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REGULAR DYNAMICS AND BOX-COUNTING
DIMENSION FOR A RANDOM
REACTION-DIFFUSION EQUATION ON
UNBOUNDED DOMAINS*

Wengiang Zhao':f

Abstract In this article, we study a random reaction-diffusion equation driv-
en by a Brownian motion with a wide class of nonlinear multiple. First, it is
exhibited that the weak solution mapping L?(RY) into L?(RN) n H'(RY) is
Holder continuous for arbitrary space dimension N > 1, where p > 2 is the
growth degree of the nonlinear forcing. The main idea to achieve this is the
classic induction technique based on the difference equation of solutions, by
using some appropriate multipliers at different stages. Second, the continu-
ity results are applied to investigate the sample-wise regular dynamics. It is
showed that the L2 (RN )-pullback attractor is exactly a pullback attractor in
LP(RY)Y N HY(RY), and furthermore it is attracting in L°(RY) for any § > 2,
under almost identical conditions on the nonlinearity as in Wang et al [31],
whose result is largely developed in this paper. Third, we consider the box-
counting dimension of the attractor in LP(R™ )N H*(R"Y), and two comparison
formulas with L?-dimension are derived, which are a straightforward conse-
quence of Holder continuity of the systems.

Keywords Random dynamical system, pullback random attractor, Holder
continuity, higher-order attracting, box counting dimension.
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1. Introduction

In this article, we consider the regular dynamics of the following random reaction-
diffusion equation driven by an unbounded stationary stochastic process with a
general nonlinear multiple,

Z—? =Au—Mu+ f(t,z,u) + g(t,x) + h(t,z,u)G(w), t>r,xcRY,  (1.1)

with the initial condition

u(t,z) =u,, z€RY, (1.2)
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where A > 0,9 € L? (R, L>(RY)), and W (¢) is a two-sided Browian motion over a
classical Wiener probability space (2, F,P), where Q = {w € C(R,R) : w(0) = 0}
with the compact open topology such that €2 is Polish space, F is its Borel o-algebra,
and P is the Wiener probability measure on (€2, F). The Brownian motion W (t,w)
is identified as w(t), i.e., W (t,w) = w(t). We define a Wiener shift {9 };cr over Q
defined as Yyw(.) = w(. +t) — w(t) for every t € R. This shift preserves the Wiener
measure and is ergodic. Thus the quadruple form (Q, F, P, {9 }+cr) forms a ergodic
metric dynamical system, see [1].

For b #£ 0, let G : © — R be a random variable such that

Gw) = 2.

By the Wiener shift {¢;};cr we have

Gt =220
Then by the characteristics of Brownian motion, G(¥;w) is a stationary process with
a normal distribution and is unbounded in ¢ for almost all w € . It is noted that
G(¥:ww) can be regarded as a discrete version of the white noise. This stationary
process was used to study the chaotic behavior of random differential equations
driven by a multiplicative noise of G(9:w), see [21,25].

The random forcing in (1.1) is an unbounded multiplicative noise by a Brownian
motion and a nonlinear multiple h. We impose almost identical conditions on f
and h as in Wang et al [31], where the authors proved the existence of pullback
random attractor for problem (1.1)-(1.2) in L?(RY) and obtained the Wong-Zakai
approximation results for the additive noise and linear multiplicative noise cases.
The same results are also investigated in [20] if the state space is bounded for
problem (1.1)-(1.2).

Note that we ignore the dependence of G on b for our problem, since we do
not consider the approximation with respect to b as in [31]. Nevertheless, for the
Wong-Zakai approximations as |b| — 0, [36] obtain some Higher-order results in the
cases of h(t,z,u) = ¢(z) and h(t, z,u) = u.

In this paper, we study some further asymptotic dynamics of problem (1.1)-(1.2)
with a general nonlinear multiple & in some high-order regular (stronger) spaces.
For this purpose, we prove the Holder continuity of solutions in LP(R™) N H!(RY).
The main idea comes from the spirit in [3], where the Sobolev embedding is used.
However, the embedding condition N > 3 is much restrictive. To surmount this
hurdle, we directly obtain an iterative relation from the nonlinearity. In partic-
ular, some appropriate multipliers at different stages are appropriately employed.
By many intricate calculus estimates, we obtain the higher order integrability of
difference of solutions in L°(RY) for arbitrary § > 2; see Theorem 4.1, and the
Holder continuity of solutions in H*(RY) for the initial data belonging to L?(RY);
see Theorem 5.1.

Further, we use the the continuity results to explain the needed regular asymp-
totic dynamics. On the one hand, we show that the L?(R™)-attractor derived in [31]
is compact and attracting in the topology of space LP(RY )N H*(RY), and further-
more is attracting in L?(R™) for arbitrary § > 2, see Theorem 6.2 and 6.3 . On the
other hand, the Holder continuity helps us to compare the box-counting dimension
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of the attractor in LP(RY) N H'(RY) with that in L2(R"), and two comparison
formulas with L2-dimension are derived; see Theorem 7.1.

The theory of attractors feature prominently in understanding the long time be-
havior of deterministic or random dynamical system, see recent works [2,8,14,23,26].
The regular asymptotic dynamics in L? and H' spaces are richly investigated, for
instance, [27,33,34,43] for the deterministic equations, and [9,13,17-19, 35, 38, 39]
for the stochastic differential equations on bounded or unbounded domains. It is
pointed out that in random cases, the random forcing in the mentioned literature
was always the additive noise or the linear multiplicative noise. The related method
is the well-known truncation estimate [13,39], tail estimate technique and spectral
decomposition method [17]. Conversely, here the considered random forcing is driv-
en by a multiplicative noise with a general multiple h. Furthermore, the nonlinear
deterministic forcing f is different from the version used in [38-40], where a mono-
tone condition is explicitly assumed. In this paper, the form of nonlinearity is
completely borrowed from the original sources with only some small additional as-
sumptions on the coefficient. The nonlinear structure of the forcings is an obstacle
for us to obtain some higher-order estimate of difference of solutions. To solve this,
we analyse the structure of the nonlinearities f and h, and a monotone property is
in essence derived, which is crucial for our inductive idea.

We recall the results on the continuity of solution of partial differential equations
in regular spaces. In the deterministic case of the reaction-diffusion equation, if the
state space O C R¥ is bounded, Robinson [22, pp. 227-231] proved in 2001 that the
strong solution u : H}(O) N LP(O) — H(O) is continuous for N < 2, where p > 2
is the order of the nonlinearity of polynomial growth. However, if N = 3, the proof
in [22] required p < 4. The continuity in LP(O) was not included there. Up to 2008,
Trujillo and Wang [28] proved that the strong solutions u : Hi (O)NLP(O) — H(O)
is continuous for any N > 1 and p > 2, which largely extended the result in [22].
The key point in that paper is to derive the estimates that t% € L>(0,T; H*(0))
by differentiating the equation with respect to t. However, since the Browian motion
is not necessary differentiable, then the method used in the deterministic cases is
not applicable to the stochastic differential equations such as problem (1.1)-(1.2).

In 2015, in the random case, by using the Sobolev critical embedding that
HNO) — L% (O) and a mathematical induction method, Cao et al [3] proved the
continuity of solutions from Hg(O) N LP(O) to H(O) with N > 3 and p > 2. This
method successfully surmounted the obstacle of non-differentiability of the white
noises, and was also used to obtain the higher-order integrability of attractor for
stochastic p-Laplacian with multiplicative noise on unbounded domain [39]. Latter,
Zhu and Zhou [43] generalized this technique to derive the the continuity of solu-
tions from L?(RY) to H'(RY) for the deterministic reaction-diffusion equations on
unbounded domain. However, since the proof in [3, 39, 43] heavily depended the
Sobolev critical embedding inequalities, the dimension N > 3 for reaction-diffusion
equations (rep. N > p for p-Lapacian equations [39]) is required and the technique
can not be applied directly to the general case N > 1, especially in unbounded
domains. Recently, by an induction technique as in [38,40], Cui et al [10] studied
the strong (L2, L7 N Hg )-continuity for the deterministic reaction-diffusion equation
on bounded domain in any space dimension, and in particular some applications to
the fractional dimension was also covered.

The finite box counting dimension (fractional dimension) of attractor is of im-
portance in the sense that if a compact subset A of a metric space X has a finite
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fractional dimension dimy (A) of A such that dimx (4) < &, then A can be embed-
ded into R by an injective mapping, see [4,15]. In other words, the asymptotic
behavior of these systems is determined by only a finite number of degree of free-
dom [22]. The box counting dimension of random attractors was studied in [16]. For
the applications to the stochastic partial differential equations, [32,41,42] obtained
the finite dimension of stochastic reaction-diffusion equations, FitzHugh-Nagumo
system and strongly damped wave equation on bounded domains. This paper dis-
cusses the box counting dimension in regular spaces and some comparison relations
are derived.

The structure of this paper is as follows. Section 2 is concerned with the notion
of pullback random attractor and existence result of bi-spatial attractor for non-
autonomous random dynamics systems. In Section 3, we present the assumptions
on the nonlinearities. In Section 4, we prove the Hoélder continuity of solutions
in LP(RY) with respect to initial data in L?(RY) and high-order integrability of
difference in L°(RY) for arbitrary 6 > 2. Section 5 studies the Holder continuity
of solutions in H!(RY). Section 6 and 7 are the applications of the Hélder con-
tinuity results to obtain pullback random attractor in LP(RY) N HY(RY) and two
comparison formulas about box counting dimension with L2-dimension.

2. Non-autonomous random attractors and random
dynamical systems

In this section, we recall some basic notions on the pullback random attractor
[29,30] and the existence theorem of bi-spatial attractor [18,37] for non-autonomous
random dynamical systems. The reader is referred to the monographs [1,5] for a
comprehensive information on the random dynamical systems, and to [6,7,24] for
the original work.

Let (X,B(X)) and (Y, B(Y)) be two completely separable metric spaces, where
X serves as the initial space, and Y as the regular space, satisfying Y C X (Y has
stronger topology than X generally). Let (Q, F, P, {0 }+cr) be a metric dynamical
system (briefly, MDS 9J), RT = {t € R : ¢t > 0}, and 2% be the collection of all
subsets of X. Let ® be a collection of some families of nonempty subsets of the
initial space X, which serves as the universe of sets.

Definition 2.1. A family of single-valued mappings ¢ : R x R x Q x X ~
X, (t,T,w,x) — (t,T,w,z) is called a random cocycle on X over an MDS ¥ if
for all s, € RT,7 € R and w € (Q, the following statements are satisfied:

e o(, 7, ) i RY X Qx X = X is (B(RT) x F x B(X), B(X))-measurable;

e (0, 7,w,.) is the identity on X;

e p(t+s,1w,.) =T+ s dsw,p(sT,w,.)).

Definition 2.2. Let ¢ be a random cocycle on X over an MDS 9 such that
o(t, T,w,.) maps X into Y for every t > 0,7 € R and w € Q. A random cocycle ¢
is said to be continuous in X if the mapping ¢(¢, 7,w,.) : X — X is continuous for
eacht € RT,7 € R and w € Q. A random cocycle ¢ is said to be continuous from
X to Y if the mapping (¢, 7,w,.) : X — Y is continuous for each ¢t > 0,7 € R and
w e Q.

Definition 2.3. Let D : R x Q — 2X\0; D : (1,w) — D(1,w) € 2% be a set-valued
mapping with closed images. We say D : (1,w) — D(7,w) is measurable with
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respect to F (briefly, F-measurable) in X if for every fixed z € X and 7 € R, the
mapping
wrdx(x,D(r,w)) = inf dx(z,2)
z€D(T,w)
is (F, B(R))-measurable. If D is measurable, then the family of its images D =
{D(1,w) : 7 € R,w € Q} is also called a random set.

Definition 2.4. Let ¢ be a random cocycle on X over an MDS 9. A family of sets
A={A(r,w) : 7 € R,w € Q} € D is called a pullback attractor in X for ¢ if the
following statements hold:

e A is a random set in X and A(7,w) is compact in X for every 7 € R and
w € Q;

e A is invariant, that is, for every 7 € R and w € Q, o(t,7,w, A(T,w)) =
‘A(T + ta ﬂtw)7v t Z O,

e A is attracting in X, namely, for every T € R and w € Q and D € D,

tlim distx (p(t, 7 — t,9_w, D(T — t,9_4w)), A(T,w)) = 0.

Suppose further that ¢(¢,7,w,.) maps X into Y for every t > 0,7 € R and
w € Q. Then a family of sets A = {A(T,w) : 7 € R,w € Q} € D is called a
(X, Y)-pullback attractor for ¢ if there hold:

e Ais a random set in Y, A(7,w) is compact in Y for every 7 € R and w € §;

e A is attracting in Y, namely, for every 7 € R and w € Q and D € D,

tlim disty (p(t, 7 — t,9_yw, D(T — t,9_4w)), A(T,w)) = 0,
—o0

where disty is the Hausdorff semi-metric in 2Y with

disty (A, B) = sup inf dy (x,y).
rcAYEDB

We present the following results for the regularity of pullback random attractor
for non-autonomous dynamical systems from [18,37], where the measurability of
attractor in regular space is from [11, Theorem 19]. The result in the initial space
X is adapted from [29,30].

Theorem 2.1. Suppose that ¢ is a continuous random cocycle on X (over an MDS
9) and © is inclusion closed universe in the initial space X. Suppose that

(i) ¢ has a closed ©-pullback random absorbing set K = {K(t,w): 7 € R,w €
Q} €D in X, i.e., K is a closed random set and for every 7 € R,w € Q and D € ©
, there exists an absorbing time T = T(7,w, D) > 0 such that for allt > T,

pt, 7 —t,9_w,D(t —t,9_w)) C K(1,w);

(ii) ¢ is D-pullback asymptotically compact in X, i.e., for every T € R and
w € Q, the sequence

{o(tn, T — tn, Vs, w,xn) } oy is precompact in X,

whenever t, — 00, &, € D(T —t,,¥_, w) with D € D;
Then the random cocycle @ possesses a unique D-pullback random attractor A =
{A(T,w) : 7 € Ryw € Q} € D such that for every 7 € R and w € Q,

A(T,w) = Ns0Ursa@(t, 7 — £, 0w, K(7 — 6,0 _0)) . (2.1)
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Suppose further that Y C X and p(t,T,w,.) maps X into Y for everyt > 0,7 €
R and w € Q and ¢ is D-pullback asymptotically compact from X to 'Y i.e., for
every T € R and w € Q, the sequence

{o(tn, T — tn, V¢, w,xy) } ooy is precompact in'Y,

whenever t, — 00, T, € D(T —t,,V_4 w) with D € D.

Then the ©-pullback random attractor A defined as (2.1) is also a (X,Y)-
pullback random attractor, which can be structured by the Y -metric, namely, for
every T € R and w € €,

Y
A(T,w) = NssoUss(t, 7 — t, 0w, K (1 — t,9_4w))

3. Mathematical Background on the equation

In this section, we give the conditions on the nonlinearity f and h, which is totally
borrowed from [31]. The nonlinear function f in (1.1) is continuous on R x RY x R
and satisfies the following conditions: for all ¢,s € R and z € RY and

f(t,(E,S)S S —a1|8|p+¢1(t,.’t), (31)
|f(t7$a 3)‘ < 052‘8‘1)71 + ¢2(t7$)a (32)
%f(t,x, 8) < _a3‘8‘p_2 + 1/J3(t79€)7 (33)

where p > 2, a1, a9 and a3 are positive constants, 11 € L} (R, L}(RN))N LE)C(R,
LERN)) 4 € L3, (R, L3(RN)) 0 L2L(R, L (RN)) with 1 4 1 = 1, and g

L (R, L=(RN)).

loc
Let b : R x RY x R — R be continuous such that for all ¢,s € R and z € RV
‘h(t71',8)| < Bl(tw%')lslq_l + ﬂ2(t733)7 (3‘4)
0
| bt )| < Bata)lsl2 + Ba(t ), (35)
2p—2

2p—2

where 2 < ¢ < p, B € LP7(R, L7 (RV)) N L7 (R, L7+ (RV)) and fo €
2

loc loc

L2 (R,L2(RN))N L2 (R, LFT (RV)) and Bs, Bs € L3S (R, L (RN)).

loc loc

Remark 3.1. The conditions on f and h are the same as in [21,31]. For our
purpose, we need to split f into f = f1 + fo with

asg
hi= g
2(p—1)
and fo = f — f1. Then f; is monotonous, i.e., there exists a positive constant c;

such that

|s|P=2s, (3.6)

(fi(t,z,81) = fi(t,x,52)) (51 — 52) < —eals1 — s2/7, (3.7)
where ¢; = ¢1(as,p, N). Since %fl(t,x,s) = —%|s[P~2 for p > 2, then it is casy
to see that fy satisfies

0
S falt,w,s) < =2 |slP7 4 n(t, ), (3.8)

where ag and 13 are as in (3.3).
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Remark 3.2. For the function h, it is easy to check that condition (3.5) implies
that

|h(t, x,81) — h(t,z,82)] < B5(t,x)]s1 — s2|(1 + |51|q_2 + |32\q_2). (3.9)

for some 5 € L (R, L°(RY)).

loc

For the non-autonomous term g and 1, we will assume that for any 7 € R,

-
/ e (lg() 1 + l[r(s)llz1)ds < +oo. (3.10)
—o00
As for the existence of the tempered random attractor, we need further to assume
that the non-autonomous term satisfies for any ¢ > 0,

0
Jim ect/ A (lg(s + )2 + 1 (s + )| 1)ds = 0. (3.11)

t——o0 o

Throughout the paper, the letter ¢ is a generic positive constant that may change
its value from line to line, and ||.||, denote the norm in LP(RY). For p = 2 we write

-2 = 1I-I-

4. Holder continuity of solutions in L?(RY) and high-
order integrability of difference in L°(R") for ar-
bitrary 6 > 2

In this section, based on the difference equation of solutions to problem (1.1)-(1.2),
we prove the Holder continuity of solutions in LP(RY) and high-order integrability
of difference in L?(RY) for arbitrary ¢ € [2,+0c). It is note that the existence and
continuity of solution in L*(RY) for problem (1.1)-(1.2) have been proved in [31].
Given 7 € R and w € €, let w;(t, 7, w, u ;) be the solutions to equations (1.1)-
(1.2) with the initial data wu,;,i = 1,2. Then we get the difference equation with
respect to U = uy — usg:
du
e AU = XU + f(t,z,u1) — f(t,x,uz) + (h(t, x,ur) — h(t, x,u))G(w), (4.1)
with the initial condition U; = u,1 — 2.
For our purpose, we need to give an equivalent form of (4.1) by rewriting the
nonlinearities in (4.1). Let

1
0
vV, (t) = / 6—2(t7x, suy + (1 — s)ug)ds, (4.2)
0 S

and
' oh
Y(t) = / —(t,x, su1 + (1 — s)ug)ds, (4.3)
0 88

where fi and f5 are in (3.6). Then (4.1) is equivalent to

%{ = AU =N + (fults s ur) = folts ) + 15 (OU + G(0wo) (DU, (4.4)
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with the initial condition U; = u,1 — ur .

The following lemma shows the higher-order integrability of difference and Holder
continuity of solutions to problem (1.1)-(1.2) with f satisfying (3.1)-(3.3) and h sat-
isfying (3.4) and (3.5).

Theorem 4.1. Suppose that (3.1)-(3.5) hold, p > q > 2 and the space dimension
N>1 Taket € R, w e Q and T > 0. Let u;(t) = u;(t,7,w,ur;) be the unique
weak solution of Eq.(1.1)-(1.2) corresponding to the initial value u,;, i = 1,2. Then
for every k € N, there exists a positive deterministic constant ¢*) depending only
on k,T,w, T such that for every t € (t,7 + T,

(t =Dl = 1) (ur (7w, urt) = ua(t, 7w, ur2))llat < e flurn —urafl?, ()

and
t

/ ||(S—T)bk+1(u1(8,7',w,u7—71)—u2(8,7',w,u-,—72))||giﬁd8 < C(k)||u7-)1—u.,.72||2, (Bk)
T

where ap, = kp —2(k — 1),k =1,2,...; by =1,b, = % k=23, ... .

Proof. We prove the result by the induction scheme. First by (3.7), it is clear
that for m > 2,

/RN(Jﬁ(t,:E,m) — [tz u)|U" 2 Ude < —er|[U®) 1575 (4.5)
Using the test function |U|™~2U in (4.4) with m > 2, we obtain
1d m m 2 m+p—2
— U@ + AU O + ol VTGN 7 + U@ -2

< [ m @O+ 160w [ woUor. (1.6

By (4.2) and (3.8), the first term on the right hand side of (4.6) is estimated as
1
m as p—2 m
[ m@wrars=S2 [ ([ lsu+ 0= suap~ds + uslen)) U0)do
RN RN MJo

1
g—%/ /|su1+(1—s)u2|p*2ds\U(t)|mdx+c/ U (#)|[™d,
2 RN JO RN
(@.7)

since 13 € L (R, L>=(R™M)). On the other hand, when 2 < ¢ < p, by (4.3) and

loc

(3.5) and using Young inequality, the second term on the right hand side of (4.6) is
bounded by, for every t € (7,7 + T,

Ig(ﬁtw)\/w (WU ()™ dx
<IG (V) /RN (Bst.2) /01 [sur + (1= s)ua|*~2ds + Ba(t,2) ) [U (1) " de

1
=100 [ ma(t.a) [ s + (1= syl 2asiv o) e
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100w [ st oU)"ds
1
S%/RN/O |sur + (1 — s)uo|P2ds|U (t)|"dx
+aGOE [ (e U@ do
RN
100w [ AU O] ds

1
g%/ / |su1—|—(1—s)ug\p_2d3|U(t)\mda:+c/ ()" da, (4.8)
RN JO RN

using 3,81 € LS (R, L=(RY)). Combine (4.7) and (4.8) to get that for every
te(r,m+1T),

[ n@uors+gowl [ wovorase | pora, @)
RN RN RN
where ¢ = ¢(m,7,w,T). If ¢ = 2, then it is easy to show that (4.9) also holds.

Therefore by (4.6) and (4.9), we find that there exist positive constants ¢; and ¢y
such that for every t € (1,7 +T],2< ¢ <pand m > 2,

d m n m-+p— m
UG + el VIT®)1* + a|lU@Imip=2 < e2lUMI, (4.10)
which obviously gives
d m m - m
1T + allUMIn5=2 < ellU® ], (4.11)
where ¢; = ¢;(m, 7,w,T) for i =1, 2.
We first show (Ay) and (Bg) hold true for k = 1.
Given m = 2 in (4.10), we have

d
FNUOIP + o VUG + eallU®I} < ealU @] (4.12)

Multiplying (4.12) with e~“2¢ and then replacing ¢ by s and integrating from 7 to t
for t € (r,7 + T, we find

[U@)|? < e=CDNU)|?,  te(r,r+T) (4.13)
By (4.12) and (4.13), we obtain that for every ¢t € (7,7 + T,

/:(HVU(S)H2 H|U(s)|IP)ds < || U7 (4.14)
Given by = 1, from (4.14) it is easy to see that for every t € (7,7 4 T/,
/t I(s =) U(s)lIbds < U2 (4.15)
Letting m = p in (4.11), we have

d _
ZIVDIE + U35 < el U@)IE. (4.16)
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Observer that

(t =) UG = S~ PP U@ bt~ )P U@ (@17)

Then multiplying (4.16) with (¢ — 7)**P*! and using (4.17), we see that for every
te(r,m+17T),

d 1 _
(t=7) It~ U@L+ el (t = 7)==z U()||50 73

<es(t = )OI + bup(t — )P U )17
1t =) U@L+ bapllt =) U@}

:Cg(t — 7')
<dl(t - )" U@, (4.18)

from which it follows that for every ¢t € (v, 7+ T1,

(t =) (¢~ U < el (¢ =) U (419)

Replacing ¢ by s in (4.19) and integrating from 7 to ¢ for t € (7, 7+T], by integration
by parts, we find

[ 5=l = P U s = - - U~ [ Ie-nPU)lgds

< c/ [I(s — T)blU(S)”gdS. (4.20)

By (4.15) and (4.20), we get that for every ¢t € (1,7 + T,

t
(t =Dt =n)" U < (c+ 1)/ I(s = )" U (s)llbds < DU %, (4.21)
where ¢ = ¢V (7, w, T). Multiply (4.18) with (¢ — 7)?~! and along with (4.21) to
yield

2p —
(t =7 NIt =) UL+ eall(t = 1) 72U ()55

d
g
<c(t =7)P Mt =) U@L < el U-%, (4.22)
for all t € (7,7 + T)]. Integrating (4.22) from 7 to ¢, by integration by parts, and
utilizing (4.15), we find that for every ¢t € (7,7 + T,

t t
01/ I(s = 7)"=U(s)lI5p—3ds < T|[U-||? +p/ (s = )P (s = 1) U(s)Ibds

t
<V P 417 [ = U)lgds
< VU, |, (4.23)

where by = 2;—32. Therefore by (4.21) and (4.23) we claim that (Ay) and (Bj) hold
true for k = 1. Letting m = 2p—2 in (4.11), choosing the multipliers first (t—7)?P+!
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and then (¢t —7), by an almost similar procedure as (4.16)-(4.23), we can show that
(A3) and (Bs) hold, respectively.

Step two. We now prove that (Ag41) and (By1) hold if (Ag) and (By) hold for
some k > 1. To this end, given m = ajy; in (4.11), we obtain

d a 1 a
VOGS +allU@a,y s < ellu@lgs (4.24)

Ap+1 agt+1+p—2 ap+1?

where c¢; = ci(k,T,w,T), 1 =1,2. Note that

d
(t— )bk““’““ AU =5 H(t—T)bk“U(t)\ anti

Ak+1 Ak+1

- kaakH(t - T)bk+1ak+1_l HU(t)‘ Akt (425)

Ap41

Multiplying (4.24) with (t — 7)bs+1%+1+1 and using (4.25), we deduce that for all
te(r,m+17T),

(t— T)*||( T)PAU(E)|artt + ea(t— 7)o U () [ 1E 7
<(e2(t = 7) + brgrags1)||(t — T)bk“U(t)Hg';E

<c||(t — ) U@)llge (4.26)

AR+41

Replacing ¢ of (4.26) by s, then integrating from 7 to ¢, by integration by parts
and along with assumption (Bj), we get that there exists a constant k) =
FHD (k,7,w, T) > 0 such that

(t = )ll(t = )P U s

Ap41
< c/ || s — 7— bk+1 ”a:iids—’_/ || s — 7— bk+1 (s)HZ’;EdS
AEONUL2, Yite (rm+T), (4.27)

which gives that (Ag41) holds true for arbitrary k € N.
Multiply (4.26) with (¢ — 7) to show that

(6 = P = PP U + exle - ) 2 U o 1273

Q41 ak+1+p—2
c(t —7)||(t — )" U )| a (4.28)
Since ap+2 = ap+1 +p — 2 and by4o = (k+22)p+g’(“k+1) = a;:;ffpl_f, then we have
(t — )P a2 U ()| [ar e TP =1t = r)reU)) art2. (4.29)

Hence by a combination of (4.28) and (4.29), and along with (4.27), it produces
that for ¢t € (7,7 + T,

(t— T)Qill(t =) U@)art +allt - )" U @)la < U2 (4.30)

Ak+1 ak+2 —
for all ¢ € (1,7 + T]. Replacing ¢ by s and integrating (4.30) from 7 to ¢, by

integration by parts using (By), we obtain

t
cl/ I(s = m)"+2U(s) |k t2ds < 2/ (s = 1)li(s = 1)U (s)[axt1ds + T Uy |1

Ak+2 Ak+1
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< T2,

for all t € (7,7 + T]. This shows that (Bgy1) holds true for arbitrary k € N, which
concludes the total proof. O

Remark 4.1. The method used for the difference U can not be carried out for the
single solution u to the problem (1.1)-(1.2) when the forcing g € L2 (R, L*(RY)),
in which case we can only show that the solution u(t, 7,w, u,) € LP(RY) N HY(RY)
for every t > 7 € R and w € ), see Remark 5.1 in the following. Of course, if
g € LS (R,L=(RY)) , by a similar technique as the above theorem we can prove

the solution u(t, 7,w,u,) € L"(RY) for every t > 7 € R,w € Q and any r > p.

Remark 4.2. If k = 1, we have

C 2
H(ul(t77-7w7u7',1) - UQ(t7T7wa U‘BQ))”I? < (t pr1 ||U7-71 - U‘BQH Py
A

i.e., the solution is %—Hélder continuous from L?(RM) to LP(RYN) for ¢t > 7 and
p> 2.

5. Hoélder continuity of solutions in H!(RY)

In this section, the decomposition of the nonlinearity f is unavailable for us to
establish the difference estimates in H'(R"), and thus we directly cope with (4.1),
for which the following additional condition on f is needed: there exists a ¥4 €

L2 (R, L= (RY)) such that for all t,s € R and z € RV,
9 2
| 5= (t2,5)] < Walt, @)1+ |57, (5.1)

The following lemma, which is useful in what follows, is adapted from [40].

Lemma 5.1. [/0, Lemma 4.2] Let £(t),g and h be tree nonnegative and locally

integrable functions on R such that % s also locally integrable and

for some constant v > 0. Then
(i) for arbitrary a > 0 and 7 € R, £(7) < &~ [T, evs€(s)dste™™ [T e”“h(s)ds.
(ii) for arbitrary a,e >0 and o € [T — a, 7],

Elo)+e™ /i e”g(s)ds S%/i ) e’*¢(s)ds

+ (e"* + 2)67’/7/ e"*h(s)ds.

In particular, (i) and (ii) hold for v = 0.

Lemma 5.2. Suppose that (3.1)-(3.5) hold. Take 7 € R,w € Q and T > 0. Then
there exist a constant ¢ = ¢(t,w,T) > 0 such that the solution u of problem (1.1)
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satisfies for t € (t,7 +TJ,

t
lut, 7w, ur)? +/ (IVuls, 7w, ur) | + [lu(s, 7w, ur) [5)ds

T+T (5'2)
<l [ lgts.)IPds + ur| ),
! 2p—2
(¢ = Plutt ooy w6 =) [ o o) [ 5s
2
T+T (5'3)
<e(t+ [ gt )IPds + |,
T+T
(t = ) Vult,7,w,ur)[|* < e(1+ / lg(s, )*ds + [lur %) (5.4)
Proof. Using the test function u in (1.1), we have
Ld, 5 2 2
Sl Aul® + [Vull® = [ fEz,w)ude + | gt 2)ude
2 dt RN RN
+ Q(ﬁtw)/ h(t, z,u)udx, (5.5)
RN
where by Young inequality we have
Avpe 1 2
[ gttayuda| < Jlul + S gt )2 (5.6)
RN
and by (3.1), we get
f(t.eauds < ~arlulg+ [ rt,a)da, (57)
RN RN

and by (3.4), it follows that

|g(19tw)“ /]sz h(taﬂﬂ,U)“dI‘ < [G(iw)] /RN(ﬂl(tﬁC)|U|q71 + Ba(t, x))|u|dx

e} P =2
<O [ Jupde + elg () 75 18u(0, ) 72T
RN r—q
+e|G( )M Ba(, )15 - (5-8)
: 2 2(RN = 22 RN p1 p1 (RN
Since o € L, (R, L*(RY))NL,2-" (R, L= (R"Y)) then we have 8 € L} (R, LP* (RY)).

By a combination of (5.5)-(5.8), we find that there exists a constant ¢ = ¢(7,w,T') >
0 such that for all ¢ € [1,7 + T7,

d «
ﬁl\%tll2 + I Vul® + ?1|\u||§; < c(llg(t, )I? +1). (5.9)

Integrate (5.9) from 7 to ¢ to yield that for ¢t € [r,7 + T7,

t

[u®I* + [ (TP + Glulds < [ lals, ) + Dds -+ ur|?
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T+T
<e(l+ / lg(s, )%ds) + s |2,
(5.10)

which proves (5.2).
Using the test function |u[P~2u in (1.1), we obtain

1d
= Mully + Allullp+(=Au, |u|p_2“):/ f(t’xvu)\U|p_2“dx+/ g(t, )[ulP~ude
pdt p p RN RN
+ G(0w) / Wtz w)|ulP~2ude,  (5.11)
RN
where it is clear that (—Aw, |u|P~2u) > 0 for p > 2. By (3.1), we get for t € (7, 7+T],

/ f(t,x,u)|u|p_2udx§ —al/ |u|2p_2dx+/ wl(t,ac)|u|p_2da:
RN RN RN

A 1 p
§wq/]RN|u|2p*2dx+5/RN|u|pdz+ﬁ/RNW11(t,:17)|5d:c.
(5.12)

From (5.8) we have
Q(ﬁtw)/ h(t, z,u)|uP~?udx
RN
§%/ |u|?P~2dx —|—/ 1 (t, ) [u|P~2de
2 ]RN ]RN
<D [ JuPr s clg@w) 7 [ 18t o
2 ]RN ]RN
+ e G(Iw) P / 1Ba(t, 2) [P |ulP~2da. (5.13)
RN
The Young inequality implies that
g [ 81 s
RN
<SL | JuPr2ds + el (0w)| P / |1 (t, )| 7 da, (5.14)
RN RN
and
g [ 180l
RN
<[ 4 c|g(19tw)|2$’%f/ 1Ba(t, 2)| 22 da. (5.15)
RN RN
Combine (5.14) and (5.15) to (5.13) to find that for t € (7,7 + T,
3
G(9w) / h(t, 2, 0) [ulP~2udz < 54 / u[2P=2dg + c. (5.16)
RN 4 RN

On the other hand, for the forcing term, we have

| / ot )|l ude| < % / 2P 2da + clg(t, )| (5.17)
RN RN
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Thus by a combination of (5.12), (5.16) and (5.17) into (5.11), we obtain that for
te(r,7+1T],

d (&3]
ol + llull3p73 < e+ llg(t IP). (5.18)

Applying Lemma 5.1 (i) to (5.18) over the interval [T, ¢] with v = 0,a = € = 157,
we get

a t T+T
ool [ g3 < [t [ ats, )P (519

Thus by (5.2) and (5.19), we get for ¢t € (7,7 + T,

«a t T+T
=IO+ 7)o <etior [ o Past ), 520

which shows (5.3).
Using the test function —Aw in (1.1), we see that

1d
2dt

< flz,t,u)Audz + / 9(t, ) Audx + G(Vw) h(t,z,u)Audx
RN RN RN

IVl + [ Aul?

1
<= || Aul? +c/ (2 (t, z)|* + IuP”‘?)dHc/ lg(t, z)|*dx
2 RN RN
LG w)? / B (6Pl + 1550, ) )
R
1
<jau)? +e / (ot 2) 2 + [ul2)da + ¢ / l9(t, 2)Pde
2 RN RN

+ / 2P 2da+ / G(0w)Bu(t,2) 5 et / 1G(0:)Bo(t, 2) P, (5.21)
RN RN RN

which clearly gives that for ¢ € (7,7 + T1,

d _
S IVull? + 1 Au]® < e(ljull 5575 + llg(t )N +1). (5.22)
Applying Lemma (it) to (5.22) over the interval [7£3 ¢] withv = 0 and a = € = L7,
we get that for t € (7,7 + T,
t
= DITa@IP + =) [, () Pds
Tt t
<s [ 1vats)Pas +ote =) [ tuEas e [ QoG + s
5 T
from which and (5.3), we infer that (5.4) holds true. O

Remark 5.1. This lemma in fact shows that the solution u(t, 7, w,u,) € LP(RN)N
H(RY) for every t > 7 € R and w € 2 when the initial datum u, € L?(R"), which

makes sense for us to discuss the Holder continuity and attractors in LP(R™) N
HY(RYM).
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The following result is concern about the Hélder continuity of solutions in
HY(RY).
Theorem 5.1. Suppose that (3.1)-(3.5) and (5.1) hold. Let T € R, w € Q,
T > 0. Suppose further that ||u;1 — ur2|| < 1. Then there exists a constant
c=c(k,7,w, T, ||ur1|, |ur2|]) > 0, such that the difference of solutions of problems
(1.1)-(1.2) satisfies for allt € (1,7 + T,

t— T 3p=2 2
)T fun(t 7w, ) = (7w, u2) [ < ellura — o7

(

Proof. We begin with some estimates for the nonlinearities. First, by (5.1) we
infer that for all ¢t € (7,7 + T7,

‘/ (f(fylnul)—f(tam,uz))Utdl"‘

RN

< / (1 + [un P2 + JualP~2)|U| Uz
RN

< IO + el U)1? + C/ (Jua PP~ + Jua PP~ U PPdx
RN

e

<O + U1 + ellu 3575 + luall55 =) IT 3,2, (5.23)

where Uy, is the derivative of U with respect to the time ¢. On the other hand, since
2 < ¢ < p, then by (3.9) we have for all t € (7,7 + T/,

‘/ (ht, 1) — h{t, 2, u2))G (1) Uy

RN

<|G(Viw)| /RN |B5(t, @) |(1 + [ua |77 + Jug |*~2)|U||U; |da
<

1UEl* + ellU]* + G (9ew) /RN 185 (t, @) (Jus P77 + Jua[*77H) U P da

<

i

1Uel[* + ellU]® + C/ (Jua PP+ fua |~ U P dx
RN

2p—4
4 / 1B5(t, 2)G (0,0)| 557 |U Pl
RN
1 _ _
< IO+ iU + (s |23 + ol 2 013 —o (5.24)

Taking the inner product of (4.1) in L2(RY) with Uy, along with (5.23) and (5.24),
we deduce that, with ¢ replaced by s, for all s € [r,7 + T1,

d _ _
ZIVUG)I? < ellU ()P +elllua () 3572+ () 155 )T (5) 3,5 (5:25)

By multiplying (5.25) by (s — HTT)B;%E for s € [H7,t] with ¢ € (7,7 + T, we get

t+ 7 802 d 9
(s — ) S IVU )]
t+7 3p-2 t+7 3p-2 _ _
Se(s——5=) TV )| +els =) 7 (lua(s) 375 +Hlua () 135~ )IU ()13, .

(5.26)
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By integrating (5.26) over the intervals [H?T, t], we deduce that for all t € (7,7+1T],

t— 7T 3p-2

) IVU@)]

(
<e [ IVUGPaste [ U

bz 1 t+ 7, 2 _ _
+e(t —7)r T /HT (s = — =)=  (llua(s =5 + llua () 132-)NU ()13, ods.
2

(5.27)

We now estimate every term on the right hand side of (5.27). By (4.13) and (4.14)
we have for all t € (7,7 + T,

(5.28)

t t
o [ IVUGIPds e [ UG Pds < clura -
tfr ttr

For the last term on the right hand side of (5.27), by using Hoélder inequality, we
deduce that

pez ! t+7, 2 _ _
C(t—T)P*IAT(s 5 )7 (ua(s ME75 + lua(s) 135 -) U ()15, _ods

2
pP—2

<e((t-m) [ Q72+ lua(o)2as) ™
([ = T, (5.29)

By Lemma 4.1 (B;) with £ =1 and (5.3) it follows from (5.29) that

t
p—2 t+7. 2 _ _
ot —7)5 LKS‘ 57T (lur ()13 + lua(s) 135~V (5) 13, -ds
2
<cllury —ur ol 77 (5.30)

Hence by a combination of (5.28) and (5.30) into (5.27) to yield that for all ¢ €
(r,7+ T,

t— 7T 3p—2

(55)

_2
O < erlllura = ur2l? + llura = ural|77). (5.31)

This along with (4.13) concludes the total proof. O

Remark 5.2. According to Theorem 5.1, the solution u(t,T,w,.) is plj—H'dlder
continuous from L?(RY) to H'(RY) for every t > 7 € R and w € Q.

Remark 5.3. The condition (5.1) on f is also assumed in [20, 31], which can be
replaced by the following weaker version: there exists a ¢4 € LS (R, L>(RY)) such
that for all £,s € R and z € RY,

[t @,51) = £(t, @, 82)] < Yalt,@)|s1 — s2](2+ [s1[P7% + [52]P 7). (5.32)
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Remark 5.4. From Theorem 4.1 and 5.1, we know that the solution of problem
(1.1)-(1.2) is Holder continuous from L?(RY) to LP(RY) N H(RY) with respect to
the initial data. However this continuity is not uniform with respect to ¢ in a small
neighborhood of the initial time ¢ = 7, because the left-hand side of inequalities
(5.31) and (4.21) may vanish when ¢ | 7, even though the initial data belong to
LP(RN) N HY(RN).

6. Regular dynamics of Pullback attractors

This section is to generalize the pullback attractor derived in [31] to the higher
regular spaces LP(R™) and H'(R") with almost the same conditions on f and h.
For this purpose, we need to show the ©-pullback asymptotically compact of ¢ from
L?(RY) to LP(RY) and H'(RY), respectively. First we recall some known results
in the literature.

Let u be a solution of problem (1.1)-(1.2). Given t € RT,7 € R and w € Q, the
cocycle in L2(RY) is defined as

o(t, T,w,ur) =u(t+ 7,7, 0_rw,ur). (6.1)

Then ¢ is continuous on L2(RY) over the MDS (€2, F,P, {0 }+cr) which is intro-
duced in the introduction.

For the universe of sets, we suppose that ® is a collection of all families of
tempered subsets of L?(RY), i.e.,

D ={D={D(r,w) : 7 € R,w € Q} : D is tempered in L?(R™)}. (6.2)

Then it is obvious that ® is inclusion closed.

Lemma 6.1. [31, Corollary 3.1] Suppose that (3.1)-(5.5), (3.10) and (3.11) hold.
Then the continuous cocycle ¢ of problem (1.1)-(1.2) has a closed measurable D -
pullback absorbing set K = {K(t,w): 7 € e R,w € Q} € D.

Lemma 6.2. [31, Lemma 3.6] Suppose that (3.1)-(3.5), (3.10) and (3.11) hold.
Then the continuous cocycle ¢ of problem (1.1)-(1.2) is ©-pullback asymptotically
compact in L*(RY).

Theorem 6.1. [31, Theorem 3.1] Suppose that (3.1)-(3.5), (3.10) and (3.11) hold.
Then the continuous cocycle @ of problem (1.1)-(1.2) admits a unique D-pullback
random attractor, which is characterized by, for each 7 € R and w € Q)

L2(RY)
A(T,w) = Ns>oUiss (¢, 7 — £, 0w, K (T — t,0_4w))

= {0(0,7,w) : o(., T, w)is a D — complete orbit of v}. (6.3)

Lemma 6.3. [38, Lemma 2.10] Suppose that ¢ is a random cocycle on X over
(Q,F, P, {V}+er) and further o(t,7,w,.) : X — Y is continuous for everyt > 0,7 €
R and w € Q. Assume that ¢ is D-pullback asymptotically compact in X. Then ¢
1s ©-pullback asymptotically compact from X toY, i.e., for each T € R,w € Q and
D €D, the sequence {@(tn, T — tn,V_t,w, Tn) 52, has a convergent subsequence in
Y whenever t,, — 0o and x, € D (7 — t,,0—¢, w).

We now address the ®-pullback asymptotical compactness of ¢ from L2(RY) to
LP(RNY N HY(RY).
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Lemma 6.4. Suppose that (3.1)-(3.5), (5.1), (3.10) and (3.11) hold. Then the
cocycle @ for problem (1.1)-(1.2) is ®-pullback asymptotically compact from L?(RY)
to LP(RN) 0 H'(RN).

Proof. By Theorem 4.1 (with k£ = 1) and Theorem 5.1, we know that (¢, 7, w,.) :
L2(RN) s LP(RV)N HY(RY) is continuous for every ¢t > 7 € R and w € Q. And by

Lemma 6.2 and Lemma 6.3, we get that ¢ is ®-pullback asymptotically compact
from L2(RY) to LP(RYN) N HY(RY). O

Remark 6.1. Assumption (5.1) is only need to obtain the ©-pullback asymptotical
compactness from L2(RY) to H(RY).

The following results are concerned with the existence of pullback attractor in
LP(RN) N HY(RYN). In particular, some new dynamics of problem (1.1)-(1.2) in
L°(RN) for arbitrary 6 > 2 are rigorously demonstrated.

Theorem 6.2. Suppose that (3.1)-(3.5), (3.10) and (3.11) hold. Then the D-
pullback random attractor A derive by Theorem 6.1 is also a (L?(RY), L2(RY) N
LP(RM))-pullback random attractor. Furthermore,

(i) A is attracting in the the space L° (RN), i.e., for every 7 € Ryw € Q and
De®

tll}’go diStL‘5 (90 (t7 T = t7 19—15(*-)7 D (T - ta ﬂ—tw)) aA(va)) = 07

for any § € [2,00).

(i) A is difference bounded in Lo (RN), i.e., for every T € R,w € €, there exists
a positive constant M = M (7,w) such that

sup |21 (7, w) — z2(7,w)lls < M(7,w).
z; EA(T,w),1=1,2

(i4i) o is translation absorbing in L°(RN), i.e., for every T € R,w € Q, there
exist positive constants T = T (1,w, D, 0) and M = M (7,w) such that for allt > T,

sSup ”50(75’7_ _taﬂftwvuo) - Q(O,T,UJ)H(; < M<va)7
woED(T—1t,9_w)

for every ©-complete orbit {o(.,7,w): 7T € R,w € Q} of p and D € D.

Proof. By Lemma 6.1, 6.2 and 6.4, along with Theorem 2.1, we know that A is
(L2(RYN), L2(RY) N LP(RY))-pullback random attractor. The measurability of A in
L*(RN) N LP(RY) is from [11, Theorem 19]. The properties (i)-(iii) can be proved
by a similar procedure as in [38, Theorem 7.1-7.2] and here we omit the proof. [

Theorem 6.3. Suppose that (3.1)-(3.5), (5.1), (3.10) and (3.11) hold. Then the
D-pullback random attractor A derive by Theorem 6.1 is also a (L*(RN), H'(RN))-
pullback random attractor.

Proof. The result is followed by Lemma 6.1, 6.2 and 6.4, along with Theorem 2.1.
O

7. Boxing counting dimension of attractors in L?(RY)
and H!(RY)

In this section, we investigate the boxing counting dimension (fractal dimension) of
A, which is based on the number of closed balls of a fixed radius € needed to cover
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A. Denote by N(A,¢) the minimum number of balls that cover A (the center of the
covering may not belong to A). Then we define

Definition 7.1. If A is a compact subset of X, the boxing counting dimension of
A, dim(A), is defined as

log N(A,e
dim(A) = limsuplog: N(A4,¢) = limsup log V(4,¢) )
€0 : e—0 —loge
This shows that the minimum number N(A4, &) ~ e~ 4m5(4) " For more informa-
tion on the boxing counting dimension, we refer to [4,22]. For the boxing counting
dimension in LP for p > 2, the authors in [19,35] derived the relation of dimension
between LP and L?, which gives that
_r
2(p—1)
In this paper, for the problem (1.1)-(1.2) we will find the optimal bound for the
dimension of attractor in LP(RY). Furthermore, we compare the H!(R" )-dimension
with L?(R™)-dimension of attractor.
We first present a lemma on the property of boxing counting dimension.

Lemma 7.1. [/, Lemma 4.2] Let (X,dx) and (Y,dy) be two metric spaces. If
¢ X = Y is Holder continuous with exponent (0 < 6 < 1), i.e., there exists a
constants ¢ > 0 such that,

dy (¢(21), $(22)) < cdx (w1, 22)",
for x1,xe € X with dx (z1,22) <1, then

dimy (¢(A)) < dimx (A)/6.

dimy2(A) < dimpe(A4) < (p— 1) dimy2(A). (7.1)

Then we have

Theorem 7.1. Let A be the pullback attractor defined by (6.3). Then for every
TER andw € Q,

(i) ﬁ dimp: (A(r,w)) < dimps (A(T,w)) < gdimLz (A(T — 1,9_1w)),
p—
(11) dimpz2(A(T,w)) < dimpg (A(T,w)) < (p — 1) dimz2(A(T — 1,9_1w)).
Proof. The first inequality of (¢) is followed from (7.1). We now check the second
part. By Theorem 4.1, we know that ¢ is %—Hélder continuous from L?(RY) to

LP(RY) for the solution to problem (1.1)-(1.2). Then replacing ¢t by 7, 7 — 1 by 7
and w by Y_jw we get for 7 € R and w € (),

HQO(I)T - 1,19_10.),331) - 90(177- - 1719—1W7$2)HP S CHxl - .132”%,
for every xy, x5 € L2(RY). Thus by Lemma 7.1, we get that for 7 € R and w € Q,
dimzs (p(1,7 — 1,9_ 1w, A(T — 1,9_1w))) < gdimLz (A(T — 1,9_1w)).

Consider that by the invariance, (p(t — 1,7 — t,%w, A(T — t,9_4w))) = A(T —
1,9_1w)). Then by the cocycle property, we immediately find that for every 7 € R
and w € Q,

dimps (A(1,w)) <

[V RS

dimL2 (A(T - ]., ’19,1(.0)).
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The first inequality of (i) is obvious. The second part can be analogously proved
by Theorem 5.1 and Lemma 7.1. O

Remark 7.1. In this paper, by proving the Holder continuity of solutions, we ob-
tained the regular dynamics of random reaction-diffusion driven by a multiplicative
noise with a general nonlinear multiple. This technique is applicable to some other
random partial differential equations driven by such type noise, such as the random
FitzHugh-Nagumo systems and p-Laplacian equations; moreover, we can invetigate
the high-order Wang-Zakai approximations in some regular spaces, which will be
the forthcoming work.
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