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Abstract

This paper is devoted to initial-boundary value problem of an extensible beam equation
with degenerate nonlocal energy damping in Q C R™ wuy — kAu + A%u — (|| Aul|* +
lue||?)9Aus + f(u) = 0. We prove the global existence and uniqueness of weak solutions,
which gives a positive answer to an open question in [24]. Moreover, we establish the
existence of a strong attractor for the corresponding weak solution semigroup, where
the “strong” means that the compactness and attractiveness of the attractor are in the
topology of a stronger space 7—[%
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1. Introduction

In this paper, we study the following extensible beam equation with degenerate non-
local energy damping

uy — kA + A%u — (|| Aul + ||ue]|)?Au + f(u) =0 in Q xR, (1.1)

where 2 C R™ is a bounded C*°-domain; x > 0, v > 0 and ¢ > 1 are constants; || - ||
denotes the L?()—norm; the assumptions on the nonlinearity f(u) will be given later.
The initial conditions associated with (ILT]) are given by

u(z,0) = up(x), w(zr,0)=u(x), x€Q, (1.2)
and the following hinged boundary condition is considered:
U|BQ = AU|BQ =0, te R*. (13)

In 1989 Balakrishnan and Taylor [2] proposed the following one-dimensional beam
model with nonlocal energy damping in flight structures

—L

L q
(Mttga|® + |ut|2)dx] Ugar = 0, (1.4)

where u = wu(z,t) represents the transversal deflection of a beam with length 2L > 0

in the rest position, v > 0 is a damping coefficient, ( is a constant appearing in the

approximation of Krylov-Bogoliubov and A = 2(5—2“ with w being the model frequency and
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o2 the spectral density of a Gaussian external force (see Eq. (4.2) in [2]). After that,
Silva, Narciso and Vicente [24] investigated n-dimensitional version of (L4)) with nonlinear
source term

e — ki + A% — ([ Al + o) D + f () = 0, (L5)

subjected to clamped boundary condition. They proved existence and polynomical sta-
bility of regular solutions in the phase space Hy = (H* N HZ) x HZ when ¢ > 1 and f(u)
satisfies the growth condition

1f'(w)| < C(1+|ulf), with 0<p<

n—4
and the dissipative condition

2l < Plu) < flu)ut olul? (1.6

where 6 € [0,\;) and \; is the first engenvalue of the bi-harmonic operator A% Due
to the degeneracy of the damping coefficient, they only deal with regular solution and
make the existence and uniqueness of weak solution an open question (see [24], Remark
2). Later, by neglecting the nonlocal term corresponding to the velocity, Cavalcanti et al.
[4] studied the model

uy + A% — M(||Vul|*)Au + || Au||®* Au, = 0, (1.7)

with A = —A or A = I (identity) and the clamped boundary condition. Their main result

states that the energy E,(t) = 3[|Au(®)]|? + 3 [w()]* + 3 f”vu(t I* M (s)ds decays to zero
uniformly for every regular solution whose initial data is taken from a bounded subset of
H,. In particular, when A = —A, they only obtained the existence and uniqueness for
regular solution. We also refer to [3,18,19, 10,111,117, 18, 29] for the pioneering studies where
well-posedness, stability and asymptotic behavior of solutions are studied for beam/plate
models with degenerate or non-degenerate nonlocal dampings.

The global attractor theory of beam equations with nonlocal damping has received
much more attention in recent years (cf. [6, 7,15, 21, 22,123,125, 26, 31, 32] and reference
therein). Motivated by model (L)), the authors in [26] studied a more general case

use + A% — k([ Vul*) Au — M([|&.115) Aue + f(u) = h, (1.8)

where [|&,]13, = ||Aul]® + ||w||* and M € C'(RT). Taking M(s) = vs9, the energy
damping in (L8) reduces to the one in (LH). But they restrict themselves to the non-
degenerate case: M(s) > 0 for all s > 0, in order to verify the existence and uniqueness of
weak solutions. Finally, they obtained the strong global and exponential attractors and
their robustness on the perturbed parameter k € A, where the “strong” means that the
compactness, the attractiveness and the finiteness of the fractal dimension of the attractors
are all in the topology of the regular space H,. Taking into account the rotational force
in beam equations, the authors in |25] considered the following model

(1 — al)uy + A%u — o([[Vul|*) Au — M([[€ll3) Aue + f(u) = h, (1.9)

where [|&, )13, = |Au||* + |Jw]|* and M is still non-degenerate: M(s) > 0,Vs > 0. They
proved the well-posedness of weak solutions, the existence of global and exponential at-
tractors and their continuity with respect to a € [0, 1].
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To our best knowledge, the existence and uniqueness of weak solution of problem
(L) is still open and the main difficulty of which comes from degenerate strong energy
damping, as mentioned in [24, Remark 2]. Specifically, for the non-degenerate case, one
can obtain the well-posedness of weak solution by approximating regular solutions in a
standard way (cf. [25,[26]). When considering nonlocal weak damping such as (||Aul|* +
||u¢||?)9us, one can use the semigroup theory to obtain mild solutions (cf. [4,[10,11]), since
(| Awl]?+ || u¢||?)9us is locally Lipschitz continuous on H. However, in the case of degenerate
strong damping, both approximation method and semigroup theory are invalid.

Our goal in this paper is to overcome this difficulty and analyze the well-poseness and
long-time behavior of weak solution for problem (L1). Using the interpolation inequality
and Galerkin approximation, we first prove that for any initial data (ug,u;) € H, the
weak solution exists and it possesses an extra regularity when ¢t > 0, see Theorem [3.4l
To prove the uniqueness, we establish a lemma which implies that any trajectory with
non-zero initial data will not decay to zero in any finite time, although it will decay to
zero as t — 0o, see Lemma Based on this lemma, the damping coefficient is bounded
from below in any finite time interval and the uniqueness is reduced to non-degenerated
case, see Theorem Theorem 8.4l and Theorem can be seen as our first result and
they have answered the open question proposed in [24, Remark 2].

On the other hand, in order to study the global attractor of weak solution semigroup,
the nonlinearity f(u) is taken more generally than (LL6]), see Remark It is worth
mentioning that, under the condition (L), the results in [24] implies that the solution
semigroup has the global attractor as a set of a single point: A = {(0,0) € H}. In our
case, we prove the existence of the global attractor for the dynamical system (H,S(t))
and it is a bounded set in a more regular space H 1 due to the extra regularity of weak

solution. Moreover, using the norm-to-weak continuous semigroup theory established in
[33], we show that S(t) is actually a norm-to-weak continuous (H, H1)-semigroup and the
q

attractor A is actually an (#H, H1)-global attractor, see Theorem 5.8 This is our second
q

result.

The rest of this paper is organized as follows. In Section 2, we introduce some
functional spaces and give an abstract formulation of problem (II). In Section 3, we
discuss the existence and uniqueness of weak solutions. In Section 4, we prove the existence
of the global attractor for the weak solution semigroup. Finally, the existence of an
(H, H 1 )-global attractor is established in Section 5.

2. Preliminaries

In this section, we recall the theory on functional spaces that will be used later
and give an abstract formulation of problem (II). For brevity, we use the following
abbreviations:

Lr=12Q), -=1-lz,

with p > 1 and (-,-) stands for the L*inner product as well as the notation of duality
pairing between dual spaces.

Let 2 be a C*°-domain of R™. For 0 < s < 0o, 1 < p < 0o, we denote by W*P .=
W=P(Q) the Sobolev-Slobodeckij spaces over €2, which are defined as restrictions of the
corresponding spaces over R" (see [28] for more details). Note that, in the sense of
equivalent norm, the spaces WP with s = 0,1,2,--- coincide with the classical Sobolev
spaces of distributions whose derivatives up to order s belong to LP. The closure of C'°(2)



in the space W*? is denoted by Wi*. In the particular case p = 2 we use the notations
H® :=W*? and H := W*. We also recall the classical Sobolev embedding theorem

H° — L9 >———, >0, 2<¢g< 0. (2.1)

| =
DO | =
S|w»

Let A = A%, As we know, the operator A associated with the boundary condition
(L3) is a self-adjoint positive operator acting on L? and possesses discrete spectrum:

Aei:Aiei, 0<)\1§)\2§"', llm)\Z:OO,

1—00

where the eigenvectors {e;};>1 are chosen to be an orthonormal basis in L?. Then, we
define the powers of A as follows:

Asu = ici)\fei, seR, u= iciei € D(A?),

i=1 i=1

where D(A*) = {u|u € L? A*u € L*} is a Hilbert space with the scalar product and the
norm
(1,0)p0ae) = (A%u, 4%0), [l = 1A%l
In particular, D(A) = {ulu € H*, uloq = Aulsq = 0}, D(A2) = H> N H}, D(A%) = H}
and D(A®) — H* for all s € [0,1].
We have the compact embedding

D(A%) < D(AP), Va > B. (2.2)
and the interpolation inequality:
JA%ull < | AT A'ul ', Vu € D(AT) A D(AY, (2.3)

where —co < r < s <t < oo, §€[0,1] and s = 0r + (1 — 0)t. Moreover, D(A™*) can be
viewed as the dual space of D(A®) for every s € R.

For convenience, we also introduce the following notations that will be used through-
out the paper. Let the phase spaces

Vo= D(A%), H,:=Vor,x Vi, seR
with the norm

lulls = llullve, 1w, )13, = llullzys + 1011,

and denote H = Hy when s = 0 for simplicity. From the above definition, we have
Vs < H*® for any s € [0,4]. We also have the inequalities

1
Mllull < Jlullz,  Afllullf < ullz, Ve Va. (2.4)
Using above notations, we can rewrite problem (L))-(L3]) at an abstract level given
by
U + kAZU + Au + 7|l (w, ut)||§fA%ut + f(u) =0,

(w(0), u(0)) = (uo, u1), (2.5)
ulan = Aulsn = 0.



3. Well-posedness of weak solutions

In this section, we study the existence and uniqueness of weak solutions of problem

@3).

Assumption 1. (i) the constants K >0, v >0, ¢ > 1;
(i) f € CY(R), f(0) =0,

|f(u)] < C(1+ |ulP), YueR, (3.1)
l‘uln inf f'(u) > =\, Yu € R, (3.2)

where C' > 0 and the growth exponent p satisfies

1<p<oo if 1<n<4 and 1<p<

4
1 if n>5.

Remark 3.1. Assumption (31) and the Mean Value Theorem imply that there exists
some constant C' > 0 such that

[f(w)] = [f(u) = FO)] < O+ [uf’)u], Yu € R, (3.3)

Set F(u) = [} f(T)dr. Assumption (32) implies that

(Ammmz—ng—a (3.4)

(a0 = [ Plajda =Sl ~ €, (35)
for some C >0 and p € [0, A1) (See [19]).

Remark 3.2. The assumptions (31)-(32) of f are more general than assumptions (14)-
(16) in [24]. That is to say, if a function f satisfies (14)-(16) in [24] then f also satisfies
(51)-(32). While there exists some f which satisfies (3.1)-(3.2) and do not satisfy (14)-
(16) in [24)], e.g. f(u) =u— 3B\ + 9)u® + u® when n = 5.

Definition 3.3. For any T > 0, a function u(t), t € [0,T] is said to be a weak solution of
problem (2.3) if (u,us) € L>(0,T;H) and Eq. (2.3) is satisfied in the sense of distribution,

1.€.
T T T
—/ (ut,@)dHﬁ/ (Aiu,Ai¢)dt+/ (Azu, A2¢)dt
0 0 0
o [l B, Aty s [ ()0 =0,
0 0

for any ¢ € C°((0,T) x Q).

We restrict ourselves to the case n > 5 in this section, but all the conclusions in this
section hold for 1 <n < 4.



Theorem 3.4. Let T > 0 be arbitrary and Assumption [ be valid. Then, we have:
(i) For any initial data (ug,uy) € H, problem (2.3) admits a weak solution u and the
solution possesses the following reqularity

(u,us) € L*(a, T;Hs), YO<a<T, (3.6)

where s = L.

(i) The following estimates hold for the solution u:

1 (u(®), we() 117, + /H D)3l < Qu(ll(uo, wr) ), ¥t €[0,T], (3.7)

1Cut), ue (@), + /t () e () 15 e ()17 o

(3.8)
<t U9Qy (|| (ug, ur) ||, T), YO <t <t < T,
where s = é and Q1,2 are monotone increasing functions independent of u and t.
(iii) The solution u satisfies the enerqy equality
7 [ ) D la)lids = B@n), W0<T<i<T, (69
where
1 2 Ky L
E(u) = Sllwll” + Sllulll + Slluly + [ F(u)dz. (3.10)
2 2 2 o

In particilar, (u,u;) € C([0,T]; H).

Proof. (i) We use Faedo-Galerkin method to prove the existence of weak solutions. Let
0 < A < Xy < --- be the eigenvalues of the operator A = A? with boundary condition

(??) or (L3)) and ey, €9, -+ be the corresponding eigenfunctions such that they form an
orthonormal basis in L?. Then, e; € C=(Q) for all j > 1 since Q is smooth. Let
P, : L* — L? be the orthoprojector to the subspace span{ei,---,e,}. Consider the

following approximate problem

(uper €5) + R(A3u" e) + (A, e) + ][ (u", uf) [ (A2 e, ;) + (f(u"), e5) = 0,
(u™(0),up(0)) = (ug, uy) == (Pyuo, Pour) = (ug,ur) in M, j=1,2,---,n,

(3.11)
which has a local solution

t)=> T"(t)e; € Span{er,- - ,eq}, t €[0,T,)
j=1
by ODE theory. We need to give some a priori estimates in order to extend the local
solution to the whole interval [0,7] and to conclude the existence of weak solutions of

problem (2.1)).

A priori estimate. Suppose that ||(ug,u;)|lx < R. Then ||(ug, u})|lx < R, Vn € N.
Multiplying (B.IT]) by 77" for every j =1,2,--- ,n and sum up all the equations, we get

d

S EW") +al(u” cup) 5 g IF =0, (3.12)



where E(u") is the energy functional (B10) for ™. From (24) and (34]), we have

E(u") > S|lul* + —||U 12— TN L3 - > 2 (" up)l3 = C. (3.13)
Integrating (B:12) over [0, ] yields
+7/ I (u 7) |3 i (7)|[Fdr = E(u"(0)). (3.14)
Combining (3.13) and (B.14)), using (3.3), we obtain that
I Cu™ (), u ()15, + / I (u (I3 llug (7)I[fdr < Cr (3.15)

holds for all ¢ € [0,7,,). This estimate allows us to extend all local solutions u™(t) to the
whole interval [0, 7] and the estimate (3.15) holds true for all ¢ € [0,7] and n € N. Then,
by ([33) and the Sobolev embedding Va < L?P*2 we can deduce from (B3.I5) that

£ < [ O+l Plupds
0
< C 2 C 2p+2
il + 510
< —Hqu + Cllull;"
< CR, vVt € [0,T7.
Moreover, from ([B.15), (816]) and equations in (B.11]), we also have
gyl 2 < lla ] 4l 2 A1 ) 57 |+ 11 ()|
< \/—/\—1||u"||2 + Al a3 g |+ ClLF ()] (3.17)
<Cgr, Vtel0,T7,

]
0

and

Sl )3 dr

t
2 1
=/ all (a2 255
0

gcR/o (kAR + | ()2 AR + F(u), )

d n n
215 + [l 1) dr

(3.18)
t
SCR/ (/f||u"|| g I+ ™ w32 N+ 1L f (u )HHutH)
0
T
<tCrtC [N )3 dr
0
< (1 + t)CR, vVt € [O,T]
Estimate (B.I8]) will be used later.
Set s = %. By interpolation inequality (2.3]), we have
g s < g 175 g |55 (3.19)
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Multiplying (B.11]) by )\f T7" for every j = 1,2,--- ,n and sum up all the equations, we
get

(uf', Au") = g 12+ mlla" 13 + [[u”]3.

Al ) [ AR, ASu™) + (F (), AFu) = 0,

dt

Then,
a5, + sllu([F
d n B 2 n
= flug]? - dt(ut,A ut) — (f (™), ASum) — ]| (u", uf) |5 (AZul, Asur)
d n 2 n n 2 n
= gl = S, ARa) — (), Afar) (3.20)
BEYT [ up) (13 ] + 5 llu II?+SEII(U Jul )5
= Jup|l? o, Azu) — oo [ up) e lun 13 ] + (0,
where
(1) 1= — ("), ARy LR e ) 2

Since ¢ >1,0< s = % < 1, we have Vo = Vi, = Vi, and then ¢ € L'(0,T) satisfying

/Iso |dr</| ), Afum)|dr + /|| |2

/nf il adr+ 252 [\

d
S, )|

dr (3.21)

where we have used estimates (315), (816) and (3I8). Multiplying (BI1]) by )\]%th" for

every j = 1,2,---,n and sum up all the equations, we get
d 29|, n d n 5. n r(, m\, n S n
SR0u) Al ), = — (P, AR+ (), A, (3.22)
where 1 1 ]
S(u") = S llufls + —HU"H?H + Sl 5 = Sl )l

By 3.1, Holder s inequality with 2 e 23 + % = 1 and the Sobolev embeddings

V. H® < L5 =, Vo, o H> 5<—>Ln 4+2s,we have

(f'(u™)uy, A2u™)| < O|(uf, AZu™)| + C|(Ju"Puy, Azu™)]
Agu"H

< Cllufl[llu™l2s + Clla™ Pl 5 [Juf ] c2s Lt

< Ol [l ll2 + Clla 13w [l llu”{|2+5 (3.23)
< Cll(u", up) 5 + Crll(u™, uf) 1,

< Crd(u").



Inserting ([3.23) into ([B:22) turns out

Lo Al ) B < Crd(ut) — (), ATur). (320

When 0 < ¢ < T, multiplying ([3:24)) by t'** and using (3.15), (3.19), (3.20) as well as
Young’s inequality, we end up with

d s n s s n
2 () + ey ) [ 1, — Cr(t @ (u™))

1+s s||,,n s n S|, ,n s d n s n
(N2 + rllu™1T + lutl5g) — = (f(u"), A2u")

dt
(1+$)t8 sd n s n
2+ Ty — oo (), Adur)
B ST

dt
5 u”)—T@[Hw" a3 7 (3:25)

Y(14s)t* d
(1 + )l |75 552 + e (0] + ()
stitsy o N
I e+ () + Elel®] + 6)
tl-i—s,.y 5
Sl ) 3 [+ B )] + () + €

<

< (14 s)t°||uy
(1+s)t°d

£l

IN

IN

IN

where

1sd n 5a,m <1+S>t8d
e(t) =—t" dt<f(u ), A2 )—Tdt

’y(l -+ S)ts d n
= U )13,

(uth ")

The inequality (3.25]) is equivalent to

d t1+s

L) + S ) R 526
< CR(t”SfD( ")+ e +v(t) + C
Applying Gronwall’s lemma to (3:26]) gives
Hred(u(t)) < /t eCr(t=") <t8|cp(7')| + (1) + C’) dr. (3.27)
0

We need to estimate fot eCrt=")y(7)dr. Using integration by parts and (3.15)-([B.16), we
have for every t € [0, T7,

t
_/0 Tl+seCR(t—T)%(f(un)’Agun)dT

= Cir = 75 ( (1), AR + [ ), AT) (L4 8)r = )t

t
< T1+SCR + CR/ (Ts +T1+s)€CR(t77—)d7_
0

< Cr/r,



<CR,T,
_M/ e Cr(t—) d [H(U Ut>H ”un”prs} dr
4 0 dr
7 1—|—st :
SR ai 1w (&), up )5 1w ()17
1+5 i e
LD B 7 = ')t

< T°Cgr + CR/ (77t + 79)er=dr
< Chgr. 0
Inserting these estimates into (3.27)) and using (B.21]), we end up with
5o (t) < Crr, YO<t<T. (3.28)

By the definition of &, we get
2 C1R,T

(), wd ()3, = S5

Moreover, for any 0 < t < ¢’ < T, integrate (8:24)) over [t,t'] and use (B.I5)-(B.I6), we
have

VO <t <T. (3.29)

[ N, DB ) < G (3:30)

Existence of weak solutions. From (3.15)-(B.17) and (3:29)-([B3.30), we can extract
a subsequence (still denoted by itself) such that

(u™ uy) = (u,uy) weakly™ in L>(0,T;H),

(u™, uy) — (u,uy) weakly” in L(a,T;Hs) for any a >0,

H(u”,u?)H%Aiu?%n weakly in L*(0,T;L?) for some n & L*(0,T;L?), (3.31)
||(u",u;‘)||3{A%uf—>n“ weakly in L*(a,T;L?) for some n*¢€ L*(a,T;L?),
uy, — uy weakly® in L%°(0,T;V_5).

Since Hy < H << H_o, applying Aubin-Lions Lemma [14] yields

(u™, u}) — (u,u;) strongly in C([0,T]; H_2), (3.32)
(u™ uy) = (u,uy) strongly in C(la,T|;H) for any a > 0. '
By the continuity of f and ([B.I6]), we also have

u" —u a.e. in Qx[0.7],

fw") = f(u) ae. in Qx[0,T], (3.33)

f(u™) — f(u) weakly in L*(0,T;L?).
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In particular, (8:32]) implies that

a2 = ) [ ace. € 0,7) (3:34)
Combining ([B.31)) and (B3.34]), we can prove that
I (", ult)||54 942 2l — || (u, ug) |52 A2y, weakly® in L*(0,T;V_y). (3.35)

Indeed, V¢ € L'(0,T;V3), by Lebesgue dominated convergence theorem,

[ A - st o)

< | [ e abar - abue oyt + | [ B~ w0 ) A )t
T

<Cg

/ <ut—ut,A2¢>dt]+cR )3 = ot
0

0
—0, as n — oo.

Now, with the aid of the limits (B.31])-([8.35), by passing to the limit n — oo in (B.11l), we
obtain that the limit function (u,u;) € L*°(0,T;H) satisfies
(w(0), ua(0)) "= lim (uf, ul) = (o, w1)
and Eq. (Z3) in the sense that
Uy + kAU + Au + VI (w, ) |52 Az, + f(u) =0 in L>=(0,T;V_,).

Thus, u(t),t € [0,7T] is a weak solution to problem (Z3)) and (u,u;) € L*(a,T;Hs), V0 <
a < T by (331).
1+4s

(ii) We will show that ||(u,ut)||qHAiut = n and ||(u,w)||3 AT w = n® with n,n®
coming from (B.31). Indeed, for V¢ € L?(0,T;V;), by (8:34) and Lebesgue dominated

convergence theorem,

T
/0 () Ak — ||<u,ut>||aAZut,¢>dt'

T 1 1 T 1
<| [ ne et - at o + | [0 - ] (4t o
0 0

T L T
< Cg /0 (uff = ut,A‘*fb)dt' +CR/O [, w3, = 11w, we) 15[ o1t

—0, as n — oo,

which ipmlies that ||(u”,u?)||3_[Aiu? — ||(u,ut)||3{Aiut weakly in L?(0,7,V_;). By the
uniqueness of weak limit, we obtain that ||(u, ut)||qHAiut =n € L*(0,T; L?). Similarly, for
any a > 0, V¢ € L*(a,T;Vi,,), by (3:34) and Lebesgue dominated convergence theorem,
T

n n 1+s n 1+s
(a8 A™ = [y )[4, A " ut,@dt]
T N T
s] / I, )12, (A / TG, )%, — [ () 1] (A

T T
/ (U?—ut,A%sb)dt' +CR/ ™ w5, = 1w, w15, 1011145t

— 0, as n— oo,

1+s

4 Uy, gb)dt

P — A, gb)dt’ +

< Cgr
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which ipmlies that ||(u", u})||%, AT = ||(u, ut)H;’{A%Sut weakly in L?(a,T,V_1_,). By
the uniqueness of weak limit, we obtain that ||(u, u,)||5,A4 A u =0 € L2(a, T; L?).
Then, due to the lower semicontinuity of the weak* limit, we can deduce from (3.15),

B29), B.30) and (B37)) that

I (u(t), ()13 + /H )3 lus(r) 7 < Cr, ¥t € [0,T],

1(u(®), we(®) 13, + /t (7). we( )3 eI 4 S(;H ,VO<t<t' <T,

(iii) From (B.3)) and (3.7), we have
u, € L*(0,T; L?), f(u) € L*(0,T; L?).

Then, approximating u by smooth functions and arguing in a standard way, we see that
forevery 0 <7<t < T,

/ﬂ F(u(t))dz — /Q F(u(r))dz = / t(f(u),ut)ds. (3.36)

We are now ready to prove the energy equality of u. To this end, we take u™(t) =
Pou(t), where P, is the orthoprojector to Span{ei,--- e} with {e;}7, the first m
eigenvalues of the operator A. Then, u™ solves

ul + kAU + Au™ + 4| (u, ut)ngA%u;” + Ponf(u)=0 (3.37)

For every 0 < 7 <t < T, take the multiplier «}" in (8.37) and integrate over [r,t], we get
@™ @), w5+ 1w Ol = 1™ (7), 6" ()l = S (Pl

t ) ) t (3.38)
[ a A Pds + [ (Pt ur)as.

Since (u,u;) € L>®(7,t;H), f(u) € L*(7,t; L?), ||(u,ut)||3{Aiut € L*(0,T; L?), we have

(W™ (), uf () = (u(t), (), (@™ (r),uf' (7)) = (u(r),u(r)) in H;
u™(t) = u(t), v (1) = u(r) in Vi;
up = g, | () |G AT = (|, w)|§Adu, in L (7,8 L2).

Now, passing to the limit m — oo in (3.38) and with the help of ([B.36]), we end up with

(1) +y/uuuArWMh—o

where
B1) = S u(t) w()lf+ 51Ol + [ Plutt)d

Thus, (39) holds for u. From the energy equality, the function ¢ — ||(u(t), u(t))||3 is
continuous. Moreover, since (u,u;) € L®(0,7;H) N C([0,T],H_2) and H — H_, is
reflexive, we have (u,u;) € Cy([0,T]; H). Then, the uniform convexity of #H gives that
(u,uy) € C([0, T]; H). O
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We prove the following lemma in order to verify the uniqueness of weak solutions.

Lemma 3.5. For any fired R > 0 and for any compact set K with

c{een |3 <leln < R},
there exists a constant k = k(R,T, K) > 0 such that the inequality
[u(t), w ()]s >k, Vt€[0,T] (3.39)
holds uniformly for any weak solution u(t),t € [0,T] with its initial data (ug,u;) € K.

Proof. Firstly, we prove a useful result for every weak solution. Let r > 0 be arbitrary and
u(t),t € [0,T] be a weak solution of problem 2.5 with its initial data || (u(0), u:(0))||» < r.
Multiplying (2.5]) by u; and integrating over x € 2 (which is justified as in Theorem [3.4]
(i) ), we get

%5( )+ 29 (s ua) 57 e} + 20 (w), ue) = 0, (3.40)

where () = [Juall? + sl[ull2 + [ul}3 satisfying [[(u, u0) |3 < E(u) < Coll (w, )|, with the
constant Cp =1+ /1/()\}/2) > 0. By (3), B1), Holder’s inequality with 2 + %241 =1
and the Sobolev embedding V5 — Loti < L%, we have

20/ (). )| <

C( A+ [uf”)]ul, Jul)
< CA A [ulPll g ) lull 2ol

L (3.41)
< O+ [[ul[D)ull2fuel '
< Crll(u, ue) |13

< Cr€(u).
Inserting (3.41)) into (3.40), we obtain

%) + 2o )l < G ). 5.42)

Applying Gronwall’s lemma to (8.42) and using the definition of £(u), we see that for
every 0 <7 <t< T,

I(u(t), ue ()17 < E(u(t)) < E(u(r)e™ ™ < Crrll(ulT), ue(r))lI3- (3.43)

Now, we prove the lemma by contradiction. Suppose that ([B3.39) does not hold
true. Then for n > 1, there exist ¢, € [0,7] and weak solutions u™ with initial data
(u™(0),uy(0)) € K, such that

(), (1)) e < (3.4)
By (843)and (B.44]), we have
@), (Tl < Crrll (), wf Ea) e < 22, >0 (3.4)

13



Since K is compact, we may assume that (u™(0),u}(0)) — (ug,u1) € K in H. Argu-
ing exactly as in the proof of Theorem [B.4] (i), we deduce that {u"},>1 (subsequence if
necessary) converges to some weak solution u satisfying

(u", ul, ul) = (u,up, uy) weakly™ in L°°(0,T; Va x L* X V),

(u(0),u(0)) = (ug,u1) € K, (3.46)

By the weak* convergence in (3.46]), we have the weak convergence (u™(t),u}(t)) —
(u(t),us(t)) in H for every t € [0,T]. Consequently, due to ([3.45) and the lower semicon-
tinuity of the weak limit, we have

(T, () e < T inf (6 (T), (7))} < liming CEL

n—00 n

= 0. (3.47)

On the other hand, since £ < |[(u(0),u(0))|lx < R and t — [|(u(t), ue(t))|ln is

continuous due to the energy equality (B.9]), there exists some 0 < a < T' such that

| (w(t), ue(t)) ||z > g, Vt € [0,al. (3.48)

Since estimate (3.8)) holds for u, we have

t
1 (u(), ue(t))ll3, +/ (s ) |3 el iy sdr < @™ Cpre, Yt € [0,T), (3.49)

where s = %. By interpolation inequality (2.3]), we have

1
luells < el ™5 flull
and then
2 _2
(s o) |55 el 3 < 1] Cus ) |59 e 765 e |30
< a3 e | 55 (3.50)

= ety ) 3 (e ) 3. ) ™

Inserting (3.41)) and (3.50) into (3.40), we obtain

d The

e+ |2 (I u ul,) ™ + a2 0 (351)
Integrating (B.51]) over [a, t] yields

E(u(t)) > E(ula))e™ a4t € [q, T, (3.52)

where h(t) = 27(||(u, ut)||i?||ut||?+s> T O, By (8.:49) and Hélder’s inequality, we have

t t _q_
[ e =2y [ (a3l ) dr + Catt - 0

t _q 1
< 29/ / I, ) 3l dr) 7 (= @)+ Cp(t—a)  (353)
Crr

a

< “BL(t — a)T7 + Cr(t - a).

14



Inserting (348) and (353) into ([52]), we obtain

(), ue @), > o fu®)
> ie(u(a))exp{ _ ORIy ot — a)}
= . R
1 C 1
> (), w@) e { - L6 - 0 - Cnle - o))
R? T Crp
> — — — .
> 6, exp{ TCR}, Vit € [a,T)]
In particular,
R T™Crr TCg
> - L _ .
Ju(T) wd Dl 2 7= exp { = = ==} >0, (3.54)
which contradicts with (8.47). Therefore, (3.39) holds true. O

Theorem 3.6. Let the assumptions of Theorem hold. Then the weak solution is
unique. Specifically, for any R > 0 and any compact set K with

Kc{een |y <l <R},

if €u(t) = (u(t),uy(t)) and &(t) = (v(t),v(t)) are weak solutions corresponding to the
initial data &,(0) € K, &,(0) € K, respectively, then

1€u(t) = &)l < C[1€u(0) = &u(0) 12, VE € [0, T7, (3.55)

where the constant C = C(R,T, K) > 0. Moreover, if the initial data satisfies ||£,(0)]|» =
0, then u =0 s the only solution.

Proof. Firstly, if ||£,(0)||% = 0, we deduce from (B.43) that
1(u(), ue(®)ll, < Crli&u(0)]I7 = 0. vt € [0,T]. (3.56)

Thus (u,u;) = 0 is the only solution.

For fixed R > 0, let K C {¢ € H | & <[|¢]lx < R} be an arbitrary compact set and
Eu(t) = (u(t),ue(t)) , &(t) = (v(t),v4(t)) be weak solutions corresponding to the initial
data &,(0) € K, £,(0) € K, respectively. By estimate (8.7)) and Lemma [3.5]

k< (u(®), w(®)lln < Cr, k< |[(0@),v(®)ll < Cr, VL [0,T], (3.57)
where k = k(R,T, K) > 0. Then, from the energy equality (3.9]), we have
! C ! C
2 R 2 R
A Hut”ldT S W’ A H’Ut”ldT S W’ YVt € [O,T] (358)

The function w(t) = u(t) — v(t) solves the following equation

wy + KATW + Aw + 7| (u, Ut)HggA%wt
[ w) I3 = 0w 3¢ A + () = F(0) =0, (3.59)
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Multiplying (8:59) by w:, we get

d
5 Ew) + 29w, w3 lwel|F = 1o+ Lo, (3.60)

where £(w) = | + slleo| + ]} satistying ||, w3 < E(w) < Collw,we)|3 with
the constant Cyp =1+ /{/()\}/2) > 0 and

1 1
1= =2 [l )3 = 1w, ) 3] (A, Aty
Iy = =2(f(u) = f(v), w).
From (B.57), using mean value theorem and Young’s inequality, we have
2(g—1 2(qg—1
112 < 207 [, ) B0 + o, o 13 | (1 ) 1, = 10, 00) ) el e

< Cr (11 o)l + 110, 00 e ) (s )l = G0, 00l e el
< Crll(w, w)llsellvell: ey

< AP wy|| 4 Chogll(w, w3 vell;

< Vw4 Cr.gllvd|TE (w).

(3.61)

By (8.1]), mean value theorem, Hélder’s inequality with % + "2—_n4 + % = 1 and the Sobolev
embedding V, — Lnti < L?, we have
| < C((+ |ul” + [v]") [w], [w)
SO+ [lulllyg + Mol g )llwll| 2o, 1wl
< O A [lullz + vl fwll]lw (3.62)
< Crll(w, w)l3,

Inserting (B.61)) and (8.62) into (B.60) and using (B.51), we get

d
—E(w) + 9k e[} < Crop(1+ [[0e][DE(w).

Applying Gronwall’s inequality and using (3.58]), we obtain
E(w(t)) < E(w(0))elo rnOlelDis < 0 12 €(w(0)), Wt € [0,T].
Then, we conclude that
1w (), we(®) 17 < Ew(t)) < CEwW(0)) < Cl(w(0), we(0))ll3, vt €[0,T],

where C' = C(R, T, K), which implies that (3.55) holds.
In particular, taking &,(0) = &,(0) in (B.5H), we get the uniqueness for initial data
with nonzero H-norm. O

In view of Theorem [B.4] and Theorem [B.6] we now define the solution semigroup
S(t) : H — H associated with problem (2.5]):

S(8)(uo, ur) := (uft), ui(t)),

where u(t) is the unique weak solution of problem (Z3]) corresponding to the initial data
(ug,uy) € H. By Theorem B4 (ii), the mapping ¢ — S(¢)¢ is continuous from R* into H
for any fixed £ € H.
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Proposition 3.7. {S(t)}+>0 is a continuous semigroup, namely,
(&n, ™) — (€, 7) strongly in H x [0,00) = S(7,)&, — S(7)€ strongly in H.

Proof. Let T > 0, & € H with [[{]|% = R, and (u(t), u:(t)) = S(t)€, (u™(t),up(t)) = S(t)&n,
respectively.
Case 1. R = 0. Then S(t)¢ = 0, Vt > 0. Obviously, estimate (3.43) holds true for

u", then

15(7)&n = S(T)Elln = (" (), ui (7)) I3 < Crl€nllze = Cll€]l3 = 0,

Case 2. R > 0. Without loss of generality, 0 < 7,, < 7+1, % < |[&nlln < %, Vn > 1.
Since &, — £ strongly in H, K := {£,}22,U{¢} is compact. Then, using (B.53]), we obtain

n=1

15 (70)&n — S(T)E
< NS()&n = S(Ta)€lln + 1S (7)€ — S(T)E] %
< Cll&n = &l + 15()€ = S(T)€l I
— 0 as n — oo,

where C' = C(7, R, K) and we have used the continuity of the mapping t — S(¢)§. The
proof is complete. 0

4. Global attractor in H

In this section, we will verify the existence of the global attractor of the dynamical
system (H,S(t)). We recall the difinition of a global attractor here for convenience.

Definition 4.1. [4,113,127] Let {S(t) }+>0 be a semigroup acting on a metric space (X, d).
A subset A C X is called a global attractor of (X,S(t)) if

(i) A is compact in X ;

(i1) A is invariant, i.e. S(t)A= A, Vt > 0;

(111) A attracts all bounded sets in X, i.e. for any bounded set B C X,

distx(S(t)B, A) := sup infd(x,y) =0, as t — oo.
zeS(t)B YEA

We first verify the dissipativity of (H,S(t)).

Proposition 4.2. Let Assumption [ be valid. Then the dynamical system (H,S(t)) is
dissipative, i.e. there exists a bounded set By C H satisfying: for any bounded set B C H,
Jtg > 0 such that S(t)B C By, YVt > tg. In particular, By is called a bounded absorbing
set of (H,S(t)).

Proof. Let B C H be an arbitrary bounded set. Due to (8.7)), there exists some constant
Cp > 0 such that
[((t), ue()lls < Cp, VE=0 (4.1)

holds for every weak solution u with its initial data (u(0),u(0)) € B. Multiplying (2.5)
by u; + au with a > 0 to be determined later, after integrating over x € €2, we get

d
EV(U) +aV(u)+T =0, (4.2)
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where

1 K 1
Vi) = gl + Sl + el + | Flude +afu .

and
D =1, ) 5 el + S ol + 5 a3
= 2l — 02, ) + o, ) [ (A, At
+a(f(u),u) — a/QF(u)da:.

By 33), (34) and (1), there exists ag > 0 such that for Vo € (0, ],
all(w, w3, — C1 < V(u) < Cp, ¥t >0, (4.3)

where 0 < ¢; < 1, C7 > 0 are constants.
By Young’s inequality with ¢ and the Sobolev embedding ||w||?* < Cqllwl|?, we infer
that there exists some constant Cy = C5(£2, ¢) > 0 such that,

1
el [* < C—ﬂl!utqu” + G

1
< Cog Il + o (4.4)

< [I(u, ut)ll el + Co.

Using Cauchy inequality and Young’s inequality, we infer from (2.4]) and (4.1]) that

| (g, w)| < g |uf] < \/—IlutIIIIUIIQ < 2)\ || 13 + —IlutIIZ, (4.5)
and
1 1
‘avll(u,ut)llﬁ(mut,AW) <yl (u, ue) 3¢ el |l o
a?y
—H(u ug) 3¢ luelf + H(u ug) 3¢ |ull3 (4.6)

—H(u we) |3l 1 +a2CB!\u!\2

From (Z.4)) and the dissipativity condition (3.3), we get

alf(u),u) — Oz/QF(u)dSL’ > —%Hu”2 —aC > ——HuH2 —aC. (4.7)
Thus, it follows from estimates (4.4)-(4.7) that
r> %H(u we) 157 a3 + || I2 - || 15— a*Crllullz
2)\3 lull® = 26l (u, we) 3¢ el | — 20C — aC (48)
> (4 - 2l wld + (252 - 02— 20 )l
— aCs,
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where C5 = 2C5 + C. Choose «a € (0, ag| small enough (o« may depend on B) such that

_ 3
'uoz—ozzCB—a—>0.

Y 1
2\ 2\

——2a>0 d
5 o , an

Thus, inserting (4.8) into (£.2]), we obtain

d
£V(u) +aV(u) < aCs.

Applying now Gronwall’s lemma and using (4.3]), we end up with
V(u(t) < V(u(0))e ™ + C3(1 — e ) < Cge " + Cs. (4.9)

Then there exists {5 = max{0, X In %—f} such that

ey me < LU 2O gy sy,
1 1

Therefore, the dynamical system (#,S(t)) is dissipative and By = {£ € H | ||€]ln < Ro}
is a bounded absorbing set. 0

Now, we are in a position to prove our main result of this section.

Theorem 4.3. Let Assumption[d be valid. Then the dynamical system (H, S(t)) possesses
a global attractor A in H. Moreover, the global attractor A is bounded in H,:

ACHs Al = sup [|€]l, < C, (4.10)
£cA

where s = 1.
q
Proof. According to the abstract attractor existence theorem, we only need to verify that
S(t) is continuous on H for every fixed t > 0 and that (H,S(t)) possesses a compact
absorbing set in H, see |12, 20, 27].
The continuity of S(¢) comes from Propsition B.7l Due to estimate (B3.8]), for any
¢ € By, we have
[1S(DEllae. < Cll€ll3) < Chry, (4.11)

where By = {£ € H | ||€]|» < Ro} is the absorbing set constructed in the Proposition
and s = %. Then, the set

By :={¢ e Hs | [|€lloe. < Cry}

is a compact absorbing set for (#,S(t)) in H. Indeed, B; is compact in H due to the
compact embedding H, < H. Let B C H be an arbitrary bounded set. Since By is
absorbing, there exists tp > 0 such that S(¢)B C By, Vt > tg. Then, (LI1]) implies

S(t)B = S()S(t—1)B € S(1)By C By, ¥t >ty + 1.

Thus, the existence of the global attractor A is proved. Finally, noticing that A C By,
we have A is bounded in H, and || A||3, < Cg,. O
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5. Global attractor in H:
q

We still use the notation s = % € (0, 1] throughout this section and will prove that
the global attractor A constructed in Theorem is exactly an (H, H)-global attractor.

Definition 5.1. 33/ Let X,Y be two Banach spaces and {S(t)}i>0 be a semigroup acting
on X. {S(t)}i>0 is called an (X,Y)-semigroup if S(H)X C Y, t > 0, and {S(t)}+>0 is
called norm-to-weak continuous if additionally,

(&nytn) — (&,t) strongly in X x (0,00) = S(t,)&, — S(t)¢ weakly in Y.

We have the following result to verify the norm-to-weak continuity of a (X,Y)-
semigroup.

Lemma 5.2. [33] Let X,Y be two Banach spaces and X*,Y* be their dual spaces, re-
spectively, {S(t)}i>0 be a semigroup on X and an (X,Y)-semigroup. Assume that

(i) bothi:Y — X and i* : X* — Y* are densely injective,

(11) {S(t) }r>0 is continuous or weak continuous on X, i.e.

(&n,tn) — (&, 1) strongly in X x (0,00) = S(t,)&, — S(t) strongly in X.

or
(Enytn) — (€,1) weakly in X x (0,00) = S(t,)€, — S(t)§ weakly in X.

Then, {S(t) }+>0 is a norm-to-weak continuous (X,Y')-semigroup if and only if {S(t) }+>0
maps compact subsets of Y x (0,00) into bounded sets of Y.

The definition of the (X,Y)-global attractor is as follows.

Definition 5.3. [1] A set A C X NY is said to be an (X,Y)-global attractor of the
(X, Y)-semigroup if
(i) A is bounded in X and compact in'Y;
(ii) A is invariant, i.e. S(t)A = A, VYt > 0;
(111) A attracts all bounded subsets of X in the norm topology of Y, i.e. for any bounded
set B C X,
disty (S(t)B,A) :== sup inf ||z —y|y = 0, as t — co.
z€S(t)B YEA

In order to verify the existence of global attractors, we use the method of Condition

(C) which is first proposeed in [16].

Definition 5.4. [16] A semigroup {S(t)}i>0 is said to satisfy Condition (C) in X if and
only if for any bounded set B C X and for any € > 0, there exist a positive time moment
tp and a finite dimensional subspace Xy of X such that {PS(t)x | © € B, t > tg} is
bounded in X and

sup ||(I — P)S(t)x||x <e, Vt>ty,
reB

where P : X — Xy 1s the canonical projector.

One of the abstract criteria for the existence of the (X, Y)-global attractor of a norm-
to-weak continuous (X, Y)-semigroup is as follows.
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Lemma 5.5. [33] Assume that X,Y are two Banach spaces and {S(t)}i>0 is a norm-to-
weak continuous (X,Y)-semigroup. Then {S(t)}i>o possesses an (X,Y)-global attractor
provided that:

(i) {S(t)}+>0 has a bounded absorbing set in Y, i.e. there exists a bounded set B C'Y
such that for any bounded set B C X, 3tp > 0 such that S(t)B C B, Vt > tp;

(11) {S(t) }+>0 satisfies Condition (C) inY.

By Lemma (.2, we infer from Theorem B.4] and Propsition B.7 that {S(t)}i>0 is
actually a norm-to-weak continuous (#, H;)-semigroup. Now, we will verify that {S(¢) }+>0
satisfies Condition (C) in Hs.

We use the same notations as before. Let Ai, Ao, -+ be the eigenvalues of the oper-
ator A = A? with boundary condition (??) or (L3) and ey, e, -+ be the corresponding
eigenfunctions such that

Aei:)\iei, 0<)\1§)\2§"', hm)\—
1—00
and {ej, ey, -} form an orthonormal basis in L?. Let H,, = span{ei, - ,em}, Pn

L? — H,, be the orthoprojector and Q,,, = I — P,, where I is the identity.

Lemma 5.6. Let 0 € R be fived and IC be a compact subset of V. Then for any ¢ > 0
there exists a positive integer N such that

1Qmvlls <&, ¥Ym >N, veK.

Proof. For any € > 0, let {v;})1, be a §-net of K in V,:

f).

M
i=1

For fixed ¢ € {1,2,---, M}, since

g
lolle = llvill% 45, ZM vj, €3)]

there exists an N; € N* such that
Q1> = Z A |(v;, €| < —, Vm>N;.
i=m-+1

Put N = max{N;,Ns,---,Ny}. Then for any v € K and m > N, there exists an

io € {1,2,---, M} such that ||[v — v;||, < 5 and

1@mollo < (1@m(v = vig)lle + [[Qmuillo < &
U

Corollary 5.7. Let Assumption [ be valid. Then the semigroup {S(t)}i>o0 satisfies Con-
dition (C) in Hs.
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Proof. By Theorem 3] B, is an absorbing set of {S(#)}+>o which is bounded in H,. Then

B:= ] S(t)B

t>t.

is a positively invariant absorbing set bounded in Hg, where ¢, > 0 such that S(¢)B; C
By (Yt > t,). Given any € € (0,1), according to Definition [5.4] it suffices to prove that
there exist ty = to(e, B) and my = mq(e, B) € N such that

|QmS () (uo, ur)[l3e, < &, V(uo,ur) € B

holds for all ¢t > t; and m > my.
For any (ug,u1) € B, set (u(t),u:(t)) = S(t)(ug,u1). Since B is positively invariant
bounded in H,, we have

1(w(t), ue(t) 2. < Cp, VL2 0. (5.1)

Denoting by (u®,u") = (Pnu, Pruy) and (u®,ul?) = (Qmu, Qmus), we need to prove
that [|(u® (), u? (£))|lx. < € for all t > t; and m > my.
Let

R

1 s
+ MO O+ 51D O+ o (1), A5 (1)

1
W(t) = = [lul® (1)]2
2 2

where § > 0 small will be determined later. From the embeddings V; < L? and Vo, <
Vas, there exists dg = dp(€2) > 0 such that for Vd € (0, do],

s 1
o, 45| < 2 (P + 1u13,) < 3 (102 + 1,
and then |
@0, @), < W) < Cl® @), 0 (1), (5.2)

where the constant C' = C'(k, Q2).
Taking § = min{dy, 1, 77} and multiplying (2.5]) by A%ugz) +0A2u® and integrating
over z € {2 (which can be justified similarly as in Theorem [B.4] (iii)), we get

Dy (8) 1 26W (1) + 1l s ) 202 2,

dt
:25”u§2)|’2—|—252< g i(f(u)’A U(2))—|—<fl<U)ut,A%u(2))
— 6| (1, ) 3 (Au®, A5u®) — 6(f (u), AZu®)
(2)
t

= 20| |2 + 267w, A2u®) = 5(f (u), A2u)

(M1

Asul?) —

(5.3)

d S S

= L), A3®) + (), A7)

_léi 2 75 d 2q
08w IR, ] + @ s

By the compact embeddings Vo, s << Vo, Vory —<— Vi, and (&), we deduce
from Lemma [5.6] that there exists N; = Nj(¢) such that

|u®|2s < de and  [|u®||11s < e, VE>0 (5.4)
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hold for all m > Nj. Then, using (33), (51 and (5.4]), we have

26%(u®, A3u®) — §(f(u), AZu®) | < 2(|Jud| + || £ () )] e®]| s

< Olludll + ulla + Il B 6@l 55)
< 0358.

dnp 2n
8+4s—nsp — n—2(2+s)’
embedding Vo, , — H*™ — LTt Combining this with (31, (5.4), Holder’s in-
equality with 8+4anp 4 B2y 2"78%5” = 1 and the embeddings V, — H® — L%,

nsp

Vo msp H?> 1 — L= 8+nsp we obtam

we have the Sobolev

When the spatial dimension n > 5, since

(f'(w)us, A2u?)
< Cllunllllu®lles + CNulIl oo Mol 2 [ AFUP] g

< Cbe + ClullP sy ullo A3y e (5.6)
8_4—

< Opde + Cllully fluellsl[u® o425z
< CB&E + CB”U(2)”2+28_M

Since 2 + 25 — =P < 2 + 25 — % < 2+ s, we have the compact embedding V5, ——

Vayos_nse. Then due to Lemma [5.6] there exists Ny = Ny(g) such that
Hu(z)HQHS,% <de, Vt>0 (5.7)
holds for all m > Nj. Inserting (5.7) into (5.6]), we have
(f'(w)uy, A2u®)| < Cpée. (5.8)
It is easy to check that (5.8)) still holds when 1 < n < 4.
Moreover, it follows from interpolation inequality (2.3]) and Young’s inequality with
¢ that
2 D211 2 TS _1,.(2)2
s 1% < 1l 17 g 1755 < et a1 g™ 1 < ee ™y ) 3¢ g 1710 (5.9)

Inserting (5.5), (5.8) and (5.9) into (5.3) and noting that § < Fe9, we have

d
S (8) + 20W (1) < =1, )3 | + 202
q 2 d e
—w&nmenumﬁ+%&—@mwAw>
~v6 d d
=2 LT ) B ] + L )2 (5:10)
d S
< Cpoe — @(f(u)a Azu)
_10d (2) @2 4 2
0 T B + 22 R )
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Applying Gronwall’s Lemma, we get

t t
d s
W(t) < W(0)e 2" + Coe / ¢=28=7) g _ / e (u), Au®)dr
0 0 T
5 d

-2 [ L 1w IR, Jdr (5.11)

2 J, dr

RLI T d
+ 5 [Tl

Using integration by parts and (5.1]), (5.4]), we have
t 1— 6—25t
Cpde / e~ 20U dr = Ogde - ————— < Cpe,
; 2

¢
— /0 e 20(t=7) d%‘ (f(u), Az )dT

—e 20 (f(u(7)), Asu® (7))|

7=0

t
+ 25/ (f(u), A2u)e= 2= qr
0
1— 672515

< 2c.
< Cpgde + Cpd“e 5%

< CB&,

oz Cos(t—my @
20 [ e L 20,
0

0 e ) ) O |

#90° [ w0

1— 672525

< 3.2 12
< Cpd’e” + Cprde 55

< CB&‘ .
With regard to the last term in (5.11]), it follows from the energy equality (3.9) that

/Huwlmwm—(wm—ﬂwng%,wza

Then, since u solves the equation (Z.1]), we have
’}/(5 _ - d 9
L[ OO )

AL R 2¢-1) d
:7/0 o 20(t )||U(2)||%+8||(U,Ut)|| (¢-1) & [||ut||2+||u||]

5 " o ) )
:%/““WHMWMW%MMWWM%%HMQM
0

1 — —26t

< 3.2
_0558 25

+0u%2 [ sl

< 0[56.
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Plugging these estimates into (5.11]) and using (5.2]), we conclude that
@@ (), u® (D)3, < AW () < C|l(up, ur)|[3,e”*" + Cie < 2Cpe

provided that ¢ > 3 In1 = (min{dy, 1, 2e?}) " In % and m > max{ Ny, No}. The proof is

complete. O

Thanks to Lemma [5.5] using Theorem [A.3] and Corollary B.7] we have obtained the
following result:

Theorem 5.8. Let Assumption [ be valid. Then the semigroup {S(t)}i>o generated by
weak solutions of Eq. (2.3) is a norm-to-weak continuous (H, Hs)-semigroup and possesses
an (H,Hs)-global attractor As, that is, A, is invariant, compact in Hs and attracts any
bounded subset of H in the norm topology of H.s.

Moreover, according to the definition of attractors, it is obvious that A = A, where
A is the global attractor of dynamical system (H,S(t)) constructed in Theorem[{.5

Remark 5.9. Theorem[].3 implies that the dynamical system (H,S(t)) posesses a comp-
cat absorbing set, then by [30, Theorem 3.1], {S(t)}i>0 is global exponentially k-dissipative
and there exists an exponential attraction set of (H,S(t)), i.e. there exists a compact sub-
set A* C H such that A* is positively invariant and exponentially attracts any bounded
subset B C H:

distn(S(t)B, A*) < C(||Blln)e ", Vt>0.

Note that A* is not an exponential attractor of (H,S(t)) since we don’t know whether
it has finite fractal dimension. In fact, to our best knowledge, there are no any criteria
to verify the finiteness of fractal dimension of global attractors in the degenerate case like
problem (11]). We shall concern this interesting problem in the future.
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