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REGULARITY OF PULLBACK ATTRACTORS
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Abstract This paper is concerned with the stochastic Fitzhugh-Nagumo sys-
tem with non-autonomous terms as well as Wiener type multiplicative noises.
By using the so-called notions of uniform absorption and uniformly pullback
asymptotic compactness, the existences and upper semi-continuity of pullback
attractors are proved for the generated random cocycle in L'(R™) x L*(RY)
for any ! € (2,p]. The asymptotic compactness of the first component of the
system in LP(R”) is proved by a new asymptotic a priori estimate technique,
by which the plus or minus sign of the nonlinearity at large values is not re-
quired. Moreover, the condition on the existence of the unique random fixed
point is obtained, in which case the influence of physical parameters on the
attractors is analysed.

Keywords Random dynamical system, non-autonomous FitzHugh-Nagumo
system, upper semi-continuity, pullback attractor, random fixed point.

MSC(2010) 60H15, 35B40, 35B41.

1. Introduction

In this paper, we consider the random dynamics of solutions of the following non-
autonomous FitzHugh-Nagumo system defined on R™ perturbed by coupled e-
multiplicative noises:

du+ (Au — At + av)dt = f(x,a)dt + g(t,z)dt + et o dw(t), t > T, (1.1)
dv + (o0 — pa)dt = h(t,z)dt + evodw(t),t > T, (1.2)

with the initial values

u(z, ) = U, (x), oz, 7) = 0 (), (1.3)
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where (@i,,7,) € L>(RY) x L2(RY), the coefficients \, a, 8 and o are positive con-
stants, the non-autonomous terms g,h € L} (R, L*(RY)), the nonlinearity f is a
smooth function satisfying some polynomial growth, ¢ is the intensity of noise with
e € (0,a],a > 0, w(t) is a Wiener process defined on a probability space (22, F, P),
where 2 = {w € C(R,R);w(0) = 0}, and F the Borel o-algebra induced by the
compact-open topology of 2 and P the corresponding Wiener measure on (€2, F).

The deterministic FitzHugh-Nagumo system, which is well studied in the liter-
ature, see [21,22,24,27] and the references therein, is an important mathematical
model to describe the signal transmission across axons in neurobiology [4,10,16,23].
In the random case, when g and h do not depend on the time, Wang [30] proved
the existence and uniqueness of random attractors in L2(RY) x L2(R¥). For the
general non-autonomous forcings g and h, under additive noises, Adili and Wang [2]
obtained the pullback attractors in L?(RY) x L2(R"), and Bao [5] developed this
result and obtained the regularity of pullback attractors in H'(RY) x L?(R"). For
our problem (1.1)-(1.3), i.e., under multiplicative noises, Adili and Wang [1] proved
the existence and upper semi-continuity of attractors in L?(R™) x L?(R"Y) recently.
For the stochastic lattice FitzHugh-Nagumo system, the existences of random at-
tractors are widely studied in [12,13,15]. However, to our knowledge, there are no
literature to investigate the asymptotic high-order integrability of solutions to the
FitzHugh-Nagumo system, even for the deterministic case.

In this paper, we strengthen these results offered by [1] and devote to obtain
the asymptotic high-order integrability of solutions of problem (1.1)-(1.3). To this
end, a theory on bi-spatial random attractors developed recently by Li etc [17,
18] is extended to stochastic partial differential equations (SPDE) with both non-
autonomous terms and random noises, see Theorem 2.1 and 2.2. It is showed
that the uniform absorption and uniformly pullback asymptotic compactness are the
appropriate notions to depict the existence and upper semi-continuity of attractors
in both the initial space and the terminate space. As for the theory on the upper
semi-continuity of attractors in an initial space and its applications, we may refer
to [14,29,31,33,39] and the references cited there.

Then we apply the obtained theorems to prove that the problem (1.1)-(1.3)
admits a unique pullback attractor in LP(RY) x L*(RY), with the functions f,g
and h satisfying almost the same conditions as in [1]. Furthermore, we derive
the upper semi-continuity of pullback attractors of system in LP(RY) x L2(RY)
as the intensity € approaches zero. These are achieved by checking the uniform
absorption and uniformly pullback asymptotic compactness properties of random
cocycles. The uniformly pullback asymptotic compactness in LP(RY) x L2(R¥Y) is
proved by estimate of the L? and LP-uniform boundedness and the LP-truncation
of solutions, see Lemma 4.3 and 4.4. It seems that the estimate of L2-truncation
is unnecessary, see [17-20, 34, 36-38]. It is worth mentioning that an additional
assumption on the non-autonomous terms (see [1]) is not used in our proof, see
section 3.

The third goal is to study the stochastic fized point or random equilibrium of
random dynamical system, see [6]. In this paper, we introduce the notion of equi-
librium for SPDE with both non-autonomous terms and white noises. It is showed
that if the physical parameters satisfy some additional conditions, then the system
admits a unique equilibrium and is attracted by a single point.

This paper is organized as follows. In the next section, we introduce some
concepts required for our further discussions and extend the results developed by
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[17,18] to the general SPDE with non-autonomous forcing. In section 3, we give the
assumptions on g, h and f, and define a family of continuous random cocycles for
problem (1.1)-(1.3). In section 4, we prove the existence and upper semi-continuity
of pullback attractors in LP(RY) x L2(R™). The final section is concerned with the
existence of equilibrium of the random cocycle.

2. Preliminaries and abstract results

In this section, we give the sufficient conditions for the existence and upper semi-
continuity of pullback attractors in the terminate space for random dynamical sys-
tems over two parametric spaces, which are applicable to SPDE with both non-
autonomous deterministic and random terms. The structure of the pullback at-
tractor is also presented. This is an extension of the corresponding results just
established by Li etc [17]. The reader is also referred to [31,32,40] for the theory
of pullback attractors and its applications in the initial space over two parametric
spaces, and to [8,9,11,26] for one parametric random attractors. The reader may
also refer to [7,25,28] for the attractor of deterministic dynamical systems.

2.1. Preliminaries

Let both (X, ||.]lx) and (Y, ||.|ly) be separable Banach spaces, where X is called an
initial space which contains all initial data of an SPDE, and Y is called a terminate
space which contains all regular solutions of an SPDE [17]. Both X and Y may not
be embedded in any direction, but we assume that they have limit-uniqueness in
the following sense:

(H1) If{zn}, C XNY such that x, — x in X and x, — y in'Y, respectively,
then we have r = y.

Let @ be a nonempty set and (€2, F, P) be a probability space. We assume that
there are two groups {o}tecr and {¥;}:er over @ and €, respectively. Specifically,
the mapping o : R x Q — @ satisfies that og is the identity on @, and 044, = o500}
for all s,t € R. Similarly, ¥ : R x Q — Q is a (B(R) x F, F)-measurable mapping
such that ¥g is the identity on , ¥4, = 9509, for all s, € R and 9, P = P for all
t € R. In particular, we call both (@, {ot}+er) and (2, F, P, {¥: }:er) parametric
dynamical systems. Let Rt = {z € R;x > 0} and 2% be the collection of all subsets
of X.

Definition 2.1. A mapping ¢ : RT x Q@ x Q x X = X, (t,q,w,x) — ©(t,q,w, ) is
called to be a random cocycle on X over (@, {o+}+er) and (2, F, P, {0 }1er) if for
all g € Q,w € Q and s, € RT the following statements are satisfied:

(i) o(.,q,.,.) is (B(RT) x F x B(X), B(X))-measurable;

(i) ©(0, q,w,.) is the identity on X;

(iii) p(t + s,q,w,.) = p(t,05q,Vsw,.) o (s, q,w,.).
A random cocycle ¢ is said to be continuous in X if the operator ¢(t,q,w,.) is
continuous in X for each ¢ € Q,w € Q and t € RT.

In particular, it is pointed out that in this paper, we need further to assume
that the random cocycle ¢ acting on X takes its values in the terminate space Y
for all ¢ > 0 (except that t = 0), i.e.,

(H2) For everyt>0,q€ @ andw € Q, o(t,q,w,.): X =Y.
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In the sequel, we use D to denote a collection of some families of nonempty
subsets of X which is parameterized by (¢,w) € (Q x Q):

D ={D = {0 # D(q,w) €2%;q € Q,w € Q};

fp satisfies some additional conditions}.

We further assume that D is inclusion closed, that is, for each D € D,

{D(q,w); D(q,w) is a nonempty subset of D(q,w),V ¢ € Q,w € Q} € D.

Given D1, Dy € D, we say that D1 = D if and only if D;(q,w) = D2(g,w) for each
q €@ and w € Q.

Throughout this paper, all assertions about w are assumed to hold on a ;-
invariant set of full measure (unless some exceptional cases claimed).

Definition 2.2. A set-valued mapping K : Q x Q — 2% is called measurable in
X with respect to F in § if the mapping w € Q — distx (z, K(¢,w)) is (F, B(R))-
measurable for every fixed x € X and g € @, where distx is the Haustorff semi-
metric in X, i.e., for the two nonempty subsets 4, B € 2%,

disx(A,B) = igﬁégffg la — 0] x.

Definition 2.3. Let ¢ be a random cocycle on X and take its value in Y. A set
valued mapping A : Q x Q — 2X™Y is called a (X, Y)-pullback attractor for ¢ if
(i) A is measurable in X (w.r.t F in ), and A(q,w) is compact in Y for all
g€ Q,wel,
(ii) A is invariant, that is, for every q € Q,w € Q,

(P(t, q,w, A(va)) = A(JtQ7 ﬁtw)av t> Oa
(iii) A attracts every element D € D in Y, that is, for every ¢ € Q,w € Q,

lim diStY (QD(t, 0—tq, 19715‘”7 D(O’ft(b 19715(")))7 A(q’ LU)) = 07
t—+o0
where disty is the Haustorff semi-distance in Y and the set ¢(t,q,w, D(q,w)) =
{e(t, q,w,2);2 € D(q,w)}-
If X =Y, the above concept reduces to the well known notion of a D-pullback

attractors, which is first introduced in [32]. We also remark that the measurability
of A is assumed in the initial space X.

Definition 2.4 (see [7]). Let both Z and I be two metric spaces. A family { Ay }acr
of sets in Z is said to be upper semi-continuous at «yq if

lim distz(Aq, An,) = 0.

a—aq
A family A, of set-mappings over @) and 2 is called to be upper semi-continuous if
A, (q,w) is upper semi-continuous for each ¢ € Q and w € Q.

In the sequel, we need to consider a family of random cocycles {pq tacr with
I =[—a,a]\ {0}, where a > 0 and ¢y is a deterministic cocycle over the parametric

space (@, {o¢}ter).
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Definition 2.5 (see [17]). A family of random cocycles {@q}acr is said to be
convergent at the point o = o in X if for each ¢ € Q,w € Q, and z,x9 € X,

gpa(t,q,w,x) - @ao(tv%wax()) in X,

whenever @ — ag and  — . A family of random cocycles {¢q}acr is said to
be convergent in X if it is convergent at any point a. We say a family of random
cocycles . (g € (0,a]) converges to a deterministic cocycle g in X if for each ¢ € @,
and z,xg € X,

@(x(taQ7wam) — ¢O(t7Q7x0) in X7
whenever o — 0 and x — xg.

Definition 2.6 (see [17]). A family of random cocycles {@q4}acr is said to be
uniformly absorbing in X if each ¢, has a closed and measurable pullback absorbing
set K, in X such that the closure K = {UnerKo(q,w);q € Q,w € 2} € D and for
each ¢ € Q,w €

limsup || K4 (g, w)||x < C(q) for some deterministic constant C'(g) > 0.
a—0

Here a pullback absorbing set K, means that for each ¢ € Q,w € Q and D € D |
there exists an absorbing time T'= T'(D, ¢,w) > 0 such that

Valt,0-1q, ¥ _yw, D(0_1q,9_4w)) C K4(q,w) for all t > T.

Definition 2.7. A family of random cocycles {¢q}acr is said to be uniformly
pullback asymptotically compact over I in X if for each g € Q,w € 2, D € D, the
sequence

{@a,, (tn,0—1, q,0_t,w, x,)} has a convergence subsequence in X, (2.1)

whenever o, € I,t, — 0o, and z,, € D(0_¢, q,¥_¢,w). A family of random cocycles
{©a }aer is uniformly pullback asymptotically compact in Y if the convergence in
(2.1) holds under Y-norm. A single cocycle ¢,, is pullback asymptotically compact
in X if (2.1) holds for a single point o = «p.

Definition 2.8. Let D be a collection of some families of nonempty subsets of
X, and ¢ be a random cocycle on X over (Q, {ot}ier) and (2, F, P, {U: }1er). A
mapping ¥ : R x Q x @ — X is called a complete orbit of ¢ if for each 7 € R,t €
R*, ¢ € Q and w € , there holds:

(P(t» 0r(q, Urw, 7/}(7) q, w)) = 1/f(t + 7,4, W)~

If in addition, there exists D = {D(q,w);q € Q,w € Q} € D such that ¥(1,q,w) €
D(o,q,9,;w), then v is called a D-complete orbit of .

2.2. Abstract results

We extend Theorem 3.1 in Li etc [17] to the following results, by which the stochastic
partial differential equations with non-autonomous term as well as random noises
can be coped with.
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Theorem 2.1. Let (X,Y) be a pair of Banach spaces satisfying hypothesis (H1),
and ¢ a continuous random cocycle in X over (Q,{oi}ier) and (Q, F, P, {V: }1er)
such that hypothesis (H2) holds. Assume further that

(i) ¢ has a closed and measurable (w.r.t.F in Q) pullback absorbing set K =
{K(q,w);q € Q,we N} €D in X;

(ii) @ is pullback asymptotically compact in X ;

(i11) ¢ is pullback asymptotically compact in Y. Then the random cocycle p
admits a unique (X,Y)-pullback attractor A € D, which is structured by

Y
A(Q7 UJ) = mT>OUt2‘F(p(ta 0—_tq, 19,“,07 K(O-ftq7 19,“,0))
= {¥(0,q,w); ¥ is a D-complete orbit of the random cocycle p}.  (2.2)

Moreover, A= Ax, where Ax is the (X, X)-pullback attractor.

In the following, we will consider both the existence problem and the upper
semi-continuity of a family of the bi-spatial pullback attractors. We give a unified
result, where the concepts of uniform absorption and uniformly pullback asymptotic
compactness are used. To this end, we need to consider a family of random cocycles
{¢atacr with I = [—a,a] \ {0}, where a > 0 and ¢y is a deterministic cocycle over
the parametric space (Q, {0t }ter)-

Theorem 2.2. Let D be a collection of some families of monempty subsets of
X and (X,Y) a pair of Banach spaces satisfying hypothesis (H1). Suppose that
{@atacr is a family of continuous random cocycles in X over (Q,{ot}ter) and
(Q,F, P, {Ut}+er) such that hypothesis (H2) holds, and yq is a continuous deter-
ministic cocycle in X over (Q,{ot}ter) satisfying po(t,q,.) : X =Y for allt >0
and q € Q. Assume further that

(1) o is convergent in X at any o € [—a,al;

(it) po(a € I) is uniformly absorbing in X ;

(iii) po(a € I) is uniformly pullback asymptotically compact in X ;

(v) vo(a € I) is uniformly pullback asymptotically compact in' Y. Then each
random cocycle oo (o # 0) admits a unique (X,Y)-pullback attractor A, € D, such
that the family A, is upper semi-continuous at any o € I in both X and Y. If
in addition, po has an (X,Y)-attracting set Ag, then the family A, is upper semi-
continuous at o = 0 in both X and Y.

3. Non-autonomous FitzHugh-Nagumo system on
RY with multiplicative noises

For the non-autonomous FitzHugh-Nagumo system (1.1)-(1.3), the nonlinearity
f(x, s) satisfy almost the same assumptions as in [1], i.e., for z € RY and s € R,

fx,5)s < —au|s|’ + ¢ (x), (3.1)
|f(2,5)] < aols|P~! + a(x), (3.2)
%(x, s) < ag, (3.3)

19 )| < s, (3.4
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where p > 2, ; > 0(i = 1,2, 3) are determined constants, 1; € L'(RN) N L% (RY),
and 1a,13 € L*(RY). The non-autonomous terms g € L3 (R, L*(RY)) and h €

loc
L} (R, L*(RY)) satisfy that for every 7 € R and some 0 < §y < § = min{\, o},

e gt Moy + W)l amy s <+, (3.5)
where A and & are as in (1.1)—(1.3). The H'-condition on the non-autonomous
term h in (3.5) is required to prove the asymptotic compactness of solutions in
L2(RN) x L2(RYN), see [1]:

.
/ %% || h(s, .)pr(RN)ds < +oo0.
— 00

In order to model the random noises in system (1.1)—(1.3), we need to define a
shift operator ¢ on Q (where © is defined in the introduction) by J:w(s) = w(s +
t) — w(t) for every w € Q,t,s € R. Then ¥, is a measure preserving transformation
group on (9, F, P), that is, (2, F, P,{U+}+cr) is a parametric dynamical system.
By the law of the iterated logarithm (see [8]), there exists a ¥s-invarant set Q C Q
of full measure such that for w € Q,

@ 50, as [t - +oo. (3.6)

Put @ = R. Define a family of shift operator {o;}icg by oi(7) = t + 7 for all
t,7 € R. Then both {R,{o;}:er} and (2, F, P, {¥: }1cr) are parametric dynamical
systems. We will define a continuous random cocycle for system (1.1)—(1.3) over

(Q,{ot}ier) and (Q, F, P, {U¢}icr).
Given w € Q, put z(t,w) = z.(t,w) = e~ Then we have dz +ezodw(t) = 0.
Let (u,0) satisfy problem (1.1)—(1.3) and write

w(t, T, w,ur) = 2(t, w)u(t, T, w, ;) and v(t, T,w,v,) = 2(t,w)o(t, T, w, 0-).  (3.7)
Then (u,v) solves the follow system

du

pn + M — Au+ av = z(t,w) f(z, 271t w)u) + 2(t,w)g(t, z), (3.8)
% + ov — Bu = z(t,w)h(t, x), (3.9

with the initial conditions u, = z(7,w)t, and v, = z(7,w)V,.

It is known (see [1]) that for every (u,,v,) € L2(RY) x L?(RY) the problem
(3.8)-(3.9) possesses a unique solution (u,v) such that u € C([r, +00), L2(RY)) N
L3, T, H{(RN))N LP (7, T, LP(RY)) and v € C([0, +00), L2(RY)). In addition, the
solution (u,v) is continuous in L?(R™) x L2(RY) with respect to the initial value
(tr,v;) . Then formally (@, ) = (271 (¢,w)u, 2~ (t,w)v) is the solution to problem
(1.1)—(1.3) with the initial value @, = 2z~ (7,w)u, and o, = 2~ (7, w)v,.

We are at the position to give the continuous random cocycle ¢ associated with
problem (1.1)—(1.3) over (@, {ot}+er) and (Q, F, P, {U;}+cr). Define

o(t, T, w, (Ur,07)) = (Ut + 7, 7,9 _rw, 0, ), 0(t + 7,7, 9 —rw, U;))

= (Mt + 19 wu(t + 7, 7,0 w,ur), 2 (4 T O w)o(t 4 T TP w, vy),
(3.10)
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where u,; = z(7,w)4, and v, = (T, w)0,.
Suppose that for every 7 € R and w € Q.

(Jim e 22 (=1, )| D(T = t, 9 w)|| T2 yx 2 @y) = O (3.11)
where 0 < 6 = min{\, o}. Denote by Ds the collection of all families of nonempty
subsets of L2(RY) x L%(RY) such that (3.11) holds. Then it is obvious that Dj is
inclusion closed.

We emphasize that the modest choices of the constants § and Jp in (3.11) and
(3.5) respectively are different from the ones used in [1]. It makes us omit the
additional assumption: for some d; < 4,

0
Jim e [ lgls 4 ) agamy + IG5+ ) )5 =0, (312)

which is intrinsically used in [1], see the detailed proof of Lemma 4.1 in the following
section.

Note that Adili and Wang [1] established the existence and upper semi-continuity
of pullback attractors for problem (1.1)—(1.3) in L2(RY) x L2(R"). In this paper, we
obtain an identical result in LP(RY) x L2(RY), without increasing the restrictions
(except that ¢, € LP/2(RN) as in (3.1)) on the nonlinearity f. On the contrary, the
restrictive assumption (3.12) on the non-autonomous terms g and h given in [1] is
omitted. Furthermore, we construct a unique random equilibrium for this system
when some additional assumptions on the physical parameters are added.

4. Existence and upper semi-continuity of pullback
attractors in L? x L?

From now on, we assume without loss of generality that e € (0,qa] for any a >
0. Consider that e~ ®«®)l < 2 (s,w) = e7*@() < el for ¢ € T, and w(.) is
continuous on [—2,0]. Then there exist two positive random constants E = F(w)
and F' = F(w) such that for each w € Q,

E <z.(s,w)<F forallse[-2,0] and ¢ € (0,al. (4.1)

Hereafter, we denote by .|| and .||, the norms in L?*(RY) and LP(RN)(p > 2),
respectively. Throughout this paper, the number c is a generic positive constant
independent of 7,w, D and ¢ in any place, which may vary its values in the different
places. We also use C(7,w) to denote a random constant depending only on 7,w.

4.1. Uniform absorption and uniformly asymptotic compact-
ness in L? x L?

This subsection is concern with some uniform estimates of solutions on a certain
compact interval [r — 1,7] for 7 € R. The uniform absorption of the family of
random cocycles ¢, is proved. Note that the notations (u,v), (@, ), and ¢ are the
abbreviations of (uc,ve), (@e, ) and @, respectively, where the later implies the
dependence of solutions on €. We omit the subscript ¢ if there is no confusion.
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Lemma 4.1. Assume that (3.1)-(3.5) holds and a > 0. Given 7 € R,w € Q and
D ={D(r,w);T € R,w € Q} € Dy, then there exists a constant T = T (1,w, D(7,w))
> 1 such that for allt > T, € € (0,a], and (tr—¢, Ur—¢) € D(T—t,9_w), the solution
(ue,ve) of problem (3.8)—-(5.9) satisfies that for each & € [T — 1, 7],

l(ue (& —t, 0w, Ur—t), ve(§, T — £, 07w, UT_t))H2 < 0625”(_")(1 + L.(7,w)),

(4.2)
| (G (7, T — t,0 _rw, Gr—t), De (T, 7 — 1,9 1w, Br )| < (1 + Le(1,w)), 4.3
and
€
/ e¥(s=7) (||v5(r, T — 9w, v, ¢)||? + 2277 (5,9 _,w)
T—t

X || ue(s, T — t,0_rw, ur,t)||§)ds < (1 4 Lo(1,w)), (4.4)

where (Ur—p, Vr—t) = 2(T — 6,9 _7w) (Ur—t, Or—¢) and Le(T,w) is given by

0

Llrw) = [ O (lg(s 47 + s + 7 +1)ds, (@45)

such that e — L.(T,w) is an increasing function on (0,400), where § = min{\, o}.
In particular, the family of random cocycles p.(e € (0,a]) defined by (3.10) is
uniformly absorbing on (0,a] for any a > 0 in the sense of Definition 2.6.

Proof. Taking the inner products of (3.8) and (3.9) with u and v, respectively, by
using (3.1), we have

%(ﬁ’llul\2 +alol*) +(Bllull? + allv]*) + g(ﬂIIUII2 +alvll?) + 201822 7F (¢, w) [[ull}
< c2?(t,w)(lg(t, )1 + 1Rt I + [lva]la)- (4.6)

By applying the Gronwall lemma over the interval [ — ¢,£] with £ € [r — 1, 7] and
t > 1, along with w being replaced by 9_,w, we get that

||u(§, T =19 rw, u‘l'*t)Hz + Hv(f, T—t,9_rw, v‘rft)||2

1
+/ e 0= (lu(s, T — t, 9_rw, vr_y)||?
T—1

+ 227 (s, 9_rw) |uls, T — t,9_rw, ur—y)||P)ds
<ee™ T (flug—o|? + lor—l|*)
3
" c/ e 22 (5,9 w) (llg (s, )1 + [[A(s, )II* + 1)ds
T—1

< ce? 0T (6_‘”22(—@w)(llﬂml\2 + |97 —e?)

+ et g (s, )| + [[h(s, )P + 1)ds)

T—1

<ee 1) (022 (—t, ) (e |2 + 5 —0]?)

0
b [ BB (s )P + (s + 7 )P+ 1), (17)
—t
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where § = min{\, o}. From the property of Ds in (3.11), it follows that
lim e % 22(—t,w)(|Gr—¢||> + [|5r—c]|*) = 0. (4.8)

t—+oo

Thus (4.7) and (4.8) together implies that there exists a random constant T =
T(r,w, D(1,w)) > 1 such that for each € € (0,a] and all ¢t > T, (4.2) and (4.4) hold.
By (3.7) and (4.2) it is showed that (4.3) hold true for all t > T.

On the other hand, from (3.5) and (3.6) it is easy to show that the integral
in the formula L.(7,w) is meaningful and thus L.(7,w) is finite. Furthermore, for
some 8 € (6, 0) we have

LE (T — t, ﬁ,tw)

0 R
<[ eI g(s 4 —t, )2+ |h(s + T —t,)]|* +1)ds
g ) b
(letting s —t = &)
~ _t a
<edt+2elw(=)| / eIs+2elu(s)] (Hg(s—kﬂ.)HQ +|h(s+ 7, )2 + 1). (4.9)

We see from (3.6) and the relation 6y < 6 that lim e@=d0)st+2elw()l = 0, g0 that

S§—>—00
there exists a positive variable a(w) such that

0< 6(5750)S+25|W(5)| S a(w), s € (_0070]7

from which and (4.9) it follows that
—t

Lo(r—t,0_w) < a(w>e<§t+26lw<—t>\/ 6508(||g(s+7,.)||2 + ||h(s+7',.)||2+1)ds.

— o0

Using (3.5) and (3.6) again, we find that
St L2 _

tligloe z7(—tyw)Le (T — t,0_4w)

N —t
< lim a(w)e(6—5)t+4e|w(—t)|/ eéos(Hg(S 4T, )H2 + ||h(8 T )||2 + 1)d8
—00

{00
=0. (4.10)
From (4.10) and (3.11) we immediately deduce that
K. = {K.(r,0) ={(0,7) € (I*(R))*;
(@, 9)|* < e(1 + Le(1,w)) }; 7 € R,w € Q} € D,
and further the union U, ¢ (g4 K- (7,w) C K,(7,w). Thus K = {U.c (0,0 K- (7, w); T €

R,w € Q} € Ds. The measurability of the absorbing set K. (7,w) follows from the
measurability of the variable L.(7,w). Finally since by (4.5) and (3.5),

limsup || K (1, w)|| < ¢(1 + Lo(1,w)) < +00,
e—0

where Lo(7,w) is independent of w, then we have showed the uniformly absorbing
of ¢.(e € (0,a]) for any a > 0. O
In fact, the uniformly asymptotic compactness in L? x L? has been proved in [1].

Lemma 4.2. Assume that (3.1)-(3.5) hold. Then the family of random cocycles
e defined by (3.10) is uniformly pullback asymptotically compact for e over (0, a]
in L2(RN) x L2(RY).
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4.2. Uniformly asymptotic compactness in L? x L?

In this subsection, we prove that the family of random cocycles ¢.(¢(0,a]) is u-
niformly asymptotically compact in LP x L?. We need to prove the LP-uniform
boundedness of the first component of solution u. as well as the uniform smallness
of truncation of u. in LP norm.

Lemma 4.3. Assume that (3.1)-(3.5) hold. GivenT € R,w € Q and D = {D(1,w);
T €R,w € Q} € Dy, then there exist some random constants C = C(r,w) and T =
T(r,w, D) > 2 such that for all (ir—¢,0r—¢) € D(T — t,9_4w), the first component
of the solution (u,v:) of problem (3.8)-(3.9) satisfies

sup  sup  sup |[uc(§, 7 — 0w, ur—)|[F < C(7,w), (4.11)
t>T ce[r—1,7] e€(0,a]

where C(7,w) is independent €.

Proof. Multiplying (3.8) by |u[P~2u and then integrating over R, we have

1
i Hu”p + Allully <a/ vulP~ dz + 2(t,w) f(z, 2~ 1t w)w) |uP~2uda
RN RN
—|—Z(t,W)/ g(t, z)|ulP2udz. (4.12)
RN

From (3.1) and v € LP/?, by applying the Young inequality

|ab| < kla|P + k~9/P|p)4 (4.13)
for k> 0,p > 1 and ¢ = %=, we obtain that
2tw) [ fla 2 (G whu) el Pude < — an 2P (W) ful 5075

RN

A 2
+ 2l + e @)l (414)

On the other hand,
a/RN v|u\p_1dm < iale_p(t,w)Hqug:g + cz"’_2(7§,w)||v||27 (4.15)
and
2(t,w) /RN g(t,2)|u|P~?udz < ialz P(t,w)|ullzp—3 + ez" (t,w)|lg(t, )II*.  (4.16)
Then by a combination of (4.12)—(4.16), it gives that

Ll + Sl < e~ (0, w0l + 2P 0) gt P + IonllZf2), (417)

where § = min{\, o}. Note that 7—— T+2 <1for¢ € [r—1,7]. Applying the Gronwall
lemma (see also Lemma 5.1 in [35]) over the interval [7 — 2,¢], along with w being
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replaced by ¥_,w, we deduce that

-
[w(& T —t,9 7w, ur )|} Sc/ S (s, 7 — £, 09w, ur—¢)|[Dds
T—2

+ c/ S P25 0 |v(s, T — t, 0 _rw, vr_y)||2ds
T—2

+ c/ 6005 9 (llgls, N2+ 1)ds.  (4.18)
T—2

We now estimate every term on the right hand side of (4.18). First from (4.1) it
follows that for all s € [r—2,7] and € € (0, a], 227 P (s, _,w) = e=CPIw(=7) 2=P (5
T,w) > e PW(=T) 2P Then from (4.4), there exists T = T(7,w, D) > 2, such
that for all € € (0,a] and t > T,

/ A u(s, 7 — t,0_rw, ur—¢)|[hds < cFP 201 4 Ly (1,w)). (4.19)
T—2

Notice that 2P~ 2(s,9_,) < P2« FP=2 for 5 € [r — 2,7]. Then from (4.4)
again we see that

/ 66(577)2;‘)72(57 V_7)|[v(s, 7 —t, 0w, vr—4) H2d5
T—2

<cFP~ 201 4 L, (1,w)). (4.20)
On the other hand, by (3.5),

T 0
/ eé(S_T)zp(s, 1977)(”9(87 )”2 + 1)d8 < FPeaple(=7)] / 665(Hg(8 T, )HQ + l)ds

T—2 2
< 400. (4.21)

Hence (4.18)—(4.21) together imply the desired. O
Let M = M(7,w) > 0. Denote by (u — M), the positive part of u — M, i.e.,

u— M, ifu> M,
0, if u <M.

(u— M)y =

The next lemma will show that the unbounded part of the absolute value |u| ap-
proaches zero in LP-norm on the state domain RY (|u(r,7 — t,9_,w,u, )| > M)
for M large enough, where

RY (Ju(r, 7 — t,9_rw,ur )| > M) = {x € RY;|u(r, 7 — t,9_w,u,_¢)| > M|}.
Note that we need not to prove some auxiliary lemmas except Lemma 4.1 and
Lemma 4.3, see [17-20, 36, 37].

Lemma 4.4. Assume that (3.1)-(3.5) hold. GivenT € R,w € Q and D = {D(1,w);
T € Riw € Q} € Dy, then for any n > 0, there exist random constants M =
M(7,w,n,D) > 1 and T = T(1,w,n, D) > 2 such that for all (iiy_¢, 0r—;) € D(T —
t,9_sw), the first component . of solutions (te,Te) of problem (1.1)-(1.8) satisfies

sup sup / |te (T, 7 — t,9_rw, tr—y)|Pde < n,
t>T e€(0,a] JRN (|iie|>M)
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where RN (|iz| > M) = RN (|te (7,7 — t,0_rw, iiy—y)| > M), and M, T are indepen-
dent of €.
Proof. Let s € [t —1,7] and t > T > 2, where T is determined by Lemma 4.1

and Lemma 4.3. Replacing w by J_,w in (3.8)—(3.9), we see that (v = u(s,7 —
9 _rw,ur—t),v =v(s, 7 —t,9_;w,v,_¢)) is a solution of the following system

d — -

dis‘ A — Au+ av = Mf(a:,ﬂ) + m_g(s,x), (4.22)
d -7

£ +ov—pPu= Mh(s, x). (4.23)

For fixed 7 € R and w € 2, we assume that M = M(7,w) > 1. We multiply (4.22)
by (u— M)ffl and integrate over R to yield that

%% ]RN(U — M)% dx + /\/RN u(u — M)z:ldx — /]RN Aulu — M){’;ldx
= —a/RN v(u — M)I_”;ldij M/RN fla,a)(u— M)f_*ldﬂf
m /RN g(s,x)(u— M)?[ldx. (4.24)

We now have to estimate every term in (4.24). First, it is obvious that

- Au(u — M)ﬁ_ldx =(p— 1)/ (u— M)ﬁ_Q\Vu\Qda: >0, (4.25)
RN RN

A w(u — ME " e > N | (u— M) da. (4.26)
RN RN

The most involved work is to calculate the nonlinearity in (4.24). Consider that for
u(s) > M for s € [T — 1,7], we have a(s) = 27! (s,9_,w)u(s) = ZZ((;TT’?)U(S) > 0,
and thus by (3.1), we find that for every s € [t — 1, 7],

flz,u)

i 1
<~ il 4 (@)

o (M)l_”mw n Zﬁ__ﬁ;) o)

- 1041 (z(s — T,w))lprp_g(u — M) — lal (z(s -, W))l—p(u ot

- 2 z2(—T,w) 2 z2(—T,w)
z2(s — 1,w) M — M1
AT @)l = ),

from which and (4.1) it follows that

D) [ iy — MY e
2(—T,w)  Jp~
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B %al (z(s - T,w))Q—P /RN (u— M) 2z

z2(—T1,w)
() [ @l dp-as

alzp_Q(_T7 w) p—2 p
S - WM - (u - M)er:r

oy 2P 2(—7,w) 2p—2
—— RN(u—M)_,_ dz

A coF?
— M) [ p/2 4.2
+3 /]RN (u )E dx + P — /RN(u> : [ty () [P/ =dx, (4.27)

in which we have used the Young inequality (4.13) in the last term, and here ¢y =
(%);;72/2' On the other hand by using the Young inequality (4.13) again, we get
that for s € [t — 1, 7],
z2(s — 1,w) 1 F .
o) [t <o | [ e -
‘ z2(—T,w) /]RN 9(s,z)(u )4 da ~z(=rw) | Jax g(s, @) (u(s) i d

I ) 2p—2
SW RN(U_M)Jr dx

4F?
+ 7/ g*(s,z)dx,
1 2P (=7, W) JrN (u(s)>M)
(4.28)
and
-1 123 (=7, w) 2p—2
‘—CY/]RN’U('LL_M)Z; dx SW RN(U—M)+p dx
4o’ FP—2
+ 012—/ v2dz. (4.29)
12P72(=T,w) JrN (u(s)>M)
For convenience of calculations, we introduce the following notations:
—(p—2alw(—7)|
_ _ ae p—2
k=k(r,w,M) = P2 MP==, (4.30)
which is increasing to infinite in M for p > 2, and
AFPearlw(=T)| 42 FP—2pa(p—2)|w(—T)]|
G(r,w) = max{ c ; a € ;cOsz“p“*’(_T”}, (4.31)
(6751 (€3]

which is a nonnegative random constant depending only on 7,w. By a combination
of (4.24)-(4.29) and using the notations (4.30)—(4.31), we deduce that

d P p
o RN(u(s)—M)era:—i-k/RN(u(s)—M)+dx
<G(r,)(lg(s, P + 0] + 161 1272), (432)

where s € [T — 1,7]. Applying the Gronwall lemma (also see Lemma 5.1 in [35] )
over [T — 1,7], by Lemma 4.1 and Lemma 4.3, we find that for all t > T > 2 and
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e € (0,al,
P
/ (u(T, T—t,0 _rw,ur—t) — M) dx
RN +

;
< [ Ml 0o s
T—1

T

+ G(r,w) (/ D u(s, 7 — 6,9 _rw, vr_y)||?ds

T—1

[ I gl IR + il 3)ds)

ce2?w=D(1 4+ Ly (1,w)) + ||¢ p/2
L0, i (14 La(r,)) + llon |2
k k
+Gmm/ =7l g(s, ) |2ds, (4.33)
T—1

where L, (7,w) is as in Lemma 4.1. For fixed 7 € R and w € 2, the first two terms
in the last inequality of (4.33) vary only with the number k, but & is a large number
as M — +o00. Therefore, we get that they converge to zero when M goes to infinite.
It remains to prove that the third term vanishes for M large enough. To prove this,
first choosing a large M such that k = k(7,w, M) > g (dp is as in (3.5)) and taking
¢ € (0,1), we have

‘/'lek“*fnm<a.nﬁds

T—¢
:/ &WWM»W@+/ =) (s, ) |Pds
T7—1

T—S
T—¢ o
:e,,ﬁ/ e<k*50>se505||g(s,.)||2ds+e*’”/ e"[lg(s, )|*ds
T—1 T—¢
<etsemten) [ egts, s+ [ gls.)|Pds (4:34)
—00 T—G

By (3.5), the first term above vanishes as k — +o0, and by g € L2 (R, L(RY)) we
can choose ¢ small enough such that the second term in (4.34) is small. In terms of

these arguments, from (4.33)and (4.34) we have proved that

P
sup sup / (u(T, T — 0 W, Ur—y) — M) dz — 0, (4.35)
t>T e€(0,a] /RN +

when M — +o0. Therefore, for any 1 > 0, there exists M; = My (7,w,n, D) > 1
large enough such that

P
sup sup / (U(T, T—t,0 _rw,Uur—t) — M1> dr < efap‘w(f'r)lil. (4.36)
t>T c€(0,a] JRN + 2+

u(r, 7—t,9_;w,ur—¢) > 2My, then u(r, 7—t,9_rw, ur—s)— M7 > u(T’T_t’ﬁQ’Tw’uT’t)
so by (4.36) it infers us that

)

sup sup

/ u(r, 7 — £, yw, upy)|Pda < eI (4 37)
t>T e€(0,a) JRN (u(r)>2M;) 2
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We see from (3.7) that a(r,7 — t,9_rw,lr_t) = 2(—7,w)u(T, 7 — t,V_7w, Ur_¢).
Then in terms of the fact that e~ el*(=7I < 2(—T,w) = e~ew(=7) < ealw(=7)| for all
e € (0,a], it induces that RN (@(7, 7 —t,9_,w, iy ;) > 2My e C RN (u(r, 7 —
t,9_rw,ur_¢) > 2Mj). This along with (4.37) implies that

sup su w(r, T —t,9_;w,Ur_)|Pdx
p p b b b

t>T e€(0,a] /RN(ﬁ(T)>2Mlealw(T>l)

(4.38)

o3

<sup sup el / lu(r, T — t, 0w, ur—y)|Pda <
t>T e€(0,a] RN (u(7)>2M;)

Similarly, we can deduce that there exists My = Ms(7,w,n, D) > 0 large enough
such that

sup sup |a(r, 7 — t, 0w, Ur—y)|Pda < <. (4.39)

t>T ec(0,1] /RN(ﬁ(T)g—zMQeaMr))

N3

Put M = max{M;, Ms} x e®“(=7) Then (4.38) and (4.39) together imply the
desired. ]

Lemma 4.5. Assume that (3.1)-(3.5) hold. Then for everyt € R,w € Q, {4, (7,7—
tn,V_t,w,l0n)} has a convergent subsequence in LP(RYN) whenever e, € (0,a],
tn, — +0o and (g pn,00,n) € D(T —tn, 9, w) € Ds.

Proof. Denote by @, (1) = ., (7,7 — tn, ¥_;w, Ug ). From Lemma 4.4, for any
n > 0, there exist random constants M = M (7,w,n, D) > 1 and 2, = Z(r,w, D) €
77 such that the solution i, (7) satisfies that for all n > Z;,

- n?
Up (7)) Pdz < . 4.40
/RNm(rnzM)' " 202 (440)

On the other hand, Lemma 4.2 implies that there exists a Z = Z;(1,w,B) € Z*
such that for all n,m > 2,

[ anle) = (e < i (1.41)

whenever e,,&,, € (0,a]. Here M is as in (4.40). We then decompose the entire
space R by RY = O, U Oy U O3 U Oy, where

O1 = RY([iin (7)| < M) VO (Jiin (7)| < M);
Oz = RY (|un(1)| = M) NRY (Jtm (7)| < M);
O3 = RY ([t (7)| < M) VR (|t (1) > M);
Oy = RY([in(1)| = M) NRY (Jm (7)| > M).

We now put Z = max{Z1, Z2}. Then for all n,m > Z, (4.40) and (4.41) hold true.
By (4.41), we have

Uy (T) — Uy (T)|Pdz < U (T) — U (T)[Pdx
/Ol| (7) — i (7)] AN(|an<T>ﬁm<T><2M>' (r) — i (7)]
< (2M)P72 ||t (T) = G (7)||?
< (a2 (T = 1 (4.42)
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On the other hand, according to (4.40),

4
/ i () — i (7)[Pd < 2P / i (7)[Pdz < L (4.43)
0 RN (| (1) 2 M) 4

y4
/ i (7) — i (7) [Pl < 27 / i (7)Pdz < L (4.44)
05 RN ([t (1) > M) 4

[, 1) = (e <2072 ( in(r) P

RN (Ju(r)|=M)

P
+ im(rrar) < T (@
RN ([n (7)|> M) 4
It follows form (4.42)-(4.45) that
|tn(7) — @ (7)||p <n  for all n,m > Z,

whenever €,,e,, € (0,a], which shows that {@,(7)} also has a convergent subse-
quence in LP(RY). Then the proof is concluded. O
By Lemma 4.1, Lemma 4.2 and Lemma 4.5 we immediately have

Lemma 4.6. Assume that (3.1)-(3.5) hold. Then the family of random cocycles
e defined by (3.10) is uniformly pullback asymptotically compact over e € (0,a] in
LP(RN)x L2(RYN). In particular, each p. has a unique (L?(RY)x L2(RN), LP(RY) x
L*(R™N))-pullback attractor A. for each € € (0,al.

Proof. The uniformly pullback asymptotic compactness is followed from Lem-
ma 4.2 and Lemma 4.5. Then the existence and uniqueness of bi-spatial pullback
attractor are from Lemma 4.1, Lemma 4.2, Lemma 4.5 and Theorem 2.1. [

4.3. Convergence of the family . on (0,a] in L? x L?

This subsection deals with the convergence of solutions at any intension & of noise.
The convergence at zero has been shown by [1]. Here we need to prove it also
converges at any € > 0. To this end, the following assumption on the nonlinearity
f as in [2] is also required. That is, for all x € RY and s € R,

1% )| < vl =2 4 (), (1.46)

where ay > 0, 94 € L°(RY)if p=2and 1, € Lﬁ(RN) if p > 2. We need further
to assume that 1, € LI(RY), where )5 is as in (3.2) and ¢ = % is conjugation of
D.

To begin with, from (4.6) it is very easy to derive the following inequality.
Lemma 4.7. Assume that (3.1)-(3.5) hold. Then for each 7 € R, w € Q and
(G (1), 0e(1)) € L2RN)x L2(RY), the solution (u,v) of problem (3.8)—(3.9) satisfies
forallt > T,

lue (¢, 7w, w(r) 1 + [Jve (£, 7,0, 0(7)) ||

# [ (oo oo (oI + 2 (s, (s, 7o, 7)) s
<es2(r) () + [+ [ 2wl )l + [as )| + 1.

T
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Then by applying Lemma 4.7 we have

Lemma 4.8. Assume that (3.1)-(3.5) and (4.46) hold. Let (i.,v.) be the solu-
tion of problem (3.8)-(3.9) with initial data (te, -, Ver). Assume that € — ¢ and
(e, r, Ve ) —(lieg, 75 Veo,r)|| = O fore,eq € (0,a]. Then foreachT € R,w e Q,T >0
and every t € [t,7 + T,

lm ||(Ge(t, 7, w, Ge r), Ve(t, T, w, De 1)) — (Tey (t, Ty W, Ueg 7 )5 Veo (E, Ty W, ey )) || = O.

E—EQ
(4.47)

In particular, let (4,v) be the solution of problem (3.8)—(3.9) for e = 0 with initial
data (r,0.). Assume that € — 0 and ||(Ge,r, Ve r)) — (4r,07)|| = 0. Then for each
TeER, weQ and T > 0,

lim ||(Ge(t, 7w, e r ), o (t, 7w, Be.r)) — (At 7,80 ), 8(8,7,5,))| = 0. (4.48)

e—0

Proof. Put U = U(t) = uc(t, 7w, e r) — Uey (t, T, W, Ugy,r) and V = V(t) =
Ve (b, Ty w, Ve ) — Uy (¢, T, w, Uey 7). Then we get the following system:

WA = AU +aV = e f(z, e Ou,) — e f(z, 0By, )
+ (e—aw(t) _ e‘aow(t))g(t, ), (4.49)
G +oV = BU = (e7=) — emown(t, x),

where u. = u:(t) = ue(t, 7, w,u: »). Let n be a small positive number. Since w
is continuous on R, then there exists an x = x(7,w,n,T) > 0 such that for every
g€ (eo—x,60+x) C(0,a] and ¢ € [r, 7+ T7,

|esw(t) _ eaow(t)| + |efew(t) _ efsow(t)| < . (450)

By (4.49), we deduce that
L
2dt

<5 (e—sw(t)f(x,esw(t)ua) — 0w f(g, eal’w(t)ugo)) Udax
RN

BIUIZ +allVIP) + A8IUI* + ool V]

+ Blem=e®) _ gmowlt)) / o(t, 2)Udx
RN

+a(em=®) — == Oy [ p(t,2)Vde. (4.51)
RN

The first term on the right hand side of (4.51) is rewritten as
/ (675w(t)f(x’ esw(t)ug) _ efsow(t)f(x’ esow(t)u60)> Udax
RN
:efg‘*’(t)/ (f(x,eg‘*’(t)ug) — f(x,ee"“’(t)ue()))Udm
RN
+ (e7w(t) _ gmeow(t)y [z, e Oy, \Udx
RN
9

=) asf(x, $) (e Wy, — oMy \Udx
RN
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+ (676“’(1‘/) — 6750“’('&)) f(z, esow(t)uso)de

RN
9 e e 0 .
_ . %f(x,s)UQda: + (e°° (t) _ == (t)) . %f(a:,s)uEOde
+ (efsw(t) _ efsow(t)) f(SL', eEow(t)uEO)de. (452)
RN

By (4.46) and (4.50), the second term on the right hand side of (4.52) is bounded
by

0
(e~ sow(®) —e‘ew(t))/ — f(x, 8)a.,Udz
RN 88
e = meeO] | (au(e] + e, )7 2fae, U] + [y 1U]14]) o
R
- - 725
<en(Jlclly + e 12 + 1015 + a6a]1 %27 ). (4.53)

By (3.2) and (4.50), along with 15 € L9, the third term on the right hand side of
(4.52) is bounded by

(e —emere®) [ o Uds < Je O -] [ (aulan, v Ulde
RN RN
< en(Jlieo 12 + U1 + 102 ]2), (4.54)

where ¢ = -E5. Then by a combination of (4.52)-(4.54), we find that for every

e€(eg—x,80+x) and t € [1, 7+ T1,

/ (e_s“’(t)f(x, i) — e =W f (g, ﬂso))de
RN
<ag|[U)2 + e+ en(llac s + e, s + [U15)

<as|UI1? + con( el + e, I + U + 1), (4.55)

For the last two terms on the right hand side of (4.52), by (4.50), we have for every
e€(eg—x,80+x) and t € [1, 7+ T1,

(o0 =) [ g(en)Ude < nlUIE £ alglE (@50
(20— ) [ (e Vs VP S alhe )P (457)
RN

Then by (4.51) and (4.55)—(4.57), we get that for every € € (g9 — x,€0 + X) and
telr,m+1T],

d i i
—BIUIZ +alVI*) < (BIU]* + | V]*) + Czn(lluslli il [

+ lueg 15 + Nuellh + lg(, )1 + RGN + 1)7 (4.58)
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where ¢; and ¢y are positive constants independent of 7,w and €. By (4.58) we
immediately have for every e € (g9 — x,e0 + x) and t € [7,7 + T,

[N + V@I <ese DU + IV
t
teme @) [ (o) + Gl

+ lJuc ()15 + lluey ()15 + g (s, )P + (s, )1 + 1)d8~
(4.59)
Since e~*“(*) is continuous on R, then for every fixed 7 € R and w € €, and
s € [r,7 + T), there exist u = p(r,w,T) and v = v(r,w,T) such that for all

€ (0,al, p < ze(s,w) <w for all s € [r,7+ T]. Therefor by Lemma 4.7, it follows
that for all ¢t € [r,7 + T,

t
/||ﬁ€(s,7',w,u5(7))\|gds
T t
<u? / 22(5,w)|e (5, 7, w, e (7)) |[2ds

<2 (22 w) (1 (D + 17())2) + ev? / (llg(s, )2 + (s, )2 + 1)ds)

T

<=2 (2O (jac (n)]? + 5. (7)]1?) + ch/ (lgls, )12 + (s, I + 1)ds).
! (4.60)

By a similar technique we can calculate that for all ¢ € [, 7 4+ T,
t
. et et < = (24N o) + o)1)

+ CVQ/ (lgfs, I+ [h(s, ) + 1)ds). (4.61)
Then by (4.59)—(4.61) it gives that
IUOI + V@ < cser DU+ V(D))

o esneer 7 (29 (=2 =2 (e ()2 + [y, 2
3P+ [5e0-1)
t
#0202 7 [ (g, 1P + (s, )P + 1)ds
t
+ [ gt P + s, ) P)ds). (462

On the other hand, by (4.50) it follows that for every e € (g9 — x, €0 + X) C (0, al,
IO = lle™= Wi (1) — ez, .||
< 2672 (1) — ey o || + 2067 — e 2|, .||

< 92O i (1) — gy | + 207 i o (463)
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Similarly,
IVOII? < 262 N5 (7) = g 7 12 + 20715 7117 (4.64)

We now let ¢ — € and |Jue r — tg,,-|| = 0. Then by (4.62)-(4.64) we obtain that
for all t € [r,7+ T,

U@+ VO =lluet, 7w, te,r) = ey (t, 7,0, ey,7)|1*
+ Jve(t, 7y w, Ve r ) — Ve (8, Ty w, Ve )| = 0. (4.65)
Notice that by (4.50) we also have for every € € (¢g — x,e0 + x) and t € [r,7 + T],

e (t, 7, w, e (T)) — Tie, (£, T, w, 7:560’7)”2

< 262 O g () — ey ()] + 207 [z, (1)1, (4.66)
Hf)ﬁ(tv T, W, 775(7—)) - f}60 (tv T, W, 550,7—)”2
< 26200 (£) = vey ()1 + 207 [|ve, (1)1 (4.67)

Then by (4.65)—(4.67) we get (4.47). Repeating the same arguments we can derive
(4.48). O

4.4. Main results
We are now at the point to present the main results in this paper.

Theorem 4.1. Suppose € € (0,a] and (3.1)-(3.5) hold true. Then

(i) each random cocycle p. generated by (1.1)-(1.3) has a unique pullback at-
tractor A. and the corresponding deterministic cocycle pg has a unique pullback
attractor Ag in L*(RN) x L2(RY). PFurthermore both A. and Ay are (L*(RY) x
L2RYN), LHRYN) x L2(RN))-pullback attractors.

(ii) If further (4.46) holds true, then the family A. is upper semi-continuous
under the Hausdorff semi-distance of L'(R™) x L2(RN) at any o € (0,a] and in
particular at e = 0. Here l € (2,p],p > 2.

Proof. Let X = L?(RY) x L}RY) and Y = LYRYM) x L2(RY). Then it is
known that the hypothesises (H1)) and (H2)) (see Lemma 2.7 in [36]) hold true.
By the Sobolev interpolation and association with Lemma 4.2 and Lemma 4.6, we
immediately obtain the uniformly pullback asymptotic compactness in L'(RY) x
L?(RY) for any 2 < [ < p. Then along with uniform absorption (see Lemma
4.1) and convergence property (see Lemma 4.8), all conditions of Theorem 2.2 are
satisfied. O

5. Existence of random equilibria for the generated
random cocycle

Random equilibrium is a special case of omega-limit sets. We can refer to [3, 6]
for the definitions and applications to monotone random dynamical system. The
problem of the construction of equilibria for a general random dynamical system
is rather complicate [6]. Recently, Gu [13] proved that the stochastic FitzHugh-
Nagumo lattice equations driven by fractional Brownian motions possess a unique
equilibrium. However, we here introduce the random equilibrium in the case of
non-autonomous stochastic dynamical system. Specifically, we have
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Definition 5.1. Let (Q,{o:}r) and (Q,F, P,{V¥;}ter) be parametric dynamical
systems. A random variable u* : @ x Q +— X is said to be an equilibrium (or fixed
point, or stationary solution) of random cocycle ¢ if it is invariant under ¢, i.e., if

p(t,q,w,u*(q,w)) = u*(o1q,hw) forallt >0, g€ Q, we Q.

In this section, the parametric systems (Q,{o:}r) and (Q,F, P, {U¢}ier) are
the same as in section 3. We will prove the existence of equilibrium for problem
(1.1)—(1.3) on the whole space RY. To this end, we need to assume that

0 = min{\, o} > as, (5.1)

where a3 is as in (3.3) and A, o are as in the FitzHugh-Nagumo system (1.1)—(1.2).
Suppose that for every 7 € R and w € €.

lim e™*2%(—t,w)[|[D(T — t,9_4w)[|72@)x 2@y = 0, (5.2)

t—+oo

where dp < by < A — a3 and dy is the same as in (3.5). Denote by Dy, the collection
of all families of nonempty subsets of L?(RY) x L2(R") such that (5.2) holds. Then
it is obvious that Dy, is inclusion closed.

For convenience, here we write ¢ = 1. First, we have

Lemma 5.1. Suppose that g and h satisfy (3.5) and f satisfies (3.1) and (3.3) such
that (5.1) holds. Then the solutions of problem (1.1)-(1.3) with the initial values
(Ur—t,,0r—t,) (i = 1,2),t1 < to satisfy the following decay property:

(7,7 —t1,9_rw, @y —¢,) — (T, T — to, 0 _rw, tr_s,) ||

F10(T, T — t1, 0w, Br—g, ) — D(T, T — o, V7w, Dy g, )||2
<e(em22(—t1,0) (e [ + [ %) + €722 (b, )iyt |

0
+ (|07, ||2)) + celbo—ttn / "2 (s,w)(llg(s + 7, ) + [h(s + 7, )[I” + 1)ds,
—00

where ¢ is a deterministic non-random constant.
Proof. Put @ =u(t,7 —t1,9_;w,tur—t,) — w(t, 7 — ta, ¥ _;w,ur_t,) and

v=v(t, T —t1,0_;w,vr—t,) —V(t, T — to,V_rw,Vry,).

Then from (3.8)—(3.9), along with (5.1), we have
d i _ _ —
S Bllal® +alo]®) +b(8lal® + afo]*) <0, (5:3)

where b = 6 — a3. By applying the Gronwall lemma to (5.3) over the interval
[T — t1, 7], we immediately get
[a(m) 12+ 15(P)1* < e (Julr — b1, 7 = to, V- rw, ;) = tr—s, ||
(T — 1, T —t2, 9w, vr ) — vy g, ||I*)
< e ([lu(r = t1, T — ta, 9 rw, Ur_y,)|?
+ (T = t1, 7 — t2, 9 _rw,vr_,)||?)

+ e (lur— [ + llor—e, 1), (5.4)



Regularity of pullback attractors and random equilibrium 1307

where ¢ = ¢(a, B) is a positive deterministic constant. Note that
0<(50<b0<b:5—043, (55)
where dg is as in (3.5). From (4.6) and using (5.5), we have

d
a(ﬁHUHQ +alo]?) + bo(Bllull? + allvl*) < ez*(t.w)(lg(t, )II* + A I +1).
(5.6)
Then by the Gronwall lemma again over the interval [T — to, 7 — ¢1], we find that
llu(r —t1, 7 — to, 9 _rw, tr_4,)||* + |0(T — t1,7 — t2, 9 _rw,vr_4,) ||
<ee® ) (fur gy |2 + [[or -, %)

T—tl
N / e =t=9) 225 9 ) (|lg(s, )II? + [|A(s, )% + 1)ds

—to

<ce M) ([l g, |12 + v, |1?)

0
et [ e w)(lgls )P + s + 7l + Dds, (57)

—00
where ¢ = ¢(a, ) is a positive deterministic constant. Then by a combination of
(5.7) and (5.4) we have

la(r)l* + llo(r)]?

<ce™ " ([Jug—, 2 + Jor—e, [1*) + ce®0 e ([ur_g, ||* + [lor—s 1)
0
+ cellom D el=m) / 22 (s,w)(llg(s + 7, )|I* + |h(s + 7, .)|I* + 1)ds

— 00

e M (et |12 + NJor—, %) + €72 ([ur—,||* + 07 —1,]%)
0
+ celbo—b)t g2w(=T) / eboszz(s,w)(Hg(s + 7, )P+ |h(s + 7,7 4+ 1)ds, (5.8)

where we have used e(®o=2% <1 for by < b. In terms of the relation (3.7), we get
@) 1? + 1311 = e 7 Ja()|? + [lo(r))®

ee™ 2D (€708 (g, |2+ e 12) + € (lur a2 + lor—1:1%))

+ celbo—b)ta /O ebOSZQ(s,w)(Hg(s + 1, )12+ ||h(s 4+ 7,.)||* + 1)ds
—ce™ 2D (70022 (r — 4,0 ro) (it |2 4 51, [2)

222 — ty, 0 ) (lie1s I + 157 12))

+ celbo—b)ta /O ebosz2(57w)(||g(s + 1, )2+ |h(s +7,)|% 4+ 1)ds

e

:c(efbohf(—tl,w)<||a7_t1 1 + 15—, %)

o222 (tg, ) (i ? 4 72

0
+ el / 22 (s,w)(llg(s + 7, )|* + [|a(s + 7,.)|I* + 1)ds,
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which finishes the proof. O

Lemma 5.2. Suppose that g and h satisfy (3.5), [ satisfies (3.1) and (3.3) such
that (5.1) holds. Let D = {D(7,w);T € R,w € Q} € Dy, where Dy, is defined as
in (5.2). Then for 7 € Riw € Q, there exists a unique element u* = u*(1,w) €
L?(RN) x L2(RN) such that

lm (G(7,7 —t,9_rw, ), (T, 7 — t, 0w, Ur—¢)) = u*(T,w)
t——+oo

in L2(RY) x L2RY), where (tir—y, 9r—¢) € D(T — t,9_4w). Furthermore, the con-
vergence is uniform (w.r.t. (t;—¢, 0r—¢) € D(7 —t,0_4w) ).

Proof. It is derived directly from Lemma 5.1. O

Theorem 5.1. Suppose that g and h satisfies (3.5), f satisfies (3.1) and (3.3)
such that (5.1) holds. Then for T € R,w € Q, the element u* = u*(1,w) defined in

Lemma 5.2 is a unique random equilibrium for the cocycle ¢ defined by (3.10) in
L2(RN) x L2(RYN), i.e.,

o(t, T,w,u*(1T,w)) = u* (1 + t,%w), forevery t>0, T€R, we.

Furthermore, the random equilibrium {u*(T,w),™ € R, w € Q} is the unique element
of the pullback attractor A = {A(T,w);7 € R, w € Q} for the random cocycle o,
i.e., for every r e Riw € Q, A(r,w) = {u*(1,w)}.

Proof. From the definition of random cocycle,
Qo(tv T = tv ﬁ—tw7 (ﬂ'T—h 177'—t)) = (ﬂ(T7 T = t) 19—7"“]7 ﬂT—t)a @(T7 T = t7 79—7'0*)7 57’—15))7
then for for every 7 € R, w € Q, we see from Lemma 5.3 that

u*(T,w) = tll+moo o(t, 7 —t, 9w, (r—t,0r—t)), (5.9)
where (@t;—¢, 0r—¢) € D(7 — t,9_4w). Thus by the continuity and the cocycle prop-
erty of ¢ and (5.9), we find that for every t > 0,7 € R,w € ,

et T,w,u*(1T,w)) = @(t, 7,w,.) 0 lir+n w(s, 7 — 8,9 _sw, (Ur—t, Vr—t))
S—r oo

= SEIJPOO o(t, T,w,.) o p(s, 7 — 8,9 _sw, (Ur—t,Vr—t))

= SEIEOO (p(t +5,7— 5,7 _sw, (ﬂ‘r—ta 67’—1&))

= lim @(t+s,(7+t)—t—s,9_s_ 1w, (Ur—t,0r—t))

s——+oo

=u*(7 + t,%w),

which also implies the invariance of A, that is, ¢(t, 7,w, A(T,w)) = A(T + t, hw).
The compactness of A(7,w) is obvious and the attracting property follows from
(5.9). O
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