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1 Introduction

The purpose of this paper is to study the global existence and convergence properties of
mild solutions to a class of abstract semi-linear functional stochastic integro-differential
equations of the general form

2/ (t) = Az(t) + F(x)(t) +/O G(z)(s)dW(s), 0<t<T, (1.1)
2(0) = h(z) + zo,

in a real separable Hilbert space H. Here, A : D(A) C H — H is a linear (possibly
unbounded) operator, G : C([0,T]; H) — C([0,T); L*(%; BL(K; H))) (where K is a

1This work was begun during the author’s visit to Ohio University in June 2002, a trip which was
supported by a summer research grant awarded by the Goucher College Alumnae and Alumni Junior
Faculty Fund.
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real separable Hilbert space), F : C([0,T]; H) — LP(0,T; L*(Q; H)) (1 < p < ), W
is a K-valued Wiener process with incremental covariance described by the nuclear
operator ), xg is an Fy-measurable H-valued random variable independent of W, and
h:C([0,T); H) — L3(%; H).

The present work may be regarded as a direct attempt to extend recent results
developed in [7, 10, 16, 18, 20] to a broader class of functional stochastic equations.
The equations considered in the aforementioned papers can be viewed as special cases
of (1.1) by making the appropriate identifications of F', G, and h. Moreover, we further
extend these results by incorporating more general initial conditions. In particular, mild
periodic solutions are obtained. To the authors’ knowledge the results in this paper are
new even in the case of a classical initial condition (i.e., when h = 0).

The deterministic version of (1.1) (and related equations) coupled with a classical
initial condition has been studied extensively both when A is linear and when A is
nonlinear. We refer the reader to [8, 30] and the references therein. Byszewski [13]
introduced nonlocal initial conditions into such abstract initial-value problems and ar-
gued that the corresponding models more accurately describe the phenomena since more
information was taken into account at the onset of the experiment, thereby reducing
the ill effects incurred by a single (possibly erroneous) initial measurement. Since then,
many authors have continued this work in several directions and established existence
theories for first-order nonlinear evolution equations [2, 4, 29], second-order equations
[7], delay equations [7, 28], Volterra integral and integro-differential equations [5, 25],
and differential inclusions [1]. Concrete nonlocal parabolic and elliptic partial (integro-)
differential equations arising in the mathematical modeling of various physical, biolog-
ical, and ecological phenomena, as well as a discussion of the advantages of replacing
the classical initial condition with a more general functional, can be found in [13, 21]
and the references contained therein.

Stochastic differential equations (SDEs) in both finite and infinite dimensions have
also received considerable attention. We refer the reader to [10, 32] for a thorough
discussion in the finite dimensional setting, and [14, 19] for the infinite dimensional
setting. A semi-group-theoretic development of a theory for the stochastic analogues
of deterministic evolution equations is both powerful and beneficial since it enables
one to investigate a broad class of stochastic partial differential equations within a
unified context. SDEs are important from the viewpoint of applications since they
incorporate (natural) randomness into the mathematical description of the phenomena,
and, therefore, provide a more accurate description of it. Moreover, coupling such
equations with a nonlocal initial condition strengthens the model even further.

The basic tools used in this paper include fixed-point techniques, the theory of (com-
pact) linear semi-groups, results for probability measures, and methods and results for
infinite dimensional SDEs. The results are important from the viewpoint of applica-
tions since they cover nonlocal generalizations of integro-differential SDEs arising in
fields such as electromagnetic theory, population dynamics, and heat conduction in
materials with memory [10, 17, 19, 32].

The outline of the paper is as follows. We review some basic facts about linear
semi-groups, the theory of SDEs, and probability measures in Section 2. Then, Sections
3 and 4 are devoted to the development of our main existence results, while a discussion
of various convergence results immediately follows in Section 5. Finally, the paper
concludes with a discussion of a concrete nonlocal integro-partial SDE in Section 6.
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2 Preliminaries

For further background of this section, we refer the reader to [9, 11, 12, 14, 15, 19, 23,
30, 32]. Throughout this manuscript, H and K denote real separable Hilbert spaces
equipped with norms || - || and || - ||k , respectively, and the space of bounded linear
operators from K to H is denoted by BL(K; H) (or simply BL(H) if K = H). Also,
for Banach spaces X and Y, the space of continuous functions from X into Y (equipped
with the usual sup-norm) shall be denoted by C(X;Y"), while LP(0, T’; X) shall represent
the space of X-valued functions that are p-integrable on [0, T7.

Let (Q,F, P) be a complete probability space equipped with a normal filtration
{F+ : 0 <t <T} (ie., a right-continuous, increasing family of sub o-algebras of F).
An H-valued random variable is an F-measurable function X : 2 — H and a collection
of random variables S = {X(t;w) : @ — H|0 <t < T} is called a stochastic process.
Henceforth, we shall suppress the dependence on w € Q and write X(¢) instead of
X(t;w) and X : [0,T] — H in place of S.

The collection of all strongly-measurable, square-integrable H-valued random vari-
ables, denoted by L*(Q; H), is a Banach space equipped with norm || X (-)||r2.m) =
(B|| X (;w)]|%)'/?, where the ezpectation, E, is defined by E(g) = [, g(w)dP. An im-
portant subspace is given by L3(Q; H) = {f € L*(Q; H) : f is Fo-measurable}. Next,
we define the space C([0, T|; H) to be the set {v € C([0,T]; L?(; H)) : v is F;-adapted}.
One can prove that this is a Banach space when equipped with the norm

lolle = sup (EJo(t)l|F)". (2.1)
0<t<T
Definition 2.1: A stochastic process {W(¢) : ¢ > 0} in a real separable Hilbert
space H is a Wiener process if for each t > 0,
(i) W(t) has continuous sample paths and independent increments,
(i) W(t) € L*(Q; H) and E(W(t)) =0,

(iii) Cov(W(t) — W (s)) = (t — )@, where Q € BL(K; H) is a nonnegative nuclear
operator.

Consider the initial-value problem
2(t) = Az(t) + F(1) + g(OW' (1), 0<t<T, (2.2)

x(0) = xp,

where A : H — H generates a Cp-semi-group {S(t) : t > 0} on H, f € L*(0,T; H),
g € BL(K; H), W is a K-valued Wiener process with respect to {F; : 0 <t < T}, and
Xo € Lg (Q, H)

Definition 2.2: An F;-adapted stochastic process z : [0,7] — H is called a mild
solution of (2.2) if z(t) is measurable, for all ¢ € [0, T, fOT lz(s)]|%ds < oo a.s. [P], and

z(t) = S(t)zo +/0 S(t—s)f(s)ds —l—/o S(t—s)g(s)dW(s), a.s. [P], (2.3)

forall0<t<T.
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(The second integral in (2.3) is taken in the sense of It6. A complete discussion of
the construction of the Ité integral can be found in [14].) It is well-known that (2.2)
has a unique mild solution = € C([0,T]; H), and if stronger regularity restrictions are
imposed on the data, this solution is a strong solution (see [19, 20]).

The following alternative of the Leray-Schauder principle [24] plays a key role in
Section 4.

Theorem 2.3: (Schaefer’s Fixed Point Theorem [31]) Let X be a Banach space and
®: X — X a continuous, compact map. Then, either the set £(®) = {x € X : Az = Pz,
for some A > 1} is unbounded, or ® has a fized point.

We conclude this section with some comments regarding probability measures. We
refer the reader to [9, 11] for a more detailed discussion.

Let X be an H-valued random variable and let P(H) denote the set of all probability
measures on H. The probability measure P induced by X, denoted Px, is defined by
PoX~':B(H) — [0,1], where B(H) is the Borel class on H. A sequence {P,} C P(H)
is said to be weakly convergent to P if fQ fdP, — fQ fdP, for every bounded, continuous
function f : H — IR; in such case, we write P, — P. Next, a family {P,} is tight if
for each € > 0, there exists a compact set K. such that P,(K.) > 1 — ¢, for all n.
Prokhorov [11] established the equivalence of tightness and relative compactness of a
family of probability measures. Consequently, the Arzeld-Ascoli Theorem can be used
to establish tightness.

Definition 2.4: Let P € P(H) and 0 < t; <ty < ... <t <T. Define m, 4, :
C([0,T);H) — H* by m,. 4, (X) = (X(t1),...,X(tx)). The probability measures
induced by m, .+, are the finite dimensional joint distributions of P.

Proposition 2.5: ([23], pg. 37) If a sequence {X,,} of H-valued random variables
converges weakly to an H-valued random variable X in L*(Q; H), then the sequence of
finite dimensional joint distributions corresponding to {Px, } converges weakly to the
finite dimensional joint distribution of Px.

Finally, the next theorem, in conjunction with Proposition 2.5, is the main tool in
establishing a convergence result in Section 5.

Theorem 2.6: Let {P,} C P(H). If the sequence of finite dimensional joint distrib-
utions corresponding to { P, } converges weakly to the finite dimensional joint distribution
of P and {P,}is relatively compact, then P, = P.

3 Existence Results - Lipschitz Case

Consider the initial-value problem (1.1) in a real separable Hilbert space H under the
following assumptions:

(H1) The linear operator A : D(A) C H — H generates a Cy-semi-group {S(t) : ¢t > 0}
on H,

(H2) F:C([0,T); H) — LP(0,T; L*(£; H)) is such that there exists Mg > 0 for which
1F(x) = F(y)lr < Mrllx —ylle, forall 2,y € C([0,T]; H),

(H3) G : C([0,T); H) — C([0,T]; L>(Q; BL(K; H))) (= Cpyz) is such that there exists
Meg > 0 for which

HG(l‘) - G(y)HCBL < MGHJ" - yHCv for all T,y € C([O’T]v H)v
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(H4) h:C([0,T); H) — L2(; H) is such that there exists M}, > 0 for which

[h(x) = h(y)llz < Mullz —ylle, forall z,y € C([0,T]; H),

(H5) zo € L3(; H).

Definition 3.1: A function = € C([0,T]; H) is a mild solution of (1.1) on [0, 7] if
satisfies Definition 2.2 with (2.3) replaced by

t t s
(1) = S(8) (h(w)+0) + / S(t—s)F(z)(s)ds+ / / S(s—7)G(x)(r)dW (r)ds, as. [P],
0 0o Jo (3.1)
forall0 < ¢ < T. (The Uniform Boundedness Principle and the strong continuity of S(¢)
together guarantee the existence of a positive constant Mg such that ||S(¢)||pr < Ms
for all 0 <t <T.) Our first result is:
Theorem 3.2: Assume that (H1) - (H5) hold. Then, (1.1) has a unique mild
solution on [0, T), if
Mg [Mh + MaTCq + MFTl/q] <1, (32)

where 1 < p, ¢ < oo are conjugate indices.
Proof: Define the solution map J : C([0,T]; H) — C([0,T]; H) by

(Jz)(t) = S()(h(z) + z0) + /0 S(t—s)F(x)(s)ds (3.3)

+/0 /0 S(s — 7)G(x)(r)dW (r)ds, 0 <t <T.

The continuity of J is easily verified. Successive applications of Hélder’s inequality
yields

=

2

t T
[En / s<t_s>F<x)<s)d8|§,] <Thts | [ IF@6) Fagnds (3.4)

< TP=D/P MG || F(x)| 1o

Subsequently, an application of (H2), together with Minkowski’s inequality, enables us
to continue the string of inequalities in (3.4) to conclude that

[Eu / S(t—s)F(m)(s)dsuzr < TiMsMpllefc + [FO) ). (35)

Taking the supremum over [0,7] in (3.5) then implies that fot S(t — s)F(x)(s)ds €
C([0,T); H), for any € C([0,T]; H). Further, for such =, G(x)(s) € BL(K; H) and
h(x) + 29 € L3(Q; H) (by (H4) and (H5)). Consequently, one can argue as in [20] to
conclude that J is a well-defined.

Next, we show that J is a strict contraction. Observe that for z,y € C([0,T]; H),
we infer from (3.3) that

(J)(t) = (Ty)(t) = St)(h(z) = h(y)) + /O S(t = s)[F(x)(s) — Fy)(s)]ds
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+ /O /O S(s — 7)[G(2) (1) — Gy)(T)]dW (r)ds, 0<t<T. (3.6)

For convenience, let I, Is, and I3 represent the first, second, and third terms, respec-
tively, on the right-side of (3.6). Squaring both sides and taking the expectation in (3.6)
yields, with the help of Young’s inequality,

E|(T2)(t) = (Ty)O)llE < AENLIE + El L)% + Ells]1%)
and subsequently,
(T2)(t) = (Ty)Dlle < 4llLille + [H2lle + [[13]le]- (3.7)
Using reasoning similar to that which led to (3.4), one can show that
ITille + | T2lle < Ms[My + MpT ]z - yllc. (3.8)

Also, one can modify the argument of Proposition 1.9 in [20] to conclude that there
exists a constant C¢ (depending only on p, Tr(Q), and T') such that

[13]lc < MsMaCaT||lz —yllc. (3.9)

Using (3.8) and (3.9) in (3.7) enables us to conclude that J is a strict contraction,
provided that (3.2) is satisfied and thus, has a unique fixed point which coincides with
a mild solution of (1.1). This completes the proof.

Next, we consider the following initial-value problem studied in [16].

2/ (t) = Ax(t) —|—/0 C’(t,s)g(s,x(s))dW(s)—i—/o B(t,s)f1(s,z(s))ds (3.10)

x(0) = xp,
where {B(t,s) : 0 <t < s <T}JC(ts):0<t<s<T}C BL(H),g:[0,T] x H
— BL(K;H), and f; : [0,T]) x H — H(i = 1,2) are given mappings satisfying the

following conditions:

(H6) f; :[0,T] x H — H(i =1,2) is such that there exists My, > 0 for which
||fl(t7$) - fi(tvy)”H < Mfi

(H7) ¢:[0,T] x H— BL(K; H) is such that there exists M, > 0 for which

x—y|lg, forall te[0,T] and x,y € H,

||g(t,I) - g(t7y)||BL S ‘]\49”17 - y”H’ for all ¢ S [OaT] and z,y € H.

We recover Theorem 2.1 in [16] as the following corollary of Theorem 3.2.

Corollary 3.3: If (H1), (H4) - (H7), and (3.2) hold, then (3.10) has a unique mild
solution on [0, T).

Proof: Define F : C([0,T); H) — L'(0,T;L*(Q; H)) and G : C([0,T]; H) — CgL,
respectively, by

F(2)(t) = / B(t,5) fi(s,5(5))ds + folt,(t), 0<t<T,
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G(z)(t) = C(t,8)g(t,x(t)), 0<t<s<T. (3.11)

The Uniform Boundedness Principle guarantees the existence of positive constants Mp
and M¢ such that ||B(¢,s)|lpr < Mp and ||C(t,s)|lpr < Mg, forall 0 <t < s <
T. Standard computations involving properties of expectation and Hélder’s inequality
imply, with the help of (H6), that for all z,y € C([0,T]; H),

() = F(y)l s

[N

T t
< 2/0 [TMJ%/O B\ fi(r, (1)) = filr,y(0)|%dT + E||f2(s, 2(5)) — fo(s,y(s))||%

< 2T[TMBMf1 + Mfz]”x —Ylle- (3.12)
Similarly, (H7) enables us to infer that for all z,y € C([0,T]; H),

1G(2) = GW)lles. < MMz =yl (3.13)

Thus, if we let Mp = 2T[TMpMy, + My,] in (H2) and Mg = McM, in (H3), and take
h = 0, we can conclude from Theorem 3.2 that (3.10) has a unique mild solution on
[0,T7.

Remark 3.4:

(i) We also recover Theorem 3.3 in [22] as a corollary to Theorem 3.2 if we replace F’
and G in (3.11), respectively, by F(z)(t) = f(t) and G(z)(t) = C(t — s)z(t), for
all 0 <t < s < T, where C is a convolution-type kernel satisfying Assumptions
3.2 on page 361 in [22]. The result then follows from Corollary 3.3.

(ii) A result analogous to Corollary 3.3 regarding a delay version of (3.10) (obtained by
replacing g(s, z(s)) by g(s,z(s), z(o(s))), where o : [0,T] — [0,T] is a continuous,
nondecreasing function) can be established by making slight modifications to the
above argument. A related delay equation is discussed in [7] using compactness
methods.

We conclude this section with a comment on a special case of (3.10), namely where
xo = 0 and h is given by

h(z) =«(T), forall x € C([0,T); H). (3.14)

Clearly, h, as given by (3.14), satisfies (H7) with M, = 1. Since Mg > 1, condition
(3.2) does not hold for such h. To incorporate (3.14) into our theory, we consider that
the functions f; and g are defined instead on C((0,00); H) and satisfy (H6) and (HT),
respectively, with [0, 7] replaced by [0,00). Also, we take B and C to be convolution
kernels in L'(0, 00) of the type described in Remark 3.4(i). And finally, we assume that
A generates a semi-group {S(¢) : t > 0} on H such that

(H8) There exist Mg > 1 and w > 0 such that ||S(¢)| s < Mge™“*, for all ¢ > 0.

For conditions that ensure that (H8) holds, see [30], pg. 116. Using an approach
similar to the one employed in [25], we can now prove that the following initial-value
problem has a unique mild solution, provided T is sufficiently large.

7' (t) = Ax(t) + /0 C(t— 8)g(s,x(s))dW(s) + /0 B(t —s)fi1(s,z(s))ds (3.15)
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+fo(t,z(t), 0<t<T,
z(0) (T).

=z
Theorem 3.5: Suppose (H1) and (H8) hold, and that f;, g, B, and C are as
described above. If also

(Hg) Mg exp [—wT-i—Ms(MleBHLl(Opo) +Mf2 +MgHC||L1(O,oo)H <1, then (315) has
a unique mild solution on [0,T].

Proof: Arguing as in [22], it follows that for each fixed T > 0 and each y € L3(€; H),
the initial-value problem (3.15) (with y in place of (7)) has a unique mild solution z,
on [0,T] given by

asy(t):S(t)y—i—/O /OSS(S—T)B(s—u)fl(r,x(r))drds+/0 S(t—5)fals,2(s))ds (3.16)

t s
+/ / S(s—T1)C(s—T1)g(r,z(7))dW(r)ds, 0<t<T.
o Jo
On account of (H8), and the assumptions imposed on f;, g, B, and C, (3.16) yields

[y () = 22 (O)|5 < Mse™"|ly — zllm + Ms(My, | Bll1(0,00) + My, + MQHC||L1(O(,OO))
3.17

t
/ ez, (s) — x.(s)||wds, 0<t<T.
0
Now, using a Gronwall-type inequality in (3.17) (cf. [25], Lemma 4.2), we arrive at
[y (T) == (T) || < Msexp[—wT+Ms(My, [| Bl L1(0,00)+ M, +Mg | Cl| L1 (0,00))]-[ly =2l &
for all y,z € L3(Q; H), and subsequently,

|2y (T) = 2= (T) || L2(0; 1) < Msexp[—wT + Ms(My, || Bl 11(0,00) + My, + Mgl|Cll11(0,00))]
(3.18)
fly = 2l pz-
Define Q7 : L*(Q; H) — L*(; H) by Qr(y) = uy(T). Observe that (3.18) and (H9)
imply that Qr is a strict contraction on L?(§2; H), for sufficiently large T. Thus, for T'
chosen such that (H9) is satisfied, Qr has a unique fixed point yo. The corresponding
function w = w,, is the desired mild solution of (3.15).

4 Existence Results - Compactness Case

We now develop existence results for (1.1) in which the Lipschitz conditions on F, G,
and h are replaced by sublinear growth conditions. This is done at the expense of a
compactness restriction on the semi-group. Precisely, we use the following assumptions
instead:

(H10) A generates a compact Cy-semi-group {S(¢) : t > 0} on H,

(H11) F : C([0,T); H) — LP(0,T; L*(Q; H)) is a continuous map for which there ex-
ists positive constants ¢; and cp such that ||F(x)|» < eillz|lc + co, for all
z€C([0,T]; H),
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(H12) G : C([0,T]; H) — Cpy is a continuous map for which there exists d; > 0 and
de € L?(0,T; IR") such that ||G(z)|cy, < dillzllc +da(+), for all z € C([0,T); H),

(H13) h : C([0,T); H) — L%(Q; H) is a continuous, compact map for which there ex-
ists positive constants e; and ep such that [|h(z)|Lz < erlz]lc +eo, for all z €
([0, T]; H).

We begin by establishing certain compactness properties of the mappings ®; :
LP(0,T;L?(Q,H)) — C([0,T]; H) and ®3 : Cpr, — C([0,T]; H) defined, respectively,
by

1 (v)(t) = /Ot S(t— s)u(s)ds, 0<t<T, (4.1)

Dy (v)(t) = /0 /OS S(s—=7)v(r)dW(r)ds, 0<s<t<T. (4.2)

The well-definedness of these two mappings follows from an application of Lebesgue’s
Dominated Convergence Theorem.
Lemma 4.1: Assume that {S(t) : 0 <t < T} is a compact semi-group on H. Then,

(i) ®1 maps uniformly integrable sets in L1(0,T;L*(Q, H)) into precompact sub-
sets of C([0,T); H). Further, ®; is a compact map from LP(0,T; L*(Q; H)) into
C(0,T}; H), forp>1,

(ii) @2 is a compact map from Cgy, into C([0,T); H).

Proof: Part (i) is essentially a stochastic analog of Lemma 3.1 in [3] (where S(¢)
plays the role of the resolvent operator) and its proof follows similarly by making the
natural modifications. We shall only sketch the proof of (ii).

Let K, = {v € Cpr, : ||v|lcp, < r}. We shall show that ®5(K,) is equicontinuous
at each t € [0, 7] and ®2(K,)(t) is precompact in L*(Q; H), for each ¢ € [0,T]. To this
end, observe that for 0 < t; <ty < T and v € K,., we have

1®2(0) (t2) — ®2(0)(t1) | 2ty < [TE / 2 / 18 (s — () B drds

1
to s 2
< MgT/? Ut /O|v|gBLd7’ds} (4.3)

< MSTHUHCBL (tQ - t1)1/2‘

Observe that the right-side of (4.3) tends to zero as to — t1, uniformly for v € K. A
similar argument works for ¢ = 0, thereby verifying the equicontinuity.

Next, note that the precompactness of ®2(K,)(0) = {0} is trivial. Let 0 < ¢t < T,
0 < € < t, and define by ®§ : Cpr, — C([0,T]; H) by

B (0)(1) = /O h /O S(s — T)o(r)dW(r)ds, 0<t<s<T.

We claim that Ky(e;t) = {®5(v)(t) : v € K,} is precompact in L?(Q; H). Indeed,
observe that
12 (0)(2) = 5(v) (#) | L2 (:0) (4.4)
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1
t s 2
< MgT'/? [/ /O ||v||gBLdes} < MgTre'/?, 0<e<t.
t—e

Since the right-side of (4.4) can be made arbitrarily small, uniformly for v € K,, we
conclude that ®o(K,)(t) is totally bounded. This, combined with the work above, yields
the precompactness, and the proof is complete.

Theorem 4.2: Assume that (H5) and (H10) - (H13) are satisfied. Then, (1.1) has
at least one mild solution on [0,T] provided that

(H14) 2Mg [61 + \/§T3/2d1 + Tl/qcl] < 1.

Proof: We use Schaefer’s theorem to prove that J (as defined in (3.3)) has a fixed
point.

The well-definedness of 7 under (H10) - (H13) can be established using reasoning
similar to that employed in the proof of Theorem 3.2. To verify the continuity of 7,
let {v,}52; be a sequence in C([0,T]; H) such that v, — v as n — oo. Standard
computations yield

17 (0a) = T (@) lle < 2Ms [[h(va) = h()l|z;

o\ 1/2

T
+ E(/ |F<vn><s>—F<v><s>|Hds>

1/2

T T 2
+ E(/ / ||G<vn><7>—G<v><T>|BLdW<T>ds> (4.5)

< 2Ms[|A(vn) = h(v)llrz + T F () = F(0) Lo + TG (vn) = G(0) les, ).

The continuity of F', G, and h ensure that the right-side of (4.5) goes to zero as n — oo,
thereby verifying the continuity of 7.

Next, we show that the set £(J), as defined in Theorem 2.3 with C([0, T]; H) in place
of X, is bounded. Let v € £(J) and observe that the Holder and Young inequalities
(with (H12)) yield

- 1/2
TV (E || 1e@ i ds> < VET2dy [olle + VT2 da | 201y (4:6)
o Jo
Also, arguing as in (3.4), we obtain (with the help of (H14))

. 1/2
T2 (E/O IF(v)(S)Ilfqu> <TY(erlfvle + ea). (4.7)

Hence, (4.6) and (4.7), in conjunction with (H13), enable us to conclude that for all
ve&(J)and 0 <t <T, we have

Aolle < 2Ms [exllolle + €2 + llzoll g + VET*dilollc + VATV |dalliaory  (48)
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+TV(@llolle + )]

Taking into account that A > 1 and (H14), we conclude from (4.7) that ||v||c < n, where
7 is a constant independent of v and A. So, £(J) is bounded.

To apply Schaefer’s theorem, we must finally show that J is compact. To this end,
let r > 0 and define K, = {v € C([0,T]; H) : |[v|lc < r}. Using the notation of (4.1)
and (4.2), we can express (3.3) as

J(v) = S()(h(v) + 20) + @1(F(v)(-)) + @2(G(v)(-), v € C([0,T]; H). (4.9)

We shall prove that J (K, ) is precompact in C([0,T]; H). First, the facts that {F(v) :
v € K.} and {G(v) : v € K,} are bounded subsets of LP(0,T;L?*(Q; H)) and Cpp,
respectively (cf. (H11) and (H12)), it follows from Lemma 4.1 that the set {®;(F(v)) +
Do(G(v)) : v € K, } is precompact in C([0,T]; H). It remains to establish the precom-
pactness of {S(-)(h(v) + x0) : v € K,}. Since {S(:)(zo) : v € K.} = {S(-)(x0)} is
trivially precompact, we need only focus on {S(-)(h(v)) : v € K, }. By (H13), the set
L ={h(v) :v € K,} is precompact in L2(Q; H). Let L = S(-)L(C C([0,T); H)) and € >
0. The precompactness of L in L3(Q; H) guarantees the existence of {z1,...,z,} C L
such that L C |J;, B(zi, €/ Mg), where B(x;,e/Mg) is the ball in LZ(2; H) with radius
¢/Ms and center ;. Then, L C |, S(-)B(x,¢/Ms). Let &; = S(-)x; € C([0,T); H)
and B; = {y € C([0,T}; H) : ||y — Zillc < €}. For z € L, there exists ¥ € L such that
z € S(-)¥. Since ¥ € L, there is an ¢ € {1,...,n} such that |V — (|12 < ¢/Ms.
Observe that [z — Ziflc = [|S()¥ — S(-)zillc < Ms||§ — ;][22 <e. It then follows that
Lc U, B; and hence, L is totally bounded. Thus, L is precompact in C([0,T); H).
Hence, Schaefer’s theorem implies that J has at least one fixed point x € C([0,T]; H)
which is a mild solution to (1.1).

Next, we state a corollary regarding (3.10) under the following assumptions on f;
and g¢:

(H15) f;:[0,T] x H — H(i = 1,2) satisfies

(i) fi(t,-): H — H is continuous, for almost all ¢ € [0, 7],
(i) fi(-,z):[0,T) — H is strongly F;-measurable, for all z € H,

(iii) there exist positive constants a; 1 and a; o such that || f;(¢,2)[|g < a; 1]z &+

a; o for almost all ¢ € [0,T] and for all z € H,
(H16) ¢:[0,T] x H — BL(K; H) satisfies
(i) g(t,-) : H— BL(K; H) is continuous, for almost all ¢ € [0, T7,
(ii) g(-, ) :[0,T] = BL(K; H) is strongly Fi-measurable, for all z € H,
ii)

(ili) there exist positive constants by and be such that ||g(¢,z)||sr < bi|z||g + b2
for almost all ¢ € [0,7] and for all z € H.

g
)

Corollary 4.3: If (H5), (H10), and (H13)—(H16) are satisfied, then (3.10) has at
least one mild solution on [0,T].

Proof: An argument similar to the one used in [34], (Chapter 26, pg. 561) can be
used to show that (H15) and (H16) guarantee that the mappings F' : C([0,T]; H) —
LY(0,T; L*(Q; H)) and G : C([0,T); H) — Cpr, defined in (3.11) are well-defined and
continuous. Further, routine calculations show that F' and G satisfy (H11) and (H12),
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respectively, with 1 = 2T(a171MBT3/2 + a2,1)7 Cy = 2T(a172MBT3/2 + a272), dl =
2Meb T, and dy = 2MeboT. Consequently, (3.10) has at least one mild solution by
Theorem 4.2.

We can formulate a stronger version of Corollary 4.3 by replacing assumption (H15)
and (H16), respectively, by

(H17) f;:[0,T) x H — H(i = 1,2) satisfies (H15) (i) and (ii), as well as

(i) For each k € IN, there exists g;, € L'(0,T;IRT) such that for almost all
te (O’T)v SUP ||| g <k EHfl(tvx)H%I < gi,k(t)v

(i) lim, k=2 fOT gik(s)ds = a; < 0,
(H18) ¢:[0,7] x H — BL(K; H) satisfies (H16) (i) and (ii), as well as

(i) For each k € IN there exists ji, € L'(0,T;IR*) such that for almost all
t € (0,7), supyy, <k Ellg(t, 2) 5L < ji(t),

(i) lim, k=2 fOT Jr(s)ds = 3 < o0.

Comparable conditions appear in [7, 33].
Proposition 4.4: Assume that (H5), (H10), (H13), (H17), and (H18) are satis-
fied. If, in addition,

(H19) 4Mgler + T1/2(a§/2 + MBT?’O&/Q + McT?BY?)] < 1, then (3.10) has at least one
mild solution on [0,T].

Proof: We use Schauder’s fixed-point theorem [24] to argue that J (as defined in
(3.3) with F' and G given by (3.11) has a fixed point. The continuity and compactness
follow by making slight changes to the proof of Theorem 4.1. For n € IN, let B,, =
{z € C([0,T]; H) : ||z|lc <n}. It remains to show that there exists an n € IN such that
J(Br) C By.

Suppose, by way of contradiction, that for each k € IN, there exists uy € By such
that J(ug) ¢ By. Then,

1< limg_ ook () e (4.10)

Observe that
[T (ur)lle

T T 1/2
< AMg |[[h(u)lzz + ol z + T2 | T2 Mp (/ / E|f1<r,uk<f>>||%1drds>
0 0

(4.11)
T
n ( / E|f2<s,uk<s>>|%1ds>

T T 1/2
LTV ( / / Ellg(r, un(r)) |5 dr ds)

Note that for each k € IN, uj, € By, and hence, ||ug(s)||z <k, for all 0 < s < T. So, by

(H17) and (H18), there exist g; x(i = 1,2), jx € L*(0,T; IR™ ) such that for almost all
0<s<T

1/2

E“fl(svuk(s))'ﬁ{ < gi,k(s)v (Z = 172)7 (4'12)
Ellg(s, u(s) Iz < jr(s).
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Using (4.12) in (4.11) yields (with the help of (H13))

- 1/2
| T (ug)lle < 4Ms [61||Uk||c +e2+ HJTOHL(%} + T2 </ gz,k(s)d5>
0

r 1/2 r 1/2
+MpT?/? (/ ng(s)ds) + MCTl/2 (/ jk(s)ds>
0 0

and subsequently,

limy, o k7| (ur)lle < 4Mslimy, {61/6_1Hw€Hc + (e2 + [lzollzz)k™

T
+AMT (k2 / g2.x(5)ds)'/?

0
T T
+ MpT?/? <k2 / ng(s)ds) +4MgMcT <k2 / jk(s)ds>
0 0

< AMgler + TV?(ad/? + MpT3a)/? + McT?8Y?)]
1 (by (H19)),

contradicting (4.10). Consequently, there is an ng € IN such that J(Bp,) C Bp,. Thus,
Schauder’s fixed point theorem guarantees the existence of z € B,,, such that J(z) = «,
which is the mild solution that we seek.

Remark: An inspection of the proof shows that (H13) can be weakened slightly in
that instead of imposing the sublinear growth restriction on h, we need only assume
that imgj oo [h(@)]13/2]lc = ¢ < oc.

1/2 1/2

5 Convergence Results

Throughout this section we assume that A, F'; G, and h satisfy (H1)—(H4) and that
(3.2) holds. For each n € IN, consider a linear operator A, : D(A,)(= D(A)) — H
and mappings F), : C([O,T],H) — LP(0,T; L*(Q; H)), Gy, : C([0,T); H) — Cpy, and
hy : C([0,T); H) — L&(Q; H) satisfying the following conditlons

(H20) A,, generates a Cop-semi-group {S,(t) : t > 0} such that ||S,,(t)||pr < Mge®, for
some a > 0 (independent of n), for each n € IN, and A,z — Az strongly as
n — oo, for each z € D(A),

(H21) (i) [[F(z) — Fa(y)llr < Mpllz —yle, for all z,y € C([0,T]; H),
(i) Fa(z) 2 F(z) as n — oo, for all z € C([0,T]; H),

(H22) (i) |Gn(z) = GuW)llesr < Mcllz —ylle, for all z,y € C([0,T]; H),
(i) Gn(z) 2 G(x) as n — oo, for all z € C([0, T]; H),

(H23) (i) [[hn(2) = ha(y)llLz < Mullz = yllc, for all z,y € C([0,T]; H),
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(ii) hn(z) L h(z) as n — oo, for all x € C([0,T]; H).

(Here, the constants Mg, Mg, Mg, and M}, are the same ones appearing in (H1)—(H4)
and so, are independent of n.)

Let x be the mild solution to (1.1) as guaranteed by Theorem 3.2. By virtue of (H6),
(H20), (H21)(i), (H22)(i), and (H23)(i), Theorem 3.2 implies that, for each n € IV, the
problem

2 (8) = Apan(t) + Fo(z) (1) +/O Gol@n)(s)AW (s), 0<t<T,  (5.1)

25(0) = hn(zn) + 20,

has a unique mild solution z,, € C([0,T]; H).
Consider the following initial-value problem:

Yn(t) = Anyn(t) + Fo(2)(t) +/O Gn(z)(s)dW (s), 0 <t <T, (5.2)

yn(0) = hp(z) + z0.

Since hy,(x) + o is a fixed element of L2(Q; H), a standard argument (see Ch. 7 in [14])
guarantees the existence of a unique mild solution y,, of (5.2). We need the following
lemma.

Lemma 5.1: If (H20)—(H23) hold, then y, Sz asn— 0.

Proof: Using (H20) in conjunction with Theorem 4.1 in [19], pg. 46, we infer that
Sn(t)z — S(t)z strongly as n — oo, for all z € H, uniformly in ¢ € [0,7]. Observe that

1yn(t) = 2Ol < 150 (8)(hn(2) = h(2)) + (Su(t) = SE) ()] &
+/O 150 (t = 8)(Fn(x)(s) = F()(s)) ]| ads + /0 1(Sn(t =) = S(t = ) F(x)(s)|| mds

-+l / /S[(Sn(s—T)(Gn(x)(T) —G(x) (1)) + (Sn(s—7) = S(s —7))G(2)(1)]dW (7)ds|| g
0 JO

A standard argument invoking the Trotter-Kato Theorem [30] can be used, invoking
(H21)(ii)—(H23)(ii), to complete the proof.

We now state the first of our two main convergence results. A comparable theorem
for a nonlinear deterministic evolution equation is discussed in [2].

Theorem 5.2: Assume that (H1)—-(H6), (3.2), and (H20)—-(H23) are satisfied.
Then, , LA x, provided 8Mg[ M, + T/ 9Mp + T%/?Mg) < 1, where Mg = Mge®™.
Proof: Let y, be the mild solution of (5.2). Observe that
() = 21 < 4lllon(®) = yn (O + lya () — z(@)II3]

< 4416 [|1Sn (8) (hn () + 20 — hin(2) — z0) |14

+ (/ [0 (T = ) (Fn(n)(s) — Fn(a?)(s))HHds)
0
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T T 2
" (/ H / sn<T—T><Gn<xn)<T>—Gn<x><7>>dW<T)|Hds> lln(t) — ()]
0 0

Now, taking the expectation, followed by taking square roots, yields after some compu-
tation

len(t) = 2(0)ll 2 < 2 {4 [BIS0 () (hnn) = hul@))l ey (5.3)

. 1/2
T2 ( / ESu(T = $)(Fo(a0)(s) - Fn<z><s>>||%1ds>

T T Y2
72 ( | e sn<T—T><Gn<xn><T>—Gn<x><7>>dvv<f>|%1ds)

+lyn (t) = 2(t)|| L2(0;m) } -

For convenience, we relabel the first three terms on the right-side of (5.3) as I, I and
I3, respectively, and estimate each separately below.
First, note that (H23) immediately yields

I < Mg||hp () — hn(x)HLg < MsMp||z, — zllc. (5.4)
Next, (H21) yields, with the help of Holder’s inequality,
I, < TYIMg||\Fy(x0) — Fp(x)|| e < TYIMsMp |2, — zlc. (5.5)

Finally, using (H22), we obtain

T T 1/2
I < TV/*N5 ( | [ 1600 = Gal) ) s i ds> (5.6)

< T2 Ms||Gn(2n) — Gu(2)llcp,,
< T?MgMg||x, — z|c.

Using (5.4)—-(5.6) in (5.3) yields, after taking supremum over [0, 7],
1/2(1 — 8Mg[Mj, + TYIMp + T2 Mg))||zn — z|c < lyn — z|c. (5.7)

In view of (H20)-(H23), and the fact that 1 — 8Mg[My, + TY 1My + T%/?Mg] > 0, we
can apply Lemma 5.1 to conclude from (5.7) that x,, S rasn— .

Now, let P, and P, denote the probability measures on C([0,T]; H) induced by the
mild solutions x and x, of (1.1) and (5.1), respectively. Using Theorem 5.2, we can
prove that P 2 P, as n — oo, for a certain subclass of perturbations. Precisely, we
have

Theorem 5.3:Let p > 4 and assume that S, (-) A, is a bounded operator, for each
n € IN. Then, P, 2 P, as n — oo, provided that

(H24) 1 — Mg [M2 + T?/9Mp" + C3T3M2] > 0.
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Proof: We shall employ a standard argument involving Theorem 2.6 similar to the
one used in [22].

We begin by showing {P,., }52 , is relatively compact in C([0,T]; H) by appealing to
the Arzela-Ascoli theorem. To this end, we shall first show that there exists n > 0 such
that

sup sup ||zn(t)||L2(0.m) = n < oo. (5.8)
nelN 0<t<T
Note that z,, is given by
¢
Tn(t) = Sp(t) (hn(zn) + x0) + / Sp(t — s)Fp(xn)(s)ds (5.9)
0

+/0 /0 Sy (s — 7) G (@n) (T)dW (T)ds, 0 <t <T.

2
Since h,,(0) L h(0), there exists M}, > 0 (independent of n) such that [ (0)][ 2z < My,
for all n. Using this fact, together with (H20) and (H23)(i), we arrive at

—2 —2 =2
185 (&) (hn(@n) + 20) | 22011y < Ms™ M |2llg + Ms ™ [My” + ||zol|75]- (5.10)

Likewise, (H21)(ii) and (H22)(ii) guarantee that there exist Mp, Mg > 0 such that
|1E,(0)]lze < Mp and ||G,(0)|lcs, < Mg, for all n, so that a standard argument now
yields

t
E| / St — 8)Fn(2,)(s)ds||3 < T 1Ms” [ME |2 + Mr'] (5.11)
0

and
t s
E| / / S(5 — 7) G () AW (7)ds|[%y < TSRI5 CEIME | |2 + TTG7). (5.12)
0 0

Combining the estimates (5.10)—(5.12) and rearranging terms, we can now conclude
from (5.9) that (5.8) holds due to (H24) and the fact that all constants in (5.10)—(5.12)
are independent of n.

Next, we establish the equicontinuity by showing E||z,,(t) —x,(s)||}; — 0as (t—s) —
0, for all 0 < s < ¢t < T, uniformly for all n € IN. We estimate each term of the
representation formula for x,(t) — z,(s) (cf. (5.9)) separately. Employing Theorem
2.4(d) in [30] and taking into account (H20), (H23), and the uniform boundedness of
Sn(-)An, we conclude that

E|[Sa(t) = Sn()](hn(zn) + z0)ll3 < T4/3/ E|[Sn(m) An(hu(2n) + z0)ll3d7  (5.13)

S, S
< TY3{ Mg alMj|2all2 + My ]+ M ||zol| 70} (8 = 5)°,

where Mga = sup, ey [[Sn(-)An| L. Next, note that

/ So(t — 7)Fo (@) (7)dr — / (s — 7)F(wn) (7)dr (5.14)
0 0
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= /OS[Sn(t — 7') - Sn(S - T)]Fn(xn)(T)dT

+/ Sp(t — ) Fy(20)(7)dr.

Estimating each of the two integrals on the right-side of (5.14) separately yields, from
the boundedness of S, (-)A,, (H20), and (H21)(i), that

£l | Su(t — 1) — (s — )| Falan) (1dr |y (5.15)

s t—T1
<7 [ [ B4 ) )

< ML T BIME |, |4 + M7 (- 5) P77,

and similarly,
' 4 ot [ 4
Bl [ Sult= )P (el < T [ IP@) Ol bsmdr (516)
—4 —4 —
< T*Ms [Mp ||zl + Mp )t — 5) P77,

Regarding the difference of the stochastic integrals, note that Fubini’s theorem,
together with basic integral properties, enables us to write

/ / (7 — 0)Gn () (O)dVV (7)d6 — / /T S (7 — 0)Gn(2n) (O)AW (1)dO  (5.17)
0 0 0 0

= /0 /T[Sn(t —0) — Sp(s — 0)]Gr(2y)(T)dOdW (1)

N UO /:+/:/TS+/:/:] S (t — 0)Gin () (7)dOAWV (7).

Arguing as above, we see that

B| / S / (St — 6) — Sy (s — 0)]Clan)(7)d0AW () [

s T pt—s
< [ [ [ St s = 0)4,Galwn) ()W ()8
0 s JO

S S t—s
< TV Mg, / / / |G (7|  dr B (5.18)
0 T 0

—4
< TP MsalME |zl + Ma ](t — 5)*,

E| {/08 /St +/: /TS +/: /J Sp(t — 0)G () (T)dOAW (T) || (5.19)

and that
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—a —Aa
< 3T*Mg [ME||z,||¢ + Mg |(t — s)*.

Invoking (5.8) in (5.13), (5.15), (5.16), (5.18), and (5.19) enables us to conclude that,
in fact, E||z,(t) —z,(s)||3 — 0 as (t—s) — 0, uniformly for 0 < s <t <T andn € IN,
as desired. Thus, the family {P, }2°, is relatively compact in C([0,T]; H) and hence,
tight (by Prokorhov’s theorem [11]).

To finish the proof, we remark that Theorem 5.2 implies that the finite-dimensional
joint distributions of P, converge weakly to those of P (cf. Proposition 2.5). Hence,
Theorem 2.6 ensures that P, % P, as n — oo.

Remark: For the classical version of (5.1) (i.e., when h,, = 0, for all n), a Gronwall-
type argument can be used to establish the uniform boundedness (in C([0,T]; H)) of
{z,}22; and, in such case, condition (H24) can be dropped.

6 Example

Let D be a bounded domain in IR" with smooth boundary D and consider the initial-
boundary value problem

T s
x(t, 2) = ALx(t, 2) —I—/O a(t,s)f1 (s,x(s,z),/o k(s, 7, z(T, z))dr) ds (6.1)
+/ b(t, s) fa(s,x(s,2))dW(s), a.e. on (0,T) x D,
0

n T
x(0,2) = Zgi(z)a:(ti,z) —l—/o c(s) f3(s,x(s,2))ds, a.e. on D,

x(t,z) =0, ae. on (0,T) x ID,

where 0 <t; <ty <...<t, <T are given and W is an L?(D)-valued Wiener process
(see [14] for examples). We consider (6.1) under the following conditions on the data:

(H25) f1:1]0,T] x R x IR — IR satisfies the Caratheddory conditions (i.e., measurable
in (t,2) and continuous in the third variable), as well as

(1) fi('7070) € LQ(OvT)y

(ii) |f1(t,x1,y1) - fl(t7x27y2)| < Mf1[|x1 + 552‘ + |y1 - y2H7 for all X1,22,Y1,
y2 € IR and almost all ¢ € (0,7'), for some My, >0,

(H26) fo:[0,T] x IR — BL(L*(D)) satisfies the Caratheédory conditions (cf. H(12) (i),
(ii)), as well as
(1) f2(70) € L2(07T)7

(i) [fo(t,z) — f2(t, )| By < Myp,|z — y|, for all z,y € IR and almost all ¢ €
(0,T), for some My, > 0.

(H27) f5:[0,T] x IR — IR satisfies the Caratheddory conditions (cf. H(12) (i), (ii)), as
well as

(1) f3('70) € L2(07T)7
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(i) |f3(t, ) — f3(t,y)| < Myp,|z —y|, for all z,y € IR and almost all ¢ € (0,7),
for some My, > 0,
(H28) a € L*((0,T)?),
(H29) b€ L>=((0,7)%),
(H30) ¢ € L*(0,T),
(H31) k:U x IR — IR, where U = {(s,t) : 0 < s < t < T} satisfies
|k(t,s,21) — k(t, s, 22)| < Mg|zy — 23],
for all z1,z9 € IR, and almost all (s,t) € U,
(H32) g; € L*(D),i=1,...,n.
Let H = K = L?(D) and set
A=A, D(A)=H*(D)UH;D). (6.2)
It is well-known that A generates a Cy-semigroup on (see [30], Chapter 7). Next, define

F:C([0,T); H) — L*(0,T; L*(Q; H)), G : C([0,T]; H) — Cpr, and h : C([0,T); H) —
L3(Q; H), respectively, by

F(z)(t,-) = /0 a(t, s) f1 (s,x(s, -),/Os k(s,7,z(T, '))dT) ds, (6.3)
G(iL')(S,) :a(ta s)fQ(svx(Sv'))a (64)

n T
h(z)(:) = z(0,2) = Zgi(')ﬂc(ti, ) +/0 c(s)fa(s,x(s,-))ds. (6.5)

One can use (H25)-(H32) to verify that F, G, and h satisfy (H2)—(H4), respectively,
with

Mp = 2Mf1T|a‘L2((07T)2)(1 + Mk1T3)1/2, (66)

Mg = |bl e (0,1)2) M, (6.7)

My, =203 Nl9ill 20y + Mgy /m(D)|G] 2(0.1)) (6.8)
=1

where m(D) is the Lebesgue product measure on D. Thus, (6.1) can be rewritten in
the form (1.1) in H, with A, F', G, and h given by (6.2)—(6.5) so that, once (3.2) holds,
an application of Theorem 3.2 immediately yields

Theorem 6.1: Assume (H25)—(H32) are satisfied. If, in addition, (3.2) holds (with
Mp, Mg, and My and given by (6.6)—(6.8)), then (6.1) has a unique mild solution
z € C([0,T]; L*(Q; L*(D)).
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