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ABSTRACT. The main objective of this paper is to characterize the pathwise local structure of solutions
of semilinear stochastic evolution equations (see’s) and stochastic partial differential equations (spde’s)
near stationary solutions. Such characterization is realized through the long-term behavior of the solution
field near stationary points. The analysis falls in two parts 1, 2. In Part 1, we prove general existence
and compactness theorems for C*-cocycles of semilinear see’s and spde’s. Our results cover a large
class of semilinear see’s as well as certain semilinear spde’s with Lipschitz and non-Lipschitz terms such
as stochastic reaction diffusion equations and the stochastic Burgers equation with additive infinite-
dimensional noise. In Part 2, stationary solutions are viewed as cocycle-invariant random points in the
infinite-dimensional state space. The pathwise local structure of solutions of semilinear see’s and spde’s
near stationary solutions is described in terms of the almost sure longtime behavior of trajectories of
the equation in relation to the stationary solution. More specifically, we establish local stable manifold
theorems for semilinear see’s and spde’s (Theorems 2.4.1-2.4.4). These results give smooth stable and
unstable manifolds in the neighborhood of a hyperbolic stationary solution of the underlying stochastic
equation. The stable and unstable manifolds are stationary, live in a stationary tubular neighborhood of
the stationary solution and are asymptotically invariant under the stochastic semiflow of the see/spde.
Furthermore, the local stable and unstable manifolds intersect transversally at the stationary point, and
the unstable manifolds have fixed finite dimension. The proof uses infinite-dimensional multiplicative
ergodic theory techniques, interpolation and perfection arguments (Theorem 2.2.1).
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Introduction

The construction of local stable and unstable manifolds near hyperbolic equilibria is a fundamen-
tal problem in deterministic and stochastic dynamical systems. The significance of these invariant
manifolds consists in a characterization of the local behavior of the dynamical system in terms of
longtime asymptotics of its trajectories near a stationary point. In recent years, it has been estab-
lished that local stable/unstable manifolds exist for finite-dimensional stochastic ordinary differential
equations (sode’s) ([M-S.2]) and stochastic systems with finite memory (viz. stochastic functional
differential equations (sfde’s))([M-S.1]). On the other hand, existence of such manifolds for nonlinear
stochastic evolution equations (see’s) and stochastic partial differential equations (spde’s) has been
an open problem since the early nineties ([F-S], [B-F]|, [B-F.1]).

In [F-S], the existence of a random evolution operator and its Lyapunov spectrum is established
for a linear stochastic heat equation on a bounded Euclidean domain, driven by finite-dimensional
white noise. For linear see’s with finite-dimensional white noise, a stochastic semi-flow (i.e. random
evolution operator) was obtained in [B-F]. Subsequent work on the dynamics of nonlinear spde’s
has focused mainly on the question of existence of continuous semiflows and the existence and
uniqueness of invariant measures and/or stationary solutions. Recent results on the existence of
global invariant, stable/unstable manifolds (through a fixed point) for semilinear see’s are given
in ([D-L-S.1],[D-L-S.2]). The results in ([D-L-S.1], [D-L-S.2]) assume that the see is driven by
multiplicative one-dimensional Brownian motion, with the nonlinear term having a global Lipschitz
constant that is sufficiently small relative to the spectral gaps of the second-order linear operator.
The latter spectral gap condition in ([D-L-S.1], [D-L-S.2]) is dictated by the use of the contraction
mapping theorem.

The main objective of this article is to establish the existence of local stable and unstable manifolds
near stationary solutions of semilinear stochastic evolution equations (see’s) and stochastic partial
differential equations (spde’s). Our approach consists in the following two major undertakings:

e A construction of a sufficiently Fréchet differentiable, locally compact cocycle for mild/weak
trajectories of the see or the spde. Part 1 of this paper is devoted to detailing the construction
of the cocycle.

e The application of classical nonlinear ergodic theory techniques developed by Oseledec [O] and
Ruelle [Ru.2] in order to study the local structure of the above cocycle in a neighborhood of
a hyperbolic stationary point. This structure characterizes-via stable/unstable manifolds-the
asymptotic stability of the cocycle near the stationary point.

The problem of existence of semiflows for see’s and spde’s is a nontrivial one, mainly due to
the well-established fact that finite-dimensional methods for constructing (even continuous) sto-
chastic flows break down in the infinite-dimensional setting of spde’s and see’s. In particular, Kol-
mogorov’s continuity theorem fails for random fields parametrized by infinite-dimensional Hilbert
spaces ([Mo.1], pp. 144-149, [Sk], [Mo.2]). (Cf. also [F.1], [F.2], [D-Z.1], pp. 246-248). In view of
the failure of Kolmogorov’s theorem, issues of perfection of the infinite-dimensional semiflow and its
ergodic properties are of prime importance because it is necessary to extend Ruelle’s discrete-time
multiplicative ergodic theory to a continuous time setting. On the other hand, there is a significant
body of literature on the existence of perfect finite-dimensional stochastic flows and cocycles gener-
ated by stochastic ordinary differential equations in Euclidean space or finite-dimensional manifolds.
For more details on the existence and regularity of finite-dimensional stochastic flows, the reader may
refer to [C], [[-W], [Ku], [A-S], [M-S.4], [M-S.3], [A], [M-S.2], and the references therein. Needless to
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say that, in these works, Kolmogorov’s continuity theorem plays a central role in the construction
of the underlying finite-dimensional stochastic flows.

In Part 1 of this article, we show the existence of smooth locally compact perfect cocycles for
mild solutions of semilinear see’s and spde’s. This is achieved in the see case by a combination
of a chaos-type expansion and suitable lifting and variational techniques, and for spde’s by using
stochastic variational representations and methods from deterministic pde’s. More specifically, for
see’s in Hilbert space, our construction employs a “chaos-type” representation in the Hilbert-Schmidt
operators, using the linear terms of the see (Theorems 1.2.1-1.2.4). This technique bypasses the
need for Kolmogorov’s continuity theorem and appears to be new. A variational technique is then
employed in order to handle the nonlinear terms (Theorem 1.2.6). Applications to specific classes of
spde’s are given. In particular, we obtain smooth stochastic semiflows for semilinear spde’s driven
by cylindrical Brownian motion (Theorem 1.3.5). In these applications, it turns out that in addition
to smoothness of the nonlinear terms, one requires some level of dissipativity or Lipschitz continuity
in order to guarantee the existence of smooth globally defined semiflows. Specific examples of
spde’s include semilinear parabolic spde’s with Lipschitz nonlinearities (Theorem 1.3.5), stochastic
reaction diffusion equations (Theorems 1.4.1, 1.4.2) and stochastic Burgers equations with additive
infinite-dimensional noise (Theorem 1.4.3).

As indicated above, the existence of a smooth semiflow is a necessary tool for constructing local
stable and unstable manifolds for see’s and spde’s near a hyperbolic stationary random point, ala
work of Oseledec-Ruelle ([O], [Ru.1], [Ru.2]). The construction of these stable/unstable manifolds
is the main objective of the analysis in Part 2 of this article. Stationary points correspond to
stationary solutions of the see/spde, and are random points invariant under the perfect cocycle
constructed in Part 1. Hyperbolicity of a stationary point is defined via the Lyapunov spectrum of
the linearization of the cocycle. Using Kingman’s subadditive ergodic theorem and Ruelle’s discrete
nonlinear multiplicative ergodic theory techniques, appropriate estimates are developed in order to
control the excursions of the nonlinear cocycle between discrete time points. Thus, perfect versions
of the local stable and unstable manifolds are constructed within a stationary neighborhood of the
hyperbolic equilibrium. Furthermore, it is shown in this part that the local stable/unstable manifolds
are transversal and asymptotically invariant under the nonlinear cocycle. The unstable manifolds
are finite-dimensional with fixed (non-random) dimension. These results are referred to collectively
as local stable manifold theorems. Local stable manifold theorems are established for various classes
of semilinear see’s and spde’s (Theorems 2.4.1-2.4.4). In particular, our results cover semilinear
see’s, stochastic parabolic equations, stochastic reaction-diffusion equations, and Burgers equation
with additive infinite-dimensional noise in L?([0, 1]).

From the viewpoint of spde’s, the results in this article go well beyond standard issues of exis-
tence, uniqueness of mild/weak solutions, existence and ergodicity of the invariant measure. These
fundamental issues have occupied the spde community for a long time and are well-studied (cf.
for example [Wa], [D-Z.1], [D-Z.2], [Si.1], [Si.2], [C-K-S]). Since the main objective of the present
article is to characterize “generic” a.s. local behavior of the stochastic semiflow near equilibria, em-
phasis is placed largely on issues of hyperbolicity of the stationary solutions rather than existence
and uniqueness/ergodicity of the invariant measure. From a dynamical systems point of view, it is
needless to say that ergodicity of the stationary solution is a non-generic property. In general, as
in the deterministic case, finite and infinite-dimensional stochastic dynamical systems admit more
than one stationary point. The stochastic dynamics in a regime with multiple equilibria is not
well-understood.
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Finally, it should be noted that the case of nonlinear multiplicative noise is largely open: It is not
known to us if see’s driven by nonlinear multidimensional white noise admit perfect (smooth, or even
continuous) cocycles. The issue of existence of stationary solutions for spde’s driven by nonlinear
white noise and their relation to backward sde’s is being investigated in [Z-Z)].

Part 1

The Stochastic Semiflow

1.1. BASIC CONCEPTS

This part of our article is devoted to the contruction of Fréchet smooth stochastic semiflows for
mild and weak solutions of semilinear see’s and spde’s.

In Theorem 1.2.6, it is shown that mild solutions of semilinear see’s in a Hilbert space H generate
smooth perfect locally compacting cocycles. The construction of the cocycle for semilinear see’s is
based on the following new strategy, which bypasses the need for Kolmogorov’s continuity theorem:
o We “lift” the linear terms of the see to the Hilbert-Schmidt operators Lo(H).

e We represent the mild solution of the linear see as a “chaos-type” series expansion living in the

Hilbert space Lo(H) of Hilbert-Schmidt operators on H (Theorems 1.2.1-1.2.3).

e Using a variational technique, the mild solution of the full semilinear see is represented in terms
of the linear cocycle constructed above (Theorems 1.2.1-1.2.4). This part of the strategy requires

the non-linear part of the see to satisfy a Lipschitz condition (Theorem 1.2.6).

Similar variational techniques are used to construct smooth cocycles for weak solutions of specific
classes of spde’s. In particular, we obtain smooth stochastic semiflows for semilinear spde’s driven by
cylindrical Brownian motion. In these applications, it turns out that in addition to smoothness of the
non-linear terms, one requires some level of dissipativity or Lipschitz continuity, e.g. the stochastic
heat equation (Theorem 1.3.5), the stochastic reaction diffusion equation (Theorems 1.4.1, 1.4.2)
and stochastic Burgers equation with additive infinite-dimensional noise (Theorem 1.4.3).

We begin by formulating the ideas of a stochastic semiflow and a cocycle which are central to the
analysis in this work.

Let (2, F, P) be a probability space. Denote by F the P-completion of F, and let (Q, F, (F;)i>0, P)
be a complete filtered probability space satisfying the usual conditions ([Pr]). Denote A := {(s,t) €
R?:0<s<t},and R" :=[0,00). For a topological space E, let B(E) denote its Borel o-algebra.

Let k£ be a positive integer and 0 < ¢ < 1. If E and N are real Banach spaces, we will denote
by LK) (E, N) the Banach space of all k-multilinear maps A : E¥ — N with the uniform norm
[|A]| := sup{|A(v1,v2,--- ,vg)| s v; € E,|v;] < 1,i=1,---,k}. Suppose U C F is an open set. A
map f : U — N is said to be of class C*€ if it is C* and if D®) f : U — L*)(E, N) is e-Holder
continuous on bounded sets in U. A C¥€ map f : U — N is said to be of class C’f’é if all its
derivatives DU) f 1 < j < k, are globally bounded on U, and D®) f is e-Holder continuous on U. A
mapping f :[0,T] x U — N is of class C*¢ in the second variable uniformly with respect to the first
if for each ¢ € [0,T7], f(t,-) is C¥€ on U, for every bounded set Uy C U the spatial partial derivatives
D(-j)f(t, x),j=1,---, k, are uniformly bounded in (¢, z) € [0,T]x Up and the corresponding e-Holder
constant of D®) f(t,)|Uy is uniformly bounded in ¢ € [0, T7.

The following definitions are crucial to the developments in this article.
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Definition 1.1.1. Let E be a Banach space, k a non-negative integer and e € (0,1]. A stochastic
C*< semiflow on E is a random field V : A x E x Q — E satisfying the following properties:

(i) Vis (B(A) ® B(E) ® F, B(E))-measurable.

(i) For each w € Q, the map A x E 5 (s,t,x) — V(s,t,z,w) € E is continuous.

(iii) For fixed (s,t,w) € A x Q, the map E > x — X (s,t,2,w) € E is CF*.

(iv) f0<r<s<t,weQand z € F, then

Virt,z,w)=V(st,V(r,s,z,w),w).

(v) For all (s,z,w) € RT X E x Q, one has V(s, s,z,w) = z.

Definition 1.1.2. Let 0 : R x Q — Q be a P-preserving (B(R) ® F, F)-measurable group on the
probability space (2, F, P), E a Banach space, k a non-negative integer and ¢ € (0, 1]. A C**¢ perfect
cocycle (U,0) on E is a (B(RT) ® B(E) @ F, B(FE))-measurable random field U : RT x Ex Q — F
with the following properties:

(i) For each w € Q, the map Rt x E > (t,z) — U(t,z,w) € E is continuous; and for fixed

(t,w) € R x Q, the map E >z +— U(t,r,w) € E is Ckc.
(i) Ut+s,-,w)=U(t,,0(s,w)) o U(s,,w) for all s,t € RT and all w € Q.
(iii) U(0,z,w) =z for all z € E,w € Q.

Note that a cocycle (U, 6) corresponds to a one-parameter semigroup on E x Q, viz.

RtTXxExQ—-ExQ
(t, (z,w)) = (U(t,z,w),0(t,w))

Fig. 1 illustrates the cocycle property. The vertical solid lines represent random copies of E
sampled according to the probability measure P.

The main objective of this part of our article is to show that under sufficient regularity conditions
on the coefficients, a large class of semilinear see’s and spde’s admits a C*€ semiflow V : Ax HxQ —
H for a suitably chosen state space H with the following property: For every x € H, V (to,-, x, ")
coincides a.s. for all ¢ > ¢y with the mild/weak solution of the see/spde with initial function z at
t = tp. In the autonomous case, we show further that the semiflow V' generates a cocycle (U, 6) on
H, in the sense of Definition 1.1.2 above. The cocycle and its Fréchet derivative are compact in all
cases.

1.2. FLOWS AND COCYCLES OF SEMILINEAR SEE’S

In this section, we will establish the existence and regularity of semiflows generated by mild
solutions of semilinear see’s. We will begin with the linear case. In fact, the linear cocycle will be
used to represent the mild solution of the semilinear see via a variational formula which transforms
the semilinear see to a random integral equation (Theorem 1.2.5). The latter equation plays a key
role in establishing the regularity of the stochastic flow of the semilinear see (Theorem 1.2.6).

One should note at this point the fact that Kolmogorov’s continuity theorem fails for random
fields parametrized by infinite-dimensional spaces. As a simple example, consider the random field
I:L%([0,1],R) — L*(Q,R) defined by the Wiener integral

I(x) ::/0 2(&)dW(t), «e L2(0,1],R),
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U(tl,-,w) U(tg,-,G(tl,w))
/\ /\
E E
X ¢
U(tl,iZ?,LU)
'U(tl +t2,(E,,(U)
| 0(t1, ) | (2, ) i
q : :
w 9(151,(.«)) 9(t1+t2,w)
t=0 t=1 t =11+ to

F1cUure 1. The Cocycle Property.

where W is one-dimensional Brownian motion. The above random field has no continuous (or even
linear!) measurable selection L?([0,1],R) x @ — R ([Mo.1], pp. 144-148; [Mo.2]).

(a) Linear see’s

We will first prove the existence of semiflows associated with mild solutions of linear stochastic
evolution equations of the form:

(1.2.1) du(t,z,) = — Au(t,z,-)dt + Bu(t,z,-)dW(t), t> 0}

u(0,z,w) =x € H.

In the above equation A : D(A) C H — H is a closed linear operator on a separable real Hilbert
space H. Assume that A has a complete orthonormal system of eigenvectors {e,, : n > 1} with
corresponding positive eigenvalues {u,,n > 1}; i.e., Ae, = unen, n > 1. Suppose —A generates a
strongly continuous semigroup of bounded linear operators T3 : H — H, t > 0. Let F be a separable
Hilbert space and W (t),t > 0, be an E-valued Brownian motion with a separable covariance Hilbert
space K, and defined on the canonical complete filtered Wiener space (2, F, (F;)i>0, P), satisfying
the usual conditions. Here K C FE is a Hilbert-Schmidt embedding. Indeed, 2 is the space of all
continuous paths w : R — F such that w(0) = 0, furnished with the compact open topology; F is its
Borel o-field; P is Wiener measure on §; F is the P-completion of F; and F; is the P-completion of
the sub-o-field of F generated by all evaluations Q2 5> w — w(u) € E,u < t. The Brownian motion
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is given by
W(tw):=w(t), we teR,

and may be represented by

=> WFt)fi, teR,
k=1

where {f) : k > 1} is a complete orthonormal basis of K, and W* k > 1, are standard independent
one-dimensional Wiener processes ([D-Z.1], Chapter 4). Note that, in general, the above series
converges in E but not in K.

Let L(K, H) be the Banach space of all bounded linear maps T : K — H given the uniform
operator norm

ITlsiscm = sup [T(2)]
<1

As usual, we let L(H) be the Banach space of all bounded linear operators H — H given the uniform

operator norm || - || s
Denote by Lo(K, H) C L(K, H) the Hilbert space of all Hilbert-Schmidt operators S : K — H,

given the norm
0 1/2
It =[S 507
k=1

where | - | is the norm on H. In particular, Lo(H) C L(H) stands for the Hilbert space of all
Hilbert-Schmidt operators S : H — H. It is easy to see that if S € Ly(H) and T € L(H), then
1S5 < 1Sl2, To S (and S0 T) € La(H) and [T S p,m < T pm IS .

In the see (1.2.1), we assume that B : H — Lo(K, H) is a bounded linear operator. The stochastic
integral in (1.2.1) is defined in the following sense ([D-Z.1], Chapter 4):

Let F : [0,a] x Q — Lo(K, H) be B([0,a] ® F,B(L2(K, H)))-measurable, (F;):>o-adapted and

such that / EHF(t)HQLZ(K)H) dt < co. Define
0

/F £) dW (¢ Z/ £)(fi) dW(t)

where the H-valued stochastic integrals on the right hand side are with respect to the one-dimensional
Wiener processes W*, k > 1. Note that the above series converges in L?(§2, H) because

ZE

Throughout the rest of the article, we will denote by 8 : R x Q — Q the standard P-preserving
ergodic Wiener shift on :

2

t)(fx) dAW*(t)

= | EIF O,y dt < .

O(t,w)(s) :=w(t+s) —w(t), t,seR.
Hence (W, 0) is a heliz:

W(tl + tg,w) - W(tl,w) = W(tg,@(tl,w)), ti,to € R, w e Q.
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A mild solution of (1.2.1) is a family of (B(RT)®F, B(H))-measurable, (F;):>o-adapted processes
u(,z,) : RT x Q — H, xz € H, satisfying the following stochastic integral equation:

t
(1.2.2) u(t,z, ) = Tix +/ T:_sBu(s,x,)dW(s), t>0.
0

The next lemma describes a canonical lifting of the strongly continuous semigroup 7} : H —
H,t > 0, to a strongly continuous semigroup of bounded linear operators T; : Lo(K,H) —
Ly(K,H),t > 0.

Lemma 1.2.1. Define the family of maps Ty : Ly(K,H) — Lo(K, H), t >0, by

Tt(C) =Tio0C, CELQ(K,H),tZO

Then the following is true:
(i) Ty, t > 0, is a strongly continuous semigroup of bounded linear operators on Lo(K, H); and
1T\l Lo, ryy = Tl Ly for all €20 i
(ii) If A: D(A) C Lo(K, H) — Lo(K, H) is the infinitesimal generator of Ty, t > 0, then

D(A) ={C:C € Ly(K,H), C(K) CD(A),AoC € Lo(K, H)}

and .
A(C)=AoC

for all C € D(A).
(i) Ty, t > 0, is a contraction semigroup if Ty, t > 0, is.

Proof. Observe that each Ty : Ly(K,H) — Lo(K,H),t > 0, is a bounded linear map of Ly(K, H)
into itself. Indeed, it is easy to see that

(1.2.3) T oty S WTelleenICll oy, C € La(K, H), ¢ > 0;
and hence ”TtHL(Lg(K,H)) < || T¢|| ) for all t > 0. This implies assertion (iii). The reverse inequality

1Tl ey < N Tell(zacr,mrys ¢ >0,

is not hard to check. Hence the last assertion in (i) holds.
We next verify the semi-group property of T3, ¢t > 0. Let t1,t2 > 0, C € Lo(K, H). Then

(Ty, 0 Ty, )(C) = Ty 0 (Ty, 0 C) = Ty 44, 0 C = Ty, 14, (C).

Note also that Ty = I1(Ly (K, m)), the identity map Ly (K, H) — Lo(K, H). Therefore, Ty, t>0,is a

semigroup on Lo(K, H). To prove the strong continuity of T3, t > 0, we will show that

(1.2.4) Jim T,(0) = ¢

for each C' € Lo(K, H). To prove the above relation, let C € Lo(K, H) and recall that {fx : k > 1}
is a complete orthonormal basis of K. From the strong continuity of T3,¢ > 0, it follows that

(1.2.5) Jm [ TH(C(fi) = C(fi)[7 = 0
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for each integer k > 1. Furthermore,
(1.26) T(C(F0) = Ul <21 swp [Tull oy + WO k> 1.

Since C' is Hilbert-Schmidt, (1.2.6) implies that the series

Z ITHC(fr) — C(f1) 5
k=1

converges uniformly with respect to ¢. Therefore, from (1.2.5), (1.2.6) and dominated convergence,
it follows that

Jim |1T4(0) = ClIE ey = Jlim Z ITAC(f) = CUW)l

(1.2.7) =>_ Jim [T,(C(fr) = C(fw)ly =

k=1

Therefore, (1.2.4) holds and T,,t >0, is strongly continuous.
We next prove assertion (ii) of the lemma. Let A : D(A) C Lo(K,H) — Lo(K, H) be the
infinitesimal generator of T3, ¢ > 0. We begin with a proof of the inclusion

(1.2.8) {C:CeLyK,H), C(K)CD(A),AoC € Ly(K,H)} C D(A).
Let C € Lo(K, H) be such that C(K) C D(A) and Ao C € Ly(K, H). We will show that
(1.2.9) lim

in Lo(K, H). To prove (1.2.9), note first that

sup 1 ITHC() = ol = sup 1| [ TL(AC() ds
O<t<a 0<t<a 0 H

(1.2.10) < sup ||Tsllean) |A(C(fr)) |
0<t<a

because C(fi) € D(A) for every k > 1. Since
(1.2.11) A0 CllLyrary = Z |A(C(fr))]% < oo,

it follows from (1.2.10), (1.2.11) and dominated convergence that

~ 2
lim sup M —AoC
t—0+ LQ(K H)
C(fr) ’
= hmsupz — A(C(fx))
t—0+ 15 H
o) 2
(1.2.12) Z im sup 2iC) (fk)z o) = A(C(fr))
— 0+ H
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This proves (1.2.9). In particular, C' € D(A) and A(C) = Ao C.
It remains to prove the inclusion

(1.2.13) D(A) C {C: C € Ly(K, H), C(K) C D(A), Ao C € Ly(K, H)}.

Suppose C' € D(A). We will show that C(K) C D(A), Ao C € Ly(K,H) and A(C) = Ao C. Since

2

lim w _ A(C)
t—0+ t Lo(K,H)
S| TC) — O °
(1.2.14) = lim. 2 ; —AC)(fr) e 0,
we have that
2
(1.2.15) lim | TUCUR) = Cln) -~ AC)(fr)| =0
t—0+ t H

for every k > 1. Therefore, C(f;) € D(A) and A(C)(fx) = A(C(f1)) for each k > 1. Now pick any
f € K and write

=Y < ffe> fe on>1

k=1
Then C(f") = Y1y < fo.fk > C(fx) € D(A),n > 1, and C(f) = lim C(f") in H. Now since

n—oo

A(C) € Ly(K,H) C L(K, H), it follows that

A(C)(f) = lim A(C)(f")

n—oo

= lim Y < f, fx > A(C)(fx)
k=1

n—oo

n—oo

= lim Z < fi [k > A(C(fr))
k=1

= lim A(C(f™)).
Since A is a closed operator, the above relation implies that C(f) € D(A) and A(C(f)) = A(C)(f).
As A(C) € Lo(K, H), and f € K is arbitrary, it follows that C(K) C D(A), Ao C € Lo(K, H) and
A(C) = Ao C. This proves (1.2.13) and completes the proof of the lemma. O

Our main results in this section give regular versions u : RT™ x H x Q — H of mild solutions
of (1.2.1) such that u(t,-,w) € L(H) for all (t,w) € R" x Q (Theorems 1.2.1-1.2.3). These regular
versions are shown to be L(H )-valued cocycles with respect to the Brownian shift § (Theorem 1.2.4).
In order to formulate these regularity results, we will require the following lemma:

Lemma 1.2.2. Let B : H — Lo(K,H) be continuous linear, and v : RT x Q — Ly(H) be a
(B(R") ® F,B(H))-measurable, (Fi)i>o-adapted process such that / EHU(t)||2L2(H) dt < oo for
0

t
each a > 0. Then the random field / Ty «({[Bov(s)|(x)}) dW (s), = € H, t >0, admits a jointly
0
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¢
measurable version which will be denoted by / Ti_sBu(s) dW (s) (by abuse of notation) and has the
0

following properties:

(i) [/Ot Ti—sBu(s) dW(S)] (z) = /Ot Ty s({[B ov(s)](x)}) dW (s) for all x € H, t >0, a.s.
(ii) For a.a. w € Q and each t > 0, the map
H>zw— [(/Ot Ti—sBuv(s) dW(s)) (w)] (x) e H
is Hilbert-Schmidt.

¢
Proof. To prove the lemma, we will define / T:_sBv(s) dW (s) as an Itd stochastic integral with

0
values in the Hilbert space Lo(H) in the sense of [D-Z.1], Chapter 4). To do this, we will introduce
the following notation.
For any V € Lo(H) and B € L(H, Ly(K, H), define the linear map BxV : K — Lo(H) by

(1.2.16) (BxV)(f)(z) =BV (x)(f), feK,zeH.

Then BxV € Lo(K, Lo(H)) because of the following computation

(| B * VH%Q(K,LQ(H)) :Z (B % V)(fk)||2Lg(H)
k=1

[(B*V)(fi)(en)

M8

s TP
s 1

BV (en))(fi)I?

~
Il
-
3
Il
s

[B(V (en))(f2)]?

M
NE

3
Il
-
£
Il
-

M

||B(V(en))”2Lg(K,H)

n

1
<|

| BIIZ (a1, ) 1V 1 a1y < 00

Now let v : Rt x Q — Ly(H) be as in the lemma. Denote by 7:} : Lo(K, Lo(H)) — Lao(K, Lo(H))
the induced lifting of T} : H — H, t > 0, via Lemma 1.2.1; i.e.

T,(C)(f) =Ty 0o C(f), C € La(K,Ly(H)), f € K.

Fix t € [0,a]. Then the process [0,t] 3 s — 7:},5(3 *v(s)) € La(K, La(H)) is (Fs)o<s<t-adapted
and square-integrable, viz.

t -
E / 1o o (Brol)I2, oy 45

t
N8 ey 20 (Tl [ BN, oy s < .
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t .
In view of this, the Lo(H)-valued It6 stochastic integral / T_s(B*v(s))dW (s) is well-defined

0
([D-Z.1], Chapter 4). For simplicity of notation, we will denote this stochastic integral by
¢ t .
(1.2.17) / Ti_sBu(s) dW (s) := / Ti—s(Bxv(s))dW(s).
0 0

t
This gives the required version of the random ﬁeld/ Ty ({[B o v(s)|(x)})dW (s), = € H,t > 0,
0

because

UO Tt_SBv(s)dW(s)} (z) := [/0 Tt—s(B*U(S))dW(S)] ()

— T * V(S T k S

_2/ {Tts(B ( ))(f@]( ) dWH(s)

— - ' * V(S T k S

_g/ Ty B % v(s))(fi) (@)} AW (s)

=3 [ T B @)} v o)
k=1"0

=S [ 1B o v @)} () W (s)
> ’“

- / T, (B o v(s)|(2)} AW (s)

forallz € H and t > 0 a.s. In the above computation, we have used the fact that for fixed z € H, the

It6 stochastic integral commutes with the continuous linear evaluation map Lo(H) > T — T'(z) € H.
O

Theorem 1.2.1. Assume that for some o € (0,1), A= is trace-class, i.e., Z ¢ < oo. Then the
n=1

mild solution of the linear stochastic evolution equation (1.2.1) has a (B(RT) ® B(H) @ F,B(H))-
measurable version u: RY x H x Q — H with the following properties:
(i) For each x € H, the process u(-,z,-) : Rt x Q — H is (B(R") @ F, B(H))-measurable, (Fi)i>0-
adapted and satisfies the stochastic integral equation
(1.2.2).
(ii) For almost all w € Q, the map [0,00) x H > (t,z) — u(t,z,w) € H is jointly continuous.
Furthermore, for any fired a € R,
E sup flu(t, )2y, < oo,
0<t<a
whenever p € (1,a™ 1.
(iii) For almost all w € Q and each t > 0, u(t,-,w) : H — H is a Hilbert-Schmidt operator with the
following representation:

oo t S1
U(t7 Bl ) = Tt + Z‘/O Tt—S1B/O T51_52B T
n=1

Sn—1
(1.2.18) / Ty, ,—s,BTs, AW (sy)--- dW (s2) dW (s1).
0
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In the above equation, the iterated Ité stochastic integrals are interpreted in the sense of Lemma
1.2.2, and the convergence of the series holds in the Hilbert space Lo(H) of Hilbert-Schmidt oper-
ators on H.

(iv) For almost all w € Q, the path [0,00) 3 t +— u(t,-,w) — Ty € La(H) is continuous. In particular,
the path (0,00) 3 t — u(t, ,w) € La(H) is continuous for a.a. w € Q. Furthermore, the process
w: (0,00) X Q — Lao(H) is (Fi)e>0-adapted and (B((0,00)) ® F,B(L2(H)))-measurable.

Proof. Under the hypotheses on A, it is well known that the see (1.2.1) has a unique (F});>o-adapted
mild solution u satisfying the integral equation (1.2.2) in H. Let S C H be a bounded set in H.
Using (1.2.2) and a simple application of the Itd isometry together with Gronwall’s lemma implies
that

sup Ef|u(t,z,-)*] < oo
0<t<a
x€S

for each a € (0,00). Fix € S and ¢ > 0. Applying (1.2.2) recursively, we obtain by induction

u(t,x,-)
n t S1 Sk—1
=Tix + Z |:/ thslB/ Ts1752B e / Tsk,lfsk BTsk dW(Sk)
= Lo 0 0

< dW (sa) dW (s1) | x

t S1 Sn
+ / thslB/ TslfsgB to / TsnfanFlBu(anle €, ) dW(Sn+1)
0 0 0

for t > 0. Set Cy := sup HTSB|\%(H_L2(K my) for each ¢ > 0. Therefore,
<t B

0<s
7|

t
0

t S1 Sn
/ Tt*SIB/ Ts,—s,B-- / T5n75n+lBu(Sn+17 z,-)dW (Sn+1)
0 0 0

AW (s5) AW (s1) 2]

51 Sn
Tt*SIB/ Ty, -5, B / T, —snia Bu(spi1, @, ) AW (sn41)
0 0

- dW (s2)

2
L2(K,H)]

S1 Sn

/ Ts,—s,B--- / T5n75n+1Bu’(Sn+1) z,)dW (sn+1)
0 0

]

<o
t 51 Sn i

SC?/ dSl/ 2 / Ellu(sns1,2,)[*Jdsni1 < CyM— — 0,
0 0 0 n!

t
SC’t/ dSlE|:
0

AW (s2)
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where M is a positive constant independent of x € S. This gives the following series representation
of u(t,x,-):

oo t S1 Sn—1
u(t,{L"):Tt;L'—i—Z[/ Tt—slB/ TS1—SQB"'/
n=1L7/0 0 0

(1.2.19) Ty, s, BTy dW(sy)---dW(s2) dW(sl)} x

for each ¢ > 0 and z € H. The above series of iterated It6 stochastic integrals converges in L?((2, H)
uniformly in compacta in ¢ and for z in bounded sets in H.

Using the fact that A~! is trace class, we will show further that the series expansion (1.2.18)
actually holds in the Hilbert space L?(€2, Ly(H)). To see this, first observe that T; and all the terms
in the series on the right hand side of (1.2.18) are Hilbert-Schmidt for any fixed ¢t > 0. We use the
comparison test to conclude that the series on the right hand side of (1.2.18) converges (absolutely)
in L?(Q, Ly(H)). Fix a > 0. Then by successive applications of the Itd isometry (in Lo(H)), one
gets

7

a S1 Sn
/ Ta*SIB/ Tsy—s,B - / T5n75n+lBT5n+ldW(Sn+1)
0 0 0

L2(H)

a S1 Sn
:/ dleH Ta_slB/ TSI_SZB---/
0 0 0

T
S Oa/ dSlE H
0

BTsn+ldW(Sn+1) e dW(SQ)

Sn—Sn+1

2
Lz(Ksz(H)J

S1 Sn
/ T81*52B e / T5n75n+lBTSn+ldW(Sn+1)
0 0

- dW (s2)

2
v

Sn
0

a S1
< CZ}/O d51/0 dsy - - - / E[| BT, 12, (k,L0(m)))dSn41

a™ [° a' [
< O‘?F/ Tl (1) ds = C‘?F/ 2672‘%5 ds
70 T0 k=

(1.2.20)

=1

- Z
< Oa i N
— ' )
nl &~ 2

for each integer n > 1. This implies that the expansion (1.2.18) converges in L?(€2, Ly(H)) for each
t > 0. Hence assertion (iii) of the theorem holds.

We next prove assertion (iv). Consider the series in (1.2.18) and let ®"(t) € Lo(H) be its general
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term, viz.

t s1 Sn—1
D" (t) ::/ Tt,slB/ Ts,—s,B - / T, ,—s, BTs, dW(s,)
0 0 0
s dW(SQ) dW(Sl),

for t > 0,n > 1. Note the relations

t
@"(t):/ Ty s, B®" (s1)dW (s1), n>2,
(1.2.21) 0
(1) :/ Ty—s, BTs, dW (s1),
0

for t > 0.

First, we show by induction that for each n > 1, the process ®” : [0,00) x Q@ — Lo(H) has
a version with a.a. sample paths continuous on [0,00). In view of (1.2.21), this will follow from
Proposition (7.3) ([D-Z.1], p. 184) provided we show that

(1.2.22) /O E|®" ()| gy dt < o0

for all integers n > 1 and p € (1,a~!]. For later use, we will actually prove the stronger estimate

(Kat)"!

/ n 2p

0<s<t Lo(H) = t €10,

for all integers n > 1, and p € (1,a~!], where K1, K5 are positive constants depending only on p and
a. We use induction on n to establish (1.2.22"). To check (1.2.22") for n = 1, choose p € (1,a7 1],
and consider the following easy estimates:

a ) 1/p ar o ) P 1/p
{/0 |TS||LP2(H)dS} —{/0 [Ze “ks} ds}

k=1

Now use the second equality in (1.2.21) and Proposition (7.3) ([D-Z.1], p. 184) to get the following
estimate:

t 0 p
Cy _
1.2.23 E dl(s)||?P <C/ To |27, dsy < — E o
( ) 02?;” Lo < 1 0 Ty ds1 < 2p k:luk



1.2. Flows and cocycles of semilinear see’s — 15

for all t € [0,a] and for p € (1,a™!]. The constant C; does not depend on t € [0,a]. Since A~ is
O [ P
trace-class, the above inequality implies that (1.2.22’) holds with K := 2—1 [Z M;O‘} , forn =1,
p
k=1
and any p € (1,a~!]. Now suppose that (1.2.22") holds for some integer n > 1 and all p € (1,a71].
Then the first equality in (1.2.21) and Proposition (7.3) ([D-Z.1], p. 184) imply that there is a

positive constant Ko := Ka(p, a) such that

t
E sup [®" ()| < KQ/ El@n(sl)”g(m ds1

0<s<t

(1.2.24) < Kg/ g Hes)" K2‘91 sy = i, 20"
(n—1)! n!
for all t € [0,a] and p € (1,a~!]. Therefore by induction, (1.2.22") (and hence (1.2.22)) hold for all
integers n > 1 and any p € (1,a™1].
From the first equality in (1.2.21), (1.2.22) and Proposition 7.3 ([D-Z.1], p. 184), it follows that
each ®" : [0,00) x @ — Lo(H) has a version with a.a. sample paths continuous on [0, c0). From the

estimate (1.2.22), it is easy to see that the series Z ®™ converges absolutely in L?(Q, C([0,a], La(H)))

n=1
o

for each @ > 0 and p € (1,a™!]. This gives a continuous modification for the sum Z ®" of the
n=1

series in (1.2.18). Hence the Lo(H)-valued process

u(t,,) =Ty =Y _@"(t), >0,
n=1

has a version with almost all sample-paths continuous on [0, 00). This proves the first assertion in
(iv). To prove the second assertion in (iv), it suffices to show that the mapping (0,00) 3 ¢t — T} €
Lo(H) is locally Lipschitz. To see this, let 0 < ¢t; < t2 < a < oo. Then

o0
HTt2 - TtlH%g(H) < Z[e*#kb _ ef,uktl]Q
k=1
oo
< t2 —tl Z e 2kt

=1

4_t§(t2 —t1)? Zuﬁl-
k=1

IN

Since A™! is trace-class, the above inequality implies that the mapping (0,00) > t — T} € Lo(H)
is locally Lipschitz. The second assertion in (iv) now follows immediately from this and the first
assertion.

The measurability assertions in (iv) follow directly from the relation

)=Ty+ Y @"(t), t>0,
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and the fact that, as Lo(H)-valued Itd stochastic integrals, the processes " : (0,00) x Q —
Ly(H), n > 1, are (F;)i>o0-adapted and (B((0,00)) @ F, B(L2(H)))-measurable.
The evaluation map

Ly(H)x H— H
(S,2) — S(z)

is continuous bilinear. Therefore the first assertion in (iv) implies that the map [0,T] x H > (¢,z) —
u(t, z,w)—Ty(x) € H is jointly continuous for almost allw € €. Since [0, T|x H > (t,z) — T;(z) € H
is jointly continuous (by strong continuity of the semigroup T3, ¢ > 0), the first assertion in (ii) follows.

Finally, it remains to prove the estimate in (ii). In view of (1.2.22"), the series in (1.2.18) converges
absolutely in L?(Q, C([0,a], La(H))), p € (1,a1]. Therefore,

E sup |u(t,- - 2p  1/(2p)
(B s [lu(t, )}

< T + E (bnt 2p 1/(2p)
< 2 [Tilan + 2 {E sup 19701 )}

n=1

* (K )1 1/(2p)
< T FL/ep) (K> < o,
_.Oig£a|| tllzm) + K E (n—1) 00

n=1

This proves the estimate in (ii), and the proof of Theorem 1.2.1 is complete. [
Theorem 1.2.2. Assume the following:

(i) A1 is a trace class operator, i.e., Zu;l < 0.
(ii) Ty € L(H), t > 0, is a strongly con%nious contraction semigroup.
Then the mild solution of the linear stochastic evolution equation (1.2.1) has a version u : RT X
H x Q — H which satisfies the assertions (i), (iil) and (iv) of Theorem 1.2.1. Furthermore, for
almost all w € Q, the map [0,00) x H 3 (t,z) — u(t,z,w) € H is jointly continuous, and for any
fized a € RT,

E sup |u(t, )7z < o0
0<t<a

Proof. The proof follows that of Theorem 1.2.1. We will only highlight the differences.

We assume Hypotheses (i) and (ii). By the proof of Theorem 1.2.1, Hypothesis (i) implies that
the solution of (1.2.1) admits a version u : R x H x Q — H which satisfies assertions (i) and (iii)
of Theorem 1.2.1.

Use the notation in the proof of Theorem 1.2.1. In particular, one has

u(t,,) =Ty =Y _@"(t), >0,
n=1

where the series converges in L?({), L2(H)) for each ¢ > 0. Fix any a > 0. Since A~! is trace-class,
then

/O T2, o) ds < .
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Using this, the fact that Ty, t > 0, is a contraction semigroup, and Theorem 6.10 ([D-Z.1], p. 160),
it follows that ®! : [0,00) x Q — Ly(H) has a sample-continuous version. Furthermore, there is a
positive constant K3 such that

t
(1.2.25) B sup [ < Ko [T ds < oo,

0<s<t

for all ¢ € [0,a] ([D-Z.1], Theorem 6.10, p. 160). We will show that the series Z ®™ converges in

n=2
L?P(Q,C(]0,a], L2(H)) for all p > 1. Therefore, the series Z ®" converges in L?(Q2, C([0, al, L2(H))).
n=1
By Lemma 7.2, ([D-Z.1], p. 182), we have
, t p
(1.2.26) B2 < K| [ 12 0]

for all t € [0,a] and all p > 1. The constant K4 depends on p but is independent of ¢ € [0, a]. Since
A~ s trace-class, the above inequality, Proposition 7.3 ([D-Z.1], p. 184) and an induction argument
imply the following inequality:

n (Kgt)" !
E sup [|®"(s)| 7 ) < Ko~

, te€l0,al,
0<s<t (n—1)! 0,a]

for all integers n > 2, and p > 1, where K5, Kg are positive constants depending only on p and a
(cf. (1.2.22') in the proof of Theorem 1.2.1). The rest of the proof of the theorem follows from the
above inequality by a similar argument to the one in the proof of Theorem 1.2.1. [

Theorem 1.2.3. Assume that Z,u;lHB(en)H%Q(K’H) < 0.
n=1

Then the mild solution of the linear stochastic evolution equation (1.2.1) has a (B(RT) @ B(H)®
F,B(H))-measurable version u : RT x H x Q — H with the following properties:
(i) For each x € H, the process u(-,z,-) : Rt x Q — H is (B(R") @ F, B(H))-measurable, (Fi)i>0-
adapted and satisfies the stochastic integral equation
(1.2.2).
(ii) For almost all w € Q, the map [0,00) x H > (t,z) — u(t,z,w) € H is jointly continuous.
Furthermore, for any fired a € R,

E sup ||U(t, ) )”%(H) < 0.
0<t<a

(iii) For almost all w € Q and each t > 0, u(t,-,w) : H — H is a bounded linear operator with the
following representation:

oo t S1
o) =T+ [ BB [T
n=1

Sn_1
- / Ts, ,—s,BTs, dW(sn) e dW(Sg) dW(sl).
0
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In the above equation, the iterated Ité stochastic integrals are interpreted in the sense of Lemma
1.2.2, and the convergence of the series holds in the Hilbert space Lo(H) of Hilbert-Schmidt oper-
ators on H. If in addition, Ty : H — H is compact for each t > 0, then so is u(t,-,w): H — H
for almost all w € Q.

(iv) For almost all w € 2, the path [0,00) 3 t — u(t,-,w) — T}y € Lo(H) is continuous. Furthermore,
the process u : (0,00) X Q — L(H) is (Fi)t>0-adapted and (B((0,00)) @ F, B(L(H)))-measurable.

Proof. The proof follows along the same lines as that of Theorem 1.2.1. Just observe that the
hypothesis of Theorem 1.2.3 implies the following integrability property

/0 IBTNZ, (11,1 (xc.11)) 4 < 00

for any a > 0. O

Remark. It is easy to see that the hypothesis of Theorem 1.2.3 is satisfied if one assumes that the
mapping B : H — Ly(K, H) is Hilbert-Schmidt. By contrast to the hypotheses of Theorems 1.2.1,
1.2.2, the assumption in Theorem 1.2.3 does not entail any dimension restriction if the operator A is
a differential operator on a Euclidean domain. Furthermore, one does not require even discreteness
of the spectrum of A if we assume that B : H — Lo(K, H) is Hilbert-Schmidt. However, in this case,
one gets a flow of bounded linear (but not necessarily compact) maps u(t,-,w) € L(H), t > 0,w € Q.

We will continue to assume the hypotheses of Theorem 1.2.1, 1.2.2 or 1.2.3.

Let u: R x Q — L(H) be the regular version of the mild solution of (1.2.1) given by Theorems
1.2.1, 1.2.2 or 1.2.3. Our next result in this section identifies u as a fundamental solution (or
parametriz) for (1.2.1).

Consider the following stochastic integral equation:

(1.2.27) v(t) —Tt+/0t T, Bu(s)dW (s), t>0

v(0) =1,

where I denotes the identity operator on H and the stochastic integral is interpreted as an It6
integral in the Hilbert space La(H ).

Remark. The initial-value problem (1.2.27) cannot be interpreted strictly in the Hilbert space Lo(H)
since v(0) = I & Lo(H). On the other hand, one cannot view the equation (1.2.27) in the Banach
space L(H), because the latter Banach space is not sufficiently “smooth” to allow for a satisfactory
theory of stochastic integration.
We say that a stochastic process v : [0,00) x Q — L(H) is a solution to equation (1.2.27) if

(1) v:(0,00) x Q — Lo(H) is (F;)i>o0-adapted, and (B((0,00)) ® F, B(L2(H)))-measurable.

(i) v € L2((0,a) x Q, Ly(H)) for all a € (0, c0).

(iil) v satisfies (1.2.27) almost surely.
Theorem 1.2.3'. Assume the hypotheses of Theorem 1.2.1, 1.2.2 or 1.2.3. Let u be the reqular

version of the mild solution of (1.2.1) given therein. Then u is the unique solution of (1.2.27) in
L2((0,a) x Q, Ly(H)) for a > 0.

Proof. Assume the hypotheses of Theorems 1.2.1, 1.2.2 or 1.2.3. Let u be the regular version of the
mild solution of (1.2.1) given by these theorems.
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Note first that u : (0,00) x Q — Lo(H) is (Fi)i>0-adapted, and (B((0,00)) @ F,B(La(H)))-
measurable. This follows from assertion (iv) in Theorem 1.2.1.

In the proofs of Theorems 1.2.1, 1.2.2, we have shown that the series Z ®" converges absolutely

n=1
in L?(Q, C([0,a], L2(H))), and hence also in the Hilbert space L?(Q, L?((0,a), L2(H))), because of
the continuous linear embedding

L*(Q,C([0,a], La(H))) € L*(Q, L*((0,a), Lo(H))) = L*((0,a) x Q, La(H)).
Thus

| Bl
a 0 a 1/2-2
§2/0 ||Tt|%2(H)dt+2[Z{/O E|<I>"(t)||%2(H)dt} ] < 00,
n=1

t
In particular, the It6 stochastic integral / T,_sBu(s)dW(s) is well-defined in Lo(H) for each
0

t € [0,a] (Lemma 1.2.2).
We next show that u solves the operator-valued stochastic integral equation (1.2.27). To see this,
use the fact that

[/Ot T _sBu(s, )dW(s)} (en) = /Ot Ti—sBu(s,en, ) dW(s), n>1,

and the integral equation (1.2.2) to conclude that
t
(1.2.28) u(t,w)(en) = Tren + [/ T;—sBu(s,-,") dW(s)} (w)(en), t>0,n>1,
0

holds for all w in a sure event Q* € F which is independent of n and ¢ > 0. Since {e, : n > 1} is a
complete orthonormal system in H, it follows from (1.2.28) that for all w € Q*, one has

(1.2.29) u(t,w)(x) = Tex + [/0 T:—sBu(s,-,-) dW(s)] (W) (z), t>0,n>1

for all x € H. Thus u is a solution of (1.2.27).
Finally we show that (1.2.27) has a unique (F;);>o-adapted solution in L?((0,a) x, La(H)).
Suppose v1,v2 are two such solutions of (1.2.27). Then

t
(12.30)  Ellvi(t) = va@OlL, ) < 1Bllzace.m ,sup ||Tu|L(H)/O Bljv(s) = va(s)lI7, o) ds

for all ¢t € (0,a]. The above inequality implies that E|vy(t) — vg(t)H%z(H) = 0 for all ¢ > 0 and
uniqueness holds. [

From now on and throughout this section, we will impose the following
Condition (B):

(i) The operator B : H — Lo(K, H) can be extended to a bounded linear operator H — L(E, H),
which will also be denoted by B.

o0
(ii) The series > || Bz converges, where the bounded linear operators
k=1

By, : H — H are defined by By(z) := B(z)(fx),z € H, k > 1.
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Theorem 1.2.4. Assume the hypotheses of Theorem 1.2.1, 1.2.2 or 1.2.3, and Condition (B) are
satisfied. Then the mild solution of (1.2.1) admits a version u : RT x Q — L(H) satisfying the
conclusions of Theorem 1.2.1, 1.2.2 or 1.2.3 and is such that

(i) (u,0) is a perfect L(H )-valued cocycle:

(1.2.31) u(t+ s,w) = u(t,0(s,w)) o u(s,w)
for all s,t >0 and all w € Q;

(i) sup |lu(t —s,0(s,w))llLca) < 00, for all w € Q and all a > 0.
0<s<t<a

Proof. In view of Theorem 1.2.3', u satisfies the stochastic integral equation

u(t) =Ty + /t T,—sBu(s)dW(s), t>0
0
u(0) =1

(1.2.32)

with u(t) € Lo(H) a.s. for all ¢ > 0.

Our strategy for proving the cocycle property (1.2.31) is to approximate the cylindrical Wiener
process W in (1.2.32) by a suitably defined family of smooth processes W, : Rt x Q — E, n > 1,
prove the cocycle property for the corresponding approximating solutions and then pass to the limit

in Lo(H) as n tends to oo.
Define W, on Rt x Q, n > 1, by

t 0
(1.2.33) Wi (t,w) == n/ W (u,w) du —n W(u,w)du, t>0,wel.
t—1/n —1/n

It is easy to see that each W, is a helix:

(1.2.34) Wa(t,0(t1,w)) = Wo(t + t1,w) — Wy (t,w),
and
(1.2.35) W) (t,0(t1,w)) = W) (t+t1,w)

for all t,t; > 0, w € Q, n > 1. In (1.2.35), the prime ’ denotes differentiation with respect to t.

For each k > 1, recall the definition of By, : H — H in Condition (B)(ii). For each integer n > 1,
define the process u,, : RT x Q — Ly(H) to be the unique (B((0,00)) ® F,B(L2(H)))-measurable,
(Ft)e>o0-adapted solution of the random integral equation:

un(t,w) =T} + /0 Ti—s o {[Bxun(s,w)](W) (s,w))}ds

1 [T
(1.2.27)(n) -3 S TiyoBiou(s,w)ds, >0
k=1

un(0,w) =1,

for w € . Recall that the operation % is defined by (1.2.16) in the proof of Lemma 1.2.2.
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Then

(1.2.36) lim  sup |lu,(t) — u(t)||2Lg(H) =0,

=0 o<t<a

in probability, for each a > 0. The convergence (1.2.36) follows by modifying the proof (in La(H))
of the Wong-Zakai approximation theorem for stochastic evolution equations in ([Tw], Theorem
1.3.4.1). (Cf. [I-W], Theorem 7.2, p. 497).

Next, we show that for each n > 1, (uy,,0) is a perfect cocycle. Fix n > 1,¢; > 0 and w € Q.
Using (1.2.27)(n), it follows that

Un(t, e(tla w)) © un(tlvw)
=T; o up(ti,w)

t+t1
+ / Tyvor s 0 (1B (tn(s — tr, 0(t1,)) 0 un (b1, ) (W (5 — t1, 0(t1, )} ds

ty
1 t+t1 ©©
5 [ Y B0 BEo (s — 1,6(t10)) 0w (t1,)) ds
k=1

=T, +/O1Tt+t1—sO{[B*un(suw)](wrll(‘g?w))}ds

1"
- 5/ ZTt"I‘tl_S o B} o uy(s,w)ds
0 k=1

t+t1
+ /t Tyvos s 0 (1B (tn(s — tr, 0(t1,)) 0 un (1, )| (W (5 — t1, 0(t1, )} ds

1 t+t, ©©
— = / ZTt"I‘tl_S o B,% o (un(s —t1,0(t1,w)) o up(ti,w))ds,

2)e i3
for ¢ > 0. Hence, using (1.2.27)(n) and (1.2.35), we obtain

Un (t,0(t1,w)) o up(t1,w) — un(ts + t,w)
t+t1

= ) Titt,—s 0 {[B* (un(s —t1,0(t1,w)) o un(t1,w) — un(s,w))]

(W (s —t1,0(t1,w)))} ds
1

t4t; 00
~5 / Z Tivty—s0 Bi o [un(s —t1,0(t1,w)) o up(t1,w) — un(s,w)] ds
i k=1

:/0 Ti—s o {[B* (un(s,0(t1,w)) o un(ti,w) — un(s + t1,w)) (W) (s,w))} ds

IRNARS
— 5/ ZTt_s 0 B o [un(s,0(t1,w)) 0wy (t1,w) — un(s + t1,w)] ds,
0 k=1

for all ¢ > 0. The above identity and a simple application of Gronwall’s lemma yields

(1.2.37) Un (t,0(t1,w)) 0 up(t1,w) — up(ty + t,w) =0
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for all ¢,¢1 > 0 and all w € Q. Hence (uy, 0) is a perfect cocycle in L(H). Using (1.2.36) and passing
to the limit in L(H) as n — oo in the above identity implies that (u,0) is a crude L(H)-valued
cocycle. In order to obtain a perfect version of this cocycle, it is sufficient to prove that there is a
sure event Q* € F (independent of t; € R™) such that (¢, -)(Q*) C Q* for all ¢ > 0, and there is a
subsequence {u, }9_; of {u,}>2; such that
(1.2.38) lim  sup |lun(t,w)— um/(t,w)||%2(H) =0,

n/,m’—00 0<t<q
for each a > 0 and all w € Q*. Set vy, (t1,t,w) := un(t — t1,0(t1,w)), t > t; > 0. Then v, solves the
integral equation

Un(t1, t,w) =Tp—t, + / Ti—s o {[Bxvn(t1,s,w)](W/(s,w))}ds

ty

1 [f&S
—5/ ZTt,SoBiovn(tl,s,w)ds,

h =1
Un(tlu tl,Ld) :Ia

for t > t; > 0. The above equation implies that v, (¢1,¢,w) is continuous in (t1,t) for each w € Q.
Furthermore, if we apply the approximation scheme (in Lo(H)) to the above integral equation, we
get a subsequence {vy/}25_; of {v,}72, such that for a.a. w € Q
(1.2.39) lim sup  ||op (t1,t,w) — vy (tl,t,w)H%Q(H) =0,

n’,m’—00 0<t, <t<aq
for each a > 0. Now define Q* to be the set of all w € Q such that the subsequence {v, (t1,¢,w) :
n’ > 1} converges in L(H) uniformly in (¢1,¢) for 0 < t1 < ¢ < a and all @ > 0. Therefore Q* is a
(¢, -)-invariant sure event. Define

u(t,w) == lim v, (0,t,w)

n'—oo

for all ¢ > 0 and all w € Q*. Hence (u, ) is a perfect cocycle in L(H). This proves assertion (i) of
the theorem.

To prove the second assertion of the theorem, fix s > 0 and define 0y, (s, t,w) = G, (t—s,0(s,w)) =
Un(t — 8,0(s,w)) — Ty—s, t > s > 0. It is easy to see that ¥, solves the integral equation

(5,1, 0) :/ Ty x 0 {[B 6 (s, 0 w)] (W (A, )} dA

t
+ / Ty ABTs_o(W! (\,w)) dA

1 [t
—5/ ZTt,AoBio@n(s,/\,w)dA,

S k=1
On(s,s,w) =0 € Ly(H),

for t > s > 0. The above equation implies that the map A 3> (s,t) — 0,(s,t,w) € Lo(H) is
continuous for each w € ). Applying the approximation scheme again, there is a subsequence
{On/}55_1 of {0,}02 such that for a.a. w € §, one has

lim sup  ||on (8, t,w) — O (5,8, w)||2 ) =0,
n',m'—00 0<s<t<a 2
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for each a > 0. Define Q* to be the set of all w € 2 such that the subsequence {,/(s,t,w) : n/ > 1}
converges in Lo(H) uniformly in (s,t) for 0 < s <t < g and all ¢ > 0. Therefore Q* is a 0(¢, -)-
invariant sure event. Define

a(t,w) == lim 9,(0,¢,w)
for all t > 0 and all w € Q*. Therefore, the map A 3 (s,t) — a(t — s,0(s,w)) € Ly(H) is jointly

continuous. In particular, sup |[[a(t —s,-,0(s,w))|Lma) < oo, for all w € O and all @ > 0. Using
0<s<t<a

the fact that sup |[|Ti—s|lz(a) < oo, it follows that u(t,w) = u(t,w) + T}, w € Q* N Q*, gives a
0<s<t<a

version of the cocycle that also satisfies assertion (ii) of the theorem. This completes the proof of
the theorem. [

Remarks.

(i) Results analogous to Theorem 1.2.4 hold if B is replaced by the an affine linear map B(x) :=
By + Bi(x), x € H, where By € L(E,H) and By : H — L(E, H) satisfies Condition (B). In
this case, one gets a cocycle (u, ) where each map u(t,-,w) : H — H is of the form u(t, -, w) =
uo(t, -, w) + w1 (¢, w) with ug(t,-,w) € Lo(H) and u;(t,w) € H for t > 0,w € . This follows using
minor modifications of the above arguments.

(i) It is possible to replace B in the see (1.2.1) by an adapted random field B : RT x H x Q —
L(E, H) satisfying appropriate integrability and regularity conditions, and which is such that
B(t,-,w) : H — L(E, H) satisfies Condition (B) for each ¢ > 0, w € Q. The conclusions of
Theorems 1.2.1-1.2.3, 1.2.3’ will still hold in this case. However, the stochastic semiflow will only
satisfy Definition 1.1.1 (rather than the cocycle property in Definition 1.1.2). On the other hand
if B is stationary, then the cocycle property should hold (on a suitably enlarged probability space)
(Theorem 1.2.4).

(iii) Theorems 1.2.1-1.2.4, 1.2.3’ also hold if the operator A is allowed to have a non-zero discrete
spectrum {,, : n > 1} which is bounded below. This yields a splitting A = Ay + A; where o(Ay)
consists of positive eigenvalues and (A7) of finitely many negative eigenvalues.

(b) Semilinear see’s

In this section, we continue to assume that the operators A, B, the cylindrical Brownian motion
W, the complete filtered Wiener space (Q, F, (F;)i>0, P) and the Brownian shift § : R x  —  are
as defined in part (a) of this section and satisfy the conditions therein. The semigroup generated by
—A is denoted as before by Ty, t > 0. Furthermore, we let F': H — H be a (Fréchet) C! non-linear
map satisfying the following locally Lipschitz and linear growth hypotheses:

(1.2.40) [F()] <CA+f), veH }

|F(v1) — F(ve)| < Ly|vr —wa|, wv; € H,|v;| <n,i=1,2,

for some positive constants C, L,,,n > 1.
Consider the semilinear see:

(1.2.41)

du(t) = —Au(t)dt + F(u(t))dt + Bu(t)dW (t), t >0,
u(0) =z € H,

where the operators A, B satisfy the hypotheses of Theorem 1.2.4.
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Our main objective in this section is to establish the existence of a C* perfect cocycle (U, 6) for
the above stochastic evolution equation. First we define a mild solution of (1.2.41) as a family of
(B(RT)®F, B(H))-measurable, (F;);>o-adapted processes u(-, z,-) : Rt xQ — H, z € H, satisfying
the following stochastic integral equations:

(1.2.42) u(t,z, ) = Ti(x) + /0 Ti—s(F(u(s,z,-))) ds + /0 T,_sBu(s,x,-) dW (s),

for t > 0, a.s. ([D-Z.1], Chapter 7, p. 182).
To fix notation, denote by ¢ : R* x Q — L(H) the perfect cocycle generated by the linear
stochastic evolution equation

(1.2.43) do(t) = — Ap(t)dt + Bo(t) dW (t), t> 0,}

¢(0) =I' € L(H),

and obtained via Theorem 1.2.4. In particular, ¢(¢t,w) € La(H),t > 0,w € Q, stands for u(¢,-,w) in
the notation of part (a) of this section.

Our first step in the construction of a non-linear cocycle of (1.2.41) is to observe that mild
solutions of (1.2.41) correspond to solutions of a random integral equation on H. This is shown in
the following theorem:

Theorem 1.2.5. Suppose the hypotheses of Theorem 1.2.4 are satisfied. Then every (B(RT) ®
B(H) ® F,B(H))-measurable, (Fi)i>o-adapted solution field
U(t,z,w) of the H-valued random integral equation

(1.2.44) U(t,z,w) = ¢(t,w)(x) —l—/o ot —s,0(s,w))(F(U(s,z,w)))ds, t>0,x€H,

is a mild solution of the semilinear see (1.2.41).

Proof. Let U be a solution of the random integral equation (1.2.44) with the given measurability
properties. It is sufficient to prove that U(-,z,-) satisfies the stochastic integral equation (1.2.42).
Substituting from the identity:

o(t,w)(z) = Ti(x) + (w)/o T,—sBo(s, ) (x)dW(s), t>0,z¢€ H,

into (1.2.44), gives the following a.s. relations

t

Ult,z,) =Ti(x) —l—/o T;—sBd(s,-)(x) dW(s) —i—/o T s(F(U(s,x,-)))ds
+ /o /o Ti—s—sBo(s',0(s, ) F(U(s,x,-)))dW (s, 0(s,-))ds
=Ti(x) —l—/o T;—sBo(s,-)(x) dW(s) —i—/o T s(F(U(s,x,-)))ds

+/0 /o Ty—ssBo(s',0(s,))(F(U(s,2,-)) dW (s + ) ds
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=T + [ TieBots )@ V) + [ T (U,
+/ / Ty AB(A — 5,6(s, ->><F<Ut<s, £,))) dW(A) ds
~1,(x) +t / XTHB(b(s, )a) dW(s) + / T, o(F(U(s,,))) ds
+ / / Ty ABY(\ — 5,0(s, ) (F(U (s, . ))) ds AW (\)
—Ty(z) + /Ot T, o(F(U(s,,))) ds

t A
+ / T, B{o(\)(z) + / O\ — 5,0(s, ) (F(U (s, 2,))) ds} dW ()

0 0
—Tt(x)—l—/o TtS(F(U(S,{E,')))dS—I—/O T,_\BU\, z,-) dW(X)

for t > 0. Hence U satisfies (1.2.42) and is therefore a mild solution of the see (1.2.41). O

Our next theorem shows that the random integral equation (1.2.44) admits a unique (B(R") ®
B(H) @ F,B(H))-measurable, (F;);>o-adapted solution U : RT x H x Q — H. The fact that (U, 6)
is a smooth perfect cocycle can be read off from (1.2.44), as in the proof of Theorem 1.2.6 below.

For any positive integer j, denote by Léj)(H, H) ¢ LY (H, H) the space of all Hilbert-Schmidt
j-multilinear maps A € LU)(H, H) given the Hilbert-Schmidt norm

HAHng)(H,H) = Z |A(en17€n27 e aenj)ﬁ-l <0

n;>1
1<i<j

where {e,, : n; > 1} is a complete orthonormal system in H for each 1 <14 < j.

Theorem 1.2.6. Assume that the operators A, B in (1.2.41) satisfy the hypotheses of Theorem
1.2.4. Suppose that F' satisfies the linear growth and Lipschitz conditions (1.2.40). Then the mild
solution of (1.2.41) has a (B(RT)® B(H)® F,B(H))-measurable version U : Rt x H x Q — H with
the following properties:

(i) For eachxz € H, U(-,z,) : RT x Q — H is (Fi)1>0-adapted and satisfies (1.2.42) a.s.

(i) (U,0) is a perfect C%! cocycle (in the sense of Definition 1.1.2).

(ili) For each (t,w) € (0,00) x Q, the map H > x — U(t,z,w) € H takes bounded sets into relatively

compact sets.

Moreover, if we assume that F is C*¢ on H for a positive integer k and e € (0,1], then the mild
solution (U, 0) also enjoys the following properties:
(iv) (U,0) is a C*< perfect cocycle.
(v) For each (t,z,w) € Rt x H x Q, the Fréchet derivatives DYU(t,z,w) € Léj)(H, H),1<j<k,
and each map

[0,00) x Hx Q3 (t,z,w) — DYU(t, z,w) € LY(H,H), 1<j<k,

is strongly measurable.
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(vi) For any positive a, p,

Elog™ U, 2, 0(t1,-))] <
%{%ﬂ&a TENED) >
xEH

and
Elog® sup  {|DDU(ta,2,0(t1, )| Lo (s, } < 00
<ty,tg<a
olen 1tk
Proof. In view of Theorem 1.2.5, we construct a version of the mild solution of (1.2.41) by applying
the classical technique of successive approximations to the integral equation (1.2.44). Define the
sequence U, : Rt x H x Q — H,n > 1, by

Uni1(t, z,w) =¢(t,w)(x) + /0 ot — 3,0(s,w))(F(Up(s,z,w))) ds,
Ui(t, z,w) := ¢(t,w)(x)

(1.2.45)

for all (t,z,w) € RT x H x Q. Fix an arbitrary bounded open set S in H. Let CP(S, H) denote the
space of all continuous maps f : S — H such that f(S) is relatively compact in H. Give CP(S, H)
the supremum norm

1 flleg = Slelglf(w)hra f €GPS H).

It is not hard to see that C?(S, H) is a Banach space. For fixed w €  and any a > 0, we will view
the sequence (1.2.45) as a uniformly convergent sequence of bounded measurable paths [0,a] 2 ¢ —
Un(t,-,w) € CY(S, H) in the Banach space CY(S, H). To see this, we use induction on n. In view of

Theorem 1.2.4 (ii), define the finite random constant ||¢|o := sup |[[(t—s,0(s,w))||L(m),w € Q.
0<s<t<a
Let C be the positive constant appearing in (1.2.40). Define

My := sup||z| + C’a]||¢||ooecll¢”°°“, w € Q.
zeS

For integers n > 1, consider the following induction hypothesis:
Hypotheses H(n):
(i) For each (t,w) € (0,a] x Q, Uy,(t,-,w) € CP(S, H);
(ii) |Un(t,z,w)| < [|z] + Ca)||¢]|eeeCI®l=t for all (t,z,w) € [0,a] x H x ;
(iil) |Upg1(t, z,w) — Up(t, z,w)| < C[1 + ||¢||Oo|x|]L”71||¢H&Z—7:, (t,x,w) € [0,a] x H x Q, where L
is the Lipschitz constant of F' on the ball B(0, M) C H;

(iv) Up : RT"xHxQ — His (BR")®B(H)®F,B(H))-measurable, and for each x € H, U, (-, ,") :
R x Q — H is (F;)i>0-adapted.

We will first check that H(1) is satisfied. Since ¢(¢,-,w) : H — H is continuous linear for each
(t,w) € [0,a] x Q, it is clear that H(1)(i) and H(1)(ii) are satisfied. Using (1.2.45) and the linear
growth property of F, it follows that

t
I%@LM—M@LMSOWMAU+W@M@MMS
< O+ | 8lloclal] [ 6]ot,
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for all (t,z,w) € [0,a] x H x Q. Therefore, H(1)(iii) holds. To see the measurability (inductive
hypothesis H(1)(iv)), use the definition of U; in (1.2.45) and Theorem 1.2.1.

Now assume that H(n) holds for some integer n > 1. In particular, for each (t,w) € (0,a] x €,
U, (t,-,w) maps S into a relatively compact set in H. Therefore, the map

H>zw /0 ot —s,0(s,w))(F(Upn(s,z,w))ds € H

takes S into a relatively compact set in H, because, for fixed (¢,w) € (0, a] x £, the integrand
H>zw— ¢t —s,0(s,w))(F(Un(s,z,w))) € H

has the same property, and is uniformly bounded in (s, z) € [0, ¢]x.S (H(n)(ii)). Hence, Up+1(t, -, w)(S)
is relatively compact in H for each (t,w) € (0,a] x Q. Since U,(t,-,w) : H — H is continuous, it is
easy to see from (1.2.45) that U,41(¢,-,w) : H — H is also continuous for each (t,w) € (0, a] x Q.
Hence, H(n+1)(i) is satisfied. Using H(n)(ii), the Lipschitz property of F and (1.2.45), a straightfor-
ward computation shows that H(n+1)(iii) is satisfied. A similar argument, using H (n)(ii), the linear
growth property of F and (1.2.45), shows that H(n+1)(ii) also holds. To check H(n+1)(iv), note first
that for fixed s € [0, t], the map Q > w — ¢(t—s,0(s,w)) € L(H) is Fi-measurable. This follows from
the approximation argument at the end of the proof of Theorem 1.2.4. Hence by H (n)(iv), it follows
that for fixed s € [0, ], the map Q > w +— ¢(t — s,0(s,w))(F(Un(s,z,w))) € L(H) is Fe-measurable.
Hence by (1.2.45), it is easy to see that U,41(t,z,-) is Fi-measurable for fixed (t,z) € RT x H.
Furthermore, the integrand on the right-hand-side of (1.2.45) is jointly-measurable in (s,z,w),
and therefore U, 41(t,-,-) is jointly measurable for any fixed ¢ > 0. By continuity of the path
R* 5t Upy1(t,z,w) for fixed (z,w) € H x Q, the joint measurability of U, 11 : Rt x HxQ — H
follows. Hence H(n + 1)(iv) is satisfied. Therefore, H(n) holds by induction for all integers n > 1.
The inequality H (n)(iii) implies that the series Z [Ups1(t,-,w)—=Uy(t, -, w)] converges in Cp (S, H)
n=1
uniformly in ¢ € [0, a] for each w € Q. Therefore, the sequence {U,, (¢, -, w)}5%; converges in CP (S, H)
uniformly in ¢ € [0, a] for each w € . Its limit

lim Un(t,,w) = Ur(t,,w) + > [Unt1(t,,w) = Un(t,w)], (t,w) €[0,a] x 2,
n=1

n—oo

is a solution of the random integral equation (1.2.44). Call this limit U(t,-,w) € CP(S, H) for
(t,w) € RT x Q. It is immediately clear from H(n)(iv) and Theorem 1.2.5 that U satisfies the
measurability requirements and assertion (i) of the theorem.

We next show that U(t,-,w) : H — H is C* for fixed (t,w) € RT x Q. For each (z,y,w) €
H x H x €, denote by z(-, z,y,w) the unique solution of the random linear integral equation:

z(t, z,y,w) :/0 ot —s,0(s,w))DF(U(s,z,w))z(s,x,y,w)ds

(1.2.46) + /0 ot —s,0(s,w))DF(U(s,z,w))p(s,w)(y)ds, t>0.

If we suppress y € H, we can view (1.2.46) as a linear integral equation in Lo(H) with a unique
solution [0,00) 3 t — z(t,x,-,w) € Lao(H) for fixed (z,w) € H x Q. This holds easily (by successive
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approximations) because DF is bounded on bounded subsets of H and {U(t,z,w);0 <t < a,|z| <
M} is bounded for any M > 0, and ||@||« is finite. We claim that U (¢, -,w) is Fréchet differentiable
with Fréchet derivative DU (t,z,w) € Lo(H) given by

(1.2.47) DU(t,z,w)(y) = 2(t, z,y,w) + o(t,w)(y), ye€H
for each (t,z,w) € RT x H x Q. To prove our claim, define
(1.2.48) wlt,z,y, hyw) =U(t,z + hy,w) = U(t,z,w) — hlz(t, z,y,w) + ¢(t, w)(y)]

for each (t,z,y,h,w) € RT x H x H x R x Q. Using (1.2.48), (1.2.44) and (1.2.46), we obtain:
¢
ity h) = [ 6lt = 5,605, ) DF(U s, ) (5,2, o) ds
0

(1.2.49) + /Ot o(t — s, H(Saw)){/ol DF\U(s,z + hy,w)

+(1-NU(s,z,w)] — DF(U(s,z,w)) d)\}
~(U(s,x + hy,w) —U(s,xz,w))ds
for all (t,z,y,h,w) € RT x H x H x R x €. Set

My:= sup {|U(s,z+hy,w)|}, we.
hI<1lyl<1
0<s<a

Then M> is finite for each w € 2, because of H(n)(ii). Let Ly > 0 be the Lipschitz constant of
DF on the ball B(0, M), and |DF|| be the bound of DF on B(0, Ms). Then (1.2.49) implies the
following inequality:

t
It 10)| < [0l |DF] [ [n(s,,p,0)] ds
0
t
(1.2.50) + L6l / U (s, 2 + hy, ) — U(s, z,w)[ ds
0

for all t € [0,a],z,y € H h € R, |y|, |h] < 1,w € Q. Using (1.2.44) and Gronwall’s lemma, it is easy
to see that

(1.2.51) U (t, 2 + hy,w) — U(t,z,w)| < |h]]|¢]oo|yle!l®l=IPFIE

for all ¢ € [0,a],z,y € H,h € R,|y|,|h] < 1,w € Q. By (1.2.50), (1.2.51) and another simple
application of Gronwall’s lemma, we obtain

h2 2 2 L
(1.2.52) sz by )] < PPNl [ oo D e

< 1| el i DEE
2||DF||

for allt € [0,a]l,z,y € Hyh € R, |y|,|h| < 1,w € Q. Thus,

1

1.2.53 lim — t,x,y, h,w)| =0

( ) fim 5 sup it z,y, hw)
0<t<a
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for all x € H,w € . The above relation shows that U(t,-,w) : H — H is Fréchet differentiable
at any € H and our claim (1.2.47) holds. Now combining (1.2.46) and (1.2.47), it follows that
DU (t,x,w) satisfies the L(H)-valued integral equation:

t

(1.2.54) DU(t,z,w) = ¢(t,w) + / o(t — 5,0(s,w))DF(U(s,z,w))DU (s, z,w) ds
0

for each (t,z,w) € RT x H x Q. In the above integral equation, the “coefficients”

[0,00) X 23 (t,w) — ¢(t,w) € L(H)
Ax HxQ3 (s, t,z,w) — ¢t —s,0(s,w))DF(U(s,z,w)) € L(H)
are jointly measurable, where A = {(s,t) € R? : 0 < s < t}. Therefore, the solution map
[0,00) x HXx Q53 (t,z,w) — DU(t,z,w) € L(H)
is jointly measurable. Furthermore, by continuity of the map
H>x—DF(U(s,z,w)) € L(H,R)

it follows from (1.2.54) that the map H 3> x — DU (¢, 2z, w) € L(H) is continuous for fixed ¢ > 0 and
w € Q. Thus U(t,-,w) : H — H is C'. (In fact, the map H > 2 — DU(t,x,w) € La(H),t > 0, is
continuous because of the continuity of the map H 3> x — z(t,z,-,w) € Lo(H) in the Lo(H)-valued
integral equation underlying (1.2.46).)

Suppose further that F' is C*€ k > 1,¢ € (0,1]. For k = 1, assertion (vi) of the theorem
follows from (1.2.44), the linear growth property of F', (1.2.54), Gronwall’s lemma and the fact that
E||¢]lcc < o0. By suppressing y in (1.2.46) and taking higher-order Fréchet derivatives with respect
to x of the underlying Lo(H )-valued integral equation, assertions (v) and (vi) can be established by
induction on k > 1.

It remains to prove that (U,#) is a perfect cocycle on H. We use uniqueness of solutions of
(1.2.44). Fix t; > 0, w € Q and = € H. It is sufficient to prove that

(1.2.55) Ut+t,z,w)=UtU(t,z,w),0(t1,w))
for all ¢ > 0. Define the two mappings y, z : [0,00) — H by
(1.2.56) yt) :=Ut,U(ty, z,w),0(t1,w)), =2(t):=U(t+1t1,z,w)

for all t > 0. Since U satisfies (1.2.44), it follows that
y(t) =o(t,0(t1,w))(U(t1,z,w))
+ /Ot ¢(t — 5,0(s,0(t1, ) (F(U(s, U(t1, z,w),0(t1,w))) ds
=o(t, 0(t1,w))((t1,w)(x))
+ /Otl ¢(t, 0(t1, w)){d(tr — 5,0(s,w))(F(U(s,z,w)))} ds

t+t1
+A' Ot + 11 — 5, 0(5,0)) (F(y(s — 1)) ds

=¢(t + t1,w)(z) + A Ot +t1—s,0(s,w))(F(U(s,z,w)))ds

t+t1
+/’ Bt + 11 — 5, 0(5,0)) (F(y(s — 1)) ds

t1
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for all ¢ > 0. Making the substitution ¢’ := ¢ + 1, the above relation yields
t1
y(t' —t1) =o(t',w)(z) + ot —s5,0(s,w))(F(U(s,x,w)))ds
0
t/
(1.2.57) + [ ot —s,0(s,w))(F(y(s —t1)))ds, t >t;.

t1

Using (1.2.44) and the definition of z, it follows that

2(t) =t + t1,w)(x) + /0 1 ot +t1 —s5,0(s,w))(F(U(s,z,w)))ds
thty
+ /t ot +t1 —5,0(s,w))(F(U(s,z,w)))ds t>0.

Therefore,
= 1) =0t )@)+ [ 0 = 5,05, (U (s.2.0))) ds
(1.2.58) + /t ot —5,0(s,w))(F(z(s —t1)))ds, ' >t.

It is easy to see that (1.2.57) and (1.2.58) imply
t/
ly(t' —t1) — 2(t' = t1)] < / lp(t" = 5,6(s, W) - [F(y(s — 1)) = F(2(s = t1))| ds
ty

t/

(1.2.59) < L||¢Hoo/ (s — 1) — 2(s —tr)|ds, &<t <t +a,
t1

where L is the Lipschitz constant of F' on the bounded set {y(s), 2(s),0 < s < a}. From the above

inequality, we get y(t' —t1) — z(t' — t1) = 0 for all ¢/ > t;. Hence, y(t) = z(¢) for all ¢ > 0. This

implies the perfect cocycle property (1.2.55) and completes the proof of the theorem. [

Remarks.

(i) From the proof of Theorem 1.2.6, it is easy to see that the assertions of the theorem still hold if
one replaces the linear growth condition on F' by the condition that F' carries bounded sets in H
into bounded sets, and U(-, -,w) is bounded on bounded subsets of [0, 00) x H.

(ii) In (1.2.41), it is possible to replace F' by a time-dependent F : Rt x H — H of class C*<
in the second variable uniformly with respect to ¢ in compacta. This gives a C*€ semiflow
V:Ax H x ) — H in the sense of Definition 1.1.1.

Example. Let D denote the bounded domain in R? defined by
D:= {(fl;l,fl;2,' . '7xd);0 S X S 7T71 S { S d}

Let A be the Laplacian on D. Equip the operator B := —A + I on D with a Neumann boundary
condition, and consider the following spde:

(1.2.60) du(t,z) = —Au(t,z) dt + f(u(t, z)) dt + c(z)u(t, z) dW(¢)
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where W stands for standard (one-dimensional) Brownian motion, and A := B* for some positive
constant «. Let ¢o(x), pn(x) be functions on [0, 7] defined by

For any non-negative integers i1, i, ..., iq, define

(1.2.61) Vi ig.osig (X1, T2, .y Ta) = Gy (1) Py (T2) - - - Diy (Ta)

for x; € [0,7],1 <4 < d. Then the family {%;, ...y : 0 < i1,12,...,7¢ < oo} forms an orthonormal
basis of L?(D). It is easy to verify that each 9;, ;,. i, is an eigenfunction of B with corresponding
eigenvalue

iy yioynig = 1+ Zlf
j=1
Thus

_ @ L )
Awil,iz »»»»» td )‘il,iz,..,7id1/}zl,12 ..... iq

Ifa> %, we have

S 1 S —a
_ -2
S oo v (13)
1,00, iq=0 " ULy02,e0d Gy g e ig=0 j=1
(o'} d 1 ) -4
<y Ik
1,12, ,4¢=0 j=1

—{]§)<$ + k2) %}d< 00.

If f is Lipschitz and ¢(z) is bounded, then the assumptions in Theorems 1.2.1 and 1.2.6 are satisfied.
So Theorem 1.2.6 applies, and the spde (1.2.60) admits a C%! perfect cocycle U : Rt x L?(D) x Q —
L?(D) satisfying assertions (i)-(iii) of Theorem 1.2.6.

In the next section, we will see more applications of the results established in this section.

1.3. SEMILINEAR SPDE’S: LIPSCHITZ NONLINEARITY

Let D be a smooth bounded domain in R%. Consider the Laplacian operator:

d

82
(1.3.1) A=) 7e
i=1 g

defined on D. Let L*°(D) stand for all essentially bounded measurable functions ¢ : D — R with
the usual norm

[¥lloc := essupgep |9 (€)]-

Denote by C§°(D) the set of all smooth test functions ¢ : D — R which vanish on 9D. Let
H := HE(D) be the Sobolev space of order k > d/2, i.e., the completion of C§°(D) under the

Sobolev norm
g = 32 [ 10mute)de,

la| <k



1.3 Semilinear spde’s: Lipschitz nonlinearity — 32

where d¢ denotes d-dimensional Lebesgue measure on R¢.
Consider the spde

du(t):%Au( )t + f(u dt+ZaZ HAWi(L), >0

1.3.2
(132 u(0) =y € Hy(D)

u(t)|op =0, t>0,

where f : R — R is a Cp° function, o; : D — R, ¢ > 1, are functions in the Sobolev space H§(D)
with s > k + & 5, and Wt i > 1, are standard independent one-dimensional Brownian motions on a
complete ﬁltered Wiener space (Q, F, (F)¢>0, P). Assume that the coefficients o; in (1.3.2) satisfy
the following condition

(1.3.3) > il < oo
1=1

An (F;)i>0-adapted random field u: RT x D x Q — R is a weak solution of (1.3.2) if u(t, -, w) €
HE(D) for a.a. w € Q,t > 0, and the following identity holds:

d<u(t),¢ >p2=v <u(t),A¢ >r2 dt+ < f(u(t)),¢ >p2 dt
+Z<crl ), 6 >r2 dW(),

u(0) =¢ € H§(D),
u(t)|ap =0,

for all ¢ € C§°(D) a.s. and all ¢ > 0. In the above equality, < -, >y 2 denotes the inner product on
the Hilbert space L?(D) of all square-integrable functions ¢ : D — R, viz.

<Y1, >L22=/D¢1(§)¢2(5)d§= Y1, € L*(D).

Recall that d¢ stands for d-dimensional Lebesgue measure.

We will show that (1.3.2) admits a unique weak solution u(t) € H = H¥(D) a.s., t > 0, for each
v € H. Furthermore, the ensemble of all weak solutions of (1.3.2) generates a C'™ perfect cocycle
(also denoted by the same symbol) u : RT x H x Q — H, satisfying the assertions of Theorem 1.3.5
below. In particular, the stochastic semiflow u(t,-,w) : H — H takes bounded sets into relatively
compact sets in H.

In this section and for the rest of the article, we should emphasize that although the weak solution
u:RT XD xQ — R of (1.3.2) and the associated stochastic semiflow u : Rt x H x Q — H are
denoted by the same symbol u, the distinction between the two notions should be clear from the
context.

Set A := —1A with Dirichlet boundary conditions on D. We will view the spde (1.3.2) as a
semilinear see in H of the form (1.2.41) (Section 1.2). First, define the Nemytskii operator

(1.3.3") F(u)(§) = f(u(g)), &€D,ueH.
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In Lemma 1.3.3 below, we will show that F' is a C°° map H — H. Secondly, apply the Gramm-
Schmidt orthogonalization process to the sequence {o;}2; in H§(D). This gives an orthonormal
family {f;}22, in H§(D). Denote by K the closed linear span of {f;}52, in H3(D). The reader may
check that K is a closed subspace of the Hilbert space Hj (D), and there is a separable Hilbert space
E such that K C E is a Hilbert-Schmidt embedding (e.g. take E = L?(D)).

Define the process

t) = iwi(t)fi, t > 0.

Then it follows from (1.3.3) that W is an E-valued cylindrical Brownian motion on the canonical
complete filtered Wiener space (2, F, (F;)icr+, P), and with covariance space K (cf. section 1.2).
Denote by 6 : RT x Q — € the standard P-preserving (ergodic) Brownian shift. It is easy to see
that (W, 0) is a perfect helix on E:

Wty + ta,w) = W(ty, 0(t1,w)) — W(t1,w), t1,t2 € RT,we.
Define the continuous linear operator B : H — Lo(K, H) by setting
B(u)(fi) == o, ue€H=H{D),i>1.
In view of the continuous linear (Sobolev) embedding
Hi(D) — CH(D),

it is easy to see that B € L(H, Lo(K, H)) and satisfies Condition (B) of section 1.2(a). Thirdly,
observe that weak solutions of the spde (1.3.2) correspond to mild solutions of the semilinear see:
(152) du(t) = — Au(t)dt + F(u(t))dt + Bu(t)dW (t), t> 0}

o u(0) = € H := H¥(D)

([D-Z.1], p. 156).

Finally, we will establish a perfect C°>°-cocycle on the Sobolev space H = HE (D) for mild solutions
of the semilinear see (1.3.2"), and hence for weak solutions of the spde (1.3.2).

We begin with some preparation. Following standard notation, let a be a d-tuple of non-negative
integers, viz. o = (a1,qs, -+ ,a4) and denote |a| := a; +ag + --- + ag. For any ¢ € Cl*/(D),
denote

(D¢)(€) = ¢\ (&) == 07105 - - 95°¢(¢), £ €D,

and for any integer [ > 0, define

ID'¢l| 2 == D] o
|| =1
Lemma 1.3.1. Let (1, --,0, be d-tuples and |a| = |B1]| + |B2] + -+ + |Bul, then there exists a
constant ¢ > 0 such that

[FFRE i les
\‘B_\

\
N full Gl I\D‘“'fllli

2|
IID'“‘sz ‘||D'a‘fu|| ,

<C“||f1||Loo“”‘ ol e

where f; € C1°1(D), 1 < j < .

A proof of this lemma is given in ([Tal, pp. 9-10), using Gagliardo-Nirenberg-Moser estimates.
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Lemma 1.3.2. In (1.3.2), let f be C*, f(0) =0, and F be the Nemytskii operator (1.3.3"). Then
there is a positive constant ¢ such that

IF () ) < eCrlllull o) (1 + llullzee) ™l g ).

for all w € HE(D), where
Ci(A) 1= sup |fW(z)]

1<p<k
[z]<X

Proof. We need only prove the assertion of the lemma for u € C§°(D). The chain rule gives for any
d-tuple o with 1 < |a| < E,

DF(u) = Z Cﬁu(ﬁl)u(ﬁz) B (F) 64y,
B1+B2+ - +Bu=a
1<p<al
Hence
[D*F(u)|lr2 < Cr([lul[ze=) - > cplluPulB) oy B s,
B1+B2+ - +Bu=c,
1<pu<|o|

Applying Lemma 1.3.1 to f; = u,i=1,2,--- , u, we have
(| (B2) oy (B < C“HUII‘L‘;IHDMUIILm
Therefore,

Z eplluPulP) .y B

B1+B2+ +Bu=c,

1<p<|al
< 3 el D e
B1+B2+-+Bu=a,
1<pu<]al
<Dz Y Ol flulli
1<p<] |

<l D"l 2 (1 + [Juf o)1
<ellull g (14 [luf o)1,

for a constant ¢ > 0. Note also that
[F )l < Crllullre < Crllullgy, ue C5°(D).

The assertion of the lemma follows easily from the above inequality. [

Lemma 1.3.3. Suppose k > %, and f : R — R is a C™ function. Then the Nemytskii operator

F : HE(D) — HE(D) defined by (1.3.3") is a C> map from HE(D) into HE(D).

Proof. Recall the following Sobolev embeddings

d
HY(D) — LT5(D),  r<g,
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Hj (D) — L*=(D), r > g
Let us first prove that F' € C'(H, H), where H := HY(D). Fix u € H. We will show that F is
Fréchet differentiable and DF (u)(h)(§) = Su(h)(&) = f'(w(§))h(&), h € H,& € D. To prove this,
note that only functions in some ball B(0,0) C H centered at 0 are involved. By the Sobolev
embedding theorem, the range of functions in B(0, §) is contained in a compact interval in R. Thus,
we can assume f € Cp° in the sequel. We start by proving that S,(h) € H for h € H. Let r < k.
By the chain and product rules, it follows that (S, (h))(") can be written as a finite sum whose
general term is of the form: C(&)ut™) (&) -+ - ullm)(E)AU (&) - - . hUn)(€), where C(-) € L>(D), and
L4 +ln+j1+-jo=r Since u® € HEYD) and hY) € HY 7 (D), the Sobolev embedding

2d

theorem implies that u() € La3%a (D) and hV) € L7257 (D). As

m n

> (d—2k+20) + > (d—2k+2j;) —d < (m+n—1)(d—2k) <0,

i=1 i=1

we have . "
Yot (d =2k 4 21;) n Do (d =2k 4+ 24;)
2d 2d

By Holder’s inequality and the Sobolev embedding theorem, this implies that

1
< —.
-2

ICCHl () -t ORI ) - R ()] 2oy < clulf| Al

where ¢ is a positive constant. Thus S, (h) is not only in H, but the map H 5> h+— S,(h) € His a
continuous linear operator. Now

F(u+th)(§) — F(u)(§) — tSu(h)(§) = /0 [f"(u(€) + sh(&)) — f'(w(&))]h(&)ds
for each £ € D,u,h € H,t > 0. To show that DF (u) = S, we need to prove that

= 0.
H

lim sup
t—0 |h| g <1

%/O[f’o<u+sh>—f'o<u>1~hds

It is sufficient to establish

lim sup [[f o(u+ sh)— f"o(u)] hlg=0.

s—0 |h‘HS1

The above relation will hold if we show that

lim sup |[(f o (u+sh)— f o(u)) h]"|p2mp) =0

s—0 |h‘H§1

for r < k.
Elementary computations show that [(f' o (u + sh) — " o (u)) - b)) (€) is a finite sum consisting
of terms which are either of the form

G1(& hys) = (fD o (u+sh) — fU o (u)(©)u")(€)..u") (U (£)...h1) (€)
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for I <r+1, or of the form

Ga(&,h, s) = s"C(E)u™(€)..u") (R (€)...h0) (€)

where a > 1,C(-) € L*(D),li + ... + ln +j1 + ... + jn =7, h € H, s > 0. For terms like G1, using
the Lipschitz continuity of f(), it follows that

|G Py )| < eslh| ooy [ (€)™ (E)RUD(€)...h (€))]

for € € D,h € H,s > 0. Using Holder’s inequality and the Sobolev embedding theorem, and arguing
as in the proof of S, (h) € H, we obtain the following estimate

1G1 (s by sl L2y < eslullhlE™
where c is a positive constant and £ € D, h € H,s > 0. Hence,

lim sup [|G1i(-,h,s)||L2(p) = 0.

s—0 |h|g<1

Similar arguments lead also to

lim sup ||Ga(-,h,s)|lL2(p) = 0.

s—0 |h|g<1

Therefore,
lim sup [|[(f o (u+sh) = f" o (u) - h]®||p2py =0, 7 <k

s—0 |h|g <1

This completes the proof that F' : H — H is Fréchet differentiable. The fact that F' is r-times
differentiable for > 2 can be proved inductively using similar but lengthier computations. Details
are left to the reader. [

Using It6’s formula, it is easy to see that the solution of the following H-valued linear stochastic
differential equation
du*(t) = Bu*(t)dW (t), u*(0) =4 € H := H}(D)
is given by
u (L1, w)(€) == QL §,w)(§), €D eH t>0,
where the process Q : RT x D x Q — R is defined by

Qt, & w) = exp{z o (Wit w) — % Zaf(f)t}, t>0,£€D,we
i=1 i=1

Using the perfect helix property of (W, 6), the reader may easily check the following cocycle identity
for Q:

Q(tl + 12, 57 (.«)) = Q(t27 55 e(tla w))Q(tlv 55 LU) t1,82 2 075 € Dvw €.
The above identity immediately implies that u* : RT™ x H x Q — H is a perfect linear cocycle with

respect to the Brownian shift 6.
We now prove the following proposition:
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Proposition 1.3.4. Assume f € CF(R), k > d 5, and the forgoing conditions on the coefficients of
the spde (1.3.2). Let S be a bounded subset of HO( ). Then for any T > 0 and almost all w € £,
the weak solution u(t, ) of the spde (1.3.2) satisfies

sup sup ||u(t7¢)||H(’f(D) < O(wva’)a
PeS 0<t<a

for any a € RY, where C(w,a) is a random positive constant.

Proof. Let u(t, 1)) be the weak solution of the spde (1.3.2) with initial function ¢ € H¥(D). Pick a
sequence {1, : n > 1} of smooth functions in C§°(D) such that 1, — ¢ as n — oo in H{(D). Let
Un(t, &) := u(t,n)(§), t > 0, € D,n > 1. Then each u,, n > 1, is a strong solution of the spde
(1.3.2). Define vy, (t,&) == Q(t, &) " 1u,(t,£), t > 0,€ € D. Using the relations

Zaz Q. dW' (1), t>0,6€D,

- :iaf(g) Ydt — Zal “LdWi(t), t>0,€€D,
=1

and Ito’s formula, it follows that
v (1,€) =Q(1,€)™ 3 un(t, )t + Q(1,€) ™ un (1, )t

+ Q) un(t,£) Y 0i(§)dW' ()

=1

+un(t,§)Q Za )dt — un(t,£)Q 1%01 YAW' (t
i=1

—un(t,8)Q Za

a.s. forallt > 0,6 €D,
Therefore, for each n > 1, v,(t,&,w) satisfies the following parabolic equation with random
coeflicients:

ov, 1 1 -
i =58t < VInQ(t,€), Vo >pa — bQ(t,ﬁ)AQ(tvﬁ) !
(1.3.4™) + < VQ(t,€),VQ(t, &) >Rd:|'Un + Q)T (Qt,E)vn), >0,
0n(0,8) =1 (§).

Let v denote the unique weak solution of the parabolic random pde

ov 1 1 -
5 =5 Avt < VIQ(t ), Vo >ps — bQ(t,&)AQ(t,&) '
(1.3.4) + < VQ(E),VQ(t, &) >Rd]v + QO T(Q &), t>0,

v(0,8) =¢(&)
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for t > 0,¢ € D, with 1 € HE(D). Since the coefficients of (1.3.4) are smooth, it is well known that

lim sup ||v(t, -, w)— vn(t, 'aW)HH{;(D) =0
n—00 0<t<q

for each w € Q and any a € R™. By rewriting (1.3.4), it is easy to see that v satisfies the random
pde

dv 1 _ _
(13.5) o= SQLO T AQLEY) + Q8 QL&) >0,

Since ¢ € HE(D),k > 4, then by virtue of the Sobolev embedding of H§(D) into L>(D),
we can view (1.3.4) as a random reaction diffusion equation in L°°(D) whose non-linear term has
linear growth and is globally Lipschitz. Now we use a standard argument to get an priori estimate
for the solution of equation (1.3.4). Let p(t,n,s,&) be the fundamental solution of the operator

$Q(t,&)TTA(Q(t,&)v), then it is well known that there are positive constants c1,cy such that:

02|77—§|2}

p(tn,5.6) < erft —5)7 eXp{‘ 2(t—s)

forall 0 < s <t <a,n& e D (see eg. [Fri]). Therefore, it is easy to see that there is a positive
constant ¢ such that [ p(t,n,s,&)dn <cfor 0 <s<t<a,{eD.

By the classical variation of parameters formula, the solution of (1.3.5) satisfies the random
integral equation

olt,6,w) = /D p(t, .0, €)(n)dn
t
+ / / p(t, 1,5, €)Q(5,1,w) " F(Q(s, 7, w)v(s,1,w)) di ds
0 D
for t > 0,¢ € D,¢p € HY(D),w € Q. From the Lipschitz continuity of f, it is easy to see that
[o(t, £,0)] <[] /D p(t,,0,€) di
t
+ / / p(t, 7,5, )Qs, 1, 0) | F(Q(s, 1, w)vls, m,w)) — £(0)] dnds
0 D
t
9 b b b 9 _1 O d d
+/O/Dp(t778€)62(8nw) 1£(0)|dn ds
t
C wt+ 1)+ L .1, S, ,mw)|dnd
<O(I¢lloe +1) + /O/Dpunsenv(snwn nds

t
<Cy([lloo+ 1)+ L / sup [v(s, 7,w)| / Pt 1, 5,€)dn ds
0 neD D

t
<Oy ([lloo + 1)+ L / sup [u(s, 7, )| / Pt 1,5, €) diy ds
0 neD D

t
<Calloe + 1)+ Co [ s, s
0
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for 0 <t < a, w € Q. In the above estimates, L is the Lipschitz constant of f and C, Cy are positive
constants. Hence, using Gronwall’s inequality, it follows that

(1.3.6) sup ||v(t, -, w)|leo < 00
t€(0,al

for each w € Q2. Needless to say, this bound depends on w, but this does not affect our analysis here.
Now put f = 0 in the random pde (1.3.5) and use uniqueness of solutions together with the
identity
Q(tl + tg,f,w) = Q(tg,f,H(tl,w))Q(tl,f,w) t1,t2 > 0,w € Q

in order to conclude that weak solutions of the linear spde

(1.3.7) du(t,€) = %Au(t,{)dt + Bult, )dW(t),  u(0,€) = (&)

yield a stochastic linear semiflow ¢ : R* x H}(D) x Q — HE(D) such that (¢,0) is a perfect
L(HE(D))-valued cocycle. Full details of the argument are given in the proof of Theorem 1.4.1 in
the next section.

It is easy to see that the weak solution u of the spde (1.3.2) satisfies the following random integral
equation:

(1.3.8) u(t, & w) = o(t, Y, w / o(t — 5,0(s,w))F(u(s, & w))ds

for t > 0,v € HY(D),¢ € D.
Now, using Lemma 1.3.2 together with (1.3.6), one gets a positive random constant C} such that

[ (u(t, 'vw))HH[’f < CI%(WJ a)llu(t, '7w)||H(’§

for all t € [0,a],w € Q and any a € R™.
Finally, the assertion of the proposition follows from (1.3.8) and a simple application of Gronwall’s
lemma. O

Theorem 1.3.5. Suppose k > %. Assume f : R — R is a C;° function. Assume all the
forgoing conditions on the coefficients and the noise term in the spde (1.3.2). Then for each
Y € HE(D)) the spde (1.3.2) has a unique weak (F;)i>o-adapted solution u(-,9,-) : Rt x Q —
HEY(D)). Furthermore, the family of weak solutions u(-,%,-), v € HE(D), of (1.3.2) admits a
(B(R*) ® B(HE(D)) ® F,B(HE(D)))-measurable version u : RT x HY(D) x Q — HE(D) having
the following properties:

(i) For each ¢ € HY(D), u(-,9,-) : Rt x Q — HE(D) is (Fi)i>0-adapted.

(ii) (u,0) is a C> perfect cocycle on HY(D) (in the sense of Definition 1.1.2).

(iii) For each (t,w) € (0,00) x €, the map HE(D) > 9 +— u(t,,w) € HY(D) takes bounded sets into

relatively compact sets.

(iv) For each (t,1,w) € (0,00)x HE(D)xS, and any integer r > 1, the Fréchet derivative DMu(t, v, w) €

L) (HE(D), HE(D)), and the map

[0,00) x Hg (D) x 23 (t,¢,w) = Du(t,v,w) € L (Hy(D), Hy (D))
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is strongly measurable.
(v) For any positive a, p and any positive integer r,

u(ta, 1, O(tq, -
Elog+{ sup l|u(ta, 1, 0(t1 ))|H§(D)}
0<ty ta<a (L + ¥l axpy)

k
YeHE (D)

and
Elog™  sup {”D(T)u(t%wve(tlv'))”L“‘MH{;(D),HS(D))}<OO'

0<ty,tz<a
<
HwHHg(D) <p

Proof. Tt is easy to see that the linear cocycle (¢, 6) of the spde (1.3.7) in the proof of Proposition
1.3.4 satisfies all the assertions in Theorem 1.2.1 and Theorem 1.2.2. In view of Proposition 1.3.4, the
theorem now follows by a straightforward modification of the proof of Theorem 1.2.6 (See Remark
(i) following the proof of Theorem 1.2.6). O

1.4. SEMILINEAR SPDE’S: NON-LIPSCHITZ NONLINEARITY

In this section, we will study two types of semilinear spde’s with non-Lipschitz nonlinearities and
infinite dimensional noise.

The two classes of spde’s considered are stochastic reaction diffusion equations and stochastic
Burgers equation with additive noise. We prove the existence of a compacting C*-cocycle in each
case.

(a) Stochastic reaction diffusion equations

This class of spde’s has dissipative nonlinear terms and infinite dimensional spatially smooth
white noise. We prove the existence of a compacting C?!'-cocycle satisfying appropriate regularity
properties (Theorem 1.4.1). It appears that the cocycle is in general not Fréchet differentiable on
the space of all L? functions on the domain (cf. [Te], p. 298). However, for a subclass of dissipative
non-linearities with a certain dimension requirement, we further prove that the cocycle is C* and
possesses Oseledec-type integrability properties (Theorem 1.4.2).

In [F.2], Flandoli studied the existence of continuous semi-flows for a class of spde’s with finite
dimensional noise and polynomial nonlinearities of odd degree and with negative leading coefficients.

Consider the following stochastic reaction diffusion equation in a smooth bound-ed domain D C
R4,

du =vAudt + f(u(t))dt + Z oudWi(t), t>0

(1.4.1) 4(0) = =

u(t)|ap =0, t>0.

where A is the Laplacian on D, and v > 0 is a real constant. The initial function ¢ : D — R is
square-integrable with respect to Lebesgue measure on D, and a Dirichlet boundary condition is

assumed on the boundary dD. The noise term Y o;u dW(t) is very similar to the one in (1.3.2) of
i=1

section 1.3: In particular, W* ¢ > 1, are standard one-dimensional Brownian motions on a complete
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filtered Wiener space (Q, F, (F)i>0, P). The 0; : D — R, i > 1, are assumed to be functions in the
Sobolev space H§(D) with s > 2+ 4, satisfying

o0
Dol < oo
i=1

The nonlinearity f : R — R satisfies the following classical dissipativity conditions:
Conditions (D):

The function f is C?, and there are positive constants c;,i = 1,2,3,4, and a positive integer p
such that

for all s € R.

A typical example of a function f : R — R satisfying Conditions (D) is the polynomial f(s) :=
S22t ags®, s € R, where a1 < 0. (See e.g. [Te], pp. 83-85.)

Solutions of (1.4.1) are to be understood in a weak sense as defined below.

Consider the Hilbert space H := L?*(D) of all square-integrable functions 1 : D — R furnished
with the L? inner product

<1 s SHim /D G (E)a(6) e, 1,y € H,

where d¢ stands for Lebesgue measure on D. Denote the induced norm on H by

1/2
W 1= [/D |w<5>|2d5} Cven

Recall C§°(D), the set of all smooth test functions ¢ : D — R which vanish on dD. Let L*°(D)
stand for all essentially bounded measurable functions 1 : D — R with the usual norm

[¥]loc = essupgep |1 (£)]-

An (F;)i>0-adapted random field u : RT x D x Q — R is a weak solution of (1.4.1) if u(t,-,w) € H
for a.a. w € Q,t > 0, and the following identity holds:

d<u(t),¢ >g=v <u(t),A¢ >py dt+ < f(u(t)),¢ >pg dt
+) < owult),¢ >u dWit),
i=1

u(0) =y € L*(D),
u()lop =0, t>0,

for all ¢ € C§°(D) as.
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Note that, unless f has linear growth (p = 1 in Conditions (D)), the Nemytskii operator F'(u)(£) :=
f(u()), &€ € D, does not even map H = L*(D) into itself. Thus one cannot view (1.4.1) as a semilin-
ear see on H. Nevertheless, we will show that for each ¢ € H, (1.4.1) admits a unique weak solution
u(t) € H a.s., for all ¢ > 0. Furthermore, the ensemble of all weak solutions of (1.4.1) generates a
globally Lipschitz cocycle (also denoted by the same symbol) u : RT x H x Q — H satisfying the
assertions of Theorem 1.4.1 below. In particular, the stochastic semiflow u(t,-,w) : H — H takes
bounded sets into relatively compact sets in H, and its global Lipschitz constant has moments of all
orders.

As for Fréchet differentiability of the cocycle u : R™ x H x Q — H on the whole of H, it appears
to be not true when f is smooth and satisfies Conditions (D) (cf. [Te], p. 298). However, under
a stronger dimension requirement on the polynomial growth rate p of f, we are able to establish
that the cocycle u is C' on H (Theorem 1.4.2). Furthermore, it satisfies similar assertions to those
of Theorem 1.2.6. In particular, its Fréchet derivatives Du(t,v,w) : H — H are compact for all
(t,,w) € (0,00) x H x Q.

In (1.4.1), the special case f(s) := s(1—s), s € R, corresponds to the well-known stochastic KPP
equation. It is not covered by the analysis in this section since it only admits positive solutions for
all time. Its random travelling wave and ergodic properties were considered in [E-Z], [D-T-Z.1] and
[O-V-Z]. For the KPP equation with additive noise, the reader may refer to [E-H] for the existence
of the invariant measure.

The following lemma reduces (1.4.1) to a random family of reaction-diffusion equations.

o0

Lemma 1.4.1. Recall the process Q : RTxDxQ — R defined by Q(t, &, w) 1= exp{ S o (Wit w)—
i=1

Eaf(f)t}, t >0, € D,w e Q. Let u be a weak solution of (1.4.1) and set v(t,&,w) =
i=1
Q(t, &, w) tu(t, &,w), t > 0, € D,w € Q. Define f : Rt xD xR xQ — R by f(t,&,5,w) :=

Qt,&,w) 1 f(Qt, & w)s), t e RY, ¢ €D, s € R, w e Q. Then v is a weak solution of the random
reaction-diffusion equation

= =vQ(t) T AQ()) + f(t,v(t), >0
(142) ’U(O) :1/} c LQ(D)
v(t)|op =0, t> 0.

Conversely, every weak solution v of (1.4.2) corresponds to a weak solution u of (1.4.1) given by
U(f,g,w) = Q(tung)v(tﬂng)7 t Z 075 S D7w S Q

Proof. Suppose u is a weak solution of (1.4.1) with initial function ¢ € L?(D). Define
(1.4.3) v(t, & w) = Qt, &, w) tu(t, &,w), t > 0,6 € D,w € Q.

Assume first that the initial function ¢ : D — R is smooth. Then w is a strong solution of (1.4.1).
Hence by Itd’s formula (as in the proof of Proposition 1.3.4), it follows that v is a (strong) solution
of the random reaction-diffusion equation (1.4.2). The case of a general 1 € L?(D) can be handled
by approximating ¢ in the L%-norm by a sequence of smooth functions ¥, : D — R, n > 1, as in
the proof of Proposition 1.3.4.
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A similar argument, using It6’s formula and the relation
(1.4.4) dQ(t,€) =Y 0:(§)Q(t,§) dW'(t), >0,
i=1

proves the second assertion of the lemma. [

The next lemma shows that the non-linear term f in (1.4.2) inherits the dissipativity properties
of the original non-linear term f in (1.4.1).

Lemma 1.4.2. Suppose f satisfies Conditions (D). Let 0 < a < co. Then there exist F-measurable
oo

positive random variables ¢; € ﬂ Lk(Q, R),i = 1,2, 3, such that the following is true:
k=1
—ép(w) — E3(w)s™ < f(t, &, 5,w)s < —1(w)s™ + Ea(w),
(1.45) Of(t& 5 )
——F—— <«
ds
for allt € [0,a],s € R,w € Q.

Proof. Fix a € (0,00),0 <t < a,£ € D,s € R,w € Q. Then Conditions (D) imply that

_CZQ(tvguw)_2 - C3Q(t7€7w)(2p_2)82p Sf(tuga s,w)s
< - aQt, & W) 4+ 0Q(t €, w)

of(t,s,w)
ARk b AP
ds =
Define
¢ (w) :=c inf £&w) 272 G (w) i=c su t, & w) 2
1(w) 10St§a7£eDQ( {w) 2(w) 20§tS£&DQ( {w)
G(w)i=cs sup  Q(t,&w)* Y
0<t<a,£€D

for all w € Q. By sample continuity of Q(¢,¢) and Q(¢,&)~ !, it is clear that each ¢;(w),i = 1,2, 3,
is finite for a.a. w € (2. The estimates of the lemma follow immediately from the above inequalities
and the definition of Q(t, ). The existence of all moments of ¢;,7 = 1, 2, 3, follows from Burkholder-
Davis-Gundy inequality and the fact that Q(t,¢) and Q(t,&)~! satisfy the linear sde’s (1.4.3) and
(1.44). O

In view of Lemmas 1.4.1 and 1.4.2, we can now adapt standard methods from deterministic pde’s
in order to prove Theorem 1.4.1 below. In particular, the existence of the stochastic semiflow for
weak solutions of the spde (1.4.1) follows from the regularity properties of solutions to the random
reaction diffusion equation (1.4.2). For the existence of the semiflow of (1.4.2), its global Lipschitz
continuity and compactness, we refer the reader to [Te], pp. 80-102, 371-374. Note that Lemma
1.4.2 ensures that the non-linear time-dependent random term f in (1.4.2) satisfies appropriate
dissipativity estimates which carry sufficient uniformity in ¢ to allow for the apriori estimates in
[Te] to work. This renders the proof of Theorem 1.4.1 below an adaptation of the corresponding
arguments in [Te]. Thus, we will only sketch the proof and leave many of the details to the reader.
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Theorem 1.4.1. Assume that f in (1.4.1) satisfies Conditions (D). Then for each ) € H := L*(D),
the spde (1.4.1) admits a unique (Fi)i>o0-adapted weak solution u(-,1,-) : RY x Q — H such that
u(-,,w) € L?((0,T),L?*(D)) N C(R*, H) for a.a. w € Q. The family of all weak solutions of
(1.4.1) has a (B(RT)®@B(H)® F, B(H))-measurable version v : R* x H x Q — H with the following
properties:

(i) For each v € H, u(-,,-) : RT x Q — H is an (Fy)1>0-adapted weak solution of (1.4.1).

(i) (u,0) is a C%' perfect cocycle on H (in the sense of Definition 1.1.2).

(iii) For each (t,w) € (0,00) x Q, the map H > ¢ — wu(t,v,w) € H is globally Lipschitz and takes

bounded sets in H into relatively compact sets.
(iv) For any positive a, p,
Elog™ sup |u(t, v, )|a < oo.

0<t<a

[l <p
(v) For each w € ),
1 t —u(t 1
1imsup—10g+ sup |u( adjhw) u( ,1/)2,(.«))|H S—<C4—VA1—O'2>
t—oo T Y1#d, U1 — alm 2
V1,2 €H
oo
where 0% = Ein% o2(€). In particular, if
€
i=1

sup f'(s) — v\ — 02 <0,
seR

then the stochastic flow u(t,-,w) : H — H is a uniform contraction for sufficiently large t > 0.

Proof. The existence and uniqueness of a weak solution of (1.4.1) follows from the corresponding
result for the random reaction-diffusion equation (1.4.2) ([Te], pp. 89-91). Using the dissipativity
estimates (1.4.5) on f, a straightforward modification of the Galerkin approximation technique in
[Te] (pp. 89-91) gives the existence of a weak solution u(-,1,w) : R™ — H of the random reaction-
diffusion equation (1.4.2) for each fixed w € 2 (cf. also [Ro], pp. 221-227). The joint measurability
and (Fi):>o0-adaptedness of the solution are also immediate consequences of the Galerkin approxi-
mations. This completes the proof of assertion (i) of the theorem.

To prove assertion (iii), denote by v(-,1,-) : RT xQ — H, 1 € H, the family of all weak solutions
of the random pde (1.4.2). We will show that for each w € Q, the map H 3> ¢ — u(t,v,w) € H
is globally Lipschitz uniformly in ¢ over bounded sets in RT. To see this, let ¢; € H,i = 1,2.
Denote by v;(t) := v(t,¥;),t > 0,i = 1,2, the weak solutions of the random pde (1.4.2) starting at
; € H,i =1,2. Then multiplying both sides of the equation

O(vi(t) — va(t))

5 =vQ(t) T AQM) (v (t) = v2(1)) + f(t,vi (1)) = f(t,va(1), t>0,

by v1(t) — v2(t) and integrating over D, we obtain

/<<wwx»( 00 4

=v < Q(t) T A(Q()(v1(t) — va2(1))), w1 (t) — va(t) >
+ [t (0) = Fta0) wn () = valt) .
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for all ¢ > 0. Using the Mean-Value Theorem and the second estimate in (1.4.5), it follows that

(1) — vy = < Q) AQU)wa(1) — (1), 1a(1) — va(t) >
Lor 2
+ /D/O %(t, A1 (t) 4+ (1 = XNwa(t)) dA(v1 (t) — va(t))” d€
(1.4.6) < —vh|ui(t) — va ()% + calvr (t) — va(t) %

for all ¢ > 0. In the above inequality, A; is the smallest eigenvalue of
—Q(#)"'A(Q(t)-). This turns out to be the same as the smallest eigenvalue of —A. Applying
Gronwall’s lemma to (1.4.6), we get

(1.4.7) o1 (t,w) = va(t,w)|3 < 11 — ol F exp{(ca — vA1)t}
for all t > 0 and all w € Q. Using the relations u(t, 1, w) = Q(¢t, &, w)vi(t,w),
i=1,2,in (1.4.7), we deduce that
1
ult ) = ult vl < o =l oxnf 5 (e = o )t sup Q..
€

forallt > 0, w € Q, 1,12 € H. For any a > 0, define the random variable

¢s(w) := sup exp{% <C4 — I/)\1>t} sup Q(t,&,w), w €.

0<t<a ¢eD
Then it is easy to see that Elog™ c5 < oo, and

(1.4.8) [u(t, Y1, w) — u(t, Yo, w)|r < c5(W)[h1 — Yo|u

for all t € [0,a], w € Q, 11,12 € H. This proves the first assertion in (iii). (Note that (1.4.8) implies
pathwise uniqueness of the weak solution to the spde (1.4.1): Just put ¥ = ¢2 = 1), a given initial
function in H.) The local compactness of the semiflow H 3 ¢ — u(t,v,w) € H, t > 0,w, follows
from the fact that the map H 3 ¢ — v(t, 9, w) € H, t > 0,w, takes bounded sets in H to relatively
compact sets.

We next prove the perfect cocycle property in (ii). To this end, fix ¥ € H,w € Q,t1,t2 > 0.
Define

Y(t) = U(t + 11, 1/17 w)u Z(t) = Q(tlu w)_l’l}(t, Q(tlaw)v(tla wv w)a e(tlaw))
for all ¢ > 0. Recall the perfect cocycle identity:
(1.4.9) Qt1 +12,§,w) = Q(t2, &, 0(t1,w))Q(t1,{,w) 11,12 >20,£€D.

By the definition of f in Lemma 1.4.1 and the above cocycle property, one gets

f(tv & s, g(tlvw)) :Q(tu 3 e(tlv w))_lf(Q(ta & e(tlv w))s)
:Q(tlv 57‘”)@@ + 1, §7w)_1f(Q(t + 11, §7W)Q(t17 57("))_13)
(1410) :Q(thg?w)f(t'i_tlugaQ(tlugaw)_l&w)
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forall s € R,t>0,£ € D.
We now claim that the weak solution of the random reaction-diffusion equation (1.4.2) satisfies
the following identity

(1.4.11) v(t +t1,0,w) = Q(t1,w)  tu(t, Q(t1,w)v(ty, ¥, w), H(t1,w))

for all ¢ > 1. This says that Y (¢t) = Z(¢) for all ¢ > 0. Using (1.4.11) and the relation between u
and v, it is easy to check that (u,#) is a perfect cocycle. So we need only prove (1.4.11). By the
definition of Z and (1.4.10), it follows that

%—f =vQ(t1,w) QL 0(t1,w)) T A(Q(E, 8(t1, w))u(t, Q(tr, w)u(tr, P, w), B(t1,w)))
+Q(t1,w) Tt v(t, Q(tr, w)v(ty, ¥, w), 0(t1, w)), O(t1,w))
=vQ(t +t1,w) TAQ(t + t1,w)Z())
+ Ft+ 1, Q(tr,w) Mu(t, Qtr, w)v(ty, ¥, w), (t1,w)),w)
=vQ(t + t1,w) TAQ(t + t1,w)Z(t)) + flt +t1, Z(t),w), t>0;

and Z(0) = v(t1,¥,w). Now from its definition, Y also satisfies the same random pde:

‘?9_3; = vQt+t1,w) TAQ(t+ tr, W)Y (1)) + f(t+ 11,V (E),w), t>0

with the same initial condition Y (0) = v(¢1,%,w). Therefore, by uniqueness of weak solutions to
the above pde, we must have Y (t) = Z(t) for all ¢ > 0. This proves our claim, and hence (u,0) is a
perfect cocycle on H.

Assertion (v) of the theorem follows easily from (1.4.8). This completes the proof of the theo-
rem. [

Our next result establishes Fréchet differentiability of the cocycle generated by the stochastic
reaction diffusion equation:

du =vAudt + (1 — |Ju|*)udt + Zal(f)u dWi(t), t>0
(1.4.12) =t
u(0) =¢ € H := L*(D)
u(t)|op =0, t>0.

where v > 0 is a positive constant, and A is the Laplacian on a smooth bounded domain D with
Dirichlet boundary conditions. As before, W, i > 1, are independent standard one-dimensional
Brownian motions on the complete filtered Wiener space (Q, F, (F;)i>0, P). Fréchet differentiability
of the cocycle is established under the dimension requirement o < %. It is not clear whether this
condition is necessary for Fréchet differentiability of the cocycle.

Theorem 1.4.2. In (1.4.12), assume that o < 3. Then for each € H := L*(D), the spde (1.4.12)
admits a unique (Fi)i>o-adapted weak solution u(-,v,-) : RY x Q@ — H such that u(-,¢,w) €
L?((0,T),L*(D)) N C(RT, H) for a.a. w € Q. The family of all weak solutions of (1.4.12) has a
(B(RY)® B(H) ® F,B(H))-measurable version u : RT x H x Q — H with the following properties:
(i) For each i € H, u(-,¢,-) : RT x Q — H is an (F;)i>0-adapted weak solution of (1.4.12).
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(i) (u,0) is a C perfect cocycle on H (in the sense of Definition 1.1.2).
(ili) For each (t,w) € (0,00) x 2, the map H > ¢ — u(t,y,w) € H is globally Lipschitz and takes
bounded sets in H into relatively compact sets.
(iv) For each (t,¢,w) € (0,00) x H x Q, the Fréchet deriwative Du(t,v,w) € L(H) is compact, and
the map
[0,00) x H X Q3 (t,%,w) — Du(t,,w) € L(H)

is strongly measurable.
(v) For any positive a, p,

Blog™ sup {Juto )l + [1Dute, v uan < oo
Wlp <p

Proof. Fix any 1 € H = L?(D). The existence and uniqueness of the solution to (1.4.12) in L?(D) is
well-known as the nonlinear term satisfies the dissipativity condition ([D-Z.1]). This also follows by a
similar argument to the proof of Theorem 1.4.1. So assertion (i) follows easily. The main purpose is

to prove assertions (ii), (iii) and (iv). Recall that Q(¢,€) := exp{ io: oi(EWi(t)— 3 io: o; (5)2t}, t>

i=1 i=1
0, € D, and let v(t) = u(t)Q1(t),t > 0.
For simplicity of notation and till further notice, we will suppress the dependence of the random
fields u, v, etc. on w.
Observe that v(t, 1) is a weak solution of the random reaction diffusion equation

(1.4.13) % = vAv + 20Q(t) 'V Q(H) Vo + v(Q(t) TTAQ(t) + 1 — Q% (t)|v|¥)
for t > 0. By the Feynman-Kac formula, we have
(1.4.14) v(t, ) (€) = E[xr— tw(wt)efo VQ(t—s,ws)*IAQ(t—s,ws)Jrl—Qa(t—s,ws)lv\a(t—s,w)(ws))ds]
where x is the solution of the following stochastic differential equation
dz(s) = V2vdB(s) + 20V log Q(t — s, x4)ds, zog=E€D,0<5<t,
and B is a Brownian motion in R? independent of the W* i > 1. In (1.4.14), 7 := min(7,t), where

A
7 is the first time the diffusion x hits 9D. Define 5 := v sup M

for any a > 0. It
o<s<t<acep QL —s5,8)

follows from Jensen’s inequality and (1.4.14) that
s < [ (Bxnalbtole®) e
D

< [ ( [ rteenlvty >|dy)2d§
<21t // (t,&,y) (Y(y))?dyde

(1.4.15) <2BHDty2 0<t<a.
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In the above inequalities, p(t, £, y) denotes the heat kernel associated with vA 4+ 2v(V1og Q(¢))V on
D with Dirichlet boundary condition. Define the induced heat semigroup Ty : H — H,t > 0, by

T = [ &y, veH D0
D
Note that there exists a constant ¢ > 0 such that

(1.4.16) p(t, &, y) < ti &y eD,t>0.

It is easy to see, using Jensen’s inequality and (1.4.16), that

2
ot D) <(Bxrmdit) i)
§e2(ﬁ+l)tEXTt:t(¢($t))2

<e28+1) /D p(t. € 1) ((w))2dy

<62("“”i/ 2 (y) dy
N t2 Jp
for all £ € D and ¢t > 0. Hence

(B+1)t
ce
(1417) Jott )l < L2 —lul
for ¢ > 0.
Now let 1, g € L?(D) with |g|s < 1, and h be a small real number. Since v is a mild solution of

(1.4.13), it follows that v(¢t,v + hg) — v(t, ¢) satisfies the following convolution equation in H:
U(tﬂ/) + hg) - ’U(t, 1/})

(1.4.18) =hTig +/0 Ty s(v(s,% + hg) — v(s, 1)) (1 + AQ(s)

Q(s)
4 / Ty Q% (3)u(s, ¥)lu(s, B)]® — v(s,9 + hg)|v(s, v + hg)|*)ds, ¢ > 0.

)ds

Define m(z) := xz|z|® for each z € R. Then m/(z) = (o + 1)|z|% = € R. By the Mean-Value
Theorem, we have

U(Sv "/J + hg)|v(s, w + hg)la - U(Sv ¢)|U(Sa ¢)|a
(1.4.19) 1
=(a+1) /0 Irv(s, ¢ + hg) + (1 = r)o(s, ¥)[*dr(v(s, ¢ + hg) — v(s, 1))

for all s € R*. Combining (1.4.18) and (1.4.19), we obtain
[v(t, ¥+ hg) —v(t,¥)|u
t
<hlgla +er(w) [ [o(s,+ hg) — o(s,0) s
0

+a(w)(a+ 1)/0 (lo(s, v + hg)llLe + [[v(s, )] L) %
X |v(s,v + hg) —v(s,¥)| g ds,
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for all 0 <t < a, where ¢;(w) is a positive random constant. By virtue of (1.4.17), we get

t
ot 6 + hg) — o(t, W)l <hlglar + () / o5, + hg) — v(s, )| ds
(1.4.20) 0

er(w)(a+1) / o5, + hg) — v(s, )| ds,

d
s1%

for all 0 <t < a, where c2(w) > 0 is a random constant depending on the ball {g € H : |g|g < 1}.
Using Gronwall’s lemma and the requirement ad < 4, we obtain

sup  sup [v(t,¥ 4+ hg) —v(t,¥)|g < C(w)h.
0<t<a geH
lgla <1

Consider the L(H )-valued integral equation:

(14.21)  Gi(v) =T; —I—/O T <Q(s)1AQ(S) +1—(a+ 1)Q°‘(s)|v(s,1/))|0‘)G5(1/1)ds, t>0,

where 1 — (a + 1)Q%(s)|v(s,9)|* is regarded as a multiplication operator on L?(D) whose operator
norm satisfies the inequality

(1.4.22) 1Q(5)™1AQ(s) +1 = (a + 1)Q()|v(s, %) < Ca(W)S%IM?{a

for all 0 < s < a, and for a positive random constant Cp(w).

Claim: There exists a unique, continuous solution [0,00) 3 ¢t — G¢(v)) € L(H) to equation (1.4.21).
Moreover for ¢ > 0, G¢(¢) : H — H is compact.

Proof of claim: Let G} (¢)) = Ty, t > 0. Define the sequence {G7 (1))}, inductively by
t
(1.4.23) Gy (W) =T + / Ty-s (Q(S)lAQ(S) + 1= (a+1)Q%s)v(s, UJ)I“)G?(W ds
0

for n > 1. Then (1.4.22) and (1.4.23) imply that

1

d
§a<

t
(1.4.24) G W)l < 1+ Cal@)vl” [ G amds. 0 <t<a

Since O‘Td < 1, then by the standard successive approximation technique it follows that the sequence
{G"™(¥)}52; converges to the unique solution of (1.4.21). Next we prove that G¢(¢) is compact for
each ¢t > 0. It suffices to show that a Cauchy sequence can be extracted from the set {G.(¢)(g) :
lglg < 1} for each t > 0. Let &,,,m > 1, be a sequence of positive numbers decreasing to zero. Since
T; is compact for every ¢ > 0, by a diagonal process there exists a sequence g,, € H with |g,|g <1
such that T5, gn,n > 1 is a Cauchy sequence for every m. Since T3,t > 0, is a contraction semigroup
on H, it is easy to see that Tig,,n > 1 is a Cauchy sequence for every ¢t > 0. Now consider

Gi(¥)(gn) — Gt (V) (gm) = Te(gn — gm)
(1.4.25) - [ (Q<s>1AQ<s> F1 (ot DQ(s)lu(s. W)
: (Gs(w)(gn) - Gs(¢)(9m))d57 t> 0.
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Hence,

1Ge(¥)(9n) — Ge(¥)(gm) |1

(1.4.26) o [f
<[Tiga — Tigmln + Calw)0l5 [
0

1

d
§4<

|G5(w)(9n) - Gs(w)(gm”H ds.
for all ¢ € [0,a]. Set I(t) := limsup |Gt (¥)(gn) — Gt(¥)(gm )|z, 0 < t < a. Taking limsup on both
sides of (1.4.26) we obtain 1 7

t
It) < Ca(w)|@[1|‘}}/ 011 I(s)ds, 0<t<a.
0 s2%

This implies that [(¢) = 0 for all ¢ > 0, and completes the proof of the claim.

Next we show that v is Fréchet differentiable and Dv(t,1) = G¢(¢) for all ¢ > 0. First we note
that by using the Feynman-Kac formula and a similar argument as in the proof of (1.4.15) and
(1.4.17), one has

(1.4.27) [ G e < gl

and

(1.428) G0 < L gy, 0<t<a
Denote

(1.429) pu(,9) 1= 3 (6,0 + hg) = (6, 0)) — GlW)(g), 1> 0.

It is easy to see that p satisfies the following integral equation:

e (1, g) —/Ot Ti—s (1 + AQ%?)usw,g)ds

- /0 T;—sQ%(s) [%(v(s, Y+ hg)|v(s, ¥ + hg)|* — v(s,¥)|v(s,¥)|*)|ds

(1.4.30) +(a+1) / Ty Q () [0(s,0)|*Ca (W) (g)lds, ¢ > 0.

Using m(y) — m(z) = fol m'(ry + (1 — r)x)dr(y — x) it follows from (1.4.30) that

e (1, g) —/Ot Ti-s (1 + AQ%?)ALS(MQMS

~(a+1) / T.0%(s) [ / Jro(s. 6 + o)

(1.4.31) + (1= r)v(s, ¥)|“dr ps(¥, g)} ds
1) [ 1) [ (el = oo v + o)

(1 Yo(s, 9)[)dr Gsw)(g)] ds, 30,



1.4. Semilinear spde’s: Non-Lipschitz nonlinearity — 51

Set D(t) := sup |ut(¥,9)|m, t > 0. Using the L> bound on v(s,? + hg) this implies that for
lgla <1
0 <t < a, one has

D(t) §C’(w)/0 D(s)dS—I—C(w)/O 011 D(s)ds

(1.4.32) +C(w);231/0 /0<|v<s,w)|“

e, + hg) + (1= ro(s, )| dreswxg)]H ds.

Again by Gronwall’s lemma, it follows that there is a random constant C'(w) such that

D) <) sw | t ( / (s, )" = Iros,ié + h)

lglm <1

(1.4.33)
+<1—r)v(s,W)dr)Gs(w(g)\ ds

H

for all ¢t € [0,a]. To complete the proof of assertions (ii) and (iv) of the theorem, it suffices to show
that

t 1
(1.4.34)  lim sup /0 I(/0 (lo(s, )" = |rv(s, ¢ + hg) + (1 = r)o(s, ¥)|*)dr)Gs () (9)|m ds = O

h=0g|m<1

for all ¢ € [0,a]. Let us prove (1.4.34) for « < 1 and « > 1 separately. Assume first o < 1. By
Hoélder inequality,

t 1
sup [ 1 (ot 0)1* = rols, 0 + ko) + (1= P)u(s, D)I")dnG. ) (0) | s
0

lglm <1

0
< sup [ [(Jo(s,9) — (s, ¥+ hg)|*)Gs () (9)| 1 ds
lglz<1J0

< sup /0 IGs () (@ITe ([0(s, %) = v(s,% + hg)|5)|Gs (V) (g)]' || ds

lglm<1

< sup /0 1G5 () (@) Fo< [v(s, ) — v(s, 9 + hg)| %G5 (V) (9) |3 * ds.

lglm<1

By virtue of (1.4.20) and (1.4.28), we get

sup / ( / (o(5,9)[% — [ro(s, 1 + hg) + (1= r)o(s, 9)|*)dr) G () (g) |ds

lglm<1
b 1 ad
SCa(w)ho‘/ —ds = Cy(w) —t T hY, 0<t<a,
0 s1¢ -7

where C, (w) is a random constant depending on the set {g € L?(D) : ||gllp= < 1}. This implies
(1.4.34).
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Assume now that o > 1. Then

[

t 1
S/ ds [ dr|([v(s,¥)|* —[ro(s, ¥ + hg) + (1 = r)o(s,¥)|*)Gs(¥)(9)|u
0 0

</01(|v(5, V)| — |ro(s, ¥ + hg) + (1 — r)v(s, 1/;)|0‘)d7»> Gs(1/1)(g)‘ ds

H

(1.4.35) S/O dS/O dr/o dka|(klv(s, )| + (1 = k)|rv(s, ¢ + hg) + (1 — 7)v(s, )| )
o, + hg) — v(s, )|Ga($)(@)\ 1
< / s / dr / il (K[o(s, )] + (1 = k)|ro(s, & + hg) + (1= r)o(s, ) e
'HGS("!J)(Q)HLm'U(va'th)_U(87¢)|H7 0<t§a'

By (1.4.17), (1.4.20) and (1.4.28) it follows from (1.4.35) that

t
sup /
lglz<1J0

(/01(|v(57¢)|a — |rv(s, ¥ + hg) + (1 — r)v(s,¢)|a)d7a) Gs(w)(g)’ ds

H

(1.4.36)
O B |
< Ca(w)h/ ———ds, 0<t<a.

0 SZ(O‘_I) si

This implies (1.4.34). So assertion (iv) holds.
To establish assertion (iii) of the theorem, use (1.4.18), (1.4.19) and a similar argument to the
proof of (1.4.20), to obtain the following inequality

t
|U(t7¢m)_v(tu¢n)|H < |Tt¢m - Ttwan + Cl(w)/ |U(Suwm) - U(Suwn”HdS
(1.4.37) 0

[v(s,¥m) —v(s,¥n)lmds, 0<t<a,

d
ZOL

+ Ca(w)(a + 1)/0

S

for ¢n, ¥y € H such that |[¢p,|m,|Yn|r < 1. As in the proof of the compactness of Du(t, ), we
can select a subsequence denoted also by {¢,} C {¢ : ||z < 1} such that for each ¢ > 0, |Ty1), —
Tim|a — 0 as n,m — oo. One then can prove from (1.4.37) that Um |v(¢, ¥n) —v(t, ¥m)|g = 0.

Therefore v(t,-) : H — H is compact or each ¢ > 0. This implies the compactness of each Fréchet
derivative Du(t, v, w): H — H, t > 0,w € Q. Hence the first assertion in (iv) holds.

To prove the strong measurability assertion in (iv), we now highlight the dependence of u on w.
Note first that the map

[0,00) x HXx Q53 (t,¢,w) — u(t,y,w) € H
is jointly measurable. This is a consequence of the (uniform) continuity of
[0,a] x H> (t,¢) —u(t,,w) € H, weQ,
and the measurability of

Q3w u(t,y,w) e H, (t,)eRT x H.
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Secondly, the joint strong measurability of
[0,00) x Hx Q3 (t,¢,w) — Du(t,,w) € L(H)

follows from the relation

(1.439) Dult, 9, 0)(n) = lim & u(t, 6+ hn,0) — ul, g, 0)],

for (t,w) € RT x Q,4,n € H. Finally, note that the integrability estimate in (v) follows from the
Lipschitz property of u(t,-,w) : H — H, (t,w) € RT x Q. In particular, (1.4.38) and the above
Lipschitz property give

[ Du(t, ¥, W)Ly < c5(w)
for all (t,7,w) € [0,a] x H x Q, with Elog™ ¢5 < co. O

Remarks.

(i) Tt is easy to see that the above proof is also valid for the initial boundary value problem with
Neumann boundary condition. Note the exact formula of the heat kernel was not needed in the
proof. Only estimates such as (1.4.16) and (1.4.17) were actually needed. These kind of estimate
holds for Laplacian operator on a bounded domain with smooth boundary and Neumann boundary
condition. The generalized solution of (1.4.1) can be defined following Freidlin [Fr]:

u(t,¥) ()
At—s,z¥)

~ Jo (Qu—saty TL=lul(t=s.9)(2))ds— 5 Zl Jo of (@)ds+ Zl oi(z})dW' (t—s)
e S i= =

=E|¢(a7)

a.s. Here z} is a diffusion process starting at & € D with reflection on the boundary 0D generated
with the operator vA + 20V 1og Q(¢t)V. One can see that the analysis in the proof of Theorem
1.4.1 carries through for this case as well.

(ii) The dimension restriction is used only to guarantee the Fréchet differentiability of the semiflow
in Theorem 1.4.2. This condition is not needed for the existence of the globally Lipschitz flow in
Theorem 1.4.1. The conditions in Theorem 1.4.2 are stronger than those in Theorem 1.4.1, and
accordingly the result.

(b) Burgers equation with additive noise

The stochastic Burgers equation has been studied extensively by many researchers in recent
years ([B-C-J], [B-C-F], [D-T-Z], [D-Z.2], [D-D-T}, [E-V], [H-L-O-U-Z], [Si], [T-Za], [T-Z]). Here we
consider the following stochastic Burgers equation on the interval [0, 1],

du + ug—z dt =vAudt +dW(t), t>0,
(1.4.39) w(0,$)(€) =u(¢), €€ 0,1],
u(t, $)(0) =u(t,¥)(1) =0, >0,

where the viscosity v is a positive constant and the initial function ¢ € L?([0, 1]). The driving noise
W is an L%([0, 1])-valued Brownian motion on a complete filtered Wiener space (2, F, (F);>o, P):
That is,

(1.4.40) W(t) := iakekwk(t), t>0.
k=1
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In (1.4.40), eg, k > 1, is a complete orthonormal system of eigenfunction of —vA with corresponding
eigenvalues py, k > 1. As usual, the W*, k > 1, are mutually independent one-dimensional standard
Brownian motions on (2, F, (F);>0, P), and

(1.4.41) > ot < 0.
k=1

Following ([D-Z.2], pp. 260-265), we will transform the mild solution of the stochastic Burgers
equation (1.4.39) to that of (a weak solution of) the random Burgers equation (1.4.42) below: Let
Ty : L2([0,1]) — L2([0,1]), t > 0, be the heat semi-group generating the Laplacian #A with Dirichlet
boundary conditions. Let

W™ (£)(€) ;:/0 T, o dW(s)(€), t>0,¢e0,1].

It is easy to see from (1.4.41) that W*(t) € L*(Q2, H}([0,1])) for each t > 0. (Cf. [D-Z.1], Theorem
5.20). Furthermore, W* € L*([0, a], L%([0,1])) a.s. for any finite a > 0; that is

W% = sup [W*(t)l|72(0,1)) < 0
0<t<a

a.s. ([D-Z.1], Theorem 6.10).
Set

v(t, &) == u(t,§) —W*(t)(&), t>0,&<][0,1].

Then v(t,€) is a mild solution of the following equation

(1.4.42) % =vAv — %%(’U +W*() (€)%, t>0,£€]0,1],

in the sense of ([D-Z.2], pp. 260-265).

Viewing equation (1.4.42) as a random Burgers equation, it is not hard to see that, for each initial
¥ € L?([0,1]), it has a unique global solution v(-,9,w) € C(R™*, L%([0,1])) N L*([0, 1], H[0,1]) for
each w € ; and for any a € R™ and any bounded set S C L?([0, 1]), the following holds

(1.4.43) Sup ot v, w)llzaqo. < 00
ves

for all w € Q (cf. [Ta], Chapter 15, Proposition 1.3; [D-Z.2], pp. 260-265).

A continuous semi-flow for a stochastic Burgers equation with skew-symmetric noise was obtained
in [B-C-F]. However, this is not sufficient for our purposes, since we seek to construct random families
of differentiable stable/unstable manifolds near hyperbolic stationary solutions of (1.4.39). In the
following theorem, we establish the existence of a perfect C'!' compacting cocycle for (1.4.39). In
Part 2 of this paper, this fact will enable us to use multiplicative ergodic theory techniques in order
to prove a local stable/unstable manifold theorem near stationary solutions of the stochastic Burgers
equation (1.4.39).
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Theorem 1.4.3. Consider the stochastic Burgers equation (1.4.39) with
L?([0,1])-valued Brownian (1.4.40). Then equation (1.4.39) has a mild solution with a (B(R*)
®@B(L*([0,1])) ®F, B(L*([0,1])))-measurable version u : RT x L*([0,1]) x Q@ — L3([0, 1]) having the
following properties:

(i) For each ¢ € L([0,1]), u(-,%,-) : RT x Q — L%([0,1]) is (F)¢>0-adapted.

(i) (u,0) is a C* perfect cocycle on L?([0,1]) (in the sense of Definition 1.1.2).

(iii) For each (t,w) € (0,00) x Q, the map L*([0,1]) 3 ¢ — u(t,v,w) € L?([0,1]) takes bounded sets

into relatively compact sets.
(iv) For each (t,7,w) € (0,00) x L2([0,1]) x Q, the Fréchet derivative Du(t,v,w) € L(L*([0,1])) is

compact. Furthermore, the map
[0,00) x L2([0,1]) x © 3 (£, 9, w) = Du(t, 9, w) € L(L*([0, 1]))

is strongly measurable.
(v) For any positive reals a, p,

Elog* sup {||u(t,1/), 2o,y + [[1Du(t, ¢, ')||L(L2([o,1]))} < oo0.

0<t<a
191 L2 10,1]) =P

1
Proof. For simplicity of notation, we will assume throughout this proof that v = 3

Assertion (i) follows easily from the global existence of solutions to (1.4.42).

To prove (ii), consider Burgers equation (1.4.42). Denote by p(t,&,y) the heat kernel for the
Laplacian ¥A on [0, 1] with Dirichlet boundary conditions. Recall that there are positive constants
c1, o such that

(1.4.44) ‘M‘ c1 _(e=w?

2cot
oy —t 7 ° ’
forall t >0, &,y € [0,1] (c.f. [L-S-U], p. 413). Then pick a positive constant cs such that

for all ¢ > 0.
Using (1.4.42), variation of parameters, and integration by parts, we get
(e =Tw(©) — 5 [ TeT (s ds
[ DT ot )~ W () s
/1 (1€, y) y——// (t - 5,& y)Vo2(s, ) (y) dy ds
/ / — 5, £ 9) (= V(W (s)o(s, 1)) — W () VI (5))(y) dy ds
/ P& )b ()dy + //Vp — 5,6 905, ) (y) dy d
//Vp — 5,6V ($)0(s, 9) + 5 (5)%) ) dy ds
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for all t > 0, € € [0,1]. Thus
olt, 6 + hg) (€) — v(t, B)(€) = h /0 p(t,€ 9)g(v)dy
t 1
5 [ [ s 06+ h)) s 0) ) dyds
+ / / Vp(t — 5,€, y) (W (5) (5, + hg) — v(s,)) () dy ds,

for all ¢ > 0, ¢ € [0,1], a.s.. Squaring both sides of the above equality, integrating with respect

¢ €10,1], and using the heat kernel estimate (1.4.44), we obtain

H'U(t, w + hg) — ’U(f, ¢)||%2([0,1]) < 3h2||g||%2([071])
1 t 1 )
! Z/ </ / Vp(t = .6 ) (0 (5.4 + hg)(y) v2<s,w><y>>dyds) ¢
+ 3/0 </0 /0 Vp(t —s,&y)W*(s)(y)(v(s, ¢ + hg)(y) — v(s, ¢)(y))dyds) de

<3119l 72(0.1))

LU=l

_ (e-»?
e 2207 (v%(s,9 + hg)(y)

- v2<s,¢><y>>dyds) e

+3/1(/1&4#1 / e W () )
e 2ea(t—s s)(y) %
0 0 t—s 0 t—s

2
% (s, + hg)(y) — v(s:0)(v) dyds) .

for all t > 0, a.s..
From now on, we will denote by the same letter C' all generic positive and (possibly) random

constants that may change from line to line.
Using the Cauchy-Schwartz inequality in the above inequality, the heat kernel estimate (1.4.44)

and Fubini’s theorem, we obtain

3t
||U(tﬂ/1+h9)—U(tﬂ/))||2L2([o,1] §3h2”9||2L2([o,1])+1/ / gds
0o Jo (t—s)%
/t : (/ e 550 (025,10 + ho) (y) — v2(5, V) >>d)2d de
e 2209 (v (s, 9)(y) —v*(s,9)(y))dy | ds
0 (t—s)t \Jo VE—s

+3/01/0t (t _15)3 o /ot (t —1s)i
< / 1 S T )0 (o5, + ) - v(s,w>><y>dy>2 ds d
1

1 t
1
<8h?(|gl|72(po.1)) +Ct4/ / ;
0 0 (t_5)4
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1 c c—y)2
. /0 wl-—se”(”“lﬂ (v (s, 0 + hg)(y) + v°(s,9)(y))dy
/1 _

(-2

e 720 (v(s, 9 + hg) (y) — v(s,9)(y))*dy ds dE

\/m

(51
ot [ [t )y
(t—s)* \/t—s

€l it _ 2
x /0 AT (o, hg) = o0 () s

t
1
<3h°|gll7(0,1)) + Ct7 /0

1 ! 2 2 S
o | 03+ b)) + o2 ) )

1 1 c )2
<[] A T de(ots 1+ ho)(0) = ol ) (0) Py ds
A !
Ct1 * 2d
weit [y [ Wt

1 1 _y)2
x /O /O A (w1 + hg) = vl ) )iy s

i [ 1
<8h%|\g)|72(0.17) + Ot /O o) [o(s, ¢ + hg) = v(s, V) |72(0.1)) ds
— S

t
" 1 1
+C|[WH|% t / =y (s, + hg) — v(s, )32 0.1)) ds

— s5)4

[ 1
<3h%(|g]|72(0.17) + Ot /0 o)} [o(s, ¢ + hg) = v(s, )72 (0.1 D55
— S

for all t > 0, a.s.. Iterating the above computation, we get

vty + hg) — v(t, )||L2 ([0,1])

t
1
<3h2||g2 + 0% 1?|g|3 / oz ds
< ||9||L2([o,1]) H9||L2([0,1]) 0 (t—s)%
1
con [ [
t—s

for all ¢t > 0, a.s.. Consider now the elementary estimate

[o(r, % + hg) = v(r, ) [32(0,1 dr ds

(t—s)i(s—n)t

Nw [V

t P t—r (S+'f')a Cl
T ods = — 7 ds< ——  t> 0
/T (t=s)(s=r) ’ /o (t—r —s)Ps7 S_(t—r)ﬁJrvfl’ zr >0

which holds for any @« > 0,0 < 8 < 1,0 <~ < 1, and where C; > 0 is a positive (deterministic)
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constant. Using the above estimate together with Fubini’s theorem, gives

[o(t. + hg) = v(t, V) Z20,1))
1
< 3h2||9||2L2 (o,1) T Ct2h2||g||%2([0,1])

wort [ oo+ i) = vt o [

<8h2||gll7 20,1y + Ctth? gl Z2(0.17)

1

;94 —dsdr
— R

. [t 1
(1445) + Ctx /0 m”v(rqw + hg) — U(T,¢)||%2([011])d7°

a.s. for all t € (0,a],a € R*. Tterating the above process once more and applying Gronwall’s
lemma, we obtain

(1.4.46) sup [v(t, ¥ + hg) — v(t, )||L2 1) = MR?,

0<t<a,geL2([0,1])
lgll2<1

a.s. for any a € R™, where M is a positive random constant depending on a.

For fixed v, g € L?([0,1]), define G := G(t,9)(g)(&), t > 0,€ € [0,1], to be the weak solution of
the “linearized” Burgers equation

0G| (vt ¥)G) _ 1, 0WG)

E + T - 9 85 ’ G(Oﬂﬁ)(g) =g€ L2([07 1])

Set

(e, 9) :=v(t, o + hg) —v(t, ) — hG(,¥)(g), [h] <1,£=0.

Then it is easy to see that

i / / S E V(s + hg) () — (s, 0)(1))?
Vol el )0 + VO )51 s
= [ [ 90t - 56030l + ha) )~ ofos )0
+ (s, ) (W)ps (. 9) (W) + W (s)(y) s (¥, 9)(y)) dy ds
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a.s. for all ¢ > 0. So using the Cauchy-Schwartz inequality and (1.4.46), we obtain

||Nt(¢a )||L2 ([0,1])
/(//V“—wa((awhg)() (5,9)(®)) dyd8>2d§

/0 </ / V(5,6 0) (06, ) s () () iy ds )
/1 (/t/l Vp(t —s,&y) (W (s)( )us(wg)(y))dyds)ng
(y— 5)2
e ca(t—s)

// (t—s)% ds/o t—sl(/\/m

(o w+hg><y>—v<s,¢><y>>2dy) ds de

Lot 1 ¢ 1 L _ (y—i)f
3/0 /0 (t—s)ids/o (t—s)a (/0 i—s
2
(v(s,w(y)us(w,g)(y)dy> dsde
t 1 1 C1 _ (yZE)j
S/o (t—s)7 (/0 \/t—s6 o

(W*(S)(y)us(¢,g)(y))dy) ds dé

Lot
v f _d
o Jo (t—s)i

a.s. for all t > 0. Thus
[0, D172 0.1
1 1
([ wlovw o)) = w(s,0)an ) as
0

i t 1 1 ) 1 )
et [ ot [ wwiy [ 2w dvds
/ 1z (¥, 9)(y) dy ds

t
et |
o (t—s)
t
1
<Ch4+Ct4/ W”/},S(w,gniz(ou) dS 0<t<a
o _

Bl

|h] <1

converges a.s

Using the previous iteration argument followed by Gronwall’s lemma, we obtain the following

12680, 91 210,17y < Mah?,

sup

estimate
9€L2([0,1]),llgll ;2 <1
0<t<a

a.s. for some positive random constant My = Mj(w,a). This implies that
to 0 as h — 0 in L3([0,1]), uniformly in (t,g) € [0,a] x {g € L*([0,1]) :

t
h
lgllz> < 1}. Therefore,
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t hg) — v(t
29+ ho) = v¥) Gy, g) as. as b — 0, wniformly for g € {g; lgllzaoy < 1}. Hence, v

h
is Fréchet differentiable at 1 € L%(]0,1]), with Fréchet derivative Dv(¢,v) : L2([0,1]) — L2([0,1])
satisfying the L(L?([0,1]))-valued linear equation
oD
),

Du(t, ) :Tt—/o TtS<6U(S’w)Dv(s,¢)+v(s,d)) %

9¢
(1.4.47) _/0 T s <Dv(s,1/)) amg;(S) + W (s) 8D129(§’1/}))d8

a.s. for (t,1) € R x L2([0,1]).
In order to complete the proof of assertion (ii) of the theorem, it remains to prove that (u,0) is
a perfect cocycle in L2([0,1]). It is easy to see from (1.4.39) that

t t
Wt 0)) =T~ [ Tt o) Vuts v ds+ | [ Toawo) )
0 0
for t > 0,w € Q,9 € L?([0,1]). We need to prove that

(1.4.48) u(t, uty, ¥, w), 0(t1,w)) = u(t + t1, %, w).
for t,t; > 0,w € Q,% € L*([0,1]). To see this, fix t; > 0,w € Q,% € L*([0,1]), and denote

J
Y () :=u(t,u(ty, ¥,w),0(t1,w)), Z(t):=u(t+1t1,¥,w), t>0.

Then
t ou t1, 0, t1,
Y(0) = Toult b0) - [ Ticaulovu(ts, 0,000, 20l U0
t+t1
| T @
t1
tl 6 b b
=Tt+t1¢—/ Tt+t1—su(87waw)%d8
0
t+t1 Y —t t+t1
— / Tt+t175Y(S — tl)WdS + |:/ Tt+t15dW(S):| (LA.)), t>0.
t1 Y 0
Also,
tl 6 b b
Z(t) =Ty, —/ Tt+t1su(5,¢,w)%d5
0
t4ty _ t4+t,
_ / Tty —sZ(s — tl)%ds + [/ Tt+t1_de(s)} (w), t>0.
t1 Y 0
Therefore,

Y(£)(€) — Z(8)(¢)

= - l /tthl Tt+t1 s <8Y2((; - tl) 8Z2((;y_ tl)) (g)dS

t+t1 s
/t / op( t+t1 &5 Y) V2(s — 0)(y) — Z2(s — 12)(y)] dy
— ap — S7§7y) 2 2
=3 / ds / T, 6 )~ 2 ) )] dy,
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a.s. for t > 0,¢ € D. Using Cauchy-Schwartz inequality and (1.4.43), we have
1
1Y () = ZO1 20,1 :/0 Y'(£)(§) = Z(t)(€)* dg
1 t 1 2
1 1 C1 _ _(E-p”
<C dé| = d S S Y ()
- /0 g<2/o S/o Vi—svi-s
of [
o Jo (t—s)1 Jo (t—s)1
1 Cc1 _ (-2 2
x ( / W= Y2<s><y>—22<s><y>|dy) dsd

Lot 1 1 c1 G
. e Zea(t—9)
0o Jo (t—s)1Jo vVi—s
1 C

1 (e=?

x / S I (3)(0) + Z(s) W) dyds e

¥ (s)(y) - Z2<s><y>|dy)

A
Q
p

Y (s)(y) — Z(s)(y)|* dy

1 ¢ 1
<Cts sup [[|Y(s)+ Z(S)H%?([O,l])]/ ——IY(8) = Z(9)l|7 20,1795
T 0o (t—s)1

0<s<

(1.4.49)

t
1
<C’ti/7Ys—Z52 ds,
<ot || oIV () = 2oy

for all ¢t € (0,a], a.s.. Note that in the above computation, we have also used the fact that

Jsup [IIY(s) + Z(s)|Z201)) <00, a€RT,

a.s.. As in the proof of (1.4.45) it follows from (1.4.49) and Gronwall’s lemma that Y (t) = Z(¢) a.s.
for all ¢ > 0. This completes the proof of assertion (ii) of the theorem.
We next prove assertion (iii). It is not hard to see that

H’U(t, Ym, w)—’U(t, Yn, w)”%ﬁ([o,l])
<C|[Titpm — Ttbnl| 720 1)

(1.4.50) t
1 1
40t [ (s, tms0) = 0l ) oy ds
0 (t—s)4

a.s. for all t € [0,a]. Now using (1.4.50) and the same argument as in the proof of compactness
of Du(t,®,w) in Theorem 1.4.2, one can show that, for each ¢ > 0,w € Q, the map v(¢,,w) :
L?([0,1]) — L3(]0,1]) takes bounded sets into relatively compact sets. The only difference is that
we have to iterate (1.4.50) once before we can use Gronwall’s lemma. Details of the proof are
omitted. [0
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Part 2

Existence of Stable and Unstable Manifolds

2.1. HYPERBOLICITY OF A STATIONARY TRAJECTORY

In Part 1, we established the existence of perfect differentiable cocycles generated by mild so-
lutions of a large class of semilinear stochastic evolution equations (see’s) and stochastic partial
differential equations (spde’s). In this part, we continue the analysis in Part 1. More specifically,
we highlight the concept of a stationary point for the see or spde as an invariant random vector
under the cocycle. Our main objective is to characterize the pathwise local structure of solutions
of semilinear see’s and spde’s near stationary solutions. We define the concept of hyperbolicity for
a stationary solution of an see/spde. Hyperbolicity is characterized by the non-vanishing of the
Lyapunov spectrum of the linearized cocycle. The hyperbolic structure of the stochastic semiflow
leads to local stable manifold theorems (Theorems 2.4.1-2.4.4) for semilinear see’s and spde’s. For a
hyperbolic stationary solution of the see/spde, this gives smooth stable and unstable manifolds in a
neighborhood of the stationary solution. The stable and unstable manifolds are stationary, live in a
stationary tubular neighborhood of the stationary solution and are asymptotically invariant under
the stochastic semiflow of the see/spde. Furthermore, the local stable and unstable manifolds inter-
sect transversally at the stationary point, and the unstable manifolds have fixed finite dimension.
Due to their forward asymptotic dependence on the future of the stochastic semiflow, the stable
and unstable manifolds are in general anticipating in nature. In particular, the tangent spaces to
the stable and unstable manifolds (at the stationary point) are constructed using the (anticipating)
eigenspaces of the Oseledec-Ruelle operator for the hyperbolic linearized cocycle.

The proof of the stable manifold theorem (Theorem 2.2.1) uses discrete infinite-dimensional multi-
plicative ergodic theory techniques ([Ru.1], [Ru.2], Theorems 5.1, 6.1). The extension to continuous-
time is done via perfection techniques and interpolation between discrete times (cf. [Mo.3], [M-S.2],
[M-S.1]). Henceforth, we will assume that the reader is familiar with the results and the techniques
in Ruelle’s articles [Ru.1] and [Ru.2].

We recall below the definition of a cocycle in Hilbert space.

Let (2, F, P) be a probability space. Suppose 6 : R x Q@ — Q is a (B(R) ® F, F)-measurable
group of P-preserving ergodic transformations on (2, 7, P). Denote by F the P-completion of F,
and suppose (€2, F, (F)i>0, P) is a complete filtered probability space.

Let H be a real separable Hilbert space with norm |- | and Borel o-algebra B(H).

Take k to be any non-negative integer and ¢ € (0,1]. Recall that a C* perfect cocycle (U,8)
on H is a (B(R") ® B(H) ® F,B(H))- measurable random field U : RT x H x Q — H with the
following properties:

(i) For each w € Q, the map RT x H > (t,z) — U(t,z,w) € H is jointly continuous; for fixed
(t,w) € RT x Q, the map H > 2 — U(t,z,w) € H is C*¢ (D*U(t,z,w) is C¢ in x on bounded
subsets of H).

(i) Uty + t2,-,w) = Ul(ta,-,0(t1,w)) o U(ty,-,w) for all t;,t2 € RT, all w € Q.

(ii) U(0,z,w) =z for all z € H,w € Q.

We next describe the concept of a stationary point for a cocycle (U,#). Stationary points play
the role of stochastic equilibria for the stochastic dynamical system.
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Definition 2.1.1. An F-measurable random variable Y :  — H is said be a stationary random
point for the cocycle (U, 0) if it satisfies the following identity:

(2.1.1) Ut Y (w),w) = Y (0(t,w))

for all (t,w) € RT x Q.

The reader may note that the above definition is an infinite-dimensional analogue of a correspond-
ing concept of invariance that was used by one of the authors in joint work with M. Scheutzow to
give a proof of the stable manifold theorem for stochastic ordinary differential equations (Definition
3.1, [M-S.2]). Definition 2.1.1 essentially gives a useful realization of the idea of an invariant measure
for a stochastic dynamical system generated by an spde or a see. Such a realization allows us to
analyze the local almost sure stability properties of the stochastic semiflow in the neighborhood of
the stationary point. The existence (and uniqueness/ergodicity) of a stationary random point for
various classes of spde’s and see’s has been studied by many researchers. In this article, we move be-
yond the issue of existence of stationary solutions, and apply our stable/unstable manifold theorem
to examine further the almost sure asymptotic structure of the stochastic flow generated by several
well-known classes of see’s and spde’s. In particular, we establish the existence of local stable and
unstable manifolds near their stationary points.

Note that, in general, Y (6(¢,w)) is not an adapted process because the stationary point Y may
depend on the full Brownian path that drives the spde: See Proposition 2.4.1. Thus, one does
not expect that Y (6(¢,w)) would solve the underlying Ité-type see or spde. However, it has been
established in joint work by one of the authors with M. Scheutzow that, for sode’s, such a stationary
trajectory does indeed satisfy the corresponding Stratonovich version of the sde ([M-S.2], Theorem
A.2). In our present context, we conjecture that an analogous result also holds for the see’s and
spde’s treated in this article.

The main objective of this section is to define the concept of hyperbolicity for a stationary point
Y of the cocycle (U, 0).

First, we linearize the C*¢ cocycle (U, ) along a stationary random point Y. By taking Fréchet
derivatives at the stationary point Y (w) on each side of the cocycle identity (ii) above, using the
chain rule and the definition of Y, we immediately see that (DU(t,Y (w),w),0(t,w)) is an L(H)-
valued perfect cocycle. Secondly, we appeal to the following classical result which goes back to
Oseledec in the finite-dimensional case ([O]), and to D. Ruelle in infinite dimensions ([Ru.2]).

Theorem 2.1.1. (Oseledec-Ruelle)
Let T :R* x Q — L(H) be strongly measurable, such that (T,0) is an L(H)-valued cocycle, with
each T(t,w) compact. Suppose that

E sup log" |T(t, )|y + E sup log™ |T(1—t,6(t, )|l Ly < oo
0<t<1 0<t<1

Then there is a sure event Qo € F such that 0(t,-)(Q) C Qo for allt € RY, and for each w € Qq,
the limit
A(w) := lim [T(t,w)* o T(t,w)]l/(2t)

t—oo
exists in the uniform operator norm. Fach linear operator A(w) is compact, non-negative and self-
adjoint with a discrete spectrum
eM >t > et >
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where the \;’s are distinct and non-random. Each positive eigenvalue e* (> 0) has a fized finite non-
random multiplicity m; and a corresponding eigenspace F;(w), with m; := dim F;(w). Set i = oo
when A\; = —oo. Define

Ey(w):=H, Eiw):= [EBj;lle(w)]L, i>1, Ex = kerA(w).
Then
/\i ) € Ez Ez ,
lim < log [T(t, w)e] = { ’f' z € Bi(w\Eit1(w)
t—oo t —0 if x€ Ex(w),
and

T(t,w)(Ei(w)) C Ei(0(t,w))
forall t>0,i>1.

Fig. 2 illustrates the Oseledec-Ruelle theorem.

T(t,w)

E1 =H——
Ez(w)/
Eg(w)/

FIGURE 2. The Spectral Theorem.

Proof of Theorem 2.1.1. The proof is based on a discrete version of Oseledec’s multiplicative ergodic
theorem and the perfect ergodic theorem ([Ru.1l], LH.E.S Publications, 1979, pp. 303-304; cf. [O],
[Mo.3], Lemma 5. See also Lemma 2.3.1 (ii) of this article). Details of the extension to continuous
time are given in [Mo.3] within the context of linear stochastic functional differential equations. The
arguments in [Mo.3] extend directly to general linear cocycles in Hilbert space. cf. [F-S.1]. O
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Definition 2.1.2. The sequence {--- < A;jy1 < A; < -+ < Ag < A1} in the Oseledec-Ruelle theorem
(Theorem 2.1.1) is called the Lyapunov spectrum of the linear cocycle (T, 0).

Hyperbolicity of a stationary point Y :  — H of the non-linear cocycle (U, 8) may now be defined
in terms of a spectral gap in the Lyapunov spectrum of the linearized cocycle (DU (¢, Y (w),w), 8(t,w)).

Definition 2.1.3. Let (U,0) be a C*¢ (k > 1,e € (0,1]) perfect cocycle on a separable Hilbert
space H such that U(t,-,w) : H — H takes bounded sets into relatively compact sets for each
(t,w) € (0,00) x Q. A stationary point Y (w) of the cocycle (U, 6) is hyperbolic if

(a) For any a € (0,00),

/10g+ sup || DU (ta, Y (6(t1,w)), 0(t1,w))| Ly dP(w) < oo.
Q

0<t1,t2<a

(b) The linearized cocycle (DU(t,Y (w),w), 8(t,w)) has a non-vanishing Lyapunov spectrum {--- <
Aig1 <A << Ag <A}, vize Ny £0forall i > 1.

By the Oseledec theorem (Theorem 2.1.1), the integrability condition in Definition 2.1.2 (a) im-
plies the existence of a discrete Lyapunov spectrum for the linearized cocycle (DU (t,Y (w),w), 8(¢,w))
in Definition 2.1.2 (b) above.

The following result is a random version of the saddle point property for hyperbolic linear cocycles.
A proof is given in ([Mo.3], Theorem 4, Corollary 2; [M-S.4], Theorem 5.3) within the context of
stochastic differential systems with memory; but the arguments therein extend immediately to linear
cocycles in Hilbert space.

Theorem 2.1.2. (Stable and unstable subspaces)
Let (T,0) be a linear cocycle on a Hilbert space H. Assume that T(t,w) : H — H is a compact
linear operator for each t >0 and a.a. w € Q. Suppose that

Elog" sup ||T(t2,0(t1, )|y < oo,
0<t;,t2<1

and let the cocycle (T,0) have a non-vanishing Lyapunov spectrum {--- < Aiy1 < A < -+ < A2 <
A1} Pick ig > 1 such that Aj; <0 < Ajg—1-
Then there is a sure event Q* € F and stable and unstable subspaces {S(w), U(w) : w € Q*},
F-measurable (into the Grassmanian), such that for each w € Q*, the following is true:
(i) 0(t,)(Q*) =Q* for allt € R.
(il) H =U(w) ® S(w). The subspace U(w) is finite-dimensional with a fized non-random dimension,
and S(w) is closed with a finite non-random codimension.
(iii) (Invariance)

T(t,w)U(w)) = U0t w)), T(t,w)(S(w)) € SOt w)),

forallt >0,
(iv) (Exponential dichotomies)

|T(t,w)(x)| > |z]et  forall t>77,2¢cUw),

IT(t,w)(z)| < |zle™%t forall t>75, x€Sw),

where 7 = 77 (z,w) > 0,1 = 1,2, are random times and 6; > 0,i = 1,2, are fized.
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F1GURE 3. The stable and unstable subspaces.
This theorem is illustrated in Fig. 3.

2.2. THE NON-LINEAR ERGODIC THEOREM

The main objective of this section is to refine and extend discrete-time results of D. Ruelle to
the continuous-time setting in Theorem 2.2.1 below. This setting underlies the dynamics of the
semilinear see’s and spde’s studied in Part 1. As will be apparent later, the extension of Ruelle’s
results to continuous-time is non-trivial. Indeed, Section 2.3 in its entirety is devoted to the proof
of Theorem 2.2.1. The main difficulties in the analysis are outlined at the end of this section, after
the statement of Theorem 2.2.1.

In the following, denote by B(z, p) the open ball in H, radius p and center x € H, and by B(x, p)
the corresponding closed ball.

Theorem 2.2.1. (The local stable manifold theorem)

Let (U,0) be a C*< (k > 1,¢ € (0,1]) perfect cocycle on a separable Hilbert space H such that for
each (t,w) € (0,00) x Q, U(t,-,w) : H — H takes bounded sets into relatively compact sets. For any
p € (0,00), denote by || - ||k.e the C*<-norm on the space C*<(B(0,p), H). LetY be a hyperbolic
stationary point of the cocycle (U, 0) satisfying the following integrability property:

/Q1og+ sup  ||U(ta, Y (6(tr, ), 0(t1,0)) e dP(w) < 00

0<ty,t2<a

for any fired0 < p,a < oo and € € (0,1]. Denote by {--- < Ait1 < X\ < -+ < Ag < A1} the Lyapunov
spectrum of the linearized cocycle (DU (t,Y (w),w),8(t,w),t > 0). Define A\;, := maz{\; : \; < 0} if
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at least one A\; < 0. If all finite \; are positive, set \;, := —o0. (Thus \;,—1 is the smallest positive
Lyapunov exponent of the linearized cocycle, if at least one \; > 0; in case all the A;’s are negative,
set A\j;—1 1= 00.)
Fiz €1 € (0,—X;,) and €2 € (0, \y—1). Then there exist
(i) a sure event Q* € F with 0(t,-)(2*) = Q* for all t € R,
(ii) F-measurable random wvariables p;, 3; : Q* — (0,1), B; > p; > 0,4 = 1,2, such that for each
w € Q*, the following is true:
There are C%< (e € (0,1]) submanifolds S(w), U(w) of B(Y (w), p1(w)) and
B(Y (w), pa(w)) (resp.) with the following properties:
a
)

(a) For \;, > —o0, S(w) is the set of all x € B(Y (w), p1(w)) such that

|U(nvwi) - Y(G(n,w))| < ﬂl(w) ePigten)n

for all integers n > 0. If \;, = —o0, then S(w) is the set of all
r € B(Y (w), p1(w)) such that

|U(7’L, ‘Taw) - Y(e(nvw)” < ﬂl(w) e)\n

for all integers n > 0 and any A € (—o0,0). Furthermore,

(2.2.1) lim sup 1 log |U(t,z,w) — Y (0(t,w))] < Aiy

t—o0 t
for all z € S(w). Each stable subspace S(w) of the linearized cocycle
(DU(,Y (+),), 0(t,-)) is tangent at Y (w) to the submanifold S(w), viz.
Ty(w)S(w) = S(w). In particular, codim S(w) = codim S(w), is fized and finite.

! Ut —U(t
(b) limsup—log sup | ( ’Il’w) ( 7$27w)|
t—oo b |iZ?1 —1172|

(¢c) (Cocycle-invariance of the stable manifolds): There exists T1(w) > 0 such that

A 751,'2,1'1,,@268(&}) S)\io-

(2.2.2) U(t,w)(Sw)) € S(O(t,w))
for all t > 7 (w). Also
(2.2.3) DU(t,Y (w),w)(S(w)) C S(0(t,w)), t>0.

(d) For \i,_1 < oo, U(w) is the set of all x € B(Y (w), p2(w)) with the property that there is a
discrete-time “history” process y(-,w) : {—n :n > 0} — H such that y(0,w) = = and for each
integer n > 1, one has U(1,y(—n,w),0(—n,w)) = y(—(n — 1),w) and

[y(—n,w) = Y (B(—n,w))| < Ba(w)e V1=,

If Nig—1 = 00, U(w) is the set of all x € B(Y (w), p2(w)) with the property that there is a discrete-
time “history” process y(-,w) : {—n :n > 0} — H such that y(0,w) = = and for each integer
n>1,

|y(_n7w) - Y(H(—n,w))| < 62(‘”)6_)\”7
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for any X\ € (0,00). Furthermore, for each x € Z;I(w), there is a unique continuous-time “history”
process also denoted by y(-,w) : (—o00,0] — H such that y(0,w) = z, U(t,y(s,w),0(s,w)) =
y(t+ s,w) for all s < 0,0 <t < —s, and

1
lim sup i log |y(—t,w) — Y(0(—t,w))| < —Xjg—1-
t—oo
Each unstable subspace U(w) of the linearized cocycle (DU (¢,Y (-),-),0(t,-)) is tangent at Y (w) to
U(w), viz. Ty U(w) =U(w). In particular, dim U(w) is finite and non-random.
(e) Lety(-,x;,w),i =1,2, be the history processes associated with
x; =y(0,2;,w) € U(w), i =1,2. Then

1 —t —y(—t -
limsup—log[sup{|y( 21, w) = y(=t 7, W) D X1 # T, xieu(w),z’_l,QH
t—oo |(E1 —(E2|

< —Aip—1.

(f) (Cocycle-invariance of the unstable manifolds):
There exists To(w) > 0 such that

(2.2.4) Uw) CU(t, -, 0(—t,w))(

NG
—~

D
n
\‘@F

S
~—
~
~

for all t > m(w). Also
DU(t,-, 6(—t,w))UO(—t,w))) =U(w), t>0;
and the restriction

DU(t,-,0(—t,w)|UO(—t,w)) : U(O(-t,w)) = U(w), t>0

9

is a linear homeomorphism onto.
(g) The submanifolds U(w) and S(w) are transversal, viz.

H= Ty(w)lfl(w) D Ty(w)g(w).

Assume, in addition, that the cocycle (U, 0) is C*°. Then the local stable and unstable manifolds
S(w), U(w) are also C>°.

Fig. 4 summarizes the essential features of the stable manifold theorem.
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t> Tl(w)

FIGURE 4. The Stable Manifold Theorem.

Before we give a detailed proof of Theorem 2.2.1, we will outline below its basic ingredients.
An outline of the proof of Theorem 2.2.1:

e Since Y is a hyperbolic stationary point of the cocycle (U, 8) (Definition 2.1.3), then the linearized
cocycle satisfies the hypotheses of “perfect versions” of the ergodic theorem and Kingman’s sub-
additive ergodic theorem (Lemma 2.3.1 (ii), (iii) in Section 2.3). These refined versions of the
ergodic theorems give invariance of the Oseledec spaces under the continuous-time linearized co-
cycle (Theorems 2.1.1-2.1.2). Thus the stable/unstable subspaces will serve as tangent spaces to
the local stable/unstable manifolds of the non-linear cocycle (U, 9).

e Define the auxiliary perfect cocycle (Z,0) by

Z(t,w) =U(t, () +Y(w),w) - Y0t w)), te R, we Q.

This gives a “centering” of the cocycle around the stationary trajectory Y (6(t)), with the property
that Z has a fixed point at 0 € H. Employing the continuous-time integrability estimate in The-
orem 2.2.1, the perfect ergodic theorem and the perfect subadditive ergodic theorem, the analysis
in ([Ru.2], Theorems 5.1 and 6.1) may be extended to obtain local stable/unstable manifolds for
the discrete cocycle (Z(n,-,w),8(n,w)) near 0. These manifolds are random objects defined for all
w which are sampled from a (¢, -)-invariant sure event in Q. The translates of these manifolds by
the stationary point Y (w) correspond to local stable/unstable manifolds for U(n, -,w) near Y (w).
We then interpolate between discrete times and extend the arguments in [Ru.2] further in order
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to conclude that the above manifolds for the discrete-time cocycle (U(n,-,w),8(n,w)),n > 1, also
serve as local stable/unstable manifolds for the continuous-time cocycle (U, 6) near Y.

e It turns out that the local stable/unstable manifolds are asymptotically invariant under the
continuous-time cocycle (U, ). For the stable manifolds, the invariance follows by arguments
based on (a) a refined version of the perfect subadditive ergodic theorem (Lemma 2.3.2, Section
2.3), and (b) difficult estimates using the integrability property of Theorem 2.2.1 and arguments
behind the proofs of Ruelle’s Theorems 4.1, 5.1 ([Ru.2]). To establish asymptotic invariance of
the local unstable manifolds, we introduce the concept of a stochastic history process for U, which
compensates for the lack of invertibility of the cocycle. Perfection arguments similar to the above
give the invariance. This completes the outline of the proof of Theorem 2.2.1.

A full proof of Theorem 2.2.1 will be given in the next section.

2.3. PROOF OF THE LOCAL STABLE MANIFOLD THEOREM

The main objective of this section is to give a proof of Theorem 2.2.1. In particular, we show
that the local stable/unstable manifolds for the discrete cocycle are parametrized by sure events
which are invariant under the continuous-time shift 6(¢,-) : 2 — Q. This is achieved via a number
of computations based on perfection techniques. Excursions of the cocycle between discrete times
are controlled by integrability hypothesis on the cocycle (U, 8) (Theorem 2.2.1).

“Perfect versions” of the ergodic theorem and Kingman’s subadditive ergodic theorem will be used
to construct the shift-invariant sure events appearing in the statement of the local stable manifold
theorem (Theorem 2.2.1). These results are given in Lemmas 2.3.1 and 2.3.2 below.

The following convention will be frequently used throughout the paper:

Definition 2.3.1. A family of propositions {P(w) : w € Q} is said to hold perfectly in w if there is
a sure event Q* € F such that 0(¢,-)(Q*) = Q* for all t € R and P(w) is true for every w € Q*.

Lemma 2.3.1.
(i) Let Qo € F be a sure event such that 0(t,-)(Q) C Qo for all t > 0. Then there is a sure event
Qf € F such that Q§ C Qo and 0(t,-)(Qf) = Q§ for all t € R.
(i) Leth:Q — R* be any function such that there exists an F-measurable function g1 € L*(Q,R*; P)

and a sure event Qy € F such that sup h(0(u,w)) < g1(w) for all w € Q. Then
0<u<l1

1
tlim ;h(@(t,w)) =0
perfectly in w.
(iii) Suppose f : RT x Q — R U {—o00} is a process such that for each t € R*, f(t,-) is (F,B(RU
{—o0}))-measurable and the following conditions hold:
(a) There is an F-measurable function go € L'(Q,R*; P) and a sure event Q0 € F such that

sup ft(u,w)+ sup fT(1— u,@(u,w))} < ga(w) for all w e Q.
0<u<1 0<u<l1

(b) f(t1 +t2,w) < f(t1,w) + f(t2,0(t1,w)) for all t1,t2 > 0 and all w € Q.
Then there is a fived (non-random) number f* € RU{—o0} such that

lim %f(t,w) = fr

t—o0
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perfectly in w.

Proof. Assertion (i) is established in Proposition 2.3 ([M-S.2]).
To prove assertions (ii) and (iii) of the lemma, the reader may adapt the proofs of Lemmas 5 and
7 in [Mo.3] and employ assertion (i) above. Cf. also Lemma 3.3 in [M-S.2]. O

Lemma 2.3.2 below is used to construct the continuous-time shift-invariant sure events which
appear in the statement of Theorem 2.2.1. In essence, the lemma is a continuous-time “perfect
version” of Ruelle’s Corollary A.2 ([Ru.2], p. 288).

Lemma 2.3.2. Assume that the process f : RT x @ — RU{—o0} is (B(R1) @ F,B(RU{—00}))-

measurable and satisfies the following integrability and subadditivity conditions:

(a) / { sup f+(t1,9(t2,w))] dP(w) < oo for all a € (0,00).
Q L0<t1,t2<a
(b) f(t1 +t2,w) < f(t1,w) + f(t2,0(t1,w)) for all t1,t2 > 0 and all w € Q.
Then there ezists a fized (non-random) f* € RU{—o0} such that the following assertions hold
perfectly in w:
1
() Jim - f(tw) = f*
(i) Assume g* € R is finite and such that f* < g*. Then for each e > 0, there is an F-measurable
function K. : Q — [0,00) with the following properties

f(t_ s,@(s,w)) < (t_ S)g* +€t+K5(W)a 0 <s<t< 00,
K. (0(l,w)) < Ke(w) +¢€l, 1 €]0,00).

Proof. Applying Lemma 2.3.1 (iii), it is easy to see that there is an f* € R U {—o0} such that
assertion (i) holds for all w in a sure event Qs € F with (¢,-)(Q2) = Qo for all t € R. The
integrability hypotheses (a) and Lemma 2.3.1 (i) imply that there is a sure event Q¢ C Q3 such
that Qo € F, 0(t,-)(Q) = Qo for all t € R, and  sup [T (t1,0(t2,w)) < oo for all @ > 0 and all

0<t;,ta<a
w € Qo. Let g* be a finite number in [f*, 00). Define the non-negative process g : R™ x @ — R* by

Inax{f(t,w)—tg*,()}, t> 07 w EQOa

t =
9t w) {0 £>0,wd Q.

Then g is (B(RT) ® F, B(R"))-measurable and satisfies conditions (a) and (b).
Now consider the non-negative process g’ : R™ x Q@ — R* defined by

g (t,w) = sup [g(s,w) + gt —s,0(s,w))], t>0,weqN.
0<s<t

Observe that the projection of a (B(R')® F)-measurable set is F-measurable ([Co], p. 281). There-
fore, ¢’ satisfies all the hypotheses of Lemma 2.3.1 (iii). This gives a non-negative g’* such that

1 *
Jim gg'(t,w) =¢'" for all w in a sure event Q3 € F, with 0(¢,-)(Q3) = Q3 for all t € R.

We will show next the following convergence in probability:

1
(2.3.1) lim — sup g(t —s,0(s,)) =0.
t—oo T g<s<t
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To do this, observe that the process h : RT x Q — R, h(t,w) := g(t,0(—t,w)),t € RT, w € Q,
satisfies the conditions of Lemma 2.3.1 (iii). Therefore,

.1
tlggo ?h(t’ )=0
almost surely and hence in probability. Pick 8,9 > 0 such that P(}h(t,-) > §) < & for all t > t.
Let t > tg. Then

1 1 1
sup —g(t —s,0(s,w)) < sup —g(t—s,0(s,w))+ sup —g(t—s,0(s,w))
0<s<t 0<s<t—to t—to<s<t t

1
< sup —g(t—s,@(—(t—s),@(t,w)))
0<s<t—1to

1
+ sup  —g(t—s,0(s,w)).
t—to<s<t

By condition (a), the second term in the right hand side of the last inequality converges to zero in
probability. The probability that the first term is less than or equal to ¢ is at least 1 — §. Hence
(2.3.1) holds.

It follows easily from (2.3.1) that ¢’* = 0. This implies that assertion (i) holds for all w in a
sure event Q4 € F with Q4 C Q¢ N Q3 and 6(t,-)(24) = Q4 for all ¢ € R. To complete the proof of
assertion (ii), let € > 0 and define the (F, B(R*))-measurable function K. : {4 — [0,00) by

K (w):= 0<sSEF<oo[g(t —5,0(s,w)) — €t]

for all w € 4. This completes the proof of the lemma. [

Lemma 2.3.3 below is essentially a “perfect version” of Proposition 3.2 in [Ru.2], p. 257. Our
Lemma 2.3.2 plays a crucial role in the proof of Lemma 2.3.3.

In the statement of the following lemma, we will use Bs(L(H)) to denote the Borel o-algebra on
L(H) generated by the strong topology on L(H), viz. the smallest topology on L(H) for which all
evaluations L(H) 3 A — A(z) € H,z € H, are continuous.

Lemma 2.3.3. Suppose (Tt(w),0(t,w)), t > 0, is a perfect cocycle of bounded linear operators in
H satisfying the following hypotheses:
(i) The process RT x Q3 (t,w) — T'(w) € L(H) is (B(R') @ F, Bs(L(H)))-measurable.
(i) The map Rt x Q3 (t,w) — 0(t,w) € Q is (B(R') ® F, F)-measurable, and is a group of ergodic
P-preserving transformations on (Q, F, P).

(i) £ sup log® || T*(0(t1, )Ly < oo for any finite a > 0.
0<t;,ta<a

() For each t >0, T*(w) is compact, perfectly in w.
(v) For any u € H, the map [0,00) 3 t — T'(w)(u) € H is continuous, perfectly in w.
Let {-++ < Xig1 < N < -+ < Ay < A1} be the Lyapunov spectrum of (T*(w), 0(t,w)), with
Oseledec spaces
. 'E»L'Jrl(w) C Ez(w) c---C EQ(W) C El(w) =H.

Let jo > 1 be any fized integer with \j, > —oo. Let the integer function
r:{1,2,---,Q} = {1,2,-- ,jo} “count” the multiplicities of the Lyapunov exponents in the sense
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that (1) = 1, 7(Q) = jo, and for each 1 < i < jo, the number of integers in r~1(i) is the multiplicity
of Ai. Set V,,(w) := Ejy+1(0(n,w)),n > 0.
Then the sequence Ty (w) := T*(O((n — 1),w)),n > 1, satisfies Condition (S) of ([Ru.2], pp

256-257) perfectly in w with Q = codimEj0+1( ). In particular, there is an F-measurable set of

Q orthonormal vectors {{él)(w),~-~ ,5(() (w)} such that §(k)( ) € [Eriy (W\Ery+1(w)] for k =
1,---,Q, perfectly in w, and satisfying the following properties:
t (k)
Set €M (w) = Mw
TH(w)(& " (@)

, and for any uw € H, write

Q
w="uP ()" () + w9 (W), WV (W) € Vp(B(t,w)), w e Q.
k=1

Then for any € > 0, there is an F-measurable random constant D (w) > 0 such that the following
inequalities hold perfectly in w:
ju? (@)| < De(w)e!ful

{9 ()] < De(w)e €f|u|
De(0(1,w)) < De(w)e!

forallt >0,1<k<Q and for alll € [0,00).
Furthermore, all the random constants in Ruelle’s Condition (S) ([Ru.2], pp. 256-257) may be
chosen to be F-measurable in w.

Proof. Our proof runs along similar lines to that of Proposition 3.2 in [Ru.2]: However, one has to
maintain the non-trivial requirement that all relevant arguments hold perfectly in w.

It is assumed throughout this proof that the reader is familiar with Ruelle’s conditions (S): (S1)-
(S4) as spelled out in ([Ru.2], pp. 256-257).

Observe first that T, (w) satisfies (S1) perfectly in w. This holds because of (iii), the perfect
cocycle property, Lemma 2.3.1 and the proof of Theorem 4 ([Mo.1]). Note that, by the ordering
of the fixed Lyapunov spectrum, relation (3.4) of [Ru.2] holds perfectly. Denote by Q* the 6(¢,-)-
invariant sure event where (S1) holds. Using ergodicity of @ and the fact that codim Vp(w) = @Q, for
all w € QF, it follows that codim V,,(w) = codim Ej, 1 (8(n,w)) = Q. Therefore, (S2) is satisfied for
all w € Q.

We next prove that (S3) holds perfectly. To do this, we will prove the stronger assertion that the
continuous-time cocycle (T*(w), 8(t,w)) satisfies (S3) perfectly in w. Set T*(w) := T"(w)|Vo(w),w €
Q*,t > 0. Hence T%(w)(Vo(w)) C Vo(A(t,w)), and the following cocycle identity

ThH2(w) = T%(8(t1,w)) 0 T (w)

holds for all w € Q*,t > 0. Denote Fy(w) := log||T*(w)|, w € Q*,t > 0. Hypothesis (iii) of

the lemma easily implies that £ sup F,'(6(t1,")) < oo for any finite a > 0. Furthermore,
0<ty,t2<a
(Fi(w),0(t,w)) is perfectly subadditive because of the above cocycle identity. Applying Lemma

2.3.1, we obtain a fixed number F* € R U {—o0} such that

lim Ft() F*

t—o0
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perfectly in w. Suppose S = jo. When Aj, 41 > —o0, set pSHD = jo+1; and when Aj 41 = —o0,
take ;(5T1) to be any fixed number in (—oc,\;,). Using (3.5), p. 257 of [Ru.2], it follows that
F* < uS*tY_ Suppose € > 0 and Ajo+1 > —oo. Then by Lemma 2.3.2(ii), there is an F-measurable
function K. :  — [0, 00) such that

(2.3.2) log [|[T*5(8(s,w))|| < (t — s)uS) +et + K (w), 0<s<t<oo,

and
K (0(l,w)) < K. (w)+e€l, 1€]0,00),

perfectly in w. When \j,41 = —oco, the inequality (2.3.2) holds where (51 is replaced by any
(finite) number in (—oo, Aj,). Now let m,n be positive integers such that m < n. In (2.3.2), replace
t by n and s by m + 1 to see that T, (w), n > 1, satisfies (S3) perfectly in w.

The rest of this proof will now focus on showing that the sequence T, (w), n > 1, also satisfies
Ruelle’s condition (S4) perfectly in w. Indeed, we will establish the stronger statement that the
continuous-time cocycle (T%(w), 8(t,w)) satisfies (S4) perfectly in w. Using the orthogonal decom-
position H = Vp(0(t,w)) & Vo (0(t,w))*, write

(2.3.3) THw)(€) = THw)(€) + THw)(§), e H,t>0,we Q.

That is, T*(w)(€) € Vo(f(t,w)) and THw)(€) € Vo(f(t,w))" are the orthogonal projections of
THw)(€) on Vo(A(t,w)) and Vo(0(t,w))t, respectively. Thus (2.3.3) defines a family of continu-
ous linear operators T (w) : H — Vo(6(t,w))* € H, THw) : H — Vy(8(t,w)) € H,t > 0. We now
show that the family (T%(w), 8(t,w)),w € Q, satisfies the perfect cocycle property in L(H). To prove
this, we fix any w € Q. Then by the cocycle property of (T*(w),6(t,w)) and (2.3.3), we obtain

TH (W) () = T (O(t1,w))[T" (W) (8)]
(2.3.4) = T2 (0(t1,w))[T" (@) (€)] + T (O(tr,w))[T" () (€)]
+ T (B(t1, ) [T (@)(€)] + T (0(tr, w)) [T (W) ().

for all t1,t, > 0, ¢ € H. Furthermore, T*(w)(¢) = 0 for all ¢ € Vy(w), because Vp(w) is invariant
under the cocycle (T*(w), 8(t,w)). Thus, T (0(t1,w))[T* (w)(€)] = 0 for all € € H, and (2.3.4) yields

T2 (w)(€)
=T%2(0(t1,w))[TH (W) (E)] + T (O(t1,w)) [T (w)(€)]+
(2.3.5) + Tt2(O(ty,w)) [T (W)(E)], ti,ta >0, € H.
Now
(236) Tt1+t2 (w)(f) _ Ttl-‘rtz (w)(f) + Tt1+t2 (w)(g)

for all ¢ € H. In the right hand side of (2.3.5), the first term belongs to Vo (6(¢1 + t2,w))", while the
second two terms belong to Vo (0(t1 + t2,w)). So by uniqueness of the orthogonal decomposition, it
follows from (2.3.6) and (2.3.5) that

(2.3.7) ThH2(w)(8) = T (6(tr, ) [T (w)(9)]
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for all ¢ € H. Hence (T*(w),0(t,w)) is a perfect cocycle in L(H).
We next verify that both cocycles (T*(w), (¢, w)) and (T*(w), O(t,w)) satisfy the conditions of the
perfect Oseledec theorem (Theorem 2.1.1). To see this, note that

(2.3.8) E sup log™ [[T*(0(t1,-))llLem) < o0
0<t1,t2<a

for any finite @ > 0. This follows immediately from the integrability property (iii) of the lemma.
Now apply Theorem 2.1.1 to (T*(w), 6(t,w)) and (T*(w), 8(t,w)). This gives the following limits

1 . 1
Jim —log|TH(w)(©)] =g, lim —log|T*(w)(€)] = e

perfectly in w for all &€ € H, with ¢, ¢ fixed numbers in R.U {—00}. We now apply (3.6) in ([Ru.2],
p. 259) to obtain

1, - 1
le = lim —log|T"(w)(¢)| = lim —log|T"(w)(&)] =l

n—oo N

for a.a. w and all £ € H\Vy(w). Therefore the equality
1 1 ,
Jim log [T*(w)()] = Jim + log|T*(&)(¢)|

holds perfectly in w for all £ € H\Vy(w). Hence, relation (3.6) in ([Ru.2], p. 259) may be replaced
by the continuous-time “perfect” relation

- T (w)(©)]
(2.3.9) lim — log — = =0
t=oo b [THw)(§)]
for all £ € H\Vp(w).
By ([C-V], Theorem II1.6, p. 65) and Gram-Schmidt orthogonalization, we may select a set of @,
F-measurable, orthonormal vectors {561)@1), . ,56@ (w)} such that §ék) (W) € [Ery(W\Er k)41 (w)]N
Vo(w)t for k = 1,---,Q, perfectly in w. In the argument in [Ru.2], p. 259, replace (3.6) by

t k)
2.3.9) above, n by t, 5,(Lk) b ggk) w) = M7
= ' Y P @)

. Therefore for u € H, we write

Vi by Vo(8(t,w)), and 5% by ni® (w) =

TH(w) (e (@)
Tt (w)(&5" (w))

)+ u (W), uT (W) e Vo(b(tw)),

M@

(2.3.10)
k=1

perfectly in w for all ¢ > 0. Furthermore, as in [Ru.2], p. 259, (2.3.9) implies that
(2.3.11) Jim > D ogldet(nP @), - 7@ (@) =0,

perfectly in w.
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It remains to prove that for each € > 0, there is an F-measurable non-negative function D, : Q —
(0, 00) such that the following inequalities

| < De(w)eJu
(2.3.12) {9 (W) < De(w)e |y
D (0(l,w)) < D l

hold perfectly in w, for allt > 0,1 <k < Q and for all [ € [0, c0).
In order to establish the inequalities (2.3.12), we define

(2313)  Dew)i=1+Q- sup e det((6(s,)), 2, (0(s,w)), - 2 (B(s,))]
<Ss<t<oo

perfectly in w.
First of all we must show that D¢(w) is finite perfectly in w. Surprisingly, this will require some
work. Let 0 < s < t. Observe that the determinant of the linear operator T¢~*(f(s,w)) is given
Q s
by [ A jl“t/\ (Q(S’r))(vk)l for any choice of basis {v1, -+ ,vg} in Vo(f(s,w))*. Therefore, the
SR
following ineqﬁﬁitiﬁs hold perfectly in w:
| det(ni ), (0(s,w)), -~ .7 2h(0(s,w)))|
_ 2 (T2 (0(s, ) (& (0(5,0)))]
|det<Tt*s<o< W)EN O(s,w))), -+, TH=(8(s,w)) (5% (0(5,w))))]
_ [T (60, ))(& 5 (O(s, ) - | AR [T (@)(&6" @)
|det<Tf s<9< )T (@) (5 @), -+ TH=2(0(s, ) (T* (@) (57 (@))))]
< LT (00 @) (&7 O, )| - [T (@) (&" @))]
| det (Tt (w) (&5 (@), -+, THw) (&P @)))]

(s,
k
w) (&

(
)

(2.3.14)
I (17 (0, ) (& (6(s, w))| - 1T*(w) (6" (@)}
[T () Vo (@) 7]
T @)@ 17 w)]2
T F @@

By the integrability condition (iii), it follows that

(2.3.15) sup [ T*72(0(s,w)[|? - IT*(w) ]| < o0,

0<s<t<La

perfectly in w for any finite a > 0.
We now prove that for each finite a > 0,

(2.3.16) sup | det(ni 2, (B(s,w)), - 2L (O(s,w)))| 7! < o0

0<s<t<a
perfectly in w. To see this, define the compact set

S(w) ::{(t,vl,. .. ;UQ) -t e [O,CL],’Uk c ‘/O(W)L,
log] = 1, < v, 00 >=0,1< k <1< Q}
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for w € Q. Thus (2.3.16) will hold if we prove that

2.3.17 ” N .
| ) (t>U17"'17{11Q)€S(w)| P COICI

perfectly in w.
To prove (2.3.17), we observe that each map

THw)[Vo(w) : Volw)™ — Vo(B(t,w)*

is injective for each ¢ > 0 perfectly in w. This is an easy consequence of the cocycle property and
the fact that \j, > —oo. In fact,

(2.3.18) | Ay [T (@) (on)] > 0
for all (t,v1,---,v0) € S(w). Furthermore, the map
[O,CL] x [%(W)L]Q 3 (tvr,- e 7”@) = | /\szl [Tt(w)(vk)H € [0,00)

is jointly continuous, by hypothesis (v) of the lemma. By compactness of S(w), (2.3.18) implies
(2.3.17). Therefore, (2.3.16) follows from (2.3.14), (2.3.15) and (2.3.17).
The following convergence

1
(2.3.19) Jim —log sup [ det(n;”,(0(s.w)), -, m @) (0(s,))| " =0

oo 0<s<t
holds perfectly in w. To prove this convergence, note that (2.3.14) implies the following estimate

| det(n{, (8(s,w)), - .2 (B(s,w)))|

< T2 (1T (05, )| By (05, )] | - [T (@) By ()] 1}
- 1T () Vo (w) 1)<

1
for 0 < s <t perfectly in w. Let ¢ > 0 be arbitrary. Taking n log sup on both sides of the above
0<s<t

inequality and applying Lemma 2.3.2(ii) yields the following inequalities

1 -
Zlog sup |det(n, (8(s,w)), -~ mi 2 (6(s,w))|
0<s<t

Q
< 1 sup {5 Qg [~ (0(5, ) sy 005, )] + g 1771 vy )}
0<s<t =1
— 2 og [[7() V() 1"
1 < <
< 7 sup {Z(t — ) Ay + et + K@)+ D sher) + €5 + Kf(w)}
o<s<t L1 k=1

~ 2 log [T @)Vo(w) 9|
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Q
1 1 .
= Ay 26+ ;[Ki (w) + KZ(w)] — 7 log [T (w) Vo (w) 1],
k=1

for t > 0, perfectly in w, with K*(w),i = 1,2, finite positive random constants independent of t.
Therefore, the above inequality implies that

1
limsup - log sup | det(n{”,(0(s,0)), -, 0 %) (0(s,w)))| "

t—o0 0<s<t

| o
<3 gy + 26— liminf + log [[7(@) Vo ) ]2

Mo I

Q
Ar() + 26 — Z Ar (k)
k=1

k=1
= 2e.
Since € > 0 is arbitrary, then
1
(2.3.20) lim sup 7 log sup |det(77t(£)s(6‘(s,w)), . ,nt(;Q;(ﬁ(s,w)))rl <0
t—oo 0<s<t

perfectly in w. The convergence (2.3.11) immediately implies the inequality

1
liminf —log sup | det(n;”,(0(s,w)), - ,ni@)(0(s,w)))| "
t—oo t 0<s<t
1
(2.3.21) > liminf — log| det(n{P (w), -, D (W)t =0

Thus (2.3.19) follows from (2.3.20) and (2.3.21).

From (2.3.16), (2.3.19) and (2.3.13), we conclude that D.(w) is finite perfectly in w.

From Definition 2.3.13 of D(w), one immediately gets the last inequality in (2.3.12).

It remains to show the first two inequalities in (2.3.12). In the right hand side of (2.3.10), we look
at the terms

Q
(w) = Zugk) (w)nt(k) (w), uweH,t>0,
k=1
where @(w), n,gk) (w),1 < k < @, are viewed as column vectors in R% with respect to the basis

{{ék)(ﬁ(t, w)) : 1 <k < @}. Using Cramer’s rule, the above equation may be solved for each ugk) (w).
In view of (2.3.13), this yields the following estimates

det(nt” (@), 0"V (w), @), TV (W), Y (W)
det(n{" (), V(W)
_ ja(w)]
[ det(nt Y (@), 0D (W)
[De(w) - 1]
Q
< De(w)|ule, 1<k<Q,t>0,

k
P (w)] =

(2.3.22)

IN

|u|e€t
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perfectly in w. By virtue of (2.3.10), the triangle inequality and (2.3.22), one gets
gD )] < Jul +Z [ @)] < De(@)lule, ¢ >0,

perfectly in w. Therefore, T),(w) satisfies (S4) perfectly in w, and the proof of the proposition is now
complete. [

In Lemma 2.3.4 below, an integrability condition allows us to pass from discrete-time limits of
the cocycle to continuous ones. This property is crucial to the proof of Theorem 2.2.1. The reason
this property holds is because the integrability hypothesis together with the perfect ergodic theorem
(Lemma 2.3.1 (ii)) allow for control of the excursions of the continuous-time cocycle between discrete
times.

Lemma 2.3.4. LetY : Q — H be a stationary point of the cocycle (U, 0) satisfying the integrability
condition

/Q logt  sup ||U(te, Y(O(t1,w)) + (), 0(t1,w))||k.c dP(w) < 00

0<t1,t2<a

for any fired 0 < p,a < 0o and € € (0,1].
Define the random field Z : Rt x H x Q — H by

Z(t,z,w):=U(t,z+Y(w),w) = Y(0(t,w))

fort >0,z € Hwe Q. Then (Z,0) is a C*¢ perfect cocycle. Furthermore, there is a sure event
Qs € F with the following properties:

(1) 6(t,)(Qs) =5 forallt € R,

(ii) For every w € Qs and any x € H, the statement

(2.3.23) lim sup — 1og|Z(n z,w)| <0
implies
1
(2.3.24) lim sup — 10g|Z(t z,w)| = limsup — 10g|Z(n x,w)l.
t—oo n—00

Proof. Note that, by definition, Z is a “centering” of the cocycle U with respect to the stationary
trajectory {Y(6(t,-)) : ¢ > 0} in the sense that Z(t,0,w) = 0 for all (t,w) € RT x Q. Furthermore,
(Z,0) is a C*€ perfect cocycle. To see this let ¢1,t, > 0,w € Q,2 € H. Then by the perfect cocycle
property for U, it follows that

Z(te,Z(t1, z,w), 0(t1,w))
=Ulte, Z(t1,z,w) + Y(0(t1,w)), 0(t1,w)) — Y(0(t2,0(t1,w)))
=U(te, U(t1, 2+ Y (w),w),0(t1,w)) — Y(O(t2 + t1,w))
=Z(t1 +t2,7,w).
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Using the integrability condition of the lemma, the proofs of assertions (i) and (ii) follow in the same
manner as for the corresponding assertions in Lemma 3.4 ([M-S.2]). O

Proof of Theorem 2.2.1. The proof of the theorem consists in two major undertakings:

(a) Using Ruelle’s discrete-time analysis [Ru.2] to show that the assertions of Theorem 2.2.1 hold for
the discretized cocycle, perfectly in w.

(b) Extending the discrete-time results to continuous time via perfection techniques that are essen-
tially based on the ergodic theorem and Kingman’s subadditive ergodic theorem.

Recall the auxiliary cocycle (Z,0) defined in Lemma 2.3.4. Consider the random family of maps
F, : B(0,1) - H,w € Q, given by F,(z) := Z(l,z,w), * € H, and the time-one shift 7 :=
0(1,-) : @ — Q. Adopting Ruelle’s notation ([Ru.2], p. 272), we set F} := Frn-1(,)0---0 Fr,yoF,.
Therefore, F* = Z(n,-,w) for each n > 1, because (Z, 0) is a cocycle. By Lemma 2.3.4, each map F,,
is C*< (e € (0,1]) on B(0,1) and by the definition of Z, it follows that (DF,)(0) = DU(1,Y (w),w).
By the integrability hypothesis of the theorem, it is clear that log™ | DU(1,Y(-), ") | () is integrable.
Moreover, in view of the integrability hypothesis on (U, ), it follows that the linearized continuous-
time cocycle (DU (t,Y (w),w),8(t,w)) and the discrete-time cocycle ((DF")(0),0(n,w)) share the
same Lyapunov spectrum, viz.:

{_OO<"'<)\1'+1</\i<"'<)\2</\1}~

(cf. [Mo.3]). Assume that \;, is finite, that is \;; € (—00,0). Therefore, under hypotheses (I) of
Theorem 5.1 in ([Ru.2], p. 272), there is a sure event Qf € F such that 0(¢,-)(Q25) = QF for all
t € R, F-measurable positive random variables p1, 3; : 2 — (0,1), and a random family of C*
(k > 1,e € (0,1]) stable submanifolds Sy(w) of B(0, p1(w)) satistying the following properties for
each w € Q7:

(2.3.25) Sa(w) = {z € B(0,p1(w)) : |Z(n, z,w)| < B1(w)ePiot)™ for all integers n > 0}.
When \;, = —o0, the stable manifold is defined by

(2.3.25) Sa(w) :={z € B(0,p1(w)) : |Z(n, z,w)| < B1(w)e for all integers n > 0},

where A € (—00,0) is arbitrary.  The stable subspace S(w) of the linearized cocycle
(DU(t,Y (w),w),0(t,w)) is tangent to the stable manifold Sy(w) at 0; viz.

ToS4(w) = S(w). In particular, codim Sg(w) is finite and non-random. Again by Theorem 5.1

of [Ru.2]), we have the following estimate on the Lyapunov exponent of the Lipschitz constant of
(Z(n,-),0(n,-)) over its stable manifold:

|Z(n7$1,w)—Z(”aI2,W)|

1
(2.3.26) lim sup — log sup < i -
n—oo N ml,mgesd(u}) |I1 - I2|
1 FL2

The statements in the above paragraph hold for all w in the 6(¢,-)-invariant sure event 7.
In order to construct such an event, we will use perfection arguments and the proof of Theorem
5.1 ([Ru.2], p. 272). Assume first that ¥ = 1 and ¢ > 0. Using the notation of [Ru.2], denote
T'w) := DZ(t,0,w), f(w) = 0(1,w), Tn(w) := DZ(1,0,0((n — 1),w)), for all w € , any positive
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real ¢t and any integer n > 1. Tt is possible to replace (5.3) in [Ru.2], p. 274) by its continuous-time
perfect analogue

1
(2.3.27) Jim log™ | Z(1,-,0(t,0)) 1 = 0.

This follows from the integrability hypothesis of the theorem and the perfect ergodic theorem
(Lemma 2.3.1 (ii)). More specifically, (2.3.27) holds for all w in a sure event Qf € F such that
0(t,-)(}) = Qf for all t € R. Assume \;,, > —oo. Adopting the terminology of Theorem 1.1
([Ru.2], p. 248), take S = ig — 1, and p(5t1) = X\, . In case \;, = —oo0, take u°TY to be any fixed
number in (—oo,0). The integrability hypothesis on U coupled with Lemma 2.3.3 (where jo = ip—1)
imply the existence of a sure event 5 € F such that Q5 C QF, 6(¢,-)(Q5) = Q5 for all ¢t € R, and
the sequence Ty, (w), Vi, (w) := Ey (7™ (w)), n > 1, satisfies Conditions (S) of [Ru.2], p. 256) for every
w € Q5. Pick and fix any w € Q5. As in the proof of Theorem 5.1 ([Ru.2], pp. 274-278), the “per-
turbation theorem” (Theorem 4.1, [Ru.2], pp. 262-263) holds for the sequence T}, (w),n > 1. Thus
the assertions in the previous paragraph are valid for ¥ = 1 and any ¢ € (0,1]. When k£ > 1 and
e € (0,1]), we first apply the previous analysis to the perfect cocycle

(Z(t,x,xl,w) = (Z(t,:c,w),DZ(t,z,w):cl),H(t,w)), r,x1 € H, t >0,

on H @ H. Secondly, we use the inductive argument of ([Ru.2], pp. 278-279) to show that the S;(w)
are C*¢ manifolds (k > 1,¢ € (0,1]) perfectly in w.

To establish assertion (a) of the theorem, let S(w),w € %, be the set defined therein. Then the
definition of Z and property (2.3.25) of Sy(w) imply that

(2.3.28) S(w) = Sa(w) +Y(w)

for all w € Q}. Thus S(w) is a C*¢ manifold (k > 1,¢ € (0,1]), with tangent space Ty(w)g(w) =
ToSa(w) = S(w). In particular, codim S(w) = codim S(w),w € QF, is finite and non-random.
To complete the proof of the inequality (2.2.1) in part (a) of the theorem, use (2.3.26) to get

1

limsup — log | Z(n, z,w)| < Ai,
n—oo N

perfectly in w for all z € Sd(w). In view of Lemma 2.3.4, we may extend the above estimate to

cover its continuous-time counterpart. Hence we obtain a sure event Q5 C Q3, Q3 € F, such that
0(t,-)(Q3) = Q3 for all t € R, and

(2.3.29) h?l sup % log|Z(t, z,w)| < A
for all w € Q% and all z € Sy(w). The above inequality together with definition of Z imply the
estimate (2.2.1) of the theorem.

Next, we establish assertion (b) of the theorem. To do so, let w € Qf and = € Si(w). Then by
(2.3.26), it follows that there is a positive integer Ny := Ny(w), independent of z € Sy(w), such that
Z(n,r,w) € B(0,1) for all n > Ny. Now Lemma 2.3.1(ii) gives a (¢, -)-invariant sure event Q3 such
that

. .
(2.3.29) Jim —log*  sup | DZ(u, (v", "), 6(t,0)) | 1) = 0
(v* *)EB(0,1)
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for all w € Q3. Define the sure event 0} := Q5N Q3 € F. Clearly, 0(¢t,-)(Q}) = Q for all t € R. By
the definition of Z and the Mean Value Theorem, we obtain the following inequalities

1 Ult —U(t
sup —log sup | ( 7$15w) ( 3I27w)|:|

n<t<n+1 t T1FT2, |I1 - $2|
(v1,m1),22€S(w)

= sup llog |: sup |Z(t7xl7w)_Z(t,$2,M)|:|

n<t<n+1 t z1#T3, |$1 - $2|
z1,29€S4(w)
1 * *
< _10g+ sup ||DZ(U‘7 (’U 1] )ae(naw))HL(H)
n 0<u<l,
(v*,n*)€B(0,1)
1 Z -7
+ n —log |: sup | (nv'rlaw) (naIQ;w)|:|
(n+1)n @1 #ag, |21 — 22

z1,x2€S5q(w)

for all w € QF, and all sufficiently large n > Ny(w). Now take limsup on both sides of the above

inequality, and use (2.3.26), (2.3.29’) in order to complete the pr(;lofoajssertion (b) of the theorem.

The cocycle invariance (2.2.3) in part (c) of the theorem follows immediately from the Oseledec-
Ruelle theorem (Theorem 2.1.1) applied to the perfect linearized cocycle (DU (¢, Y (w),w), 0(t,w)).
Indeed, one gets a sure 0(t, -)-invariant event € F (also denoted by 27 ), such that DU (¢,Y (w), w)(S(w)) C
S(0(t,w)) for all ¢ >0 and all w € QF.

The proof of the asymptotic invariance property (2.2.2) of the non-linear cocycle requires some
work. To achieve this, we will extend the arguments underlying the proofs of Theorems 5.1 and 4.1
in [Ru.2], pp. 262-279, to a continuous time setting. The crucial step towards this goal is to show
that the two random variables p1, 81 in (2.3.25) may be redefined on a sure event (also denoted by)

O3 such that 6(¢,-)(Q7) = QF for all t € R, and

(2.3.30) p1 (H(t,w)) > pl(w)e()\i()"l‘fl)t, 61(9(t7w)) > 6 (w)e(kio-i-a)t

for every w € Q7 and all t > 0. For the given choice of €1, fix 0 < €3 < —e(\;, +€1)/4, where € € (0, 1]
denotes the Holder exponent of U. The above inequalities hold in the discrete case (when ¢t = n,
a positive integer) because of Theorem 5.1 (¢) ([Ru.2], p. 274). To prove them for any continuous
time ¢, we will modify the definitions of p;, ;1 in the proofs of Theorems 5.1 and 4.1 in [Ru.2]. In
the notation of the proof of Theorem 5.1 ([Ru.2], p. 274), we replace the random variable G in (5.4)
([Ru.2], p. 274) by the larger one

(2331) é(w) 1= sup HZ(:[7 . 6(t7w))||176 e(—tég—ke)'
t>0

Clearly, G(w) is finite perfectly in w, because of (2.3.27) and Lemma 2.3.2. Following ([Ru.2], pp.
266, 274), the random variables p1, 31 may be chosen according to the relations

[51 A (ﬁ)]i

= Al
2G

(2.3.32) B :

S
B.

(2.3.33) p1 =

3
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where A, 1 and B, are random positive constants that are defined via continuous-time analogues
of the relations (4.26), (4.18)-(4.21), (4.24), (4.25) in [Ru.2], pp. 265-267, with 7 replaced by e3. In
particular, the “ancestry” of A, §; and Be, in Ruelle’s argument may be traced back to the constants
D.,, K., which appear in Lemmas 2.3.3 and 2.3.2 of this article. Hence (2.3.30) will follow if we can
show that, for sufficiently small €5 > 0, the following inequalities

(2.3.34)

hold perfectly in w for all real [ > 0. The first and second inequalities in (2.3.34) follow from Lemmas
2.3.2(ii) and 2.3.3, respectively. The third inequality is an immediate consequence of the definition
of G in (2.3.31). The proof of (2.3.30) is now complete in view of (2.3.32), (2.3.33) and (2.3.34).

The inequalities in (2.3.30) will allow us to establish the asymptotic invariance property (2.2.2)
in (c) of the theorem. By the perfect inequality in (b), there is a sure event Qf C Q} such that
0(t,-)(Qz) = Qf for all t € R, and for any 0 < € < €, and any w € Q, there exists 3¢ (w) > 0
(independent of z) so that

(2.3.35) Ut z,w) — Y (0(t,w))] < B (w)ePio Tt

for all z € S(w), t > 0. Let t be any positive real, n a non-negative integer, w € Q% and = € S(w).
Using the cocycle property and (2.3.35), we obtain

|U(n,U(t, z,w),0(t,w)) — Y (0(n,0(t,w))|=|Un+tz,w) —Y(@(n+tw)))
< 56/ (w)e(kio-l-e/)(n-i-t)

(2.3.36) < B¢ (w)ePio TNt eMigte)n

Using (2.3.30), (2.3.35), (2.3.36) and the definition of S(6(t,w)), we see that for each w € QF, there
exists 7 (w) > 0 such that U(t,z,w) € S(8(t,w)) for all ¢ > 71 (w). Hence, for all w € Qf,

Ult,,w)(Sw)) C SO, w), t>mnw)

and the proof of assertion (c) is complete.

Our next objective is to establish the existence of the perfect family of local unstable manifolds
U(w) in assertion (d) of the theorem. To this end, we define the random field Z : Rt x H x Q — H
by

(2.3.37) Z(t,z,w) =U(t,z+Y(0(—t,w)),0(—t,w)) — Y(w)

forallt >0, z € H, w € Q. Note that Z(t, ww) = Z(t,,0(—t,w)), t >0, w € Q; and Zis (BRM)®
B(H)® F,B(H))-measurable. Since Y is a stationary point for (U, ), we may replace w by 0(—t,w)
in (2.1.1). Thus Z(t,0,w) = 0 for all t > 0, w € Q. We contend that ([DZ(t,0,w)]*,8(—t,w), t > 0)
is a perfect linear cocycle in L(H). To see this, we first observe that (DU (t,Y (w),w), 8(¢t,w)) is an
L(H)-valued perfect cocycle:

DU (t1 + t2,Y (w),w) = DU(t1, Y (0(t2,w)), 0(t2,w)) o DU (t2,Y (w),w)
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for all w € Q,t1,t2 > 0. Secondly, we replace w by 6(—t1 — t2,w) and take adjoints in the above
identity to obtain

[DU(tl + ta, Y(H(—tl - tg,w)), 6‘(—t1 —ta, w))]*
= [DU(t27 Y(o(_tl - tz,(.«))), 9(_t1 - t2a W))]* © [DU(tlv Y(o(_tla W))a 9(_t1a W)]*

for all w € 2, t1,ts > 0. Therefore,
[DZ(t1 + t2,0,w)]* = [DZ(t2,0,0(—t1,w))]* o [DZ(t1,0,w)]*

for all w € €, t1,t2 > 0; and our contention is proved.
We will now apply the Oseledec-Ruelle theorem to the perfect cocycle
([DZ(t,0,w)]*, O(—t,w), t > 0). To do this, it is sufficient to check the integrability condition

(2.3.38) / log™ sup  [[DZ(t2,0,6(t1,0))*|| sy dP(w) < 00
Q

0<t1,t2<a

for any fixed a € (0,00). The above integrability relation follows from the integrability hypothesis
of Theorem 2.2.1 and the P-preserving property of (¢, -):

[ 108" swp_[ID2(t2,0,6(-t1. ) an) dP()
Q

0<ty,t2<a

/1og+ sup  [|DU(ta, Y (0(—ts — t1,0)), 0(—ts — t1,0)))||ocar) dP(w)
Q

Ogtl,tgga
< / 10g+ sup ||DU(t27Y(e(tluw))7G(tluw)))HL(H) dp(w)
Q 0<t1<2a, 0<t2<a
< [tog* sup DU Y(0(0.0). 0003, 4P
Q 0<t1<a,0<t2<a
+ / log™ sup | DU (t2, Y (0(t1 — a,w)),0(t1 — a,w))) |l zm) dP(w)
Q a<t;<2a,0<t2<a

:2/Q1og+ sup [ DU (ts, Y (0(t1,w)), 0(t1,w))) | iy dP(w) < o0,

0<t1,t2<a

By (2.3.38) and the Oseledec-Ruelle theorem, we conclude that the linear cocycle
([DZ(t, 0,w)]*,0(—t,w), t > 0) has a fixed discrete Lyapunov spectrum. Furthermore, this spectrum
(with multiplicities) coincides with that of the cocycle (DU (¢, Y (w),w), 0(t,w)), viz. {-+ - Aig1 < Xi <
<+ < A2 < A1} where \; # 0 for all ¢ > 1, by hyperbolicity. See [Ru.2], Section 3.5, p. 261.

The next step in our construction of the perfect random family of local unstable manifolds ¢/ (w)
starts with the following estimate:

/1ogJr sup |\Z(t2,-,9(—t1,w))|\k75dP(w)<oo.
Q 0<ty,t2<1

By the same argument as in the previous paragraph, the above estimate is a consequence of the
P-preserving property of 8(¢,-),t € R, and the integrability hypothesis of the theorem. Define \;, 1
as in the statement of Theorem 2.2.1, and fix any €2 € (0, Aj,—1). In view of the above integrability
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property, it follows from Lemma 2.3.3 that the sequence Ty (w) := [DZ(1,0,0(—n,w))]*, 0(—n,w),
n > 0, satisfies Condition (S) of [Ru.2] perfectly in w. Hence the sequence T}, (w),n > 1, satisfies
Corollary 3.4 ([Ru.2], p. 260) perfectly in w, because of Proposition 3.3 in [Ru.2]. At this point, we
may modify the arguments in the proof of Ruelle’s Theorem 6.1 ([Ru.2], p. 280) using an approach
analogous to the one used in constructing the stable manifolds in this proof. Therefore, one gets
a 0(—t,-)-invariant sure event Q% € F and F-measurable random variables pa, G : Q% — (0,1)
satisfying the following properties. If \;,_1 < 0o, define Uy(w) to be the set of all zo € B(0, p2(w))
with the property that there is a discrete “history” process u(—n,-) : Q@ — H,n > 0, such that
u(0,w) = xo, Z(1,u(—(n+1),w),0(—n,w)) = u(—n,w) and |u(—n,w)| < Ga(w)e "Pio-17) for all
n > 0. If \;,_1 = oo, define Z;{d(w) to be the set of all xyp € H with the property that there is a
discrete history process u(—n,-) : Q — H,n > 0, such that u(0,w) = zq, and |u(—n,w)| < Ba(w)e "
for all n > 0 and arbitrary A > 0. It follows from ([Ru.2], p. 281) that the discrete history process
u(—n,-) is uniquely determined by 2. Moreover, each Uy(w),w € O, is a CF¢ (k > 1,e € (0,1])
finite-dimensional submanifold of B(0, p2(w)) with tangent space U(w) at 0, and dim Uy (w) is fixed
independently of w and €. Furthermore,

(2.3.39) p2(0(—t,w)) > pz(w)e_(’\"t)*l_q)t, B2(0(—t,w)) > ﬁg(w)e_()‘m*l_fz)t.

perfectly in w for all ¢ > 0. We claim that the set U (w) defined in (d) of Theorem 2.2.1 coincides
with Uy(w) + Y (w) for each w € Qf. We first show that Uy(w) + YV (w) CU(w). Let xy € Uy(w) and
u be as above. Set

(2.3.40) Yo(—n,w) := u(—n,w) + Y (0(—n,w)), n > 0.

It is easy to check that yo is a discrete history process satisfying the first and second assertions in
(d) of the theorem. Hence xo + Y (w) € U(w). Similarly, U (w) C Ug(w)+Y (w) for all w € Qf. Hence
U(w) = Uy(w) +Y (w) for all w € Qf. This immediately implies that (w) is a C*< (k > 1,e € (0,1])
finite-dimensional submanifold of B(Y (w), p2(w)), and

Ty(w)lfl(w) = Toz;{d(w) = L{(w)

for all w € Q.

We will next address the issue of the existence of the continuous-time history process satisfying
the third assertion in part (d) of the theorem. Suppose z € u (w). From what we proved in
the previous paragraph, it follows that there is an zp € Ug(w) such that x = z¢ + Y(w). The
discrete process yo given by (2.3.40) may be extended to a continuous-time history process y(-,w) :
(—00,0] — H such that y(0,w) = x, and y(-,w) satisfies the third assertion in (d). This is achieved
by interpolation within the periods [—(n + 1), —n], n > 0, using the cocycle property of U: Indeed,
let s € (—=(n+ 1), —n). Then there is an « € (0,1), such that s = @ — (n + 1). Define

y(S, (.«)) = U(S +n+ 15 yo(—(n + 1),(,«)), 9(_(77’ + 1),(.«)))
Obviously, y(0,w) = zo+Y (w) = z. Let s € (—(n+1), —n) and suppose 0 < ¢ < —s. Pick a positive
integer m < n such that s+¢ € [—(m+1), —m]. The above definition of y, together with the perfect

cocycle property for U, easily imply that

(2.3.41) y(t+s,w) =U(t,y(s,w), 0(s,w)).
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In particular, U (¢, y(—t,w), 8(—t,w)) = z for all ¢ > 0. This follows from (2.3.41) when s is replaced
by —t. Furthermore, for each x € u (w), the above continuous-time history process is uniquely
determined because its discrete-time counterpart is unique.

We will now prove the following estimate

1
(2.3.42) lim sup n log|y(—t,w) = Y(0(—t,w))| < —Xiy—1

t—o0

perfectly in w. We start with its discrete-time counterpart

(2.3.43) lim sup 1 log |y(—n,w) =Y (0(—n,w))| < =Xjy—1

n—oo N

which holds perfectly in w, because of Theorem 6.1 (b) in [Ru.2]. Let ¢ € (n,n + 1). Then there
exists v € (0,1) such that —t = v — (n 4+ 1). Thus, by the definition of y and the Mean Value
Theorem, it follows that

ly(—t,w) = Y (0(—t,w))|
= |U(’77y(_(n + 1)7w)=9(_(n + 1)=w)) - U(’%Y 9(_(77’ + 1)7w)79(_(n+ 1)7w))|
< sup  [[DU(y, (v5, ") £ Y(0(=(n +1),w)),0(=(n + 1),w))l[ ()

(v*,n*)EB(0,1),
v€(0,1)

X [y(=(n+1),w) =Y (0(=(n+1),w)))|

perfectly in w. Hence,

lim sup-~ log [y(—t,w) — ¥ (6(—t,w))|

t—o0 t
1
< limsup — log™ sup || DU (v, (v*,n*)+
n—oo T (v*,m*)€B(0,1),
~v€(0,1)

+Y(0(=(n+1),w)),0(=(n+ 1), w)) L)

+ limsup % log ly(—(n+1),w) = Y (0(—(n + 1),w)))|.
By the integrability condition of the theorem and the perfect ergodic theorem (Lemma 2.3.1 (ii)),
the first term on the right hand side of the above inequality is zero, perfectly in w € . Since
y(0) € Z;{(w), the second term is less than or equal to —\;,—;. This completes the proof of assertion
(d) of the theorem.

We will omit the proof of assertion (e), since it is very similar to that of (2.3.42).

Our next objective is to prove assertion (f) of the theorem. Note first that the perfect invariance

DU(t,-,0(—t,w))(U(O(—t,w))) =U(w), t>0,

follows from the cocycle property for the linearized semiflow and Theorem 2.1.2; cf. [Mo.3], Corollary
2 (v) of Theorem 4. Since dim(w) is fixed and finite perfectly in w, the restriction

DU(t,-, 0(—t,w)UO(—t,w)) : U(O(—t,w)) — U(w), >0,
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is a linear homeomorphism onto. It remains to check the following asymptotic invariance property

in (f):
(2.3.44) Uw) C U, 0(—t,w))UB(-t,w))), t>7(w),

perfectly in w for some 75(w) > 0. Suppose z € U(w). Then by assertions (d), (e) of the theorem
and inequalities (2.3.39), there exist a (unique) history process y(—t,w),t > 0, and a random time
m2(w) > 0 satisfying the following: y(0,w) = =z, y(—t,w) € B(Y(0(—t,w)), p2(8(—t,w))) for all
t > Tp(w), and

(2.3.45) y(t' —t,w) =U({', y(—t,w),0(—t,w)), 0<t <t,

perfectly in w. Pick any ¢; > m(w). Then z = U(t1,y(—t1,w),0(—t1,w)), because of (2.3.45) (for
t =1t =1t1). Now y(—t1,w) € U(6(—t1,w))). To prove this, we define the process y;(—t,w) :=
y(—t —t1,w), t > 0. Hence y;(-,w) is a history process and

y1(0,w) = y(—t1,w) € BY (0(—t1,w)), p2(0(—t1,w))).

Therefore y(—t1,w) € U(B(—t1,w))). This implies (2.3.44) because t; > 75(w) is arbitrary.
To prove the transversality property in in (g), note the following perfect identities:

Ty (Uw) =UW), TywmSw)=38w), H=Uw)dSW).

All the assertions (a)-(g) of the theorem will hold perfectly in w if we take Q* := QF N Q.

To deal with the case when U is a C* cocycle, we adapt the proof in [Ru.2], section (5.3) (p.
297). Thus we obtain a 6(t,-)-invariant sure event in F (also denoted by Q*) such that S(w) and
U(w) are C for all w € Q*. This completes the proof of Theorem 2.2.1. [

2.4. THE LOCAL STABLE MANIFOLD THEOREM FOR SEE’S AND SPDE’S

In this section, we discuss several classes of semilinear stochastic evolutions equations and spde’s.
The objective is to establish sufficient conditions for a local stable manifold theorem for each class.

(a) Semilinear see’s: Additive noise.

Let K, H be two separable real Hilbert spaces. Let A be a self-adjoint operator on H such that
A > cly, where c is a real constant and Iy is the identity operator on H. Assume that A admits
a discrete non-vanishing spectrum {u,,n > 1} which is bounded below. Let {e,, n > 1} denote a
basis for H consisting of eigen vectors of A, viz. Ae, = pnen, n > 1. Assume further that A=!
is trace-class. Suppose By € Lo(K, H). Let W(t),t € R, be a Brownian motion on the canonical
complete filtered Wiener space (€2, F, (F;)¢>0, P) and with covariance Hilbert space K (Section 1.2).
Let Ty = e~ stand for the strongly continuous semigroup generated by —A.

Denote by p.,, the largest negative eigenvalue of A and by p,,+1 its smallest positive eigen-
value. Thus there is an orthogonal {T}};>o-invariant splitting of H using the negative eigenvalues
{p1, 2, -, um } and the positive eigenvalues {p, : n > m + 1} of A:

H=H"®H"
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where H™T is a closed linear subspace of H and H~ is a finite-dimensional subspace. Denote by
pT : H — H" and p~ : H — H~ the corresponding projections onto H' and H™ respectively.
Since H~ is finite-dimensional, then T:|H~ is invertible for each ¢ > 0. Therefore, we can set
T_,:=[Ty|H 7' : H- — H~ for each t > 0.

Consider the following semilinear see on H:

(2.4.1) du(t) = —Au(t) dt + F(u(t)) dt + BodW (t), t >0,
u(0) =z € H.

In the above equation, let F': H — H be a globally Lipschitz map with Lipschitz constant L:
|F(’U1)—F(’U2)|§L|’U1—’U2|, v1,v9 € H.

Then (2.4.1) has a unique mild solution given by
t t
(2.4.2) u(t,z) = Tyx +/ Ti_sF(u(s,x))ds +/ Ti_sBodW(s), t>0
0 0

Furthermore, if F': H — H is C*¢, the mild solution of (2.4.2) generates a C*:¢ perfect cocycle also
denoted by u: RT x H x Q — H.
Suppose that F': H — H is globally bounded, and its Lipschitz constant L satisfies

(2.4.3) Ll = '] < L.

Note that the above condition is automatically satisfied in the affine linear case F' = 0.
The next proposition is key to the existence and uniqueness of a stationary random point for the
cocycle (u, ) in the sense of Definition 2.1.1.

Proposition 2.4.1. Assume the above conditions on A, By, F' together with (2.4.3). Then there is
a unique F-measurable map Y : Q — H satisfying

0 )
Y (w) :/ T_pTF(Y(0(s,w)))ds —/ T_sp~ F(Y(08(s,w)))ds
(2.4.4) — 0

+UO T_p* By dW(s)} (w) — [/000 T_sp~ Bo dW(S)} (w)

for allw € Q.

Proof. We use a contraction mapping argument to show that the integral equation (2.4.4) has an
F-measurable solution Y : Q — H.
Define the F-measurable map Y; : @ — H by

Hiw) = | | " Tt B avs)|@) - [ [ 1w maw ], wen

— 00

Denote by B(f2, H) the Banach space of all (surely) bounded F-measurable maps Z : Q@ — H given
the supremum norm || Z || := sup |Z(w)|. Define the map M : B(Q, H) — L°(Q, H) by
we

0

M(Z)(w) = / T pt F(Z(0(s,w)) + Y1(0(s,w))) ds

— 00

_ /000 T_sp~ F(Z(0(s,w)) + Y1(0(s,w))) ds
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for all Z € B(Q2,H) and all w € Q.
Note first that M maps B(Q, H) into itself. To see this let Z € B(Q, H) and w € 2. Then

M@ <17 [ OOO T+ [T as]

0 %)
< | Floo {/ e*tm+l dsg +/ esHm ds]
— o0 0

SN F ooty r = pm') < 00

where ||F||oo := sup |F(v)|. Hence M(Z) € B(?, H) for all Z € B(Q, H).
veH

Secondly, M is a contraction. To prove this, take any Z1, Zo € B(Q, H) and w € Q. Then from
the definition of M, we get

0

IM(21)(w) = M(Zs)(w)| < L/ IT—sp™ || - [Z1(8(s,w)) — Z2(0(s,w))| ds

— 00

o TN 122(6(5,0)) — Za(6(s,0))] ds

0 oo
SLnZl—Zznoo[/ 7 s+ [ ||Tsp-||ds]
0

0 [e%s)
< L||Z1 — Z3|o {/ eSHm+1 dg 4 / eSHm ds}
—o0 0
= Ll = i 121 = Zolloo
= pllZ1 = Z2lso

where p == L[u, "y — p;n'] < 1. This proves that M : B(Q, H) — B(Q, H) is a contraction, and
hence has a unique fixed point Zy € B(2, H). That is

0
Zo(w) = /_ T_spTF(Zo(0(s,w)) + Y1(8(s,w))) ds

- /Ooo T 5~ F(Zo(0(s,w)) + Y3 (0(s,))) ds
for all w € Q. Now define Y : 2 — H by
Y(w) :=2Zp(w) + Y1(w), we.
It is easy to check that Y satisfies the identity (2.4.4).
Since Zj is uniquely determined, then sois Y. O

The following proposition gives existence and uniqueness of a stationary point for the see (2.4.1).

Proposition 2.4.2. Assume all the conditions on A, By, F' stated in Proposition 2.4.1. Suppose
that F is globally bounded, globally Lipschitz and satisfies condition (2.4.3). Then the semilinear see
(2.4.1) has a unique stationary point Y : Q — H, i.e. u(t,Y (w),w) =Y (0(t,w)) for all t > 0 and
w € Q. Furthermore, Y € LP(Q, H) for allp > 1.
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Proof. By hypotheses and Proposition 2.4.1, the integral equation (2.4.4) has a unique F-measurable
solution Y : Q@ — H. Let t > 0, w € Q. Using (2.4.4), it follows that

0

vt = |

— 00

T_sptF(Y (0t + s,w)))ds — /OOO T_sp " F(Y(0(t + s,w))) ds

[/O T_sp BodW (s +1t) — /OOO T_sp~ BodW (s + t)] (w)

— 00

| B - [T mav)]| )]

_SerF(Y(H(s,w))ds—i—/O Ti—sp” F(Y(6(s,w))) ds

+
O\w
=

+ / Ti—sp™ By dW (s) + /Ot T,—sp~ By dW(S)] (w)
1y + | L F(Y (B(s.))ds + Ji 1,5, aw(s)] @)

This gives

V00 =T @)+ [ T B 000,00 + Ji 1,5 aw (o) @)

for all t > 0, w € Q. Therefore, Y (0(t,w)),t > 0,w € Q, is a stationary solution of (2.4.2) (with
x =Y (w)). Since u(t,Y (w),w),t > 0,w € Q, is also a solution of (2.4.2), then by uniqueness of the
solution to (2.4.2), we must have

u(t,Y(w),w) =Y (0(t,w))

for all t > 0 and all w € Q. Hence Y is a stationary point for the see (2.4.1).

The stationary point for (2.4.1) is unique (within the class of F-measurable maps @ — H). To
see this, it is sufficient to observe that the above computation shows that every stationary point
of (2.4.1) is a solution of the integral equation (2.4.4). Uniqueness of the stationary solution then
follows from Proposition 2.4.1.

In view of the proof of Proposition 2.4.1, the last assertion of Proposition 2.4.2 follows from the
fact that Y7 € LP(Q, H) for all p > 1 and Zy € L>°(Q, H) . 0O.

The existence of local stable and unstable manifolds near a stationary point of the affine stochastic
evolution equation (2.4.1) follows from a straightforward modification of the proof of Theorem 2.4.1
in the next section.
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(b) Semilinear see’s: Linear noise

Here we recall the setting and hypotheses leading to Theorem 1.2.6.
We will prove the existence of local stable and unstable manifolds for semiflows generated by mild
solutions of semilinear see’s of the form:

(2.4.5) du(t) = —Au(t)dt + F(u(t))dt + Bu(t) dW (t), t> 07}

u(0) =z € H.

In the above equation A : D(A) C H — H is a closed linear operator on a separable real Hilbert
space H. Assume that A has a complete orthonormal system of eigenvectors {e, : n > 1} with
corresponding positive eigenvalues {u,,n > 1}; i.e., Ae, = punen, n > 1. Suppose —A generates a
strongly continuous semigroup of bounded linear operators T : H — H, t > 0. Let F be a separable
real Hilbert space. Suppose W (t),t > 0, is E-valued cylindrical Brownian motion defined on the
canonical complete filtered Wiener space (2, F, (F;)i>0, P) and with a separable covariance Hilbert
space K, where K C F is a Hilbert-Schmidt embedding. That is, €2 is the space of all continuous
paths w : R — F such that w(0) = 0 with the compact open topology, F is its Borel o-field, F; is
the sub-o-field generated by all evaluations 2 3 w — w(u) € E,u < t, and P is Wiener measure on
Q. The Brownian motion is given by

W(t,w) =w(t), we teR,

and may be represented by

W)= S WO, teR
k=1

where {fr : k > 1} is a complete orthonormal basis of K, and the W¥ k > 1, are standard
independent one-dimensional Wiener processes with W*(0) = 0, k > 1 (|[D-Z.1], Chapter 4).

Suppose B : H — Ly(K, H) is a bounded linear operator. The stochastic integral in (2.4.5) is
defined in the sense of ([D-Z.1], Chapter 4).

Assume the hypotheses of Theorem 1.2.4.

We will denote by 6 : R x  — 2 the standard P-preserving ergodic Wiener shift on €2

0(t,w)(s) :=w(t+s)—w(t), tseR.

Let L(H) be the Banach space of all bounded linear operators H — H given the uniform operator
norm || - ||. Denote by Lo(H) C L(H) the Hilbert space of all Hilbert-Schmidt operators S : H — H.

Suppose F : H — H is a (Fréchet) C*< (k > 1, ¢ € (0, 1]) non-linear map satisfying the following
Lipschitz and linear growth hypotheses:

(2.4.6) IF()] <CAL+]l), veH }

|F(v1) — F(ve)| < Ly|vr —wa|, wv; € H,|v;| <n,i=1,2,

for some positive constants C, L,,,n > 1.

The mild solutions of the see (2.4.5) generate a C*¢ (k > 1,€ € (0,1]) perfect cocycle (U,8) on
H, satisfying all the assertions of Theorem 1.2.6.

Under the above conditions, one gets the following stable manifold theorem for hyperbolic sta-
tionary trajectories of the see (2.4.5).
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Theorem 2.4.1. Assume the above hypotheses on the coefficients of the see (2.4.5). Assume that
the stochastic semiflow U : RT x H x Q — H generated by mild solutions of (2.4.5) has a hyperbolic
stationary point Y : Q — H such that Elog™ |Y| < co. Then (U,0) has a perfect family of C*< local
stable and unstable manifolds satisfying all the assertions of Theorem 2.2.1.

Proof. One first checks the estimate

(2.4.7) /Qlong sup ([T (t, Y (0(t1,0)) + (), 0(t1,0)) |1 dP(w) < 00

0<ty,t2<a

for any fixed 0 < p,a < oo,k > 1 and € € (0,1]. This estimate follows from the integrability
condition on Y and assertion (vi) of Theorem 1.2.6. The conclusion of Theorem 2.4.1 now follows
immediately from Theorem 2.2.1. [

(¢) Semilinear parabolic spde’s: Lipschitz nonlinearity

Consider the Laplacian

(2.4.8) A-flzy

defined on a smooth bounded domain D in R?, with a smooth boundary D with zero Dirichlet
boundary conditions. Assume that f : R — R is a Cp° function and let d€ be Lebesgue measure
on R?%. Let W% i > 1, be independent one-dimensional standard Brownian motions with W?(0) =
0 defined on the canonical complete filtered Wiener space (Q,.F, (F;)icr, P). Let 6 denote the
Brownian shift on Q := C(R,R>). Recall that the Sobolev space HF(D) is the completion of
C§° (D, R) under the Sobolev norm

il = 3 [ IDou(@)Pde

la| <k

- d
Suppose further that o; € H§(D),7 > 1, and the series Z ||al||§10 converges, where s > k + 3> d.
i=1
By Theorem 1.3.5, weak solutions of the initial-value problem:

1
du(t) = zAu(t)dt + f(u(t))dt + osu(t) dW'(t t>0
(2.4.9) (f) = 5 oult) Z

u(0) = ¢ € H§(D)

give a perfect smooth cocycle (U, #) on the Sobolev space H} (D) which satisfies all the assertions of
Theorem 1.3.5. Applying Theorem 2.2.1, we get the following stable manifold theorem for the spde
(2.4.9):

Theorem 2.4.2. Assume the above hypotheses on the coefficients of the spde (2.4.9). Assume that
the stochastic semiflow U : RY x HE(D) x Q — HE(D) generated by weak solutions of (2.4.9) has a
hyperbolic stationary point Y : Q — HE(D) such that Elog™t |Y || zx < oo. Then (U,0) has a perfect



2.4. The local stable manifold theorem for see’s and spde’s — 93

family of C* local stable and unstable manifolds in HE (D) satisfying all the assertions of Theorem
2.2.1.

(d) Stochastic reaction diffusion equations: Dissipative nonlinearity

In Section 1.4 (a), we constructed a C! stochastic semiflow on the Hilbert space H := L?(D) for
a stochastic reaction-diffusion equation

(2.4.10) du = vAudt +u(l—[u|*)dt + > ogu(t) dW(t),

i=1
defined on a bounded domain D C R? with a smooth boundary dD. In (2.4.10), the Laplacian
on D is denoted by A, and we impose Dirichlet boundary conditions on dD. The Wi i > 1,
are independent one-dimensional standard Brownian motions as in Section 1.4 (a), and the series

Z HolH%{D converges for s > 2+ 4. The dissipative term yields the existence of a unique stationary
i=1
solution of (2.4.10) under a suitable choice of the parameter v ([D-Z.2]).

In view of the estimates in Theorem 1.4.1 and Theorem 2.2.1, one gets the following:

Theorem 2.4.3. Assume the above hypotheses on the coefficients of the spde (2.4.10). Let o < %.
Assume that the stochastic semiflow U : Rt x L?(D) x Q — L?(D) generated by mild solutions of
(2.4.10) has a hyperbolic stationary point Y : Q — L?(D) such that Elog™ ||Y||z> < co. Then (U, )
has a perfect family of Ct local stable and unstable manifolds in L?(D) satisfying all the assertions
of Theorem 2.2.1.

Remarks.
(i) The results in Sections (c) and (d) hold if the Euclidean domain D is replaced by a compact
smooth d-dimensional Riemannian manifold M (possibly with a smooth boundary OM).
(ii) We conjecture that Theorem 2.4.3 still holds (but with Lipschitz stable/unstable manifolds) if the
dissipative term u(1 — |u|®) is replaced by a more general one of the form F(u) := f o u, where
f:R — R is a C! function satisfying the following classical estimates:

—c1 —aq P <f(x)r <o —aglal?,  f'(z) < e,

for all x € R, with ¢y, co, a1, ag positive constants, and p any integer greater than 2.
(iii) Is it true that the stochastic flow and the local stable/unstable manifolds in Theorem 2.4.3 are
of class C??

(e) Stochastic Burgers equation: Additive noise

The existence of a C! stochastic semiflow on L?([0,1]) for Burgers equation
0
(2.4.11) du + ua—z dt = vAudt + dW(t), t>0, v>0,

was established in Part 1 of this paper, where W (t), ¢ > 0, is an infinite dimensional Brownian
motion on L2[0,1]. See Theorem 1.4.3.

Under extra spatial smoothness hypotheses on the noise, namely W (t,-) € C3([0,1]), Burgers
equation (2.4.11) admits a unique stationary point ([Si]). More generally, with our weaker condition
on the noise W (Section 1.4 (b)), we stipulate that equation (2.4.11) has a hyperbolic stationary
point. In this case, we get the following result:
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Theorem 2.4.4. Assume the hypotheses of Theorem 1.4.3 on the coefficients of Burgers spde
(2.4.11). Assume that the stochastic semiflow U : RT x L2([0,1]) x Q — L?([0,1]) generated by mild
solutions of (2.4.11) has a hyperbolic stationary point Y : Q — L2([0,1]) such that Elog" ||Y||z> <
0o. Then (U,0) has a perfect family of C* local stable and unstable manifolds in L?([0,1]) satisfying
all the assertions of Theorem 2.2.1.

Note that hyperbolicity of the stationary point in Theorem 2.4.4 is in the sense of Definition
(2.1.3). Theorems 2.1.1 and 1.4.3 imply that the Lyapunov spectrum for the linearization of (2.4.11)
exists and is discrete for any viscosity v > 0. When W is C? in the space variable, it known that
for any C? initial condition, the solution u(t) of (2.4.11) converges to the stationary solution for any
positive viscosity v > 0 ([Si]). It is therefore easy to see that the stable manifold is the whole of
L*([0,1]).

The case of sufficiently large viscosity and rough noise W (t) € L?([0,1]) is currently being studied
([L-Z]). This work shows that (2.4.11) admits a unique globally exponentially stable stationary point
in this case. So in this (somewhat non-generic) case, the unstable manifold consists of the single
random point Y (w) € L?([0,1]), and the non-linear cocycle U will approach Y (w) with exponential
speed less than or equal to the top Lyapunov exponent \; of the linearized Burgers equation.

We conjecture that the assertions in the above paragraph still hold for any viscosity v > 0 (cf.
[D-Z.2], Theorem 14.4.4). Further analysis of the Lyapunov spectrum for (2.4.11) (in the cases of
small and zero viscosity v) is postponed to a future project.
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