,uf) : t > 0} is relatively compact.
Let D = {w € X : |jw||x <2C%}, then the w— limit set

w(ug) = NrsoUssrus(t,u§) C D
is the smallest nonempty subset that is compact, connected, invariant and satisfies

lim inf ||u®(t,u0) — w|x =0.
t—oo wew(uf)

Thus the semilinear evolution equations defined by (1) admits a global compact

attractor A° = w(D). Alternatively, it is easy to see that the nonlinear semigroup

generated S.(t);t > 0 using the variation of constants formula (30) is point dissipa-

tive and the conclusion follows from [21] Sec. 4.2. and our proof is complete. [

It is now relatively easier to deduce the limit process of the equations (1) in
large diffusivity (5).

THEOREM 4.3. Assume that Theorem 3.3 holds and consider the system of
ordinary differential equations

(70) uq + Lo (UQ) = hq (u), uQ (0) = u?l e IR™

where

_ T
ho(u) = f(ua) + ﬁg

form=1,...,m as in Lemma 2.3 is definite positive. Then (70) is the limit process

in (4) of the system of equations (1). This limit is given by convergence of solutions

strongly in H*(2) uniformly on compacts of IRT.

(ug) € R™ and Lo = diag[un)

PRrROOF. The proof follows from the variations of constants formula (30), using
Theorem 2.1 and Lemma 2.3. Since (38) is valid, we have by Lebesgue dominated
convergence theorem,

¢ t
/e—LE(t—S)h(ug(S))dS—)/ e—Lo(t—S)hQ(u(s))dS
0

0
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as € — 0, and hg(u) € IR™ as in the theorem. Thus (70) holds in the limit since
the solutions converge strongly in H!(Q) uniformly on compact sets of (0,00). O

It follows from Theorem 4.3 that the system of ordinary differential equations
(70) has a global compact attractor A C IR™ and the family of attractors {.A% U
A}eso verifies
(71) L 81 o) (A%, A) = lim sup  inf [lu® — el o) =0,
so we have stability in large diffusivity of the attractors in the topology of H((Q).
This naturally leads, on the basis of Theorem 3.2 to a much stronger convergence
of attractors in the following corollary.

COROLLARY 4.4. Assume that the hypotheses in Theorem 3.2 are satisfied.
Then

lim 50(@) (AE, A) = 0,
e—0
for any open bounded regular domain Q C RN of arbitrary space dimensions.

PROOF. The proof is straightforward. Actually one uses the compact embed-
dings of the spaces
C*% (% (0,T)) — CQ x (0,T))
for @« > 0. This yields, via Arzeld - Ascoli’s Theorem, the conclusion, since the
limit of equations (1) in large diffusivity is unique. O

4.1. Finite escape time. In this subsection, we make some conclusion re-
marks about the dynamics of the system of equations (1) in view of those of its
limit process (70) in large diffusivity. The remaining case from the discussion above
of this section can be understood from the following simplified problem.

Consider the following modified system of equations

ug— DAu = |u[P7lu in Q
(PDE) D% = 0 onT, te(0,T)
u(0) = uh in £,

of the semilinear problem (1). This system of equations (PDFE) is well posed for a
mild solution in the sense of Theorem 3.1. Also we expect that its limit process as
D — oo be given by the finite dimensional equations

tg = |ualPtug
(ODE) { ug =ug € IR™ fort e (O,T)

Now, without loss of generality, let us assume that ug # 0. Then the solution of
the equations (ODE) have a finite escape time, namely ¢, = W. Thus,
it is not difficult to see that, the local nonlinear semigroup generated by (PDE)
blows up in norm of the space H'(Q) at the time T = t,. Since T' = T'(N, ug) it is
possible for small initial data of the system of equations and large but fixed N that
solutions of (PDE) are almost globally defined and unbounded at time 7. Thus

from Theorem 3.1 we can further conclude that

either the nonlinear semigroup is globally defined,
OR

it blows up in a finite interval of time.
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Furthermore, in view of the results of this section, we conclude that the dynamical
systems of the infinite dimensional equations are completely determined by those
of their limit processes in large diffusivity. More to it, the complicated spatial
dynamics defining heterogeneous stable patterns of concentrations of reaction and
diffusion problems modelling processes in chemical engineering or biochemical sci-
ences [13, 20, 24, 40, 42], if large diffusion is introduced in the models, then the
production of these patterns is made less effective to eventually being eliminated
with time advances in the relevant experiments.
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