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EXISTENCE OF POLYNOMIAL ATTRACTOR FOR A CLASS OF
EXTENSIBLE BEAMS WITH NONLOCAL WEAK DAMPING*

CHUNXIANG ZHAO', CHUNYAN ZHAO¥, AND CHENGKUI ZHONG#

Abstract. In this paper, we put forward the concept of polynomial attractor and study the
connection between the polynomial attractors and the estimate of attractive velocity of bounded sets
for infinite-dimensional dynamical systems. Then we prove the existence of polynomial attractor for
a class of extensible beams with nonlocal weak damping for the case that the nonlinear term f has
subcritical growth.
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1. Introduction
In this paper, we study the existence of polynomial attractors for a class of extensible
beams with nonlocal weak damping

e+ A2u— (| l2) A+ k(g g+ F () = h, (2,8) €Q xR,
u\agz%bﬂzo(clamped) or ulpa=Au|sa=0 (hinged), (1.1)
u(x,0) =uo(z),us(x,0) =uq (x),

where Q@ CR™ is a bounded domain with smooth boundary 99Q, u=wu(x,t): Q x[0,00) —
R is an unknown function and h € L?(©2). The assumptions on the functions m and f
are as follows:

(A1) m:RT —RT is a function of class C!, satisfying

1 S

m(s)s> §M(S)—98, where M(s):/ m(7)dr, (1.2)
0

where 0 <0< %)\1% , A1 >0 is the first eigenvalue of the bi-harmonic operator A? with

boundary condition (1.1);

(A3) feCY(R) satisfies the growth condition
| ()| <C(1+]s]9), (1.3)
with 1<p<oifn<4and 1<p< ﬁ if n>5, and the dissipation condition

liminf f'(s) > —\1. (1.4)

|s]— o0

Set
F(s)= /0 .
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1394 EXISTENCE OF POLYNOMIAL ATTRACTOR
Assumption (1.4) yields that

t/memz—QmW—C, (1.5)
Q

() > [ Pluyda =3l ~C. (16)

for some A< Ay (see [14]).
(As) 6 and X are chosen so that

2
22

AV

It is a significant issue to predict long-time dynamics of nonlinear evolution equa-
tions with different kinds of dissipation. The global attractor is a core concept. By
definition, once the global attraction exists, it covers all possible permanent regimes
of the system. Due to the Holder-Mané theorem (see [5,7]), each compact set with
finite fractal dimension is homeomorphic to a compact subset of Euclidean space R™.
Therefore, if the fractal dimension of the global attractor is finite, then the infinite-
dimensional dynamical system restricted on the global attractor can be reduced to a
finite-dimensional dynamical system (see [9]).

The further expansions of the concept of global attractor are inertial manifold [6]
and exponential attractor [4]. In particular, an exponential attractor is a positively
invariant, finite fractal dimensional compact set which uniformly exponentially attracts
all orbits starting from bounded subsets and contains the global attractor. Actually, to
the best of our knowledge, exponential attractors exist indeed for almost all equations
with finite-dimensional global attractors.

A necessary prerequisite for a dynamical system to have an exponential attractor
is that it possesses a global attractor with finite fractal dimension. On the other hand,
many dynamical systems generated by evolution equations have infinite-dimensional
global attractors, such as the p-Laplace equations with symmetry (see [26]), some
reaction-diffusion equations in unbounded domains (see [20,21]), some hyperbolic equa-
tions in unbounded domains (see [19]), and so on. When a dynamical system has an
infinite-dimensional global attractor, it has no exponential attractors, but there may
still exist positively invariant and exponentially attractive compact sets. Based on this
observation, Zhang et. al ([22]) thought that the properties of exponential attractiveness
and finite fractal dimension should be discussed separately, and proposed the concept
of exponential decay with respect to noncompactness measure for the first time. They
have proved that the sufficient and necessary condition for a dissipative dynamical sys-
tem to have a positively invariant and exponentially attractive compact set A* is that
the noncompactness measure of each bounded set decays exponentially. They also gave
some criteria for exponential decay with respect to noncompactness measure and proved
this property for a class of reaction-diffusion equations and a class of wave equations
with weak damping via the (C*) condition.

We notice that for the semilinear wave equation or beam equation with nonlinear
damping g(ut), when g(0)=0 and ¢'(0) =0, there is no conclusion as to whether the
fractal dimension of the global attractor is finite and whether the noncompactness mea-
sure decays exponentially. There are other equations that face the same problem in the
degenerate case. And we notice that it is difficult to obtain the exponential decay esti-
mate with respect to noncompactness measure for the degenerate infinite-dimensional
dynamical systems, so is it possible to reach the polynomial decay rate?
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With this question in mind, we noticed that M. Nakao [10-12] proved that the
nonnegative function ¢(t) which satisfies the difference inequality

E?F£1]¢(S)l+a <Ko(1+8)7(¢(t) = p(t+1)) +9(t)

decays to zero at polynomial or logarithmic polynomial rate as ¢t — +oc. Using such
difference inequality, Nakao proved that any solution of the wave equation with nonlinear
damping tends to a certain steady-state solution or solution orbit at polynomial rate
in [11,12], and that the energy functionals of solutions of the abstract nonlinear evolution
equations

u’ () + Bt)u' (t) + A(t)u(t) = f(t) (1.7)
and
B(t)u'(t)+ A(t)u(t) = f(t) (1.8)

decay to 0 at polynomial (or logarithmic polynomial) rate in [10,13], where A(t) is the
Fréchet derivative of a functional on the Banach space V', B(t) is a bounded operator
from the Banach space W to its dual W* and V—W — H —W*— V*. Recently,
Silva, Narciso and Vicente [16] applied the difference inequality proposed by Nakao to
prove the polynomial decay of the energy functional of solutions for the beam equation
with nonlocal energy damping.

Base on the above analysis, in this paper and [25], we put forward the more general
concepts of the polynomial decay with respect to noncompactness measure and polyno-
mial attractor (Definition 3.1) (where the polynomial function p=t=#:R* =R+ 3>
0 is decreasing and satisfies p(t) —0 as t —+00) as a generalization of the theory of
exponential decay with respect to noncompact measure. And we prove that for every
dynamical system which has the property of polynomial decay with respect to non-
compactness measure, there exists a positively invariant compact set A* that attracts
each bounded set B at the rate of (¢t —t,(B)—1). This means that .A* is polynomial
attractor. Then we also give some criteria for the polynomial decay with respect to
noncompactness measure. Indeed, in [25], we establish a quasi-stable inequality con-
cerning the controlling relationship of the distance at time ¢ and the initial distance
between any two orbits starting from a positive invariant bounded absorbing set By.
This quasi-stable inequality is closely related to a difference inequality and contains
compact pseudo-metrics. Thus, by the definition of noncompactness measure and the
compactness of the pseudo-metrics, from this quasi-stable inequality we can deduce
the difference inequality with respect to the noncompactness measure «(S(t)By), which
leads to the estimate of the polynomial decay rate of the noncompactness measure. Con-
sequently, the existence of the polynomial attractors and the estimate of their attractive
rate are obtained.

In this paper, we apply an abstract theorem on estimating polynomial decay rate of
noncompactness measure of bounded sets for infinite-dimensional dynamical systems to
a class of extensible beams with nonlocal weak damping for the case that the nonlinear
term f has subcritical growth.

The paper is organized as follows. In Section 2, we give some necessary prelimi-
naries. In Section 3, we state the polynomial attractor and the polynomial decay with
respect to noncompactness measure. We prove the existence of polynomial attractor for
a class of extensible beams with nonlocal weak damping in Section 4.
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2. Preliminaries
In this section, we give some necessary preliminaries which are required for estab-
lishing our results.

2.1. Functions space.  Here we consider H = L?(§)) with usual inner product
(-,+) and norm ||- ||, and LP(§2) with norm ||-[|,. We also consider the space Vo= H{ ()
and

V—D(.A%)— HZ(9), for clamped boundary condition,
- T H2(Q)NHY(Q), for hinged boundary condition.

with norm ||V | and ||A-|| respectively, where the operator A= A2
Let A1 >0 be the first eigenvalue of the bi-harmonic operator A? with boundary
condition (1.1), then it holds

| Aul? > A lul | Aul® > Af [ Vul, VueV. (2.1)
Finally, we define the space
H=VxH
endowed with norm
(s 0) 13, = 1 Al + 0],

Let C denote any positive constant which may be different from line to line and
even in the same line. We also denote the different positive constants by ¢;,C;,i €N et
al.

2.2. Basic concepts and properties. We briefly recall the definition and

basics of Kuratowski a-measure of noncompactness . For more details, we refer to
[1,3,17].

DEFINITION 2.1 ([1,3]). Let (X,d) be a metric space and let B be a bounded subset
of X. The Kuratowski cc-measure of moncompactness is defined by

a(B)=inf{d >0|B has a finite cover of diameter <J4}.
LEMMA 2.1 ([1,3]). Let (X,d) be a complete metric space and « be the Kuratowski
measure of noncompactness. Then
(i) a(B)=0 if and only if B is precompact;
(ii)) «a(A)<a(B) whenever AC B;
(iil) a(AUB)=max{a(A),a(B)};
a(B)=a(B), where B is the closure of B;

(v) if B1 2By 2D Bs... are nonempty closed sets in X such that a(By,) —0 as n— o0,
then Ny>1B,, is nonempty and compact;

(vi) if X is a Banach space, then a(A+ B) <a(A)+«a(B).

LEMMA 2.2 ([17]).  Assume X —<— B—Y where X,B,Y are Banach spaces. The
following statements hold.
(i) Let F be bounded in L?(0,T;X) where 1 <p<oo, and OF/0t={0f/0t: f€F} be
bounded in L' (0,T;Y), where 3/0t is the weak time derivative. Then F is relatively
compact in LP(0,T;B).

iv

~—
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(i1) Let F be bounded in L>°(0,T;X) and OF /0t be bounded in L™(0,T;Y") where r>1.
Then F is relatively compact in C(0,T;B).

Next, we will briefly review the definitions and fundamental conclusions of dynam-
ical systems and the global attractor.

DEFINITION 2.2 ([2,15,18]). A dynamical system is a pair of objects (X,{S(t)}+>0) con-
sisting of a complete metric space X and a family of continuous mappings {S(t) >0 of
X into itself with the semigroup properties:

(i) SO)=1,

(if) S(t+s)=S5(t)S(s) for all t,s>0,
where X is called a phase space (or state space) and {S(t)}i>0 is called an evolution
semigroup.

DEFINITION 2.3 ([2,15,18]). Let {S(t)}s>0 be a semigroup in a complete metric
space (X,d). A closed set BC X is said to be absorbing for {S(t)}i>o0 iff for any bounded
set BC X there exists to(B) (the entering time of B into B) such that S(t)BCB for
allt>1to(B). {S(t)}+>0 is said to be dissipative iff it possesses a bounded absorbing set.

LEMMA 2.3 ([2]).  Let {S(t)}s>0 be a semigroup in a complete metric space (X,d).
If {S(t) }+>0 is dissipative, then it possesses a positively invariant bounded absorbing set.
Moreover, let B be its bounded absorbing set, then Bo= |J S(t)B is a positively
t>tn
invariant bounded absorbing set, where tg >0 is the entering time of B into itself.

DEFINITION 2.4 ([2,15,18]). A compact set AC X is said to be a global attractor of
the dynamical system (X,{S(t)}i>0) iff
(i) ACX is an invariant set, i.e., S(t)A=A for all t>0,
(ii) ACX is uniformly attracting, i.e., for all bounded sets BC X we have
lim dist(S(t)B,A)=0,

t—+oo

where dist(A, B) :=sup, ¢ 4 distx (z,B) is the Hausdorff semi-distance.

Ma, Wang and Zhong put forward the concept of w-limit compact in [8] and proved
that w-limit compactness is a necessary and sufficient condition for a dissipative dy-
namical system to possess the global attractor. Due to Lemma 2.3, we can weaken the
definition of w-limit compact in [8] to the following form:

DEFINITION 2.5.  The dynamical system (X,{S(t)}1>0) s said to be w-limit compact
iff for every positively invariant bounded set BC X we have oz(S(t)B) —0 as t— o0,
where «(-) is the Kuratowski measure of noncompactness.

For the above definition, we can still get the same conclusion as in [8]:

THEOREM 2.1. The dynamical system (X,{S(t)}+>0) has a global attractor in X if and
only if it is both dissipative and w-limit compact.

3. The polynomial attractor and the polynomial decay with respect to
noncompactness measure

The global attractor gives no information about the attractive rate. And we notice
that it is difficult to obtain the exponential decay estimate with respect to noncom-
pactness measure for the degenerate infinite-dimensional dynamical systems. In order
to describe the asymptotic behavior of dynamical systems more concretely, we propose
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the following concept of polynomial attractor in [25]. For the reader’s convenience, we
restate these theories about polynomial attractor in [25] .

DEFINITION 3.1.  We call a compact A* C X a polynomial attractor for the dynamical
system (X, {S(¢)}+>0), if A* is positively invariant with respect to S(t) and for every
bounded set B C X there exists tg >0 such that

dist (S(t)B,A") <C((t—t.(B))) 7, Vi > t.(B) + 1o,
for certain positive constants C, 3.

We emphasize that the finiteness of fractal dimension is not required in the above
definition of polynomial attractor. This is because there indeed exist positively invariant
compact sets with infinite fractal dimension which can attract all bounded sets at the
polynomial speed. We further proposed the following concept of polynomial decay
with respect to noncompactness measure as a condition for the existence of polynomial
attractor.

DEFINITION 3.2.  The dynamical system (X,{S(t)}i>0) is said to have polynomial
decay with respect to moncompactness measure iff it is dissipative and there exists to>
0 such that

a(S(t)By) <Ct= P, Yt>ty, (3.1)

where By is a positively invariant bounded absorbing set of (X,{S(t)}+>0) and certain
positive constants C,[3.

LEMMA 3.1.  Assume that the dynamical system (X,{S(t)}i>0) is @-decaying with
respect to noncompactness measure, which implies that there exist a positively invariant
bounded absorbing set By and a positive constant to such that

a(S(t)By) <Ct™P, Yt >t.
Then for every bounded subset B of X, we have
a(S()B) < C(t—t.(B)) ™", Vt>t.(B) +to,
where t.(B) is the entering time of B into By.
Proof. Since
S(t)BC By, Vt>t.(B),
we have
S(t)B=S(t—t.(B))S(t«(B))BCS(t—t.(B))Bo,
then
a(S(t)B)<a(S(t—t.(B))By) < (t—t*(B))_ﬁ, Vt >t.(B)+to.

d
THEOREM 3.1. Assume that the dynamical system (X,{S(t)}+>0) has polynomial
decay with respect to noncompactness measure, which implies that there exist a positively
invariant bounded absorbing set By and a positive constant ty such that

a(S(t)By) <Ct= P, Yt>t.
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Then there exists a positively invariant compact set A* such that for every bounded
set BC X we have

dist (S(t)B,A") <C((t—t.(B) 1)) ", ¥t > t.(B) +1o+1, (3.2)

where t.(B) is the entering time of B into By. That is to say, A* is the polynomial
attractor for (X,{S(t)}i>0).

LEMMA 3.2.  Suppose that w(t) is a nonnegative function on RT satisfying
max{w! T (t),w Tt +T)} <h(t)[w(t) —w(t+T)], Vt>to, (3.3)

where «, Tty are positive constants, h(t) is a positive monotone function. Then
w(t) satisfies the following estimate:

t—T 1

« ds Y~ =

w(t g{ inf  w™%(s +—/ —} | V>t 42T,
(*) s€[to,to+T] (5) T Jigsr h(s) 0

In particular, when h(t) =Ky, we have

1
«

(t—to—QT)} V> to 42T (3.4)

«

t<{ inf  w©
’LU()_ se[trl)r,;o+T]w (S)+TK0

Proof.

1
w’“(t—kT)—w’a(t):/o Lol 7)+ (- 0)uo(r)] o

'do [w(t) —w(t+T)]

:a/ol [Ow(t+T)+(1—0)w(t)] "
>a(max{w(t),w(t+T)}) " w(t) —w(t+T)]. (3.5)

It follows from (3.3) and (3.5) that

W+ T)—w™Y(t) > i, Ve > to.
h(t)
Thus
o & T
) ZwT¥(t—nT)+ = —, Vt>tg+2T 3.6
ST ZT AT+ Y, 24T, (3:6)
where n=[1-12] is the integral part of Z%.
If h(t) is non-increasing, then by (3.6),
w¥t)>wT*(t—nT)+ a + a "1/tiT ds
>w — — = —
h(t_nT) T =1 t—(i+1)T h(t_ZT)

>w—a(t—nT)+O‘JFO‘/t_TdS
- hit—=nT) T Jopr h(s)

t—T
d
Zw_a(t—nT)—k%/t 2

o+ T h(s)
a [T ds
> inf w%(s —|——/ — 3.7
s€[to,to+T] () T to+T (s) ( )



1400 EXISTENCE OF POLYNOMIAL ATTRACTOR

holds for all t >tq+2T.
If h(t) is non-decreasing, then by (3.6)

(i—-1)T
w ) >w ¥ (t—nT)+ Z/t TT)

/ ds
t—nT h(s>
Oé/t_T dS
to+T h(s
t—T

ds
— 3.8
| i (38)

holds for all ¢t >to+2T.

Combining (3.7) and (3.8), we conclude that if A(¢) is monotone, then

Y (t—nT)+

’ﬂ

>w ¥ (t—nT)+

N

> inf  w ¥(s)+

SG[to,to+T]

NHle

a [T ds >
w(t g{ inf W (s +f/ —} Vit to 42T 3.9
® s€lto,to+T) (s) T Jiysr h(s) 0 (39)
The estimate (3.4) follows immediately from (3.9). |

REMARK 3.1. Lemma 3.2 estimates the decay rate of nonnegative function w(t) satis-
fying the difference inequality (3.3) for the case that h(t) is a general positive monotone
function. It is a generalization of Theorem 1 in [10] by M. Nakao, which established
decay estimate from the difference inequality

s P(s)" T < Ko(14+1)7 (o(t) — d(t+1)) +9(2).

For the exponential decay (namely Ce™”* ) with respect to noncompactness mea-
sure, the case of has been discussed in [22,23], whereas the case of polynomial decay
(namely Ct+=# ) has not been discussed before. Next, we give a theorem on the polyno-
mial decay estimate with respect to noncompactness measure in this section.

LEMMA 3.3.  Let {S(t)}+>0 be a dissipative dynamical system on a complete met-
ric space (X,d) and By be a positively invariant bounded absorbing set. Assume that
there exist positive constants T,8y, a continuous non-decreasing function q:RT™ —RT, a
function g: (RT)™ = RT and pseudometrics o (i=1,2,...,m) on By such that
(i) q(0)=0; ¢(s)<s, s>0;
(ii) g is non-decreasing with respect to each variable, g(0,...,0)=0 and g is con-
tinuous at (0,...,0);
(iii) o4 (i=1,2,...,m) is precompact on By, i.e., any sequence {x,} C By has a sub-
sequence {x,, } which is Cauchy with respect to ok;

(iv) the inequality

(d(S(T)yr,S(T)ys))’

3.10
SQ((d(ylayZ))2+g(9%’(y1»y2)79%(y1ay2)a""Q?(ylva))) ( )

holds for all y1,ys € By satisfying 0% (y1,y2) <do(i=1,2,...,m).
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Then
a(S(t)By)—0 as t—+oo,

and {S(t) }1>0 is w-limit compact.

Proof. For each BCBy and any e¢>0, by Definition 2.1, there exist
sets I, F5,..., F, such that

BCU}_ F,, diamF; <a(B) +e. (3.11)
It follows from assumption (ii) that there exists 0>0 such that g(z1,z2,...,2m) <
€ whenever z; € [0,] (z =1,2,... ,m). By the precompactness of ¢%(i=1,2,...,m), there
exists a finite set Nl:{x;- :j=1,2,....k;} C B such that for every y€ B there is 2} €
N with the property Q}(y,x;) <imin{4,60}, i.e.,
BC U?;10;7 C; ={yeB: Q}(y,x;) < %min{é,éo}}, i=1,...,m. (3.12)
Consequently, we have
BCUj, jo..jm i (Cf,NCN...NCT NE)
and
S(T)BCUj, ja....jom,i (S(T)(C], NC5 N...0NC" N F)).
By (3.11) and (3.12), for any y1,y2 € Cj, NC3, N...NC}* NFj, we have
d(y1,y2) <diamF; <a(B)+e (3.13)
and
0% (y1,92) <min{8,60},i=1,2,...,m. (3.14)

Inequality (3.14) implies
1 m
g(QT(y17y2)7"'7QT (yhy?))<6~ (315)
We deduce from (3.10), (3.13), (3.14) and (3.15) that
(A(S(Ty1,S(T)w))* <a((a(B)+¢)* +e) (3.16)

for any y1,y2 € C}l ﬁC’]?z N...NCT" NFj. Therefore according to the definition of non-
compactness measure «, we obtain

(a(S(T)B))? gq((a(3)+e)2+e). (3.17)

Since ¢ is continuous and non-decreasing, combining (3.17) and the arbitrariness of ¢
gives

(a(s(1)B))* <q((a(B))). (3.18)
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We infer from (3.18) that

((S(T)Bo))* < g (al(S(k=1)T)B0))*), k=1,2,.... (3.19)

2N +oo
Since ¢(s)<s, the sequence {(a(S(kT)BO)) } is non-increasing and thus there

) -
exists g =limp_, 1 (a (S(kT)BO)> . By the continuity of ¢, (3.19) implies ag <g(a),
which yields ap=0 by assumption (ii). Consequently, we obtain

a(S(t)By) =0 as t — +oo. (3.20)

For any bounded set D C X, there exists tp >0 such that S(¢tp)D C By, which implies
S(t+tp)D CS(t)By. Thus, we have a(S(t+tp)D) < (S(t)By), which, together with
(3.20), gives

a(S(t)D)—0 as t — +o0. (3.21)

Therefore, {S(t)}1>0 is w-limit compact. 0

THEOREM 3.2 (The Polynomial Decay Theorem). Let {S(t)}i>0 be a dissipative
dynamical system on a complete metric space (X,d) and By be a positively invariant
bounded absorbing set. Assume that there exist positive constants C,T,dy, 8€(0,1),
functions g;: (RT)™ —RT (1=1,2) and pseudometrics o (i=1,2,...,m) on By such
that

(i) g1 is non-decreasing with respect to each variable, g;(0,...,0)=0 and g; is con-
tinuous at (0,...,0);

(ii) o%(i=1,2,...,m) is precompact on By, i.e., any sequence {x,,} C By has a sub-
sequence {xy, } which is Cauchy with respect to ol;

(iil) the inequalities
(d(S(T)y1,S(T)y2))?
<(d(y1,92))* + (@1T (y1.92), 07 (y1,92),- ... 0F (yl,yz)) (3.22)

and

(d(S(T)y1,5(T)ys))* <C [(d(yhyz))2 —(d(S(T)y1,8(T)y2))?

s
+91(9%‘(y1792>79%<y1ay2)7~-~79717’l(ylayZ)):|
+92 (Q%’(yhy?)7Q%<y17y2)7"'79¥ (y17y2)) (323)

hold for all y1,ys € By satisfying 0% (y1,y2) <do(i=1,2,...,m).
Then there exists tg >0 such that for each bounded B C X the estimate

8
2(8-1)

2(8-1) 1-p (t—t*(B)fto*QT)} (3.24)

a(S(t)B) < {(04(30))T er

holds for all t >ty + 2T +t.(B), where t.(B) satisfies

S(t)BC By, Vt>t.(B).
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Thus, (X,{S(t)}+>0) possesses a polynomial attractor A* (see Definition 3.1) such that
for every bounded set BC X,

st (8()B.A) < {(a(B) T+ — =0 _gmor ) - )} (35)
TB(1+2C)7

holds for all t>ty+2T +t.(B)+1.

Proof. For all yi,y2 € By satisfying 0% (y1,92) <do(i=1,2,...,m), it follows
from (3.23) that

1

<0)h [(d<y1,y2>>2 (ST, S(T)ys))?

@i

(d(S(T)y1,S(T)y2))
+a1 (QlT (y1,92), 07 (y1,92) ..., 0F (y1,y2)>}

1
+2E.92ﬂ (Q%"(ylayQ)aQ%(ylva)v'"79777}(y17y2))7

which yields

1

(20) 77 (d(S(T)y1,5(T)y2))” + (A(S(T)y1,S(T)y))
<(d(y1,92))* + a1 (QlT(yhyz),Q% (y1,92),-...07 (yuyz))

@i

+CBg) (QlT(yhyz)w?p(yhyz),---,ﬁ(yhyz)). (3.26)
We rewrite (3.26) as
w((AS(T)y1,S(T)p2))?)
S(d(y17y2))2+91 (Q%r(ylay2),92:r(y17y2)7---79?(?/17212))

+CFgl (QlT (y1,92):07 (y1,92) -, OF (yh?ﬂ)) (3.27)

with w(s)= (20)_%5% +s, $>0. We denote by w™! the inverse function of w on RT.
Since w1 is increasing, (3.27) implies that

(d(S(T)y1,S(T)ya))?

<w™! <(d(y1,y2))2+91 (91T (y1,92),07 (y1,92), -, OF (y17y2))
+C gy (Q%ﬂ(yl,yz)yg%(yl,yz),---,9?(91#2)))- (3.28)

Moreover, it is easy to check that w=1(0) =0 and w~!(s) <0, s >0. Thus, by Lemma 3.3
we deduce from inequality (3.28) that

a(S(t)By) — 0 as t — +oo. (3.29)
Consequently, there exists tg >0 such that

a(S()Bo) <1, Wt > to. (3.30)
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For each fixed t >ty and each € >0, by Definition 2.1, there exist sets F}, Fb,...,F}, such
that

S(t)BoQU?Zan, diaij <Oz(S(t)Bo)—|—€. (331)
It follows from assumption (i) that there exists ¢ >0 such that g;(z1,22,...,2m,m) <€ (I=
1,2) whenever z; €[0,0] (i=1,2,...,m). By the precompactness of p&.(i=1,2,...,m),

there exists a finite set N = {x :j=1,2,...,k;} C By such that for every y € By there
is #1 € N with the property 04.(S(t)y,S(t)z}) < $min{d,do}, i.e.,

S(t)ByCUkL, Cl, Cr={S(t)y:y € By, g’T(S(t)y,S(t)x})Simln{&éo}}, i=1,...,m

(3.32)
Consequently, we have
S()Bo CUj, joroiim,i (Cf, NC3 N...NCT NF)
and
S(t+T)Bo CUj, goroiim,i (S(T)(C], NCEN...OCE NEFY)).
By (3.31) and (3.32), for any S(t)y1,S(t)y2 € Cj, NCZ,N...NCT* NF;, we have
d(S(t)y1,S(t)y2) < diamF; < a(S(t)Bo)+e€ (3.33)
and
0 (S()y1,S(t)y2) <min{s, 80} (i=1,2,...,m). (3.34)
Inequality (3.34) implies
0 (0h (SO, SMp:). .07 (S, SB)ps) ) <e, 1=1,2. (3.35)

We deduce from (3.22), (3.23) and (3.34) that

1

(d(S(T+t)y17S(T+t)y2))% <(2C)% [(d(S()y1.S(t)y2))” — (A(S(T +)y1,S(T +t)y2))
+91 (o0 (S)y1,S(t)y2), -, 07 (S(t)y1, S ()y2))]
+25 97 (04(S()y1,S(t)y2),-, O (S()y1, S(E)ya)).

which yields

(2C) ™5 (d(S(T+)y1, S(T+1)y2)) * + (d(S(T+8)y1, S(T+1)y2))”
<(A(S )y, S()y2)) + 91 (b (SB)y1, S ()ya).-... & (S(E)y1, S (£)y2))
+C g} (01 (S(H)y1,S()y2),- -, 07 (S(t)y1, 5 (t)y2)), (3.36)
w((d(S(T+t)y1,S(T—|—t)y2)2)
<(A(S )y, S(t)y2)) "+ g1 (2R (S V)y1, S ()ya)..., &F (S (E)y1, S ()y2))
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~1 5
+C 77 g5 (or(S(B)y1,S(t)ya),., 07 (S()y1, S (t)y2)).- (3.37)
Since w(s) is increasing on RT, (3.37) implies
2
(d(S(T +t)y1, S(T +1t)y2)

Sw1<<d<5(t>y1,s<t>yz>)2+91(QHS(t)th(t)w)wwQ?<S<t>y1’5“>y2>)

1O hg) (oh(S (1, S (B)ya).... ,gq’“@(su)yl,su)yz))) . (3.39)

We derive from (3.33), (3.35), (3.38) and the monotonically increasing property
of w™?! that

(A(S(T+ )y, S(T+t)yz)” <w™! ((a(S(t)BO) +e)? +e+c—%e%),
As a consequence,
(a(8(t+T)By))* <w ! ((a(S()Bo) +)* +e+CFeb).

Hence by the arbitrariness of €, we have

w( (a(S(t+T)BO))2) < (a(S(t)By))’. (3.39)
Inequality (3.39) is equivalent to
(a(S(t+T)80) <2C [ (alS(1)5y))” - (a(S(thT)BO))Qr . (3.40)
Since a(S(t+T)Bo) < a(S(t)By) < 1 holds for all ¢ > t, we have
(a(S()B0))? — (a(S(t-+T)Bo))? < [(a(S(1)Bo))? — (a(S(+ VB’ (3.41)
It follows from (3.40) and (3.41) that
(a(S(t)B0))* =(a(S(t+T)Bo))* + (e(S(t)Bo))* — ((S(t+T)Bo))?

<(1420) [(a(S(1)Bo))* — (a(S(t+T)Bo))?]”,

ie.,

(a(S()Bn)) 7 < (1+2C)7 [(al(S(t)Bo))? — (a(S(t+T)By))?] (3.42)

holds for all t >t,. Since By is positively invariant, «(S(¢)Bp) is non-increasing with re-
spect to t. Therefore it follows from (3.42) that (3.3) holds with w(t) = (a(S(t)Bo))?, 1+
:% and h(t)=(1 +20)%. Consequently, by Lemma 3.2, we have

28-1 1-p
t——
TB(1+2C)%

which, together with lemma 3.1 , gives (3.24).
By Theorem 3.1, (X,{S(¢)}+>0) possesses a polynomial attractor A* such that for
every bounded set BC X,

a(S(t)Bo)g{( (Bo)) (t7t072T)}2(ﬂ U V>t 42T,

Z(ﬁ 1) 1-—
N B

_B
Taragy (B )T

dist (S(1) B, A) < { (a(Bo))
(3.43)

holds for all t >ty + 2T +¢.(B)+1. 0
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4. The main result
Recently, we have proved in [24] the following result.

LEMMA 4.1. Let T>0 be arbitrary. Under the assumptions (A1) —(As), for every
(ug,u1) EH=V x H the initial boundary value problem (1.1) has a unique weak solution
weC([0,T];H), which implies that the family of evolution operators Sy:H — H defined

by
Se(ug;ur) = (u(t);ue(t)),t >0, (4.1)

where (u,u;) solves (1.1) with the initial data (ug;uy), defines a nonlinear
Co—semigroup, generates a dynamical system (H,S¢) in the phase space H=V x H.

Furthermore, the semigroup {S;}+>0 is dissipative and asymptotically smooth, which
imply the existence of a positively invariant bounded absorbing set By as well as the global
attractor A.

LEMMA 4.2. Let u,ve H, H is a Hilbert space with inner product (-,-) and norm
I|-l|zr. Then there exists some constant Cy which depends on v such that
Cyllu—vll}y if v>2
—2 —2 ¥ o =
<||u|’IY{ u_HU”’;I U7u—’0)>{ lu—v|% 1<~ <O (42)
VMl el 4 1S7<2

Now we will apply Theorem 3.2 to give the estimate of polynomial dissipativity of
noncompactness measure of bounded subsets for problem (1.1).

THEOREM 4.1.  Under conditions (A1), (Az2) and (A3), the dynamical system (H,St)
generated by problem (1.1) has the property of polynomial dissipativity of noncompact-
ness measure of bounded subsets. More precisely, there exists to>0 such that for any
bounded BCV x H we have

a(S(t)B) g{(a(Bo))—P+ 5}3”2 (t—to —t*(B))} %, Vt>to+T +t.(B),

where t,(B) satisfies
S(t)BC By, Yt>t.(B).

Proof. Let w(t) and v(t) be two weak solutions to the problem (1.1) corresponding
to two different initial data in the invariant set By:

(w(t),ws () = Seyo, (v(t),ve(t))=Sty1,  Yo,y1 € Bo. (4.3)

By Lemma 4.1, we know By is positively invariant, then

{mmmwwmmsa
(v(£),0:(8)) [l < C,

Note that z(t) =w(t) —v(t) satisfies the following equality

Vt>0,y1,y2660. (44)

21+ A%z = m(|[Vw|*) Az — (m(| Vw||?) = m (]| Vo]|*)) Av

(4.5)
+ |welPwe = [[ve|Pve + f (w) = f(v) =0.
Multiplying (4.5) by 2:(t) and integrating over €2, we obtain
(26,20) + (A%2,2¢) — (m(||Vw]|*) Az, 20) + ([[we [P — |ve][Poe, 20) (4.6)

=((m([IVwl]*) =m([|V[*) Av,z) = (f (w) = f(v), 2)-
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In view of

1d
m([[Vol*)(Az,20) = =5 Zm(|Vw ) [ V2] =m/ ([ Vw]*) [ V2] (Aw,w),

we rewrite (4.6)

2 dt
—m'([[Vw][*)[V2[2(Aw,we) + ((m([|Vw[*) =m([|Vv]|*) Av, z)
= (f(w) = f(v),20), (4.7)

from which, by integrating over [¢,T], we obtain

1d
('Zt (O + 1 Az( )||2+m(VwIIQ)IIVZIIQ)+(||wt|”wt—||vt||pvt,2t)

T
B (T)+ / (lwelPwr — orl|Po, 22)dr
t

=Em(t)—/t m/([|Vw|*)[[V2]*(Aw, w,)dr

T

T
+/t ((m(\\VwII2)—m(IIWIIQ))Av,Zt)dT—/ (f(w) = f(v),z)dr, (4.8)

t

where
Ep(t)= %(IIZt(t)II2 + Az +m(([Vwl)[V2(@)]?). (4.9)

Moreover, integrating (4.8) from 0 to T gives,

T T T
— [ Ewtdt— [ [ QwilPwe=funlpozdr
0 0 t

T T
- / i / ! (| Vo |2) [V 212 (Aew,wy)
/ dat / m([Vw]?) - m(|Vol?) Av, 2 )dr

- / it / (f ()~ F(v),20)dr. (4.10)

Multiplying (4.5) by z(t) and integrating over 2, we obtain

d
21 (F2) =zl + Az +m(Vw ) V2P + ([[welPw, = o[, 2)

=((m([IVwl]|*) =m([|Vo]*) Av,2) = (f (w) = f(v),2),

which implies

(4.11)

[ Ena= [ i} [ Gl - e 202

) w v||?))Av, 2
fQ/O ((m(IVwll?) = m(IV o)) A, 2)dt

T
_%/0 (f(w) = f(v),2)dt. (4.12)
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Combining (4.10) with (4.12), one gets that

T
/ leclPdt+ 3 (20, 2)E + / (lwelPer — lloe|[Poe, 2)dt

[ Qe ppvzgar

+5/0 (I ]?) — m([Vo]?)) Ao, 2t

—/ dt/ ! (V||| V 2|2 (Dew, w)dr
/ dt / m([Vw]?) —m([Ve]?) Av, z)dr

_5/0 (f(w) dt—/ dt/ v),2)dr. (4.13)

Now, we will deal with each term in (4.13) one by one.

According to Lemma 4.1 and m € C}(RT), by using estimate(4.4), the mean value
theory, and embedding V < V};, we have

m([|Vwl|*) < (4.14)
[ ([Vwl*) [V 2]* (Aw,we) | < C| V2|2, (4.15)
m([[Vw|®) = m([[Vo]|*)] < C[| V], (4.16)
((m (V][ =m(][Vo][*)))(Av,2)| < C|| V2|, (4.17)
|(m([Vwl*) =m(|[Vo][*)) (Av, z)| < Ol V2]l]| ]| (4.18)

Therefore,

T
3 | (vl - m(eoysvzy [ a [ (90w

/ dt/ m([Vw]?) —m([Ve]?) Av, )dr
<CT||V2]. (4.19)

By Lemma 4.1 and the restriction (1.3) on the growth of f in (As) along with

Sobolev’s embedding theorems, for n>5, let r= =10 ) and 7= m are Holder’s

conjugate exponents and for n <4, taking r large enough, then we have

1) =1 @I = [ 17) = f@)Pda= [ |0+ 63w=0))(w=0)Pda
SC’/(1+|U+¢91(w—v)|9) lw—v|2dz
Q
<C [ (e o) wvfds
Q
C 20 20 Td % _ QFd %
<[ (et P o) ol ([ u—ofrda)

<Cllw—vl3 (4.20)
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where 0 < 6; <1. Therefore,

I T
—3 | ) -f@ i< s |5w)- )] sup [10)]
0 t€[0,T)] te[0,T]
<CT sup |:(0)], (1.21)
te[0,T]

and

T T
- / di / (Fw) = f@),2)dr <T2 sup | fw)— F@)] sup [z(0)]

te[0,T] te[0,T]
<CT? sup || f(w)—f()]
tel0,T)
<CT?Jw—var. (4.22)

According to Lemma 4.2, one gets that

(lwe [Pwe — [[ve][Pve, 2¢) > Coplwe — ve| [P, (4.23)

;2
taking g(s) :C;+zsv%,s>0, which is a strictly increasing, concave function, and g €
C(R™) with the property ¢g(0)=0 such that

[wr = ve|* = g(Cpllwe —ve[[7+2)

<g((lu+o|P(utv) = ||lu]|Pu,v))
== 2
=Cp " ([lwe|[Pwe — [[ve][Poe, 20) 772, (4.24)

which, together with Jensen’s inequality, yields that

T T )
/ l2dt < G / (lwelPrwr — [[or]|Poe, 22) 752 e
0 0

IA

2 1 /T =
(g [ oo zian

55 s g P P w
Cp TP+2 o (Hth U)t—H’Ut” ’Ut,Zt)dt . (425)

From energy relation (4.8) with t=0, (4.19), (4.22) and (4.20) with compact embedding
theorem, there exists a suitably small constant ¢ such that

T T
/ (lwrl|Pee — [or][Por, z6)dt = By (0) — By (T) — / ! (V] 2)|V 2|2 (Aew o)t
0 0

T

T
+ / (m(IVw]2) +m([Vol|?) A, 20)dt — / (F(w) — (), z0)dt

0
<E,0)- En()+( | el / Vel + / Tllf(w)—f(v)lldt>

<Ep(0) = En(I1)+TC sup [w—0]zr
t€[0,T]

<Ep(0)— En(T)+TC sup || AZ7z]. (4.26)
t€[0,T]
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Then it follows from (4.25) and (4.26) that
T =, , v
[ < CFF T (B, (0) - En(D)47C sup 43774 )
0 t€[0,T]

Furthermore, in view of Cauchy’s inequality along with Sobolev’s embedding theorems,
there exists a small constant 0 <n < % such that

T T %
[ Gt = e 2yt < [ ||z||< / <||wt||pwt||vt||pvt>2dx) dt
0 0 Q

T 3
= C/o [ (thQ”IlthIQJr ||vt2p||vt2) at

<TC sup ||2]| <TC sup [ AZz(t)], (4.27)
t€[0,T] te[0,T)

and

%(%Z)IOTS (Ize(DI=(T)1+ 12 0) 11 2(0)1])

<C sup ||AZT77z(t)]. (4.28)

Therefore, combining with (4.13) and taking 7 =min{d,n}, one gets that

En(T)<Cr sup A3 72(1)]
t€[0,T)

2
2

_2 » 1 P+
Lo TR (Em<o>—Em<T>+Tc sup ||A2—”z<t>) . (a29)
tel0,T

]

Since
E.(t)= %(Hzt(t)W"' [Az(6)]1”) = |Sry1 — Stwell3 < Em(t),
applying interpolation theorem and (4.9) it follows that
m([[Vwl[?)[V2(@)]*) < Oll=|' =" Az (1))

<el|Az(t)|? +C.|z|)?
<el|Az(t)|2+C. sup [|AZ ()],
t€[0,T)

for some constant C'>0 and 6, =1. Then by the definition of E,,(t), we can rewrite
(4.29) as

E.(T)<Cr sup [AZ 7z(t)|
t€[0,T]
+[CpT(1+a)]P+‘-’<Ez(0)—EZ(T)+TCE sup ||A2’7z(t)|> . (4.30)
te[0,T]
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Since z(t) is uniformly bounded in V =D(Az) with D(A2) << D(Az 1)
s H=L%*(Q), by interpolation we have that

A2 2| <[l2@)1% 4 -l=@1" <Crlz®)]'7", 85€(0,1).
D(A2)
Therefore,

E.(T)<Cr sup [AZ772(t)]|
te[0,T)

L =
+[C,,T(1+s)]p+2<Ez(0)EZ(T)+TCB7Q sup ||z(t)||”) , (4.31)
t€[0,T]

for some « € (0,1]. Note

pr(y1,y2) = sup [z()]",
te[0.,7]

then pr is precompact on the set By. In fact, for every bounded set F of
1
C([0,T);D(A2))NCL([0,T); L?(2)), that is to say, there exists a constant C' such that

||u(t)||D(A%)+Hut(t)|| <C, Vu(t)eF(t)={u(t):ueF}.
Since D(Az) < L2(Q), we infer that
F(t) is relatively compact in L?(Q), VO0<t<T.

On the other hand, Ve > 0,u € F', we have
t t
lut)—u(t)| = | / w(s)ds|| < / ue(s) | ds
t1 ty

t
smmﬂ/ e (s)]|ds)
t1
SC(t_tl)%

<Ck,

V0 <t<ty <T satisfying |[t—t1| <e? i.e. F is uniformly equicontinuous. By the Ascoli
Theorem in [17], we obtain the compactness of embedding

C([0,T1;D(A2))NC ([0, T]; L*(9)) € C((0,T]; L* ().

Therefore, the pseudometric pr=Cp,rsup,cpo, 1) llw(t) —v(t)||" is precompact set Bo.

Thus by Theorem 3.2, we deduce from (4.31) that there exists ¢y > 0 such that for
any bounded BC X,

a(S(t)B) <{ (a(Bo) P+ ———F pg(t—t0—2T—t*(B))}_%
2(T77 + 252 O, (14¢)]777) 2

holds for all ¢t >tg+ 2T +t.(B), where t.(B) satisfies
S(t)BC By, Vt>t.(B).
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S

_2_ _p_ =2
2(Tp+2 +2p5_2 +1[Cp(1+8)] p+2) 2

ous and increasing with respect to T', where T' is an arbitrary positive constant, by the
arbitrariness of € and taking T'—0 in (4.32) we have

Since {(a(Bo))_p—l— P = (t—to—QT—t*(B))}_ is continu-

=

a(S(t)B)g{(a(BO))—P—i—g]Zf; (t—to—t*(B))}7' , YV t>to+t(B).

|
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