Sharp Gradient Bounds for
the Diffusion Semigroup

Colm Nee

November 2011



| would like to thank my supervisor and mentor, Dan Crisan, whose support,
both academic and otherwise, made this work possible. | gratefully
acknowledge the doctoral training grant awarded to me by EPSRC: long may
generous investment in the physical sciences continue. | would like to thank
Claudia Kliippelberg for allowing and organising my working at the Technical
University of Munich as a guest. | would also like to praise the numerous
(sadly too numerous to give individual mention to) doctoral students,
post-doctoral students and lecturers for the many interesting and stimulating
discussions | enjoyed during my doctoral studies.
And finally, but most importantly, | dedicate this work to my mother and

father for their immeasurable support in my education.



Abstract

Precise regularity estimates on diffusion semigroups are more than a mere theoretical curiosity.
They play a fundamental role in deducing sharp error bounds for higher-order particle meth-
ods. In this thesis error bounds which are of consequence in iterated applications of Wiener
space cubature (Lyons and Victoir [29]) and a related higher-order method by Kusuoka [21]
are considered. Regularity properties for a wide range of diffusion semigroups are deduced. In
particular, semigroups corresponding to solutions of stochastic differential equations (SDEs)
with non-smooth and degenerate coefficients. Precise derivative bounds for these semigroups
are derived as functions of time, and are obtained under a condition, known as the UFG con-
dition, which is much weaker than Hormander's criterion for hypoellipticity. Moreover, very
relaxed differentiability assumptions on the coefficients are imposed. Proofs of exact error
bounds for the associated higher-order particle methods are deduced, where no such source
already exists. In later chapters, a local version of the UFG condition - ‘the LFG condition’ - is
introduced and is used to obtain local gradient bounds and local smoothness properties of the
semigroup. The condition’s generality is demonstrated. In later chapters, it is shown that the
Vo condition, proposed by Crisan and Ghazali [8], may be completely relaxed. Sobolev-type
gradient bounds are established for the semigroup under very general differentiability assump-
tions of the vector fields. The problem of considering regularity properties for a semigroup
which has been perturbed by a potential, and a Langrangian term are also considered. These
prove important in the final chapter, in which we discuss existence and uniqueness of solutions
to the Cauchy problem.
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1. Introduction and background material

1.1. Motivation and Introduction

In finance, economics and the natural sciences one often seeks to model the key dynamics of random
processes through the use of semimartingales. They impart a broad class of stochastic process, whose
form is intuitive and tractable. As a substrate of this class, stochastic differential equations (SDEs)
are widely studied by theoreticians and practitioners. Their key benefit is the ability to specify the
behaviour through the choice of deterministic functions: the ‘diffusion’ and ‘drift’ coefficients. The
ability to effect changes in dynamics through the choice of these factors - in such a transparent and
instinctive way - elevates SDEs within the mathematical study of continuously observable phenom-
ena. Although traditionally the domain of deterministic methodology, the Feynman-Kac formula,
which equates the study of PDEs and their stochastic ordinary counterparts, has moved the latter
out of the former's shadow and has further sharpened our understanding of nature’s intimate secrets.
This particle-based approach offers a fresh perspective on both old and new problems. If motivation
were needed, one can be certain that even the minutest observation of their properties would have

proved a worthwhile pursuit.

In physics, SDEs are employed to examine the proliferation of heat through matter over time. In
quantum mechanics, they are used to describe Schrodinger's equation, which models the evolution of
a physical system’s quantum state. In neuroscience, the study of cable theory uses them to calculate
the flow of electrical current along neuronal fibres. In finance, they are widely used as models in

asset and derivative pricing. The list goes on, and is as impressive as it is long.

Unfortunately, the class of SDEs which admit explicit solutions is limited. Moreover, the SDEs
which are explicitly solvable often prove to be inadequate reflections of reality. Consequently, to ben-

efit from more realistic models, discrete time approximations of the solutions are frequently required.

There are two distinct types of approximations that one can choose to study following this un-
fortunate revelation. The first are classed as ‘strong’. This class is characterised by the pathwise
approximation which is sought - that is: numerical approximation of the solution is carried out
path-by-path. This is advantageous in areas like scenario analysis, filtering and hedge simulation.
On the other hand, ‘weak’ approximations seek to provide the distribution of a solution at (one or
several) particular times. This is especially relevant in the aforementioned scientific branches, as

these approximations respect the link with PDEs via Feynman-Kac.



This work only considers path-continuous semimartingales and is concerned with questions which

are of use in weak approximations.

Much energy is spent on implementing efficient numerical algorithms which weakly approximate
SDEs. The driving forces behind this effort are individual and subject specific, and the demands on
the performance and accuracy of these algorithms will vary from person to person and industry to
industry. What perhaps sets the financial world apart from other areas in which numerical approxi-
mations of natural phenomena play a significant role, is the need for very rapid convergence. Whilst
the physicist at CERN might be content to allow his numerical scheme to run overnight, a bank’s
trading desk - owing to the liquidity, quantity, and parametric diversity of financial derivatives, as
well as the desire to complete trades in constantly changing markets - need to produce results at
a rate as small as thousandths of a second. It is partly for this reason that, in many cases, the
numerical schemes of Euler and other related higher order approximations are judged impractical.
They sometimes prove one, or a combination of: too slow, unstable, inaccurateE]. The driving force
behind the theoretical slant of this work, is to place a class of modern numerical schemes, which

avoid many of these pitfalls, on a firm mathematical footing.

OVERVIEW

In general, and unless specified otherwise, we consider SDEs written in the Stratonovich form:

t d t
X7, = x—i—/ Volu, XZ,)du + Z/ Vj(u, X2,) 0 dBI, (1.1)
S ]_1 S
where Vj is called the drift term, and Vi,...,V; make up the diffusion term. One of the primary

reasons to study SDE solutions is due to their connection with parabolic PDEs. In particular,
we assume the drift and diffusion term are time-homogeneous and satisfy linear growth, and that
i,..., Vg € Cg Moreover, if f : RV — R is continuous and has polynomial growth, then the
solution u € C2([0,T] x RY) of the ‘Cauchy problem':

ou o N
o =Lu; in(0,7T] x RY, (1.2)
u(0,.) = f on RNa

where L := Z?Zl Vf + Vo, has a stochastic representation in terms of the one-parameter ‘diffusion

semigroup’, P,f(z), defined as:

ut,z) = (Pf)(z) = E [f(X5,)] - (1.3)

!For a survey of such schemes, there are few sources more comprehensive than the book of Kloeden and Platen [18].



Note that the drift and diffusion terms in the expression for the second order differential operator L,
are viewed as being first order differential operators. For more details on the Feynman-Kac formula
consult, for example, Karatzas and Shreve [17], or Rogers and Williams [35]. Chapter 6 of this thesis

is also devoted to the presentation and discussion of this problem.

The Feynman-Kac formula creates a duality, which permits the study of regularity properties of
parabolic PDEs through a deterministic or stochastic approach. The classical theory on PDE-related
regularity properties was centred around SDE solutions for which the uniform ellipticity or more gen-
erally, the uniform Hoérmander condition hold. These are well-known criteria on the drift and diffusion
coefficients. For example, it is well-documented that under the assumption of time—homogeneityﬂ
smoothness and ‘uniform Hormanderness' of the coefficients, for any uniformly continuous function

f, the diffusion semigroup applied to f, P,f(.), is a smooth function for any ¢ > 0.

Many of the classical schemes rely on such properties and so Hormander's wonderful 1967 paper
[14] is seen to be a considerable contribution to this field. However, probabilists prefer not to rely
on analytical proofs wherever possible, and it is this desire which led Malliavin [30] to develop a
calculus through which he was able to prove, probabilistically, the sufficiency of Hormander's con-
dition. Although a remarkable achievement in itself, this calculus is proving to have far reaching
consequences beyond its initial purpose. The work of Kusuoka and Stroock [23], [24] & [25], and
Kusuoka [22], in the 80’s proved an extension of Malliavin's work and provided precise, time-explicit
regularity estimates for semigroups and densities of laws (where they exist) of SDE solutions. As
shall be demonstrated, these estimates have very important applications in deducing convergence
of particular modern numerical schemes and algorithms, which approximate expectations of SDE
functionals. The classical schemes based on Monte-Carlo simulation simply do not converge to a
satisfactory level of accuracy fast enough for many cases of interest. The work of Kusuoka [2I] and
Lyons & Victoir [29] provide new numerical schemes, whose proof of rapid convergence is derived
from the precise regularity estimates of Kusuoka. In [22], Kusuoka extended the class of SDEs
one may apply these schemes to by introducing a new, more general, condition: the so-called UFG
condition is shown to imply Hormander's uniform hypoellipticity condition (cf. Hormander [14]),
and similar explicit gradient bounds may be proved under this assumption. There are also examples
for which Hérmander's theorem fails to hold, but the UFG condition does, making the latter demon-

strably more general. This is discussed in more detail later.

In what remains of this introductory chapter, we present the notion of a gradient bound and
discuss how integration by parts formulae are used to derive them. We give a comprehensive in-
troduction to the Malliavin calculus, having motivated this exhibition with a dialogue of its worth
within the subject of integration by parts formula and densities of probability laws. Regularity of

SDE solutions, an important component of the techniques employed throughout, is demonstrated

2For an comprehensive extension of regularity properties of PDEs with time-inhomogeneous coefficients, using stochas-
tic methods, see Cattiaux and Mesnager [6]
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by way of a summary of the important results from the literature. Important notation, which shall
be used throughout the work, is familiarised in the subsequent section, along with a statement and
extensive discussion of the UFG condition. Finally, the impetus for the theoretical inclinations of the

work is established via a treatise on the Kusuoka-Lyons-Victoir (KLV) method.

In the second chapter we give a full and self-contained account of Kusuoka's visionary results (cf
[22]) on regularity of the one-parameter (i.e. time-homogeneous) diffusion semigroup as an explicit
function of time. Many of the techniques demonstrated here will be employed in subsequent exten-

sions.

In the third chapter the restrictive assumptions of smoothness of the coefficients is relaxed. Regu-
larity of non-smooth equations and their corresponding gradient bounds are deduced. This regularity

depends intrinsically on the level of coefficient differentiability, and the ‘order’ of the UFG condition.

In the fourth chapter we present of local version of the UFG condition, termed the ‘LFG condi-
tion’. An integration by parts formula is derived and is used to prove local regularity properties of
the diffusion semigroup. The work is also applied to the more familiar Hormander setting and we

show local smoothness of the semigroup, under a local version of Hormander's criterion.

In the fifth chapter we discuss how the very general LFG condition can be shown to hold a priori
in certain situations. We treat two cases separately: analytic coefficients and smooth coefficients.
In particular, we show that for analytic coefficients the Lie algebra is finitely generated on compact
sets, and the LFG condition holds across points of ‘constant rank’. If the coefficients are ‘merely’
smooth, then finite generation holds on compact sets for which the rank of the Lie algebra is con-
stant, and the LFG condition again holds across points of constant rank. Counter-examples for
non-analytic coefficients not satisfying the LFG condition are provided, dispelling the notion that

the LFG condition holds on compact sets.

In the sixth chapter we extend the class of gradient bounds deduced from the integration by parts
formulae. This includes bounds for weighted Sobolev-type norms. We also consider the case where
the semigroup has been perturbed by a potential term, and these calculations are used to consider an
additional Langrangian term. Several gradient bounds are deduced for the perturbed semigroup and
Lagrangian term. These are proved in preparation for the final chapter on the connection of semi-
group theory with parabolic PDEs. Finally, the V{ condition is relaxed, which was proposed by Crisan

and Ghazali in [8] to overcome a problem in proving theoretical efficacy of certain cubature methods.
In the seventh and final chapter we discuss the connection between semigroup theory and solu-

tions of parabolic PDEs. We redefine the notion of a strong solution to the Cauchy problem, based

on the regularity results proved throughout the thesis. A corresponding notion of a weak solution is

11



given, and existence of a solution is proved under various criteria. Finally uniqueness is demonstrated

under the same conditions.

1.2. Gradient bounds

In this thesis, when we discuss gradient bounds for the diffusion semigroup, we will be exclusively
considering the family of operators: {f +— P, f(x) :t > 0}, defined as

(Puf)(@) =E [f(XG,)]

where f belongs to a suitable class of test functions, and {X{;}s<; is the solution to in the
case where the vector fields Vj, ..., V; are time-homogeneous. In general, the study of the solution
to (|1.1) would lead to consideration of a two-parameter semigroup, but when the vector fields are
time-homogeneous the two-parameter semigroup depends on s and ¢ only through their difference
t — s, and hence it is equivalent to view it as a one-parameter semigroup. Although Diffusion
semigroups are known - via the Feynman-Kac formula - to be solutions of parabolic PDEs. The
estimation of the global error of certain numerical schemes depends intrinsically on the smoothness
of P.f(.). It is for this reason that regularity properties of diffusion semigroups play an important
role in proving convergence. For much of this work, we shall be concentrating on gradient bounds

of the following type:

H‘/[al]--"/[aN]PtfHLp SCtHfHLP? pe [1700] (14)

where V|,,] are vector fields, along which derivatives are taken. These shall be defined shortly and
at this stage it suffices to say that they are intrinsically linked to the drift and diffusion coefficients.
It is well-known that the diffusion semigroup has very strong smoothing properties. This can be
compared to the tendency of an irregularly heated metal bar to unify in temperature as time passes.
Figure illustrates this smoothing effect through the passage of time. For this reason we seek to
quantify this propensity by identifying, as sharply as possible, Cy in the above. Apart from being
fascinated by the diffusion semigroup’s smoothing characteristics, one may ask: why is it worthwhile
to study gradient bounds? As has already been alluded to, one of the primary reasons is that they
faciliate the mathematical proof of the extremely fast convergence of certain numerical schemes.
The main point to note is that we can approximate the expected value of an SDE functional by
considering its Stratonovich Taylor expansion. By doing this, the error of the numerical scheme can
be expressed in terms of the derivatives appearing on the RHS of . As we shall see, Malliavin
calculus is an ideal piece of machinery for studying gradient boundsﬂ as it provides the mechanics

to deduce an integration by parts formula, from which these gradient bounds are deduced.

3as well as its better known uses in existence and regularity of densities for laws of random variables.
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Figure 1.1.: lllustration of the smoothing properties of the diffusion semigroup

1.3. The role of Malliavin calculus in probability laws

Malliavin Calculus is tailor-made to provide the tools to answer the questions which an experimental

probabilist might stumble upon. Here a brief rationale is given behind its original purpose.

PROBABILITY DENSITIES

Suppose we have a given probability space (2, F,P) on which we have a random vector, X : Q — RY.
In seeking an expression for the density of the law of such a vector one would undoubtedly start
to examine expressions such as: E ¢(X). Assume without loss of generality that ¢ : R — R is a
smooth, compactly-supported function, i.e. ¢ € C’(‘)’O(Rd). We can approximate general, bounded
measurable functions with those in the said space. We could sequentially approximate ¢(X) by
convoluting it with compactly-supported smooth functions, which approximate the Dirac measure,
then Fubini's theorem may be used to interchange expectation and Lebesgue integration. This may
lead to an expression for the density. These approximating functions are known as kernel functions
or mollifiers. Let p € C§°(R?) be such that:

[ pakde =1, Suwp(p) € Bi(0)
Then define a sequence {p,,} € C5°(RY) by:

pu(@) := np(nz),

13



It is easy to see that p, € C§°(R?) and that [;4 pn(2)dz = 1. Moreover, define

eul@) = (e pa)(@)i= [ ewpula =)y

It may be shown that ¢, € C§°(R%), and that ¢, Lige) @, for p € [1,00). Moreover, if ¢ € C(R?)

then ¢, — ¢ uniformly on compact setsﬂ Now one may attempt to derive an expression for the
density based on these mollifiers. The dominated convergence theorem and Fubini's theorem can be
applied to deduce the following

/RN p(y)px (y)dy = E [p(X)] = lim E[pnX]
- nIL%oEAdw(y)p"(X —y)dy
= lim y oY) Epn(X — y)dy
- /Rd p(y) lim Elon(X —y)]dy
) im -
= /Rd p(y)E [1 pn(X y)] dy

n—0o0

= [ P Bx ~ )] dy

= px(y) = Ed(X —y), for almost all y € RY.

Figure [L.3]illustrates how the mollifiers smooth the function for ¢(z) := (z — K)*: Unfortunately,

Figure 1.2.: Mollifiers approximating the Dirac measure

the expression for the density given above is untractable at best. Moreover, the step (f) may only be

*for more information about mollification see Jost [16], pp250-253]
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Figure 1.3.: Mollification of (z — K)* for K =1

understood on a heuristic level. This is why an integration by parts formula is sought - by recognising
the Dirac delta function in the current expression as the derivative of the Heaviside function - such a
formula would provide not only a more tractable expression for the density, but also a rigorous way
to prove the step (f). The following abstract definition clears up what is meant by 'an integration
by parts formula’. For a comprehensive summary of the relationships between integration by parts

formulae one should consult, for example: Nualart [33] or Sanz-Solé [37].

Definition 1.1 (Integration by Parts Formula) Let X be a random vector with values in R .
Moreover, let Y be an integrable random variable on (Q, F,P). Let o be a multi-index (i.e. o =
(a1,...,an) for a; € N).The pair (X,Y) is said to satisfy an integration by parts formula (IBPF)
of order |«| if there is an integrable random variable H,(X,Y) such that

E[0ap(X)Y] =E [p(X)Ha(X,Y)], (1.5)
for all p € CbOO(RN).

Notice that for the immediate purposes one only seeks an integration by parts formula for o =
(1,...,1) and Y = 1. In this case, if it is assumed that (1.5)) holds for Y = 1, then by considering
Un(x) == [T .. [N pu(y)dy, ie. so that a1, = pr it holds that:

E[pn(X =) = E [Yn(X = y)Hq .. 1)(X, )]

Now the situation is different, as the dominated convergence theorem can be applied to the RHS
(note that the 'dominator’ i.e. integrable random variable which dominates Hia,.1)(X,1)Vn €N,
is ‘H(1717.._71)(X,1)‘. Hence,

TJ;H;OE[Pn(X —y)| = lim E Wn(X - y)H(l,l ..... 1)(X, 1)]

n—o0

=K ngrolo V(X —y)Hia,..1)(X, 1)}

15



Note that we have used that {,}, are bounded uniformly in n. We now note that ¢, (z) —
1[0700)(90) where

1 ifx; >0, Vi=1,...,d,
1[0,00)(x) = .
0 otherwise.

Hence one has the following expression for the density of the law of X.

px(y) = E(1jy,00)(X)H11,..,1)(X, 1)).

Of course, the integrable function H which allows this calculation to be performed is unknown at
this stage. It will not come as a surprise to the reader that Malliavin calculus is turned to for help,
as it is precisely Malliavin calculus which provides the sought after integration by parts formula.
The definition was stated in generality, which allows scope for proving regularity results about the
density. Indeed, if the formula holds for any multi-index « then it can be shown that the density is
smooth.
Although Malliavin calculus can be easily motivated from the perspective of densities for law of

random variables, another important use for it is for deducing gradient bounds.

1.4. The Malliavin calculus

In this section the notion of a differential calculus on a probability space, formally known as the
Malliavin calculus, is introduced. Although the Malliavin calculus is exhibited in this section with
Brownian motion on the space of continuous functions, move general presentations of the theory
are possible. Indeed, Malliavin calculus can be constructed using a more general Gaussian process
on a more general construction of the Wiener space. For details of such topics one may consult, for

example, Nualart [33].

The probability space will be the standard Wiener space with paths in R¢. That is, consider
the space (Q2,B,P) where Q = {w € Cy([0,00) ; R}, B = B(Cy([0,00) ; RY) and P is the
Wiener measure, i.e. the measure such that the coordinate mapping process: B = {B;,t € [0,00)},
Bi(w) := w(t) is a d-dimensional Brownian motion.

The Wiener space has an important subspace, which is fundamental to the development of the
Malliavin calculus. Namely, H = {h € Q ; b/ € L2([0,00) ; R%)}. i.e. we consider those continuous
functions with values in R? which are absolutely continuous with respect to the Lebesgue measure
on [0,00). The fact that absolutely continuous paths are differentiable almost everywhere, permits
the use of the notation A’ for its derivative. The Hilbert space property of H, under the inner
product (h,9)y = (M. 9') 12([0,00)re) = Jo© I (u).g'(u)du, is inherited from the Hilbert space
L?([0,00) ; RY) and the almost everywhere uniqueness of their densities. i.e. if two absolutely
continuous functions differ on a set of positive measure, then their L2([0,00) ; R%) representations

must differ on a set of positive measure. H is known as the Cameron-Martin Space and plays an

16



important part in Malliavin calculus.

In developing a rigorous theory of stochastic integration (which, in turn leads to stochastic differ-
ential equations) some care is taken to define the integral. In particular, the theory is developed with
respect to a probability measure, and functionals of stochastic integrals are always defined P-a.s. It
may have been tempting for those initially seeking a theory of differentiation on the Wiener space

to consider Fréchet differentiation on (2, ||.|| ). The following result shows that this is not wise.

Proposition 1.2 Consider the functional F' : @ — R given by F(w) := fol hidWi(w), for some
h:[0,00) — R. Then F has a continuous modification if and only if there exists a signed measure
w on [0,1] such that h(t) = u((t,1]) for a.a. t € [0, 1].

Proof : See Nualart [33, p34]| m

This result shows us that there is no hope of developing a tractable theory of differentiation on
(2, ]].lo), where functionals of stochastic integrals are considered, as the price for continuity is a
high one, i.e. one can only consider integrands which have bounded variation.

One is then confronted with a problem; whether meaning can be assigned to objects like F'(w+ew).
These would form an important part of any theory of differentiation as they are the basis of directional
differentiation. One must tread carefully here, as stochastic integration is constructed P-a.s. One
would ideally like to know that if F'is defined P-a.s. that F'(.+€®) is too, for a.e. @ € Q2 and € > 0.
This seemingly innocuous problem prevents some difficulty. Indeed, one may show that P and P,
the Wiener measure and the shifted Wiener measure are singular for © € Q\ H. This is bad news,
as it means that one cannot deduce anything about the well-definedness of F(. + ew) from F(.).
The positive news (in fact, the reason for restricting attention to H) is that the exact opposite is
true when @ € H. This is a corollary of the Cameron-Martin Theorem, which, incidentally, also
gives us a formula for the directional derivative of F' (in directions of the Cameron-Martin space)
and an integration by parts formula. A derivative shall be defined on a restrictive class of random
variables, and will then be generalised and extended to a much broader class. Solutions of stochastic

differential equations will form a part of this extended class. From now on: (.,.) := (., .>L2([0 oo);Rd))

THE MALLIAVIN DERIVATIVE

Definition 1.3 (Malliavin derivative) We consider for f € C§°(R™) the functional F : Q& — R
and hy,...,hl € L*([0,00) ; RY) given by:

re) =1 ([ thwam). . [T H@asw)

0

where [° 1 (t)dB; = Y0 [ hi(t)dBj. Such random variables will be called ‘smooth’, and
denoted by F € S. Then the Malliavin derivative of I, denoted DF € L*(Q ; H) ~ L?(2x [0, 0) ;
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RY) is given by:

DF = Zw(/ K, (u)dB u,...,/oooh;(u)dBu) /O'h;(s)ds. (1.6)

The Malliavin derivative may be equivalently viewed as an element of the Cameron-Martin space,
or its L*? kernel. Denote
DyF = (DF,h),

This will be called the directional derivative of F' in the direction h. In order to see this interpretation
of DF, consider for h = [ h'(s)ds where h' € L?:

d o - .

:jef</0 h;(u)dBu+e<h’1,h’>,...,/o h;(U)dBu+6<h;7h’>)

-4 f< / " K + ¢ | h’<8>d8>(“)>,.:1,.__,n

%F(w + €h)

e=0

This equality encourages the use of the Cameron-Martin theorem, which gives an explicit formula
for the RHS of the above equation. This provides a (very basic) integration by parts formula, from

which the rest of the theory flourishes.

Theorem 1.4 (Cameron-Martin Theorem) Let F,G be smooth random variables. Let h(.) :=
Jo W (u)du € H. There holds the following formula (Note that w-dependence is not, as convention

dictates, suppressed; for emphasis):
EF(w+€eh)G(w) = EF(w)G(w— €h)
oo 1 [e.e]
- exp <e h'(u)dB, — 62/ h/(u)du> .
0 2 Jo

Proof : See, for example, @ksendal [34]. =

This theorem can be applied to give a basic integration by parts formula.

Theorem 1.5 (Basic Integration by Parts Formula) Assume F,G are
smooth random variables, and let h' € H. Then the following equality holds.

o
E(DLF.G) = IE(FG/ h'(u)dB, — F.D,G).
0
This fact is fundamental to the program. Without this integration by parts formula, Malliavin

calculus would be destined to fail in its most basic task. It should be noted at this point that the

integration by parts formula has a very pleasing corollary for the Malliavin derivative as an operator.
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Questions may be understandably raised at the somewhat restrictive choice of ‘test’ random variable
to which the Malliavin derivative may be applied. However, the above integration by parts formula
goes a long way towards extending the class of random variables and justifies the choice of smooth
random variables. One reason for choosing to initially consider the class of smooth random variables

is the following:

Proposition 1.6 (Density of Smooth random variables in L?(2))
S is dense in L*(Q). That is, for any F' € L*(Q) there exists {F,,} C S such that

[ Fn = Fl 2y = 0.

Proof : The details of this are available in, for example, Nualart [33]. It is shown that a set, which
elements of S are dense in (namely the Wiener polynomials), are themselves dense in L?(f2). This

is done by using Hermite Polynomials and the Wiener-Ito Chaos Expansion. m

If the Malliavin derivatives of two convergent sequences of smooth random variables, which converge
to the same L2(Q)-limit, have a different L2([0, 00) x )-limit, then how could one possibly assign a
definition to the Malliavin derivative of this limit? This is vital for extending the Malliavin derivative

to a broader class of random variables. This amounts to showing the following:

Corollary 1.7 (Closability of the Malliavin Derivative operator)
The Malliavin derivative, a linear unbounded operator D : S — L?([0,00) x © ; R%) is closable as
an operator from L?*(Q ; R?) into L2([0,00) x 0 ; RY).

Proof : Since the operator is linear (in generality one should apply the following to the sequence
{F, — Gy,}), the problem reduces to showing that for {F,,} C S such that:

[l L2 () = 0,
and
IDFnll r2(j0,00)x ) 1S convergent.

then it follows that
IDFull £2(10,00)x2) = O-

This can be shown using the integration by parts formula. Note that by virtue of the density of

smooth random variables in L?(2), it is sufficient to prove that
E(DF,(h)¢) = 0,

for all o € S and h'. One may also reduce the consideration to smooth random variables ., where
e > 0, such that ¢, [, h/(u)dB, is bounded. For example, o = pexp(—e{[;° W (u)dB,}?).
Indeed, by taking € arbitrarily close to zero, . may be made arbitrarily close to . This makes the
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analysis slightly easier. Observe, from the integration by parts formula:
oo
E[DnFupd] = E [anpe / W (w)dBy — FuDyee| .
0

It is now remarked that both ¢, fo h'(u)dB, and Dy, are bounded. Moreover, since it has been

assumed that F,, converges to zero in LQ(Q) it follows that:
E[DpFpc] — 0,

as required. =

One may also extend the domain of D to L”. Indeed, smooth random variables are also dense
in LP for p > 1. It should be noted that for p # 2 the norm would be defined as:

IDENG 0.y = E [IDF%] - (1.7)

The closability property of D holds from LP(2) to LP(Q2 ; H). Denote the domain of D by D'?,

meaning that DYP is the closure of smooth random variables S with respect to the norm:
1
Il = (EIF]” +E|DF|})

The iteration of the Malliavin derivative D may also be defined in such a way that for smooth

random variables, the iterated derivative D*F is a random variable with values in H®*. Define

DFF .= Z 8¢1,,,_7ikf </ h’l(u)dBu, - ,/ h;l(u)dBu> hiy ®...® hik,
0 0

i1 ip=1

where h;( fo s)ds. Why is this an intuitive definition? It corresponds to iterative applications
of the dlrectlonal Malhavm differentiation. Indeed, for h € H, F € S, it is easily seen that D, FF € S
and it can be shown that,

D(D( .. DF(hl)) ey hk—l)(hk) = <DkF, hh®...8 hk>H®k .

In an analogous way, one can close the operator D¥ from LP(Q2) to LP(Q ; H®¥). So, for any p > 1
and integer k > 1, define D¥P to be the closure of S with respect to the norm:

P

k
1PNy = [EUFP) + > E(|DF|}e,)
j=1

For p = 2 there holds an isometry LP(Q x [0,00)F ; RY) ~ L2(Q2 ; H®). Hence one may identify

D*F as a process: DF , F.

Lyeeosl
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A random variable is said to be smooth in the Malliavin sense or smooth with respect to the
Malliavin derivative if F € D*P for all p > 1 and k € N. The set of all such random variables
is denoted by D> := mpzl,keN D*P. Moreover, there is nothing which pins consideration to R
valued random variables. Indeed, one could consider more general Hilbert space-valued random
variables, and the theory would extend in an appropriate way. To this end, denote Dk’p(E) to be
the appropriate space of F-valued random variables where E is some separable Hilbert space. For

more details, please consult Nualart [33].

THE CHAIN RULE

The chain rule provides a simple way to extend the class of differentiable random variables.

Proposition 1.8 (Chain Rule for the Malliavin Derivative) If ¢ : R™ — R is a continuously
differentiable function with bounded partial derivatives, and F = (F1,...,Fy,,) is a random vector

with components belonging to D'P for some p > 1. Then p(F) € D'P, with
m
Dg(F) = Vp(F)DF = 3 9,0(F)DF,
i=1

where Vi := (01, ...,0pp) and DF = (DF,,...,DF,)T € R™ @ R4,

Proof : For details, consult Nualart [33]. =

DIFFERENTIATING INTEGRALS

When considering SDEs there is a prominent need to investigate how differential operators interact
with integrals. Indeed, efforts to show Malliavin differentiability of SDE solutions without knowing

how to differentiate stochastic integrals would prove futile.

Lemma 1.9 (The Malliavin derivative and integration) Assume that E is a separable real Hilbert
space. Consider f : [0,00) x Q — E, and suppose for each t € [0,T] that f(t) € D“2(E). Define

BY :=t. Moreover, suppose that:
T 2 r 2
B[ I0ld<se  E [ DA < . (18)
Then Fy(T) = [ f(t)dB} € DY(E) for all i = 0,1,...,d, with

T
DFy(T) = / Df(t)dBY
TA.

T
DFi(T):/ Df(t)dB} + (s)®@e;jds, i=1,...,d,
0 0
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Or, analogously:

T
Dy Fo(T) _/0 Dy f(t)dBy
T T
DhFi(T):/O th(t)ngJr/O f®hit)dt, i=1,....d.

Moreover, assuming that

2

T 9 T
k—1 k
E/O HD f(t)HE@)H(@%?1> dt < oo E/O HD f(t)H dt < oo.

E®H®k
Then for the iterated Malliavin derivative operator D :
T
DFFy = / DFf(t)dBY,
0
T A TA.
DFE,(T) = / DFf(t)dBi +/ DFLf(s)@eids, i=1,...,d.
0 0

Proof : Proof is done using an induction argument. See Kusuoka and Stroock [23]. =

THE DIVERGENCE OPERATOR

A brief discussion follows about the adjoint of the Malliavin derivative, which shall complete the dif-
ferential calculus. The divergence operator shall play a vital role in the construction of an integration
by parts formula. This operator is sometimes called the Skorohod integral because it coincides with
a generalisation of the It6 integral to anticipating integrands introduced by Skorohod. A detailed

discussion of the divergence operator can be found in Nualart [33].

Definition 1.10 (Divergence operator) Denote by 0 the adjoint of the operator D. That is, ¢ is
an unbounded operator on L?(2 x [0,00) ; RY) with values in L*(Q) such that:

1. Dom § = {u € L*(Q x [0,00) ; RY) ; [E((DF,u))| < ¢|[F||j2(q) VF € D2},

2. Ifu € Dom 6, then §(u) € L?(Q) and the following basic integration by parts formula is
satisfied:
E(F5(u)) = E((DF, u).
CONTINUITY OF OPERATORS AND EQUIVALENCE OF NORMS

The following important results are shown in for example Section 1.5 of Nualart [33], and are
important results for repeated applications of the integration by parts formula:

1. D is continuous from D*P (V) into DF—1P(H @ V).
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2. (DF,DG), € D™ if F,G € D>,

3. ¢ is continuous from D*°(H) into D>°.

1.5. The stochastic flow of diffeomorphisms

The rather cryptically named title of this section belies a straightforward and elegant principle.
Solutions of stochastic differential equations possess numerous regularity properties. This triumph
owes much to the prescience of Gihman [12],[13] and Blagovesc&nskii and Freidlin [5], who studied
the regularity of solutions with respect to the initial data. In the late 1970s attention was given to
the diffeomorphic property of the solution. Contributors to this field included Elworthy [9], Bismut
[4], Ikeda and Watanabe [15], Kunita [20], and others. That solutions of stochastic differential
equations - with suitably regular coefficients - can be chosen to be smooth with respect to changes
in intial condition, and are Holder continuous with respect to time, or, that the stochastic flow
is diffeomorphic, is of fundamental influence in this work. This section is devoted to reviewing
and presenting the literature on the topic. Malliavin differentiability of the stochastic flow is also
discussed and exhibited.

Before we get ahead of ourselves, a probability space on which to define a stochastic flow is
required. Let (9, B,P) be the standard Wiener space with paths in R?. For purposes of notational
simplicity, we define BY :=t. Although the work will be considering time-homogeneous SDEs, this
section will adopt as much generality as is provided in the literature. To this end we permit the

coefficients of the SDE, Vj,...,Vy: [0,00) x RV — RY | to be time-inhomogeneous.

Definition 1.11 (C*°-function, C*-diffeomorphism)

Let k be a non-negative integer and let o € (0,1]. A function V : RN — RN s called a C*°-
function if it is k-times continuously differentiable with kth-order derivatives, which are locally
Holder continuous with exponent «. If the kth order derivatives are globally Holder continuous, the
function is called a Cg’a—function. A bijective map f : RV — R s called a C*-diffeomorphism
if both, f and f~! are k-times continuously differentiable.

For this section the following minimal assumptions shall be made (although attention should be paid
to where stronger conditions are required). For some k € N
1. Vi(t,.) € CETL* RN RN), vt > 0, and Vi(.,z) € C1((0,00) ; RN), and is locally bounded
on [0,00), for all z € RN, i=1,...,d,
2. Vi(t,.) € Co*(RN ; RN), V¢ > 0, and t — Vp(t,z) is locally bounded on [0, c0),

for some k € N. We regard these vector-valued functions - and often refer to them - as vector fields.
Consider the family of Stratonovich stochastic differential equations, which we shall often refer to

as the stochastic flow, given by:

T d z i
{ dX3, =20 Vilt, X3) 0dBy, s<t. (19)

x —
X5s =1
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The existence and uniqueness of a solution to this equation is thoroughly addressed in the literature.
See, for example, Karatzas and Shreve [17]. Most techniques for proving results about SDEs involve
expressing the equation in 1t6 form. Indeed, the difference in the assumptions of these two sets
of vector fields stems indirectly from the desired regularity of the corresponding It6 equation. The
solution of is given by the corresponding It6 equation:

{ dXT, =30 Vi(t, XZ)dB + Vo(t, XZ,)dt, s <t, (110)

xr R
XS’S =z,

where Vp = Vp + 3 Zle(atVi + Zj\[:l Wajv;). Moreover, based on our assumptions, V; satisfies
property 2. Indeed, the reason different levels of differentiability were chosen for Vj and Vi,..., Vg,
is so that the coefficients of the corresponding Itd6 equation have the same level of differentiability.

From Kunita [I9], we have the following important theorem:

Theorem 1.12 The solution XS(Z of ([L.9)) is a C*B-function for any 3 < o and s < t. Furthermore,
if the derivatives of Vy(u,.), ..., Vi(u,.) up to order k are also bounded, for all u € [s,t], then X,
is a C’k—diffeomorphism for any s < t. Moreover, the Jacobian matrix, J;ft, of X git satisfies the

following Stratonovich matrix SDE

dJz, =L OVi(t, X%,)J%, 0dB), s<t, (1.11)
Jgs =1 '
The Jacobian is almost surely invertible as a matrix and its inverse, Zg”’t, satisfies the SDE
dz%, = -0 Z%,0Vi(t,X%) 0dB], s<t, (1.12)
Zis =1 '

If the vector fields of (1.9)) are globally Lipschitz continuous functions, then for each p > 1, and
T > s there exists a constant A, such that

sup B X7, |" < Asrp(1+[a])?, (1.13)
te(s,T|

If the vector fields of (L.9) are CF-functions, then for each p > 1, and T > s there exists a
constant By 1, such that for each |y| < k

p

ohl x=
U\ < Boryp, (1.14)

sup E B

te(s,T)

Moreover, if for an SDE with a general initial condition X§ = f(z), it holds that f is uniformly
bounded, then for each p > 1, and T' > s there exists a constant Csr1,, such that for each
0<h<k

sup E ‘X;ft}p < Cy1p- (1.15)
t€[0,T], zeRN
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For completeness we note that the solution to (1.9)) is jointly Hélder continuous in (s,t,x) with
respective Hélder exponents (3, 3, ), where 3 € (0,1/2).

Proof : Everything apart from equation (1.14)) is directly addressed by Kunita in [19]. For a proof
of (1.14)), one should refer to Nualart [33] Corollary 2.1.1, p119]. =

N.B. From now on, we write (JZ,)~! := Z¥,.

Much of the analysis will rely heavily on the fact that the solution of an SDE is differentiable with
respect to the Malliavin derivative, as well as with respect to its initial condition. Analogous to
the previous theorem, this regularity depends intrinsically on the smoothness of the coefficients.
Moreover, the expressions for the Malliavin derivative and the Jacobian matrix satisfy similar SDEs;

they differ by an inhomogeneous term. The exploitation of this similarity is fundamental.

Theorem 1.13 Assume X is the stochastic flow which solves (1.9)), where the coefficients are
assumed to satisfy the same conditions (1. and 2. on previous page), with derivatives of all lower
orders also being globally Lipschitz continuous. Then Xi’f e DMP forallt € [0,00),i=1,...,N
and p > 1. Furthermore, the matrix DX} : (DXsltx, cee DXéV,t’x) satisfies the linear stochastic

differential equation:

ngt_Z/ OVi(u, X2, )DXZ odB;+</

A.

EA.
‘G(u,Xjf)du) : (1.16)
j=1,.,d
where, by writing tA., etc, we are interpreting the Malliavin derivative as an element of the Cameron-
Martin space; a process in L?>. We may also write the Malliavin derivative as the H-inner-product
with h € H:

d t ] d t
DpX%, = / OVi(u, X2,)Dp X2, 0 dB. + Z/ Vie(u, X2 ) hi(u)du. (1.17)
S _ S

Note, if the vector fields are merely globally Lipschitz continuous, then ([1.13)) holds with OV; replaced
by some bounded random variables G;.. Moreover, if the vector fields Vy, ..., Vy are uniformly

bounded then the following bound on the norms of the derivatives can be shown to hold:

kya|P
sup E HD X < Chp Vpe[l,o0), T >0, (1.18)
te[0,1) k
zeRN
If, however, the vector fields Vy, . ..,V are globally Lipschitz continuous, then it may only be deduced
that the following holds:
sup E HD’“Xt < Cp(L+ 2, ¥pel,c0), T >0, (1.19)
t€[0,T7]

Proof : The extra level of differentiability over the standard result comes from the fact that the

kth order derivative of the coefficients is also assumed to be globally Lipschitz continuous. This is

25



enough to guarantee one additional layer of Malliavin differentiability. For details, consult Nualart
[33, p119-124]. m

As was briefly mentioned, much of the analysis relies on the observation that the expressions for the

Malliavin derivative and the Jacobian of the stochastic flow are similar.

Corollary 1.14 There holds for any (s,t,z) € [0,00)2 x RY, where s < t:

tA.
(J7) ' DX?, = ( / <J;u>1w<u,xzu>du) . (1.20)

A. j=1,...,d

Proof : This is shown in, for example, Nualart [33] Section 2.3.1]. m

;t)_lDX;t appears naturally in any attempt to construct

This alternative representation for (
an integration by parts formula. Indeed, the development of this expression is the basis for forming
an integration by parts formula (IBPF). At this point we cease the review of the basic theory of SDE
regularity, as any further development would compromise the varying goals of the later chapters. In
the next section some requisite notation is introduced, along with some concepts which are basic to

the geometry of the problem; including a very general condition, known as the UFG condition.

THE BEGINNINGS OF AN INTEGRATION BY PARTS FORMULA

The connections developed at the end of the last section are now used to compute an integration
by parts formula. To begin with, let f € C;;O(]RN), then by using the chain rule for the Malliavin
derivative, the chain rule for the gradient operator, differentiability properties of the stochastic flow
(note it is assumed that k > 1) and the representation ([1.20)), deduce:

Df(X5,) = (VX5 ) DXG,
= V(foXso)(2)(J2,) " DXE,

EA.
V(o X ([ R Vi X gan) (121)

SA. i=1,...,d
where, as is the case throughout, the gradient Vf = (01 f,...,0nf) is taken to be a row vector.
The idea is as follows: to develop the preceding equality to isolate terms involving V(f o X&t)(x)ﬂ
Once isolated the operators of the Malliavin calculus will be used to derive an integration by parts

formula. Before this is done, some new concepts and notation need to be introduced.

Sas we shall see, whether the gradient itself may be isolated depends on the vector fields V., ..., Vy.
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1.6. Multi-indices, Lie brackets and the UFG condition

This ideas and notations introduced in this section play a central réle in the thesis as a whole. The

UFG condition in particular is a condition which will appear throughout in various variants and forms.

MULTI-INDICES

Multi-indices are a notational necessity in what follows. Define

A:={1,....d}u [ J{o,1,....d}",

keN
Ay == AU {0} U{0}.

It is prudent to introduce a product, *, defining it as follows:

04*522 (aly"'7ak7517"'76l)7

where o = (o, ...,04),8 = (B1,...,3). Combined with this operation, (Agg,*) forms a semi-
group. It shall be very useful to assign several notions of size to the multi-indices. Consider the

following:

and also the related:
e := || + card {i: ; = 0,0 =1,...,d}.

The reason for these choices should become more obvious when gradient bounds are discussed.
As shall be demonstrated, the asymptotic rates derived in the gradient bounds are expressible in
terms of these ‘sizes’. For a preview, note that it is necessary to compute expectations of iterated
Stratonovich integrals, and the behaviour of stochastic integrals and normal Lebesgue-Stieltjes in-
tegrals is quantitatively different. The latter is designed to allow for this fact. Denote several more

families of multi-indices related to these, namely:

A(m) :={a € A:laf| <m},
Agp(m) = {a € Agp : [l <mj.

It will also be useful to have a set notation for the cardinality of A(m) and A(m). Define:
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It may be shown that:

Mm—Mm_g ifmZQ
M,, ifm=1

m lif2) [
M,, = (Z ,J> 42
i=1 j=0 J

To complete this section, observe that, trivially: N,%’@ =N, +2.

where

LIE BRACKETS AND THEIR ALGEBRA

Lie brackets, and the family they form, play an important role in smoothness results of the semigroup.
Taking the Lie bracket involves forming a new vector field from two existing vector fields. Moreover,
it involves considering the derivatives of two existing vector fields. For this section, it is assumed
that the operations involved in taking Lie brackets are well-defined. That is, that the vector fields

in question are ‘smooth enough’.

Definition 1.15 (Lie bracket of vector fields) Given two vector fields: V, W. The Lie bracket
of V and W is a third vector field, [V, W], and is defined by:

[V,W]:=0W V — oV W,

where OV := (8jVi)1§i,j§N and the multiplication is of a vector by a matrix.

It is equivalent to think of the vector field as a first order differential operator, given by: V f(x) :=
V(z).Vf(x) for f € C'. Where no confusion is possible, V shall be used to denote both the
vector-valued function, and the differential operator. In the latter case the Lie bracket - a first order

differential operator - has an even simpler representation:
V,W]=VW -WV.
The Lie bracket possess the following basic properties:
VW] =-W,V] and [U,[V,W]]+[W,[U,V]] +[V,[W,U]] = 0.

The latter is referred to as the Jacobi Identity.
Although it is not yet clear why one would care to do this, the Lie bracket operation may be

iterated to form a family of vector fields, indexed by multi-index notation. That is, define V[,
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a € A inductively, as follows:

V=V, i=1,...,d.
Views = Vi Vil, i =0,1,....d

In a similar vein to the above, one can inductively define an iterated Stratonovich integral, B;’f,}, for
s,t €10,00), s <t, and o € A:

t
Bo, = / odBl = Bi — B
S

t
Hookt . oo 7
B2 ._/ B°® o dB!,

S

where Bfo‘ = BS‘;‘ For the corresponding iterated Itd integral, Bgt or Bf’ shall be written.

THE UFG CONDITION

The purpose of the UFG condition, in its purest form, is to truncate the expansion obtained when
considering the expression (JZ,)~'Vi(t, XZ,), for i = 1,...,d. Recalling the work of the previ-
ous section, this appeared when considering the ‘difference’, ( it)_lDth, between the Malliavin
derivative and the Jacobian of the stochastic flow. The UFG condition is a 'finite generation’ as-
sumption, which - through careful application and study - leads to an equation which is used to form

an integration by parts formula. We state the condition and briefly discuss its form:

Definition 1.16 (UFG Condition) A system of vector fields {V; : i = 0,...,d} satisfy the UFG
condition if, for any a € A, there exists m € N and a5 € C°(RY), uniformly bounded, with
B € A(m) such that

V() = Y as(@)Vig (o). (1.22)

BEA(m)
We write (UFG, m) to denote that the UFG condition holds for m € N.

The following example is taken from Kusuoka [22]:

Example 1.17 Assumed =1 and N = 2. Let V3,V € C’go(}RQ : R?) be given by

Vo(z1, 22) = sinax;— Vi(xy,29) =sinzy —

81’17 8%2.

One should note that the Hérmander condition (see (H') on p74) is not satisfied. But the UFG

condition is (for m = 4, see definition).

The above form of UFG condition is, although concise, somewhat impractical. The statement
requires one to verify that all elements of the Lie algebra (a countably infinite number) may be

expressed in terms of a finite number. We seek to show that this isn't necessary, and that one needs
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only check all Lie brackets on some ‘level’. Note: Lemma 1.20 and the auxillary UFG conditions

which it is based on is new.

Definition 1.18 (UFG1 Condition) We say that a system of vector fields {V; : i = 0,...,d}
satisfy the UFGI1 condition if there exists m € N and ¢, 3 € CbOO(RN), uniformly bounded, with
S € A(m) such that for any o € A satisfying ||| € {m + 1,m + 2},

V@) = D ap@)Vig ().

peA(m)

We write (UFG1,m) to denote that the UFGI condition holds for m € N.

Definition 1.19 (UFG2 Condition) We say that a system of vector fields {V; : i = 0,...,d}
satisfy the UFG2 condition if there exists m € N and ¢, 3 € CEO(RN), uniformly bounded, with
B € A satisfying | 3| < m, such that for any o € A satisfying |a] = m + 1,

V(@) = Y ap@)Vig ().

BEA(mM)

We write (UFG2,m) to denote that the UFGI condition holds for m € N.

Lemma 1.20 (Equivalence of various forms of UFG condition) There holds the following rela-

tionships:
1. (UFG,m) = (UFG,n), form < n.
2. (UFG,m) < (UFG1,m).
3. (UFG,2m — 1) < (UFG2,m).

4. (UFG,m) = (UFG2,m).

Proof : 1. This is obvious once one notes that for all a € A such that a € A(n), V| may be

expressed as the same linear combination for either case, i.e. if
Vig(@) = Y @ap@)Vig(x).
BEA(m)

Then

V(@) = Y~ ¢ap(@)Vig (@),
peA(n)
where ¢, 3 = 0 for all B € A(n)\A(m).

2. The implication (UFG,m) = (UFG1,m) is trivial, as {« ; |laf| € {m + 1,m + 2}} C A.
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For the reverse case, we observe the decomposition A = A(m)U{a ; ||of| € {m+1,m+2}}U{a;
||| > m + 2}. If a € A(m), then it is clear that

Vel = D ¢a8Vig)
BEA(m)

where o3 = 1if « = f and po 3 = 0 if a # 5. If « satisfies & € {m + 1,m + 2}, then
holds directly from (UFG1). If a € {a; ||| > m + 2}, then the result follows from induction. We
do the first step for illustration purposes. Assume ||«| = m + 3, then « has the form o = o/ x o*
where [[o/|| =m+1if a* =0, and ||¢/| = m + 2 if a* € {1,...,d}. Therefore,

Via] = Moy Var]

=1 D asVig Ve

BeA(m)
= > vas [Vigh Var] = (Vara)Vig
BEA(m)
= ) CargVigrar | T | D ParpVigear) = (Varva,)Vig) |-
BEA(m) BEA(m)
Bxa! € A(m+2)\ A(m) Bra’'€A(m)

Again, we may apply the UFG1 condition, this time to the first term in the above (the undermost

expression) to complete the argument. The proof for general « follows by induction.

3. This proof is analogous to the proof in 2. The most important difference here is that {a €
A:lal <m} c{aeA:|a| <2m—1}. Thisis because ||.|| assigns extra weight to multi-indices

which contain zeroes (and o may contain as many as m — 1 zeroes).

4. This is clear once one notes that {av € A: ||af| <m} C {a € A:|a| <m}

This lemma permits various ways to proof to satisfaction of the UFG condition. In the next section

we discuss the primary motivation of the gradient bounds.

1.7. The Kusuoka-Lyons-Victoir method

CUBATURE ON THE WIENER SPACE

This numerical method, outlined in Lyons and Victoir [29], is an extension of Stroud’s (cf.[38])
cubature formula for finite-dimensional positive measures to measures on the infinite-dimensional
Wiener space. It seeks to significantly reduce the numerical effort required to compute expectations

over an infinite dimensional space, by proving that computing expectations of functionals on this
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space reduces to a consideration of certain key points. These points are then identified by way of
applying the algorithm described in the paper [29].

Cubature on the Wiener space has many notable advantages over conventional numerical methods.
In particular, when computing the expectation of functionals of diffusions whose coefficients do not
satisfy the Hormander condition, the conventional numerical methods prove naive as they are blind
to the irregularity of such solutions.

It is certainly easy to see why cubature would be useful in mathematical finance, where expectation
computation of functionals of diffusions is fundamental to the pricing of derivatives. But many
problems in physics and other fields also require such methods. If one focusses on the equivalence
between solving parabolic partial differential equations and the integration of functionals on the
Wiener space - in particular, recall and - then it is easy to see why this method transcends
disciplinary boundaries. We shall denote by CEV([0, 7] ; RY) the subset of Q consisting of all the

paths of bounded variation. The definition of a cubature formula is, as follows:

Definition 1.21 Fix m € N. It is said that the paths wi,...,w, € CEV([0,T] ; R¥1) and the
positive weights A1, ..., A\, define a ‘cubature formula on the Wiener space of degree m at time T’
if and only if, for all &« = (aq, ..., q) € A(m),

E [B%ﬂ - Jz:xj/o

dwi (t) ... dwi™ () = Eq [B%“}

<t1<..<tp<T

i.e. expectations under the Wiener measure of iterated Stratonovich integrals of degree < m are the
same as under the finitely supported measure Q := Z?Zl AjOu;. Note: wy(t) :=t in the above.

Theorem 1.22 (Lyons-Victoir Theorem) There exists a cubature formula of degree m at time
T,VmeN, T € (0,00), such that n < N, + 1, where n is the number of paths of the cubature

formula.
Proof : See Lyons and Victoir [29]. =

Remark 1.23 Extending a cubature formula of a given degree and time T to another cubature
formula of same degree, but different time, is obtained through the scaling invariance of Brownian
motion. Indeed, suppose we have a cubature formula of degree m at time T’ = 1, then the measure
supported on the paths wr ; given by w%i(t) =t and w%z(t) = \/wa (t/)T) forj=1,...,d, and
unchanged weights, is a cubature formula for general T'. Thus, one only needs to find a cubature

formula for T = 1.

The authors then proceed to provide an algorithm for computing such cubature formulae. The work,
and proofs of its global convergence are based on the Stratonovich Taylor expansion of f(X7).
Define:

f ifa=10

Vof = .
Voo - Voo f fa=(a,...,a)
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Lemma 1.24 Assume f € C;°, and Vg, ..., Vq € CJ°, uniformly bounded, then

FXE) = Vaf(@)Bi™ + Rin(t,x, f), (1.23)
Ote.Am
where
R(t,z, f) = Z / Viaf(X{) 0 dBj o dBy" ... 0 dB*,
i=0,....d 0<tp<..<tp<t
a€Am
s.t. ixaZ€Am

satisfies:

1/2 m-+2 ;
s (ERu(tof?) <C Y B sVl
zeRN j=m+1 a€A(GN\A(G-1)

Proof : See Lyons and Victoir [29]. =

When one has a cubature formula, estimation of E[f(X[)] will depend on the values of X} at
each of the bounded variation paths forming the support cubature. i.e. X7 (w;) will be the solution

at time ¢ of the ODE: .

dyy(x) =Y Vilyr(x))dwi(t), yo(x) = =.

i=0
This surprising transformation may be emphasised by writing ®; ;(w;) := X[ (w;). It may be easily

shown that the global error of this numerical approximation in its current form is:

Proposition 1.25
m+2

[E[rx] ~Eo[rx]|| = >0 0”2 sw o WVafl (1.24)

j=m+1 a€ANA; 1

Proof : Consult Lyons and Victoir [29] m

Unfortunately, the term on the right hand side of the above inequality is small only if ¢ and/or
the driving noise of the SDE is small. For this reason the approach is refined and the time interval
is partitioned, and the iterated application of cubature on each subinterval is considered. One will
have noticed that the gradient bounds have yet to be utilised. It is for this iteration procedure that
the gradient bounds are vital.

ITERATED APPLICATION OF CUBATURE: THE KLV METHOD

It is not always the case that one wishes to compute expectations of SDE functionals for smooth

test functions. Indeed, in finance, the price of a European call option can be expressed by terms of:

E(S; — K)*t where S is the underlying stock price.
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Notice that the functional here is not smooth (but it is Lipschitz). In this case, the upper bound
given in (1.24)) is meaningless. One does know, however, that even if f is not smooth, that P, f is
(at least in the direction of the vector fields of the SDE, under the UFG condition). An extension
of the cubature method which uses this property is needed.

The algebraic description of this algorithm, as presented here, is taken from Litterer [27]. The
original algorithm is described in Lyons and Victoir [29]

Definition 1.26 (Kusuoka-Lyons-Victoir operation) Given a positive measure i = Zézl i,
on RN, and a cubature measure Q = Z?Zl Aj0w;, we define the KLV operation wrt p over a
time-step s by:
l n
KLV(p,8) =) Y pidjbxoiy,, - (1.25)
i=1 j=1
Note that KLV takes discrete measures on RY to discrete measures on R . It follows directly from
this definition, that:

Eqf(X5) = Exiv(s,,s) f-

Now consider a partition, D, of the interval [0, 7], into k — 1 sub-intervals:
O=to<thi<...<tp=T.
Define s; :=t; — t;_1, and denote by D/ C D, the subpartitions:
0=ty <t1 <...<tj,

forj=1,...k.

Definition 1.27 Define the KLV operation with respect to a partition D, starting from the pointmass

x, recursively by:

KLV(D', z) := KLV(5,, 51)
KLV(D'*! 2) := KLV(D?, 5;11). (1.26)

Remark 1.28 Given the previous discussion, this iterated application of cubature can be interpreted
as a particle system on RN, which branches in the form of an n-ary tree. To compute the kth step
of the KLV approximation, one needs to have solved (n**1 —1)/(n — 1) ODEs, each determined by
the cubature path Wi,s; for1 <i<mn,1<j<k. Indeed, this is one drawback of cubature-based
methods. The computational effort required to solve an exploding number of ODEs can quickly
become a problem. Amendments to cubature-based methods to address this problem have been
made by Litterer [27] using a method called ‘recombination’. Figure illustrates an example of a
cubature path.

The KLV operation satisfies a Markovian property (due to the Markovian property of the underlying

SDE). This allows one to control the error over the global interval [0,7], in terms of a constant
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Figure 1.4.: Cubature formula of degree 5 for one Brownian motion

multiplied by the sum of the errors over the subintervals of the partition. This fact can be expressed

rigorously as:

Proposition 1.29 The KLV approximation of degree m satisfies

k. m42
|PrH)O) = Exrvofll, <03 ST s swp |[VaProyfll.. - (1.27)
=1 j=m+1 acA;\Aj_1

Proof : See Lyons and Victoir [29] or Litterer and Lyons [28]) for full details. m

A PROBLEM WITH THE STRATONOVICH TAYLOR EXPANSION

One now seeks to use the gradient bounds to provide an upper bound for the terms ||V, Pr_y, f|| ., o €
A(m + 2)\AA(m). It is noted, however, that such V, = V,,, ...V, include the vector field Vj for
some V,,. The UFG condition is indeed very specific about which V[, one obtains a gradient bound
for. This, as we shall see, certainly does not include V{. This issue was raised in Crisan and Ghazali
[8], and the authors rectified this situation by assuming an extra condition; the so-called VO condi-
tion, which is stated below. In the Chapter 6 we adapt the following proof so that the V0 condition

can be completely relaxed.

Definition 1.30 (VO condition) A family of vector fields V;,0 < 1 < d is said to satisfy the V0
condition if for some ug € Cg°(RY), uniformly bounded, B € A(2), there holds:

Vo= Y usVg:
BEA(2)
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Therefore, if the VO condition is assumed it is easy to obtain a relevant gradient bound and to apply
this with the aim of obtaining an upper bound for the global error. Indeed, from a gradient bound
of the form (1.4]) one can show the following:

Corollary 1.31 There exists a constant C,, such that for all o € Ag(m)

t1/2
HV Ptf” t”aH/Q HVfH

In even more recent developments (see Literer [27]), the author has shown that the VO condition

on the drift can be relaxed and that one still obtains the same rate of convergence as shown above.

The following global bound for the error of the KLV method may be deduced:
Theorem 1.32 Suppose the vector fields V;,0 < i < d satisfy (UFG,m), then
o m+1k—1 j+1)/2
| Prf() - EKLV(D,.)JCHOO <CrlVils ( x Z 21 s J/2>
j=m i

where the constant Cp is independent of the number of subintervals in the partition of [0,T]

Proof : For details consult for example, Ghazali [11]. =

Finally, by taking uneven partitions of the interval [0,7] one can derive high order convergence
of the KLV method. Define, for vy >0and 0 < j < M

o (-2))

This was pointed out in Kusuoka [21].

Corollary 1.33 There holds the following global convergence rates:

IPrf(.) = Exrvp.ysllo < Kn 2|V flloo, if 0 <y <m-—1,
< Kn~ D2 16g(0) |V f oo, ify=m-—1,
< Kn~ "RV f |, ify>m-—1.

Proof : See Ghazali [11]. =

Remark 1.34 In Chapter 5, we state a local version of the UFG condition, called the LFG condition,
which is used to derive local regularity results. Unfortunately, the author found no way to apply
the local regularity results to prove fast convergence of the KLV method, apart from in very simple

situations. For this reason, Chapter 5 does not contain a section on numerical schemes.
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2. The gradient bounds of Kusuoka

In this chapter the equations developed in the introductory section are expanded to give a full and
self-contained proof of Kusuoka's gradient bounds (cf [22]). In later chapters, we shall apply these
methods to new, more general problems, but this one remains the core on which the later calcula-

tions are based: both technically and ideologically.

Diffusion semigroups and bounds on their derivatives can, and have been, studied from many
different approaches. They can broadly be separated into two different categories: those techniques
which employ Malliavin calculus, and those which do not. In recent times, the main thrust from
the latter group has come from Bakry and his collaborators. This group approach the geometric
investigations of Markovian diffusion operators through functional analytic techniques, whose results
and conditions are phrased in terms of a symmetric bilinear operator defined on C'°° x C*, which
is known as the "carré du champ” and denoted I'. This operator was introduced by Roth [36] and
Meyer [3I]. If £ is the generator of the semigroup P;, i.e. L is a second order differential operator
and is given by: .

L= VP+W,
i=1

then the carré du champ is defined as follows:

L(f,9) == L(fg) — fLg—gL[.

Roughly speaking, I' can be thought of as measuring how far L is from being a derivation. The
gradients bounds they deduce are phrased in terms of this operator, and its so-called "iteration”,

which replaces multiplication by taking the I' ‘product’. That is, define I'y by:

2F2<f7g) = Er(fvg) - F(fvﬁg) - F(g,ﬁf),

then it follows that I'y > RI" for some R € R if and only if for each f € C° and t > 0 there holds:
(P f) < e 2B P(T'f). Examples of operators which satisfy this this condition are the classic heat
semigroup, driven by the Laplace operator (for R = 0) and the Ornstein-Uhlenbeck semigroup (for
R =1). This result is proved in Bakry and Ledoux [3], and excellent summaries of these and related
results can be found in, for example, Bakry [2] (in French) or Ledoux [26] (in English). Whilst
these result are very interesting, they are not gradient bounds of the type we seek, and are not of

the generality we wish for. The Malliavin calculus approach to gradient bounds has been pioneered
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by Kusuoka and Stroock in [23], [24] and [25], and Kusuoka in [22]. Their utilisation of Malliavin
calculus focusses on procuring an integration by parts formula. Moreover, the approach Kusuoka
adopts in [22] is not only sensitive to the rates at which a general diffusion semigroup smooths, but
is also dependent on a demonstrably general condition.

As most of the work in this section is an exhibition of the work of Kusuoka [22] and Kusuoka
and Stroock [24], one should assume unless stated otherwise, that the proofs and results are owed

to them. To aid clarity, we note the results from this section which are original: Example 2.1,
Theorem 2.40.

2.1. Non-linearity breeds contempt

The idea behind theory is simple: to construct an integration by parts formula for the diffusion
semigroup by using the operators of the Malliavin calculus. In this section the groundwork is laid
for the deduction of an integration by parts formula. Key to the development of the formula is the

creation of a linear system of equations, as permitted by the UFG condition.

UsING THE UFG CONDITION

Care was taken in the first section to introduce the problem within a very general context. In this

section one may assume the relative luxury of the following simplifications:
1. Vo,..., Vg are time-homogeneous. That is, V; = V;(z) for i =0,...,d.
2. V; € Cp°, and are uniformly bounded, for i =0, ...,d.

Based on these simplifying assumptions it is intuitive that the solution of is a time-homogeneous
Markov process and that X7, = X§, , P-a.s. This means that the resulting semigroup is a one-
parameter semigroup, and to simplify the notation we write X" instead of X§,, J;" instead of Jg,,
etc. Throughout this section it shall be assumed that (UFG, m) holds. Before developing the
integration by parts formula, we provide an example of a stochastic differential equation for which
the UFG condition holds, but the uniform Hormander condition (see (H’) on p74) does not.

Example 2.1 Consider the three-dimensional diffusion driven by the SDE

(X ] [o X" 0 0
d| X2 | =|1|dt+]| 0o |dBf+| X}* |dB+| 0 |dB},
X |0 0 0 XP"
[ X[%’x i [ :I:l
Xg’m = | x9 .
| X" | [
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We now verify that the UFG condition is satisfied. Indeed, after identifying the vector fields,
Vo,..., V3 as:

0 T 0 0
‘/0: 1 B ‘/1: 0 ) V2: 3 ) ‘/3: 0
0 0 0 T2

Then it is easy to verify that the Lie brackets of order ||| = 2,3 are given by:

0 0
Vivop Vieep Vieap Vigo = | 0 |5 Vg = 0 |, Vg =| —22
0 —1 3

We claim that the UFG condition holds with m = 3. This is done by recalling the work from the
previous chapter (cf Lemma|[1.20), and instead showing the the UFG2 condition holds for m = 2.

i.e. we show that that all Lie brackets of order |a| = 3 can be expressed in the form ((1.22):

[0
Vig= 101,
| 0
[0
Viz.2.3), V2,33 = 0 = +2V3,
:|:2332
[0
Vigzop Vizo = | 0 | =£V3-
| +1

fora € {(2,0,0),(2,0,2),(2,0,3),(2,2,0),(2,2,2),(2,2,3),(2,3,2),(3,0,0), (3,0,3),(3,2,2),(3,3,2)},
or for a of the form «; = 1, for some i. Vector fields which are identically zero trivially satisfy equa-
tion ([1.22)) of the UFG condition. Hence we have demonstrated that the UFG condition holds.

Recalling the results developed in the preceding section, it holds that X; is a flow of C°-
diffeomorphisms on RY satisfying X; € C®(RY), and X7 € D>*. The goal is to create an
integration by parts formula, and in particular recall (1.21)):

DF(XE) = (V) (XP)DXF = V(f 0 X)(x) ( / '<J$>-1w<xz>du)

i=1,...d

It was mentioned that the basic idea was to isolate terms containing V(f o X;)(x) and use the
operators of the Malliavin calculus to deduce the IBPF. It is clear that any such attempt will have

to explore the terms (JZ)1V;(XZ), i = 1,...,d. Indeed, by applying Itd's lemma for Stratonovich
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integrals (cf. Nualart [33, p130,(2.63)]) one obtains:

(JE) M Vi, ViI(XT) 0 dB}

M&

d[(JF)TVi(XT)] =

.
Il
=)

||
M&

(J¥)~ lv[i*j}(th) ° de‘%’

<.
Il
=)

This equation goes some way to exhibiting why the Lie bracket plays such an important role in this

problem. Moreover, it is clear that Itd's lemma may be iteratively applied. Fix a € A, then one has:
d .
d[(JF) " Via)(XP)] = = () Viaps VII(XT) 0 dB]
i=0
d .
== (JF) WViawi (X{) 0 dB;.
i=0

Note that the application of 1t6's lemma assumes certain differentiability of the vector fields V[,
and hence of Vj,..., Vs In later sections this is something we are careful of, but based on the
simplifying assumptions that have been made, this presents no problem. A fair question at this
stage is: what do we do with this (potentially) infinite recursion? 1t8's lemma may be applied as
many times as is wished, but this will gain no extra wisdom. This is where the UFG condition fulfills
its task. The UFG condition curtails the infinite recursion, and creates a very tractable closed system
of linear equations. It is through this linear system that the IBPF is born. For expressions which

involve terms such as V|, where ||a|| > m, as the UFG condition permits, the relationship:

Ve = Pa,6Vs]
BEA(m)

shall be used. Expressions which involve only Lie brackets such as V|, where [laf < m, shall be

left untouched. That is:

d
4 [(TE) Vi (XD)] = = S () Vi), VII(XF) 0 dB]

1=0
d .

— =3 () Vi) (XF) 0 dB]
1=0

= Z Z ¢ (XY (J7) Vi) (XT) 0 dB},

=0 e A(m
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where cloéﬁ have been chosen in line with the aforementioned rationale. Precisely,

-1 if axie€ A(m) and 5 = a*i,
ngg(x) =<0 if axie€ A(m) and 8 # a *1i, (2.1)
—Pawip if axi g A(m).

In particular, it is noted that cgﬂ € CEO(RN), uniformly bounded. The key aspect to this represen-
tation is that a closed linear system of equations has been formed. That is, one may express any
(JF)"'Vio(X¥) in terms of a finite linear combination of similar terms. Indeed, this construction

can be abstractified by considering the above as the solution to the vector SDE:

{ Ay =YLy CU(XP)Yf o dB, 22)

Yo =V(a),

where Y(0,2) = V(z) := (‘f[a](x))aeA(m) c RV» @ RY and C? : RN — RV» @ RNm  and is given
by:

C'(x) == (cgﬁ(:r))aﬁeA(m).
That is, the terms (JF)'V[,j(X[) are entries in the random vector Y;”. One is able to take

advantage of the linear nature of this system of SDEs even further, by considering the dynamics of

the matrix which drives this random vector.

Lemma 2.2 Assume that A(t,z) is, for each (t,x) € [0,00) x RN, the unique solution to the matrix

stochastic differential equation.

(2.3)

dA(t’ l’) = Z?:O Cl(th)A(tv :E) 0 dev
A(0,z) =1.

ThenY (t,xz) = A(t,z)Y (0, ). In particular,

(J5) Vi (X7) = (At 2)Y (0,2))a = Y aap(t, )Viy(2),
BEA(m)

where aq g(t, z) = (A(t,2))ap.
Proof : It is easy to show A(t,2)Y (0, z) solves equation ([2.2)), then by uniqueness of SDE solutions

(see, for example Karatzas and Shreve [17]), the result follows. m

The above results demonstrate that all the relevant information about the solution is cap-
tured by (2.3). It is clear that a careful consideration of the random matrix A(t,z) is required.
The same classical results from Kunita [19] about SDE solutions, used in the first section for the
stochastic flow (cf Theorem [1.12)), may be applied to obtain the following proposition.
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Proposition 2.3 The matrix stochastic differential equation has a unique solution, and its
components aq 5 : [0,00) x RN — R, «, B € A(m) satisfy the mutually dependent SDEs:

a5t ) = aﬁ+z > / XP)ayp(s,x) 0 dBL.

7= O’YE.A

Alternatively in Ité form:

aa,g(t x —(5a5+z Z / ’5 agg(s x)dB’

= OgeA

T3 Z > / (Vich ¢)(X3)ag 5(s, x)ds

i= lgeA

/ Z Z X7 )ag g(s, x)ds.

=1 ¢ geA(m)

Moreover, there is a version of a, g(t,.) : R — R which is smooth: both with respect to standard
differentiation and Malliavin differentiation, that a, s(.,.) is jointly continuous in [0,00) x RN with
probability one, for each «, 5 € A(m), and

ol P
sup E|—anp(t,z)| <oo, Vpe[l,o0), T >0, (2.4)
xERN 81‘7
t€[0,T]
for any multi-index . Finally, for any k € N
P

sup E HDkaaﬁ(t,x)H <oo, Vpel,o0), T >0. (2.5)
z€RN HEW
te[0,7

It is also clear that such a matrix A must be invertible, as the inverse can be easily identified.

Corollary 2.4 The matrix A = (@a,)a,geA(m) in Lemma is invertible, and its inverse satisfies
the matrix SDE:

d .t
B(t,z) :I—Z/ B(s,z)C*(X¥) o dB:.
i=0 70

Moreover, the components b, g of B, o, f € A(m), are P-a.s. smooth in x for fixed t € [0,00) and

jointly continuous on [0,00) x RY, with

gl P
sup E|-—bap(t,x)| <oo, pel,00),T >0. (2.6)
:L'ERN (91‘7
t€[0,T]
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Finally, for any k € N

sup E HDkba,g(t, x)Hp < oo, Vpe[l,), T >0, (2.7)
z€RN H®k
t€[0,T]

The solution must now be studied, as its elements are fundamental to the analysis. It is
noted initially, that although this matrix is potentially very large, with potentially significant mutual
dependence, many of the terms which make up this mutual dependence are zero. Note that for fixed
a, f € A(m) there holds

(o p(t, ) _5a5+z > / X%)ay p(s,2) o dBL. (2.8)
1=0 ye A(m)

But based on the coefficients, described in (2.1)), the following may be identified:

For [|or]| < m — 2 there holds: [la x| <m foralli=0,...,d, soc_, #0 only when v = axi, in

which case c o,y =—1. ie.

aq g(t,z) = 5a5+2/ aa*lﬁsx)odB

For ||a]| = m — 1 there holds: |a x| = m for i = 1,...,d, with [Ja*0|| = m + 1. Hence
axi€ Alm)fori=1,...,d, and ax0 & A(m). i.e

e 5(t, ) —5a5+2/ aa*zgsx)ode

Z /Soa*oﬁ s )y 5(s, z)ds.

YEA(m)
For ||a|| = m there holds: ||a *i|| > m for i =0,...,d. Hence a*xi & A(m) for i =0,...,d. i.e.
G, 5(t .%' = 5aﬁ + Z Z / Spa*z,'y )(I%B(S, $) o dB;
1=0 ye A(m

An explicit form for a, g is sought and is easy to identify from (2.8)). In fact, each element of
the matrix may be split up into a sum of two terms: the term which arises from d,3 - a iterated

Stratonovich integral - and a remainder term. That is, for any «, 5 € A(m),

o p(t, ) = al a5t ) + 105t ), (2.9)
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where
~1)MIBYY, if B = a*~ for some v € A(m),

0
aaﬂ(t,x) = '
0, otherwise.
And
Ta,p(t, x) = Z / / e, iy 5( X3 )as,a(s, ) 0 dBl odB]'... dBJ*,
'yE.A7 0,...,d Sk+1
st Janyl[<m
lyedlZm41=lal
S§EA(m)
where Sy1 1 := {(s1,...,5611) € [0,8]71] ;0 <51 < ... < sp41 < t}. It will be beneficial to know

the following about remainder terms:

Proposition 2.5 Forany T >0, p € [1,0), o, 8 € A(m) and vy € A, the following hold

sup E [tiHVH/Q ’B;v }p < 00, (2.10)
te(0,7

sup E [t [ —(mt1=llel/2 |y, o2, x)@p < . (2.11)
z€RN
te(0,T7]

Proof : The proof of the first part is straightforward once we observe, by the scaling invariance of

Brownian motion, that the following relationship holds:

B 25 B
~ vl ~ . . .
and so B;” L TB . (2.10)) follows easily. The proof of the second part is left to the appendix. m

An equation which shall directly lead to the integration by parts formula may now be formed.

2.2. The integration by parts formula

The techniques in this section are guided by Kusuoka's original paper [22]. Assume initially f €
C2°(RY), then from (T.21]) we have

D7) = V(s X ([ U v

i=1,...,d

The linear representation of Lemma is used:

(JH)TWViXD) = (Aw,2)V (@), = Y asp(u,2)Vig ().
BEA(m)
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Hence,

Df(X])=V(f o Xy)( (/ Z alﬁu:UV[ﬁ]() )
i=1,...,d

O geA(m L
tA. o
foXi)( Z Vig (x (/ aivﬁ(u,x)du>
BEA(m) i=1,...,d
= > Via(f o Xo)(@)ks(t, ),
BEA(m)

where

.....

This single equation can be made into a linear system of equations by taking the H inner product

with kq(t, z) for all « € A(m). i.e. by taking a1, ..., ay,, to be an enumeration of the multi-indices
of A(m):
(DF(XF) ko () g = Y Vig(f o Xo)(@) (ka(t,2), Koy (£, 2)) g
BeA(M)
(DF(XE), b (8, 7) Z Vig(F 0 X0)(&) (s (t, 2), k(1,2 5
BeA(m)
<Df(XéE)7kOCN Z V[ﬁ] foXi)(x) <kﬁ(t7x)7kaNm(tvx)>H‘
BEA(m)

Define, for o € A(m), for notational simplicity:

D@ f(XT) = (Df(XT), kalt, x))

_ el 181
My p(t,x) =t 2 <k:a(t,x),k5(t,x)>H

lol181 < [t
= S [ sl il s,
i=170

so that

DOf(x) = 3 T Mos(t,2)Vig (f 0 Xo)(@).

BEA(m)
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. . .. . .. llell+1181 .
A brief remark is made about the decision to multiply and divide by ¢~ > It will be seen that
the presence of the iterated Stratonovich integrals in the expression for a; o (t, ) [cf (2.9)] will allow
. . . llell+ 121 . . .
offsetting the behaviour of M, 5(t, x) against ¢~ ="', What remains will form the aforementioned

rate for the integration by parts formula. Although this step is technically unnecessary, it makes the

proof easier and more transparent.

The above can be seen as a linear system of equations driven by a random matrix M (t,z) =
(Mqag(t,x))a,p- It is hopefully clear that if this matrix can be inverted, then the IBPF will be very
close. For then there would hold, P-a.s:

_lall S *
Viag(foXy)(w) =t > 72 M j(t,2)DW f(X7),
BEA(m)

and the operators of the Malliavin calculus could be employed to obtain an IBPF for the derivatives
of the diffusion semigroup along the directions of the Lie algebra. The next section is devoted
to proving this result.

2.3. Invertibility of the Malliavin covariance matrix

The aim of this section is to prove the following proposition.

Proposition 2.6 M (¢, x) is P-a.s. invertible. Moreover, forp € [1,00), a, f € A(m),

sup E [M;é(t, aﬁ)}p < 0. (2.12)
te(0,1], zeRN ’

For real-symmetric matrices such as M (¢, x) there is an elegant representation of the minimal

eigenvalue. The following lemma utilises this to simplify the requirements for invertibility.

Lemma 2.7 The statement of the previous proposition holds, providing the following can be shown
for each p € [1,00): there exists C' > 0 s.t.

: 1 _
P <|§n=f1(€’M(t’m)§) < n) <Cn™?,

foralln >1,t¢c (0,1], and z € RV,

Proof : See appendix. =

In view of these results, consider (£, M (t,z)§). The determinant of M (¢, x) is non-negative and
increasing with t. This means that if M (¢,z) is a.s. invertible for some ¢t > 0, then it must be
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invertible thereafter. Let y > 1.
(EM(t2)e) = Y EabpMap(t)
a,BEA(m)

= Y et U ko (t2), kst 7)),

a,BeA(m)

= Z fat_u )

acA(m)

H

_ Z et uau/ ‘(a?a—i—ra)(u x)du

acA(m)

2

H

t/yA.
Y gt ”/ ’ (% + 7o) (u, 2)du

acA(m)

2

v

H

Observe that, since y > 1, using the notation: S" := {z € R"*! : ||z|| = 1},

2
lal by A
m Y e [ e
£eSNm=
acA(m) H
—@ t/y A. 2
> i f o | T o ) d
> X el T[T et
acA(m) H
Now focus on the term appearing on the RHS:
_lal 2
t 2 YA
Z fa |: a,,a(u,x)du
aEA(m) Y 0 H
1 (1] e 2
25 Z o |- / aga(u,x)du
acA(m) LY ] 0 H
2

HaH

t-_ t/y/\
— Z o |- / r.o(u, x)du
0

acA(m) - H
. RIS 2
> 3 Z o |- / a?a(u, x)du
acA(m) LY ] 0 H
t/y d =l
- Z 2 / [t] T (u, )% du
a€A(m) 0 qeA(m)i=1 LY
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Recall that a?va(u, x) = 0 whenever o # i %y for all multiindices . Moreover, aga(u,x) =:
when i x v = a. That is, as each multindex a € A(m) satisfies a1 € {1,...,d}:

a®(u,x) = (O,...,]@‘w ...,O).

L u

It is now necessary to briefly discuss the first term on the RHS. The following result is taken from

Kusuoka and Stroock [24], but a comprehensive proof is provided in the next section.

Proposition 2.8 Given m € N, there exist constants Cy,, pim € (0,00) such that for all T > 0

2
1
dt < - < Cy, exp{—ntm}. (2.14)

T
Iyl 1 ~
P inf / T 2 "2q,B"

NO>
acS m-1 YEA( p(m—1)

Proof : The proof of this result is very demanding. For a detailed proof, consult the next section. m

As a result of this strong bound, which is incidentally much stronger than that which is required for

invertibility, it is very easy to deduce the following two equivalent properties:

Corollary 2.9 For any m € N, and p € [1,00), there holds:

2 -p
T
E inf / [ > 755 B dt| < oo (2.15)
aes™m=17170 ] ye sy o (m-1)
And, equivalently, for all g € [1,00)
t 2 1
P inf /l > T 5 B dt < = | < Cgn. (2.16)
aeS™m=1""70 | ye Ay 5 (m—1) "

The usefulness of the above might not be immediately clear, so turn attention back to the lower
bound obtained for (£, M(t,z)&). The fact that any o € A(m) can be expressed as o = j %~y for
some 1 < j <dand~y € Ayp(m — 1) is used. This allows the effective utilisation of the structure
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of a®,(t,z).

llal 2

Y H 7 /0 o a®, (u, z)du

acA(m) H
2

JE T L e

J=1y€Aqp(m—1) H

SN |

lv][+1
2

_ v+t
2

t/y A. R
/ (§jey By )j=1,....d du
0

_ v+

t/y A t 2 .
= / Z [] Ejuy B du
0 Yy .

’)’E.Aoy(a(m—l)

d_ st/yA. — v+t 92
B e

YEAg,p(m—1)

It can also easily be shown that by taking infgc gnm-1 of both sides:

llal 2
5 rt/y A
. 0
ol > H /0 a’ o (u, )du
acA(m) H
lyll+1
t/y A, e R F
— 511nf Z/ [ [ fj*vB;):{L} du
$€Shm—1 vedgg(m—1) Y
lyll+1

t/y A.
= inf
o [T]%

2
aVBEV] du,
a€S m—1" vEA) p(m—1)

7
Yy
recalling that an’gl = N,,—1 + 2 This is precisely why the upper bound derived in Proposition

was introduced. It enables a precise control over the tail behaviour of (&, M(t,x)¢). The various

pieces of analysis are now synthesised. In what follows, note that

1 1 1 1 1 1 1
P<X Y < ) ]P’(X— §7Y<>—HP’<X—Y§,Y2)
n n n 2 n n
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This gives:

2

4
du < —
n

_ v+t

AR
y

IN
~
o
m
19))
o
SE
S—
<
<
| — |

YEAp,p(m—1)

—llell
1
P inf i,a\ Uy 2d > =
ol [ L B ]
acA(m) acA(m) i1=1
t/y " _H'Yngl ) 4
=P inf Z [} a B | du < —
(LESN010 t1-1 0 Yy n
m—1 'YG-AO,Q)(mil)

t/y d_ ryq-lel ) 1
+P / {} 7io(u, x)du > —
i > y (u,z) -

acA(m) =1

The program is almost complete. The following is deduced from Proposition [2.5|

Lemma 2.10 There holds, for all p € [1,0),

P
sup E / Z Zt el =1, o (u, 2)%du | < .
txee(ﬂ&];] a€A(m) =1

Proof : See appendix. m

The proof can now be completed.

2
t/y ol
1 — oy —
: o ﬂlfl‘}tf“i - /0 [ 2 M B s

iy d_ry1-llol
+P Z Z {] riya(u,x)zdu >
0 aeA(m)i=1

N

_livii+1

t/y t 2 N
=P inf / > H a, B
aesNgivil“*l 0 YEAp,p(m—1) y
t/y d =[lefl -1
+P / Z [ ] 7.0, ©)%du > XA
0 acA(m) 1=1 nt

q q q
o) () 1) s (2

It is important to note that the above bounds hold V¢ € (0,1] and Vo € RY. The decision to

introduce y > 1 should now become clear. Without it, the analysis would fail. Indeed, there is a
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clever choice of y such that Lemma holds. Set

y_ 47
so that

n_4

y n

And finally, combining this with the above we obtain:

n
—_

P< inf (f,M(t,fL’)f) < i) < m,p

é'eSN'm—l

as required.

In the next section regularity results about the inverse of the matrix are proved. These results

shall be fundamental to the integration by parts formula.

2.4. Diffuseness of iterated Stratonovich integrals

It was seen in the last section that invertibility of the Malliavin covariance matrix can be achieved if
Proposition holds. Its statement is recalled and it is sought to prove this result using the work
of Kusuoka/Stroock in [24] as a guide.

Proposition 2.11 For any m € N, and p € [1,c0), there holds:

T 2 -
E inf / l > 750 B dt | =Chy < oo (2.17)
aes™m=17170 [ hea; o (m-1)
And, equivalently, for all g € [1,00)
T 2 1
P i%f@ / [ Z T_H%‘_%avéfv dt < — | <Cpgn™ L (2.18)
aes™m=17170 | ye sy g (m-1) "

Proof : The proof of this important result is begun through simplification of the problem. By
considering the distribution of the iterated Stratonovich integrals one is able to make a change of

variable to the integral. Indeed, note that:
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Hence it may be deduced:

2
T Iyl 2 ~
[ X r% |
0

YEAg, p(m—1)

2

D dt

l Z Tﬁé%éo%'y

YEAg p(m—1)

2
du.

T
/
u=t/T 1 ~o
= Z a, By

0

YEAg,p(m—1)

Hence, proof of Proposition 2.11 is reduced to showing that for each p > 1, there exists C' > 0 s.t.

2
1
A 1
; oy bl —p
P I%fw 1/0! E ayB,, du<n <Cn™P, (2.19)

acsNm—1~ YEA),p(m—1)

for all n > 1.

Iterated Stratonovich integrals arise in a very natural way from the geometry of this problem.
That said, one must often turn to the more established results in stochastic integration to do an
accurate analysis of them. These results are almost always phrased in terms of Itd integration and
the semimartingales resulting therefrom. Hence, attention is switched to iterated It integrals via
the following proposition. The moral of the story is that, although undoubtedly different objects,
iterated I1t6 and Stratonovich integrals are equally as diffuse.

Proposition 2.12 Define BYL := (BEO‘)HQHSL and BF = (Bta)HaHSL' Then, for all L € N there

exist constant matrices Ay, A; € RVNL*NL sych that

(i): Bt = A B and (i) BF=A.B°".

i.e. Ay is invertible with Azl = Ap.

Moreover, it follows that the existence of constants Ch,, i, € (0, 00)

2

1

Ao 1

P| inf / E ayB;"| dt < — | < Cyexp{—ntm"},
>Yaz=1Jo n

vE€Ag p(m—1)

is equivalent to the existence of constants Cy,, fim € (0,00) such that

2

1

. 1 ~ .

P | _inf / Z a B} | dt <= | <y exp{—nm}.
> a2=1Jg n

YEAg,p(m—1)
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Proof of (i) (adapted from the proof of Lemma A.12 in Kusuoka and Stroock [24]) :

(i) is approached by using an induction argument on L. Clearly if L = 1 then there is little to
prove as BfL = B{J Hence, as A, = Ijq = flL. Now assume that the result holds for L < k. i.e.
for all « such that ||a|| < k there holds, for some deterministic constants: ag’ﬁ, 18] < k.

Byt =) ansB.
IBiI<k

It is clear one need only prove, for suitable constants aiﬂ%l, 18]l < k+1for ||a|| =k +1

. ] 2
B = " atlBy
1BlI<k+1
Let a = (¢/,a*) where ||/ = k—1if a* =0, and ||/|| =k if o* € {1,...,d}. The cases a* =0
and a* € {1,...,d} are treated separately. Assume first that a* = 0. Then

t t
Bfo‘:/ B;’alds:/ Z ag/ﬂBgﬁds
0

0
1BII<k

k 5680
LY
8lI<k

_ Z CLZ/ﬁ/B%B*O

I8]<k+1
B*=0

_ k+1 16
= > ayy B,
18] <k+1

af, g BT =0

where a1 =
“F o g 0.
Now assume o* € {1,...,d}:

t t t
R “ / * A~ / * 1 A "
BtO(X — /0 B;a o dB?’ — /0\ B;)O’ dB;y + 5 /0 Bsa ds 1{04*:(0/)*}

t t
- « 1 N
= / Z ai’ﬂBgﬁdB? + 5/ Z a];//’ﬁBSBdS 1{@*:(0/)*}

O 8lI<k O 8II<k
X Lo (s R
k ° {ar=(a)"} K o

= Z aa/,B/Btﬁ—‘rf Z aa//,B/Btﬁ

18] <k+1 18] <k+1

=kt =
_ k+1 Hop
= Y. ey B

18]I <k+1
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ai’,ﬁ/ if a* = ﬁ*a
k+1 _ 1 _k—1 : /
Where aa,ﬂ — éaa/ ’6/ |f B* - 07 a* = (a )*7
0 otherwise.

This completes the argument. As (ii) can be proved in an analogous manner, its proof is omitted.
It is now shown how (i), (7) imply the remaining equivalence result. Note that if Ay, is invertible,
then AT is also invertible with (AT)=! = (A;1)T. Moreover, from invertibility

0 < ¢min := min ]Afg} )
l§]=1
Adopting the shorthand notation 3fL Ef employed above, there holds:

1 1
. Sol\ 2 . AV
|§|nf1/o (€. 5 )dt_énfl/o (& AcBr)dt

1
— inf / (AT¢, BE)?dt
l€=1Jo

1
Sli?f/ (V,Bf)Zdt .
v|=1Jo

A similar estimate can be made from (ii). These estimates prove the remaining claim of the propo-

sition. m

Before tackling Proposition in earnest, some supplementary results about iterated It6 integrals
are required.

Lemma 2.13 Fix [ € N. There exists C; < oo and v; > 0 such that for all « € A with |laf =1,
there holds:

R 1
P ( sup ‘Bta‘ > n) < Cjexp ( - 27#“), (2.20)

te(0,1]
for alln > 1.
Proof (adapted from the proof of Lemma A.7 in Kusuoka and Stroock [24]) : Fundamental

use of the following martingale inequality is made. For K1, K5 >0

K2
P( sup |Mr|> K1, (M)r < Ko SQexp{—l}.
te(0,T] 2K5

This result is proved by expressing the above martingale as time-changed Brownian motion (run at

the ‘speed’ of its quadratic variation, see Karatzas and Shreve [17, Thm 3.4.6]), and then using the
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following two relationships:

P( sup |By| > K)=2P(Br > K),
te(0,T
> 1 e_“2/2du < e—:c2/2

z V2T o ’

The latter is seen by splitting consideration into two cases: = € [0,1) and x > 1.

xz > 0.

The relation in question can be obtained by iterative applications of this martingale inequality.
Define vy = 2, and in what follows allow v; to be chosen optimally afterwards. First assume that
ac{l,... d".

IP’[ sup ‘Bf ZK}
te(0,1]
<P| sup |B| 2 K, (B)1 < K] + P[(B%) = K]
te(0,1] - -
B A~ A 7 1 B 1 A 1 2
=P| sup |B|> K, (BY), < K" | +P / ‘Bg dtzK”N}
te(0,1] .
S]P’» sup Bta > K, <§“,>1<K”N —HP’ sup ‘Ba >K”N/2]
-te(0,1] - -t€(0,1]
(%) N (N+1—14) /2 A (i—1) .
<3 P[ sup (Ba > g/, (BT, <K”H]
= Lie
i 2 ex (—1K”1_”l 1)
PL72
i=1
where a(?) denotes that shortening of the multi-index o = (ay,...,ay) by i. ie. o =
(a1,...,an—_;) (additionally: o(®) = a). Note that the (*) follows from iteratively applying the
preceding inequality.
Now choose v; for ¢ = 1,..., N given that vy = 2 and 1y > 0. In fact, 1y can be chosen

arbitrarily for K > 1. If it is assumed that v; —v;,_1 =d >0fori=1,..., N, then

2
ZVi_Vi—1:N5 = 5:7’
i=1 N
and v; = % Assembling these facts gives:
1
IP’( sup (Ba >K> <2NeXp<—KN) (2.21)
te(0,1] 2

for arbitrary || = N. Assuming instead that ||«|| = [ and noting that |«| < ||a]| so that é <o <1
gives the same upper bound with N replaced by [. i.e. C; =2l and v, = 2/I.
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Now observe that if a; = 0 for some ¢ = 1,..., N the situation is even simpler:

]P’( sup ‘B XLy
t€(0,1]

)< g

> K),

as SUPye (0,77 ’fg Bg‘dt‘ < T'supse(o,7) ‘Ef’ Therefore, one needs only apply the martingale inequal-
ity Card {i : ; # 0} times. i.e. (2|a| — ||||) times. Hence, for a general «,

IP’( sup ’Bt ‘ > K) <2(2|af — Ha”)exp<— — K 2lel- |a|>
t€(0,1]

However, for any « such that ||a|| = [ the identified constants in (2.21)) are still appropriate, as
supja|=(2lal —lof) = 1. =
The main consequence of the above lemma is the following:

Proposition 2.14 To prove Proposition 2.11, it suffices to show the existence of C,, iy such that
for all n > 1, there holds

1 2
sup P(/ { Z aaB,?‘] dt < 1) < Oy exp{—ntm}. (2.22)
-1 0 "

NO.0
aES m—1 aGAo,@(m—l)

Adapted from the proof of Lemma 2.3.1 in Nualart [33] : There is some constant M, such
that for all n > 1, SNS;OQ—I contains some finite set ¥(n) with

,0
()] < Mpn®n and SNt e | By,
ceX(n)
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Observe, for fixed a¢ € $Nm- Li-ln Bl/ﬁn(c), there holds

2
1
min/ Z caBY| dt
ceX(n) 0 a€ g g(m—1)
2

1
= min Ca — ag, + ag, BO‘ dt
cEE(n)A Z ( )

acAgy p(m—1)

1 2 1 2
<2 min / { > (ca—ag)f}g] dt+/ [ > a;Bg] dt
cex(n) 0 a€Ag g(m—1) 0 =

2

o(m

2

1 A A

< QCénZi(r:l)/ Z (ca —al)Byr| dt + 26321% ag By | dt
0 aEAg p(m—1) aE.A (m—1)

2
2
SQpénZl(r?l7 ¢ — af)? / Z Bto‘ dt—l—QCénEi(I:L)/ Z at By | dt
i acAg p(m—1) i 0 acAg p(m—1)
2
1 [t L2 1 .
a€ Ao p(m—1) acAqg(m—1)

0
Now, the above upper bound holds for any a¢ € SNgz—f1 N Bl/ﬁn(c), in particular, it must hold

0,0 0,0 0,0 _
upon taking the infimum over all a € §Vm-171 as §Nm-171 = Ucesn) SNm-1=1 N By jan2(c). This
gives:

dt

aEAy p(m—1)

1 2
+2 inf /0[ > aaBt]dt. (2.23)

acsNm-1" acAjp p(m—1)

1 2 1
~ 1 ~ 12
i ) WBe| dt <2 ) ‘BO‘
3 /0 { ¢ t} =02 /0 t
a€Aj g(m—1)

Furthermore, it is evident that:

1 2
. 5 - 1
P{ J{rrolf“’ 71/0 [ G bi dt} = n:|

acS m—1 acAy p(m—1)

1 2
. 3
<P( mi > ¢Brdt| <

acAg p(m—1)

+IP’(/ 3 ’B(’ dt>n)
acAg p(m—1)
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Using ([2.23)) to proceed, it is seen that:

1 2
. 1
P|  inf > WBedt| <=

aegNm-1" a€Ag g(m—1)

IN
Sl

2
can“dt] dt >n

+IP>/ > 332

aEAy p(m—1)

aEAg p(m—1)

<> [/0[ > caég'dtrg

cex(n) aEAy p(m—1)

L2
+ P | sup Z ‘Bf“
| 1€O U e ag o (m—1)

2
Z aandt} < 3]
n

>n

S|lw

1
< MmK2N70v£1 sup ]P’[/
—1 O

N0, 0

565 m—1 a€Ag p(m—1)
0,0 @ n
+ N2, max P| sup ’B > —
acAog(m—1)  [+e(0,1] N~
,“”V?’L
0,0 n ~ n
< M,,,n*Nm-1B,, exp (— [} ) + Ngﬂl max P | sup ‘Bf‘ > )
3 ’C:‘?a-”-vﬂz—l t€(0,1] N~
oll=

. Hm 1 =
< ansz:L“jl By, exp (— [Z} ) + NS{? _Jnax Cp, exp ( 3 [n} )

5. ,mf

< A, exp (—nAm) ,

for some (large) constant A,, and (small) A,, > 0, for all n > 1. Both (2.20]) and ([2.22]) have been

used. m

The goal is now reasonably clear. If inequality can be proved, then (2.19) will have been
justified. Before turning to this proof in earnest, another supporting result is proved. Note that the
rest of the proof is, unless otherwise stated, taken from the appendix (p73 and onwards) of Kusuoka
and Stroock [24].

0,0
Lemma 2.15 Assume a € S™m-171 such that |ag| < 1 Then there are constants @Q,, < oo and
Vp, > 0 such that:

2vm
1 2 — L V 0
R 1 1 {|a®\ n}
P(/ { E aan‘] dt < ) < Qm exp{ N I S0 T . (2.24)
0 n 2 1— a2
a€Ag g(m—1) g

YIndeed, the consideration is trivial if this condition is violated.
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Proof : The starting point is noting that:

(L1.5 a) =([ 2 o)

aEAg p(m—1) 1<||al|[<m—1

> |ag| — ,/1—%/ |:
> |agl — /1 —aj sup

te(0,1

(Bgfdtr

1
2:|2

1<||e||[<m—1

52

] [1<|a|<m1

Consequently,

i ([0~ (R B i) o

> B =z
1< lal|<m—1 \/1 —aj

sup
te(0,1]

In particular,

P(/Ol[ > aaéfrdtgi>

aEAy p(m—1)

< IP’( sup Z ’B"
€01 <o <m—1

2><(“®\/7na; ) )

SQmem{—;<N%t_% ) }

for some Q,, Vi, where (2.20]) has been used. m

A semimartingale inequality from Norris [32] is now recalled, which plays an identical role to a

similar martingale inequality in Kusuoka and Stroock [24].

Lemma 2.16 Assume a,y € R. Let 8 = ()i>0 be a one-dimensional previsible process, and let
y= (v = (VoY) is0, w = (ug := (uf,...,ul))i>0 be d-dimensional previsible processes.
Moreover, assume B = (By)i>0 is a d-dimensional Brownian motion. Define,

t
by =b+ ﬁsds + / vsdB’

t t
Yi=y+ / bsds +/ uydBy.
0 0

Then for any ¢ > 8 and some v < (q — 8)/9, there is a constant C' = C(q,v) (independent of K )
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such that

P

1 1
1 1
/ Yidt < -, / b + [ue|* dt > ~7g SuP B Vel Vb V| < m
0 n-Jo n /9 4e(0,1)

< C exp{—n"}. (2.25)

Remark 2.17 Upon checking the above result in Norris [32], the keen reader would observe that
the result is stated in a different fashion. Namely, the bound

sup | B V| ve V [be| V ue| < M,

te(0,77]
is assumed up to some bounded stopping time T', as an extra condition. The resulting statement
is then phrased in terms of some constant, which depends on M. i.e. C = C(q,v, M) in (2.25).
This constraint has been circumvented by letting the constant M depend also on n (indeed: M =
n). The observation that C is then of the form C = é(q, v)n! for some | € N, is then made.
This observation is a result of tracking the constant in the proof of the lemma. This does not
affect as there is some larger constant C' and smaller i, which can be chosen such that
C(q,v)ntexp{—n*} < C(q,v)exp{—n"}, for all n. > 1.

The proof of the bound in Proposition [2.14] is done via an induction argument. The base case
m — 1 = 0 is trivial. Assume therefore, that ([2.22)) holds for 0 <m —1 <k —1. Leta € SNIS"@_l.
Define, using the notation of Lemma [2.16] the following:

Y; = Z aaBto‘,

el <k

bt = Z CLQB?/,

1< leI<k
a*=0

) )
1. (6
Uy = E an By,
1<]|el[<k
a*=t

A I
By = Z an B, for |a| > 2,
1<]|all<k
a*=0,(a’)*=0

. ~ 1"
V= E aoBy, for |a| > 2,
1<]lal|<k
a*=0,(a’)*=i

Y = ap,
b:=0.
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With these definitions it is easy to see
t £
by = b+/ Bsds—i-/ v.dBz,
0 0

t ¢
Ytzy—l-/ asds—l—/ uydBy.
0 0

Using Lemma ([2.15]) consideration may be split into two separate cases. Assume first that 1 — a% <

n~1/24 where ¢ > 1. So that
/1 —a% <p M4

and

jagl = {(1 —n~1/20) v 0}!/2
1

= [yam - \/ﬁ} V0> (1—2n""20)v0.

Then, by :
P(/Ol [ ) %Bta]zdt < %) < lexp{ _ %nuk/zqal B nlz/zq] vo)zy’“}

acAg g(k)

< Ppexp {—n)‘k} ,

for some (large) constant P and (small) A, as required. Suppose now that 1 — aj > 1/nt/?.
Then it is clear that

1 . 2 1
/0 [ 3 aaBta} dt < — 0 C B UE,UEs,

el <k

where

Ey

1 1
1 1
{/ YtQS*,/ |bt|2+|ut|2dt2—l/ , sup |5t|\/|%\/|bt|\/|ut|§n},
0 n Jo N9 4e(0,1]

E{ sup /at|v|w|bt|v|ut>n},
t€(0,1]

1
2 2 1

It is now shown that P(E;) < C;exp{—n"i} for i = 1,2,3. For i = 1,2, Lemma and Lemma
0,0

imply respectively, the required bounds (i.e. independent of a € SNmfl_l). The case i =3 is

handled using the inductive hypothesis.

Define

- E : 2
Nj = a,
1<l <k =[Gl
a*=j
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As Z?:o N; =1—a3 > 1/n'/?, there exists jo € {0,...,d} such that Nj, > 1/(d + 1)n!/24.
2

Moreover, |by|? + |u]? > > 1<]|al|<k—[lGo)ll aoBY'| . Thus, using the inductive hypothesis,

a*=jo
> s
(P +

1
P(E3) < IP’</
O Ti<lali<k—I(ko)|

a*=jo
1 1
:p< /
Njo 0

>, By
13““”%’“*,“(’%)“
a”=Jjo
< Cg—1 exp{—(NjOnl/Q>Vk_1}
< Cp1 exp{—(n"/?"/(d + 1))}
< Crexp{—n"*},

2
1
dt < nl/q)

2 1
it < )
Njonl/q

for some Cy, vg. In applying the inductive hypothesis, care has been taken to check that
(Zlﬁallék—(kzo)u ai) /Ni, = 1. This finishes the proof. =

a*=kg

2.5. Precise gradient bounds

KUSUOKA-STROOCK PROCESSES

In this section an important space of functions are introduced. These functions are tailor-made for
the generation of an integration by parts formula with asymptotic rates. It is claimed that one is
able to identify ®,, for a € A(m), such that:

E[®(t, ) Vo) (f © Xo)(@)] = t 1V 2E[@, (£, 2) F(X])).

The reason the following space of functions is important, is because it describes the common prop-
erties of ® and ¥, and is closed under the operations which are taken during the formation of the

IBPF. As a result this space supports iterative applications of the formula.

Definition 2.18 (Kusuoka-Stroock Processes) Let E be a separable Hilbert space and let r € R.
Denote by KC,.(E) the set of functions: f : (0,1] x RN — D>(E) satisfying the following:

1. f(t,.) is smooth and %(., .) is continuous in (t,z) € (0,1] x RN a.s. for any multi-index c.
o°f

r/2
’ oz

< oo, for all k € N and p € [1,00).

2. sup Nt
te(0,1],z€R kop.E

Define K, := K, (R)

The process are named after the authors of [24] in which they first appeared. The following properties

shall prove extremely useful for computing the integration by parts formula.
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Lemma 2.19 (Properties of Kusuoka-Stroock Smooth Processes)
The following hold,

1. Suppose f € K,(FE), where r > 0. Then, fori=1,...,d,
| #adBL € Kon(B) and [ f(s.a)ds € Ky a(E).
0 0

2. @a,p,ba,5 € K(g|—|a|)vo Where a, B € A(m), where ay g,ba s are defined as in Proposition
2.3 and Corollary 2.4, resp.

3. ko € Ko (H), where a € A(m), where k,, is defined on p44.
4. D@y = (Du(t,z), ko) € Krt)a|| where u € KC; and o € A(m).
5. If M~ is the inverse matrix of M, defined on p44, then M;é € Ko, where o, B € A(m).

6. If fie Ky, fori =1,...,N, then

N N
Hfl S ]Cr1+..-+T‘N and Z fl € ’Cmin(m,...ﬂ“z\/)‘
=1 =1

Proof : See appendix. =

The integration by parts formulae will be phrased in terms of Kusuoka-Stroock processes.

SEVERAL INTEGRATION BY PARTS FORMULAE
The following theorem can finally be proved

Theorem 2.20 (Integration by Parts formula 1) AssumingVy, ..., Vy € Cp° are uniformly bounded,
and the the UFG condition holds for some m € N. Then, for all ® € K, r € R and o« € A there
exists ®,, € IC, such that

E[®(t, 2)Via)(f 0 X)) (@)] = t 11 2Bl (¢, 2) £ (XF)], (2.26)

forannyC’go(RN;]R),t>0,xERN.

From this it is possible to prove other related integration by parts formulae. In particular (cf.
Corollary [2.22)), one should take note of the non-trivial role the UFG condition plays in these other
derivations - testament to its strength.

Corollary 2.21 (Integration by Parts formula Il) Under the assumptions of Theorem the
following holds:
E[®(t,2) (Vi) /) (X7)] = t 1VPE[@, (¢,2) F(X7)],

where ®', € K., for any f € C°(RY ;R), t > 0, z € RV,
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Corollary 2.22 (Integration by Parts formula 111) Under the assumptions of Theorem the
following holds:
VI E[@ (¢, 2) f(X7)] = t7IIPR[®] (¢, 2) £ (X])),

where ®, € K., for any f € CEO(RN :R), t>0, z € RV,
For ® € K, r € R, define the family of operators P® = {P®};>0 C {L: L: C{° — C¢°, L linear}

defined by:
(PP f)(z) =E[®(t,2) f(X])]-

Corollary 2.23 (Integration by Parts formula IV) Under the assumptions of Theorem the
following holds:

_ ”D‘1||+<“+||O‘n+mH
2

Viarl -+ Viawl B Vi) -+ Viawsml £ (2) =t E[®a(t,x) f(X])],

where ®, € K., for any f € CEO(RN :R), t>0, z € RV,
Proof of Theorem [2.20] : It was demonstrated in the previous section that:
Vi) (f 0 Xo) () = ¢ 1ol2 %7 4= W2 g 2, 2) D) (F(XT))
BeA(m)
holds P-a.s. The product rule for the Malliavin derivative can be used to deduce the integration by

parts formula:

DO(@(t,x) M, j(t,2) f(X[)) = DP(t,x) M (¢, x) F(X)

+®(t,2) DPM (¢, 2) F(X])

+(t, ) M, j(t,x) DVF(XF).

Then, it is clear that

E [®(t,7)Vio) (f 0 X¢)(z)]

5y B {cb(t,x)M(;l(t,x)D(ﬁ)(f(th))]
BeA(m)

=Y R [ () M0 2) 6k (4, 2)
BEA(m)

— ®(t,2) DOM L (¢, 0) — DOD(t, ) M;g(t,x)}} .
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And so

altow) = Y I Lot ) MOt )0 kst 2))
BEA(m)
~®(t,2) DM L (t,2) — DO (t, ) M L1, :c)} .

The claim ®,, € K, follows from a diligent application of Lemma [2.19] Namely, parts 3, 4, 5, 6.

Remark 2.24 As the process k- (t,z)(.) is Fs-adapted for a.a. (t,z) € (0,1] x RY, the adjoint,
d(ky(t,z)), is nothing more that the It6 integral of k.(t,x) with respect to the d-dimensional

Brownian motion B; = (B}, ..., Bf). i.e.

d 1
30k (1) = 3 [y to)(s)aB,
i=1
Thus, it follows that for processes f € K"(H) which are a.e. adapted as stochastic processes in H,
that 6(f) :=0(f(.,.)) € Kry1.
Proof of Corollary [2.21} The first observation is the following relationship:
(Vi) )(XE) = VF(XE)Va (XF)

= (J9)TV(f o X¢) () Via) (XT)
= V(f o Xo)(@)(J7) " Via) (X7),

where (JZ)~7 := ((J#)~1)T. At this point refer back to the closed linear system of equations, which

induced the expression:

D) V(XD = > aast,)Vig(2).
BEA(m)

Again, the central position of the UFG condition is emphasised.

V(f o X)@)(F) V(X)) = 3 a5t 2)V(f 0 X) () Vi ()
BEA(m)

= D aas(t,2)Vg(f o Xo)(x).

BEA(m)
From Lemma 2.19} aq 5 € K (|3 |a|)vo- Hence, it has been shown that:

E [®(t,2)Vig f(XP)] = Y E[®(t2)ans(t,2)Vig(f o Xi)(x)] -
BeA(m)
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The integration by parts formula (2.26)) can then be applied N,, times, after noting that the product
P, € Krii(ip)-falyvo)- And so,

E[®(t,a)Vigf(XP)] = 3 ¢ 7 E[Us(t,2) f(XP)]
BEA(m)

_ Z t*“a”t*”aHEHﬁ"E tHaH;HﬁII \Ifﬁ(t,x)f(Xf)}
BEA(m)
el

=t 2 E[®a(t,2) f(X)],

il =181l

Where q)a = ZBGA(m) t \IIB < ,an

Proof of Corollary [2.22}
Observe that

VI () (XF)] = E [V (@(¢,2)) FXF) + (t,)VVey(F © X1) ()]
= B[V (@(t2)) FOX7) + 10200 (1,2) F(X7)
— ¢l B @ 1, 2) £ (X ),

where @, (t,x) = tHa”/QV[a}(@(t,x)) + O, (t,z) € Ky

Proof of Corollary [2.23}
Once it is noted that Id € Ky, the proof follows from n applications of Theorem [2.20] followed by
m applications of Corollary "

APPLICATIONS TO GRADIENT BOUNDS

It is now discussed how the integration by parts formulae allow the acquisition of explicit gradient

bounds.

Lemma 2.25 Assume that ® € KC.,r € R. Then there is a constant C < oo such that:
IE [@(t, ) f(Xlloo < O (1 fll oo »
for all t € (0,1] and f € C°(RY).
Proof : By Holder's inequality, for each p,q € [1,00], such that p~! + ¢! = 1, there holds
[E[®(E, ) f(XOI < 190 )| oy 1/ (X Loy < N9E ) Loy 11

Moreover, from Definition 2.18§]
12t )| oy < Ct/?,
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uniformly, for (¢,2) € (0,1] x RN, This proves the result. =

Observe the following important corollary of the integration by parts theorems:

Corollary 2.26 Assume that ® € K,,r € R. Let aq,...,antm € A(m). Then there is a constant
C < oo such that:

H n+mH

Viw] - View P Vi - - Viewaml I <7 110 (2.27)

One may wish to consider functions which are not uniformly bounded. In particular, Lipschitz

functions may also be considered.

Corollary 2.27 There is a constant C' < oo such that for aq, ..., an € A(m):
(7t1/2
View) -+ Vil Peflloo < S —sTanmpa - (2.28)

where Ly is the Lipschitz constant for the function f.

Proof : The idea behind this gradient bound is that one can ‘sacrifice’ the derivative along V|
to obtain a new integration by parts formula involving the gradient of f. Let {f,}, C C;° be a
sequence of smooth functions such that f,, — f, uniformly. Observe,

V[an]Ptfn Zv[a z)OE [(fn o Xi) ()]

Mz uMz

E |9 fa(X]) Zv[a

E [0;fn(X7)®7 (t,2)]

<.
Il
—

where ®7(t, z) = ZZ 1 [an]( x)(J7)ji € Ko. Hence, following n — 1 applications of Theorem [2.20

to the above expression, we see that:

N
VY[Oél] . Vv[an]Ptfn(x) = t_(||a1H+...||lln—1H)/2 Z E [@fn(Xf)(I)al
j=1

CYnil(t,:v) .

77777

And therefore

Vi) - - - V[ozn]PtanOO < Ot~ Ulenllt-llen—al)/2 7 £ 1|

(7t1/2

faar a2 1Y Felloo

The last inequality follows because t(1~llonl)/2 > 1 for all o, € A. The argument is completed for

general Lipschitz f by letting n — co. =
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The gradient bounds which have been proved enable simple proofs of differentiability along vec-
tor fields which can be expressed as linear combinations of those in the Lie algebra. Indeed, this

includes - through the UFG condition - any elements of the Lie algebra.

Corollary 2.28 Let W € C°(RY ; RY), uniformly bounded. Assume that W = Zf\il Ya;Via,) for
ai,...,an € A(m), pa, € Cp° are also uniformly bounded. Then,

WP £l < O 211f
where 7 = min{ |||, ..., [|Jaam] }

Proof : We see that

M
IWPEf|l =

‘/[alpt f

o0

Vieg PPl < O I fll o

Consideration is now turned to a semigroup with a potential term. That, is define (Pf):>0 by

v =B e { [ cxashsn ).

This is the solution of a parabolic PDE which has been perturbed by a smooth function, c. Then
one can deduce the following:

Theorem 2.29 Assume o, ..., antm € A(m). Then there is a constant C,, such that:

< Ot~ leall+lleantml)/2

Viaa -+ Viaw P Vi 21+ Vi el F | gy < Gt 11z o)

for any f € C;° N LP,t € (0,1] and p € [1,00].

Proof : It is easy to see that Pf satisfies an integration by parts formula of the form (2.23)), having
noted that ®(¢,z) := exp { f(f c(Xf)ds} , satisfies ® € ICyp. The rest of the proof is based on an

interpolation argument. The cases p = co and p = 1 are considered separately and then the Riesz-
Thorin interpolation theorem, see for example Triebel [40], is used applied to obtain p € (1,00).
The case p = oo follows trivially from applying Corollary and Lemma For the proof of
the case p = 1, and for the rest of the proof, please see Kusuoka [22, p268-270]. =
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REGULARITY OF THE SEMIGROUP

In this section we apply the gradient bounds of the previous section to deduce regularity results
about the semigroup.

We recall a basic result about uniform approximation with smooth functions:

Lemma 2.30 (Approximating uniformly cts with smooth functions) Assume that f ¢ C(RY)
is uniformly continuous and vanishing at infinity. Then there exists { f,} C CSO(RN) such that f,
converges uniformly to f on RY .

Proof : See, for example, Jost [16]

|
The next Proposition summaries some regularity results which may be deduced from the gradient
bounds.

Proposition 2.31 (Regularity of the semigroup)

1. Assume that f € LP, where p € [1,00). Then for any au,...,0ntm € A(m), it holds that

Viea] - - - Ve P V] - Viansm] S is an LP function.

Oékz-&-l} ‘
2. Now assume that f is uniformly continuous. Then for any o, ..., tm € A(m), it holds
that Viay] -+ Vian P Viawsa] - - - Viawim] [ €xists and is a smooth function.

Proof :

1. Theorem holds for f € Cy°. From Jost [16] Corollary 19.24], we know that Cy°N LP is dense
in LP for any p € [1,00). We choose a sequence {f,} C C;° such that || f, — f||;» — 0. It follows
from the first gradient bound ofTheorem@that the sequence Vig,) - - - Vi, ) P Vi) - - - Viangsm) In
is uniformly Cauchy in LP. As LP is complete, the sequence converges to an element of LP.

2. We apply the same argument as in 1 but instead choose a sequence of smooth functions with
compact support with converge to V f in LP. We then use the second gradient bound of Theorem
[2.29) to complete the argument.

3. We observe from Lemma that C§° is dense in the space of uniformly continuous functions.
We then follow the same arguments as in part 1 to deduce smoothness. We have noted that the
uniform limit of smooth functions is continuous.

2.6. Hormander's theorem and hypoellipticity

In this section we introduce the notion of a hypoelliptic operator and discuss their almost complete

treatment through Hormander's theorem. As the diffusion semigroup is the solution of a parabolic
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PDE, this theorem has important applications in semigroup regularity. By assuming Hormander's
condition for hypoellipticity, it can be easily proved that the semigroup is a smooth function, un-
der certain criterion. In the first part of this section we prove this result without resorting to
Hormander's theorem. Of course, parabolic hypoellipticity of an operator is a stronger property than
smoothness of the solution to a parabolic PDE with the corresponding operator. Due to a result in
Kusuoka and Stroock [24], which gives probabilistic criterion for hypoellipticity of a parabolic sum
of squares operator, we are able to deduce hypoellipticity using solely probabilistic techniques; again
under Hormander’s condition. Hence, we recover Hormander's theorem using solely probabilistic

techniques.

RECOVERING SMOOTHNESS AND EXISTENCE OF A DENSITY

A closely related result about existence and smoothness of densities for the law of a diffusion can
also be addressed using similar conditions. To show the latter, one needs only show the following

proposition holds true:

Proposition 2.32 Assume that for every multi-index o, and every f € C§° there is a constant K,
such that:

E[(0a /)X < Ko [l flloo - (2.29)
Then the law of X¥ has a density, which is smooth on RY

Proof :  This criteria was provided by Malliavin in [30]. m

Gradient bounds such as (2.29) may be deduced from the techniques of Kusuoka, provided some

extra assumptions are made.

Theorem 2.33 Assume that the following holds for all x € R™ :
Span{Viaj(z) : a € A(m)} =R, (2.30)

Then holds. Moreover, the diffusion semigroup maps uniformly continuous functions to
smooth functions.
Note that we may restate (2.30)), as Je > 0 s.t.
2
> (Va@).6)” = elel”, (2.31)

acA(m)

V¢ € RN, or equivalently: the matrix (VVT)(x) is invertible Yz € RN, where V(z) = (Vof)j:17,__7N.
a€A(m)
Note: upon taking the infimum over all |{| = 1, the LHS of (2.31]) is the minimum eigenvalue of

this matrix. The inverse must have C7°, bounded entries by the inverse function theorem.

Proof :  Showing (2.29), amounts to deriving an integration by parts formula for the partial
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derivatives 9;. This can easily be iterated to obtain any combination of partial derivatives. We claim

that there exist uniformly bounded functions C!, € C¢° such that:

ei= Y Ch(x)Vig(),

acA(m)
Vx € R. This can be re-written in matrix form as
€, = VC’

where V(z) := (V[i}(x))g&%]g, and C(z) = (Ci(%)) s gy But it holds that (VVT)() is
invertible Vo € RY. Therefore, we may choose

Ct=VvTwvTh) e,
that is, Ci(z) = (VI(VVT) e, )a(x). Clearly, C% € Cg°, bounded, by the inverse function

theorem. Now observe that

E(0ip) (XN =| > E[CLX)(Vige)(XP)]
acA(m)

=| > E[®L(t2)e(X])]

acA(m)

The second equality follows from Corollary [2.2I] This may be done for any partial derivative and
the procedure can be iterated for any multi-index .. To show the second part, we again note that
there exist C, € C§° such that:
e; = Z CtVial»
)

acA(m
on RY. That is,

Oi(foX)(x)= > c\(@)Via)(f o Xi)(x).

acA(m)
One may then apply Corollaries and to deduce the gradient bounds:
101 - Dipy Pef o < CEM2 £l
£1/2

19is - Oias Pef oo < Czpzs IV flloo

for any i1,...,ixy € {1,..., N}, M € N. This is sufficient to imply the required smoothness result,
by Proposition [2.31] =

71



HYPOELLIPTICITY OF PARABOLIC ‘SUM OF SQUARES’ OPERATORS

In this section we recall what it is for an operator to be hypoelliptic, and review a criterion from
Kusuoka and Stroock [24] for parabolic hypoellipticity of an operator. We finally prove using the
results of this chapter that this criterion is satisfied. Note that the review of distributions, hypoel-
lipticity and the corresponding examples are taken from Williams' excellent review of the area in
[42].

Define the second order operator, £, in sum of squares form as follows:

d
L= V24V (2.32)
i=1
where Vg, ..., Vy are vector fields, which are viewed in this instance as differential operators. The

main purpose of crystalising a notion of ‘hypoellipticity’ is to study certain regularity properties of
solutions to (parabolic) partial differential equations. That is, to consider the solution, u, to the

initial value problem:

%zﬁu%—cu%—g, on (0,00) x U
u=f, on {0} x U

where U C RY is open, g,c € C°(RY) and f € C°(RY) is uniformly continuous. The notion of
hypoellipticity is also related to that of a ‘distribution’. These notion of a distribution is related to
that of a ‘test functions’. Denote by D(U), the space of test functions on U C RY, open, with the
following two properties:

1. Elements of D(U) are smooth with a compact support contained in U.

2. D(U) is equipped with a notion of sequential convergence (and corresponding topology 7).
Namely, {¢n}n C D(U) converges to 0 if there is a common compact subset of U, within

which all supports of ¢,, are contained. Moreover, for any multi-index «
sup |Oa¢i(x)| = 0, asn — oo.
zelU
A distribution, A, on U C R¥, is then a linear functional A : D(U) — R, which is continuous with
respect to the topology on D(U). i.e.

If ¢, —0, wrt. 7 then A¢, — 0.

In particular, if the distribution A is given by A(¢) = fU ¢(x) f(x)dx is some smooth, integrable
function f € C*°(U), then we may identify A with f and say A is a smooth function.

Definition 2.34 (Hypoelliptic operator) An operator A is called hypoelliptic if, whenever u is a
distribution on U, then u is actually a smooth function on any set for which Au is a smooth function.
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In his seminal paper, [14], Hormander gave what is for most practical purposes a complete solution
to the problem of identifying operator hypoellipticity. His criterion (see below) is phrased in terms

of Lie algebras, and we use the notation already adopted in previous sections.

Theorem 2.35 (Hormander (1967)) Consider the operator L given by:

d
L= VP+ W
=1

Then L is hypoelliptic, if for some m € N the following holds for all z € RN
Span {Vig)(z) : a € A(m) U {0}} = RY (H)

The observant reader will have noted that this condition is different from the one adopted in the
previous section, and indeed from the form of the UFG condition. In particular, in the above theorem
the vector Vj is considered in the span of the Lie algebra: in previous sections this vector field has
not played a role. The reason for this simple. In previous sections consideration has focussed on the
diffusion semigroup, which is the solution of a parabolic PDE with the operator % — L, rather than

L itself. The following corollary clarifies matters.

Corollary 2.36 The operator % — L is hypoelliptic providing for some m € N the following holds
for all x € RN
Span {Viy)(z) : € A(m)} = RY (H)

Proof : We can apply Hormander’s theorem by increasing the dimension by one, and considering the

operator % — £ on RNF1 In this situation the condition (H) may be simplified, as the component

% of the first order term, % — Vp, of the sum of squares operator is in some sense ‘on its own’

in that it commutes with the vector fields Vp, ..., V;. This means that in order for (H) to hold in
this case, % — Vb will need to span the time coordinate of RNV*1, The effect of this is that Vj is

removed from consideration in the remaining R"Y space components and (H) simplifies to (H’). m

We consider now a concrete example, which has obvious connections with Brownian motion.

Example 2.37 Let A := )\ — %, where A > 0, and consider the equation:
Au = (50, on R.

Then it is straightforward to verify that A satisfies Hérmander’s condition (H), and it is clear that
Au is smooth on R\{0}. Hence u must be smooth on R\{0}. Indeed, by direct computation:

u(z) =~ te Ml 4 d1e® 4 dye?

where v = v/2)X and d; and ds are given constants..
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We now demonstrate through an example how the behaviour of sum of squares operator can be
transformed by consideration of a time derivative % (i.e. the operator changes from elliptic to

parabolic).

Example 2.38 Consider the example where Vi,...,V; =0 and Vy = %. It is clear from (H) that
L := Vjy is hypoelliptic (this is easy to verify manually, of course), but it is also clear that (H') does
not hold, and hence we cannot say that % — L is hypoelliptic. Indeed, in this case we may identify
the functional representation of u as u(t, z) = 6o(t +x —.), which is not a smooth function on R

In the distributional sense this is:

u(¢) = [ d(y)do(z +1t—y)dy
RN
It is also clear by studying the corresponding ODE (or degenerate SDE), that this situation corre-
sponds to X{ = x + t, whose law does not have a density. Indeed, the law is determined by the

degenerate function u.

We now move away from the review of hypoellipticity as studied through the work of Hormander
and attempt to deduce hypoellipticity, through entirely probabilistic methods. Whilst probabilists
can be rightly proud of the work of Malliavin, Bismut, Kusuoka, Stroock and co. in this area, it
is also proper to retain a respect of the contribution of deterministic methods in this area. Indeed,
the original contributor (Hérmander himself) was one such person and the area has since been
significantly extended by others.

The following matrix, inkeeping with the notations set out in Kusuoka and Stroock [24], is closely

related to the ‘Malliavin covariance matrix’ after its discovery and use by Malliavin in [30].

d
) = T\—1 (X® ®2 s
A(t, z) ;:1/0 [(J3) ™ Vi(X{)]™7d

The invertibility of this matrix, which can be connected explicitly to the satisfaction of (H’), is of

fundamental importance. Indeed, we shall write its determinant as
A(t,x) :=det A(t,x)

The next theorem (Theorem 8.13 in [24] ) provides a purely probabilistic criteria for hypoellipticity

of parabolic PDEs in sum of squares form:

Theorem 2.39 (Kusuoka and Stroock (1985))

Assume Vy, ..., Vg € C°(RY ; RN). Assume there is a non-decreasing p : (0,1] — (0,00) such
that for some constant C),,
b
Alt,2) || o) ~ Pt

forallp > 1 and (t,z) € (0,1] x RN, Then if tlogp, — 0, ast — 0, it holds that for each c € C{°
the operator % — L — c is hypoelliptic.
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In the aforementioned paper Kusuoka and Stroock show, under the assumption of Hormander's
criterion for parabolic hypoellipticity, (H’), that this is indeed the case. In what follows, we seek to
show that the criterion of the above theorem holds, by using the results which have been deduced

solely via the UFG approach. This has not been done before, as far as the author is aware.

Theorem 2.40 (Probabilistic proof of Hérmander's theorem using UFG approach)
Assume (H’) holds. Then the operator % — L — c is hypoelliptic.

Proof : We have already shown in the previous section how the UFG condition is implied by (H").

Hence, we may assume that the UFG condition holds, and from its application we recall the following:

(J)TViXD) = Y aials,@)Vig(2)

acA(m)

By substituting this into the expression for A(t, x) we get
d .t
Att) = 3 [ [0 O]

= Z / Zam s,w)a; g(s,x)ds Vi (z) @ Vig ()

a,BeEA(M)

= S el IBD2AL, 5t ) Vig(2) ® Vig ()
a,BeA(m)

we denote for notational convenience M (t,z) := (t(||°‘H+H5”)/2Maﬂ(t,x))aﬁeA(m). Hence,

erN
I€]=1

N
(gt

§1=1

A(t,z) > <§1nf AL, :c)g>N

where Yo ¢ := (€7 Vo) (2)) aca(m) € RV™. Now, since (H’) holds, it follows that inf, g le|=1 yeel® =
e > 0. Indeed, this point was made in the previous section in (2.31)). Intuitively, if the span of the
vectors in condition (H’) is the whole of RY then there cannot be a £ for which y, ¢ = 0. Hence

inf M(t,x > ¢ inf TM(t,x
ce Nyx’£ ( )ydif ve N, Yy ( )
€1=1
>et™ inf y'M t,x
= JeRNm Y (t,z)y

where we have used the fact that ¢ll/2 > /2 for all & € A(m). We worked hard earlier in the
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chapter to show that the RHS of the above satisfies some nice invertibility properties

-N

sup < inf yTM(t,x)y> <Gy

zeRN || \y€RNm )

te(0,1]

Hence,
-N

H ! < tmN ( inf yTM(t,x)y> < Cpt—mN
Al @) llr@) yeRrn Lr()

for all (t,x) € (0,1] x RY, and we may identify

Pt = ¢V

and it follows that tlog p; = mN tlogt — 0 as t — 0, as required. m
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3. Regularity of PDEs with CF coefficients

In this chapter we consider the problem of inferring gradient bounds for stochastic flows which do
not necessarily possess smooth, uniformly bounded coefficients. A UFG-type condition is imposed,
but the finite differentiability restricts this condition. Due to non-smoothness, only a finite number
of elements of the Lie ‘algebra’ are well-defined. In particular, we show that if the UFG condition
is satisfied for this finite number of Lie brackets, then some regularity properties of the diffusion
semigroup may be deduced. The derived differentiability property depends on the difference between
the ‘order’ of the UFG condition and the order of coefficient smoothness. More than this, we are
able to deduce the explicit rates of the previous sections. The generality of the UFG condition allows
us to deduce a similar result for the case where the uniform Hormander condition applies. In a later
section we considerably extend the gradient bounds of Kusuoka to a very wide class of test functions
and semigroups. The work in this section is used in a later chapter on existence and uniqueness to
solutions of the Cauchy problem. As an application we consider the theoretical efficacy of the KLV

method in approximating the diffusion semigroup; deriving precise convergence rates.

3.1. The UFG condition for non-smooth, non-bounded vector fields

In this section we again consider a stochastic flow of diffeomorphisms, on a probability space
(Q, F,P), given by the family of SDE's:

dXy =34 Vi(XF)odBi, t>0, (3.1)
X¢ =u, '
where By = (B{);—1..q is a d-dimensional Brownian motion, and Vp,...,Vz : RN — RY are

possibly non-smooth and non-uniformly bounded vector fields. The resultant diffusion semigroup,

a one-parameter semigroup due to the time-homogeneity of the vector fields, is formed by taking
P f(x) == E[f(X¥)].

It is known, through 1t6's lemma, that (¢, x) — P.f(x) satisfies the parabolic PDE:

% = Lu, in (0,7] x RV,

’LL(,I‘) = fa on RN,
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in at least a weak sense, where £ = Z?:1(Vi)2 + Vo is a second-order differential operator, the

generator, which has been perturbed by adding a potential, c. We shall be making the following

assumptions on the potential term and the vector fields driving the diffusion:
WECfH, i=1,...,d, and Vy € CF, for some k > 2. (C)

We recall from Section the definition of V|,;. We make an important observation - owing to the
differentiability restrictions on the vector fields - that V|, is well-defined only for |a| < k + 1. The
key condition in this chapter is again a UFG-type condition. As was the case in the second chapter,
the techniques employed are based on the analysis from the first chapter, which comes from the

visionary paper of Kusuoka [22].

Definition 3.1 (UFG condition) There exists m € N, with m < k—1, such that for all « € A s.t.
|l = {m,m + 1} there exists v, 5 € C’f“f‘a'(RN ; R), uniformly bounded, where 3 € A(m),
such that:
Vo= D $asVig
peA(m)
Or, in words: higher order Lie brackets can be expressed as a finite linear combination of lower order

Lie brackets, for some fixed order m.

Remark 3.2

1. The condition can be used inductively to obtain similar equalities for those higher-order Lie
vector fields which are well-defined. In particular, we can use (UFG) to prove an analogous
result for Vi), for any a € A(k +1).

2. The regularity of the coefficients ¢, g is made in accordance with what one would expect,
given the regularity of Vi). In particular, notice that they are still required to be bounded.
This condition should not be viewed as being restrictive. Indeed, the elements of the Lie
algebra themselves have at most linear growth, and so it should normally be possible to make

a choice of uniformly bounded UFG coefficients.

3. The demand in (C), for more differentiability of the diffusion terms than of the drift term, is
to ensure that the drift and diffusion terms for the corresponding Ité equation have the same
level of differentiability.

The goal of the first sections of the chapter is to prove the following representation and bounds for

the derivatives of the diffusion semigroup (although this is significantly extended in later sections):

Theorem 3.3

V[aﬂ T V[aN]Ptf(') = t_(”alH+M+HQNH)/QE[f(Xf)(I)Oq,..-,OéN (t, 513)]7
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where N < k—m, a,...,an € A(m), and @y, ay(.,.,.) is an ‘integration by parts factor’. This

provides the following gradient bound as a corollary:

0P [V -+ Vi) P (2)] < Cic g~ Uoall+tlanth/2z ) g

T

for each K C RN, compact. In particular, for any uniformly continuous function, f € CfV(RN ),
there holds P, f is (k — m)-times differentiable along the vector fields of the Lie algebra.

There also holds, as a corollary of the preceding integration by parts formula, the following gra-

dient bound:
tlleenll/2

S [View) -+ Viaw P ()] < O oz 1V e

In particular, for any globally Lipschitz continuous function, f, there holds Pff is (k — m)-times

differentiable along the vector fields of the Lie algebra.

The emphasis is placed once more on the explicit asymptotic rates of differentiability decay as powers
of t.

Example 3.4 Consider the two-dimensional diffusion given by the SDE
p X 0
X7 O(p — X{)
Xé’a: _ T
Xg’x 1) ’

where 0,1 € R. We now verify that the UFG condition is satisfied. Indeed, after identifying the
vector fields, Vy, V1, Vs as:

0

2,z
Xt

1,x
t

dt +

k+2

odB} + [ k+2 ] o dB}
+1

0

Vo =
O(p — x2)

7‘/1:

0
X .
0 ] ’ Vé - k+1/’$2|k+1 +1

It is clear that Vy, Vi € Cp° and that Vs, € Cl]fﬂ. Moreover, the only non-zero Lie bracket of order
la| > 2 is Vip ), and is given by:

0
V = - . V P
R B (R I

It is clear that ¢ = 2 0]12] € C,f and hence the UFG condition holds for m = 1.
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3.2. An integration by parts formula of limited applicability

As has been demonstrated and discussed in the previous sections, the gradient bounds are obtained
by deriving an integration by parts formula. Let f € C’go(RN), then by following the same steps as

in Section [2.1] we arrive at:

DWf(xry= > tlelHBN2 A, ot 2) Vg (f 0 X (),
BEA(mM)

where

D f(XF) = (DF(XF), kalt, )y ,
Mgy p(t, ) =1~ (lall+1181)/2 (ka(t,x), ks(t,2))

d t
~(lall+181) /22/ a1 (s )ai g (u, 7)du.
=1 0

Indeed, the finite differentiability assumptions do not interfere with this derivation. We only require
Xt(') to be continuously differentiable, with a P-a.s. invertible Jacobian, X} to be at least one-time
Malliavin differentiable, and we require the vector fields to satisfy a UFG-type condition. We have
insisted that the order of the UFG condition is smaller than the order of coefficient regularity, so this
also poses no problem. Invertibility of this matrix was deduced in Chapter 1, Section [2.3] The lack
of smoothness of this new matrix - in x and as a random variable - does not effect its invertibility.

The proof is analogous and is hence merely referenced from Chapter 1.

Proposition 3.5 M (t,x) is P-a.s. invertible. Moreover, forp € [1,00), a, f € A(m)

sup E [M(;é(t,:v)]p < Cy. (3.2)
te(0,1] ’

for some constant C),.

Proof : Proof is analogous to that of Proposition [2.6[in Chapter 1. =

From this result we may deduce, P-a.s:

Vi (f o Xe) () = ¢ 1el2 N = 4= W82y (2, 2) DO f(X7),
BeA(m)

and we shall use the operators of the Malliavin calculus to derive the integration by parts formula.
The number of times we are able to use this relation to iterate the integration by parts formula, will
depend on the regularity of M(¢,z) and kq(t,z) for « € A(m). The classical results about SDE
solutions can be applied and will prove important in quantifying this regularity (cf Proposition [2.3).
The matrix A(t,z) = (@q,3(t,%))a,s, which is embedded in the definition of M, is the same matrix
as (2.3), the only difference is in the regularity.
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Proposition 3.6 The matrix stochastic differential equation has a unique solution, and its
components aq. 5 : [0,00) x RN — R, a, 8 € A(m) satisfy the mutually dependent SDEs:

aaﬁ(tx ag-l-z Z / aﬁ/ CL,YB(U x)ode

1=0 yve A(m)

Moreover, it may be assumed that a, (t,.) : RY — R is smooth: both with respect to standard
differentiation and Malliavin differentiation, that a s(.,.) is jointly continuous in [0, 00) x RN with
probability one, for each o, B € A(m), and

ah! P
sup E|=—anp(t,z)| <oo, Vpe[l,oo), T >0, (3.3)
z€RN oY
t€[0,T]

for any multi-index ~ satisfying |y| < k —m. Finally, for any k € N

P
sup E HDkaag(t, ac)” < Crp(1+1z])P Vpe[l,00), T >0, (3.4)
te[O7T] ) H®k 2

Furthermore, the matrix A = (aa,p)a,seA(m) iS invertible, and its inverse satisfies the matrix SDE:

d t
B(t,z)=1— Z/ B(u,z)C*(X¥) o dB.
i=0 "%

Moreover, the components b, 3 of B, o, 5 € A(m), are a.s. k—m times differentiable in x for fixed

t € [0,00), and jointly continuous in (t,x), similarly with

p

vl
0 < CT,p, (3-5)

sup E|-—bqs(t,x
t€[0,T] oz 5( )

z€RN

for each p € [1,00), T > 0 and some constant Cr,, where |y| < k —m. Finally, for any k € N

P
sup E HDkba,g(t,aﬁ)H < Crp(l+1z|)? Vpe[l,00), T >0, (3.6)
te[0,7] H®k
Remark 3.7 The above proposition highlights an idiosyncratic difference between the Malliavin
derivative and the normal derivative for the solutions of such SDEs. It stems from the fact that the
Malliavin derivative for the SDE of X' has an unbounded nornﬂ over z € RN, as it has Lipschitz

continuous coefficients. However, the same result for the norm of the standard derivatives is bounded

! Recall Theorem m
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over z € RN. This difference did not appear in the first chapter as we assumed the vector fields

were uniformly bounded.

Proof : This is very similar to Proposition 2.3] The only difference here is that the bounds on the
norms of the iterated Malliavin derivatives are now bounded only linearly in |z|. This is obvious
once one considers Theorem and in particular equation . It is clear from this equation
that the norm of the Malliavin derivatives inherits the linear growth of the vector fields. All higher
order Malliavin derivatives inherit this linearity from the first order Malliavin derivative, but given

the boundedness of the derivatives of the vector fields, have no worse than linear growth. m

3.3. A finite number of sharp gradient bounds

The importance of deducing regularity properties of the inverse of the covariance matrix and related
objects, has already been exhibited in the previous sections. The elements of the integration by parts
formula are again called Kusuoka-Stroock processes, despite being slightly different to those in the

first two chapters.

Definition 3.8 (Local Kusuoka-Stroock Processes) Let E be a separable Hilbert space. We
denote by K!°°(E, k) the set of functions: f : (0,1] x RV — D*>°(E) satisfying

1. f(t,.) is k-times continuously differentiable and %(., .) is continuous in (t,x) P-a.s. for any
multi-index || < k, t € (0,1].

L <o for alln < k — |a| and p € [1,00) for each K C RY,
n7p’

- 9
2. SUP¢e(0,1),0€ K oz

compact.

Lemma 3.9 (Properties of Kusuoka-Stroock Processes) The following is a list of some proper-

ties of K-S Processes:

1. Suppose f € KI°¢(E,n), wherer > 0. Then, fori=1,...,d,
/O'f(s,x)ng € K¢, (E,n)  and / f(s,2)ds € KPS (E,n).

2. aqp,bap € ]Céﬂ%H—HaH)VO(R’ k —m) where o, 5 € A(m).
3. kq € ICH s|(H k—m), where o € A(m).

4. D@y = (Du(t,z), ko) € KPS, (R,n A (k —m)) where u € K°°(R,n) and a € A(m).

e

5. If M—L(t,x) is the inverse matrix of M (t,x), then M B € Kls(R, k —m), a, B € A(m).

6. If f; € K°°(R,n;) fori=1,...,N, then

N
Hfi € ICL‘;CJF_._JFTN (R,miin n;) and Zfl ICr’flfn (R, miinni).

82



Proof : The proof of this is similar to the analogous proof in the first chapter. See appendix for
further details. m
SEVERAL INTEGRATION BY PARTS FORMULAE

In this section we synthesise the developed results to obtain various integration by parts formulae,
in a way which should now be familiar. The proofs are omitted as they are analogous to the proofs
in the first and second chapters. In what follows, and unless otherwise stated, we assume that
fe Cg’o(]R{N):

Theorem 3.10 (Integration by Parts formula 1) Under the conditions (C, UFG) the following
integration by parts formula holds for ® € K!°(R,n), and for any a € A(m):

E [®(t,2)Via)(f 0 Xo) ()] = ¢ 1I12E [0 (¢, 2) f(X7)] (3.7)
where @, € KI°“(R, (n — 1) A (k —m — 1)). Moreover, for any ¢ > p

sup E|[Dq(t,2)[" < Cpq(l+ [z])7 sup E||D(t, z)|f5,
te(0,1] t€(0,1]

Corollary 3.11 (Integration by Parts formula Il) Under the assumptions of Theorem the
following holds:
E[®(t, ) (Vi) f)(X])] =t 1IPR (@] (¢, 2) £ (X7)),

where @/ € K., for any f € Cg’o(RN :R), t >0, x € RN. Moreover, for any q¢ > p

sup E|®(t,2)]" < Cpqa(1+|z[)P sup E||@(t, )5,
te(0,1] te(0,1]

Corollary 3.12 (Integration by Parts formula 111) Under the same conditions as Theorem
the following integration by parts formula holds for ® € K!°°(R,n), and for any o € A(m):

Vi E [@(t,2) f(X?)] = 112K [@f(t, 2) £ (X7)] (3.8)
where ®" € KI°(R, (n — 1) A (k — m — 1)).Moreover, for any q > p:

sup B[t )|” < Cpg(1+[al)” sup [9(t,2)]5, (3.9)
te(0,1] te(0,1]

Corollary 3.13 (Integration by Parts formula IV) Under the same conditions as Theorem
the following integration by parts formula holds for N + M < k —m and oy, ...,ay € A(m):

V[Oél] T V[C!N]Pt(v[ o ‘/[QN+AI]f)(x) = t_(HalH+M+HQN+MH)/2]E [q)a (tv x)f(th)} ’ (310)

04N+1] .
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where ®q, . oy € KR, (k —m — N)). Moreover,

sup E|[®q(t,z)|P < Cp(1+ \x|)Np
te(0,1]

Corollary 3.14 (IBPF for Semigroup with a Potential) Under the conditions (C, UFG), and
assuming ¢ € C*+tm=1(RN) the following integration by parts formula holds for N < k —m and
at,...,any € A(m):

Viea) - Viaw Pef () = ¢ Uleallttllan D2y [ (2) f(X])] (3.11)

.....

where ¢, € Kle(R, (k —m — N)). Moreover,

sup B|0F, o (t2)]" < Cp(1+ [2))P
te(0,1]
Proof : The proofs of these are similar to the proofs in Chapter 1, and are thus left to the appendix.

Remark 3.15 Observe that we are able to quantify exactly how the derivatives explode - as functions
of x- based on an analysis of the integration by parts factors. In Chapter 5 we shall use the bounds
on E|®,(t,x)

explosion. For now we derive local gradient bounds.

, etc, to prove gradient bounds on weighted LP spaces, which compensate for this

3.4. Applications to gradient bounds

THE BASIC GRADIENT BOUNDS

In the previous chapter it was relatively straightforward to deduce explicit gradient bounds from the
integration by parts formulae. This still holds true in the more general setting, but the types of

gradient bounds we are able to deduce changes.

Lemma 3.16 Assume that ® € IC{?C(n), where r € R, n € N. Then for each compact K C RY,

there is a constant C i < oo such that:

sup [P? f ()| < Cx t7 || fl o »
rzeK

for all t € (0,1] and bounded functions f € C§°(RY).

Proof : The proof is analogous to Lemma [2.25, the only difference comes from the fact that ® is

a local Kusuoka-Stroock process, and hence,

sup ||®(t, CU)HLp(]p) < CKtr/27
reK
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fort € (0,1]. m

The lack of global boundedness of Kusuoka-Stroock processes has a knock-on effect in the type
of gradient bounds the IBPF lead to.
Corollary 3.17 Assume that ® € K/°°(k —m),r € R, and let f € CP(RY). Let ay,...,anim €

A(m), and assume N + M < k —m. Then for each compact subset K of RY, there is a constant
Ck < oo such that:

® el ey ]
sup |VO/1 Vv[(YN](Pt Vv[OéNJrl] Vv[O(NJrM}f)(‘rM S CKt 2 Hf“oo (312)

reK

As we have already seen through the discussion on the KLV method, one may also wish to consider
test functions, f, which are not uniformly bounded. In particular, Lipschitz functions may also be

considered.

Corollary 3.18 Assume N < k —m, and let f € C;;O(]RN) such that Supp Vf C K. Then for

each compact K C RY, there is a constant C < oo such that for aq,...,an € A(m):
P, O 112 1
22}8 |V[a1} T Vv[oczv} tf( )| = t(laall+-+lenl)/2 ||Vf|| (3 3)

Proof : Proof is the same as that of Corollary L]

The gradient bounds need not be restricted to the L norm. For general gradient bounds, we

must use test functions of compact support, and the gradient bounds extend to L” norms.

Theorem 3.19 Assumeay,...,aniy € A(m), where N+M < m—k. Let K C RN be compact.
Then there is a constant C), i such that:

- llog 14|l o v g ]

Hv[m]  Vian1 PiVian 1] -+ V[anw]fHLp(KAx) < Cp it 2 ||f||LP(K,d;E)

for any t € (0,1], p € [1,00] and f € C§° such that Supp f C K.

Proof : The proof is very similar to that of Theorem and based on an interpolation argument.
Unlike the previous Theorem, here we provide the argument from Kusuoka and Stroock [24, ppl6-
17]. The cases p = 0o and p = 1 are considered separately and then the Riesz-Thorin interpolation
theorem is used applied to obtain p € (1,00). The case p = oo follows trivially from applying
Corollary [3.13) and Lemma [3.16] We prove the case p = 1. Define

=-V+ Zdlv

Vi,  i=1,... d,

et
Il
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Moreover, {‘N/“z =0,...,d} satisfies the UFG condition. Consider the SDE
X7 = m+2/ Vi(X®) o dB'.
i=0 /0

Then Pf given by

is the formal adjoint of P and so

| @t = [ f@(Fa@is, e CE. Suwpfigc K

Hence,

HV[al] s V[OéN]PtCV[aNH] s V[11N+M]fHL1(K)

= sup ||V[a1] Va1 P Viawsa) - - Viawsan) f gHLl
9€C° (RY)
llgllc <1
SuppgC K

Sub N Hf V[ZN+M] e V[ZNH]PtCV[ZN] T V{Zl]g‘
geCF(R™)
llglloo <1
SuppgC K

< Vo Mo P Vi Vi s@)| 1711
9eC° (RY)

llgllc <1

SuppgC K

< C’Kt—(llalH+---H(¥N+M|D/2 ||f||L1

Ll

as required. The last inequality follows from the application of the result to 15t5 for the case p = oo.

RECOVERING HORMANDER’S THEOREM

In the first chapter, we demonstrated how the probabilistic interpretation of Hormander's theorem
on hypoellipticity of parabolic second order operators - smoothness of the diffusion semigroup - may
be recovered. We even showed how the hypoellipticity property itself could be shown using the
techniques of Kusuoka and Stroock in [24]. Whilst we do not consider the problem of hypoellipticity
in our more general setting, we are still able to deduce strong semigroup regularity results under the
assumption of a Hormander-type condition. In the case where the vector fields of the underlying
SDE are non-smooth, it is not reasonable to expect smoothness of the semigroup. It is unsurprising
given the results of the previous section, however, that it is possible to show differentiability up
to some level. We now note a variant on Malliavin's criterion for the existence and regularity of

densities for the law of the diffusion:
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Theorem 3.20 Assume that the following holds for all x € RY, and for some m < k — 1:
Span{Viy(z) : a € A(m)} = RY. (3.14)

Then the diffusion semigroup maps uniformly continuous functions to C*~™-functions.

Proof : ([2.30) may be restated, as 3¢ > 0 s.t.

S € V@) = el (3.15)

acA(m)

V¢ € RY, or equivalently: the matrix (VVT)(z) is invertible Vo € RY, where V(z) := (Vo () |

. V[aNm](z))' Note: this matrix must have C’If*mH entries, by the inverse function theorem,
as this is the minimum level of differentiability for Vj,;, a € A(m). It must be shown that an
integration by parts formula can be obtained for the partial derivatives 9;. This may then be iterated

to obtain the same result for 0,.

Claim: there exist C%, € O™ %!, which are not necessarily bounded, such that:

ZCZ

acA(m

Vz € R. This may be written in matrix form as
e; =V,

again V(z) == (Via))(@) | .- | Viay, 1), and C*(z) = (Ca, (2) - ..C’aNm)T. But, from the assump-
tions, (VVT)(z) is invertible Vo € RY. Therefore, choose

ct=vTwvh)!

That is, C%(z) = (VI(VVT)7Le;)q(z). By the inverse function theorem, C¢ & C’f—m'“. Note
that C?, € K{°(R, k —m + 1), as it need not be the case that the function is uniformly bounded in

x. Observe, for any compact K

sup |0; Prp(z)| = sup Z Ci( z)Viq Prp()
veK acA(m)
< sup Z (Xf)”
ze€K acA(m)
< CKZ

Using the integration by parts formulae derived in the previous sections. This may be done for any

partial derivative and the procedure can be iterated for any multi-index «, satisfying || < k—m+1,
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to deduce the gradient bounds:

sup [y - O3y, Pof (2)| < Ot ™™ | fll

zeK
£1/2
Sup 105, - - Oire P ()] < Ok 775 1V F oo -

forany iy, ...,ixy € {1,..., N}, M < k —m. This is sufficient to imply the required differentiability

result, as showing uniform convergence on compacts in the proof of Proposition . m

3.5. Application of the KLV method to non-smooth semigroups

In this section we seek to use the results of the previous one to deduce theoretical error bounds
of the KLV method. As was demonstrated in the previous section, the one-parameter semigroup
resulting from a diffusion with C* coefficients is not smooth. This non-smoothness will affect the
theoretical efficiency of the KLV method. Note: in this section, we shall still be assuming that
the vector fields comprising the underlying SDE are uniformly bounded. It is not obvious that the
work of this chapter can be extended to non-bounded coefficients. Firstly, we consider Stratonovich

Taylor expansions for non-smooth functions.

Assume f € C"*2 along the vector fields Vp,...,Vy. Thatis: Vj, . .. Vi f exists everywhere
and is continuous for any i1, ..., 4,42 € {0,1,...,d}. Assume further that Vj € Cf(]RN : RY) and
Vi,..., Vg€ C’fH(RN : RY), where k > n + 2. Then

(xn= Y (Vah@ / odB ... 0 dBX + Ry, (t,. f), (3.16)

a€A(d1—1) o<t1<...<tp<t

where di; < n and

Ry, (t,z, f) = / (Visa f)(XE) 0dB}, 0 dBy ... o dB{*.
OéE.A(dlfl) 0<to<t1<...<tp <t

i=0,...,d,

st iragA(d—1)
Note that if d; = n we may not expand the items appearing in the remainder term any further.
Observe that Vi,of € C? along Vp,...,Vy for a € A(n —1) and i = 0,...d. Since we need to
express Viio f(X[') as the integrand of a Stratonovich integral, and hence as a semimartingaIeEI, we
need to be able to apply Itd's rule to it. Hence, this is the minimum differentiability requirement for
this operation to be well-defined. If we were to expand the remainder term further, then we couldn't

be certain that we could write Vi, f(X}) as a semi-martingale.

2as this semimartingale representation forms part of the definition
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The following bound on the remainder is shown in Lyons and Victoir [29]:

1/2 dait2

wp (B (tnf?) <€ Y 608 s Vadl
€RN - EANA;—

’ =t TS

Indeed, the following bound for single applications of cubature with test functions of finite differen-

tiability holds:

Proposition 3.21 For any d; < n there holds the following global error for a single application of

the cubature measure:

[ [r(x)] - B [r(x)]|| < cjdldziltm o WVall (3.17)

laf<dy
Proof : The proof is analogous to that in Lyons and Victoir [29]. =
As we noted in the introduction to the KLV method, the term on the right hand side of the above
inequality is small only if ¢t and/or the driving noise of the SDE is small. The approach is refined by
partitioning the interval and applying cubature iteratively over each subinterval of the partition.
THE KLV METHOD

Recall the definition of the algorithm which constitutes the KLV methocﬂ The Markovian property
of the approach allows one to bound the error over the global interval [0, 7], by the sum of the errors

over the subintervals of the partition. In particular, for test functions of finite regularity:

Proposition 3.22 The KLV approximation of degree d; satisfies, fordy < k —m — 2

k di1+2 )
1PrH)C) ~Exrvooyfll. <> S 8% sup |VaProifl.. . (3.18)
=1 j=d; +1 re\fé\Aj_é

Proof : This follows from the same proof as in Lyons and Victoir [29], once one has considered
(1.24). Namely that Pr_,,f € Ck=™ ie. nis k —m — 2 in the above. m

A PROBLEM WITH THE STRATONOVICH TAYLOR EXPANSION

The same problem exists for the finite differentiability case, as exists in the smooth case. When
one seeks to use the gradient bounds to provide an upper bound for the terms ||V, Pr_y, f|| ., €
A2\ A, one may not consider derivatives along the vector field Vj. The issue was rectified in

Crisan and Ghazali [8] by assuming an extra condition; the so-called VO condition.

3See (1.25) and (T.26)).
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Definition 3.23 (VO condition) A family of vector fields V;,0 < 1 < d is said to satisfy the V0
condition if
> usVap
BEA(2)

for some ug € Cy ™ (RY).

Therefore, if the VO condition is assumed and one refers back to Corollary it is easy to see how

we apply this with the aim of obtaining an upper bound for the global error. Indeed, from Corollary

2.28, and Corollary we get the following:
Corollary 3.24 There exists a constant C' such that for all « € A(k —m)

t1/2
HV Ptf”oo = t||a||/2 vaH

We briefly mention the recent developments of Litterer [27], in which the author has shown that
the VO condition on the drift can be relaxed and that one still obtains the same rate of convergence
as shown above. It may be possible that these techniques may also be applied to cover the finite

differentiability case. We have the following theorem:
Theorem 3.25 Suppose the vector fields V;,0 < i < d satisfy the UFG condition, then
2 m41k—1 (]+1)/2
1Prf() = Exrvo. fll < CrlVF ( DI m)
j=m i=1
where the constant Cr is independent of the number of subintervals in the partition of [0, T]
Proof : This is proved in Lyons and Victoir [29], and is a simple combination of Proposition
and Corollary [3.24] =

By taking uneven partitions of the interval [0,7] we can derive high order convergence of the
KLV method. Define, for v >0and 0 <j < M

r(-(-4))

Corollary 3.26 For di < k —m — 2 we have the following global convergence rates:

1Prf() = Exrym,sloo < Kn" 72|V oo, if0<y<d —1,
< Kn™ D2 1og(n) ||V oo, ify=di—1,
< Kn~ A =D2||V f | o, if y>d — 1.
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Remark 3.27 It has been written in the above that dy, the degree of the applied cubature measure,
satisfies dy < k —m — 2. It should be made clear that it is, of course, possible to implement a KLV
scheme with a cubature formula of higher order. However, the theoretical gains from increasing the
order are limited for the KLV method based on cubature formulae of order higher than k —m — 2.
At this stage we cannot further expand the Stratonovich Taylor expansion. Hence, if one were
implementing solely on the basis of the theoretical bounds, it would make little sense to implement
the KLV method using a cubature formula of order higher than k — m — 2. It would undoubtedly
involve greater computational effort, for no extra theoretical gain.
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4. The LFG condition and local differentiability of the

semigroup

In this chapter we consider local differentiability of the diffusion semigroup under weak conditions.
In particular, we seek to prove local differentiability of the semigroup along directions of the Lie
algebra. The main tools for this exposé are the operators of the Malliavin Calculus, and the very
general condition imposed is a local version of the condition used in Kusuoka and Stroock [25] and
Kusuoka [22] known as the UFG condition. The work in this chapter replicates the acquisition of

the precise rates of Kusuoka and Stroock.

A review of the literature on differentiability of the semigroup and related notions has already been
given in the introduction and at the start of the first chapter. As far as the author is aware, this
is the first time that a local notion of non-degeneracy has been used to derive local differentiability
results, and is unaware of any further literature in this area. Since writing the thesis the author was
made aware of a similar condition to LFG, which was discussed in Sussmann [39]. They are referred
to by Sussmann as (LFT1) and (LFT2), and are used to prove integrability of distributions, rather
than regularity of the diffusion semigroup. This paper is of more relevance in the next chapter,

where it is duly discussed.

We note also several important techniques from the literature which have inspired the work in this
chapter. In particular, the introduction of the truncating factor Y, which is used to develop the inte-
gration by parts formula of this chapter, is inspired by the work of Nualart in [33], where the author
uses a similar factor to deduce existence and smoothness of the density for the law of the Brownian
sheet. Several properties of the truncation factor owe much to the remarkable modulus of continuity

inequality derived in Garsia, Rodemich and Rumsey [10], and the work of Airault and Malliavin in [I].

In this chapter we shall make some assumptions on the vector fields and the stochastic flow which

results from these coefficients. Let U C RY be some open subset of RV,

Vi € C°(U), and are globally Lipschitz on RY, i =0,...,d. (C1)
X! e C®(U), and XF € D®,Vz €U, t > 0. (C2)

The classical results on differentiability of solutions of SDEs require V; € Cs°(RY). Indeed, this is
one potential limitation of the work in this chapter. One may be able to prove diffeomorphic prop-
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erties for degenerate SDEs on a case-by-case basis, but one certainly lacks the formal machinery to

deal in generalities.

To begin we state the main condition and theorem of the chapter:

Definition 4.1 (LFG Condition) Let U be an open subset of RY. The vector fields {Vy, ..., Vy} C
CEO(U ) are said to satisfy the LFG condition on U if there exists m € N such that for some
coefficients @, 5 € Cp° (RN RY), we may write the following relationship on U, for all & € A such
that for ||af| € {m + 1,m + 2}:

V= D, vasVig (4.1)

BEA(m)

This is essentially the satisfaction of the UFG condition, not uniformly over R™ but locally on some
set U. Indeed, the definition allows the specification U = R and so this may be thought of as
a generalisation of the UFG condition. Note also that we demand the coefficients, ¢, 3, to be
defined globally, but to only satisfy on U. Indeed, it may be the case that coefficients - which
are chosen in line with - are identified but are not defined outside of U. Indeed, Vo) may
not be well-defined outside of U. In this case we can often extend them such that they satisfy
Pa,8 € CEO(RN). Conditions for which this may be done is are given by Whitney's extension theo-
rem in [41].

We make a quick note on the semantics of the LFG condition: as the ‘UFG’ in the UFG condition
stands for ‘uniformly finitely generated’, rather than running roughshod over this precedence by
overloading the definition - and calling it, say, a ‘local UFG condition’ - we refer to it as ‘the LFG

condition’ (for ‘locally finitely generated’).

Theorem 4.2 Assume that f € C;°. Let X7 be the solution of equation (1.9)), whose coefficients
satisfy (C1). Assume further that (C2) holds, and that the LFG condition holds on U C U. Then
for all z € U

V[Cu] e V[aN}Ptf(-T) =E [f(Xtm)(I)al,...,aN (t, x)] )

for some integration by parts factor ®,, . o, (t,x). Moreover, defining Ue .= {z € U : d(zx, OU) >
e} the following gradient bounds hold:

gl AHan]l
sup Vi - - Van BF @) < Ct™ 2 || flloo s (4.2)
yeUe

for each € > 0. Consequently, for each uniformly continuous function f, the diffusion semigroup is

smooth along the vector fields of the Lie algebra on U.

Remark 4.3 In this chapter, we are assuming V; € C;°(U). For many applications of interest,
one would expect the LFG condition to be satisfied on some true subset of the interior of U, but
for the vector fields and the LFG representation to degenerate at the boundary of U. It is for this
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reason that we allow the LFG condition to be satisfied on some subset of U. If the LFG condition is
satisfied on the entire set for which the vector fields are smooth, for example when U = RY, then
the definition allows for that, but it also allows one to put a positive distance between the set on
which the LFG condition is satisfied, and the boundary, which may preclude the satisfaction of the
LFG on U due to degenerate behaviour. Moreover, the introduction of U¢ in the theorem is a result

of some mollification techniques we shall need to apply to points near the ‘edge’ of U.

4.1. Adapting the integration by parts formula for local properties

We recall ([1.21]) from the first chapter, and remember the importance of using the UFG condition
to derive the integration by parts formula. We noted that one could express the Malliavin derivative
of f(X}) as follows:

tA.
DX = V(o X0 ([ D D) (43)
i=1,...,d
This relationship still holds in this situation, for all x € U, as a result of assuming (C2). Then,

provided the UFG condition was satisfied, we were able to show

(T TWVAXE) = (A, )V ()i = Y aiplu,z)Vig(e), (4.4)
BEA(m)

Although we cannot hope to replicate this relationship globally, it is easy to see that this relationship
still holds for each z € U, and for all SDE paths which have not left /. We assume in what follows
that 2 € U¢. Define T* := inf{t > 0 ; X7 ¢ U}. Indeed, by assuming the satisfaction of the LFG
condition and the same arguments that led to Lemma in the first chapter, and it can be shown
that:

(D) WVAXD) = (A, )V (@)= 3 aislusa)Vig(a), (4.5)

BeA(m)

holds P-a.s. on {u < T*}. This simple observation is the basis of the analysis. Indeed, this enables
us to write the following. Restricted to {s < T7}:

D7) = V(s 0 X0 ([ G0 VixD)
= Z Vig)(f o X¢)(z) [a,,g(s, x)} : (4.6)
)

i=1,...,d
BeA(m !

To proceed from this point requires a clever trick. We need to introduce an extra factor into
the equation, which vanishes on {s > T}, and which belongs to the space D>. Based on the
observation that, for z € U¢, there holds {s > T*} C {supyepo,s) [ Xy — 2| > €} instead of seeking a

factor which vanishes on the former set, we seek a one which vanishes on the latteff] A truncation

Thus, it also vanishes on the former.
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of the maximum process MY := sup,¢joq | Xy — | - although a seemingly prudent choice - is
inadequate for this task, as the maximum process is merely once differentiable with respect to
the Malliavin derivative. As has been constantly shown in the previous chapters, the elements of
the integration by parts formula require stronger differentiability. Owing to the strong modulus of
continuity bounds derived in Garsia, Rodemich and Rumsey [10], and the inspiration provided by
Nualart through his application of a similar integration by parts factor to deduce smoothness of the
density of the maximum of the Brownian sheet in [33], there is a suitable candidate for this factor. It
is based on the observation that the paths of the SDE have a certain modulus of continuity. Define,
for v € (0,1/2), p > 2 such that % <y < % - %, the increasing process Y defined, for s < t, as

X* _ x@ 2p
Yy :—/ %dudv.
0,82 Ju—v[ "7

Lemma 4.4 There holds YF € D*°(H) for all z € U and s > 0.

Proof : The proof for Brownian motion is proved in Airault and Malliavin [I]. See the appendix for

a general SDE solution. =

By restricting the growth of Y we may restrict the growth of sup,co 4 [ Xy — 2|. More precisely,

we claim that for » > 0 there exists R, such that

YE<R =  swp |XT-z|<r
u€(0,s]
Indeed, by applying the lemma of Garsia, Rodemich and Rumsey [10] to Y (see appendix for

statement and discussion), one may deduce that:
X5 — X0 < Cpp Y lu— o7,
for all u,v € [0, s], and some constant C), .. Hence, if Y* < R,, then

Xy — Xf‘gp < CpyRy lu — U‘Zm_l

11 .

= |XE — x| < CPAR™u" 2

11y

= sup X7 —z| < CphR7t 2.
u€l0,s]

The claim can now be verified by choosing R, such that C%Rﬁﬂ_ﬁ < r. Define r := €. This
is the minumum distance a path which originates in U€ has to travel in order to leave U. We now
proceed by truncating the function s — Y on [0, R,]. This will insure SDE paths which originate
in U¢ will be truncated if they come close to the boundary of U. This permits use of the LFG
condition, as has been discussed. Due to the cautious approach of the truncation, some paths -

which originate in U€ - may be truncated even if they do not leave U. This overcompensation shall
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not pose a large problem. In particular, choose ¢ € C;° such that

1. ¢ =1on (—oo, &)

2. p=0on (R, +00).
3. ¢(R) C [0,1].

We are now ready to further develop equation (4.6)). As was done in the first chapter, we use this
single equation to produce a square linear system of equations. The only difference this time is that
we take the H-inner-product with kq (t,z) := (IJA' aiya(s,x)w(Yf)ds) ; This step removes

geeey

the need to phrase equality in terms of occurring on the set {s < T%}. Indeed, on {s > T%} it
follows that ;¥ > R, and hence ¢(Y¥) = 0. So although equation (4.6)) breaks down at this point,
the fact that ¢(Y*) vanishes here means that equality remains. Indeed, by taking a1,...,an,, to

be an enumeration of the multi-indices of A(m), there holds P-a.s. everywhere

(DX (6 0)), = 3 V(T o X0(a) (kolts ). i (120,

BEA(m)

<Df(Xt$) an (6T > Z V[/j] foXi)(x )<k‘g(t,$),l~€an(t,x)>H,

BeA(M)

(DFXE) Fay,, (t.2)) = Z Vi (f 0 X0)(@) (ks (t, ).y, (t.2))

BEA(M)

and defining, for a € A(m), for notational simplicity:

D F(XF) = (DFOXT), Raltiz))

M 5(tz) o=t <ka(t,x),/%5(t,x)>H

d t
_ el 118l
DY / G105, 2); 5 (5, )0 (V) ds,
i=1"0

so that

o z lell+181 ~
DWFXF) = >t 2 Myg(t,)Vig(foXe)().
BeA(m)

Hence we have successfully circumvented the problems posed by non-uniformity of the UFG condition.
This was achieved by introducing an extra integration by parts factor, in the form of ¢(Y*).

As in the first chapter, we must invert the matrix M (¢, ) to obtain:

Vi(fo Xo(@) =75 3 75 M () DD f(x7).

BEA(mM)
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4.2. Robustness of the invertibility proof

We now attempt to show that the Malliavin covariance matrix is invertible, and in particular, that
the inverse of its determinant is in L? for all p > 1. As we shall see, the proof technique used by
Kusuoka in [22] is very robust. It allows us to retain sharp asymptotic rates, and also allows the
inclusion of a (potentially) quickly triggered stopping time, all without fuss. As was demonstrated
in Chapter 1, it suffices to prove that for each p > 1, there exists C' = C(p) > 0 such that

P (Igl_g(f, V(1 2)¢) < eo> <od,

for all g > 0, t € (0,1]. The upper bound is for all 2 € U¢, and C' = C(n). Recalling (2.13), we
see that for y > 1:

(5,]\2(:&,@5): S absMap(t, )
acA(m)

S kst (ha(t,2), ot 1))

aeA(m)

H

len [
| X @ [ @)
0

acA(m)

H
2

, (4.7)

H

v

Lol t/y NSE, 2N\
Z fat_T/ (a?a—&—r,,a)(u,a:)du
0

acA(m)

where S% = inf{t > 0 ; Y > R}. We have noted in the above that for s < S% there holds
o(YF) = 1. We now note that:

. - : v oL
P ( inf (£, M(t,z)) < eo> <P (%fi(g’M(t’ z)§) < eo, S% > y> (4.8)

First consider the term P(S‘gr < %) = ]P’(Y””

to deduce:

o (1) (4.9)
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The last inequality is proved in the appendix. We return to this later. Now consider the other term
on the RHS of (4.8). Ideally, we would like to use the bound (4.7]) to deduce that:

P (juf (& 31009 < o, 3, > )
2

o t/yA.
<P| inf || > §at_|2“/ (@, + 7 o) (u, x)dul| < e
l€1=1 0 ’
CMGA( ) H

This step is a valid one, but it deserves closer attention. In particular, the stopping time SET/Q
has been dropped from consideration, even though it serves an important purpose. It stops the
consideration of a_,(t,z)(s,w) for (s,w) & {(s,w) ;s < S}%r/z (w)} Indeed, by observing:

a.qo(t,z) = a?a(t, x)+ 71 ot ),

one will see, from its definition (cf. that the remainder term r_,(t, z) is defined only because
we required that the coefficients ¢, g be defined globally. The reason care was taken to introduce
the truncation function is to precisely avoid such (s,w). In fact, due to the mechanics of the proof,
it is irrelevant how the remainder term, and hence the coefficients are defined at these points.
Moreover, the fact that a_,(t,x) is globally well-defined permits us to use the integrability result
from Chapter 1 - namely Lemma [2.10]

As was noted in Chapter 1, we now remark that because y > 1 there holds:

2
inf Z f -5 /t/y&(ao +7.q)(u,x)du
|£‘:1 o e fryes 9
acA(m =
ol 2
5 ft/yA.
> inf Z & [] / (a ga—i—r,ﬂ)(u,x)du
|€1=1 acA(m) Y 0 "

At this stage, we may use the calculations in the first chapter to complete the argument. To do this

we must use a variant of Lemma 210

Lemma 4.5 There holds, for all p € [1,00),

P
sup E / Z Zt lled— lrm (u x)Qdu < 00.
tgée((l){i acA(m) i=1

Proof : Follows immediately from Lemma [2.10] =
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Then by an analogous proof to the first chapter, we may deduce that

— el t/yA. 2
P < inf Z £ {t] ’ / (a_oa +7.q)(u,x)dul| <e
|€]=1 o A(m) Y 0 "
- 1 \P
< Cmap (260)p + Cm,p <> ’ (410)
€0y

where the upper bound holds for all ¢ € (0,1] and z € U. Combining this upper bound with (A.18]),
we get that:

P ( inf (& M(t,z)) < 60> < Cmyp (2€0)” + Cinp <1>p +Cog <1>p

|€l=1 €Y

A p
S Cn7p7m60 ’

for all t € (0,1] and = € U*¢, where we have chosen y = 662. This completes the proof.

4.3. Several local integration by parts formulae

The reader should, provided the first chapters have been digested, be familiar with the need for
supplementary regularity results to be proved, to allow the iterative application of the integration by
parts formula. In-keeping with the work of the first chapter, we shall refer to processes which appear
in the integration by parts formulae as ‘local Kusuoka-Stroock processes’. This term was adopted
in the previous chapter, and although the two definitions are similar, they do not directly coincide.
We briefly apologise for any confusion which may result, but pledge to make clear the differences

between the various notions of ‘Kusuoka-Stroock process’ shortly.

Definition 4.6 (Local Kusuoka-Stroock processes) Let E be a separable Hilbert space and let
p €R, V C RY open. Denote by I@L"C(V, E) the set of functions: f: (0,1]xV — D>°(FE) satisfying
the following:

1. f(t,.) is smooth on V and %(., .) is continuous in (t,x) € (0,1] XV a.s. for any multi-index

Q.

o f
or®™

< oo, forallk e N, p € [1,00).

2. su t=P/2 ‘
Pte(0,1],2ev kp B

Define KI°<(V') := KIe¢(V, R)

We have been at least careful to introduce different notation for the Kusuoka-Stroock processes,
which form an important part of the integration by parts formulae in Chapters 2, 3 and 4. This care
did not however extend to the nomenclature in final two of the three chapters. In spite of this, it is

thought that they are sufficiently similar to warrant this decision.
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Lemma 4.7 (Relationships between the Kusuoka-Stroock processes) The following hold for
fixed r € R:

1. Nyen KPS(E, k) D Ky (E).
2. For Vg RN, KIFS(V, E) S Myen KP°(E, k)

3. Kle(RN,E) = K,(E)

Lemma 4.8 (Properties of local Kusuoka-Stroock processes) The following hold for each n €
N:

1. Suppose f € I@;JOC(V, E), where p > 0. Then, fori=1,...,d,
/O f(s,2)dB! € K¢, (V. E) and /0 (s, x)ds € K%,(V, B).

3. Y, 0(Y) € Klee(Ue).

4. ko € Kloc (U<, H), where oo € A(m).

[l

5. Dy = (Du(t,z), ko) € K¢, (V NU*) where u € lq)oc(V) and o € A(m).

ptlall

6. If M~1(t,x) is the inverse matrix of M (t, ), then M_ 5 € Klec(U®), a, B € A(m),

7. If fi € KPC(V;) fori=1,...,N, then

N
[IFiekee opn(MiVi) and Zfzeiq’::fn oo (MR VA).
L =1

Proof : The proof of all parts of this lemma has already been covered in previous versions of this

lemma. The proof of part 3. is handled in the appendix. m

In the remainder of this section we derive numerous integration by parts formulae, in a similar
fashion to the work of the first chapter. Note that we are constantly assuming that the LFG condition
holds in U. The dependence of the integration by parts factors on the minimum distance of 2 € U*
from the boundary of U, constructed to be % is emphasised. The proofs are very similar to previous

ones and are thus not included.
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Theorem 4.9 (Integration by parts formula 1) Forall ® € I@’p"c(UE), p € R anda € A(m) there
exists @, € I@’,"C(ﬁ €) such that

E[®(t, 2)Via) (f 0 Xo)(2)] = t7 1 2E (@0 (2, 2) £ (X)), (4.11)

for any f € C°(RY ;R), t >0, x € U".

From this it is possible to prove other related integration by parts formulae; in particular (cf. Corollary
4.10). One should again take note of the non-trivial role the LFG condition plays in the other

derivations.

Corollary 4.10 (Integration by Parts formula Il) Under the assumptions of Theorem and
assuming ®(t,x) =0 on {T* < t}, the following holds:

E[®(t, ) (Vig /) (X{)] = t 71 PE[@L (8, 2) £ (X)),
where ®,, € lq,o‘:(ﬁe), for any f € C2°(RY ;R), t >0, x € U°.

Corollary 4.11 (Integration by Parts formula I1l) Under the assumptions of Theorem the
following holds: )
VI E[@(t,2) f(X7)] =t IPR[®L (¢, 2) £(X7)),

where &)a € I@L"C(Ue), for any f € C°(RY ;R), t >0, x € U*.
Proof of Corollary .10} : The first observation is the following relationship:
Vi /)NXE) = VX ) Vi (XT)

= (JI)TIV(f o Xi)(2) Vi) (XT)
= V(f o Xp)(2)(JF) " Vo (XP),

where (JZ)~T := ((JF)~1)T. At this point refer back to the closed linear system of equations, which
induced the expression, on {7 > t}:

() Ma(X7) = Y aap(t,2)Vig(a).
peA(m)
Again, the central position of the LFG condition is emphasised. Note that this implies, on {7 > ¢}

V(fo X)(@)(JE) WVia(XP) = Y aaplt,2)V(f o Xy)(x)Vig ()
BeA(m)

= Y aap(t,)Vig(f o Xo)(@).

BEA(M)
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As ®(t,xz) = 0 on {T" < t}, this is equivalent to writing

O(t,2)V(f o X)(@)(JF) " Vim(XF) = Y @t 0)aa,s(t, 2)Vig (f 0 Xo) (@),

BEA(m)

P-a.s. Now note that, from Lemma A8 € lél(‘ﬂcﬁ”_”amvo(ffe). So it has been shown that:

E[®(t2)Viaf(XD)] = > E[®(t2)ans(tx)Vig(f o Xi)(@)] .
BEA(mM)

The integration by parts formula (4.11]) can then be applied N, times, after noting that the product

Paa,p € KO lafyvo) (U°)- And so,

E[@(te)Viuf(XD)] = 3 77 E[Ws(t2)f(X7)]

I I _lleli=18ll

_ LIl ) [tH&H;HﬁH \I/ﬁ(t, x)f(Xf)}

>
BeA(m)
= >
BEA(m)
_ Hﬂ: @i, 2) F(x7)]
el =181

where @7 = dpeamyt 2 VYp€ K?C(Uf).

4.4. The deduction of local gradient bounds

In this section the integration by parts formulae of the previous section are employed to obtain local

gradient bounds. We consider semigroups with a potential term. That, is define (Pf);>0 by

re0) = e { [ cxash ).

This is the solution of a parabolic PDE which has been perturbed by a potential, c. We assume
c € Cp°(U). Then one can deduce the following:

Theorem 4.12 Assume o, ..., 0 tm € A(m). Then there is a constant C,, such that:

_ HalH“"“Han-&-m”

Viaw - Viaw P Viaw ) < Viwgml | o ey < Ot : 1F 1o
for any f € C°(U€),t € (0,1] and p € [1,00].

Proof : As in the first chapter, the proof is based on an interpolation argument. Please consult
Kusuoka [22], p268-270]. =
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RECOVERING A LOCAL VERSION OF HORMANDER’'S THEOREM

In a similar fashion to the first section, we may consider the situation where Hormander's criteria for

hypoellipticity holds. In particular, we demonstrate local smoothness of the diffusion semigroup on

U under various assumptions. The integration by parts formulae are tailor-made to fit this situation.

Theorem 4.13 A local version of Hérmander's theorem holds:
1. Assume that the following holds for all zq € U:

Span{Va} (z0) v € A(m)} = RY. (4.12)

Then we have the following gradient bounds for iterated partial derivatives of the semigroup:

1
sup (0, - Oiy BLf W] < Cn 3775 [ f s (4.13)
yeUe
1/2
;’:56 ’81'1 "‘aiMPtf(y” < CnW ”VfHooa (4'14)

for any i1,...,iy € {1,...,N}, M € N and t € (0,1]. Moreover, the diffusion semigroup is

smooth in U, for any uniformly continuous function f.

2. Assume that (#.12) holds for some zq € RY. Then, for some r,,, we have the following

gradient bounds for iterated partial derivatives of the semigroup:

1

sup  [0;, ... 05 Puf| < CtKT/Q £l oo -

yeB’V'zo (330)
£1/2
sup [0y - Oy Pf| < Cperm IV fll oo -
Y€ Brg, (20) B " tiom/2 >
Then the diffusion semigroup is a smooth in some ball of radius r,, with centre x, for any

uniformly continuous function f.
Proof : 1. Note that in this case we may restate (4.13]) as: Je > 0 s.t.:

3 [EVi(@)]” = elel, (4.15)

acA(m)

Ve € RN and z € U, or equivalently: the matrix (VV7T)(x) is invertible Yz € U¢, where V (z) :=
Vo @) |- | V[QNM}(QE)), and the determinant is non-zero even at the boundary of U*.

To demonstrate smoothness we seek to deduce an integration by parts formula for iterated partial
derivatives 0, . ..0;,,, where i; € {1,...,N} for j = 1,..., M. We claim that there exist ¢!, €

C°(U°) such that:
€; = Z Ca‘/[a]v

acA(m)
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Va € U¢. This can be re-written in matrix form as

eiszCﬁ,
again, where V(z) := (Vioy)(@) | ... | V[aNm](x)), and ci(x) = (Cg(m))aeA(m). But it holds that
(VVT)(x) is invertible Yz € U€, with non-zero determinant even at the boundary. Therefore, we

may set
d=vTwvh e,

That is, ¢, (z) = (VI (VVT)"le;)o(x). By the inverse function theorem, ¢!, € C°(U€). Now

observe that

[E@i(f o Xo) (@) = | D ch(@)E[Via)(f o Xe)(@)]

acA(m)
< Z sup |ch(2)] [E[Via)(f 0 X¢)()]]
aeAOn)ere

< Kin t 72| fll -

This upper bound is uniform over all 2 € U¢. This may be done for any partial derivative and the
procedure can be iterated for any multi-index «, to deduce the gradient bounds:

1
sup [0y, ... O Pf| < Oy Kmj2 [ f1l oo
zeU¢
/2
SUP K%1'“é%KI%f’§ C%E};J§H‘7meﬂ
zeUe¢

for any iy,...,iy € {1,...,N}, M € N and t € (0,1]. These gradient bounds may be applied in
an analogous way to Proposition to deduce smoothness on U*.

To prove 2., we observe that as x — det A(z) is a continuous mapping for matrices A with

continuous components. In particular, if
det A(zo) # 0,

then it must be that the above holds for all y in some neighbourhood of zy. By taking an even
smaller neighbourhood of x(, we can also deduce that the determinant must also be non-zero on the
boundary of the neighbourhood. From this observation, we may apply the result in 1. to complete
the proof. m
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SOME EXAMPLES

It was mentioned in the introduction to this chapter that one seeks, almost paradoxically, to find
examples with degenerate coefficients (whose coefficients are smooth and bounded only in some
restricted subset of R™V), but whose corresponding SDE solutions satisfy some very strong differen-

tiability properties. Such examples, do exist and make interesting applications of this work.
Example 4.14 Consider the following one dimensional SDE

dXy =dt+2\/X}dB;, t>0,
Xy ==

Then the equation has the explicit, unique, strong solution:
Xi = (Bit o)’

Hence it is clear that (C1) and (C2) both hold on (0,00). Note also that the Lie algebra is of
full rank on (0,00). Thus, we may deduce that the semigroup P, f(.) is smooth on (0,00) for any

uniformly continuous function f and that (4.13) and (4.14) hold.

Example 4.15 Consider the following one dimensional SDE

{ dXF = —X7(2log XF + 1)dt + 2X7\/—log XFdB;, t >0,
Xy ==z

Then for each xy € (0, 1) the equation has the explicit, unique, strong solution:

2
X! = exp{— (Bt + \/—loga:0> }

In particular, it is clear that (C1) and (C2) both hold on (0,1), and for uniformly continuous
functions f we may deduce smoothness of the semigroup, P, f(), on this set. Moreover, (4.13)) and

(.14) hold.
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5. The generality of the LFG condition

The analysis in this thesis has rested on the assumption of either the UFG or the LFG condition.
The reader has been assured that these conditions are very general. The purpose of this section is

to delve further into their generality.

It has already been demonstrated that the UFG condition is more general than the uniform
Hormander condition, and that the LFG condition is more general than a local Hérmander condition,
but is it the case, for instance, that the LFG condition holds a priori for smooth functions with
bounded derivatives of all orders? The answer to this question is negative. Indeed, we shall construct
examples where the UFG and the LFG conditions fail to hold, owing to degenerative behaviour at
a single point. A more interesting question is whether the LFG condition holds a priori on compact
sets in the case of analytic vector fields. Analytic vector fields have very favourable properties on
compact sets, which can be harnessed to deduce behaviour of the Lie algebra. As we shall see, the

quest for the satisfaction of the LFG condition can be separated into two distinct questions:
1. Is the Lie algebra finitely generated?
2. If so, can the coefficients of the Lie algebra be chosen to be smooth with bounded derivatives?

Both of the above questions are of fundamental importance to how the LFG condition is applied.
The answer to the first question, as will be demonstrated, is ‘yes’ in the case of analytic coefficients
and over compact sets. If the rank of the space generated by the vector fields is constant, then the
answer is yes even if the coefficients are merely smooth. In the case of constant rank of the Lie

algebra, the answer to the second question will also be ‘yes’.

Before tackling the problem in detail, we mention existing theory in this area. Sussmann [39]
provides a significant contribution to the study of Lie algebras of non-full rank. The paper is mostly
interested in demonstrating integrability of distributions. To this end, Sussmann discusses a very
similar version of the LFG condition, cf (LFT1) and (LFT2). He uses these conditions to prove that
the distribution associated to the Lie algebra has integral submanifolds. In particular, he shows that
(LFT1) and (LFT2) hold under the assumption of analytic coefficients and (separately) under the
assumption of uniform constant rank - the latter in Theorem 8.2.

Whereas Sussmann uses the conditions (LFT1,2) as tools for integrability, we are interested in

the similar LFG condition in its own right.
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5.1. Some pathologies disproving a priori-ness of the LFG condition

We begin this chapter by providing a counter-example to the incorrect assertion: " The LFG condition
is satisfied around all points of the state space, when the vector fields are smooth with bounded

derivatives”.

Example 5.1 (Basic Example) Let N =1, d=1. Take V) =1,

exp{—1/z}, x>0

Vl(.%') = .
0, <0

We claim that this example does not satisfy the UFG condition. i.e. there is no finite uniform

ol

Figure 5.1.: A non-analytic smooth function

generating subset of the Lie algebra which generates the whole algebra. QOur first observation is that
the derivatives of V| can be given by
p;T(ff)Vl(:E) ifx >0

0 ifzx <0

where pp(x) = > 1" g ana™, an # 0, is some polynomial strictly of order n.
It can then be shown that we have the following general representation for the vector fields of the

Lie algebra

p;@;ff) exp{—no/x} ifx >0
V'[O‘}(:L‘) = . )
0 ifx <0
where no, := |a| and 1y = |a| — (||af| — |@|). Our claim is that the LFG cannot hold in any

neighbourhood U D {0}. If we assume it does, then for some fixed m € N and all a such that
|a| = m + 1 there exist po 5 € Cp° such that:

V@) = > @as@)Vi,

BeEA(m)

holds on U. Equivalently, for x € U

Do) explafat = Y PO (g,

BeEA(m)
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Prmt1+28) (%) exp{—iia/z} = D @as(@)pis @)z ™D exp{—iig/x}.
BeA(m)
m times
For example, if we now pick o = (1,1,...,1,0), so that n, = m then

Pmi1(x) = > o p(@)Pagmr1)—(g(x) exp{(fia — i) /2},
BEA(m)

The only way we can get the RHS to be a polynomial of order (m + 1) is to choose either pq 5 =0
or pap(x) = x_2(m+1_‘6|)ﬁm+1,|5‘ exp{(no — ng)/x} for some polynomial p. Moreover, we need
at least one such choice of the latter. Notice further that i, —ng > m—(m—1) = 1. This function
explodes at x = 0, for all ||3|| < m. Hence UFG condition cannot hold, and the LFG condition does
not hold in any neighbourhood of zero.

We can also construct examples in arbitrary dimensions based on the above.

Example 5.2 (Extension to multi-dimensional SDEs)

One may extend this to a multi-dimensional vector field: by again considering the function

exp{—1/z}, x>0
0, £<0

p(x) =
and setting for some fixed radius, v > 0,

Vl(x) = (901(:61)7 R @k—l(l‘k—l), p(T’2 - |$|2), 90k+1(xk+1)7 SR QON(xN))v

where 1, ...,on € Cp°. Then the UFG condition will not be satisfied due to the behaviour around

ol
Figure 5.2.: Extension of non-anayltic smooth function to general dimensions
|x| = r.

One saving grace of this catastrophic realisation is that although p is a smooth, bounded function
it is not analytic. In particular, it is not equal to its Taylor expansion in any punctured neighbourhood
around zero. Notice this was where any choice of LFG coefficient exploded. To see this fact one
need only observe that p converges to zero faster than any polynomial hence all of its derivatives are

zero at x = 0. But one of the main problems was that although p eventually surpasses polynomial
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convergence, it takes an increasing amount of time to do this. Indeed, the derivatives of p have
spikes around zero which grow in supremum norm faster than factorially in derivative order. It is this
kind of behaviour which analytic functions avoid. In the next section we move past this pathology
and focus on analytic coefficients. In particular, we demonstrate that on any compact set the Lie

algebra is generated by a finite number of its elements.

PROPERTIES OF ANALYTIC FUNCTIONS
In what follows we assume that the infinitesimal generator £ of the diffusion semigroup {P;}+>0,
d
»C = Z ‘/;2 + ‘/bv
i=1

has the property Vij eCYU;R)for0<i<d, 1<j<N,andsomeU C RY, open. Equivalently,
that the coefficients of the stochastic flow

dXP =31 Vi(X}) 0 dB,
Xy =,

have analytic components. We recall the definition of an analytic function on RY.

Definition 5.3 (Analytic Function) The function f : D — R is said to be analytic on the open

set D, if it is locally given by a convergent power series. i.e. if we can write for any xo € D C RV :

f@) =3 Cale — o),

o] 20

for any x in some neighbourhood of xq. Alternatively, an analytic function is a smooth function

f € C®(D ; R) which is locally given by it's Taylor series, i.e.

fay= 3 %m0 e

|
(6%
|| >0

where a € Név is a multiindex, 0o := 07" ... 0", with ®* = a{* ... 2" and ol :== o!... anl.
Note also that a + 3 := (a1 + f1,...,an + BN).
Moreover, we call a vector-valued function W : RV — RY analytic on D C RY, ifits components

are analytic functions on D.

Why analytic functions? The reason focus is placed on analytic functions is that their sets of

zeroes satisfy special properties.

Lemma 5.4 (Zeroes of analytic functions) Assume f : RY — R is an analytic function on the

open set D C RN, Then, if f has an accumulation point of zeroes on D then f =0 on D.
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Proof : We prove that the zeroes of a non-constant analytic function are isolated. Let f be an
analytic function defined in some domain D C R and let f(z9) = 0 for zg € D . Because f is
analytic, there is a Taylor series expansion for f around zy which converges on an open ball within
D. ie. for |z — 29| < R. We may express f around zg as f(z) = (2 — ZO)QETEIE\&IM(Z —20)8
with aq # 0 and k € N. i.e. a4 is the first non-zero term. Define g(z) = Emzoawﬂ(z —20)7 so
that f(z) = (2 — 20)®g(z). Observe that g(z) is analytic on |z — z9| < R. It is now sufficient to
show that g is non-zero in some punctured neighbourhood around zy. Note that as g(z) is analytic,
it is continuous at zp. Notice that g(z9) = aq # 0, so there exists an € > 0 so that for all z with
|z — 20| < € it follows that [g(z) — as| < ‘a—é’l . This implies that g(z) is non-zero in this ball, as

required. m

In order to get a proper handle over the linear subspace spanned by an infinite number of vec-
tors, we need to discuss determinants. No attempt to patronise the reader is made by giving a
lengthy review of linear algebra, but a simple notation for determinants of matrices (and determi-
nants of its submatrices) is introduced. Let A € R™*" then for a given size of square submatrix:

1 < k <m A n we enumerate the submatrices of said size and define

‘A|l,k><k

to be the determinant of the [th £ x k submatrix. Note that there are (’:) (Z) submatrices of size
kX k.

Corollary 5.5 Let W1,...,W,, be analytic vector fields on D C RY. Then Wi, oo, Wl e
analytic on D, which, on any compact subset K C D is either identically zero, or zero at a finite

number of points.

Proof : The first statement about analyticity of the determinant is obvious once one has noted that
it is a polynomial combination of analytic functions. It is a basic property of analytic functions that
polynomial combinations inherit the analyticity. The proof of the second claim is also straightforward.
Assume we have an infinite number of zeroes of |W7,..., Wn|l,k:><k on the compact set K. Choose
a sequence from this set of zeroes: {x,}, C K. Using the compactness of K this sequence must
have a convergent subsequence {z,, }x, i.e. x,, — x € K. This is saying no more than that
\Wl,...,th’kxk has an accumulation point of zeroes. Hence ‘Wla"'7Wn|l,k><k = 0 and the

result is proved. m

5.2. Finite generation of the Lie algebra

In this section we consider one of the two properties linked to the LFG condition. We seek to show
under two different assumptions, that the Lie algebra is finitely generated. The first is that the

vector fields are analytic in an open subset of RY. The second situation considered is when the
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Lie algebra has constant rank in some open set. In both situations we prove that the Lie algebra is

finitely generated on every compact subset of the open set.

ANALYTIC COEFFICIENTS

In this subsection we deal exclusively with analytic coefficients. In particular, we show that the
vector subspace spanned by the infinite number of vector fields of the Lie algebra, is, on compact
sets, spanned by a finite number of these. Namely, that the Lie algebra is finitely generated on
compact subsets of analytic regions. Throughout this section we assume that the vector fields are
analytic in an open set D C R, and that K C D is a compact subset. In order to make this both
aesthetically pleasing and readily understandable we have to introduce some notation. Define:

K(x) := Span {Vj4)(z) ; o € A}.

Our first observation is that although the subspace KC() of RY is the span of an infinite number of
vectors, for each z € RY we can choose precisely r(z) := rank(K(x)) members of the Lie algebra:
V[Oél]’ te V[sz)

is whether there exists Vi, ..., V[ay] such that:

| which span K(x) at z. This is basic linear algebra. The problem we are considering

]C(l.) :Span{Wa1]($)77WaN](m)}, Vo € K.

Define Ky (2) := Span {Vj(2) ; [|e]| < m}. So that for each fixed 2 € RY there exists n, such
that:
K(z) = Ky, (x).

This is obvious from the definition of both subspaces. Define also:

It is clear that for each 2 € R there exists n, such that R(z) = R, (). Indeed, R(z) =
lim;,_yo0 Ry (7). Rather than focus on the problem of finding a N such that Ky, = K on K, we
study the equivalent problem of showing that the sequence {R,,}, is uniformly convergent to R on
K.

It is clear that:

N N
K = U{R:r}ﬁK:U{mERN:R(x):r}ﬂK
r=0 r=0

If {R =r} N K # (0 then there must exist x € K such that R(x) = r. Thus, there exists n, € N
such that R(z) = Ry, (z) = r. Hence, some r x r submatrix of (V|4(¥))|a|<n, Must have non-zero
determinant:

‘(V[a](x))||augnz\l’rw >0, for some [.
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But, given that this analytic function is not zero everywhere on K it can only be zero for at most
a finite number of points: {z1,...,zap} C K. This means that the vectors of this submatrix must
be a finite generating set for all but a finite number of points of rank r on the compact set K.
Alternatively, {R =r} N K\{z1,...,xzpm} = {Rn, =7} N K. This is promising. There are at most
a finite number of more troublesome points. But these points are individually finitely generated.
i.e. for each x;, i = 1,..., M there exists ny, such that R(z;) = Ry, (z;). So, if we then take

Ny 1= max{Ng, Ny, ,...,Ng,, } then it is clear that:
{R=r}nK={R,, =r}NK.

We then repeat this step for each possible rank of K for points in K, i.e. 0,1,..., N, and take

Ny := max{ng,...,ny}. It then follows that:
K={R=R, }NK.

Equivalently,
K=K, onkK.

Hence we have succeeded in demonstrating finite generation of the Lie algebra on compact sets.

Proposition 5.6 Let K be a compact subset of a open region in which the vector fields Vy, ..., Vy

are analytic. Then there exists N € N s.t.
Span {Via)(z) ; o € A} = Span {Vy () ; &« € A(Nk)}, Vz € K.

In particular, for each Vi, such that o ¢ A(Nk), there exists gp&?ﬁ :RY - R, B € A(Ng), such
that:
V(@) = > ¢k s Vig(a), (5.1)
BEA(NK)
forall x € K.

This represents significant progress for proving the LFG condition holds on compact subsets of
analytic regions. We are not yet finished though. In comparing with the actual LFG condition,
one will observe that the required smoothness property is yet to be demonstrated on the interior of
K. Indeed, denoting the coefficients by @ is designed to highlight this difference. What remains
is the daunting task of showing that one may express all elements of the Lie algebra as a smooth
linear combination. This is a highly non-trivial problem. We shall restrict consideration to points

across which the rank of the Lie algebra is constant.

Before proceeding to tackle this problem, we first take a slight deviation to prove a generalisation
of the finite generation results, also under the assumption of constant rank. In particular we show
that if the vector fields are smooth, and the Lie algebra has constant rank, then it can be finitely

generated.
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CONSTANT RANK

The biggest problem in the last section - had we not assumed analyticity properties of the coefficients
- would have been how to deal with a change in rank of the Lie algebra. These points pose significant
problems for general functions as there can be infinitely many of them and it is not obvious that
finite generation would still hold. In the last section we showed that there would only be a finite
number of isolated points across which the rank could change. Here, we will allow our functions to
be smooth but we shall assume that there holds constant rank of Lie algebra across an open set D.

i.e. recalling the notation of the previous section
Vo,...,Va € COO(RN ) RN)a

satisfy
R

r, on D,

where r € {0,...,N}.
We now make a slight deviation to investigate the properties of the rank function. These will

become useful when discussing finite generation.

Definition 5.7 (Lower Semi-continuous function) A function f : RV — R is said to be lower-

semicontinuous if one of the following two equivalent conditions hold:
1. Forallz € RN {y e RV ; f(y) > 2} is open.
2. liminf, o f(zn) > f(liminf, o zp).

Or, in words: a lower semicontinuous functions is a piecewise continuous function which can make

‘down-jumps’ at a point, but not ‘up-jumps’.
Lemma 5.8 The rank function R,, : RN — {0,..., N} is lower-semicontinuous.

Proof : This property seems intuitive after some thought, but assume A(r) := {y € RV ; R,,,(y) >
r} is non-empty and take yo € A(r). Assume wlog that yo € A(r’) where ' > r. Then there must
hold:

} (‘/[04 (yO))aeA(z) ‘k:,’f’X'r’ > 07

for some 7’ x 7" submatrix of (V{4)(y0))acA(m)- But since this is a smooth function of yo (which
follows from the smooth columns of the submatrix) and hence also continuous, there is a neighbour-
hood U of yg such that

Vig(2) 5 0 € A(m >0,

)|k,r’><r’

for all z € U. This means that each point « € U is of rank at least ' > r. i.e. R,,(x) > r for all

x €U. i.e. A(r)is an open set. m

Remark 5.9 For general lower-semicontinuity of rank, one need only assume continuity of the ele-

ments.
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Figure 5.3.: A lower-semicontinuous function

We now prove a result for which a corollary is - under the assumptions of constant rank - finite

generation.

Proposition 5.10 (Uniform convergence of lower-semicts functions) Let K C R be a com-
pact set. Assume {f;}ien : K — R is an increasing sequence of lower semi-continuous functions
such that sup; f; = C. Then for each ¢ > 0 there exists ig € N such that {f;, > C — ¢} = K.

Proof : Because f; Tpww C = sup; fj. for each x € K there exists i, € N such that:
fi(x) >C —e.
Now, since each f; is lower semi-continuous, there exists an open neighbourhood U, of x such that
fi,(y) >C—e  VyeU,.

Now note that: |J,x Uz is an open covering of K. From the compactness of K, there must be a

finite subcovering:
M

K c|]JUs,.
=1

Now if we take i* := max{ii,...,ip}, then it follows that fix > C — € for all z € K. This

completes the proof. m

Corollary 5.11 An increasing sequence of lower semi-continuous functions, which converges point-

wise to some continuous function, converges uniformly on compact sets.

Proof : This is a simple corollary of the above lemma once we note that if g is continuous and f;
is lower semicontinuous then f; — g is an increasing lower semicontinuous functions which coverges

pointwise to 0, hence this convergence is uniform on compacts. =

Hopefully, the relevance of these facts for the task in hand should be clear.

Corollary 5.12 If the rank function of the Lie algebra is constant on D, then the Lie algebra is
finitely generated on compact subsets of D.
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Proof : Let K C D be a compact subset. Simply choose ¢ < 1 in Proposition . Then it must
be that for the increasing sequence {R;},en of lower semi-continuous rank functions, that there
exists n* such that:

R,»=r, onKk.

Span {Vj4(z) : @ € A} = Span {V|4(7) : a € A(n")}.

Before focussing on smoothness of the LFG coefficients under the constant rank assumptions, we
consider the behaviour of the rank function where the vector fields are analytic on an open subset
of RV,

5.3. Constant rank of the analytic Lie algebra

In this section we focus our attention on the rank of the Lie algebra. In particular, we consider the
situation where the vector fields are analytic in some open subset of RY. It was proved in a previous
section that the Lie algebra is finitely generated on compact subsets of analytic regions. For the
rank function, this means that there exists Ng such that Ry, = R on K, where K is a compact

subset.

Definition 5.13 (Primary and secondary Lie algebra ranks) Assume K is a compact subset of
RV satisfying Leb(K) > 0. We call r € {0,...,N} a primary rank for the Lie algebra on K if
it holds that Leb {x € K : R(z) =r} > 0. Wecallr € {0,...,N} a secondary rank for the
Lie algebra on the compact set K, if it holds that Leb {x € K : R(x) = r} = 0, but there exists
x € K such that R(z) =r.

Proposition 5.14 If the vector fields Vy,...,Vy are analytic on D C RN, then for any compact
subset K C D, with Leb(K) > 0, the Lie algebra has only one primary rank, r, on K. Moreover,
Leb{x € K : R(xz) =r} = Leb(K) and this primary rank is the rank of the Lie algebra for all but a

finite number of points.

Proof : We proved in the previous section that there exists n(K) such that R, (x) = R on K. We

consider the N X N,,(k)-valued matrix function, denoted A, and defined as:

A(x) = [V (x)}aeA(NMK))'

On K, the rank of this matrix is the same as that of the Lie algebra. Hence it is sufficient to show

the result for this matrix. Let us assume that A has two primary ranks: 1 and ro on K. Without
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loss of generality we may assume ry > 12, Forallz € {y € K : R, (k) < r1} =: Ky, it follows that:

() (")
> Al =0, on Kf. (5.2)
=1

i.e. as the rank of A is strictly less than 7 on K[, it follows that every 71 X ri-submatrix of A
must have zero determinant. But since Leb(K[ ) > Leb{y € K : R, (k) = 72} > 0, the set K[|
must have an accumulation point. This follows easily after noting that a set comprised of isolated
points - a discrete set - is countable and hence has Lebesgue measure zero. Hence the analytic
function in has an accumulation point of zeroes. It must be zero on K. Hence rq is not a
primary rank of the Lie algebra. This contradiction completes the proof. We note that the assertion:
Leb{z € K : R(xz) = r} = Leb(K) follows trivially from the definition of a primary rank, once we
know that there is only one primary rank. The fact that this is the rank for all but a finite number
of points is deduced from the analyticity of the function in (5.2). m

5.4. Satisfaction of the LFG condition under constant rank

At the beginning of the section we discussed the two-fold nature of the problem of demonstrating
LFG condition. One must first determine a finite number of vector fields which generate the whole
Lie algebra. It is then essential to show that they can be combined as a linear combination with
smooth coefficients. Whilst a seemingly simple problem, this is highly non-trivial. However, the
result is fairly straightforward to prove when we assume that the linear span of the Lie algebra has
‘constant rank’ across a point. We used this same notion in the previous section, but we now give

a precise definition of what this means.

Definition 5.15 (Point of constant rank) A point = € R s called a point of constant rank if
there exists e > 0 and r € {0,1,..., N} such that

R(.)=r, on B.(x). (5.3)

The choice of LFG coefficients shall be made according to the prescription allowed through the

implicit function theorem.

Theorem 5.16 (Implicit function theorem) Let f : R" x R™ — R™ be a C;° function with
coordinates (x,y). Fix (zg,yo) € R™ x R™ and suppose f(xo,yo) = ¢, for c € R™. Suppose further

that the matrix [ggf (20, Y0)]1<i,j<m is invertible. Then there exists an open set U C R™ containing
J - -

xo and an open set V. C R™ containing yo and a unique smooth function g : U — V with bounded

derivatives such that

{(z,9(2)) 2 € U)} = {(x,y) € U XV : f(z,y) = c}. (5-4)
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This result is ideal for proving smoothness of the choice of LFG coefficients. We make a brief
observation on the finite generation results. Assume that the {V|g, 8 € A(m")} are a generating
set for the whole Lie algebra. We consider an arbitrary member V|, of the Lie algebra which is not

in this finite generating set. For example, assume ||| = m*+1. Fix zg € RY. Then, if R(zg) = 7,

there exists Vig,1,..., V|, and yi°, ..., yro such that:
Vig(z0) = > 47°Vig, (o). (5.5)
i=1

Of course, the purpose of this section is to show that these may be chosen smoothly in some region

around xg.

Proposition 5.17 Let zo € RY be a point of constant rank r with R(y) = r for all y € B.(xo).
Then then LFG condition is satisfied in some neighbourhood of x.

Proof : As 2o € RY is a point of constant rank r, there exists Vig]s - - - Vig,], which are linearly
independent such that, for some [ < (];[)

[Visa@o) | - Via]], >0

l,rxr

where [ corresponds to the Ith 7 x r-submatrix of the matrix [V[3,)...V|g,]. As the elements of this

matrix are continuous (they are actually smooth), there exists some ¢ > 0 such that

Vo] [Yaw]], ., >0
for all y € Bu (o). As the constant rank r holds on Be(wo), and Vig,j, ..., V|g,] have at least rank r
on B (xg). It follows that Vig,j,..., V|, have precisely rank r on Bz(xo) where € := e A¢’. Hence,

they form a generating set for the Lie algebra on B:(x(): both the Lie algebra and the set of vectors
itself have the same rank, and the generating set is obviously contained in the Lie algebra, hence it

must be a generating set for the Lie algebra in this region.

For reasons which shall become obvious, we now wish to choose N — r smooth vectors, denoted
as Wiy41,..., Wn, which, when combined with the linearly dependent vectors Vg j, ..., V|g,], form
a linearly independent set of vector fields on Bg(xg). If r < N, there will be many choices of
Wiit1,...,Wn. For example, one could choose N — r linearly independent vectors at zy and
change their orientation so that the angle between the vectors and the hyperplane K(.) remains
constant. As this hyperplane is of constant rank and is itself comprised of smooth vectors fields,
the resultant vectors W, 1, ..., Wy will also be smooth. We write W; := V[Bi] fori=1,...,r, for

notational convenience.
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Consider the function f : RY x RN — RV:
N
Fa,y) = Vig(@) = > y;Wi(x).
j=1

This function is smooth, and is equal to zero at the point (2o, yo) where yo = (y7°,...,¥%°,0,...,0),

by (5.5)). Moreover,

af;

[@;(wo,yo)hgi,jgm = [Vig(z) = Wi(2)],_, -
This matrix is invertible at (zo,y0) by construction, as long as Vi, — Vg # 0 for i = 1,...,7.
If this is the case, for i = ig, we may instead apply the theorem on the function f(m,y) with y;,

replaced by 2y;,. Then the Jacobian of this new matrix is invertible at the point (xg, go) where

- 1
Yo = <y‘f0,...,2yi)°,...,yf°,0,...,0> .

Hence, this pathology may be easily avoided and we may apply the machinery provided by the implicit
function theorem. Namely, there exists an open neighbourhood U of x(, an open neighbourhood V'
of yp, and a unique smooth function ¢, : U — V such that

In particular,
N
Vi () =) @ai(z)Wilx).
i=1

But Wy41,..., Wy are linearly independent of the vectors in the subspace K(.) on U N Be(x), so

it must be that ¢,41,...,@nN are identically zero on this set, too. Hence,

r

V[oa] (x) = Z Pa,i (‘r)v[ﬁz} (x>7

i=1
on U N Bg(xg), as required. m

Theorem 5.18 (The generality of the LFG condition) The following is a summary of the results
from this section:

1. Assume that Vj, ..., Vy € C°°(D) are smooth vector fields on an open set D. Then, if zo € D

is a point of constant rank, then the LFG condition holds in some neighbourhood of xy.

2. Assume that Vp,...,Vq € C¥(D) are analytic vector fields on an open set D. Let K be a
compact subset of D. Then the LFG condition holds in some neighbourhood of all but a finite
number of points in K. If D = RY then the points, which have no neighbourhood for which

the LFG condition is satisfied, form a set of isolated points.
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6. Sobolev inequalities, perturbed semigroups, the

Lagrangian and relaxing the V|, condition

We begin this section by seeking to extend the class of gradient bounds resulting from the integration
by parts formulae. In particular, some weighted Sobolev-type inequalities are proved and significantly
extend the work of previous sections. In the second part of this chapter we consider the case where
the semigroup has been perturbed by a potential. This problem is common in PDE theory and
although this has already been mentioned, the restrictive assumption that the potential is smooth is
significantly relaxed. In the third and final part of this chapter, we consider another problem which
is prevelant in PDE theory; namely the Lagrangian term. This problem has not been considered
thus far (within the thesis), and can be seen to complete the gradient bound theory for solutions of

the general Cauchy problem.

6.1. Weighted Sobolev spaces

In this section we develop extensively and systematically gradient bounds via the integration by parts
formula.

In previous sections we were restricted to considering functions which were either uniformly con-
tinuous, Lipschitz continuous or in LP. Whilst this covers a very broad spectrum of test functions,
it does not include, for example, continuous functions of polynomial growth or functions whose
derivatives may exist: in strong or weak sense. In this subsection we seek to address that deficiency.

We introduce a very general space of functions which may be viewed as a generalisation of Sobolev
spaces. In this case we shall be seeking derivatives along vector fields rather than partial derivatives
along the axis of the Euclidean space.

Let W = {Wy,..., W} be a set of M vector fields. Let f € C5°(RY) and define:

1700 = sup (1 [af?) "5 (W, .. W, f(0)
e
1/p

[N (L4 [2)™% [Wpy .. W, f(2)P d|
RN

where a € R and 8 = (B1,..., ) € {0} UUpen, {1 - ., M}*, where no derivatives of f are taken
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for B = (). Then define for k € N

A% \%%
1A% o= S, o

|BI<k
1/p
w w \P
1135, = | 22 (171Ys.)
181<k

Note that for k& = 0, that the above norm is independent of W. We omit the superscript in this
case to emphasise this fact. We then define the associated normed linear spaces, for a € R, k € N,

and p € [1, 00

Hm,p = {p € C*RY) : [loll,, ., < 00}

i.e. H:?;;p is the closure of C§°(IR™) with respect to the norm ||HZV,~W They may be thought of as
being weighted Sobolev-type spaces. Indeed, for W = {ej,...,en}, and o = 1, the closure HO%,p
is the Sobolev space W*P. Observe that we have not stated what differentiability we require of the
elements of W. If we wish to consider vector fields of general differentiability, then we need to restict
the definition of the norms H||gvﬂp so that they are well-defined. For instance, if W c C!(RY),
then the norms would be defined for each (3 such that |3| <1+ 1, and consequently for k <1+ 1.

For a > 0, this denotes functions, which may be expressed as the limit of smooth functions, and
which have weak derivatives along W up to order k in LP, which all have at most polynomial growth
of order a.. For v < 0, this denotes functions with weak derivatives along W of order up to k which
decay at least of polynomial order a.

Some of the results of the previous section might be viewed as somewhat disappointing, given
the necessity to phrase the norms over compact sets. The main reason for this problem is the
unboundedness of the vector fields of the Lie algebra. As we shall show, we need to consider
weighted spaces to rectify this problem and these new spaces are ideal for considering the action
of the diffusion semigroup especially in the case of vector fields with linear growth. The bounds in
this section rely heavily on the careful analysis we made of the explosion of the integration by parts
factors in Chapter 3.

In what follows we assume the UFG condition of order m holds and define V := {V[,) : @ € A(m)}.
Unless otherwise stated, we assume f € Cg°, although this assumption may be relaxed by limit
arguments. Note: we are still assuming that the vector fields Vp,...,V; € C’f“ and that Vj € Cf.

For compactness of notation, we shall write a(n1) := o+ ny and a(n1,n2) := a + n; + no.
Lemma 6.1 For n; +no < k —m — 1 the following hold for some constants C, C

<o Ha1u+.,.+|2|an1+n2 I

a(ni,n2), 0, co

[Views -+ Viaw 1 PViaw -+ V

||f||()¢70,oo

Oénl+1] e O(nl+n2]
et o[y 4y |

H‘/[Oll] T Vv[an1]Pth[a"1+1] t ‘/[O‘n1+nz]f = ét_ ? ||f||(170»1 ’

a(ni,n2), 0,1
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and as a result of employing the Riesz-Thorin interpolation theorem, for every p € [1,00]:

ol oy g |
2

< Cpt

[View -+ Ve Pi¥ie, a1+ Ve, sl g £l

a(ni,n2), 0, p

Proof : Observe that

Vv[al] . ‘/[Oénﬂpt‘/[anl-&-l} . ‘/[an1+n2]f(x)

ot ll+-t || o g ||
- 2

E[f(X7)D(t )]

oy I+ ang 4ns ||
2

<t E|f(X7)0(t,)
el fang g || 2, a
<t T oo E| @+ 1X7P) E0( )|
ol an; 4y | 2, a
S g [ IXEPYE|, o 100 2o
_\\Q1I\+<..+Uﬂn1+n2H T 12[2)3 (1 4 [a])mtme.

The last inequality follows from Corollary [3.13] Rearranging and taking the supremum over z € R
completes the proof for p = co. We now consider the case where p = 1. Observe that

/R A )T B Vi 1PVl - Vi ) f(2) g(o)de

< fla) Vi Vi PV Vi g da, (6.1)

— RN Oén1+n,2] [anl+1 Oénl] :

where §(z) = g(z)(1+ |z[*)~*(":72)/2 Now we observe, using an analagous argument to the proof
of the previous lemma:

Vp[znl-%-nz] e Vr[z7l1+1]Pt‘/[:‘”1] e V'[Zl]g(l‘)

Nanli+ ||y 4y
S (XD (1, )
N ||

2

900,00 E|(1+ 17 )02 20, 2)|

_Ha1\\+---+Han1+712
2

212\ —a(ny,n
||9Ho,o,ooH(1+|Xt| ), 2>/2‘

L) 2t 2)ll 20

ettt oy g ||
2

< Ct ”9”070100 (1+ |w|2)—a(n1,n2)/2(1 4 |$‘2)("1+n2)/2

o i+ +|[an, 4ns |
B AR

2\ —a
<Ct ”g”o’o,oo (1+[2[%) 2,

The last inequality follows from Lemma 2.3 in Kunita [19]. Note that we have applied the first part
of this lemma to P; and g. The result is completed by substituting the above inequality into (6.1))
and taking the supremum over all g € C§° such that ||g|, = [lgllp9 < 1. The Riesz Thorin

interpolation argument is used to deduce the bounds for 1 < p < co. m
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This simple corollary of the integration by parts formula has implications for P, as a continuous

linear operator between Banach spaces.

Proposition 6.2

Forny <k—m—1, andt € (0,1], it follows that P, € B(Hpap, HY,

a(n1), ni, p)- Moreover,

nim

1Py, —ay < Copt™ .

a(ny),ny,p

Proof : Observe that:

[ D S ¥

D
a,B,p}
ﬁ:(ﬁl 7~"7ﬁn)
s.t Bi€A(m),n<ny

But it is clear from the defintions that

VP W) 0 = ||Visr - Vi

a(n1),0,p

And so, using Lemma [6.1] we get for ¢ € (0, 1]

1P ymis) = X I rs]”

B:(Blwwﬁn)
s.t Bi€A(m),n<ny

= M VP 0]

B=(B1,---,8n)
s.t Bi€A(m),n<ny

i _HBlIH— +Bnll
< Y Gt T )
/3:(617"'7671) )
s.t Bl-E.A(m) n<n1
< Cg,p a 00"

This completes the proof. m

Although, it is reasonable to expect that when the test function is already endowed with some
differentiability along V, that the regularity results may be further strengthened, we were not able

to prove results to this effect, and the following is a conjecture.

Conjecture 6.3 Foreachna+ny < k—m—1, andt € (0, 1], it follows that P, € B(HY,, ., HY,

a,n2,p’ “Ta(ny,ng), ne+ni, p )-
Moreover,

nim

1PNy v < Ot H

ang,p " a(ny,ng),no+ny,p
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6.2. The perturbed semigroup

We have already provided gradient bounds for semigroups which have been perturbed by a potential
term. Generally, the strategy thus far has been to assume that the semigroup term is "smooth
enough” so as to apply the integration by parts formulae; by treating the potential as a Kusuoka-
Stroock process. This treatment of the perturbed semigroup - as an afterthought of the integration
by parts approach - is rectified here and in this section we study it more carefully. We analyse what
happens when we relax the differentiability assumptions and allow ¢ to be time-dependent. This
question is highly non-trivial as the potential term acts as a memory for the semigroup, and captures
short-term behaviour of the SDE. As we have already seen, this short-term behaviour can present
singularities at time zero.

In this section, we consider the perturbed semigroup given by:

piste) = [0 e | [ cto.xp)as}].

If we assume that ¢ € C;°((0,T) x R™), there is no problem with applying the integration by parts
formula, as we may treat the exponential term as a Kusuoka-Stroock processﬂ The problem is more
interesting when we relax these assumptions on c. Let us initially assume that ¢ € C£°((0,T) x RY)
and that f € C°(RY). Define cs(.) := c(s,.). In this section we shall assume that the vector
fields: Vg, ...,V are smooth and uniformly bounded with bounded derivatives, for simplicity,
although they can be extended to the non-uniformly bounded, general differentiability case. The

following relationships are used.

Lemma 6.4

t

Pif=Pif + /0 Pr_y(csPEf)ds (6.2)
t

Pif = Bif + /0 esPE(Pr_of)ds. (6.3)

Proof : In what follows, we use the fact that the semigroup and the perturbed semigroup are, under
certain assumptionsE], solutions of PDEs (for a more detailed exposition, please consult the following

chapter). In particular,

o RS(@) = LR ()

2 PEf(a) = LPEf(@) + elt, 2)PEF(),

1This has already been discussed in previous chapters. Indeed, from this chapter we require only that ¢ € C,f*m*l.
2This is certainly the case when assuming that ¢ and f are smooth and bounded
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for (t,x) € (0,T] x RV. NB: £ commutes with P, on the space of smooth test functions.
Pif =P +[P-sPC 1,
to
=P, —(P—sPSf)d
+f +/0 83( 1—sP5 f)ds
t
=P+ [ LRI + Ped(L + )P ds
0
t
=PBf —l—/ P_s(csPs f)ds,
0
The second part is proved in an analogous way
Pif = Pif + PSP f13
t
0
=P —(PSP—sf)d
[ SRR
¢
=P+ [ UL+ e)PPud)  PLPf) ds
0

t
= Ptf+/ CSPSC(Pt_sf)dS.
0

This relationship shall form the basis of the analysis of the semigroup which has been perturbed by a
potential. It is of particular use, as it allows us to use the known regularity results of the unperturbed

semigroup.

FIrRsT DERIVATIVES

The representation of Lemma [6.4] allows a straightforward computation of first-order derivatives.
Although, it is vital to note that derivatives along the diffusion part of the SDE (i.e. Vi,...,Vy)
are the only ones we should expect to follow problem free. The reason for this is simple: those
derivatives can be seen to explode at a rate ¢~/2, which is still integrable with respect to the
Lebesgue measure on [0, 7. All other derivatives explode at a higher rate: t~! or worse. For these
derivatives we shall need to make some additional assumptions. In the meantime, we deal with

derivatives along V1,..., Vg
t
ViPEf = Vil + [ ViPeale,PEps
0

= t"12E [ (t,2) f(X7)] + / (1= ) VPR [Bi(t — s, 2)c, PEF(XE)] ds.
0
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Analogously,
t
PEVif = PV + [ PP Vif)ds
0

=t [0, )] + [ - o) 2oy (BB~ 5,562, s

Hence we obtain the gradient bounds:

1
perl < oL tlell
IViPEflloe < O Iflle [1 4 e el

1
7 1l 1+ 2l e,
where ||c|| . := supgepy |c(s,7)|. These L>°(dx) bounds can be used to deduce corresponding

zeRN
L' (dx) bounds in a fashion we have now demonstrated numerous times. LP(dx) bounds for each

1P (Vif)llo < C

p € (1,00) can then be deduced by employing the Riesz-Thorin interpolation theorem ( again see
for example Triebel [40]) .

Proposition 6.5 Forp € [1, 0]

C ]' (&
IViPE Lo taey < O 1 pcany [1 4 el 11 (6.4)

c 5 1 c
IPEWViE oty < O I ipcany [1+ ¢ el 11 (6.5)

Although this gradient bound is interesting in itself, it may not be used to directly prove convergence
of semigroup approximations, as the perturbed semigroup is not a linear function of ¢. We must
relax the assumptions on f and c in a different way. We shall again use the relationships of Lemma
We shall make the following assumptions:

1. f e LP(dx).
2. ¢:[0,] x RY — R is continuous, bounded.

Our first task is to show that for {f,,}, C C°(RY) and {c"},, C C°((0,t) x RY) such that
1o = Fll oz — 0 and [l = ¢fl, — 0. It holds that {Pf" f,} is Cauchy in LP, with:

|PE" f — PtcfHLP(dm) — 0.

Indeed, from Lemma

t
Py fn_Ptcmfm:Rt(fn_fm)‘i‘/ Py (s Ps fn— ' Py fm)ds.
0
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Hence,

t
HPtc fn*Ptc ’meL’ S ||Pf(fn 7f)||Lp +/
P 0

PP fo = P f)|| ds

ds
Lp

P (P fu = P fi)|

<P =l + [ |

t
< Nfo— Fonll e + / P f, P
0

Lr(dx)

t
< W= fullp + [ [ =)
0
t
-
0
t
< fo = Fnllp + / e = ™ e ey

t
+/0 ™ | £oo (atx )

< ||fn - meLp + Cit ch - Cm”L‘X’(dtxdw)

t
e [
0

where we have assumed, without loss of generality, that sup ,en HP;nfn
s€[0,t

)

ds
Lr(dx)

CT(Pscnfn - Pscme)

Lr(dx)

P £, d
s ) LP(dz) s

ds
Lr(dx)

P fu = P2 fo

ds,
Lr(dx)

PE fu = PE" fi

HLP < (] < > and

SUPpen [l¢" | oo (atxany < C2 < 00. We may now use Gronwall's inequality, and the fact that
exp(Ct) — 1 = O(t) for small times, to deduce that

t
[P 1= 2 ], < (1= o+ Gt 1" = ] | exp{Casas

< Cat |Ifn = Sonllw + 16" = €™l e arean)| (6.6)

and hence the Cauchy property of the sequence in LP(dx). We can also make a similar calculation
to deduce that the sequence of derivatives {V;P¢" f,,} is Cauchy in LP. We first consider the case
for p = oo and then use this to prove for p < oc:

HVtLPtcnfn - VtL'PtcmmeOO
t
< ViPi(fu— fu)ll + /0 ViPo( P f — P fo)]| . dis

< Cl\}% ”fn - meoo

! /0 wlf B [°(t = 5,2) (X P fr = P fin) (X )] | ds
1

<Ci— n - Jm +C
< 1\/%Hf fmlloo +Co

| o P fo = M PY" finl| o ds

[
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1 toq n
< O o il +02/0 (e = ™) PE" fu . ds

Vi Vies

t 1 n .
O =1 A A A NS

1
< 017 ||fn - meoo + 02 ch - CmHLOO(dtxd:r:)

t 1 3
% Jo =17

t 1 T
1y [ s 1P = P

1 ~ n m
< CIW ||fn - meoo + CI\/ZHC —C HLOO(thdoc)

f”HoodS

-t 1 " .

Define ap m(t) := HVinnfn — ViPtcmmeoo. We use the bound to deduce

1 ~ n m
an,m(t) S C(17 ||fn - fm”oo +Cl\/¥HC —C ||L°°(dt><d:c)
Vit
+C‘/t 1 )PC”f pem f H d
- n - Sm m S
2 0 \/t—S s o

1 ~ n m
< Cl% ”fn - fm”oo + Cl\/iHC —-c ||L°°(dt><dm)

- t 1 n m
+C’2/0 Css [||fn*meoo+5HC —c ||L°°(dt><dw)} ds

Vi—s
1 n m
SC47||fn*fm”oo+O\/£”C —C HLOO(dtxdz)’

Vit

which proves the Cauchy property. Note that we have used the following integral result (for n = 1):

_1
/t - ds = (2n_1)”7rt”.

Similar methods can be used to show the same type of bound for by, i (t) := || P (Vifn) — PF" (Vifm)|| ...
This result may then be used to deduce a similar result for the L!'(dz) norm, and hence, using a
(Riesz-Thorin) interpolation argument, the bounds may be proved for the LP(dz) norm for each

p € (1,00). These arguments are lengthy, and have already been exhibited numerous times, and are
thus omitted.

Proposition 6.6

e m 1
1P (Vifa) = B (Vi) 1o < Co— (110 = Fanllzs + €™ = ™| s atxan)|

1

H‘/;Ptcnfn - V;PtcmmeLp < ép [an - fm”LP +1 ch - cmHLOO(dtxdx)} :

S

t
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SECOND ORDER DERIVATIVES

The situation for higher order derivatives is much more delicate. Indeed, the presence of the Lebesgue
integral in the potential term means that integrability problems arise from the degenerate nature
of the smoothness of the semigroup at time zero. In this case we shall need to make an extra
assumption to deduce convergence of the second order derivatives. Namely, we shall assume that
the UFG condition holds for m = 1. Although this condition can be compared to the uniform
ellipticity condition, in as much as we require that the terms of diffusion matrix span the Lie algebra,
one should note that (UFG,1) is still considerably more general. We shall further assume that
x +— c(s,x) is globally Lipschitz continuous with Lipschitz constant, K}, independent of s € [0, ¢].
We begin by recalling the following calculation, which was first demonstrated in Chapter 1, and is

a direct result of assuming the UFG condition:

Vi) (g o Xu)( Z ba5(u, £)Vig19(X)-
BEA(m)

In particular, under the assumption that the UFG condition holds with m =1

Vi(PSfo X ) Z bip(t — s, 2)Vig Ps f(X{)
ﬁeA
Z z)V;PEf(XE,). (6.7)

We now attempt to derive an integration by parts formula for V;V; Pf f(x), for 1 <, j < d. Begin by
assuming that ¢ € C5°((0,¢) x RY) and f € Cg°(RY), are both also uniformly bounded functions.
These assumptions shall be relaxed later.

t
V.V, PEf(x) = ViV;Pf + / ViVi P o(c.PCf)ds

= TE[(XF)P E [, PEA(XE ) (¢ 5,0)] ds.

m/ﬁ

At this point we are faced with a problem: another simple application of the integration by parts
formula to the RHS leads to a term which is not integrable{ﬂ Instead, we seek to manually apply
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the operator V; and use the differentiability of PS. Observe, using (6.7)):
c 1 T ! 1 c T T
ViVi P f(x) = SEf(XF)®iy(t, ) +/0 =t [Viles © Xoos) (@) PES(XE )5 (t — s,2)] ds

+ /Ot V%E [cs<Xf_s>wR§f o Xi—o)()®;(t — s, z)} ds

tq ) o ~
+ /0 \/t—75E [CS(Xi—s)Ps FXE_)Vid;(t — 8,17)} ds

- RO, )+ [ 2

Vt—s
d ot ~
+ ;/0 \/ﬁE {C(S(Xf_s)bi,j(t — 5, 2)V;PSf(XE )®,(t — s, :z:)} ds

E [m(cs o Xo_ o) (@) PEF(XT ), (t — s, x)} ds

t
1 T c T 3
+/0 S=E [cs(Xt,s)Psf(Xt,s)I/i@j(t—s,x)] ds.
In particular,

Cy
Vt—s

d
el [ 1flle + 2 IV PEFlL Jds. (6.8)

=1

1 t
VEEf) < Oyl + [
0
And hence, recalling (6.4)), we get that:
c 1 3
VViPE () < Coy Il (1463 el
t
Cy
+/ il [+ 5 el 1] ds
=l [1 5l
1 3
< oy Wl (14 Helhyne ) + Cam 1 [1-+ el 19
< C 1 1 t% 2 tllell o
< G55 fllo { 1422 llellprce + llello e

1 3
< G Il (14 el ).

Similar arguments may be employed to deduce gradient bounds for P¢(V;V;f)(.), and then usual

arguments using the Riesz-Thorin intepolation theorem may be applied to deduce the following

Proposition 6.7

c 1 3
IViViPE Py < Coy I lncan (1 + 13 ||cHW1,w)-

Again, we note that although this gradient bound is interesting in itself, it may not be used to
directly prove convergence of semigroup approximations, as the perturbed semigroup is not a linear
function of ¢. We seek to relax the assumptions on f and c in a different way. We make the following

assumptions on f and c:
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1. f e LP(dx).
2. c€ WH((0,7) x RY).

Now let {f,}n C C° such that f, "%’ f, and let {c"},, C C2°((0,t) x RY) such that ¢, "™ ¢.
We aim to show that the sequence of second order derivatives, {V;V;P¢" f,}, is Cauchy in LP(dx),
for each t > 0. In a similar way to the previous section, and using the calculations on the previous
page as a guideline, it can be shown that this is the case for p = oc:

ViVi P fo = ViVi P i

t
< WVViP o = Sl [ [VViPs( P 1 = P £ ds
0 oo
1
S Cl% ||fn - fm,Hoo

V;E [fbj(t — s, x)(cZPCnfn - CTP:mf7rL)(Xg—s)} HOO ds

|
[ o=

0 \/t*S
<...

1
< Cl; an - meoo + CQ\AE[HJCH - fm”oo + ch - Cm”WLOO]

to
C
+ 3/0 s “
1
SCH;IIfn—meoc+02\/5[an—fmlloo+|\c”—cm||W1,oo]

ViP<" f,,

v, (P;" fn — PCm fm) H + sup
00 n

- " — CmHLOO(dtxdx) ds

m
—C

+ C4 ||L°°(dt><d:c)] ds,

t
— |
/ T =l 41
1 n m n m
§C5¥|:||fn_fm||oo+t3/2 [¢" =™ lyre +E]lc™ —c ||L°°(dt><d:1c)}

1 n m
S Cﬁg H|fn - fm”oo +1 HC —C ”WLO@] .

Note, we have assumed w.l.o.g. that sup,, H%Pscnanoo < Cs™ Y2, This establishes the Cauchy
property of the sequence of second order derivatives. Similar results may be proved for the sequences
{PF (ViVifo)}, {ViPf" (Vj fn)}, which in turn can be used to the case p = 1; in the same way which
has been demostrated before.

If f € WL°((0,T) x R) then we can do much better than this. In particular, the rate at which
the L°°-norm of derivatives explodes as t — 0, is slower. Indeed, by using the gradient bound for
ViV; P f where f is globally Lipschitz continuous, we are able to deduce explosion is of order t=1/2,

rather than t—1. To show this we shall use
1 1
IViViPifll o < C% IV £l oo rather than IViViPifll o < C; £l

Then, by following identical steps as in (6.4)), it may be shown that all of the above leads to the

following result:
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Proposition 6.8

c” " C, n m
‘ j(Pt Jn— Py fm)’ P 1p[||fn meLp +t||c —-c ||le°°]
c” cm C’ n m
Vi(PE Vi = P Vifm) | < 52 (10 = Fnll g + 6" = ]
n cm C, n m
P (Vi) = P iVitm) | < 22 M = Fanll i + " = €]
Moreover,
Pl cm CL n m
[Vivi e s = B g 2 U = ol e = ¢l ]
c” cm é n m
(B Vidn = Vit | o < “ 72 = ol 4 20" = g ]
(,’IL (,771, 67 n m
|2 ivig) = B V)| < TR =l e+ 2" = ]

Remark 6.9 In the absence of a bound of the type

1
HVVPtfHLp = ﬁ vaHLp s

for p < oo, it is not obvious to the author how to extend the gradient bounds for the second order

derivatives of the potential term to LP results, for p < co.

6.3. The Lagrangian term

In this section we extend the conversation to semigroups which not only involve a potential term,
but also a Langrangian term. The methods we employ to cope with this term are heavily influenced

by those of the previous section. We start by defining what is meant by a Langrangian term. Define:

LS(tz) =E Mg(t s XT)exp {/0 c(u,Xg)duH . (6.9)

We call Lj a Langrangian. To see why such a term is important, we make a brief reference to
parabolic PDEs and the Feynman-Kac formula. Note that the Feynman-Kac formula and existence
and uniqueness to solutions of certain parabolic PDEs shall be left to the next chapter. For now we

note that, under certain conditions, we may express the solution to the initial value problem:

g:;—i-cu—ﬁu—&-g, in (0,7] x RY,

u=f, in {0} x RY,
where £ = ZZ 1(Vi)2 4+ Vo is a second-order differential operator, as

u(t,x) = P f(x) + L;(t, x).
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In this section we take the attitude that the study of L is interesting in its own right, but rest easy
on the knowledge that Lg has a important role to play in PDE theory. In this section we shall again
assume that the vector fields: Vj,...,V,; are smooth and uniformly bounded with bounded
derivatives, for simplicity, although they can be extended to the non-uniformly bounded, general

differentiability case.

Our first observation, through a simple application of Fubini's theorer’rﬂ is the following:

t
%@@zﬂ%m&%&

where g, (.) := g(u,.). This simple observation makes the resultant analysis far easier. Indeed, we
may control the behaviour of L through the behaviour of the pertubed semigroup P¢.
FIRST ORDER DERIVATIVES

We start by assuming that c and g are smooth, bounded functions. These conditions are subsequently

relaxed by limit arguments.

Proposition 6.10 Let p > 2 andi € {1,...,d}. Then

HVELZ(t, ')HLP(d;z) <Ct HQHLP(thda:) {1 + el etHCHoo] (6.10)

120t ) o ey < C 1 19l oy [ 1+ el €11 (6.11)

for each t € [0,T], where p* = 1 — %.

Proof :

vizs

t
")HLl"(dz): V;/O Pscgtfs(x)ds

Lr

t
l/%%mﬂ@m
0

Lpr

t
s/nw&@ﬁmmmw
0

t
1

<[ c s (1 sucuoo)d

—/0 \/g Hgt HL (dz) +S||C||oo€ S

t 1/p t 1 el q 1/q
< P, d C—|1 Sll€lloo d
([ odias) ([ ez (i shecertis)]as)

< O gl nqatany |1+t el €102

where we have used Holder's inequality, and inequality (6.4]) where p* = %—% = %— %. The second
inequality is proved analogously using (6.5)). =

*Indeed, at this early stage we assume enough regularity on ¢, g, etc, to make such an application possible.
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Again, we observe that the non-linearity of the perturbed semigroup, as a function of ¢ and g,
means that we need to work harder to deduce regularity properties than we had to in previous

chapters.

Proposition 6.11 Letp > 2 andi <€ {1,...,d}. Let {c"},{g"} € C®((0,T) x RY). Then

I(Lign = LEgm) (E M oy < Co t Mllg" = g™ Ml +Ell” = €™l o]

VLG = ViLgm) ()

IN

Cp t” [llg" = g™l + tlle"™ — ™l poc]

Moreover, the sequences {L%Zgn (t,.)}, {ViLéu(t,.)} are Cauchy in LP(dx) for each t € (0,T], when
both {c"™} and {g"} are. In this case they have limits which are themselves LP(dx) functions.

NB: Proposition allows us to make better use of Proposition [6.10} as we may now make sense
of V;Lg and L%g as limits. In particular, Proposition may be extended to cope with

1. g € LP([0,T] x RY), for p > 2.

2. ¢ € C([0,T] x RY), bounded.

SECOND ORDER DERIVATIVES

If one attempts to take second order derivatives, then one runs up against similar problems to those
in the previous section. In particular, the singularity for the second order of derivatives is of the form
t~1 which is not integrable. In this case, the problems are even worse, and as well as making the
assumption that the UFG condition holds for m = 1, we must make stronger assumptions on the
function g. Let us begin by assuming that ¢ is a smooth, bounded function.

Then

t
|ViviLe ViV, / Pegro(a)ds
0

Moy = \ )

¢
= H/ ViViPggi—s(x)ds
0

Lr

t
< /0 IViViPlgr (@), ds. (6.12)

At this point we recall , and note that by adapting the calculations immediately preceding this
inequality, we may show a similar result for g

Cy

S—U

d
el [ gl + Y2 IViPigi—sllc |du. (6.13)

Jj=1

1 S
VViPiaa(e) < O 1Vl +

The only difference between (6.13]) and is that we have applied the gradient bound for V;V; P, f
where f is globally Lipschitz continuous. That is, we have used

1 1
IViViPif| o SC% IV £l rather than IViViPif|l o SC; £l oo -
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This step uses the integrability of s~/2 and avoids the fact the non-integrability of s—1, at the cost
of assuming g is globally Lipschitz continuous. Indeed, by following similar steps to (6.4)), it may be

shown that
. 1
ViViPigi—s(x) < C3ﬁ IVl | 1+ 8 lellypio

(14wl el | du

+ / G g
o Vu(s—u) "
1
< 4= IVl (1 s |c||W1,oo)
+ Curllgllg [L+ 5 el e°1l<]

1
< Coz (gl + 1¥all0) (14 sl + 5% el 1)

1
< oz lglhwn = (14 5 lclhyn )

Substituting the above into (6.12)) gives

t
vV, / Pegr_(a)ds
0

H‘/;V}Lg(t")HLw(da:) -

t
< / ViV PEgi- ()] ds
0

Lo

< CVi gl (1 Tty )

The non-linearity of the perturbed semigroup, as a function of ¢ and g, means that regularity
properties do not follow |mmed|ately from these bounds. Let {g"},,{c"}n C C°((0,T) x RY)

such that g" unif g, and ¢, unit ¢, respectively. We aim to show that the sequence of second order
derivatives, {V;V; LS (t,.)}n is Cauchy in L>(dx) for each ¢ > 0.

e v = v [P e v [ o

o0 00

0 Y (P i) - P ) s

t
-
Lo
< P n__.m - n __.m O<7d
_/0 01" = 0" e + 51" =l s

< CrpVilllg™ = 9" e +tlle™ =™ ypaae]

oo

(B o = B, 0| s

where we have used the gradient bounds of Proposition [6.8] Similar bounds may be proved for

{ViL§ gn (t, ) }n and {Ly, oa(t, ) }n, to give the following result.
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Proposition 6.12

|

ViViLin(t, ) = ViV (6| < CupVEllg" = 9" e + 1" = ™l ]

cm

VLG, (1) = Vil (6| < CopVEIlg" = 9™ lyre + 11" = ™ lyr.]

n m
C

Ly, (1) = Ly (8] _ < CopVElllg™ = g™ e + ™ = ™ ]

Remark is also relevant for the second derivatives of the Lagrangian term. We are not able to

show that the above Proposition holds for general L? norms.

6.4. Relaxing the V[ condition

In the introductory section it was outlined how ‘ultracontractivity’ of the diffusion semigroup was
used to prove fast convergence of the so-called KLV method. The proof of this convergence was
based upon an iterated Stratonovich-type Taylor expansion on a test function f(X7). Eventually
this Taylor expansion was applied to the diffusion semigroup Pr_.f(X[). This naive expansion
necessitated an extra assumption: the ‘Vj condition’, was first introduced in Crisan and Ghazali [8].

In this section we demonstrate how, given the fact that the test function is the diffusion semigroup,
which is the solution of the Cauchy problem, a different expansion is more prudent. We then show
how this new expansion fits better the regularity of the semigroup and completely relax the UFG
condition.

Assume g € C°([0,T] x RM). Then, by applying [t8's lemma for Stratonovich integrals, it is

easy to see:

t d -t '
9(T —t,X7) = g(T,x) + / (Vo— 0) g(T — 5, XZ)ds + > / Vig(T — 5, X%). 0 B

This equation may be iterated to obtain an expansion. To this end, define the following vector fields
on [0,T] x RV:

V=V, i=1,....d
Vo :=Vo— 0

Then, for each m € N

9T —t.X7) = > (Vag)(T,2)B;* + Bp(t, 2, g),
acA(m)
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where V, =V, ... V,,, and
Rm (t, " g) - Z / ‘Zx*ig(T - tO, Xtai)) o ngl ...0 dBtO;’C [e] dekJrl.
acA(m) VO<h<<tppa<t
i=1,...,d

s.t. a*zg.A(m)

It is then straightforward to show that:

o0

m—+2 ' ~
H\/E[Rm(t, .,g)2]HOO < Cj;lt]ﬂ il HVag(T —to, )H
to€[0,t]

As a result of this, and a similar bound for the expectation of the remainder taken with respect to

the cubature measure, the following is easy to show (cf Proposition [1.24))

Proposition 6.13

[E-E) [sr-tx)|_<c 30 o2 s |

. acA(FI\A(J—1
" ey

V(J/g(T - tO? )

(6.14)

HOO

Proof : This is a simple adaptation of the proof in Lyons and Victoir [29] for the error of the cubature

measure applied to test functions which are time-dependent. m

The above is an upper bound for the error of a finite measure based on a single application of
the cubature formula. We already know from the introduction, that iterated applications of the
cubature over a partition proves to be a far more efficient. The Markovian property of the cubature
formula and the semigroup property of the diffusion, allow us to deduce far tighter uppers bounds
than (6.14). The difference between what is done here and what was used in Lyons and Victoir
[29], is that we shall take advantage of the fact that the diffusion semigroup is a function of space
and time. It is smooth along the vector fields Vi,...,Vy, but is also smooth along the vector field

0y — Vp, as it is the solution of the Cauchy problem.

Proposition 6.14 The KLV approximation satisfies

sup | Prf(z) — Expvp,a) f]

zeRN
k. m42 )
<C Z Z sg/2 sup ‘
i=1 j=m+1 a€A(GNAG-1)
to€[0,s;]

VaPT—ti_l—tof(')"

[e.o]

Proof : The proof is the same as that of Lyons and Victoir [29] or Litterer and Lyons [28]). The
only difference is in the application of Proposition [6.13] rather than the usual (time-independent)

Stratonovich Taylor expansion. =

Corollary 6.15 Under the assumption of the UFG condition, there holds the following gradient
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bounds:

. T —tiy —tg)'/?
[7arossnd O], < O e 19 (6.15)
And hence .
tozl[tl’)&] VO(PT—tifl_tOf(')Hoo < C(T — ti>(”0‘”_1)/2 vaHoo : (6-16)

Proof : The idea is to use Theorem [7.4]- the fact that P, f(z) provides the solution to the Cauchy
problem - to deduce gradient bounds for P, f(x) along Vj = V — 0 — 8,. Hence, for each (t,z) €
(0,7] x RN

d
(0 = Vo) Puf (x) = <Z Vf) P f(z) = CtTE[f(X])®(t,2)],
i=1

by using the gradient bounds we obtained in the second chapter for P;f, along the directions
Vi, ..., V4. This means that we obtain the following gradient bounds. This fact may be used itera-

tively to obtain (6.15)) and (/6.16]). =

This lemma may be applied together with Proposition to obtain the known convergence rates
for the KLV method.
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7. The Feynman-Kac connection revisited

In this chapter we bring the derived regularity results to bear on the Cauchy problem. A great
motivation for studying the diffusion semigroup is that it offers a representation of the solution of
the Cauchy problem, when such a solution exists. The latter point emphasises that, implicitly one is
traditionally forced to rely on existence criteria for the solution of the Cauchy problem (see Karatzas
and Shreve [17]). In this chapter, we attempt to change that. The results in the section are a result

of interesting discussions with Marta Sanz-Solé and, in particular, Francois Delarue and Dan Crisan.

It would verge on the negligent to discuss the diffusion semigroup without providing a full con-
text and motivation of its place within the theory of parabolic PDEs. Surely one should motivate
the study of the diffusion semigroup through its representation as the solution of a PDE, via the
Feynman-Kac connection? However, for most of this thesis, we didn't so much as state the Feynman-
Kac formula, and discussed neither existence nor uniqueness to the corresponding partial differential
equation. Why have we been so negligent until now? These issues have been deliberately ignored
as the regularity results can be brought to bear on the Feynman-Kac formula, and the question
of existence and uniqueness of the solution of a parabolic PDE. In this chapter we give sufficient
conditions for existence of a solution to the Cauchy problem, and then show that these conditions
also provide uniqueness. We begin by discussing what is meant by saying a function u a solution of
the Cauchy problem.

Let Vp,...,Vy be vector fields on RY. Define the parabolic operator % — L€ by its action on

the function u,

d
0 ¢\ Ou 1 9
(at—ﬁ)u.— 5 —2;1‘/;u—V0u—cu.

Note that we have implicitly assumed that w is sufficiently differentiable for this action by % — L€
to make sense. Assume ¢, g : (0,7] x RV — R. Then we may define the parabolic PDE, known as

‘the Cauchy problem’

Definition 7.1 (The Cauchy problem) The Cauchy problem is the task of finding a function w :
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[0,T] x RN — R, such that u ‘satisfies’ the parabolic partial differential equation:

%:£u+cu+g, in (0,7] x RY,
uw=f, in {0} x RV,

(7.1)

(7.2)

We shall often write L¢ := L + ¢, for compactness of notation. We consider two different notions

of a solution to the Cauchy problem.

Strong solution Let u : [0,T] x RY — R be such that for some p € [1, 00)

1. uw e C([0,T) x RY).
2. Viu, V2u e C((0,T) x RYN) fori =1,...,d.
3. w satisfies and (7.2).
Weak solution Let u : [0,T] x RY — R be such that
1. we L ([0,T] x RY).

2. For each € > 0 there holds Viu, V2u € L} ((,T) x RN) fori=1,...,d.

loc

3. u satisfies (7.2)), and for each p € C°((0,T) x RY) there holds
| ] o= @t utopiza = [ [ eyt a)dod,
0 RN 0 RN

where (L¢)* = 154 V2~V + ¢ and

d

. 1 _
Vo=V — 5 E_l div (V;)V;
1< 1 <&
~ . g . - - . - 2
¢c=c—div(Vh)+ 5 E_l Vidiv (V;) + 5 E_l(dlv Vi),

is the formal adjoint of L€.

4. There holds weak continuity at zero. i.e. for each p € C§°(RY)

lim | pla) (u(t,2) ~ f(@) dr = 0.

We may write C(c, f, g) as a shorthand for this problem.
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Remark 7.2

1. In the traditional notion of a strong solution one requires u € C1Y2((0,T) x R™). If there
has been one particular underlying theme in this thesis, it is that this cannot be expected in
general and so the definition has been generalised.

2. Note that we require only the derivatives V;u and V;V;u to be, in differing senses, well-defined.

The fact that u satisfies either (7.1)), (7.2)), if a strong solution, and (7.2)), (7.3)), if a weak

solution, means that all required derivatives (including 0; — Vj) are also We/l-definecE].

3. Although the two notions of solution in the above may look very different, they are in fact very
similar. For a strong solution we merely have the extra assumption of continuity of derivatives.

Indeed, it is easy to verify that a strong solution is also a weak solution.

4. The notion of weak continuity at zero is called such, as it is a weaker version of strong
continuity of a process u. Indeed, if there were to be a uniform bound for the continuity of[4,

over p such that ||p||,, <1, then one would have the usual notion of strong continuity.

7.1. Existence of solutions

Most of the studies of this operator focus on the infinitesimal generator of the diffusion semigroup, L.
In particular, on sufficient conditions to guarantee differentiability with respect to this operator. In
most situations this is a prudent decision. However, as we have alluded to in the first remark above,
a problem arises outside a Hormander setting. Indeed, the work in this thesis has shown that one
should not, even under very general assumptions on the Lie algebra, expect to get differentiability

along V4. This is no coincidence. However, we can expect to get differentiability along:

It thus makes more sense to base the search for a solution around this fact. Indeed, we have the

following

Theorem 7.3 (Existence of a strong solution)
Define

o(t,z) = E [ FXT) exp { /0 tc(s,Xg)dsH (7.4)

+E Uotg(t ~ 5, X%) exp {/0 c(u, X;f)du} ds] .

Then

1Provided we assume certain conditions on ¢ and g
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1. If f € C(RN) is globally Lipschitz continuous, ¢ € C([0,T] x RY) is bounded, and g €
C([0,T) x RN) is also Lipschitz continuous, and (UFG, 1) is satisfied, then v is a strong
solution to C(c, f, g).

2. Ifg=0,c=0, f € C(RY) is constant at infinity, and (UFG, m) is satisfied for some m € N,
then v is a strong solution to C(c, f, g).

Theorem 7.4 (Existence of a weak solution)
Define v as in Theorem|[Z.3 Then

1. Ifg=0, fe LYRY), ce C([0,T] x RN) is globally Lipschitz continuous, and (UFG, 1) is
satisfied, then v is a weak solution to C(c, f, g).

2. Ifg=0,¢=0, f € Ll(]RN), (UFG, m) is satisfied for some m € N, then v is a weak

solution.

Proof of Theorem [7.4] : We note that in the notation introduced in the previous chapters:
v(t,z) = P f(z) + Lg(t,z). We prove Theorem and then deduce Theorem via a few
straightforward observations. Note that we technically do not require to consider Lg for the proof
of Theorem [7.3] as g = 0, but we include it as we require it for the proof of Theorem .

Let ¢ € C5°((0,7) x RY). Then

T
//(_@_(ﬁc)*)@(t’x)v(t,x)dxdt
0 RN

T
- /0 /]RN(_at — (L)) e(t,x)(Pf f(z) + L;(t,x))dx dt

:Il +121

where

/oT /RN V)e(t, x)Pf f(x)dz dt,
)

(=0 — (L
T
/ / (=0 — (L)")p(t, ) Ly (t, x)da dt.
0 RN

I
I
We shall show that I; = 0 and

T
I, = /0 /RN o(t, z)g(t, z)dx dt. (7.5)

Recall the following from Kusuoka and Stroock [24]:

Bif(x)g(e)de = | f(x)(F) g(x)dz, (7.6)
RN RN

where (Pf)* is the semigroup with infinitesimal generator (L£¢)*. This result holds for f,g €
CS(RY), but if g € C§°(RY), then it may be extended to include the case where f € LY(RY).
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Hence

T
= / / (PE)* (=0 — (L) )p(t, 2) f(x)dv dit.
0o JrN
It may be shown that (Pf)* and (L£¢)* commute on C§° and so
T
I = / / =0 (PE)* (p(t,x) f(x)) dx dt
0o JRN

T

_ / (P)* ((t,2) f(x)) do
RN

=0,

t=0

as ¢ has compact support in (0, 7)) x RY. We now attempt to show (7.5]). The first important step
is to show the following for f, g € C5°((0,T) x RY):

T . T
/0 /R It a(t, a)dwdt = /0 /R ot )L (1,2 )d,

where L¢ (t,7) = [) ' (PS)* @1 u(x)du.

T
= / L (v, 2)¢(v, z)dxdv,
0 RN

as required. As was the case with ([7.6)) this result may be extended to deal with the case where
Y € C([0,T] x RY), for ¢ € C§°((0,T) x RY). It remains to compute the EC(_at_(ﬁc)*)w(v,x):

T—t
R / (PE) (=B — (L)) ryul)du
T—t
- /0 (PE)* (—Oiu — (L)) rsn(a)du

T—t
:/0 [0 = (L) (Pg)* rul®) — Ou[(Py)" Priul (x)du
T—t

= p(t, ),
u=0

= —(P)) " pt+u(®)
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as required. We have demonstrated part 3. of the definition. Parts 1. and 2. have been demon-
strated at various points in the thesis, but were the particular focus of Chapter 6. The various claims
of this theorem can be verified by the gradient bounds of this chapter. It remains to show part 4.

Observe
/ p(x)(v(t, ) — f(z))dz
RN
/R o) (P () + L(t, 2) — f(x))da

N

/ dx+/p )Lg(t, x)dx
RN RN

P P = bl s a1 [ ol s Pig()
se
zESuppp

IN

It is clear that the second term converges to 0 is t — 0. We show that ||(Pf)*p — p|, — 0

(PS)*p / 0, (PC)*
- /0 (£9)* (P2 pl)ds

t
= [yl @as
< CLEY .

as t—0
—

0.

This completes the proof of weak continuity. m

Proof of Theorem [7.3] : We have already proved that v is a weak solution in the two situa-
tions provided in Theorem [7.4] Moreover, we know from earlier work in Chapter 6 - if we as-
sume either condition of Theorem - then v € C([0,T] x RY) and the prescribed derivatives:
Viv, V2v € C([0,T] x RY). The latter observation means that taking the adjoint operation in ([7.3)
is well-defined. i.e

/ (=8, — (£°)") p(t, 2)0(t, 2)dadt / ot ) (0 — LVo(t, 2)dadt
[0,T] xRN [0,T] xRN
_ / o, 2)g(t, z)dadt.
[0,7] xRN

The denseness of C5°((0,7) x RY) and the continuity of g, V;v, V2v implies that (7.1)) must also
hold. This completes the proof. m
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7.2. Uniqueness of solutions

We must now define what it means for a solution of the Cauchy problem to be unique. We shall
restrict consideration to problems for which the diffusion semigroup is a solution to the Cauchy

problem.

Definition 7.5 (Uniqueness to the Cauchy problem)
A strong solution, u, to the Cauchy problem is unique if

wu=wv, onl0,T]xRY

A weak solution, u, to the Cauchy problem is said to be unique if
/ lu(t,z) —v(t,x)| dtdz = 0. (7.7)
[0,T]xRN

where v is given by (7.4)).

It is clear that (a) strong uniqueness implies weak uniqueness (b) weak uniqueness + continuity of

u and v implies strong uniqueness.

Theorem 7.6 A weak solution, u, to the Cauchy problem is unique if for almost every t € [0,T]
and each p € C3°(RY), we have that the process (V; ,(s))o<s<t

Vi, (s) = /R () {u(t s X7) exp < /0 ’ c(u,Xff)du)

+/ g(t —u, X)) exp (/ c(0,X§”)d0> du} dz,
0 0

is a martingale.
Proof : If, for t € [0, T, (V;,(s))o<s<t is a martingale, then:
E [Vt,p(o)] =E [Vt,p(t)] .

That is to say

/RN p(z)u(t, z)dr = /]RN p(x)E [u(O,Xf) exp (/Ot c(u, Xff)du)
+ /Otg(t — u, Xy;) exp </0u c(e,Xg‘)om) du] d,

= [ porit.a)da,
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where v is given by (7.4) Hence

[ ]t (utt.2) otttz =0

This holds for all p € C§°(RY™). Moreover, we can choose t — p(z), so that p = p(x) satisfies
p € C((0,T) x RY). By the denseness of such functions in L([0,T] x RY), it holds that u = v

a.e. on [0, 7] x RY, as required. m

Theorem 7.7 (Uniqueness of solutions to the Cauchy Problem) Under the assumptions of The-
orems|[7.3 and|[7.4) the prescribed solutions are also unique.

Proof : We first consider the problem of showing that the strong solution of Theorem is also

unique in a strong sense. We consider {uy }nen, {¢n}nen such that

™ = ull 1o, xrN) = 0,

ch — CHWI’OO([O,T]XRN) — O,

That such a sequence exists is guaranteed in both cases 1. and 2. of Theorem [7.3] Note that we
may also assume that the sequences are bounded within their respective spaces. Let p € C’é’o(RN)

and define:

V= [ o fure = s xe ([ e xia)

—|—/ g(t —u, X3)) exp (/ C(G,Xg)d9> du} dz,
0 0

First we will show that {V;(n)}n is Cauchy in L(]0,#] x RY).
¢
B [ V() - V. (s)]ds < B (),
0
where
0= [ el s xze ([ xi)
[0,¢] xRN 0

—u"(t — s, X7)exp (/ ™ (u, ij)du) | dxds.
0
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We now note that |anby, — ambm| < |an||bn — bm| + [sup,, [bn|] |an — am|. Hence,

L) < / o] um exp ( / c”du) ~uMexp ( / cmdu>
< /|p| ] |exp </c”du> ~ exp (/J%m)‘

exp </ c”du)
It can be shown that

exp </ c”du) ~exp (/c"%lu)‘ < sup fexp (/ |c"|oodu>‘ (/ el — /cmdu>

< exp (sup el o) 1" = s
n

dxds

|u" — u™|dxds.

-+ sup
n

Hence,

EL(t) <E /

A (1 = s, X expllelle o) Ie" =
St X

+ exp(ssup ||c"]| ) [u"(t — s, XT) —u™(t — S,Xf)o dxds
< E/ (X917 <|U"(t = s,y)lexp(flello 8) € = ™[l oo
[0,t] xRN
- exp(ssup [¢L) (¢ = ) — (¢ = )] ) dyds

< s Elp((x)7H] 1 (Sup e exp(lellog ) 1" — ™l
(s,9)€[0,t] xRN n

T expltsup [¢]) [u" — umnu)
n

<C <Sup [ [ 1 exp(flellog 1) 1€ = €™ [l + exp(tsup ||| o) [u™ — u™ [ 11 )
n n
as required. Hence, Vt(n) is Cauchy in L'([0,T] x RY), and is also convergent. We now seek to

show that the limit {V;(s) }o<s<t—c is a martingale for each ¢ > 0. Observe, by applying It6's lemma
(cf Karatzas and Shreve [17])

th(n)(s) = / p(x) exp </ " (u, Xﬁ)du) {=0t+ L+ c}u"(t —s,XT)ds dz
RN 0
s d A
—I-/ p(x) exp (/ c”(u,Xff)du) Z Viu"(t — s, XT)dB. dx
RN 0

=1

—l—/ p(x)g(t — s, XT)exp (/ C(O,Xg)cw) dsdz,
RN 0
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Therefore, for each s <t — e:

EVi(s) = lim EV,"(s)

n—oo

= lim p(az) u"(t, z)dx

n—oo

/ /px ) lim Eexp(/ 0, Xy d@){ O+ L+ chu"(t —u, X3 )du dz
RN 0

n—oQ

/ / z)Eexp (/ c(0, Xy d9> g(t —u, X7 )du dx
RN 0

- [ rohutt.a)da,

by assumption 2. in the existence argument. This means that {V;(s)}o<s<t—e is @ martingale. The
argument may be completed by using the weak continuity of the solution at 0. We use it to show

1
that Vi(s) L) Vi(t) as s T t. This proves that {Vi(s)}o<s<: is a martingale, and hence the result.
Observe:

E|Vi(s) — Vi(t)| = E ‘/ { —u(t—sX)exp(/osc(u,xg)du>}dx

| L) = ) o

<E

+E

[ @) e = 5. X5} da

/RN plz)u(t — s, X7) {exp (/Os c(u,Xff)du> _ 1} d

L Gy 1 = e 1) st

+E

<E

+E

/ (XYY Y™ {7 (y) — ult — ,9)} dy

+1E‘/ WYt — s, y) {exp (/Osc(u,xg_s)du> —l}dy‘

< sup Ep((X})" >>|sz|*1 — (XN 1 )

zERN

| [ plx ))J“’Il{f(y)—u(t—syy)}dy‘

+]E‘/ (XD NNIY) " u (t—s,y){exp </Osc(u,Xff_s)du> —1}dy‘

Note that the weak continuity at zero is used to prove convergence of the second and third terms.
That the first term converges to 0 can be shown by the Lipschitz continuity of p and by using upper
bounds of the sort:

sup E[(X}) ) = (K1) D] < Cle—sl.
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Similar bounds hold for the determinant of (J¢)~!. This shows that the weak solution to the Cauchy

problem is unique. We now assume wu is a strong solution to the Cauchy problem. In particular, it
holds that v € C([0,T] x RY). Under the assumptions of Theorem We have already shown that
v e C([0,T] x RY). Hence, by this continuity

/ lu(t, z) —v(t,x)| dedt = 0, == u=wv, on[0,T]xRY,
RN
and strong uniqueness holds. m

Remark 7.8 (Strong continuity of the semigroup)
Deciding when the semigroup is strongly continuous is of much interest, and has been completely
characterised through the Hille-Yosida theorem. We briefly discuss this property and why we seem-

ingly cannot use the methods presented in this thesis to analyse it. By strong continuity it is meant,

1 1P = o ary = 0.

for each f € LP(dx). Although our integration by parts formulae could potentially shed light on
this property, it would seem as if this problem is highly non-trivial and cannot be expected to hold

in general. To see this consider ¢ € C§°:

t
Fro(r) — o(z) = / 0, Pep(x)ds
t
—/ LEPSp(x)ds
0
t

_ / sTIE [®(s,2)p(XE)] ds,

where we have applied the integration by parts formulae to obtain the third equality. Note: we have
also been forced to assume that the drift vector, Vi, may be expressed as a linear combination of
Vi, Viij for 1 <4,5 < d. However, there is no obvious way to proceed from here, as it would seem

that this integral could explode.
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A. Appendix

SELECTED RESULTS

Lemma A.1 (Gronwall’s Inequality) Suppose that a continuous function g(t) satisfies
t
Ogg(t)ga(t)—i—,@’/ g(s)ds; 0<t<T,
0
with 3 <0 and « : [0,T] — R integrable. Then
t
g(t) < alt)+ B/ a(s)e®t)ds ;. 0<t<T.
0

Proof : See Karatzas and Shreve [17, p387-388]. m

Proposition A.2 (The Burkholder-Davis-Gundy Inequality) Let assume that M is a continuous

local martingale. Then for every p > 0 there is a universal constant K, such that:

E

p
sup\MT] < Ky E [0}’
t<T

for any stopping time T'. Note that (M), denotes the quadratic variation of the martingale at time
t.

Proof : See, for example, Karatzas and Shreve [17, p166]. m

Proposition A.3 (Jensen’s inequality for definite integrals) There holds the following, for inte-
grable w € LP([0,T1], L), forp > 1.

t p t
(/ u5d3> Stpl/ ulds.
0 0
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A.1. ‘Introduction and background material’

Theorem [Basic Integration by Parts Formula] Assume F, G are smooth random variables, and
let h' € H. Then the following equality holds.

E(DhF.G) = E(FG / W ()dBy — F.D,G).
0

Proof : One has already seen that

d
DyF = —F(w +€h)
de

e=0

One proceeds by manipulating the RHS and using the Cameron-Martin Theorem.

E[DyF.G]
_E Lip(. +eh) E_OG}
_E {1%1 [F(. + eh) — F()] G(.)}
D tim JE[(F(.+ eh) ~ F()) G()
= lim %IE {F J)G(. — eh) exp (e/ooo ' (u)dB, — %EQ /OOO h’(u)du) - FG}

=)

(
_ :F(.)j (G(. — eh)exp <e/0w W (u)dB, — %8 /Ooo h’(u)du)
)

-

_k[roa /Ooo B (w)dB, — F(.)%G(. +eh)

=E FG/ b (u)dB, — F.DhG} .
L JO

(i): The Dominated Convergence Theorem is used here.
N.B. It has been used that LG/(. — €h)|emo = —£G(. + €h)|=o. m

A.2. Appendix for ‘Kusuoka’s gradient bounds’

Proposition For any T € (0,1], p € [1,00), 0, 8 € A(m) and v € A, the following hold

sup E [t*”7”/2 ’B;v }p < 00, (2.10)]
te(0,7

sup E [Hm“*\\a“)/? Ira.5(t, x)@p < . @11)
zeRN
te(0,T7]
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Proof : As we are considering Stratonovich integrals throughout this report, one needs to take care
in handling the semimartingales which result from this choice. The proof is done as follows; we first
show how the result holds for a general semimartingale. We already proved during the main
body of the text; using a simple argument. We prove (2.11f) via an inductive argument. Assume
that

t t
& = / u(s, 2)dW,s + / ols, x)ds,
0 0

where
sup E (t7" |u(t,z)|)” < oo, and sup E (t77 [u(t, 2)])" < o0,
QTGRN IEGRN
te[0,T] t€[0,T]

for some constants, ry, 7, € [0,00). Then, wlog for p > 2:

p

t t
El§fP=E ‘/ u(s, z)dWs -I—/O v(s,z)ds

Q- 1{ /Otv(s,x)dsp}
o= 1{ (/ (s, 2)|? ds> +tp_1E/t\v(s,x)pds}
{

or~1 Cptp 1E/ lu(s,x) [P ds + tP~ 1E/ \vsx\pds}

p

u(s,z)dWs| +E

A
A

,\
[N

(4) ¢
< 2P~ I{C t2 (= 1)/ E |u(s,z)[P ds + P~ 1/ E|v(57:c)|pds}.
0 0

1. Holder's inequality for finite sums.

2. Burkholder's inequality, Jensen's inequality resp.
3. Jensen’s inequality for definite integrals.

4. Tonelli's theorem.

Now we observe that;

Eju(s,z)]P < < sup E [s77v |u(s,x)]p>sm”
zERN
s€[0,T]

E|v(s, z)” < ( sup E [s7 |v(s,z)\]p>sp”.

z€RVN
s€[0,T]
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And so,

~ t
Bl < Gt sup s futs, o)) ) ([ meas)
zeRN 0

s€[0,7T

rot( o el e ) ([}

s€[0,7T

zeRN
s€[0,T]

4+ P Lyprotl < sup E(S_T“ (s, )] )p> }

zeRN
s€[0,T]

That is, if we take ¢ = min{r, + %, Ty 4+ 1}, then for all p € [1,00),

sup E[t77¢ &[] < o0 (A1)
z€RN
te(0,T]

Proof of (2.11)):

The proof of this result is similar to the induction carried out above. We notice that the remainder
term, as defined, is the sum of numerous iterated Stratonovich integrals. We prove that the result
holds for one element of the sum. This may then be easily extended to the sum of multiple such
objects.

We have already seen (cf Proposition that, for any o, € A(m), p € [1,00),T >0 :

sup E|aqp(t,z)’ < oo. (A.2)

z€RN
t€[0,T)

Moreover, since cgé*%f} € Cp°, it follows that

- P
sup E|c, s(XP)| < oo. (A.3)
zeRN i
t€[0,T]

Moreover, its partial derivatives are also in C7°, so Vlc] V2 etc.. belong to C7°, and

axy,B" Vi Taxy,B?

must also satisfy ((A.3]).

We again prove the result by induction on |y|. Assume |y| = 1. Using the fact that both
c

wiys(Xi') and agg(t, x) have semimartingale representations, given by:

Ao s (XD) = )+ / (Vech,o. $)(X2)dBE + / Lo, (X2)ds,
k=1
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where L := % Zi:o Vk2 + V4, and

as,3(t, ) —5554-2 Z /065 “Yag (s, v)d B

i=0 EeA(m)

+ = Z Z / Vc(;g J)ae (s, x)ds

=1 £cA(m)

/Z Z Cag 55 XJ)ae p(s, x)ds.

i=1¢ e A(m)

Hence we may express the product as a semimartingale. Note that this semimartingale will be
comprised of integrands which are sums and products of objects like those in (A.2)),(A.3)), and hence
if v € {1,...,d} we may apply the inductive step for some u,v with r, =r, =0, to get

t P

E {t_”/o ci*%(;(Xf)a(g,g(s,x) o dth < 00, (A.4)

where ., = min{%,l} = % Now if v = 0, then we apply the inductive step with v = 0 and
v(t,z) = ci*w;(Xt )asp(t,x). Thatis, 0 =, < ry, to obtain

t P
I[E[t”/O %*7,5(X§)a575(5,x)d5] < 00, (A.5)

where 7, = 1.
We now assume the result holds for some k& € N. i.e. we have the following for all v € A satisfying

Iy = k:
p
sup E[twvz// / Dl s(xe )aw(sl,x)ongll...ong:]

zeRY
te(0,T]

To ease the notational burden, we write,

Z(t,x,7) // / Ve (X2 )asp(s1,2) 0 dBY ... o dBJE,
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for v = (y1,...,7k). Observe, that fori € {1,...,d}

t
Z(t,x,y*1i) :/st’y ) o dB!
0

t

1 4

/st’ydBZ 2<Z(.,x,’y),Bl>t
0

t t
/ Z(s,x,~)dB’ + 5% 1%/ Z(s,x,v)dt
0 0

:/ Z(s,x,~)dB’ + 5% 2ty % 0).
0
By the inductive hypothesis, Z(t,z,7' % 0) satisfies (|A.6]) with 7.0 = (||7/|| +2)/2, and we also use
the inductive step on the right-hand term with u(t,z) = Z(t,x,~v) and v = 0, so that r, > r, =
71l /2, with

sup E [t_”*i

zeRN
te(0,T)

Z(t,x,’y*i)ﬂp < 00,

/
Mé“, v g” = ||7|£+1. If i = 0 then we may apply the inductive step with

where r.,; = min
u=0and v(t,z) = Z(t,z,7), so that with ||v]| /2 = r, < 1, we get

sup E [t_”*o |Z(t, 2z, * 0)]]p < 00,

zERN
t€[0,7]

2 )
where 7,0 = W;F . Hence the result is proved.

Finally, note that a finite sum of these would also satisfy a similar inequality with rsy,; = min{ry ;
r) is optimal (i.e. (A.1) holds) for kth sum member}. i.e.

P
sup E t_(m+1_||a||)/2|ra”3(t,x)\ < 00,
zeRN
te(0,7

as required. m

Lemma [2.7] The statement of Proposition holds, providing the following can be shown for
each p € [1,00): there exists C > 0 s.t.

P ( jnt (6. M009) < 1) < Cu,

foralln >1,tc (0,1], z € RV,
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Proof : We note that

A(t,x) :== sesi’ﬁf 71{(5, M(t,z)¢)} = min{\ ; X is an eigenvalue of M(¢,x)}.

We also observe that since M(t,z) is a real, symmetric matrix, it is non-negative definite and
hence A(t,x) > 0. Moreover, det M (t,xz) = A1 ...An,,, i.e. the determinant is the product of its

eigenvalues. Hence,

[det M (t,z)] P < A(t,z)"NmP,
= sup  E[det M(t,z)] P <  sup E[A(t,z)] VP,

te(0,1],zeRN te(0,1],zeRN
Now note that
E(A(t,x)mep) =K |:/0 1{y§A(t7z)7Nmp}dy
:/ Py < A(t,z)"mP)dy
0
= / P(A(t,z) <y~ HNmP)dy.
0
It follows that
sup  Eldet M(t,z)]") < sup / P(A(t,z) <y~ /NP)dy
0

te(0,1],zeRN te(0,1],zeRN

oo
<1 +/ sup  P(A(t,z) <y H/NmP)dy
1 te(0,1],zeRN

<1 +C/ y~ Y NmPdy < oo,
1

where q is picked so that ¢ > Np,p. [

Lemma There holds, for all p € [1,00),

p

t d
sup E / Z Zt_Ha||_1ri7a(u, z)2du| < oo.
mon L7 acamm =

Proof : We may apply the semimartingale rate bound obtained in the proof of Proposition [2.5]
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Indeed, we observe that:

t t
& ::/0 u(s,m)dBS—l—/O v(s,z)ds,
u(s,z) =0,

d
v(s,x) = Z Zt_”aHm,a(s,x)Z.

acA(m) i=1

Observe from Proposition [2.11}, noting ||| < m,

sup E (7™ |u(t, x)\)p < 00, sup E (t7™ |v(t,x)|)p < 00,
J?ERN .Z‘ERN
te(0,T] t€(0,T7]

where 1, = 0 and r,, is arbitrarily large. Hence it follows that:

sup E (t77|¢7])" < oo,
zeRN
te(0,7)

where 7¢ = r, +1 =1, as required. m

Lemma [Properties of Kusuoka-Stroock processes]
The following hold

1. Suppose f € K,(FE), where r > 0. Then, fori=1,...,d,

/0' f(s,2)dB! € Kyy1(E) and / F(s,2)ds € Kyia(E).

0

2. aa,p,ba,s € K(ig|—[al)vo Where a, B € A(m).
3. ko € Ko (H), where o € A(m).
4. Dy = (Du(t, ), ko) € Kytjja| where u € K, and a € A(m).
5. If M~Y(t,z) is the inverse matrix of M (t,x), then M;}j € Ko, a, 5 € A(m).
6. If fie Ky, fori =1,...,N, then

N N

Hfi €Kriy..qry and Z Ji € Knin(ry,...rn)-

=1 =1

Proof :
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(1): It is clear that if f(¢,.) is smooth and O, f(.,.) is continuous then the same is true of
Jo f(s,2)dB. for i = 0,...,d, with

8a/o f(s,x)dez/O Oaf(s,z)dBy.

Fork>1,pe[l,o0),i=1,...,d, we have (note that the dependence of the norms on the Hilbert
space E has been suppressed):

D k
+y HDJ/afsdel

Jj=

=E /Ot Do f(s,2)dB. (A7)

t ) P
/ 0o f(s,2)dB:
0 k

H®J

Focussing for a moment of the LHS, and assuming w.l.o.g. p > 2 (as there holds monotonicity of
norms in p), we see that for j =0, ..., k, there holds

t
E || D’ o f (s, x)dB!
H {/0 Oaf(s:) ] H®i

t t
/Djaaf(s,m)dBé—&—/ DI, f(s,7) ® eids

P

P
=K

HRIQFE

<or—L R

¢
+E / DIT19, f(s,2) ® e;ds
0

/ D70, f(s 9c)clBZ

H®J

p
H®Jj

<Gy [B [ 0N 30,150, + 07 DI 000 5]
< b | [ B0 o+ [ BP0 60 e 9]
<

Gt / 10af(s,2) 2, ds
0
t

< Gi3e-D / S sup v 0, (v, )L, ds
0 zeRN ,
ve(0,1]
< Gt eir+1)

)

where we have used Burkholder-Davis-Gundy inequality, Jensen's inequality and Holder's inequality
for finite sums. Note that the above holds for j = 0 by taking D’~! to be the zero map. The upper
bound is independent of 2 € R™ and by a simple rearrangement, and combining with , the
result follows. Note that the result for [; f(s,z)ds is proved similarly.

2:  The fact that ang(t,.), bas(t,.) are smooth with partial derivatives which are jointly con-
tinuous in (¢, ) € (0,1] x RY follows from Theorem . The fact that aq. g, bag : [0,T) x RN —
D> follows from Theorem . The fact that the appropriate bound holds for a, g with rate
r = (|8l = l|a]|) A O follows from applying the expression for a, g, given in (2.9)), and Proposition
The corresponding result for b, g is derived in an analogous way to a, g.

3: This follows easily from 1 and 2.
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4: From Nualart [33][Prop 1.3.3] we have the following:
(Du, ko) = ud(ka) — 6(u kq)

Moreover, we know that u, k, € D°°, and that § : D — D°° EI hence it is clear that (Du, kq)y €
D>, The existence of regular derivatives of all orders follows from direct differentiation. The re-

quired bounds follows easily from 6.

5:  Our first observation is that if f € K, (E), where r > 0, then g(t,z) := t~*/2f(t,z) sat-
isfies g € KC,—s(E). This is obvious, and from this basic observation we note that M, s(t,x) :=
= (llell+1511)/2 (ka(t,x), kg(t,x)), must satisfy M,z € Ko. This comes from applying the above
observation, along with 3. and 4. of this Lemma. To prove the same about elements of the inverse
of M(t,z) we first note that smoothness (in z) and joint continuity (in (,z)) follows from the
inverse function theorem. To prove Malliavin differentiability and the corresponding bounds, we use

the ideas of the proof of Nualart [33] Lemma 2.1.6]. That is, we seek to prove the following:

Lemma A.4 Let A(.,.) be a square random matrix, which is invertible almost surely and such that
|detA(t,z)|”" € LP for all p > 1. Assume further that the elements of Ay 5(t,x) € D*° and satisfy:

sup || Aq (s, 7)), < 0.

z€RN
s€[0,t]

Then A;}B(t, x) € D> and the elements satisfy:

sup HA;lﬁ(s,x)H < 0. (A.8)
zeRN ' k.p
s€[0,¢]

The proof of this lemma is almost identical to the proof of Nualart [33, Lemma 2.1.6]. One merely
needs to take care in showing ((A.8)). This is done easily by using a Holder-type inequality for the
seminorms .||, , (cf Nualart [33 Proposition 1.5.6].

Remark A.5 If we hadn't chosen to mutliply and divide the elements of the matrix M(t,x) =

lall+16] i .
((ka(t,x), ka(t,x))) by ¢ ”;W, when forming the matrix M, then more care would have been

required to ensure that the rate of decay of the inverse (as a Kusuoka Stroock process) is independent
of the dimension of the matrix. Indeed, it can be shown the inverse of the determinant of M is
bounded above by a rate which is dimension dependent. However, this dimensionality dependence
disappears when one considers the product with the matrix of cofactors, which has the equal and

opposite dimensionality dependence.

1¢f Proposition 1.5.4 in Nualart [33]
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6: It is clear that smoothness, joint continuity and Malliavin differentiability are inherited from
the constituent functions. The second property remains to be shown. Consider Hfil fi. It may be

shown that for the kth Malliavin derivative the following Leibniz-type rule holds:

N
k ) A
Dkai: Z ( . )D“f1®--~®DszN-
=1 11y.-.45IN

i1+...+in=k

Now noting that, if i1 + ...+ ixy = k, we have

N
1% fr @@ D™ vl o = LTI Fill sy

Jj=1
so that
N P
i=1 k,p
N p N p
=K Hfi(f,,]}) D] Hfi(t,l‘)
i=1 1 i=1 H®i

P

k
2
N p k . N _
=~ +2 0 2 <il..].iN)®Dlmfm<tvw>

1||i1+...+in=7

N p
Q) D f(t, )
m=1

H®J

H®3

N p /
<E _Hfz-(t,m) +> Cp,j)

N
H 1fi(ts )10 ) + ZC 2V H 1D fon (b, 2) [y
= m=1

i=1

where p~! = pl_l +.. .p&l, applying Holder's Generalised Inequality. Whence, letting r = Zf\il (i)
we see that

p

t—T/2 <H sup 1t~ El ||fz(t x)HLPZ
i1 101,
zeRN

sup
te(0,1],zeRN

N
=1

k,p

+ZCp 7) H sup £ 2 [[D'" () [
m— 1t€01]
zeRN

< oQ.

To see that Zf\il Ji € Kuin(ry,....ry)- We note that K. C K for r < s. Hence, it should be clear
that the sum is contained in that K, in which all of its terms are contained, namely, Ky in(r,,....rx)-
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A.3. ‘Regularity of PDEs with C} coefficients’

Lemma (Properties of Kusuoka-Stroock processes)

1. Suppose f € K,(E,n), wherer > 0. Then, fori=1,....,d,
[ fu)iBle Kon(Bn) and [ fuz)du € KrpaEon).

2. aap,ba,g € Kg|—[af)vo(R, k —m) where a, 8 € A(m).
3. ko € Ko (H, k —m), where o € A(m).
4. D@y = (Du(t,z), ko) € Krtja) (R,n A (k —m)) foru € Kr.(R,n) and a € A(m).
5. If M~1(t,x) is the inverse M(t,x), then M;é € Ko(R,n—m), a, 5 € A(m).
6. If fi € Kr,(R,n;) fori=1,...,N, then
N N
Hfi € ICT1+_,_+,,N(R,miinni) and ZfZ € Kmin, r; (R, miinni).
i=1 =1

Proof : The proof of this lemma is very similar to the corresponding lemma in the first chapter.
Notes are made on where the proof differs, rather than providing a full and extensive reproof, to
avoid repetition.

1. It is clear that if f(¢,.) n-times differentiable and 0, f(.,.) is continuous then the same is true
of [ f(u,x)dB] fori=0,...,d, with

0u [ Flu,2)aB, = [ 0uf(u,)aB.

S S

The remainder of the proof is analogous.

Proof of 2: The fact that anp(t,.),bas(t,.) are k-times differentiable with partial derivatives
of order ||, which are jointly continuous in (t,2), and which are in D*~1? for all p > 1 follows
from Theorem 0.6.2 and Theorem 0.6.3. The appropriate bounds can be seen to hold by observing
the expression for a, g and applying Proposition [2.5] The corresponding result for b, g is derived in

an analogous way.

Proof of 3: This follows easily from 1, 2.
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Proof of 4: From Nualart [33][Prop 1.3.3] we have the following:
(Du, ko) gy = ué(ka) — 6(u kq)

Moreover, we know that for each p > 1 there holds u € D™P, k, € DE=m=1).p  and that
§ : DFP — DF-LP | hence it is clear that (Du, ko) € DAk=m=1)4 for any ¢ > 1. The ex-
istence of regular derivatives of orders less that n A (k —m — 1) follows from direct differentiation,

and the required bounds follow from 6.

Proof of 5: The k-times differentiability of the inverse (in x) and joint continuity (in (¢,z)) is
a result of the inverse function theorem. The Malliavin differentiability of the matrix inverse can be
deduced by extending Lemma [A.4] for square matrices with elements of a general Malliavin differ-
entiability.

Proof of 6: It is clear and straightforward to demonstrate that the differentiability and joint con-
tinuity are inherited from the consituent functions. The level of differentiability is a result of the
product rule for differentiation. The second property of a K-S-process can be shown in a similar

way, making sure to take care with the finite level of differentiability. m
In what follows and unless otherwise stated we assume f € C;°.

Theorem [Integration by Parts formula I] Under the conditions (C, UFG) the follow-
ing integration by parts formula holds for ® € KC!°¢(R,n), and for any a € A(m):

E [&(t,2)Vio)(f o Xi)(2)] = ¢ V2E [@4 (8, 2) F(X])] (A.9)
where ®,, € KI°“(R, (n — 1) A (k —m — 1)). Moreover,

sup |0, (t2)P < Cy(1+ o) sup E|o(t, )]
te(0,1] te(0,1]

Corollary [Integration by Parts formula Il] Under the same conditions as Theorem
the following integration by parts formula holds for ® € KC!°¢(R,n), and for any o € A(m):

E [®(t, 2) Vi f(XF)] =t 1I2E [0 (¢, 2) f(XT)] (A.10)
where ®!, € KI°“(R, (n — 1) A (k —m — 1)). Moreover,

sup E |@L(t,2)|" < Cp(1+ |z])? sup E|D(t,z).
te(0,1] t€(0,1]

2cf Proposition 1.5.4 in Nualart [33]
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Corollary [Integration by Parts formula Ill]  Under the same conditions as Theorem
the following integration by parts formula holds for ® € K°°(R,n), and for any o € A(m):

Vi [@(t,2) [ (X7)] = t71I2E [0 (8, ) f(X7)] (A11)
where @/ € KI°°(R, (n — 1) A (k —m — 1)). Moreover,
sup E |7 (t,2)|" < Cp(1+ |a])P sup E|®(t,z).

te(0,1] te(0,1]

Corollary [Integration by Parts Formula IV] Under the same conditions as Theorem
the following integration by parts formula holds for N + M < k —m and oy, ...,ay € A(m):

_ \\@1“+---+HQN+A1H
2

V'[al] st VY[OLN]Pt(VY[OLN-H] st Vv[DZN-pM]f)(‘r) = t E [q)a(ta aj)f(Xtt)] ’

where ®,, € KI°°(R, (k —m — N)). Moreover,

sup B[P (t,2)[P < Cp(1 4 |2]) VP
te(0,1]

Corollary [IBPF for a Semigroup with a Potential] Under the conditions (C, UFG)
the following integration by parts formula holds for N < k —m and ay,...,ay € A(m):

Viea) - Viaw PEf () = ¢ Uleallttllen D2y [ () f(X])] (A.12)

.....

where ¢, € Kle(R, (k —m — N)). Moreover,

sup B[Py, oy (t,2)|" < Cp(1 + |z)™P
te(0,1]

Proof of Theorem [3.101: : It was shown in the last section that:

Vi (f 0 Xy)(2) = = lledl/2 Z t_”ﬂ”/QM;’/l}(t, 2)DW f(X7)
BEA(m)
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P-a.s. Hence, using:

DY(@(t,x) Mgl (t,x) f(X)) = DO&(t,2) My (t,x) f(XT)
+®(t,x) DM (t,2) f(X])

+®(t, ) My (t,2) DDF(XT)

We get that:

E[®(t, 2)Via)(f 0 Xo)(@)] = 71912 % 7 4= INIPE[D (¢, ) M L (¢, 2) DO f(X)]

vEA(m)
= 18172 N = DIRR[ (X {D(t, 2) Mg (¢, ) 6(ky (t, 7))
vEA(m)

— ®(t,2) DYM (t,z) — DOD(t,2) ML (t,2)}]
And so
Daltir) = 3 2@t 2) MFL(E )0k, (1, ) — Bt 2) DOM L (8, )

YEA(m)

—D(”Y)fb(t7 x) ML;,},(t7 m)}

That @, € KI°([n — 1] A [k —m — 1]) follows from Lemma m parts 3,4,5,6. N.B. Observe that as
the process ky(t,x)(.) is Fy-adapted, the adjoint §(k~(¢,x)), is nothing more that the It6 integral
of k. (t,z) with respect to the d-dimensional Brownian motion B; = (B},..., BY), i.e.

d t '
S0 (00)) = Y /0 ke (£, 2) () AV

Thus, it follows that for processes f € K, ;(H,n) which are a.e. adapted as stochastic processes in
H, that 6(f) :=6(f(.,.)) € K\°¢;(n). Finally, we observe that, due to (3.4)

sup E|DOML )| < o+ ) (A.13)
t€(0,1] By

Hence, the bound

sup E |[®q(t,2)[" < Cp(1+ [2])P sup [|[@(t,2)l5,
te(0,1] t€(0,1]

follows by applying the following to the expression for @, (¢, x): (A.14]), Holder's inequality, and the
uniform boundedness of the L" norm of Mt and k., over (t,z) € (0,1] x RY for each > 1.
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Proof of Corollary [2.21} The first observation is the following relationship:

(Vi) (XF) = VF (X )V (X7)
= (J9)TV(f o X¢) () Via) (XT)
= V(f o Xo)(@)(J7) ™ Via (X7),

where (J¥)~T := ((J#)~1)T. At this point refer back to the closed linear system of equations, which

induced the expression:

) V(XD = > aast,z)Vig(2).
BEA(m)

Again, the central position of the UFG condition is emphasised.

V(o X)@) ) Vi (XF) = D aast,2)V(f 0 Xo)(@)Vig) ()
BEA(m)

= D aas(t:2)Vig(f o Xi)(2).

BEA(m)

From Lemma ‘ Ua,8 € ’CI[ﬁEII—HaH]vo(k —m — 1). Hence, it has been shown that:

E [0 o)V fOXE)] = 30 B[00t 2)aa st )V (F 0 X0)(2)]
BeA(mM)

The integration by parts formula (2.26)) can then be applied N,, times, after noting that the product

E [0t a)Vig /XD = 3 77 E[Us(t,2) f(X7)
BEA(mM)
_ Z t_@t_\\a\\;\\ﬁllE tHaH;HB”\Ifg(t,x)f(Xf)}

BEA(mM)

_ o]l

=tz E[®.(t,2) f(X])],

where ®o = > 5c A(m) e W5 € K°°((n — 1) A (k — m — 1)). Finally, we again observe that,

due to (|3.4))
_ p
sup E D(”’)Mﬁé(t,x)‘ <O+ |z|)? (A.14)
te(0,1]
Hence, the bound

sup || P, (t,2)|" < Cp(1+ [z|)P sup [|B(t,z)]5,
te(0,1] t€(0,1]
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follows by applying the following to the expression for @, (¢,x): (A.14)), Holder's inequality, and the
uniform boundedness of the L" norm of M ! and k. over (t,z) € (0,1] x RY for each > 1.

Proof of Corollary [3.12]:
Observe that

V[a}E[CI)(t7x)f(XZC)] - IE[V[Q]Cb(t,a:) f(Xf) + (I)(tv x)‘/[a](f © Xt)(x)]

O BV @t ) F(XT) + @ult,z) F(XD)]

= 2R [0" (¢, 2) F(XF)],

where 7 (t,x) = t”aH/QV[a](I)(t, ) + @4 (t, ). To prove that &, € KI°°([n — 1] A [k —m — 1]), we
first observe that
Vi (@)] < Ca(1 + J2]).

This follows from the global Lipschitz continuity of Vj, ...,V (and hence boundedness of their
derivatives) and the form of Via]- Hence, V|, is bounded on compact subsets of RY and tHa”/QV[arI) €

IC:?f”aH(n —1). We already know from Theorem that ®, € K!°°([n — 1] A [k — m — 1]), thus

®" € KCl°¢([n — 1] A [k —m — 1]). Moreover, it is clear that:
Vi@ (t,2) < |Viog| [V8(t,2)| < Ca(1 + [2]) [V (2, 2)] .

This, combined with the same arguments for @, in the previous proof, completes the argument.

Proof of Corollary [3.13]:
Once it is noted that Id € Ky, the proof follows from N applications of Corollary [3.12] and M
applications of Corollary [3.11] The bound follows by recursively applying (3.9).

Proof of Corollary [3.14]:
The potential term need not provide any extra complications as long as we treat it as a Kusuoka-

Stroock process. That is, we put:

O(t,z) := exp ( /O t c(Xf)ds) .

It is straightforward to show that ® € IC'0°°(I<: —m). The proof is completed by applying Corollary
BI3 m
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A.4. 'The LFG condition and local differentiability of the semigroup’

Lemma Define, for v € (0,1/2) and p > 2, Y : Q x R — R by:

‘X$ X.Z’|2p
//[0 2 1+2p7 du dv.

Then Y € D* for each s € [0,¢], and for all v € (%, i - —) Moreover, for any U’ C U, open,

such that d(U’,0U) > 0 and any (k,p) € Ny x [1,00) there holds

sup [Vl < 00, (A15)
s€(0,t]zelU’

Proof : We show first that Y € LP(QQ) for each s € R. Our first observation comes from Kunita
[19][Thm 2.1] and is that for some constant depending only on p:

E|X? — X2 < Cp(L+ |z|P) Jv — ul? (A.16)

This implies that sup, . E | X7 — XZ[*P < Cpyr |u — v[P. Hence,

E|XZ — Xz
ElYF|? < | | du dv
[0,5] 1+2p7)

2 ‘u
< Cpq.d // |u — o|Pa= 2P gy gy, (A.17)
[0,5]2
So choosing 7 such that pg — (1 4 2py)g > 0 - that is, v < % — % - results in

sup E|Y|? < oo.

s€(0,t]

zel’
Now we show Y € DF4 for each k,q > 1. Our first observation is that analogous bounds to
(A.16]) exist for (Malliavin and standard) derivatives of SDE solutions. The bound for the standard
derivatives comes from Kunita [I9][Thm 3.3]. The bound for the Malliavin derivatives holds from

applying analogous techniques as in Kunita [19].

x x p B
E|D*xs = X3, < Crp@+lal?) o —ul?
p

~ D
< Capll+af?) o — u®

a|a| T T
@ [Xv - Xu]
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We now turn to the Faa di Bruno formula (see for example Craik [7] which generalises the chain
rule to higher derivatives to see that, for p € Z with p > 1:

k T z|2p _ (2]9)' T z|2p—|7| |B| x T
D |Xu_Xv| _ZWLXP“_XU‘ H‘D (Xu_Xv)

well Ber
where IT is the set of all partitions of {1,...,k}, |7| represents the number of blocks in the partition,
m, and |B] is the size of the block B. Then it follows that, with % + > Ben T(}B) = 1 for each
m eI,
k T z2p||?
IEHD X7 - X7 H
H®k
(2p)! '
p): : e 12p—| 7| |B|( vz z
<@ =2 _g||ixz - xzp I [ pElx: - xo)
_ ' u v u v
well (2p ‘WD Ber H®k
x z|2p—|| a H |B| x T a
< _ _
<)Y |ixe - x| T o - x,
mell Bem
[l q
< C(p,q,t,U") Z lu—o|P7 24 H |u —v|?
mell Ber
< C(p,q ki, t,U") [u—o[".
This may be used in a similar fashion to prove, for all z € U’ cc RY
kyrz||? A
E|DhY| < Ca k),
q

The same techniques can also be applied to prove a similar result for [E ‘%Yf , and combinations

of the two different types of derivative. Last but not least, we state and proof a result which was
used in (4.9). Namely,

E( 2" < cm,p) (;)p (A.18)

Indeed, we may prove something even stronger (the full strength was not needed for our require-
ments). Proceeding as in (A.17)), by instead using Jensen's inequality (twice) we see

E Y| < 2D // lu — U’pq7(1+2m)q du dv
[0,1]2
C2(e—1) // oPa—(14207)4 gy, do
[0,1]2
Ct%

tq

IN

IN

IN
(@]

Note we have used that ¢t <1 and that |u — v| < 2 for u,v € [0,1]. =
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