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Abstract

The current paper is devoted to the dynamics of a stochastic modified Boussinesq
approximate equation driven by fractional Brownian motion with H € (%, 1). Based on
the different diffusion operators A% and —A in the stochastic system, we combine
two types of operators ®; =/ and a Hilbert-Schmidt operator ®, to guarantee the
convergence of the corresponding Wiener-type stochastic integrals. Then the
existence and regularity of the stochastic convolution for the corresponding additive
linear stochastic equation can be shown. By the Banach modified fixed point theorem
in the selected intersection space, the existence and unigueness of the global mild
solution are obtained. Finally, the existence of a random attractor for the random
dynamical system generated by the mild solution for the modified Boussinesq
approximation equation is also established.
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1 Introduction

The modified Boussinesq approximation equation is a reasonable model to describe the
essential phenomena of the highly viscous incompressible fluid in the Earth’s mantle. We
refer to Hills and Roberts [1] and Padula [2] for a derivation of the following Boussinesq
approximation equation:

ur+u-Vu—-V-t(e(u) = -V +f(x) + 20,
0; + (u- V)0 — AO = g(x),

(1.1)

where the vector function u represents the velocity of the fluid, 6 is the scalar temperature,
function f(x) and g(x) are periodic external forces with respect to space variable x, the
vector e; = (0,1) is a unit vector in R?, the scalar function  is the pressure and 7;(e(u)) is
a symmetric stress tensor with the following form:

p-2

ti(e(w) = 2uo (€ + lel*) * e -2 ley,  €>0,i,j=1,2,
3G 5l et =S le:
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where 1o and p; are positive constants. There are many papers concerning the existence
and uniqueness of the solution, attractors, and manifold for the modified Boussinesq ap-
proximation equation. We refer to [3—6] for the deterministic non-Newtonian flow (in
the absence of 8). The well-posedness and long-time behavior of the modified Boussinesq

approximation equation can be referred to [7].

The fractional Brownian motion (FBM) is a family of Gaussian process which is indexed
by the Hurst parameter H € (0,1). For H # %, the FBM is not a semi-martingale and the in-
crements of the process are not independent. The application of the classical Itd stochastic
integral to FBM fails. The stochastic integral of FBM has been studied in many papers (see
[8-10] and the references therein). Due to the properties of FBM such as the self similar
and long range dependence, the data in the fields like financial markets, traffic networks,
and climate systems can be described suitably by FBM. In [11], the equilibrium fluctuation
of the distance between an electron transfer donor and acceptor pair within a protein that
spans a broad range of time scales can be explained by the generalized Langevin equation
driven by fractional Gaussian noise. This result is in excellent agreement with a single-
molecule experiment. So it is worth to study the well-posedness and long-time behavior
of the stochastic partial differential equation (SPDE) driven by FBM. We also refer to [9,
10, 12-14] for the well-posedness and dynamics of the stochastic PDE driven by FBM.

Recently, Guo [15] showed the existence of a random attractor for the stochastic Boussi-

nesq approximation equation driven by Gaussian white noise in domain D = [0, L] x [0, L]:

du+(u-Vu-V -1(e(n)) + Vrr)dt
= (f(x) + ex0) dt + 1(£)dW(t), xe€D,t>0,
do; + (u- V)0 — AB) dt = g(x)dt + Oo(t)dW(¢), x€D,t>0,
V-ulx,t)=0, xe€D,t>0,
u(x, 0) = ugy(x), 0(x,0) =0y(x), xe€D,
ui(x%,t) = ui(x + Ly, t), O(x,t) =0 +Ly;,t), i=12,

where { )(,r}]?:1 is the natural basis of R, W(¢) = Y, Bi(¢)h; is the cylindrical Wiener process
for white noise, B;(¢) is a family of mutually independent real-valued standard Wiener
process, /;(x) is an orthonormal complete basis in Hilbert space L2(D), @1 () is vector value
predictable process, while ®,(t) is scalar predictable process, which are linear mappings

and are assumed to be Hilbert-Schmidt operators.

Motivated by the ideas in [4] and [15], we consider the following stochastic modified

Boussinesq equation driven by fractional Brownian motion with H € (%, 1):

du(t) +(u-Vu—-V -1(e(n)) + V) dt
= (f(x) + e0)dt + ©,dB"(t), x€O,t>0,
dot) + (u- V)0 — AG)dt = g(x)dt + O, (t)dB"(t), xe€O,t>0,
V- ulxt)=0, x€0,t>0,
u(x,0) = ug(x), 0(x,0)=6p(x), x€O,
ui(x,t) = uwi(x + Ly, t), O(x,t)=0(x+Ly,t), i=12,

where O C R? is a bounded domain with smooth boundary 90.
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Due to the regularity of the stochastic convolution for FBM depends on the value of
Hurst parameter H € (0,1), the stochastic Wiener-type integral is quite different for H €
(1/2,1) and H € (0,1/2). For H € (0,1/2), on account of the lower regularity, it needs the
fractional Riemann-Liouville integral to transfer the fractional Brownian motion to be
represented in terms of the standard cylindrical Brownian motion. The well-posedness
and dynamics of equation (1.3) with H € (i, %) have been studied in [16].

However, for H € (1/2,1), we can use Wiener stochastic integrals to deal with fractional
Brownian motion directly. In this paper, we focus on the case H € (%, 1). For the different
diffusion operators A2 and —A, let ®; = I and ®, be a Hilbert-Schmidt operator. Then
the existence and regularity of the stochastic convolution for the corresponding additive
linear stochastic equation can be guaranteed. By the modified Banach fixed point theorem
in the selected intersection space, the existence and uniqueness of the mild solution for
equation (1.3) are obtained. Finally, the existence of a random attractor for the random
dynamical system generated by the mild solution for equation (1.3) is also presented.

The contribution of the current paper is to establish the well-posedness and dynamics of
the stochastic modified Boussinesq approximation equation with H € (%, 1), and reveals
the difference between dynamics of modified Boussinesq approximation equation with
differential Hurst parameter. Since the computation for the regularity is different for H €
(i, %) and H € (%,1), the conditions (Hyper-4) and (Hyper-5) are different from that in
[16]. For the technical reasons, there is no result on the computation for the regularity
for H € (0, i). This shows that the Hurst parameter H determines the conditions which
ensure the regularity of the stochastic convolution and the existence of a random attractor
generated by the mild solution for equation (1.3). If the temperature variable 6 = 0, then
the result in the present paper and [16] will reduce to that in [17] and [4], respectively.

The rest of the paper is organized as follows: In Section 2, we present the function space
and operators. Then the definitions and criteria for the random dynamical system are
presented. In Section 3, we introduce the definition of the infinite-dimensional fractional
Brownian motion and its stochastic integral. Then some proper conditions which can en-
sure the existence and regularity of the stochastic convolution for the corresponding ad-
ditive linear stochastic equation are shown. In Section 4, the proper selected intersection
space is constructed and the existence and uniqueness of the global mild solution are ob-
tained in the space by the modified Banach fixed point theorem. Finally, the existence of
a random attractor for the random dynamical system generated by the mild solution of

equation (1.3) is shown in Section 5.

2 Preliminaries
In this section, we will present some notations for the working function space and oper-
ators, and then rewrite equation (1.3) as a stochastic evolution equation by the standard
mathematical setting.

Firstly, we introduce some notations as follows:

Hy ={ue (LX)’ :V-u=0,u-njj0 =0}, Hy=IL*O).
Denote H = H; x H, endowed with the norm

2 2 2
|y = |”|H1 + |9|H2’
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for any ¢ = (1,0) € H, where u € H; and 0 € H,. For ease of notation, we use the notation
| - | to represent the norm for space Hj, H,, and H, respectively. It is easy to verify that Hj,
H,, and H are Hilbert space with the inner product (-, -).

Denote

Vi={ue (HX0):V-u=0}, Vo=HNO), V=VixV,
where V is endowed with the norm
1613 1= lul}, + 1013,
Define bilinear operator a;(-,-) : V1 x V1 — Rand ay(-,-) : Vo x V5 — R by
a(w,v) =, V)v;,  ax(0,6) = (0,8)v,.

By the Lax-Milgram lemma, we can use the bilinear operators a;(-,-) and a;(:, -) to define
the following linear operators A; € Z(V3, V) and Ay € Z(V>, Vy):

(A1u¢ V) =611(I/£, V): (AZG’%-) =d2(6¢$)¢

where V/ is the dual space of V;.

Similar to the arguments in [18] and [4], the operator A, is an isometry from V; to V/ for
i=1,2.

Denote

DA) = Vin{HYO))’,  DA,) = VanH*(0),

then A; € Z(D(A;), H;) is an isometry from D(A;) to H;, and A; is a self-adjoint positive
operator with compact inverse A;?, where i = 1,2.
It follows from the Hilbert-Schmidt theorem that there exist eigenvalues {Aj}l?jl, {3‘1‘}103

and the corresponding eigenvectors {e; }’:"1 C D(Ay), {& j°=°1 C D(A,) such that

Agi=2jej, j=1,2,...,0<h <A< <A <-4 — 00 (f— 00),

Azéj:ijéj, j:1,2,...,0<5nlSizf"'fj\\J'S"',ij—)OO(]'—) OO)

Moreover, {¢; ;’jl and {éj j°=°1 are the orthonormal basis for H; and H,, respectively.

Since A; (i = 1,2) is the densely defined, self-adjoint, and bounded below operator in
Hilbert space H; (i = 1,2), then A; (i = 1,2) is a sectional operator, and S;(¢) € £ (H;) is an
analytic semigroup generated by A; (i = 1,2) in the following form:

o0
Si(t) = e~ =/ e™dE;,, i=1,2,
0

where {E;; } is the spectrum of the operator A4;, i = 1,2.
For any ¢ = (1,6) € V, denote

_[2mAu _[(Si@)u
A¢_< A0 )’ Sm¢_(&uw>’
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and define the trilinear operator b(:, -, -) by

b(¢1: ¢2> ¢)3) = bl(ul, us, I/l?,) + bZ(ub 92,93)’ v¢l = (ui19i) eV,

where

2
v
bi(y,v,w) = Z/Oyia—;zwjdx, Yy, v,w € (HI(O))Z,

ij=1
2 il 1 2 1

b(7,6,€) - Z/Oyia—xsdx, Vy € (H(0))’,0,& € H'(O).
i=1 g

For any ¢; = (u;,0;), we define the continuous bilinear functionals B(¢1,¢,) € V7,
Bl(ul, l/tz) € V/, and Bg(u1,92) S VZ, bY

(B(¢r, 92), #3) = b(1, d2, $3),
(B (w1, 12), uz) = by (uy, uz, u3),

(Ba(u1,62), 65) = by(u1,60,,65).

In what follows, we abbreviate B(¢, ¢) as B(¢) for any ¢ € V.
Define the functional N(u) € V| by

(N(u),v):/(Qu(u)elj(u)elj(v)dx, YveV;

and

N(g) = (N(()”)) Vo =(w0)eV.

We also denote N as N without any confusion, and

[-Ox2 oo [ @1dB(2)
o= (). - (2410).

Under the above notations, the stochastic modified Boussinesq approximation equation
(1.3) can be rewritten as the following abstract stochastic evolution equation:

dp(t) + (Ap(t) + B(p(2)) + N(#)(t) + R(¢(¢))) dt = D dB" (1),
#(0) = (0, 60).

2.1)

Finally, we recall some definitions and criteria of the random dynamical system and
random attractor which are taken from [19].

Due to the properties of the stationary increments, we can switch FBM and additive
white noise to the equivalent canonical realization. Consider the Borel set

Q=Cy(R):= {we C(R,R): w(0) =0} (2.2)
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with the compact open topology and let .7 be the associated incomplete Borel-o -algebra.
The operator 6, can form the flow which is given by the Wiener shift:

Oiw(-) =w(-+t) —w(t), telR. (2.3)
Definition 2.1 Let E be a complete and separable metric space. A random dynamical
system (RDS) with space E carried by a metric dynamical system (2, .%, P, 6) is given by
the mapping

¢:R, x Q2 xE—E, (2.4)

which is (Z(R,) x F x HB(E); #(E))-measurable and possesses the cocycle property:

ot +1,0,%) =(p(r,9tw,<p(t,w,x)), Vt,1 e R,x€E,w € L, (2.5)
(p(or w, ) = ldQ~ (2.6)
Definition 2.2

(i) A set-valued mapping K : Q — 2F taking value in the closed subsets of E is said to

be measurable if for each x € E the mapping w + d(x, K(w)) is measurable, where

d(A,B) = supinfd(x,y). (2.7)
xeA YEB

A measurable set-valued mapping K is called a random set.
(ii) Let A, B be random sets. A is said to attract B if

d(p(t,0-,0)B(6-0), A(w)) — 0, ast—> oo P-as. (2.8)

A is said to absorb B if P-a.s. there exists an absorption time () such that, for all
t > tp(w),

@(t,0_,w)B(0_;w) C A(w). (2.9)

(ili) The Q-limit set of a random set K is defined by

Qi) = [ ¢t 0-0)K(6-10). (2.10)

T>0t>T

Definition 2.3 A random attractor for an RDS ¢ is a compact random set .4 P-a.s. satis-
fying:

(i) Aisinvariant, i.e., p(t, w)A(w) = A(6;w) for all £ > 0;

(ii) A attracts all the deterministic bounded sets in E.

The following proposition (cf [19], Theorem 3.11) yields a sufficient criterion for the
existence of a random attractor.

Page 6 of 21
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Theorem 2.1 Let ¢ be an RDS and assume that there exists a compact random set K
absorbing every deterministic bounded set B C E. Then the set

Alw) = | Qo) (2.11)

BCE

is a random attractor for ¢.

3 Fractional Brownian motion and its stochastic convolution

In this section, we introduce the definition of the infinite-dimensional fractional Brow-
nian motion only with H € (%, 1) and its Wiener-type stochastic integral with respect to
infinite-dimensional FBM. Then some conditions which ensure the existence and regular-
ity of the infinite-dimensional stochastic convolution for the corresponding additive linear
stochastic equation are presented. Finally, the existence and regularity of the stochastic
convolution are obtained under these conditions.

Since the derivative of FBM exists almost nowhere, equation (2.1) should be under-
stood in the integral form. There are several approaches to define an integral for one-
dimensional FBM and each has its advantage (cf [8] for a useful summary). Wiener inte-
grals are introduced since they deal with the simplest case of deterministic integrands by
using FBM’s Gaussianity in [17]. We refer to [17] for the general framework of the Wiener-
type stochastic integral with respect to infinite-dimensional FBM.

As a conclusion, we have the following relationship between the Wiener integral with
respect to FBM and the Wiener integral with respect to the Wiener process:

f (&) dp(s) = f (K:30)(5) dW(s), (3.0)
0 0

for every t < T and ¢ € 5 if and only if K};¢ € L?(0, T; V).
The infinite-dimensional FBM and corresponding stochastic integration are defined
now. Let Q be a self-adjoint and positive linear operator on H;. Assume that there exists a

sequence of nonnegative numbers {X,-} ;en such that
Qei = e, i=12,.... (3.2)

The infinite-dimensional FBM on H with covariance operator Q is formally defined by

B(r) = fj \/Xi-eiﬁff ), (33)
i=1

where {ﬁiH (t)}ien is a sequence of real stochastically independent one-dimensional FBM.
This process, if convergence, is an H-valued Gaussian process. It starts from 0, has zero
mean and covariance

E(B"(t)B"(s)) = R(t,9)Q. (3.4)

Let (®;)o<s<r be a deterministic function with values in .Z(H;) (i = 1,2), the space of all
bounded linear operators from H; to H;. The stochastic integral of ®; with respect to BH
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is formally defined by

/o t o, dB" (s) := i:ﬁ /0 t e dBl(s) = i:\/"; /0 t(K,’;(CDei))Sdﬂi(s), (3.5)

where g; is the standard Brownian motion. The above sum may not converge. However, as

we are about to see, the linear additive stochastic equation can have a mild solution even

if fot @, dB"(s) is not properly defined as an H-valued Gaussian random variable.
Consider the following stochastic convolution:

z(t) = /th(t—s)CDZ dB(s). (3.6)
0

Then z;, if it is well defined, is the unique mild solution of the following linear stochastic
evolution equation:

de(t) = AQZg(t) dt + CI)Q dBH(t), Zz(O) =0e€ Vg. (37)

Here are three kinds of condition on the stochastic convolution:

(Hyper-1) Q € LA (Hy), ®, = idy,;

(Hyper-2) Q=idy,, 3 € £ (Hs);

(Hyper-3) Q=idp,, ¥, € £ (H,) such that &, ®} € £ (H,),
where % (H,) is the space of all nuclear operators on H, and .%,(H,) is the space of all
Hilbert-Schmidt operators on H; (cf. [20], Appendix C). These conditions have been pro-
posed by Maslowski and Schmalfuss in [10], Duncan et al. in [12] and Tindel et al. in [9],
respectively. We mention that the Hilbert-Schmidt operators (elements of .%5(H>)) is com-
pact. Indeed, the key feature of these conditions is the compactness which guarantees that
we can handle the infinite-dimensional problem in a finite-dimensional manner.

Then for the linear stochastic evolution equation (3.7), let ®, satisfy the condition of
(Hyper-2) and we have the following lemma.

Lemma 3.1 ([10]) If H € (%,1) and ®, satisfies the condition of (Hyper-2), then there
is a version of the stochastic convolution z,(t) = fot So(t — )y dBH(s), t € [0, T] with
C([0, T]; V3) sample paths.

Next we consider another stochastic linear differential equation:

dzy = A1z dt + &,dBH,
(3.8)
z1(0)=0€ V3,
where ®; = 1.

As noted in [12] and [9], the stochastic integral fot I;dB"(s) is not well defined as a
V1-valued random variable since the identity operator I; ¢ .%5(V1). Then we consider the
following condition on the stochastic convolution which is taken from [17]:

(Hyper-4) O =[-nm,n] x [-7,7], Q= ® =idy.

If the condition (Hyper-4) is satisfied, we have the following lemma from [17].
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Lemma 3.2 ([17]) IfH € (%, 1) and condition (Hyper-4) is satisfied, there is a version of the
stochastic convolution z(t) := fot S1(t — s)dB (s) with C([0, T); Hy) sample paths. If addi-
tionally H € (%, 1), then the process z; has an L*°(0, T’; V1) version.

Noticing that the sample orbit of fractional Brownian motion is not differentiable almost
everywhere in the classical sense, we consider the stochastic convolution in the product

z1(¢)
E) e

In this section, we will apply the modified Banach fixed point theorem to show the exis-

space H:

(1>

Z(t):/ots(t—S)d)dBH(t) = ( Jo S1(t - s)dB"(2) )

o Sa(t )@, dB™ (1)
4 Existence and uniqueness of the mild solution

tence and uniqueness of the mild solution for equation (2.1) in the space E = C([0, T]; H) N
L*(0, T; V) with the norm | - [g = | - |cqo, ) + | - |1200,7:1)-

The notion of the mild solution for equation (2.1) is given as follows.

Definition 4.1 An H-valued random process (¢(£),¢ > 0) on a fixed probability space
(2, #, P) with a given infinite-dimensional fractional Brownian motion is called a mild
solution of stochastic equation (2.1) if (¢(¢), ¢ > 0) satisfies the following equation:

¢(t) = S(t)po — /0 S(t - S)B(¢(s)) ds — /0 S(t - s)N(aS(s)) ds
_ / "S- R(H(s)) ds + / St — ) dB(s), 4.1)
0 0

where the first three terms are operator-valued Bochner integrals, and the last one is the
Wiener-type stochastic integral defined by equation (3.9).

Denote
E =C([0, T Hi) NL*0,T; Vi), Ey=C([0, T); Hy) NL*(0, T; Va),
with the norm

| 1e =1 lcqo,rm) + 1+ 11200,7501)5 I 1E, = |- lcqomimy) + |- |1200,753)0
| Mg =112 + 112,
It is easy to verify that E;, E;, and E are Banach spaces. In order to apply the modified
Banach fixed point theorem, it is necessary to estimate each term of the integral equation
(4.1) in the space E.

For any ¢ € E, denote

() = — /0 S(- - 5)B((s)) ds (4.2)

(@) = /0 S( - IN((s)) ds, (43)
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J5() = - / S(~ IR((s)) ds, (4.4)
0
then the operators /i, /5, and /5 satisfy the following properties.
Lemma 4.1 J,: E — E, and for any ¢, € E, it follows that

(@)]2 < crlplt
1(®) - 1)

1
<c (4c3 1812 0,710\ 7200, 7y + 4¢3 1Y [E00, 130 | ¥ 20,70y + 4—63) ¢ — ¥z
Proof The proof is the same as Lemma 4.1 in [16], and it is omitted here. O

Lemma 4.2 J,:E — E, and for any ¢,y € E, it follows that

2@)|3 < calgl2, (4.5)
(@) - 2@ < s T2 | — Y [2. (4.6)
Proof The proof is the same as Lemma 4.2 in [16], and it is omitted here. O

Lemma 4.3 J3:E — E, and for any ¢,V € E, it follows that

(@) < cslol2, (4.7)
3(9) ~ 5(¥)|; < e: TIg — v I2. (4.8)
Proof The proof is the same as Lemma 4.3 in [16], and it is omitted here. a

Since the process z(t) (t € [0, T]) has a V-valued continuous modification, then we can
obtain the existence and uniqueness of the mild solution for equation (1.3).

Theorem 4.1 IfH € (%, 1), (Hyper-2) and (Hyper-4) hold, then for any initial value ¢po € H
and T > 0, equation (1.3) has a unique mild solution in the space C([0, T); H)NL*(0, T; V).

Proof The proof is the same as Theorem 4.1 in [16], and it is omitted here. d

Next, we will show the existence of the global mild solution for equation (1.3).
Let ¢ be the local mild solution of equation (1.3) on [0, 7], and denote ¥ (£) = ¢(¢) —z(¢),
then v/ (¢) is the mild solution for the following equation:

¥ () = S(t)po — /o S(t - s)B(w(s) + z(s)) ds — /0 S(t - s)N(W(s) + z(s)) ds
- /t S(t - s)R(l/f(s) + z(s)) ds. (4.9)
0

It is easy to see that v/ (¢) is also the weak solution of the following evolution equation
with random coefficients:

LA (t) + A () + By (£) + 2(£) + N(W (£) + 2(£)) + R(Y(s) + 2(s)) = 0,
¥ (0) = ¢o.

(4.10)
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Following the arguments in [20], Section 15.3, we can get a upper boundedness for ¥ in
the space E.

Lemma 4.4 Let  be the local solution of the stochastic evolution equation (4.9) on [0, T,
then

T
sup |y (0)] < e o FORdo |y 2 f s KRy (5) i, (411)
0

te[0,T]

T 9 9 T 9 T
/ [W(8)], dt < colgpol* + csco sup |¥(2)] / (Jz(s)|,) ds + 09/ h(s)ds,  (4.12)
0 te[0,T) 0 0

where cg and cy are positive constants which depend on the domain O, and the integral
function hy depends on z.

Proof Integrating both sides of equation (4.10) with v (¢) over O, and applying the facts
that (N(¥), %) > 0, (R(¥), %) > 0, and that we have the orthogonality of the trilinear term
b leads to

1d|1p t)l
2

+w @l

—b(w(t) +2(0), ¥ (6) + 2(8), ¥ (£)) — (N (¥ (£) + 2(2)), ¥ (2))
—(R(w(2) +2(2)), ¥ (1))
< [b(¥ +2(8),2(6), ¥ +2(8))| = (N(2(8)), ¥ (8)) - (R(2(8)), ¥ (8)). (4.13)

It follows from A; > 1 (due to Lemma 2.3 in [17]) that

bl(V + 21,21,V + Z1)

<Glv+z|-lzalh-lv+zih

< Sl el s Sl
= Z1 vV+2zZ1|T + vV+2Zp
2c, A 1
Ci, o 2 G 2 2
< —laly - WI"+ GG+ =zl - laly + GGlaly
C2 C2
G, v lv | )
< =lalf- I+ GG — + Zizf? lz1]} + C1Colzi 7
C2 )\.2 C2
G 2 2 2 G 2 2 2
= —laly - VI + GGy, + =zl -zl + GGzl (4.14)
G G
and
by(v+ 21,20, + 23)
<Glv+al-lzzh-In+2z0h
G C
2 2 2
< — |27 |\V+71|" + + 2>
2C2| -1 | ] 7

G
=g lali- b +Clcz|n|V2+—|z1| Nzl + GGzl (4.15)
2
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Hence, combining equations (4.14) and (4.15), we get
b(y(t) +2(0), ¥ (2) + 2(8), ¥ (1))
<bi(v+zy,z1,v+2z1) + bo(v+ 21,20, + 22)

C C
< 22 P+ GGV E + =zl - 12 + G Colzl?
C2 C2
C C
27 - [¥* + CLCal Y|} + 51|z|2 2} + CLCalzl?. (4.16)
2

1
S —
&)

Similarly, direct calculations show that

§ } Mo
~(N(2),¥) = ~(N(@1),v) < poe Pzl - vl < nAf I} + ——— |z}

4re®)}
7 75
<npl}, + —lal <nlyl} + ——lzl (4.17)
4re®n] 4revn]
and
1
Ao 1 2
—(R(@), V) < |(e222, V)| < == v} + — |zl
4 22
1
1 1 1
< ZM%/I + —%|Z|2 < EM%/ + —%|Z|2- (4.18)
Al Al
Then let A = min{A;, ;} and we can obtain
W13 = I3, + 1013, = Alv? + Aal01> = Ay [3,. (4.19)
Combining equations (4.16), (4.17), (4.18), and (4.19) gives
1d ., A, 1
2dt|1/f| 2|1ﬁ| 2|1ﬂ|v
C 1 C; 1
< 2RI+ ( QG+ - |l + ( =olalf + = )1l
G, 4 Cy )2
1
2 "3 2
+ G Glzly + —— l2ly, (4.20)
4re®)}

where C, is a positive constant determined later.

Let
Cl 2 /LZ
h = <25|z|% + —1>|z|2 +2CColzf; + ——lzl3,
2 AL 2r €A}
then

d 1 Cilz|?
$|1//|2 + <§ -2(GiCy + 7‘1)>|1/f|%/ + (}\ - 2%)“/“2 <h. (4.21)
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Choosing C; < let r; be small enough such that C,C; + <z L then we deduce

4C’

d o Cilel} 2
— A—2——— <nh. 4.22
dtwll +< G " <m ( )

Applying the Gronwall lemma leads to

Cilz6)?

t Cl\zszl
W@ < |p(0) 2 802" / ns)e 02 g
0
which implies that

G T )2 T o (1 2
sup [(e)|” < e fo FORA g2y / 20l FORAy () ds.

te[0,T] 0

Let cg = 2C;/Cy, then the inequality (4.11) holds.
Integrating both sides of equation (4.21) over [0, T'], we have

2 2 1 T 2
(D - v ©) +<§—2(c1c2+r1)>/0 (o) ds
T T
< /0 2%|z(s)|f|q>(s)|2ds+ /o by (s) ds. (4.23)

Letcg = (% —2(C1Cy +11))7, then the inequality (4.12) holds. Thus, we complete the proof
of Lemma 4.4. 0

Based on Theorem 4.1 for the existence of the local mild solution and Lemma 4.4 for
the extension of the local mild solution, we state the existence of the global mild solution
for equation (1.3).

Theorem 4.2 Assume the conditions (Hyper-2) and (Hyper-4) hold, then for H € (%,1),
¢o € H, and T > 0, equation (1.3) has a unique global mild solution in the space
C([0, T; H)NL*0,T; V).

Remark 4.1 In fact, we define a stopping time
w=T Ainf{t € [, T]: | (1) > n}. (4.24)

Then for some given w € Q, ¥ (¢) is bounded on [t, T], | ()| < n for large enough #, and
7, = T, which implies that 7, — T, t A1, — tas n — oo and t € [ty, T']. We replace ¢t in the
argument of Lemma 4.4 by ¢ A 7,,, we can obtain the existence of the global mild solution.

5 Existence of a random attractor
In this section, we will show the existence of a random attractor for the random dynamical
system generalized by equation (4.1).

To the end, it suffices to prove the absorbing set in the space H' H1 X H1 with the
norm |¢|? = [v|? +|0|? where

H! = the closure of ¥ in space (HI(O))Z,

Hzl =V, = the closure of ¥ in space H'(O).
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If we follow the method employed for Lemma 4.4 (which is based on the change
of variable ¢ = ¢ — z), we end up with the problem of finding a uniform bound for
{ f;) |2(s)|? ds, to € R} (cf. equations (4.11)-(4.12)). To overcome this difficulty, the fractional
Ornstein-Uhlenbeck process is introduced. By the stationary property of the fractional
Ornstein-Uhlenbeck process, we can use the Birkhoff-Chintchin ergodic theorem to con-
vert the integration over time variable to the integration over sample space. This yields a
uniform bound for those integrals, so that we can deduce a bound in H for |y/(¢)|>.

Denote

Y e amtgn [ [oSit=ndB () \ 4 (Zi)
Z(t,w)_[wS(t r)dB" (r,w) = (f_’oosg(t—r)%dB”(r,w)) = (Zz(t)>' (5.1)

Then Z is a stationary solution of the following fractional Ornstein-Uhlenbeck equation:
dZ(t) =AZ(t) + dB™(t), teR, (5.2)

where

I
d = (%) . (5.3)

Now the existence of the stationary solution Z(¢) (¢t € R) will be proved. Assume Lem-
ma 3.1 and Lemma 3.2 hold, it suffices to prove that Z(0) converges in the space L($2; H').
For H € (%, 1), it follows that

E|Z(0)|}

11m Z/ S(~-s)dB"(s)

0
Sa(—s)Doe; d;(s)

t—>00

o 0 2 2
> [ sioe 500 )
i=1 Yt 1

< lim supE(

= 11msupZ |51( ez|jf(oml) |52 )¢2el{%om1))

t—oo
o t t

= lim supZ/ / (Sl(u)ei,SI(V)€i>Hl|u — V|2H—2 dudv
t—o0 i-1 0 Jo

t t
. / / (S2(6)22:, 2(6) a2 116 — £ M2 d6 e

1
—211msuka2f/ @) (g — )2 du dy

t—00

t a
o /0 eHOD 0,82, (0 — £ dB d

oo

1
_211msup2k2/ f i2u=2)x2H=2 g

t—>00 i-1

¢ 6
+ |d>z§i|%/2 / / e M0=2),2H-2 g, o
o Jo

Page 14 of 21
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oo 1 t
= 2limsup Z A, 2 / o Hi(2u—x)  2H-2 (1 _ e—2xi(t—x)) dx
i=1 0

t—00

t
+ |(D2éi|%/2 / e M1(20-x)  2H-2 (1 - e’“l(t_")) dx
0

0 1 9y Ait R At
< limsup Z A7 / ey 2 dy + |, |§(V2)AIZH / e?y*H2 dy
t—00 i=1 0 0

<T(QH-1) (Bp(4H - 1)¢ (4H - 1) - ¢ (8H - 2) + |¢2|§(V2)1;2H) < 00.

Now, let us consider the real-valued continuous function |Z(6.w)|?. Notice that (Q,.7,
{6(t)}er) is the metric dynamical system and it follows from the Birkhoff-Chintchin er-
godic theorem that

1 n
lim — / |Z(6,0)[} dt = E|Z(w)|] < 0. (5.4)
0
Next, we will verify that the random dynamical system can be generated by the mild
solution of equation (1.3).

It follows from Theorem 4.2 that, for £y € R, ¢(¢, w; £y, ¢o) is the unique mild solution of
the equation:

6(tit0) = S(O)do - /0 S(t - )B(9(5)) ds - fo S(t - IN($(5)) ds
_ / tS(t—s)R(qb(s)) ds + / tS(t—s)(deH(s). (5.5)
0 0

By the change of variable ¢(t, w; o) = ¥ (t, w;t) + Z(t, w), it follows that ¥ (¢, w; ty, po —
Z(0y,w)) is the solution of the following integral equation:

¥ (t) = S(t)(do - Z(by)) - /0 S(t—s)B(y(s) + Z(s)) ds

—/tS(t—s)N(lp(s)+Z(s)) ds—ftS(t—s)R(w(s)+Z(s)) ds.
0 0

Thus, ¢ is the weak solution of the following differential equation with random coeffi-
cients:

Dy AW)+BY +2)+ N( + Z) +R(Y +2) =0,
Y (to) = o — Z(0ry ).

(5.6)

Define a continuous map:
(p(t: w, ¢0) = V/(t, ; t()’ ¢0 - Z(etow)) + Z(eta))’ V(tr , ¢)0) € R x Q2 x H'

Then it can be verified that the measurability of ¢ follows from the continuous depen-
dence of the initial values, and the cocycle property follows from the uniqueness of the
solution. Hence, the random dynamical system can be generated by the mild solution ¢ of
equation (4.1).
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Next, we will show the following two important lemmas, which give the existence of
the absorbing set in the spaces H and H!, respectively. For simplicity of presentation, we
introduce the following condition:

(Hyper-5) I'(2H -1) - (Bp(4H —1)¢ (4H 1) = ¢ (8H - 2) + |¢2|§'g( A < 4Cz

Lemma 5.1 Assume that the conditions (Hyper-2), (Hyper-4), and (Hyper-5) are satisfied.
Then for H € (%,1), there exist random radii py(®) and py(w) such that, for any constant
M > 0, there exists ty(w) < —1, such that, for any t < ty and |po| < M,

¥ (8,3 t0, 80 = Z(0y )| < pr(w),  Vte[-1,0], (57)

’d’(t’ w; to, ¢0)‘2 =< IOH(U))! Vi e [_17 0]’ (58)
0 0

f_ 1 lw@©1, dt < pi(), f Jv@ + Z(O)| dt < pr(o). (5.9)

Proof Firstly, we show that both [¢(¢)|? and |1/ (¢)|? are bounded in the space H. Similar to

the argument in Lemma 4.4, we have

W (——2<clcz+r1)>|w|2v+(x— CI'Z'I)W I, (5.10)

where

S 2 M% 2
hy = 2€|Z|1 _1 1Z* +2C1ColZ)F + T1Z17.
2

Al 2r1€*A]
Choosing
2 1
Cye (2C1A‘1F(2H -1)- (Bp(4H - 1)¢(4H —1) = £ (8H = 2) + | D33 y,) 21 ), f)
1
let r; be small enough such that the following inequality holds:
d GZ]
d—|1/f|2+(x— - 1>|w|2 (511)
t
By the Gronwall lemma, it follows that, for any ¢ € [-1,0] and £y < -1,
¢ C1z(s)1} ¢ " C1|z 52 )?
W@ < |wie)fe a2 e / (se a9 g
C1\Z CI\Z
= |W( )| fto / h2 51)6 f -2 )dsz dSl. (5.12)

Applying the ergodic theorem gives

lim / |Z(s)|1 ds = 1E|Z(w)|1 (5.13)

to—>-00 —f
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Let r, be small enough such that
G 2 Sy A T2
61‘(21{ ~1)- (Bp(4H ~ DL (4H —1) = {(8H - 2) + | ®3[% 1, 31 2) < 55 (614

Then there exists ¢ (w) < -1 such that, for any ¢, < t; and ¢ € [-1,0],

0
YO < 072 g + / O 1 () . (5.15)

to

Noticing that the term /; has at most polynomial growth as £y — —oo for P-a.s. w € 2, we

derive
0 0
/ ho(s)e2 ds < / By (s)e2 ds < 0o,  P-as.
to —00

Let

0
PH = 4-/ o (s)e™972 ds + 2 sup ‘Z(t)’z.

0o te[-1,0]

Then there exists £ (w) < 1(w) < —1 such that, for any |¢o| <M, ty < £y, and t € [-1,0],

0
|I/f(—1; w; to, Po _Z(Qtoa))) |2 < 2/ h2(5)6(1+s)72 ds
and

|6(=1, w3 t0, d0)|* < 2| (~1, w3 t0, o — Z (B )| +2 sup ]|Z(t)\2 < pu(®).
te[-1,0

Next, we prove that both f_ol | (£)[% dt and f_ol |¢(£)]%, dt are bounded. Integrating both
sides of equation (5.10) over [-1, 0] leads to

0
v (0] - \w(—1>|2+c;ffllw<t>\idt

0 e 2 2
5/_1 hz(t)dt+/_12a|Z(t)|l | ] de. (5.16)

It follows that, for tg < 5,
0 0 2C 0
/ |¢(t)|zvdt5c9</ hz(t)dt+C;2pH/ |Z(t)|fdt+|¢(-1)|2) 2 Clw).
-1 -1 -1
Similarly,
0 2
/ [y (0) + Z ()|, de
-1
0 2Con [° 2 2 0 2 A=
§2cu<f hy(t)dt + T/ |Z(0)]] dt + |y (-1)] ) +2f |Z(0)], dt = C(o).
-1 2 -1 -1

Denote p;(w) = max{C(w), C(w)}. Thus, the proof is completed. a
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Lemma 5.2 Assume that the conditions (Hyper-2), (Hyper-4), and (Hyper-5) are satisfied.
Then for H € (%, 1), there exists a random radius p;(w) such that, for any M > 0, there exists
t(w) < =1 such that, for |¢o| <M, ty <ty and t € [—%,0], the following inequalities hold
P-a.s.

¥ (£, 3 to, b0 — Z (6, 0)) |} < p2(®), (5.17)
|6(t, 3 to, d0); < p2(@). (5.18)

Proof By integrating equation (5.6) with —Av over O, it follows that

1d
S VI B+ 105 < |6 + Z,y + Z,09)| - (N + 2),-19)
—(R(y (1) +2(0)), - A¥) + (G(x), ~AY). (5.19)
By Gagliardo-Nirenberg’s inequality and Young’s inequality, we have

!bl(v+Zl,v +Zl,Av)}
<Clv+Zi"2 v+ ZY2 v+ Zils - vl

1/2 2 1/2 1/2
<Cl+Zi " v+ Zily - WP + Clv+ Zy Y2 - v + Zaly - 1 Za |y - vl

1 1
< g|v|§ +64CHV+ Z1 )2 v+ 2|t + g|v|§ +2C? W+ Z1| - v+ Z11} - | 24,

and
|bo(v + Zy,n + Zo, A)|
<CW+Zi" - In+ Z1¥* - In+ Zali - Inla
<Cw+Zi" I+ Zol - B2+ Clv+ ZiM - In + Zaol - 1Za 32 - Inla
1 1
< §|n|§ +64CH Y+ Z1)2 - In + Zal + §|n|§ +2CHV + Zi| - I+ Zal? | Za.
Hence,

b(Y + Z, 9 + Z, M)
< \bl(v+Zl,V+Zl,Av)| + |b2(v+Zl,n +Zg,An)|

<Ly reacty + zp ZIt +2CP Y + Z Zi} -z

_4|¢|2+64 W+ ZI7 - | + ZI] +2C7N + Z] - Y + ZI - | Z]a.
Finally, we estimate the following two terms in equation (5.19):

—(N(¢+Z),A1p> = —<N(v+Zl),Av)§pLoe’%/|eij(v+Zl)eij(Av)’dx
D
e 1 T 1 s
=o€ v Zil- Vs = SV + 2 ZilE = g+ Y+ Z1

and

1 1 1 1
~(RW +2), AY) = ~(ex(n + Z5), Av) < 5|v|§ + 50 + 2> < Ehmé 5l +Z2.
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Denote

2
" 1
hs(t) = 2<64C4|w +ZP|ZIF +2C Y + ZI - | + Z1F - 1 2o + e—fllﬁ + 27+ 5|w +ZI2)

and
ha(£) =128C* 1y + Z - [y}
It follows from A; > 4 (Lemma 2.3 in [17]) that
SR 10 2 a3+ 108 = W2 + 103 = 1w .
43 2= g 2= 1Vi2 2 2
Then the inequality (5.19) can be rewritten as the following inequality:

d 1
LIVl + W0l <@ + @y o).

Thus,

d
VO <+ Oyl

(5.20)

(5.21)

(5.22)

By the variation of constant formula, it follows from equation (5.22) that, for any -1 <s <

t<0,
2 2 [thy(s)d “ g (s1) di ' 52 hy(s1) d
@ < W), - el mbvd g el raboda / hs(sy)e” k7 PO gg,
S
2 0 0
< (|1ﬁ(s)|1 +_/ h3(Sz)d52> el ds,
-1

Integrating inequality (5.23) with respect to s over [-1, £], we obtain

0 0 0
aroll; = ([ wofdss [ nods).eltmo

(5.23)

(5.24)

Since all the terms f?l hs(s) ds, ff)l ha(s)ds and f?l |¥(s)|3 ds are bounded as ty — —oo.

Therefore, for any tp < t; and ¢t € [—%, 0], we have

WO < C).

(5.25)

Finally, we will prove that the second inequality (5.17) holds. There exists a random radius

02(w) such that

|6t w3 t0,90)|} < 2|v (.05 t0, 60 — Z(O, ) [; + sup |Z(D)|]

te[- % ,0]

1
fﬂz(w)» Vt0<t2)tE _E;O .

(5.26)
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Especially for ¢ = 0, it follows that

|60, w3t0,90)|; < p2(@),  Vito <.
Thus, the proof has been completed. d

Since H' is compactly embedded in H, then it follows from Lemmas 5.1 and 5.2 that there
exists a compact random absorbing set in the space H. So we get the following existence
of a random attractor for equation (1.3) from Theorem 2.1.

Theorem 5.1 Assume that the conditions (Hyper-2), (Hyper-4), and (Hyper-5) are sat-
isfied. Then for H € (%, 1), the stochastic modified Boussinesq approximate equation (1.3)
possesses a random attractor.

Remark 5.1 Since the computation for the regularity is different for H € (%, %) and
He (%,1), the conditions (Hyper-4) and (Hyper-5) are different from that in [16]. This
shows that the Hurst parameter H determines the conditions which ensure the regularity
of the stochastic convolution and the existence of a random attractor generated by the
mild solution for equation (1.3). If the temperature variable 6 = 0, then the result in the
present paper and [16] will reduce to that in [17] and [4], respectively.
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