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PARTLY DISSIPATIVE SYSTEMS IN UNIFORMLY LOCAL SPACES

BY

ALEXANDRE N. CARVALHO (Séo Carlos) and TOMASZ DLOTKO (Katowice)

Abstract. We study the existence of attractors for partly dissipative systems in R".
For these systems we prove the existence of global attractors with attraction properties
and compactness in a slightly weaker topology than the topology of the phase space.
We obtain abstract results extending the usual theory to encompass such two-topologies
attractors. These results are applied to the FitzHugh-Nagumo equations in R” and to
Field-Noyes equations in R. Some embeddings between uniformly local spaces are also
proved.

1. Introduction. The prototype for the problems considered in this
paper is the FitzHugh—-Nagumo system in R",
ur = Au — av + f(u),
(1.1) vy =—6v+ Pu+h(x), >0, zeR",
u(0) = up, ©v(0) = vy,
where «, 3,6 are positive constants and the assumptions on f and h will be
specified later.

It is known that the above system, for n = 1, may exhibit a relaxation
wave solution (see [15]). We aim to give a result on existence of a global
attractor for (1.1) in such a way that these relaxation wave solutions are
included in it. Also, by setting hA(z) = 0 one may have constant equilibria
for (1.1) and our attractor should include these equilibria as well. There
have been some efforts to obtain the existence of an attractor for (1.1) in R"
(see, for example, [21]) but, in this case, none of the above described special
solutions are in the attractor. This is due to the fact that problem (1.1)
has been set in usual Sobolev spaces (say L?(R") x L?(R")), which require
that the elements in the attractor “vanish” at infinity and therefore do not
include constant functions or relaxation wave solutions.
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In order to include these special solutions (equilibria and relaxation
waves) in the attractor we must choose sufficiently “large” spaces to work in.
One attempt is to consider weighted LP spaces as in [1, 3]. These spaces are
defined in the usual way by replacing the Lebesgue measure dz with o(x) dz,
where the weight g is a positive integrable C?(R") function satisfying some
additional conditions that will be specified later. The disadvantage of such
spaces is that they ignore the behavior of the solutions for large spatial
values, and moreover, the usual Sobolev type embeddings are not available
for them. In [9] locally compact attractors are considered for damped wave
equations and this idea led many people to work in uniformly local Sobolev
spaces which are the completions of C%(R™) (C* functions bounded with
all partial derivatives in R") in the norm [|ul|yym.r(gn) = Sup,cgn HUHWQZ"’(R")
(here py(x) = o(z —y)). In [19] the existence of global attractors for prob-
lems like the Ginzburg—Landau equation is established in the framework of
uniformly local Sobolev spaces. The existence of attractors in unbounded
domains has been studied in many other works, e.g. [1, 10, 18, 19, 4].

The theory of attractors introduced in [3] includes the possibility that
the attractor is not compact in the phase space. This is also the case in
[9, 19]. In [19] an abstract definition of the so called (Z-Z,)-attractors is
given. Here Z and Z, are Banach spaces with || - |z, < ¢|| - [|z. In this case
the attractor must attract bounded subsets of Z in the norm of Z,, and the
attractor is compact in Z,. This approach differs from the theory in [11] by
the fact that in the latter Z and Z, are the same space.

Here we give abstract conditions for the existence of (Z-Z,)-attractors
and then apply them to partly dissipative parabolic partial differential equa-
tions like (1.1).

2. Abstract results. One of the basic questions in the discussion of
asymptotics of semigroups is what are the weakest conditions necessary for
the existence of a (nonempty) compact invariant set. Evidently, dissipativ-
ity itself is not enough to obtain this strong conclusion. Namely, a bounded
dissipative system may be constructed which does not have a compact in-
variant set (see [7]; also [6]). It is well known that if the dynamical system
acting on a metric space X is S-dissipative and asymptotically smooth,
then there is a compact invariant set which attracts S-sets (S-sets may be
points, neighborhood of points, compact sets or bounded sets). The aim of
this section is to formulate a similar result but under a weaker hypothesis
concerning asymptotic smoothness. This result may be applied to systems
which (generically) are not compact at infinity.

In this section we recall the notion of an (E-E,)-attractor introduced
in [19] and give a condition for the existence of such attractors. That re-
sult can be applied to many problems in unbounded domains. We follow
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closely the developments in [11] and in [16] making the necessary changes
to accommodate the lack of compactness in such problems.

A typical result on existence of global attractors states that a point
dissipative, bounded and asymptotically smooth continuous semigroup {T'(t) :
t > 0} on a complete metric space E has a compact global attractor. This
attractor is invariant and attracts bounded sets under the semigroup. We
try to obtain similar conditions for the case when asymptotic compactness
of the semigroup is not available in the usual phase space E but is available
in a larger space E, in which E' is continuously embedded.

ASSUMPTIONS. We shall assume that:

(I) E and E, are metric spaces with metrics d and d, respectively (not
necessarily complete),
(I) E C E, algebraically and topologically,
(ITI) there exists By C E with diamg(By) < oo such that

VBe B, diama(B)<co Jtzz0 | T(#)(B) C By,
t>tp

(IV) restriction of the semigroup T'(t) : E — E, t > 0, to the set By
is continuous in the following sense: for each ¢ > 0, if {v,} C By
converges to v € E in E, then T'(t)v, — T'(t)v in E,,

(V) if B C E is nonempty, diamg(U;>,, T'(¢)(B)) < oo for some tp > 0,
{u,} C B, and t, — oo, then {T(t,)u,} has a subsequence con-
vergent in the metric d, to some element a € E.

THEOREM 1. Under the above assumptions there exrists a nonempty set
A C E with the following properties:
(i) T(t)(A) = A, t =0,
(ii) clg(A) = A,
(iii) A is compact in the metric d, (in particular, clg,(A) = clg(A) = A),
(IV) vBCE dlamd(B)<oov(9d (A) neighborhood of A in metricd, EITBZO
U T()(B) € 04,(A).
t>7p
Proof. Define

A:={a€ E:T(ty)uy % 4 for some {un} C By and t,, — oo},

and note that A # () as a consequence of assumptions (V) and (III).

To obtain (i) we first prove that T'(¢)(A) C A. For this we take a € A,
{un} C By, t, — oo such that d,(T'(t,)un,a) — 0 and observe from (IV)
that

do(T(t + tn)un, T'(t)a) — 0.

From the definition of A it is then clear that T'(t)a € A.
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The inclusion A C T'(t)(A) is proved in a similar way. We take a € A,
{un} C By, t, — oo such that d,(T'(t,)un,a) — 0 and observe (via (V))
that the sequence {T'(t,, — t)u,} has a subsequence {T'(t, — t)un, } such
that do(T'(tn, — t)un,,b) — 0 for some b € E. From the definition of A we
see that b € A. Finally from (IV) we infer that dy(T (¢, )un,,T(t)b) — 0.
Recalling that d,(T(t, )un,,a) — 0 we obtain the equality a = T'(¢)b.

To prove (ii) take a € clg(A) and {a,} C A such that d(ap,a) — 0.
From (II) we then have d,(an,a) — 0 whereas from the definition of A for
n € N there exist u, € By and t,, > 0 satisfying d,(an, T(t,)un) < 1/n. We
thus have d,(T'(t,)un,a) < 1/n+ dy(an,a) — 0, which shows that a € A.

Condition (iii) is a consequence of (V). Indeed, if {a,} C A then (from
the definition of A) there exist sequences {u,} C By and ¢,, — oo such that
do(an, T(tn)un) < 1/n. As a result of (V) (note that diampg(By) < oo) there
is a subsequence {T'(ty, )un,} convergent in the metric d, to some a € E.
By the definition of A we deduce that a € A, and by the triangle inequality
we have d,(a, an,) < dp(a,T(tn,)tn,) + do(an,, T (tn, )tn,) — O.

Suppose finally that (iv) is not true. Then we may choose B C E with
diamgy(B) < 00, € > 0 and sequences {u,} C B, t, — oo such that

(2.1) inf dy(T(tn)un, A) > e.
ne

However, from (V), there exists a subsequence {T'(t,, )un, } and a € E such
that do(T'(tn,)tn,,a) — 0. Then a must belong to A, which contradicts
(2.1). m

DEFINITION 1. A set A satisfying conditions (i)-(iv) of Theorem 1 is
called an (E-E,)-attractor for the semigroup {T'(¢)}.

DEFINITION 2. The property described in assumption (V) is called the
(E-E,)-asymptotic compactness of {T'(t)}.

In the language of the well known monograph [2] and recent articles [19],
[18], the results of Theorem 1 may be expressed briefly as follows.

COROLLARY 1. If {T(t)} is a dissipative semigroup on a metric space E
which satisfies the continuity assumption (IV) and is (E-E,)-asymptotically
compact, then {T'(t)} has an (E-E,)-global attractor.

REMARK 1. Often in examples, where the spaces E/ and E, are specified,
we immediately obtain boundedness of the set A in F. In that case A may
be considered as a bounded global (E-E,)-attractor for {T'(¢)} in E.

3. Application to FitzHugh—Nagumo equations. In this section we
introduce a functional framework for problem (1.1) to put it in the abstract
setting of Section 2. We start with a description of the function spaces that
will be used throughout. Let ¢ : R™ — (0, 00) be a C?(R"™) integrable weight
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function and denote by LH(R™), p > 1, the set of all functions ¢ in L] (R")
such that

lellgen = (§ lot@)Pote) dz) " < oc.

RTL

In a similar way one defines the spaces W,"?(R").

In order to deal with energy estimates involving the application of the
Divergence Theorem these weights should enjoy the following additional

property:
(3.1) Vol < 000, |Ag| < co,

where ¢ can be chosen such that the constant gy > 0 is as small as needed.
Such weights are well known in the literature (see [8]); an example is p.(x) =
(14 |exz|?)~™. As mentioned previously, these weighted spaces are not appro-
priate (from our point of view) to describe the dynamics of evolution equa-
tions in R"; instead we will work in the spaces W (R") which are given as
the completion of 'z’ (R™) in the norm |[¢[|yym.r(gn) = SUp,cgn HQDHWLCZ”’(R"V
where g, (z) = o(z — y). Another definition is recalled in the Appendix.

Assumption (V) of the abstract formulation is the hard point in our
examples. It will be clear from the considerations below that this assumption
is connected both with special properties of the spaces involved, and with
the smoothing action of the semigroup. We need the following considerations
to verify assumption (V).

First we specify an extra assumption on the weight function p:

oz —y)

(VI) Vyern Je(y) R

moreover, let ¢(y) be bounded on bounded subsets of R™. It will be shown
that assumption (VI) follows from condition (3.1).

= c(y) < o0;

Next we need to generalize the considerations of [19, p. 748]. We have the
following properties of the closure in H}(R™) of bounded sets in HZ (R™).

PROPERTY 1. Under assumption (VI), translation of argument
Tyv(z) =v(z+y), yeR" fired,
s a continuous linear operator in H; (R™).
Proof. We need to show that
Uy — 0 in H;(]R") = Tyvy, — Tyv in H;(}R”).

It is sufficient to study one component appearing in the norm (the others
are estimated in a similar way):
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(§ yom(a) - L@ Pe@)de) " = (| lon(z) - o) ez~ =)
5

RTL
_ 1/2 1/2
< ( - u) (§ o) — () 2a(z) az) " = 0
zER™ Q(Z) R™
so the convergence is proved. m
PROPERTY 2. The closure, in Hy(R™), of a ball B &) (0,7) consists
of elements (not necessarily “translation continuous”; see (5.1)) with
HUHHIIU(R”) <7
Proof. Let {vim} C By (gny(0,7) and vy, — v in H}(R™). Then
HTyUHH},(R") < HTyvaH;(Rn) + | Tyv — Tyvm”H;(R")
< Nvmllzt @ny + c@)llo = vinll gy @ny =7+ €m.
Letting first m — oo we can then take the supremum over y € R" on the
left hand side to get the result. m

PROPERTY 3. Ifv belongs to the Hg1 (R™)-closure of a ball Ble (Rn)((), ),
then v € HL (R"), i.e. ||U||H11H(Rn) <r and v is translation continuous in the
HL (R™) norm.

Proof. Because of Property 2 we need only show the translation conti-
nuity of v. We claim the following property of bounded subsets of Hfu (R™);
(32) if wv€ By @n(0,r) then [T:v—vl|gygn < const(|z]),
with a continuous function const : [0,00) — [0,00), independent of v and
satisfying const(0) = 0.

Property (3.2) expresses the connection between generalized derivatives
and difference quotients. The simplest way to show (3.2) is to use local cha-
racterizations of the spaces H{ (R™) and HZ(R™) (as in the Appendix) and
compactness of the embedding H?(§2) — H'(£2) together with the M. Riesz
criterion of compactness in LP(f2) for a bounded domain 2.

Let now v, — v in H}(R™). Then

17Ty = )y < T (T = Tyl sy + 1T Ty — vl s ey
T (= ).
By Property 1 applied to the first and third components and the condition
(3.2) applied to the middle component, we get

1T (Tyv — U)HH;(Rn)
1/2 1/2
r—z xr —

x€Rn O TER™ Q(CL’)
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Letting m — oo, we find that
I T=(Tyv — )|l 3 mny < const([yl),

which, after taking the supremum over z € R™ on the left hand side, proves
Property 3. =

OBSERVATION 1. As claimed in (3.3) below, the embeddings HZ (R™) —
H}(R™) and Hf (R") — Lgn/(n_Q)(R”) are compact. Property 3 allows us
to sharpen this compactness result to the following observation: any se-
quence {vp,} bounded in HZ (R™) has a subsequence convergent in H (R™)N
LG/(n—z) (R™) to some v € HL (R™).

It is known that —A defines a sectorial operator in L (R™), p € (1, 00),
with domain I/V12u’p (R™) (see [18, 4]). Because of the translation invariance
property these spaces do not enjoy compact embeddings as do Sobolev spaces
in bounded domains; they are, however, compactly embedded in weighted
spaces (provided that p is decreasing with respect to the absolute value of
each variable). More precisely, the following embeddings are compact (see
Lemma 2):

; .on n
(3.3)  WP(R") — WIYR"), ]—5 <m—;, 1<p<g<oo.
Besides these we have the following continuous embeddings:

(34)  WPRY) < MR, j- o <m—o, 1<psg<oo

(see [19, Theorem 3.2] for a proof of the case p=¢=2and n=j = 1).
We also quote the Nirenberg—Gagliardo type inequality

(35)  llollzg,@n) < OOl (am l6llymrgny, ¢ € LE,(R) N WP (RT),

where

1 1 1-140

—:9<——m>—|——, 1<p,qgr<oo, 0<60<I1,

r p n q
m is a positive integer and C' depends on the weight function p only through
the value of its integral.

Let
B = Hj,(R") x Ly " (R),

lu
E, = (Hy(R™) N L2V (=2 (R™)) x L2/ (=2 (R™)
with the usual topology given by the norm (the intersection is normed by
the sum of norms). Assume, for n > 3, that h € Li?/(n_m (R™) and that
f:R — Rin (1.1) is differentiable and satisfies the following conditions:

(3.6) f'(s)] < a(l+]s[72), s eR,
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(3.7) lim sup s) = —2c¢ < 0.

ERES

In space dimensions n = 1,2, we need (3.7) and, instead of (3.6), only the
assumption that f grows like a polynomial. For space dimensions n > 3
we need to increase the regularity requirements on the data f, g, ug, vg, as
described in Remark 7 below.

Under these assumptions we will show that problem (1.1) is globally well
posed for (ug,vg) € E and that the semigroup generated by this problem is
asymptotically (E-E,)-compact and bounded. This implies, from the results
in Section 2, the existence of a global (E-E,)-attractor for (1.1).

REMARK 2. A simple example of a nonlinearity f satisfying all the above
assumptions for n = 3 is the function f(u) = u(1 — |u/P~!), 1 < p < 3.

Before proceeding let us rewrite (1.1) in the following matrix form:

o ()= (20)(0) (S,

The above problem can be seen as an abstract semilinear parabolic problem,

in X = L (R") x qun/(n_Q)(]R”), having the form
d
(3.9) pri Ae + F(e),

where e = (Z), A: D(A) C X — X is the minus sectorial operator given

by D(A) = HZ(R") x LM D(Rn), Ade = (A) and F(e) = (gg%g;(‘j)’).

It is known that X'/2 = E and using the local existence results in [13]
we find that (3.9) is locally well posed in E. More precisely, for any initial
data ey € X'/? there is a maximal positive time 7 and a function e €
C([0,7), X/2) such that e(0) = eg, e € C1((0,7), X'/2) and (3.9) is satisfied.
The above smoothness properties of the solutions justify the computations
in the a priori estimates below.

To obtain global existence of a solution in E we show its F-norm does
not blow up in a finite time. This is accomplished through the following
a priori estimates.

Firstly, we obtain a priori estimate of the solutions in X.

3.1. First a priori estimate. Multiplying the first equation in (1.1) by
Bupy, the second by awvp,, integrating over R" and adding the results we
obtain

(3.10)

%[5 X UQQy(Z') dr + o S UQQy(SU) dm} =0 S Auugy(z) dx
R™ R™ Rn

—ad S v2o,(x) dx + 3 S f(w)uoy(z) dz + o S h(z)voy(z) dx.
R" R" R"
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Note that
(3.11) S Auupy(x) dx
Rn

< —Qﬂw%m dz+ 2 ﬂgnwuﬁgy(x) do + Rgnu?gym da;

moreover, due to (3.7), for some d > 0 we have

(3.12) S fu)uoy(z)de < —c S u?o, () dx +d S oy(x) dz
R" R" R"
and
1
(3.13) ’]gnh(as)vgy(az) da:‘ < gRanﬂgy(m) dx + %R&h(x)QQy(az) dx.

Choosing n and gg suitably small we have

(3.14) %[ﬁ S u?o,(z) dr + a S v 0, () d;r} + g S V|0, () da
R" R" R"

< —min{c,d} <ﬁ S u?o,(x) dz + S v2 0, (z) dm)
R™ R"

+20d S oy(z) dz + e S h(z)?0y(z) d.
This estimate implies that
(3.15) B u(t)oy(x)dr + a | v(t)*0y(x) do < C(lluollLz &, llvollzz, @)
R® R

for all t > 0, as long as the local X/%solution of (1) exists. Here C :
R? — [0,00) is increasing in each argument and locally bounded. Since
(ug,v9) € X'/2, by taking the supremum over all y in R™ the estimate in
(3.15) can be extended to

1 1
310) 0B oy < 5+ 5 ) Clliollzg ey ol e
Also, (3.14) provides the asymptotic estimate

(317)  limsup([lu(t)7z @ + 1072 @)
Y Qy

t—o00

7 (200§ ot & § oo o)

< -
~ min{c,d} on an

the convergence being uniform for (ug,vg) in a bounded set B ¢ X/2.
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Moreover, returning to (3.14) one can see that
t+r
(3.18) \ | IVu(r)Poy(z) dedr < R,
t R”
where R depends only on r and the Lz,y (R™) norms of wug, vg, but is inde-

pendent of ¢ > 0. Due to (3.14) and (3.17) we also have an asymptotic
estimate

t+r
(3.19) lim sup S S \Vu(r) |0y (x) dz dr < Ri(a, B,¢,d, h),
t—o00 t Rn

with R; independent of wg,vp, the convergence being uniform for (ug,vg)
varying in bounded B ¢ X1/2.

3.2. Second a priori estimate. Now we will estimate the expression
S V|0, () dz,
Rn
which appears in the H ;y (R™) norm of w. Multiplying the first equation in
(1.1) by uz0, and integrating over R™ we obtain
S uloy(z) dr = S Auugoy(x) dr + S fu)uroy(z) de — o S vuroy () da.
R™ R™ R™ R™

Integrating by parts we have

1d
S Auvupoy(z) de < —-— S IVul?o,(z) da

3 2at),
+ % H Vuloy(z) dz + | ujoy (@) d‘r}’
R™ R

and moreover,

d

§ ey de = 5 | Flujeyfa) de

where F(s) = {; f(z) dz. With the above estimates and Young’s inequality
we get

320 (58 IvuOraE @ - | Faoa )

o 7N 00 1
+(1-2-1) Jutes)de < G § Vo) § o) i

Note that the primitive F(u(t)) is well defined when u(t) € HL (R"), thanks
to condition (3.6). Choose now 1 and gg such that 1/4 < 1—p/2—n/2 < 1/2.
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Since, by the assumption (3.7),

(3.21) F(s) < —cs*+d

we have

(3.22) — S F(u)oy(z)dz +d S oy(x)dx > 0,
R" R®

and we can add formally the term d {,, 0y() dz under the time derivative.
The estimates (3.15) and (3.18) allow us to apply the Uniform Gronwall
Lemma (see [23, p. 89]) to the differential inequality (3.20) to deduce that,
for any t > 0 and r > 0 fixed,

1

(333) Lult+1r) = 3 § [Vult +1)Pey(@)de — | F(ult +r))ey(a) de
R™ R™
—|—d§ oy(x)dx < M,
Rn
for some M = M(Hu0||L12 (®")> HUOHLIZ (rn):7) independent of ¢. Thanks to
(3.22), (3.23) we obtain a bound on ||Vu(t)||L12 (rn), uniform for ¢ € [r, oo)
and for initial conditions varying in bounded subsets of X.
From (3.17), (3.19) and the Uniform Gronwall Lemma we also obtain

the asymptotic estimate (following from (3.20))
(3.24) limsup || Vu(t)|| 12 (zn) < const,

t—o0 v
with const independent of the initial data wg, vy, the convergence being
uniform for (ug, vp) varying in bounded sets B.

The bound just obtained for u in H (R™) implies a bound in L?n/ ("_2)(R")

u
uniform for ¢ € [r,00). Then the Uniform Gronwall Lemma applied to the

second equation in (1.1) gives an LIQJZ /(n=2) (R™) bound for v uniform for
t e [r,o00):
(3.25) [ 20/ -2y < Cllluoll g, @y 10l p2nscn-2) )

and also, by (3.17), (3.24), an asymptotic estimate

(3.26) i sup (0] 20 < coRE,

with const independent of the initial data, the convergence being uniform
for (ug,vo) varying in bounded sets B ¢ X /2,

Now that we have an estimate of (u,v) uniform on bounded subsets of
X'/2, and for t € [r,00), global in time solvability of (1.1) is well known
[13], [5]. Next, the abstract smoothness Lemma 3.2.1 of [5] allows us to
sharpen these estimates and conclude:

REMARK 3. As a consequence of [5, p. 76], the X1/2 estimate of (u,v),
uniform on bounded subsets of X/2 and for t € [r, 00), extends to a D(A)
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estimate
(3.27) llu()ll 2, @y + 0@ p2rsn 2 gy < Clllwoll g, ey 10l 2/ n 2 gy ),
valid for t € [r+¢,00), € > 0.

REMARK 4. In all the estimates for which the supremum over y must
be taken, one can easily see that the bounds involved do not depend on .
Such suprema over y will be added in estimates (3.18), (3.23).

REMARK 5. Estimates (3.17), (3.24) and (3.26) justify the existence of
a set By bounded in X2, which satisfies all the requirements of condition
(III). However, for our further needs define

B() = T(T + 1)(§0)
Thanks to (3.27) the set By fulfils condition (III) as well, and moreover it
is bounded in D(A) = H2(R") x L2 ""2(Rm),

3.3. Euxistence of a global attractor. We will now check that the semi-
group associated to problem (1.1) on X'/2 fulfills assumption (V). Let
B C X2 be bounded, let {(tmo,vmo)} C B and t,, — co. Due to (3.27)
and Observation 1 it is clear that we can find a subsequence {up, (tm,)}
convergent in H}(R™) N LG/(n_Q) (R™) to some u € H} (R"). For the second
coordinate v we use the Variation of Constants Formula for (3.8); that is, if

T(t)(ug,vo) = (u(t’uo’vo)) is the semigroup associated to (3.8), then

v(t,u0,v0)
t

ult, ug, v0) = eug + | 27 [ (u(s, uo, v0)) — aw(s, uo, v0)] ds,

(3.28) ’

t 1— 6—515

v(t, up,vg) = e Oty + S e_é(t_s)ﬁu(s, up, Vo) ds + —5 h.

0

Rearranging the second formula, for t > r 4+ 1, as
r+1 _5t
(3.29)  v(t,ug,v0) = [e6tv0 + 4 S e 0=y (s, ug, vo) ds — GT h
0
‘ 1
+ 06 S e_é(t_s)u(s, up, Vo) ds + 5 h,
r+1

we observe that the expression in brackets will decay (uniformly in (ug, vg)
€ B) to 0 in Lg"/(n_2) (R™) as t = t,, — oo. Thanks to (3.27) the integral

over [r + 1,¢] is bounded in HZ(R™) uniformly in ¢ > r 4+ 1 and in B. Due
to Observation 1, we thus justify assumption (V) for v as well.

REMARK 6. As claimed in Remark 5 there exists a set By bounded in
D(A) and fulfilling assumption (III). The above reasoning shows that the
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invariant set A (an (X'/2-E,)-global attractor) introduced in Theorem 1 in
connection with By is bounded in X1/2.

There is one more assumption (IV) of the abstract theory requiring veri-
fication in this example. We need to check the continuity of the semigroup
T (t) restricted to By in the (H}(R™) ﬂLZn/(n_Z)(R")) X Lgn/(n_Z)(R") topol-
ogy. Let (u;(0),v;(0)), i = 1,2, be initial data for (1.1) belonging to By. For
such smooth data the corresponding solutions (u;(t),v;(t)), ¢ = 1,2, will
stay in a bounded subset of D(A) for all ¢ > 0 (compare Remark 3). Let us
concentrate on the case n = 3, and let

U:ul—uQ, V:U1—U2

be the difference of such solutions. We want first to get L2(R™) x L2(R™)

and Lgn/(n_Q)(R”) X LG/(n_2) (R™) estimates for (U, V') solving the system
Uy = AU — oV + f(u1) — f(u2),

(3.30) { t flur) = f(uz)
Vi = =6V + SU.

Let 2 < go < 2n/(n —2); note also that if ¢ € LG/("d)(R”), then ¢ €
LP(R™) for any such gop. Multiplying the first equation in (3.30) by
U|U|%~2p, integrating, then multiplying the second equation by V/|V]|90=2p,
integrating and adding the results, we get

1d )
— S (U + |V]©)odx < —(go — 1) S VUV |20 da
qo at =, 3
+ S |VU| |U|(‘IO—2)/2|U|QO/2’vQ| dr — « S VU|U|q0_2Qd:C
R het

+ | (fw) = Fu))UIU 2 pdz — 6 | [V|®0da+ 8 | UV|V|* 20 da.
R" R" Rn

Since |Vo| < oo and u;(t), i = 1,2, vary in a bounded subset of HZ (R™) —
L>*(R™), n < 3, it follows that for some b > 0,
(3.31) | (f(w) = Flua)UIU|*?0da < b | [U|®oda,
R® R”
and the standard use of the Cauchy and Young inequalities leads to the
estimate
d

(3:32) — | (U1 + V") odz < c(q0, 00,0, v, B) | (IU]% + [V]™) o da,

R R®

providing an exponential bound for the L (R") x L’ (R") norm of (U, V).
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Next we proceed to the H ;(R”) estimate of U. Multiplying the first
equation of (3.30) by U;e and integrating we obtain

(3.33) | Ufodz=- | VU VUedx - | U,VUVodx

R’n R’n R’n
—a | Vleds + | (f(u1) — f(u2))Uroda.
Rn R’I’L

Thanks to the estimate

(3:34) } (f) = fu2) Ui de < | WU [Tilod

and the Cauchy inequality, from (3.33) we get

d 2 1 2
- | IVUPodz + 5 | UZoda
R® R"
< S VU o dx + const( S V2odx + S U2Qd33).
R® R" R®

The last estimate together with (3.32) provides a bound for [|[VU||p2(gn) in
terms of [[V(0)zaqays 1U/(0)1zanys T (O)lrscerys g2 oy izl 2 oy
uniform on bounded time intervals [0, T'.

REMARK 7. For higher dimensions n = 4,5,..., to get the estimates
(3.31), (3.34), we need to use higher order regularity of the semigroup defined
by (1.1). In particular, for n = 4,5, we assume that vo,h € H] (R") and
the nonlinear term f has locally Lipschitz continuous derivative f’. We are
then able to estimate the solution (u,v) in H (R™) x H{, (R™) uniformly on
compact subintervals of (0,7]. The absorbing set By will then be bounded
in H2 (R") x H{ (R™), and thanks to the embedding Hp (R") < L*®(R™),
n = 4,5, the rest of the considerations will be the same as for n = 3.

Another possibility to cover all space dimensions n > 3 with one unified
reasoning is to add one more assumption on the nonlinear term f:

Fo>0 Vser  f'(s) <.

This condition, known as quasimonotonicity, simplifies the estimates signif-
icantly.

With all the above computations and Theorem 1 we have proved the
following result:

THEOREM 2. If f fulfils (3.6), (3.7), n = 3 and h € L™/ "D (®n),

lu

then problem (1.1) defines a bounded dissipative (X1/2—E9)-asymptotically
compact semigroup on X'/ and therefore (1.1) has an (X'/%-E,)-attractor
A bounded in X'/2. The same conclusion is true for n = 4,5 under the
additional reqularity assumptions described in Remark 7.
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When h € HL (R"), it follows from the a priori estimate (3.27), the Vari-
ation of Constants Formula (3.28) and the definition of (X/%-E,)-attractor
that the following holds:

COROLLARY 2. The attractor for (1.1) is a bounded subset of HZ (R™) x
Hl (R™) whenever h € HL (R™).
REMARK 8. The calculations described above are much simpler in space

dimensions ng = 1,2, thanks to the embedding H} (R") — L{ (R") valid
for arbitrary ¢ € [1, c0).

4. Application to Field—Noyes equations. In this section we con-
sider a slight generalization of the Field-Noyes system which is a model for
the Belousov—Zhabotinskii reactions in chemical kinetics (see for example
[22, 12, 14, 17]). To avoid unnecessary technicalities we restrict the presen-
tation to the case of dimension n = 1; that is, we consider the system

Ut = Ugy + (v —uv + f(u)),
(4.1) vy = L(yw — v —ww),

wg=o0(u—w), t>0, z€R,
where a, 7y, 0 are positive constants.

If f is locally Lipschitz then the above problem is locally well posed in
Hl]il(R) X L%u(R) X LIQu(R)

We will be interested in the solutions of the above system which start at
nonnegative initial data. Following [22, Chapter 14], it can be shown that
for a dense subset of the cone E = H} (R,RT) x L (R,R") x L (R,RT)
(say [Ceo(R,RT)]3) the solution will stay in E as long as it exists. To prove
that solutions that start in E will stay in E' as long as they exist we consider
the following auxiliary system:

Up = Uy + (v —uwv + f(u)) + 1,
(4.2) vy =L (yw —v—wv) +,

w=0cu—w)+n t>0, zeR, n>0,
with initial data in [C°(R,RT)]* and apply the reasoning used in [22].
Letting 7 go to zero we obtain the same conclusion for the system (4.1) with
initial data in [C°(R, R1)]3. To obtain the result for (4.1) in E it is enough
to use continuity with respect to initial data.

More simply than in the previous example, let

E= Hllu(R7 R+) X L%u(RaR—i_) X L%u(RvR—’—)a
E, = H}(R,R") x L3(R,R") x L2(R,R™).

Assume that f satisfies (3.7) with a suitably large constant ¢ and ca —

7% > 0. Under these assumptions we prove that the semigroup generated
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by (4.1) in E is bounded dissipative, (E-E,)-asymptotically compact and
therefore has an (E-E,)-global attractor.

In what follows we sketch the a priori estimates required to obtain bound-
edness of the semigroup in E and (E-E,)-asymptotic compactness.

The first a priori estimate gives a bound for solutions in L2 (R,RT) x
L (R,RT) x L (R,RT) and it is obtained by multiplying each equation by
the corresponding variable times o, integrating and adding the results. Here
we use the fact that all variables assume only nonnegative values to get rid
of the terms —u?v and —uv?. Using the Young inequality and Divergence
Theorem we obtain

1 ac
(4.3) 2dtS(u oy +v%0, +w?o,) da 5%\%] oydx < —?éu oy dx
1 9(,.2 2
_204]121} oy dx — §Sw dex—i—aé{vwgydm%-MO

for some constant Mj.

Since oo —~% > 0 we find that HUHL2 ® T HUH% )+ HwHL2  (®) remains
bounded uniformly for initial data in bounded subsets of £ and for t > 0.
Furthermore, there is a constant K = K (d, ¢) > 0 such that

. 2 2 2
(4.4) tm sup(|ful25 ) + 10132, o) + ol 33 ) < K

uniformly for initial data in bounded subsets of E. Moreover, returning to
(4.3) one can see that

t+r
(4.5) S S luz(7)|% 0y (x) dz dr < R,
t R

where R depends only on r but is independent of ¢.

In the second a priori estimate we obtain dissipation for the first coor-
dinate u in H{ (R). Since this differs considerably from the estimates in the
previous example we include the computations. Multiply the first equation
in (4.1) by w0, and integrate over R to obtain

(4.6) S u?oy(z) de = S UzzUt 0y () do + S(w —uv + f(u))uroy(z) dz
R R R
§u20,() o+ o 5§ Fu)gy (o) du+ 2 [y (o) da

dt
LR R R

S_

&|g‘

1
2

% S uio y(7) dz + o S vuroy(z) do — o S vuugoy(x) de.
R R R
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The last two terms in the inequality above are estimated as follows:

(4.7) ‘aé{vutgy(a:) da:’ < i Hiutzgy(a:) dx + koﬂiv%y(x) dx

for some ko > 0, and by the Nirenberg—Gagliardo type inequality (3.5) there
are constants k; and ko such that

o
(4.8) Svuutgy( )dx = —3 S(u )ivoy(z) dx
R R
ad 1 o2
= _§d_xu voy( )d$+§S (Yw — v — uv)oy(x) dx
R R
_Qﬂ 2 4 6 2 2
< 5 dtSu vgy(:c)d:v+k‘1§(u +u’ 4+ 07+ w)oy(x) dx
R R
<@ d¢ o de -+ k 3
< —§Eﬂiu voy (@) dz + ka([lull 7 gyllell ) + l1wllz2 @) Ul (@)
+ k1 \(v?0y(2) + w2y () dz.
Rearranging estimate (4.6) and using (4.7), (4.8) we obtain

(4.9) %(%

e B e

uigy<x>dx«—«wS.qu>gy<x>dw-+»gfsu?vgy<x>dx)
R

m|‘§ =

1
5 Su oy(z Suggy(az) dx + (ko + k1) Sv2gy($) dx
R R R

b J oy (o) o+ hallully o el o + Dol ol o)

Thanks to the estimates (4.5) and (4.4) we are able to apply the Uniform
Gronwall Lemma ([23]) to (4.9) to conclude that the functional

s V2o, (e)dr — o | F(u)oy(w) da
R R
is uniformly bounded for initial data in bounded subsets of F and for ¢ €
[r, 00), with 7 > 0 fixed. Therefore u(t) € H{ (R) with the norm uniformly
bounded for initial data in bounded subsets of E and ¢ € [r,00). We will
also obtain an asymptotic estimate

(4.10) i sup [u(t) 1, ey < ko

with k3 independent of the initial data. An asymptotic estimate, in L2 (R), of
the two components (v, w) is already known (4.4), which proves assumption
(ITI) for the present example.
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Thus we observe that the semigroup generated by (4.1) is bounded dissi-
pative. As in the previous example, using Lemma 3.2.1 of [5], we will extend
the last H. (R) estimate to the estimate of u in HZ (R), uniform for initial
data in bounded subsets of E and for ¢t € [¢,00). This last a priori estimate
implies, in the light of Observation 1, that assumption (V) is satisfied for
the first coordinate u of the semigroup generated by (4.1). Using an argu-
ment with the Variation of Constants Formula as in the previous example
we verify assumption (V) for the other two coordinates v, w.

Since the problem is one-dimensional and H} (R) — L*(R), the calcu-
lations are much simpler than in the previous example. In particular it is
easy to check the continuity assumption (IV) of Theorem 1. We will omit
these considerations here, concluding that:

THEOREM 3. If f has locally bounded first derivative and satisfies (3.7),
then the problem (4.1) defines a bounded dissipative (E-E,)-asymptotically
compact semigroup on E and thus (4.1) has an (E-E,)-attractor A.

5. Appendix. In this appendix we recall a characterization of the
spaces L} (R™) which is suitable for obtaining the compact embedding (3.3),
and compare the results in this paper with the previously known results for
partly dissipative systems.

5.1. Characterization of the spaces qu(R”). Recall first an equivalent
definition of the space L{ (R"), ¢ € [1,00):

(5.1) 6 € LL(R") & |6l 4 ) < o0 and

u

|T2¢ — ¢‘|qu(Rn) — 0 as z— 0.
We next give an equivalent characterization of the norm of that space.

LEMMA 1. Assume that o is a strictly positive, integrable weight func-
tion, decreasing with respect to the absolute value of each variable. Then

(5.2) 1]l 22 ey < 00 & Fopso Vyern | |@(2)|?dz < C,
B(y,r)
where B(y,r) C R™ is the ball of radius r centered at y.

Proof. 1t is evident that if the above condition holds for one value of r it
must hold for any r > 0. Assume that [|¢[|z¢ gn) < co. Then, for each ball

B(y,r),

[ lo(@)|90y(z) dz < M.
B(y,r)

Since p is strictly positive in B(0,r) it is bounded below by a positive con-
stant m, and the same lower bound will be valid for g, (z) in B(y, ). There-
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fore
m | |¢@)lde < | |¢(2)|%0(z —y)dz < M
B(yr) B(yr)
and consequently
| I ds <
B(y.r)
To show the other implication note that the balls in (5.2) can be replaced

with cubes. Choose 7 > 0 and let C;, ;) = H?Zl[m'j, 7(ij +1)]. It follows

from the integral criterion for convergence of multiple series that

S = Z sup  po(x) < 0.

(%1 5eeryin)

M
m

The proof is completed by noting the estimate
J16(2)|%0y(x) dx = |6(= +y)|"0(2) dz

R” R”

< 3 ( wlerord sw o)

J?EC(Z'I

<C >  sup o),
(1 yeeeyin)

whose right hand side is independent of . =

Thanks to the above characterization we have the following compactness
result:

LEMMA 2. Let g be a strictly positive integrable function, satisfying (3.1),
which is decreasing with respect to the absolute value of each variable. Then
the embedding

n
W (R — L"), 1<p<g<
is compact, and therefore the general embedding (3.3) is also compact.

Proof. As in the previous lemma we can cover R™ by a countable number
of cubes, Cj, j = 1,2,..., having disjoint interiors. For each j we have the
compact embedding

n
WG = LUC), 1<p<q<
n—p
and LY(C;) = L}(C;) with equivalent norms. Let {¢,,} be a bounded
sequence in VVlt’p (R™). Extract a subsequence {¢;,,} which is convergent
in L9(Cy). Proceeding by induction, once we have constructed a subse-
quence {¢m, }, let {¢m,,,} be a subsequence of {¢,, } which is convergent
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in L4(Cy). Now the Cantor diagonal process implies that {¢,,} has a subse-
quence, denoted again by {¢, }, which is convergent in LI(C}) for every j.
Let ¢ be the limit of this subsequence.

Thanks to the characterization in the previous lemma, to (3.4) and the
fact that {¢n,} is a bounded sequence in L{ (R™), the convergence of {¢y, }
to ¢ in the sense described above implies that ¢ is in LE(R"). It remains to
prove that {¢,,} converges to ¢ in LE(R™). To prove this, note that

(53) | [om(z) — d(x)|%0(x) da < Z up o(x S |fm () — ¢(x)|" dz
R™ Jj= 1I Cj
< 2qCZ sup o(x).
j=1 zeCj

Since the above series is convergent, given € > 0 there exists a natural
number N such that

(54) | lom(x) = ¢()|%0(z) do
R~

< Z sup o(z S [¢m(z) — @()|? do + 29Ce

xEC
and therefore, by the deﬁmtlon of ¢,
limsup | [ém(2) — 6(2)|70() do < 21Ce

m—0o0 Rn
for any € > 0. This proves the lemma. =

5.2. Further remarks. Now we compare the results in this paper with
those in [21]. Note first that the assumptions imposed on the nonlinear term
f in the present paper are weaker; in particular we do not need any quasi-
monotonicity condition f’(s) < C' which was essentially used in [21]. Note
also that with the assumptions in [21], following the same a priori estimates
as in Section 3, one can state that the global attractor B obtained in [21] is
a bounded subset of H2(R") x H'(R") and therefore a bounded subset of
HZ(R™) x HL (R™), as long as g is a bounded weight function. This together
with the invariance of the attractor and with the remarks stated in the
Introduction concerning travelling waves and constant stationary solutions
ensures that B C A.
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