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EXISTENCE OF THE GENERALIZED
EXPONENTIAL ATTRACTOR FOR COUPLED
SUSPENSION BRIDGE EQUATIONS WITH
DOUBLE NONLOCAL TERMS*

Lulu Wang! and Qiaozhen Mal?f

Abstract We investigate the long-time dynamical behavior of coupled sus-
pension bridge equations with double nonlocal terms by using the quasi-stable
methods. We first establish the well-posedness of the solutions by means of
the monotone operator theory. Secondly, the dissipation of solution semigroup
{S(t)}+>0 is obtained, and then, the asymptotic smoothness of solution semi-
group {S(¢)}+>o0 is verified by the energy reconstruction method; ultimately,
we prove the existence of global attractor. Finally, we show the existence of
the generalized exponential attractor.
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1. Introduction

The early suspension bridge equation is derived from the mathematical model of
one-dimensional simple support beam suspended by hangers, which describes the
deflection of the roadbed in the vertical plane, see [12,17]. As a new problem in the
field of nonlinear analysis in 1990, Lazer and McKenna [13] introduced the following
one-dimensional suspension bridge equation

gt + Elugge + 0ug + ku™ = W(x) + ef (x,t), (z,t) € (0,L) x RT,

(1.1)
w(0,t) = u(L,t) = ugy(0,1) = uge (L, ) =0, ¢>0.

In 1998, Ahmed and Harbi [1] made a rigorous mathematical analysis for the cou-
pled suspension bridge equations, which studied the dynamical behavior of system
under the different conditions, and gave the relevant simulation and physical inter-
pretation.

In recent years, a series of important researches have been made on long-time
dynamics of suspension bridge equations, see [2-5,8-11,14-16,18,19,21-23,25] and
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the references therein. Ma and Zhong [15] first obtained the global attractor of the
weak solution for coupled suspension bridge equations in 2005, and they further
studied the existence of strong solution and strong global attractor for the following
beam-string coupling system in [16]

Ut + Qg + 01U + k(u —0)T + fp(u) = hp(z), = €]0,L],
Vit — Brgs + 20 — k(u— v)F + fs(v) = hs(z),  x€0,L]. (1.2)

Bochicchio, Giorgi and Vuk [5] proved the existence and regularity of the global
attractor with finite fractal dimension for the extensible suspension bridge equation

Ottt + Opgaztt + (p - Haxu”%?(o,l))axafu + Opu + KPut = f7 (13)

where p € R. Park and Kang [19] proved existence of global attractor for suspension
bridge equation with nonlinear damping. Wang and Ma obtained the existence of
pullback attractors for non-autonomous suspension bridge with time delay in [22],
Hajjej et al. investigate the stability of the energy for suspension bridge with
a localized structural damping in [9]. Recently, Zhao et al. [24] considered the
following extensible beam equations with nonlocal weak damping

uge — N*u—m(||Vaul|?)Au + [Jug||Pug + f(u) = h, (v,t) € A x RT, (1.4)

with two kinds of boundary conditions, namely, clamped or hinged boundary con-
ditions
ou

u|39 = 87 = 0, or u|39 = Au|ag =0.
vV 10Q2

And they showed the existence of solution and global attractor for (1.4) by the
monotone operator theory and the energy reconstruction method.

It is worth noting that most of the researches on the long-time behavior of the
solutions for suspension bridge equation only obtain the existence of the attractors,
while the fractal dimension of the attractors and the existence of exponential at-
tractor are relatively less. Based on the above-mentioned works, we are concerned
with the existence of global attractor with finite fractal dimension and generalized
exponential attractor for the following coupled suspension bridge equations with
double nonlocal terms

Ut + Uggas + ||ue|[Pur + E*(u—v)*T + llul|9u = hp(z), (x,t)€[0,L] x R,

Vit — Vo + ||ve]|Pre — K2 (u — )T + ||[v]|%v = hg(x), (x,t) € [0,L] x RT,

(1.5)
with initial-boundary value conditions
u(0,t) = u(Lyt) = upp(0,1) = g (L, 1) =0, tE€RF,
v(0,t) = v(L,t) =0, t e RT,
(1.6)

u(z,0) = up(z), u(z,0) = u (), x €0, L],

v(z,0) = vo(x), ve(x,0) = v1(x), x €0, L],
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where u = u(z,t), v = v(x,t) are the unknown function and denote the downward
deflections of the roadbed and the cable, respectively. ||u¢||Puy, ||v¢||Pv: are the
nonlocal weak damping terms, |ul|%u, ||v||9v are the nonlocal functions, p,q > 0,
and the simplest function to model the restoring force of the stays in the suspension
bridge can be denoted by multiplying the constant k2 by u—wv, where k2 > 0 denotes
the spring coefficient, (u — v)* = max{(u — v),0}, namely, the expansion if v — v
is positive, but zero, if u — v is negative, corresponding to compression. Moreover,
the external forcing term hp,hs € L%([0,L]) (here we can give two examples of
the external forcing term for this work: h(z) = cos(25%), or h(z) = sin(#%) €
L?([0, L])). For brevity, we denote Q = [0, L], A%u = Uppze, —LNU = —Vgy.

Our main object in this paper is to investigate the existence of global attractor
with finite fractal dimension and generalized exponential attractor for beam-string
coupled equations with double nonlocal functions. Since the coupling of the equa-
tions is reflected in the semilinear term (u — v)™, the double nonlocal terms don’t
effect the energy reconstruction method proposed in [24], so we don’t meet the new
difficulties in dealing with existence of global attractor. Different from [24], we
further obtain the finite fractal dimension of global attractor and the existence of
generalized exponential attractor.

This paper is organized as follows. In section 2, we recall several definition and
abstract results in theory of nonlinear dynamical systems that will be useful to dis-
cuss our problem, and obtain the well-posedness results by means of the monotone
operator theory and show that the problem (1.5)-(1.6) generates a dynamical sys-
tem (H,S(t)) in the space H = (H2(Q) N HY(Q)) x L*(Q) x H(Q) x L?(Q2). In
the next section, we give the dissipativity, and then prove the existence of global
attractor for (1.5)-(1.6). Finally, we obtain the existence of generalized exponential
attractor with finite fractal dimension in section 4.

Explaining in here, all C' throughout the paper represent a normal numbers, and
each C is not exactly the same.

2. Preliminaries

Let Vo = L2(Q), Vi = H}(Q), Vo = H?(Q) N H}(Q). Then we define the phase
space
HZVQXVOXVIXVm

and endowed with the norms

2

1
s ey, 00) 1 = (2<||Au|2 T el + |90l + ||vt||2>) ,

where | V|| and ||A-|| stand for the norm of V; and Va, respectively. Denote A = A2
with domain D(A) = {u € H*(Q) N H}(Q) |z (0,t) = ugy(L,t) = 0}.
Suppose that A\; > 0 is the first eigenvalue of A? with u(0) = (L) = u.,(0) =
1
Ugy (L) = 0, then A7 is the first eigenvalue of —A with u(0) = u(L) = 0, and there
holds

1
[Au? = Mllul®, Vu € Vo, [[Vul? 2 Af u]?, Yu € Vi (2.1)

Lemma 2.1. [20] Let X be a separable Banach space. We denote by L,(a,b; X)
(1 < p < ) the space of (equivalence classes of) Bochner measurable functions
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f i la,b] = X such that || f(-)llx € Lp(a,b). Each Ly(a,b; X) is a Banach space
with the norms

b 1
o = ([ 1) 1< p < o,
a

11| (apsx) = esssup{l| ()] x < € [a,b]}.

We also denote by C(a,b; X) the space of strongly continuous functions with values
i X and use the space

WP(a,b; X) = {f € C(a,b; X) : f' € Ly(a,b; X)},

where f'(t) is a distributional derivative of f(t) with respect to t. We note that the
space Wht(a,b; X) coincides with the set absolutely continuous functions from [a, ]
into X.

Definition 2.1. [6,24] A function (u(t),v(t)) € C([0,T]; Vo x V1) possessing the
initial data u(0) = ug, u(0) = uy, v(0) = vg, v:(0) = vy is said to be

(S) a strong solution of (1.5)-(1.6) on the interval [0, 7] if and only if

(i) u € Whi(a,b;Va), v € Whi(a,b; V1), uy € Whi(a,b; Vo) and v, € Whi(a,b;
Vi) forany 0 <a <b<T;

(ii) Au(t) + Azv(t) + Duy(t) + Duy(t) € V for almost all ¢ € [0,T], where the
operator D satisfies [6, Assumption 1.1], and Dus(t) = |lug|[Pur, Dve(t) =
[0z [|Pe;

(iii) Eq. (1.5) is satisfied in Vj for almost all ¢ € [0, 7.

(G) a generalized solution of (1.5)-(1.6) on the interval [0, 7] if and only if there
exists sequence of the strong solution {u,,(t)}, {v,(¢)} of (1.5)-(1.6) with initial
data (uon, U1n, Von, V1n) instead of (ug,u1,vg,v1) such that

lim max {|8tu(t) — Byun(t)] + |AFu(t) — Abu,(t)]

n—00 t€[0,T]
+ 18,0(8) = Oa(t)] + |AFu(t) — AT, (1)]} = 0.

Remark 2.1. For the convenience of readers, [6, Assumption 1.1] is given as follow:
the operator D : D(Az) — [D(A?)]’ is assumed the monotone semicontinuous with
D(0) =0, i.e., (Du— Dv,u—v) >0 for all u,v € D(A2), and A — (D(u + \v),v)
is a continuous function from R into itself. Moreover, we assume that there exists

a set W C D(Az) such that D(w) C V' for every w € W and W is dense in V.

Lemma 2.2. [24] Let H be a Hilbert space with inner product (-,-) and norm ||| g,
u,v € H. Then there exists some constant C., which depends on v such that

Y Collu=rllys 22,
(lullzr "u = ol "v,u —v) > : |l — |3 1<z (2.2)
(lullzr + [lol[z)>=
Corollary 2.1. Denote D(pt) = ||pe]|Pue and by Lemma 2.2, we obtain
(D(Mt) = D(), pt — 79::) > Cpllpe — 191‘/”1)4—2’ p=0, p, V¢ € Vo, (2.3)

i.e., the damping operator D is strong monotone. Moreover, the damping operator
D satisfies [0, Assumption 1.1].
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Theorem 2.1. Let T > 0 be arbitrary, the following statements hold:

(i) For every (ug,u1,vp,v1) € Vo x Vo x Vi x Vi, such that Aug +A%v0 + Duy +
Duvy € L*(Q), there exists a unique strong solution of problem (1.5)-(1.6) on
the interval [0,T] such that

(we, Uge, v, vee) € L([0,T); Vo x Vo x Vi x Vp),
(Ut,’()t) S CT([07T]7V2 X ‘/1)7 (uttavtt) c CT([OvTL‘/O X ‘/0)7
Au(t) + Duy(t) € Co([0,T]; Vo), AZu(t) + Duy(t) € C([0,T); Vy),

where C,. represents the space of right continuous functions, and the solution
of Eq.(1.5) satisfies the energy relation

t

t
E(t)+/ (||ut|\put,ut)da+/ (loe[Pve, v2)dor = E(0), (2.4)
0 0
where
1 1 1 1
E(t) —= 2 Al £ Sl + = 2
(0 =2l + S1Au? + Sl + 2wl

} 2 _ +112 q+2 q+2

+ 3= ) P+ sl + ol

f/ hB(z)u(t)dx—/hs(m)v(t)dx, (2.5)
Q Q

1 1 1 1 1
Eo(t) =g lludll® + 180l + 5 oul + IVl + Sk (= v) |

1
ull T2+ —— o] 7+, (2.6)

_|_7
q+2 q+2

(i) For any initial data (ug,u1,vo,v1) € Vo X Vo x Vi x V{ there exists a unique
generalized solution such that

(u, ug, v, v¢) € C([0,T]; Vo x Vo x Vi x Vp). (2.7)
Theorem 2.2. [24] Assume that the damping operator D maps Vy into VOI and is
a monotone semicontinuous operator which is bounded on bounded sets, that is, for
any p, there have
sup{|D(u)|V0/ cu eV, Jlull € p} < oo (2.8)
Then every generalized solution is also weak, i.e., the relation
t
(u(t), w) =(ug,w) —/ ((Au(a),w) — (Duy(0),w)
0
+ (b~ R — )" — u]"u), ) )do,
t
(wt)v) =or,0) = [ ((AF0(0),1) = (Du(o),v)
0
+ ((hs + K2 (u = 0)* = |[v]"v),v) ) do,

hold for Vw € Va, Vv € V4 and for almost all t € [0,T].
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Remark 2.2. The proof of Theorem 2.1 is similar to the proof of [24, Theorem
2.3], so we only give the above conclusion.

Corollary 2.2. Problem (1.5)-(1.6) generates a dynamical system (H,S(t)) in the
space H, the corresponding evolution operator S(t) is given by the formula

S(t) (uo, ur,vo,v1) = (uw(t), ur(t),v(t), ve(t)), (2.9)

where (u(t),v(t)) solve (1.5) with the initial data (ug,u1,vo,v1).

In order to obtain the main result for our problem, we also need the following
definitions and abstract results from the book of Chueshov and Lasiecka (see [7,
Chapter. 7]).

Definition 2.2. [6] A dynamical system (X, S(t)) is said to be asymptotically
smooth if and only if for any bounded set D such that S(t)D C D for t > 0, there
exists a compact set K C D in the closure D of D, such that

t_l>1_|rmoo distx{S(t)D,K} =0, (2.10)

where distx{A, B} is the Hausdorff semidistance between sets A and B.
Definition 2.3. [6] A bounded closed set A C X is said to be a global attractor
of the dynamical system (X, S(t)) if and only if

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

(ii) A is uniformly attracting, i.e. , 1121 distx{S(t)M, A} = 0 for all bounded set

—r+00
McCX.

Theorem 2.3. [6] Let (X, S(t)) be a dynamical system on a complete metric space
X endowed with a metric d. Assume that for any bounded positively invariant set
B C X there exist T > 0, a continuous non-decreasing function v : RT™ — RT and
a pseudometric o5 € C(0,T; X) such that

(i) 7(0) =0 and r(s) < s for every s > 0;

(ii) the pseudometric 0% is precompact (with respect to X ), i.e. for any sequence
{zn} C B has a subsequence {x,, } such that the sequence {yr} C C(0,T; X)
of elements yy(1) = S(7)xp, is Cauchy with respect to ok;

(iii) the following inequality holds

d(S(T)yr, S(T)yz)
<r(diye) + (S} {STed)). Vo€ B (210)

where we denote by {S(-)y;} the element in the space C(0,T;X) given by function
vi(-) = Sy, i = 1,2. Then (X,S(t)) is an asymptotically smooth dynamical
system.

Definition 2.4. [7] Let (X, S(t)) be a dissipative dynamical system in a complete

metric space X. Then the dynamical system (X, S(¢)) possesses a compact global
attractor if and only if (X, S(t)) is asymptotically smooth.
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Definition 2.5. [7] Let X and Y be two reflexive Banach spaces with X << Y
and put H = X x Y. If there exist a compact semi-norm nx on X and two locally
bounded nonnegative functions a(t) and c(t) satisfying

b(t) € LY(RT)  with Jim b(t) =0, (2.12)
1Sy = SHyalf < alt)llyr — 23, (2.13)

and

1S®)y1 = SOwl7r < b(®)llyr — 27y + c(t) zl[tpl][nx(U(S) —v())?, (2.14)

for every y; € B, i = 1, 2, where B C H is the bounded positively invariant set,
and S(t)y; = yi(t), t > 0. Then (H, S(t)) is called quasi-stable on B.

Theorem 2.4. [7] Let (X,S(t)) be a dynamical system. If (X,S(t)) possesses a
compact global attractor A and is quasi-stable on A, then the attractor A has finite
fractal dimension.

Theorem 2.5. [7] Let B be a bounded positively invariant absorbing set on the

dynamical system (X, S(t)) which is quasi-stable. If there exists a larger space X 2
X such that for any T > 0, it holds

HS(tl)y — S(tg)yH)? < CB‘tl — t2|T, t1, to € [O,T], (VRS B7 (2.15)

where Cp > 0 depends on B, 7 € (0,1]. Then the dynamical system (X,S(t))
possesses a generalized exponential attractor A" C X whose dimension is finite in
X.

3. Global attractor

In this section, we will prove the dissipativity of the semigroup {S(¢)}:>0 corre-
sponding to (1.5)-(1.6), and verify the asymptotic smoothness of the dynamical sys-
tem (H, S(t)) by means of a priori estimates and the energy reconstruction method.
Finally, the existence of global attractor is obtained.

Theorem 3.1. The dynamical system (H,S(t)) generated by problem (1.5)-(1.6)
is dissipative in the space H, namely, for any bounded set B C H, there ezist a
positive constant R > 0 and to = to(B) > 0, such that

[S@)yllze = || (w(t), ue(t), v(t), v (1)l < R,
forally € B and t > tg.

Proof. Multiplying (1.5) by u; + eu and vy + ev, and integrating over 2, respec-
tively, we obtain that

d (1l 2 1 2 1 2 1 2 1o +12
= (3l + 120l + Sl + SIVel? + 2420 = o)
1 1
= ulldt? 4 ——||p]et2 — | hpud
+ 72— 0l () + () = [ hpuda

- / hsvdw) — elluell* + el Aull* — ellvel|* + €l Vol|* + ek (w — v) |
Q
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+ellul T elloll T+ (luelPue, ue + eu) + ([oelPor, ve + ev)

fe/ hBud:cfe/ hsvdz = 0. (3.1)
Q Q

According to Holder and Young inequalities and (2.1), it follows that
1 2, 1 2
| [ hpuds| < = lhsll? + 7l 5ul?, (3.2)
Q A1 4

1 1
< — 24 = 2, .
| [ hsvie] < sl + 71901 (33)
Combining with (2.5)-(2.6) and (3.2)-(3.3), we have
E(t) > coEot) — Co,  0< o< 1. (3.4)

Denote W (t) = E(t) + (uy, eu) + (v, ev), using Holder and Young inequalities, there
holds

1 €
el (ur, u)| < Zlluell® + = [[Aul?, (3.5)
4 A1
and
1 9 € 9
el (v, v)| < ZlloelI” + —=Voll%, (3.6)
4 A1
exploiting (3.4)-(3.6), there exists g > 0 with 0 < € < ¢y such that
W(t) > ClEo(t) — Cl, 0<c <1, (37)

Next, we rewrite (3.1) as follows

%W(t) LW () +Y(8) =0, (3.8)

where

3¢ 3e
Y (1) =(|[wel|Pue, ue + eu) + ([ve][Pog, ve + ev) — 5||ut||2 - §\|Ut||2

€ € ek? (g+ 1)e
ZAull? + = 2, =Y T2 M T T q+2
+ Slaul + IR + Gl = o) I + S
(g+1)e +2 2 2
4+ ———||||T* — €“(us, u) — €“ (v, v). 3.9
L0l — ) = E(wi,0) (3.9

Applying Young inequality, we get that there exist constants cy,c3 > 0 such that
(e, ue) = Jluell® < c2 + csflul|P*2. (3.10)
Combining with (2.4) and (3.4), there exists Cg > 0 such that
Ey(t) < C(1+ E(t)) < C(1+ E(0)) < Cp. (3.11)

By Cauchy and Young inequalities, (2.1) and (3.11), we have

1 1
e P, )] < el 5 el + 5 )
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€ €
< el + 5 el
€ €
< Sl + S (Colludl P2 + o) ull?
C €0
<3 || [P + o o 1Al - P72 + ™ oy 1Au)?
€ €Cy €
< —fjug|PT? 4+ =2 F, P2 Fo(t
< Sl + 53 Bo(®) - fur 172 + 3 Eo(t)
€ eC,C
< §||Ut||pJr2 72)\13 [|ue]|PH? + €Oy, (3.12)
similarly, the following inequality holds
c,C
(el e0)| < 5l + SE P + €Cs. (3.13)
Together with (2.1) and (3.12)-(3.13), we achieve
e eC,C
(e, + ) > (1= G = 502 ) w72 = e, (3.14)
and
e €eC,Cp
Puy, vg + >(17777) P2 ey 3.15
(lvel[Por, ve + ev) = 5 2 [0l eCs (3.15)
Now, by virtue of (3.9)-(3.10) and (3.14)-(3.15), it follows that
1 e eC,Cp 3e €
vy =(—(1-5- ) =5 = ) wl?
025 (-5 52) - 5 - 5 )
1 e eC,Cp 3e € 9
~(1- ) %€ €
* <03< 2 a2 4)'””
S e [
” c_
2 VA1
EC CB GC CB
_ 29— - ) Cy — €Cs, 3.16
03< ) VT W v A (3.16)
choose € > 0 small enough, such that
1 e €eC,Cp 3¢ € e € € €3
~(1-£- Y-S =50 so>0 o=, 3.17
c3( 27 Ta2n 2 1 2 M 2 Vn (3.17)
i(l - EC"OB) R M P S 1 PR
c3 2 2V A1 2 4 2\1 2v/ M1
We obtain that Y'(¢) > —eCy, then it yields from (3.8) that
dtW( )+ eW(t) < eCy. (3.19)
Applying the Gronwall lemma, we conclude that
W(t) <W(0)e  + Cy(1 — e ). (3.20)
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Therefore, there exists tg = to(B) = £ In %f) such that
W(t) <20,  Vt>to. (3.21)
We claim from (3.7) that
204 +C
s vyl < === = R. (3.22)
This is the complete proof of the dissipativity. O

Remark 3.1. Theorem 3.1 implies that

Bo = {(u(t), us(t), v(t), ve(t)) € H = || (u(t), ws(t), v(t), v (t)) |2 < R}

is a bounded absorbing set of semigroup {S(t)}:>0 corresponding to problem (1.5)-
(1.6). From the above proof, it is easy to see that dissipativity of the semigroup is
independent of p and gq.

In order to prove the asymptotic smoothness of the dynamical system (H, S(t)),
we need first to establish the following estimates.

Theorem 3.2. There exist Ty > 0 and a constant C > 0 independent of T such
that for any pair (u1,v1) and (uz,v2) of strong solutions for problem (1.5)-(1.6), we
have the following relation for T > Ty,

T
TE(0)+ [ En(t)i
0
T T T
C(R +|12d +|1?d D(t,&),&)d
<om{ [ alFa+ [ ke 06,

T

T T
+ / (D(t, ), C)dt + / (D(t,€).€0)dt + / (D(t, ¢, G)lde

T T T
+ / |AE] - 16de + / IVl - et + / |Ag|de
T T T T T
4 / IVC|2de + / dt / |AE] - leldr + / dt / IVCl - G ldr
0 0 t 0 t
T T
| [ it = ualuz, e] + | [ (lonfon = fatea, )t
0 0
T T
| [ it = fualus, )] + | [ oalron = el 7oa, )|
0 0

T T
| [t [t = fua) s, )]
0 t

T T
d Ty — [|va]|? d :
] [ [l = feafen. e . (323)
where §(t) = u1(t) — u2(t), ((t) = v1(t) — v2(t) and
En(t) = 3 (&I + 10812 + 6I” + Ve IP), (3.24)

D(t,&) = [Jurel|Pure — |Jugel|Puze,  D(t,G) = [Jviel|Pore — |Jvae|[Poze. (3.25)
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Proof. Note that £(t) = uq(t) —ua(t) and ((t) = v1(t) —v2(t) satisty the following
equality

gtt + fmxmz + D(tﬂgt) + kQ(ul - Ul)+ - kQ(UZ - 1)2)+ + ||u1Hqu1 - Hu2||qu2 = 0’
(3.26)

Ctt — Cow + D(E,¢) — kz(ul — ’01)+ + kz(UZ — ’02)+ + [Jv1]|9v1 — ||v2||fv2 = 0.
(3.27)

Multiplying (3.26) and (3.27) by & and (;, and integrating over €2, respectively, we
obtain

L el + L LNAEI® + (D(160.&) + (2n — ) — K (us — ), &)
(s — sl s, &)+ S + L & wie + (0,¢). )
— (K (ur —v1) T = E*(u2 — v2)*, ¢) + ([Jo1]| %01 = [Jvz|%v2, &) =0, (3.28)
then
d
%Em(t) + (D(t?gt)agt) + (D(t7 Ct)7 Ct)
= (K*(u1 —v1)T = E*(ug —v2) ¥, &)
+ (K*(u — 1)1)Jr — k2 (ug — v2) ", )
= (lurl|ur = [Jual|Puz, &) — (o1 |01 — [lval|?v2, Cr)- (3.29)

Integrating over [t,T] to (3.29), we get that

T

T
B0+ [ (D& @)+ [ (D0.6).q)ar
t t
T
—En(®)~ [ (B - 0"~ B - )" )dr
t
T
Jr/ (k?(uy —01)* = k?(up —v2) ", G, )dr
t
T T
= [ Qo = sl ez, gy = [ onlron = sl e, G)dr. (330)
t t

Multiplying (3.26) and (3.27) by £ and ¢, and integrating over €2, respectively, we
obtain

(&) + (Q, Q) = I&l® + 1AL = [ICI”® + V¢

(D(t, ft) ) (D(t,¢t), <)

— (k*(up —v1)T = k% (ug —v2) T, &) + (k*(ug — v1) T — k% (ug — v2)™, ()

= (lwa[lua — [luzl|®uz, &) — ([lv1[|*v1 — [lvz][*v2, ), (3.31)

4
dt
+

and integrating over [0, 77, it leads to

T T T
) / B (t)dt — 2 / &)1 2dt — 2 / 1GlPde + 0 OF + (G O
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T T
4 /O Dt,&),€)dt + /0 (D(t. ). C)dt

2(ug — 1)t — K (ug —vo) ™, E)dt

’ﬂ

’LL1 —’Ul kQ(UQ _U2)+,<)dt

+

T
(||U1HQU1 [Juz [ *uz, §)dt — / (lval[for = [lv2[[*v2, C)dt. (3.32)
0
By using continuously embedding theorem and (2.1), we have

(&, O < ll&:II€N < (Ilftll2 +IEl?) < CEn(t), (3.33)

(G OF < NG ICH < (IICtII2 +I¢I?) < CEm(t)- (3.34)

Therefore, we infer that

T T T
_ 2 2
2 / B (t)dt <Cs(E(T) — Eyn(0)) +2 / & 2dt + 2 / G2t

T T
/ D(t,&), €)dt — / (D(t, ), C)dt
0 0

/ kz 7.L1 —’U1 —k2('LL2 —Ug)+,£)dt
0

)ﬂ

’ﬂ

+ (K*(uy — 1)t — k% (ug — v2) ", O)dt

T
([Jua[[*ur — [Juz||Tuz, §)dt

" (onli7er — oo, )t (3.35)

c\ho

Setting ¢t = 0 in (3.30), we have

T

B (0) =E(T) + /0 (D(t, &), &)dt + /0 (D%, Ge), Ge)lt
T 2 + 2 +
I O L
_/0 (kQ(ul — Ul)+ — kQ('UQ - U2)+7<t)dt

T

T
+/ (lualur = IIU2||qU2,£t)dt+/ (lvr[[*or = flval[*v2, G)dt. (3.36)
0 0

Moreover, thanks to the monotonicity of D, integrating (3.30) from 0 to T given

/ E,, dt</ dt/ (uq —v1 —k2(u2 —U2)+7ft)d7'
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T T
+/ dt 2(uy — 1)t = K (u2 — v2) T, G)dr
0 t

T T
4 [ e [ (s — sl us, )
0
T T
L A Y E T S T S CE
0 t

According to |(u1 —v1)" — (ug —v2)T| < L|(ug —v1) — (ug —v2)| (L > 0 is a suitable
constant), ||(u, us, v, v¢)|lx < R and (2.1), we have

(K (u1 —v1) T — K (ug —v2) T, €)|

<LE*|[(ur = 1) = (uz — va) | - [[€]]

=LE*I€ — ¢l - [I€]l < C(R) |12 (3.38)
Similarly, then
(k2 (u1 —v1)™ = k*(uz — 02) ", Q)] < C(R)|IVC|?, (3.39)
(k2 (u1 = v1) " = K (uz — v2) ", &)| < C(R)|AE] - &, (3.40)
|(k?(ur = v1) T = K (uz —v2) ", )| < CR)|IVC| - [1€ll- (3.41)
Hence, combining with (3.35)-(3.36), then (3.23) holds. O

Now, we are ready to prove the main result of this section that the dynami-
cal system (H, S(t)) corresponding to (1.5)-(1.6) in the space H is asymptotically
smooth.

Theorem 3.3. The dynamical system (H,S(t)) generated by problem (1.5)-(1.6) is
asymptotically smooth in the space H.

Proof. By Theorem 3.1, we know that By is a bounded absorbing set of semigroup
S(t) related to (1.5)-(1.6) in the space H. By the definition of bounded absorbing
set there exists tg > 0 such that S(¢)By C By for all t > to. Let B = {J,>,, S(t)Bo.
It is clear that B is a closed bounded forward invariant set for the dynamical system
(H,S(t)) in the space H. Therefore, for any bounded set B, we have S(t)B C By for
t > t(B), i.e., for all t >ty + t(B), we have S(t)B C B, hence B is also an bounded
absorbing set for this system. Let (ui,v1) and (ug,ve) be two weak solution of
(1.5)-(1.6) corresponding to two different initical datas in the invariant set 5, then

(w1, w1e(), 010, w1 (8)) = S (o,
(w2 (), uae(t), va(8), var (1)) = S(H)pn. (3.42)
Since all term of (2.13) are continuous with respect to the distance d given by the

energy norm || - || g, it satisfies the condition of Theorem 2.3. Let T > 0, according
to the energy equality (2.4), we have

T T T T
/O(D(ul),ult)dt+/0 (D(vl),vlt)dt—i—/o (D(ug),ugt)dt—&—/o (D(v3), vat)dt



2350 L. Wang & Q. Ma

T T T
[ Gl wdde+ [t edes [ (el uede
0 0 0
T
+ [ Goall oz, vt < e (3.43)
0

Step 1. Energy reconstruction.
From (3.23), we define

O (ur,v1,ug,v2)

T T T T

= [ 1081-tedae+ [ 19 -IGlat+ [ 1R+ [
v [ [Cisagdars [ a [ 1val-iatar

] [ s = sl ] + | [ et~ foalie, o
T

] [ Gl — s g+ | [ ontoon — foalites Gyt
0 0

T T
] [t [ Gl = s, gr
0 t

T T
] [t [ Gorlron — ual s, G|
0 t

furthermore,

(3.44)

O (u1,v1,u2,v2)

T T T T
<Cra{ [ I8€l- e+ [ 19el-IGhat+ [ jacpa+ [ pvepa

T

T
+/o [([Ja][Tur = Jug|[Tu)]} - HfHdH/0 [([[oa[[*or = [loa[*v2)I[ - [IC[|

T

T
+/O [l 1 = Jlus||*uz)]l - H&tlldt+/0 [l ][To1 = [[oa[|*v2)] - IICtHdt}-

By Cauchy inequality and compact embedding theorem, we arrive at
T T
| nadt-tad+ [ nagia
0 0
T w [T T
<C. [ Iagae [l [ ag)
0 2 Jo 0

T T
SCB,K/ ||A1*°‘§|\2dt+n/ E,.(t)dt, (3.45)
0 0

and

T T
|l g+ [ iveipa
0 0

T K T T
<c, / Ive|Zdt + © / G2t + / V¢t
0 2 0 0
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T T
<Cu [ JAF S w [ En(tr (3.46)
0 0

whereO<o¢<%,0<5<%.
According to the Sobolev and Hélder inequalities, it yields

|(Jur|9u1 = [Juzl|Tu2)| = |(Jugl|9ur — [Jugl|Tug + [ug]|Tug — [[usg]|Tus)|
< ual|uy — wo| + [flual]® — [Juz|?||usl, (3.47)

then

2
Il l[ur = fluz|us)|* = /Q |(uall*ur = [uzl|*uz)|"dz

2
s/ e [ar — o] + [aaa |9 — ffesa]|] szl [Pz
Q

2
< 2w *flur = wall® + [fual*[llua |7 = fluz]l7])
< C(R)|ur — ua?
< C(R)[| A%, (3.48)
similarly, we have
I(loallor = [foa][“2)[1* < C(R)Jor = va]|* < C(R)| A2 5¢] . (3.49)

By Holder inequality and compact embedding theorem, we infer to

T T
/0 (a9 — a2 - €]t + / Il 9201 — szl sz) | - [t

T T
SC”/ (][ Tur = IIUQIIun)Ilde’””/ Ep(t)dt
0 0
T ) T
SCB,N/ ||A1_“§||2dt+/<a/ En(t)dt, (3.50)
0 0
similarly,

T T
/0 I([lvr][ o1 = [[oz[|*v2)] - HCHdt*/O [l [To1 = floz[|*v2)I] - lIG¢lldt

T - T
SCB,K/ ||A%*ﬁg||2dt+n/ E,,(t)dt. (3.51)
0 0

Therefore, combining with (3.45)-(3.46) and (3.50)-(3.51), for any & > 0, choosing
§ = min{«, @}, 6 = min{j, 8}, we have

T T N
Or(ur, vy, ug,v2) gCB,K(T)/ ||A1_5£||2dt+CB,K(T)/ | A2 =0¢|2dt
0 0
T
+dx / B, (t)dt. (3.52)
0

a2
In line with Lemma 2.2, let Hy(s) = C, ”*%ﬁ, p > 0, it is a strictly increasing,
concave function, and Hy € C(R") with the property Ho(0) = 0 such that

Ho ((lu+ vl (u+ v) = [[ul]"u,v))
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>Ho(Cpllv]|PT2) = ||v]|?,  Vu,v € Vo x V4. (3.53)
Hence, from Jensen inequality, it follows that
T T
[ el < [ o e
0 0
1 /T
< —
< THO(T/O (D(t7§t)7ft)dt)
T
ol [ (Dlt.6.6at). (354)
0

where Ho(s) = T Ho(%). Similarly, we have

/OT G )12 dt < ’Ho(/OT(D(t,Q),Q)dt)_ (3.55)

By virtue of Cauchy’s inequality and Sobolev’s embedding theorem, there exists a

positive constant n with 0 <7 < % such that

(D(0.0.91 < I€1( | (uselPuns = P Pt

1
2

< Cllel (Jlune1272, = lluzil|2#3,)?)

< Cpligll < CsllAT ¢l (3.56)
Similarly,
15 .1
((D(t,G), )l < CsllA277¢l, 0<i < 3. (3.57)
Therefore, combining with (3.52)-(3.57) and Theorem 3.2, we have
1 T
TEm (T) + 5 / Em(t)dt
0
T T
SCB{(HO""I)(/ (D(tvgt)vgt)dt—’_/ (D(t7ct)7ct)dt)
0 0
T T
+ [ 1A [ adga
0 0
T T Lz
+CB,T/ |\A1—5§||2dt+cB,T/ \|A§_5C||2dt}. (3.58)
0 0

Step 2. Handling of the damping. ~
Denote w = min{n, ¢}, @ = min{7, 6}, from (3.58) we get that

T
B (T) <Cor o+ 1) | (D). €0ar+ |

T T
+Csr / JA“€]dt + Cp.r / | AR5 dr
0 0

T

(D(tG1), Gt
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<Cp,r(Ho +I)(/OT(D(t7ft)a§t)dt+ /OT(D(t7Ct)7Ct)dt)

+Car( sup ATg(0)] + sup [ AREC)]). (3.59)
te[0,T] te[0,T]

Let Qo(s) = (Ho+1)"' (3¢

Z T) be a strictly increasing, convex function and (Hg +
I)71(s) < s for any s > 0. By (3.58) we infer that

En(T) )

Qo(En(T)) =(Ho + 1) (54~

g(%ﬂ)”{%(%“)(/{)( (&), dt+/0 D(t, ), ¢ )dt)

1 —w @
+5( sup AT+ sup 4340}
t€[0,T)] e[0T

T T
S%{/0 (D(tvgt)agt)dt"‘/o (D(t»Ct),Ct)dt}
o s Al + s |aEEc) ) (3.60)

te[0,T] te[0,T]

Setting t = 0 in (3.30), and combining with (3.40)-(3.41) and (3.48)-(3.49), we
achieve

/ (D(t, &), &)dr + / (D(t, &), C)dr
0 0

T
— B, (0) — By (T) — /0 (R2(u1 — v1)* — K2 (us — va)*+, &) dr

»ﬂ

+/ (ug —v1)" — k2(“2 — )t ¢)dr
0

T T
/ (|21 — ez s, &) — / (loll7or — oa 1902, G)dr
0 0
<En(0) = Bn(T) + Cr(swp A0+ sup [AZ5C0)),  (361)
t€[0,T) t€[0,T]

then

Epn(T) +2Qo(En(T)
<En(0) = En(T) + Car( sup 44601 + swp 415C01). (362

Since £(t) € D(A), ¢(t) € D(A2) are uniformly bounded, and the embedding
D(A) < D(A™%) < Vy, D(Az) < D(A2~%) < V; are compact. Thus, exploiting
the interpolation inequality we obtain

A7) < 16050y - IO ™ < Calg@I™.  0<m <1 (363

and

1AZ=5¢(8)]| < ISEONT, 3, 16

2

17 < CRllCOI™,  0<n <l (364)
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Therefore

En(T) + 2Qo(Em(T))
<En(0) + Cr( sw [EOI+ sup KOIC), (3.65)
t€[0,T] te[0,T]

for any ¢ € (0,1]. This implies that
[S(T)yr — S(T)Z/2||$f
il , ,
<2[I +2Qo] 1{5\\2/1 — 2|+ Cpr( sup [E@)]°+ sup ||C(t)|\g)}
t€[0,T] t€[0,T]
il 1,2
<21 + 20 { L (I — wall + Cisr sup I+ sup 1<)}, (.60
te[0,T] te[0,T]

Choosing <" € (0, 1], we have

1S(T)yr — S(T)y2l#

<3|+ 2u] {5l el + el sup e + sup [}
te[0,T] t€[0,T]

Nl

Let 7(s) = ﬁ(([ n 2@0)*1(%) , and

5 (ST} (S(e}) = Cuar( sup un() - w @) + A CIOR o @),

so we conclude that

IS(T)yr — S(T)yell < r(llyr — y2ll + 05 ({S(T)y1}. {S(T)y2}))- (3.67)

It is clear that the function r satisfies all the requirements of Theorem 2.3. Finally,
according to the similar proof in [24] we get that the pseudometric g% of all solution
for (1.5)-(1.6) is precompact in the interval [0,T]. Hence, the dynamical system
(H,S(t)) is asymptotically smooth. O

Thanks to Theorem 3.1 and Theorem 3.3, we deduce the main result of this
section as the following theorem.

Theorem 3.4. The dynamical system (H,S(t)) generated by problem (1.5)-(1.6)
possesses a compact global attractor A in the space H.

4. Fractal dimension and generalized exponential
attractor

In this section, we mainly prove the quasi-stability of the dynamical system (H, S(t))
associated to (1.5)-(1.6) to give the finite fractal dimension of attractors, and further
obtain the existence of the generalized exponential attractor A®"? with finite fractal
dimension in a larger space H 2 H. Firstly, we are going to prove that the dynamical
system (H, S(t)) is quasi-stable on any bounded positively invariant set in H.
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Lemma 4.1. The dynamical system (H,S(t)) generated by problem (1.5)-(1.6) is
quasi-stable in a bounded positively invariant set B C H.

Proof. According to Definition 2.5, we only need to verify inequalities (2.13) and
(2.14). From (3.29), we have

S En(0)+(D(1,6),6) + (D(1,6),)

=— (K (uy —v1)" = K (ug — v2) ", &) — (lua [|ur — [Juz|%uz, &)

( 1
+ (K (w1 —v1) T =k (u2 —v2) ™, ¢) — (Jon 901 — [Jva|| %02, ¢t), (4.1)

where £(t) = uq(t) —ua(t), ((t) = v1(t) —v2(t), by virtue of (3.40)-(3.41), we achieve
at

[ (2 — o)~ Bz~ 02) ", 6]
<Om|aglel < CRGIAEN + 5 lelP)
<C(R)En (1), (42)
similarly, we have
2y = 01)* — R (z — 02)*, G| < C(R) B (1), (13)
According to (2.3), it follows that
(D(t:€),8) + (D(t,G), &) = Cpll&e| ™2 + CollGlI 7 > 0, (4.4)

using Hélder inequality, the embedding Vo < L2@*tD(Q) and V, «— LPH2(Q), it
yields

= o2y — [ a2, )|
—(g+1) / 1Bus + (1~ B)us| ] €|
Q

<(q + )22 (urll3 1) + lu2llg g o) I€ 200 1€l

<CslEllz(+vllgllp+2 < ColElZg4n) + 18el512)
<Cp,rEn(1), (4.5)

similarly,
| = ([lor[|Pv1 = [lv2[|*v2, G| < O rEm(2). (4.6)
Together with (4.1)-(4.6), we conclude that

d

= En(t) < 2C(R)En(t) + 20,7 Bn(t) < C(R,B)En({), (4.7)

in line with the Gronwall lemma, we get that

E,(t) < eCEBIE (0), (4.8)
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in addition, we see that (2.13) holds with a(t) = e“B)t where a(t) is locally
bounded on [0, oc] because of the boundedness of B C H. On the other hand, by
virtue of the proof of the Theorem 3.3, we claim from (3.66) that

1S(T)yr — S(T)y2||$i
01 :
<2[1 +2Qo] {5 lly1 — vl + Car( sup_ €D+ sup [}
te[0,T) te[0,T]

<[I+2Qo] " lyr — well® + 21 +2Q0] "' Cu,r tgfg);](lli(t)l\g + @), (4.9)

where ¢ € (0,1], Qo is defined in the previous section. Thus, we define the semi-
norm as follows

(8,0 = €@ + [IC@)]* (4.10)

By using the compact embedding V5 << V5 and Vi —<— Vj, we conclude that ny
is a compact semi-norm on #H. Then (2.14) holds with

b(t) = [I +2Qo) ', c(t) = 2[I +2Qo] ' Cp 1,
it is easy to check that

b(t) € L*(RT), lim b(¢) = 0.
t— o0

Since B C H is bounded, so ¢(t) is locally bounded on [0, co]. Then we conclude that
the dynamical system (H, S(t)) is quasi-stable in a bounded positively invariant set
B C H by Definition 2.5. Therefore the proof of the lemma is complete. O

From the above Lemma 4.1 we know that the dynamical system (H,S(t)) is
quasi-stable on the compact global attractor A, which is a bounded positively in-
variant set of H, and Theorem 3.4 ensures that (#,S(t)) has a compact global
attractor in H. Thus we can immediately conclude the following results by Theo-
rem 2.4.

Theorem 4.1. The compact global attractor A of the dynamical system (H,S(t))
has finite fractal dimension.

Now, we will prove the existence of the generalized exponential attractor A7
and it has finite fractal dimension in a larger space H O H.

Theorem 4.2. The dynamical system (H,S(t)) generated by problem (1.5)-(1.6)
possesses a_generalized exponential attractor A®®P with finite fractal dimension on
the space H = L?(2) x H72(Q) x L3(2) x H~1(Q) D H.

Proof. It is easy to see that the dynamical system (H,S(¢)) is quasi-stable in a
bounded positively invariant set B C H by Lemma 4.1, thus we only need to prove
that the mapping ¢ — S(t)y is Holder continuous on the space H. Indeed, we know
that S(t)y = (u(t), u(t), v(t), ve(t)) = ¢(t) for every y = ¢(0) = (uo, u1, vo,v1) € B.
By virtue of Theorem 3.1, there exists R > 0 such that [Jug]|3, + [luee||* + [|vell}, +
lvge||? < R?, and then

e (% = el + ueell¥, + llvell + llveell¥,

< Cllluell, + lueel® + lwell¥, + llveel®)
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< Cp. (4.11)

Hence, for any 0 < t; <ty < T, it follows that

ta
1S(t1)y — S(t2)yllg < /t [0¢(s)ll 7ds < Cltr — ta]. (4.12)

In view of Theorem 2.5, choosing 7 = 1, therefore we conclude that the dynamical
system (H, S(t)) has a generalized exponential attractor A®*P C H with finite fractal
dimension. O

Remark 4.1. Since the problem (1.5)-(1.6) is in one-dimensional space, and Hg ()
C LI1(Q2)(1 < g < 00), the nonlocal term ||u||%u and ||v||?v don’t bring any difficulty.

Remark 4.2. If the nonlocal functions ||u||%u and ||v||%v turn into the polynomial
functions |u|?u and |v]9v(q > 0), then all results in this paper still hold because of
HYQ) € LY(Q)(1 < g < 00) in one-dimensional space.

Remark 4.3. When the dimension of space is bigger than 2, the exponential ¢ of
polynomial functions |u|?u and |v|%v(g > 0) in the equation is required to satisfy
some certain condition, see [24] for details.
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