Guo et al. Journal of Inequalities and Applications (2016) 2016:228 ® Journal of Inequalities and Applications

DOI 10.1186/513660-016-1166-1

a SpringerOpen Journal

RESEARCH Open Access

CrossMark

Dynamical behaviors of stochastic local
Swift-Hohenberg equation on unbounded

domain

CX Guo', YY Chen' and YF Guo*”

“Correspondence:
guoyan_feng@163.com

2School of Science, Guangxi
University of Science and
Technology, Liuzhou, Guangxi
545006, China

Full list of author information is
available at the end of the article

@ Springer

Abstract

In this paper, we first study the deterministic Swift-Hohenberg equation on

a bounded domain. After obtaining some a priori estimates by the uniform Gronwall
inequality, we prove the existence of an attractor by the Sobolev compact
embeddings. Then, we consider the stochastic Swift-Hohenberg equation driven by
additive noise on an unbounded domain and prove that the random dynamical
system is asymptotically compact by uniform a priori estimates for the far-field values
of the solution, which implies the existence of a random attractor for the random
dynamical system associated with the stochastic Swift-Hohenberg equation.
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1 Introduction

The Swift-Hohenberg (SH) equation describes the pattern formation in fluid layers con-
fined between horizontal well-conducting boundaries, which was proposed by Swift and
Hohenberg [1] as a model for the convective instability in the Rayleigh-Bénard convection.

The localized one-dimensional version of the model is as follows:

uy = s — (1 + 3y) s — 5. (1.1)

There have been some results for the local one-dimensional SH equation [2—5]. The Swift-
Hohenberg equation has featured in different branches of physics, ranging from hydrody-
namics to nonlinear optics, such as the Taylor-Couette flow [6, 7], study of lasers [8], and
so on. The dynamical properties of the Swift-Hohenberg equation, such as the existence
of a global attractor, are important for the studies of pattern formation, which ensure the
stability of pattern formation and provide a mathematical foundation for the study of pat-
tern dynamics. The authors considered the asymptotic dynamical difference between the
nonlocal and local Swift-Hohenberg models in [9]. Recently, the global attractor, the sta-
bility of stationary solution, and pattern selections of the modified local Swift-Hohenberg
equation have been investigated; see the references [10, 11].
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After consulting the literature, we have found that there are few results about the exis-
tence of a global attractor for the local Swift-Hohenberg equation. Therefore, the existence
of a global attractor for the local Swift-Hohenberg equation on a bounded domain will be
given in Section 4.

In fact, when the distance from the change of stability is sufficiently small, or Rayleigh
number is near thermal equilibrium, the influence of small noise or molecular noise is
detected in various convection experiments [12—14]. It is difficult to stabilize the control
parameters (e.g. temperature in the Rayleigh-Bénard convection) to the precision of the
noise strength, which is extremely small in the case of thermal fluctuations. When the
effects of thermal fluctuations on the onset of convective motion into the Bénard system
are considered, the local stochastic Swift-Hohenberg equation with additive noise [1] is
proposed:

up = it — (1 + 0y)’u — 1 + 0. (1.2)

Furthermore, it is also allowed to consider the effects of small possible noise from p. So a
local stochastic Swift-Hohenberg equation with multiplicative noise [15] arises:

uy=pu— 1+ 0w u—u+ouck, (1.3)

where 0 >0, and & = ”ii—vf is the generalized derivative of a real-valued one-dimensional
Brownian motion W(¢).

There are few results on the dynamical behavior of the stochastic Swift-Hohenberg
equation. Recently, some authors [16] proved the dynamics and invariant manifolds for a
nonlocal stochastic Swift-Hohenberg equation. Here, the existence of a global random at-
tractor for the stochastic Swift-Hohenberg equation with additive noise on an unbounded
domain is considered. This is the main motivation of this paper. The Sobolev embeddings
are no longer compact on unbounded domains. In order to overcome this difficulty, we
use the method developed in [17] to prove the existence of a random attractor in the en-
tire space. Specifically, the stochastic equation is transformed into the corresponding de-
terministic equation with random parameter by making use of the Ornstein-Uhlenbeck
transform, and the asymptotic compactness of the random dynamical system is proved
by using uniform a priori estimates for the far-field values of the solution via a truncation
function.

Remark 1.1 For bounded case, “a” can be an arbitrary constant. After obtaining some a
priori estimates of the solution, we can prove the existence of a global attractor by applying
the compact Sobolev embeddings. In the case of unbounded domain, since the Sobolev
inequality ||| ;2 < C|lul| ;4 is invalid, we need the additional condition a > 5 to prove the

existence of a random attractor using the current method.

In this paper, we consider the two-dimensional stochastic Swift-Hohenberg equation

with additive noise

du+ (A%u +2Au + au + u®) dt = d(x)do(t), teR, (1.4)
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with initial condition
u(x, 0) =Up (x), (1.5)

The paper is organized as follows. In Section 2, we recall some definitions and known re-
sults concerning global random attractors. In Section 3, we introduce the O-U transformer
and transform (1.4)-(1.5) into a continuous stochastic dynamical system. In Section 4, we
prove the existence of a global attractor for the corresponding deterministic dynamical
system on an bounded domain. In Section 5, we obtain some uniform a priori estimates
for the far-field values of the solution by the technique of a cut-off function. In Section 6,
we prove the asymptotic compactness of the random dynamical system and thus deduce
the existence of a global random attractor for the stochastic Swift-Hohenberg equation.

2 Preliminaries

We recall some basic concepts related to random attractors. Let (X, || - ||x) be a separable
Hilbert space with Borel o -algebra 4(X) endowed with the distance d, and let (2, F,P)
be a probability space. We also consider the mappings S(¢,s;0) : X — X, —00 < s <t < 00,
parameterized by w. There exists a group 6y, t € R, of measure-preserving transformations
of (R, F,P) such that, forall s < £ and x € X,

S(t,s;w)x = S(t —s,0;0,w)x, P-a.e.,

where w(f) is from the two-sided Wiener space Cy(R;X) of continuous functions with
values in a Banach space X, equal to 0 at £ = 0. In this case, 6; is defined as

(Bsw)(s) = w(t +s) —w(t), s,teR.
Definition 2.1 Lett € R and w € Q. A stochastic dynamical system with time ¢ on a com-
plete separable metric space (X, d) with Borel o -algebra % over {6;} on (22, F,P) is a mea-
surable map

Slt,s;w): X — X, —-00<s<t<oo

such that S(0,0; ) = id and S(¢,0; w) = S(¢, s;w)S(s,0; w) for all £,s € R and all w € Q.

Definition 2.2 Given ¢ € R and w € Q, K(t,w) C X is called an attracting set if for all
bounded sets B C X,

d(S(t,s;0)B,K(t,0)) - 0, s— —00,
where d(A, B) is the semidistance defined by

d(A,B) = supinfd(x,y).
xeA YEB

Definition 2.3 A family A(w) (w € R2) of the closed subsets of X is measurable if for all
x € X, the mapping w — d(A(w),x) is measurable.
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Definition 2.4 Define the random omega limit set of a bounded set B C X at time ¢ as

A(B,t;w) = m U S(t,s;w)B.

T<t s<T

Definition 2.5 Let S(t,s;w):>s0ecq be a stochastic dynamical system, and let A(w) be a
stochastic set satisfying the following conditions:
(1) Itis the minimal closed set such that, for £t € R and B C X,

d(S(t,5,0)B,A(w)) > 0, s— —o0.

Then A(w) is said to attract B (B is a deterministic set).

(2) A(w) is the largest compact measurable set that is invariant in sense that
S(t,s; w)A(O;w) = A(Byw), s<t.
Then A(w) is said to be the random attractor.

Theorem 2.6 (see [18,19]) Let S(t,$; w)>swes e a stochastic dynamical system satisfying
the following conditions:
(i) St r;w)S(r,s;w)x=S(t,s;w)x foralls <r<tandxe X,
(i) S(¢,s w) is continuous in X for all s <t,
(iii) forall s <t and x € X, the mapping o — S(t,s; w)x is measurable from (R, F) to
X, B(X)),
(iv) forallt e R,x € X, and P-a.e. w, the mapping s+ S(t,s; w)x is right continuous at
any point.

Assume that there exists a group 0, t € R, of measure-preserving mappings such that
S(t,s;w)x = S(t —s,0;0,w)x, P-a.e.

and for P-a.e. w € Q, there exists a compact attracting set K(w) at time 0. We set A(w) =
U scx A(B, ), where the union is taken over all bounded subsets of X, and A(B, w) is given

by

A(B,0; ) = ﬂ US(O,S; w)B.

T<0s<T

Then A(w) is a random attractor.

Theorem 2.7 (Uniform Gronwall lemma; see [20]) Let g, h,y be three positive locally in-
tegrable functions on (ty, 00) satisfying

Y (t)<gy+h fort=>t,

t+r t+r t+r
/ gls)ds <ay, / h(s)ds < a,, / y(s)ds <as forallt> 1,
t t t
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where r,ay,ay, a3 are positive constants. Then

y(E+r) < (@ + a2> exp(a1) forallt>t.
r

For the convenience of the following contents, we introduce some functional spaces and
some notations.

L1(D) is the Lebesgue space with norm || - ||;¢. The inner product on L2(D) is denoted
by

(.9 = /D feds.

Particularly, ||lu||z = esssup,.p |u(x)| for g = co.

H? (D) is the Sobolev space {u € L*(D), Du € L*(D),k < o'} with norm | - ||zo. If D = R?,
then we use the same notations. In particular, H3 (D) is the Sobolev space {u € L*(D), Dfu e
L2(D), k <2, Aulyp = 0}

%€ (I, X) is the space of continuous functions from the interval I to X.

For notational simplicity, C is a generic constant and may assume various values from

line to line.

3 The hydrodynamical equation with additive noise
Here we show that there is a continuous random dynamical system (S(t, s; w); L*(R?)) gen-

erated by the stochastic local Swift-Hohenberg equation on R?

du+ (A% +2Au + au + u) dt = Z &, (x) do;(t) (3.1)

i=1

with the initial condition
u(x, s) = us(x), (3.2)

where ®;(x) is a given smooth enough function on R%. We need to convert the stochastic
equation with random additive term into a deterministic equation with random parame-
ter.

Now, we introduce the Ornstein-Uhlenbeck process

t
zi(t) = / e ) day(s),

oe]

where A = A? is a positive operator. It is well known and easy to check that z;(-) is a sta-
tionary process with IP-a.e. continuous trajectories.
Putting z(¢) = >_/"; ®;(x)zi(¢), we have

m
dz + N’zdt = Z D;(x) dw;(t).

i=1
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In addition, for P-a.e. w € 2, we have that
S (@] + z)]) (3.3)

i=1

at most polynomically grows as t — —o0o, where p > 2 (see [17]).
To study (3.1)-(3.2), it is usual to translate the known v = i — z (z has the above form)

and obtain the following equation:

3

dv 2 3 2 2
EJFA Vv+2AVv+2Az+av+az+ v’ +z° +3vz+3vz° =0, (3.4)

v(s, w) = vs = ug — z(s, w). (3.5)
By the Galerkin method one can show that, for all vy € L?(R?), system (3.4)-(3.5) has a
unique solution v € €'(s, T; L2(R%)) N L2(s, T; H?(R?)) with v(s) = v, for P-a.e. w € Q. It is

obvious that there is a continuous stochastic dynamical system (S(z, s; w); L2(R?)) generated
by the stochastic local Swift-Hohenberg equation with additive noise.

4 Global attractor on a bounded domain
For completeness, we first consider the following initial-boundary value problem for the
deterministic local Swift-Hohenberg equation on a bounded domain:

e+ A2u+2Au+au+u’=0, xeD,teR", (4.1)
with initial condition

u(x,0) = ug(x), x€D, (4.2)
and boundary conditions

ulyp = Aulygp =0, xe€adb, (4.3)

where D is an open connected bounded domain in R?, and 4 is an arbitrary constant.

Theorem 4.1 For any u(x) € H3(D), there exists a unique, globally defined solution
V(t)uo = o (uo, t) in H3(D) of system (4.1)-(4.3), and V (¢) is a semigroup on H3(D). More-
over, the semigroup is point dissipative in H3(D) and compact in H2(D) for t > 0. Hence,
system (4.1)-(4.3) has a global attractor in H3(D).

Proof (1) Taking the inner product of (4.1) with « in H, we can obtain that

1d 2
QEHM(t)HLz + | AullZ, = 20 Vullz, +allullzs + llulljs = 0. (4.4)

Adding the term ||u(z) ||i2 to the above equation, we have

1d
5 g 1O + @) |2 + 18wy + laels = (a+ Dl + 20Vl (4.5)
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For the first term on the right-hand side of (4.5), using the inequality ||u||;2 < C||u||;4 and
&-Young inequality, we can easily deduce that

1
(=a+Dllul = C(lal + 1) s < Slulljs + C.
For the second term on the right-hand side of (4.5), we have the estimate

4 2
) 4 2
IVl < Cllull 4l Aullf,

where we applied the Gagliardo-Nirenberg inequality
2 1
IVull2 < Cllull sl Aull

and the e-Young inequality.

Combining the above consequences, we get the inequality

d

ZNu@ |z +2[u@)] 2 + 12ul} < C. (4.6)
By the Gronwall inequality, we have

|2, < e |u©)|2 + C. (4.7)

Now we integrate with respect to s from ¢ to ¢ + 1 on the both sides of (4.6) and deduce
that

t+1
Jute + D, + f | Au(s)|%ds < C + |u@®)]
t

By (4.7) we have

t+1 9
/ | Auts)| ds < C.
t

(2) Taking the inner product of (4.1) with A%y in H, we have

1d
5 718 13 + | A2u|3, + 2(Au, A%) + allAul?, + (4®, A%) = 0. (4.8)
Using the Holder inequality and e-Young inequality, we then easily obtain
2
2|(Au, A%u)| < 2| Aullp2 | A%u],, < §|| A, + g||Au||§2. (4.9)

For the estimate of (13, A%u), by the Gagliardo-Nirenberg inequality

5 1
lulizs < Cllul | A2 5y,
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5 3
5 3 2

(02, %) = Tl | A% = Chats 4%}, < e a2l + . (410

where the last inequality is owing to the boundedness of ||u||;2.
Plugging (4.9)-(4.10) into (4.8) yields
L) Au@) | + 2] A2 + 24l Auls < 4| (A, A2)| +2| (2, A2
S AuO 5 + 2] A% 1, + 2al Ay = 4[(Aw, A%u)| + 2|, A7)
2 2 4 2
<3e| A%u;, + ZlAullp, + C,

Letting € = %, we can easily write it as

d 2 )

= |Au@)|;, + 2a-6)llAul}, < C. (4.11)
By (4.10) and Theorem 2.7 we get that

t+1 t+1 t+1
/ g(s)ds:/ (2a —6)ds =2a -6, / Cds=C,
t t t
t+1 9

/ | Au(s)|, ds < C.

t
Then

|Au+ D)}, < C. (4.12)

Hence, (4.12) provides a uniform bound for ||Au(t + 1)||;2. Thus, the existence of an ab-
sorbing ball in the H3(D) is proved. This implies that V(¢) is point dissipative in H3(D).
Similarly to [10], we can obtain that V(¢) is compact for ¢ > O; for details, we refer to Theo-
rem 3.2 in [10]. Hence, Theorem 4.1 implies the existence of a global attractor for problem
(4.1)-(4.3) in the space H3 (D). O

5 Uniform estimates on an unbounded domain

In this section, we derive uniform estimates of a solution for system (3.4)-(3.5) on R? for
the purpose of proving the existence of a bounded random absorbing set and the asymp-
totic compactness of the stochastic dynamical system associated with the equation. In
particular, we show that the tails of the solution, that is, the norms of solutions evaluated
at large values of |x|, are uniformly small as t — 0.

Lemma 5.1 Let ®;(x) € H*(R?), a > 5, v(t) be the solution of system (3.4)-(3.5). Then, for
any given 1 > 0 and u; € H satisfying ||\us|| < n, there exist random radii ro(w), r1(w), r2(w)
and so(w) < -1 such that for all s < so(w), the following inequalities hold P-a.e.:

IP<rmw),  [u@)] <now),

[v@)

0
[ Nano e = o,

Page 8 of 19
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Proof Taking the inner product of (3.4) with v(¢) in H, we can obtain that

1d
2 ||V(t) ||i2 + ||Av||iz +2(Av,v) + Az v) + a||v||%2 +a(z,v)
+vlifs + (2% v) + (3v°2,v) + (3v2*,v) = 0. (5.1)

Applying the Holder inequality and e-Young inequality, we have
2(Av,v)| <2||A < Xiaviz, +
2(av,v)| < 2]l AVl vl < 2 1AvIE + 4Ivilz.
Utilizing similar arguments, the following three estimates are also valid:
Lo 2
(2Az,v)| <2[| Azl |IVll2 < gIIVIILz + Cll Azl 2,
1
|azv)| < allzll2 vl < S VI + Clizig,
and
’ 3 | < 113 < Lo Clizll
(@v)] < lzl5s vl < 3lIVIlz2 + Clizll 6.
For the last term on the left-hand side of (5.1), applying the Gagliardo-Nirenberg inequality
8 1
Vs < Clivii AV,

the Holder inequality, and e-Young inequality, we obtain that

|(3v22,v)| <3IvIijs Izl 2

g 1
= ClvialAvi izl

Because (3vz%,v) = 3 [, v22* > 0, we drop (3vz?,v) on the left-hand side of (5.1).
Combining the above estimates, we obtain the inequality

2 2 2 4
VIl + 1 AVIE + 2(a=5)Ivlip + VIl

2 2 6 6
= CllAz|l}2 + Clizllz2 + Clizll s + Clizll>-

Let F(¢) = C(|Az]%, + [12I1% + 12015 + |z]1%,). Then

d
VOl +2@-5)[vo)] . + 1 AvIE < F(). (5.2)
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By the Gronwall inequality for s < -1 and ¢ € [-1, 0] we have
2 2 !
P O R e
s

0
< gAla-5)(s+1) ”v(s) HEQ +/ F(o)e? @26 g (5.3)
o0

where F(o) grows at most polynomially as 0 — —oo P-a.e. Because F(o) is multiplied by
a function that decays exponentially, the integral in (5.3) converges. Then, given n > 0, we

can choose so(w) < -1 depending only on w such that
e p? <1, Vso(w) < -1.

We can deduce from (5.3) that, for all s < s¢(w),

0
”v(t) ||i2 <ro(w) = 2 (1 + sup 62(“_5)5”2(3) HZ) + / F(0)e? @6 4o
s<-1

Similarly, because z(s) grows at polynomially as s — —oo and z(s) is multiplied by a func-

tion that decays exponentially, the term

sup g2a5)s Hz(s) || 2
s<-1

is bounded. Now we integrate with respect to ¢ from —1 to 0 on the both sides of (5.2) and
deduce that

0 0
/ lavo)|?, at < f F(@)dt + ro(o) = ra().
-1 -1
On the other hand, we can obtain
@2 = 2002 + 220 12 = 2r0@) + 2 sup 20

The proof is complete. d

Lemma 5.2 Let ®;(x) € H*(R?), a > 5, v(t) be the solution of system (3.4)-(3.5). Then, for
any given n > 0 and ug € H satisfying ||u;|| < n, there exist random radii r3(®), r4(w), rs(®)

such that the following inequalities hold P-a.e.:

0
/ e () |2, dt < r3(w),
-0

0
/ &I Av(a) |2, dt < ra(w),

0
/ el ”V(‘L')”; dr < rs;(w).
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Proof Integrating from s (s < —1) to 0 on the both sides of (5.2), we have

0 0
OV}, + @=5) [ e oo+ [ (w4 o)l ) de
N S
0
5/ e(“_S)’F(r)dt+e(“_5)s”v(s)”i2. (5.4)

For the first term of the right-hand side of (5.4), since F(t) grows at most polynomially
as T — —oo [P-a.e., and it is multiplied by a function that decays exponentially, the integral
in (5.4) converges. Then, for the second term of the right-hand side of (5.4), there exists a
s2(w) < s1(w) satisfying

- 2 -
e(a S)S”V(S)”Lz < e(a 5)sn2 <1
The proof is complete. 0

Lemma 5.3 Let ®;(x) € H*(R?), a > 5, v(t) be the solution of system (3.4)-(3.5).Then, for
any given n > 0 and u; € H satisfying || us|| < n, there exist random radii r¢(w), r7(w), and
so(w) < =1 such that for all s < so(w), the following inequality holds P-a.e.:

|ave)|* <rel@),  |Au®]’ < (@), tel-1,0]

Proof Taking the inner product of (3.4) with A2y in H, we can obtain
1d
2dt

+ (VS, A2V) + (zg, sz) + (szz, sz) + (31/22, AZV) =0. (5.5)

H Av(t)Hi2 + || szHiz + (2Av, sz) + (2Az, sz) + a||Av||iz + a(z, sz)

Applying the Hélder inequality and e-Young equality, we have
1
|24y, A%)| <2(|Av]2 | A%, < 1 | A2, + 4l Avi,.
It can easily be shown that
1
(282, 8%)| <20l Azl [ A%] o < £ AN}, + CllAzI.
For the estimate of a(z, A?v), it is evident that
1
la(z, a%)| < alizl 2 [ 4% < £ A% + Cllzll2,.
According to the Gagliardo-Nirenberg inequality
9 1 5
Wlizs < Cl A S IvIS,

the Holder inequality, and e-Young inequality, we deduce that

3 5 1
(2, 8%)] < Ve | a%v] 2 < Cla?v] L lvis < g la%v] 5 + €
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where the last inequality is owing to the boundedness of ||v| ;2. It is obvious that

1
| 8%)] < lelifs| 4] 2 < g1 A% ]2 + Cllelfs.
By the Gagliardo-Nirenberg inequality
7ok
Wl < Clivils, | %] 5,

Holder inequality, and e-Young inequality, we have the estimate

(8%, A%v)| < BlvI7allzll~ | A%V 2
5 7
< C||A%| sVl Szl e

1 8
< gl ol + Clall,

where the last inequality is owing to the boundedness of ||v| ;2.

On account of the boundedness of ||v()| 12, it is easy to check that
|(3v2*, A%v)| < 3|Vli2 Izl | A%V 2 < l|| A2, + Cllzll
) = 12 Loo 2 = 8 12 L
Combining the above estimates, we obtain the inequality

d 2 8
p | Av(®)| )2 + (2a—8) AV}, < CllAzll7, + Clizl + Clizllj + Clizllf~ + Clizll32 + C.

8
Let G(¢) = C(||Azl|2, + [|2[1% + ll2ll f + l12ll7o0 + [121|2,), which grows at most polynomially
as t - —oo P-a.e. Then

d
= |av®)|?, <8llaviZ + G@) + C.
Integrating from 6 to ¢ for any -1 <6 <t <0, we have
t
| a0, < e84 | a2, + / (G(x) + C)eli 347 g
0

0
< (”AV(Q)”E2 +/ (G(‘L’) + C) dt)eﬁlw". (5.6)
-1

Now integrating with respect to 6 on [-1,0] on both sides of (5.6), as Lemma 5.1, satisfies

for all s < sy(w), there exists so(w) such that, for all s < so(w),

0 0
[avo)|%, < ( ] Javo, + / (60)+C) dr)es

0
< r(w) + G(r) + Q) dt |)e® = rg(w). (5.7)
| (6m+c)

1
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On the other hand, we can obtain

|au@®)|}, <2 avd)]}, + 2] Az(t)]| > < 2r6(w) + 2 sup | Az(D)|* = ().
-l=t=<

The proof is complete. 0

Lemma 5.4 Let ®;(x) € H*(R?),a > 5,71 > 0 be given, and u; € H satisfy ||us|| < n. Then, for
every € >0 and P-a.e. w € Q, there exist §(w) < -1 and k(€) > 0 such that, for all s < 5(w)
and k > k(e), the solution v(t) of system (3.4)-(3.5) with v, = us — z(s) satisfies

/ |V(t)|2dx§e.
x| >k

Proof Let 0(s) be a smooth function defined on R* such that 0 < 6(s) <1foralls € R* and
0(s)=0 (0<s<l) 0(s)=1 (s>2).

Then there exists a positive constant C such that |6'(s)| + |0”(s)| < C for all s € R*.
Multiplying (3.4) with 6(55 Lk )v and then integrating the resulting identity, we find

1 d 2 2
EE/ (m )l VI d / (| 7 )VAZW
2 9 x |2 Avdx +2 9 d |2 Azd.
+ vl vAvdx + 53 vAzdx
x| x| 112\ 4
+a/ 9<k2 )v dx+a /29<F vzdx+/RZ€ = vidx
+/ 0 x| vz dx+3/ ] 2 Vzdx+3/ 0 @ vietdx = 0. (5.8)
R2 2 R2 2 2 k2

For the estimate of f R2 'xl A%y dx,

f9||2VA2d—/A9@VAde
R2 k2 R2 k2
—/ A6 @ 2V|6 % Vv+6 @ Av |Avd.
= . 2 V+ 2 v+ 2 14 vax
[ (P8 [ 12
+/9|x|2 VAd+/9||2|A|dx. (5.9)
R? k2 R2 k2

For the first term on the right-hand side of (5.9), we have

2 2 4. 2
o' (%)/7* Avdx <c/k fkk%wnmdx
R2 <|x|<+2

[vl| Av| dx

e
k2 Ji<ixi<va



Guo et al. Journal of Inequalities and Applications (2016) 2016:228 Page 14 of 19

_,2f vl Av] da

=2 (||V||L2 + 1 AvIZ,). (5.10)

Similarly, for the second and third terms on the right-hand side of (5.9), we have

|x|? C
fR o' (F)ﬁ Avdx <—/ [v||Av|dx < ﬁ(||v||i2+ IAV]I2,) (5.11)
and

/ o' ('xf) ZUvAvdx <C/ 2901 avl

R? k k k<|x|<+2k k
<— IVV||Av|dx

k k<|x|</2k

< S(IvI, + 1avi2,) (512)
= k LZ L2 . .

Substituting estimates (5.10)-(5.12), it follows that

||2 2 C |x|2 2
(T vz~ L (W + IV +Iaviz) + [ o B )iavia
R R

By the Holder inequality and e-Young inequality we have

[ o= ([ (o) ([ o5 o)
o e oo

A

Similarly, we get

2
0 ( ilz )vAzdx

|x|2)
9( vAzdx
/pczk S
: xf? :

< (/ |Az|2dx> (/ 92(—2>V2dx)

vl >k W=k \ K

| |2

<2 0 |V| dx+C||AZ||L2

R2
<2f 0 @ WP da + Cllelf
= o k2 1% X + z H2?

where the second inequality is owing to the boundedness of function 6.
For the estimate of [, 6 2 (| )vzdx, we obtain

0 |x dx p || d
k2 vz ok kz vzax
3 2 3
f(/ wra) (o (%))
Il >k W=k \ K2
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x|
f2e<k [v2dx + Cllz||?
R

1

2

1 Ll 2 2
< E /1;29<?)|V| dx + C”Z”HZ

For the estimate of [, 6 (| o )vZ dx, we get

1 1
/ 9(' lz)vz dx| < (/ |z|6dx)2(/ 0 <|x|2> dx>2
R\ K lal=k Wik \ K
1 %[> 2 3
< Z/Rz@( 2 )|V| dx + C|z||

1 %[> 2 3
< 5/R29<F>M dx + Clizll7p2-

For the estimate of f I 'xl W3z dx, we have

Lo ea- (L)) ) ([24)

(L)) ) ([0

(/ (5 (o)
(' '2>v dx+ Cllzllfy

| I2 4
vidx + Cllzll -

Because [, 0 (| i )v*2* dx > 0, we drop it on the left-hand side of (5.8).

From the above estimates we can obtain the inequality

d x> 24 Jxl* R
7 R26‘<k2>| |°d. /29 |AV|* dx + (a - 5)/1;29 B |v|” dx

C
< Z(nvné + V2 + 1AVIZ) + C(l2IE, + 1212, + l12ll}2)- (5.13)

IA

IA

By the Gronwall inequality for s < -1 and ¢ € [-1,0] we have

2
./1;2 9(%) ’V(t)|2dx
_ (Y(a=5)do |9C|2 2
< Jsa54d /R29<k—2>|v(s){ dx

b C
+ / e Ji 5>d“[;(||v||§z +IVVIZ + Av2,)
S

2 3 4
+ C(lzllp + lzl7 + ||Z||H2)i| dt
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0
_ 2 5 C _
<D y(s) [ + el 57 / eI (IvlZ, + IVIZ + [ AVIE,) de

0
4 eeSC / I (12112, + 12l + l12]%,) dr. (5.14)
—00

For the first term of the right-hand side of (5.14), there exists s;(w) such that, for all s <
s1(w), e@26+) decays exponentially as s — —oo. Then there exists 5 < s, (w) such that, for

all s <5, we have

a-5)(s+D) ”V(s) ”2 < (5.15)

€
3
For the second term of the right-hand side of (5.14), by the Gagliardo-Nirenberg inequality

and e-Young inequality we have

4 2
Vv <ClIVIZ AV,
L L L

4
=Clvli;s + 1AVl

<C(IVlizs + I1AVIZ, +1).

According to Lemma 5.2, there exists k; > 0 such that, for all k > k;, we have

, (5.16)

W] m

5C [° .
e S)Zf eI (vl + VI + | AVIZ +1) dr <
-0

It follows from (5.15)-(5.16) that

—00

x| 2 2 s [0 (s 3 4
O VO dx < S+ e0C | (2l + lzlle + lzle)
R

Let E(¢) = C(||Z|If{2 + ||Z||;’{2 + ||z||f{2)‘ When k is large enough, we have

0
e“®c / eI (lzl2, + llzl30 + l2llE,) dT <

o]

W m

because E(t) = C(l|z[|2, + [12II3 + Izl ) < € Xty (1zl® + |zx|® + |2c|*) when |x| > k and
Y it (zkl? + |z |? + |z«|*) grows at most polynomially.

Then we can obtain that, for € > 0, there exist 5,k = max{ki, k»} such that, for all s <3
and k > k,

2
/ ‘v(t)|2dx§/ 8(';:—'2>|V(t)‘2dx§e, te[-1,0]. 0
x>k R?

Lemma5.5 Let ®;(x) € H*(R?),a > 5,1 > 0 be given, and u, € H satisfy ||us| < n. Then, for
every € >0 and P-a.e. w € Q, there exist s'(w) < -1 and k'(€) > 0 such that, for all s < s'(w)
and k > k' (€), the solution u(t) satisfies the inequality

/ lu@*dx<e, te[-1,0].
x| >k
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Proof Since z(t) € H?, we have
2 €
f lz(t)| dx < =, te[-1,0]. (5.17)
w2k 4
By Lemma 5.4 we know that

/ k|v(t)|2dx§ 2, t e [-1,0]. (5.18)

Let S(w) and k be the constants in Lemma 5.1. Then choosing ' > 5 and k' > k, for all
s<s,k>Kk,by(5.17) and (5.18) we have

/ |u(t)yzdx=/ |v(®) +2(¢)| dx
x| >k Jx[>k

52/ |v(t)|2dx+2/ |2(0)|” dx
x>k |x|>k

<e, te[-1,0]. O

6 Random attractors
Motivated by these previous works, in this section, we are interested in the existence of a
random attractor for the random dynamical system S(¢, s; ) associated with the stochastic

Swift-Hohenberg equation on R2.

Lemma 6.1 Assume that ®;(x) € H>(R?). Then the random dynamical system S(t,s;w) is
asymptotically compact in L*(R*); that is, for P-a.e. w € Q, the sequence u(0,s,;w) has a
convergent subsequence in L*>(R?), provided that s, — —oo.

Proof Lets, — —oo. Then by Lemma 5.1, for P-a.e. w € 2, we obtain
{u(O,s,,; a))}z1 is bounded in L? (RZ).
Hence, there is £ € L?(R?) such that, up to a subsequence,
w(0,8,;0) > &  weakly in L*(R?) as s, — —00. (6.1)

Next, we prove that the weak convergence of (6.1) is in fact the strong convergence.
Given € > 0, by Lemma 5.5 there are T1(n, »,€) and k(w, €) such that, for all s < 77, we
have

/ |u(0,5;0)| dx < (6.2)
%=k

€
3
Since s, — —00, there is N;(n, w, €, ) such that s, < Nj for every n > Nj. Therefore, it follows
from (6.2) that, for all # > Nj, we have

(6.3)

/ |u(0,sn;w)|2dx§ S.
|k 3
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On the other hand, by Lemma 5.3 there are T5(n, w) and r(w) such that, for all s < 75, we
have

400,55.0) 1222, < 7(@). (6.4)

Denote Qg = {x € R? : |x| < R}. By the compactness of embedding H2(Qr) — L*(Qz) it
follows from (6.4) that there is a subsequence

u(0,s,;w) — & strongly in L?(Qg) as s, — —00, (6.5)
which shows that, for given € > 0, there exists N,(n, w, €) such that, for all n > N>,
” M(OJ Sus C()) - E ||L2(QR) E

Note that & € L2(R?), so there exists R'(¢) > R such that

€
JICIES (66
x| =R’
and
. 2 < 6

” M(O; Sns CU) - E ”LZ(QR’) = g (67)
Let N3 = max{Nj, N>}. By (6.3), (6.6), and (6.7) we find that, for all # > N3, we have

”M(O’Sn;a))_SHEZ(RZ) f / |M(0)Sn;w)_§|2dx+/ |u(0,s,,;w)—$|2dx,

x| >R’ [x| <R
<e€, (6.8)

which shows that

u(0,5,;w) — & strongly in L2 (Rz) as s, — —0Q, (6.9)
as desired. The proof is complete. d

We are now in a position to present our main result, the existence of a random attractor
for S(t,s; w) in L?(R?).

Theorem 6.2 Let ®(x) € H>(R?) and a > 5. Then the random dynamical system S(t,s; w)
has a unique random attractor in L*(R?).

Proof Notice that S(t,s;w) has a closed random absorbing set in H*(R?) by Lemmas 5.1
and 5.3 and is asymptotically compact in L2(R?) by Lemma 6.1. Hence, the existence of a
unique random attractor for S(¢,s; w) follows from Theorem 2.6 immediately. O
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