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Introduction

This thesis deals with various aspects of the study of stochastic partial differential
equations (abbreviation: SPDEs) driven by Gaussian noise. The approach taken
here is functional analytic rather than probabilistic. This means that the SPDE
is interpreted as an ordinary stochastic differential equation (abbreviation: SDE)
in a Banach space (X, |- || x). Throughout this work the convention is adopted of
using the term ‘vector-valued’ to mean ‘taking values in a Banach space’, which
is justified to a certain extent by the fact that a Banach space is by definition a
complete normed vector space.

The subtitle of this thesis indicates that the three different aspects of vector-
valued SDEs that are studied here are decoupling, delay equations, and ap-
proximations in space and time. Decoupling is a concept that plays a role when
defining the stochastic integral of a vector-valued stochastic process. Delay equa-
tions model processes for which the development of the current state depends
on the past states. We shall study stochastic delay equations in an SDE frame-
work. Approzimations in space and time refers to the work presented here on
convergence rates for various numerical schemes approximating the solution to
an SDE. Among others, we prove optimal pathwise convergence rates for the im-
plicit linear Euler method (a time discretization) and for the spectral Galerkin
method (a space discretization).

In the next section an example of a stochastic partial differential equation is
given, and it is shown how this equation may be interpreted as a vector-valued
stochastic differential equation. This equation is a simple version of the stochastic
partial differential equation treated in Chapter 9.

In Section 1.2 the three topics mentioned above will be explained at a level
that should be accessible for a general mathematical audience. Along the way, the
study of vector-valued SDEs is motivated as being mathematically interesting
and perhaps even physically useful. We conclude the introduction with an outline
of the thesis.
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1.1 A stochastic partial differential equation

In this section we introduce a toy example that could be used to model a popula-
tion of micro-organisms in a closed tube filled with motionless water. We assume
the tube to be one meter long and we suppose [0, T] to be the time interval over
which we wish to study the population.

The micro-organisms are not equipped with any means of propulsion, so their
movement, through the water is determined entirely by diffusion. At a random
moment a given micro-organism may divide itself (‘birth’), and at a random
moment it may die.

Let us assume the concentration of micro-organisms is so high that it is
not necessary to keep track of each individual, instead we keep track of the
concentration of live micro-organisms. We also consider the problem to be one-
dimensional, i.e., we keep track of the average concentration over each cross
section of the tube, thus in mg/m. Let u(¢,£) denote the concentration of live
micro-organisms in mg/m at time ¢ € [0, 7] and position £ € [0, 1] in the tube.

In order to model the randomness of the births and deaths, we will use space-
time white noise. This is an object denoted by w that assigns a Gaussian random
variable to every ‘rectangle’ [£1, £2] X [t1, t2] in [0, 1] x [0, T]. This Gaussian random
variable has expectation 0 and variance ({2 — &1)(t2 — t1). If two rectangles are
disjoint, then the corresponding Gaussian random variables are independent.

For (t,€) € (0,T) x (0,1) and At, Ax sufficiently small, we assume that the
change in population size in the section [£, £ + A&] caused by births and deaths
over the time interval [¢,t 4+ At] is approximately given by

cru(t,Ow([t,t + At] x [€,€ + A€)), (1.1.1)

where ¢ is a constant determined by the birth/death rate. The reason we mul-
tiply the white noise with the concentration u(¢,£) is that the number of births
and deaths depends on the number of available live micro-organisms. The term
(1.1.1) is referred to as a multiplicative noise term.

Let n,m € {1,2,...} and set At := T/n, tgn) = jAt, A¢ = 1/m and

Q(m) =1iAg, j=0,...,n,71=0,...,m. The mass balance for u reads as follows:
[u(t2,6™) —u(t”, &™) Ak
ot &%) +u(t” €17) — 2u(t", ™)) 5

+ (", 6™ )w ([t t + Af] x [, € + Ag)),

At

; (1.1.2)

where cg denotes the diffusion coefficient and j € {0,...,n—1},i € {1,...,m—
1}.

The mass balance above describes the behavior in the interior of the tube. At
the ends, the behavior is different: as the tube is assumed to be closed, no micro-
organisms diffuse in or out of tube. Therefore we impose Neumann boundary
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conditions at £ = 0 and £ = 1, in other words we assume 8%u(t, 0) = é%u(t, 1) =
0. We also assume that the initial state is known, i.e., we assume we are given
some ug : [0,1] — Ry that describes the concentration of micro-organisms at
t=0.

The problem with this model — and with stochastic partial differential equa-
tions in general — is that one would want to consider the limiting equation ob-
tained by letting At | 0 and A& | 0. However, a priori it is not clear whether it
is possible to give a rigorous meaning to the object

0 w(lé, €+ B¢ x [t,¢ + Af])

&w(dt d€) := Aa%,ni.uo AxAt

Nevertheless, it is common practice to give the following short-hand notation of
the model obtained by taking limits, with the understanding that an interpreta-
tion is yet to be given:

O (1,6 = cout £ 2w t 0,77 x (0, 1);
au( 75)_0035215( >§)+Clu( 75)&1'0( 75)7 (75)6( ) ]X( ) )7
0 8

(1.1.3)

One way to give a rigorous meaning to a solution to the stochastic partial
differential equation (1.1.3) is by taking the functional-analytic approach. For
that purpose we assume that for ¢ € [0, 7] the function U(t) : [0,1] — R defined
by U(t)(&) = u(t,§) is an element of some Banach space. In fact, for the SPDE
given by (1.1.3) the reflexive Lebesgue spaces LP(0,1), p € (1, 00), are perfectly
suitable. Recall that LP(0,1) is the space of all Lebesgue measurable functions
f for which |f|P is integrable. The norm on this space is given by | f[|}, =

Jo lf(s)Pds.

Fix p € (1,00). The weak second-order derivative co% can be interpreted
as an (unbounded) operator on L?(0,1). We shall denote this operator with the
letter A. The Neumann boundary in (1.1.3) can be incorporated in the definition
of A by setting the the domain of A to be the closure in the Sobolev norm
|l - lz2.00,1) of all twice differentiable functions f satisfying Z—J;(O) = g—é(l) =0.

Let (h;)52, be an orthonormal basis for L*(0,1) and let (W;)52; be a
sequence of independent (real-valued) Brownian motions. We define Wiz :=
> 21 Wj(t)hy; this sum does not converge in L?(0, 1) but may be interpreted in
the sense of distributions. Space-time white noise can be modeled as follows:

e &2
w((ty, ta] x [61,&]) =Y (W] W;(t1)) : hj(€)de,
=0 !

where 0 <t; <te <T and 0 <& <& < 1.
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Provided ug € LP(0,1) we may rewrite (1.1.3) as an (ordinary) stochastic
differential equation set in the Banach space L?(0,1):

{dU(t) = AU(t)dt + c1U(t)dW2(t) t € [0,T]; (1.1.4)

U(0) = f.

Note however that this is still only a formal representation of the process we are
interested in. After all, a Brownian motion is not differentiable with respect to
t. Moreover, even if (1.1.4) were to be interpreted as an integral equation it is
not clear how to interpret fot U(s)dWp2(s); recall that W2 consists of an infinite
sum of Brownian motions which does not converge in LP(0, 1) (not even if p = 2).

However, we are not far from an interpretation for a solution to (1.1.4):
semigroup theory provides us with a family of operators (e4);>q C £(LP(0,1))
with the property (as already suggested by the notation) that for every f €
LP(0,1) one has LetA(t)f = Ae!A(t)f. In fact, for h € L'(0,T;LP(0,1)) the
function w : [0,T] — LP(0, 1) defined by:

t
u(t) = e f +/ et n(s)ds
0

satisfies u(0) = f and:

d
au(t) = Au(t) + h(t).

Inspired by this we seek an interpretation of the following formula as a means
to define a solution to (1.1.4):

t
U(t) = etMug + c1/ e=IAU(s)dWp2(s) as. forallt €[0,7].  (1.1.5)
0

The semigroup (etA)tZO arising from a diffusion process as considered here has
smoothing properties that make the noise Wr2 ‘well-behaved’ in LP(0,1). Thus
it is possible give a rigorous meaning to the vector-valued stochastic integral in
(1.1.5) as an LP(0,1)-valued random variable. By a fixed point argument one
can then prove the existence of an L?(0, 1)-valued process U that indeed satisfies
(1.1.5).

In short, by the functional-analytic methods of (analytic) semigroup theory,
stochastic integration theory and a fixed point theorem, we have given an inter-
pretation to a solution to (1.1.3) as a process satisfying (1.1.5).

As a minor remark concerning the accuracy of this model we note that it is
not clear a priori whether u(t, &) > 0 for all (¢,£) € [0,7T] x [0, 1] provided ug > 0;
which of course would be desirable. Such positivity questions for SDEs are also
a field of study, albeit not one covered by this thesis.
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1.2 The thesis in a nutshell

Decoupling

When one takes the approach of interpreting an SPDE as an SDE set in a Banach
space X, it is essential to have a workable definition for the stochastic integral
of an adapted X-valued stochastic process. The noise in the SPDEs we study
is always Gaussian, and thus we consider stochastic integrals with respect to a
Brownian motion.

The orthogonal decompositions that are used in the Hilbert space case to
extend one-dimensional stochastic integration theory to infinite-dimensional in-
tegration theory fail for general Banach spaces. However, one can define the
integral of an X-valued function on some interval [0, T] with respect to a Brow-
nian motion W by means of an It6 isometry in terms of the y-radonifying norm
on L?(0,T). If X is a Hilbert space, then the y-radonifying norm is equivalent
to the L2(0,T; X)-norm.

The definition of the stochastic integral of an adapted X-valued stochastic
process can be obtained subsequently by a decoupling argument: suppose there
exist constants ¢, and C}, such that if W is a one-dimensional (% );>o-adapted
Brownian motion and @ is a (%;);>¢-adapted, X-valued stochastic process on
[0, T, one has, for all p € (0,00):

6] [ )" < (o, | [ o) < (e [ )"

(1.2.1)
where W is a Brownian motion independent of ®. By independence, the integral
of @ with respect to W can be treated as if & were deterministic. This, in com-
bination with the two-sided estimate (1.2.1), allows one to define the integral of
@ with respect to W as well.

Not every Banach space X allows for constants ¢, and C) such that (1.2.1)
holds for all X-valued processes. It has been shown, first by Garling for processes
adapted to the filtration generated by W, and later by van Neerven, Veraar, and
Weis for general processes, that (1.2.1) holds for some (and then all) p € (1, c0)
if and only if X is a so-called UMD Banach space (see [47], [108]).

However, for the definition of the stochastic integral of a vector-valued
stochastic process it suffices that the second estimate in (1.2.1) holds. In
Chapter 3 below we study a Banach space property introduced by Kwapien and
Woyczyriski [87]. By the extrapolation methods of Burkholder and Gundy [20]
we prove so-called p-independence of this property, and then show that it implies
the second estimate in (1.2.1) for p € (0, 00). The property we study is satisfied
Banach spaces that are not UMD spaces, e.g. L'.

Incidentally, the decoupling argument we use also allows us to obtain the
two-sided estimate (1.2.1) for p € (0,1] in the case that X is a uMD Banach
space.
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Stochastic delay equations

In population dynamics, the number of people born in a certain year n depends
heavily on the number of people born in the period [n — 40,n — 20] (assuming
people generally have children between 20 and 40 years of age). To model such
a process, i.e., a process for which past states influence the development of the
current state, one makes use of delay equations. If in addition one wishes to
account for a certain level of uncertainty in this process, then one may add a
stochastic term. This leads to a stochastic delay equation.

The functional-analytic approach to delay equations is to take the state space
to be a function space defined over what is considered to be the maximal period
of influence. In that case a stochastic delay equation becomes a vector-valued
SDE — precisely the object of study in this thesis.

This interpretation of a delay equation is easily demonstrated by means of
an example from population dynamics. For ¢ > 0 let u(t) denote the size of a
population at time ¢, measured in years. Arguably one may assume that the size
of a human population depends on its size over the past 60 years, but not on its
size before that. Thus the function w, : [0,60] — R defined by u(s) := u(t — s)
contains all the information needed to determine u(t) — except perhaps some
external factors that are independent of u. The functional-analytic approach to
delay equations is to study the development of the functions u; € £([0,60];R)
instead of studying the development of u(t) € R. Here &([0, 60]; R) denotes some
Banach function space over [0, 60], and we assume that u is real-valued instead
of integer-valued because this is mathematically easier to model. In population
dynamics it makes sense to take &([0, 60]; R) = L(0, 60; R).

In Chapter 4 we study SDEs arising from stochastic delay equations. We
assume the delay equations to be set in a type 2 UMD Banach space X, e.g. X
may be a Hilbert space, ¢4, or L9, for ¢ > 2, and we consider multiplicative noise.
Following the approach Batkai and Piazzera take in the deterministic case, we
set our SDE in the function space &([0,T]; X) := L?(0,T; X) x X for p € [1,00)
(see [5]). We prove that these delay equations allow for a unique continuous
solution.

Similar results for delay equations have been obtained by Crewe [31], Liu [91],
Riedle [122], and Taniguchi, Liu, and Truman [127]. The novelty of our work
lies in its generality: we allow for X to be infinite-dimensional, for A to be
the generator of a — not necessarily analytic — semigroup, and we allow for
multiplicative noise. This combination has not been considered before.

Approximations of SPDEs

Generally speaking, functional-analytic proofs of the existence of a unique so-
lution to a (stochastic) differential equation provide little information on the
behavior of the solution. If one wishes to gain insight into the behavior, one pos-
sibility is to approximate the solution numerically. Of course, in that case it is
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essential to know whether the numerical approximation converges to the actual
solution.

There are three aspects of developing a numerical scheme for a stochastic
partial differential equation: time discretization, space discretization, and ap-
proximation of the noise. We prove optimal convergence rates for certain time
and space discretization schemes for the following type of SDEs with non-linear
deterministic term, and non-linear multiplicative noise:

{ dU(t) = AU(t) dt + F(t,U(t)) dt + G(t,U(t)) dWg(t); t € [0,T], 122

Here A is the generator of an analytic Cy-semigroup on a UMD Banach space X.
For operators generating an analytic semigroup it is possible! to define fractional
powers (—A)?, § € R, and thus also D((—A)?). A typical example of an operator
A that generates an analytic Cy-semigroup is a second-order elliptic differential
operator with Dirichlet or Neumann boundary conditions on LP(D), where D C
2
1 3
In this case, roughly speaking the space D((—A)?) corresponds to the Sobolev
space H*'?(D).

The noise process Wy is a cylindrical Brownian motion in a Hilbert space H,
by which we mean a process that is formally given by Wy (t) = Z;’;l W;(t)h;,
where (h;)52, is an orthonormal basis for [ and (W;)$2, is a sequence of inde-
pendent real-valued Brownian motions.

The functions F : [0,7] x X — D((-A)?) and G : [0,T] x X —
Z(H,D((—A)%)) satisfy appropriate global Lipschitz conditions. We assume
that 0 > —1+ (1 — 1) and 6 > —3, where 7 € [1,2] is the type of the Banach
space. These conditions ensure that a solution to (1.2.2) exists.

In terms of time discretizations we first prove convergence of various splitting
schemes and use this to obtain convergence of the implicit-linear Euler scheme.
In terms of space approximations we first prove a perturbation result for (1.2.2)
and then use this to prove convergence of the Yosida approximation and — in the
Hilbert space case — of certain Galerkin and finite element schemes.

From the recent review paper of Jentzen and Kloeden [70] one may conclude
that stochastic numerical analysis is an active field of research at the moment.
The splitting scheme has been studied in the Hilbert space setting for stochastic
second order partial differential equations by Gyongy and Krylov [56]. There
are numerous articles considering the Euler scheme, e.g. [54, 62, 82,120]. Our
main contribution is that we prove pathwise convergence results in the case of
multiplicative noise. This allows one to obtain convergence also for the case where
F and G are merely locally Lipschitz.

Concerning perturbations of stochastic differential equations, some results
may be found in the work of BrzeZniak [13] and in the recent work of Kunze

R?; more specifically, one may take A to be the Laplace operator A = 3

! To be precise, for A > 0 large enough we can define (A — A)Q. If A generates a
bounded semigroup, one may take A = 0.
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and van Neerven [85]. However, the results of Brzezniak cannot be used to prove
convergence of numerical schemes, and the work of Kunze and van Neerven would
not provide convergence rates.

There are also numerous references for convergence of space approximations
such as Galerkin and finite element schemes. For pathwise convergence of the
Galerkin scheme for equations with additive noise, we refer to work by Jentzen
[68] and Kloeden, Lord, Neuenkirch and Shardlow [81]. For pointwise convergence
of the Galerkin scheme for equations with multiplicative noise, see e.g. the work
by Hausenblas [62] and Yan [133]. Again our main contribution is that we prove
pathwise convergence results in the case of multiplicative noise.

The splitting scheme

The term splitting scheme refers to the idea of splitting (1.2.2) into two parts
and solving each of them alternately over small intervals. In our case we wish
to separate the linear deterministic part from the non-linear (stochastic) part.
Fixing T' > 0 and n € N, we define Uén)(O) =z and wish to successively solve,
for j =1,...,n, the problem

{ AU\ (t) = F(t, UM (1)) dt + G(t, U (1) dWr (), t e [t 1),

( j—1°%3
U ) = ST ().

(1.2.3)
Here tgn) = % For non-negative fractional indices 8p and 6 this scheme is
well-defined. However, if either of the fractional indices 8r and g is negative,
then it is not clear whether a solution to (1.2.3) exists. In order to deal with
negative indices we thus consider not only the ‘classical’ scheme given by (1.2.3)

but also a ‘modified’ splitting scheme, as will be explained in Chapter 6.

In Sections 6.1 and 6.2 we prove that the process obtained by either of the
splitting schemes converges to the solution U of (1.2.2). To be precise, we give
convergence rates for convergence in L>°(0,T; LP((2, X)) for p arbitrarily large,
provided xg € LP(£2; D((—A)")) for n > 0 sufficiently large. By a Kolmogorov
argument, this allows us to obtain pathwise convergence rates in a discrete Holder
norm (see Theorem 6.1). In particular, we prove that if §,7 > 0 and p € [2,0)
are such that:

5+%<mln{1—(%_%)+9ﬂ%‘FGGM?; 1}a

where 7 is the type of the Banach space, and xg € LP(£2; D((—A)")), then there
is a constant C, independent of xg, such that for all n € N,

1
(B sup U(#) = U () 1%) " < O (1+ |20l Lo (2:p((— ayry)-
SJ)sn

We also briefly consider a splitting scheme for linear stochastic differen-
tial equations with additive noise; i.e., equation (1.2.2) with FF = 0 and
G =g € v(H,D((—A)%)). In this case the splitting scheme converges for any
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Banach space, provided A is analytic. If A is not analytic, the scheme still con-
verges provided X has type 2 (for this case we do not obtain convergence rates).
We complete Chapter 6 by giving an example of a linear stochastic differential
equation for which the splitting scheme does not converge.

The implicit-linear Euler scheme

In order to define the implicit-linear Euler scheme we fix T > 0 and n € N =
{1,2,3,...}. We set VO(") := xo and, for j = 1,...,n, we define the random
variables Vj(n) by

Vit = (= ATV TR V) + G V) AW,

Recall that t") = 2L and, formally, AW = W (") — Wi (t\").
Chapter 7 provides convergence rates for the convergence of (Vj(n))?:0 to

(U(tg-n)))?zo, where U is the solution to (1.2.2). For this result we need the
additional assumption that X is a UMD space with property («) (this property is
satisfied if X is a Hilbert space or an LP space, p € [1,00)). The convergence is
obtained in L>(0,T; LP({2, X)) for p arbitrarily large. Once again a Kolmogorov
type argument allows us to obtain pathwise convergence rates in a discrete Hélder
norm (see Theorem 7.1). In particular, we prove that if 4,7 > 0 and p € (2, 00)

are such that:
§+ 5 <min{l — (7 — 5) + (0r A 0), 5 + (6 A 0), 1},

and xg € LP(£2; D((—A)")), then there is a constant C, independent of xg, such
that for all n € N,

==

(E sup [[UE™) =V |%)

» <O (L ||woll o2, p((—aym)-
1<j<n

We see that, contrary to the splitting scheme, the convergence rate does not
improve as fr and g increase above 0. However, these rates are optimal due to
the way the noise discretized.

Localization

For the convergence results presented in Chapters 6 and 7 we need global Lip-
schitz assumptions on F' and G. In Chapter 8 we demonstrate how the (pathwise)
convergence results obtained in Chapters 6 and 7 can be extended to the case
that F' and G satisfy only local Lipschitz conditions, presuming they satisfy
linear growth conditions. In order to do so we need an extra regularity result on
the splitting scheme, which is presented in Appendix A.5.

A perturbation result
In Chapter 10 we consider the effect of perturbations of A on the solution to
(1.2.2). With applications to numerical approximations in mind, we assume the
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perturbed equation to be set in a (possibly finite dimensional) closed subspace
Xp of X. We assume that there exists a bounded projection Py : X — Xg such
that Py(X) = Xo. Let ix, be the canonical embedding of Xy in X and Ag be
the generator of an analytic Cp-semigroup Sy on Xjg. In the setting of numerical
approximations, Ay would be the restriction in a suitable sense of A to the finite
dimensional space Xj.

The perturbed equation we consider is the following;:

dUO (1) = AgUO () dt + PyF(t, U (t)) dt + PoG(t, U (1)) dW (t), t > 0;
{ U(O) (O) = Po.’I,‘0.
(SDEy)
In Chapter 10, Theorem 10.1 we prove that if

Ds(A, Ao) = [[A™" —ix, Ay ' Poll (p((—ays-1),x) < 00
for some
0<d<min{l —(L—-1)+0p, I +60s},

and 2o € LP(£2; D((—A)?)), then there exists a (unique) solution U®) to (SDEg)
and for p € (2, 00) satisfying % < 14 0g — & we have:

1
(EHU - iXoU(O) HI(}([(),T};X)) Y 5 D(;(A, AO)(1 + ”mOHLP(Q;D((fA)‘S)))'

In order to prove this perturbation result we develop new methods for deter-
mining the regularity of stochastic convolutions. These results can be found in
Appendix A.2.

Space approximations
Our first application of the perturbation result concerns Yosida approximations.
Under the assumption that 6 and 6g are non-negative, we prove convergence
of U™ against U, where U™, n € N, is the solution to (1.2.2) with A replaced
by its n** Yosida approximation A, := nAR(n : A). More precisely, for n € [0, 1]
and p € (2,00) such that

n<min{1—(%—%)+9F7%—%+9G}

we have, assuming zg € LP(2; D((—A)")):

Sl

(EIU = U2 0,7:x))

If (1.2.2) is set in a Hilbert space J#, i.e., X = S, then one can derive
pathwise convergence of certain Galerkin and finite element schemes from the
perturbation result. In Section 11.2 we provide pathwise convergence rates for
the Galerkin scheme in the case that A is a self-adjoint operator generating an
eventually compact semigroup on . Concerning finite elements, we provide
pathwise convergence rates for the case that A : H>?(D) — L?(D) is a second-
order elliptic operator.

ST+ (2ol e (20— ayn)))-
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Conclusion and ideas for future work

The work on decoupling provides new insights on the relation between the ge-
ometry of a Banach space X and the possibility to define the stochastic integral
of an X-valued process. Concerning delay equations, existence and uniqueness of
a quite general class of stochastic vector-valued delay equations has been estab-
lished. In terms of approximations, the main achievement lies in finding pathwise
convergence rates for SDEs with multiplicative noise.

There are still various interesting open problems. For example, for 0o > 0
and Op > % — 1 in (1.2.2) we obtain convergence rate n~2%¢ for the Euler

scheme, where € > 0 is arbitrarily small. The convergence rate n~2 is known
to be critical. Our hope is that recent results on ‘stochastic maximal regularity’
(see [105,106]) can be used to obtain the critical convergence rate for the case
that X = L9 and A has a bounded H*°-calculus.

From an implementation point of view, a convergence rate of n~2 is not
very satisfactory. Unfortunately, this convergence rate is critical for the type
of noise discretizations we study. However, recently, Jentzen and Kloeden (see
(69, 71]) have developed new techniques for noise discretization that produce
better convergence rates in the Hilbert space case. It would be interesting to
investigate these techniques in the Banach space setting.

There are also some interesting open problems concerning the space approxi-
mations. For example, it should be possible to prove convergence of the Galerkin
scheme for the case that X = L9, g € (1,00) (we now consider only the Hilbert
space case). This would allow us to apply the Galerkin scheme to the example
treated in Chapter 9.

Finally, an obvious remaining task is to combine the space and time dis-
cretizations, thereby obtaining a scheme that could in fact be implemented and
tested.

1.3 Outline of the thesis

Chapter 2 contains the preliminaries on probability and stochastic analysis in
Banach spaces that will be used throughout the thesis. In Chapter 3 the results
on decoupling are presented, which were obtained in collaboration with Mark
Veraar of the Delft University of Technology [29]. Chapter 4 contains the work
on delay equations done in collaboration with Mariusz Géraski of the University
of L4d7z [24].

The remaining Chapters 5-11 contain results on approximation of solutions
to (1.2.2). We begin with an introductory chapter which contains the standing
assumptions on (1.2.2) and the relevant results concerning the existence of a
solution to (1.2.2). In terms of time approximations we first consider splitting
schemes, see Chapter 6. These schemes are used in Chapter 7 to study conver-
gence of a general class of time discretizations that includes the implicit-linear
Euler scheme. In both chapters we assume that the non-linear functions F’ and G
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satisfy global Lipschitz conditions. However, as we obtain pathwise convergence
estimates, it is possible to extend the results to the case that F and G are locally
Lipschitz. This will be demonstrated in Chapter 8. To conclude the results on
time discretizations, in Chapter 9 we demonstrate how the results apply to a
parabolic partial differential equation with space-time white noise.

The results presented in Chapters 6-9 are based on joint work with Jan van
Neerven of the Delft University of Technology. Most of the material is based
on [27], except for Section 6.4, which is based on [28].

Concerning space approximations, we begin in Chapter 10 by studying the
effect of perturbations of A on the solution to (1.2.2). In Chapter 11 we demon-
strate how the results of Chapter 10 can be used to obtain pathwise estimates
of space approximations schemes in the Hilbert-space case. Finally, Appendices
A.1 and A.2 contain some technical lemmas that are used throughout Part III,
but would disturb the flow of the text if they were to be placed elsewhere.

The results of Chapters 10 and 11 are based on joint work with Erika Hausen-
blas of the Montana University of Leoben, see [25] and [26].
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Preliminaries

2.1 Some conventions

Throughout this thesis, N = {1,2,...}.

We write A < B if there exists a constant C, such that A < CB. Naturally
AZ Bmeans B< Aand A~ B means A< B and B < A. If we wish to make
it explicit that the implied constant depends on some parameter p, we write
A5, B.

For Banach spaces X and Y we write X ~ Y to indicate that X and Y are
isomorphic as Banach spaces. For more notational issues, see page 225.

2.2 Geometric Banach space properties

Most results in this thesis are proven under additional assumptions on the ge-
ometry of the Banach space involved. More specifically, we need the concept of
type and cotype of a Banach space, the UMD property and property («). In this
section we give the definition of these properties and some important examples
of Banach spaces satisfying them.

Definition 2.1. A Rademacher sequence (r;)32, is a sequence of independent
random variables satisfying P(r; = 1) = P(r; = —1) = 3.

Definition 2.2. A Banach space X is said to have type p, p € [1,2], if there
exists a constant C' such that for all finite sequences (z;)7_; C X one has:

(]Sl < (S )"
j=1 j=1

Here (r;)}_, is a Rademacher sequence. The smallest constant C' for which the
above holds is denoted by .7, (X).
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A Banach space X is said to have cotype ¢, ¢ € [2,00], if there exists a
constant C' such that for all finite sequences (z;)7_; C X one has:

(S let)* < (g Sma )
j=1 j=1

with an obvious modification if ¢ = co. The smallest constant C' for which the
above holds is denoted by %,(X).

Every Banach space has type 1 and cotype co. Therefore we say that a Banach
space has non-trivial type if it has type p € (1, 2], and non-trivial cotype if it has
co-type q € [2,00). If a Banach space X has type p’ € [1,2], then it has type
p for all p € [1,p']. Similarly, if it has cotype ¢’ € [2,00] then it has cotype ¢
for all ¢ € [¢/, o0]. For p € [1,00) the LP-spaces have type min{p, 2} and cotype
max{p, 2}. Hilbert spaces have type 2 and cotype 2 — in fact, any Banach space
that has type 2 and cotype 2 is isomorphic to a Hilbert space. For a proof of this
non-trivial fact, and for more information concerning type and cotype, we refer
to [2, Section 6.2 and onwards], [41] and [117].

Definition 2.3. A Banach space X is said to be a UMD space (or to satisfy the
UMD property) if for all p € (1, 00) there exists a constant C,, such that for every
finite X-valued martingale difference sequence (dj)?:1 C LP(£2; X), and every
(¢j)7—1 € {0,1}" one has:

E|S =) <X ol)” @21
j=1 j=1

Here uMD stands for unconditional martingale difference sequences. The least
constant for which the above holds for some fixed p € (1, 00) will be denoted by

Bp(X).

The class of UMD Banach spaces has been introduced by Burkholder in [17]
(see also [19] for an overview). An argument presented in [95] and attributed
to Gilles Pisier implies that in order to prove that a Banach space X is a UMD
space, it suffices to prove that (2.2.1) holds for some p € (1,00). An alternative
proof for this p-independence of the UMD property was given by Burkholder [17].

The UMD property has proven to be useful when extending classical harmonic
analysis [10, 45, 134] and stochastic integration [96, 108] to the vector-valued
situation. More precisely, the UMD property is used as a decoupling inequality
to define the stochastic integral of a vector-valued stochastic process. Details on
this and other decoupling inequalities that allow for the definition of a stochastic
integral will be presented in Chapter 3.

Examples of UMD spaces are Hilbert spaces and the spaces LP(u) with 1 <
p < oo and p a o-finite measure. We shall frequently use the following well-known
facts:
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(i) Banach spaces isomorphic to a closed subspace of a UMD space are UMD;
(if) If X is uMD, 1 < p < 0o and p is a o-finite measure, then LP(p; X) is UMD;

(iii) Every UMD space is K-convex. Hence, by a theorem of Pisier [118], every
UMD space has non-trivial type.

(iv) Every UMD space is (super-)reflexive. Hence a UMD space cannot contain a
subspace isomorphic to cg.

The following property was introduces by Pisier in [119]:

Definition 2.4. A Banach space X is said to satisfy property («) (or Pisier’s
property) if there exists a constant C' such that for all finite (z;)} -, C X, and

/I \n \n /\n : .
(7 1)T k=1 (r)7=1, and (r})7_; independent Rademacher sequences one has:

n N n o\ 1 n N

-1 2 ron 2 2

CE Z Tj kT k <(E Z TiTET )k <C(E Z Tj kT k .
jk=1 k=1 jk=1

For an extensive discussion of this property and its use in the theory of
stochastic evolution equations we refer to [77,112]. Examples of Banach spaces
with property («) are the Hilbert spaces and the spaces LP(u) with 1 <p < oo
and p o-finite. In this thesis, the relevance of property («) lies in isomorphism
(2.3.6) below.

As a final remark we mention that UMD and property («) are indepen-
dent Banach space properties: L' is not a UMD Banach space unless it is
finite-dimensional. On the other hand, the Schatten classes .7 have UMD for
p € (1,00), but fail to have property («) unless p = 2.

2.3 v-Radonifying operators

The so-called 7-radonifying norm forms the Banach space analogue of the L2-
norm in the It6 isomorphism for vector-valued stochastic integrals.

Let (vy;);>1 be a sequence of independent standard Gaussian random variables
on a probability space (§2,P), let 5 be a real Hilbert space (later we shall take
A = L*(0,T; H), where H is another real Hilbert space) and X a real Banach
space. A bounded operator R from J# to X is called y-summing if

23
X) ’
is finite, where the supremum is taken over all finite orthonormal systems h =
(hj)k_; in . It can be shown that | - ||, x) is indeed a norm which turns
the space of y-summing operators into a Banach space. This norm is clearly
stronger than the uniform operator norm.

Every finite rank operator R from 42 to X can be represented in the form

k . . .
> j=1 hj ® x;, where (hj)k_, is an orthonormal sequence in 7 and (z;)%_, is a

k
1Bl o) 2= s (B 3 5
) j=1
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sequence in X. Note that we use the notation h ® x for the rank one operator
from H to X given by (h ® x)(h') = [h, h]gz for k' € H. For such an operator

we have:
k k 2 %
55y~ IS5l
HZ 19, e ZWCJ
Jj=1 Jj=1

A bounded operator R from 7 to X is y-radonifying if R belongs to the comple-
tion of the finite rank operators with respect to the v°° (s, X)-norm. We denote
the space of y-radonifying operators from 5 to X by v(H, X). For notational
convenience we write, for R € y(, X), || Ry, x) = || Ry, x)- It follows
from a celebrated result of Kwapien and Hoffmann-Jgrgensen [67,86] that if X
does not contain a closed subspace isomorphic to ¢ then (7, X) = voo (H, X).

We refer to [102] for a survey on y-summing and 5y-radonifying operators.
Some important observations are listed below.

Suppose ¢ is separable with orthonormal basis (h;);>1. If R € v(42, X)
then sum Zj217thj converges in L?(£2; X), defining a centered X-valued
Gaussian random variable. Its distribution p is a centered Gaussian Radon mea-
sure on X whose covariance operator equals RR*. We will refer to u as the
Gaussian measure associated with R. In this situation we have

2\ 1
1R, x) = (EH > y;Rh; )2.
jz1

The general case may be reduced to the separable case by observing that for any
R € y(H, X) there exists a separable closed subspace % of # such that R
vanishes on the orthogonal complement %”RL.

In the reverse direction, if x is a centered X-valued Gaussian random variable
with reproducing kernel Hilbert space 7, then 7 is separable, the natural
inclusion mapping i : S — X is y-radonifying, and we have

12113 e x) = EllxI*.

Since convergence in (47, X) implies convergence in £ (5, X), every op-
erator R € v(.##, X), being the operator norm limit of a sequence of finite rank
operators from ¢ to X, is compact. Moreover, if X is a Hilbert space, then

Y(H, X) = £(H, X), (2.3.1)

where % (H, X) is the space of Hilbert-Schmidt operators from H to X.

The space v(#, X ) forms an operator ideal in £ (7, X): if 74 and % are
Hilbert spaces and X; and X5 are Banach spaces, then for all V € £ (54, .741),
Re~(s4,X1), and U € Z(X1, Xs2) we have URV € v(54, X5) and

IURV || y(s6,x5) < NUll2(x1,x0) |1 Ry, xo) IV |26, (2.3.2)

Another useful property is the y-Fubini isomorphism: By [108, Proposition
2.6], for any p € [1,00) the mapping U : LP(R; (', X)) — ZL(,LP(R; X))
defined by
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((UNHR)(r) = f(r)h, reRhe A,
defines an isomorphism of Banach spaces
LP(R;y (A, X)) = (A, LP(R; X)). (2.3.3)

Let (S,., 1) be a measure space and H a Hilbert space. In the special cases
where 5 = L?(S) or # = L*(S; H) we write

WLAH(S): X) =~(8;X),  ~(L(S;H), X) =~(S; H, X).
In particular, for S =[0,T], T > 0, we write
Y(L20,7),X) =4(0,T5X), (L0, T3 H),X) =~(0,T; H,X).

By covariance domination for Gaussian random variables we have, for S’ C S
measurable and g € L>(S) (see also [110, Corollary 4.4]):

1(9@)sly(s73m,x) < llglse lLee (s) [l s,3)- (2.3.4)
If X is a type 2 Banach space, we have the following embedding (see [110]):
L2(0, T;~(H, X)) = 7(0,T; H, X), (2.3.5)

which is given by f @ (h®@ ) — (f @ h) @z, for f € L>(S), h € H, and x € X.
If X has property (), then for any two measure spaces (S1,-71,pu1) and
(Sa, S, ne) and any Hilbert space H we have a natural isomorphism

Y(S157(S2; H, X)) = (51 x S2; H, X), (2.3.6)

which is given by the mapping f1 ® ((fa ® h) ® z) — ((f1 ® f2) ® h) ® ), where
f1 € L?(S1), f2 € L*(S3), h € H and = € X. We refer to [77,112] for the proof
and generalizations.

The following simple observation [40, Lemma 2.1] will be used frequently:

Proposition 2.5. For all g € L*(0,T) and R € v(H, X) the function gR : t —
g(t)R belongs to v(0,T; H, X) and we have

9B~ 0,r;m,x) = llgllzz0,m) 1 Bl x)-

2.3.1 Besov spaces

Let T > 0. An important tool for estimating the ~(0,T; X)-norm is the Besov
embedding given by (2.3.7) below.

Fix an interval I = (a,b) with —oco < a < b < oo and let X be a Banach
space. For ¢, € [1,00] and s € (0, 1) the Besov space B; ,.(I; X) is defined by:

By (I; X) ={f € LY(I; X) : ”fHBg,T(I;X) < oo},
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where

1 1
—sr r dp\+
”f”BgT(I;X) = Hf”Lq(I;X) + (/ P sup ||T/{f - f||Lq(1;X) ) s
' 0 |h|<p p

with, for h € R,

s = ({10

Observe that if I’ C I are nested intervals, then we have a natural contractive
restriction mapping from By (I; X) into B} .(I'; X)

If (and only if) a Banach space X has type 7 € [1,2), by [108] we have a
continuous embedding

1
2

B *(I,3(H, X)) — I H, X), (2.3.7)

where the constant of the embedding depends on |I| and the type 7 constant
- (X) of X.

2.4 Stochastic integration in Banach spaces

Throughout this section let X be a Banach space and let H be a Hilbert space.
An H-cylindrical Brownian motion with respect to (F¢).e[o,1) is a linear mapping
Wy : L?(0,T; H) — L?(£2) with the following properties:

(i) for all f € L%(0,T; H), Wg(f) is Gaussian;

(11) for all fl, fg c L2(0,T, H) we have E(WH(fl)WH(fQ)) = [fl, fg],
(iii) for all h € H and t € [0,T], Wr (10, ® h) is .#;-measurable;
(iv) forallh € H and 0 < s <t < oo, Wi (15, ® h) is independent of .Z,.

For all fi,...,f, € L?(0,T; H) the random variables Wy (f1),..., Wu(fn)
are jointly Gaussian. As a consequence, these random variables are independent if
and only if f1,..., f, are orthogonal in L2(0, T; H). With slight abuse of notation
we write Wy (t)h := Wi (1), ® h). For further details on cylindrical Brownian
motions see [102, Section 3].

Formally, an H-cylindrical Brownian motion can be thought of as a ‘standard
Brownian motion’ taking values in the Hilbert space H. Indeed, for H = R?,
By := Wga([0,1]) defines a standard Brownian motion (By)ico,r) in R?, and
every standard Brownian motion in R? arises in this way.

2.4.1 Stochastic integration of functions

As announced in the previous section, the y-radonifying norm plays an important
role in the definition of the stochastic integral of an X-valued function. In fact,
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for X-valued functions the stochastic integral with respect to Wy can be defined
simply by replacing the L2-norm in the It6 isometry by a 7-radonifying norm,
see (2.4.1) below. The definition of the stochastic integral of an X-valued process
is slightly more complicated, as we will see in the next subsection.

A finite rank step function is function of the form 25:1 L(a, bn] ® Bn where
each operator B,, : H — X is of finite rank. The stochastic integral with respect
to Wy of such a function is defined by setting

T
/ 1(a,b] & (h X -T) dWH = WH(l(a,b] () h) Rx
0

and extending this definition by linearity. Here, for a random variable ¢ € L?(12)
and z € X we write ¢ ® x for the random variable (¢ ® z)(w) = ¢(w)z.

A function @ : (0,T) — Z(H, X) is said to be stochastically integrable with
respect to Wy if there exists a sequence of finite rank step functions @,, : (0,7) —
Z(H,X) such that:

(i) for all h € H we have lim,,_,, @,h = ®h in measure on (0,7);
(ii) the limit y :=lim, o [, @, dWp exists in probability.
In this situation we write

T
X:/ @dWH
0

and call x the stochastic integral of @ with respect to Wy.
As was shown in [110], for finite rank step functions @ one has the following
analogue of the It6 isometry:

T 2. 1
(] [ 2awu])* = 1Ralornn, (241)
0

where Rg : L?(0,T; H) — X is the bounded operator represented by @, i.e.,

Rqsf/OTQS(t)f(t)dt, feL?0,T;H). (2.4.2)

As a consequence, a function @ : (0,7) — Z(H, X) is stochastically integrable
on (0,T) with respect to Wy if and only if *z* € L%(0,T; H) for all z* € X*
and there exists an operator Re € v(0,T; H, X) such that

Rpa* = @*z* in L*(0,T; H) for all z* € X*.

The isometry (2.4.1) extends to this situation.

In this thesis we generally do not distinguish between a stochastically inte-
grable function @ and the corresponding operator in (0, T, H; X), e.g. we simply
write ||| 0,7, m;x)-

Note that if & € v(0,T; H, X), then by the Kahane-Khintchine inequalities
for Gaussian random variables we have from (2.4.1) that for all p € (0, 00) we
have:
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T P %
(e / SaWu )" =y 19 07:01.%). (2.4.3)
0

2.4.2 Stochastic integration of processes

In order to define the stochastic integral of an X-valued process with respect to
Wy we need to be able to ‘decouple’ the process from Wy. Such a decoupling
is possible if X is a UMD Banach space. In fact, decoupling is possible — to some
extent — for a larger class of Banach spaces. Chapter 3.4 deals with this. For the
time however being we stick with stochastic integration theory for UMD Banach
spaces as developed in [107,108] and refer to these articles for more details.

We start by considering a finite rank adapted step processin X, i.e., a process
$:(0,T) x 2 — H® X of the form

N

@(t, w) = Z 1(t'n.717tn](t)

n=1 m=1

B

K
1Anm (UJ) Z hk Q Tnmk, (244)
k=1

where 0 < tp < t; < ... <ty <T, Apym, € F1,_,, Tumkr € X, and the vectors
(hk)i(:1 are orthonormal in H. The stochastic integral of such a process @ with
respect to Wy is defined by

N N M K
/ S =55 14 S Warlli 1 1) © hi) © T
0 n=1m=1 k=1

We call a process @ : [0,T] x 2 — Z(H, X) H-strongly measurable/(F)i>0-
adapted if h : [0,T] x 2 — X is strongly measurable/(.%;);>o-adapted for all
h € H. In most cases it is clear what filtration @ is adapted to — generally the
same as the Brownian motion involved — and therefore a reference to the filtration
is often omitted. We call @ scalarly in LP(£2; L?(0,T; X)) if for all x € X* we
have &*x* € LP(£2; L*(0,T; X)).

Definition 2.6. Let Wy be an H-cylindrical Brownian motion adapted to
(Z4)t>0- An H-strongly measurable, (.%;);>o-adapted process & : [0,T] x 2 —
Z(H, X) is called stochastically integrable with respect to Wy if there exists a se-
quence of finite rank (.%;);>0-adapted step processes @y, : [0,T] x 2 — £ (H, X)
such that:

(i) for all h € H we have lim,,_,oc @,h = ®h in measure on [0,T] x §2;
(ii) there exists a process ¢ € L°(£2;C([0,T]; X)) such that

lim [ &,dWy=¢ in L°(2;C([0,T]; X)).
0

We define [; @ dWy = (.
If ¢ € LP(£2; C([0,T]; X)) for some p € (1,00) and
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lim [ &,dWy =¢  in LP(2;C([0,T); X)),

n—oo 0
we call @ LP-stochastically integrable.

We recall the following necessary and sufficient conditions for stochastic in-
tegrability (see [107, Theorem 2.1] and [108, Theorem 3.6 and Theorem 5.9]).

Theorem 2.7. Let X be a UMD Banach space. For an H-strongly measurable
adapted process ® : (0,T) x 2 — L(H,X) that is scalarly in L°(£2; L?(0,T; H))
the following are equivalent:

(i) @ is stochastically integrable with respect to Wy ;

(ii) there exists a process & € L°(£2;C([0,T]; X)) such that for all z* € X* we
have

(& x*y = /0.43*33* AWy

in L°(£2;C([0, T}; X));
(iii) there exists a (necessarily unique) Rg € L°(£2;~4(0,T, H; X)) such that for
all x* € X* we have
Ryz* = o*z*
in L°(02; L?(0,T; H)).
In this situation one has, for all p € (1,00):

1

¢ PNy P
(& | [ omll) = E10rn)' et

whenever the right-hand side is finite; the implied constants being independent
of ® and T.

If the process & in (ii) is in fact in LP(£2;C([0,T]; X)), or if the operator
Ry in (iii) is in fact in LP(£2;~(0,T, H; X)) for some p € (1,00), then this is
equivalent to @ being LP-stochastically integrable.

Remark 2.8.

(i) We refer to the estimates in (2.4.5) as Burkholder-Davis-Gundy inequalities.
It follows from [47] that if the two-sided estimate in (2.4.5) holds for all
X-valued stochastic processes, for some p € (1,00), then X is UMD Banach
space. (I.e. the UMD condition is necessary and sufficient.)

In Chapter 3, Section 3.4 we will consider an extension of Theorem 2.7.
In particular, we prove that (2.4.5) remains valid for p € (0,1] and that one
obtains a one-sided estimate if one assumes that X satisfies the so-called
decoupling property (which is weaker than the UMD property).
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(ii) If @ is H-strongly measurable and Ry € ~(0,t; H,X) a.s. then by [108,
Lemma 2.5, 2.7 and Remark 2.8] one automatically obtains that Rg €
LO(82;7(0,t; H, X)). In particular, in this situation one may assume with-
out loss of generality that H and X are separable.

In this thesis we do not distinguish between an LP-stochastically integrable
process @ and the corresponding operator in LP(§2;~(0,T; H, X)), e.g. we simply
write [|P||Lr(sy(0,1:0,x))- For p € (1,00) we denote by

L% (£2;4(0,T; H, X))

the completion of the space of adapted finite rank step processes with respect to
the norm of L?(£2;~(0,T; H, X)) (L% (£2;7(0,T; H, X)) is defined analogously).
By [108] this is precisely the subspace of LP(§2;+(0,T;H, X)) containing the
adapted processes.

Concerning the regularity of the stochastic integral, the following observation
is obtained from Theorem 2.7 and (2.3.4). Let & € L%, (£2;~(0,T; H, X)), then
for all a € [0, %) and Ty € (0,77

HSH/OSgb(u)dWH(u)‘

= sup [|Pl|rr(@iy04m,x) +  sup  (t—s)"|P
0<t<Ty 0<s<t<T,

C([0,To];LP (£2;X))

(s, L2 (235,51, ))

<Pl Lr (20,10, x)) + To sup |Ju = (¢ —u)”“@(u)l|Le (25 (0,6:1,%))
0<t<T,

<(T*+1) sup |jur (t—u)"“P(u)| Lr(2y(0,:H,%))
0<t<Ty
(2.4.6)
with implied constant independent of @ and Tj.

2.4.3 Properties of the stochastic integral

The following stochastic Fubini theorem is based on [104, Theorem 3.5]. To
prove it, we in fact make use of the extended version of Theorem 2.7 presented
in Section 3.4, i.e., Theorem 3.29. This allows us to deal with the stochastic
integral in L!(S, X), where X is a UMD space.

Lemma 2.9. Let (S,.,u) be a o-finite measure space and let X be a UMD
Banach space. Let & : S x [0,t] x 2 — L (H,X) and for s € S define @5 :
[0,t] x 2 - Z(H,X) by P5(u,w) = D(s,u,w). Assume that for all s € S
the section @4 is H-strongly measurable and adapted and that the following is
satisfied:

(i) For almost all u € [0,t] and almost all w € §2 one has D(-,u,w)h € L(S; X)
for all h € H and the operator fsédu : H — X defined by fséduh =
Js Phdp is in £(H,X);
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(i) The process u +— fs D(s,u) du(s) represents an element of ¥(0,¢; H, X) a.s
(iii) The function s — ®; represents an element of L*(S;~(0,t; H, X)) a.s

Then the function s +— fot D(s,u) AWy (u) belongs to L1 (S; X) a.s. and

t t
// SﬁdWHd,u:/ /@dﬂdWH a.s. (247)
S J0 0 JS

Proof. Due to condition (iii) and the Fubini isomorphism (2.3.3) one has that
@ represents an element of v(0,¢; H, L'(S; X)) a.s. As @ is assumed to be H-
strongly measurable we may assume H and X to be separable by Remark 2.8
(ii). This implies that ®*z* is strongly measurable for all * € X* by Pettis’s
measurability theorem, and that @%z* is adapted for all 2* € X* all s € S.

Moreover, because @ represents an element of v(0,t; H, L*(S; X)) a.s., by
Theorem 3.29 and Corollary 3.21 the process ¥ : [0,t] x 2 — Z(H,L'(S; X))
defined by

U(u,w)(s) := P(s,u,w)

is stochastically integrable, and by arguments similar to those in the proof of [104,
Theorem 3.5] it follows that

/Ot &(s,u) dWg(u) = (/Ot U (u) dWH(u))(s) a.s. for almost all s € S.

This proves that the integral with respect to p on the left-hand side of (2.4.7) is
well-defined.

Condition (i) implies that the process in condition (ii) is well-defined, and this
condition in combination with Theorem 2.7 implies that the stochastic integral
on the right-hand side of (2.4.7) is well-defined.

Fix z* € X*, then ¢*z* : S x [0,t] x 2 — H satisfies conditions (i)-(iii)
of [104, T heorem 3.5] and hence by that theorem we have:

//@*x*dWHdu //@*a:*dudWH a.s.

Although the null-set on which the above fails may depend on z*, this suffices
due to the fact that X* is weak*-separable. Note that in [104, Theorem 3.5] it is
assumed that &, is progressive. In fact, it suffices to assume that @, is adapted,
see [130]. O

As in the case of the Bochner integral, a closed operator can be taken out of a
stochastic integral.

Lemma 2.10. let X be a UMD Banach space and let A : D(A) C X — X be
a closed, densely defined operator. Suppose ® € L% (£2,~(0,T; H, X)) and that
one has @(s)h € D(A) for all s € (0,t) and all h € H a.s., where the null sets
are independent of h. Suppose moreover that A® € L% (£2,7(0,T; H, X)). Then

fotdeWH € D(A) a.s. and
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t t
A/ DdW g :/ APdWy  a.s.
0 0

Proof. Define random variables n := fot @ dWpy and ¢ := fg A®d dW g and observe
that by implication (iii) = (ii) in Theorem 2.7, one has that for all 2* € X*:

(n,x*>:/0 &*(s)x* dWg(s) a.s.,

(C,z") = /O (AD(s))*z* dWr(s) as.

In particular for * € D(A*) one has (Ad(s))*z* = P*(s)A*z*, and thus for
such z* one has:

<(’r]’ C)v (—AJ?*,JL‘*» = <777 _A*‘T*> + <C7‘T*> =0 a.s. (248)

Note that the null-set on which the equation above fails to hold may depend
on z*. However, as ¢ and A® are assumed to be H-strongly measurable and in
~v(0,t; H, X) a.s. we may assume X to be separable by Remark 2.8 (ii). Hence
(X x X)/9r(A) is separable, where ¥r(A) is the graph of A, and thus by Hahn-
Banach there exists a countable subset of (X x X)/¥4r(A))* = 9r(A)* that
separates the points of (X x X)/¥r(A).

Moreover, one checks that if (27, 23) € ¥r(A)* then x5 € D(A*) and 2} =
—A*x3. Thus there exists a sequence (—Ax,x¥),en that separates points in
(X x X)/9r(A). As equation (2.4.8) holds for arbitrary z* € D(A*), it holds
simultaneously for all 2%, on a set of measure one. Therefore (1, () € ¥r(A), i.e.,
n € D(A) and An = ( a.s. d

2.5 Randomized boundedness

Throughout this section let X and Y denote Banach spaces. Let (7x)x>1 denote
a sequence of real-valued independent standard Gaussian random variables. A
family of operators Z C Z(X,Y) is called v-bounded if there exists a constant
C > 0 such that for all finite choices Ry, ..., R, € Z and vectors x1,...,z, € X

we have
1

(3 mmn]})’ <(e] Soona )"
k=1 k=1

The least admissible constant C is called the y-bound of %, notation y(Z).
When we want to emphasize the domain and range spaces we write y;x,y|(Z%).
Replacing the role of the Gaussian sequence by a Rademacher sequence we arrive
at the related notion of R-boundedness. Every R-bounded set is y-bounded, and
the converse holds if X has non-trivial cotype. We refer to [23,38,84,132] for
examples and more information y-boundedness and R-boundedness.

The following lemma is a direct consequence of the Kahane contraction prin-
ciple:
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Lemma 2.11. If Z C Z(X,Y) is y-bounded and M > 0 then M% = {aR :
a € [-M,M],R € B} is y-bounded with vix y|(MZ) < M~yx y|(Z).

The following two results are useful for determining y-bounded sets, they
are variations on results of Kunstman and Weis, see [132, Proposition 2.5]
and [84, Corollary 2.14]. Roughly speaking, the first proposition follows by
writing out the definition and the second follows from the observation that
(%) = ’y(absco(%)s), where absco(%)s denotes the closure in the strong oper-
ator topology of the absolute convex hull of Z.

Proposition 2.12. Let ¢ : (0,T) — Z(X,Y) be such that for all x € X the
function t — &(t)x is continuously differentiable. Suppose there exists a g €
LY(0,T) such that for almost all t € [0,T] and all x € X we have:

12" (t)z]ly < g(t)l|]x-
Then the set F = {P(t) : t € (0,T)} is y-bounded in L (X,Y) and
Nx ) (F) <20+l 2 x,v) + llgller,

where part of the assertion is that @(0+) = limy|o P(t) exists in the strong oper-
ator topology.

Proposition 2.13. Let (S,., 1) be a o-finite measure space and let % C
Z(X,Y) be v-bounded. Suppose ® : S — L (X,Y) is such that Px is strongly
measurable for all v € X and ®(s) € Z for almost all s € S. For f € L*(S)
define T]? e Z(X,)Y) by

TPx = / fdy, r e X.
S

Then ’y[Xy]({T]‘? c fell(9)) < Vx,y)(Z)-

The following y-multiplier result, due to Kalton and Weis [77] (see also [102]),
establishes a relation between stochastic integrability and y-boundedness.

Theorem 2.14 (y-Multiplier theorem). Suppose M : (0,T) — £ (X,Y) isa
strongly measurable function (in the sense that t — M (t)x is strongly measurable
for every x € X ) with v-bounded range A4 = {M(t) : t € (0,T)}. Then for every
finite rank simple function @ : (0,T) — v(H, X) we have that M® represents an
element of 70(0,T; H,Y') and

”MQjH%o(O,T;H,Y) < '7(///) H¢||'Y(O,T;H,X)-
As a result, the map M : & M® has a unique extension to a bounded operator
M : Y0, T; H, X) = 70(0,T; H,Y)

of norm || M < y(.40).
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In view of Theorem 2.7, Theorem 2.14 implies that if X and Y are uMD
spaces, then for all & € L% (£2;~7(0,T; H,X)), p € (1,00), the function M9 :
(0,T) x 2 — ZL(H,Y) is LP-stochastically integrable and

S Yx vy (A) H /OT@dWH‘

T
H / Mo dWH’ <
0 Lr(02;Y)

Lr(2:X)
Here we use that if Y is a UMD Banach space, then Y does not contain a subspace
isomorphic to ¢g and hence Vo (0,T; H,Y) = v(0,T; H,Y). If we wish to apply
the multiplier theorem to stochastic integrals in general Banach spaces, then we
have to check that M® € ~(0,T; H,Y).

The y-multiplier theorem will frequently by applied in conjunction with the
following basic result due to Kaiser and Weis [73, Corollary 3.6]:

Theorem 2.15. Let X be a Banach space with non-trivial cotype. Define, for
every h € H, the operator Uy, : X — v(H,X) by

Upr:=h®z, x¢elX.
Then the family {Up : ||h|| < 1} is y-bounded.

2.6 Analytic semigroups

Throughout this section X denotes a Banach space. Recall that a Cy-semigroup
on X is a family of operators (S;):>o such that S(0) = I, S(t+ s) = S(¢)S(s)
for t,s > 0, and ¢ — S(t) is strongly continuous.

For § € [0,7] we define X5 := {z € C\ {0} : |arg(z)| < ¢}. We recall the
definition of an analytic Cp-semigroup [114, Chapter 2.5]:

Definition 2.16. Let 6 € (0, ). A Cop-semigroup (S(t));>0 on X is called ana-
lytic in Xy if

(i) S extends to an analytic function S : X5 — Z(X);

(ii) S(z1 + 22) = S(#1)S(22) for 21,22 € Xs;
(iil) lim,—0.2e 3, S(2)z =z for all z € X.

Typical examples of operators generating analytic Cy-semigroups are second-
order elliptic operators. The theorem below is obtained from [114, Theorem

2.5.2] by straightforward adaptations and gives some useful characterizations of
analytic Cy-semigroups.

Theorem 2.17. Let (S(t))i>0 be a Cy-semigroup on X. Let w € R be such that
(e7“tS(t))i>0 is exponentially stable. Let A be the generator of S. The following
statements are equivalent:

(i) S is an analytic Cy-semigroup on L5 for some § € (0, %) and for every §' <6
there exists a constant C1 s such that ||e”“*S(z)|| < Ci,6 for all z € Xy
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(ii) There exists a 6 € (0, 5) such that w+ Xz 19 C 0(A), and for every 0’ € (0,0)
there exists a constant Co g > 0 such that:

A —wl|[RA: A)|| < Copr, forall N €w+ Xz o

(1ii) S is differentiable (in the uniform operator topology) for t > 0, %S = AS,
and there exists a constant C3 such that:

tIAS@)| < Cse*t,  for all t > 0.

This theorem justifies the following definition:

Definition 2.18. Let A be the generator of an analytic Cp-semigroup on X.
We say that A is of type (w,6,K), where w € R, § € (0,%) and K > 0, if
wH Yz 19 C 0(A), (e7¥*S(t))i>0 is exponentially stable, and

A —w[|[R\: A)||gx) <K forall A € w+ Yz .

Remark 2.19. Tt follows from the aforementioned proof in [114] that the constants
0,Ch,505 0" € (0,6), Cag; 0" € (0,0), and C5 in Theorem 2.17 can be expressed

explicitly in terms of w, 0, and K for example we may take C3 = —*—.

Note that if A is the generator of an analytic Cy semigroup of type (w, 8, K)
then for all X € w(1 4 2(cos#) ") + Xz ¢ one has (noting that the choice of A
implies |A| > 2|w| and hence |A — w| > [|A| = [w|| = §|A|):

JAR(A : A)| 2(x) = [[AR(A: A) — I|| <1+ 2K. (2.6.1)

If A is the generator of an analytic semigroup of type (w, 8, K) on X, then
for A € C such that Re(\) > w it is possible to define negative fractional powers
of A\I — A (see [114, Chapter 2.6]): for « € (0,1) and = € X we set:

1

O = A = 1

/ t= e MS () dt. (2.6.2)
0

Setting (A — A)° := I this allows us to define (A — A)~ for all a > 0. For
a > 0 the extrapolation space X fa denotes the closure of X under the norm
[z xa = [[(A\I = A)"%z|/x. One may check that regardless of the choice of A
the extrapolation spaces are uniquely determined up to isomorphisms.

The negative fractional powers of AI — A are injective. Therefore, it is possible
to define their (unbounded) inverse: for a > 0 we set (Al —A)® := [(\[—A)~*]~L.
By X2 we denote the fractional domain space: X2 := D((A — A)®) for a > 0.

We tend to write X,, instead of X2 if it is clear from the context that X, is
defined in terms of A.

For a, B € R one has (Al — A)*(A — A)? = (A — A)**P on X, where
~v = max{f, a+ 3} (see [114, Theorem 2.6.8]). Moreover, for a > 0 and A, pu € C,
Re(N), Re(u) > w, one has (AT — A)*(ul — A)~* € £Z(X) and:
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||()‘I_A)Q(MI_A)_Q||Z(X) < C(W’G’Ka/\’ﬂ)v

where C'(w, 8, K, A\, 1) denotes a constant depending only on w, 8, K, A, and p.

Statement (iii) in Theorem 2.17 can be extended; from the proof of [114,
Theorem 2.6.13] we obtain that for an analytic Cy-semigroup S of type (w, 0, K)
generated by A one has, for a > 0:

ISl (x,x.) < 2[z2p] e, (2.6.3)

7 cos 6

Another important property of analytic semigroups (see again [114, Theorem
2.6.13]) is that for every T > 0 there exists a constant C' depending only on
(w, 8, K) such that for all &« > 0 one has:

1S(t) = I|l 2(x..x) < Ct*";  forall t € (0, 7). (2.6.4)

The following interpolation result holds for the fractional domain spaces (see
[114, Theorem 2.6.10]):

Theorem 2.20. Let A be the generator of an analytic Cy-semigroup on X of
type (w,0,K). Let o € (0,1) and X\ € C such that Ze(\) > w. Then for every
x € D(A) we have:

IA = A)*z]| <201+ K)|l]|'=* (M — A)z||.

For more properties of X,, a € R, we refer to [114, Section 2.6].

2.6.1 A ~-boundedness result for analytic semigroups

The following v-boundedness result for analytic semigroups is essential for prov-
ing the existence of a solution to an X-valued stochastic differential equation, as
well as for proving convergence of time discretizations.

Lemma 2.21. Let A generate an analytic Cy-semigroup S and let T > 0.

(1) For all0 < a < 3 and t € (0,T) the set S5, = {s°S(s) : s € [0,t]} is
~v-bounded in £ (X, X,) and we have

W[X,Xa](yﬁ,t) S.; tﬁ—a7 te (OvT)v

with implied constant independent of t € (0,T).

(2) For all0 < a <1 and t € (0,T) the set ./ = S = {5(s) : s €[0,t]} is
~v-bounded in £ (X, X) and we have

V[XQ,X] (’%) fs taa te (OvT)7

with implied constant independent of t € (0,T).
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(3) For all0 < o« < 1 and t € (0,T) the set F = {S(s) —1: s € [0,t]} is
~v-bounded in £ (X, X) and we have

W[XQ,X](%) Staa te (OvT)v
with implied constant independent of t € [0,T].

Let us emphasize that the constants in Lemma 2.21 may depend on the final
time T": all we are asserting is that, given T', the constants are independent of
t € [0,T]. Also, as the semigroup S commutes with the fractional powers of A,
for any # € R and 0 < o < 3 we have, from Lemma 2.21 (1):

VXo Xoral (FB.0) = Vx,x01 (LB.0)-
Analogous statements hold for parts (2) and (3) of Lemma 2.21.

Proof (of Lemma 2.21). For the proof of (1) we refer to [40] or [101, Lemma
10.17]. The proof of (2) is obtained similarly, both proofs are based on Proposi-
tion 2.12.

To prove (3) it will be shown that for any fixed and large enough w € R the
set

T =1 S(s) = I : s€[0,t]}

is y-bounded in .Z(X,, X) with v-bound < ¢. From this we deduce that {S(s) :
s € [0,%]} is y-bounded in .£ (X4, X) with y-bound < 1. In view of the identity

S(s)—I=(eS(s) —I)+ (1 —e""%)S(s)

and noting that 1 — e~"* < s, this will prove the assertion of the lemma.
Forallz € X and 0 < s <'t,

e S(s)x —x = /OS e (A —w)S(r)xdr.

By (2.6.3) and Proposition 2.12 the set 7", is y-bounded in £ (X,, X) and
YTm) < [ s N ds <t O

O(,t ~ JO
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3

Decoupling

In this chapter, which is based on [29], we study a decoupling inequality for X-
valued tangent sequences, where X is a (quasi-)Banach space (see Section 3.1).
Our motivation lies in the role this inequality plays in the development of theory
for stochastic integration in Banach spaces [96], [108]; we shall elaborate on this
below. However, the decoupling inequality has attracted attention in its own
right, see [36], [88] and references therein. Let us begin with a formal definition
of the decoupling inequality.

Let X be a (quasi-)Banach space. Let (£2,(%,)n>1,9,P) be a complete
probability space and let (dy),>1 be an (%,),>1-adapted sequence of X-valued
random variables. We adopt the convention that %y = {2,2}. Set Fo =
o(F, :n > 1). A F-decoupled tangent sequence of (d)n>1 is a sequence
(én)n>1 of X-valued random variables on ({2, o7, P) satisfying two properties.
Firstly, we assume that for any B € #(X) (the Borel-measurable sets of X) we
have:

P(d,, € B| Fp-1) =P(e, € B| Z),

and secondly we assume that (e, ),>1 1S Foo-conditionally independent, i.e., for
every n > 1 and every By, ..., B, € Z(X) we have:

P(ey € By, ... en € Bu| Foc) =Pler € By | Fo) ... Plen € By | Fuo).

Here P(C | %#,—1) = E(1¢ | Fn-1) if C € /. We wish to emphasize that the
definition of a decoupled tangent sequence depends on a filtration and on a
sequence adapted to that filtration. However, in what follows we shall omit the
reference to the o-algebra if it is clear from the context.

Kwapienn and Woyczynski introduced the concept of decoupled tangent se-
quences in [87]. For details on the subject we refer to the monographs [36, 88]
and the references therein. It is shown there that given a sequence (d,)n>1 of
(F1n)n>1-adapted random variables on ({2, o7, P) one can, by an extension of the
probability space, construct a decoupled tangent sequence of (dy,)n>1. One eas-
ily checks that any two .Z..-decoupled tangent sequences of a (%,,),>1-adapted
sequence (dy,)n>1 share the same law.
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We recall the following basic example (see also Lemma 3.10 below; and [88,
Section 4.3] and [36, Chapter 6] where many more examples can be found).

Example 3.1. Let d,, = &,v,,, where (&,)n>1 is a sequence of independent ran-
dom variables with values in R and (v,,)n>1 is an X-valued (%,,),>o-predictable
sequence; .7, := o(&y,...,&,) for n > 1 and % = {2, @}. Let (£,)n>1 be an
independent copy of (£,)n>1, then a decoupled tangent sequence of d,, is given
by e, = gnvn forn > 1.

Let (£,)n>1 be a sequence (of X-valued random variables). The difference se-
quence of (&n)n>1 is the sequence (&, — &n—1)n>1, With the understanding that
S = 0.

Definition 3.2. Let X be a (quasi-)Banach space and let p € (0,00). We say
that the decoupling inequality holds in X for p if there exists a constant D,, such
that for all complete probability spaces ({2, <7, (% )n>1,P) and every X-valued
(Fn)n>1-adapted LP-sequence f (ie., f = (fu)n>1 € LP (12, X)):

[ fnllp < Dpllgnllp, (3.0.1)

for every n > 1, where ¢ is a sequence whose difference sequence is an .-
decoupled tangent sequence of the difference sequence of f. The least constant
D,, for which (3.0.1) holds is denoted by D,(X).

We will refer to a sequence g = (g, )n>1 whose difference sequence is a Foo-
decoupled tangent sequence of the difference sequence of f, where f is adapted
to (Fn)n>1, 88 @ Foo-decoupled sum sequence of f. As before, we omit the
reference to the o-algebra if it is obvious. Note that inequality (3.0.1) holds for
all .Z.-decoupled sum sequences of f if it holds for some .Z.,-decoupled sum
sequence of f as they are identical in law.

A natural question to ask is whether a (quasi-)Banach space X that satisfies
the decoupling inequality for some p € (0,00), automatically satisfies it for all
q € (0,00). In [30] it was shown that if the decoupling inequality is satisfied in a
Banach space X for some p € [1,00), then it is satisfied for all ¢ € (p,00). This
also follows from results presented in [49], see Remark 3.13. One of the main
results of this chapter is that the decoupling inequality is in fact satisfied for all
q € (0,00) if it is satisfied for some p € (0,00), see Theorem 3.16 in Section 3.3.
As a result of that Theorem 3.16 we may speak of a (quasi-)Banach space X
for which the decoupling inequality holds, meaning a space for which it holds for
some, and hence all, p € (0, 00).

A necessary condition for a Banach space to satisfy the decoupling inequality
is that X has finite cotype. This has been proven in [48, Theorem 2], see also [30,
Example 3|, by proving that c¢g does not satisfy the decoupling inequality and
then appealing to the Maurey-Pisier theorem. In fact, by Lemma 3.20 below
the decoupling property is local: if a Banach space X satisfies the decoupling
inequality for some p € (0, 00) and Banach space Y is finitely representable in X
then Y satisfies the decoupling inequality for p, and D, (Y) < D,(X). Moreover,
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it was demonstrated in [30] that D,(LP(S;Y")) = D,(Y) whenever Y is a Banach
space satisfying the decoupling inequality for some p € [1,00). In Section 3.3 we
show that this extends to p € (0, 00), thus the LP-spaces with p € (0, 00) satisfy
the decoupling inequality. This indicates that quasi-Banach spaces are a natural
setting in which to study the decoupling inequality.

Although we refer to inequality (3.0.1) as the decoupling inequality, various
other types of decoupling inequalities have been studied. Below we shall elaborate
on some related inequalities and results, in particular we will shall consider the
(randomized) UMD inequality.

Remark 8.8. In situations where only the laws of (dy,),>1 and its decoupled tan-
gent sequence (e, )n>1 are relevant, as is the case in Definition 3.2, it suffices to
consider the probability space ([0, 1], 2(]0, 1)), Ay) where Ay is the Lebesgue
product measure. This has been demonstrated in [99], where it also has been
shown that one may assume the sequences (dy)n,>1 and (ep)n>1 to have a cer-
tain structure on that probability space, which is useful when trying to gain
insight in the properties of decoupled sequences. However, the details are rather
technical, so we will stick to the definition involving arbitrary probability spaces.

Other decoupling inequalities

Hitczenko [63] and McConnell [96] have independently proven that X is a UMD
Banach space if and only if for all (for some) 1 < p < oo there exist constants
Cp and D), such that one has:

Cy  gnlly < 1fallp < Dyllgallp, (3.0.2)

for all n > 1 and all X-valued LP-martingales f adapted to some filtration
(Fn)n>1, and any g that is a decoupled sum sequence of f. The least constants for
which (3.0.2) holds are denoted by Cy,(X) and D,(X). From the proofs in [63,96]
it follows that max{C,(X), D,(X)} < 8,(X) where 3,(X) is the UMD constant
of X.

The second inequality in (3.0.2) corresponds to the decoupling inequality
(3.0.1) for p € (1,00), the only difference being that f in (3.0.2) is assumed to
be a (%, )n>1-martingale. It follows from Lemma 3.15 below that this difference
is artificial. For this we use that every (%,),>1-adapted sequence (fp)p>1 in
LP (£, X) with p € [1,00) such that f, — fn—1 is %, _1-conditionally symmetric
is a martingale difference sequence. The reason we choose not to work with
martingale difference sequences is that they are not well-defined for p < 1.

The inequalities (3.0.2) allow for a way to ‘split’ the UMD property into two
weaker properties. The aforementioned randomized UMD spaces, which were in-
troduced in [48], are obtained by ‘splitting’ the UMD property in a different way,
leading to the following inequalities:

|, < Sl = 5] 3
k=1 k=1 k=1

n>1

: , (3.0.3)

P
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where (dj)k>1 is an X-valued martingale difference sequence, (rx)x>1 is a Rade-
macher sequence independent of (dy)x>1, and 3, , ﬁ;r are constants independent
of (di)k>1 and n. It is an open question whether there exists a Banach space X
that fails to be a UMD space but for which the first inequality in (3.0.3) holds
for all X-valued martingale difference sequence. However, it was demonstrated
in [50] that for p fixed there fails to exist a constant ¢ such that 3,(X) < cC,(X)
for all Banach spaces X.

Note that the inequalities (3.0.3) coincide with the inequalities (3.0.2) if one
considers only those f which are adapted to the dyadic filtration (Paley-Walsh
martingales). However, in general the inequalities are different. For X = R the
constant in (3.0.1) is bounded as p — oo (see (3.0.4) below). However, the optimal
constant for the second inequality in (3.0.3) is €(\/p) as p — oo. Indeed, by the
Khintchine inequalities there is a constant C' such that

[ <6 @)
k=1 k=1

Since the best constant in the above square function inequality is p — 1 if p > 2
(see [18, Theorem 3.3]) we deduce that C'\/p3, (R) > p — 1 and therefore the
above claim follows. Furthermore, there is an example in [48] showing that there
exist Banach lattices with finite cotype that do not satisfy (3.0.3). However, the
martingales constructed to prove this are not Paley-Walsh martingales, which
means there is hope that all Banach lattices with finite cotype satisfy the decou-
pling inequality (3.0.1).

The monographs [36] and [117] and the references therein provide a good
overview of the various decoupling inequalities that have been studied. For the
case that X = R the decoupling inequality (3.0.1) has been studied among
others by De la Penia, Giné, Hitczenko and Montgomery-Smith, see [36, Chapter
6 and 7], [65] and [66]. Another important decoupling inequality that is studied
in [36, Chapters 3-5] has been proven to hold in all Banach spaces [37], whereas it
has been demonstrated by Kalton [76] that it fails in some quasi-Banach spaces.

<ovis (L)’
k=1

p

Decoupling and vector-valued stochastic integrals

Our main motivation for studying the decoupling inequality is its role in the def-
inition of vector-valued stochastic integrals. To be precise, decoupling is used to
derive Burkholder-Davis-Gundy type inequalities, i.e., the inequalities of equa-
tion (2.4.5) in Theorem 2.7 on page 21, see also equations (3.4.2) and (3.4.3)
below. This not a novel idea: in [47] Burkholder-Davis-Gundy type inequalities
are obtained from the randomized UMD inequalities (3.0.3). However, the ap-
proach in [47] requires the stochastic process in the integrand to be adapted to
the filtration generated by the Brownian motion, which we do not wish to assume.
A decoupling argument based on the UMD inequality is given in [108], which is
the source of Theorem 2.7. As mentioned in Remark 2.8, the approach in [108]
does not give Burkholder-Davis-Gundy type inequalities for p* moments when
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p € (0,1]. In Section 3.4 we present yet another decoupling argument which does
give Burkholder-Davis-Gundy type inequalities for p** moments when p € (0, 1]
in UMD spaces. This argument is based on the equivalence of the UMD property
and the two-sided decoupling inequality of equation (3.0.2).

The argument by which the two-sided Burkholder-Davis-Gundy inequality
is obtained from (3.0.2) can be used to obtain the second estimate of the
Burkholder-Davis-Gundy inequality for Banach spaces satisfying the one-sided
decoupling inequality (3.0.1). This is also demonstrated in Section 3.4. This one-
sided Burkholder-Davis-Gundy inequality suffices in order to define the stochas-
tic integral of vector-valued processes.

The role of decoupling inequalities in the definition of vector-valued stochastic
integrals is not limited to integrals with respect to the Brownian motion: in
recent work by Dirksen, Maas and van Neerven decoupling inequalities are used
to define stochastic integrals with respect to a Poisson random measure, see [42].

Best constants in the decoupling inequality

The behavior of the decoupling constant D, (X) in (3.0.1) is of interest as it can
be used to obtain the right (optimal) behavior of the constants in inequalities
such as the Burkholder-Davis-Gundy inequality and the Rosenthal inequality for
martingale difference sequences as p tends to oo (see [36, Theorem 7.3.2]). In [65]
Hitczenko proves the remarkable result that if X = R then there is a universal
constant Dg such that (3.0.1) holds for all p € [1, 00] with D, = Dg, i.e.

Dg := sup D,(R) < oo, (3.0.4)

pE[1,00]

see also [36, Chapter 7]. In [66] the existence of a universal constant in (3.0.1)
has been proven with the LP-norms replaced by a large class of Orlicz norms
and rearrangement invariant norms on (2. The traditional approach to proving
such extrapolation results is by methods as introduced in [20]. In [49], such
extrapolation results have been stated in a BMO-framework with which one
obtains estimates in a more general setting (see also Remark 3.13).

We will show that if H is a Hilbert space, then sup,c(; o) Dp(H) < Dg,
where Dg is defined as in equation (3.0.4) (see Corollary 3.24). It remains an
open problem whether the constant D in (3.0.1) can be taken independently of
p in the general case that X is a (quasi-)Banach space.

3.1 Random sequences in quasi-Banach spaces

As explained above we consider decoupling inequalities in the setting of quasi-
Banach spaces. The definition of a quasi-Banach space is identical to that of a
Banach space, except that the triangle inequality is replaced by

[z +yll < Ozl + [yl
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for all z,y € X, where C' is some constant independent of x and y. We shall
only need some basic results on such spaces, and we refer the reader to [75] and
references therein for general theory and more advanced results.

Definition 3.4. Let X be a quasi-Banach space. We say that X is an r-normable
quasi-Banach space for some 0 < r < 1 if there exists a constant C' > 0 such
that

n r n
| a|| <edlmir
=1 j=1

for any sequence (z;)7_; C X.

The space LP(0,1) with p € (0,1) is an example of a p-normable quasi-Banach
space. In fact, by the Aoki-Rolewicz Theorem [4], [124], any quasi-Banach space
X may be equivalently re-normed so it is r-normable for some r € (0,1], with
C = 1. It easily follows that every quasi-Banach space is a (not necessarily locally
convex) F-space. Whenever we speak of an r-normable quasi-Banach space X
in this chapter, we implicitly assume C = 1. Observe that if X is a r-normable
quasi-Banach space and x,y € X then

Hzl™ =Nyl < [lz = yl", (3.1.1)

and hence the map x — ||z|| is continuous and therefore Borel measurable.

Recall that an X-valued random variable is a Borel measurable mapping from
£2 into X with separable range (see [128, Section I.1.4]). We say that an X-valued
random variable & on the probability space ({2, 27, P) with 4 C &/ a o-algebra is
& -conditionally symmetric if for all B € #(X) one has P(§{ € B|¥9) =P(-¢ €
B|¥). We sometimes omit the o-algebra if it is obvious from the context.

Also recall the following notation: if ({;);cs is a set of X-valued random vari-
ables indexed by an ordered set I, then (i = sup,; [|(j| and ¢* = sup,¢/ [|¢]-

Let (£2,<7,P) be a complete probability space. We recall some probabilistic
lemmas to be used later on. Since we need them in the quasi-Banach setting, we
provide the short proofs which might be well-known to experts. The following
version of Lévy’s inequality holds in quasi-Banach spaces:

Lemma 3.5. Let X be an r-normable quasi-Banach space. Let ¢ C o be a
sub-o-algebra. Let (£,)7_, be a sequence of &-conditionally independent and 4 -
conditionally symmetric X -valued random variables. Then for allt > 0 one has:

>¢] > 1]4) <2(| o > 2] )
j=1 j=1

]P’( max
k_

=1,...,n

and

P, 1> 0[9) < 2(| 36 ] > 2 ]9).
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Let & = (&1,...,&,). For the proof note that there is a regular version u :
2x B(X™) —[0,1] of P(¢ € -|¥), with the following properties: for all w € §2,
wu(w, ) is a probability measure on (X™, Z(X")) and for all B € #(X™) one has
pu(-,B) =P € B|¥) as. (see [74, Theorems 6.3 and 6.4]). Moreover, for any
Borel function ¢ : X™ — R one has:

o(z) p(w, dx) = E(p(€) | 9)(w), for almost all w € £2,
X'n,

whenever the latter exists. For the existence of the regular version note that X"
is a separable complete metric space; §; is separably valued for each 1 < j <n
and the metric is given by d(z,y) = ||l — y||". The regular version p of the
conditional probability can be used to reduce the proof of the lemma to the case
without conditional probabilities. Indeed, let £ = (g});;l : X" — X" be given
by £(z) = 2. Then one can argue with the random variable £ and probability
measure p(w, ) on X™ with w € {2 fixed. We use this method below.

Proof. We only give a proof for the first statement, which is a modification of
the proof given both in [36, Theorem 1.1.1] and in [88, Proposition 1.1.1]. These
monographs also provide a proof of the second statement which is very similar
to that of the first.

As explained before the lemma we can leave out the conditional probabilities.
For k=1,...,n define S, = 25 & and

A ={|ISjl| <tforall j=1,....k—1;||Sk| > t}.

Note that the sets Ag, k = 1,...,n, are mutually disjoint. Define Sff) =5, —
k+1 — ... — &y. Observe that by symmetry and independence of the random
variables (£)7_, the random variables S, and Sflk) have the same conditional
distribution with respect to o ( Ule &;). Hence

P(Ae N {[1Sall > 2" 71}) = P(Ae N {[ISP] > 2= 7¢}).
On the other hand, because for any z,y € X one has
]| < 27 ' max{[lx + yll, [l= — v},
on the set Ay, one has t < ||Sg|| < 2+~ max{||S,|, ||Sy(lk)||} and thus
A = (Ap N {18l > 2778 U (A N {ISP] > 21771},

Therefore

P(S; > 1) = 3 B(A) <23 PN {5, > 21 He)
k=1 k=1

= 2P( | A O {1l > 217 74}) < 2P(|ISul| > 2177 1).
k=1
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As a consequence we obtain the following peculiar result which we need twice
below. It is a “toy”-version of the Kahane contraction principle.

Corollary 3.6. Assume the conditions of Lemma 3.5 hold. Let (v;)7_; be a
{0, 1}-valued sequence of random wvariables such that (v;&;)7_; is again &-
conditionally independent and 4 -conditionally symmetric. Then for all t > 0

one has: " .
P we] > 1|e) <22(| X
j=1 j=1

Nigel Kalton kindly showed us how to obtain a Kahane contraction principle
for tail probabilities for r-normable quasi-Banach space. However, the standard
convexity proof for r = 1 (cf. [88, Corollary 1.2.]) does not extend to the case
r < 1, and the constants are more complicated. Since we do not need the more
general version we only consider the situation of Corollary 3.6.

> 21*%t‘%).

Proof. As in Lemma 3.5, using a regular conditional probability for the X?2"-
valued random variable ((v;&;)7—,, (§;)7=,), one can reduce to the case without
conditional probabilities.

Let (rx)r>1 be a Rademacher sequence on an independent complete probabil-
ity space, where E,. and P,. denote the the expectation and probability measure
with respect to the Rademacher sequence. We obtain:

- @
P(H Z”J‘@H N t) = EEly s, rjugl>0
=1

5. (|-
j=1

(ii)
< 2EIP’T(

iz

(iid) - 1

an(] 32
j=1

where 1 denotes the indicator function. In (i) and (iii) we used the independence

and symmetry of (v;£;)7_; and of (§;)7_;. In (ii) we applied Lemma 3.6 to the

random variables (r;v;(w)§;(w))j—; where w € 2 is fixed and we used that
v; € {0,1}. O
Recall that for a,b > 0 and p > 1 one has:
a? + b < (a+b)P <2071 (aP 4 bP),

the latter inequality following by convexity. For 0 < p < 1 the reversed inequal-
ities hold, hence by defining

l,=2"7v1 and w,:=2""'V1, pe(0,00), (3.1.2)
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we obtain the following general statement for p € (0,00) and a,b > 0:
LN (aP +bP) < (a+b)P < up(a? + bP). (3.1.3)
Note that 2'"Pu, = [,,. A tiny yet useful Lemma:

Lemma 3.7. Let X be an r-normable quasi-Banach space and let 9 C o/ be
a sub-c-algebra. Let & and  be &-conditionally independent X -valued random
variables. If ¢ is 4 -conditionally symmetric, then for all p € (0,00) one has:

E[I¢” |4] < 2'Puy, BlI€ +CIIP|9],
where uy, . is as defined in (3.1.2).

Proof. As in Lemma 3.5 it suffices to prove the estimate without conditional
expectations.

Because £ and ( are independent and ¢ is symmetric, £ + ¢ and £ — { are
identically distributed. By (3.1.3) one has:

P
™

E[l§[” < 27PE([|€ + ¢[|" + 1€ — <)
< 2_pup/7"E(||€ + Cllp + ||§ - C”p) = 21_pup/rE||£ + C”p'

O

From [89, p. 161] we adapt to the quasi-Banach space setting a reverse Kol-
mogorov inequality:

Lemma 3.8. Let X be an r-normable quasi-Banach space and let p € (0,00).
Let (&)}_, be a sequence of 4-conditionally independent and 9 -conditionally
symmetric X -valued random variables. Then for all t > 0 one has:

b . P+ E(€"P|9)
P(kgll,a..).{,n ZQH > t‘g) > op—1 [up/2r _ (] Z?:l P9 |

j=1
In particular, if 7 = 1 this corresponds to the result as stated in [89, p. 161].

Proof. As in the last two lemmas it suffices to consider the situation without
conditioning. Set Sy = Z§=1 & (k=1,...,n), So =0, and define the stopping
time

7 :=1inf{k : || Sk| > t}.
On the set {7 = k} one has, by applying (3.1.3) twice:

1S l” < wpr (e [ Sk—a 1”4+ 1€-I1PT + [[Sn — Sk [?)
< upyr (Upye [t + (65)P1 + S0 = SklP)-
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Hence

E|SalP < "P(S5 < 1)+ Y / 1S, PP
k=17 17=k}

<SPS <)+ Y / (o [£7 + (€2)7] + S0 — Si||P)dP.
k=1 {r=k}

Because S,, — Sy is independent of {7 = k} and Y ,_, P(r = k) = P(S} > t) the
above can be estimated by:

E[|Sull? < t"P(Sy, < t) + ), [tPP(Sy > ) + E(€)7]
+ 1y sup E|S, — Sk|[PP(S;, > t).
1<k<n

By Lemma 3.7 we have E||S,, — Si||P < 2'"Pu,,/, E|[|S, [P and thus, observing that
Up/r > ]-7

E[[Sall” < w2, [t7 + E(€) + 2 PE| S, [PB(S; > 1)),
from which the desired estimate follows. O

The next lemma relates the distribution of e* and d* if (e,,)n>1 is a decoupled
tangent sequence of (d,)n>1 (see [64, Lemma 1] or [88, Theorem 5.2.1]):

Lemma 3.9. Let X be an r-normable quasi-Banach space and let (e,)n>1 be a
decoupled tangent sequence of (dn)n>1. Then for each t > 0 one has:

P(e* > t) < 2P(d* > t) and P(d* > t) < 2P(e* > t).

(The proof requires no adaptation; if (e,)n>1 is a decoupled tangent sequence
of (dyn)n>1 then the sequence (|le,||)n>1 is a decoupled tangent sequence of
(Hdn”)nzl)

The following lemma is well-known to experts, but we could not find a refer-
ence.

Lemma 3.10. Let X be a complete separable metric space, and let (S,X) be a
measurable space. Suppose (dp)n>1 15 an (Fp)n>1-adapted X -valued sequence
and let (vp)n>1 be an (F,)n>o-predictable S-valued sequence. For n > 1 let
hp: X xS — X be a B(X)®X-measurable function. Then (hy(en, vn))n>1 05 a
decoupled tangent sequence of (hy(dy,vn))n>1 whenever (e,)n>1 is a decoupled
tangent sequence of (dp)n>1-

Moreover, if the function hy,, satisfies —hp(z,s) = hy(—z,s) for all x €
X,s € S for some n > 1, then hy,(dn,v,) is Fpn_1-conditionally symmetric
and hp(en, vy) is Foo-conditionally symmetric whenever d,, is.

Proof (of Lemma 8.10). Fix k > 1. Let uy, s : 2 x B(X) — [0,1] be regular
conditional probabilities for P(dy € -|.%k—1) and P(ey, € -|F). Note that
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Pley € -| Foo) =P(ex € - | Fr—1). Then by the fact that (e,),>1 is a decoupled
tangent sequence of d,, we have pj(w,:) = pa(w,-) for almost all w € (2. Let
dp(x) = x and é,(z) = z. Let B C X be a Borel set. Then by disintegration
(also see [74, Theorems 6.3 and 6.4]) for almost all w € (2 one has:

Pl (d, ) € B Fe)@) = [ Ly, 4,0 0oy 1)

= /X Lh, (24 (2) 0 (w))eB H2(w, dT)
= P(hi(er,vk) € B|Fp_1)(w).

The claim concerning the conditional symmetry of h,,(d,, v,) and h, (e, v,) can
be proven in a similar fashion.

Therefore, it remains to prove the conditional independence. Fix n > 1. Let
w2 x B(X™) — [0,1] be a regular conditional probability for (eg)7_;. Let € :
X" — X" be given by é(z) = x. Then for each w € {2, (é;)}_, are independent
random variables with respect to the probability measure with respect to u(w, -).
In this part of the argument we only require that v, is %..-measurable. By
disintegration one obtains that for all Borel sets By, ..., B, C X and almost all
w € {2 one has:

P(hi(e1,v1) € By, ..., hn(en,vn) € By | Foo)(w)

= I 1h@)on@men, wlw, dz)
X" k=1

Il
=

/ 11, (61 (2),0n ()€ By, w(w,dz) (by independence)
X’Vl

>
Il

1

I
=

P(hk(ek,vn) S Bk |§w)(w)

>
Il

1

3.2 Extrapolation lemmas

Throughout this section let X be a fixed r-normable quasi-Banach space, and
let (2, (Fn)n>1,4,P) be a fixed complete probability space. As usual we define
Foo = 0(F, : n > 1). Moreover, in this section and the next (dy,)n>1 and (e,)n>1
always denote the respective difference sequences of the sequences (f,,)n>1 and
(gn)nZL

Let A be the set of all (%,),>1-adapted uniformly bounded X-valued
sequences f = (fn)n>1 such that d,, is .%,_1-conditionally symmetric for all
n > 1 and for which there exists an N € N such that d,, = 0 for all n > N. We
define
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Do :={f € M : there exists a .F,-decoupled sum sequence g of f
on the space (£2,47,P)},

(It would be more precise to refer t0 Zos a8 oo (2, (Fn)n>1, <, P; X) but we
have assumed the space X and the probability space to be fixed throughout this
section.)

The operator T), : Do, — LO(£2, o7, R ) is defined as follows:

500 = ([ S| #2])

where (er)n>1 Is & Foo-decoupled tangent sequence of (dy,),>1 on (§2, <7, P). In
the next remark it is shown that T}, is well-defined.

Remark 8.11. Observe that although the sequence (ey),>1 is not uniquely defined
on (2, 47,P), its conditional distribution given %, is unique. Indeed, if (€)g>1
is another .#-decoupled tangent sequence for (dj)r>1 on (£2,</,P), then by
definition we have:

P(él € By,...,6, € Bn|9’oo) :]P)(dl € By |§0) : ]P)(dn S Bn|fn,1),

(3.2.1)
for all n > 1 and all Borel sets By,..., B, and the same holds with (é;)7_;
replaced by (ex)}_;. A monotone class argument implies that for all Borel func-
tions ¢ : X™ — Ry one has E[gp(eq,...,en) | Z] = E[p(E1,...,6n) | Fx)- In
particular, taking ¢(x1,...,2,) = || Sorey kap it follows that T),(f) is unique.
Moreover, from (3.2.1) with éj replaced by ex, k = 1,...,n, one also sees that
E[o(e1,...,en) | Foo] is Fp_1-measurable.

The following properties of T}, are well-known and easy to prove:

(i) Tp is local, i.e., T, f = 0 on the set (1,5 {E[[[dnl| | F—1] = 0}.

(ii) T, is monotone when r = 1, i.e., T,(f") < T,(f"*1) (see Lemma 3.7).
)
)

(iii) T, is predictable, i.e., T,(f") is #,_1-measurable (see Remark 3.11).
(iv) T, is quasilinear for all p € (0,00) and r € (0, 1], and sub-linear if p € [1,00)

and r = 1.

For f € P let T, (f) = sup,>; Tp(f") and || f]| := lim, . || fxl|, both of
which are well-defined by definition of Z.,. Observe that if g is a decoupled sum
sequence of f then |[T,(f)ll, = llgllp-

The first lemma we prove employs the well-known Burkholder stopping-time
technique (see for example [20], [17]). The assumption given by (3.2.2) below can
be interpreted as a BMO-condition, this approach has been introduced in [49].

Let 7 be an (£,,)n>1-stopping time and f an (%, ),>1-adapted sequence. The
stopped sequence f7 is defined by f7 := (1{;>n1dn)n>1 and the started sequence
by f := (1{7<n}dn)n>1. If v is another stopping time then 7f" := f* — f7. It
follows from Lemma 3.10 that f¥ € P, whenever f € Zo,. (Thus in particular
T,("f") is well-defined if f € Zo.)
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Lemma 3.12. Let p € (0,00) and let D, be as defined above. Suppose that for
some b € (0,1) and A > 0 we have:

sup sup sup  P(|*Y| > A| T, (%)||oe | B) < b. (3.2.2)
f€ED~ 0<k<Il BEF,B#D

Then there exist § € (0,1), B € (1,2) depending directly on A and on min{p,r}
such that for all f € P, one has:

P(f* > BATE(f) Vd* < 8X) <OP(f* > A), A>0. (3.2.3)

7 1
(For example setting ¥ := min{p,r} one can pick f =2 and § = [(?éf2+11] )
The proof is quite standard. For convenience of the reader we give the details.

Proof. Because any r-normable quasi-Banach space is also #-normable for any
7 < r we may assume r < p (noting that any dependence on r is actually a
dependence on min{r,p}). Let 5,6 > 0 be such that 8" > 1+ §". We will pick
more specific values for § and ( later on. Let f € 2, and let A > 0 be arbitrary.
Define the following stopping times:

pw=1inf{n > 1:||fal > A}

v=inf{n>1:|f.ll > BA};

o=1inf{n > 1: Tp(f"") V||d.|| > 6A}.

On the set {v < 00,0 = oo} one has by (3.1.1) that:

[t = (W s [ Vi [ A
> (BN — N — (6A)" = (8" —1—8")A".

We show that
1T (47 [loo < 270N, (3.2.4)
On the set {y > o} one has T,(**"?) = 0. On the set {y < o} one has:

(T, (7)) = [T, = [T (£ — 7))
< [T + [T ())'
using that if p > r and X is r-normable, then LP(f2, X) is r-normable. By
definition of o one has T,,(f*"7) < 6X and T,(f*"7) < 6\, from which (3.2.4)

follows.
‘We obtain:

P(f* > BN T, (f) Vd* <o\) =P(v < 00,0 = o0)
<P > (87— 1—67)7A)
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<SP > 2770 (B — 1= ) T (") lee)-  (3.2.5)

Pick 8 > 1 and pick § € (0,1) such that " > 146" and 2=+ 61 (f"—=1—6")* > A

(e.g. take B =2 and 6 = [(?;{321_11] %). Then by assumption (3.2.2) we have:

P77 > 277671 (B = 1= 87) " [T, (f") oo | 1 < o0)
<PUF > AT (7 )loo | 1 < 00)

=P(u < 00)™' Y P > AT, () loo | 1 = B)P(1 = k)
k=1

< WP(p < 00)~! ZP(M =k)=0b.
k=1
As #f¥" =0 on {pu = oo} we have:

1 1
=

pre ) < 2 — 1 - )

L(" oo

on that set. Combining the above we obtain:

VAo —1lc i VAo *
P > 27767 H(BT = 1= 8") 7| T, (") [loe) < BP(1e < 00) = bP(f* > N),
which, when inserted in equation (3.2.5), gives (3.2.3). O

Remark 3.13. Suppose X is a Banach space, i.e., r = 1. In [49] it has been demon-
strated how extrapolation results can be obtained from BMO-type assumptions
like (3.2.2) in Lemma 3.12. In particular, from Corollary 6.3 and Proposition 7.3
in [49] one can deduce that if assumption (3.2.2) is satisfied, then there exists a
constant cx pp, such that for all 1 < ¢ < oo and all f € Z one has:

1Mla < ex.pa Tp(f)llg-

Observe that for ¢ > p we have |[T,(f)|lq < |lgllq by the conditional Hélder’s
inequality, where g is a decoupled sum sequence of f. However, it seems that
this approach fails when ¢ < p as well as in the more general setting that we
consider in Theorem 3.16. Thus we proceed in a different manner.

Let g € (0, 00). Following the notation in [66] we shall use F, to denote the
set of all non-decreasing, continuous functions @ : R, — R, satisfying #(0) = 0
and:

&(st) < s9P(t), forall s,t € Ry. (3.2.6)

Proposition 3.14. Let p € (0,00). Let Doo, and @ € F, for some g € (0,00).

Suppose that (3.2.2) holds for b = 2r=F=4=1 gnd some A > 0. Then for all
f € Do we have:
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E@(f*) < CX,T,p,qEQ’(HQH),

where g is a decoupled sum sequence of f and Cx ypq as in (3.2.19) below. In
particular, forr =1 and p > 1 one can take:

Cix1,pq = 22072 [2PF4012(24 4 1)9]. (3.2.7)

For a positive random variable we can write E®(¢) = [[°P(¢ > A) dP(N),
where the integral is of Lebesgue-Stieltjes type.

Proof. Without loss of generality we assume p > r. (Noting that any dependence
on r is actually a dependence on min{r, p}.)

Let f € P be given. The Davis decomposition of (dy),>1 is given by d,, =
d), + d where d} :=0, d{ :=d; and for n > 2:

dy, = dnlyja,|<2a;_y and dy = dnl{ja,>2a; 1},

and f, =Y _, dj and f)! =57 _, d}. It follows from Lemma 3.10 that f’, f" €
P and that Fo,-decoupled tangent sequences of (d],)n>1 and (d]! ), >1 are given
by €} :=0,¢} := ey and for n > 2:

€n = enlijeni<za;_,}p and ey = enlgje,>2d; - (3.2.8)

Moreover, the random variable d!, is bounded by the %, _;-measurable random
variable 2d} _;. On the other hand, for the sequence (d!'),,>1 we have on the set
{lldnll > 2d} 1}, n > 2,

(2" = Dlldnll” + (2dy,—1)" < (2" = 1+ D|d,[|” < 27(dy,)",

whence ||d”||" < (1 —27")71[(d%)" — (d%_,)"] and thus
LF7Im < Y il < (1 =27) 7 (d)” (3.2.9)
n=1

(for r = 1 see [35] or [16, inequality (4.5)]).
By (3.2.9) and due to the fact that ¢ is non-decreasing we have:

E®(f*) < ES(27'[f"* + f"]) <ES2r ' [f* + (1 —277) *d*))

- TREEUS (-2 ] > ) de()
0

<Ed(27 f*) + /Oo P(27d* > (1 —27")7 \) dd(N).
0

Using Lemma 3.9 and the Lévy inequality applied conditionally (Lemma 3.5) we
can estimate the right-most term in the above:



48 CHAPTER 3. DECOUPLING

/oo P(d* > 27 7(1—27")7 ) dd(\) < 2 h P(e* > 277 (1 —277)7 ) dB())
0 0

<t Bllgl> 2 Fa -2 dew)
0
= 4EB(2" (1 -277) 77 |g])-

(3.2.10)
Therefore, we conclude that

Ed(f*) < 2FE(f*) + 27 ~92(1 — 277) " *Ed(||g|)), (3.2.11)

with ¢ as in (3.2.6). It remains to estimate E@(f"*), for which we use Lemma
3.12.

We follow the proof of [66, Lemma 2.2] to show that for § € (0,1) and
B € (1,2) as in Lemma 3.12 one has:

P(f™* > B, ¢ < 20)

SOP(f™ > N) +P2d" > 6:)) + (1 - 277 F)P(f* > BN,
where §, = 477§ and ¢/ = Y n>1 6y Indeed,

P(f"* > BA, g < 620) <P(f* > BATE(f') < 60, 2d° < 6o)) + P(2d" > 62))
+P(f* > BN TE(f) > 6M,2d" < 62X, g < 620).
(3.2.13)

As §y < 6 it follows from the definition of (d},),>1 and from Lemma 3.12 that
for the first probability on the right-hand side of (3.2.13) one has:
P(f™ > AT () < A, 2d° < 52X) < P(f™* > BA, T () < A, d"* < 6N)
<BP(f* > ). (3.2.14)
It remains to estimate the last probability in (3.2.13). Since f",d* and T, (f')

are all % ,-measurable, by conditioning on %, we see that this probability is
equal to

B> p0,75 (200 2d- <60 P(7 < 62X | Fo)]. (3.2.15)
By Lemma 3.8 we have:

[ (62M)P + E[(")P | Foo]
P(g* < 0o\ | Foo) <1 —2071 |27 F2 ,
E(lg'[IP|-Fsc)

observing that u,,, = 27! as p > r. Note that E(||¢g'||P | #s) = T,(f") and by
(3.2.8) we have ¢* < 2d*, and thus on the set

S = {f"* > BATE(f') > 6, 2d° < 5o}
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one has:

2(5x\)P
(GA)P

=1-9v %,

P(g"* < 82A| Foo) < 12071 272542

Therefore we find:
E[15P(g" < 02M | Foo)] < E[Ls(1 - 277 7)) < (1 - 207 F)P(f* > BA). (3.2.16)

Combining equations (3.2.13), (3.2.14), (3.2.15) and (3.2.16) gives (3.2.12).
It follows from (3.2.12) that

P(f™ = BA)
S OP(f™ > N) + P(2d* > 6:0) + (1 — 22 F)P(f* > BA) + P(g/* > 620,
Collecting terms and integrating with respect to d®(\) gives that

2p
T

E®(f™/8) <27 "PpES(f™) + ED(2d" /) + EP(g" /02)].

From this we see that (because § < 2 and @ is non-decreasing)

Ed(f"*) = ES(5f"/6) < 2°E(f"/5)
< 27 TPTUBEG( ) + EB(2d" /65) + EB(g'* /62)].

3=

Since b = 2P—2-a-1 anq 0y = 4=r5=92"% ((z/j2+_11) we have:
Ed(f*) < 2% P ED(2d" /55) + EB(g'* /62)]

r q 3.2.17
(?)Q/é)j—ll) foipa@) 1 o). o

As before in (3.2.10) one can prove that Ed(d*) < 27 9T2Ed(||g|). By the
Lévy inequality we obtain Ed(g"*) < 27 ~9T1E®(||¢’||). By Corollary 3.6 and the
definition of (e},),>1 we have:

IN

2%”w+%+q+1(

Ea(ly) = E | (|3 e e > 2| £ )asn
k=1

<2 [ B([ S ar] > 2] 2 )aoy) < 2t B,
0 k=1

(3.2.18)
Combining equations (3.2.11) and (3.2.17) with the estimates above gives:

E®(f*) < Cxr.p.aE2(ll9]),

for all f € Do, where
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2q 2p 2q q 2A7 1 % q
(3.2.19)
However, recall that we assumed r < p at the beginning of the proof, thus in the
above one should read min{r, p} at every occasion of r. O

Finally, we recall the following lemma, which can be proven like [36, Corollary
6.4.3]. The inequalities in this lemma are to be interpreted in the sense that the
left-hand side is finite whenever the right-hand side is so.

Lemma 3.15. Let X be an r-normable quasi-Banach space and let & € Fy for
some q € (0,00). Suppose that exists a C' > 0 such that for every complete prob-
ability space (£2,(Fpn)n>1, <, P) and every (Fp)n>1-adapted X -valued sequence
(fr)n>1, where fn,— fn_1 is F,_1-conditionally symmetric for alln > 1 (fo =0),
and every decoupled sum sequence g of f we have:

E®(f}) < CEB(g}), n> 1.

Then for every complete probability space (12, (Fy)n>1, </, P) and every X -valued
sequence (frn)n>1 adapted to (Fp)n>1 we have:

E®(f5) <27 (24FC + D)ED(g), n > 1.

The same result holds with f and g} replaced by f, and g, in both the assump-
tion and the assertions.

3.3 p-Independence and the decoupling constant

The p-independence of the decoupling inequality follows from taking @(s) = s4
in Theorem 3.16 below.

Theorem 3.16. Let X be an r-normable quasi-Banach space in which the de-
coupling inequality (3.0.1) holds for some p € (0,00), then for & € F, for some
q € (0,00) there exists a constant K = Kx ,.p, 4 such that for all complete prob-
ability spaces (£2, 9, (Fn)n>1,P) and (Fp)n>1-adapted sequences (fn)n>1 one
has:

E&([|fnl]) < KED(|lgnll) and EP(f;) < KED(g,), n =1, (3.3.1)

where g is a Fso-decoupled sum sequence of f.
Now assume X s a Banach space and p > 1. Then the constant K can be
estimated by:

+p+ilgtl+i
K < 9O+rratiE S pa(x) (3.3.2)

and in particular,
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Dy(X) < 25D, (),

for all ¢ € (0,00). Moreover, for ¢ € (p,o0) there exists a constant kx , such
that

Dy(X) < kxpq. (3.3.3)

We interpret (3.3.1) in the sense that the left-hand side is finite whenever the
right-hand side is so. Note that (3.3.3) is an improvement of (3.3.2) as it implies
that D,(X) grows at most linearly in ¢ whereas (3.3.2) gives an exponential
bound.

Proof. By assumption the decoupling inequality holds in the r-normable quasi-
Banach space X for some p € (0,00). Lemma 3.15 states the following: If
there exists a constant C'x ., 4 such that for every complete probability space
(2, (Zn)n>1, <, P) and every (%, )n>1-adapted (fy,)n>1, for which d,, is F#,_1-
conditionally symmetric for all n > 1, one has:

ES(f*) < Ox,rp.aE2(|l9lD), (3.3.4)
where g is a decoupled sum sequence of f, then (3.3.1) holds with
Kxpg=Kxrpg <2727 Cxrpq + 1) (3.3.5)

Fix a complete probability space (12, (%pn)n>1, %7,P). We wish to apply Propo-
sition 3.14; i.e., we wish to prove that assumption 3.2.2 is satisfied for b =
2r=%=4=1 and some A > 0 (independent of the probability space). Let (f,)n>1 €
P wWhere 2., is as defined on page 44, and let g be a decoupled sum se-
quence of f on (2,47, P). Pick 0 < k < [ and let B € %#;. Observe that
T,(*!'15) = T,(%")15. By applying Chebyshev’s inequality in the final line we
obtain:
P > AT (D)oo} 0 B) = P(IM 15 > AIT, ()| 15)
<P(I¥'1s] > AIT,()1ple)  (3.3.6)

< AT, 121 1B L.

By Lemma 3.10 we have that (%}1p),>1 is a decoupled sum sequence of
(¥.1p5)n>1. Thus, because the decoupling inequality holds in X for p, we have:

11515 < D <155 = Dy < | T(Fals)ll

p kel p P kel P (337)
= Dp,XHTP(fnlB)]'BHp < Dp,XHTP(fnlB)”ooP(B)

Thus setting A = b_%Dp (X) one obtains:

Pl > AIT,(F")lloo } N B) < 0P(B).
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Thus condition (3.2.2) in Proposition 3.14 is satisfied, and therefore (3.3.4) holds
for all f € P with a constant Cx , 4, as given in that proposition. For general
(Fn)n>1-adapted sequences (fy)n>1 with decoupled sum sequence g defined on
(12, 47,P) such that d,, is %, _1-conditionally symmetric for all n > 1, we can
reduce to the former case as follows:

(@) A
EQ(f*) < liminf E®(sup | > dilja, < )
Jee TLZl k=1 -
(i1) o J @) 4 oy
< CX7p7q7T11]¥££fE¢(“Zekl\IEk\ISjH> < 27710 p g, BP9
k=1

In (i) we used Fatou’s lemma. We applied (3.3.4) in (ii), where we use that by
Lemma 3.10 (ex 1), |<j)r= 15 @ Foo-conditionally symmetric decoupled tangent
sequence of (dx 1|4, <;)i—;- In (iii) we used Corollary 3.6 as in (3.2.18).

We have thus proven that (3.3.4) holds for an arbitrary yet fixed complete
probability space, with a constant Cx ., , independent of the probability space.
This completes the proof of inequality (3.3.1).

If r =1 and p > 1 then one can pick b = 277~9~1 in the proof of Proposition
3.14, and then A = biiDp(X) = 21+%+%DP(X). Entering this in equation
(3.2.7) in Proposition 3.14 leads to the following estimate for the constant in
(3.3.4):

Cxipg < 92q+2 [2p+4q+2(22+%+%Dp(X) + 1)(1], (3.3.8)

which, in combination with (3.3.5) and some rough estimates, leads to equation
(3.3.2).

Now let X be a Banach space. Inequality (3.3.3) follows from Remark 3.13
in the following manner: by the calculations in (3.3.6) and (3.3.7) it follows that
the conditions of Proposition 3.14 hold by fixing some b € (0,1) and taking
A := b 5D,(X) in (3.2.2). Thus it follows from Remark 3.13 there exists a
constant cx , such that:

£ Mg < expallTp(H)llg < expallglle (3.3.9)

for all ¢ € (p,00) and all f € Dy, with decoupled sum sequence g. (Note that
cx p also depends on our choice of b.) By applying the same approximation and
symmetrization arguments as before we obtain inequality (3.3.3). O

From the proof above we obtain a somewhat stronger result, i.e., a maximal
inequality for conditionally symmetric adapted sequences:

Corollary 3.17. Let X be a Banach space in which the decoupling inequality
(3.0.1) holds for some p € (0,00), then for every @ € F,, g € (0,00), and every
(F)n>1-adapted X -valued sequence (fn)n>1 such that d,, is Fp_1-conditionally
symmetric for all n > 1 one has:
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Eé(f;) < Cme,qEQS(gn)v n=>1,

where g is a decoupled sum sequence of f and Cx ,pq is as given in (3.3.8).
Moreover, if X is a Banach space we have Cx 154 < Cx pq for g € (p,o0), for
some constant Cx p.

Remark 3.18. From the proof of Theorem 3.16 it follows that in order to check
whether a (quasi-)Banach space satisfies the decoupling inequality it suffices to
check whether the following weak estimate holds: for some p € (0, 00) and some
b € (0,1) there exists an A = A(b, X, r,p) such that

sup sup  sup  P(|F!) > AT, ()] | B) < b

fE€Doo 0<k<l BEF),B£2
After all, if this holds for some b € (0,1), there will be a p € (0,00) such that
b < 2-F-1. We then take ® = 2P in Proposition 3.14 (i.e., ¢ = p) and obtain
that (3.3.4) holds for f € P on a arbitrary yet fixed complete probability
space (2, (Fn)n>1, o, P). By the same arguments as in the proof of Theorem
3.16 above we find that the decoupling inequality holds in p for X, and thus, by
Theorem 3.16, X is a Banach space for which the decoupling inequality holds.

Corollary 3.19. If X is a UMD space, then the decoupling inequality holds.

Proof. As explained on page 35, if X is a UMD space then (3.0.2) holds for all
martingale difference sequences and for all p € (1, 00). Therefore, by Lemma 3.15
and Theorem 3.16 every UMD space satisfies the decoupling inequality. O

The lemma below implies that the decoupling property is a super-property:
if X is a quasi-Banach space satisfying the decoupling inequality and Y is a
quasi-Banach space that is finitely representable in X, then Y satisfies the de-
coupling inequality and D,(Y) < D,(X), p € (0,00). For the definition of finite
representability we refer to [2].

Lemma 3.20. A quasi-Banach space X satisfies the decoupling inequality in
p € (0,00) with constant D,(X) if and only if (3.0.1) in Definition 3.2 holds
with constant Dy(X) for every finitely-valued X -valued (F,,)n>1-adapted finite
sequence f = (fi)p_y, for any probability space (2, o, (Fn)n>1,P).

Proof. Fix p € (0,00). It is clear from the definition that it suffices to consider
finite sequences. Let (12, .97, (%,)n>1,P) be a probability space and let (fx)r_;
be a X-valued, (F)}_,-adapted LP-sequence, and let (gx)7_, be the decoupled
sum sequence of (fx)}_,. By strong measurability we may assume that (fi)p_,
and (gx)p_, take values in a separable subspace Xo C X. Let (Zn)n>1 be a dense
subset of X such that z; = 0. For m € N we define ¢,, : X — R by
= i — : nll < .

om(2) = min {llo—zn] : [lza]l < |2}
For n,m € N, n < m define E, ,, = {z € X : ||z — 2,| = ¢m(x)}. Define
Ym X = {x1,...,Zm} by
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n—1

Y (x) = Tp; z € Epm\ U Ejm.

Jj=1

Clearly, 1y, is (X )-measurable. Moreover, for all z € X one has ||¢,, () —z| —
0 as m — oo, and ¥, (z) < ||z||. Thus by the dominated convergence theorem
we have ¥,,(fx) — fr and ¥, (gx) — gr in LP(X), for all k = 1,...,n. By
Lemma 3.10, 9,,(gx) is the decoupled sum sequence for 1,,(fx) for all m € N,
so if (3.0.1) holds for the pairs 1y, (fx) and ., (g) for all m with some constant
D,, then it also holds for (fx)}_, and (gx)}_, with the same constant. O

Corollary 3.21. Let Y be a space for which the decoupling inequality (3.0.1)
holds. Let (S, X, ) be a nonzero measure space and let ¢ € (0,00). Then X =
L9(S;Y) satisfies the decoupling inequality. Moreover, D,(L?(S;Y)) = D,(Y).

Proof (of Corollary 3.21). By Lemma 3.20 it suffices to consider finite sequences
taking values in a finite subset of LP(S;Y"). Thus without loss of generality we
may assume that (S, X, i) is o-finite. Then the proof follows from Theorem 3.16
by the same method as in [30, Theorem 14], where ¢ = 1 has been considered.O

In particular, we have the following examples.

Example 3.22. Let (5;, X, ;) be a measure space and let ¢; € (0,00) for 1 <
i < n.Let X = L®(Sy;L%(Sy;... L9 (S,))), then the decoupling inequality
holds for X. Note these spaces are not UMD spaces if ¢; < 1 for some 1.

Example 3.23. Let (S,X) be a measurable space. Let X be the space of
bounded c-additive measures on (S, X) equipped by the variation norm. Then X
is a Banach lattice where p; < po if p1(A) < pg(A) for all A € X. Moreover, X
is an abstract L'-space and hence by [3, Theorem 4.27], the decoupling property
holds for X.

A consequence of Corollary 3.21 is the following result for Hilbert spaces X.

Corollary 3.24. Let X be a Hilbert space. Then for every p € [1,00] and every
adapted X -valued f in LP(£2; X) one has:

[fnllp < Drllgnllp:

for all n € N, where g is a decoupled sum sequence of f and Dg as in (3.0.4).

Using this we prove a similar statement for estimates of type (3.3.1), see in-
equality (3.3.10). Note that it has been proven that a Hilbert space X satisfies
the decoupling inequality in [36, Corollary 6.4.3], but it has not been proven
that the constants D, (X) are uniformly bounded. It seems that the arguments
of [65], [36, Chapter 7] do not extend to the vector-valued situation and a different
argument is used.
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Proof. Let X be a Hilbert space. Let p € [1,00) be given and let f be an adapted
X-valued LP-sequence. Because f is strongly measurable we may assume that
X is separable. As every separable Hilbert space is isometrically isomorphic to a
closed subspace of £? we may assume f to be an adapted ¢2-valued LP-sequence.
It is known that ¢2 embeds isometrically in LP(0,1) for all 1 < p < oo (see [2,
Proposition 6.4.13]), let J, : £ — L?(0,1) denote this isometric embedding. Let
g be a decoupled sum sequence of f. Observe that J,f is an adapted L?(0, 1)-
valued LP-sequence with decoupled sum sequence J,g. By equation (3.0.4) on
page 37 and Corollary 3.21 it follows that, for all n > 1,

[ fullr(2ie2) = I Ip fallLe(2;m0(0,1)) < DrllIpgnllze(2;ze0,1))
= Dgl|gnllLr(2;2)-

O

Remark 3.25. We mention some direct consequences of Corollary (3.24). Let X
be a Hilbert space.

(1) Let @ € F, for some ¢ € (0,00), with F, as defined on page 46. By Corollary
3.24 we have D,(X) < Dg; using this and substituting p = ¢ in (3.3.2) we
obtain:

ES(|If) < 2729 Dr]"E(||g]), (3.3.10)

for all X-valued sequences f. This improves [36, Corollary 6.4.3] where this
estimate has been proven without giving a bound on the constant.

(ii) In [65, Section 6] it has been observed that if D, (X) is uniformly bounded in
p then using Taylor expansions one obtains estimates for E®(]| f,,||) even if &
does not satisfy (3.2.6). This applies for example to the exponential function.
I.e. by Corollary 3.24 and Taylor expansions one has:

Eexp([[full) < Eexp(Dellgnll),

for all X-valued adapted sequences f. For the real case this estimate also fol-
lows for mean-zero sequences from a result in [36, Section 6.2] (with constant
2 instead of Dg).

We conclude this section with some observations. In [48, p. 105] it has been
proven that ¢y does not have the decoupling property by proving that for any di-
mension d one has Dp,(€75)) > 4_1K;% Hgg g]% where K, 5 is the optimal constant
in the Kahane-Khintchine inequality. We have the following upper estimate for

Dy (€75)) for p large:

Corollary 3.26. Let d € N and p > {gg ¢ then Dy (£35)) < 2Dg.

Proof. Recall from Corollary 3.21 that D,(¢,) = Dgr and hence for any 6‘(’2)
valued LP-sequence f with decoupled sum sequence g and any n € N, one has
by Holder’s inequality:
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P Vi < PG < P\
(]E||fn\|ef;)) < (]E”angfd)) < DR(EHganfd))
< DRdE(EHgnHZo;))E < QDR(]EHQnHZ'Z))E-
O

Remark 3.27. As in [66] the LP-norms in the decoupling inequality (3.0.1) can
be replaced by certain rearrangement invariant quasi-norms: Let X be a quasi-
Banach space satisfying the decoupling inequality and let Y be a (p,q)-K-
interpolation space for some 0 < p,q < oo on some complete probability space
(2, X,P). Then there exists a constant D such that for all sequences (f,,)n>1 for
which || f,|lx € Y for all n > 1, with decoupled sum sequence (g,)n>1 one has:

[Il£allx[ly < Dlgnllx][y, forall n>1.

The proof of this statement is entirely analogous to [66, Corollary 1.4]. Exam-
ples of (p, q)-K-interpolation spaces include all (p, g)-interpolation spaces with
1 <p,q < oo and the Lorentz spaces L, 4 for 0 < p,q < oo. Recall that a rear-
rangement invariant space Y is an (p, ¢)-interpolation space if the Boyd indices
Po, qo satisfy p < po, ¢ > qo [11].

Remark 3.28. Let X be a UMD space and let J# be the Hilbert transform on
LP(R; X) (or equivalently the periodic Hilbert transform on LP(0,27; X)). The
estimate ||| ¢(rer:x)) < Bp(X)?, where 3,(X) is the UMD constant of X, is
the usual estimate in the literature (see [19,47]). As the proofs in [47] and [19]
involve only Paley-Walsh martingales, it follows that one actually has:

17 || 2L (r:x)) < Cp(X)Dyp(X),

where C,(X) and D,(X) are as in (3.0.2). Recall that max{C,(X), D,(X)} <
Bp(X). Moreover, the behavior of D,(X) as p | 1 is better than 3,(X). Indeed,
according to Theorem 3.16 one has sup,c(y o) Dp(X) < 00, but §,(X) — oo as
p | 1. Although we do not know whether sup,¢(s o) D,(X) < o0, still a similar
behavior occurs for the norm of 7 as p — oo. This follows from a duality
argument. Indeed, recall that X* is a UMD space again, and if p € [2,00), then
with 1/p+ 1/p = 1, we find:

1] 2 (Lr i x)) = 1727|210 Ry x)) < Cpr (X7) Dy (X7).

Now sup,cp,00) Dpr (X*) < 00. Moreover, Cp(X*) < By (X*) < Bp(X) by a
duality argument.
3.4 Applications to stochastic integration

In this section let X be a Banach space, (§2, (%:)i>0, P) a complete probability
space and H a real separable Hilbert space. Our aim is to prove an extension
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of Theorem 2.7, see Theorem 3.29 below. The extension concerns proving that
if X is a UMD space, then the Burkholder-Davis-Gundy inequalities (2.4.5) hold
for p'* moments, for all p € (0,00) (i.e., not only for p € (1,00)). We also prove
that the one-sided Burkholder-Davis-Gundy inequality, equation (3.4.3) below,
holds in spaces that satisfy the decoupling inequality. The idea of the proof of
Theorem 3.29 is taken from [108, Lemma 3.5], an alternative approach would be
to use the extrapolation results in [90].

In the UMD setting, we use a version of the decoupling inequalities in equation
(3.0.2). To be precise, if X is a UMD space, then by [63, Theorem 3’] (see also [30,
Proposition 2]) one has, for all p € (0, 00):

11l ~p.x [gllp: (3.4.1)

for all (#,),>1-adapted X-valued LP-sequences (f,)n>1 on some complete prob-
ability space such that f,, — f,_1 is #,_1-conditionally symmetric for all n > 1,
and g a decoupled sum sequence of f.

Theorem 3.29. Let X be a Banach space and H be a separable Hilbert space.
Let Wy be an H-cylindrical (#;)i>0-Brownian motion. Let ¥ : [0,T] x 2 —
Z(H,X) be an H-strongly measurable and (F;)i>0-adapted process which is
scalarly in L°($2; L2(0,T; H)).

18 a UMD space, then the following assertions are equivalent:
1)IfX ¢ h he followi ; val
1 18 stochastically integrable with respect to Wy ;
) W i hastically integrable with w
(i) ¥ € v(0,T; H,X) a.s.

Moreover, for p € (0,00) the following continuous time Burkholder-Davis-
Gundy inequalities hold:

t
p
— p
EO;IETH /0 MWHH ~px EIPIP o x)- (3.4.2)

(2) If X satisfies the decoupling inequality then (ii) = (i) above still holds and
for p € (0,00) there exists a constant kp x such that:

t
p
E sup H/O ![/dWHH Sﬁz,xEHWHI;(Q,T;H’Xy (3.4.3)

0<t<T

whenever the right-hand side is finite. Moreover, one can take k, x such that
Sup,,>1 Kp x /p < 00.

Remark 3.30. The constants in (3.4.2) and (3.4.3) are independent of 7', and it is
not difficult to see that one can also take 1" = co. Since every UMD space satisfies
the decoupling inequality (see Corollary 3.19), the estimate (3.4.3) holds for
UMD spaces X with the same behavior of the constant &, x. Already for X = L4
with ¢ # 2, it is an open problem whether the optimal constant x, x satisfies
Sup,>1 Kp,x //p < oo. For Hilbert spaces this is indeed the case.
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Remark 3.51.
(i) Let (£2,.7,(#;)"_1,P) be a probability space endowed with a filtration. Let

i=1>
n € Nand let ¢, ..., g, be independent standard Gaussian random variables
on (2, %, (%) ,P) such that g; is independent of .%#;. Let (g1,...,Gn) be
a copy of (g1,...,9n) independent of (£2,.7,(%#;)",P). From the proof of
Theorem 3.29 it follows that in order to prove that the Burkholder-Davis-
Gundy inequality (5.3) is satisfied for processes in a Banach space X, for

some p € (0, 00), it suffices to prove that there exists a constant ¢, such that

n
§ gﬂiﬂ’
i=1

for all (v;)7, an (%) ;-adapted sequence of X-valued simple random vari-
ables and all n € N. For this it is sufficient that the decoupling inequality
holds for p, but we do not know whether it is necessary.

It is known that if instead of a one-sided estimate, one has a two-sided
estimate in (3.4.4) for some p € (1,00), then X is a UMD Banach space,
see [47] and Remark 2.8.

(ii) By studying the proof of [63, Theorem 3’| one may conclude that if (3.4.1)
holds for some p € (1,00), it holds for all p € (1,00). As a result, and by
considering Paley-Walsh martingales, one can also prove that if (3.4.1) holds
in a Banach space X for some p € (1,00), for all X-valued LP-sequences f
with conditionally symmetric increments, then X is a UMD space.

(iii) Suppose the filtration (.%;);>0 in Theorem 3.29 has the form

H sup (3.4.4)

1<j<n

J
L [t :
;gz ' Lr($2) P LP(2x02,X)

Fy=c(Wg(s)h:s<t,he H)

for each t € [0,00). In this case (3.4.2) for some p € (0,00) can be derived
from (3.4.1) for Paley—Walsh martingales for that p. Similarly, (3.4.3) for
some p € (0,00) can be derived from the corresponding one-sided estimate
in (3.4.1) for Paley—Walsh martingales for that p. This follows from a central
limit theorem argument as in [51, Theorem 3.1]. Conversely, (3.4.3) implies
the corresponding one-sided estimate in (3.4.1) for Paley—Walsh martingales
(see [131]).

Proof. (1): Let p € (0,00) be fixed and let ¥ be a finite-rank step process of
the form (2.4.4) on page 20 with &, € L™(F,_,,X), Wy an H-cylindrical
(F4)t>0-Brownian motion and let WH be a copy of Wy that is independent of
Foo = 0(Uys¢ #t)- Then

N

M
(Z (WH (tn)hm - WH(tnl)hm)gnm>
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is a Z-conditionally symmetric sequence and a .%,-decoupled version is given

N
by (Zmzl(WH( n)hm — WH( n—1)h m)fnm>n:1. One has:

t; p
E sup H/ LZ/dWHH

1<G<N
7 M
—E su H W = Wit (1)
ZZ (e =Wt )
N M N
9 x IEH Z Z — Wit (ta—1)hm)
7N 7M N 2 g
Np, ( HZ Z WH n m_WH(tn—l)hm)gan )
—Enwnwm,

where equation (i) follows from equation (3.4.1) and equation (ii) follows by the
Kahane-Khintchine inequality (see [36, Section 1.3]).

For n € N let D,, be the n'" dyadic partition of [0,T7, i.e., D, :== {£ : k=
0,1,2,...} N [0,T] and define D,, := D, U {t1,...,tx}. Then by the above one
has:

t
p
E sup H/ !I/dWHH ~ox BN o sy 7 €N
€D,

By the monotone convergence theorem and path continuity of the integral process
one has:

t
E sup H/ WdWHH = lim E sup H/ J/dWHH ~p X IE||W||,Y(OTHX)
te[0,7T] T teD,

Hence equation (3.4.2) holds for finite-rank step processes.
Now let ¥ be any stochastically integrable process. Suppose

t
P
E sup H/ @dWHH < 00,
0<t<T

then by an approximation argument as in the proof of [108, Theorem 5.12]) one
has:

EHWH—y(OTHX) Spx E sup H/ WdWHH
t€[0,7]

Hence it suffices to prove (3.4.2) under the assumption that E||¢|” ) < 0.

~(0,T;H, X
By a straightforward adaptation of the proof of [108, Proposition 2. 12] one can

prove that there exists a sequence of finite-rank (.%;);>o-adapted step processes
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(@)n>1 that converges to ¥ in LP(£2,+(0,T;H,X)). Hence in particular for
all * € X*, ¥ra* — ¥*a* in L°(02;L?(0,T; H)). Because (3.4.2) holds for
finite-rank (%#);>0-adapted step processes the sequence (fo v, dVVH)n>1 is a
Cauchy sequence in LP(§2,C([0,T]; X)). In particular (%,),>; approximates the
stochastic integral of ¥ in the sense of Definition 2.6 and

t t
E sup H/ MWH(t)sz lim E sup ’/ WndWH(t)Hp
0

0<t<T n—oo  o<t<T I Jo

v(0,T;H, X

~p.X nh—{{.lo E||Z,|? )= E||W||5(07T;H7X)-

(2): Suppose X satisfies the decoupling inequality. In this case the proof
for finite-rank (.%);>o-adapted step processes given above can be repeated us-
ing the inequality in Corollary 3.17 instead of equation 3.4.1. To prove (3.4.3)
for arbitrary processes we repeat the argument in (1) concerning the case that
]E||WH’,';(07T;H7X) < 00.

However, in order to obtain the estimate sup,~; kx,p /p < 0o we use inequal-
ity (3.3.9) in the proof of Theorem 3.16 in the following manner: when p € [1, 00)
we have

f,j p
E sup H/ MWHH
1<j<N 0

1 M

p

J
—E swp | 3 Wa(tn)om — Wi (tu-1)om)m

-1
i (Wt (tn) o — WH(tnﬂ)hm)ganz ‘ yoo)lﬂ P

P
= CX,QPE”WH:(O’T;H’X)-

O

If X has type 2, then by embedding (2.3.5) one obtains the following Corollary

from Theorem 3.29 (2) (as was already observed in [108]). This inequality has
been proven for p € (1,00) in [14], [15] using different techniques.

Corollary 3.32. If X is a Banach space satisfying the decoupling inequality (e.g.
a UMD space) and X has type 2 then for each p € (0,00) there is a constant €, x
such that one has:

t
p
E sup H/ WdWHH < Gox BN 1220 1130 (3.4.5)
o<t<T Il Jo

whenever the right-hand side is finite.

As in Theorem 3.29 one again has sup,; 6, x/p < oo if 6}, x is the optimal
constant in (3.4.5). However, in [126] it has been recently proved that one has

SUp,,>1 €p,x/ /P < 00 in (3.4.5).
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Stochastic Delay Equations






4

Delay equations in type 2 UMD spaces

Let X be a type 2 uMD Banach space and let H be a Hilbert space. In this
chapter, which is based on [24], we study the following stochastic delay equation
in X:

dU(t) = AU(t) dt + BU, dt + G(U(t), Uy) dWi (L), t > 0;

U(0) = wo; (4.0.1)
UO = an
where for a strongly measurable function z : [-1,00) — X and ¢ > 0 we define

x: [-1,0] - X by
ze(s) :i=x(t+s), se€[-1,0].

We assume that A : D(A) C X — X is closed, densely defined and linear, and
generates a Cp-semigroup. We assume that B € Z(HY?(—1,0; X), X) for some
p € (1,00), and that G : £P(X) — v(H, X) is a Lipschitz function.

We follow the semigroup approach to the delay equation as given in the
monograph of Bétkai and Piazzera [5]. This requires additional assumptions on
B, as stated in [5, Theorem 3.26]. A typical example of an operator B that
satisfies these assumptions is an operator defined in terms of a Riemann-Stieltjes
integral

b= | 01 fdn,

where 1 : [-1,0] — Z(X) is of bounded variation. Note that this defines an
element of Z(H*?(—1,0; X), X) by the Sobolev embedding.

For p € (1,00) define &7(X) := X x LP(—1,0; X). One can define a closed
operator & on &P(X) by

D(e/) = {[r, /] € D(A4) x H*(~1,0:X) : (0) =z}

o = {A 5] . (4.0.2)
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This operator generates a Co-semigroup (.7 (t))>0 on &P(X) (see [5, Theorem
3.29]) and the stochastic delay equation can be rewritten as a stochastic Cauchy
problem in &P(X) given by

AV (t) = AV ()dt + GV (1)) dWy (), t > 0;

V(o) = ﬁﬂ ’ (4.0.3)

where 4(V (t)) := [G(V (t)),0]7.

The approach we take is to prove existence, uniqueness and continuity of a
solution to the stochastic Cauchy problem (4.0.3) and then translate these results
to corresponding results for the stochastic delay equation (4.0.1). The monograph
by Da Prato and Zabczyk [33] gives an extensive treatment of the stochastic
Cauchy problem in Hilbert spaces. The stochastic Cauchy problem in Banach
spaces has been considered in the work by BrzeZniak [13] and van Neerven,
Veraar and Weis [109], however, they both consider the case that o7 generates
an analytic semigroup. Nevertheless their approach is a valuable starting point
for studying (4.0.3).

Following the approach of the above mentioned authors we consider the fol-
lowing variation of constants formula:

V(t) = Z(H)V(0) + /O T(t - $)9(V(s)) dWg(s). (4.0.4)

A process satisfying (4.0.4) is usually referred to as a mild solution, see Definition
4.2 below. In Section 4.1 we give general conditions under which a mild solution is
equivalent to what we call a generalized strong solution of the stochastic Cauchy
problem. This terminology was suggested by Mark Veraar, who independently
gave a proof of the equivalence of mild and generalized strong solutions.

The existence of a mild solution to the stochastic Cauchy problem arising
from the delay equation, i.e., equation (4.0.3), is proven by a fixed-point argument
in Section 4.2, see Theorem 4.11. Using the factorization method we prove the
continuity of a mild solution to (4.0.3), see Theorem 4.12.

Finally, in Subsection 4.2.4 we show how solutions to (4.0.3) relate to solutions
to the corresponding delay equation (4.0.1). We do so by means of the generalized
strong solution. Combining all these results we obtain existence, uniqueness and
continuity of a solution to (4.0.1), see Corollaries 4.17 and 4.18.

Apart from the applications described above, the equivalence of solutions
to (4.0.1) and (4.0.3) may be used to translate other results of the stochastic
abstract Cauchy problem to delay equations. For example, one may obtain more
information concerning invariant measures, see Remark 4.21. We also have that
the solution to (4.0.3) is a Markov process, whereas the solution to (4.0.1) is not.

For the theory of stochastic delay equations in the case that X is finite-di-
mensional we refer to the monographs by Mohammed [98] and Mao [94] and
references therein. In particular we wish to mention [21], where equivalence of
solutions to the stochastic delay equation and the corresponding abstract Cauchy
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problem has been shown by Chojnowska-Michalik for the Hilbert space case, i.e.,
the case that p = 2 and X is finite-dimensional. Similar results concerning the
abstract Cauchy problem arising from delay equations with state space C(]0,1])
and with additive noise are given by van Neerven and Riedle [103]. For a general
class of spaces including the &P-spaces the variation of constants formula for
finite-dimensional delay equations with additive noise and a bounded delay op-
erator is discussed in Riedle [122]. The latter articles both consider the stochastic
convolution as a stochastic integral in a locally convex space. So far there is no
suitable interpretation for the stochastic integral of a stochastic process in a lo-
cally convex space, hence this approach fails for equations with multiplicative
noise.

Stochastic delay equations where X is a Hilbert space and p = 2 have been
considered by Taniguchi, Liu, and Truman [127], Liu [91] and Bierkens, van
Gaans and Verduyn-Lunel [9]. Both [127] and [91] prove existence and unique-
ness of solutions to (4.0.1); in [127] it is assumed that A generates an analytic
semigroup, whereas in [91] the noise is assumed to be additive. In [9] the exis-
tence of an invariant measure has been studied. Very recently, Crewe [31] has
taken it upon himself to prove existence, uniqueness and regularity properties of
(4.0.1) in uMD Banach spaces under the assumption that A generates an analytic
semigroup.

Remark 4.1. For delay equations arising from population dynamics the L!-spaces
are natural as a state space, i.e., one assumes B € Z(HV'(—1,0;X),X) in
(4.0.1) and considers (4.0.3) with state space &1(X) = X x L1(—1,0; X) (see [5,
Example 3.16]). Note however that &'(X) is not a UMD space. However, by
Example 3.21, the space &'(X) satisfies the decoupling inequality studied in
Chapter 3. In particular, the stochastic integration theory of Section 3.4 is avail-
able. This suffices in order to obtain all the above-mentioned results concerning
delay equations for this specific case. For details we refer to [24].

4.1 The stochastic Cauchy problem

In this section we consider the stochastic Cauchy problem (4.1.1) in general.
In the next section, the results obtained here will be applied to the stochastic
Cauchy problem arising from a delay equation.

Let Y be a UMD Banach space and H a Hilbert space, and let A : D(A) C
Y — Y be the generator of a Cy-semigroup (T'(¢));>0 on Y. Let Wy be an H-
cylindrical Brownian motion and let G : Y — Z(H,Y) be continuous (where
Z(H,Y) is endowed with the strong operator topology). We consider the fol-
lowing problem:

{dV(t) = AV(t)dt + G(V (1)) AW (t), t > 0; (4.1.1)

V(0) = V.

We shall consider the following two solution concepts for (4.1.1):



66 CHAPTER 4. DELAY EQUATIONS

Definition 4.2. An H-strongly measurable adapted process V is called a mild
solution to (4.1.1) if for all ¢ € [0,T] the process s — T'(t — s)G(V (s))1se[0,4 18
stochastically integrable and for all ¢ € [0,T] one has:

V() =T{#)Ys + /Ot Tt —s)G(V(s)dWg(s) a.s. (4.1.2)

Definition 4.3. An H-strongly measurable adapted process V is called a gen-
eralized strong solution to (4.1.1) if V' is a.s. locally Bochner integrable and for
all t > 0:

(i) [3 V(s)ds € D(A) as.,
(ii) G(V) is stochastically integrable on [0, ],
and

V(t)—VO:A/O V(s)ds+/0 GV (s) dWn(s) as.

We use the term ‘generalized strong solution’ to distinguish this solution concept
from the conventional definition of a ‘strong solution’, which concerns a process
satisfying V' (t) € D(A) a.s. for all ¢t > 0 (see [33]). This assumption is not suitable
for our situation, see Remark 4.19 below.

Theorem 4.4. Let V' be an Y -valued H-strongly measurable adapted process.
Fort > 0 define fot T(s)G(V(u))ds € Z(H,Y) by

(/Ot T(s)G(V(u)) ds)h = /Ot T(s)G(V (w))h ds.

Assume that for all t > 0 the following processes are in v(0,t; H,Y) a.s.:
(a) G(V);

(b) ur—T(t —u)G(V(u));

(c)urs 3" T(s)G(V (u))ds;

and that for allt >0

| I =960 Do ds < . (413)

Then V is a generalized strong solution to (4.1.1) if and only if it is a mild
solution to (4.1.1).

Remark 4.5.

(i) If V is strongly measurable and adapted then the processes in (a), (b) and
(c) are H-strongly measurable and adapted.
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(i) f G:Y — v(H,Y) then for all u € [0,¢] almost all paths s — T(s)G(V (u))
are locally Bochner integrable in y(H,Y') because G(V(u)) is the limit of
finite-rank operators in v(H,Y).

(iii) If A has a bounded H*-calculus on a sector Xy, 6 € (0,7), then by [7§]
the set (T'(s))o<s<t is y-bounded, and thus by the multiplier Theorem 2.14
assumptions (b) and (c) follow from (a). More generally, if T' is analytic, then
by Lemma 2.21 the set (s*T(s))o<s<T is y-bounded for oo > 0, and thus in
order to check whether (a), (b) and (c¢) hold, it suffices to check whether

= (t—5)"“G(V(s))1s¢p0,1) is stochastically integrable for all ¢ € [0, 77, for
some a > 0.

Proof (of Theorem 4.4).

Step 1. We apply Lemmas 2.9 and 2.10 to obtain the key equations for the
proof of Theorem 4.4, equations (4.1.6) and (4.1.7) below. Consider the following
process:

D :[0,t] x [0,t] x 2 > L(H,Y); P(s,u,w):=ly<s<tT(t —s)G(V(u)).

Because V is strongly measurable and adapted, and because G : Y — Z(H,Y) is
continuous with respect to the strong operator topology and the semigroup T'(s)
is strongly continuous it follows that @ is H-strongly measurable and adapted.
Thus conditions measurability and adaptedness conditions of Lemma 2.9 are sat-
isfied. One easily checks that condition (i) of Lemma 2.9 is satisfied by @. Condi-
tion (ii) in Lemma 2.9 follows from assumption (c). Condition (iii) in Lemma 2.9
follows from the definition of «(0,¢; H,Y'), assumption (a) and the exponential
boundedness of the semigroup: let (hg)}_; be an arbitrary orthonormal sequence
in L2(0,t; H), then

/Ot (E H ivk /tT(t_ $)G(V (u))hu(u)1jo,5] (u dUH )%
/ |T(t = s)|l 2 EHZ%/ % ()10 duH )%

< Mt/ IG(V) 10,5 ly(o,t51,y) ds S EMG(V) |y 0,650,y < 00,
0
where M; := supg<,<; ||T(s)| #(v)- Note that by (2.3.4) one has

1G(V) 10,6 lly(0,62,7) S NGV)ly0,6:m,v)-

Thus @ satisfies all the conditions of the stochastic Fubini theorem (Lemma 2.9)
and we obtain:

/ (t—s) / G(V(uw)dWg(u ds-// (t—s)G(V(u))dsdWg(u) a.s

(4.1.4)
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Observe that for all h € H one has fi T(t — s)G(V(u))hds € D(A). Hence by
assumptions (a) and (b) we can apply Lemma 2.10 to obtain that the stochastic
integral on the right-hand side of equation (4.1.4) above is in D(A) a.s., and we

have:
A/Ot /t Tt —s)G(V(u))dsdWg(u)

/ / (u)) ds W (u)
_ /O (T(t —u) — DGV (w) dW (1) a.s. (4.1.5)

Combining equations (4.1.4) and (4.1.5) we obtain that almost surely:

t
A/ (t—-s / G(V(u)) dWg(u )ds:/ (Tt —u)— DGV (u)) dWg(u).
0
(4.1.6)
Similarly, using assumption (4.1.3) one can prove that for 0 < s < ¢ the
stochastic integrals in the equation below are well-defined and one has the fol-
lowing identity:

A /0 /0 T(s — w)G(V (u)) AWy (u) ds = /O (T(t—u)—I)G(V(u))dW,q(iui.?)

Step 2. Assume V is a generalized strong solution to (4.1.1), we prove that
(4.1.2) holds. By (4.1.6) and by the definition of a generalized strong solution
we have:

VO—A/V ds—/G ) AW (s)
:/T(t—s)G( (5)) AW (s) — / t—s/G )) AWy () ds.

0

Let us consider the final term above. By assumption and by Fubini’s theorem
one has:

/ t—s/G )) AW (u) ds

—/OtT(ts) [V(S)VoA/OSV(U)du] ds
/OtT(ts)V(s)ds/OtT(ts)VodsA/Ot/utT(ts)V(u)dsdu

:_/OtT(t—s)%der/otV(S)dS
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which, when substituted to the earlier equation, gives:
t
V() — Vo — A/ V(s)ds
0
t

- / T(t — )G(V(s)) dWi(s) + T(#)Vo — Vo — A / V() ds.
0 0

This proves that V(¢) is a mild solution.

On the other hand, if V' is a mild solution, then fg V(s) ds exists and takes
values in D(A) a.s. by (4.1.7), and therefore using this equation we obtain:

A/o V(s)ds = A/O T(s)Vods + A/o -/0 T(s —u)G(V(u)) dWg(u)ds
— TV — Vo + /0 [Tt — u) — 1] GV () AW (u)

V() ~Vo~ [ 6 () aWi(w.

whence V is a generalized strong solution. (I

Continuity of a process satisfying (4.1.2) can be proved by means of the factor-
ization method as introduced in [32, Section 2]. We give the proof below; it is a
straightforward adaptation of the proof of [129, Theorem 3.3].

Theorem 4.6. Let (T(t))i>0 be a semigroup on a UMD Banach space Y. Let
@ :[0,t] x 2 — ZL(H,Y) be an H-strongly measurable adapted process. Suppose
that there exists a,p > 0, % <a< % and M > 0 such that

Oiug Hu = (5 - u)iaT(s - U)Q)(U)HLT’(QW(O,S,H;Y)) <M. (418)
<s<t

Then the process
S / T(s —u)@(u) dWg(u)
0
1s well-defined and has a version with continuous paths. Moreover we have

E sup
0<s<t

/OS T(s — u)B(u) dWH(u)H’; < 0.

Before giving the proof of this theorem we mention the following corollary:

Corollary 4.7. Consider the stochastic Cauchy problem (4.1.1) set in a UMD
Banach space Y. The process V : [0,t] x 2 — Y satisfying the variation of
constants formula (4.1.2) belongs to LP(§2;C([0,t];Y)) if there exists a,p > 0,
% <a< % such that

sup [Ju = (s —u) " “T(s — w)V(u)|| Lr(25y(0,5,H;7)) < OO
0<s<t
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Proof (of Theorem 4.6). By assumption (4.1.8) and Theorem 2.7 it follows that
for all s € [0,t] we can define

Py (s) = /Os(s —u)"*T(s — u)P(u) dWg(u).

By [109, Proposition A.1] the process @; has a version which is adapted and
strongly measurable. Moreover, by assumption and the Burkholder-Davis-Gundy
inequalities (2.4.5) one has, for all s € [0, ],

E [ (s)lly < M, (4.1.9)

whence ¥, € LP(0,t; LP(£2;Y)). Thus, by Fubini, ¥, € LP(§2; LP(0,t;Y)). Let
£y C 2 denote the set on which ¥; € LP(0,¢;Y); we have P(£2) = 1.

By the domination principle for Gaussian random variables, i.e., equation
(2.3.4), it follows that for all s € [0,¢] one has, almost surely,

[ = T(s = u)P(u,w)|ly(0,5,m13v) <t [[u= (5 = u)"T(s — w)®(u, W)l (0,5,1:7)

Thus by assumption we can define, for all s € [0, ¢],

Uy(s) := /OS T(s — u)P(u) dWg (u),

which again has a version that is adapted and strongly measurable.
It is proved in [32] that one may define a bounded operator R, : LP(0,t;Y) —
C(]0,¢];Y) by setting

(Rof)(s) = / (s — u)* VT (s — u) f(u) du.

Thus it remains to show that for almost all w € {2y one has:

y(s) = S0 (R w)(s), (4.1.10)

™

for all s € [0,T7, i.e., that for all * € Y* one has

Wa)a') = T [t T - w0 duas.

This follows from a Fubini argument, see [104, Theorem 3.5] and [32]. The condi-
tions necessary to apply the Fubini theorem follow from the assumption (4.1.8).
By (4.1.10) and (4.1.9) one has

t
B sup [a(s)[} < CE [ [[1a(s)[f ds < tC
0

0<s<t

where C' is independent of @. Thus the final estimate follows. O
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4.2 The stochastic delay equation

4.2.1 The variation of constants formula

Now we wish to apply the results of the previous section to stochastic Cauchy
problem (4.0.3) on page 64 that arose from the stochastic delay equation (4.0.1)
as presented on page 63. Recall that we assumed that (4.0.1) is set in a type 2
UMD Banach space X and that the related Cauchy problem is set in &7(X) =
X x LP(-1,0; X) for some p € (1,00).

Let (7 (t))>0 denote the semigroup generated by .27, where ¢/ is the operator
in (4.0.3) defined by (4.0.2) on page 63. We define the projections m : £P(X) —
X and my : £P(X) — LP(—1,0; X) as follows:

] nli]-

The following property of (.7 (t)):>0 is intuitively obvious and useful in the fol-
lowing;:

(my(t) [ﬂ) (u) = 1. T (t + u) m . (4.2.1)

for f € &P(X),u € [-1,0],t > —u (for a proof see [5, Proposition 3.11]).
The proof of the following lemma is straightforward and thus left to the
reader:

Lemma 4.8. Let t > 0, p € (1,00) and z € LP(—1,t; X). Then the function
y:[0,t] = LP(—1,0; X), y(s) := x5 is (Bochner) integrable and

/Oty(s) ds € H"P(—1,0; X); (/Oty(s) ds) (u) = /Otx(s +u)ds as.

Generalized strong solutions to (4.0.3) are equivalent to mild solutions:

Theorem 4.9. Let X be a type 2 UMD Banach space and let p € (1,00). Con-
sider (4.0.3); i.e., let of defined by (4.0.2) be the generator of the Cy-semigroup
(T ())is0 on EP(X) = X x LP(—1,0,X). Let 4 : EP(X) — ~(H,EP(X)) be
given by 9([x, f]T) = [G([x, f]),0]T, where G : &P(X) — ~v(H, X) is Lipschitz
continuous. Finally, let Wy be an H-cylindrical Brownian motion adapted to
(95)520-

Let V : [0,00) x 2 — &P(X) be a strongly measurable, adapted process satis-
fying

¢
/0 ||V(s)||§,,,(X) ds < oo a.s. for allt > 0;

Then V is a generalized strong solution to (4.0.3) if and only if V is a mild
solution to (4.0.3).
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Proof. We apply Theorem 4.4 to obtain the above assertion, for which we need
to check condition (4.1.3) and that the processes given by (a), (b) and (c) in that
theorem are elements of v(0,t; H, &7(X)) a.s. for all t > 0. Let ¢ > 0 be fixed.

Process (a) in Theorem 4.4. By the embedding (2.3.5) and the Lipschitz-
continuity of ¥ we have:

s = GV () lyo.:1,60x)) = IS = GV (8))lly(0,0:8,5)
S s = GV (s)llL20,v(r,x))
< 13]|G(0)

(0,£;67(X))>
where K is the Lipschitz-constant of G.

Process (b) in Theorem 4.4. By the 7-Fubini isomorphism (2.3.3) and em-
bedding (2.3.5) we have:

[u— Tt —uw)G(V(u)llyo.um60x)
Spllumm Tt —w)g(V(
+|lu— Tt —uw)Z(V(
<|lu = m T (t =GV (w)llL20,6m,x))
+ lur= w2 T (¢ —w)G(V(w) | Lr(—1,0:L2 (0,67 (H,X)) -

U))Hy 0,t;H,X)
U)) ||LP —1,0;v(0,t;H,X))

Set My 1= supy (o, |7 (u)||l.2(sr(x))- By the ideal property of the y-radonifying
operators and the Lipschitz-continuity of ¥ we have:

Ju = 1 T (t = w)G(V ()l 20,67 (h,x))
< M, [t% IGO0l rr,x) + K||V||L2<o,t;£p<xn}v

where K is the Lipschitz-constant of G, and, by equality (4.2.1),
[u = w27 (t = w9 (V ()l L (—1,0,2 (0,6 (11,%))
0
_ (/1 e N U OO\ [ ——y

1
< MG (O0) |y qarx) + KNVl 20,6000 |

=

Process (c) in Theorem 4.4. Note that by Remark 4.5 we may interpret

/0 T Z 9V () ds

as a vy(H, &P(X))-valued Bochner integral. To prove that the process

u»—>/ Z()9(V(u))ds € (0,4 H, /(X)) as.,
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observe that by 4-Fubini isomorphism (2.3.3) and embedding (2.3.5) we have:

[ /Otu T ()9 (V (u)) ds|

7(0,¢;H,8P(X))
t—u

Slumm [ 7690 w)

L2(0,t;7(H, X))

s o /Ot_u Z(s)9(V (u)) ds

LP(—1,0;L2(0,t;v(H,X))

By Minkowski’s integral inequality, the ideal property for y-radonifying operators
and the Lipschitz-continuity of ¥ we have:

Hu — T /Ot—" T(8)9(V(u)) ds‘

L2(0,t;y(H, X))
1
< MG (O0) ot x) + K IVl 20.s60x0)

and by equation (4.2.1) and Lemma 4.8 we have:

s+ Ot_u TGV () ds

_ (/O s m /tw T (s + 1) (V(u)) ds

—1 0

LP(—1,0;L2(0,t;7v(H, X))

» :
dr)
L2(0,t;v(H,X))

< MG (O0) a1, x) + KIIVl|n2(0 600 |

Condition (4.1.3) in Theorem 4.4. From the estimates for process (c) above
we obtain:

t
[ = 76 = 0 V@) rcy ds
S 2 [ GO) |y ar.x) + KV |2 0.i60 () |-

Having checked condition (4.1.3) and that all processes are in v(0,¢; H, X) a.s.
we may apply Theorem 4.4 to obtain the desired result. ]

Remark 4.10. Let p’ be such that %—1—1% = 1. By testing the stochastic convolution
in the variation of constants formula (4.1.2) for V' against elements of X* x
Lp,(—L();X*), which is norming for &P(X), and applying equality (4.2.1) one
shows that almost surely:
¢ t+u
/ T (t—8)9(V(s))dWg(s) =u mT(t—s+uw)G(V(s)) dWg(s).
0 0

It thus follows from the variation of constants formula (4.1.2) that if V is a
generalized strong solution to (4.0.3) then moV (¢t)(u) = m V(¢ + u); in particular
it follows that mV € L7 (0,00; X) a.s.

loc
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4.2.2 Existence and uniqueness of a solution to (SDCP)

Recall that (.#;)s>0 denotes the filtration to which Wy is adapted. For t > 0, q €
[1,00) and r € [1, 00] let L';(0,t; L(£2; &7 (X))) be the space of (F5)s>0 adapted
processes in L’“( Lt LY(82; é”p( ))). In particular, L3 (0,t; LI(§2; £P(X))) is the
Banach space of (%;)s>0 adapted processes V' such that

Q=

HVHLOC(OtLQ(Q &r(X))) = Sup (E ||V(5)||Zap(x)) < 0.
0<s<t

Theorem 4.11. Let the assumptions of Theorem 4.9 hold and assume that V :=
[z, fo]T € LI(Fy, EP(X)) for some q € [2,00). Then for every t > 0 and every
r € [2,00] there exists a unique mild solution V € L' (0,t; L1(£2; 67(X))) to
(4.0.3). In particular, this process is in L% (0,t; LY(2; &P (X))).

Proof. The final remark of the theorem is a direct consequence of there being
a solution in L% (0,¢; LI(£2;&P(X))) and of the uniqueness of the solution in
L (0,4 L9(62; 67(X))).
Fix r € (2,00] and let ¢ > 0. Define
L L3 (0,65 L9(2; 67(X))) — Liz (0,1 L9(2: 67(X)))

as follows:
L(®)(s) := T (s)Vo + / T (s —uw)9(P(u)) dWg(u),
0
where s € [0,]. Set M; := supg<,<; |7 (u)|| 2(&»(x)). To prove that L(®) is

indeed in L7 (0,¢; L9(£2;£P(X))), first observe that by inequality (2.4.5) and
the proof of Theorem 4.9 we have:

(E [ L(@)(5)[|%(x) "
o B (1T Vol o)) 7 + llu = T (s — u)(D(5)) | Lano.ssmer(x))

1

< My |(E Vol x))
+ (B [H160)mx) + K(/OS 800 3y du) ']*) .

and thus from Minkowski’s integral inequality, the Holder inequality and the fact
that » > ¢ > 2 we obtain:

(B | L(@)()l|n(x))®
< M, [(E ||VO||§13(X))% +t%||G(O)||7(H’X) + K(/O [E H@(U)HZHP(X)]E du) 2]

1 1_1
< M; [(E ||VO||qu(x)) @+ 2| GO) |y r,x) + Ks277 ||¢||L““(O»t;L‘I(Q;é"”(X)))}’
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for every s € [0,t], where K is the Lipschitz constant of G. (In the case r = 0o
we interpret + = 0.) Taking ™" powers in the above and integrating with respect
to s gives that L(®) € L;(0,t; LI(82; £P(X))).

By similar arguments one has, for @1, P, € L', (0,t; L1(£2; £7(X)));

)

1
[L(D1) = L(@2) || L1, 0,451 (257 (x))) Sq K2 Mel|P1 = Dol 1y 0,6509 (2567 (X))
F F

so this is a strict contraction for ¢ = tg, where ty is chosen to be suffi-
ciently small. Hence by the Banach fixed-point theorem there exists a unique
Ve L';(0,to; L9(£2; £P(X))) that satisfies the variation of constants formula
(4.1.2) for (4.0.3). By repeating this argument, but now on the interval [to, 2¢¢]
with initial value

Vo 1= T (to)Yo + /Oto F(t— )GV () AW (),

and continuing in this manner until the desired end time is reached, one obtains
a solution for arbitrary t > 0. O

4.2.3 Continuity of the solution to (SDCP)

Theorem 4.12. Let the assumptions of Theorem 4.9 hold. In addition, assume
that Vo = [0, fo]T € L9(Fo,EP(X)) for some q¢ € (2,00). Let t > 0. Then
the solution V. € LZ(0,t; LI(§2; 6P(X))) to (4.0.3) as given by Theorem 4.11
satisfies V€ L1(£2; C([0,t]; £P(X))).

Proof. The statement follows from Corollary 4.7 once we have established that

for some o € (%, 1) we have:

Os<ugt lu— (s —u)"*T (s —u)d(V(u)|| La(2,5(0,5:67 (x))) < 00 (4.2.2)
_‘9_

Fix a € (%, 1) and s € [0,t]. By 7-Fubini isomorphism (2.3.3) and embedding
(2.3.5) we have:
lur (s —u)"*T (s —u)9(V(u))ly0,s:67(x))
SP H’U, = 7‘—1(8 - u)_aﬂ'(s - U)g(v(u))||L2(0,s;'y(H,X))

+ lu— (s —u)"*me T (s = W) (V(u)llLr(-1,0,22(0,55(,X))>
(4.2.3)
where My == sup,¢(o,4 [|7 (v)]| 2 (£r(x))- Concerning the final term in (4.2.3); by
(4.2.1) and by the ideal property of the y-radonifying operators we have:

lu— (s —u)"*m T (s — w)G(V(u))|| Lr(=1,0;02(0,s17(H, X))

- [/O (/OS+T(5 —u) M T (s —u+ )GV ()2 x) du)

-1

vl
=

dr]
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< M, [/_01 (/Os(s — )2 GV (@) 2 du)g drf

S
=3[ (=0 UGV ) vy )
As g > 2, and using in addition the Lipschitz-continuity of G, it follows that:
[u = (s =u)"*meT (s = w9 (V(u))l|La(@:Lr(~1,0:L2(0,507(2.x))
s 1
<y / (s —u) 2 [EI GV @) |2 5 )] F )

Sl 1, 1
< (1—20)" 2 Ms?*[[|G(0)||y(mr,x) + K sup (E ||V(u)||‘éap(x))q] < 00,

u€|0,s]
where K is the Lipschitz constant of G. The estimate for the first term on the
right-hand side of (4.2.3) is similar, but slightly simpler; one obtains:
[u = (s —u)"*m.T (s = w)G(V ()l La(2;22(0,50(1,))
_1 1_4 1
< (1= 20)"2 Ms2*[[|G(O0) |y, x) + K sup (E ||V (u)][%,x))7] < oo
u

€1[0,s]

From the above estimates and the fact that s~ < +3~% because a < %, we

conclude that (4.2.2) holds. O

4.2.4 Equivalence of solutions to (SDE) and (SDCP)

Before translating the results on the stochastic Cauchy problem to the stochastic
delay equation, let us define what we mean by a solution to (4.0.1). Let p € (1, 00)
be such that B € Z(H'?(—1,0; X), X).

Definition 4.13. A process U : [—1,00) X 2 — X is called a strong solution to
(4.0.1) if it is measurable and adapted to (% );>o and for all ¢ > 0 one has:

(i) fg |U(s)|?VP ds < 00 a.s.;
(ii) Ul=1,0) = fo,
(iii) fot U(s)ds € D(A) for all t > 0 a.s.;

and
t t t

Ut) — o = A / U(s)ds + B / Usds + / GU(s),U) dW(s) as. (4.2.4)
0 0 0

Remark 4.14. Note that by condition (i) and Lemma 4.8 one has fg Usds €

H'?P(—1,0; X) a.s. Moreover, for any ¢ > 0; by Minkowski’s integral inequality
one has:

(/Ot (oA ds)% = (/Ot [/ U@ duﬁds)%
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t t A2 1
< ||fOHLP + / / HU(U)||§(V2 du} V2 ds) pAZ

\/

= HfOHLP +tpA2 / ||U \p\/2d ] <00 a.s.

Hence by condition (i) the stochastic integral on right hand side of (4.2.4) is well
defined.

Theorem 4.15. (i) Let U be a strong solution to (4.0.1), then the process V.
defined by V (t) := [U(t),Us|T is a generalized strong solution to (4.0.3).

(ii) On the other hand, if V is a generalized strong solution to (4.0.3) then the
process defined by Ul_10y = fo, U(t) := m(V(t)) for t > 0 is a strong
solution to (4.0.1).

Proof. Part (i). In the proof of Theorem 4.9 we saw that s — 4 (V (s)) is stochas-
tically integrable if V' € L?(0,t; £7(X)) a.s. By Remark 4.14 it follows from the
definition of a strong solution to (4.0.1) that this is indeed the case. From Lemma
4.8 above it follows that V is integrable a.s.:

/Otv() MY

fo U ds
and that fotU ds € H'7(~1,0;X) as. and [} U,ds(0) = [3 U(s)ds € D(A).
Hence fo s)ds € D(/) a.s. and again by Lemma 4.8 and by assumptlon we

have, a.s.:
t
ﬂ/ V(s)ds = {Afo ds+Bf0Uds]
0 Ui — fo

_ {U(t) — a9 — [y G(U(s)) dWH<s>] _
Ui — fo

Combining this equality with the following:

[ o) avues) = /J[GW(S)’V“} AW (s)

[fo ,éfé)dWH(S)} 7

we see V' is a generalized strong solution.

Part (ii). Let V be a generalized strong solution to (4.0.3) and define
Uljz1,00 = fo, U(t) := m(V(t)) for t > 0. Recall from Remark 4.10 that
mV(t) = u — m V(s + u) = Us. Thus from the definitions of a generalized
strong solution and from the generator </ we obtain

U(s)—xozA/ ds+B/ Uds+/G UL)dWi(s) a.s.
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Corollary 4.16. U is a strong solution to (4.0.1) if and only if U satisfies

Ult) = m7 () Bﬂ +/Ot T 7t — CWU(s) dWn(s) as,

From Theorem 4.11 and Theorem 4.15 we obtain:

Corollary 4.17. Consider (4.0.1) with xg € LY(Fo;X) and fo € LI(Fy; LP)
for some p € (1,00), q € [2,00). Then (4.0.1) has a unique strong solution in
L™(0,¢;, L9(2; X)) for every r € [2,00] and every t > 0.

Combining Theorem 4.12 and Theorem 4.15 we obtain:

Corollary 4.18. Consider (4.0.1) with xg € LY (Fo;X) and fo € LI(Fy; LP)

for some p € (1,00), q € (2,00). The strong solution U € L>(0,t; L1(§2; X)) to
(4.0.1) given by Corollary 4.17 satisfies U € L1(£2; C([0,t]; X)).

Remark 4.19. One cannot hope to obtain a strong solution to (4.0.3) as defined
in the monograph of Da Prato and Zabczyk [33], i.e., a process V such that
V(t) € D(&/) a.s. for all t > 0 and

{ ] /%V ds+/§€ ))dWg(s) a.s. forallt>0,

unless the problem is deterministic, because of the following:

Proposition 4.20. Let X = R. If a generalized strong solution V to (4.0.3)
satisfies V(s) € D(&) a.s. for all s € [0,t] then T (s)[zo, fo]7 € Null(¥) and
V(s) = T (s)[zo, fo]T a.s. for almost all s € [0,], i.e. (4.0.3) is deterministic.

Proof. Define U := 71(V'), then U is a generalized strong solution to (4.0.1) by
Theorem 4.15. If V(s) € D(&) for all s € [0,t] a.s. then U € HYP(0,t) as., i.e.,
by Lemma 4.8 the process I(Z(V)) : [0,t] x £2 — R defined by I(4(V))(s) =
N4 )) dWg (u) is in HYP(0,t) a.s. Recall that the quadratic variation of

I(%(V)) is given by
V) = /0 G*(V(s

and hence by [79, Problem 1.5.11] the process I(¢4(V')) can only be of bounded
variation (and hence only possibly in H1?(0,t)) on the set

{w 0. /Ot%Q(V(s,w))ds - o}

={we N : V(s,w) € Null(¥) for almost all s € [0,¢]} .
Thus if 1(42(V (s))) is to be in H?(0,t) a.s. then one has

V(s) { ] ﬂ/ Wdu as. for all s € [0,1],

which implies that V(s) = 7 (s)[zo, fo]T and 7 (s)[xo, fo]T € Null(¥) as. for
all s € [0,1]. O
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Remark 4.21. If the noise in (4.0.1) is additive, i.e., if G = g € y(H, X), then
Theorem 4.15 can be applied to prove existence of a stationary solution to (4.0.1).
After all, in this case it follows from [111, Proposition 4.4] that (4.0.3) admits
invariant measure if and only if the function

t 7 (t)]g, 0"

represents an element of (0, 00; H,&P(X)). By -Fubini isomorphism (2.3.3),
embedding (2.3.5) and equality (4.2.1) this is the case if m .7 (t)[g,0]7 €
L2(0,00;v(H, X)), i.e., in particular if (.7 (t));>0 is exponentially stable.
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Introduction: the SDE to be approximated

Let X be a uMD Banach space and let T > 0. The upcoming Chapters 6-11
concern approximations in space and time of the following stochastic differential
equation in X:

{ dU(t) = AU(t) dt + F(t,U (1)) dt + G(t,U(t)) dWg(t); te [0,T], SDE)

Here A is the generator of an analytic Cy-semigroup on X, Wy is a cylindrical
Brownian motion in a Hilbert space H, and the functions F' : [0,T] x X — Xy,
and G : [0,T] x X — Z(H, Xy, ) satisfy appropriate Lipschitz conditions. Recall
that Xy denotes the fractional domain or extrapolation space of A, see Section
2.6. In Section 5.1 we state the standing assumptions on A, F', and G. Section 5.2
contains an existence and uniqueness result for solutions to (SDE) under these
assumptions.

5.1 Assumptions on A, F' and G

When considering approximations to (SDE), we make the following standing
assumptions on the Banach space X, the operator A, and the functions F' and
G. (Except in Chapter 8, where (F) and (G) are replaced by the local Lipschitz
assumptions (Fioc) and (Fioc).)

(A) A generates an analytic Cy-semigroup on the UMD Banach space X.

(F) For some 6p > —1+ (£ — 1), where 7 is the type of X, the function F :
[0,T] x X — Xy, is measurable in the sense that for all € X the mapping
F(,z) : [0,T] — X, is strongly measurable. Moreover, F' is uniformly
Lipschitz continuous and uniformly of linear growth in its second variable.

That is to say, there exist constants Cy and C; such that for all ¢ € [0,T]
and all x,z1,z5 € X:

[F(t,x1) — F(t,z2)|lx,, < Collz1 — x2|x,
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1E ) llx,, < Cr(1 4+ [o]lx)-
The least constant Cj such that the above holds is denoted by Lip(F'), and
the least constant C such that the above holds is denoted by M (F).

(G) Forsome g > —3, the function G : [0, T|x X — Z(H, Xy,,) is measurable in
the sense that for all h € H and = € X the mapping G(-,z)h : [0,T] — X,
is strongly measurable. Moreover, G is uniformly L?Y—Lipschitz continuous
and uniformly of linear growth in its second variable.

That is to say, there exist constants Cy and C; such that for all « € [0, %),
all t € [0, 7], and all simple functions ¢, ¢2, ¢ : [0,7] — X one has:

[s = (t = s)"*[G(s,01(5)) — G(s, D2(5)] 50,151, %0,,)

< Colls = (t—=8) 1 — 2]l 2 (0,t:x) N (0,4:X) 3
[s = (t = )" G (s, &()) 50,61, %0,,)

< CL(L+ s = (t =) "d(5)llL2(0,6:) ny(0,4:X) ) -

The least constant Cp such that the above holds is denoted by Lip., (G), and
the least constant C; such that the above holds is denoted by M., (G).

Our definition of L%—Lipschitz continuity is a slight adaptation of the defini-
tion given in [109]. Examples of L?Y—Lipschitz continuous operators can be found
in that article. In particular:

(i) If G is defined by an Nemytskii map on [0,7] x LP(R), where p € [1,00)
and (R,Z,u) a o-finite measure space, then G is L?,—Lipschitz continuous
(see [109, Example 5.5]).

(ii) if G : [0,T] x X — ~(H, Xy,,) is Lipschitz continuous, uniformly in [0, 7],
and X is a type 2 space, then G is Lg—Lipschitz continuous (see [109, Lemma
5.2]).

5.2 Existence and uniqueness of a solution

The solution concept we shall be working with is the following (see also Definition
4.2):

Definition 5.1. An adapted, strongly measurable process U : [0,T] x 2 — X is
called a mild solution to (SDE) if, for all t € [0, T7,

(i) s— St —s)F(S,U(s)) € L°(02, LY (0,T; X)),

(ii) s — S(t—s)G(s,U(s)) is H-strongly measurable, adapted and almost surely
in (0,4 H, X),

and moreover U satisfies:
Ut) = S(t)x0+/() S(t—s)F(s,U(s)) ds—i—/o S(t—s)G(s,U(s)) dWg(s) (5.2.1)

almost surely for all ¢ € [0, 7.
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Recall from Remark 2.8 that condition (ii) above is equivalent to saying
s S(t—s8)G(s,U(s)) € L°(£2,~(0,t; H, X)).

In [109] existence and uniqueness of a mild solution to (SDE) is proven under
the conditions (A), (F), (G). Theorem 5.3 below is a variation on that theorem
that is more suitable for our needs when considering time discretizations. Before
presenting the theorem, however, we define the spaces in which we shall work.
Definition 5.2. For a > 0 and 0 < a < b < oo we define ¥ 2?([a,b] x £2; X) to
be the space consisting of those ¢ € L7 (£2;7(a,b; X)) for which the following
norm is finite:

19727 ([a,] x 2:)

= || @l Lo (a,b;Lr(2:x)) + S<1£b |8 = (t = 8)"*P(3)|| Lr (237 (a,t: X)) -

Similarly, we define V2P ([a,b] x §2; X) to be the space consisting of those
@ € L (12;7(a, b; X)) for which the following norm is finite:

1Pl v:2P (a5 x 2;%)

= |9l e (2505 (a,p:x)) + iggb |8 = (t = 8)"“P(3)|| Lr (237 (a,t: X))

Finally, we define V.*?([a,b] x £2; X) to be the space consisting of those
@ € L (92;7(a,b; X)) that are continuous and for which the following norm is
finite:

[Pl v ([a,5]x 2:%)

= ||| zr(@:c((ab):x)) + sup. l|s = (t — 8)7“D(3)|| Lo (29 (a,1:X)) -

Note that the finite rank adapted step processes are not contained in VP,
Moreover, although they are contained in VZ? and #2P, they are not dense in
these spaces, see Appendix A.4.

For 0 < 8 < a <  covariance domination implies (see (2.3.4)):

12120 10ty i) < (0= D PN@ll vz (a1 2:)- (5.2.2)
Moreover, for a < c < d <b,

[19lie,a lv2? ((a b x2:x) = [Plie, 12w (e, ajx 2:x)- (5.2.3)
Finally, if G : [0,T] x X — Z(H, Xy, ) satisfies (G) and §1,Ps € ¥ 2P([0,T] x
2; X) for some p > 2, then:
sup ||s — (t = s)"“[G(s, P1(s)) — G(s,P2(3))]l| e (2i(0,t:X0,,))
0<t<T

< Lip,(G) S s = (t =) [@1(5) — Pa(s)]l| Lr(2;02(0,6:x))NLP (21(0,:X))

< Lip,(G) sup [[s+ (t =) “[P1(s) — P2(5)]l|L2(0,6507 (2:X))"LP (257(0,6:X))
0<t<T
1 o
< (14 T=")Lip, (G)[|P1 — Pallv27 (0, 1]x 2:x)>
(5.2.4)
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and, by a similar argument one has, for @ € ¥ 2P([0,7T] x 2; X):

sup_||s = (¢t = s)"G(s, 2(3)) || Lr (2:(0,t:X0,,)
0<t<T (5.2.5)
P
< (14T )My (G) (1 + [|Dll v w0, 17% 2:x) ) -

One may check that equations (5.2.2)-(5.2.5) remain valid if the #.&P-norms
are replaced by VZP- or V& P-norms.
Set

Nmax = min{l — (£ = 1)+ 0p, 1 + 0} (5.2.6)

The proof of the following theorem, which is entirely analogous to the proof
of [109, Theorem 6.2], is presented in Appendix A.3.

Theorem 5.3. Let 0 < 1 < Nax and p € [2,00). For all initial values xg €
LP(£2; Fo; X,) and all a € [0, 3), the problem (SDE) has a unique mild solution
U in 72P([0,t] x £2;X,,). It satisfies

1Ullyarqomxaix,) S 1+ lzolleeex,)- (5.2.7)

Moreover, if% <i40cand0<n<min{l — (X -3)+0p, 5 +0c— %}, then
U e Var([0,T] x £2;X,) for all o € [0, 3).

Remark 5.4. The extra factor ]% in the second statement above arises from a
Kolmogorov-type estimate on the stochastic convolution in (5.2.1).

The reason we need this adapted version of Theorem [109, Theorem 6.2] is
rather technical. Note that the approximations obtained by the splitting scheme
and the Euler scheme are not continuous. Accordingly we first prove convergence
of the various schemes in ¥ 27([0,T] x £2; X) for arbitrarily large p € (2,00).
Pathwise convergence results (in the grid points) can then be obtained by a
Kolmogorov argument. However, if we were to use the existence and uniqueness
results of [109], we would lose a factor % twice.
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The splitting scheme

This chapter concerns the convergence of splitting schemes for the stochastic
differential equation (SDE) under the assumptions (A), (F), (G) of Section
5.1. For reasons to be explained shortly, we shall consider two different schemes
that we shall refer to as the modified splitting scheme and the classical splitting
scheme. The modified scheme is defined as follows: fix T" > 0 and an integer
n € N. For j = 1,...,n we define the process U;") : [t;@l,t;n)] x 2 — X as the
mild solution to the problem

{ AU\ (t) = S(L)[F(t, UM (1) dt + G(t, U™ (6) Wi ()], t e [t 65);
U ) = SEOU ),

Jj—1 Jj—1

(6.0.1)
where we set U(g") (0) := x0, and recall that tg.") = %
The existence of a unique mild solution to (6.0.1) in 7/0.‘f’p([t§-7i)1, t;n)] x £2; X),
for o € [0, %) and p € [2,00), is guaranteed by Theorem 5.3. Here we use that
S(L)F :[0,T] x X — X satisfies (F) and that S(£)G : [0,T] x X — Z(H,X)

satisfies (G).
For j = 1,...,n we define Ij(-n) = [t(n) t(-")). Observe that the adapted

J=17g
process U™ : [0,T) x 2 — X defined by
U™ =3"1,m® UM (), tel0,T), (6.0.2)
j=1 "

defines an element of ¥ 2P ([0,T] x §2; X). In the next section we prove conver-
gence of U™ against U, where U is the mild solution to (SDE), in %2 ([0, T] x
2; X), for p € [2,00) (provided zo € LP(§2, X,;) for n > 0).

As we obtain convergence in ¥, 2P([0,T] x £2; X) for p arbitrarily large, by a
Kolmogorov argument we obtain convergence in the discrete Holder norm: For
a sequence = = (z;)7_y in X (we think of the x; as the values f(t;n)) of some
function f : [0,7] — X) and 0 < v < 1 we define the discrete Hélder norm
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[ - as follows:
¢

|z — @il x
T (n) ) = sup ||zj||lx + Ssup —SF——F>—.
el oo = 212 sl sup o

For n € N fixed set u := (U(t;n)))?zo and u(™ = (U(”)(t;-n)))?zo. The proof

of the following theorem is contained in Section 6.3:

Theorem 6.1 (Holder convergence of the splitting scheme). Let X be a
UMD Banach space and let 7 € (1,2] be the type of X. Suppose p € [2,00) and
7,6 €[0,1) and n > 0 satisfy

T

7+5+%<min{l—(l—%)+9F7 %+9G7 7, 1}7

and suppose that xy € LP(02, Fo; X,,)). There is a constant C, independent of xo,
such that for allm € N,

D=

(Eflw—u™|?

-5

o (0,71 X)) < On™°(1+ [lzollLe(2:x,))- (6.0.3)

By a Borel-Cantelli argument, (6.0.3) implies that for almost all w € (2 there
exists a constant C depending on w but independent of n, such that:

sup lu(w) — ul™ @)l o.77:x) < cn™°
j€{0,...,n} v T
There is a subtle difference between the modified splitting scheme and the
classical splitting scheme, which is defined by solving, for j € {1,...,n};

{ U™ (t) = F(t,

UM (1) dt + G(t, U (1) dWy (), te [t t");
U(")(t(")) S(%)U(n)ﬂt@ﬂ,

Jj—17j

(6.0.4)
with [7(")( 0) := xo. The existence of a unique mild solution f]](") to (6.0.4) in

YP([t ]n)pt(n)] x 2, X), for every a € [0, 1) and p € [2,00), is again guaranteed
by Theorem 5.3 provided that 0 > 0 and 49@ > 0. However, if 0 < 0 or 6 < 0,
then we have no means to define a solution to (6.0.4) in X, since we cannot
guarantee that the integrals corresponding to F' and G in the definition of a
mild solution take values in X. In the modified splitting scheme, this problem
is overcome by the extra operator S (%) with provides the required additional
smoothing.

Once convergence of the modified splitting scheme has been established, con-
vergence of the classical splitting scheme is derived from it under the additional
assumptions 6z > 0 and 6 > 0 (Theorem 6.4).

In the final section of this chapter we consider the case that (SDE) is linear
with additive noise, i.e., F =0 and G = g € v(H, Xy ). In that case Theorem
6.1 holds in arbitrary Banach spaces (i.e., we need not assume that the space



6.1 THE MODIFIED SPLITTING SCHEME 89

satisfies the UMD property). Moreover, we also have convergence of the splitting
scheme if S is not analytic, provided X is a type 2 space. The section is concluded
with an example for which the splitting scheme does not converge.

At the cost of some extra work it is possible to obtain pathwise convergence of
the splitting schemes over [0, 7] instead of over the grid points, i.e., convergence
in LP(£2;C([0,T]; X)) and in C(]0,T]; X) almost surely. See Appendix A.5.

For semi-linear (Stratonovich type) SPDEs governed by second order elliptic
operators on R? and driven by multiplicative noise, convergence in X = L?(R%) of
splitting schemes like the one considered here has been proved by various authors
[6,7,46,56,100]. In particular, pathwise uniform convergence of the splitting
scheme, with rate n=! (which is the rate corresponding to exponents 0 > % — %
and 0g > % in our framework, provided we take n > 1), has been obtained by
Gyongy and Krylov [56] for again a different splitting scheme, namely one for
which the solution to (6.0.1) is guaranteed by adding (roughly speaking) a term
AU (t) dt to the right-hand side of (6.0.1).

Our results concerning convergence in the case that S is not analytic (see
Section 6.4) extend and simplify previous work by Kithnemund and van Neerven
[83, Theorems 4.3 and 5.2].

6.1 Convergence of the modified splitting scheme

As always we assume that (A), (F), (G) hold, and we denote by U the mild
solution to the problem (SDE) with initial value xy. For technical reasons we

shall consider the modified splitting scheme with initial value U™ (0) := o,
where yo € LP(£2, %0; X), p € [2,00), may be taken different from zq. Of course,
in applications it is natural to assume yg = ¢ or yg is a close approximation of

xo. Thus we define U™ as in (6.0.2), with (U;n))?zl defined by (6.0.1) but with
Uén)(()) = Yo.
Theorem 6.2. Let 0 < n < 1 satisfy n < Nmax, where Nmax s as on page 86, and

assume that ©og € LP(%y,X,) and yo € LP(Fy,X) for some p € [2,00). Then
for all a € [0,3) one has:

U - U(n)”‘lfo‘é”’([O,T]xQ;X) Slzo = yollLe(oix) +n7" (1 + ”xO”LP(_Q;Xn))a
(6.1.1)
with implied constants independent of n, xo and yo.

For t € Ij(-n) we define

) ()
te=t", T=t,

In particular, fyi)l = tg-"). It should be kept in mind that in the notation x and
T we suppress the dependence on n and T
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The proof of Theorem 6.2 uses the strong resemblance between identity
(6.1.2) for U™ below and the identity (5.2.1) satisfied by U.

Claim. Let U™ be defined by (6.0.2) but with Uén)(O) = yg. Almost surely, for
allt € [0,T) we have:

UM (@) = S@yo + /t S — s)F(s,U™(s)) ds
0 (6.1.2)
+ /0 S(t — s)G(s, U(")(s)) dWg(s).

Proof. Tt suffices to prove that for any j € {1,...,n}, almost surely the following
identity holds for all t € I\"):

t

£,

+ (DG, U s) AW (o)

(n)
j—1

i1 (6.1.3)
#3 [SE U () ds
k=1"1x
j—1
#3 [SEG .U ) W)
k=1"1x
By definition, the process U;n), being a mild solution to (6.0.1), satisfies:
t
U () = S(DHu ) + /t L SEIF(s, UM (s) ds
o (6.1.4)

_|_/t S( )G(S,U;n)(s))dWH(S)

(n)
j—1

38

almost surely for all ¢ € IJ("). For j =1 (6.1.3) follows directly from (6.1.4), and
for j € {2,...,n} it follows by induction. O

Proof (of Theorem 6.2). Let € > 0 be such that

e < min{%7 1 — 20, Mmax — 1}
In particular we have ¢ < % +60¢ and thus, by replacing « € |0, %) by some larger
value if necessary, we may assume that

4

max{l — zg,e =20} <2a <1 —e¢.

3
We split the proof of (6.1.1) into several parts. In each part, constants will
be allowed to depend on the final time T'. Thus, the statement ‘A(¢) < B with a
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constant independent of ¢ € [0,T] is to be interpreted as short-hand for ‘there
is a constant C, possibly depending on 7', such that sup,¢(o 7 A(t) < CB.

Part 1. Fix n € N. Let z,y € LP(£2; X,;). By the identities (5.2.1) and (6.1.2),
for all s € [0, T] we have:

U(s) = U™ (s) = (S(s) — S(3))xo
+5(3)(zo — ¥o)

+ /S[S(s — ) = 8(5 — W) F(u, U(w)) du
/ S( — w)[F(u, Uw) — Flu, U™ (u))] du (6.1.5)
+ [ 156 - 0) = 86— W16 U ) Wit

+ [ 865 wIGLU W) - Gl U w)] W)

We shall estimate the #.2P([0,To] x §2; X)-norm of each of the six terms sep-
arately for arbitrary Ty € [0,7]. In the fourth and sixth term (part 1d and 1f
below) it will be necessary to keep track of the dependence on 7.

Part 1a. We start with the first term in (6.1.5). Writing S(s)—S5(5) = (I-S(5—
$))S(s) and S(s) = s~2°5~2°5(s), from Lemma 2.21 (1) and (3) and Theorem
2.14 we obtain, almost surely for all ¢ € [0, T1:

Is = (t — 8)7%(S(s) — S())a0lly0.0:x) S s+ (£ — 5) 7S (5)o0ll(0,4:%)
<nTs = (= 8) 5T 25200, x)

e 1

=n""s = (t =) "7 2% 20 lxollx

S n7lwollx,
with implied constants independent of n, ¢, and xy. Also, by (2.6.4),

l[s = (S(s) = S(5))moll Lo (0,70:x)
< b[lolp 1Szl = SE = s)ll2x,.x)lzollx, S n™ "ol x,-
s€[0,To]
By taking p*® moments it follows that that for every T € [0, T] we have:
[[s— (S(s) — S(§))9CO||7/;§=P([0,TO]xQ;X) S n_n”xOHLP(Q;Xn), (6.1.6)
with implied constant independent of n, Ty and xg.

Part 1b. Concerning the second term on the right-hand side in (6.1.5) we note
that, almost surely:

[[s — S(5)(wo — yo)||L°°(0,T;X) S lzo — wollx,
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with implied constant independent of n, z¢ and yg. Also, by Lemma 2.21 (1) and
Theorem 2.14, almost surely we have, for all ¢ € [0,T:

l[s = (t = s)"*S(E) (@0 — yo)llyo.6x) S lls = (E=5)"(5) "2 (z0 = yo)l1(0.:x)

= |ls = (t — 8)7(3) 72| n2(00)

[Zo — yollx
S llwo — wollx
with implied constants are independent of n, t, xo and yo.
Combining these estimates we obtain, for all Tj € [0, T7:
lls = S(s)(xo — vo)llwaro,m)x2:x) S 120 — YollLr(2:x) (6.1.7)

with implied constants independent of n, Ty, x¢ and yp.

Part 1c. Concerning the third term on the right-hand side in (6.1.5) we observe
that:

S(s—u)—S(5—u) = (I-S(5—5))S(s—u)+S(5—8)S(s—u)(I—S(u—u)), (6.1.8)
and hence
1860 - 56 - wlF(,U() du
—([-S(5-s) /O S(s — w)F(u, U(u)) du
+SG—s) /0 " S(s — W) (I — S(u— ) F(u, U(w)) du.
Let Ty € [0, 7). It follows from Lemma 2.21, part (2) (with exponent 3¢) and part

(3) (with exponent 3 4+ 6p — 1 —¢) and and the y-multiplier theorem (Theorem
2.14) that:

5 /08[5(5 — ) — S(5 — W) F(u, Uu)) duH

<n- min{$+6p—1—¢,1}

Voo P ([0,To] % £2;X)

X Hs — /OS S(s — u)F(u, U(u))duH

V2P ([0,T0] X25Xg 0 1 )

+ Hs s /Os S(s—u)(I —S(u—u))F(u,U(u)) duH

YEP(0.To]x 25Xy )]
(6.1.9)
with implied constants independent of n and Tj. We shall estimate the two terms
on the right-hand side of (6.1.9) separately.
We begin with the first term. Recall that U € ¥ 2P([0,To] x 2; X) and
therefore, by (F), we have F(-,U(-)) € L*(0,Ty; LP(§2; Xy, )). By Lemma A.7
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(applied with Y = X5 9 1 ., ®(u) = F(u,U(u)), and § = -3 +1+e)we
obtain, for all ¢ € [0, Tp):

SH/Ss—u)F(uU de/‘*
ST(OToIX %X gy 1)

S llu = Fu, Uw))l pee 0,70 00 (2, X0 ,))

<

(L4 Ul 0,117 (25)))

with implied constants independent of n, xg and Tj.

For the second term in the right-hand side of (6.1.9) we apply Lemma A.7
(with Y = X1, § = =3 + 1 + 5 and ®(u) = (I — S(u — w))F(u,U(u))). Note
that @ € L>(0, 75 LP(£2; X_3,1,.)) by the boundedness of u — (I — S(u — u))
in Z(Xg,, X_3,1,.), the linear growth condition in (F) and the fact that
U e v2?(]0,To] x £2; X). We obtain:

S(s —u)(I — S(u—w)F(u,Uu)) d H
o= [ st = = 5w = w) P Uw) au s oy
Sl (I = S(u—w)F(u, Uu)) || oo (OToiL? (%X _3,1,.))
n—mln{ +9F—*—€ 1}H’u,l—> F(u U ))HL""(O To; L (12 Xep))

S
<n

_ mm{§+0F—;—e,1}(1 + ||U||L°°(O,T0;LP(Q;X)))a

with implied constants independent of n, zg and Ty. For the penultimate estimate
we used (2.6.4).

Combining these estimates, applying (5.2.7), and recalling the assumptions
n<landn< %—%—E—FGF, we obtain:

Hs»—>/08[5(3—u)—5(s—u)] (.U () d]

<n- min{%+9p—%—s,1}(

VP ( 0 TO}XQ X)
6.1.10
L+ [[U]| L (0,10;L7(2:%))) ( )

ST+ (2ol Lea;x)),
with implied constants independent of n, xg and Tj.

Part 1d. Concerning the fourth term on the right-hand side in (6.1.5) we first
apply Theorem 2.14 and Lemma 2.21 (2) (with exponent %5) and then apply
Lemma A.7 (with YV = Xi1_, 6 = 0p — ¢ and ®(u) = S(u — uw)[F(u,U(v)) —
F(u, U™ (u))]). Observe that & € L>(0,T; LP(§2; X)) by the fact that both U
and U™ belong to #22([0,T] x £2; X), (F), and the uniform boundedness of
u— S(u—u)in L(Xg,., Xy, _1.). We obtain:

Hs»—>S(s—s)/osS(s—u)[F(u,U(u)) F(o, U @) du|,

Voo P ([0,T5] x £2;X)
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S
<H /S — W) [F(u,Uw)) — F(u, U™ (1)) d H
<o [ sto-wtr v - Fo v

< (T LT (6.1.11)
X |lu— S(u—w)[F(u,U(u)) — F(u, U(”)(U))]||L°°(0,To;LP(Q;X9F,%E))
L (Op—e) 14 n
ST+ T = U™ e om0, (6.1.12)

with implied constants independent of n and Tj.

Part 1le. For the fifth term on the right-hand side in (6.1.5) we proceed as in
part lc. Using (6.1.8), Lemma 2.21, part (2) (with exponent 3¢) and part (3)
(with exponent % +60g — %5), and Theorem 2.14, we obtain:

s - /08[5(5 — )~ §(5 ]G, U (u)) dWyg u)

<n- min{1+6c—2e,1}
~Y

Voo P ([0,To] X $2;X)

x Hs . /0 S(s — u)G(u, U(u)) dWH(u)H

VS’F([OVTO]XQ;X%HG,%E)

+ HS . /OS S(s—u)(I — S(u—u))G(u,U(u)) dWH(u)Hv;*P([O,To]XQ;X;E).

(6.1.13)

Now we apply Lemma A.8 to the two terms on the right-hand side of (6.1.13).

For the first term we apply Lemma A.8 with Y = X%_ch_%a, 6= —% + %5 and

®(u) = G(u,U(u)), noting that v > 3 — 2e = —4. Assumption (A.2.1) is satisfied

due to (5.2.5) and the fact that U € ¥ 2P([0,T] x £2; X). By Lemma A.8 and
(5.2.5) we obtain:

HSH /0 S(s—u)G(u,U(U))dWH(U)H

YLP(0,To]x 25X 1 Lo, _2.)
2 3
S osup flues (s —uw) " G(u, Uw) | Lr(2:4(0,5:X0,,))
s€[0,To]
ST+ Ullyer (0,10)x 2:x)
with implied constants independent of n, x¢ and Tj.

For the second term we take Y = X, § = —3+2cand O(u) = (I — S(u—
u))G(u,U(u)) in Lemma A.8, noting that o > & — 2 = —4; assumption (A.2.1)
is satisfied because of U € ¥ 2P([0,Tp] x 2;X), (5.2.5), and the fact that the
operators I — S(u — u) are y-bounded from Xy, to X_1,. by Lemma 2.21 (3).

By Lemma A.8, Lemma 2.21 (3) (applied with exponent % + 0g — ¢€), and
(5.2.5) we obtain:

s - /O (s — u)(I — St~ w)Glu, U(w) dWis (u)

VPO Tolx 2:X )
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S sup u— (s —u)" (I = S(u—w)G(u,U(u)||Lr(2iy0,5x 1)
S€[O,To] 2

S/ n- min{%Jr@Gfa,l} sup ||’LL — (S — u)faG('LL, U(u))”Lp(Q;fy(ovs;XeG))

s€[0,T0]

ST+ Ullyze o,10)x 2:x))

with implied constants independent of n, x¢ and Tj.
Combining these estimates and applying (5.2.7) we obtain:

s /0 "[S(s — u) — S(5 — w)Glu, Uu) AW ()|

V2P ([0,To] x 2:X) A
6.1.1
T+ U ly2p j0,10) % 2:x)) ( )

<n”
ST+ (2ol Lea;x)),

with implied constants independent of n, xg and Tj.

Part 1f. For the final term in (6.1.5) we proceed as in part 1d. First we apply
Theorem 2.14 in combination with Lemma 2.21 (2) (with exponent f¢) to get
rid of the term S(5—s). Then we apply Lemma A.8 (with Y = X%‘E, 0=10g— %6,
and ® = S(u — w)G(u,U(u)) — G(u, U™ (u))). Note that a > e — 6 = —0.
Assumption (A.2.1) is satisfied because U and U™ are in #27([0, Tp] x £2; X),
condition (G) holds, and the operators S(u — u) are y-bounded from Xy, to
KXo e Finally, we apply Theorem 2.14 again in combination with Lemma 2.21
(2) (with exponent 1¢) to get rid of the term S(u — u). We obtain that there
exists an € > 0, independent of Tj € [0, T, such that:

HS — /OS S — w)[G(u,Ulu)) — G(u, U™ (u))] dWH(“)HA,,O%,p([QTO]XQ;X)

<o [ qrs _ (n)
Sl [ st -wicvw) - G L] —

STI§ sup fu (s —u)”“S(u—u)
0<s<Tp

x [G(u,U(u)) — G(u, U™ (u))] ||LP(Q;7(O’S;H7X0G7%E))
STs sup s (s —u) " *[G(u, U(w)) — Glu, U™ (W)]l| Lo (20r(0,5:. X0 )

0<s<Tp
STENU = U™l yaer (0,10 x 2:%)
(6.1.15)
where the last step used (5.2.4); the implied constants are independent of n and
To.

Part 2. Substituting (6.1.6), (6.1.7), (6.1.10), (6.1.12), (6.1.14), (6.1.15) into
(6.1.5) we obtain that there exists an exponent ¢y > 0 and a constant C' > 0,
both of which are independent of n, xg, and yo, such that for all Ty € [0,T] we
have:
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1T = U™ |lyam om0 x2:x) < C (10 — Yol Lo asx) + 177" (1 + [|zoll e (2;x,)))

+ CT U = U™y 0,10)x 2:%)-
(6.1.16)
From now on we fix Tp := min{(2C)* T}. Note that Ty is independent of
n, To, Yo, and we have:

JU = U™ |lya 0. 10] x 2:)

_ (6.1.17)
< 20”:170 — y()HLp(Q;X) +2Cn 77(1 + H:CO”L;D(Q;XN)).

Part 3. Let us fix n € N and pick ¢, € {tg-") : j =0,1,...,n}. For z €
LP (2, %#;,; X) we denote by U(x,to,-) the process in ¥ 2P ([tg,tg + T] x 2; X)
satisfying, almost surely for all s € [tg,to + T:

t
Uz, to,s) =St —to)z+ | S(t—ty—s)F(s,U(z,to,s))ds
to
t

+ [ S(t—to—s)G(s,U(,to,s)) dWg(s).

to

By U(”)(x,to, -) we denote the process obtained from the modified splitting
scheme initiated in ¢( with initial value x € LP(§2, %#,; X ). Thus, almost surely
for t € [tg,to + T:

t
U™ (z,t,t) = S(E — to)x + / St —to— 8)F (s, U™ (x,t0,5)) ds
to

¢
+/ St —to — 8)G(s,U™ (2,9, 5)) AW (s).
to

From the proof of (6.1.17) it follows that for any « € L?(£2,.%,; X,,) and y €
LP (02, Fy; X) we have:

HU(x, lo, ) - U(n)(ya to, ')H‘I/(,‘Z,'p([to,to—&-To]xQ;X)

i (6.1.18)
<20z — yllr(2;x) + 207" (1 + ||z e (2 x,))s

with C' as in (6.1.17).

Part 4. Let Ty be as in part 2 and fix N € N large enough such that % < Tp.
Let M = [2T/Ty]. Then M > 2 and 2T < MTy < 2T + Ty < 3T.

Let us now fix n > N. Then %TO < min{Tp — %, %} and therefore T, > %TO.
Hence, T'< MT, < 3T.

From now on we fix an integer n > N. By the uniqueness of the mild solution
to (SDE) and by the definition of U™ we have, for any sg,ty € {t;n) 1 j =
0,1,...,M}, any x € LP(2,.Z,,; X) and any t € [to,to + Tp] that:

U(z, sp,t) = U(U(x7 so,to),to,t);
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U(n) (l‘, S50, t) = U(n) (U(n) (J?, So,to),to,t).

For j € {1,...,M}, from (6.1.18) (with = = U(xo,(j — 1)T,) and y =
U™ (yo,(j — 1)T,)) we obtain:
U (0,0, 5Z0) = U™ (40,0, i) || Lo (2:%)
= U (U200, = D)T), (j — 1)L, L)
U™ (U™ (40,0, = 1)Lo), (G = VL0, To) | oxey  (6:1.19)
SN (@o,0, (5 = 1)To) = U™ (40,0, (j = Do) | zo(aix)
+n "1+ |U(z0, (7 — D)Ll zr(2:x,))s

with implied constants independent of j, n, g, yo.
By (5.2.7) we have

sup HU(:EmQon)HLP(Q;XW)S sup HU(xovovS)”Lp(Q;Xn)
1<j<M s€[0,3T) (6.1.20)

S 1+ lzollieex,),
and therefore, by (6.1.19):
||U($0707jzo) - U(fb) (yOa 07jIO)||LP(.Q;X)
S ||U(I0a Oa (] - 1)10) - U(n) (yOa Oa (] - 1)IO)||L1”(Q;X)
+ 171+ (2ol Lr(2:x,))

with implied constants independent of j and n. By induction we obtain:

Sup ||U(.’£0, 03.710) - U(n) (yOa OajIO)”LP(Q;X)
1sjsM (6.1.21)

S o — yollze(eix) +n7 " (1 + [lzol| e (2:x,))s

with implied constants independent of j and n as M is independent of n.
The estimate (6.1.21) is precisely what we need to extend (6.1.17) to the
interval [0, T]. To do so, we once again fix j € {1,...,M}. Set

2 =U(20,0,(j = 1)T) and y=U" (40,0, (j — 1)T,)
in (6.1.18) to obtain, using (6.1.20) and (6.1.21):
HU(mo, 0,-) = U™ (3,0, ')H”VO%’P([(J'*UIMIO]XQ;X)
= |U(U (0,0, (j = 1)T), ( = )T, )
— U (U™ (40,0, = DIo), (7~ DL, ) H“t/o%’%[(jfl)zo,jzow;)f)

S U (20,0, (5 — 1)To) = U™ (0,0, (j — 1)To) |l o)
+ 0711+ ||U(20,0, (j — D)To)|lr2:x,))
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S o — yollze(eix) + 17" (1 + [|zol|zr(2:x,))s

with implied constants independent of j and n.
Due to inequality (5.2.3) we thus obtain:

o —u™ Hv/“vp([o T 2:X)

<§]w (20,0, (7 = DT), (7 = VT, )

—wmw@@muyJE@u—U%J
M

S Z lzo = yollLr(:x) + 7 "(1 + ||$0||LP(Q;X77))
j=1

S llzo = yollze(ex) + 77 "(1 + (2ol e (2:x,))

H VP ([(G—1) L5 To] x$2:X)

since M is independent of n. This proves estimate (6.1.1). O

In the next subsection we shall need the following corollary of Theorem 6.2:

Corollary 6.3. Let the setting be as in Theorem 6.2. Let 0 < § < Npax and
p € [2,00), and assume that yo € LP(£2; Xs). Then for all a € [0, 3) one has:

sup 1Ty o mx2:xs) S 1+ IvollLe(2:xs)-
ne

Proof. By assumption one can pick € > 0 such that § + € < 7yax. Because
Op > 6 —1+ (L — 1) +e, the restriction of F : [0,T] x X — Xy, to [0,T] x X5
induces a mapping F': [0,T] x X5 — X5 1, (1_1y,. which satisfies (F) with
Op = —1+ (l — l) + ¢. Similarly, from 65 > § — % + & we obtain a mapping
G :[0,T] x X5 — X;5_1, . which satisfies (G) with 0 = —1 4+ ¢. The desired
result is now obtained by combining Theorem 6.2 (with state space Xg, initial
conditions xp = yo, and exponent 1 = 0) and Theorem 5.3. O

6.2 Convergence of the classical splitting scheme

We consider the stochastic differential equation (SDE) under the assumptions
(A), (F), (G), with initial value zg, under the additional assumption that
eFa GG > 0.

For n € N let (U("));‘:O be defined by (6.0.4) with initial value g, €

J
LP (02, %y; X), p € [2,00), and set

ZlI(n) U(n) ) te [O,T)

As before, U denotes the mild solution to (SDE) with initial value xq.
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Theorem 6.4. Let 0 < 7 < Nmax, and suppose xo € LP(Fy, X,) and 3o €
LP(Fo,X) for some p € [2,00). Then for all o € [0, 1) we have:

1T = U™ [lya o myx2:x) S 20 — GollLo(asx) + 07" (1 + ”xO“LP(Q;Xn)gv
6

with implied constants independent of n, xo and Fo.

Proof. Fix T > 0, n € N. For U™ the following relation holds (see also (6.1.2)):
U™ (s) = S(3)go + / S(s — u)F(u, U™ (u)) du (6.2.2)

0
+ / S(s — w)G(u, U™ () dWg (u). (6.2.3)

0

At first sight the processes U™ and U™ are very similar, and one would expect
the proof of Theorem 6.4 to be entirely analogous to the proof of Theorem 6.2.
However, there is a subtle difficulty when considering U(): for the proof of
Theorem 6.2 we make use of the fact that s —u > s —wu for all 0 < u < s,
s € [0,T]. This allows us to write

SE—u)=50GE-:5)S(s—u)S(u—u) (6.2.4)
and (see (6.1.8)):
S(s—u)—SGE—u) = (I—-5(5—5))S(s—u)+S5(5—5)S(s—u)(I—S(u—wu)). (6.2.5)

As a result, we can interpret the (deterministic and stochastic) integral terms
in (6.1.5) as (stochastic) convolutions and use Lemmas A.7 and A.8 to obtain
estimates for these terms.

For U™ one of the difficulties lies in the fact that for

sG[O,T}\{tgn) cj=1,...,n}

we have s — u > s — u for some values of u € [0, s], but s — u < s — u for other
values of u € [0, s]. Instead of (6.2.4) we have, for s —u > L:

S(s—u)=S(E—-5)S(s— L —u)S(u—w). (6.2.6)

Roughly speaking, this allows one to apply Lemmas A.7 and A.8 on the interval
[0, (s — Z)*]. However, an extra argument is needed for the remainder of the
interval.

Another difficulty in dealing with U is that for

sel0,TI\{t/" - j=1,...,n}

and u € [s, s] we have S(s—u) = I, and thus we cannot use the smoothing prop-
erty of the semigroup there. Note that this occurs precisely in the aforementioned
remainder.
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Part 1. It is easier to deal with the remainder if we compare U™ with U™
instead of comparing U™ with U: by Theorem 6.2 suffices to prove that

U = Tl yzro.11x2ix) S 190 = FollLosxy + 7077 (1 + ||Z~/0||LP(9;X"(>)’ )
6.2.7

with implied constants independent of n, yo and g, where U™ denotes the
process obtained by applying the modified splitting scheme to (SDE) with initial
value yo € LP(92, Fo; X,).

By (6.1.2) and (6.2.2) we have:

U(")(S) — U(”)(s) = 5(5)(yo — Yo)

+ (S(%) —1I) /OS S(s — w)F(u, U™ (u)) du

+ / S(s — w) [F(u, U™ () — F(u, T ()] du
0

S

+(SE)y~1) [ S(s—w)G(u, U™ (w)) dWg (u)

+ [ 8s = 06U () ~ G, T )] W)
0

(6.2.8)
As mentioned above, we can rewrite each of the (deterministic and stochastic)
integrals above as a (deterministic or stochastic) convolution and a remainder
term. Below, we will demonstrate this for the first deterministic integral term in
(6.2.8). The convolutions can be dealt with in the same manner as in the proof
of Theorem 6.2, and in part 2 of this proof we will demonstrate how to deal with
the remainder.
For the first deterministic integral in (6.2.8) we have, by (6.2.6):

(S(£)-1) /Os S(s —w)F(u, U™ (u)) du

+(S(£)-1) / S(s — u)F(u, U™ (u)) du.
(

5777:)Jr

Note that the first term on the right-hand side above involves the convolution of
the process
w S(u—u)F(u, U™ (u))

with the semigroup S, evaluated in (s — %)* By arguments analogous to part
1c in the proof of Theorem 6.2 we can estimate this term, using Corollary 6.3
where in part lc the estimate of Theorem 5.3 is applied:
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(s=1)*
X / S((s = Iyt —u)S(u — w) F(u, U™ () du‘
0

n~ "1+ [|lyollLr(2:x,)-

Vo' P([0,To] X §2;X)

(6.2.9)

For the remainder term we apply, for the time being, only the ideal property

for ~-radonifying operators (2.3.2) to get rid of the term S(%) — 1. We thus
obtain, for all Ty € [0,77:

o -1 [ st
(1 + llyoll e 2:x))
+n7(0F/\1)HS’—>/S S(s —w)F(u, U™ (u)) du H

(s—5)F

VooV ([0,To] X £2;X)

P([0,To] x £2; XeF)

By applying similar arguments to the other three integral terms in (6.2.8)
and by applying the argument of part 1b in the proof of Theorem 6.2 to the
first term in (6.2.8), one obtains that there exists an g9 € (0, 3) such that for
Ty € [0,T] and o sufficiently large we have, setting I, := [(s — £)T, s]:

[T — T ||yam 10,101 x2:x)
S lyo — Dollze(2:x)
+n "1+ ”yOHLP((Z;XU)) +T50 U™ — U(n)H“//‘”’( [0,To] x £2;X)

+n—<9FA1>HSH/ (s — w)F(u, U (w) du M)
I. V&P (0,To] % 25X )

e [ 8t - [P0 @)~ P 0 ) do (i)

‘%;"’([O,TO] x$2;X)

+n~(0eAD) Hs - /1 Sls — wG(u U™ (w)) dWH(u)‘ (ii)

FEP([0,To]x 2 X0, )

t s / S(s — ) [Gu, UM (w)) — G, T ()] dWe (u)
I

’v;’P([o,TO]xQ;X)'

(iv)

Part 2. We now demonstrate how the terms (i) - (iv) above can be estimated

using the following two claims. The proofs of the claims are postponed to parts
3 and 4.

Claim 1. Let § € R, a € [0, 3) and & € ¥ 2P([0,T] x §2; X5). Then for alle >0
and all Ty € [0, T] we have, with implied constant independent of n and Tp:

3 1
S(s — w)®(u) du H ATY) 27 S |B oo 7 .
HS ’_)/15 (§ u VP ([0,To] x 2;X5) ( O) H HL (OToi L (2,X0)
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Claim 2. Let § € R, o € [0,3), and ® € ¥2P([0,T] x £2;X5). Then for all
Ty € [0,T] we have:

HSH/I S(gf@)@(U)dWH(U)H

s

7P ([0,To] x £2: X 5)

S(ZAT)" sup s = (t—8)7B(5)|| Lo (0,620 (2,X5)»
0<t<Ty

with implied constant independent of n and Ty.

Pick € > 0 such that
e < % — % +0p — .

We shall apply Claim 1 with this choice of €. To be precise, for (i) we apply
Claim 1 with @ = F(~7~U(”)(-)) and 6 = Op. For (ii) we apply Claim 1 with
& =F(-,U™M()) = F(-, U™ () and § = 0.

Replacing « € [0, %) by a larger value if necessary, we may assume 1 — 0g <
a < 3. For (iif) we apply Claim 2 with ¢ = G(-,U(™ (")) and § = . Finally,
for (iv) we apply Claim 2 with & = G(-,U™(.)) = G(-,U™(-)) and § = 0. This
gives:

[T — T ||yam 0.1 x02:)
S lyo — Follzecasxy + 17" (1 + llyoll e (2:x,))
+ T (U™ — U™ |y 0,11 x.2:)
+n M F(, U(n)('))HL“’(O,TO;LP(Q;XQF))

jore (n) 7(n)
+ 1o 1EC U C)) = EC U ) 2o 0,100 (2:))
7 sup ls o (t =) G u, U™ () Lo 0.6x0)
0<t<T,

a—gp—e —a n r7(n
+Ty " sup s (¢ = 5) " G(u, U™ () = Glu, U™ ()]l 1o (@0,6x))-
0<t<Tp

Note that, as 0, 0c > 0, we have continuous inclusions Xy, — X and Xy, —
X, so that the norms in LP(£2; X) and (0, ¢; X ) may be estimated by the norms
in LP(£2; Xy,.) and v(0,t; Xp,,) in the third and fifth line, respectively.
Applying assumption (F) and the estimates (5.2.5) and (5.2.4), and then
Corollary 6.3 (with § = 0), we obtain that there exists an £y > 0 such that:

[T — T e 0.1 x2:5) S 9o — GollLecoixy + 77" (1 + g0l eco;x,))
+T5o | U™ — U(n)””i/o‘é”’([O,Tg]xQ;X)-
The remainder of the proof is entirely analogous to parts 3 and 4 in the proof of
Theorem 6.2.

Part 3: proof of Claim 1. Fix ¢ > 0. Recall that I, = [(s — £)*,s]. Observe
that for s € [0, T;] we have:
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S

S(s —w)d(u)du = S(T) [ ®(u) du s@udu. 6.2.10
[ ste-wean=sG) [ ewas [ o (6.2.10)

Let a,b: [0,7] — R be measurable and satisfy a < b. We shall prove that:

HSF*(/)1{a@>§usmw}@(u)dUH
Is

3_1_,
S(ENT) 7 Dl oo 0,10:27(2:X5)) -

V2P (10, Tol X 2:X5) (6.2.11)

The claim follows by applying the above estimate with a(s) = (s—L)%; b(s) =

s to the first term in (6.2.10), and with a(s) = s; b(s) = s to the second term.
(The term S(L) can be estimated away by (2.3.2).)
For s € [0, Ty we have |I;| = s — (s — L) < L AT, and thus:

T
|5 /1 Ha(s)<uso(s)y @(u) duHLm(QTo;M(Q;X(E)) S GATO) 19l o 0,750 (02:5))-
(6.2.12)

For the estimate in the «-radonifying norm we shall use the Besov embed-
ding of Section 2.3.1 and Lemma A.3 in the Appendix. We begin with a simple
observation. If ¥ € L>°(0,7Ty;Y") for some Banach space Y and « € (0, 1], then:

Hs — /IS U(u) du‘

< sup |L|||¥|[peo,mpv) +  sup  (t—s)7“
s€[0,Ty] 0<s<t<Ty

C*(0,To;Y)

/It ¥ (u)du — /Is U (u) duHY
lﬁ@mﬁmmwb

< (5 AT Los (0.70:v) + (S (t—s)™
Ss<txlo

If t —s>Z, then

(t—s)°

[vwan- [ wwan] <20-97 sup LI om
I I, Y s€[0,To]
< 2L AT || Lo (0,101 -

On the other hand, if t — s < %, then:

’Aw@m—wamk)

t ! t=5)"
) s [ el

<2(t =)' W L 0,10v) < 205 ATo) W] e 0,157

(t-s5)(
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It follows that:

Hs — /I U (u) du‘

Note that as p > 2 the type of LP(£2, X) is the same as the type 7 of X.
Without loss of generality we may assume that 7 < 2. Fix ¢ > 2 such that

< = — o. By isomorphism (2.3.3), the Besov embedding (2.3.7), and Lemma
K 3 there exists an ¢y > 0 such that we have:

<3(ZEAT) || Lo 0.17:v) - 2.
ooy = S A0 I o mov (6.2.13)

sup SHt—sfa/lasu S@udu'
t€[0,To) ( ) I, fals)susb(=)} ) LP(82;7(0,4;X5))
~ sup |[s— (t— S)_o‘/ 1{a(s)<u<b(s)}¢(u) duH
t€[0,To] Is - v(0,¢;LP(§2;X5))
< sup ||s— t—s_o‘/las “ s@udu‘ 11
t€[0,To] ( ) {ale)<uzb()} ) B},T é(O,To;L"(Q;Xs))

< T La(s)<usp(s)y @(u) d H
ST SH/ {a(s)<u<b(s)} N Lo 0. 70:20 (2:x5)
TEO 1 al(s u S @ d ‘ P
+ 1Ty SH/ ta@susy P duf| 1y o)
< Tge 1 a(s)<u q) d H
S o 3’_’/ {a(s)<u<b(s)} v 2-3+2(0,T0; L7 (2:X5))

5(%/\%)2 Bl Lo 0,701 5)

where in the final estimate we used (6.2.13).

Part 4: proof of Claim 2. As before let a,b : [0,7] — R be measurable and
satisfy a < b. It suffices to prove that:

s Liais)<u<p(s)n@(u) dW u‘
| /I ez Wl s (6.2.14)

S (% A T0>a||¢||L°C(O,TO;LP(Q;X(;))~

H/I Lia(s)y<u<b(s)y@(u)dW (u) < H/ u)dWg (u ’

- H/ )W (o / T @()d Wi (w)
/ W dWir(u ‘

Note that for any s € [0, Tp] we have:

Lr($2;X5s)

LP(2;X5)

—(s— =% .
C(0,To; LP(£2;X5))

Thus by (2.4.6) we have:
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s+ liacs)<u<p(sn@(uw) dW uH
H /Is fa)susbi)) ( ) H( ) L= (0,To; L7 (£2;X5))

S
< osup — / D (u) dWH(u)’ (6.2.15)
0<r<T, 0 C(0,To; LP (£2;X5))
S(EATY)™ sup s (t—5) ()|l Lr(2n(0,6:H.x5))-
0<t<Tp

Let ¢ € [0,Tp]. We wish to apply Lemma A.2 with

flryu)(s) = (t =)t — )" Ly o_2y4 cucsy Ha(s) <usb(o)}>

R=10,1], S =[0,¢] (both with the Lebesgue measure), X1 = Xo = X5, $o =1
and 4151( ) = (t — u)~*®@(u). Note that:
2
sup flr,u)|2 < sup (E—u)®||s— (t—8) Ly Ty4cp<s
(r,u)E[O,l]x[O,t]H )||L2(O,t) wel0.] ) H ( ) {( n)+§ < }HLz(O,t)

(u+)At
< sup (t —u)** / (t —s)72ds.
u€|0,t] u

Ift—u>2L thent— (u+L)>1(t—u)and

(ut5 )Nt
/ (t— )2 ds < Tt — (ut D)) < 220 T (¢ — )2,
u

while if t —u < %, then

(u+ZHAt ) t ) .
/ (t—s) "% ds §/ (t—s5)"""ds = 1=

In both cases, we also have the estimate

a(t—u)l 2a< QT(t u)72a'

= 12« 2an

(u+ZHAt t
/ (t—s)"2*ds < / (t—s)2%ds = (t —u)' 72 < To(t —u) 2.
u u
Combining this with the previous estimates we find:

1
sup 1f(rw)llz2 0 S (5 ATo)?, (6.2.16)
(r,u)€[0,1]x[0,t]
Thus Lemma A.2 gives:
s— (t—s)™¢ lia(s)y<u<p(s)y@(u) dW, u‘
H (t—s) /1 {a(s)<u<b(s)} P(u) AWh (u) (@ (045Xe)) 62.17)
S (EATY) u e (= u) ()| 2o (2,9 (0,:2,5)) -

Taking the supremum over ¢t € [0,7;] above and combining the result with
(6.2.15) we obtain (6.2.14). This completes the proof of the claim. O
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6.3 Proof of Theorem 6.1

Let T > 0 and n € N be fixed. Set u := (U(t(")))j o, where U is the solution to
(SDE) with initial value xy € L?(2, %y, X,,) for some p > 2 and n > 0 such that
% < N < Nmax, With nmax as defined in (7.2.1).

Set u(™ = (U™ (tg-n));?zo, where U™ is defined by the modified splitting
scheme with initial value yo € LP(£2, %o; X). Note that we consider the slightly
more general case that yy # x¢. This does not require extra arguments and
Theorem 6.1 follows immediately by taking x¢ = yg, see also Remark 6.8.

The proof of Theorem 6.1 is based on the following version of Kolmogorov’s
continuity criterion (see, e.g., [121, Theorem 1.2.1]):

Proposition 6.5 (Kolmogorov’s continuity criterion). Let Y be a Banach
space. For alla > 0, q € (é,oo) and 0 < v < a— % there exists a constant K

such that for all T >0, k € N, and u,v € cgk)([O,T];Lq(Q;Y)) we have:

lu—wv < Klju—

HL«(rzc” )([0,71;Y)) — ””cS“([o,T];L«m;Y))'

Proof (of Theorem 6.1). Upon replacing n by a smaller value, we may assume
that v+ 6 + % < 1 < Nmax With Nmax as in (5.2.6).

Let k € N be such that 281 < n < 2%, Then T < £L < 2T. For j €
{0,...,2n} set
(n) . (n) (n) (4(n)
d; U(t;") =™ ("),

using that there exists a unique mild solution U to (SDE) on [0, 27T]; the definition
of U™ on [T, 2T is straightforward.

By Theorem 6.2 applied to the interval [0 with 2n time steps and with

[0, 2T
n as fixed above we have, because |t§") ) > o

||d§'n) - dgn)”LP(Q;X)

< ()" su dt » + d »
0<i<j<2n ‘én) _tz('n)|"75 = (T) 0<Z<§’ n(” L (2;x) + ] HL (£2; X))

<" ([lzo = yoll Lo (.x) 17 (1420l e (2:x,)))
=n""llz0 = yoll (. x) +n 7 (Lt 2o Logaix,),

with implied constant independent of n, xy and yg. In particular:

sup (|4 | o) S 1S o (ax) + 170 (1 + 2ol o(o:x,)
0<j<2n

= |lzo — vollLr(2:x) + n(1+ lzoll e (2:x,))

with implied constant independent of n, xg and yq.
It follows that

(n)
H(d )J oH <2 ") ([0, t(")] ;L7 (2;X))
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S0 wo — yollzeoix) + 00 (1 + ||zolLe(o:x, )
with implied constant independent of n, xy and yo. Thus, by Kolmogorov’s cri-

terion, using that n — § > v+ %7 and the fact that T' < QkTT < 2T}

n _ n)\n
flu— ul )”Lp(g;cg")([o,T];X)) - ||(d )j:O”LP(Q;C,(Y")([O,T];X))

J
(n))2*
<14 )jzo”me;c?”([o,t;'ii’];x»

< 1))
~ I =0l 0,460 Le (2:))

S0 | — Yollr(o:x) + n(1+ [zollr(2:x,))-
Theorem 6.1 now follows from the fact that in there we assumed gy = zg. [l

The corollary below is obtained from Theorem 6.1 by a Borel-Cantelli argu-
ment.

Corollary 6.6. Let v,6 > 0, n > 0, and p € [2,00) be such that v+ § + % <

min{fmax, 7, 1}. Suppose that xo = yo € LP(§2,Fo; X,). Then there exists a
random variable x € L°(£2) such that for all n € N:

— ™ -5
||’LL u ”CE,")([O,T};X) <xn ‘. (631)
Proof. We may assume that v+ J + % < 1 < min{Nmax, 1}. Pick > 0 such that

0+ % <0 < Mmax — Y — %. By Chebychev’s inequality and Theorem 6.1 (with &
instead of &) we have P(2,) < n~ (=97 where

$2, = {w e ||u(w) — u(") (M)HC,(YM([O,T];X) > 7’7,_6(1 + ||x0||LP(Q;X7,))}-
By assumption we have § — ¢ > 1, and therefore 3" P({2,) < co. The corollary
now follows from the Borel-Cantelli lemma. O

Remark 6.7. In Chapter 8, Corollary 8.1, we will see that in fact (6.3.1) holds
for v + & < min{nmax, n, 1} provided zo = yo € L°(£2, Fo; X,).

Remark 6.8. Tt is clear from the proof of Theorem 6.1 and Corollary 6.6 that the
assertions remain valid if U™ starts from an initial value y(()n) € LP(2, Fy; X),

provided that for all n € N we have ||z — y(()n)HLP(Q;X) <nm.

6.4 The splitting scheme for SDEs with additive noise

Consider the following stochastic linear Cauchy problem:

(SCP)

dU(t) = AU(t) dt + dW (t), te [0,T),
U(O) = 2o,
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where A is the generator of a Cp-semigroup S = (S(¢))i>0 on an arbitrary
(real) Banach space X, W = (W (t));>0 is an X-valued Brownian motion on
a probability space (£2, (#)i>0,P), and zg € LP(£2, Fo; X) is the initial value.
Note that we do not assume that X is a UMD space, this assumption is not
needed in the additive noise case. Also, for the time being we do not assume
that S is analytic. However, in Subsection 6.4.2 below we also consider the case
that S is analytic, and in that case we may assume W to take values in Xy, for
some 6 > f%.

The relation between W and the H-cylindrical Brownian motion Wy in the
previous sections is as follows: let H be the reproducing kernel Hilbert space
associated with the Gaussian random variable W (1) and let ¢ : H <— X be the
natural inclusion mapping. Then W induces an H-cylindrical Brownian motion
Wy by putting

a(f @i*r*) : / fadw,z*), feL*0,T), z* € X*. (6.4.1)

On the other hand, (SCP) can be interpreted as a variant of (SDE) by taking
F=0and G=ge€vy(H X), with W(t) :== gWg(t).

Fix T > 0 and n € N. If one applies the modified splitting scheme as consid-
ered in Section 6.1, see also (6.0.1), to (SCP) one obtains the following formula

for in the grid points (tg.n));-‘:l (i.e., U;n) Um(t (n)) in (6.0.1)):
(6.4.2)

For the classical splitting scheme one has UJ(") =5Z% )U(”)(t(n )+ AW(n) but
we shall not investigate this scheme any further. We have the following expllclt

(n) (

formula for U;™ (compare to (6.1.2)):

U = 5t +ZS (1 )AW™, =0, n. (6.4.3)

J ?

Assuming the existence of a (unique) mild solution U of the problem (SCP), we
may ask for conditions ensuring the convergence of the splitting scheme to U in
some sense.

Note that so far we have only fixed the value of the splitting scheme process
at the grid points (t( ))j_l In Sections 6.1 and 6.2 the intermediate values were
fixed by the Variatlon of constants formula supplying the solution to splitting
scheme equations (6.0.1) and (6.0.4). However, if the noise is additive, then a
priori intermediate values are not fixed. Arguing that when it comes to conver-
gence we are mostly interested in what happens at the grid points (t(”)) J=1
we pick an interpolation that is continuous and that makes proving convergence
easily accessible with continuous time techniques. Thus instead of considering
the analogue to (6.1.2), which would be:
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U™ (t) = S(@)xo + / t S(t — s)dW (s), (6.4.4)
0
we consider:
UM (t) :== S(t)zo + / t S(E=s)dW(s), tel0,T]. (6.4.5)
0

Note that the interpolation given by equation (6.4.4) is not continuous, in fact,
both terms on the right-hand side of (6.4.4) are not continuous (except for in the
trivial case that A = 0). Also, if (SDE) admits a mild solution, then (6.4.5) has
the nice property that

Ut) — U™ (1) = /0 "t 5) - SETF)dW(s)

t (6.4.6)

_ / B(t — ) — B (¢t — 5) AWy (s),
0

where &(s) := S(s) oi and ¢ (s) = S(5) 04, and i : H — X is the natural
embedding of the reproducing kernel Hilbert space corresponding to W (1) into
X . In particular, the initial value zq is irrelevant for proving convergence of U (")
against U. Thus in order to prove

sup E|U(t) — UM @)% —0, n— oo,
0<t<T

for p € [1,00), it suffices, by the It6 isomorphism (2.4.3) to prove:

sup |[[s — (D(s) — ¢(n)(3))||v(0,t;H7X) —0, n— oo,
0<t<T

which, by covariance domination, see (2.3.4), is equivalent to proving
I|s = (®(s) — D™ (8))|ly0.m:m.x) — 0, 1 — oo. (6.4.7)

In Subsection 6.4.1 we shall discuss the relation between convergence of
the splitting scheme and the validity of a Lie-Trotter product formula for the
Ornstein-Uhlenbeck semigroup & = (£(t))i>0 associated with the problem
(SCP).

In Subsection 6.4.2 we shall prove convergence of Ul against U if either of
the following hold:

(i) X has type 2;

(ii) S restricts to a Cp-semigroup on the reproducing kernel Hilbert space asso-
ciated with W;

(iii) S is analytic.
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We refer to [40,110] for a proof that there exists a mild solution to (SCP) in all
three of the above mentioned cases (see also Remark 6.16).

For the case that S is analytic we also provide convergence rates that corre-
spond to the rates found in Section 6.1. However, as we consider the continuous
process Uc(n) instead of U™, we have convergence in the continuous Holder norm
C,([0,T7; X) instead of in the discrete norm CE,")([O,T];X). Moreover, we need
not assume that X is a UMD space and the proof is significantly shorter.

Finally, in Subsection 6.4.3 we give an example involving a shift semigroup
(which is not analytic) that demonstrates that if X does not have type 2, then
one may have that fol S(s)dW (s) is well-defined (and thus a mild solution to

(SCP) exists) but fol S(3)dW (s) — oo as n — o0.

6.4.1 The relation between the splitting scheme and the Lie-Trotter
formula

Theorem 6.9 below states the equivalence of the convergence given by (6.4.7) and
convergence of the corresponding measures on X . This in turn is equivalent to the
validity of a Lie—Trotter product formula for the Ornstein-Uhlenbeck semigroup
associated with the problem (SCP), as we will explain shortly.

Theorem 6.9. Suppose that (SCP) admits a mild solution U. The following
assertions are equivalent:

(i) supg<, < EJU (1) — UL ()P — 0 for some (all) 1 < p < oo;
(i) |@n — @l (0,7;0,x) — 0;
(i) lim,, o ™ = p weakly.

Proof. The equivalence of (i) and (ii) was demonstrated on page 109, see (6.4.7).

Let Ry and Ry denote the operators in (0,7; H, X) corresponding to @
and ¢(™. (Note that Rg € v(0,T; H,X) by the assumption that (SCP) allows
for a mild solution.) We claim that lim,, . R}, 2z* = Rjz* in L?(0,T; H) for
all z* € X*. Once we have shown this, the equivalence (ii)«<(iii) follows [59,
Theorem 3.1 and Corollary 3.2] (or by using the argument of [113, page 18ff]).
To prove the claim we fix z* € X* and note that in L?(0,T; H) we have

Rpax™ =i"S*(-)z*, Rpwma™ = Z Lim () ® i*S*(t;n))x*.
=1

The inclusion mapping i : H — X is ~-radonifying and hence compact. As a
consequence, the weak*-continuity of ¢t — S*(t)z* implies that ¢ — i*S*(t)z* =
@*(t)z* is continuous on [0,77]. It follows that lim, . R}, (-)z* = Rj(-)z* in
L*>(0,T; H), and hence in L?(0,T; H). O
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The Ornstein-Uhlenbeck semigroup associated with the problem (SCP), & =
(Z(t))i>0, is defined on the space C},(X) of all bounded real-valued continuous
functions on X by the formula

ZU)f(x) =Ef(U®1), weX, t=0,

where U is the solution to (SCP). In order to explain the precise result, let
us denote by . = (S(t))i>0 and T = (F(t))i>0 the semigroups on Cp(X)
corresponding to the drift term and the diffusion term in (SCP). Thus,

F(t) f(zo) = f(S()zo),
T () f(zo) = Ef(zo + W(2)), t>0, z0 € X.

Each of the semigroups &, . and 7 is jointly continuous in ¢ and zq, uniformly
on [0,7] x K for all compact sets K C X. It was shown in [83] that if condition
(iii) of Theorem 6.9 holds, then for all f € Cy(X) we have the Lie-Trotter
product formula

PO (@0) = lim [ (t/m)#(t/n)]"f(wo) (6:4.8

with convergence uniformly on [0, 7] x K for all compact sets K C X. Conversely
it follows from the proof of this result that (6.4.8) with zg = 0 implies condition
(iii) of Theorem 6.9. In the same paper it was shown that (6.4.8) holds if at least
one of the next two conditions is satisfied:

(a) X is isomorphic to a Hilbert space;

(b) S restricts to a Cp-semigroup on H.

Thus, either of these conditions implies the convergence lim,,_, C(")(t) =U(t)
in LP(§2; X) for all zyp € X and t € [0,7] of the splitting scheme. The proofs
in [83] are rather involved. A simple proof for case (b) has been subsequently
obtained by Johanna Tikanméki (personal communication). In Theorems 6.10
and 6.12 below we shall give simple proofs for both cases (a) and (b), based
on the Proposition 6.11 and an elementary convergence result for v-radonifying

operators from [108], respectively. Moreover, case (a) is extended to Banach
spaces with type 2.

6.4.2 Convergence in the additive noise case
Theorem 6.10. If X has type 2, then:

lim sup E|UM™ @) -U®)|P =0, 1<p<oc.
N0 (0,7

To prove this theorem we shall need the following simple continuity result.



112 CHAPTER 6. THE SPLITTING SCHEME

Proposition 6.11. Let (S,d) be a metric space and let V : S — ZL(X,Y) be
strongly continuous. Then for all R € v(5, X) the function VR : S — v(J,Y),

(VR)(s) :=V(s)R, se s,
s continuous.

Proof. Suppose first that R is a finite rank operator, say R = Zle h; ® x;

with (hj);‘le € 4 orthonormal and (xj);?zl a sequence in X. Suppose that
lim, .o S, = sin S. Then

k 2
lim [|V(50)R = V() RIP () = lim ]EH S 5 (V(sa) = V(s)as|| =o.
j=1

n—0oo

The general case follows from the density of the finite rank operators in v(5¢, X)
and the norm estimate ||V (s)R||ye,vy < |V ()| R[5, x)- O

Proof (of Theorem 6.10). By Proposition 6.11 we have ¢ € C([0,T];v(H, X)).
This clearly implies that lim, .., ™ = & in L*(0,T;v(H, X)), and hence
in L2(0,T;~v(H, X)). Since X has type 2, by embedding (2.3.5) it follows that
lim,, o ™) = & in v(0,T; H, X). This suffices by Theorem 6.9. O

Theorem 6.12. If S restricts to a Cy-semigroup on H, then we have

lim sup E|UM () -U@)|P =0, 1<p<co.
n—00 tc[0,7T)

Proof. Let Sy denote the restricted semigroup on H. From the identity S(t)oi =
ioSy(t) we have Rg = i 0T and Rpw = i 0T where T and T(™ are the
bounded operators from L?(0,T; H) to H defined by

B T (n) B T B
Tf = / Sut)f(t)ydt, TOVf = / Su®) () dt.

Since lim,, o (T™)*h = T*h for all h € H by the strong continuity of the
adjoint semigroup S% (see [116]), it follows from [108, Proposition 2.4] that
lim,, oo &™) = & in ~(0,T; H, X). This suffices by Theorem 6.9. O

Theorem 6.13. Assume that the semigroup S is analytic on X and that W is
a Brownian motion in Xy for some 6 > —%. Then for all 0 < n <1 such that

n—=0< %, and all t € [0, T] we have, for all 1 < p < oo:

(BT (1) - U@)) 7 < nomeh=-0) (6.4.9)

with implied constant independent of n > 1 and t € [0,T).
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The proof of this theorem relies of course on the y-boundedness estimates
of Lemma 2.21 and the Kalton-Weis multiplier theorem 2.14. A minor difficulty
arises when applying the multiplier theorem in arbitrary Banach spaces: as M
maps into v (J, X), one needs to check that the image is in fact in v(52, X)
when necessary. The following proposition is used for this purpose, it is a minor
extension of a result due to Kalton and Weis [77]. We refer to [102, Section 13]
for a detailed proof.

Proposition 6.14. Let ¢ : (a,b) — v(H, X) be continuously differentiable with

b
/ (s —a)Z[|D'(s)[|y(m,x) ds < oo.
a

Then @ € v(a,b; H, X) and

b
1 1
1Bl ap:m.x) < (0= a)2[|2(0)[lm.x) + / (s = @) [ (s)ll(21,x) ds-

a
Remark 6.15. As S is assumed to be analytic, by (2.6.3) and the ideal property
for v-radonifying operators we obtain the following estimate for @(t) := S(t) o
12" (@)l (m.x) < IASE) L2 x0,30) 1l (21,x0)
. (1)t

= 15Ol 2x.x - lillyorxo) S il or,x0)
where rt := max{0, r} for » € R; the implied constant is independent of ¢ € [0, T]]
and i € v(H, Xg). If > —3, it then follows from Proposition 6.14 that

in{l 3 .
IRally0,.6:m,x) S ™™ 2402 ]| 1. x, ),

with implied constant independent of ¢ € [0, 7] and ¢ € v(H, Xp). In particular,
taking § = 0 we see that (SCP) admits a mild solution.

Remark 6.16. Suppose that § € [0, %) We have

s — 3_55(?5 — 8)ill (0,61, B)

<|ls— s0S(t - 8)illyco,t5m,m) + s = (£ = S)_JS(S)i‘lv(O,é;H,E)~

V53

Applying Proposition 6.14 to both terms on the right-hand side it follows that
[s — s0S(t — s)i] € 4(0,t; H, E)
for all ¢t € [0, T7.

Proof. Proof of Theorem 6.13 By rescaling time we may assume that 7' = 1.
Let 0,7 be as indicated. We begin by noting that the embedding i : H — X
associated with W belongs to v(H, Xjy).

Pick (n—0)" < § < . Note that by definition of ™) we have, for all n > 1,



114 CHAPTER 6. THE SPLITTING SCHEME

™) (5) — B(s) = s°S(s) o (S(n~*[ns] —s)—1I)o 5%, (6.4.10)
Fix t € (0,1]. By the first part of Lemma 2.21 the set
S5 =1{s°S(s): s€[0,1]}
is y-bounded in .Z (X, ¢, X) and we have

Vi ox] (F) SO0, (6.4.11)
By the final part of Lemma 2.21 the set

7,

1
U

={S(s)—1I: sc[o,n ']}
is y-bounded in Z(Xy, X¢_,), and we have

V[Xe,Xs—n](‘yn,%) S n~". (6.4.12)
Using (6.4.10), Remark 6.16, Proposition 2.14, Proposition 2.5 together with the
estimates (6.4.11), and (6.4.12), and noting that n=![ns] —s < n~!, one obtains

™) — Dl 0,61,X) < VXy_0.X] (yé)ﬁ[xe,xe_n](%,%)||3_6i||v(o,t;1{,xg)

i (p=0)t -
SO il x)-

d

Remark 6.17. The results of Theorems 6.10, 6.12 and 6.13 above also apply if

we replace Uc(") by U™, where U™ is the process defined by (6.4.4). However,
the proofs are slightly longer as the equivalence (i)<(ii) in Theorem 6.9 fails to
hold.

Under the assumptions that S is analytic on X and W is a Brownian mo-
tion on X, the solution U of (SCP) with 2g = 0 has a version with trajectories

in C7([0,T]; X) for any v > 0 such that v < 3 [40]. The following theorem

asserts that for xyp = 0 the approximating processes Uc(") also have trajecto-
ries in C7([0,7T]; X), and the splitting scheme converges with respect to the
C7([0,T]; X )-norm, with a convergence rate depending on v and the smoothness
of the noise.

Theorem 6.18. Let S be analytic on X and suppose that W is a Brownian
motion in Xg for some 0 > 0. If n,v > 0 satisfyn+v <1 and (n—0)T+~ < %,
then for all 1 < p < oo the solution U of (SCP) satisfies

=

(EHUé") - UH%W([O,T],X))

with implied constant independent of n > 1.

-7
sn
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Proof. By scaling we may assume 7' = 1. Put D) := UC(") —U. Let 6,y and
be as indicated. Without loss of generality we assume that v > 0. The main step
in the proof is establishing the following claim.

Claim. There exists a constant C' such that for alln > 1, all0 < s <t <1
satisfying t — s < % we have

(E[D™ (1) - D™ (s)[%)* < Cn(t — s)".

Proof (of Claim). Fixn>1and 0 < s <t <1 suchthatt —s < ﬁ Clearly,

(]E”D(n)(t)—D(”)(s)H%()%g(E /t@(t—r) &) (t— 1) AW (r) )%

H/ (t—r)—&(s—r)dW(r) 2>%

1
H/é(")t—r) &M (s —r)dW (r H)2

(6.4.13)
For the first term we note that by (2.4.1) (and the remark following it) and
Theorem 6.13 one has
2y\3
o)

=] [ om -emamne)

1_ +
nT(t—s)2 =107 |y, x0)
n-

1t = 8)"llélly o, x0)-

(EH /: S (t — 1) — Dt — ) AW (r)

IN A

The estimate for the second term is extracted from arguments in [109]; see
also [101, Theorem 10.19]. Fix 1 > 0 such that (n — )" +~ < n < 1. Then the
set {t7S(t) : t € (0,T)} is y-bounded in Z(X_,19—~,X) by the first part of
Lemma 2.21, and therefore

1

(EH/OS@(t—T)—@(s—r) dWH(r)Hi)E
EH /S[(s —7r)18(s—r)o[(s—r)""(S(t—s)—1I)oi] dWH(T)Hj()%
H/ s—1)"(S(t —s) — )oi)dWH(r)H2 )

Xonto—~
([ =) WS - 5) = Dol

SISE—s) = Il zxe,x oyl x0)
~ IS —s) =1z

[N

(X X) Nl (2, x0)
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S (=) il x0)
STt = 8) il xe) - (6.4.15)

To estimate the third term on the right-hand side of (6.4.13), we first define
sets By and By by

By:={re(0,s): S{t—r)=S(s—r)}
={re(0,s): [n(t—r)]=[n(s—r)I},

By :={re(0,s): ST—r)=Sn"1SE—7r)}
={re(0,s): [n(t—r)]=[n(s—7r)]+1}.

Both equalities follow from the identity S(u) = S(n~![nu]) for v € (0,T). By
definition of By and By one has

(EH /05 S (t— 1) — P (s — 1) dWH(T)H2 )%

X

[N

< (| /B M (t— 1) — &M (s — 1) dWH(r)Hi)

1

’2)5
X

1

2

- (¢ i S(m)(s("_l)—I)idWH(T)HD , (6.4.16)

n (]EH /B S (t — 1) — &™) (s — 1) dWi (1)

noting that the integrand of the integral over By vanishes.

Set § := n+~. To estimate the right-hand side, observe that from ¢ < %—1—9 we
may pick 1 > 0 such that § — 6 < n < 3. Using the identity S(u) = S(n~'[nu])
and applying Theorem 2.14 and part (1) of Lemma 2.21, and then using the
estimate ||S(u) — I|| ¢(x;,x) S u’ and Proposition 2.5, we obtain

2

Bl [ sG=mSn) = Niawu)|
By X
< (&[] /, @t = s nts D)

1
2

x (n~ (s —r)]) (S — 1 >idWH(”Hi)

[N

S (B [ 7t nts =) (st = i o)

SN (s = )2 lilly . x) -

o)
Xo—s

(6.4.17)
In order to estimate the L?(Bj)-norm of the function f,(r) := (s —r)~" we note
that B; C U;'L:1 B%J), where

B§j):{r€(0,s): s—r<jint<t—r}

(6.4.18)
={re(0,s): jnt—t+s<s—r<jn '}
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From this it is easy to see that |B§j)| <t — s and that for r € B%j) one has
(s=m) < (n =t =t ) < - 5) 7
(the latter inequality following from ¢ — s < 1/2n), and therefore
ey = [ P dr < w2 BN Y o St - ).
B, = (4 —35)%

As a consequence,

I fsll2By) S ni(t—s)2 =n2(t—s)2 (t—s)" <n(t—s). (6.4.19)
Combining the estimates (6.4.17) and (6.4.19) and estimating the non-negative
powers of s by 1 we find

(] [ sE=msE=s) - I)idWH(r)Hi)% 6420
STt =) il .x4)-

The claim now follows by combining (6.4.13), (6.4.14), (6.4.15), (6.4.16) and
(6.4.20). O

We are now ready to finish the proof of the theorem. By the triangle inequality
and Theorem 6.13, for all 0 < s, < 1 we have

1 1
EIUD ) - UOI)? + EIUD () - Us)]%)?
0 ill o, xo)-

Hence if t — s > (2n)~! one has

(EID™ () = D™ (s)II%)

l — . — .
(EID™ () = D™ (s)IX)* < 0 lilly x5y S 07" (= 8)7 il r,xo)- (6:4:21)

The random variables D™ (t) being Gaussian, from the claim and (6.4.21) com-
bined with the Kahane-Khintchine inequalities we deduce that for all 1 < ¢ < oo
and 0 < s <t <1 one has

1 .
(EID™ (1) — D™ (s)[%) " S n7(t = ) il x0- (6.4.22)

Now fix any 0 < 4" < 7 and take 1/9" < ¢ < co. Then by (6.4.22) and the
Kolmogorov-Chentsov criterion with L?-moments (see [44, Theorem 5]),

||Uc(n) -U S HUc(n) = Ullevqo,rnaesxyy S " illy o, x,)-

o4 om0
This inequality shows that for all 0 < 4 < v we have
1T = Ul pa(som qo.11:x0) S 1~ il x)

for all sufficiently large 1 < ¢ < oo. It is clear that once we know this, this
inequality extends to all values 1 < ¢ < oo. This completes the proof of the
theorem (with % instead of -, which obviously suffices). O
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The corollary below is obtained by a Borel-Cantelli argument; see also Corol-
lary 6.6.

Corollary 6.19. Suppose that S is analytic on X and that W is a Brownian

motion in Xg for some 0 > 0. Lety,m > 0 satisfy n+v < 1 and (n—0)"+~ < L.

Then there exits a random variable x € L°(£2) such that for all n € N we have:
1T = Ullero.yix) < xn™"

6.4.3 A counterexample for convergence

We shall now present an example of a Cy-semigroup S on a Banach space X
and an X-valued Brownian motion W such that the problem (SCP) admits
a solution with continuous trajectories whilst the associated splitting scheme
fails to converge. Although the actual construction is somewhat involved, the
semigroup in this example is simply a translation semigroup on a suitable vector-
valued Lebesgue space.

We take X = L9(0,1;¢P), with 1 < p < 2 and ¢ > 2. Note that X has type
p. Consider the X-valued Brownian motion Wy = w ® f, where w is a standard
real-valued Brownian motion and f € X is a fixed element. With this notation
a function ¥ : (0,1) — Z(X) is stochastically integrable with respect to Wy if
and only if ¥f : (0,1) — X is is stochastically integrable with respect to w, in

which case we have . )
/ UdW; = / U fdw.
0 0

Let 1 <p<2andu> % be fixed. For k = 1,2,...and j = 0,...2*"1 —1
define the intervals Iy ; = (22',51, 2];1 +27%k]. As in particular v > 1, for all
k=1,2,... the intervals I} ; and I ; are disjoint for i # j. Let 0 <r <1—-1%

and denote the basic sequence of unit vectors in 7 by (e, ),>1. Inspired by [125,
Example 3.2] we define f € L>=°(R; () by

oo 2F71 1

FO =33 27581, (Hegyy.

k=1 ;=0

Observe that f(t) =0 for t € R\ (0,1) and f is well-defined: because I ; and
Iy, ; are disjoint for ¢ # j one has, for any ¢ € (0, 1),

IF@OIF < 27 < oc.
k=1

For a given interval I = (a,b], 0 < a < b < 0o, we write Awr := w(b) — w(a).

Claim. The function f is stochastically integrable on (0,1) and
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N (6.4.23)
= Z 27£kAU/[k’j€2k—l+j,

. . . . /
where (€} )n>1 15 the basic sequence of unit vectors in (7, % + i =1

Proof. We shall deduce this from [110, Theorem 2.3, (3) = (1)]. Define the
fP-valued Gaussian random variable

oo 2F71 1

— E E -5k
X = 277 Aw[k‘jCQk—l_;’_j.
k=1 j=0

This sum converges absolutely in LP({2;¢P). Indeed, let v denote a standard
Gaussian random variable. Then by Fubini’s theorem one has

oo 2F71 1 oo 2F71 1
—rko—2pk
E[Y > 27 awy epny ) =Z >° 2R R
k=1 =0 k=1 =0 (6.4.24)
=) P3P IRy |P < 0.
k=1

By the Kahane-Khintchine inequalities, the sum defining X converges absolutely
in LI(£2;¢P) for all 1 < ¢ < oo.

. I N
For any linear combination a* =)

et On€y € 7" one easily checks that

(X,a") = / (1), a) du(t).

Hence by [110, Theorem 2.3], f is stochastically integrable and (6.4.23) holds..]

By similar reasoning (or an application of [110, Corollary 2.7]), for all s € R the
function ¢ — f(t 4 s) is stochastically integrable on (0, 1) and

/ft+ ) dw(t Z/ ft+s),en)en dw(t).

Let ¢ > 1 and let (S(t)):cr be the left-shift group on L4(R; ¢P) defined by
(S()g)(s) = g(t+5), s,t€R, ge LI(R; ).

Claim. For any q > 1 the L1(R; (P)-valued function t — S(t)f is stochastically
integrable on (0,1) and

(/01 S()f du(?) /ft+sdw)

for almost all s € R almost surely.
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Proof. For s ¢ (—1,1) the function ¢ — f(¢+ s) is identically 0 on (0, 1), and for
€ (—1,1) we have

IEH/fH—sdw Z<]EH/f £) duw(t

As a consequence, L7(2;(P)-valued function s — fol f(s 4+ t)dw(t) defines an
element of L(R;L%(2;¢P)). Under the natural isometry L%(R;L%({2;¢P)) ~
L($2; L1(R; ¢P)) we may identify this function with Y € L9(£2; LY(R;¢P)). To
establish the claim, with an appeal to [110, Theorem 2.3] it suffices to check that
for all a* € ¢ and Borel sets A € Z(R) we have

/0 (S f1la®a*)dw(t) = (Y,14 ®a*).

By writing out both sides, this identity is seen to be an immediate consequence
of the stochastic Fubini theorem (see, e.g., [110, Theorem 3.3]). O

Similarly, one sees that for ¢ > 0 the stochastic integrals fot S(—s)f dw(s)

are well-defined. Because the process ¢ — f(f S(—s)fdw(s) is a martingale hav-
ing a continuous version by Doob’s maximal inequality, we also know that the

convolution process
/St—sfdw /S s)f dw(s)

has a continuous version. However, as we shall see, the splitting scheme for U
fails to converge.

For notational simplicity, we set S () := S(f) = S(n~"[nt]) for n € N and
t > 0. Observe that for any n € N and s,t € R

(ST f)(8) =D Tamr wy(Of (5 +5). (6.4.25)

Similarly to the above one checks that

</01 SO @) f du(®))(s) = 3 F(E + ) [w(£) — w(k52)]

for almost all s € R almost surely.
The clue to this example is that for n fixed and s € (0,27%"] the function
— (S@)(t)f)(s) always ‘picks up’ the values of f at the left parts of the
dyadic intervals where f is defined to be non-zero. Thus for these values of s the
function ¢ +— (SZ")(¢)f)(s) it is nowhere zero and its stochastic integral blows
up as n — oo. We shall make this precise. Our aim is to prove that for certain
values of ¢ > 2 (to be determined later on) one has
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P
— 00 asn — oo. (6.4.26)
La(R;er)

EH /01 S (1) f dw(t)‘

By Minkowski’s inequality we have, for any n > 1 and g > p,

[EH /01 S f dw(t)’ ;(WPJ z

> [ s )@ ) ]

Now fix n > 1. For any 1 < k < n and any j = 0,.. .,2F=1 — 1 there exists a
unique 1 <4 ; < 2" — 1 such that 2‘7’ = 2J2k1. Now observe that by definition

of f one has for s € (0,27%"] that
(F(B+9) ehiny,) =274

Using this and representation (6.4.25) one obtains that for s € (0,27%"], 1 <

k<n,j=0,...,28" —1 and any t € (%, ] = Ip |

S 1h]

((SEEE), ehus ) =275, (6.4.27)

Recall that v denotes a standard Gaussian random variable. To prove (6.4.26),
we now estimate

q

T P2
LE(] 5= 0ram)ol,)" a

g—un

n 2F71_1 1 q
2/ (Z Z E‘/ <(S(2")(t)f)(s),egk_1+j>dw(t) p>pds
0 k=1 j=0 0
—un o 2kTl_g q
> / 27ME|Awre P)" ds
0 <; =0 e )

sun 3
- / (Z 2’“_12_’”'2_”%E|7|p) ? ds
0 k=1

q

> g-un—lgn(=r-BE gl p7)3,
where in the second inequality we use (6.4.27). Thus if —u+ (1 —r —§)1 >0,
that is, if ¢ > up/(1 —r — &) (recall that 7 < 1— %), the left-hand side expression
diverges as n — oo.
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Implicit-linear Euler approximations

In this chapter we prove pathwise Holder convergence with optimal rates for
an abstract type of time discretizations for (SDE) under the assumptions (A),
(F), (G) of Section 5.1 and the additional assumptions (F’) and (G’) below.
The most important example of such a type of discretization is the implicit-linear
Euler scheme, which is defined as follows. Fixing a finite time horizon 0 < T < oo
and an integer n € N, we set VO(") =z and, for j = 1,...,n, define the random

n)

variables Vj( implicitly by the identity

v = v L LAV 4+ P V)] + G V) Aaw ™.

J j—1 J

Recall that

t = 1L and, formally, AW, = Wi (t{") — Wy (™).

The rigorous interpretation of the term G (tg")l, V(n) ) AW(") is explained in Sec-
tion 7.2. Note that this scheme is implicit only in 1ts linear part As a consequence
of this, and noting that for large enough n € N we have % € o(A), the resolvent
set of A, this identity may be rewritten in the explicit format

ViV =1 - T v+ LR, V) + G0 v AW (7.0.0)

j—1 Jj—b

Theorem 7.10 in Section 7.2 states the convergence of

VO e SV

against U, where U is the mild solution to (SDE), in #2P([0,T] x §2;X) for
p arbitrarily large. By the same Kolmogorov argument used in Section 6.3 to
obtain Theorem 6.1 from Theorem 6.2, we can use Theorem 7.10 to obtain the
following, where u = (U(t(n)))J 0, and v = (V(n)) . See also Remark 7.13
on page 135.
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Theorem 7.1 (Holder convergence of the Euler scheme). Let X be a
UMD Banach space with Pisier’s property («), and let T € (1,2] be the type of X.
Suppose p € (2,00), 7,6 € [0,3) and n > 0 satisfy

Y+6+ 5 <min{l — (7 — 3) + (@ A0), 3 + (06 A0), n},

and suppose that xg € LP(§2, #y; X,)). Then there is a constant C, independent
of xg, such that for all large enough n € N,

Sl

(Efu— o™ )

5
x| < A o). (7.0.2)

Note that in contrast to our result for the splitting scheme in Chapter 6, the
convergence rate does not improve as 0 and ¢ increase above 0. Also note that
it is now necessary to assume that the UMD Banach space X has property («).

This chapter contains two sections: in Section 7.1 we prove an abstract result
concerning approximation of semigroup operators, and in Section 7.2 we prove
convergence of V(") against U in #27([0,T] x £2; X) for p arbitrarily large.

The convergence of the Euler scheme is deduced from the convergence of
the splitting scheme. A more streamlined proof for the Euler scheme would be
possible, but we have chosen the indirect route for the following reason. In the
splitting scheme, the semigroup is discretized, but not the noise. In the Euler
scheme, both the semigroup and the noise are discretized. Because of this, it is
not possible to derive the correct rates for the splitting scheme from those of the
Euler scheme. The present arrangement gives the optimal rates for both schemes.

Related work on pathwise convergence

The literature on convergence rates for numerical schemes for stochastic evolution
equations and SPDEs is extensive. For an overview we refer the reader to the
excellent review paper [70].

To the best of our knowledge, our results are the first that concern path-
wise convergence with respect to Holder norms for numerical schemes for
stochastic evolution equations with (locally) Lipschitz coefficients. The works
[52,55,58,61,62,68,82,97,115,120,133] consider frameworks which are amenable
to a comparison with Theorem 7.1; quite likely this list is far from complete. All
these papers exclusively consider Hilbert spaces X, the only exception being [62]
where X is taken to be of martingale type 2. In particular, in all these papers
X has type 2. Let us also mention the paper [57], where convergence is proved,
for p = 2 and X Hilbertian, for the implicit Euler scheme under monotonicity
assumptions on the operator A.

Most of these papers cited above give endpoint convergence rates only. The
first pathwise uniform convergence result of the implicit Euler scheme seems to
be due to Gyongy [55], who obtains convergence rate n~s for the 1D stochastic
heat equation with multiplicative space-time white noise. This has been extended
in [115] to the case of space-dependent dispersion, but without rates. Pathwise
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uniform convergence of the implicit Euler schemes (with convergence in proba-
bility) has been obtained by Printems [120] for the Burgers equation with rate
n~7 for any v < i.

Concerning the optimality of the rate

For end-point estimates (i.e., a weaker type of estimates than the type we con-
sider, which are pathwise) it is proven in [34] that the critical convergence rate of
a time discretization for the heat equation in one dimension with additive space-
time white noise based on n equidistant time steps is n=3 (see Remark 9.2). In
that sense our results on the convergence for the heat equation are optimal, see
Chapter 9, where the stochastic heat equation is considered.

For ‘trace class noise’ (which corresponds to taking 6¢ = 0 in our framework)
it is known that the critical convergence rate n~2 is in a sense the best possible
even in the simpler setting of ordinary stochastic differential equations with
globally Lipschitz coefficients. To be precise, it is shown in [22] that there exist
examples of equations of the form

dX(t) = f(X(t)dt + g(X (1)) dW(t), te€0,T],
X(0) = o,

with zp € R? and W a Brownian motion in R¢, whose solution X satisfies the
endpoint estimate

1
2

(E|X(T) - E(X(T)L@n)lz) = nfé

N[
S

Here 22, = U{W(t;n)) : j=1,...,n}. Thus, if X is approximated by a sequence

of processes X (™ whose definition only depends on knowing {W(tgn)) D j =
1,...,n} (such is the case for the implicit Euler scheme), the convergence rate
cannot be better than n=z.

In the special case 6 = 0, Theorem 7.1 can be applied with any v, > 0 such
that v+ 0 < %, provided 0 > —1 + %, xo takes values in X, with n > %, and
p is taken large enough. In particular, by taking v = 0, this leads to pathwise
uniform convergence of order n=° for arbitrary 6 € [0, 3).

Our methods do not produce the critical convergence rate n~%. We know
of two examples in the literature where this rate is obtained, namely [55,82]. In
these examples the operator A has the property of ‘stochastic maximal regularity’
(see [106]) and the underlying space has type 2, and in neither of these results the
convergence is pathwise. In the present work, we do obtain pathwise convergence
under the weaker assumption that A generates an analytic semigroup, but in this
more general framework we do not expect to attain the critical rate.
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7.1 Approximating semigroup operators

In this section we prove a y-boundedness result for families of operators defined
in terms of the so-called Hille-Phillips functional calculus of an operator A that
generates an analytic Cp-semigroup on a Banach space X. This result will be
used in the next section, where we prove an abstract convergence result for time
discretization schemes of (SDE).

Let (in)n>n be a sequence of non-negative finite measures on [0, c0) and let
R > 0 be given. For j € N let u?/ = i, * - - * j1,, denote the j-fold convolution
product of u, with itself. Consider the following properties:

(M1) For all n > 1 we have:
/ tdﬂn(t) = %;
0

(M2) There exists an N > 1 such that for all n > N, all j = 1,...,n, and every
a € (—1,1] we have:

o .
/ t*eft duri(t) < oo;
0

(M3) For every a € (—1,1] we have:

sup sup
n>N1<j<n

P e o] <

Let A be the generator of an analytic Cy-semigroup S on X and let w > 0
be such that (e"“*S(t));>0 is uniformly bounded. Fix T > 0. Let (y15,)n>n be a
sequence of non-negative o-finite measures on [0, 00) that satisty (M1), (M2),
(M3) for R = wT. Let N be as in (M2). For n > N define E(L) € £(X) by

EEei= [ SOadu(t/T), ze X, an
0
where for n € N, j € N we define:

/0 T Ty = [ FET) dus ().

00
0

By (M2), the right-hand side of (7.1.1) is well defined as a Bochner integral in
X. It is an easy consequence of the semigroup property that, for all j > 1,

E(t)e = [B(Z)Jx = /OOO St dus? (t/T), =€ X. (7.1.2)

We supplement these definitions by putting £(0) := I.
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Example 7.2. In Section 7.1.1 below we will demonstrate that the family of
measures
dpn (t) = ne™ ™ dt

satisfy (M1), (M2), (M3). For these measures we have
)y, — T A\—d
Et; )z =1~ 3A) ",

which means that E(t;n)) is the j*" Euler approximation of S (t;”)).

The following proposition and corollary give the y-boundedness estimates for
the differences F (t§")) -S (t;")) that play the same role in the proof of Theorem
7.10 as the estimates of Lemma 2.21 played in the proof of Theorem 6.2.

Proposition 7.3. Let the setting be as described above.

(i) For all § € (—1,1] there exists a constant C' such that for alln > N:

Cn~t.

sup | (5) 1B ) = S ) <

(i) For all 6 € (=1,1], 0 < 8 <1 -6, and € > 0 there exists a constant C such
that for alln > N:

Yxsx LA EEY) = SEM)] i =1,...,n} < Cn7PT0F

Remark 7.4. Stronger ~-boundedness estimates can be obtained by imposing
stronger conditions on the measures p,. Such conditions would correspond to
using higher-order numerical approximation schemes. However, this will not im-
prove the overall convergence rates as provided by Theorem 7.10 because the
bottle-neck for convergence rate is the noise discretization.

Remark 7.5. The first part of Proposition 7.3, concerning the uniform bounded-
ness, has been known since the 1970’s for the case that 6 = 0 and E(t§-n)) is
the Euler approximation. Generally such results are proven by functional calcu-
lus methods. Our proof may be read as an extension of the approach taken by
Bentkus and Paulauskas [8], which is of more probabilistic nature and seems the

most suitable for our needs.

Before turning to the proof of Proposition 7.3, we state a simple corollary.
Corollary 7.6. Let the setting be as described above.
(i) For all 6 € (—1,0] there exists a constant C' such that for alln > N:

<C.

o 1D BE ) i) <
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(i) For all 6 € (—1,0], =6 < 8 <1—6, and 0 < € < B+ there exists a constant
C' such that for alln > N and oll k =1,...,n we have

Ve x LB j =1, k) < O@) .
Proof. By the first part of Proposition 7.3, forall 1 < j <n

™) = (BE™) = s(t5™)) <on ') 5L

~

.X)

Moreover, by the analyticity of the semigroup S (i.e., estimate (2.6.3)), and the
fact that 6 <0,

sup (£5) OIS ) | xs30) S 1.
0<j<n

This proves the first part of the corollary.
By part (1) of Lemma 2.21 and part (ii) of Proposition 7.3, observing that
8> —6 > 0, we have:

Vs x LAV E@Y) =1, k)
S s x LS M) =1, k)
s x LA (B = SEM)) =1, k)
< (85)40 o

< (t’g"))BJréfe’

~

with implied constants independent of k and n (although they may depend on
T). O

In order to prove Proposition 7.3 we shall make use the following simple
observation. Suppose p is a probability measure on [0, 00), t = fooo sdu(s), and
f:]0,00) — X is twice continuously differentiable. By integration by parts one

" [ s0= [ [6-nrermae.

We substitute f(s) = S(s)z, z € X, and p = p}/ forn > N and j €
{1,....,n} in the above. From (M1) we have that [~ sdu:/(s/T) = t;n). Thus
by setting ¢t = tﬁn) in (7.1.3) we obtain, for x € X:

E(t§">)x _ S(tg.")):v _ /000 S(s)a i (s/T) — S(tg»n))x

o s | (7.1.4)
_ /0 /t(m(s—T)AQS(r)xdrdufﬂ(s/T).
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Proof (of Proposition 7.3.). We first prove the statement on y-boundedness. Let
N be as in assumption (M2). Let n > N. Without loss of generality we may
assume d—e # Oand §—e # —1. For j = 1,2,...,n define ¢; : [0,00)x[0,00) — R
by

9 (s,7) = (") r 7>+ (s NETLym cresy ~ Loaraatmy):

By equality (7.1.4) we have, for z € X:
(n)\B (n) (n)
;) [E; ) — S(t;™ )]

x poo , (7.1.5)
= / / b; (s,r)r2_5+66_“’"A25(r)m dr dp? (s/T),
o Jo

i=1,2,....,n.
In a similar fashion as used for Lemma 2.21 in Section 2.6 one may prove
that for 6 < 2 the set

{r2—5+€e—“”AQS(7") T e [0, 00)}

is 7y-bounded in £ (X5;X). By Proposition 2.13, Lemma 2.11, and equation
(7.1.5) it follows that

7[x5,X}{(t(-"))ﬂ[E(t§")) — S : = 1n}

J
< (7.1.6)

li‘;gn 1951l 21 (f0,00) x [0,00), w57 (/) %2

with implied constant independent of n, where X\ is the Lebesgue measure on
[0, 00).
Observe that for all j = 1,2,...,n one has, because w > 0;

16511 10,001 0,009, /ey = (8577 /o /tm P (s = e dr dyid (s/T)
J

<) [ [ draud 1),

(n)
J

Asé —e#0and § — e # —1, basic calculus gives:

(n)\s—e
s i ) 1 g \J0—€ s
e B d - ( - (1 B ( ) ) B 1 ’
/t;")T (s —r)dr 1—5+€|:(5—6 tgn) +t§-n)

(7.1.7)

In the final estimate below we apply assumption (M3) (recall that we have

R = wT). Due to that assumption there exists a constant C' independent of n
and j € {1,...,n} such that:
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19511 L1 (f0,00) x [0,00), 137 (/7Y % 2)

To—¢ n . S . o \O—¢ R i
< o [T (1= () + g = 1] (/)

Téie n —€ > s w sn\d—e¢ sn *J
= T O [T () - 1)+ 2 1] auid()

S ()T g e

(7.1.8)

This in combination with estimate (7.1.6) completes the proof, as 8+ —e < 1.

As for the statement concerning uniform boundedness, by (7.1.4) and ana-
lyticity (estimate (2.6.3)) we have, for ¢ # 0:

n)y1-48 n n
() UBE™) = SEM) e xx)

n)y1—0 e s _ iy
< @) /o /t(n)(s_r)”A2 °S(r)llz(x) dr dp? (s/T)

n)y1-6 > ) — wr * ]
S [T s = e drd o)
J
<n71

~ )

where the final estimate follows by similar arguments as used to obtain (7.1.8). In
the case that § = 0 or § = 1 the evaluation of the integral in (7.1.7) will contain
a logarithmic term, which can be estimated in a suitable manner by observing
that Inz <z — 1 for all z > 0. We leave the details to the reader.

O

7.1.1 Examples

We have two main examples in mind, which lead to a splitting scheme with
discretized noise and the implicit Euler scheme, respectively.

Example 7.7 (Splitting with discretized noise). The simplest example ob-
tained by taking

Y

M =0

3=

which correspond to the trivial choice
B(L) = S(T).
The conditions (M1), (M2), (M3) are trivially fulfilled for any R > 0.
Example 7.8 (Implicit Euler). We will show that the measures
dpn () = ne” ™ dt

fulfill assumptions (M1), (M2), (M3) for any R > 0. These measures give rise
to the operators
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B(Z)=(1-Ta)",
To start the proof, first note that by induction,

(nt)’~"
=Dt

and thus, for all & > —j and all n > wT, one has:

e o] J [e's}
to thd *J t) = n i / Jjta—1 —u
f e w0 = Gy, e
n’ I(j+a)
(n—wT)ite I'(j)

dpd (t) = ne " dt,

(7.1.9)

This proves that (M1) and (M2) are satisfied with N > wT.
As for (M3), by (7.1.9) we have for o € (—=1,1] and n > N > 2wT"

[T 0= e ai

() (- ) )+ ) - P

(7.1.10)
As (7)"" — e*T as n — oo, there exists a constant M such that
s n+1
sup  sup ‘( n ) :sup( i > <M
neNse[0,n4+1] ' N0 — wT neN N\ — wT
Moreover, for n > 2wT we have:
1+ wT
n o n—wT wT wT
17< )’: o~lds < < 2lal—.
‘ n—wl o] 1 s 8_|a|n—wT_ ‘Oé|n
From (7.1.10) and the above estimates we thus obtain:
o « : T F(] + a)
1— ()]t gy (t)} <oMlal- 4 M[1- 2222 (1)
-] ; )

For j > 2 define g, : [-1,1] — R by:

1/ I'(j+x)y. .
gi(z)y=4 = (1 J*I(j) )’ #0,
Inj—-w(); x=0,

where ¥ = (In(I"))’ is the di-gamma function.
Assumption (M3) follows from (7.1.11) for N > 2wT once the following
claim is established:

Claim. For j > 2 we have g;(x) € [0, j%l] for all x € [-1,1].



132 CHAPTER 7. EULER APPROXIMATIONS

Proof (of Claim). As g;j(—1) = 7%1 and g;(1) = 0 for all j > 2, it suffices to
show that g; is non-increasing on [—1,1].

For j > 2 define the function h; : [-1,1] — R by hj(z) := 1 — j‘"‘%
For x € [-1,1] and j > 2 we have:

(@) = m [Inj—¥(j+a)] = (1 hy(2))(nj - ¥(j + 2));
hj (x) = W (@0 +2) —nj)’ + ¥ +2)].

As the I'-function is log-convex on (0, 00), we have that ¥’ is positive on that
interval. As j > 2 and z € [~1, 1] we have that j +2 > 0 and thus A (x) < 0 for
x € [-1,1].

One may check that g; is continuously differentiable and

Sh@) b)) w0,

g;(x) = 2
=3 @@G) —mj)*+¥'(j)];  w=0.

To prove that g; is non-increasing on [—1, 1] it suffices to prove that
xh(x) — hj(z) <0, for all z € [-1,1].

Observe that ¢(0) < 0, hence it suffices to prove that x — xh)(z) — h;(x) is
non-decreasing on [—1, 0] and non-increasing on [0, 1]. This follows from the fact
that %[mh;(as) — hj(z)] = zh}(z) and A} <0 on [-1,1]. O

7.2 An abstract time discretization

In this section we prove a convergence result for a general class of approximation
schemes for (SDE) involving the operators E(t;n)) as defined in (7.1.1) and dis-
cretized noise. In particular, the convergence result contains the implicit Euler
scheme as the special case that E(t;n)) = (I — L£A4)77 (see Example 7.8).

Throughout this section we consider the problem (SDE) under the assump-
tions (A), (F), (G). On the part of X we shall assume that it is an UMD space
with Pisier’s property («).

Set:

Cmax :=min{l — (£ = 1)+ (0p A 0), 5 + (6 A 0)}, (7.2.1)

where 7 € (1,2] is the type of X. In addition to the assumptions (F), (G) we
shall assume:

(F’) There exists a constant C' such that for all x € X and s,¢ € [0,T] we have:

|E(t,2) = F(s,x) < CJt = 5|1+ |lo]lx).

||X9F/\0
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(G') We have G : [0,T] x X — ~v(H, Xp,n0) and there exists a constant C' such
that for all z € X and s,t € [0,T] we have:

1_1
IG(t ) = G(5,2) (1.0 n0) < Clt = 8" F772 (14 ]| x)-

Remark 7.9. Clearly, condition (F’) is automatically satisfied if F' is not time-
dependent and satisfies (F).

Condition (G') is also automatically satisfied if G is not time-dependent and
satisfies (G). Indeed, in that case, from [109, Lemma 5.3] it follows that G takes
values in v(H, Xg,n0) and the linear growth condition of (G') is satisfied.

The reader will have noticed that the above assumptions are phrased in terms
of 8 A0 and Og A 0. The reason for this is explained in Remark 7.11 below.
Because of this, for the rest of this section, without loss of generality we shall
assume that 0p,0c > 0. The other assumptions on # and fg remain in force.
Explicitly, we assume

-1+t -h<or<0, -L<os<o.

Once this convention is in force, of course one has (pnax = Nmax. In order to
remind the reader of the convention, we shall continue the use of (inax-

Let us now introduce the discrete-time approximation scheme that will be
studied in this section. Fix T > 0 and let (1,)52; be a family of measures
satisfying (M1), (M2), (M3) for R = wT, where w > 0 is such that e~ “*S(t) is
uniformly bounded in ¢ € [0, 00). Let E(tg-n)) be defined by (7.1.2). We fix p > 2
and let U be the mild solution to (SDE) with initial value z¢ € LP(£2, %o; X).
We fix another initial value yo € LP(£2, %p; X) (in the applications below, the
typical situation is that yo is a close approximation to zg). Let n > N, where
N is as in (M2). Set VO") := yp and define Vj(n), j = 1,...,n, inductively as
follows:

VY= BV + ZRED VD + GEDL VD)AWL (122)
Here,
AW = W (t7) — Wi ().

The rigorous interpretation of the term G(t;@l, iji)AW;”) proceeds in three
steps.

Step 1: Let us first fix an operator R € vy(H, Xy, ). By standard results on
~-radonifying operators (see, e.g. [102]) may write

R:th@)xk
k=1

for some orthonormal sequence (hy)52, in H and a sequence (zx)52; in Xg,

(the convergence of the sum being in v(H, Xy, )). For sets B € 9](@1 = Fm
J

we now define
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(1p ® R)AW],(”) = 1p ; Wg(h ® 1(??1)1,??»”)]) X Tk- (7.2.3)

The sum on the right-hand side above converges in LP(§2; Xy, ) since Wy extends
to a bounded operator from v(L2(0,T; H); Xy,,) into LP(Q' Xo,,) (see [102]). By

the independence of Wy (hy ® 1(t<n> t<n>]) and . the product of 1p and

J 1’
this sum converges in LP(£2; Xy,) as Well Moreover, by the Kahane-Khintchine
inequality,

(1 ® R)AW ||Lp 2iXo,)

S E)? | Yot @ Ly, o) @

k=1

Y(L2(0,T;H); Xo)

_ (4(n) (") 1
f(tj 7tj 2

Z hi ® kH
v(H,Xo)

= (%)%(E(IB))EHRH»Y(H,XGG)

with implied constants depending on p only.
Step 2: Now fix a simple random variable ¢ € LP ({2, 9(@1, (H, Xo.)), say
o= Z] 1 1, ® R; with the sets B; € ¥ f( ") 1 disjoint. By the above,

k
n 1 1
1AW 1o (0:x00) S (5)F D (B8, 7 1Byl x4,
= (7.2.4)
= (%)flléﬁHLP(n;wH,XgG))'

By density, the above estimate holds for all ¢ € LP(£2, ;Y (H, Xoano))-

Step 3: It remains to prove that G(t(" (n)) € L”(.Q7 J( "y (H, Xouno)).
This follows from (G’) by the following argument

(n) 1,(n)
IGE™ V™) ez o no)
< ||G(t§n)7 Vj(")) - G(tg-n),O)H'y(H,XeGAo) + |\G(t§n),0)||ﬂ,(H7X9GAO)
< (#)x [VI | + |G 0) . x0 ) -5

Returning to the abstract scheme (7.2.2), we have the following explicit ex-
(n).

pression for V;

J
v = By + 23T B, OFE, V)

k
Lo (n) /(0 (n)
+Y BEY, )G, vIDAWY, =0,
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We define, for s € (0,77,

n

V) (s) = Z Vj(")lfj(S), (7.2.5)

Jj=1

where, as always, I; = [t;ri)l, tg»n)). Observing that V(™) (s) = V(") (s), this process
satisfies the identity

V) = B+ [ B - wF V) du
o (7.2.6)
+ /O B — u)Gu, VO (u)) dWi (u).

The main result of this section reads as follows. Recall the definition of (yax
in (7.2.1) and let N be as in (M2).

Theorem 7.10. Let nn > 0 be such that 0 < 1 < (max- Then for all p € (2,00)
and a € [0, 1) there exists a constant C such that for all o € LP(£2, Zo; X)),
Yo € LP (02, %y; X), and n > N we have

1U = V™ |lyam o1y 2:x) < Cllwo — YollLr(o:x) + Cn~(1 + HJ/‘0||LP(Q;X€))- :
7.2.7

Remark 7.11. Unlike the case in Theorem 6.2, the convergence rate of the Euler
approximations does not improve if 8 and 0¢ increase above 0. This is mainly
due to the time-discretization of the noise. More precisely, the estimates on the
sixth and tenth term in (7.2.11) below do not improve if r and 6 increase
above 0. The estimate on third term in (7.2.11) as presented here also does not
improve if fp increases above 0, but we believe this is just an artifact of our
proof.

Remark 7.12. The Holder conditions of (F’) and (G’) can be weakened: in order
to obtain convergence rate 1 in Theorem 7.10 it suffices that the Holder exponent
in (F') is n instead of (inax, and that the exponent in (G') is n+ L — 1 instead
of Cmax + % - %

Remark 7.13. Given the above theorem, the proof of Theorem 7.1 is entirely
analogous to the proof of Theorem 6.1 as presented in Section 6.3. In fact, it is
clear that Theorem 7.1 holds for the more general case that (Vj(n))?zo is defined
by the abstract scheme described above, where E(tg")) is defined in terms of a
family of measures (fn,)n>n satisfying (M1), (M2), and (M3).

By the same Borel-Cantelli argument used to obtain Corollary 6.6 from The-
orem 6.1 we obtain the following from Theorem 7.1:
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Corollary 7.14. Let v,6 > 0, n > 0, and p € (2,00) be such that v+ § + % <
min{(max, n}. Suppose that xy = yo € LP(§2, Fo; X,)). Then there exists a random
variable x € L°(12), independent of n such that for n > N:

I, (7.2.8)

Hu — 'U(n)| CEY7L)([07T]§X) S Xni
Remark 7.15. As in the case of Corollary 6.6, we will see in Chapter 8, Corollary
8.2, that in fact (7.2.8) holds for v + ¢ < min{(max,n} provided xzg = yo €
LO(92, Fo; X,).

Proof (of Theorem 7.10). We begin by observing that, due to the assumption
2 < p < 00, the spaces X and LP({2; X) have the same type 7.

Part 1. The main issue is to prove that there exists Ty € (0,7 and a constant
C such that for all n € N and j € {0,...,n} we have:

)
I =V ar i o 4y x i)

< C||U(t§‘n)) - Vj(n)”LP(Q;X) +Cn (14 ||U(t§‘n))HLP(9;Xn))~

This statement is entirely analogous to the result obtained in part 3 of the proof
of Theorem 6.2. Once it has been established, the extension to the interval [0, T
can be obtained in precisely the same way as in part 4 of Theorem 6.2.

Forn € N let (U;"));}:l be the modified splitting scheme as defined by (6.0.4)

on page 88, with initial value zo. Let U™ be the corresponding process as
defined by (6.0.2) on page 87. By Theorem 6.2 we have, for all j € {1,...,n}
and Ty € (0,77:

10— v ||7/£=P([t;_")7t§.")+To] x§2;X)

S U™ =V o

i)+l (15745 + Tolx 2:)

ST A U @) + 10 = VOllyan im0 g0
o (7.2.9)
with implied constants independent of n and j. Thus it suffices to show that
there exists a constant C' such that for all n € N and j € {0,...,n} we have:

(n) _ y(n
17 =Vl 0 s

< ) = Vi llrax) + Cn (4 U rax,)-
(7.2.10)
Part 2. For simplicity we shall prove this for j = 0 (careful examination of the
proof reveals that the other t;n) do not generate extra difficulties). In that case
we have U™ (t;n)) =U(0) = zo and Vj(n) = VO(") = Y.
Until further notice we fix n > N and Ty € [0,7T]. From the integral repre-
sentations (6.1.2) and (7.2.6) we have:
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U™ (t) = vi(t) = (S(E) — E(®)zo + E(f)(z0 — yo)
+ / [S(t—s) — E(t — s)|F(s, U™ (s))ds
/ E(t—s)[F(s,U™(s)) — F(s, V™ (s))] ds

+ E(t = 9)[F(s, VI (s)) = F(s,V"(5))] ds
0

+ [ S(E)F(s,U™(s))ds

+ / B(i - £)[G(s, U™ (s)) — G(s, V™ ()] dWi (s)
T / (- 9)[G(s,V™(s)) — G(s, V™ (5))] dWi (5)

+ /t S(L)G(s, U™ (s)) AW (s). (7.2.11)

We shall estimate each of the ten terms on the right-hand side above separately.
The implied constants in these estimates may depend on T, although this will
not be stated explicitly. However, for the fourth, fifth, eighth and ninth term
(part 2d and 2g below) it will be necessary to keep track of the dependence upon
Th.
Without loss of generality we may assume that 7 € (1,2). We fix 0 < ¢ < %
such that
e < min{(max — 1,1 — 2a}, (7.2.12)

where (pax is defined as in (7.2.1). As 727 — ¥5P for a > 3, we may also
assume that
3—2e<a<jz-—je (7.2.13)

Part 2a. For the first term on the right-hand side of (7.2.11) we have, by the
uniform boundedness estimate of Proposition 7.3 with § = 7, pointwise in w € £2:

Is = (86) = E@)zolleomn Snt sup (1) aollx
<JIsn

S ol x,-

7]N

(7.2.14)

Let t € [0,Tp]. By the y-boundedness result of Proposition 7.3 with § =€ =

ie and § = 7, the y-multiplier theorem (Theorem 2.14), and (2.3.3) we have,
pointwise in w € 2:

s = (t = 8)™*(S(3) = E(3))zolly(0.1x) S 0 "lls = (= )75 20|y 0.1,
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- —a——1
=n"s = (8= 8)""5 2 20,0 [ 2ol

n

~nTME T3 x| x,

with 1mphed constants independent of n, Ty and z. As s —a— 75 > 0, we have

t2=2~3¢ < T2-°"3° By taking the supremum over t € [0, TO] in the above,
combining the result with (7.2.14), and then taking p'" moments, one obtains:

[s = (S(3) — EG3))zollyzro,m)x2:x) S zollLe(2:x,), (7.2.15)
with implied constants independent of n, Ty, and xg.

Part 2b. Concerning the second term on the right-hand side of (7.2.11) recall
that as A generates an analytic Cy-semigroup, there exists a constant M such
that

sup  sup [|E(M)] 2 (x) < M.
n>N ke{l,...,n}

Thus pointwise in w € {2 we have:
s = E(3)(zo — yo)llL=(0,10:x) < [[T0 — Yol x-

[0 To]. We apply the second part of Corollary 7.6 with 8 = %5, 6 =0,
, k = n. Arguing as in the previous estimate we obtain:

_ _ __1
s = (t —5)"“EG)(zo — yo)lly0,6x) SIs = (t—8)""5 2% 20,0 [1T0 — yollx
N ||$0 - y0||x,

with implied constants independent of n, Ty, x¢ and yp.
As t € [0, Ty] was arbitrary, by taking p** moments it follows that:

s = E(3) (w0 — yo)llyerqo,m)x2:x) S 2o — vollLr2:x) (7.2.16)

with implied constants independent of n, Ty, xo, and yo.

Part 2c. By the uniform boundedness estimate of Proposition 7.3 with § = 0y
one has, for s € [0, Tp] fixed:

g@@f@fE@fmF@UWm»m
0

LP(2;X)

/ I1SG — w) — BG - w)lF(u, U™ ()] o(ax) du

< / (5 = 070 | F U)o ooy

Z T/n)- JT/n)_HaFHF('aU("))”LOO(O,TT);LP(Q;X@F))
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SO T A A U e 0 7510 (02 )))

j=1
< pmlmOrtie(] 4 [zoll e (2;x))

where we used the linear growth condition in (F) and that >-7_, g0 <1
if 0 < 0 and Z?le*HOF < Inn < n2 if 6 = 0. In the last step we used
Corollary 6.3 with 6 = 0. The implied constants are independent of n, Ty, and
Zg-

By taking the supremum over s € [0, Ty] we obtain:

5 S[S(§— u) — B3 — w)]F(u, U™ (u)) du
|- |

L>°(0,To; LP (£2:X)) (7.2.17)
ST IR o o ix))-
For the estimate in the weighted 7-space we shall use Lemma A.3. Define
v [0,Ty] — LP(2; X) by

U(s) = /OS[S<S —u) — B — w)]F(u, U™ () du.

1

Let t € [0,Tp) and let ¢ = (£ =1 +1e)7! (s0 2 — 3 <1 <1 —0) By Lemma

A.3 we have:

1
q

sup |[s = (£ = 8) "W (s)ly(0,6:L0(2:x))
t€[0.To) (7.2.18)

S 1l

-1 + |1 oo (0,70; L7 (2:X)) 5

Bq%,r ([0, To); L7 (£2;X))

with implied constant independent of Tj.
Let p € [0,1] and let 0 < |h| < p. We have, with T = [0, Tp],

0 s+h=3,s+he0,Tp);
TIW s _w s . <{ 9 o 77 ) )
1T, ¥(s) (s)llz (2;X) = 2||@||L00(07T0;LP(Q;X))’ s+h#5ors+h ¢ [O,To].

Suppose |h| < L. Define I}, = {s € [0,Ty] : s+ h # 5} and observe that |I,| <
n|h|. Thus by the definition of ¢ and by (7.2.17):
ITh® = | Lago,mpLe:x)) S (IPDT P[] Lo (0.10:Lr (2:3))
S BF IR I (L o o))
On the other hand, if || > L then we have:
ITR® — @l pao, 1 Lo (2:x)) S NP Lo 0,105 (2,

< plortie() 4 ol zr(2;x))

1i_ 1,1 _ 341 _
= |h|7 3t et 9F+5(1+||x0||LP(Q;X)).
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Combining the two cases and recalling that n < % - % +0p —e by (7.2.12)
we obtain:

11,1, _
sup |TIW(5) — ()| oo zr sy < o2~ E5n (1 4 o] o).
0<|h|<p

1

1_
By the definition of Bg - 2 and equation (7.2.17), this gives:

1@l

Bi:%([O,TO];LP(Q;X))
1
_ lor
Sl 2o o.misr (@) 0 / P Ndp(1 + |20l Lo e x)
0
5 ||w||L°°(0,TO;LP(.Q;X)) + nin(l + ||x0||Lp(Q,X))

ST+ (2ol Le(a;x)),

with implied constant independent of n, Ty, and x(. Inserting the above and
(7.2.17) into (7.2.18) we obtain:

sup ||s = (t —5)" W (3)|ly0,60r2:x)) ST+ |20l Lr(2:x))- (7.2.19)
t€[0,To)

Finally, by combining (7.2.17) and (7.2.19) we obtain that
1911 y2r o, x 25x) S 77 T(L A+ llzoll e (2;x))s (7.2.20)
with implied constants independent of n, Ty, and zg.

Part 2d. In this part we provide estimates for the fourth and fifth term in
(7.2.11). In order to do so, we shall prove that there exists an €1 > 0 such that
for any @ € L>(0,T; L?(§2; Xy,.)) we have:

E(5 — u)d dH T [ -
HSH/O (5~ w)P(u) du Y2 (0T x 2:X) ~ O 12 e 0751 (QvXSF();221)

with implied constants independent of n, Ty, and &.
Once (7.2.21) is obtained, we immediately get:

8 — / EG — w)[F(u,U™ () — F(u, VI (w))] duH
0
5 TOEI Hv(n) - U(n)||Lm(O,TO;LP(Q;X))7

by (F). Moreover, by (F') we get:

V2P ([0.To]x2:X) (7.2.22)

"B - w)[F(u, VO () — Flu, V) du
s / 6~ WPV )~ P VOl

o N
STo 'n C’“a"(l + ||V( )HLOC(O,TT);LP((Z;X)))

e n n - n
<Tp '[JIvm - U )”LOC(O,TO;LP(Q;X)) +n (14 [|U )”LOC(O,TO;LP(Q;X)))]

< T “|V(n) — U(n)||Lw(O’TO;Lp(Q;X)) +n=" (1 + HxOHL:D(Q;X))],
(7.2.23)
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the last step being again a consequence of Corollary 6.3 with 6 = 0.
It remains to prove (7.2.21). We fix & € L>(0,T; LP(§2; Xy,.)). By the uni-
form boundedness estimate of Corollary 7.6 with 6 = 6 we obtain:

Hsn—>/ EG—u)® duH
Lo (0,To; L7 (2;X))

< sup /”EH W)l (i) du
0<S<To (7.2.24)

< osu /sfu Fdu||P|| 1 oo o 7 .
O<s<pT0 0( u) | ”L (0,To; L7 (2;X0,.))

< To —14+60F |

|¢||L°°(O,T70;LP(Q;X9F))’

where the last step follows from a similar calculation as in (7.2.17), the difference
being that now we consider the terms ‘up to 7y’. The implied constants are
independent of n, Ty, and .

For the estimate in the weighted ~-space we shall again use Lemma A.3.
Define ¥ : [0, Tp] — LP(§2; X) by

- / ’ E(5 — u)®(u) du. (7.2.25)
0

Let t € [0,Tp) and let ¢ = (L — J + 3)7 ! (so L — 1 <

T

Lemma A.3 and (7.2.24) we obtain, for some &g > 0:

1 1 . .
7 < 7 — @). Combining

sup |ls = (t = 8) "W (5)]|5 (0,57 (2:x))
t€[0,To)
ST (el s BE7 (010 Lr(2:X)) + 19| Lo (0,157 (2:%)))

< o (||g T
ST (1, s omzrax) 0

—14+0F
191 oo (0,520 (250, )

(7.2.26)
with implied constant independent of T and ¥.
In order to estimate the Besov norm in the right-hand side, let us first fix

s €[0,Tp] and k € {1,...,n} such that s +t,(€") < Tp. We have, using (7.1.2),
U(s+ 1) — w(s) = / (E(™) - DE( — u)d(u) du
0
s (7.2.27)
+ / B3+t — w)®(u) du.

By Lemma 2.21 (3) and the uniform boundedness result of Proposition 7.3
€

with § =1+ 6p — ¢ (note that § > 0 by (7.2.12)) we have:

B s, g 5 G077
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Moreover, by the uniform boundedness result in Corollary 7.6 with § = —1+

Le we have:

2

HE(t;n))Hz(XgF)X < (t;ﬂn))71+%5,

; 1+9F7%E) ~
and with § = Op:

< (tmyor,

Thus for the first term in (7.2.27) we have:

H /OS(E (t") = DB — wd(u) du‘

LP(£2;X)
< [ 16 =T, oolEG= 9], x
x HQSHLOO(O,TO;LP(Q;XQF))

(M)\146F—% : 1+4
S )T 26/0 (5—u)~ EduH¢||L°O(OTO,LP(QX9F))

S () o

1+9F—%5)

du

”dB"Lw(o,Te;LP(IZ;XeF))'

For the second term in (7.2.27) we have:

s+t£¢ )
[ - o
5
e
n 6
< 0 (t —w)r dul| | L 0.7,

Lr(2;X)

~ i LP($2;X0))
(n)y146
S (tk ) * F”@HLOO(O,TTJ;LP(Q;XgF))'
Combining the two estimates above we obtain:
12 (s + t5") = P oax) S GV NPl o T ix0, ) (7:228)

This enables us to find the right estimate for the Besov norm in (7.2.26). Fix
p € [0,1] and 0 < |n| < p. Set I = [0,Tp]. Suppose first that || < L. In that
case we have, by (7.2.28):

||T}{¢(5) (8)llLr(2:x)
0, s+h=35and s+ h € [0,To);
<KW (s+ L) —w(s)|rax), sth#5and s+ h € [0,Tp);
HJ/S |Lp (2;X)> S+h¢[O,T0]
0, s+h=3and s+ h € [0,Tp);
<{nt- GFH43||LOC (0.T3:L7 (20, )" s+h#3and s+ h € [0,Tp);

191l oo (0,75 10 (2; Xop))? s+h¢[0,Tp).
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In the above we used [[¥(s)||zr(0;x) < | £oe(0,10; L7 (2:x)) and (7.2.24).
Define I, = {s € [0,Ty] : s+ h # 5} and observe that |I,| < n|h|. Moreover
[{s € 0,T0] : s+h ¢ [0,Tp]} < |h|. Thus by the definition of ¢ and by (7.2.28),

ITRW = @l Lo, 1y Lo (2:x)
S [(n|h|)5n*1*0F + |h|7] ||¢||Loo(o,ﬁ;Lv(Q;X9F))

To3+e/2 —

N KRN ||¢||L°°(O,TO;LP(Q;X9F))'
Next let |h| > L. Then, |h|/2 < |h| < |h| and |A] < |h] < 2|h|. Let us deal
with the case h > %; the case —h > % is dealt with entirely analogously. It
follows from the definition of @ in (7.2.25) that for each s € [0, Ty] we either have

U(s+h)=¥(s+h)or ¥(s+h)=V(35+h). Hence, by (7.2.28):

IT3 ¥ — @l oo, 110 (2:x))
< gswngio 1oy ¥l Lago,1o: L7 (2:x))

| TL — @[ oo, 1520 (2:)) + ITHY — ¥l La(0,0:Lr (2:x))

< (hi + 00 T

1 1.1
ST 72Ol oo 0 T (2%, )

) ||¢||Loo(0,TT);LP(Q;XeF))

where we use that 1+ 60p > 2 — 1 4 1 (by (7.2.12)).
Thus we have:

1_ 1,1
\f;llf I Th = @l Larr(2ix) S P72 251Dl Lo 0 TsLr (250, ) -
<p

With (7.2.24) it follows that
1@l

st asnriny ~ Wl nzr@x) +IPlus o mrsox,)

Sl 0, 105Le (2:x)) + 191 L 0,75 L0 (250 )
S Pl Lo 075520 (2:x0,0)

and thus, by (7.2.26),

sup |[|s = (£ = )" "¥(s)|ly0,6:Lr(2:x)) S Tgo|‘¢||Lw(07TO§LP(Q;X9F)).

t€[0,To)
(7.2.29)
This completes the proof of (7.2.21).

Part 2e For the sixth term we again use Besov embeddings. First of all observe
that by (2.6.3), the linear growth condition on F in (F) and Corollary 6.3, for
all s € [0,Tp] we have:

T\6 * n
iy SO [ IP@U @)llraix,, du

H/:S(g)F(u,UW(u))du(
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S
S (%)QF/ 1T ()| 1o (0,x) du

S (E=s)n” " (1+ ||zl Lr(2:x))
<n

0 (Lt ol Lo i)

and therefore

s »—>/ S % u U(n) ))duH Sn_l_eF(l‘F H-TOHLP(Q;X))-

(7.2.30)

L>(0,To; L (2,X))

Similarly, for h € (0, %]
s+h
‘FH/ S(ZYF(u, U™ (u) dw
s L5 (0,To; L7 (2:X))

7.2.31
< hn 0% (1 + |0l o () (7.2.31)
<h

PRI (Lt ol o))

Define ¥ : [0,Ty] — LP(£2; X) by
:/sgmeWmmu

Fix p € [0,1] and let 0 < h < p (the case that —p < h < 0 is entirely analogous).
Suppose first that h < % Then, for s € I :=[0,Tp]:

||Tifw(3) - W(S)HLP(Q;X)

‘FH»AH%SU» (0, U () o

2/1# || Lo (0,70; L7 (2:X))> otherwise.

s+h=3, s+hel0,T;

Lr(2:X)

Recall that |{s € [0,Tp] : 5 # s+ h}| <nh and |[{s € [0,To] : s+ h & [0,Tp]}| <
h.Let ¢ = (1 — 1+ 1)7'. By (7.2.30) and (7.2.31) we have:
T3 & — | Lo, 1007 (2:x))
S (hF =3 i B =0rtde o (4 )R I ) (1 + 2ol o o)

Sj h%-%-ﬁ*%an—l—e}r“‘"a(l + ||x0||LP(Q;X))°
On the other hand, if A > L then by (7.2.30):
T3 % — @l aco,mos2r(2:x)) < 201 Lao,m0500 ()

ST+ @l Leoix)

ShFEY RTINS (1 4 2o 1o () -
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As in part 2c, using that by (7.2.12) we have n+e < 3 — 1 +0p < 1460 — % +e,
this implies

(L2 [pe ST+ (2ol Lea;x)),

BEC (0.0} Lr (2:X))

with implied constants independent of n, zo and Ty. By Lemma A.3 it now
follows that

sup
t€[0,To]

s (t—s)~ /S uU”) duH

7 (0,517 (2:X))
ST (2ol e o:x)),

with implied constants independent of n, zo and Ty. Combining this with (7.2.30)
we obtain:

s
S Z U(n) d H < -n(1 ’ ‘
HS’_’/S (n) U VQP(OTO]XQX) ( +||$0||Lp((2’x))7
(7.2.32)

with implied constants independent of n, oy and Tj.

Part 2f. By Theorem 2.7 we have, for any s € [0, Tp]:

"[8(5 ) ~ B ~ )] Gu, U @) Wi )|
0 Lr($2;X)

Slur 16 —w) — B~ w)]G(u, U™ ()

HLT’(Qw(OS;H,X))'

By the second part of Proposition 7.3 with § = g, € = %s, 8= % - %5, and
Theorem 2.14 and (7.2.12) we have:

Hu = [SE—u) — EG6 —u)]G(u, U™ () HLp(QW(o’g;H,X))

0 s (5 - w)” G, U (u)

A

HLP(QW(OE;H,XGG))
S

2

D
V2 ([0,To]x 2;X)

n n”U(n Hv/a P([0,To] X £2;X)

S
S (1+ ||:E0||LP(Q;X));

where we also used (G) in the sense of (5.2.5), the fact that o > 5 — 2¢ (whence

Y2P([0,Tp) x 2;X) — ”//oéfgg’p([o,f)] x §2; X)), and we used Corollary 6.3.
Note that the implied constants are independent of n, Ty and zg. As s € [0, Tp]
was arbitrary, it follows that

o [ 150~ = P& - ]G0, U 0) W

S+ (ol e (o:ix))-

L~ (0,Ty;LP($2;X))

(7.2.33)
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Next we estimate the part concerning the weighted ~y-radonifying norm. We
begin by recalling that, since X is a UMD Banach space, (0, ¢; H, X ) is a UMD Ba-
nach space for any ¢ > 0 (by noting that this space embeds into L?(£2; X) isomet-
rically whenever (fZ,]f”) is a probability space supporting a Gaussian sequence;
see, e.g., [102]). Thus, by Theorem 2.7 (applied with state space v(0,%; X)) and
isomorphism (2.3.6), for all ¢ € [0, Tp] we obtain

s (t—s)7" E[S(E — ) — B —w)]G(u, U™ (u)) dWi (u)
| J |

LP(£2:7(0,4;X))

- H /Ot [5 = 1{0§u§§}(t — 5
x [S(5 —u) — E(5 — u)]G(u, U™ (u))] dWH(u)‘

L (£2;7(0,:X))
=~ [Jum (s Liogussy (t—5)7°

< [5(5 = ) = (5 = w16, U )| 015000
~ H(s,u) — l{Ogugg}(t —s5)7 ¢

X [S(E - E) - E(E - E)}G(% AR (u)) HLp(QW([o,t] x[0,5];H, X))’
1

By the second part of Proposition 7.3 with § = 0, € = %57 B=35— %5, Theorem
2.14, isomorphism (2.3.6), once again Theorem 2.14 combined with Theorem
2.15, Lemma A.6, Corollary 6.3 and (7.2.12) we have:
[|(s,u) = 1jocussy (t— )~
x [S(s—u) — EG —u)]G(u, U(n)(u)) HLP(Q;’y([O,t]X[O,Z];H,X))

<SnmE0HE | (5 u) o Ljgcuss) (t — 8)

_ 141, n
X (5= u) * TG, U )(u)))HL‘“(QW([OJ]X[OE];H,XeG))

Snur (s = Tiocussy (= )7°

_ _1.1 n
x (3 —u) 212G (u, U )(u)))’|LP(Q;W(O,f;H,v(O,t;XeG)))

<n™" sup < (t+ % —u)*|s— (t—s5)"“( — g)_%+%8||L2(u’t)}
u€(0,] -

x HU = (t + % - u)_aG(u’ U(n)(u))HLP(Q;’)/(O,f;H,XgG))
ST+ U | yem 010 2:x))
ST (LA ol e (2x))-

The implied constants above are independent of zg, n, t and Tj.
Combining the above with (7.2.33) above one obtains:

s /0 "[S65 — w) — B(5 — w)]Gu, U™ (w)) dWi () [ 23

ST+ (2ol e e;x)),
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with implied constant independent of n, Ty and xg.

Part 2g. The estimate for the eighth and ninth term in (7.2.11) is similar to
part 2f, except that one needs to keep track of dependence on Tj.
We shall prove that for any ¢ € L?(§2;v(0,T; H, Xy,,)) we have:

H/ E(G —uw)®(u)dWg(u )H

§T02 “loe sup Hsn—> (t—s)"P(s
0<t<Tp

YL (0I5 % 2 Xog) (7.2.35)

HLP(Q,fy(O t:H,Xo.))’

with implied constant independent of n and Ty, provided the right-hand side
above is finite.

The estimate for the eighth term in (7.2.11) follows immediately from (7.2.35)
and (5.2.5) (i.e., (G)):

B(s— (") (44 — ") ()] d ‘
Hs'—>/0 (5 = w)[G(u, UM (u) = G(u, V™ ()] AWk (u) VP ([0,To] X 25X)
—1_ g, n

ST 7| u™ - vl )”7/0%"’([0,T0]><Q;X)'
(7.2.36)

The estimate for the ninth term in (7.2.11) follows immediately from (7.2.35)
in combination with (7.2.12) and Lemma A.5 (i.e., (G')), with B; = V") noting
that V) (u) = V) (u) = V)

S ~ / B(E ~w)[G(u, VI (w) - Gl V()] dWH(“)mem To] % 2:X)
—0g—c _
02 < n(1+HV( ||7/“”(0To]xQX))
73 —fc—¢ n n — n
ST N = VO a0 mmxax) 77 (L+ 1U™ a0 mm1x0:x))-

(7.2.37)
It remains to prove (7.2.35). By Theorem 2.7 we have, for s € [0, Tp]:

H/Es—u u) dWg (u )‘

< Hu — E(5—u)P(u)

Lr(2;X) ~ ||L:D(_QW(O’§;X))~

By the second part of Corollary 7.6 with § = 0g, € = %57 g = % - %s, and
Theorem 2.14 we have:

Hu = E(E u)HLP(Q;'y(O,E;X))
ST e (5 — w) o0 (u)|
~ =0 = Lr(2;7(0,5Xe5))’
where we used that o > 5— 55 Note that the implied constants are independent

of n and Ty. As s € [0, To] was arbitrary, it follows that:
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Hs — /SE(S — u)®(u) dWH(u)H

€

. L2 (0,To; L7 (£2:X)) (7.2.38)
T§ 7 sup ||5;—>(t75) *P(s

||LP 2;7(0,To; H, X
0<t<Tg (£2;7(0,To o))’

As for the part concerning the weighted ~-radonifying norm, as before we
have, for t € [0, Tp]:

Hs»—> (t—s)~ /Es—u u) dWy (u )’

Lr(£2;7(0,;X))

S [(s:w) = Locusgs) (t — 8) " E( - @)QB(U)||Lp(9w([o,t]x[o,ﬂ;H,X))'

By the second part of Corollary 7.6 with § = 0g, € = s 8=5— 75 Theorem
2.14, isomorphism (2.3.6), once again Theorem 2.14 comblned Wlth Theorem 2.15
and Lemma A.6 we have:

[(s:0) = Ljocucs) (t = 5)"“E(s — Q)Ep(u)||LP(Q;7([O,t]X[O,f];H,X))

T T+0c— EH S U '_)1{O<u<s}

X (t—s)"(5 —u) 2T B(u )HLP(Q,fy([Ot] x[0,8);H, X o))

714’,0 _
ST lu (t+ L —u) ™0 (u HLP((ZV(OtX))

—1+0c—¢ o
ST T u— (t—u) " d(u ||LP(.Q,'y(O X))’
Taking the supremum over ¢ € [0, Tp] and combining the above with (7.2.38) one
obtains (7.2.35).

Part 2h. As for the final term in (7.2.11), first observe that because 6 < 0 we
have, by (2.6.3):

Vo' ([0,To] X £2;X)

SH/ s(I)a U(”)(u))dWH(u)H
(7.2.39)

< niQG

5 / Gu, U™ (u)) dWH(u)H

o, b
VP ([0,To] % 2 Xog,)

with implied constants independent of n and zg.
By (2.4.6) (take & = 2 — /2 and € = £/2), (5.2.5), and Corollary 6.3 we
have, for s € [0, Tp]:

H/ (1, U (u)) Wi )|

LP(2:Xos)

< (5-s)72te

5 / G(u, U™ (u)) dWH(u)H
0

O3 =/2(0,Tos LP (2 X0,))

_1 _1.1 "
24 sup lu— (8 —u) 225G (u, U ()| Lo @iy (0,65.X0, )
0<t<T,
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S U],

)

“3HE (14 [[zol| Lr(x)) (7.2.40)

1.,
277([0,To] x ;X))

<n

with implied constants independent of n, Ty, and zy. We have shown that

(n) —3+e
o /s Gl U (U))dWH(u)HL“(O,To;LP(Q;XGG)) S (1 + HxOHLP(O;X))-
(7.2.41)
Next fix ¢ € [0,7p]. By Lemma A.2 (with R = (0,1) and S = (0,¢) with
the Lebesgue measure, f(r,u)(s) = (t — 8)7*(t — u)*1{s<u<s}, P2 = I and
D1 (u) = (t —u)~*G(u, U™ (u))) we obtain

Hs - (t— 5)C / G (u, U™ () dWH(u)]

LP(£257(0,t; X6 ))

S sup (t—w)®|ls = (= 5)" " Lu<s<uyllzzo,
u€(0,t]

X [Ju (t —u)"*G(u, U(n)(u))HLT’(Q;v(O,t;H,XSG))
SnE lu (t—u) " G(u, U™ (W)L (270,81, %6,))

with implied constants independent of g, n and Tj.
From here we proceed as in (7.2.40) and take the supremum over ¢ € [0, Tp]
to arrive at the estimate

sup
t€[0,To]

- [ @ LU () dW
s (t—s) /S (u (u)) H(u)‘LP(Q;W(O,t;XQG)) (7.2.42)

_ 1
Sn72 (14 ||lzollrosx))-

Combining (7.2.41) and (7.2.42) with (7.2.39) and recalling (7.2.12) we obtain:

Hs — / S(5)G(u, U™ (u))dWH(u)Hw*ao To) % 2 X)
: =" (0. To]x 2; 7.2.43
<7205 (1 4 |2 Lo i) ) ( |

<714 |lzollLr(25x))-

Part 3. By combining equations (7.2.11), (7.2.15), (7.2.16), (7.2.20), (7.2.22),
(7.2.23), (7.2.32), (7.2.34), (7.2.36), (7.2.37) and (7.2.43), we obtain that there
exist constants C' > 0 and € > 0, independent of n, zy and yg, such that for all
n > N and Ty € (0,7:

1T = Va0 zm1x2:x) < Cllzo = yollLr2;x)

+Cn” (1 + |20l Losx,)) + CTo U™ = Va0 75w 20)-
(7.2.44)
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Define ¢y = %(ZC)_é and let Ny € N be such that Ny > max{N,T/c}, this
implies that for n > Ny we have ¢y < ¢y < 2cg, and thus &° < (2¢9)¢ = (20) L.
For n > Ny we obtain, by taking To = ¢ in (7.2.44);

1T =V lyano,m1x0:5)
< 20(”330 —yollzr(x) +n"(1 + HxO”LP(Q;X”)))’

and thus there exists a constant C' such that for all n > N we have:
[T — V[ yam(0.co1x 2:x) < CllZo — yollLe(oix) + 171+ |moll Lo (2sx,)))

which is precisely estimate (7.2.10). O
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Localization

The pathwise convergence results of Corollaries 6.6 and 7.14 on pages 107 and
136 remain valid if F' and G are merely locally Lipschitz and satisfy linear growth
conditions and x¢ = yo € L°(£2, %o; X,,). See also Remarks 6.7 and 7.15.

To be precise, we consider (SDE) in a UMD Banach space X, where A satisfies

(A) and F and G satisfy:

(Floc)

(Gloc)

For some 0p > —1 + (% — %), where 7 is the type of X, the function F :
[0,7] x X — Xy, is measurable in the sense that for all z € X the mapping
F(-,z):[0,T] — X, is strongly measurable. Moreover, F is locally Lipschitz
continuous and wuniformly of linear growth in its second variable.

That is to say, for every m € N there exists a constant Cjy ,, such that
for all t € [0,T], and all 1,2, € X such that ||z1] x, ||z x < m:

[1F(t, 21) = F(t, 22)[ x0,, < Comllz1 — 22| x-
Moreover, there exists a constant Cy such that for all ¢ € [0,7] and all x € X:

1E @ 2)|x,, < CL(1+ [l x)-

For some > —3, the function G : [0, T]|xX — Z(H, Xp,,) is measurable in
the sense that for all h € H and « € X the mapping G(-,z)h : [0,T] — Xy,
is strongly measurable. Moreover, G is locally L%—Lipschitz continuous and
uniformly of linear growth in its second variable.

That is to say, for every m € N there exists a function G, : [0,T] x
X — Z(H, Xy,,) that satisfies (G) and for which one has, for all z € X,
|z|lx < m, that G, (t, ) = G(t,x) for all t € [0,T]. Moreover, there exists a
constant Cy such that for all a € [0, 3), all ¢t € [0, 7], and all simple functions
¢ :[0,T] — X one has:

[s = (t = 5)"*G (s, d(5))ll4(0,t:7,%0,,)
<O (145 = (t—5)"%G(8) ]| L2(0.0:%) A 4(0.:X)) -



152 CHAPTER 8. LOCALIZATION

Condition (Giec) is satisfied if X is a type 2 space and G : [0,T] x X —
~v(H, Xy,,) is locally Lipschitz and uniformly of linear growth in the second vari-
able; in that case one may take G, (t,z) := G(t,z(1 A %)) See also the
examples given on page 84.

Following [109, Section 7], for T' > 0, p € [1,00) and « € [0, %) we define
Ve0([0,T] x £2;X) to be the space containing all continuous processes ¢ €

L% (£2,7(0,T; X)) such that almost surely,

12]lc(o,m;x) + sup [|s = (t —8)”*D(s)|y(0,6x) < 00
0<t<T

The space V.2:°([0,T] x £2; X) contains all processes @ € L% (2,7(0,T; X)) such
that almost surely,

H45||L°°(0,T;X) + sup |[[s — (t — 3)_a¢(3)||'y(0,t;X) < Q.
0<t<T

It has been proven in [109] that if one assumes (Fioc) and (Gioc) instead
of (F) and (G), and moreover assumes that zg € L°(§2, %y; X), then for every
p > 2 satisfying % < % + 0 equation (SDE) has a unique mild solution in
Ve9([0,T) x £2;X) for all T > 0 and all a € [0, 1). The solution is constructed
by approximation; uniqueness is proven separately.

The approximations are obtained as follows. For m € N let G,, be as in
(Gioc) and define F,(t,x) == F(t,(1 A ﬁ)x) Clearly F,,, and Gy, satisty (F)
and (G). By Theorem 5.3, for all p € (2, c0) satisfying % < 1+ 60 there exists,
for all o € [0, 1), a unique mild solution U,, € V>*([0,T] x £2; X) to:

AUpy (t) = AU (t) dt + Fyn(t, U (1)) dt
F G (£, U (1) AWy (1); ¢ € [0,T], (8.0.1)
U (0) = 1{jao ) <m}To-

Fix T > 0 and set

(W) == inf{t >0 : |Upn(t,w)|x > m},
with the convention that inf(&) = T. By a uniqueness argument one may show
that for my < mg one has Uy, (t) = Up, (t) on [0, 7,5, ]. Moreover, by [109, Section
8] we have, due to the linear growth conditions on F' and G, that

W%imoo 7l =T almost surely.
In fact, because this holds for arbitrary 7" > 0, there exists a set 29 C (2 of
measure one such that for all w € 2y there exists an m,, such that 7.1 (w) = T
for all m > m,,.
The mild solution U to (SDE) with F' and G satisfying (Fioc) and (Gioc) is
defined by setting:
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Ut,w) := %Erlem(t,w), te€[0,7], w € £,
and U(t,w) := 0 for t € [0,7] and w € 2\ .

For m,n € Nlet U(™™) denote the process obtained by applying the modified
splitting scheme with step size % to (8.0.1). Note that U™ is precisely the
same process as the one obtained by approximating the solution to (6.0.1) in
the splitting scheme in the same way as we approximated the solution U to
(SDE) by the processes U, above. Thus for all n € N there exists a U™ ¢
V20([0,T] x §2; X) such that almost surely we have U™ (t) = lim,,, o, U™ (t)
for all ¢ € [0,T]. Set u:= (Ut"))7_ and u™ = (U™ (")),

Corollary 8.1 (Localization of Corollary 6.6). Let v,6 > 0 and n > 0 be
such that v 4+ § < min{nmax,n, 1}, where Nmax as defined by (5.2.6). Suppose

that xo = yo € L°(£2, Zo; X;;). Then there exists a random variable x € L°(12),
independent of n, such that:

-5

= g 077,50 < X1
Before proving Corollary 8.1 we state the analogous result for the Fuler
scheme. Thus in addition to the above assumptions on A, F' and G and the
Banach space X we now assume that X has property () and that (F') and
(G’) are satisfied. Let R be such that (R/T,occ) C g(A).
First of all we observe that the implicit-linear Euler scheme is well-defined for
(SDE) under the assumptions (A), (Fioc), (Fioc), (F'), and (G'); by applying

: N A . (n)\ (n)
the scheme with step size - pointwise in {2 one obtains a sequence v; ") Jno C

L°%(£2, X). In order to see this, one need only check that G(tén)17 V " )AW(n)
well-defined in L°(§2, Xy no) for all n > R and j = 1,.

To this end fix j € {1,...,n}. If ¢ € LY(2, 7 fj(n)l, (H;ch,\o)) is a finite
rank simple function, then one easily checks that ¢AWJ-(n) € LO(92, Xpno)- Let
(¢i)ier be a Cauchy net in LO(2, f-(n)l;’y(H'chAo)) consisting of finite rank

E5~()

simple functions. From Step 2 on page 134 it follows that for B we have,

for e > 0 and § > 0 given and i,k € [;

P(Il(¢: — o) AW |Ixo o = €) < P([15e (¢ — o1) AW |, 00 > €) + P(B)
LE|15e(¢: — ox) AW | x, 00 + P(B)
YE( 15 (6i — O1) Iy (#1, X0 no) + P(B)

£ sup [193(w) = k(@) 1,000 + B(B).

weB*®

I/\ IN

IN
[

Taking B = {w € 2 : [[¢i(w) — ¢ (w47, X0, 00) > 1e6} we arrive at:

P(|(6i — o) AW x5 00 =€) < 5+ P(1l6i — Gklls (21, X0 00) > 50)-
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As (¢)ier is a Cauchy net in LO(£2;v(H; Xgono0)), it follows that there is an i.
such that for i, k > i. we have:

P(Il(¢i — ox) AW || xp 00 = €) < 6.

As €,0 > 0 were arbitrary, it follows that (gbiAW;"))ie[ is a Cauchy net in
LO(£2, Xgno)- It follows that gAW ™ is well-defined in LO(£2, Xg o) for all
¢ € LO(02, Z\"579(H; Xogn0))-

For n > R set v(® = (Vj("));?zo. Moreover, for n > R and m € N let

v = (V}(n’m))?zo, where (Vj("’m))?:o is defined by the implicit-linear Euler
scheme of Chapter 7 applied to (8.0.1), with step size %

Corollary 8.2 (Localization of Corollary 7.14). Let 7,0 > 0 and n > 0 be
such that v+ § < min{(max, 7}, where (max as defined by (7.2.1). Suppose that
To = Yo € LO(Q,ﬁO;Xn). Then for almost all w € {2 there exists an N, such
that the following limit exists in (50 (X)) for allm > Ny,:

n,m)

™ = lim o
m—00

Moreover, there exists a random variable x € L°(82), independent of n, such that
for alln > R:

-4
H’LL - v(n)||cfy")([07T];X) < xn -,

where u = (U(t§n)))?:0.

Proof (of Corollaries 8.1 and 8.2). Let n > 0, 7,0 > 0 be as prescribed and fix
o € LO(2; X,). Set wm = (Un(t4"))7_y, with Uy, the solution to (8.0.1), and
set u(™m = (U("*m)(tgn)))?:o. Fix w € {2, with 2y as on page 152. Let my,,
be such that 7.5 (w) = T for all m > m,,. Note that for all m > m, we have
| U (@) |l o= 0,7:x) < My, and thus u, (w) = u(w).

However, a priori this does not guarantee that ||U™™) (w)| 1o (0,7, x) < M
for m > m, and n € N, nor that ||v("’m)(w)||4io+l(x) < m,, for m > m, and
n > R; this requires an additional argument.

By Corollary A.16, with p > 2 such that § + 127 < min{fmax, 1, 1}, there exists

a constant C,, depending on w (and my,), but independent of n, such that:
|Uam,, (w) — U(n’QmW)(W)HLOO(o,T;X) <Cyn°.
In particular, for large enough n, say n > N,,, we have:

1U2m,, (w) — U(R’QmW)(W)HLoc(o,T;X) < my,.
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2m,, for n > N,. Thus by definition of F5,,, and Ga,,,6 and the uniqueness
result of [109, Lemma 7.2] we have, for m > my,, n > N, and t € [0,T7;

As ||[Ugm,, (@)l Lo 0,7:x) < ma, it follows that [|UM™2m) (w)]| oo 0,7:x) <

U™ (w,t) = U™ (w, t).

By Corollary 6.6 applied to ua,,, and u™?™« with p > 2 such that ’y—i—é—i—% <
min{Nmax, 7, 1}, it follows that there exists a constant C,, depending on w, but
independent of n, such that for n > N:

<C,no.

Ju(w) — u™ (@) e ouapiy <

_ n,2mg,
o oy = I (@) — a2 )
This proves Corollary 8.1.
Corollary 8.2 is proven by an analogous argument using Corollary 7.14 first
to guarantee that there exists an N,, € N such that |jv(™™) (@)lle,, (x) < 2me

for m > 2m,, and n > N,. We then apply Corollary 7.14 to us,,, and v(™?m)
(with p > 2 such that v+6+ % < min{{max, 7}) again to obtain that there exists
a constant C,, depending on w, but independent of n, such that for n > N,:

lu(w) — o™ ()] < Con™.

AV ([0,7]:X) =

0 (o,r)sx) = I1u2m (@) = V(2 ()]

]
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Example: the stochastic heat equation in one
space dimension

In this chapter we present an example of a stochastic partial differential equation
that, when interpreted as a stochastic differential equation in a suitable Banach
space X, fits in the framework of Chapters 6 and 7. We interpret the results of
those chapters in this setting.
The equation we consider is the stochastic heat equation on [0, 1], this is an
extension of the example given in the introduction of this thesis:
u 2u u
FED =@l 5 €D+ a©F €

(660l 0) + 9(6,6,u(E 1) o (6.0 € € (01), 1 € (0.7,

bl,s%z(&t) = —bo,cu(,t); ¢e{0,1}, t € (0,77,
u(0,€) = uo(§); € e0,1].

(9.0.1)
Here w denotes a space-time white noise on [0, 7] x [0, 1] and b; ¢ are real numbers
(i, € {0,1}). It is assumed that ags € C[0,1] is bounded away from 0 and
ay € C[0,1]. Moreover, f:[0,7] x [0,1] x R >R and ¢g:[0,7] x [0,1] x R = R
are jointly measurable and globally Lipschitz in the second variable, uniformly
in the first variable. More precisely, there exist constants Ly and L, such that
for all t € [0,T], £ € [0,1], and z,y € R we have:

|f(t, & x) — f(,69)| < Lyle—yl, gt &2) —g(t,&,y)| < Lol — yl.

We also impose the linear growth conditions
f(t,&2) < CA+z]),  [9(t,& z)] <O+ |z)),

with constant C' independent of £ € [0,1], t € [0,T], z € R.
Following the approach of [109, Section 10] we may rewrite this equation to

fit in the functional-analytic framework of Section 5.1. For § > 0 and 1 < ¢ < oo
we define ng = H%1(0,1) for 0 < 0 < 1+ %a and
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H‘qu —{uEHGq(O 1) b1§ (f t)—|—b0§u(£ t)—O 56{0 1}}

for 1+ é < 6 < oo.
The operator A : Hy? — L9(0,1) defined by

o%u ta ou
aez " o

Au = ag——

generates an analytic Cop-semigroup on L?(0, 1), see [92, Section 3.1], which is
based on [1].
From now on we take ¢ € (2,00) and fix 8 € (ﬁ, i) The part of A in the
space
X = HZ" = H?4(0,1)

generates an analytic Cyp-semigroup in X and —A has bounded imaginary powers
in X by [93, Example 4.2.3]. By abuse of notation we shall denote the operator by
A again. As a consequence of [93, Theorem 4.2.6] and reiteration of the complex
interpolation method, for 6 € (0,1), 26 + 20 # 1+ %, we have, for 0 < 6 < 1,

Xo=[X,D(A))g = [HP I, HY 9], = HY 04,

The reason for picking the space X as our state space is two-fold. Firstly, we
need a certain amount of space-regularity (8 > 2%1) in order to prove that the
Nemytskii operators F' and G induced by f and g satisfy (F) and (G). Secondly,
as we shall see in Theorem 9.1, there is a trade-off between the regularity of the
space in which we consider convergence in which we consider convergence and
the convergence rate: as § increases to , the convergence rate decreases. Beyond
this critical value we are no longer able to prove convergence.

Observe that X is a UMD space, and since we assume ¢ > 2 the type of X
equals 7 = 2. Set H := L? := L%*(0,1). For t € [0,T], u € X, and h € H we
define the Nemytskii operators

F(t,u)(§) := f(t, & u(§));
(G(t,u)h)(§) := g(t, & u(€))h(E).

Set Op := —( and pick € > 0 sufficiently small such that 0g := —i —fB—e> —%.
Under the above assumptions on f and g, it was shown in the proof of [109,
Theorem 10.2] (here we use that 8 > ) that F' defines a mapping from [0, 7] x X
to Xg, = L9(0,1) that satisfies (F) and G defines a mapping from [0,7] x X

to y(H, Xo..) = v(L?, H;%_Qe’q) that satisfies (G); the measurability conditions
are satisfied due to the measurability of f and g (in the notation of [109] we take
E = 1%0,1) and n = 3, so that E, = X).

Furthermore, the part of the A in X satisfies (A). Modeling the space-time
white noise as an H-cylindrical Brownian motion Wy, we may rewrite (9.0.1) as
follows:
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(9.0.2)

dU(t) = AU(t) dt + F(t,U(t)) dt + G(t,U(t)) dWg(t); t € [0,T],

In order to obtain convergence of the FEuler scheme for U, we must ensure
that (F') and (G’) are satisfied. This requires extra assumptions on f and g.
Noting that Nmax = (max = i — 3 — e, we assume that there exists a constant C
such that for all s € [0,1] and all z € R we have:

It — f(t,s,x) <C(1+ |z));

HC%*"([O,T]) =
and

[t = g(t,s,2) <O+ [z)).

let-5p0,27)

By similar arguments that were used in [109, Section 10] to prove that F' and G
satisfy (F) and (G), one can use the above to prove that F' and G satisfy (F’)
and (G').

Fix T'> 0 and n € N, let U be the mild solution to (9.0.2) on [0,T] and set
w = (UY)r_y with £ = jT/n.

Theorem 9.1. Let p>4,¢>2, >0, 0 € (2—1q, i), and 7, § > 0 satisfy
B+7+38+ 1 <min{g,a}.

Fiz T > 0. Let U™ be defined by the modified splitting scheme with initial value
ug € LP(02, Fo; H>*49(0,1)), and let V™) be defined by the implicit Euler scheme.
Let u(™ := (U(”)(tg»n))?zo and v(™ = (Vj(n))?zo. Then:

=

(Eflw —u™17 )

o (om)ama,y) " S 1T (L ol (@imzeao);

S

(Bllu = o2 o rmmsaony)” S L+ luollLo(asmaeago.);

with implied constant independent of n.

Proof. This follows from Theorems 6.1 and 7.1 with X = H*?9 and n = a — .
|

By Corollaries 8.1 and 8.2, almost sure convergence in ¢, ([0, 7]; H2%:4(0, 1))
with rate n=? holds for xg = yo € L (2, Fy; H?>*9(0,1)) under the weaker
assumption

B+~ 4+ <min{i,a}. (9.0.3)

(Again assuming [ € (2%17 1) and 7,6 > 0.)
For 23 > A + %, the Sobolev embedding theorem provides a continuous em-
bedding H%%:9(0,1) — C*[0, 1]. Hence, for A, 7,5 > 0 such that /\+2fy+25+% <

min{3,2a}, we have:
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lu —u™ . qorcrpay Sn7° as.
Let us now take v = 0 and suppose that

A+26 < 3. (9.0.4)

Suppose ug € LO(Q,L%);H%“](O,I)), i.e. we take o = %. By picking ¢ large
enough, we have A + 20 + é < % = min{%,Qa}. By the above we then obtain

almost sure uniform convergence (with respect to the grid points t;")) in the
space C*[0,1] with rate d:

sup Hu(t§n)) — u§-n)||cx[0’1] < n % as.
0<j<n

Remark 9.2. Tt is proven in [34] that the optimal convergence rate of a time dis-
cretization for the heat equation in one dimension with additive space-time white
noise based on n equidistant time steps is n~%. This is under the assumption
that the noise approximation of the n*® approximation is based only on linear
combinations of (Wg (t;n)))?:(). In the theorem above we obtain convergence rate
n=ite fore >0 arbitrarily small by taking v = 0, 3 sufficiently small and p, ¢
sufficiently large.

In [34] the authors also provide optimal convergence rates for the heat equa-
tion in one dimension with multiplicative space-time white noise, but these re-
sults concern simultaneous discretizations of time and space and are therefore
not applicable to our situation.
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A perturbation result for SDEs

This chapter contains the perturbation result as presented in [26]. We consider
the effect of perturbations of A on the solution to (SDE), in the setting of Section
5.1.

The main motivation to study the effect of perturbations of A on solutions to
(SDE) is the desire to prove convergence of certain numerical space approxima-
tion schemes. In the next chapter we demonstrate how the perturbation result
can be used to obtain convergence, as n — oo, of the solution to (SDE) with A
replaced by its n** Yosida approximation A, = nAR(n : A). Moreover, for the
case that X is a Hilbert space, we prove pathwise convergence of Galerkin and
finite element methods for (SDE).

With applications to numerical approximations in mind, we assume the per-
turbed equation to be set in a (possibly finite dimensional) closed subspace Xy
of X. We assume that there exists a bounded projection Py : X — X, such
that Po(X) = Xj. Let ix, be the canonical embedding of X, in X and Aj be
a generator of an analytic Cy-semigroup Sy on Xg. In the setting of numerical
approximations, Ay would be a suitable restriction of A to the finite dimensional
space Xj.

The perturbed equation we consider is the following stochastic evolution
equation:

dUO (t) = AgU O (t) dt + PyF(t,UO (1)) dt + PoG(t, U0 (t)) dWg(t), t > 0;
U(O) (0) = Pol'o.
(SDEy)
In the upcoming section, we shall prove the following theorem:

Theorem 10.1. Let w > 0, 6 € (0,%5) and K > 0 be such that A and Ay are

both of type (w, 0, K). Suppose there exist § € [0,1] and p € (2,00) satisfying
0<é<min{l — (3 —3)+0r, 3 — 5 +0c}
such that for some Ao € o(A) we have:
Ds(A, Ag) = [[R(Xo = A) —ix,R(Ao : Ao) Poll z(xa . x) < o0 (10.0.1)
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Suppose ©9 € LP(2, Fo; X&) and yo € LP(2, Fo; X). Then for all a € [O,%)
there exists a unique process U©) € V.2P([0,Tp] x 2; Xo) that is a mild solution
to (SDEy) with initial value Pyyo. Moreover:

U = ixa U [y o.17x 2:x)

(10.0.2)
S llzo = wollr(eix) + Ds(A, Ao) (1 + llzoll e (2:x )

with implied constant depending on Xo only in terms of || Pol| 2 (x,x,), on A and

Ag only in terms of 1+ Ds(A, Aog), w, 0 and K, and depending on F and G only

in terms of their Lipschitz constants Lip(F') and Lip.(G), and the linear growth

bounds M(F) and My(G).

As a corollary of Theorem 10.1 we obtain an estimate in the Holder norm
provided we compensate for the initial values (see Corollary 10.4 on page 172).

A natural question to ask is how the type of perturbation studied here relates
to the perturbations known in the literature. In [39], [72], and [123] (see also [43,
Chapter II1.3]) one has derived conditions for perturbations of A that lead to
an estimate of the type |S(t) — So(t)|| #(x) = €(t). In light of Proposition 10.2
below these results are comparable to our results if we were to take a = —1. In
particular, [43, Theorem I11.3.9] gives precisely the same results as Proposition
10.2, but then for the case « = —1 and g = 0.

Theorem 10.1 implies that if (A,)pen is a family of generators of ana-
lytic semigroups such that the resolvent of A, converges to the resolvent of
Ain Z(XA,,X) for some 6 € [0,1] (and (Ap)nen is uniformly analytic),
then the corresponding solution processes U, converge to the actual solution
in LP(£2;C([0,T]; X)) and the convergence rate is given by Ds(A, A,,). Recently,
it was proven in [85] that if (A, )nen is a family of generators of analytic semi-
groups such that the resolvent of A, converges to the resolvent of A in the
strong operator topology, then the corresponding solution processes U,, converge
to the actual solution in LP(£2;C([0,T]; X)). However, the approach taken in
that article does not provide convergence rates and requires 05,64 > 0.

Another article in which approximations of solutions to (SDE) are considered
in the context of perturbations on A is [14]. In that article, it is assumed that
X is a UMD space with martingale type 2. In Section 5 of that article the author
considers approximations of A, F'; G and of the noise. Translated to our setting,
the author assumes the perturbed operator Ag to satisfy X ‘;4}70 = Xé“F and X gg’ =
X(;“G (in particular, Xy cannot be finite-dimensional).

The proof of Theorem 10.1 requires regularity results for stochastic convolu-
tions. As the convolution under consideration does not concern a semigroup, the
celebrated factorization method of [32] fails (see also Theorem 4.6). Therefore we
prove a new result on the regularity of stochastic convolutions, see Lemma A.9 in
Appendix A.2. This lemma in combination with some randomized boundedness
results on S — Sy Py form the key ingredients of the proof Theorem 10.1.
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10.1 Proof of the perturbation result

For t > 0 define Sy € .Z(X) by So(t) := ix,So(t)Po, this defines a degenerate
Co-semigroup, i.e. Sy satisfies the semigroup property but 5’0(0) = ix,Po (which
is clearly not the identity unless X, = X).

Let xg € LP(£2,.%9; X) (where p > 2 satisfies 1% < 3 +06¢) and let U be the
solution to (SDE) with operator A and initial data z( as provided by Theorem
5.3. To prove Theorem 10.1 we need a proposition concerning the y-boundedness
of § — Sy. The proof of this proposition is postponed to the end of this section.

Proposition 10.2. Let A, Ay be as introduced above, i.e., A generates an an-
alytic semigroup on X and Ag generates an analytic semigroup on Xg. Let
w>0,0€(0,3) and K > 0 be such that A and Aq are of type (w, 0, K). Suppose
there ezists a Ao € C, Ze(Xg) > w, and 0 € R such that Ds(A, Ag) < oo, where
Ds(A, Ag) is as defined in (10.0.1). Set

W' =w+|A — wl|(cosh)?

Then for all B € R such that 8 € [§ — 1,5] one has:

S0 = ok S Dol Ao) (10.1.1)
€10,00
and
IS0 — ESo0lleong x S DaA A, (1012
€10,00

with implied constants depending only on ||Pol| #(x,x,), w, 0, K, § — 3.
Moreover, for all « > 6 — 8 we have, fort € [0,T):

g ({5718(s) = So(9)]: 0 < s < 1}) S 474979D5(4, Ag),

with implied constant depending only on || Py #(x x,), w, 0, K, 6 — 3, and T

Proof (of Theorem 10.1.). We split the proof into several parts.

Part 1. In order to prove existence and uniqueness of a mild solution U®) ¢
V.ep ([0, To) >< 2, XO) to (SDEO) it sufﬁces by Theorem 5.3, to prove that there

exist np > —= + Landng > -1 + L such that PyF : [0,T] x X — X{;‘QIF is Lip-

schitz contlnuous and of hnear growth and PyG : [0,T] x X — ~(H, Xaqgc)
is L%—Lipschitz continuous and of linear growth. If 8 > 0 then clearly we
may take np = 0, and we have Lip(PoF) < ||Poll 2 (x,xo)Lip(F), M(PoF) <
| Poll 2 (x,x0)M(F). The same goes for g > 0.

Now suppose 0 < 0. Recall the following representation of negative frac-
tional powers of an operator A generating an analytic semigroup S of type
(w, 8, K) (see page 27):
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(AT — Ay = 1 )/ e MS(dt, < 0, Be(N) > w.
n) Jo

I

Let @ > w’, where ' is as in Proposition 10.2. From the representation above
and Proposition 10.2 it follows that for 8 € [0 — 1,d], n < 8 —§ and z € X we
have:

— —~ 1 F 1 —etd
P0x||X£2~||((wI—Ao)nPoxX—Hp(_n)/o 1 1e So(t):cdtHX
1
I'(—n)
_|_

ﬁ“ /Ooot_”_le_“’tS(t)a:dtHX

S DsA, o) [ IS @t g+ @1 - A,
0

< [ TS - Soeel e

with implied constants depending on X¢ only in terms of || Po|| #(x,x,) and on A
and Ag only in terms of w, 0, and K. Thus for 5 € [§ — 1,6], n < 8 — & we have:

[1Pox]| a0 = [I(0] = Ao)" Pox||x
n

< (1+ Ds(A, A) (@I — A)°x|x = (1 + Ds(A, Ao))llzll x4,
(10.1.3)
with implied constants depending on X only in terms of || Pyl «(x,x,) and on
A and Ay only in terms of w,d, and K.
Note that by assumption we have 6p > —% + % 4+ > § — 1. Hence one
can pick np such that f% + % < nrp < 0p — 4. By (10.1.3) it follows that
PF:[0,T] x X — XS}S,F is Lipschitz continuous and

Lip(PoF) S (1+ D(A, Ao))Lip(F);  M(PoF) < (1+ D(A, Ag))M(F),
(10.1.4)

with implied constant depending on X only in terms of || Pyl (x, x,) and on A
and Ag only in terms of w,d, and K.
Similarly, if 8 < 0 there exists a ng such that —% + % < ng < Og — § such

that PoG : [0,T] x X — ~(H, X(f%c) is L2-Lipschitz continuous and

Lip, (PoG) < (1+ D(A, Ag))Lip, (G); My (PoG) S (1+ D(A, A)) M, (G),

(10.1.5)

with implied constant depending on X only in terms of || Py« (x, x,) and on A
and Ag only in terms of w, 0, and K.

Part 2. Define U = ix,U©® and observe that if U(®) is a mild solution to
(SDEy), then U satisfies:

~ ~ T ~ ~
7O (1) zso(t—s)y0+/0 So(t — s)F (s, 0 (s)) ds
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t
+ / So(t — 5)G(s, U0 (s)) dWg(s), aus.
0
Let Ty € [0,T] be fixed. By the above we have:

1T = TOlyer (0,70 x 2:%)

< IS = So)zollver(o.1)x 2:3) + [150(o — yo)lver (0. 7] x 2:3)

e / 8ot — $)[F(s,U(s)) — F (5,0 (s))] ds

Ve P ([0,To] x £2:X)

t
+ t0—>/0 [S(t—s)—So(t—s)]F(s,U(s))ds‘Vcayp([oﬁTo]XQ;X)

+ ||t — /0 So(t — $)[G(s,U(s)) — G(s, T ()] dWg (s)

VP ([0,To] x £2;X)

+ tH/O [S(t—s)—So(t—s)]G(&U(s))dWH(s)}

VEP([0,To] x 2 X)
(10.1.6)
Let nrp and ng be as defined in part 1. Let € > 0 be such that

e <1—2aq
6<min{%—%+np7%—%+ng}.

It follows that e +6 < min{2 — 1 +6p, 1 — zl) +0¢}. By equation (5.2.2) we may

assume, without loss of generality, that a = % —e/2.

We will estimate each of the six terms on the right-hand side of (10.1.6) in
parts 2a-2f below. In part 2c and 2e we keep track of the dependence on Tj, for
the other parts this is not necessary.

Part 2a. By Proposition 10.2 with § = § there exists an .# > 0 depending on
Xo only in terms of || Pyl #(x,x,), and on A and Ag only in terms om w, 6 and
K, such that

sup [|S(t) — 50(¢)||$(X;,X) < M Ds(A, Ao);
te[0,To)

s x {E72(S(1) = Sot)) : € [0, Tu]} < 4 Ds(A, Ao).
Thus by the multiplier theorem 2.14 we have

1(S = So)wollver (0,70 x 2:%)

< M Ds(A, Ay)
X[ sup s (t— 5)7a376/2x0”LP(Q;y(O,t;Xg‘)) + HxOHLP((Z;Xg‘)]-
tE[O,Tg]

For f € L?(0,t) and = € LP(£2; X£') we have

If ® @l Lo(2iy(0.0:x2)) = 1flL200.6)[1%] Lr (2:x 2)-
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Thus, recalling that o = § — /2, we have:

sup [[s = (t—5) "™ ? 20| Lo 2y (0.0:x 4
t€[0,To)] LP(2;7(0,6:X4))

<|s=(1- 5)_a3_6/2||L2(0,1)||9CO||LP(Q;X§‘) < CellzollLe(a:xa),

where C¢ is a constant depending only on &, and we used that a = % — /2.
Hence

1(S = So)zollver (o) x 2ix) < A Ds(A, Ag)(1 + Co)l|woll po(aixpy-  (10.1.7)

Part 2b. By assumption (see Remark 2.19) there exists an .# depending only
on || Pyl #(x,x,), w, 0, and K and T such that we have that

sup [So(t)l|(x,x0) < A
te[0,T]

Moreover, by Lemma 2.21 we may pick .# such that in addition we have that
Yix,x1{t/?So(t) : t € [0,Tp]} < 4. Thus by the same argument as in part 2a
we have:

150 (0 — o) llvier 0,0y x 2:x) < A (1 + Ce)l|lzo = yoll Lo (2:x) - (10.1.8)

Part 2c. Recall that np < 0. By equation (2.6.3) there exists an .# depending
only on w, 6, K and T such that for all ¢ € [0, T] we have:

SO g, 0+ SO g
— 4nrte| d —nrte—l
=t E S W2l g xpo g+ E =TT IS0 g 0 o)
< AMETHEE

By Corollary A.13 with Y7 = Xé%z?’

b(s) = Po[F(5,U(s)) — F(s,0(s))],
U(s) = So(s), 0 = —nr + ¢ and g(v) = A v~ 7= it follows that:

Y =X,

= /0 CGolt — $)F(s.U(s)) — F(s. 0O (s))] ds|

S T3 |Po[F (- U) = F(-,UO)]

VP ([0,To] x 2;X)
”LP(Q;LOO(O,TO;X(ng)) (10.1.9)
< TsLip(PoF)|[U = U9|| 1o (1 (0.10:x))
< T5 (14 Ds(A, Ap))Lip(F)||U = U o (s (0.10:x))
where the second-last estimate follows by Lipschitz-continuity of PyF' and the
final estimate follows by (10.1.4). Note that the implied constants are indepen-

dent of Tp, and depend on Xy only in terms of || Pyl #(x,x,) and on Ag only in
terms of w, 6 and K.
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Part 2d. By Proposition 10.2 with 8 = 0 A6 € [§ — 1,d] we have that there
exists a constant .# depending only on || Py #(x,x,), w, 0, K, (6 —0r) V 0 and
T such that for all ¢ € [0,7] we have:

_ tie S
H5-0r) T+ ||%[S(t)—So(t)]Hx(Xg*FWX)
+ (0= 0p)* + )=S0 = So(D)ll 2xp,, x)
<M Ds(A, Ag)t™I .

Thus by Corollary A.13 with Y1 = X\ 5, Yo = X, &(s) = F(s,U(s)), ¥(s) =
S(s) — So(s), 0 = (6 —0p)T + ¢, g(v) = A Ds(A, Ag)v~'+¢, we obtain:

Ht - /Ot[S(t — ) — Solt — 8)]|F(s,U(s)) ds

S Ds(A, Ao)||F (-, U)HLP(Q;LW(O,TO;Xé“FM)) (10.1.10)
< Ds(A, Ag) M (F)||U || v (2:2% (0,70:x))
S Ds(A, Ag) M(F)(1 + [|zol e (2;x)),

Ve P ([0,To] x £2:X)

where the penultimate estimate follows by the linear growth condition on F' and
the final estimate by (5.2.7). Note that the implied constants are independent of
Ty, and depend on Xg only in terms of || Pyl #(x, x,), and on A and Ay only in
terms of w, # and K.

Part 2e. Recall that ng < 0. By equation (2.6.3) there exists an .# depending
only on w, #, K and T such that for all ¢ € [0, T] we have:

tfnG+6/2||%So(t)”_g(xé_nc ,X0) + (6/2 — ng)tfnGJre/Qfl”So(t)Hg(XA Xo)

0,—-ng’
< %tflJrE/Q.

By applying Proposition A.11 with Y; = X(ffm, Yo =X, ¥(s) = So(s), n = «,

a=a,0=—-ng+¢e/2and g(v) = Av~'T/? and
b(s) = Po[G(s,U(s)) — G(s, U (s))]

we obtain:

= /0 CGolt — $)[G (s, U(s)) — Gls. TO(s))] AW ()|

VP ([0,To] x §2;X)

STES sup s — (t—5) " Ro[G(s,U(s)) — G(s, 0 (s))]
0<t<T,

ST (1+ Ds(A, Ag))Lip, (G)|U = U |[yer 10,1 x2:x)

”Lp(rmm,t;xézgn

(10.1.11)
where the final estimate follows from estimates (5.2.4) and (10.1.5). Note that
the implied constants are independent of Ty, and depend on X only in terms of
| Poll #(x,x,), and on A and Ag only in terms of w, 6 and K.
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Part 2f. By Proposition 10.2 with § = g A d € [0 — 1,0] we have that there
exists a constant .# depending only on || Pyl 2 (x,x,), w,0, K, (6§ —0g) V 0 and
T such that for all ¢ € [0,7] we have:

—0c) T +e S
002 L[G(1) — So(t)]|l pxa . x)

OGNS’
+((0 = 06) " + /200 T S(8) — So(0)ll g xa,, x)
< M Ds(A, Ag)t™' /2,
Thus by Proposition A.11 with Y7 = XoAG/\av Yo =X, d(s) =G(s,U(s)), ¥(s) =

S<S> _50(8)7 n=o a=aq, 0= (6_9G)+ +€/2 and g(’l}) = ‘%Dé(ILLAO)’U_lJrE/Q
we obtain:

Ht -~ /Ot[s(t —5) = So(t — 5)]G(s,U(s)) dWH(S)) VP ([0,T0] % 2:X)

/S Dé(Aa AO) sup ||$ = (t - S)iaG(sﬂ U(S))HLP(.Q;')/(O,t;Xé“ ns))
0<t<T, G

< Ds(A, Ag) Mo (G U v (0,10] x 2:x)
< Ds(A, Ao) M, (G) (1 + |20l Lr(2:x) )

(10.1.12)
where the penultimate line follows by estimate (5.2.5). Note that the implied
constants are independent of Ty, and depend on Xy only in terms of || Pyl #(x, x,)
and on A and Ag only in terms of w, # and K.

Part 2g. Inserting (10.1.7), (10.1.8), (10.1.9), (10.1.10), (10.1.11), and (10.1.12)
in (10.1.6) we obtain that there exists a constant C' > 0 independent of zy and
Yo, depending on X only in terms of || Py|| #(x,x,), on A and Ay only in terms
of 14 Ds(A, Ap), w, 8 and K, and on F and G only in terms of their Lipschitz
and linear growth constants Lip(F’), Lip, (G), M(F) and M, (G), such that for
all Ty € [0, 7] one has:
1T = TO e o701 x 2:)
lE
< CTF|U = U9 lyero.10)x 2:%)

+0(Ilw = ollzecorx) + Da(A, A0) (1 + ol o) )-
Setting Ty = [2C]2/¢ we obtain:

v -0

VEOP([0,To] x $2;X)

(10.1.13)
< 2C(H»’Uo —yollzr(@:x) + Ds(A, Ao) (1 + ||930|\Lp(n;xg\)))-

Part 3. Let tg > 0, z € LP(2,.%,,;X), T > 0 and « € [0,1). By U(z, to, "),
we denote the (unique) process in VP ([to,to + T] x 2; X) satisfying, for s €

[to,to + T]:
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U(z,to,s) = S(t —to)z +/t S(t—to—s)F(U(z,t0,5)) ds
+ [ S(t—to—s)G(U(z,to,s)) dWg(s) as.

to

The process U©)(z, to,-) is defined analogously.

From the proof of (10.1.13) it follows that for any = € LP(£2, %;,; X£') and
y € LP(£2, %,; X) we have:

”U(m’ to, ) - U(O) (yv to, ')”VC"”’([to,to—O—To]x.Q;X)

(10.1.14)
<20 (Jle = ylluo(ox) + Ds(A AL + I Logaxp))

with C' as in (10.1.13). The remainder of the proof is entirely analogous to part
4 of the proof of Theorem 6.2. O

It remains to provide a proof for Proposition 10.2. For that purpose, we
first prove the following lemma. Given the lemma, the proof of Proposition 10.2
basically follows the lines of known results concerning comparison of semigroups,
see [43, Chapter 111.3.b]. For notational simplicity we define the pseudo-resolvent

R(A: Ag) =ix,R(\: Ao)Py, A€ w+ Yz, (10.1.15)
(we leave it to the reader to verify the resolvent identity).

Lemma 10.3. Let the setting be as in Proposition 10.2. Then for all A € W' +
2%—&-9 we have:

IRV : A) — ROV : Aol )
< Cugrem A =@ PR - A) = RO 2 Ao)lzxa, ),

5§—17

where C,, 9.k, p, s a constant depending only on w,0, K and || Pyl #(x,x,)-

Proof. Using only the resolvent identity and the definition of R(\ : Ag) (see
(10.1.15)) one may verify that the following identity holds:

R(\:A) — R(\: Ay)

= [T+ (Mo —NR\:A)[R(No: A) — R(Xo : Ag)](Mo — A)R(X : A).
(10.1.16)
Moreover, one may check that:

W+ Xz C (w+2%+9)ﬂ{)\€C:\)\—w|2|)\0—w\}.

Therefore one has, for A € W' + X'z g,

I+ (Ao = VRO : Ag)llx) < 1+ R K | Poll o x.x0) < 142K Poll 2 x x0)-
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From (10.1.16) one obtains:

IR(A = A) = RO : Ao)ll zx4.x) < (14 2K]|Poll 2(x, xo))
IR0 : A) = R0 : o)l zxa , x)(ho = AR : A)|| g(xa xa ).

i ) i i (10.1.17)
Let A € C, Re(A\) > w be such that |A — Ag| < 2|\ — w| (if Re(Ng) > w one may

simply pick A = \g). Forn € R and z € X,‘74 set [lzol[xa = |(A— A)"z| x. Then:

1o = DR : Al zxa xa ) = 1A= A)° 7o = ARM : A)ll x)

< (14 B2 )| — 4)° PR : 4 2x)
< (14 2K)[[(A = AR\ : A)l| 2(x)-
If § — 6 =1 then:
[ = A RO: Al zx) = [(A = ARG A)zx) < 142K,
If 6 — 8 =0 then:
I AP PRO: Al x) = RO ALy < KA -]
For 6 — 8 € (0,1) we have, by Theorem 2.20,

1A= A RO : Al 2(x) < 201+ KR : A5 T = ARM: )55,
<21+ K)(1 4 2K)° PKMATO N — w71
< 2(1+42K)% |\ —w|o~ AL,

Substituting this into (10.1.17) one obtains:
[R(A:A) = R(A: Ao)”z(xg,x)
< 2(1+ 2K)Y|Poll 2 (x.x0) A = wP T TR (Ao + A) = R(Ao : Ao)llzxp | x)-

O

Proof (of Proposition 10.2). Let w’ be as defined in Lemma 10.3. For brevity set
e =6 — (. First of all observe that

lsiﬁ)l sT||[S(s) — 50(8)]||$(X§,X) =0.

Fix 6’ € (0,0). It follows from [114, Theorem 1.7.7], that one has, for all ¢ > 0:

S(t) = 5 / y AR A)dA;
w’ o’
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where [y is the path composed from the two rays ret(3+0) and re~ U516
0 < r < 0o, and is oriented such that Sm(A) increases along Ip. As w’ > w, the
integral is well-defined as .Z(X)-valued Bochner integral, and for ¢ > 0 one has:

LG(t) = 51 / AeMR(N: A)d);
w'+Tyr

the integral again being well-defined as .#(X)-valued Bochner integrals (see also
the proof of [114, Theorem 2.5.2]). Analogous identities hold for Sy and R(\ : Ay).

First let us assume that € € (0,1). Below we shall apply Lemma 10.3, ob-
serving that for r € [0, 00) we have

e
|’ 4 retET0) _ u| > Kyr,

where Ky is a constant depending only on 6. Note that we use the coordinate
transform A = w’ 4+ re*(Z+9) For s > 0 we have:

15() = So(s)l 2 xg.x) = |

1 As . o A
L /ré,,e [R(\: A) R(A.AO)]dAHﬂXﬁX)

o0 s
< L ]e—i(%+9’)+(w’+re"<7+"/))S|
— 27 0

x ||R(w’ + re” "3+ . A) — R(w' 4 re”H 30D dr

: AO)HE(XE;‘,X)

S
(=g ’ i(Z+0')
_|_2L/ |ez(2+0 )+ (w' +re"t 2 )s’
T 0

X ||R(W! + 7' EH s A) = R +reEH Ag)|| i iy dr
4,

IN

oo
’ . ’
%Cw,g,K,pngDé(A,Ao)e“/ relerssing g,
0

oo
= % w797K7p0K9D5(A, AO)[S sin gl]fsew s / usflefudu
0
= Fgre) [Sin 9/]—5 w,@,K,POD5(A7 AO)S_EewIS-
For € = 0 one may avoid the singularity in 0 in the usual way: for s > 0 given
we integrate over

W Ty e = (@ + T0) U W + T U + T,

where Fg(/l)s and Fe(?)s are the rays re!(319) and re=#5+9) 571 < < o0, and

Fe(,?”l =s'e?, ¢ e [-Z — 0,5 + 0. This leads to the following estimate:

Q _ 1 As . A
156) = So@ oo = [ e lrO )~ RO A,

4.%)

< Cy.0.kx,pP,KoDs(A, Ao)e‘*’/S {l / plemresind’ g 4 e]

s
—1
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’

< Cu 0.5, KoDs(A, Ag)[[rsin ] te™ 5 "+ ele””
< 2[Sin 9/]710w,9,K,P0K9D6(Aa Ao)&wls.

Recalling that € = §— g this proves the uniform boundedness estimate of (10.1.1).
Similarly to the above, for € € [0,1] and s > 0 we have:

||%S(S) - %SO(S)||$(X§,X)

L / AM[R(A: A) — R(A - AO)]dAH i
Lyryor g(Xg ,X)

< ie‘”,s/ re~Tssind’ ||R(re*i(%+0,) cA) — R(re*i(%w/) : fio)Hip(Xél x) dr
0 ;

+ ie“ﬂs/ reTssing’ ’|R(rei(%+0/) cA) — R(rei(%+0/) : AO)Hz(x;‘ x) dr
0 ;

= Cwyg,K,pngDg(A,AQ)[SSiDH’]_l_Eew,S/ ufe “du
0

1
— L) [sin@']7*"°C., 9. 5.7, Ko Ds (A, Ao)s_l_ae“’/s.

G

Recalling that e = d— (3 this proves the uniform boundedness estimate of (10.1.2).
Concerning the y-boundedness estimates, fix o > €. By Proposition 2.12 one
has:

g ((5°186) = Bo(s)) 5 € 0.03) < | (1505) = Sl | 5

t
S/o as®|S(s) *SO(S)Hz(Xg‘,X) ds

t
S~ 5000 g v

Substituting (10.1.1) and (10.1.2) into the above one obtains that there exists
a constant C' depending only on w, 0, K, e = 0 — 3, and || Py #(x,x,) such that:

Yxa X ({sa[S(s) —Sy(s)] s € [O,t]}) < ODs(A, A) /0 s gam1-e gt g
< Ce@ TV DS (A, Ay),
as a > €. (]
Corollary 10.4. Let the setting be as in Theorem 10.1. Let X € [0, %) satisfy
0<A<min{l = (0 —0r) V0,5~ — (6 —bg)V0}.
Suppose xo € LP(2, Zo; X£') and yo € LP(2, Fo; X), then:

U — Szo — ix, (U — SoPoyo) | Lo (2:0 (f0.77:)
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S o — yOHLP(Q,X) + Ds(A, Ag)(1 + ||x0||LP(Q;X§‘))7

with implied constant depending on Xo only in terms of || Pyl 2 (x,x,), on A and
Ap only in terms of 1+ Ds(A, Ag), w, 0 and K, and on F' and G only in terms of
their Lipschitz and linear growth constants Lip(F'), Lip,(G), M(F), and M. (G).

Proof. As before, we write:
U = Sz — ix, (U = SoPoyo)ll Lo (250 (j0,71:))

= Ht = /Ot So(t — 8)[F(s,U(s)) — F(s,09(s))] ds‘

Lp(£2;C*([0,T];X))

+ tH/O [S(t—s)—So(t—s)}F(&U(s))ds)

Lr(£2;C*([0,T];X))

+ ||t — /0 So(t — 8)[G(s,U(s)) — G(s, T (s))] dWH(s)‘

Lr(2;,C([0,T]; X))

Lr(£2;C*([0,T];X))
(10.1.18)
For the first and second term on the right-hand side of (10.1.18) we apply
Proposition A.12. Note that as before we may pick g, ng < 0 such that np <
0 — 9 and ng < g — § and

+ tH/O [S(t—s)—S'O(t—s)]G(s,U(s))dWH(s)’

A< min{l—i—?]p,% - % + 1}

Our choice of Y7, Y3, @, ¥ is the same as in part 2c, respectively 2d, of the proof
of Theorem 10.1, whereas we set # = 1 — . This leads to the following estimates:

Ht - /Ot So(t — $)[F(s,U(s)) — F(s, 0 (s))] ds‘

Lr(£2;C*([0,T];X))

SNU = TO) | o (asn=(o.r:x)) < 1T = TQ(8)lverqo.rx0:x)»

and

t
t S(t—s)— So(t—s)|F(s,U d‘
o= [1s6=s)=Soe = snpevenad oo
< Ds(A, AU Le(2in0,1:x)) S Ds(A, Ao) (1 + [0l e (2, x))-

For the third and fourth term on the right-hand side of (10.1.18) we apply
Corollary (A.10) with # = X and a € (0, 3) such that o > A+ % +n¢. The choice
of Y1, Y5, & and ¥ is as in parts 2e and 2f of the proof of Theorem 10.1. This
leads to:

Ht - /Ot So(t — 8)[G(s,U(s)) — G(s, T (s))] dWH(s)’

Lr(£2;C*([0,T);X))

S0 - U(O)(5)||Vca’p([0,T]><();X)a
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and

t
t t—s)— So(t— d ’
e [15=5) = Sott = NG UEDAWa G
< Ds(A, Ao)|U]lver o, x 2:x) S Ds(A, Ao) (1 + llzoll o2, x)) -

Combining these estimates with Theorem 10.1 gives the desired result. It
goes without saying that all the implied constants above depend on X only in
terms of || Pyl #(x,x,), on A and Ag only in terms of 1 + Ds(A, Ap), w, 0 and
K, and on F' and G only in terms of their Lipschitz and linear growth constants
Lip(F'), Lip(G), M(F'), and M, (G). O



11

Space approximations

In this chapter we use the perturbation theorem of the previous chapter, i.e.,
Theorem 10.1, to prove pathwise convergence of the Yosida approximation of
(SDE), and, for the case that X is a Hilbert space, pathwise convergence of
certain Galerkin and finite element schemes.

Due to the fact that we obtain pathwise convergence of the approximations
(see Corollaries 11.2, 11.6 and 11.10), it is possible to obtain convergence results
for the case that the non-linear terms F' and G are merely locally Lipschitz, as
was demonstrated for time discretizations in Chapter 8. For space discretiza-
tions this was demonstrated by Jentzen [68] for equations with additive noise,
with convergence rates that compare to what we obtain. Another pathwise con-
vergence result for Galerkin approximations of equations with additive noise is
presented in [80]. The convergence rates obtained there correspond to the ones
we obtain.

Concerning pathwise convergence for equations with multiplicative noise, the
only result known to us is due to Gyongy [54], who considers convergence of the
finite difference method for the one-dimensional heat equation with space-time
white noise. To be precise, his work considers the example of Chapter 9 with
az = 1, a; = 0, and obtains pathwise convergence in probability, but without
convergence rates.

Results concerning pointwise convergence of the Galerkin method have been
obtained in [62] and extended to a setting comparable to the setting we study
in [133].

An important issue to keep in mind when using Theorem 10.1 to prove con-
vergence of approximations, is that the constant in (10.0.2) depends on w, , and
K, where w, 6, and K are such that A and Aj are both of type (w,8, K). Thus
given a sequence of operators (A, )nen approximating A it is necessary to find
w >0, 6 € (0,2], and K > 0 such that A, is of type (w,6, K) for all n € N. We
call this property uniform analyticity of (An)nen. In the case that X is a Hilbert
space, it is known that uniform analyticity is easy to check for many practical
purposes, see Lemma 11.4 below.
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11.1 Yosida approximations

Consider (SDE) under the assumptions (A), (F), and (G) with the additional
assumption that 0p,0c > 0. We define A,, := nAR(n : A) to be the n*"" Yosida
approximation of A. We will use U to denote the solution to (SDE) with operator
A and initial data zo € LP(£2, %; X) and U™ to denote the solution to (SDE)
with operator A,, n € N, and initial data yo € LP(§2, %y; X).

Theorem 11.1. For any n > 0 and p € (2,00) such that
n<min{lf(%—%)+9p,%—]%+¢9g}
and any « € |0, %) we have, assuming yo € L”(Q,%\O;X;;‘):
U = U™ |lyarqomxax) S llzo — vollLe(oix) +n (1 + lyolle(2;x2))

with implied constants independent of n, xg and yq.

The following corollary is a direct consequence of the Borel-Cantelli lemma and
the above theorem (see Corollary (6.6) or [81, Lemma 2.1]):

Corollary 11.2. Let n > 0 and p € (2,00) be such that
n+ 5 <min{l — (3 — 3) +0r, 5 — 5 +0a,1}

and assume yy = T9 € LP(Q,ﬁo;X#). Then there exists a random variable
X € L°(82) such that for all n € N:

U = U™ cqo,re) < xn "

To prove Theorem 11.1 we shall need the following lemmas:

Lemma 11.3. Let 8 € [0,1]. Then there exists a constant K' such that for all
n > 2w and all x € Xg‘ one has:

12wl = Ap) x| < K'||(20] — A)z]|.
Proof. Observe that

2wl — A, = (n+2w)(712_‘:—27;l—A)R(n:A) (11.11)
= [(n +2w)I — 4w’ R(2w : A)](2wl — A)R(n : A).

Thus for z € D(A) and n > 2w we have:

2wl — Ap)z|| < ||[(n+ 2w)I — 4w2R(2w : A)R(n : A)||$(X)||(2wl — A)z||
< [Kmt2e 4 g2 (2wl — A)a|| < 4K (1+ K)||(2w] — A)z|.

This proves the lemma for S = 1. For § = 0 the lemma is trivial. For 8 € (0,1)
we need two extra observations.
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Firstly, let u, A € w+ X'z 9. We have:

(A= A)R(ju: At

(/L—)\)R(H,A)tHf( < e~ +\u MKt

le~¢ 2o =e e

Secondly, for s > w and g8 € (0, 1) we have, by definition, (see (2.6.2)):

) o0
(sI — A) Pz = M‘/ tP((t + ) — A)adt
0
and hence

6T = )y < KR [ P45 - )l
0

gK@[(sfw)*l/ t*ﬁdt+/ t*lfﬁdt]
0 s

—w

o sin(73 —
Kﬁﬁ(1 g)(s w)7h.

(11.1.2)

Now suppose n > 2w(1l +4K), A = 2w, u = /C‘T)‘n = Qifn In that case one

may check that I‘LL:illK < %, and thus that for 3 € (0,1):

= (2w — A)R(Z = A) Pl 2(x)
‘ / (B—1 ,—(QuI-A)R(Z2m: A)tdtH <98,

As [~ (2wl — A)R(522 : A)]7P € L(X) for any n > 2w, it follows that there

2w+n
exists a constant M > 0 such that for all n > 2w:

l=(20] = AYR(Z2 : A) | ) < M. (11.1.3)
For 8 € (0,1) and z € X g‘ we have, by standard theory on functional calculus
(see [60]), equation 11.1.1, and the estimates (11.1.2) and (11.1.3):

12w — An)Pz]| = ||(n + 20)P (2221 — A)P (nI — A) x|

< (n+20)%|(n = A) |l 2x)
x |I[ = (2wl — A)R(Z2n: A)] 7P| o0 1 20] — Az

2w+n

<APRM T (2wl — A)Pa|.

O

Proof (of Theorem 11.1.). Without loss of generality we may assume w > 0. In
order to apply Theorem 10.1, we must prove that A,, n > 2w, are of uniform
type, i.e., that there exist © € R, 6 € (0,%) and K > 0 such that A, is of type
(@,0,K) for all n > 2w. Fix n > 2w. One checks that:

RA:An) = (n+X) " (n— ARG - A) (11.1.4)
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whenever % € w+ Yzig. Define f: C — C; f(2) = ;5. From (11.14) it

follows that A o(A) if and only if f(A\) € o(A,). By standard theory on Mobius
transforms we have that

f{w+ Xz 10}) =C\ (D1N Dy),

where D and D5 are both closed disks with radius 2(72 the center of D;

nf':)) cos 67
is in 55 (2w —n, tan(#)) and the center of Dy is is in 2,(717’1“))(244)—71, —tan(f)).
The boundaries of these disks intersect each other on the real axis at the points
—n and -==. The angle at intersection is m — 20. As n > 2w we have % < 2w

and thus o(A,) C 2w + X'z 4¢. It remains to prove the desired estimate on the
resolvent.
Using (11.1.4) one may check that for A € 2w + Yz 19 we have:

R(A:A)—R(A: A,) = —(A+n) TA’R(2% : A)R(X: A). (11.1.5)

Thus by (2.6.1) we have, for A € w(1 +2(cos8) ") + Xz 4
IR A4)— RO A iy < (12K PN+ nl ™ < (14 2K)° A — ] .

The final estimate follows from the fact that by standard theory on Mobius
transforms we have that R;ﬂ <lfor\€ew+ Z%+9. In conclusion we have, for

A€ w(l+2(cosf)™) + Xz g

[R(A: An)llzx) < [R(A: A) = R(A = An)ll2(x) + [[R(A - A)|l.2(x)
<K+ (14 2K)2)A —w| ™

This proves that A, is of type (w(1 +2(cosf)~1),0, K(1+2K)?) for all n > 2w.
It also follows from (11.1.5) that if we take, for example, A\ = w(1l +
2(cos@)~1), then we have, for n > 2w:

Di(A,A,) = |[R(Xo: A) — R(Xo : Ap)|lz(x) < (1 +2K)*n "

In other words, for all n € N condition (10.0.1) in Theorem 10.1 is satisfied
with § = 1 and A\g = w(1 + 2(cosf)~1). Thus we can apply Theorem 10.1 to
obtain the desired result for the case 0p > —% + %, where 7 is the type of
X, and 6 > 1+ %. Concerning the implied constant in (10.0.2) we use that
14+ Di1(A, Ay,) is uniformly bounded in n, both from above and away from 0.
In order to get the desired result for general 0,65 > 0 we seek an estimate
for ||R(Xo : A) — R(\o : An)”z(xfjl,x)' (Note that R(Ag : A) — R(M\o : Ay) ¢

L(X{ |, X) for any § < 1.) For n > w(1 + 2(cos#)~1) we have, by estimate
(2.6.1), that [|(2w] — A,)|l#(x) < 2n(1 + K). Thus by Theorem 2.20 we have,
for 6 € (0,1):

12w = An)' 0| < 2(1 + 2K) |||’ Ana]*~°
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< 22791 4 2K)* 00|z
It follows that for 6 € [0,1) we have:

Ds(A, An) = R0+ A) = R\ = An)ll g xcan x) < 227%(1 4 2K)*°n =9,

In particular, 1+ Ds(A, A,,) is uniformly bounded in n. We are now ready
to apply Theorem 10.1. First of all observe that by Lemma 11.3 we have that
F:[0,T]xX — X é‘;" is Lipschitz continuous and of linear growth for all n > 2w
with Lipschitz and growth constants independent of n, and G : [0,7] x X —
~v(H, Xﬁc") is L%—Lipschitz continuous and of linear growth for all n > 2w with
Lipschitz and growth constants independent of n.

Fix n € [0,1] such that n < min{2 — 1 + 6p, % — % + ¢} and suppose
Yo € L”(Q,ﬁo;X;;‘). It follows from Theorem 10.1 with § = 5, but with A,
playing the role of A and A playing the role of Ag, that:

U = U™ lver orixaix) S llwo = vollzeaixy + 27" (1+ 9ol e (2ix )

with implied constants independent of n, xy and yo. ([l

11.2 The Hilbert space case: Galerkin and finite element
methods

Consider (SDE) in the case that X = J#, where S is a Hilbert space. Tech-
nically there is no reason why one cannot assume that this Hilbert space is
the same as the one that the Brownian motion Wy in (SDE) takes values in
(i.e., one may assume H = ). However, for notational clarity we choose to
distinguish between the two spaces. By %”9‘2 we denote the fractional domain
space/extrapolation space of A : D(A) C J# — J#. By the examples on page
84 and equation (2.3.1) the assumptions (Ap), (Fg), and (Gg) reduce to

(Ag) A generates an analytic Cy-semigroup on 5.

(Fg) For some 0 > —1, the function F' : [0,T] x 5 — %’2 is measurable in
the sense that for all x € % the mapping F(-,z) : [0,T] — j‘(@;‘f is strongly
measurable. Moreover, F' is uniformly Lipschitz continuous and uniformly of

linear growth in its second variable. That is to say, there exist constants C
and C; such that for all t € [0,T] and all z, z, 29 € F#:

[ (1) = F(t,22)|gn < Coller — w2l
IE( 2)llga < Cr(1+ ).
(Gy) For some O > —3, the function G : [0, T] x X — % (H, /) is measurable

in the sense that for all hy € S and hy € H the mapping G(-, hi)hs :
[0,T] — %g‘ is strongly measurable. Moreover, G is uniformly Lipschitz
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continuous and uniformly of linear growth in its second variable. That is to
say, there exist constants Cy and C; such that for all s,¢ € [0,7], and all
x,21,22 € S one has:

NG (s, 21) = G(s,22)lll 2ot ) < Collwr — w2l

1G5 @)L 1,y < Cr(1+ el ).

We shall use the following lemma to identify uniformly analytic families of
operators.

Lemma 11.4. Let —A: D(A) C & — I be m-0-accretive for some 0 € [0, 5);
i.e., 1 € p(A) and for all x € D(A) with ||z|| = 1 we have:

(—Az, x) € .

Suppose moreover that A is injective. Then for any w > 0 the operator A + w is
analytic of type

(w(1+2(cos @)™, 0, (4 + %)(1 —sin(@+60))h
for all 0" € (0,5 — 0). More specifically, if A is self-adjoint and A < 0
(i.e., (Az,z) < 0 for all x € ), then A + w is analytic of type (w(1 +
2(cos0')71), 0, 2(1 —sin(6)) ") for all 0" € (0, F).
Proof. We first prove this Lemma for the case that w = 0. Suppose —A is m-6-
accretive and injective. By [60, Proposition 7.1.1] the operator A generates an
analytic Co-semigroup on Yy for all 0" € (0, § — 0). Moreover, by [60, Corollary
2.1.17] we have that for A € X;_g the following estimate holds:

: < 2y 5 =
IPRO: )] < @+ F) swp ||
z 0
<@+2y).d) ,
=) { (1+ cos(@ — [Arg(V)]) 5 [Arg(N)
Thus for ¢’ € (0,5 — 0) fixed we find that for all A € ¥'z o/ we have

IXR(: A)| < (2+ ) (1 —sin(@+6') 7
If A is self-adjoint and A < 0 then by [60, Corollary 7.1.6] we have that A
generates an analytic semigroup and

L; [Arg(A)| < 3
ARA: A)|| < sup ’\<{ 1 _72r
A AT S 155215 (1 4+ cos(arg(h) s Are(h)] > 3.
Now assume w > 0. As A generates an analytic semigroup S, it follows that
A + w generates the analytic semigroup (e“'S(t));>0 with the same angle of
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analyticity, and clearly w(1 4 2(cos#)™") + Xz 19 C 0(A + w) for any ¢’ €
(0,5 — 0). As for the estimate on the resolvent; fix §' € (0,7 — #). One may
check that for A € w(1 +2(cos®)~1) + Yy we have |\| > 2w, whence L‘w <2

[A—w]
Let XA € w(1+2(cost)™!) + Xz g/, then:
INRO: A+ )| = 25110 - w) RO —w: )]
<4+ %)(1 —sin(6 +60')) 7,

or, for the self-adjoint case:

MR A+ w)|| = 2L = w) RO —w = A)]
<2(1—sin(d+6))"L.

11.2.1 The spectral Galerkin method

Consider (SDE) under the assumptions (Ag), (Fg) and (Gg), with the ad-
ditional assumption that A is a self-adjoint operator generating an eventually
compact semigroup on a Hilbert space J#. By [43, Corollary V.3.2] it follows
that the spectrum of A consists only of eigenvalues, and these eigenvalues lie in
(—oo,w] for some w € R. We denote the eigenvalues by (A,)nen, and assume
(An)nen is ordered such that A,41 < A, for all n € N. Let (¢,)nen be the
eigenfunctions corresponding to (A,)nen and define 57, = span{ey, ..., ¢, }. Let
P, € L(AH, ;) be given by P,z = > 7 (x, i)y for & € A (thus P, is the
orthogonal projection of 5 onto J%;,).

Let U be the solution to (SDE) with A as described above and initial data
xo € LP(0,.Fo; #). Let U™ be the n'™ Galerkin approximation; i.e., U™ is
the solution to the finite-dimensional problem in 47 :

dU™ (t) = P,AU™ (t)dt + P, F(t, U™ (t))dt
+P, G, UM (1) dWi (1), t>0;

Note that by taking Wy = Wy = > 00 Wi(t)¢x, with (Wx)72; independent
standard Brownian motions, this reduces to:

dU™ () = 31— Me{U™(t), dp)prdt + Yo (F(UM (L)), dr)drdt
+ 30 PulG(t, U™ (1) i dWi(t), t > 0; (11.2.1)
Um(0) =35 (xo, dr) -

Theorem 10.1 leads to the following convergence result:
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Theorem 11.5. For any n > 0 and p € (2,00) such that
n <min{1+6p,%—%+9g,1}
we have, assuming xo € LP((2, Fo; %A):

U = U™ o 2,00mp00) S atal "1+ 2ol Lo (20

with implied constants independent of n, (An)nen and xg.
Again, by the Borel-Cantelli lemma we have:

Corollary 11.6. Suppose there exists an a > 0 and a constant C such that for
all n € N we have:

[An] < Cn®.
Let n >0 and p € (2,00) be such that
77—&—&%) <min{1—|—9F,%—%+9G71}

and assume Ty € LP(Q,QO;%’%A), Then there exists a random wvariable x €
LO(02) such that for all n € N:

1T = U™ |l oqo,my0) < X"

Remark 11.7. Consider the example from Chapter 9 set in 2 = L2(0,1), with
as =1 and a; = 0, with either Neumann or Dirichlet boundary conditions, and
with f and g independent of the space parameter . By [120] this fits into the
setting of (SDE) if we take X = L?, 0y = 0 and 6 = —; — ¢ for some € > 0.
By the choice of as, a; and the boundary conditions we have )\, = 72n2. Thus
the convergence rate for the Galerkin scheme is n=2+e0 for €o arbitrarily small,
both in LP(£2;C([0,T]; #)) and almost surely, provided ug € LP(£2, Fo; H'?)
for p sufficiently large.

Proof (of Theorem 11.5.). Let w > 0 be such that o(A4) C (—oo,w]. Then A —w
is self-adjoint and A —w < 0. Thus by Lemma 11.4 A is analytic of type (w(1 +
2(cos0')71),0,2(1 —sin@)~') for all 0 € (0, 5). Define A, : 5, — I, by:

n

A =" Akl dr) bk

k=1

ie., A, = P, Ai,, where iy, is the canonical embedding of .77, into J#. Clearly
A, —w is again self-adjoint and A, —w < 0. Thus by Lemma 11.4 A, is analytic
of type (w(1 + 2(cos@)™1),0",2(1 —sing’)~') for all ¢’ € (0,%). It follows that
(A )nen is uniformly analytic.

Note that the process U™ satisfying (11.2.1) is precisely the mild solution
to (SDEy) if we take 5% = 44, Py = P, and Ag = A,,.
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In order to apply Theorem 10.1, we must prove that condition (10.0.1) holds
for some appropriate §. Fix A € g(A) such that $e(\) > w. We have:

ROV A) — i RO AP, = Y §~,¢§> o
k=n+1 Tk

and for § >0 and z € %’3‘4 we have:
(M — Az =D (A =)z, )
k=1

As A — Xix1] = |A — Xi] for all i € N we have, for all § € [0, 1),

~HZAA 01}

i=n+1

<IN = Ay ?
f(jf)_| 7l+1‘ I

with implied constants depending on A only in terms of w, 8, and K.

Fix 7 < min{l + 0p, 3 — % +60¢,1} and fix T > 0. The desired result now
follows by applying Theorem 10.1 with 6 =n, 94 = 4, Py = P,, A = A,
Ag=A,,U=U,and U® =™, O

11.2.2 The finite element method

It is not our intention to go into great detail concerning the question how a
finite element method is constructed, nor to state convergence results for finite
element methods in general. Instead, we wish to demonstrate by means of an
example that the estimate necessary for the application of Theorem 10.1, namely
estimate (10.0.2), is precisely the type of estimate sought after when trying to
prove convergence of finite element methods for time-independent problems. The
example we consider is the case that A is an second order differential operator.
We follow the approach of [12, Sections 5.6 and 5.7] where finite element methods
are treated for the problem Au = f for such an operator A.

Thus consider (SDE) for the case that /# = L?*(D), D C R" open and
bounded, and A : H?>?(D) — L?(D) is a second-order elliptic operator defined
by:

N 0 2
Au = i]zzjl 8755] (az] 87%4)7 u€ H (D)a (1122)

where a;; € L>(D) satisfy the ellipticity condition, i.e., there exists an o > 0
such that for all x € D and all £ € R we have:

n

Z aij(w)&i&; > az &1

ij=1 i=1
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Moreover, we assume boundary conditions as posed in [12, Section 5.6]; i.e., we
assume Bu =0 on 0D, where we define B by

Bu(w)i= 3 aiy(o) 5 @)y ),

where x € 9D and v(x) is the normal of 9D in z. This is well-defined provided
u € H**(D) for s > 3.
To incorporate these boundary conditions in the domain of A we define the
space
HZ*(D) :=={u e H**(D) : Bu=0}.

Note that A : Hy?*(D) — L?*(D) is self-adjoint and A < 0, whence by Lemma
11.4 A is analytic of type (0,6,2(1 —sin6)~') for all 6 € (0, 3).
We define the intermediate spaces Hy?(D), s > 0 and s # 3, as follows:

H?**2(D), 0<s<3;

o= {0, 3
{ue H**(D) : Bu=0},s> 3.

As A is self-adjoint it follows from [93, Theorem 4.3.11] and [53, Section 8] that

one has, for s € (0,1) and s # 3:

HA(D) = [L3(D), HE(D)], = B3 (D), (11.2.3)
where [, 74]p denotes the complex interpolation space of the Hilbert spaces
A and A5 with parameter 6 € (0,1).

Let (Vi)ner be a set of finite-element spaces, where I C (0,00) is an index
set. We assume Vj, € Hy*(D), and as usual h indicates the maximal diameter
of the components of D that the finite elements of V}, are defined on. Let a :
H}B’Q(D) X H]13’2(D) — R be the form associated with A (i.e., a(u,v) = (Au,v) for
allu € D(A) and v € HE’Q(D)). For h € I fixed the finite-element approximation
U™ of U, the solution to (SDE) with initial condition g, is the element of
L?(D; C([0,T]; Vp,)) satistying, for all ¢ € [0,T):

(UM (), vp,) = /t a(U™ (), vp)ds + /t(F(U(h)(s)),vh)ds

0 0

t
+/ B*(U(h) (5))’UdeH(S), a.s. fOI‘ all Vh, (S Vh, (1124)
0

(U(h)(O),vh) = (x0,vp),

almost surely for all v, € V}, (of course that it suffices to check the above for
(v,(lk))kj\’:1 a basis of V,).

We prove convergence of U") against U under the following assumption on
the finite elements:
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(V) There exists a constant C such that for any h € I and u € H*>?(D) we have:

it flu= vl < Chllulneeo).

Remark 11.8. Condition (V) is standard when proving convergence results for
finite element methods (see [12, Theorem 5.7.6]). See also [12, Theorem 4.4.4]
for an example of a finite element that satisfies (V) (in our case this example
concerns approximation by first-order polynomials).

Theorem 11.9. Consider (SDE) in the Hilbert space L*(D) with A as defined
in (11.2.2) and F', G satisfying (Fg) and (Gg). Suppose that the family of finite
elements (Vi)ner satisfies (V). Let p € (2,00) and n > 0 satisfy

n < max{l+6p, 1 + 0 — %,1}.

Let zg € H%"’Q(D). Then there exists an ho > 0 such that for every h € I,
h < ho, there exists a unique U™ € LP(02;C([0,T); H)) satisfying (11.2.4).
Moreover, for all h € I,h < hg we have:

IU = U™ Loqacqomioey S B*(L+ 2ol gzn(py):
with implied constant independent of h and xg.

Again we obtain, as a direct consequence of the Borel-Cantelli lemma:

Corollary 11.10. Let n > 0 and p € (2,00) be such that
n+%<min{1+9p,%—%+9g,l}

and assume T € LP(Q,ﬁo;%A). Suppose the index set I is given by I = {1 :
n € N}. Then there exists a random variable x € L°(£2) such that for all n € N:

1 _
U = U oo 1) < xn ™20

Proof (of Theorem 11.9.). We need to rewrite the setting into the setting of
Theorem 10.1. Fix h € I. We define Ay, : Vi, — Vi, by (Apu,v) = a(u,v) for all
v € V3. Note that Ay, is self-adjoint because A is self-adjoint, hence by Lemma
11.4 the operator Ay is of type (0,6,2(1 —sing)~') for all § € (0,%). In other
words, the family of operators (Ap)ner is uniformly analytic. We also define
Py, : H-Y2(D) — V}, to be the orthogonal projection of H=12(D) onto V}, i.e.,
for u € L?(D) we let P,u be the unique element of V}, satisfying

(Pru,vp) = (u,vp), for all vy, € Vj,.

(This is well-defined due to the fact that Vi, ¢ Hy*(D).)

By equivalence of strong and mild solutions in finite dimensions, a process
UM e LP(02;C([0,T]; Vi) satisfies (11.2.4) if and only if it satisfies, for all
te€ 0,77
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¢ ¢
UM (t) = etAnzg +/ =) A (M) (5)ds +/ et=)4n P F(U™M) (s))ds
0 0

t
+ / =940 p, GUM (5)) AWy (5).
0

In other words, U") = U© in Theorem 10.1 with Ay = A, Xo = Vj, and
Py = P,

It remains to prove an estimate of the type (10.0.1). Following the notation
of [12] we define u = A~! f and uj, = A, ' Py, f, for f € L?(D) given. Theorem [12,
Theorem 5.7.6] states that for A the second-order elliptic operator defined above,
under the assumption (V), there exist constants C' and hg such that for h < hg
and u € H*?(D) we have:

”u - uh”L2(D) < Chz‘U|H2,2(D),
1
where [u|p22(p) = (Z|a\:2 ||DQUH%2(D)) *. This may be read as:

A~ — A Pufllz2py < CRPA™ fllpcay = B2 fll 2oy,

which is precisely estimate (10.0.1) with § = 1. Moreover, by definition of « and
up, we have:

lu—unll22py = (u—un,u—up) = (u—un,u)
< llu = unllz2p) vl L2()
which may be read as
A~ f - Aﬁlpthm(D) < HAilf”Lz(D) ~ hZHf”affl-

By interpolation (see (11.2.3)) we obtain, for any 6 € [0,1] \ {1 }:

A=Y = A Pall pen ey = 1A = AL Pull 2o DAY
< 026h26.

Thus we may apply Theorem 10.1 with 6 = 7 (or, if n = i, take 6 = n + ¢ for
sufficiently small €) to obtain the desired result. (]
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Appendix

A.1 Technical lemmas

Here we state and prove with two lemmas which give estimates for the ~-
radonifying norm of stochastic and deterministic integral processes.

Lemma A.1. Let g € [1,00], % + % =1, and let (R, %, 1) be a finite measure

space and (S,.7,v) a o-finite measure space. Let Y1 and Yy be Banach spaces,
and suppose ¥, € LI(R,~y(S;Y1)) and ¥y € LY (R, £ (Y1,Ys)) such that (r,s) —
Wy (r)Wy(r, s) defines an element of L*(R x S;Ya). Then:

s /R 0y (1) (r, ) dpu(r)

(S:Ys) < H%Hm’(s;z(yl,m))||W1||L4(R,W(S;Y1))~
Proof. We first consider the case q € [1,00). The L!-assumption guarantees that
the integral on the left-hand side exists as a Bochner integral in Y5 for v-almost
all s € S. By (2.3.3) and the fact that ¢ < co we may identify ¥; with an element
in v(S; LY(R;Y1)), and by the Holder inequality ¥, induces a bounded operator
from L1(R;Y7) to Ya. Under these identifications, the expression inside the norm
at left-hand side equals the operator W5 o Wy € v(S;Y>) and the desired estimate
is noting but the right ideal property for the ~-radonifying norm.

The case ¢ = oo now follows by an approximation argument. Suppose first
Uy € L' N L®(R,v(S;Y71)) and ¥, € L' N L®(R, £ (Y1,Y2)). By the above we
have:

Hs »—>/R!P2(7“)!l71(7“75) dp(r)

< 1 g'/ q’ . G W q H
§(S3Y2) qToéff},uH 2l (5. 2(v1 o)) [Pl La (v (si2))

= @2|| Lo (5. 2(vi o) W1l L1 (R (53v1))-

The result for general ¥; € L*®(R,v(S;Y7)) and ¥, € LY(R, £ (Y1,Y2)) fol-
lows by approximation. O

The above lemma can be applied to prove the following generalization of [109,
Proposition 4.5].
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Lemma A.2. Let X; and X3 be UMD Banach spaces. Let (R, %, 1) be a finite
measure space and (S,.7,v) a o-finite measure space. Let &1 : [0,T] x 2 —
L(H,X1), let &3 € LY(R; £ (X1, X2)), and let f € L>=(R x [0,T]; L*(S)). If &,
is LP-stochastically integrable for some p € (1,00), then

s [ ] 06120110 o) i)

S oesssup  |f(ru)ll 29 192l (ro2x0, x2) 191 | Lo (25 0,73, X1 ))
(r,u)€Rx[0,T]

Lr(£2;7(5;X2))

with implied depending only on p, X1, Xo, provided the right-hand side is finite.

Proof. By [84, Corollary 2.17], for almost all s € S the family {7, : v € [0,T]}
is y-bounded in .Z (X1, X2), where

Tyur = /R F(r, u)(8)Ba(r)z dpu(r).

Hence, by the y-multiplier theorem (Theorem 2.14), for almost all s € S the

function w— [, f(r, u)(s)P2(r)P1(u) du(r) belongs to L7 (£2;~7(0,T; H, X2)).
Moreover, by Theorem 2.14 in combination with Theorem 2.15 (note that

UMD Banach spaces have non-trivial cotype) we have, for almost all » € R;

ui— (s = f(r,u)(s)P1(u)) € L (£2;7(0, T57(S, X1))).

By the stochastic Fubini theorem, the isomorphism (2.3.3) and Lemma A.1, with
g=o00,Y] =LP(2; X;) and Y5 = LP(£2, X5), Uy = &y, and

W(r,s):/o flru)(s)P1(u) dWgy (u),

we have:

s [ ] 0600110 o) i)

Lr(2;7(S;X2))

= HSH /R By (r) /0 ' F(r,u)(8)P1 () dWH(u)du(r)‘

Y(S;LP(£2;X2))

T
< ||o H / ) (8)®1 () AW, H .
Sl zoaxap|s = [ fEWEP@ VR, o

(A.1.1)
By isomorphism (2.3.3), Theorem 2.7, and Theorem 2.14 in combination with
Theorem 2.15 we have, for almost all » € R with implicit constants independent
of r:

T
HSH/O f(r,u)(s)@l(u)dWH(u)H’y(

~ ||u = (S = f(rv U)(S)@l (u))||LP(Q;'y(O,T;'y(S';X1)))

S;LP(£2;X1))
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< esssup ||f(’l", u) ||L2(0,T) ||@1 ||LP(Q;7(0,T;X1))'
u€[0,T]
The result now follows by inserting the above estimate into (A.1.1). O

We proceed with two lemmas and a corollary on Besov embeddings. The
proof of the first lemma is closely related to the proof of [109, Lemma 3.1].

Lemma A.3. SupposeY is a Banach space with type T € [1,2), and let o € [0, %)
11

and q € (2,00) satisfy % <Ll—a. Let® e Bf,2(0,T;Y)NL>®(0,T;Y) and, for

t € (0,7, define Doy : (0,8) =Y by

Do t(s) = (t—s)"*P(s).

Then there exists an €9 > 0 such that for all Ty € [0,T]:

o < Tl . A12
ogsllngo | O"t”Biié(o,t;Y)N o’ ”Loo(o,To;Y)mBiZ%(o,To;Y) ( )

An immediate consequence of the above and embedding 2.3.7 is the following
Corollary (see also [109, Lemma 3.3]):

Corollary A.4. Let X be a Banach space with type T and let T > 0. Then for
any Tp € [0,T], e > 0 and o € [0, %) there there exists and € such that one has:

LP(Q; 073 ([0, To); X)) = VeP(0, To] x 2 X),
with embedding constant CT5°), where C' may depend on T but not on T.

Proof (of Lemma A.3). We shall in fact prove the following stronger result,
namely that there exists an 9 > 0 such that for all Ty € [0, T7:

sup ||Q5a’t||B%, (A.1.3)

< Tco||Pp
0<t<T, IRy V0 | ||L

1.1 .
= (0,To;Y)NB{ .+ 2 (0,To;Y)

On the left-hand side above, we think of @, ; as being extended identically zero
outside the interval (0, ).

Let ¢’ € (1,00) be such that $—|— % = 1. As we assumed % < L —ait follows
that ag’ < 1. Thus we can pick £ > 0 such that ¢ < min{3 — a,1 — aq'}.

Fix t € [0,Tp]. Let p € (0,1] and let 0 < h < p (we only consider the case
h > 0; the case h < 0 can be dealt with by observing that |73 f — fllLer,y) =

IT%, f = fllLe(r,y))- First we consider the case that h < ¢. In that case we have:

T3 (Pat) = ol Ly
<ls= [t —s=h) "L nin(s) = (t—=8)""Lo,t—n(8)]P(s + 1) L-=y)
+ s (t=5)"o,q()[@(s + M) 1jo,e—n)(5) — P(5)]ll L (®.v)
<ls=[(t—=s—=h)" " L_pi—n(s) = (t = 35)"“Lpo,e—n)(8)]ll L~ ®) 1] Lo~ (0,70;v)
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+ s (t—5) "1, (S)HLQ’(R,Y)”TE(QS)l[O,tfh] = @l Lao,v)-
As aq’ < 1 we have:
[+ (t—5)" 10,9 (S)HLq’(R,Y) ST %
For p > 1 and 0 < b < a one has (a — b)? < a? — b? and thus:

s+ [(t —s—h)" " L—ps—n)(s) = (t = 5)"“Ljo,e—n) (8)]ll L~ (m)

</th” (£ = 5= )™ = (£ = )Ty (s)[" ds)

<( / thh[(t s )T (1 8) L g ()] ds )

A=

=

=(1—ar) ThT=® < hr o ",
where the last inequality uses h <t < Tj. Putting together these estimates,

175 (Pat) = Paill (=, v)

L —a
<O TG |B] e 0,myy + T T (@) 10,6—n) — @l Lago,ey)-
= b7 T TGP L 0 moyy + T TR (@) — @l La(o,ev)-
Next suppose h > t. In that case:

1T (Pat) — Pall-my) = 2 PatllLr®y)

1_ 1_
ST Lo 0,m0vy < T TOTEIGP| Lo 0,105y

this time using tr—e < t%’a’STOE and ¢t < h. It follows that

b, 11
[ ’t”B},,%(R,Y)
! dp\ 7
— sl + ([ 77 sup TR (@) = sl ey )
0 |hl<p P

1 i 1 d 1
Ta ¢ —1+Z T P\
STl + T ([0 HE s (@) = Pl )
<p
1

1
T l—a— dp "
+T6€(/ p (2 @ 8)?) ||¢||L°°(O,T01Y)
0

1_o q—l/—(x
LT R L P T

This gives the result, noting that T v T0 < Ta™t% (1 v Tle=8l) for all T, €
0,7]. 0

This lemma will be used to deduce the following estimate.
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Lemma A.5. Let X be a UMD Banach space, H a Hilbert space, and suppose
G:[0,T] x 2 — Z(H,X) satisfies (G') of Section 7.2. For all 0 < o < % and
€ > 0 there for any T > 0 there exists a constant C > 0 such that for anyn € N,
and any sequence (B;)7_q in LP(£2; X), p € [2,00), we have:

5 t—s)"*|G(s, Bsp — G(s, Bsp, (2 (0.1
OzltlgTHS'—’( s) [ ($: Bsn/T)) (s ,/T))}HL (927(0,tH,Xo,))

< Cn~mo (14 sup ||Bjllr(ex))-
0<j<n

Proof. Without loss of generality we may assume ¢ < 3 —a. Set ¢ = (%— %—F&)_l,
so that ;,%<%<%,a. For s € [0,T) define

T

?(s) := G(8, Bsny7)) — G(8, Bon/1)-

Note that as p > 2, the type of LP(§2, Xy.) is the same as the type of X. By
embedding (2.3.7), Lemma A.3 and isomorphism (2.3.3) we have:

sup |[s — (£ = )" "D(s)lly(0,t:1, L7 (2: X0, )

o=t=t (A.1.4)
<|P]| 1 s B|| oo (0.1 L0 (2 o
S HB;F(07T;LP(QW(H7X9G))) + 12| (0,T;LP (2;7(H, X))
By the Holder assumption of (G’) we have:
9]l oo (0,110 (@5 (. X0 3y S P77 HE (14 sup Bl Lr(2:x))
== (A.1.5)

_ o1
= a*(1+ sup 1B; || e (02:x))-
0<ji<n

In order to estimate the Besov norm on the right-hand side of (A.1.4) we fix
p € (0,1), and let |h| < p. We have, with I = [0,T],

T3 D(5) — D(3)|| Lo (259(11.00)
< IG(s+ h, Bgn/T) — G(37B§n/T)||LP(QW(H,XeG))a s+h=s, s+hel0,T],
B 2”¢HLO"(O,T;LP(QW(H,XQG)))7 otherwise.

For |h| > % one never has s + h = s and thus it follows from the above and
(A.1.5) that

_ _1
Cmax ‘1+6(1+ sup HBj”LP(.Q;X))
0<j<n

1
Slhlin™ e (1+ sup [|Bjllr(eix))-
0<j<n

|ITH® — B| Lo(o,riLr (2B, X0, ) S T

)

On the other hand, for h < % and s + h = s we obtain, by (G):

|G (s + h, Bsthnyr) = G(8, Bsnyr)| Lo (27(H, X0, )
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1_1
< |h|<max+T 2(1 + HBén/THLP(Q;X))

1

1
S [hfan= et (14 sup ||Bjllreux))-
0<j<n

For |h| < L observe that [{s € [0,T] : s+ h # s}| = n|h|. Thus for |h| < L we
have, by the above estimate and (A.1.5):

ITh® — @l Lo(o,7:00 (25, X0 )
101
ST —nlhl)a|p[an= Mt (14 sup ||Bj||Lr(0:x))
0<j<n
1 _ _1
+ (n|h|)TnSmex T (1+ sup ||Bjllrr(o:x))
0<j<n

i
S hlan= et (14 sup ||Bjlle(o;x))
0<j<n

Collecting these estimates we find:

i
sup | T3 @ — B|| La(0.1:10 (2 (H.X)) S P70 (14 sup ||Bjl|Lr(x))-
|h|<p 0<j<n

Because % > 1 — 1t follows that

(L4 SR
q,T (QT;LP(Q;’Y(H’X()G)))
5HQMMQﬂ%HLWQX%DY+Wﬁ%m+%1+O§E|MMMNQXQ
<j<n
S n—znmax-i-e(l + sup HBj||LP(Q;X))~
0<j<n
Inserting the above and (A.1.5) into (A.1.4) gives the required result. O

The final lemma is an elementary calculus fact.

Lemma A.6. For all 0 < 6,0 < % there exists a constant C, depending only on
0 and 0, such that for all0 <u <t, all T >0 and all n € N:

t
/ (t—s)"2 (5 —u)"2ds < C*(t + % )12,

T

Proof. If t —u < %thenforse[y,t) one has 5 —u =u—u = - SO

t— s)_29(§ — y)_% ds = (1 —260)"%( )_26(15 - g)l_%.

:\ﬁ
3193

Note that £ > (¢t + L —y) and (t —u)' =% < (t+ L —u)' =2, Thus:
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t
/ (t—s) 2 (5 —u) 20ds <22°(1—20) (t+ L — )1 =20-2

On the other hand if ¢t —u > L then t —u < t + T/n — u < 2(t — ). More-
over, s — u > s — u, and the substitution v = (s — u)/(t — u) gives:

t

/ () (5 — )P ds < [=92-w > as

u

1
< (t . Q)172672G/ (1 . U)7260725 dv
0

1
< 2(25+29—1)+(t +I_ u)l—za—za/ (1 _ U)—zev—zé dv.
0

n

A.2 Estimates for (stochastic) convolutions

A.2.1 Convolutions with an analytic semigroup

We shall present two estimates for stochastic convolutions. Throughout this sec-
tion, Y is a UMD Banach space and 7 € (1, 2] denotes its type. Moreover, S is an
analytic semigroup on Y.

Roughly speaking, Lemma A.7 is contained in Step 2 of the proof of [109,
Proposition 6.1], but there the space V*P([0,T] x §2; X) is considered. For com-
pleteness we give the proof below.

). For all ® €

Lemma A.7. Let § € (—% + %,oo), a € [O,%), and p € [2,00
[0,T] x £2;Y), and

L>(0,T; L*(12;Y5)), the convolution S % @ belongs to ¥.2P(
for all Ty € [0, T] we have:

14+(5A0 1—a
1S % @l yer o, 1p)x 257y S (T, 7 4 13 M@ Lo (0,70;L7 (2:75)) -

Proof. By analyticity of the semigroup (equation (2.6.3)) we have, for ¢ € [0, Tp]:

t
1(S * @) ()| Lr(2iv) S /0 (t = 5)°" ds|D| Lo< (0,70 Lo (2:v5))

< T @] e 0,10:20 2170

Taking the supremum over ¢ € [0, Tp] gives the estimate in L (0, Tp; LP(£2,Y)).
It remains to prove the estimate in the weighted y-norm. Fix ¢ € [0, Tp].

As p > 2, it follows that LP(£2,Y) has type 7 € [1,2] whenever Y has type 7.

Moreover, if we interpret A as an operator on LP(f2,Y) acting pointwise, then

(LP(£2,Y))s = LP(£2,Ys). Thus by [109, Proposition 3.5] with £ = LP(£2,Y),

n =0, and § = — we have, as5>—%+%;
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[s = (t = )" (S % D)(s) 50,60 (2,v)) S TO%_QH¢||L°°(O,TO;LP(Q;Y5))~
Taking the supremum over t € [0, Tp] gives the desired estimate. O
We proceed with the second Lemma.
Lemma A.8. Let § € (—3,00) and o € [0,3). Suppose & : [0,T] x 2 —
Z(H,Y5) is strongly measurable and adapted and satisfies

sup_||s = (t = 8)"“P(s)||Lr(257(0,131,v5)) < 00, (A.2.1)
o<t<T

for some p € (1,00).

(i) If 0 < B < min{} — a, § + 8}, then there exists an € > 0 such that for all
To € [O,T].’

sup s (t —s)7> 7 /Os S(s—u)®(u) dWH(S)‘

0<t<To Lr(£2;7(0,1;Y))

ST sup s (t—5)"D(s)|| Lo (2iy(0,:1,5)) -
0<t<To

(it) If, moreover, a > —¢, then there exists an € > 0 such that for all Ty € [0,T):

HSH /0 S(s — u)d(u) dWH(u)H

STg sup s = (t = 5)""D(s) | Lo (@i (0,6:H,Y5))-
0<t<Tp
Proof. Fix t € [0,Ty]. Let € > 0 be such that e < 2 —§~ — 3. Here 6~ = (—4) V0.
We apply Lemma A.2 with X; =Y, Xo =Y, R =5 =[0,¢], and the functions
D1 (u) = (t—u)~*®(u), Po(r) = %[T‘S_JFGS(T)], and f(r,u)(s) = (t—s)"*F(s—
u) 70 et — u)*1fo<r<s—u}- By (2.6.3) we have [|Pa(7)|| 2(xs,x) S r—1*e for
r € [0,T]. From the lemma it follows that:

Y2TBP([0,To]x £2;Y)

Hs - (t—s)7 P /OS S(s —u)P(u) dWH(u)}

St s o (- 5)TOD(s)

LP(£2;77(0,t;Y))

|Lr (2:9(0,6:1.,Y5)) -

Taking the supremum over ¢ € [0, Tp] we obtain (i).

For the estimate in #.2+#P-norm it remains, by part (i), to prove the estimate
in L°°(0, Ty; LP(£2,Y5)). Let € < min{a+6, % — 6~ — 8}. By Lemma 2.21 (apply
part (1) if § € (—%,0] and part (2) if § € [0,00)) the operators r*S(r), r € [0, ],
are y-bounded from Y; to Y, with y-bound at most Ct*° with C independent
of t € [0,T]. Hence, by the y-multiplier theorem, for all ¢ € [0, 7],

< ta+5 t— )P . . .
Lr(2sy) ™~ l[s = (t—s) (8)l| e (2:7(0,8:1,Y5))

H /0 t S(t — s)(s) dWH(s)‘

The norm estimate in L>(0,7; LP(§2;Ys)) is obtained by taking the supremum
over ¢t € [0, 7.

O
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A.2.2 General convolutions

In this section we provide the estimates for (stochastic) convolutions that are
necessary to derive the perturbation result given in Theorem 10.1. In order to
avoid confusion when applying these lemmas, we shall use Y7 and Y5 to denote
UMD Banach spaces in this section.

Lemma A.9. Let T > 0, p € [1,00) and n > 0. Let ¢ € [1,00] and ¢’ € [1,]
be such that % + % = 1 (with the usual convention that é = 0). Suppose the
process @ € LP(2;~(0,T,H;Y71)) is adapted and satisfies:

HS = flu= (s = u)7"P(u) || Le(20(0,5,1;1)) HLq(o,T) < 00
Let ¥ : [0,T] — Z(Y1,Ys) be such that Wz is continuously differentiable on
(0,7T) for all x € Y. Suppose moreover there exists a g € L9 (0,T) and 0 < 60 <n
such that for all v € (0,T) we have:

[0 5 )zl + 00" T ()zlly, < g(v)lzlly,, for all z € Y1

Then the stochastic convolution process
s / U(s —u)P(u) dWg(u)
0

1s well-defined and

Hs o /0 W (s — u)d(u) dWH(u)’

<3+ Qn)c_’pHgHLq/(O,T)HS = flu= (s = u) 7" (u) || Le(249(0,5, ;1)) HLq(O,T)’

Cn=9([0,T);LP(£2;Y2))

where C,, is the constant in the Burkholder-Davis-Gundy inequality for the p'
moment, for the space Y1, see equation (2.4.5).

Before proving the Lemma, observe that the corollary below follows directly from
Kolmogorov’s continuity criterion (see Theorem I1.2.1 in Revuz and Yor).

Corollary A.10. Let the setting be as in Lemma A.9 and assume in addition
that % <n—0.Let0 < B <n—0— %, There exists a modification of the stochastic

convolution process s — fos U(s—u)P(u) dWg(u), which we shall denote by ¥oP,
such that:

1@ © Pl Lo (208 ([0,1);Y2))

< CN’HQHLq’(o’T) HS = flue (s — u)_né(u)HL”(Q§’Y(O7S,H?Y1))||LQ(O,T)’

where C depends only on n, B and p and C’p.
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Proof (of Lemma A.9). By Proposition 2.12 and assumption it follows that
{s°W(s) : s € [0,T]} is y-bounded. Thus by the Kalton-Weis multiplier theo-
rem, see Theorem 2.14, and the fact that

|5 = llu = (s = w)7"D(w)| oo, r. 920 | ooy < 05
it follows that u + (s — u)@(u)l{uep,s)y € LP($2;7(0,5, H;Yz)) for almost all
s € [0,T]. By Theorem 2.7 this process is stochastically integrable.

In what follows we let % denote the derivative with respect to the strong
operator topology. By the triangle inequality we have:

H/ (t — w)B(u) AWy (u) — /OSII/(S—U)@(u)dWH(u)‘
<| / 20t — ) — (s — u))(uw) AW (u)|

Lr(£2;Y2)

Lr(£2;Y2)

+ H / (8 = w)(u) AW (u )‘ LP(2:Ya)

_H// () dod(u )dWH(u)HLP(Q;Yz)

+H / (t —u)™ /0 _u%[v%(v)] dvd(u) dWH(u)‘

Lr(2;Ya)

(A.2.2)
Let us begin with the case that ¢ = co. We wish to apply the stochastic Fubini
theorem (i.e., Lemma 2.9). Consider 7" : [0,s] x [0,t] — Z(H,Y) defined by
T (u,v) = 1{5,ugvgt,u}%u7(v)¢(u). As d%!l'/ is strongly continuous and ¢ is H-
strongly measurable, we have that 7" is H-strongly measurable. Moreover, as @
is adapted it follows that 7;, := (-, v) is adapted for almost all v € [0, ¢]. Finally,
we have that 7" € L(0,¢;7v(0, s, H; Y2)) by assumption:

70,0l 0,5, m:v2) < 0" 0g(0) [ (5 = 1) 1P (w) |y 0,8, 1571

where we use that v > s —u on supp(7). It follows that the conditions necessary
to apply the stochastic Fubini theorem, as stated in Lemma 2.9, are satisfied,
and we have:

H/ /t ' (u)] dv dWg (u )‘
_H / /((t))vz )é(u)]dWH(u)du‘
S/ H/j@;’vog u) AW (u )‘

< Cp/O v 090|150y, (—)n1 Pl o (i 0.iivey) BV

LP(£2;Y2)

LPr(£2;Y3)

dv
LP(§2;Y1)
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Cy [ vt = 9) Aol ar ([ = 0) 7 8) = 7B .5

IN

t
o o
< Cp(t—s) /0 g(v )dvtesELé%] |u— (t—u)""P(u HLP(Q A(O.LYD))" (A.2.3)

For the final term in (A.2.2) one may also check that the conditions of the
stochastic Fubini hold and thus:

H /:(t—u)‘e /Otu(z)[y9w(v)¢(u)]dvdWH(u)‘LP(Q;YQ)
) /Otsg(v)H /St”(tu)eé(u)dWH(u)’LP(ﬂ;Yl)dv

t—s
< Cp/o 9(”)”“ = s o) (u) (T — u)_egp(u)HLP(Q;’y(O,t,H;Fl)) dv

<Gyt = )" lgllr o) s [ (¢ = )" PW)| Lo 0,0m1))

)

By inserting the two estimates above in (A.2.2) we obtain that

H/ (t — u)®(u) AW (u) — /OSW(s—u)QP(u)dWH(u)‘

Lr(£2;Y2))

<2C,(t—5)" gl 0.1) ) SE%R[] |u— (t - U)_"Qj(u)HLP(QW(O,t;Yl)y
€,

which completes the proof as 0 < s < ¢t < T where chosen arbitrarily.

Now let us consider the case that ¢ € (1,00). We present the proof starting
from (A.2.2). For the penultimate term in (A.2.2) we have, by the stochastic
Fubini theorem and (2.4.5):

H/ /t ' (w)]dvd W (u )’
|| / /j " et
<fes H/Ql?i? o)

< C_(p/ U_gg(v)Hl[(sf'u)\/o,(tfv)/\s]é‘
0

We proceed as follows:
dv

t
0 ‘
v v)||1
/0 9(v) Lp(£2,7(0,t,X))

t—s
= / U_eg(v)Hl[(sfv)\/O,s]@‘
0

LP(02,Y)

ey (A.2.4)

dv
Lr(2,X)

dwv.
Lr($2,7(0,t,X))

[(s—v)\/O,(t—v)/\s]@‘

v
Lr(£2,7(0,t,X))
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t
—9
T @‘ d
+/tfsv g(v)H [(s=v)V0,t—v] Lo (2,7(0,4,X)) v

sA(t—s)
< /0 2771)7’*99(11)“u = Ls—v,q] (u)(s+v— u)*”@(u)’ (2 (00.5) v

t—s
+/ v1? vHul—>1 s (u v—u‘"@u‘ dv
sA(t—s) 9(v) o ]( ) ) @ Lr(2,7(0,t,X))

+ (t—9)" /t_ v (v) (A.2.5)

dv.
Lr(2,7(0,t,X))

% = Tsmsoi @)t = v = w) (W)

We consider the three terms on the right-hand side separately. For the first term
we have, by Holder’s inequality:

SsA(t—s)
[ 2 g L@ + v - ) )
0

v
Lr(£2,7(0,t,X))

1
7

<ot - 8)7]—0 ( /Os/\(ts) gq, (U)dv) 2
SA(t—s)
X(A
SA(t—s) i
<2 ([ )’
X (/0 Hu — (v — u)_”@(u)’

For the second term we have:

Q=

‘u — (s+v— u)_"@(u)‘

q
dv)
LP(£2,7(0,5,X))

q

Q=

dv)
Lr(2,7(0,0,X))

/st—s U"—eg(v)Hu = 1po,4] (u)(v — u)—??@(u)’

A(t—s)

Lr(2,7(0,6,X))

t—s

X (/OT Hu — (v—u)""P(u)

For the third term we have:

Q=

q
dv)
Lr(£2,7(0,,X))

dv

t
—9 _
s [ o g i@l —v = e

gaswe(ligfwmoj

—S

X (/tt UH(tfvfu)*"@(u)‘

—S

Q=

q

dv)
Lr(2,7(0,t—v,X))
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g(ts)ne(/tts (o)
X (/OTHUH(UU)UQS(U)‘Q

dv)
Lr(£2,7(0,v,X))

1
27

Q=

Substituting these three estimates in (A.2.5) and substituting the resulting in-
equality in (A.2.4) we obtain:

|[ ] gt

<(2+2MCy(t — 8)n—9||g||qu(o,T) (/OTH“ — (v — u)—ﬁdi(u)‘

LP(2,Y)

Q=

q
dv)
Lr(2,7(0,v,X))
(A.2.6)
For the final term in (A.2.2) observe that:

LP(0,Y)

H/ t—u)” / ud—i}[UQW(v)é(u)]dvdWH(u)‘
g/o H/ (t — u) 0B (u)dW iy (u )‘LP(M)dv
<, [ 0o U0 = 0P ey 7

t L 1
< C’p(t—s)n_e(/o ( )dv / ||uH (t—u)"®(u HLP 77(Otx))dv)q.
(A.2.7)

By inserting (A.2.6) and (A.2.7) in (A.2.2) we obtain that

H/ (t — w)B(u) AWy () — /Osu'/(s—u)é(u)dWH(u)‘

Lr(£2,Y))
- T 1
g<3+2”>cp<t—s>”*9||g||qu<o,T>( / = (6 =078 £ 00 E)

which completes the proof as 0 < s < ¢t < T where chosen arbitrarily.
The proof in the case ¢ = 1 follows by simple adaptations of the above. [

Based on the above two lemmas, we obtain the following result for stochastic
convolutions in the V*P-norm:

Proposition A.11. Let the setting be the same as in Lemma A.9 with ¢ = oo
and assume in addition that % <n—0. Leta €0,3). ThenWod € Vr([0,T] x

12;Y5). Moreover, there exists a constant C such that for all Ty € [0,T] we have:

¥ © @lyer (0,19 x2:v2) < Cllgllzrory sup s+ (¢ —5)7"9(s) | Lr(2iy(0,6:71)) -
0<t<To
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Proof. For the norm estimate in LP(£2;C([0,T];Y2)) one may apply Corol-

lary A.10 with 8 > 0 such that 0 < g+60 < n — % For the estimate

in the weighted y-norm we first fix ¢ € [0,7p]. We apply Lemma A.2 with
D1 (u) = (t —u) "P(u)l{o<ucty, P2(r) = %[T‘GW(T)], R =10,t] and f(r,u)(s) =

(t—s)"(s—u)"0(t— )" {o<r<s—u} 1 {o<u<t}- From the lemma it follows that:

Hs — (t—s)"¢ /OS (s —u)P(u) dWH(u)‘

Lip oo _
St gl Lo,y lls = (8= 8)7"(8) || Lo (2:4(0,6v2)) -

LP(£2;7(0,t;Y2))

Asi4+n—a—0>0 (because § < nand o < 1) we have trtn—a—f < pytn-a—f
Taking the supremum over ¢ € [0, Tp] we arrive at the desired result. d

For deterministic convolutions we have the following:

Proposition A.12. Suppose ¢ € LP(£2; L>°(0,T;Y1)) for some p € [1,00). Let
U [0,T)] — Z(Y1,Y2) be such that Wz is continuously differentiable on (0,T)
for all z € Y1. Suppose moreover there exists a g € L'(0,T) and a 0 € [0, 1] such
that for all v € (0,T) we have:

H’UG%Q/(U)JJHYZ + Hv‘g_lkff(v)ncHY2 < g)|z|lyy, for allxz e Y.
Then there exists a constant C such that:
& x &(w)llc1-o((0,10]:v2) < CllgllLr0,10) 1D(wW) | oo (0,705v2)
for almost all w € (2.

By Corollary A .4, with € = % — % — 6, we obtain the following corollary:

Corollary A.13. Let the setting be as in Proposition A.12. Assume in addition
that Y has type 7, and that 0 < 0 < 3 — L. Then for a € [0,1) and p € [1,0)
there exists a constant C' such that for Ty € [0,T] one has:

HLP * gp”vﬁ*"([o,T(,]x(z;yz) < C||9||L1(0,To) ||¢||LP(Q;L°°(07T0;Y1))'

Proof (of Proposition A.12). Observe that we have, for 0 < s < t < Tj:
t s
H / Ut —u)P(u,w)du — / V(s —u)P(u,w)du
0 0
s t—u
< H /0 / %[!I/(U)@(u,w)] dv du‘

Y2

(A.2.8)

Y>

+]

Yo

/ (t—u)~? /O 10 (), w)] do du
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Now

H/O /:_u(i‘i[&”(v)@(u,w)] dv du‘ y

2
(t— U)/\s
/ /( (s — 0)9(0) o] D) L= 0.031)

< (t—s)'" / 9(0) dv|[B()]| L~ (0 4:v1),

where we used that f (S__;}))é\ j

H /St(t —u)? /t“ %[Usy'/(v)@(u,w) dv du‘

du < (t — s) A v. Furthermore, we have

Y
<(1- 9| [ o) a1 @ s~
Inserting these two estimates in (A.2.8) completes the proof. O

A.3 Existence and uniqueness

The aim of this section is to outline the proof of Theorem 5.3. The setting is
always that of Section 5.1.

Assume first that « € [0, 2) is so large that oo + 0 > 1. Let p € [2,00) and
Ty € [0,T] be fixed. For & € ¥ 27([0,Tp] x £2; X,)) define

L(®)(t) = S(t)ao + /0 S(t— 8)F(s, B(s)) ds + /0 S(t— $)G(s, B(s)) AW (5).

Copying Step 1 of the proof of [109, Proposition 6.1] without changes, and
substituting Steps 2 and 3 by the Lemmas A.7 and A.8 above, we find that
there exists an ¢g > 0 and a C' > 0 such that L : 72P([0,Tp] x ;X)) —
Y 2P([0,To] x £2;X,)) and

1L(D) ly2v (0,10] x 2:x,)

< Cllzollx + CTIF(, ()l Lo (0.70:L7 (2:X,))

+CT* sup s (t =) *G(s,P(3)) | Lr (2i(0,t:%0,))
0<t<T,

< Cllaollx + C(M(F) + M(G)T5° (L + |2l vev (jo,10) x 2:x,))
where in the last line we used (F) and (5.2.5). Moreover,

[L(@1) — L(P2) [l v2r (0,10 x 2: )
< C(Lip(F) + Lip, (G))T5°[|21 — P2l y2» (0,10) x 2:,)
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where in the last line we used (F) and (5.2.4).

Thus by a fixed-point argument, for sufficiently small Tj there exists a unique
process & € ¥ 2P([0,Tp] x £2; X)) satisfying (5.2.1) on the interval [0,Tp]. By
repeating this construction a finite number of times, each time taking the final
value of the previous step as the initial value of the next, we obtain a solution
on [0,T7.

So far, we have proved existence and uniqueness under the additional as-
sumption o + 6 > 7. Existence in #2?([0,T] x £2; X,,) for arbitrary a € [0, 3)
follows by (5.2.2). It remains to prove uniqueness for arbitrary o € [0, 1).

Let a € [0, ) and suppose & € ¥ 27([0, T] x £2; X,,). Viewing F as a mapping
from [0,7T] x X,, to Xy, (as n > 0), we have F(-,P(-)) € V2P([0,T] x §2; Xo,,).
Then, by Lemma A.7 with 6 = f0p —nand Y = X, (and & = o + ), we find
Sx F(-,®(:)) € ¥2HPr([0,T] x £2;X,,) for all B € [0,1 — o).

By part (i) of Lemma A.8 (with ¥ = X, and 6 = ¢ — ) and (5.2.5) we
have, for all 8 € [0, 1 — a) such that 8 < 3 +6g — n:

oiltlgT Hs () /OS S(s — u)G(u,@(u))dWH(u)‘

Lr(£2,7(0,t;X 7))

S sup |[s = (8= 8)7G(s, P(5)) | Lr(2i(0,1:H,X0,,))
0<t<T

S 1Dlvaro,mx 2:x,) -

Since also S(-)zg € Y2TPP([0,T] x §2; X)) for all # € 0,3 — a), we see that if
a€[0,1)and & € ¥2P([0,T] x 2; X)) satisfies (5.2.1), then & € Y2+ ([0,T] x
2;X) for all g € [O,% — «) such that g < % + 6 — n. Repeating this argument
a finite number of steps if necessary, we obtain that ® € ¥2+52([0,T] x 2; X)
for all 8 € [0, — ). As uniqueness of a process in Y27 ([0, T] x £2; X) satisfying
(5.2.1) has been established for oz > 7 — 0 this completes the proof for arbitrary
a€l0,3).

Finally, it remains to prove that the solution U is in fact continuous if % <

1 4 6. This follows from [109, Theorem 6.2]. O

Remark A.1/. Inspection of the proofs of the main theorems reveals that unique-
ness is only used for large o € [0, %) As a consequence, the last part of the above
proof is not needed for our purposes. It has been included for completeness rea-
sons.

A.4 A density counterexample

The example below demonstrates that the finite-rank step processes are not
dense in the spaces V2P ([0,T] x §2; X) and ¥.2P([a,b] x £2; X), this follows by
the fact that for V,, as defined below we have V, — V2P([0,1] x £2;X) and
Vo — Y2P([0,1] x §2; X).

Let a € (0, %) and let V,, be the subspace of L? consisting of the functions f
for which the following norm is finite:
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[fllve = sup [ls — (t =) f(s)llz2(0,1)-
0<t<1

Claim. For all « € (0, %) the simple functions are not dense in V.

Proof. Fix o € (0,%). Let 8 > 1 — 2a be such that:
1202 48— (1+28) < 4a

(this is possible due to the fact that o > 0). Set p := % By our choice of
we have p > 1 and it is possible to pick ¢ € R such that:

201+ 8) — 1

1
<g< a(l —2a)

Let p',q’ besuchthat%—I—%—land + 7 L —=1. For n € N define

=133 47
by, = a, — 2%,(71—1— 1)7P.

It follows that ) ( o
ap —bp = 55(n+1)77;

o - (A.4.1)
by — Gpy1 = 57 (n+1)7%

Moreover, for all n € N:
an >3 (FiP+ LN 21-4(5+ %) =0.
j=1
Define f : [0,1] — R by:
= G+ 1) 1p,0,(5)-
j=1
Observe:

[fllv. = sup |[|s— (t—s5)""f(s)
0<t<1

|L20t

=sup sup |[[s (t—5)""f(s)|l2(0,0)-
JEN te[bj,aj]

Fix j € N. For t € [b;, a;] we have:

sup |[s — (t —5)"“f(s)llL2(0,¢)
te[ijaj]

<lls = (a5 =) F($)l2(v,.0p) + s = (b5 = )7 f(8) 2200
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SG-@) 2D (g —b)2 7+ Y (kD) s = (0 = 8) "l r2pan)
k=j+1

<A -0)2G+ D (- 0) 7+ D (k1) (ar — )2 (b — ar) ™
k=j+1

By (A.4.1) and the fact that b; — ar > by—1 — ay, it follows that:

sup |[s = (£ = )" f(s)ll2(0.0)

te[by,a;]
_1 1 oy . _p(l_q
<(3-a) 3 (gp) G+ + 1) PE
F20HE) R Y (),
k=j+1

By choice of p and ¢ we have p(% —a) = fand 3+ ag— £ < —1 and thus there
exists a constant M, such that for all j € N we have:

sup |[s = (t —5)"“f(s)lL2(0,¢) < Mas
te[ijaj]

whence f € V.
Let g : [0,1] — R be a simple function and let N € N be such that g(s) < N
for all s € [0,1]. Let j € N be such that (j + 1)” > 2N. We have:

1f = gllv. = s+ (a; —8)7*(f(s) = 9(s)lL2(v, ,05)
> 3G+ 1 s = (a5 — )7l L2(by 0

=278 (G )R A

A.5 Convergence of the splitting scheme (part 2)

As announced at the beginning of Chapter 6, it is possible to obtain truly path-
wise convergence result for the (modified or classical) spitting scheme, in the
sense that one does not only consider the grid points. We will outline the proof
below.

Recall that by [109, Theorem 6.2] (see also Remark 5.4) there exists, in the
space V2P([0,T] x £2; X), a unique solution to (SDE) under the conditions (A),
(F), (G), for a € [0, %) and p > 2 such that }% < % + 0g. It follows that the

processes U J(") defined by the modified splitting method (6.0.1) or the classical

splitting method (6.0.4) are elements of VC‘X”’(IJ(-n) x 2; X) for such « and p.

However, the process U™ defined by (6.0.2) is not continuous and therefore does
not define an element of this space. Thus we consider convergence in V.2 ([a, b] x
£2; X) as defined on page 85.
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Theorem A.15. Consider the stochastic differential equation (SDE) under the

assumptions (A), (F), (G). Forn € N let U™ be defined by (6.0.2) with U;n)
the solution to the modified splitting method (6.0.1) or, if O and 6g are non-
negative, the classical splitting method (6.0.4). Let n > 0 and p € (2,00) satisfy:

0§n<min{%+ﬁp—%,%+96‘—%, 1}

If o € LP(F, X)), yo € LP(Fo, X), then one has, for all o € [0, 1),

IU = U™ |lyarqomxax) S llzo — vollLe(o:x)
+n7 (1 + [lwollraix,))
with implied constants independent of n, xo and yo.

The following corollary is obtained by a Borel-Cantelli argument, see also
Corollary 6.6.

Corollary A.16. Let the setting be as in Theorem A.15 with the additional as-
sumption that n > 0 and p € (2,00) satisfy:
0<n+ 1 <min{d+0p -1 §+60c—1, 1}
If xo = yo € LP(Fy, X,;), then there exists a random variable x such that:
1T = U™ 1 o7,x) S xn ™"

Basically, the proof of Theorem A.15 is identical to the proof of Theorem 6.2
and Theorem 6.4, except that in parts 1c and 1d of Theorem 6.2 one applies
Lemma A.18 below instead of Lemma A.7, and in le and 1f one applies Lemma
A.19 below instead of Lemma A.8. Moreover, at the instances where (2.4.6) is
used in the proof of Theorem 6.4, we need the following regularity result (which
follows by Kolmogorov from (2.4.6)):

Lemma A.17. Let p € (1,00) and o, € (0,1) satisfy § < a — %. Suppose
& e LP((2;7v(0,t; H, X)) is adapted. Then

H/ qﬁdWH‘
0

with an implied constant depending only on o, B and p.

< sup ||u— (E—u)”“D(w)|| Le 20,6 ,
Lo (@:C8([0,T]:X)) ~ OgtET” ( ) (Wl Lr (200,651, %))

Finally, one may check that Corollary 6.3 remains valid for the space VP, which
is necessary to extend the proof of Theorem 6.4 to the space V2P.

The proof of Lemma A.18 can be derived from Step 2 of the proof of [109,
Proposition 6.1] (see also Lemma A.7). The proof of Lemma A.19 can be found
in Step 3 of the proof of [109, Proposition 6.1] for the space V.*? (i.e., the space
with continuous paths). The proof remains valid if one considers V.¢P instead of
ver,
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The condition n < 5 +6¢ —% (instead of n < §+6¢ as in Theorem 6.2) is due
to the fact that the conditions on § in Lemma A.19 are stronger than in Lemma
A.8, and due to the fact that Lemma A.17 involves Kolmogorov’s theorem. For
the sake of completeness, we present the alternative arguments for the parts le
and 1f below.

Lemma A.18. Let § € R be such that § > —3 + L and let o € [0,1). Assume

@ e L>°(0,T; LP(£2;Y5)) for someT > 0 and some p € [1,00]. Then t — fg S(t—
$)P(s)ds € V2P([0,T] x £2;Y) and:

= /OtS(t—s)43(s)d |

Lemma A.19. Let § > —%, p > 2 and o € [0,3) be such that « > —§ —I— -
Assume @ € LP($2;v(0,T; H,Ys)) for some T > 0 and

T L 72| B| oo v
Yo (0T x 2:Y) ™ S( )| ||L (0,T;LP(£2;Y5)) -

sup_[|s — (t — 8)7°B(5) | 1o (0 (0,7511.32) < 0 (A5.1)
0<t<T

Then t — fot S(t—s)P(s) dWg(s) € VEP([0,T] % £2;Y) and there exists an € > 0
such that

(tH/ St — s)B(s) AW (s )]

VP ([0, T]x ;)

T‘6 + T2 ) sup ||S — (t — s)_o‘@(s)||Lp(9;,y(0,T;H,y5)).
0<t<T

Proof (of Theorem A.15).
Part 1e’. As before, we obtain for every T € [0, T:

s /OS[S(S — ) — (5 — )}, U(w)) AW u)|

VP ([0,To] x £2,X)

< n—’?Hs — /OS S(s — u)G(u,U(u)) dWH(u))

2P ([0,To] % 2;X
V0T X o -3 -3<)

+ s /O S(s = w)(I — S(u — w)Gluw, Uu)) dWi ()

VEP(0.Tolx 2:X ) )’

(A.5.2)
Now we apply Lemma A.19 to the last two terms. For the penultimate term in
(A.5.2) we apply Lemma A.19 with YV = X%+9G7%7%€, §=—-1+ % + 2¢ and

®(u) = G(u,U(u)), using that o > & — 2, to obtain, for every Ty € [0, 7],

s /0 S(s — )Gl Uw) dWn (w)|

&,p
Vz 3 ([0T0]><Qxl+g +1 25)

3

S osup flu— (s —u) " G(u, U(w)) |l Le(2i(0,5:H,%0,,))
0<s<T
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S 1+ Ullveeo,m)x 2:x)
with implied constants independent of n, z and Tp. In the final line we use (5.2.5).
For the final term we take Y = X1 _, 6 = -1+ % +2eand &(u) = (I - S(u—
u))G(u,U(u)). Note that (A.5.1) is satisfied due to the fact that U € V2P ([0, T]x
£2; X), and due to (5.2.5) and the y-boundedness of {I — S(t) : t € [0,Z]} in
.,?(XQG,X_%+%+8). Thus from Lemma A.19 one obtains, for every Tj € [0, T7,

Hs — /OS S(s—u)(I —S(u—u)G(u,U(u)) dWH(u)‘

VP ([0, To] x 2:X 1 )
3

S sup flu (s —u)" (I = S(u—w)G(u, U(u) | Lr(@mosmx 1, 1,100
0<s<T 27T pT3

f, n- min{%-‘rac—%—e,l} sup ||u — (8 _ u)7%+%EG(U,U(“))”L?(Q;fy(O,s;H,X,, )
0<s<T ¢

ST+ Ullver o, 2:x))s
with implied constants independent of n, x and Tj.

Combining these estimates and applying (5.2.7) we obtain, for every Ty €
[0,T7],

8 /O "[S(s — w) — (5 — w)Glu, Uuw) dWH(u)’

5 n_n(]‘ + Hx||LP(Q;X))7

with implied constants independent of n, z and Tj.

VP ([0,To] x £2:X)

Part 1f’. We again apply first Theorem 2.14 in combination with Lemma 2.21
(2) with a = € = £ to get rid of the term S(5— s). Then we apply Lemma A.19
with Y = Xu., 6 =g — e, and P(u) = S(u — w)G(u,U(u)) — G(u, U™ ().
Note that @ satisfies condition (A.5.1) because G is L2-Lipschitz and U (n) ¢
Ver([0,To] x £2;X) and U € V2P([0,Ty] x £2; X). We also use that a > 1 — 2¢.
Finally, we apply Theorem 2.14 again in combination with Lemma 2.21 (2) with
o =€ = g to get rid of the term S(u — u). We thus obtain that there exists an
€ > 0 such that for every Ty € [0, 7] one has:

Hs " /0 " (5 = w)[Gu, U ) — Glu, U™ ()] dWH(u)’

VP ([0,To] x £2:X)

Slls [ st - wiGnU@) - Gl )] avat)

VET([0.To]x 2:X )

ST5 sup |ls— (s —u)"*S(u—u)
0<s<T,

x [G(u,U(u)) — G(u, AR (u))]||LP(Q;7(O,3;H,X0G7%E))
STENU = U™ |lyew o 10 x 2:%)

with implied constants independent of n, z, y and Tj. O






Summary

This thesis deals with various aspects of the study of stochastic partial differen-
tial equations driven by Gaussian noise. The approach taken here is functional
analytic rather than probabilistic, which means that the equation is interpreted
as an ordinary stochastic differential equation in a Banach space X.

The major part of this thesis, namely Chapters 5-11, concerns convergence of
numerical schemes for stochastic differential equations. Apart from that, there
is a chapter on delay equations and a chapter on decoupling.

Decoupling is a concept that is used when defining the stochastic integral with
respect to a Brownian motion of a stochastic process ¢ taking values in a Banach
space X. When X is a Hilbert space, the stochastic integral of @ can be defined
using the finite-dimensional stochastic integration theory and orthogonality. For
general Banach spaces, the stochastic integral of an X-valued function can be
defined using an It isomorphism in which the L2-norm is replaced by a suitable
Gaussian norm. In order to extend this definition to adapted X-valued stochastic
processes, one needs to be able to ‘decouple’ the process @ from the Brownian
motion - specifically, one wishes to be able to replace the Brownian motion by a
copy that is independent of @.

It is known that Banach spaces with the UMD property allow for such a de-
coupling. All Hilbert spaces have the UMD property, however, a Banach space can
only have the UMD property if it is reflexive. In Chapter 3, a weaker decoupling
property is studied, which still allows for the definition of the stochastic integral
of an X-valued stochastic process. The space L'(0,1) is an example of a space
that does not have the UMD property, but does have the decoupling property.
Our most important result is the so-called ‘p-independence’ of the decoupling
property.

Delay equations are used to describe processes for which the development
of the current state depends on previous states (e.g. population models and
control systems). Such equations can be treated as an abstract Cauchy problem
by considering the state space to be a function space over the relevant history
interval. We take this approach to treat delay equations with multiplicative noise,
in a UMD Banach space X with type 2. The state space for the corresponding
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Cauchy problem is taken to be LP(0,7; X) for p € [1,00). We prove that such
equations have a unique continuous solution.

The stochastic differential equation, for which convergence rates of approxi-
mations are considered in this thesis, is of the following type:

{ dU(t) = AU(t) dt + F(t,U(t)) dt + G(t,U(t)) dWg(t); t € [0,T], (45.3)

Here U is a stochastic process taking values in a UMD Banach space X. For
example, one may have X = LP(D) with D C R? open and p € (1,00). By
Wy we denote an H-cylindrical Brownian motion, where H is a Hilbert space.
The operator A is assumed to be an unbounded operator generating a bounded
analytic Cp-semigroup, for example: A = A, the Laplacian. As A generates an
analytic semigroup, it is possible to define the fractional domain space D((—A)?),
for 6 € R. In the case that A = A and X = LP(D), the fractional domain spaces
can be expressed in terms of Sobolev spaces.

The non-linear term F is assumed to take values in D((—A)%F), for some
Op > —% + % By 7 we denote the type of X; for uMD spaces we have 7 € (1,2].
It is assumed that the non-linear term G takes values in .Z(H, D((—A)%))
where ¢ > —1. Finally, we assume certain (global) Lipschitz and linear growth
conditions on F' and G.

We consider both time and space discretizations for equation (A.5.3). In

Chapter 7 it is proven that for the sequence of random variables (Vj(”))?:1 ob-
tained by applying the implicit Euler method to equation (A.5.3) over the interval
[0, T] with step size £, we have:

n?’

. 1
(B sup [[U(5) Vi l%)7 Sn7"(1+ aollog-am).

provided that 1+ % <min{l— (1 —31)+(6rA0), 3+ (6 A0)}. This convergence
rate is optimal.

Concerning space discretizations, in Chapter 10 we quantify the effect on the
solution to (A.5.3) of a perturbation of the operator A. This can be used to prove
convergence of Galerkin and finite element schemes for (A.5.3) in the case that
X is a Hilbert space. This is demonstrated in Chapter 11.

Our results lead to pathwise convergence of the approximations, which allows
us to obtain convergence also for the case that F' and G are locally Lipschitz
continuous instead of globally Lipschitz continuous (see Chapter 8).

However, some open problems remain. First of all, it is unknown whether
the space discretizations converge if the Banach space X is not a Hilbert space.
Secondly, since the noise discretization is the bottleneck for the convergence rate,
employing recent developments in noise discretization may produce higher-order
convergence rates. Finally, there are indications that the critical convergence
rates for the approximation schemes can be obtained if one assumes that A has
‘stochastic maximal regularity’.



Samenvatting

Dit proefschrift beschouwt verschillende aspecten van de theorie voor stochas-
tische partiéle differentiaalvergelijkingen met normaal verdeelde ruis. De insteek
is functionaal-analytisch, hetgeen betekent dat stochastische partiéle differen-
tiaalvergelijkingen worden opgevat als gewone stochastische differentiaalvergelij-
kingen in een Banachruimte.

De hoofdmoot van dit proefschrift, de hoofdstukken 5-11, betreft convergen-
tie van numerieke schema’s voor stochastische differentiaalvergelijkingen. Daar-
naast bevat dit proefschrift een hoofdstuk over ontkoppeling in Banachruimten
(decoupling) en een hoofdstuk over differentiaalvergelijking met vertraging (delay
equations).

Ontkoppeling is een concept dat een rol speelt in de definitie van de sto-
chastische integraal tegen een Brownse beweging van een stochastisch proces @
met waarden in een Banachruimte X. Wanneer X een Hilbertruimte is, kan de
stochastische integraal van @ worden gedefinieerd door gebruik te maken van
eindig-dimensionale theorie en orthogonaliteit. Voor het algemene geval kan de
stochastische integraal van een X-waardige functie worden gedefinieerd met be-
hulp van een Ité-isomorphisme waarin de L?-norm is vervangen door een Gau-
sische norm. Om een uitbreiding naar aangepaste X-waardige stochastische pro-
cessen te verkrijgen moet men het proces kunnen ‘ontkoppelen’ van de Brownse
beweging — men moet de Brownse beweging kunnen vervangen door een kopie
die onafhankelijk is van het proces ®.

Het is bekend dat de Banachruimten met de UMD eigenschap een dergelijke
ontkoppeling toestaan. Alle Hilbertruimten hebben de UMD eigenschap, maar
een Banachruimte kan deze eigenschap alleen hebben als zij reflexief is. In
hoofdstuk 3 wordt een zwakkere eigenschap dan de UMD eigenschap bestudeerd,
waarmee alsnog de stochastische integraal van een X-waardig stochastisch proces
kan worden gedefinieerd. De ruimte L!(0, 1) is een voorbeeld van een ruimte die
wel deze eigenschap, maar niet de UMD eigenschap heeft. Als belangrijkste resul-
taat wordt de zogenaamde ‘p-onafhankelijkheid’ van de ontkoppelingseigenschap
aangetoond.
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Differentiaalvergelijkingen met vertraging worden gebruikt om processen te
beschrijven waar de verandering van de huidige toestand athangt van de toestand
in het verleden (bijvoorbeeld populatiemodellen, regelsystemen). Door als toe-
standsruimte een functieruimte te kiezen over het tijdsinterval wat van invloed is,
kan een dergelijke vergelijking worden opgevat als een abstract Cauchy probleem.
In dit proefschrift wordt dit idee toegepast op differentiaalvergelijkingen met ver-
traging en multiplicatieve ruis, in een UMD Banachruimte X met type 2. De toe-
standsruimte voor het bijbehorende Cauchy probleem is LP(0,7; X), p € [1, 00).
We tonen aan dat deze vergelijkingen een unieke continue oplossing hebben.

De stochastiche differentiaalvergelijking waarvoor in dit proefschrift conver-
gentieresultaten voor numerieke schema’s is verkregen, is van de volgende vorm:

{ dU(t) = AU(t) dt + F(t,U(t)) dt + G(t, U(t)) dWx(t); t € [0,T], ny

In deze vergelijking is U een stochastisch proces dat waarden aanneemt in een
Banachruimte X met de UMD eigenschap (bijvoorbeeld X = LP(D) met D C
R? open en p € (1,00)). Met Wy wordt een H-cylindrische Brownse beweging
aangeduid, waarbij H een Hilbertruimte is. Verder is A een onbegrensde operator
op X die een begrensde analytische Cy-halfgroep genereert (bijvoorbeeld A = A;
de Laplaciaan). Omdat A analytisch is, is het mogelijk betekenis te geven aan
de gebroken machten (—A)? voor 6 € R. Voor het geval A = A en X = LP(D)
kan D((—A)?) uitgedrukt worden in termen van een Sobolev ruimte.

Er wordt aangenomen dat F' waarden aanneemt in D((—A)%F), met 6p >
—% + % Met 7 wordt het type van X aangeduid, voor UMD Banachruimten
geldt 7 € (1,2]. Tenslotte wordt aangenomen dat G waarden aanneemt in
ZL(H,D((—A)%)) waarbij 6 > —1. Op F en G worden tevens — in eerste
instantie globale — Lipschitz- en lineaire groei-voorwaarden aangenomen.

We beschouwen zowel tijds- als ruimte-discretisaties voor de vergelijking

(A.5.4). Zij (Vj("))?:1 de rij toevalsvariabelen die wordt verkregen door de im-
pliciete Eulermethode toe te passen op (A.5.4) over het interval [0, 7] met stap-

grootte % In hoofdstuk 7 wordt bewezen dat:

. 1
(€ sup [[0(2) =V 5% £ 07 (1% leollog-am):
mits 7 + % <min{2 — L + (6p A 0), 3 + (0 A 0)}. Deze convergentiesnelheid is
optimaal.

Wat ruimte-discretisaties betreft wordt in hoofdstuk 10 van dit proefschrift
een perturbatieresultaat bewezen voor (A.5.4) dat aangeeft hoe de oplossing van
deze vergelijking verandert als A verandert. In hoofdstuk 11 wordt met behulp
van dit perturbatieresultaat convergentie van de Galerkinmethode en de eindige
elementenmethode verkregen mits X een Hilbertruimte is.

Onze resultaten leiden tot padsgewijze convergentie van de approximaties,
waardoor het mogelijk is tevens convergentie aan te tonen voor het geval dat F’
en G slechts lokaal Lipschitz zijn in plaats van globaal Lipschitz (zie hoofdstuk 8).
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Er zijn nog verscheidene openstaande vragen. Ten eerste is nog onbekend of de
ruimte-discretisaties ook convergeren in Banachruimten die geen Hilbertruimten
zijn. Verder zou het interessant zijn te kijken naar de recente ontwikkelingen op
het gebied van ruis-discretisatie, aangezien dit nu de beperkende factor is voor
de convergentiesnelheid. Tenslotte is er reden om aan te nemen dat de kritieke
convergentiesnelheden voor de approximatiemethoden verkregen kunnen worden
als men aanneemt dat A zogenaamde ‘stochastische maximale regulariteit’ heeft.
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analytic
semigroup, 26
uniformly, 175

Brownian motion, H-cylindrical, 18

conditionally independent sequence, 33
conditionally symmetric, 38
cotype, 13
non-trivial, 14
covariance domination, 17

decoupled
sum sequence, 34
tangent sequence, 33

embedding
Besov, 18
Euler scheme, implicit-linear, 9, 123
extrapolation space (of an operator A),
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finite element method, 183

finite rank adapted step process, 20
finite rank operator, 15

finite rank step function, 19
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fractional domain (of an operator A), 27

fractional power (of an operator A), 27

(GQ), 84

Galerkin method, 181
~y-bounded, 24
v-radonifying, 16
y-summing, 15
(Gr), 179

(Gioe), 151

heat equation, 157
Hoélder norm, discrete, 87

ideal property (for ~-radonifying
operators), 16
inequality
Burkholder-Davis-Gundy, 21, 57
Burkholder-Davis-Gundy (for spaces
with the decoupling property), 57
decoupling, 34
isometry
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isomorphism
~v-Fubini, 16

Lie-Trotter product formula, 110
Lipschitz continuous, L%—, 84
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H-strongly, 20
mild solution, 84

Pisier’s property, see property ()
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semigroup
analytic, 26

of type (w,0, K), 27
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solution
generalized strong, 66
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modified, 87
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process, 20
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theorem
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perturbation, 161

stochastic Fubini, 22
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non-trivial, 14
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Notation

General mathematics

aVb
alNb
a<baZba=b

Spaces

H, X
X, Y
X~Y
XY
X*
Z(X,)Y)
Z(X)
32(H7X)
Xs, Xg“

A, A

the empty set

{1,2,3,..}

the real numbers

the complex numbers

the real part of z € C

the complex part of z € C
the argument of z € C

{z € C\ {0} : Arg(z) <0}
the partial derivative w.r.t. x
max{xz,0} (z € R)

zt —z (r €R)

max{a, b}

min{a, b}

p- 13

(real) Hilbert spaces

(real) Banach spaces

X and Y are isomorphic as Banach spaces

X embeds isomorphically into Y

the dual Banach space of X

the space of bounded linear operators from X to Y
Z(X,X)

the space of Hilbert-Schmidt operators from H to X
the fractional domain space/extrapolation space of
A:D(A)C X — X, see p. 27

the fractional domain space/extrapolation space of
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Yoo (H, X))
v(H, X)

(0,75 H, X)
(S, H; X)

L% (£2;4(0,T, H; X))

LY(S; X)

C(S; X)
Cy(S; X)

Notation

A: D(A) C # — A (S a Hilbert space), see p.
27

the space of y-summing operators from H to X,
see p. 15

the space of y-radonifying operators from H to X,
see p. 16

Y(L*(0, T3 H), X)

V(L*(S; H), X)

see p. 22

the space of strongly measurable X-valued functions
endowed with the topology of convergence in mea-
sure

the space of continuous X-valued functions on .S
the space of continuous bounded X-valued functions
on S

the space of a-Holder continuous functions on [a, b]
Sobolev space

Besov space, see p. 17

LP(—1,0; X) x X, see p. 63

see p. 85

see p. 85

see p. 85

see p. 152

see p. 152

see p. 87

the type p constant of X, see p. 13
the cotype ¢ constant of X, see p. 13
the UMD constant of X, see p. 14
decoupling constants, see p. 35
randomized UMD constants, see p. 35
see p. 84

see p. 84

Measure and probability

a.e.

a.s.

E
E(|.#)
P
(yn)nZI

almost everywhere

almost surely

expectation

the conditional expectation with respect to #
a probability measure

a filtration (discrete)



Notation

(Ft)i>0
A(X)

W
Wy
é‘*
13

Operators

I

Ix

o(A)
a(A)
D(A)
R(A: A)
A*
Gr(A)

a filtration (continuous)

the Borel g-algebra on X

real-valued Brownian motion or space-time white
noise

Brownian motion

H-cylindrical Brownian motion, see p. 18

sup;e; [[€]], see p. 38

sup; <, [[€]|; see p. 38

the identity operator

the identity operator on X

the resolvent set of A

the spectrum of A

the domain of A

the resolvent of A in A

the adjoint operator of A

the graph of A, i.e., {(z,Az) : x € D(A)}

Notation for approximations (n, T' given)

(m)
B

)
)

<

(n)
4

u
u™

()
(n)
E(L), E(t}")

Miscellaneous

Tlmax

ir
IRON

77

i
n
i,
F (n)
t;

Wy (t;n)) - WH(tg-Ti)l) (formally, see also p. 133)

t;@l; t e I™ (see p. 89)
tg-n); te Ijn) (see p. 89)

the approximation obtained by the modified splitting
scheme, see p. 87

the approximation obtained by the classical splitting
scheme, see p. 88

an abstract time discretization of Chapter 7, e.g., the
implicit-linear Euler scheme

(U E)7

Che (5" )0
(Vi™)i=0

see p. 126

see p. 86
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228 Notation

Cmax see p. 132

DoV the stochastic convolution of @ with ¥, see p. 195
Iy see p. 46



Curriculum Vitae

Sonja Gisela Cox was born in Vancouver, Canada, on July 3¢, 1983, to a Ger-
man mother and a Canadian father. In 1992, her parents decided to move the
family to the Netherlands. Sonja completed secondary education at the Rijnlands
Lyceum Wassenaar in 2001. In September 2001, she enrolled for both Applied
Mathematics at the Delft University of Technology and English Language and
Culture at the University of Leiden.

Sonja only completed the first three semesters of her studies in English Lan-
guage and Culture. Mathematics captured her more and in December 2006 she
successfully defended her MSc thesis in Applied Mathematics (cum laude). The
results on the decoupling inequality presented in this thesis are a follow-up
project to Sonja’s MSc thesis, which dealt with randomized UMD spaces.

In September 2007 Sonja began as a PhD student in Applied Mathematics
in Delft with Dr. Birgit Jacob. Birgit Jacob soon accepted a professorship at the
University of Paderborn, therefore Sonja continued her PhD research under the
supervision of her former MSc advisor, Prof. Dr. Jan van Neerven.

At the Internet Seminar Jan van Neerven organized in the academic year
2007-2008 Sonja embarked on a project with Mariusz Gérajski, which lead to
the results in this thesis concerning delay equations. In 2009 Sonja spent three
months visiting Prof. Dr. Ben Goldys at the University of New South Wales, Aus-
tralia, where she extended earlier results with Jan van Neerven on the splitting
scheme to the case of multiplicative noise. From December 2008 until Decem-
ber 2010 Sonja was a member of the work council of the Delft University of
Technology.

After defending her PhD, Sonja will continue her research at the University
of Innsbruck.



