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EXISTENCE AND ASYMPTOTIC BEHAVIOR OF SQUARE-MEAN
S-ASYMPTOTICALLY PERIODIC SOLUTIONS FOR
STOCHASTIC EVOLUTION EQUATION INVOLVING DELAY

QIANG LI* AND XU WU

(Communicated by L. Mihokovic)

Abstract. This paper studies the stochastic evolution equations with finite delay. By means of
the compact semigroup theory and Schauder fixed point theorem, the existence of square-mean
S -asymptotically periodic mild solutions is obtained under certain growth conditions. In addi-
tion, using the contraction mapping principle and Gronwall integral inequality, the uniqueness
and global asymptotic stability of the square-mean S -asymptotically periodic mild solutions are
discussed. Finally, an example is given to illustrate our abstract results.

1. Introduction

In this paper, we assume that H and K are two real separable Hilbert spaces
and L(K,H) denotes the space of all bounded linear operators from K into H. For
convenience, we will use the same notation (-,-) to denote the inner product of H and
K, and use || -] to denote the norms in H, K and £(K,H) without any confusion.
Let (Q,F,P) be a complete probability space with some filtration {F;},>¢ satisfying
the usual conditions, that is, the filtration is a right continuous increasing family and
Fo contains all P-null sets of F. Let {W(#) :7 > 0} be a K-valued Wiener process
with a finite trace nuclear covariance operator Q > 0 defined on (Q,F,P). Moreover,
we assume that L?(€,H) is the collection of all strong measurable square-integrable
H-valued random variables.

In this paper, we investigate the existence and global asymptotic behavior of square-
mean S-asymptotically periodic mild solutions of the following delayed stochastic evo-
lution equation
u' (1) +Au(t) = F(t,u) + G(t,u )W (1), >0,

(L.1)
{uo) o(1), 1€[-r0],
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where the state u(-) takes values in H; A : D(A) C H — H is a closed linear operator
and T(¢) (r > 0) is a Cp-semigroup generated by —A in H; the nonlinear functions
F:R*xB— L*(Q,H) and G:R" x B — L(K,H) are continuous functions which
will be appointed later; B is a phase space specified later, ¢ € B is a given initial data.
For ¢t > 0, u; € B denotes a stochastic process defined by u;(s) = u(t +s), s € [—r,0],
here u : [—r,00) — L*(Q,H) is a random bounded continuous process.

Due to the application of stochastic differential equations in physics, chemistry, so-
cial sciences, big data, finance and other fields, more and more scholars pay attention to
the study of stochastic differential equations. Stochastic evolution equation theory is an
important branch of stochastic differential equations. Because many models with noise
or random interference in applied disciplines can be transformed into abstract stochas-
tic evolution equations, many researchers have studied the existence, uniqueness and
asymptotic stability of solutions for stochastic evolution equations, and obtained some
meaningful results(see [17, 10, 3,5, 15,40, 8, 1,23, 16] and the references therein). In
addition, the evolution equation with delay has a wide background and important appli-
cation value in many disciplines such as chemistry, physics, biology, ecology, economy,
humanities and realistic mathematical models. Hence, the theory of delayed partial dif-
ferential equations, especially the existence and global asymptotic stability of solutions,
has attracted extensive attention in recent years (see [41, 18,24,25,2,34,30,4] and the
references therein).

Naturally, more and more researchers have paid their attentions to the existence,
uniqueness and global asymptotic behavior of solutions for stochastic evolution equa-
tions with delays and some interesting results have brought to our view (see [36,38,29,
45,14,37,22,42,43,28,39,9]). Taniguchi [38] studied the existence, uniqueness, p-th
moment and almost sure Lyapunov exponents of mild solutions for delayed stochas-
tic partial functional differential equations by means of analytic semigroups. Luo [29]
obtained the exponential stability of mild solutions for delayed stochastic partial dif-
ferential equations by applying the principle of compressed mapping and stochastic
integral techniques. Xu et al. [42] investigated square-mean exponential stability of
delayed stochastic partial differential equations by establishing differential inequality
with delays and utilizing the stochastic analysis technique. Shen and Ren [37] proved
an existence and uniqueness result of the mild solution for a neutral stochastic partial
differential equations with finite delay driven by Rosenblatt process in a real separa-
ble Hilbert space. Zhang et al. [45] established the convergence for a class of highly
nonlinear stochastic differential equations with delay under the local Lipschitz condi-
tion plus Khasminskii-type condition. Gao and Li [14] obtained the existence and the
mean-square exponential stability of mild solutions for impulsive stochastic partial dif-
ferential equations with varying-time delays by means of the Hausdorff measure of non-
compactness and some inequality technique. Hu and Huang [22] investigated the delay
dependent stability of the semidiscrete and fully discrete systems for a linear stochas-
tic delay partial differential equation by using the standard central difference scheme
in space and the stochastic exponential Euler method in time. Yan and Han [43] ob-
tained the globally exponential stability of p-mean piecewise pseudo almost periodic
mild solutions of impulsive partial stochastic differential equations with infinite delay
in Hilbert spaces by means of operator semigroups theory and stochastic analysis tech-
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niques.

On the other hand, the periodic problem of partial differential equations is also
an important research field in recent years. However, in real life, many phenomena
observed by people do not meet the strict periodicity due to many interference factors.
To better study these periodic phenomena and characterize these mathematical models,
many researchers have some generalized periodic functions, such as almost periodic
functions, asymptotic periodic functions, asymptotic almost periodic functions, pseudo
almost periodic functions and S-asymptotic periodic functions and so on. It is worth
noting that, S-asymptotically period function between asymptotically periodic func-
tion and asymptotically almost periodic function, is a more general approximate period
function, which was first proposed and established by Henriquez et al. [20]. The exis-
tence and uniqueness of S-asymptotically periodic solutions for differential equations
have been investigated in [19,20,32,33, 11,12, 13,35, 6].

However, the existence of S-asymptotically periodic solutions for the stochastic
evolution equations with delay have not received much attention, specially, most of the
existing literatures assume that the nonlinear terms satisfy the Lipschitz condition to
get the existence of global mild solution. Furthermore, the global asymptotic behavior
of S-asymptotically @-periodic solutions for delayed stochastic evolution equations
is also an untreated topic in the literatures. Thus, inspired by the above literature,
we investigate the existence and global asymptotic behavior of the §-asymptotically
periodic mild solutions for the delayed stochastic evolution equation.

This article is organized as follows. Section 2 introduces some notions, definitions,
and preliminary facts. In section 3, based on the Schauder fixed point theorem, the
existence of the square-mean S-asymptotically periodic mild solution of the equation
(1.1) is obtained in the case that the corresponding linear partial differential operator
generates a compact semigroup, which is very convenient for equations with compact
resolvent. Specially, we only assume that the nonlinear functions satisfy some growth
conditions that are weaker than Lipschitz conditions. In Section 4, the uniqueness and
global exponential stability of the square-mean S-asymptotically ®-periodic mild so-
lution of the equation (1.1) are considered by using the principle of contraction mapping
and Gronwall integral inequality. Since our condition involves the growth index of Cy-
semigroup or the first eigenvalue of the infinitesimal generator of compact semigroup,
our results improve and generalize the conclusions in the existing literature. Finally, an
example is given to illustrate our abstract results.

2. Preliminaries

In this paper, we always assume that H and K are two real separable Hilbert
spaces. For convenience, the same notations || - || and (-,-) are used to represent the
norms and the inner products in H and K, respectively. Let £(H) be the Banach space
of all bounded linear operators with the topology defined by operator norm on H. Let
A:D(A) C H — H be a closed linear operator and T'(r) (¢ > 0) is a Cy-semigroup
generated by —A in H. From [31] it follows that there are constants M > 1 and v € R
such that

IT(t)]| <Me", t>0. (2.1)



384 Q. L1AND X. WU

The growth exponent of the Cp-semigroup 7'(¢) (¢ > 0) is given by
Vo = inf{v € R| There exists M > 1 such that ||7(¢)|| < Me"", Vt > 0}. (2.2)

The semigroup T(r) (z > 0) is called exponentially stable whenever vy < 0. Next, we
give the definition of compact semigroups. A Cy-semigroup 7'(¢) is said to be compact
if T(¢) is compact for each 7 > 0.

As is known to all, the compact semigroup is continuous in the uniform operator
topology, hence v can also be determined by o(A) (the spectrum of A)

vo = —inf{ReA| A € o(A)}. (2.3)

Let (Q,F,P) be a complete probability space with some filtration {F; },>0 satis-
fying the usual conditions, that is, the filtration is a right continuous increasing family
and Fy contains all P-null sets of F. Let {W(¢) : ¢ > 0} be a K-valued Wiener
process defined on (Q,F,IP) with a finite trace nuclear covariance operator Q > 0 sat-
isfying Tr(Q) =27 M = A < oo and Qe; = Agep,k € N, where {¢; : k € N} is a
complete orthonormal basis in K. Assume that {W;,k € N} is a series of independent
one-dimensional standard Wiener processes defined on (Q,F,PP), then

= 2 VAW (t)er, t20.
k=1
For ¢,y € L(K,H), deonte (¢, y) =Tr(¢Qw*), where y* is the adjoint of the oper-
ator Y. Hence, for every bounded operator y € L(K,H), one can find

w3 = Tr(yOy") lemwkll

We use the collection of all strongly-measurable, square-integrable H-valued ran-
dom variables to represent L?(Q,H), which is a Banach space with the norm

1
k()2 = Elx( @)])2, @ € Q,
where E(-) is the expectation defined by Ex = [ x(@)dP. Let
L3(Q,H) := {x € L*(Q,H)| x is Fo — measurable},

then L3(Q,H) is a subspace of L?(Q,H).
Specially, according to [10, Lemma 7.7], one can obtain the following result.

LEMMA 2.1. Let p > 2. Forany t >0, if L(K,H) -valued predictable process ®
satisfies E [§ || ®(s)||>ds < oo then

o e [omamol] < (K20 [moipia). e

A stochastic process u : [0,00) — L?(Q,H) is called randomly bounded if
sup,~o E||u(r)||* < e, and randomly continuous if lim;_,E|/u(z) — u(s)||*=0 for all
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t,s > 0. We denote by Cy;, the Banach space of all stochastically bounded continuous
processes from [0, o) into L*(Q,H) with the norm ||u|c=(sup,oE| u(t) \\2)% , and de-
note by B=C([—r,0],L3(Q,H)) the Banach space of all stochastically bounded contin-
uous processes from [—r,0] into L3 (€2, H) with the norm || ¢llB=(supsc|_o Ell@(s) \\2)% ,
r >0 is a constant.

DEFINITION 2.2. Let u € Cyy, if there exists @ > 0 such that tlimEHu(t + ) —

u(t)||?> = 0, then u is said to be a square-mean §-asymptotically -periodic function.
Here, o is said to be an asymptotic periodic of u.

Let SAP,(L*(Q,H)) C Cy be composed of all square mean S-asymptotic ®-
periodic stochastic processes with uniform convergence norm || - [|¢. From the [20], it
follows that SAP,(L*(Q,H)) is a Banach space. If u € SAP,(L*(Q,H)), then we can
easily test and verify that the function 1 — u, € SAP,(B) (see [26]).

DEFINITION 2.3. Let ¢ € B. An H-valued stochastic process u : [—r,00) — H is
said to be a mild solution of the problem (1.1) if

(1) u(t) is an F; -adapted stochastic process for 1 > 0;

(2) u(t) € H has cadldg paths on 7 € [0,°0) almost surely;

(3) u(t) = o(t) for t € [-r,0], and

u(t)=T(t)p(0) —|—/O[ T(t —S)F(s,u_y)ds—i-/ot T(t—s5)G(s,us)dW(s) forr>0. (2.5)

Moreover, if u|>o € SAP,(L*(Q,H)), then u is said to be an S-asymptotically -
periodic mild solution of the problem (1.1).

DEFINITION 2.4. Assume that u is a square-mean S-asymptotically @ -periodic
mild solution of the problem (1.1) corresponding to the initial conditions u(s) = @(s)
for s € [-r,0], and v(¢) is a mild solution of the problem (1.1) corresponding to the
initial conditions v(s) = ¢(s), s € [—r,0]. If there exist positive constants M and o,
such that

Ellu(t) —v(0)||> < Ml|l@ - |[5-e~, 1 >0,

then the square-mean S-asymptotically @ -periodic mild solution u is said to be glob-
ally exponentially stable.

LEMMA 2.5. ([44] Schauder fixed point theorem) Let X be a Banach space and
D be a bounded convex closed set in X. If Q : D — D is completely continuous, then
Q has a fixed point in D.

3. Existence result

Assume that 4 : RT — R™ is a continuous and nondecreasing function satisfying
h(t) =1 forall t € R™ and tlim h(t) = e. Introduce the space

Cpi= {u € C([0,e0), L*(Q, H))| lim Ele@]* _ o}

SN0
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as the space of (stochastically continuous) processes with the finite squared norm

2 Bl
= sup =

Obviously, C, is a Banach space. Note that since (r) > 1, we have that ||u||; < ||u]|c,
and therefore Cy;, C Cj,.
From [7,21], one can easily verify the following result.

LEMMA 3.1. A set D C Cy, is relatively compact if the following conditions hold
(i) tlim ﬁEH u(t)||* = 0 uniformly for every u € D;

(ii) for any constant a > 0, the functions in D are equicontinuous in [0,a|;

(iii) D(t) = {u(t) : u € D} is relatively compact in L>(Q,H) for every t > 0.

THEOREM 3.2. Assume that A : D(A) C H — H is a closed linear operator and
—A generates an exponentially stable compact semigroup T (t) (t > 0) in Hilbert space
H, whose growth exponent denotes vo < 0. Let functions F(t,-) : B — L*(Q,H) and

G(t,-) : B— L(K,H) be continuous for a.e. t >0, which satisfy the following condi-
tions

(H1) there exists @ > 0 such that
ImE|IF(1+.9)~ F(t,0)[> =0, limE[G( +a,9) ~G(1,)|* =

uniformly for ¢ € B,

(H2)forall t >0 and ¢ € 3, there exist nonnegative constants ay,by and positive
constants ag, by such that

E[|F (1,12 (1)9)]* < ar 9]} +ao, E|G(,h(1)9)* < b1l19]3+bo,

then for a given @ € B, the problem (1.1) has at least one square-mean S -asymptotically
o -periodic mild solution u satisfying ul;>o € SAPy(L*(Q,H)) and u(t) = ¢(t) for

€ [—r,0] provided that
3M2a;  3M?by

< 1. 3.1
Vo T 2wl 3

Proof. Foragiven ¢ € B, u € Cj,, we define the function u[@] : [—r,e0) — L*(Q,H)
as follows:
u(t), fort >0
ule)(r) =
o(1), fort € [—r0].

We denote
Con= {ueCy:u(0)=0¢(0)}. (3.2)

Then Cy ;, is a closed subspace of Cj,.
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Define an operator Q on Cyj by

Qut) = T(0(O)+ [ Tl—)F(slgl)ds-+ [ T—5)Gls.ulgl)dvi(s), (33)

for each u € Cy, and ¢ > 0. From continuity of the functions F,G and the condition
(H2), one can easily verify that Q : Cy ), — Cy, is well defined. In fact, for every
ucCypp and >0, one can see E||u(r D* < h(t)||u |2 and

ul) || = S[UPO]EH”[QD](I‘H)W
se[—r

< sup E[o(s)]> +supElfu(t)||?
s€[—r0] 120

(o) |1+ () [Jull (3.4)
By the condition (H2), the Holder inequality, (2.1) and (2.4), we obtain
E[|Qu(r)|?
t 2
<EITO0O)+3E|| [ T~ 5)F(s,ulpl)ds]
0

. 2
+3EH/O T(t—s)G(s,u[(P}s)dW(S)H
< 3M21E||<P(O)H2+3/Ot HT(f—S)HdS/Ot IT (1 —s)II - E||F (s, ulgl,)||*ds

43 [ 176 =3)|P-BG(s.ulgly)ds

<3M2H<p||%g+3/’||T(r—s>||ds/’||T<r 3l A2 )

+3/ 10— s) | (s 142 ][1(}>||B+b )ds
< 3M2H(p||é+3</ MeVO(t_S)ds> <alss.g137ul[;€l;%+ao>
+3M2/ 2vor— ‘ds(b 1sup lulo L(i)||8+b>
<344 P >||¢B+|3M2<a1ui+ao>+%<blnunﬁ+bo>.

[vol? ~ 2|vol 2|vo

Therefore, we have

1
E 2
Bl ()]
3M? ai 1 , 1 ,
< _
<30 ( Frapt 2|v‘>H<pllg ‘v0|2(a1HuHh+ao)+2‘VO|(b1||u||h+b0)>

— 0, ast — oo, (3.5)
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which implies that Q : Cy , — Cyp, is well defined. Therefore, according to (3.2) and

Definition 2.3, we can assert u is the fixed point of operator Q, then u[¢] is the mild

solution for the problem (1.1) on [—r,0). Moreover, if u € SAP,(L?*(Q,H)), then u[@]

is the square-mean S-asymptotically @ -periodic mild solution of the problem (1.1).
Next, we complete the proof in five steps.

Step 1. Q is continuous on Copn-

Let the sequence {u™} C Cy, and u'™ — u in Cy ), as n — oo, then u™[p), —
u[@l;(n — o) for any ¢ € [0,00). By the continuity of F and G, for any € > 0 and
large enough n, one can see

Vi
F(.u o))~ Fleulgl) P < "0E . ae.r>0 (36
E||G(t,u™[p],) — G(t,ul],)|* < ZL“;OJS, 1>0. (3.7)

Hence, by the dominated convergence theorem and (3.6), (3.7), one can find
E||Qu"")(t) — Qu(t)||?

< 28| [ 769 (F(s.u o))~ Fls.ulgl)as|
t 2
+2E| [ 7 =5)- (Glsu"[g)) ~ Gls.ulg)))aW s
t —s)||ds t —s)||- s, u™0)) — F(s,ulo], s
<2 [ 1T =s)lds [ I7(=5)]- EIF (.0 lgly) = F(s.ulp)) d
+2 [ 176 -9)P BG4 [gl,) — Gls.ulgl)ds

2
<2( / tMeV0<f—S>ds)2' e o / i) g HW0IE
0 0

M? M?
<> M?  |wl’e M?> 2|wle
ST PR M2 20| M

< 4e.

Thus

1 1
(n) _ - _ () (1) — 2)2 _, oo
191" = Qull, = (sup 7B Qu0) = QuiIF)” =0, a5

which implies that the operator Q : Cy, , — Cy, is continuous.
For any R > [|¢||%, let

Or == {u € Copl |lulli <R— o5} (3.8)

Clearly, O is a closed ball in C .
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Step 2. There is a constant Ry > 0 such that Q(Og,) C O, .
If it was invalid, then there exist u € O such that ||Qu||Z > R — |¢||% for any
R> | (p||%3. By the Holder inequality, the condition (H2), one can see for ¢ > 0,

E[|(Qu)(0)|I?

w o < Elo?

< 3IEHT(I)(p(O)H2+3EH/(:T(t—s)F(s,u[(p}s)dsuz
+3E] /O tT(t—s)G(s,u[(p]_Y)dW(s)Hz

<3O +3 [ 1= 9)lds [ 1T =5)]-BIF(s.ulglo) s
43 [ 179 B Gls ule) Pas

' 2
< 3M2H(p||%;+3(/ MeVO(t_S)ds> <alsgg lulo ]E(l)”B +a )

3M2/ 2V0(t S)d b || [ } ||B b
’ (e )

2 2
(a1R+a0) m

<3M| o3+ (b1R + bo),

[vol?

thus,
2 2

IM IM
ol <3M2[lol5 + o (@1R+ap) + 5

2ol (b1R + by). (3.9)

Dividing both sides of (3.9) by R and taking the lower limit as R — o, and combining
with (3.1), one can get that

which is a contradiction. Therefore, there is a constant Ry > 0 such that Q(®g,) C O, .

Moreover, according to the property of the function h(t), it is easy to see that for
any u € Og,

1 .
Jim 5 Bl Quin) P =0. (3.10)

Step 3. The set A(t) := { Qu(t)|u € Og,,t € [0,a]} is relatively compactin L?(Q,H)
for every a € (0,0).
Define a set

Ae(t) :={Qeu(t)|u € Og,,t € [0,a],€ € (0,1)},
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where
1—&

Qeu(t) =T()p(0)+ A T(t —s)F(s,ulo]s)ds

1—¢€

+ A T(t —5)G(s,ul[@]s)dW(s)

t—&
= TWeO)+T(e) [ Tl—e-9)F(sulplds
1—€
+T(¢) A T(t—&—5)G(s,u[@]s)dW(s).
Since the semigroup 7'(¢) (# > 0) is compact, the set Ag(t) is relatively compact in
L*(Q,H) forevery & € (0,¢). Futhermore, for every u € O, t € [0,a], by the Holder
inequality, (2.4) and the condition (H2), one can obtain

]EIIQM( ) — Qeu(t)|?
t 2
T(=s)F(s.ulgl)ds+ [ T(—5)Gls.ulgl)dW(s) H

1—¢€

(t —$)F (s,u[p]s)ds ?

L ovol=s) ;)2 (]I
< 2 V()(t .\) B
< 2M (/t_ge ds) (aligg ns) +a0>

+2M2/ 2V()([ \d b su || [ }”B +b
t—¢ S( S>g h(s) 0)

t ) 2
< 22 (gl + ul) +ao) ([ e*as)

2
(t =5)G (s, ulpl,)dW(s) |

1
2020 (ol + ) +bo) [ 20 ds
1—€
t 2
< 2M2(a1R0—|—a0)</ evf’(’f“‘)ds>
1—€

t
+2M? (b1 Ry + bo) / 2009 g

I—&
— 0 as € —0.

Therefore, the set A(t) C L?(Q,H) is relatively compact for any 7 € [0,a].

Step 4. We show that Q(®g,) is a family of locally equicontinuous functions in
he
For each u € @Ro and 0 <1 <t < a, from (3.3), it follows that

Co

?

E[| Qui(r2) — Qu(n)[|?
< SE|T(12)9(0) = T(11)0(0) [

+5EH/ (n—s)=T(n —S))F(s’”[‘p]f)dst
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2
(1 — s)F(s,u[(p}s)dsH

+5]EH/ (t2—s) (t1—s))G(s,u[(p}s)dW(s)Hz

2
(- $)G(s,ulgl)dW(s)|
=N +h+I3+I4+Js.

Next, we check that J; — 0 independently of u € @RO asn—t —0,i=1,2,3,4,5.
By the equicontinuity of semigroup ||7(¢)||(z > 0), one can obtain

Ji = SE||T(12)9(0) — T(11)(0) |
<S|IT () =T @) Pl
<S|IT(—n) = 1PIT (1) Pl ol
— 0 as n—1t — 0.

From the condition (H2), there exist positive constants M, M, such that for all u € O,

SEEEHF(I,WPL)IF < My, SggEIIG(I,uW]rW < M. (3.11)
= |2

For t; =0 and £, > 0, it is easy to see that J, = 0. For #; > 0 and taking € > 0 small
enough which is independent of #; and #;, by (3.11), and the Holder inequality, one can
get that

b = (Tl —s) = T(n —s))F(W[(p}s)dst

N

5[ 170 =)~ T —5)las

< [ 1T =9 = 70 = I F(s.algl) s

10MM 1—¢€
< ([N I =T - 5)lds
\Vo| 0
+ [ 1T =)~ T —s)]ds)
1—€
10MM
< (I -n+e)-T@) [ 1T -s—e)las
Vol
11
[ U@ =)+ 17— 5))ds)
H—&
10MM;
: T(p—11+¢€)—T(g)|| +2Me
L (T —n-+e) = T(e)] +2ue)

— 0 asrp—1 —0,e—0.
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By (3.11), and the Holder inequality, one can obtain

Iy = SE‘

/tltz T (1 —s)F(s7u[(p}s)dsH2

N

[ 17 =9)lds [ 1762 —3) B s ulgl) s

sty ([ 1762 =)las)

SM*My (1 —11)°
— 0 astp—1; — 0.

N

N

On the other hand, for #{ =0 and #, > 0, it is easy to see that J4 = 0. For #; > 0 and
€ > 0 small enough, by (2.4) and (3.11), one can see that

Iy = 51E|

[ =9 -1 -)60ulgl)awis)|
<5 [T =9) =T —5) PEIG(s. gl ds
<sm( [T =9 - 10 —5) Pas

S RECEREOESIEY
s;mq@r@—n+@—r@w{[“WTm—s—aWw

[ (T =)+ 1T - 9))s)

H—&

1
2|vo|
—0 astp—t; — 0, e —0.

< 5M2Mg( IT (62 —11+€) —T(6>H2+28)

And from (2.4), (3.11), one can obtain

Js = SE‘

[ =6l gawis)|

N

5/,:2 IT (22 = 5)IPENIG(s, ul@]s) || *ds

< SMPMy(t, — 1)

— 0 astrp—1; — 0.

Thus, it can be deduced that E||Qu(t>) — Qu(#1)||*> — 0 independently of u € O, as
t» —t; — 0, which means that Q : @RO — @Ro is equicontinuous in [0,a]. Hence, the
operator Q : Og, — O, is locally equicontinuous.

Now, according to Lemma 3.1, we can deduce that QO is relatively compact in
Co.» which implies that Q : ©g, — O, is completely continuous.
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Step 5. We show that Q is SAP,(L?(Q,H))-valued.
Obviously, SAP,(L*(Q,H)) is a closed subspace of Cy, and u € SAP,(L*(Q,H))

implies that the function 7 — u[@], belongs to SAP,(B).
For a given ¢ € B, and u € SAP,(L*(Q,H)), we consider

(Qu)(t+ @) — (Qu)(7)
1+
— T(t+ @)9(0) +/0 T(i+ & — s)F (s, u[0]s)ds

+ [T+ 0606 gl )i - T0e(0)
— [ 1= F el s~ [ T6-9)G(s.ulgl)dw(s)
= T(t+0)p(0) - TW9(0)+ [ Tl+0—5)F(s.ulpl)ds
+ [ T =3)(F(s+ 0.ulgls0) — Fls.ulgl)ds
+ [T+ 0 9)G(s.ulpl)aW(s)
+ [ T=9)(GG+0,ulglss0) ~ Gls.ulgl)aW(s)
= T(t+0)p(0) - TW9(0) + [ Tl+0—5)F(s.ulpl)ds
+ [ TU=3)(F s+ 0,ulglss0) ~ Flsulgliso)ds
+ [ TU=3)(Fulpl) — Fls.ulpl)ds
+ [T+ 0 9)G(s.ulpl)aW(s)
+ [ T=3)(G(+ 0,1l 10) ~ Gls.ulp )W)

+ [ T0=9)(Glsulglsr0) — Gls.ulg))JdW ()
=0L()+ L)+ L)+ L)+ I5() + 16(t) + I(2).
Firstly, by the exponential stability of semigroup 7'(¢) (r > 0),
E|L(1)]* < 2E|T(1+ 0)p(0)|*+2E|T(1)p(0)|
< 2(MEV01+0) | 220 |14
< 42 ||}
— 0, as t — oo,

Since u € SAP,(L?(Q,H)), there is a constant ¢ ; > 0 such that E||u[¢]( + ©) —
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ulp](t)||*> < e forany ¢ > te,1. Thus, u[@]; € SAP,(B) forany r > 0 and E||u[¢]+o —
ulgl||% < e forany t > 1.
By the continuity of F and G, one can find that for 7 > ¢ |

Vi
Iwl,

BIF (1ol o)~ Pl ol < e, 6.12)
BIGulgh o) Gl ulol)| < ) (.13)

From the condition (H1), it is easy to test that there exists a constant f¢ 5 large enough
such that for 7 > #¢ 5,

Vi

EIIF(+ 0.ulg) o)~ F(1ulo) 0> < 20le, (3.14)
2 _ 2wl

E||G(t+ o, u[@]i+0) — Gt u[Qli+o)|l <92 (3.15)

According to the Holder inequality, exponential stability of semigroup 7'(¢) (¢ > 0)
and (3.11), one can see

BILOIR < [ 17C+0-s)ds [ [T6-+0-5)[EIF(saulgl)|Pds
< Mf(/OwHT(t+a)—s)||ds>2

2 Vot @ Vo(w—s) 2
< M Myle e ds
0

MZMerVOt
ol?
— 0, as t — oo,

For t > 1 := max{t¢ 1,72}, by the Holder inequality, (3.11) and (3.14), one can see
that

E|5()|* < /Ot ||T(I—S)Hd5/(: T (2 = $)|[E|IF (s + ©,u@]s+0) — F(s,u[@]st o) *ds
M
= vl

+/Wnrwwmwc+uwwﬁm—F@wmeWm)

X (/Ots |7 (t = )EF (s + @, u[@]s+0) = F(s,ul@]sro)|*ds

sz/ IT(t—s) ||ds+ / 1T —s) Hds

\Vo|

ﬂ 2MM 0(t=5)gs 1 ¢
\Vo| !

M eVO(t_tS)
—<2MMf +e),

= vl Vol
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which means that E||3(¢)||> — 0 as ¢ — 0. Similarly, from (3.12), one can find that

E|I4(t)||> — 0 as t — o. According to the exponential stability of semigroup 7'(¢)
(r>0), (2.4) and (3.11), one can find

BIS0) < [ 1760+0-5)PEIGE.ulpl) Pds

<, [ g,
0

MZMgeZVOt
2|vol

— 0, ast — oo,

For 1 >t := max{tg 1,12}, by (2.4), (3.11) and (3.15), one can obtain that

B0 < [ I ~5)PEIG( + 0.ulglso) ~ Glssulglso) Pds
< [T =) PEIG( + 0.ulglus0) ~ Glssullso) Pds
+ [ ITC=9IPEIG( + 0.ulp)sw) ~ Gls.ulplsa) %ds

c /t M262V0(17.\')ds

Ie

2|vo|

te
2 2 -
< 2M Mg/() e vo(r )dS+ W

MZMgeZVO (t—t¢)

te,
[vol

which implies that E|/ls(¢)[|> — 0 as ¢ — . Similarly, from (3.13), we can get
E||;(¢)? tends to 0 as t — oo.

Thus, we can conclude that
IILIE,EH Qu(t+ ) — Qu(r)||* =0,
namely, Q(SAP,(L*(Q,H))) C SAP,(L*(Q,H)).

From the above results, we have that

Q: Og, NSAP,(L2(Q, H)) — Og, NSAP,(L*(Q, H))

is a completely continuous operator. According to the Schauder fixed point theorem,
the operator Q has at least one fixed point u € Og, NSAP,(L2(Q,H)). Let {u} C
Or, NSAP,(L*(Q,H)) converge to u, then {Qu™} convergesto Qu = u uniformly in
[0,0). Therefore, we can easily deduce that u[¢] is the square-mean S-asymptotically
w-periodic mild solution of the problem (1.1). [
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4. Uniqueness and global asymptotic behavior

Now, we prove the uniqueness and globally asymptotically stable property of the
square-mean S-asymptotically w-periodic mild solution of the equation (1.1).

THEOREM 4.1. Assume that A : D(A) C H — H is a closed linear operator and
—A generate an exponentially stable semigroup T(t) (t > 0) in Hilbert space H,
whose growth exponent denotes vy < 0. Let F : R" x B— L*(Q,H), G: Rt x B —
L(K,H) be continuous functions and sup,oE||F(t,0)|* < e, sup,5(E|G(t,0)|* <
oo. [f the conditions (HI) and (H3) for all t > 0 and ¢,y € B, there exist positive
constants ay,b| such that

E|F(1,9) = Ft,¥)|*> <a|¢ — i[5, E[G(,9) — Gt,w)|> <bi]l¢ — 3

hold, then for a given @ € B, the problem (1.1) has a unique square-mean S -asymptoti-
cally w-periodic mild solution provided that

M2 M?*b 1
—a Tl (4.1)
Vo Ivol 2

Moreover, if the constants ay,b; in the condition (H3) satisfy

M2aelVolr pM2pielvolr 1
2 <3
[vol [vol 3

(4.2)

then the unique S-asymptotically o -periodic mild solution is globally exponentially
stable in square-mean sense.

Proof. Given ¢ € B, and u € Cy,, we define the function u[¢] : [—r,e0) — L*(Q, H)

as follows: »
u(t), fort >0
ulpl(r) = {(p(t), forz € [—r,0].

We denote
Cp ={ueCy:u(0)=0(0)}.
Then Cy, is a closed subspace of Cg,.

For u € Cp and ¢t > 0, let Qu(t) defined by (3.3). By the condition (H3), one can
find

B Qu()| < 3BT+ 3E] [ T 5)F(s.ulolas]

+3]EH/OIT(t—s)G(s,u[(pmd\"ws)H2

2

3M
< 32|35 + W(zal(llqo\\%wL lul| &) + 2| F(z,6) %)

3M2 2 2 2
+W(2b1(H<PIIB+ ulle) +2E[G(,0)11%),
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which implies that Q : Cp — Cy is well defined. According to the proof of Theorem 3.2,
one can see that Q(SAP, (L?(Q,H))) C SAP,(L*(Q,H)). Thus, the fixed point u of the

operator Q in SAPy(L*(Q,H)) implies that u[¢] is the square-mean S-asymptotically
w-periodic mild solution of the problem (1.1).

For all £ >0, and u,v € SAP,(L?(Q,H)), by the condition (H3), the Hélder in-
equality, (2.4), and (3.3), we get that

B Qulr) — Q1) P
= E[| [ 7= 5)(F(s.ulgl) = F(s.vlg))ds
+ [ 76-9)(G0.ul6l) ~ Gls gl (s) |
< 28] [ 76-9)(F(s.ulg)) - Fsrlgl)as|
28] [ 7= 5)(Gls,ulo) ~ Glsovlolaw ()|
<2 [ ra-9)ds [ 7= 9EIF(s.ulgly) - Fs.vlpl)|Pds
+2 [ 176 -9 PEIG(s.ulpl) — Gls.vlol) s
<2 [T = )lds [ 17 -5) e Julg)— vlpl [R)ds

+2 [ 17— (b lllgl, ~vigl)ds

2M?a; 2M°by
S Tl lu—vIIg+ WH“ —v|&
M2a1 Mzbl 2
<2(%7 =i,
[vol [vol
which implies that
M?%a M?b
2 1 1 2
”Q”_Qv||C<2(W+W>H”_VHC7 (4.3)

thus, by (4.1), we can conclude that Q is a contraction mapping. Hence, the problem
(1.1) has a unique square-mean S-asymptotic @ -periodic mild solution u*[@].

Next, we prove the global exponentially stability of the unique square-mean S-
asymptotically ®-periodic mild solution. Assume that u*[@] is the unique square-
mean S-asymptotically @-periodic mild solution of the problem (1.1). Moreover, for
any ¢ € B, itis easy to test that the problem (1.1) has a unique mild solution v[¢] with
Ve Csb .
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For every ¢ > 0, from the definition of Q, one can find

E[lu*[@](1) = v[@) (> = Ellu (1) — v(r)||?
< 3E[T(1)(9(0) — 6(0)) |

t 2
3B [ 76— 5)(F (s, [p)) = F(s.0[6])ds
+38]| [ 709Gl — Gls 101 )aw )|
< 3MVEp(0) — 0(0) 2 +3 [ T —5)ds
< [ ITa= IR, o) — F(s.v101) s
43 [ 176 -9)IPEIGG, vlol) ol L) IPds
< 3B 9(0) ~ 6(0) P+ = [ 170 =) e —vloL )

= tuw—sw (b1 [ = vioL B)ds
< 3MCE] 9(0) 6 (0)]

3M? gt
Toor b € (ar sup Ellgl(s-+ )= v1o)(s-+ )] )ds
ol Jo e[-r0]

5
+3M2/ e2Vo(t=s) (bl sup E|u*[o](s+ 1) —v[o](s+ T)||2> ds
0 te[—r0]

3M?a
< 3M2"'E|g(0) — ¢(0) > + (| |1+3M2b1>

x/()tev(’(t_s)( sup Ellu’[p)(s+7) ~v[o])(s-+ 7)) ds

te[—r0]

For any ¢ >0, let ¥(r) = elI'E||u*[@] (r) — v[¢](¢)]|>, one can see

r
W) SAP0)+ [ Ay sup W(s+1)ds, (4.4)
0 te[-r0]

where Aj = 3M2, Ay — (3’”2“1 n 3M2b1>e|Vo|r'

[vol

From the Gronwall integral inequality ([24,27]), it follows that for all # > 0,

[ ] (1) — V{810 = (1) < Al — 91 - . (4.5)
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By (4.2), one can find that

o = |vo| — Az
<3M2a1
Vol
‘V0|2 —3M2611€‘v0‘r—3M2‘V0|b1€‘v0‘r
Vol
Vo2 (1 _ 3MPapelvolm 3M2hle\vo\'>

[vol? Vol
= >0,

[vol

+ 302, )l

from (4.5), one can get
E|lu[o] (1) = v[9](1)|1* < Aillo — 9l[F- e
Therefore, the unique square-mean §-asymptotic @ -periodic mild solution of the prob-
lem (1.1) is globally exponentially stable. [
5. Example

Consider the following delayed stochastic partial differential equation

%u(nx) - ;—;u(t,x) = %u(l +1T,x)

C(;Sez%mu(wrr,x)w’(t), teR", xel0,m], (5.1)
u(t,0)=u(t,mr)=0, t€R",
u(t,x) =¢(t,x), t€[-nr0],x€[0,n],

where W(r) is a standard Wiener process defined on a probability space (Q,F,P).

In order to write the problem (5.1) into the abstract form (1.1), we assume that
H = L*[0, x] is a Hilbert space with the L?-norm || - ||, . Denote the operator A : D(A) C
H — H by

d%u
ox%’
From [31], it can be known that —A generates an exponentially stable compact analytic
semigroup T'(¢) (+ >0) in H and ||T(¢)|| < e " forany t > 0,then M =1, vop = —1.

For every t € RY, x € [0,7], denote u(r)(x) = u(t,x), u(7)(x) = u(t + 7,x) for
every 1 € RT,x € [0,7], T € [-r,0], and

DA):={ucH|d u" € H,u(0)=u(r)=0}, Au=-— (5.2)

Fltuw)(x) = %u(t—!—r,x), (5.3)
Gle,u)(x) = 2™ e 475, (5.4)

8e2
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For any ® > 0, we have

sin27(t+ )  sin Zm
(1+o)
2

lim

f—o0

=0.

’ cos2rm(t+ w) cos2mt

P sl

‘—0 lim
e

t—oo
Thus, F,G are continuous and satisfy the condition (H1) of Theorem 3.2. Let h(t) = ¢',

then
sin? 27t

E|[F (/)P < TS B 0P < ool (55)
120\12 < €8 *2m 1)2 2<i 2
BG(.e ) < S B P < ol (56)

for all t >0, n € B. From (5.5) and (5.6), it can be seen that the condition (H2) is
satisfied. By M = 1,vy = —1, one can see
3M*a; 3M*b; 3 3 27

=—+—=—<1 5.7
o2 " 2[vel 16 128 128 5.7)
Hence, from Theorem 3.2, the equation (5.1) has at least one square-mean S -asymptotically
1-periodic mild solution.

From the definition of F, G, one can get

1
E||F(t,m) —F(t,m)|* < Rllm—nz\\%, (5.8)

1
E|G(r,m) ~ G(t,m)|* < 6—4llm—nzH%7 (5.9)

for every t > 0, 1ny,n2 € B, this means that the condition (H3) is satisfied. Since
M =1, vg=—1, one has

M?a;, M?*b; 1 1 5 1

— =—+—=—<_, 5.10

o2 T vl T 16 T6d "6 2 (5.10)
which implies that the (4.1) holds. Thus, according to Theorem 4.1, the equation (5.1)
has a unique square-mean S-asymptotically 1-periodic mild solution. For 0 < r < In3,
we can find that

M2ajelVolr p2pjelvolr 1 1 15 1
=—x3 X3=—< =, 5.11
Vo2 v 16 e " T & <3 (5-11)

it means that the (4.2) is holds. Therefore, from Theorem 4.1, it can be seen that the
S-asymptotically 1-periodic mild solution of equation (5.1) is globally exponentially
stable.
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