EXISTENCE OF RANDOM ATTRACTORS FOR A
STOCHASTIC STRONGLY DAMPED PLATE EQUATIONS
WITH MULTIPLICATIVE NOISE

Abstract: In this article, we study the asymptotic dynamics of a stochastic
strongly damped plate system with homogeneous Neumann boundary conditions
and multiplicative noise. First, we investigate the existence and uniqueness of
solutions in infinite-dimensional dynamical systems using the notion of mild so-
lutions, and then we examine the presence of a bounded absorbing set. Finally,
we investigate the asymptotic compactness by using the decomposition technique
to prove the existence of a random attractor.

123

1. INTRODUCTION

Consider the stochastic strongly damped plate equation with multiplica-
tive noise in a bounded, open set 2 of R"(n = 5) with smooth boundary 0€2:

Uy + a*uy + A%u A+ eu+ g(u) = f(z) + cuo %,

’LL($,0) = U0<$), ut(x,O) = ul(x)a VS Q,t < 07

ou
uloq = @—|an =0,t>0,
n

r e t>0,

(1.1)
where ¢, a and ¢ are positive constants, /A represents the Laplacian with respect
to z € R®, u = u(x,t) is a real function in Q x [0,+00), where ug € H3(Q),
up € L*(Q), f(z) € H{(2) N H*(Q) are represents given external forces. W (z,t)
is an independent two-sided real-valued Wiener process on the probability space
(Q,F,P),where

Q={w= (w1, wa,.cco., W) € C(R,R™) : w(0) =0},

is endowed with the compact open topology and P is its corresponding Wiener
measure. F is the completion of the Borel o-algebra with respect to P— on (2.
We identify W (t) with (Wy(t), Wa(t), ....., Wi(t)), i.e.,

W (t) = (Wi(t), Walt), oo, Win(t)), t € R.
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Define a time shift. (6;);cg on Q by
w(-) =w(-+1t) —w(t), te R, well

The nonlinear term g is a C'— function with ¢(0) = 0 and satisfies the following
conditions:

(h1) There exists constants 0 < p < 4,n > 5, and a positive constant C; such
that

g (w)] < C1(1+ |[u?) ,V u e R, (1.2)

and
(h2) There exists positive constants
lim inf MZO,VUG R,
|lu|—00 U
(w)u — 1iG(u)

2

(1.3)

lim inf g
|u]—o0 U

>0, VueR

(hs) There exists constants & > 0 and p; such that for ally € (0, 1), there is a
value of p; € R that satisfies.

{ kG(u) — pu® + ¢, <ug(u), Vu€R

(1.4)
G(u) > plluf " + cullul’, Vu e R

where G(s) = [ g(r)dr.

The study of asymptotic behavior of dynamical systems is a crucial issue in
mathematical physics, with notable progress made in recent years. In determin-
istic systems, the global attractor, a compact set that is invariant and attracts
nearby points, is central to understanding dynamics (as seen in Temam [5]. This
paper focuses on the random attractors of equation (1.1) when the forcing term
is time-independent. To study the equation’s dynamics, two parametric spaces
are introduced: one for deterministic forcing and the other for stochastic per-
turbations. The existence and upper semi-continuity of the global attractor and
pullback attractor (or kernel sections) for deterministic autonomous and non-
autonomous systems have been widely studied in relation to this problem(as seen

in references [11, 21, 24]).
Several authors have introduced a distinct notion of attractors for stochastic
partial differential equations, including H. Crauel [1, 2], Morimoto [19], L. Arnold

(27, 28], J. Duan, K. Lu and B. Schmalfuf} [22], J. Hale, X. Lin and G. Raugel
[24], T. Caraballo, and J. Langa [3]. They have studied the existence and upper
semi-continuity of attractors for deterministic and random dynamical systems,
respectively. They established general criteria for the existence and upper semi-
continuity of attractors in non-autonomous stochastic evolution equations with
time-dependent external terms and multiplicative noise. Wang[12] developed a
useful theory on the existence and upper semi-continuity of random attractors by
introducing two parametric spaces and applying it to non-autonomous stochas-
tic reaction-diffusion equations and wave equations. For further information (see
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In recent years, numerous advancements have been made in the study of sys-
tems related to equation (1.1). The dynamics of deterministic hyperbolic equa-
tions have been explored and shown to have global attractors, which are finite-
dimensional objects despite being subsets of an infinite-dimensional phase space.
Some examples include the existence of global attractors for linear damped plate
equations with critical exponent (A. Khanmamedov[6], G. Yue and C. Zhong
[7]), nonlinear damped plate equations [20], and strongly damped plate equa-
tions with white noise (Ma et al.[4]) . Further references for this area of study
can be found (see[33, 38, 39]). In [15], the analysis of fractional-order propor-
tional delay physical models was studied via a novel transform. Bhadane P. et
al. in [10] investigated the approximate solution of the fractional Black-Scholes
European option pricing equation by using ETHPM. Hamoud A. [17, 18]provides
recent advances on reliable methods for solving Volterra-Fredholm integral and
integro-differential equations, and discusses some powerful techniques for solving
nonlinear Volterra-Fredholm integral equations.

Recently, researchers have discovered the presence of random attractors for
various equations, as indicated in references([3, 14, 15, 10, 12]). However, there
is a lack of research on random attractors for equation (1.1). This article aims
to study the existence of random attractors for the system (1.1) - (1.2). Proving
compactness of the generated random dynamical system is challenging, but its
asymptotic compactness can be established by using the solution decomposition
method, as shown in references(see[33, 41, 19].

The paper is structured as follows. Section 2 reviews basic concepts and prop-
erties of general random dynamical systems. Section 3 establishes the framework
for (1.1) by providing the basic settings, demonstrating that it generates a ran-
dom dynamical system in an appropriate function space, and establishing the
existence and uniqueness of solutions. In Section 4, uniform energy estimates
for the solutions of (1.1) defined on R are derived with the aim of proving the
existence of a bounded random absorbing set and the asymptotic compactness of
the associated random dynamical system as t — co. In section 5, we discuss the
decomposition of solutions in order to obtain the asymptotic compactness. Then,
existence of a random attractor is proven in the Section 6. Finally, we give the
conclusion.

2. RANDOM DYNAMICAL SYSTEMS

This section serves to refresh our understanding of basic concepts related

to RDS and random attractors (further details can be found in [1, 2, 26, 42, 44,
]) in order to obtain our main results, it’s crucial to recall some definitions
and properties concerning the asymptotic behavior of random dynamical system
defined by (1.1). We consider (X, || - ||x) to be a separable Hilbert space with
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Borel o—algebra B(X) and (2, F, P, (0;)1er) to be a metric dynamical system.

Definition 2.1.[12] Consider a metric dynamical system (Q, F, P, (6;);cr). The
mapping ¢ : Rt x Q x X — X is defined as a RDS if it is measurable with respec-
t to the sigma algebra (B(RT) x F x B(X),B(X))— and satisfies the following
properties:
(1) p(0,w)r = x;
(i1) (s, 0w) 0 p(t,w)r = P(s+t,w)x;
for all s, € R, x € X and w € Q.
If, in addition, ¢ is continuous with respect to t < 0 and w € it is referred to
as a continuous RDS.
Definition 2.2.[11] A mapping ®(¢,7 ,w,z) : RT x R x Q@ x X — X is referred
to as a continuous cocycle on X over R and (2, F, P, (6;):er),if it satisfies the
following conditions for all T € R ,w € Q and ¢,s € R*:
) O, 7w, z) : RT XRxQx X — Xisa (BR") xF,B(R)) is a measurable
mapping with respect to the sigma algebra,
ii) (0, 7,w, x) is the identity function on X,
i) ®(t + s, 7,w,x) = D(t, 7+ s, 0,w,2) 0 D(s, T, w, x),
iv) ®(t,7,w,x) : X — X is continuous.
Definition 2.3.[19] A set-valued mapping B : Q — 2% is referred to as a ran-
dom closed set if for all B(w) is a closed set,non-empty, and The functionw
d(x, B(w)) is measurable for all x € X, w € Q. A random set B := {B(w) }yeq is
referred to as tempered if.
i —-nt —

tligloe d(B(0_w)) =0,
for a.e. w € Q and all n > 0, where d(B) := sup, ,cp5 d(7,y).
Definition 2.4.[50] Let D be a collection of random subset of X and K =
{K(r,w) : 7 € R,w € 2} € D, then K is called an absorbing set of ® € D, This
means that for any 7 € R,w € Q and B € D, there exists a T' = T(1,w, B) > 0
such that for all B € D, the following holds:

@(t y Ty e—tw>B(7_7 e—tw)) C K(’T,W) s vVt >T.

Definition 2.5.[51] Let D be the collection of all tempered random sets in X,
and a random set A := A{(w)},eq € X is called a random attractor for the RDS
¢ if P-a.s.

(i) A is a random compact set, i.e. A(w) is nonempty and compact for a.e. w € Q
and w — d(x, A(w)) is measurable for every z € X;

(ii) A is ¢—invariant, i.e. ¢(t,w, A(w)) = A(fw), for all t > 0 and a.e. w €
(iii) A attracts every set in X, i.e. for all bounded (and non-random) B C X,

tlim dist(o(t,0_w, B(0_w)), A(w)) =0, a.e.w €.
—00
Lemma 2.6.[13] Suppose there exists a random compact set {K(w)},ecq that

can absorb all bounded, non-random sets B € D, for the continuous random
dynamical system on E over (2, F, P, (6;)icr). Then, the set

A = {Aw)}wea =UpcxAp(w),
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is a global attractors for ¢, where the union is taken over all bounded B C X,
and AB(w) is the w— limits set of B, defined as:

= (M J@(t, b_w, B(0_w)), A(w)), w € Q.

T>0t>T1

3. EXISTENCE AND UNIQUENESS OF SOLUTIONS

In this section, we explore the existence and uniqueness of solutions to
system (1.1) in a bounded subset of @ C R", (n = 5). We make the follow-
ing assumptions: (i) — (i) are satisfied, the space E and the probability space
(Q,F,P, (0;)scr) are defined as in Section 1. Further, let the set A = A? is
defined as the collection of all functions satisfies Neumann boundary condition
on Q. Then, domain of A is defined as D(A) = {u € H(Q)NHZ(Q) : $*]sq = 0}.
Clearly, A is a self-adjoint and positive linear operator with eigenvalues {\; }ien:

0=X <A <A< <N N =400 (1= +00).
Let E = HZ(Q) x L*(Q), which is a separable Hilbert space endowed with the
usual norm

1
Y gz = (1Aul® + o]*)z for ¥V = (u,0)", (3.1)

where || - || denotes the usual norm in L*(Q2) and T stands for the transposition.
it could be defined the powers A™ of A for r € R. The space Vs, = D(A") is the
Hilbert space with the standard inner product and norm, respectively

(¢ ))pary = (A", A™), - lpary = [[A™ [, ((u, u)) Z/QAuAvdx, | Au] = ((u,w)?.

Let VYu,v € HZ(Q). Especially, (u,v) and |- | denote the L?(2) in-
ner product and norm respectively, (u,u) = [,uvdz, ||ul| = (u,u)z Yu,v €
L*(Q2). Therefore, the injection from D(A") < D(A*®) is compact if r > s. This
leads to the satisfaction of the generalized Poincaré inequality

|ul|2 > Noljul|? Where Mg >0 is the first eigenvalue of A.

The goal is to turn problem (1.1) into a deterministic system with random pa-
rameters and no noise terms and demonstrate that it creates a random dynamical
system. This is accomplished by using the Ornstein-Uhlenbeck process derived
from Brownian motion, which follows Ito differential equation

dz 4+ azdt = dW (t), (3.2)
therefore, the solution is given as follows:
Giw(s) = w(t +s) —w(t),
0 (3.3)
z(Ow) = —a/ e*(bw)(s)ds, s, teR, we.

[e.9]

It has been established in [3, 28, 33] that the random variable |z(w)| is tempered,
and there exists a set 2 C 2, which is 6, -invariant and has full measure according
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to P, such that for all w € Q, the mapping ¢ — z(§,w) is continuous with respect
to t

tlim e 2(0_w) =0, Va>0, we. (3.4)
—00

Equation (3.3) has a random fixed point in the context of random dynamical sys-
tems, resulting in a stationary solution called the stationary Ornstein-Uhlenbeck
process (refer to [, 2, 8, 33] for further information). For ease of use, in the
following, it is denoted as € instead of €.

Lemma 3.1.(Refer to [3],[38],[11]) The Ornstein-Uhlenbeck process in equation
3.3, denoted as z(fw) , is rewritten as:

(
iy 200)]

= O,
t—+oo |t|

lim 1/0 2(Osw)ds = Elz(0sw)] = 0,

t—too ¢ 4

tLiimoog/tz(st)ds = Fz(0w)] = T

tm [ |20 2ds = B[00 = 2
i 7 [ 0.0)Pds = B0 -

by (3.5), there exists T;(w) > 0 such that for all t > T4 (w),
1

0 2 0 )
/_ l0w)ds < ==, /_ Ja(0) s < 5ot (3.6)

To make equation (1.1) easier to evaluate, it is useful to convert it into a first-
order equation in time.v = u; + eu — cuz(f;w). This can be achieved by defining

( 6;—1; =0 —eu + cuz(fw),
% =(e—adAw—(e—aA+ A+ p)u— g(u), (3.7)
— (v —2eu+ cuz(fw) + (A — 1)au)z(fw) + f(x),
L u(z,0) =up(x), v(x,0) =wv9(x) =ui(x) + cup(x) — cug(x)z(fw),

Let

U el —1
Y_<v)’ L_<€I—ozA—|—A+u—aI+aA)’

and

B cuz(Gyw)
Qt,w,Y) = ( —g(u) — (v — 2eu + cuz(bw) + (A — 1)au)z(Aw) + f(x) ) 7

Then, equation (3.7) has the simple matrix form

Y 4+ LY = Q(t,w,Y) (3.8)
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it is defined

Y =u, Py = Ccll—? + eu — cuz(Ow), (3.9)

given a positive constant €, equation (3.7), can be expressed as an equivalent
system with random coefficients in E as follows:

( % =1y — ey + c12(Ow),
W2 (e~ s — (e — oA+ At s — g(),
— (2 — 261 + c12(biw) + (A — Dayn)z(0w) + f(2),
L U1(2,0) = up(z), a(x,0) =vo(x) = ui(x) + cup(z) — cup(z)z(bw),

(3.10)
equation (3.10), the random differential equation, can be expressed in vector form
as follows:

{ Y+ Ly = Q¢, t,w),

Yo = (t1(2, 0), ¥n(z, 0)) = (o), s (&) + 2o(x) — cup(2)=(B))T, D)

whereas

iﬂ_ wl L_ 8[—[
o\ Yy )7 \el—-aA+A+pu —el+aA )’

and

B e 2(Byw)
Q,t,w) = ( —g(¥1) — (Yo — 281 + ch12(Ow) + (A — V)aayy ) z(6iw) + f(x) ) '

In accordance with references [5, 10, 14], it is established that the operator L in
equation(3.11) is the infinitesimal generator of Cy-semigroup e, of contractions
on F for t > 0, and also generates a Cy-semigroup e~ of contractions on F.
Due to assumptions (hy) and the embedding relation HZ(Q) — L'°(Q), it can
be verified that Q(v,t,w) : F — E is locally Lipschitz continuous with respect
to o for each w € Q, using the classical semigroup theory for (local) existence
and uniqueness solution of evolution differential equation [10]. This leads to the
following theorem.

Theorem 3.1. Assume that h; — hs hold, for each w € 2 and for any ¥y € E,
there exists T > 0 such that (3.11) has a unique mild function ¥(-,w,1y) €
C([0, +00); E) such that (0, w, 1) = 1(0) satisfies the integral equation

P(t,w, o) = e Miho(w) —i—/ M= Q (s, w, 1), Osw, 8)ds. (3.12)
0

However, 1(t,w, 1) is jointly continuous in (1) and measurable in w.
According to Theorem 3.1, it is known that for P-a.s. each w € €2, , the following
results hold for all T > 0

(i)- if ¥o(w) € E then, ¥(-,w, 1) € C(]0,+o00; E),

(ii)- (¢, w,1g) is jointly continuous into t and measurable in g(w),

(iii)- the solution mapping of euation(3.11) possesses the properties of a Random
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Dynamical System.

The solution ¥ (-, w, ¥g) of equation(3.11) defines a continuous random dynam-
ical system over R and (2,5, P, (0;):cr), and this solution mapping has been
noticed to be unique.

P(t,w) :RxQx Ews E,t>0,
$(0,w) = (uo(w), vo(w), )" = (u(t,w),v(t,w),)" = 1(t,w),

generates a random dynamical system and, in addition,

(3.13)

d(t,w) : Yo = ¥(0,w)+(0, cuz(fow)) " = Y (t,w,Yy) = ¥(t,w, 100)+(0, cuz(,w)) ",

(3.14)
where Yy = (ug,u1)" and vy = (ug,u; + cuz(6w))", ®(t,w) is a continuous
random dynamical system associated with the problem (3.8) on E. ®(¢,w) has a
relationship with ®(¢,w)

d(t,w) = R(Ow)P(t,w) R (Oiw) (3.15)

The transformation R(fw) : (a,b)" — (a,b — cuz(6w)" is a homeomorphism of
E, and it is also defined

pr=u=11, P2 =u +eu, (3.16)

similar to equation(3.11), it was obtained that.

©' + H(p) = Qc(p,t,w)
{ eo(,0) = (up, v0) " = (uo(w), wa () + euo(x))" (3.17)
whereas
¢ = ( Z ) H(p) = ( (5—aA+Ai;§Z—(g_aA)v )
and

Q:(p,w.t) = ( cuz () —?q(u) + f(x) ) |

An isomorphism T.p = (p1,02 — 1), ¢ = (01,92)" € E, was introduced.
It has an inverse isomorphism T_.¢ = (¢1, 02 +€p1) ", and it follows that (6, )
maps.

. (t,w) = T.O(t,w)T . : o — p(t,w, vo) (3.18)

A random dynamical system associated with (3.16) is defined, where ¢y = (ug, u1+
gup—cupz(6pw)) " and 1. : (a,b)" + (a,b+ca)’ is an isomorphism of E. It should
be noted that all the random dynamical systems ®(t,w), ®(t,w), ®.(t,w) are e-
quivalent. This article will study the existence of random attractor for RDS &

based on Theorem 3.1.
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4. UNIFORM ESTIMATES OF SOLUTIONS

This section will demonstrate the existence of a random absorbing set
for the RDS ¢ (t,w, ¢o(w)) ,t > 0 in the space E, and provide uniform estimaties
on the solutions of (3.11) defined on R™ (n=>5). For this purpose, a new Hilbert

space E will be introduced. It is defined as (¢, 3) 5 = y(A2uy, A2us) + (v1v5) and

lelle = (o, gp) for any ¢ = (u1,v1)", @ = (uz,v9)" € E, where v is chosen
44 ar + [

4+ 2(ah + Br)a+ B3 /M

It is clear that the norm |[| - ||p is equivalent to the usual norm || - || g2, > of E.

v = (4.1)

Lemma 4.1 For any ¢ = (u,v)T € E, it follows that
5 £ a
(H(@)0)e > Sl + Sl + Sl
Proof Let o(t) = (u(t),v(t))” and H(p) € E, it is obtained

(H(p),0)p =lelli — ellull; + (o = &)[Jv]|* — e(a — &)(u, v)
Zelulls + (a —e)llv])* — ela —&)(u,v)
S (0%
=5 Il +ellulls + vl

Lemma 4.2 Under the assumptions (hy) — (hs), there exists a random variable
r1(w) > 0 and a bounded ball By(t,w) C FE, centered at 0 with random radius
ro(w) > 0, Bg(0,79(w) € D(E), For any bounded non-random set B C D(FE),
there exists a deterministic time 7' = T'(t,w, B) > 0, such that the solution
o(t, w; p(w)) of equation(3.17) with initial value (ug,u; + ug,n9)? € B satisfies,
for almost all with respect to P — a.s. w € (Q,

l(t, w; (0, )5 < 5(w), t = T(B).

Proof For any w € Q, ¢ > 0, let ¢(t) = (u(t),v(t )) € E be a
of (3.17). By taking the inner product (-,-)g of (3.17) with o(t
(u, us + eu — cuz(fw)) T, it is obtained that

;CZHwIIE + (H(p, ) = (Qp,w, 1), ), (4.2)

As a result of Lemma 4.1,
€ a
(H(p. o) = SNl + ellull + Sl (4.3
let us evaluate the right side of equation (4.2)
(Q(p,w, 1), ) = ((cuz(fw),u)) + (cu(e — aA)z(Bw), w) + (Cuz?(fw), w)

mild solution
) = (w,v) =

o), w) — (g(u),w) + (7(2), w) (1.4
By using the Cauchy-Schwartz inequality, it can be determined that
((cuz(w), u)) < lef|z(Owo)ull3, (4.5)
elel]z(6w)]

e(cuz(fw), w) < elel[z(6rw)][[ull[[w]] <

< 2—\/A—O(IIUII§ + [lwlf), (4.6)
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(Puz?(0w),w) < |eP 20 Pllull o] < fo\z<etw>r2<||u||§+||wu2>, (4.7
(cw=(0), w) < Iel|=(0) ] (48)
() < 2 F@IE+ 2l (1.9)

o(eAuz(bw), Aw) < ale (0wl < AL ey,

(4.10)
By using (hs), (h3) and the and the Hélder inequality, the nonlinear term in (4.4)
can be estimated as follows:

(g(u), ) = (g() s + 2 — cuz(6) )

= % fU G(u)dx 4+ (g(u),u) — cuz(6w)(g(u), u) . '
As a result of (3.3), (h1), and (hs), and thepoincare inequality, there exists
positive constants i1, jo

(9(w),w) = kG(u) + pul|ull3 + p2 > 0, (4.12)
It is deduced from (1.4) that, for each given instance ug, g > 0
(9(w),u) < palull3 + pa, (4.13)
d
(9(u),w) 2 — / G(u)dz + ekG(u) — e(pullull3 + p2) — |el|2(0w)| (usllull3 + 114).
U
d
= = | Glwde +kG(u) = (e + [el|2(0w) |ps) [y — ep12 — palel]2(0w)]-
U
(4.14)
Where G(u) = [, G(u)dz. Collecting (4.5)-(4.14) and (4.4), showing that
d
(Qp,w,t),¢) < —%/ G(u)dr—ekG (u)+(epate||2(0ww)|ps) [ ull3+epzthale||2(0i)
U
|z(Bw)|” 2 oy, 4%z (0w) ] 2 4 2
"o (lullz + [lwll*) + e ull3 + || 17+ ||f|| (4.15)
Substituting all into (4.2) results in
1d

€ 2 2 é 2 a 2
5 7 eIl +2G () + 5 llullz + 1wl®) + ZlInllz + S lwl® + ekGu)

Ez(0w)]* o oy, Ae?cPz(0w)]? 2
< ———(||ullz + ||w]||?) + + le||z (6w +¢ U
= o ([lullz + llwl]*) + ( v |cl|2(Ow) s + epn) ||ull3

Ll

|
lull + ||f||2+6u2+u4|6| |2(0i0)] (4.16)

By defining o = mm{e, ek, %} and H<,0H2 = (||ul]3+||w|*), the following equivalent
system arises
1d 9 9 2 9
5 75Ul +2G W) + p(t, 0w) (|l + 2G(u)) < —|FII° + epez + palel]2(Ow)].
(4.17)
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Where
Alz(0w)* | 42| c]2(0w)[? lc][2(0iw)]
t,0w) =0— z2(0w)|— + +ep +——m—>).
p(t, Ow) = o — pslcl|z(0:w)| —( = N f 5 )
(4.18)

Using Gronwall’s inequality on equation (4.17) over [0,t], it has been that

ot w, 9017 +2G (u) < €0 PO |logg ||, + 2G ()]

2 t )
+(a”f”2 + 5#2)\/ e fs P(Tﬁq—w)d‘rds
0

t
+pe4|c] / e~ Js PT0m0)T 2 (0,05) |dis. (4.19)
0
Substitiuting w by 6_w, from (4.19) as a result
lio(t, 0-w, po(6-1w)) 542G (1) < €720 PETL0— oo (6_ o) |7+2G (uo)]

2 t
TP+ cpat) [ e biotrmsterings
0

t
+14c| / eI plr=tbr—e)dr) (9, _,w)|ds.
0

0
S

2 0
+(a”f”2 + 5,[,62)/ e~ 12 plrb-w)dr g

—t

0
+u4|c|/ e fsop(T’GT“)dT|z(95w)|ds. (4.20)

—t

As stated in (4.18), it is understood that

11, 1 1 4e? 1
& +-)—+c + <o. 4.21
I |(:u3 2)@ (2\/X0\/§Oé Oé\/)\_o\/i()é) ( )
Note that (4.12) and (4.13) lead to the conclusion

kG(u) < (g(u),u) + w3 + p2 < (1 + ps)llulls + p2 + pa. (4.22)

It follows from Lemma 4.1, ¢ (0_w) € B(6_;w), and , and the tempered property
of B(w)

lim 2J2 =P 0m7 |10 (0_ ) ||2 + 2G(up)] = 0. (4.23)

t——+o0

The following integral converges, as |z(fsw)| is tempered

2 0 0
f@ﬁ#gWW+am+@/ e PO (1 412 (0,0)])ds. (4.24)

—00

Lemma 3.1 and the fact that g € L*(U), yield
l(t, 0w, 0o (0—w))|| 5 < p*(w)-
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From (4.22)-(4.23) and Lemma 4.1, there exists a closed measurable absorbing ball
Bo(w) ={p € E:|po(0_w)|z < p?(w)} with a positive time T' = T'(0, B,w) > 0
such that p(t,0_w, o) = wo € Bo(w) € D(F) holds p-a.s. for w € )

”90@7 e—tw7 @O(H—tw))”% < pQ(w)?

it is completed the proof. [J

5. DECOMPOSITION OF SOLUTIONS

To obtain regularity estimates later, the nonlinear term in equation (3.3)
was decomposed as in[33, 11, 19]. At first, the following decomposition given on
nonlinearity g(u) = g1(u) + go(u) where g1, g> € C! functions. These functions
satisfy the following conditions for some proper constant:

g1(s)| < C(|s| +1s°), Vs € R,
sgi1(s) >0,

3 pa, Y1 > 0 such that ¥V ¥ € (0,74], (5.1)
ey €R, paGi(s) +Us* —cy < 501(s), Vs €R,
and
lgh(s)| < C(1+|s]P), Vse R,0<p<5,
3Gay(s) — C < sgo(s), (5.2)
—%sQ—CgGZ(s), Vs €eR,
where

Gi(s) = fos gi(r)dr,i=1,2.
The solution ¢ = (u,w)” of the system (3.15) was decomposed into two parts,

Y =@rL+eN

where ¢, = (ur,wr), on = (uy,wy) respectively solves the following equations

o+ H(pr) + Qipr) =0,
{ 0 (0,w) = (ug, uy + eug — cupz(Gw))*, t >0, (5:3)
and
O+ Hlon) + Qap, o1) = Qa(w), (5.4)
on(0,w) = (0,e2(6,w),0)", ¢t >0, '
where
0 0
Q(pr) = 91(6%) , Qa(p, o) = | g(u) —Ogl(UL) :
) cunyz(6w) (5.5)
Qa(w) = | —cz(Ow)(vny — 2eun + cunz(Ow)) — g(u) + f(z)

cuyz(6,w)
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To prove the existence of a compact random attractor for the RDS &, it is shown
that the solutions of systems (5.3) and (5.4) are similar to the solution of system
(4.2), with one decaying exponentially and the other being bounded in a higher
regular space. In order to obtain the regularity estimate, some a priori estimate
for the solutions of system (5.3) on Q x [0, o] will be proven.

Lemma 5.1 Consider a bounded non-random subset B of E, for any ¢ (0,w) =
(ug, uy + eug — cupz(fw))” € B, there holds

(0, w; 0L(0,w))l|E < r5(w), (5.6)

where o7, = (ur,v)T satisfies (5.3)
Proof. By taking the inner product (-, -)g of (5.3) in L?(U) with ¢r, = (ur,vr)?,
where vy = ur; + cur, and using initial values (ug,u; + cug — cugz(fw))?, it
follows that.

1d

ST, lenlls+ (H(pw), 1) + (Qu(eL), o) =0, (5.7)
there holds after a simple computation
(H(or)pr)p 2 5 ~ (e i3 + lloc)?) + —HvL||27 (5.8)

given that e satisfies (4.4), the third term of (5.7) can now be estimated as.

(Qlpr).r) = ( 91(2%) ) ( gi ) (5.9)

= (91(ur), ury +cur)
= 4G(ur) + e [, o1 (ur)urdz.

As a result of (5.1)9 and (5.1)s, it follows

Gi(ur) >0, gi(ur)ug >0,
%Gl(uL) + ng QQ(UL)uLdl‘ > %Gl(uL) + koéGl(uL) + 619HUL||2 — ECy.

(5.10)
By combining (5.7)-(5.10) and (5.3), it follows
d ~ -
= (leally +2Gi(w)) + 200 (lgally +2Ga(w)) <p, - (5.11)
whereas p = ecy and o = min(3, §, 5, ko)
sl + 2Gi(ur) > [loclz >0, (5.12)
hence -
PLOw) = (po(0—1w) + cuz(0_w)) (5.13)

< (ro(w) + cuz(biw)) = p2(w) € By(w).
By combining (5.1)1, (5.11), and (5.13), and applying Gronwall’s inequality to
the result over [0,¢], it can be proven with the definition of By(w) and Lemma
4.2.

l92(0,w, prire) e < T3 (W), (5.14)
The proof is completed. [
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Lemma 5.2 There exists a positive constant o; > 0, such that for any bound-
ed non-random subsetB of F, it holds that for any ¢.(0,w) = (ug,u1 + cup —
cupz(6,w))" € B, we have

lor(0,w; pr(0,w)% < ri(w)e* @t >0, (5.15)

whereas ¢, = (uz,v;)? satisfies (5.3),

Proof Like Lemma 5.1, consider equation (5.7). According to (5.1), (g1(ur), (ur)) >
0, ¢1(0) = 0 has a non-negative value of. By applying the Sobolev embedding
theorem H' C L® C L* C L? and using (5.6), a conclusion can be drawn

0 < Gi(ug) < /Gl( Ydzx

< C(llurll” + luzllze) (5.16)
< paw )HuL”D

or|ucll > p2 Gl(UL) Vur €R,
As a result of (5.7) and (5.16), the following conclusion can be drawn

01

d _
E(H@LHQE +2G 1 (ug)) + 200 Ll +

Since 01(w) = min [0y, 775].
By utilizing Gronwall’s inequality on equation (5.17), the following result is ob-
tained

t

lon 0w, 2100 < (lon0.) 5+ Galun(0)) 7 p [ e2oroedis
0

< (Pw) + Gilun(0)) 211 4 p [ 2l ds,

2

ri(w)

By using (5.1);, the following estimate can be obtained

|/\|

(5.18)

Ci(ur) = / Gi(u)dz < Clurll® + lluzllzs) < Collurllin < Copr®(w), ¥ ur € R.
U

(5.19)
By combining all equations (5.13) and (5.18)-(5.19), the final result of (5.15) can
be obtained

t
r2(w) < (pf(w) + Cpp16(w)) 201 (w)t +p/0 e—201(59) g g

The proof is completed. [J

Lemma 5.3 Assume that (hy) — (hs) hold, and (5.1)-(5.2) are satisfied, there
exists a random radius r5(w), such that for P-a.e.w € €, it holds.

1+u 2 v 2
[ ]+ Azuw < ) (5.20

whereas w
y:mm{z,%p}, VOo<p<d (5.21)
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Proof According to (5.6), (4.1), and the definition of oy = ¢ — ¢, there exists
a random variable r(w) > 0 such that

max{||(0, w, 9(0,w))| &, llen ((0,w, o (0,w))) [ 2} < 7(w). (5.22)

By taking the inner product of (5.4) with (A%px, A”wy)? using the inner product
(-,")E, it can be found that.

(P Ap) + (Hlpn), Apn) = (Qalow,w ), A0y ) (5.29)

By using (5.21) and referring to Lemma 4.1, the following result can be obtained

(H(pw), An), (HA%”UNH + ||A5wN||2> +

(5.24)
Next, the right-hand side of equation (5.23) will be estimated, resulting in

<Q2(80N, w, t), A”¢N> =

((cunz(fw), Aun)) — (cwnz(Ow), Awy) (5.25)
+(2ceunz(Oiw), A"wy) — (Cun2?(Ow), A%wy)

—(g(u) = g1(ur), A%wn) + (f(x), A%wy).

Now, the right term in equation (5.25) will be handled by utilizing (4.5) to (4.10)
and (5.21), leading to

(cunz(0w), A”uy)) < |el|2(Ow)][| A= uy]|?, (5.26)
(cwnz(Ow), Awy) < |c||z(9tw)|||A%wN||27 (5.27)
0 1+v v
(2ceunz(0,w), A¥wy) < %j{")' (HA%UNH? + |\A5wN|]2) . (5.28)
2
(Cunz®(Ow), A"wy) < u ‘225/9)\%0)’ (JAS un | + A% wy ), (5.29)
« v
(f(x), A"wy) < —HA f(x )H2+Z|\A§wNHQ- (5.30)

For the nonlinear term, it is straightforward to demonstrate that

(9( ) - gl(uL) A'wy) = (g9(u) — gl(UN) A¥(un + euny — cunz(Bw)))
> 5 fU — g1 UL)) VUNdflf—FfU —gl(uL))A UNdJT
— Ju(g'(u ) — g1 (up)ury) AYundr — CfU —gi(ur)) A" unz(Ow)dz,

Next, by using (1.2), (5.1) to (5.2), the Cauchy-Schwartz inequality, and the
Young inequality, the following conclusion can be reached

/U (¢ (w)uy—gy(ur)ury) Aundr = /U ((g1(w)—g1(ur))uetg (u, Juni+g5(wue) A"undz,
(5.31)
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As a result, the following inequalities are obtained

(¢4 (4) — gl (ur)JueAundz < C / 1+ 00— wg))ot — g el | A uxlde

U U
< C Jy U [ul® + Jug]?) lun || A" un | [u|dz
<C(1+ IIUIIF};w +llurlZio) llunll, g 1A N g flue| o

< k(W) [ A7 |
< ek} (W) + 5l A7

VUNH27
(5.32)
and note that v < %

/ go(u)ug A’ undr < C/(l + |u|P)|ue || A u |d

U

< c<1 T A S P (5.33)
C(1+ IV ull3)| A" 2o [l

§4ek2<) HyS SN

/gl(uL)uNtA undr < C(1+ u|[f) A un o 1o [[A"unill | g
< O+ fJunlfao) A= unll 2o A uwill s, (5.34)

14+v

< deks (w) ([|AZun ] + |e*) + 16||A 2 uNII

10
Lt 1+4v
and

| (a0 = rfun)) 147 un (60 o
<C [, 9 (u+0(u—w))|u—uLl|Auy||z(0w)|dz

< C o (U Juf* + fur ) fu (| A [2(6,0) | da (5.35)
< O {1+ ulltao + llult) lunll g 1A%l g |2(6)

* H2

< de (k] () + |2(0w) ) + 5 ||A 2 un

By combining equations (5.24) to (5.35) into (5.23), it can be demonstrated that

325 (14l + 2 (6000 — gufur))) + 5 45l + 5
< lld ) ATl + Cl1 + Kw) + ()
PRE@) + K3 0) + 20+ 20l + A5 )]

(9(u) — gi(ur))

(5.36)
By applying Gronwall’s inequality to equation(5.36), the following result is ob-
tained.

2
HAWz (t,w, ©(0,w))]|
< ([[A%0a(0.w. (0. I[E + 2 (w(0.0, £(0.0)) — g1 (g, 0.0, 0(0,12)))
< (|AZ2ll% + (g(u) — gr(ur))) €2 o(ompalellzOawlD) (s w)ds
+ [0 py(w)eds (omnalellz@)swlds g

(5.37)
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put

pr1(w) = C(W)[1 + k2 (w) + k;u(w) + k2 (w) + ki (w)
H2(0w)? + [2(0iw)|* + [| A7 f(2)||?]

similar to above equation

(5.38)

/ (g(u) = g1 (up)) Auydz < 0/ (O — up)) | — || A%u |dz

/ (1 uf* + fug ) fuy]| A”uy|do

U

QU+ ulltso + sl sl g, 47|
14+v

< I (@) [|A= un[[|A%un]]
< ehf (W) |42 un + ]| Fu?,

L1+4V

(5.39)
by (5.38) and (5.39), to get

14" (t, w, (0, w)) [ < r5(w),

this complete the proof. [

6. RANDOM ATTRACTORS

In this section, the existence of a D-random attractor for the random dynam-
ical system ® associated with system (3.15) on R® is established. This is done
by using Lemma 4.1, which shows that, ® has a closed random absorbing set
in D. This, combined with the D-pullback asymptotic compactness, implies the
existence of a unique D-random attractor. The D-pullback asymptotic compact-
ness of ® will be further demonstrated through the decomposition of solutions,
as discussed in[9, 32, 41, 19].

Lemma 6.1. assume that (h;) — (hs3) holds, it can be concluded that the ran-
dom dynamical system (RDS) & associated with equation (3.5) has a uniformly
attracting set A(0,w) C E, and a random attractor A(0,w) C A(0,w) N By(w),
for any time ¢ > 0 and any value of w € €.

Proof For all t > 0,w € €, in accordance with Lemma 5.3, define B,(0,w) as
the closed ball in Ho, o, X Hy, with radius r5(w)

A(0,w) = B,(0,w), (6.1)

next, A(0,w) € D(E). Since Hayo, X Hy, — HZ(U) x L*(U), it is now necessary
to demonstrate the attractive property of A(0,w) : for every B(0,w) € D(E),

tlim dy(P(t,0_w, B(0,0_w)), A(0,w)) = 0. (6.2)
—00
As per Lemma 5.2, this implies that

QON(07W7 QO(O,M)) = @(07(")7 QO(O,LU)) - QOL(vav 90<O’w)) S A<Oaw)' (63)
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Therefore, Lemma 5.2 yields
inf le(0,w,0(0,w)) = ¥l < ller (0,0, 000, w)IE < ri(w)e* @, ¢ 2 0.

YeA(Ow
(6.4)
However, for all t > 0

dist(D(t,0_yw, B(0,0_w)), A(0,w)) < r2(w)e 21 @), (6.5)

Finally, it is easy to see from the relationship between ® and ¥ that for any
non-random, bounded set B C E, it holds true with probability P-a.s.

dist(V(t,0_w, B(0,0_w)), A(0,w)) — 0, — +o0. (6.6)

As a result, the random dynamical system ® connected to (3.5) has a random
attractor A(0,w) C A(0,w) N B(w), A={A0,w):t>0,w e N} € Qin R
Then the proof is completed. []

Theorem 6.2. Assuming (hy) — (h3) hold, the continuous cocycle ® associated
with problem (3.8) or random dynamical system ® has a unique D-pullback at-
tractor A = {A(T,w) : 7 € R,w € 2} € D in R°.

Proof. According to Lemma 4.2, the continuous cocycle ® has a closed random
absorbing set {A(w)}ueq in D. Additionally, as per (3.17) and Lemma 6.1, the
continuous cocycle ® is D-pullback asymptotically compact in R5. Thus, the
existence of a unique D- random attractor for ® is a direct result of Lemma 2.6.

7. CONCLUSION

To summarize, by Lemma 4.1, ® has a closed random absorbing set in D. This,
combined with the D-pullback asymptotic compactness, implies the existence of
a unique D-random attractor. We established the D-pullback asymptotic com-
pactness of ® through the decomposition of solutions and proved the existence

of a D-random attractor for the random dynamical system ® associated with
system (3.15) in R®. [J
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