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Abstract

This thesis consists of two quite distinct topics. In the first and bigger part we show
that the Mandelbrot-van Ness representation of fractional Brownian motion is almost
surely smooth in the Hurst parameter H. This dependence result is transferred to the
solution of a stochastic differential equation driven by fractional Brownian motion if the

stochastic differential equation is one-dimensional or H > % In the multidimensional
case of H € (%, %] we use rough path theory to make sense of the differential equations.

However, despite it being possible to lift fractional Brownian motion as well as its derivative
in H to a rough path via the limit of dyadic approximations, they cannot be lifted jointly in
the same way. Nevertheless, we obtain that the solution to a rough stochastic differential
equation driven by fractional Brownian motion is locally Lipschitz continuous in H.

In the last part of the thesis we define a directional Malliavin derivative connected to a
continuous linear operator. We show that this directional Malliavin derivative being zero is
equivalent to some measurability or independence condition on the random variable. Using
this result, we obtain that two random variables, whose classical Malliavin derivatives live
in orthogonal subspaces, are independent. We also extend the chain rule to directional
Malliavin derivatives and a broader class of functions with weaker regularity assumptions.

Zusammenfassung

Diese Arbeit setzt sich aus zwei unterschiedlichen Themenblocken zusammen. Im ersten
und grofBeren Teil zeigen wir, dass die Mandelbrot-van Ness Darstellung der fraktionalen
Brownschen Bewegung glatt im Hurstparameter H ist. Dieses Resultat lasst sich auf die
Losung einer stochastischen Differentialgleichung, welche von der fraktionalen Brownschen
Bewegung getrieben wird, iibertragen, falls die Differentialgleichung eindimensional ist
oder H > 1. Im mehrdimensionalen Fall mit H € (3, 3] nutzen wir die Rough Path
Theorie um den Differentialgleichungen einen Sinn zu geben. Jedoch, obwohl es mé&glich
ist sowohl die fraktionale Brownsche Bewegung als auch ihren Ableitungsprozess mit Hilfe
dyadischer Approximationen zu einem Rough Path zu erweitern, lasst sich auf diese Art
kein gemeinsamer Rough Path konstruieren. Trotzdem konnen wir zeigen, dass die Losung
einer stochastischen Rough Path Differentialgleichung lokal Lipschitz-stetig in H ist.

Im letzten Teil der Arbeit definieren wir eine Malliavin-Richtungsableitung basierend auf
einem beschriankten linearen Operator. Wir zeigen, dass eine Messbarkeits- oder Un-
abhéngigkeitsbedingung an eine Zufallsvariable equivalent dazu ist, dass ihre Malliavin-
Richtungsableitung Null ist. Mit Hilfe dieses Resultats lasst sich zeigen, dass zwei Zu-
fallsvariablen, deren klassische Malliavin-Ableitungen in zueinander orthogonalen Un-
terrdumen liegen, unabhangig sind. Des Weiteren verallgemeinern wir die Kettenregel
flir Malliavin-Richtungsableitungen und schwéchere Regularitdtsannahmen.
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1 Introduction

My research as a PhD student started with the aim to analyse parameter sensitivities of
a rough volatility model. Like often in research, things work out differently than planned
but nevertheless I explain the initial idea of my research in this introduction to motivate
why results on such different topics are presented throughout this dissertation. On the one
hand we present results on sensitivities of stochastic differential equations (SDEs) driven
by fractional Brownian motion (fBm) with respect to the Hurst parameter, on the other
hand we work with Malliavin calculus and obtain a characterisation of independence for
Malliavin differentiable random variables. Let us first take a look at the original goal of
this thesis.

In [13] the authors argue that financial markets should be modelled using a rough volatility
model, where the randomness in the volatility stems from a fractional Ornstein-Uhlenbeck
process. The fractional Ornstein-Uhlenbeck process differs from a non-fractional one in
that the corresponding stochastic differential equation is driven by a fractional Brownian
motion instead of a standard Brownian motion, i.e.

AV = k(N -V dt +0dBf, V! =,

where £,0 > 0, A\,vg € R and B = (Bf);>¢ is a fractional Brownian motion. This
equation has a unique closed form solution that is obtained pathwise (cf. [3]). With
the process V' from above and inspired by [I3] the aim was to look at the parameter
sensitivities of the rough volatility model given by

S() = S0 exp(Xt),

t t
X = —/ aQ(VS)dS—I—/ o(Vy) dWs,
2 Jo 0

where W = (W;)>0 is a standard Brownian motion and o : R — [0,00) fulfils certain
conditions. We were particularly interested in the Greeks of financial options in this
model. Given a terminal time point 7' > 0 the payoff of a European option is given by
f(St), where f is usually assumed to lie in some function class. The derivatives of the
option price with respect to the model parameters are called Greeks, e.g. the option Delta
is defined as

(1.1)

0
A = —E[f(S7)].
830 [f( T)]
Under some smoothness and growth conditions on f the derivative operator can be pulled
inside the expectation. This might be unsatisfactory since for many options the payoff

function f is not even continuous, let alone differentiable.

But there are results for discontinuous payoff functions in simpler models, e.g. given the
model

ds; = b(St) dt + O'(St) dW4, So = So
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Greeks are calculated in [9] using Malliavin calculus. Under certain conditions one obtains,
even for some discontinuous f, that

0
A = 5 —E[f(Sr)] = E[f(ST)1L],
50
where II is a so-called Malliavin weight which depends on St but not on the function f.
The initial goal of this thesis was, motivated by these results, to use Malliavin calculus to
obtain Greeks or sensitivities of rough volatility models like ([1.1]).

As already mentioned this is not the research presented in this thesis but it is strongly
linked with what my actual research turned out to be and the initial motivation behind it.
My research splits into two, quite distinct parts. We are interested in the sensitivity with
respect to the Hurst parameter of fractional Brownian motion and stochastic differential
equations driven by it. Since fractional Brownian motion is in general not a semimartingale
the usual theory of stochastic differential equations does not apply and other solution
concepts are needed. The second part concerns itself with Malliavin calculus, in particular
we present a characterisation of independence of two random variables.

An introduction to the different topics can be found in the corresponding chapters, nev-
ertheless a short motivation follows.

1.1 Fractional Brownian motion and SDEs

Fractional Brownian motion is a centred Gaussian process B = (BH);>o with continuous
sample paths and covariance
1
EBEB{I:5(32H+t2H—|t—s]2H), s,t > 0.
The parameter H € (0,1) is called Hurst parameter and for H = % the fractional Brownian
motion recovers the standard Brownian motion.

In recent years, the analysis of fractional Brownian motion itself and of stochastic differen-
tial equations driven by fBm has been an active field of research. However, the dependence
of fBm and related SDEs on the Hurst parameter has received only little attention. Conti-
nuity of the law with respect to the Hurst parameter has been studied in a series of articles
by Jolis and Viles [20} 21}, 22], 23] for (iterated) Wiener integrals with respect to fBm, the
local time of fBm and for the symmetric Russo-Vallois integral with fBm as an integrator.
Moreover, Theorem 43 in [12] implies that the law of SDEs driven by fBm (understood in
the rough paths sense) with Hurst parameter H > 1/4 depends continuously on the Hurst
parameter. A stronger notion of continuous dependence is studied in [46] for scalar SDEs
driven by fBm, i.e.

ax/ =X/ dt+o(X[)dB{, te0,T],  Xi' =z €R, (1.2)

with b,0 : R — R. Under an ellipticity assumption on ¢ and otherwise standard smooth-
ness assumptions on the coefficients the authors establish the existence of a constant
Cr > 0 such that

1
s;lpT] |Eo(X{T) —Eo(X7)| < Cr (H—3), H e [1/2,1),
telo,
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for bounded test functions ¢ € C?*#(R;R) with 3 > 0. Note that for H > % the SDE
(1.2)) is understood pathwise as a Riemann-Stieltjes integral equation, while for H = %
it coincides with a Stratonovich SDE. Furthermore, in [46] the authors also establish a

similar result for the Laplace-transform of a first passage time of SDE (1.2)).

We analyse pathwise dependence on H and show that the Mandelbrot-van Ness represen-
tation of fBm (cf. [34]) as well as the solution of an SDE driven by it are differentiable
in the Hurst parameter H. In applications, like rough volatility models, H is estimated.
Differentiability in H allows to control the error of the SDE solution by the estimation
error made in estimating H.

1.2 Malliavin Calculus

Malliavin calculus extends the calculus of variations to the stochastic framework and hence
is sometimes called stochastic calculus of variations. It was originally developed by Paul
Malliavin [33] to find a probabilistic proof to Hérmander’s theorem [16]. This theorem
gives conditions that guarantee that the law of the solution to an SDE has a smooth
density. But nowadays there are more applications for Malliavin calculus. The adjoint of
the Malliavin derivative, the divergence operator, enables us to do anticipating stochastic
calculus. This extends the It6 integral to non-adapted integrands. The resulting integral
is called the Skorokhod integral and allows to consider SDEs, where the solution is not
necessarily adapted to the natural filtration of the driving Brownian motion. Furthermore,
the integration by parts formula can be applied to obtain parameter sensitivities of SDEs.
This way Malliavin calculus is a useful tool in calculating Greeks in financial models (cf.
[9]). Another application in mathematical finance is the Clark-Ocone theorem, which is
helpful in obtaining a replicating portfolio for derivatives.

In this thesis we specifically look at directional Malliavin derivatives. When working with
a solution to an SDE driven by a d-dimensional Brownian motion, where d > 2, it is often
easier to consider directional Malliavin derivatives of the solution, i.e. the Malliavin deriva-
tive with respect to the i-th Brownian motion, where ¢ = 1,...,d. The composition of
these d directional Malliavin derivatives then coincides with the usual Malliavin derivative
(cf. Proposition . Looking at the our definition of a directional Malliavin derivative,
we see that this definition already incorporates other existing concepts like the operator
D" defined by D"F = (DF, h)g (cf. [38] p.27). But mainly, similar to the operator D" it
turns out that our directional Malliavin derivative is a great tool for proving results about
ordinary Malliavin calculus. In our case, analysing what it means for a random variable
to have a directional Malliavin derivative of zero gives insights into the independence of
random variables. In particular, we obtain a characterisation of independence for two
Malliavin differentiable random variables.

A more detailed introduction is given in Chapter

1.3 Outline

Chapter and [4 are based on joint work with my supervisor Andreas Neuenkirch
with part of the work already published in The Mandelbrot-van Ness fractional Brownian
motion is infinitely differentiable with respect to its Hurst parameter [27]. Chapter [5| is



1 Introduction

based on my paper Directional Malliavin Derivatives: A Characterisation of Independence
and a Generalised Chain Rule [26].

Chapter

We give a short introduction into fractional Brownian motion. Then, to analyse the
pathwise dependence of fractional Brownian motion on the Hurst parameter, we need to
introduce a coupling for fBms of different Hurst parameters. We study the Mandelbrot-
van Ness representation of fBm B = (B}?);>¢ with Hurst parameter H € (0, 1) and show
that for arbitrary fixed ¢ > 0 the mapping (0,1) > H ~ B! € R is almost surely infinitely
differentiable. Thus, the sample paths of fractional Brownian motion are smooth with
respect to H. This allows us to define our own representation, a Mandelbrot-van Ness type
fractional Brownian motion that is pathwise continuously differentiable in H.

Chapter

We analyse the dependence on the Hurst parameter H of solutions to stochastic differential
equations driven by fractional Brownian motion. To make sense of this type of SDEs we
need to find a suitable solution concept. These concepts will, other than It6 calculus, all
work pathwise. In one dimension we use the Doss-Sussmann approach [0 [45]. We show
that the solution map, which maps the driving signal of the SDE to its solution, is Frechét
differentiable on the space of continuous functions. Then a chain rule argument proves
that solutions in the Doss-Sussmann sense are differentiable in the Hurst parameter of the
driving fractional Brownian motion.

This result can be replicated in higher dimensions if H > 1/2. In this case the SDE can
be understood as a pathwise integral equation in the Riemann-Stieltjes sense. Choosing
appropriate Banach spaces, it has be shown that the solution map is Frechét differentiable
[41] and it is again by a chain rule argument that we can conclude that the solution to
the SDE is differentiable in the Hurst parameter.

The multidimensional case of H < 1/2 is more involved and handled in the next chapter.

Chapter

In this chapter we consider the case of multidimensional SDEs, where the driving fractional
Brownian motion has a Hurst parameter H € (%, %] After a short introduction into rough
path theory (cf. [10, 11l B2]), we show that, using the methods developed in [4] and
[28], the derivative with respect to the Hurst parameter of a multidimensional fractional

Brownian motion can be lifted to a geometric rough path in a natural fashion.

However, the dyadic rough path approximation of fractional Brownian motion together
with its derivative in H does not converge in expected p-variation distance. This means
that despite it being possible to lift both, fractional Brownian motion as well as its deriva-
tive in H, to a rough path via the limit of dyadic approximations, they cannot be lifted
jointly in the same way.

In the last part of this chapter we show that a rough SDE driven by a lifted fractional
Brownian motion is locally Lipschitz continuous in H. In a very restrictive case, we are
able construct a derivative of the solution in a rough paths sense.



1.3 Outline

Chapter

This chapter is about Malliavin calculus. We define a directional Malliavin derivative con-
nected to a continuous linear operator. We show that this directional Malliavin derivative
being zero is equivalent to some measurability or independence condition on the random
variable. Using this result, we obtain that two random variables, whose classical Malliavin
derivatives live in orthogonal subspaces, are independent. We also extend the chain rule
to directional Malliavin derivatives and a broader class of functions with weaker regularity
assumptions.



2 Fractional Brownian motion

As mentioned in Section a fractional Brownian motion is a centred Gaussian process
BH = (Bg{ )t>0 with continuous sample paths and covariance

E[BIB]] = %(SZH—}—tQH— t—s*),  st>o0.

The parameter H € (0,1) is called Hurst parameter and for H = % fractional Brownian
motion coincides with the standard Brownian motion. Before we start working with
fractional Brownain motion, we quickly present some features of fBm whose proofs can,
for example, be found in [37]. Fractional Brownian motion possesses some characteristics
similar to classical Brownian motion like

(i) self-similarity:

— d
(™" Bgp)izo = (B')iz0,  Va >0,
(ii) stationary increments:

d
(Bl , — B)iz0 = (B )i=0, Vs > 0,

(iii) time inversion:

d
(" BJl )0 = (B )20,

where the d above the equals sign indicates equality in distribution. But there are other
properties of Brownian motion that cannot be attained by fractional Brownian motion. In
particular, for H # %, the fractional Brownian motion B¥ is neither a semimartingale nor
a Markov process. Further, the increments of B are stationary but no longer independent
and are negatively correlated if H < % For H > % the increments of fractional Brownian
motion are positively correlated and exhibit long-range dependence, i.e.

> (k) = oo,

k=1

where p(k) = E[B{! (B{,; — B{")] is the autocovariance of the increments. This long-range
dependence was a desired feature in applications in hydrology and mathematical finance
and made fractional Brownian motion an interesting object of study (cf. [17]).



2.1 Main result

2.1 Main result

The aim of this chapter is to analyse the pathwise smoothness with respect to the Hurst
parameter. For this we need to choose a specific representation of fBm. Here we choose
the so-called Mandelbrot-van Ness representation ([34]). So, let T > 0 and B = (By)icr
be a two-sided Brownian motion on a complete probability space (2, .4, P). Then

szCH/KH<s,t) dB,, tel[0,T],
R
with

<2H sin(wH)I‘(2H)> i

O = I'(H +1/2)

and
Ku(s,t) = (\t — s[fT12 \S\H_l/Q) L oo)(s) + [t —s[TH210,(s),  (2.1)

defines a fBm on [0,7] with Hurst parameter H € (0,1). Since 2° = 1 we recover in
particular that K /5(s,t) = 1jg)(s). Our main result is:

Theorem 2.1.1. Let k € N. Then there exists a process BIF = (BtH’k)te[O,T] such that:
(i) For allw € Q the sample paths (0,1)x [0,T] 5 (H,t) — B (w) € R are continuous.

(11) For all w € Q and for any fized H € (0,1) and o € (0, H) the sample paths [0,T] >
t— Bf’k(w) € R are a-Holder continuous. We even have, for all0 < a < b <1
and 0 < v < a, that there exists a constant C' depending on w € Q such that

sup ‘Bfk(w) — BI'Fw)| < C(w)|t — s s,t €10,T].
Hela,b]

(iii) For all0 < a < b < 1,te€[0,T] there exists Quprs € A such that P(Quppe) = 1
and

7Bg{(w) = BtH’k(w)a H e [a>b]7 we Qa,b,k,t-
In particular, we have for fixed t € [0, 7] that Bi') € C*((0,1);R) a.s.

2.2 Preliminaries: Stochastic Fubini and continuity

The stochastic Fubini theorem is well known to hold for finite time intervals, see e.g. [43],
Theorem 65, p. 211f. From now on let I C R be a (possibly infinite) interval. Further, let
{I }nen be an increasing sequence of finite intervals, i.e. I, C I,41, such that I = (J,,cx In-
Let J C R be a further interval with p(J) < oo, where p denotes the Lebesgue measure on
R. Moreover, we always work on a complete filtered probability space (€2, A, (F)ter, P)
and with a two-sided (F})ter-Brownian motion W = (W;)cr on this space.



2 Fractional Brownian motion

Lemma 2.2.1. Let G" = (GM)ier = (G(t,h))er be a measurable and (Fy)er-adapted
stochastic process depending on a parameter h € J. We assume

/ /E[GQ(s,hﬂ dsdh < oo. (2.2)
JJI

Then, we have

G(s,h) dhdW, = G(s,h)dW,dh (2.3)
1 L

almost surely, where both of the above integrals are well defined.

u(J)Q/I <M(1J)/JG(s,h) dh)2ds]

< u(J)E [/I/]G2(s,h) dhds] < o0.

Together with assumption (2.2 this shows existence of the integrals in (2.3)). Fubini for
finite stochastic integrals gives the result for finite I. For infinite I it yields

//G(s,h)ddes— lim/ /G(s,h)ddeS— lim/ G(s,h)dW,dh
rJJ I, JJ J JIn

Proof. Using the Jensen inequality yields

/I</]G(s,h)dh>2ds

E =E

n—oo n—o0

://G(s,h)dWsdh a.s.
JJI

The last equation holds because

</J/IG(s,h)dWsdh—/J 1 G(s,h)dWsdh)2]

_E (/, . G(s,h)dWsdh>2 gu(J)/JE ( . G(s,h)dWS)Ql dh

2 = 2 S S
/J @ (s,h)dsdh] —M(J)/I\IH/JE[G (s,h)] dhvds —» 0

E

=u(J)E

for n — oco. Here the first inequality is due to the Jensen inequality and the convergence
follows from (2.2). Note, this would only prove convergence in L?(f2) but choosing a
suitable subsequence implies almost sure convergence. ]

The following Theorem is our version of Theorem 2.2 in [I§].

Theorem 2.2.2. Let J be an open interval and F¥ = (FHf)c; = (F(t,H))er be a
measurable and (Fi)icr-adapted stochastic process depending on H € J. Furthermore, let
F be almost surely continuously differentiable in H for all s € I. Assume the following
conditions hold:

(i) We have

E [/FQ(S,H)ds} < 00

I
for all H € J.
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E [/ <£IF(5 H))zds] <o

(ii) We have

for all H € J.
(iii) We have

| [ [ (st m) asa| <o

(iv) The functions

s /F(s,H) A,

(2.4)
H— /F s, H)d

are almost surely continuous.

Then, we have almost surely

d 9
P, maw, = | L P Haw,, HelJ
dH/j (s, H)dW, /IaH (s, H) dW. cJ

Proof. Let H,c € J, ¢ # H. By Lemma it holds almost surely for fixed ¢ and H that

// B)dp AW, = // B) dW, dg.

So, the right- and left- hand side of the equation above are modifications of each other (as
processes in (¢, H)). It follows that there exists A € A with P(A) =1 and

(/I CH ;;I F(s, ﬁ)dﬁdVV)( ) = /CH< Iai)LIF(S,,B)dWS>(w)dﬁ (2.5)

for all w € A and for all ¢, H € JNQ.

We can use the continuity and integrability assumptions to show that these processes are
indistinguishable (compare e.g. [24], Problem 1.5, p. 2). Now, let B € A with P(B) = 1 be
the set on which F is continuously differentiable and the functions in (iv) are continuous.
Moreover, set A = AN B. Then we have P(A’) = 1. Consider an arbitrary sequence
{Hp}neny C J\ {H} converging to H. Using we have on A’ that

HjH </F(s,H) dw, — /F(S,Hn) dWs)
HH/ (s, H) SH))dW—HH// —FsvdvdW

—F(
H H// s,v)dWs dv

—>/FstWS,

for n — oo, where the convergence follows from the second assumption in (iv). O
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The following is a slightly adapted version of the Kolmogorov-Centsov theorem and its
proof as found in [24] Theorem 2.2.8.

Theorem 2.2.3. Let A be an interval in R and (X{)e(0,1),ae4 be a parametrised stochastic
process on a probability space (2, A, P) that satisfies

E[sup 1Xe - X9 < clt— s, s,teo,T).
acA

Jor some C,a, B> 0 and is almost surely continuous in a. Then, there exists a continuous
modification (X{)ie0.1)aca of (X{')ie(01),aca such that

sup [ X{ (w) — X¢(w)| < c(w)[t — |7
acA

for every v € (0, 8/a) and the null set {X® # X&) can be chosen independently of a.

Proof. For simplicity of notation take 7' = 1. By Chebyshev’s inequality we have

P(Sup 1X¢ — X9 > 5) < g*an«:[sup X2 — Xg\a] < OOt — s+,
a€A acA

Therefore,

P(sup X% — X9, | > 2—m) < Cg—ni+5-a)
acA 21 on

and thus

IP’( max sup !Xak — X‘,ﬁ_l‘ > 2‘”7) < oo (B-am),
0<k<2™ 4cA Pl on

By the Borel-Cantelli lemma there exists an ; € A with P(Q;) = 1 and an ng(w) € N
such that

X9 (W) — X9, (w)] < 27 > 2.6
Og@niggl (@) = X ()] , n>ng(w) (2.6)

for all w € Q4. Let D,, := {2% :k=0,...,2"} and D = ;| Dy,. Now fix w € Q; and
n > ng(w). By induction we show that

m
sup [XP(w) = Xw)[ <2 Y 279 s t€Dy, 0<t—s<2" (2.7)
ac .
j=n+1

for all m > n.

Setting m = n 4+ 1, we can only have t = 2%, s = % and follows from .
Suppose holds forallm =n+1,...,M — 1 and let s,t € Dy; with 0 <t —s < 27",
Let u=min{r € Dp;—1 : 7> s} and v =max{r € Dyy_1: 7 <t}. Sos <u <wv<tand
u—s<2M_ t—y <2M Therefore, we obtain by that

sup [ X(w) — X0 (w)| < 2717,
a€A

sup [ X{(w) — X (w)| < 2~ My
acA

10
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and from ((2.7) for m = M — 1 that

sup | X¢(w) — Xg(w)| <2 Z 2777,
acA . C
j=n+1

This implies that (2.7) holds for all m > n.

For s,t € D with 0 < t — s < 270(®) we chose n > no(w) such that 2-(ntl) <4 g <9,
Inequality (2.7)) yields

—y(n+1)

ap | XP() - Xow) <2 3 2 <o S

a€A j=n+1

< |t —s]|7, (2.8)

where ¢ = ——2—. We define X(w) =0 for w¢ Q1. Let w € Q and ¢ € [0,1] N D°. For
any sequence (tp)neny € D with ¢, — t we have for n, m big enough that

sup | X (@) — X2 ()] < cltn — bl
a€A

Together with the Cauchy criterion and the fact that D is dense in [0, 1], we can extend
X*%(w) uniquely to a continuous function X%(w) on [0,1] such that ([2-8) holds for X and all
s,t € [0,1]. Thus, we have X; = X; a.s. forallt € D. For t € [0,1]N D with (£,)nen C D
and t,, — t we have Xt — Xt a.s. and X;, — X; in probability. This implies X; = Xt
a.s. and therefore that )? is a modification of X. O]

2.3 Smoothness of fBm with respect to the Hurst parameter

The derivatives of K with respect to H are given by

ak

e Kn(s,t) = (It = sl "=/ 1ogh (1t = s]) = [s1" =2 og*(15]) ) 10 (5)

+ [t — 5|2 1ogh (|t = s]) 1o ().
The next Lemma implies in particular that these functions belong to L?(R x [0,7]; R).

Lemma 2.3.1. Let 0 <a<b<1 and k € N. We have

ok 2
sup sup —K 37,5) ds < oo.
Hela,b) tE[O,T]/]R <8H’c (s, 1)

Proof. Let H € (a,b). We have

k 2 t 0
/ <8kKH(s, t)) ds = / (t — )2 og?* (t — s) ds + / g% o (—s,t)ds
r \OH 0 1

-1
+/ g%—l,k(_sat) dS,

—00

where

grk(s:t) = (t+ )72 logh(t + 5) — 5" 1ogh(s).

11



2 Fractional Brownian motion

By substitution we obtain

t T
/ (t — )2 og?* (t — 5)ds < / 21 1og? (z) da,
0 0

and so

¢ T
/ (t — )27 og?*(t — 5)ds < / (22271 4+ 2271 10g?* () dz < . (2.9)
0 0

Furthermore, we have

1 1 1
/ g%ﬂk(s, t)ds < 2/ (t + )22 1og?* (t + s) ds + 2/ s* 11102 (5) ds
0 0 0

Il
)

1+t 1
/ 2 og? (z) dz + 2 / 22171 og?*(z) da
t 0

IN

1+T
4 / 1= og? () dur,
0

and so

1 1+T
/ g%lvk(s, t)d < 4/ (221 4 227 1) 1og?* (z) da. (2.10)
0 0

Defining f : (0,00) = R,z — 2 ~1/210g¥(x), we obtain for —s,¢ > 0 by Taylor’s theorem

f(=s+1t) = f(=s) +tf'(=s+¢)

= (=) 1og"(~s) (2.11)

+ %(—s + 5)H73/2 logk’l(—s + &) [(2H — 1) log(—s + &) + 2k],

for some ¢ € (0,t). This gives

<
/1 gHJC(s,t) ds

_/OO <t( I 2H — 1)1 o) d
=/ 5 (s og" (s + &) [( )log(s + &) + 2k] S

t2 o)
<= / 22H-310622(2) [(2H — 1) log() + 2k)% dz
1
1.7 2 o)
< max{l, T} / 22H=310g%=2(2) [(2H — 1) log(z) + 2K]? da
1

- 4

and
o0 1.7 2 o0
/ 91%{71:(5’ t)ds < HMX{Q’}/ %73 10g? 2 (1) [log2(:v) + 2k2] de <oco. (2.12)
1 1

Putting together (2.9)), (2.10) and (2.12]), the assertion follows. O

Recall that the Mandelbrot-van Ness fractional Brownian motion B is given by

BtH—C’H/KH(s,t)dBS, te 0,77,
R

12



2.3 Smoothness of fBm with respect to the Hurst parameter

where

1/2
(2H sin(wH)F(QH))
T(H +1/2)

Cy =
Lemma 2.3.2. Let 0 <a <b< 1 and k € N. Define a stochastic process (Af’k)te[07;p] by

K
Hk 0
At = | k(s ) dB,

Then we have:

(i) There exists a modification Ak — (Af )eelo,T] of AHK = (Af’k)te[oﬂ that is jointly
continuous in t € [0,T] and H € [a,b], and there exists, for every t € [0,T], a set
Qapkt € A such that P(Qapre) =1 and

~

ARy = ATR W), Helab], we Qapps

(i1) For all w € Q the paths [0,T] >t — ﬁflk(w) € R of any continuous modification of
AR qre a-Hélder continuous for any a € (0, H). We even have, for all 0 < a <
b<1and0 <~ <a, that there exists a constant C depending on w € € such that

sup ‘AHk (w) — gfk(w)‘ < C(w)lt — 8|7 s,t € [0,T].
Hela,b]

Proof. Since k € N is fixed we omit k in our notation and write A® for A7F,

First, let f € L?(I x R;R) with sup,¢; |f(,-)| € L*(R) such that for fixed z € I the
mapping R 3 y — f(x,y) € R is continuous except at a finite number of points. Define
t =1i27" and

n2"

= > f@t)(By,, — B

i=—n2"

We have

zel

n2" 2
E[sup|F”(gp)|2] E sup( Z f(x t;ﬁﬂBﬁt))

i=—n2n"
n2"
= Z sup f2(x, t?) E’Btn — Btn‘
i=—n2" zel
n2"
= 5 sup ) (E — 1),
1=—n2n zel

and since F"(z),x € I, is a Gaussian process, it follows that

(E[sup|F”<x>|2pD1/p<c S sup £ )8y — £

xel i=—_non xel

13



2 Fractional Brownian motion

for some constant Cj, > 0. Thus, sup,c; |F"(z)|? is uniformly integrable and taking limits
yields

2p 5 p
gl [ 0anf"] s 6 [apiseopar).

Therefore, we have

0y 11/P
E{ sup !Ag — Ag p]
Hela,b] (2 13)

ok ok 2
< —_— - = .
>~ \/RHSEILI:b] (8Hk KH(Svtl) 8Hk KH(SJt2)> ds

Without loss of generality let ¢1,ty € [0,T] with ¢; < t2 and t9 — ¢t; < 1. Using the Taylor

expansion in (2.11)) yields

t1—1 o* oF 2
— K t1) — —K t d
[, et = gt ) o

t1—1
= / sup ((t1 — Y2 10gk (1) — 5) — (ty — s)T Y2 1logk (15 — s))2 ds
—oo  HeE[a,b]

t1—1
= (tg — t1)2/ sup

—oo  HeEla,b]

(=s 4+t + )3 10g? 2 (=5 +t; 4 €)

: [(H— ;) log(—s +t1 +§)+k]2 ds

& 1
< (tg — t1)2/ sup 22173 1og?2(z) [ log?(z) + 2]4:2] dz
1 Helab 2

o 1
< (ta — t1)2/ 2273 10g? 2 () [2 log?(z) + 2k2} dz
1

where £ € (0,12 — t1), and therefore

t1—1 ok ok 2 )
— _ < . _ .
/_Oo HSEI?(EI)} (8[—[’“ Ky (s,t1) 6HkKH(s’t2)> ds < Cy - (ta —t1) (2.14)

for a constant Cy = C1(a, b, k) > 0, which depends only on a,b and k.

Recall that we have assumed ty —t; < 1. Using the substitutions (t2 — t;)w =v = s — t1,
we obtain

t2 ok oF 2
/t HS%Pb] <WKH(S,151) - WKH(S’t2)> ds
1 €la,
to to
= / sup (ty — )22 110g?*(ty — s)ds = / (ty — )2 Llog (ty — s)ds
t1 HEla,b] t1

to—11
= / (ty —t1 — )2 Log?* (ty — t; —v) dv
0

1
= (to — t1)2a/0 (1 —w)? log ((ta — t1)(1 — w)) dw

14



2.3 Smoothness of fBm with respect to the Hurst parameter

1
= (to — t1)2“/ w1 log% ((tg — tl)w) dw
0

1 1
< 22k—1(t2 — tl)za (loggk(tg — tl)/ w1 dw +/ w1 log%(w) dw> )
0 0
Thus, there exists a constant Cy = Ca(a, b, k) > 0 such that

2 ok ok 2
— K t1) — —K t 2.1
I, e, et~ geRncet) 229

< Cy - (ty — 11)%%(1 + log®* (ty — t1)).

The substitutions (t3 — t1)w = v = t; — s provide

t1 8k ak 2
sup | = Kr(s,t1) — —Kg(s,t ) ds
/t1—1 Helab] <3Hl€ (s:11) OH* (s t2)
t1

= / sup ((t1 — Y2106k (1) — 5) — (tg — )T 1ogk (ty — s))2 ds
t1—1 HE[a,b]

1
= / sup (UH_1/2 logk (v) — (tg — t1 4+ v) T2 10k (ty — t; + U))2 dv
0 Hela,b]

2q (M) H-1/21  k
= (ta — 1) a/o HSL%pb] (w -1/ log"((t2 — t1)w)
€la,

— (14 w)" 2 ogh((t2 — 11)(1 + w)))* dw

1
< (tg — t1)2a/ sup (w12 logh((ta — t1)w)
0 Hela,b]

2

— (1+w)T 2 logh((ts — 1) (1 + w))) " dw

+ (to — t1)2a/ sup (wH_1/2 logk((tg —t1)w)
1  HE€[a,b]
— (1+w)T 2 logh((ts — t1)(1 + w)))” dw
=1+ Is.

For the first term we obtain

1
I <2ty — t1)2“(/ w2 log® ((ty — t)w) dw
0
1
+ / (1 4+ w)® Llog® ((ts — t1)(1 + w)) dw)
0
1 1
< 2% (ty — tl)Qa(/ w?* 1 log?* (w) dw + / (1 +w)? log?(1 4+ w) dw
0 0
1 1
+/ w?* Mog?* (ty — t1) dw +/ (1 +w)® 1 log® (ty — t;) dw)
0 0

and so again the existence of a constant C3 = C3(a,b, k) > 0 such that

I <(C5- (tg — t1)2a(1 + 10g2k(t2 — tl)). (216)
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2 Fractional Brownian motion

Similar to (2.11)), we have for f(z) = z~1/2log*((ty — t1)x) by Taylor’s theorem
fw) = f(1+w) = (w+ T 1og" ! ((w +€)(t2 — 1))

. [(H - ;) log ((w + €)(t2 — 1)) + 4 :

where £ € (0,1). Therefore, we obtain

[e.9]

12 = (tQ — tl)Qa/ sup
1

(w+ )23 10g® 2 ((w + &) (t2 — t1))
Hela,b)

: [(H - ;) log ((w 4 &)(t2 — t1)) + kr dw

1
1
. [2 log? (w(te —t1)) + 2/~c2] dw

< 2% (ty — 1) (1 + log®* (t2 — 1)) </ w?73(1 + log* (w)) dw>
1
and thus
12 S 04 . (tQ — tl)za(l + IOng(tQ — tl)). (2.17)
for a constant Cy = Cy(a,b, k) > 0.
Putting (2.13) and (2.14) — (2.17)) together yields

E{Hs%pb] |Afl— A 2”} < Kty — t1|*%P(1 + log®* (tg — t1))?, (2.18)
€la,

for t1,ty € [0, 7] and some constant K = K(a,b,k,p,T) > 0. If we chose p > (2a)~!, the
assertion follows from Theorem [2.2.3 ]

Now Lemma and Theorem imply that for every ¢ € [0, 7] and k € N there exists
a set Qg ppt € A such that P(Qqp 1) = 1 and

0 ~ —~
@Af,k(w) = AtH7k+1(w)> H e [a7 b]a w e Qa,b,kz,t'

Since A0 gatisfies

-~

Af’”(w):Af’O(w):(/ KH<s,t>st) @), Helab, we Qo
R

the assertions of Theorem B.1.1] now follow.

This allows us to define a slightly changed representation of a fractional Brownian motion
which is differentiable in its Hurst parameter. The jointly continuous process B! in
Theorem [2.1.1] is given by

BH! = (chH)/KH(s,t) dBS+CH/8HKH(37t) dBs. (2.19)
R R

16



2.3 Smoothness of fBm with respect to the Hurst parameter

We might now define a second fractional Brownian motion W by
H
WtH:BH-/ BMdh,  Helab], tel01],
1
2

where (By)icr is the same (standard) Brownian motion as in (2.19)).

Let H € (0,1) and chose a,b € (0,1) such that a < H < b and 3 € [a,b]. Theorem m
tells us that for every ¢ € [0,1], there exists a set 0,4, € A with P(Qq+) = 1 and

0
ﬁBﬁ(w) = BtI_Ll(w)v H e [(l, b]v w € Qa,b,t~

This implies

" 9

afHBth(W) dh = BtH(W)

WH (w) = Bi(w) + /1H B (w)dh = By(w) +

2

for all w € Q4 and H € [a,b]. Since WH and B are continuous processes, they are not
only modifications of each other but indeed indistinguishable, compare e.g. [24], Problem
1.5, p. 2.

Definition 2.3.3. Let B = (Bi)ier be a two-sided Brownian motion on a complete
probability space (€2, A,P). For any H € (0, 1) set
ZtH = (8HCH) / Ky (s,t)dBs —I—CH/ O Ky (s,t)dBs, t e [0, 1]
R R

and

H 1
BtH:BtJr/l Zthdh:Bt/QZthdh, t€[0,1].

3 H

This defines a fractional Brownian motion, which we call (Hurst-differentiable) Mandelbrot-
van Ness type fractional Brownian motion. A d-dimensional version is obtained by taking
d-independent copies.

Note that for B¥ defined in the way of Definition m it holds that
Ou Bl (w) = Z}1(w) = B/ (), tel0,1], weq,

where B! is the process from Theorem From now on we only consider fractional
Brownian motions defined in the manner of Definition 2.3.3]

17



3 Stochastic differential equations

In this chapters we consider stochastic differential equations driven by fractional Brownian
motion. As the fractional Brownian motion is in general not a semimartingale the usual It
theory is not applicable here. Instead we consider several pathwise solution concepts. We
then analyse how these solutions depend on the Hurst parameter of the driving fractional
Brownian motion.

3.1 Differential equations and solution concepts

In this introduction we discuss how stochastic differential equations driven by fractional
Brownian motion can be defined. But before diving into the problem of differential equa-
tions, we take a short look at integration theory.

Let u,v : [0,7] — R? be continuous functions. We are interested in a definition of an
integral of v with respect to w. For partitions D with 0 =tg < t; < --- < t, =T we might
define

/vt duy := [1)i|go;vtll(uh — Uty ), (3.1)

whenever the right-hand side exists, e.g. if u has finite variation. The product in (3.1)
is understood component-wise. For example, if u € C*([0,T];R) this integral definition

leads to the usual
/vt du; = /vtuf5 dt.

Recall that we say a continuous function u : [0, T] — R? has finite p-variation for a p > 1
if

supz lug, — g, |7 < o0,
D

where the supremum is taken over all finite partitions D of [0,7]. The definition in
could still make sense for functions u that possess infinite variation but in this
case v being continuous is not sufficient for the right-hand side to exist and stronger
regularity assumptions on v are need. So, for any p > 1 let CP¥*(]0,T],R?) be the set
of continuous function with bounded p-variation equipped with the p-variation norm. If
u € CV([0,T],RY) and v € CPV¥([0,T],R%) with p~' 4+ ¢! > 1 the right-hand side
of exists and the left-hand side is called the Young integral [48]. This integral is
continuous in the integrand as well as the integrator.

18



3.1 Differential equations and solution concepts

Having defined a suitable integral we now take a look at differential equations driven by
u: [0,T] — RY. We consider an integral or differential equation of the following form

t
xt:x+/ f(zs)dus, te€]0,T], r e R, (3.2)
0

which is understood to be equivalent to writing
dxt = f(xé‘) dusa te [OaT]v o =, r € R"™

Under some condition on f this equation is uniquely solvable for « € C=v([0,T],R%). Let
I (o, 7],RY) — Cvar ([0, T],R™), u + x be the function that maps the driving
signal to the solution of the corresponding differential equation, then I' is continuous. We
are interested in extending the domain (and codomain) such that I" remains a continuous
map between appropriate Banach spaces. This allows us to reasonably extend the concept
of a solution to to the domain of the solution map I'. Remembering that the Young
integral generalises the integral of functions with finite variation, it is reasonable trying to
extend the solution map to functions with finite p-variation. So let p < 2 and let u have
finite p-variation. Under some conditions on f we again obtain that has a unique
solution, where the integral is understood in the Young sense. Therefore, I' can indeed
be extended to a continuous map from CPV2*([0,T],R9) to CPVa*([0,T],R"™), where I'(u)
solves (cf. Theorem 1.28 in [32]).

But what happens if the p-variation of w is infinite for all p < 27 Let Cr([0,T]) =
C([0,T]; R) be the space of continuous functions equipped with the uniform norm. In one
dimension it can be shown that there exists a continuous map I' : Cr([0,7T]) — Cr([0,T])
such that we have, for all u € C1([0, T];R), that T'(u) is the solution to in the usual
sense. Since C'1([0,7];R) is dense in Cg([0,T]), we can extend the solution concept to all
driving signals that are merely continuous. This approach follows Doss and Sussman ([6],
[45]) and is discussed in Section Unfortunately, this approach already breaks down in
two dimensions. Consider the differential equation

1_ g1
dz; = duy;

3.3
dz? = z} du?, (3:3)

with £y = 0. This differential equation can be understood in the Young sense for u €
C'var([0,T],R?) and is then solved by x} = u} —u} and x? = fg(u; — u) du?. However,
setting

n__ 1 . 1-var 2
uy = m(cos(ert),sm(QnTrt)) e Cv ([0, T, R?)

we see that u™ converges uniformly to zero but for all n € N, we have

1 2nm 2nm
xf’" = 2/ cos?(2nmt) dt = S cos?(u) du = 1 14 cos(2u) du =1.
0 nw Jo nw Jo 2
This implies that a potential solution map can not be continuous in the uniform sense and
therefore we cannot extend the concept of a solution to to integrators that are merely
continuous. Moreover, it can even be shown that such a solution map can in general not
be continuous with respect to the 2-variation norm (cf. Proposition 1.30 in [32]). Note
that the paths of a Brownian motion have almost surely infinite 2-variation. However, the
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3 Stochastic differential equations

Brownian motion has finite quadratic variation around which [t6 calculus evolved. But
this would leave the pathwise framework we considered so far.

To obtain a continuous solution map for differential equations driven by signals that only
have finite p-variation for some p > 2, we need to enhance the driving path by its iterated
integrals to obtain an object called a p-rough path. The enhancing of a path to a rough
path is commonly called lifting. As the example above has shown, this lift is in general
neither unique nor necessarily continuous. However, once we are in the rough path setting,
it can be shown that there exists a continuous solution map between appropriate rough
path spaces. We will see that we can recover continuity of the solution map if we fix a
specific lift and restrict ourselves to the domain of said lift. Rough paths will be considered
in more detail in Chapter [4

Once we constructed a continuous solution map I' we are interested in finding regularity
results on this I' to be able to transfer the sensitivity results on fractional Brownian motion
found in Chapter [2| to the solution I'(B*) of a pathwise stochastic differential equation
driven by a fractional Brownian motion.

3.2 Doss-Sussmann approach

Let BY be a one-dimensional Mandelbrot-van Ness type fractional Brownian motion as
described in Definition [2.3.3] We consider a stochastic differential equation

dX? =o(xH)dt + o(XF)dBE, te[0,7], XI =uz0€R, (3.4)
where we assume that
(A1) be CYR;R) with &’ bounded,
(A2) o € C*(R;R) with ¢/ bounded,

and use the so-called Doss-Sussmann solution, see [0} [45]. This is a precursor of the rough
paths theory initiated by Lyons in [30, B1], see Remark for its relation to the rough
paths theory.

Let w € C([0, T];R), g1,92 : R — R™ and equip C([0,T]; R™) with the uniform norm,
which we denote by || - ||7. In [45] a strikingly simple solution concept is introduced for
the (formal) ordinary differential equation

dz(t) = g1(x(t)) dt + go(x(t)) duy, t € [0,T], z(0) = x9 € R™ (3.5)

Namely, a function v € C([0,T];R™) is called a solution to this equation,

(i) if there exists a continuous map I' : C([0,T];R) — C([0,T];R™) such that, for every
v € CL([0,T);R), T'(v) is a classical solution of the ODE

2(t) = g1(x(t) + g2(x(®))vr, €0, 7], 2(0) = xo,
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3.2 Doss-Sussmann approach

In particular, if g; and go are globally Lipschitz, then (3.5) has a unique solution (in the
above sense), see [45].

In the special case n = 1, the article [6] even provides a more explicit representation of I'
under slightly stronger assumptions on the coefficients. So consider

dz(t) = b(z(t)) dt + o(x(t)) du, t€[0,T], z(0) = xg € R, (3.6)

and let b0 : R — R be Lipschitz functions with b € C'(R;R) and ¢ € C?(R;R). Let
T > 0 and write Cg([0,T]) = C([0,T]; R). Further, let A : R x R — R be defined as the

solution of
—a(a.B) =0o(h(a,B)),  h(a,0) =q, (3.7)

and for a given u € Cg([0,T]), let D € C1([0,T]; R) be the solution of the ODE
D'(t) = f(D(t),w), te[0,T],  D(0)= o, (3.8)

with f: R xR — R given by

y
o =esp (= [ ' o,9)ds )o(ite.)
Then, we have that the unique Doss-Sussmann solution to (3.6)) can be written as
x(t) = h(D(t), uy).

Moreover, due to Lemma 4 in [6] the Doss-Sussmann map I' is, in this case, even locally
Lipschitz. In Section this approach is explained in more detail.

Remark 3.2.1. As we have seen before, the Doss-Sussmann theory typically fails if the
driving function u is not scalar. This was one of the starting points of the rough paths
theory initiated by Lyons in [30, B1]. Roughly speaking, rough paths theory extends and
revolutionises the Doss-Sussmann concept by allowing the map I' to depend on iterated
integrals of © and by working in appropriate a-Ho6lder or p-variation spaces. In particular,
if u € C8([0,T);R) for some 8 > 0, then due to the local Lipschitzness of T, the Doss-
Sussmann solution of is also a solution in the sense of Definition 10.17 in [I1]. The
required iterated integrals with respect to v = id and v' = u can be defined as the limit
of the iterated (Riemann-Stieltjes) integrals with respect to v and the dyadic piecewise
linear interpolation v(™ of v!, i.c.

t ts i . ) .
lim / / / dof ™ a2 o™ 0<s <t < T,
S S S

m—r0o0

where n,m € N, i, € {0,1}, k =1,...,n, and vg’(m) =t, respectively, A,, = T2™™ and

. t— (A,
o™ =ua,, + (s, —wa,) s LE AR, (C+1)AR),

for £=0,...,2m — 1.
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3 Stochastic differential equations

Consider now the stochastic integral equation corresponding to SDE (3.4)), i.e.
¢ t
XH =z +/ b(Xf)ds+/ o(XHyaBHE,  te0,T].
0 0

For H > % this equation is typically understood as a pathwise Riemann-Stieltjes equation,
see e.g. [40], while for H < % one can apply the rough paths theory. In all cases the
solutions of these equations coincide with the Doss-Sussmann solution, if both exist. This
can be seen for H > % by an application of the standard change of variable formula for
Riemann-Stieltjes integrals, while for H < % it is a consequence of the Remark above.
The Doss-Sussmann solution is also compatible with other integration methods for which
the change of variable formula holds, like the symmetric integral (cf. [44]) or the Newton-
Cotes functionals ([35], [36]). Note that for H = § one recovers the standard Stratonovich
solution.

The main result of this chapter is the following theorem.

Theorem 3.2.2. Under (A1) and (A2) there exists a process YH = (YtH)te[o,T] with
a-Hélder continuous paths for any o € (0, H) such that

68HXH =YH g.s.

in Cr([0,T)) for any H € (0,1), where X is the unique solution of in the Doss-
Sussmann sense.

Theorem [3.2.2 can be extendend to multi-dimensional SDEs driven by fractional Brownian
motion with H > %, which will be presented in the subsequent chapter. The Fréchet
differentiability results given in [4I] can be used as a substitute for the Doss-Sussmann
representation. This is presented in Section [3.3| The situation is naturally more involved
for % < HKL % and is treated in Chapter

3.2.1 Doss’ results

First note that, because o is Lipschitz, the differential equation (3.7)) has a unique global
solution. Integrating both sides of (3.7) with repect to 5 and differentiating with respect
to a quickly leads to

gZ(a, B) = exp (/Oﬂ o (h(a, s)) ds). (3.9)

Further, we obtain, for example, for all 51 € R that
h(Oé,,B) :h(h(a7/81)7/3_181) = hﬁl(avﬁ)a 057/3 GR,

since %h/gl(a,ﬁ) = o(hg, (o, B)) and hg, (a, f1) = h(a, B1). For further properties that
can be inferred about the solution h of (3.7) see Lemma 2 in [6].

Lemma 3.2.3. The differential equation (3.8) has a unique, global solution.
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3.2 Doss-Sussmann approach

Proof. Let u € Cg([0,T]) be fixed. For convenience we use

FAOTI xR =R, (4,y) = fy,ue)
instead of f for the rest of this proof since (3.8]) is for fixed u equivalent to

D'(t) = f(t,D(t)),  D(0) = . (3.10)

It is at once clear that ¢ — f(t, y) is continuous. Next, we show that fis locally Lipschitz
in y. First, since b is Lipschitz and h is locally Lipschitz, it follows that b o h is locally
Lipschitz. Moreover, by the Leibniz and chain rule, we have

o [
/OUt o (h(y,s)) exp < - /Sm o (h(y, 7)) dT) ds

(.0

<exp (lulr sw o' (hly,0)|) lullr sup
yeK;velU yeK;velU
where K C R is a compact set and U := [—||ul|7, ||ul|r] € R. Thus, the derivative
of y — exp (fout a’(h(y,s)) ds) is bounded on compacts and the function thus locally

Lipschitz. Together, we obtain that y — f(¢,y) is locally Lipschitz for all ¢ € [0,7T]. This
proves that there exists a unique maximal solution to the differential equation . We
show that this solution is uniformly bounded in ¢ € [0, T] for any fixed T > 0. This implies
that the solution D of is indeed a global solution, i.e. it exists and is finite on any
interval [0, T]. We derive from the Lipschitz continuity of o that

sup |0’ ()] < oo.

TeR
Put
C1 = exp (|lullr - sup|o’(x)]),
zeR
Cy := sup ’b(h(O, z)) |,
xcU
where again U := [—||u||r, ||u||7], and L the global Lipschitz constant of b. We have
Ut
sup  |exp < —/ U’(h(x,s))ds>‘ < exp (||u||T sup |U’(h(x,v))‘> < (.
z€R;t€[0,T) 0 zER;wEU

Therefore, we obtain
|f(t, D(t))| < C1[b(h(D(t), ue))| < Cl<|b(h(07ut))‘ + [b(R(D(t), ur)) — b(h(O,Ut))D
< C1Cy + C1Ly|h(D(t), ws) — h(0,u;)| < C1Cy + CTLy| D(1)].
Thus, we have
¢
D(8)] < |o] +0102T+/ C2Ly|D(s)] ds.

0

Applying Gronwall’s inequality yields
|ID(t)| < (|$0| + Clch) exp (C%L5T>,

which concludes the proof. O
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3 Stochastic differential equations

Letting D be the unique solution of (3.8), it holds for v € C'([0,T];R) that x(t) =
h(D(t), ut) solves (3.6) in the usual ODE sense since

ton , t oh
; %(D(s),ut)D (s) ds—I—/O %(D(s),us)dus

:/Otb(xs)ds—ir/o o () dug,

where we used (3.9). It can also be shown that we can recover the solution D to (3.8]) as
composition of h and the solution z to (3.6]), namely D(t) = h(x(t), —uy).

x(t) —xg =

The continuity of the solution map, which maps the driving signal v € C1([0, T],R) to the
solution x of , with respect to the uniform norm follows from Fréchet differentiability
shown in next section. Thus, the solution concept for can be extended to all driving
signals that are continuous.

3.2.2 Fréchet differentiability of the Doss-Sussmann map

Recall the conditions (A1) and (A2) on b,0, ie. b € CL(R;R), 0 € C*(R;R) with V', o’
bounded, and let h be given by ({3.7]). Define

D: Cr([0,T]) = Cr([0,T1), D(w)(t) = D(t), e Cr([0,T]), t €[0,T],
where D is the solution to the ODE (3.8), i.e.
D'(t) = f(D(t),w),  D(0) =g
with f: R x R — R given by

y
o =exp (= [ 0w, as Jo(ate ).
Clearly, f is continuously differentiable under (A1) and (A2).
Due to Lemma 4 in [6] the Doss-Sussmann map
I': Cr([0,T]) = Cr([0,T]), T(u)(t) = h(D(u)(t),us), we Cr([0,T]),te€[0,T],
is locally Lipschitz. In this section we establish its Fréchet differentiability.

Lemma 3.2.4. The map D : Cr([0,T]) — Cr([0,T]) is Fréchet differentiable with Fréchet
derivative D' (u) given by

D' (w)] (e)(t) = /0 exp ( / 0 f (D) (), ) dT) 9, £ (D(u)(s), us)es ds
foru,e € Cr([0,T7]),t € [0,T].
Note that E(t) = [D/(u)] (¢)(t) satisfies the linear ordinary differential equation
E'(t) = 8, (D(w)(t), ut)er + 0o (D(w) (), w) E(t), t€[0,T), E@©) =0. (3.11)
Moreover, since we have
D(u)(t) = h(I'(u)(t), —ut), u € Cr([0,T]),t€[0,T],

see Lemma 2 in [6], the local Lipschitz property of I' implies that also D is locally Lipschitz.
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3.2 Doss-Sussmann approach

Proof. Let u,e € Cr([0,T]), t € [0,T] and set
AY(t) = D(u+e)(t) — D(u)(t).

We have
ae(t) = [ (FD+e)(s)us + ) = F(D()(). ) ds
= /0 (f(D(u +e)(s),us + es) — f(D(u +e)(s), us)) ds
—i—/ (f(D(u+ e)(s),us) — f(D(u)(s),us)) ds
0
tr 1
_/O [/O 0,f (D(u + €)(s), s + Aes)dA | e, ds
tr ol
/ [/ Do f (AD(u + €)(5) + (1 — A\YD(uw)(s), us)dA| A (s) ds
/ 15) f us es ds
/af ), us) A"C(s)ds + R(t, u, e)
where
R(t,u,e)
tr ol
= /0 {/0 (8yf(D(u +e)(s),us + )\es) — 8yf(D(u)(s), us)) d)\} esds
tr ol
—i—/o {/0 (8xf(D(u)(s) + /\A“’e(s),us) - 8xf(D(u)(s), us)) d)\] A"¢(s)ds.
Using we have

A<t / 0 (D ) [A"(s) - [D'(W)())(s)] ds
+ R(t,u,e)

and therefore the variation of constants method gives

A™(t) — [P (u) :/ exp (/ 0. f(D ) R(s,u, e)ds.

Thus, we obtain

I8 =IO ey ([ o, 1(Dw) 7)) ar) LB

lleflT el

Since D is locally Lipschitz, we have that for every K > 0 there exists a constant C'x > 0

such that Ae
Al
sup sup

lullr <K o<|lellr<k  |l€llT

< Ck.
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3 Stochastic differential equations

Therefore, it follows that for all u € Cr([0,7]) with ||ul|rz < K and all 0 # e € Cr([0,T])
with |le||r < K that

IR, w ez <T/1 sup |9, f (D(u + €)(t), ur + Aer) — Oy f (D(u) (), ue) | dA
lellr 0 te[0,T]

1
CORT / sup |9, (D(u)(£) + AAY(8), us) — 0, f (D(u)(t), ur)| dA.
0 t€l0,7]

The continuity of f, f, and the local Lipschitzness of D finally yield

lim |R(-,u,e)|lr _o
lelz—0  |lellT

and so

1a™¢ — [D'(w)(elllr _

llell7—0 llellr

Now the Fréchet differentiability of I" follows from the representation

Du)(t) = h(Dw)(),u), u € Ca([0,T)), t € 0,7

3.2.3 Smoothness of SDEs with respect to the Hurst parameter

Now let u : (0,1) — Cgr[0,T] be a Fréchet differentiable map and write u* = u()\),
A € (0,1). The chain rule implies that

0 0

9 e = T (M L

B3 (u) =T"(u )a)\u

Lemma 3.2.5. Let 0 < a < b < 1 and let the fractional Brownian motion BY be given by
Definition . We have that for all w € Q the mapping [a,b] > H — B (w) € Cg[0,T)
1s Fréchet differentiable.

Proof. Fixw € Qand let H, H+ € [a,b]. From the definition of B¥ | we have 0y B (w) =
BH1(w), w e Q, where B! is the process from Theorem Then

1B+ (w) — BY(w) — 9 B" (w)d|lr

9]
_ 1B (w) = B™(w) — BT (w)d|lr
9]
H+4$
= sup 1/ (Bgl’l(w) —BtH’l(w)> dh)
t€[0,T 0 Ju

< sup { || B"!(w) = B™w)ll7: he [H — 3], H + 18] 0 [a, 5]}

Since Bth ! is jointly continuous in k and ¢ due to Theorem the assertion follows. [J
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3.2 Doss-Sussmann approach

Applying this to SDE ({3.4)) we obtain

9 H __ 0 HY _ 1/ pH H
0

) d
— %h(D(BH),BH)D (BH)oy B + %h(D(BH),BH)aHBH.

Using equation (3.11)), h € C?(R?,R) as well as the fact that D is locally Lipschitz and
B BHI are almost surely bounded on [0, T], Theorem implies that B%X H ig almost
surely a-Hoélder continuous for any o € (0, H) and Theorem follows.

In some cases we are able to obtain an explicit or semi-explicit representation for the
derivative Y# = -2 XH  For the linear equation

~ 9H
dXH = axt at + pxXH dBE
with a, 8 € R we trivially have
v =x/". pouB/!

with
X = zgexp (ot + ﬂBtH)

and the notation oy B}! = B%Bfl. In the case of additive noise, e.g. o(x) = 1 for all
x € R, the Doss-Sussmann solution simplifies to

X =B + D)
and
D'(t) =b(B{ + D(t)),  D(0) = o,

since f(x,y) = b(z + y). Thus we have

E(t) = /Ot exp </: v (XH) dT) V(XH)e,ds

and therefore

t t
vH = / exp (/ v (XH) dT> V(XH\oyBE ds + oy B
0 s

_ /Otexp (/t b’(Xf)dT) d (0B

for t € [0,7T], where the last formula holds due to the integration by parts formula for
Riemann-Stieltjes integrals and 8HB(I){ =0 a.s.

For non-additive noise, i.e. o # 0, one expects to obtain

t t t
vH = / exp (/ V(XH)du +/ o' (XH) dBf) o(X")d (ouBY), te[0,7].
0 s s

However, here we are leaving the Doss-Sussmann framework, since e.g. for % < H < %
a meaningful interpretation of this object as a rough paths integral would require the
construction of a Lévy area for the process (t, B, 0y B )cp0.1)-
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3 Stochastic differential equations

3.3 Multidimensional SDEs with H bigger 1/2

In this section we show that, for H > %, the solution of a stochastic differential equa-
tion driven by a multidimensional fractional Brownian motion of the type introduced in
Definition [2.3.3] is Frechét differentiable in H.

So let BH be such a m-dimensional Hurst-differentiable Mandelbrot-van Ness type frac-
tional Brownian motion with Hurst parameter H > % We consider the integral equation

t t
XtHza:OJr/ b(Xf)ds+/ o(XxMydBE,  telo,T1], (3.12)
0 0

where b = (b)j<icqg : RT = RY o = (6¥) : RT — RP>™ and zy € R? is the initial
value of the process X . The integrals in are understood in the pathwise Riemann-
Stieltjes sense. We assume o'/, b’ € C3 (R%), which denotes the class of thrice continuously
differentiable functions whose partial derivatives up to order 3 are bounded.

We obtain Fréchet differentiability of the solution map by using the solution concept and
results in [41]. Let us first introduce the necessary notation.

For any 0 < A < 1, let C*(0,T;R%) be the space of bounded, Hélder continuous functions
f:[0,T] = R% and equip it with the norm

If1lx = Il + (£,

where || - ||z denotes the uniform norm on [0,7] and

[f])\ = sup ’f(t) — f(S)‘

o<s<t<T |t — 8|}

Let a € (0,1/2). We denote by W{¥(0, T; R%) the space of measurable functions f : [0, T] —
RY such that

t — f(s
= e (11 [0 ) <o

telo, T

/1

and by W, (0, T;R?) the set of measurable functions g : [0, 7] — R? such that

(Ig(t)—g(S)\ N t\g(y)—g(S)ldy> < 0.

t=slt=> Sy ly—sPe

lglh—az2:= sup
0<s<t<T

These spaces are naturally closely related to Hélder spaces. Let f : [0,7] — R? be
measurable. For € € (0, «), we have

g - S
1fllax < sup |f(1)] + /0 = s sup (Lf(t)f()\) iy

t€[0,7) tefo,r] \ [t — s[ote

T TE
<+ lase [ 05 o= 1l + Dot

TE
< max{l,s}ufuw.
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3.3 Multidimensional SDEs with H bigger 1/2

It clearly holds that || f|li—a < ||f|li—a,2 and

(s T (s
[flli—a2 < sup M+/O It —sI=~! sup <M>ds

o<s<t<T |t — 8|17 o<s<t<T \ |t — s[17ate
TE
S Te[f}lfaJrs + [f]lfoH»s?

T=
< —lflli-aste.

Therefore, we obtain
Cot(0,T; R € Wi (0, T; RY)
and
Cl=ote(0, 7, RY) € W0, T;RY) € C1=2(0, T; RY).
Lemma 3.3.1. Let v, A € (1,1) with v < X and f € C*(0,T;R?)

(i) There exists a constant M > 0 that only depends on T, v, \ such that

S (U + 16157 )-

14+v

Il < (A3
(ii) Let (fn)nen € CX0,T;RY) with sup,en[fala < 00 and ||fn — fll7 — 0, where f €
CMN0,T;R?). Then || f, = fllv2 — 0.
Proof. Assertion (i7) is a direct consequence of (7). So let us consider (7). We have

— f(s — f(s)\*
fo= sop HOZIOI_ o C“““”) () — F()

o<s<t<T |t — sV 0<s<t<T |t — s
—u/\ A 1-v/A
< 2P Al

and using the same technique

1+v

/Wf st (MN)H{/(ﬁ;fwiﬂy“dy

v 14v

¢
<2HWUW“[HH/Yy—Q*%dy
S
1 + )\ —v 14v
< (=2 ) (2717 ) A
< (35 en =i
Therefore, there exists a constant M > 0 depending only on 7T, v, A such that

Iflls < [flo+  sup /‘f_wlw

0<s<t<T

—v 1+v

. iy 14+ A TFX [ £]THX
<2 PP + (522 ) er I ]

- :

< M (I 4 ) (U + 5
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3 Stochastic differential equations

Fix w € Q, let o < § and let a,b € (0,1) such that 1 —a < a < H <b < 1. We now use
the result above to show that

BY(w) : (a,b) = Wi=2(0,T;R™); H — BH(w)

is a Frechét differentiable map. Recall that for fractional Brownian motion as given by
Definition it holds that 9 BH (w) = B (w), t € [0,1].

Let (6,)nen be an arbitrary sequence such that 6, — 0 and H + §,, € [a,b] for all n € N.
We define f, : [0,T] — R? by

H4-6n _ pH _ pHil H+-6,
I L [ B ) - B ) an.

Let 8 € (1 — a,a). Using Theorem there exists, for fixed w € €2, a positive constant
C such that

1
’fn(t) - fn(5)| = 5.

n

H+0n
[ B @) — i) - B w) + B ) dh
H

<2 sup B (w) — BM(w)|
h€la,b]

<Ot —s|°.

Thus, we obtain

_g|P
sup(fnlg < sup M:C<oo.

neN o<s<t<r [t — s/

In the proof of Lemma we have further shown that [|f,||7 — 0 for n — oco. By
Lemma this yields

o 1B (@) = B (@) = B (@)1 a2

im

610 9]
Therefore, B (w) : (a,b) — W3~ *(0,T;R™); H + BY(w) is Fréchet differentiable. We
can now combine this result with Proposition 4 in [41], which states the following.

Proposition 3.3.2. Let a € (0,3) and g € W, *(0,T;R™). Denote by x € W(0,T;R)
the solution of

=0.

t t
T = To —I—/ b(zs)ds +/ o(xs)dgs, te[0,T].
0 0

The mapping
L Wy™ (0, T3R™) — Wi(0,T3RY); g = a(g)

is Fréchet differentiable. For h € W21_°‘(07T;Rm) its derivative is given by

(I(g)h) () = /0 By(s) dh,,

where ®4(s) € R>™ s defined as follows. Letting Oy, denote the derivative with respect to
the k-th variable, s — <I>t(s) satisfies

P (s) = o x5+2 8kb’xu kg ( du—l—ZZ/ Opo™ (2,) @R (5) dgl,

k=1"79% k=1 1=1

f0r0§s§t§Tandq)ij(s):OfOTs>t, wherei=1,...,d, j=1,...,m
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3.3 Multidimensional SDEs with H bigger 1/2

Applying this proposition to our situation, we obtain, by the chain rule, that
0 X(w) = I (B(w) = (B @) B4 w) = [ e0)aBi e
oOH OH 0 t s )

where X = I'(B) is the pathwise solution to equation (3.12]), and where ®;(s) depends
on w and H and is given by

Y (s) = +Z 8ka XH(w)) @k (s) du
k=179
+ZZ/%0 (@) @47 (s) (B ()
k=11=1

for 0 < s <t <T and @ij(s) =0for s >t, wherei =1,...,d, j =1,...,m. In the
equation above (BX(w))! denotes the I-th element of the m-dimensional vector B (w).
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4 Rough paths

In this chapter we consider stochastic differential equations driven by a multidimensional
fractional Brownian motion with Hurst parameter H < % However, in this case the paths
of fBm have almost surely infinite 2-variation and we saw in Section that the usual
integration and SDE theory fails. Thus, a more involved theory is needed and we hopefully
motivated why rough path theory is a suitable tool to tackle SDEs of this type.

The theory of rough path was initially developed by Terry Lyons [31] and allows to con-
sider differential equations, where the driving signal is rough. The idea is that enhancing
rough processes with their iterated integrals restores continuity properties in the (rough)
integration theory, e.g. one of the first application of the theory states that the solution to
a Stratonovich stochastic differential equation is a continuous map of the tuple consisting
of the driving Brownian motion and its Lévy area. Since then the topic of rough paths
has been an active field of research, see e.g. [12| [14] [15] 28] 29] 42].

The aim of this chapter is to analyse rough stochastic differential equations of the type

where f is a suitable function and the driving multidimensional fractional Brownian motion
has Hurst parameter H < % Therefore, a rough path over the driving fBm needs to be
constructed.

So, in Section we first give a short introduction to some aspects of rough path theory
and recall a few definitions and results. We then present the partly adapted methods in
[4, 28], which allow fractional Brownian motion to be lifted to a rough path. The idea is
to bound the p-variation of a rough path by its values at dyadic points. This enables us
to control the first and second level paths and we obtain, by taking the limit of its dyadic
approximations, a geometric rough path over fractional Brownian motion. We show that
the same construction can be used to lift the derivative process of fBm with respect to the
Hurst parameter to a geometric rough path. However, this method fails when trying to
jointly lift fBm and its derivative process because the dyadic second level approximations
diverge in expected p-variation distance.

Nevertheless, we can show that the solution Y to (4.1)) is locally Lipschitz in H in p-
variation distance and in a very restrictive case a derivative of Y in a rough path sense
can be constructed.

For a general introduction to rough paths, there exists a growing literature of monographs
on the topic, e.g. [10] 111 32].
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4.1 Introduction to rough paths

4.1 Introduction to rough paths

Since the rough path theory is not needed in its full generality, some of our definitions
might be more restrictive than in the classical theory. For simplicity we also restrict
ourselves to the time horizon of [0, 1] but with some possible adjustment to constants, one
could choose any finite time frame. This introduction is mainly based on the the lecture
notes in [32].

4.1.1 Preliminaries

Let V be a Banach space and V®" its n-th tensor power. We endow the tensor spaces
V@ n € N with an admissible norm that means that for all n,m € N

lov|| = [jv|, veV®" oe6,,
lv@w| <lollllw], veV®", weVe™m,
where &,, denotes the symmetric group. Note that here and throughout this work we

might use the same notation for norms on different spaces, yet it should remain clear from
context which norm and space is meant.

Remark 4.1.1. In case V is a Hilbert space, we will always use the tensor product of Hilbert
spaces which defines a norm on the tensor powers that satisfies

lv@wl = [[olllwl, ©veVe, wevem,

for all n,m € N.

Let us take a look at the common case of V' = R? for some d € N. With {e; : i € {1,...,d}}
denoting the standard orthonormal basis in R¢, we can write any element v € V& as

d
v = E : ailu"'vin (eil ® o ® ein)’ aila--win € R7

i1eyin=1

and define its norm || - || as

n 1/2
ol :=( 3 ya|> . (42)

i1,..,in=1

Let T( (V) denote the truncated tensor algebra

T (V) =PV, neN,
k=0

where V0 := R. The space T (V) is equipped with addition and multiplication, which

are, for v= (v, ... . v"),w = (w', ..., w") € T™(V), given by

0

vdw=w"+wl . . vi+w"),
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4 Rough paths

A natural norm on T (V) is given by
vl =L+ D IvEL v= (O v e T(V). (4.3)
k=1

Since V' = R? is a Hilbert space there is a second natural choice of norm on T (R%).
Defining the inner product

(v,w) = viw® + Z(vk,wk), v=n ..., v"), w= W ...w") e T™M(RY)
k=1

on T(™(R%) gives rise to the norm

n
V2= | WO+ D IVF2 v= (v v e TOI(RY).
k=1

But this norm is equivalent to the norm presented in and in what follow it makes
no difference which norm we choose. It is, however, important to note that convergence
in T(”)(V) is equivalent to the convergence of all its elements in V®* k = 0,...,n. This
reasoning is not restricted to the case of V= R? but it is sufficient for our needs and
hopefully more accessible.

From now on let A := {(s,t) : 0 < s <t < 1}. Next we define a multiplicative functional
in T (V) (cf. Def 3.1 in [32]).

Definition 4.1.2. Let n € N and w : A — T(™ (V) be a continuous map. We write w,
for the value of w evaluated at (s,t) € A and

Wit = (WS,bW;,t» . ,wgt) cRaoVe. ..oV,
We call w an multiplicative functional (of degree n or in T (V)) if w® =1 and

Wou @ Wyt = W, 0<s<u<t<l. (4.4)

Equation (#.4) is also called Chen’s relation. As we later use the space T()(V), let us note
that for a multiplicative functional w = (1,w', w?) in 73 (V) equation (@.4) translates
to

1 _ 1 1
Ws,t - Ws,u + Wu,tv
2

I 2 1 1
Ws,t - Ws,u + Wu,t + ws,u ® wu,t?

forall 0<s<u<t<l.

4.1.2 Geometric rough paths

For the rest of this work let V' = R% and the norms |- | : V¥" — R on its tensor powers

given by (E2).
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4.1 Introduction to rough paths

Definition 4.1.3. Let w = (1,w',..., w") be a multiplicative functional in 7(")(R%) and
p > 1. We say w has finite p-variation if

max sup g ’th,l,tl|p/ < 00,
1<i<n p ;

where the supremum runs over all finite subdivisions D = {¢;} of [0, 1].

Definition 4.1.4. Let p > 1 and w be a multiplicative functional in T (V), n > |p]
with finite p-variation. Then we call w a p-rough path in V. The space of p-rough paths
in V' is commonly denoted by €,(V).

The Extension Theorem (see e.g. [32]) states that, for any n > [p|, a multiplicative
functional w in T(lP)) (V) with finite p-variation can be uniquely extend to a multiplicative
functional in T (V') which retains finite p-variation. Therefore, if we speak of a p-rough
path we can consider it to be a multiplicative functional in T (V') for any n > |p|. With
this in mind, we have Q,(V) C Q,(V) for 1 < ¢ <p.

To get an idea of how this unique extension looks, let = : [0,1] — R? be a continuous
function with finite variation. For any n € N we can construct a 1-rough path x in
T (R%) by setting

Xst = (1,x;’t, Ce X5y, (s,t) € A,

where x.; denotes the i-th iterated integral of x over the interval [s, ] with (s,t) € A, i.e.

T
Xt = / A2y, @ -+ @ day,
s<uy <---<u; <t

_ k
- / X57Uk+1
s<Up 1 <--<u <t

for 1 < k < i. Ignoring the term in the middle, equation (4.5) can also be used to extend
multiplicative functionals with finite g-variation by setting k¥ = |¢|. Note that x* has
finite %—variation, and since g + ¢~ > 1, the integrals on the right-hand side of (4.5) are
well defined.

(4.5)
® dxuk+1 ® c e ® dxuia

Definition 4.1.5. Let p > 1. For all multiplicative functionals w,v on T(P))(V) with
finite p-variation we define the p-variation distance as

; j p/i o
)= (5, 3 ™)

where D = {t;} runs over all finite subdivisions of [0, 1].

The function dy, is usually just a pseudo-metric but since rough paths do not have a starting
value (or an identical starting value is chosen) d,, is indeed a metric as

i/p
’v;,t - w;,t‘ S ‘Vao - W(Z),O‘ + <S%p Z ‘W%l—lytl - V;l_l,tl |p z> :
l

Definition 4.1.6. Let p > 1. If a p-rough path w is the limit in p-variation distance of
a sequence of 1-rough paths, we call w a geometric rough path. The set of all geometric
rough paths in V' is denoted by GQ, (V).
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4 Rough paths

4.2 Rough paths and their dyadic approximations

In this section, we show that the p-variation of a multiplicative functional in 7(?) (Rd) can
be bounded by values of the multiplicative functional at its dyadic points. In the second
part we infer some properties of a dyadic rough path approximation. For the original
results, see [4] and [28] Throughout this section we denote the dyadic points in [0, 1] by
Li=k/2", k=0,. ,neN.

4.2.1 Controlling p-variation by dyadic points

The following lemma and its proof is given as Lemma 2 in [28].

Lemma 4.2.1. Let w be a multiplicative functional in T (R®). Then, for i = 1,2, p
satisfying p/i > 1 and any v > p/i—1, there exists a constant C;, depending only on p,~,1i
such that for all (s,t) € A,

7
sup Z ‘Wtthtz
b

p/i Sciin7 Z Z}Wtk y ‘p/j’
n=1

<tg 1<t <t”

where the supremum runs over all finite subdivisions D of [s,t].

Proof. As the specific boundary points of the closed interval are not important to the
proof, we can assume, without loss of generality, that [s, ¢] = [0, 1]. By Hoélder’s inequality
we have for positive (a,)nen and any v > ¢ — 1 > 0 that

(Z > <ZQ”Z:Z> —<Zm/(1q_1)>q12”%%:0((17’7)2717@%.

neN neN neN neN

Now fix an subinterval [a,b] C [0, 1]. Let ng € N be the smallest number such that [a, b]

contains a dyadic interval [t;°_,, %], with 1 < ko <270, If [t°_|, ;] = [a, b], we stop. If
the < b, we choose the smallest ny > ng with 1 < ky < 2™ 1mphc1tly defined by ;0 = ¢!
such that [t |, #;'] C [0, b]. Carrying on, we obtain an increasing sequence (nj) with
corresponding (k: ) such that

thoy < tho =t <tpl =2 <2 = <t;7 <D,

where the sequence is finite if there exists a j € N such that t:; = b and infinite with
tzjf — b, j — oo otherwise. The same procedure can be applied to the left end point
J

of [ty 1, ;0] which yields another increasing sequence (7;) with corresponding (kj) such
that

no no no ny n Mo nj

the > tho 1 =thg =t >t =t > >t >a
where the sequence is finite if there exists a j € N such that tk__ = and infinite with
TUCRN a, j — oo otherwise. The summations and unions over j in the remainder of

kji—1
thls proof depend on the construction above, e.g. whether the sequences above are finite
or not. For the benefit of a simpler notation we do not write down these limits but they
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4.2 Rough paths and their dyadic approximations

should be clear from the construction of the sequences (n;), (72;). Set ug :=t;0, u; == tZJJ

and u_j; := tJ ! L for 7 > 0. Our construction then yields
] 1—

la,0] = (w1, ),
J
where the intervals are dyadic and disjunct expect for common boundary points. Since w
is multiplicative functional, and in particular continuous, we have

N
1 _ ol 1 1 1
Wob=Wou v, T E Wiy, T Wy = g Wi g
TN 7

Using the triangle inequality and (4.6|) yields

p
\w;,msc(\w;;o (Z!w;p;) (Z‘Wk._lk>>
< (\wzg 17"0‘p+23’y‘w L \p+Zﬁ\W* Jp) (4.7)
k—l k;
<C (’W:B Lol Do Wy *Z””W" ‘p>
j I K

k:—l

where C > 0 is a constant only depending on p and 7. Now let D:={0=s=1t) < --- <
tm =t = 1} be a finite partition. Apply the procedure above to every subinterval [t;_1, ]
and we obtain partitions P! of [t;_1,#] that only contain, possibly infinitely many, dyadic
intervals, such that

)

Z {th 15t ‘P < Z Z ~}7Z‘W2§lll,t§l) !

Lot e

where 7n;; is given by 2 Ml = tg.l) — tg.lzl. Since any dyadic interval occurs at most once

on the right-hand side, summing over all dyadic intervals can only increase the right-hand
side and we obtain, after rearranging the sum, that

1 E ' WE
§ :‘th—lvtl <G n ‘Wtk 1’k
n=1

l

Since the bound on the right-hand side is independent of the partition used on the left-hand
side the assertion follows. In the same way as for the first level path the multiplicative
nature of w yields

2 7§ : § : 1
Wa,b - u] 1,U5 + u] 1 uj uk_l,uk (48)

J k>j
and therefore

2
) ‘p/2 < gpia1 »/

p/2—1
‘Wa,b 2

2 v/ 1 1
E :Wug'—l,uj + § :2 :Wuj—lvuj ®Wuk—1,uk

j J k>j
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4 Rough paths

2—-1 § 2 v/ § : 1 P
S 2]7/ a < |WUj_1,Uj|> + < |Wuj_1,u]-’> ‘
j X

J

In the same way as above, this leads to

Z‘th 1tl‘p/2 <C?<ZWZ‘W% 17t"‘p/2+zn72‘wtk LY )’
n=1 n=1

which concludes the proof. O

We want to use Lemma [£.2.7] to control continuity in p-variation of multiplicative func-
tionals. The result for first level paths is a direct consequence of Lemma and, as we
do not use any properties of higher level paths in the proof, we can extend this result to
the first level paths of multiplicative functionals in 7" (R9), n € N.

Corollary 4.2.2. Let w,v be two multiplicative functionals in 7™ (Rd), p>1and~y > 0.
Then we have for all (s,t) € A that

00 2m
1 1 P 1 vl P
Sup Z ’th—htz - Vtz—htl} = Z n’ Z ’Wtzfptﬁ Vip_ it | ’ (4.9)
b n=1 k=1

s<tp <<t

where the supremum runs over all finite subdivisions D = {t;} of [s,t].

The result for second level paths is a less direct consequence and presented in the following
lemma which can be found as Lemma 3 in [2§].

Lemma 4.2.3. Let w,v be two multiplicative functionals in T (]Rd). For any p > 2 and
v > p/2 — 1, there exists a constant Cs, only depending on vy and p, such that

p/2
Sup Z}th 1,4 th 1,t1‘
D
o] 2™ /
~ 2 2 p/2
<Gy oty Wh o Vi gl
n=1 nk:l n
s<tp_ <tR<t

2'”/
. . . ‘p> 1/2 (4.10)

o0

C: n? w

+Co( D > W Vi
n=1

s<tp  <tp<t

) on 1/2
(X X el al)
n=1 k=1

s<tp_ <t<t

where the supremum runs over all finite subdivisions D = {t;} of [s,t].

Proof. This proof builds on the work in proof of Lemma 1] and uses the same notation.
We can again assume, without loss of generality, that [s, t] [0,1]. Let D := {0 =s =
to < -++ <ty =t =1} be a finite partition. Using relation ( . ) for Wt2171,tz and v?lihtl,
we have
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4.2 Rough paths and their dyadic approximations

2 2 _ 2 2
Wait — Voot = 2 : [(Wuj—huj vuj—lvuj)

J

1 1 1
+ § (Wuj_l,u]- - Vu]-_1,uj) ® W1 up, (4.11)
k>3
1 1 1
+ Zvujﬂvuj ® (wukflyuk B Vuk—lvuk):| )
k>j

where the (u;) depend on I. Since |z+y+2[? < 397L(|z|?+|y|?+|2|?) for 7,y,2 € R, ¢ > 1,
we split the right-hand side above into three parts and look at them separately. The first
term can be handled the same way as in the proof of Lemma and we obtain

p/2
2 2
Z Z(Ww—hug‘ - Vug'fl»ug')

! J

2
<CE n7§ ‘wt =V |p/.
k:lk: k:17
n=1

Moreover, by (4.6]), we have for the second term of (4.11]) that

p/2

1 1 1

Z Z(W“jflv“j = Vay 1) @ Wy
Jj k>j
1 1 P2 1 o2
< <Z ‘Wujﬂ,uj Vo ‘) <Z ‘Wuj,l,uj }>
j J

1/2 1/2

P . 1 P
(Z]’q u] LUu; uJ 17uJ| ) (Z]’y‘wujl’uj‘ > ’

J

Again applying the methods of the proof of Lemma yields

p/2

1 1 1
E ‘E E (WUj,1,Uj _vujfhuj)@WUk—l,uk
l 7 k>j
Y p Y
<C< E n g |Wtk T Z 17tn‘ ) ( g n E ‘Wtk D
n=1 n=1

>1/2

The third term on the right-hand side of (4.11]) can be treated equivalently to the second
and the assertion follows. O

Remark 4.2.4. Let w,v be two multiplicative functionals in T()(R?). Looking at the
second level components w? = (w2(i,j)); j=1,.4 Lemma can be rewritten in the
following way. For any p > 2 and v > & — 1, there exists a constant C3, only depending
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4 Rough paths

on v and p, such that

.. .. 2
Slll)p Z|W2 (’57.7)151717151 —v? (Za])tzqytl ‘p/
l
00 2" 5
<Gy ' 3 Wi g Vg gl
n=1 k=1

s<tp_ <tp<t

on

o0
+Ch ( Yot Y W@y v gl
n=1

s<tp_ <tp<t

1/2
4 ‘Wl( ) - p /
g in =V (J)tg,l,tg‘

0o on 1/2
(X X WOl V)
n=1

k=1
s<tn_ <tn<t
00 2" /o
<Gy’ Yo Wy VD
n=1 =

0 on 1/2
~ 1 o1 P
+Cs ( 20 DL W v gl

o on 1/2
><<Zm > |W§zptz\p+\vtlzptz|p> :

n=1 Lk——l "
n
s<ty_ <tp<t

where the supremum runs over all finite subdivisions D = {¢;} of [s, t].

4.2.2 Dyadic approximation

To lift a function to a rough paths we first consider rough paths over its dyadic approxima-
tions and then check whether these converge to a limiting rough path. In this section we
present some results on such dyadic approximations. The results were originally presented
in Section 3.2 of [4].

Let w : [0,1] — R? be a function and m € N. We then denote by w(m) the linear
interpolation of w through the dyadic points ¢}* := k/2™, k=0,...,2™, i.e.

w(m)y = wer  +2™(t — 4 ) Ap'w, for i, <t<tl,

where Af'w := w(m)ge | 4m 1= wen — wyn . Since w(m) has finite variation, we are able

to define the smooth rough path

w(m)ss = (1, w(m)g,, w(m)3,),
where w(m)?, ; is the i-th iterated integral of w(m) over the interval [s,t].

We now prove some formulas for the rough path w(m). The following statements hold for
any k=1,...,2™.
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4.2 Rough paths and their dyadic approximations

(i) If m < n, we have

w(m) = 2"""Aw, (4.12)

kE—1°

where [ € N is the unique number that satisfies

-1 k-1 k l
< <

o S o <o S (4.13)
For the second level paths and [ as defined in (4.13)), we obtain
1 _
Wiy iy = 5 (@A) (4.14)
since
2 e
Wy = [ wlmy 9 du(m),
i1
on [
— 92n /tn (t— tZ,l)w(m)tgil,tZ ® w(m)tz,l,tz dt
k—1
2 . [7 1 1 2
— 22 (w(m)y_ ) /0 rat = Swlm)ly )®
1
= S @"AAT W),
where we make use of (4.12]).
(ii) If m > n, we have
gm-nj
w(m)p = > AT'w (4.15)

j=2m=n(k—1)+1

by Chen’s relation, which, for first level paths, is just stating the property of a
telescopic sum.

For the second level paths, we also make use of Chen’s relation and obtain

2m—nk
w(m)in = Z w(m)pm  ym
k—1"k j—1%5
j=2m=n(k—1)+1
gm—nj

1 1
+ Z W(m)t;"mfn(k,l)vt;’il ® w(m)tzﬁ_pt;ﬁ
j=2m=n(k—1)+2

om—nl. m ®2
- ¥ S

j=2m=n(k—1)+1
2m—nk j—1

+ ) S AMwe ATw.

j=2m—n(k—1)42 i=2m—" (k—1)+1

(4.16)
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4 Rough paths

Lemma 4.2.5. Letn € Ng, k€ {1,...,2"} and m > n. Then we have

w(m +1)g = w(m)i

n n
s k-1t

k
1 am—ng
_ m+1 m+1 m—+1 m+1
= — Z AQj_1w®A2j w—A2j w®A2j_1w.
j=2m=n(k—1)+1

Proof. Let us first note that

m
A]-w:w j —Wji-1 =W 25 —Wz2j-1 +W2i—-1 — W 2j-2
2m 2m om+1 om~+1 om—+1 om+1

o m—+1 m+1
= AQJ- w + Azjflw.

To shorten notation, we write
m=2"""k m=2"""(k—1).

Obviously, this implies m +1 = 2m and m + 1 = 2m. We prove the Lemma by using
equation (4.16]), which trivially holds for m = n. We split the sums appearing in (4.16))
into two parts

a(m)
W(m)?gfl,t;; =5 T b(m),
where
m
a(m) = (ATw)®2,
Jj=m+1
m j-1
m = Y. Y Apwe A
j=m+2i=m+1
We have
2m m
a(m+1)= > (A7Hw)®2 = 3" (AT w)®? 4 (AT w)®?
j=2m+1 Jj=m+1
and
m m
a(m)= Y (ATw)®? = > (AR w + AP w)®?
Jj=m+1 j=m+1
m
= 3 (AR + (At )
Jj=m+1
m
+ > ATMwe AT w+ AT w @ AT w,
Jj=m+1
So we obtain
m
a(m+1) —a(m) = — Z A;”ij ® Ag}fllw + Ag}ifllw ® A;’}Hw
Jj=m+1
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4.3 Paths of fBm and its derivative as rough paths

for the difference of the two. Moreover, we have

2m J—1
bm+1)= > > AMlwe AT w

F=2m+2i=2m+1

m 25—1 m 27—2
Z Z A @ AT w + Z Z A @ AT w
j=m+1i=2m+1 j=m+2i=2m+1
and
m —
_ m—+1 m+1 m
b(m) = Z (Agi ™ w + AgT w) @ Af'w
j=m+2i=m+1
m 2j—2
_ m+1 m+1 m+1
= > > AMtwe (ARTw+ AR w)
j=m+2i=2m+1
m 25—2 m 27—2
= Y > AMTweATMwt+ Y > AMMwe ARt w.
j=m+2i=2m+1 j=m+2i=2m+1

Subtracting the two yields

m 25—1
bom + 1) —bm) = Ayl w o AfLu S ST ATTwe AR
a j=m+2i=2m+1
m 25—2

- Z Z Am+1w®Am+1w

j=m+2 i=2m+1

= At we Ajr L w + E A727;“1 ®Ag}+1w
Jj=m+2

Z Am+11w ® Am+1
j=m+1

and the assertion follows. ]

4.3 Paths of fBm and its derivative as rough paths

We remind the reader, that, as in the chapters above, we consider a fractional Brownian
BY of the type presented in Definition [2.3.3]

Let n € Nand k € {1,...,2"}. Then, with the notation introduced above, we have that

1
22Hn :

E[ApB7ALB] = E[(A7B™)?] =

The following lemma, stated in [4], gives an estimate of the right-hand side in the case
non-overlapping increments.
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4 Rough paths

Lemma 4.3.1. Let n € N and k,l € {1,...,2"} such that |k — | > 1. Then there exists
a positive constant C depending only on H such that

|k‘ _ l|2H—2

E[arBTApBT]| < 07

For H = % the constant on the right-hand side can be chosen to be zero.
Proof. By the properties of fBm, we have
E[(Bff - BE)? =t —s*, st>0.
Let s,t,u,v > 0. We obtain, by expanding the product, that
B[(BY - BB - BI)]

1
= SE[(B = B + (B = B)* = (B! = B))) = (B = B)”]

—_

= (It = o s —ul — [t —u" — |5 — o).

So, for all n € N and k,l € {1,...,2"}, it follows that

1

e —1— 1" + |k — 1+ 12 = 2|k —1)*1).

Letting |k — [| > 1, this can be written as

_ ’k_”2H

E[ARBTA!BY] = S (U= 1 — U727+ (1 [k — 17127 - 2)

and for |k — ] =1 we obtain

E[A?BEAPBH] = 28 -2
[ k l ] - 922Hn+1 "

Let |k — 1| > 2 and put f :[0,00) — R; z + 22", Tt holds by Taylor’s Theorem that

A=k =0 =fA— k=1 =1= F )k~ 1"+ [k~
A+l =0 = fA+ k=) =1+ F )k~ + f &)k~ 172

where & € (1—|k—1|71,1) C [§,1] and & € (1,14 |k —{|7!,) € [1,3]. Therefore, we
obtain

k—1 2H—-2
[E[azB A7 BY]| < e o her 1) s [2217).
2 2€[1/2,3/2]
Putting the two results together yields
E[ArpHAppH| < o B 1P k—1>1
apptaps)| < Bl e,
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4.3 Paths of fBm and its derivative as rough paths

Writing 0 for %, our aim is the construction of an extension of (B, 9y B") to a rough
path by using the results in Chapter 2| As this extension is trivial in the case of H > %
we restrict ourself to H < % until stated otherwise.

Let T>0and 0 <s<t<s+7<t+7 <T. Note that by substituting in their integral
representations one quickly sees that (B, 9y B) is (shift) stationary. Therefore, we have
for A1, A2 € {0,1} that

E[(0} B, - o BEL) @} B — 0} BI)]

4.17
B[O} B, - oy BBl —opEp).

t—s)+1

Let e; > 0 such that ey # 3 — H and e € (0,H), which ensures ¢ # H — 3. Writing

H. = H — ¢, we obtain by Lemma and (2.19)), (4.17) that there exists a constant C
depending only on €,e; and H such that

E[(0} B, - o BIL,) @} B - 0} BI)]

-1
< C(/ ‘(I/ 47— U)H—I/Q-‘r&‘l _ (7_ _ U)H—1/2+€1|

—0o0

% |(I/ _ u)H—1/2+61 _ (_u)H—1/2+51‘ du

+/01 (v + 7 —u)==12 (7 — ) Hem1/2) (4.18)
) % |(1/ _ U)H571/2 _ (_U)qu/z} du
/ (v + 7 — w2 — (7 — )12 (- ) P12 du>
C(Iy + Iz + I3),

where v =t — s.

The next Lemma is essential in ensuring that we can apply the procedure used in [4] to not
only lift a multidimensional fractional Brownian motion to a rough path as the authors
did but to also lift its derivative process.

Lemma 4.3.2. Letn € N and k,l € {1,...,2"} such that |k—1| > 1. For everye € (0, H)
there exists a positive constant C depending only on H (restricted to H < % ) and & such
that for any A1, A2 € {0,1} we have

|k l|H5_3/2

C g (4.19)

[E[ag (@ BT A (03 BT | <
where H. = H — ¢ € (0, 3).

Proof. We set v :=t—sand let 7 > 0. If we show that there exists a constant C depending
only on H and e such that for any A\j, Ao € {0,1} we have

L0} B}, oy B} B~ oy BIN] | < Ottt

for all 0 < s <t < 1 with n:=v/7 € {1} U[0, 1], then the assertion follows by setting
v=>2, r=FEl Which implies n = ﬁ Thanks to (4.18) we only need to bound the

2n7 271 9
integrals I, Is, I3.
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4 Rough paths

Set &1 := % £ 1220 _ %—H. We have 2(H +¢1) —3 = H —2. Therefore, using Taylor’s

2
theorem yields

-1
/ ‘(V _ U)H71/2+51 _ (_U)H71/2+51 ‘2 du

-1
= (H-1/2+ 61)21/2/ (—u+ &) 2T dy

—00

< Cv? /00 p2H+e1)=3 40 < cv?,
1
where £ = ¢, € (0,v) and C depends only on H. In the same way we obtain

71 00
/ ’(1/ + 7 — u)H71/2+€1 —(r— u)Hil/2Jr€1 ‘2 du < Cv? / g2 +e1)=3 g,
1+7

< COv? /OO p2H+e) =3, 4y
1

< OV

—00

Thus, the Cauchy-Schwarz inequality together with (4.20]), ([#.21)) yields I; < Cv?

C depends only on H. As 7 < 1 we have 72H:=2 > 1 and obtain

2
L < C e (V) .
T

Since H < 1, we have that for u € (—00,0)

(v+7- wHe=1/2 _ (7 u)Hs—l/Q) (v - w)He=1/2 _ (_u)H5—1/2) >0
and for u € (0,v)
((1/ +7— u)HE_l/2 — (7 — u)H5_1/2) (v — u)Hs_l/2 <0.
Further, it holds that

0> Cy? E[(Bf - BI:)(B/" — B{)]
0

(4.20)

(4.21)

, where

(4.22)

= / (v+7— w)He=1/2 _ (7 u)Hs—l/Q) (v - w)He=1/2 _ (_U)Hg—m) du

—00

+ / (v+7-— w)He=1/2 _ (7 — u)HE*l/Q)(V —u)=7172 qu,
0

where Cp is the normalising constant of the Mandelbrot-van Ness representation. There-

fore, we obtain
Ir + I3 < 215.
Substituting u/7 = v =n — w yields
I3 = / (v — u)HE_l/Q‘(V +7— u)H€_1/2 —(r— u)H5_1/2’ du
0
7
— 7_2H5/0 (77 - U)Hgfl/Q‘(n +1— U)H571/2 o (1 . U)Hgfl/Z‘ dv

n
= 72t [T 1) (1)
0
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4.3 Paths of fBm and its derivative as rough paths

Thus, we obtain for n = 1 that
1
I < TQHE/ W12 (1 ) eV g Hem1/2]
0

1 1
ST2H5</ wHe—1/2 dw+/ w2He—1 dw> (4.25)

0 0
< Cr2He < CT2H€772.

Now consider the case of n € (0, %] By Taylor’s theorem we have for any w > 0 that
(L )T — (1w — )12

1
= U‘Ha - 5‘(1 +w — &3

1 H.—3/2 1]\
< nfHe = = m <”‘H€‘2K2)

<Cn,
where £ € (0,7). Therefore, plugging this into (4.24]), we obtain

U
I3 < CTZHE’I?/O we=12 qu = Cr2Hepte+3/2, (4.26)

Putting together (£.22), (#.23)), ([.25)), (.26 and using the fact that n? < nf=*3/2 yields
that there exists a constant C depending only on H and ¢, such that

N+ Ip + I < CP2Hepget3/2,

forall 0 < s <t <1and7 >0such that n = v/7 € {1} U[0,1]. The proof can now be
concluded by the argument given at the beginning. O

Remark 4.3.3. Let A1, A2 € {0,1} and H. = H —¢, where € € (0, H). It follows from (4.18)
and the arguments used in the proof of Lemma that there exists a C' depending only
on H and e such that

E[(@y B - 03 B0y Bl — 07 BI)] < C(t - )"
for all 0 < s <t <1 and therefore we have
[E[Af (o3 BT) Af (03 B)] | < o272
forallm € Nand k € {1,...,2"}.

From now on we consider a d-dimension Mandelbrot-van Ness type fractional Brownian
motion BH = (BH’(l), e ,BH’(d)), as given in Definition m To simplify the notation,
we sometimes omit the H and write

B=B" = (BHO BH@)y— (B .. BY.

Further let D7 denote the derivative process D/ = 9y B/ and D = (D!, ... ,Dd). We are
interested in constructing a rough path that extends

X=x"—(x! . . . x¥=B.. .  BYD,. . DY) =(B,D).
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4 Rough paths

But we will see in Section that this not possible with the tools given here. However,
we can construct a rough path over D.

We derive the following lemma from Lemma which serve the purpose of Lemma, 12
in [4] but is more involved due to the interdependence of components.

Lemma 4.3.4. Fori,j € {1,...,2d} we have
‘E[(Ag}eﬂX"Ag’;lej . A;’;leiAg};llXj)Q} ‘ < ¢~ 4Hem,
Let k> 1 andi,j € {1,...,2d} with i mod d # j mod d. Then

1 j 1 j 1yt 1 j 1yt 1 j 1y 1 j
E[(AFH XPARFXT — AR AT X ) (A X AR - ARFLXALH X
(k o l)2H5—3

<C odHom
where C' depends only on H and €.

Proof. In the case i = j the terms inside the expectations are zero and the assertion is
trivial. From now on we only consider ¢ # j.

Letting k = [, we have
m P AM ] m T A™M i\ 2
’E{(AthllX A%HXJ - A%HX A%tllX]) ”
< B[ (AR X (A5 X0 + B[ (A5 XD (A x0)? (a2
m+1 yi A m+1 i Am~+1 yvi Am+1 j
+2’E[A2k+ X'AGH XTAGT XA X ‘

Using Remark [£.3.3] and the fact that the increments are Gaussian we have

B[(agt ) (ag )7] <\ [e[(agtix) ] e[ (agr x0) ] < oo

The same can be done for the second term in (4.27)). For the third term we use Isserlis’
theorem to obtain

B[ X AR, X AR X AL ]|
= |[E[ag X AL X E[ALH X AL X]
+E[ARTIXADT X E[AR, XTI AR X
+E[ALT XA XITE[ADT XTADHL X7
3C

— 2477’LH6 ’

where the individual summands can be bound using Lemma and Remark

Now let k£ > [ and i mod d # j mod d. This implies that X? and X7 are independent.
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4.3 Paths of fBm and its derivative as rough paths

Using stationarity and independence we obtain
E[(ALFL X AR XT — ADFLXTADT X7)
(AR XA XY — ARTIXTAGT XT)]
AL XA XTI AT XA X ]
AP XTAD L XTI ADT XA X ]
APFLXIADHL XTADH XA X ] (4.28)
ADFIXTADL XTADH XA X ]
E[AL X AT X E[AL XT AL XT]
— E[ADH X AT X E[ADT XT AT X
— E[ADP X' AT X E[ADT XTAD X
Thus, applying from Lemma m yields

[E[(A5 XTARFXT = ABFUXAL L XT) (AR XTARXT - AR AT XT) |

E
E
—-E
E
2

— o

2k—1 2k—1 20—1 K
< 24%(!% — 202173 2k — 21 — 1|He3/2 |2k — 21 + 1‘Ha—3/2)
(k — 1)2He=3

This concludes the proof.

4.3.1 Control of first level paths

We continue to denote by X = X the process consisting of a Mandelbrot-van Ness type
fractional Brownian motion and its derivative. As above we also restrict ourselves to the
case of H < % In the same way as at the beginning of Section we denote by X (m)
the dyadic approximation of X, i.e.

X(m)y = Xy | +2™(t — 5L AFX,  for ity <t <
We define the smooth rough path

X(m)se = (1, X(m)g,, X(m)3,),

sty s,t
where X(m)%; is the i-th iterated (pathwise) integral of X (m) over the interval [s, t].

In this section we show, further following the approach of [4], that the first level paths
X(m)! converge in a rough path sense to X' = (X; — X,)(s1)ea. The idea is to bound the
expected p-variation distance between X!(m) and X! = (X; — X s)(s,t)ea Dy their distance
at dyadic points via Corollary If that bound decreases fast enough in m we can
apply a Borel-Cantelli argument to obtain almost sure convergence in p-variation.

The following Lemma is given as Proposition 1 in [28], but we need to adjust for the
different (co-)variance of X compared to a Wiener process.

Lemma 4.3.5. Let p > % For any v > 0, it holds that

00 2m
supE[Z n’ Z ‘X(m)tl};,l,tg ‘p} < 00.
m n=1 k=1
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4 Rough paths

Proof. If n < m, we have that X(m)tlﬁ,l,tz = A7 X and thus

n p
> |Xm)y Z?A x[°.
Let n > m and note that for fixed [ € {1,...,2™} we have
#{k e {1, 2" s [t 1) € [ 1] =27
Equation (4.12]) yields

2m 2m  2m 2m
Sl P =YY Y rrarxp = ey Y apx
k=1 k=11=1 ¢/ <tr  <tn<gm =1

So by splitting up the sum, we obtain

o om
E [ Doty |X(m)f ‘p]

n=1 k=1

m 2n oo 2m
:E[vaz \AZX\p] +IE[ GRS \A;nx\p]
= =1

n=m-+1

=S w Y E[japxp] + i n7(2m”)p1§:EUA?”X\p}

n=1 k=1 n=m+1
:Cp<znv2nE[\A’fX\2}p Z prgmp—n(p-D [\AmX} } )
n=1 n=m+1

where we use that the increments are stationary and Gaussian. Let ¢ € (0, H — ;1)), SO
H:.=H —¢ € (3, H). Following Remark it holds that

E[|arx[] < o228,
where C depends only on H and e. Therefore, we have
Y n2"E [\A?X\Q]p/z <Oy nrgneHeD

n=1 n=1

and

o0
Z nYomp—n(p— g [‘AWX‘ } <C Z nY9—mp(H:—1)—n(p—1)
n=m-+1 n=m-+1

o0
<C Z nY9—n(pH:~1)
n=m-+1
Together this yields

[Z”VZ | X () 1,tn\p] < Cinw‘"(p’{f‘l), (4.29)
n=1

n=1

which is finite since p > 1/H.. As the right-hand side does not depend on m, the assertion
follows. O
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4.3 Paths of fBm and its derivative as rough paths

In the same way as Corollary 4 in [28] this results leads to the following corollary.

Corollary 4.3.6. For any p > %

E[supsupZ‘X tz 1tz’p] < 00

and therefore

supsupz ’X( tz Lt }p < 00 a.s.
m D

Proof. In the proof of Lemma [£.3.5] we saw for m < n that

2n 2m
DXl ol = @) Yo jArX )
k=1 =1

Further,

(zmnP12|AmX‘P (2mnp 1Z‘A;QL+1X+A;7:::11X|P

m—+1
< (2m+1—n)p—1 22 ‘A;”HX}p
=1
for m <n and
2n
DXy Z|A"X\p
k=1
for any m > n. Thus, we have that
277.
m— Z }X(m)%z,l,tz‘p
k=1

is increasing in m for any fixed n € N. Applying Lemma [£.2.1 and the monotone conver-
gence theorem yields

oo 2n
]E[supsupz | X(m tz L !p] < ClE[supZnVZ ’X(m)tlz 17tn}p:|
m

n=1 k=1

with some v > p — 1. The right-hand side of the equation above is finite by Lemma
4.3.9l [
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4 Rough paths

Let us define X! = Xsp = Xi— X, (s,t) € A, then (1, X1) is a multiplicative functional
in 7MW (R?%). We can adapt Theorem 2 in [28] to our situation and obtain the following.

Proposition 4.3.7. For any p > %, we have
. 1 p_
n}gnoo S%pz ‘X tl 1.t th—latl =0

1 _ _
almost surely, where th—htz =Xy =Xy — Xy -

Proof. Let v >p—1. As X(m)} no = ApX =X gn for n <m, we obtain

oo 2n 00 on
Y 1 _ v P
Zn ‘X(m)tﬁ_pt th 11”‘ - Z n Z ’X te_1th th 1tk
n=1 k=1 n=m+1
00 0o A
<2t M n'YE Xl [P 277 mE |ARXP.
n=m-1 k=1 n=m+1 k=1

In the same way as in the proof of Lemma [4.3.5, we have

o 52 o] 2 55 s

n=m-+1 k=1 n=m+1

and

) 2m o0
e[ 5w japep] <o 35 waenon,
n=m-+1 k=1 n=m-+1
where H., as a reminder, is given by H. = H — ¢ for some ¢ € (0, H — I%) Setting
a = (pH: — 1), there exists a C' depending only on ~ such that n? < c2m/2 e N,
Since

9—ma/2

Z 2—na/2 2a/2 T

n=m-+1

we obtain

p] < ¢ mpPH=1)/2 (4.30)

£ S 3 oy~ X
n=1

where C' depends only on p,v, H and . So it follows, e.g. from Markov’s inequality and
the Borel-Cantelli lemma, that the term within the expectation converges almost surely
to 0 as m — oo. By Corollary we have

p ~ Ll m—00
sup E ‘X tz L - Xy 1tz‘ <C’12n Z‘X ot Xt;; L — 0, a.s.
n=1
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4.3 Paths of fBm and its derivative as rough paths

4.3.2 Divergence of the second level paths

Let H (i, %] In this section we consider a one-dimensional fractional Brownian motion
B = B and let 9y B = 0y B denote its pathwise derivative in H. We will often omit

writing the superscript H for better readability.

We define Z = (B, 05 B") and denote by Z(m) its dyadic approximation. A smooth
rough path is then given by

Z(m)se = (1,Z(m) s, Z(m)2,),

where Z(m)", is the k-th iterated (pathwise) integral of Z(m) over the interval [s,t]. We

s,t
use the following notation for the elements of the second level paths

Z(m)i,t = {Zi’j(mﬁ,t}i,j:l,% (s,t) € A.

To show that Z(m) does not converge in expected p-variation distance, we first need to
prove two helping lemmata.

Lemma 4.3.8. Let m € N, then
2
<E [AT'BAD(04B)] — E[AQ”BA’{‘(&HB)]) > C4o4mH

where the Cy is the constant from the Mandelbrot-van Ness representation.

Proof. In what follows we write t; for ¢} = k27™. By Lemma we have
((t2 ) HY2 Qog by — u) — (t1 — w) 2 log(t; — u)) ((t1 _)HE2 (—u)H*W)
> ((t2 = w772 = (b =" 772) (1 = )" log(ty — u) — (—u)" =2 log(~u))
for w < 0. Therefore, using the Mandelbrot-van Ness integral representation, we obtain

O (E [ATBAY (0 B)] —E [A?BA{”(&HB)D

:/0 ((tg—u)H_1/2log(t2—u)—(tl—u)H_1/210g(t1_u)> ((tl_u)H—1/2_(_u)H_1/2>du

—00

_ ((2—m+U)H—1/210g(2—m+v) _UH—1/210g(U)>,UH—1/2

- ((2_m+v)H_1/2 —UH_l/Q) =1 20g(v)dv
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4 Rough paths

2—m
= / (27 M 4p)=1/2H=1/2 (log(27™4v)—log(v))dv.
0

For v € (0,27™), we have

(U + 27m)H71/2 > (Qfm + Qfm)H71/2 _ 2H71/2+m/27mH
and log(27™ 4+ v) > log(2™™). Therefore, as the integrand is positive, we have
CI;Q‘E[A?BAT“@HB)] — E[ATBAY (9 B)] ‘

9—m
> / (27™+ v)Hﬁl/Qval/z(log(Q*m + v) — log(v)) dv
0

> 2H1/2+m/2mH/ v =12 (log(27™) — log(v)) dv
0

—m —m

_ 9H—1/2+m/2-mH ( _ mlog(2)/ VH1/2 4y — / pH-1/2 log(v) dv).
0 0
It holds that

2—m o—m(H+1/2)
/ vH_lﬂdv:iH+l
0 2

and integration by parts yields

9—m(H+1/2) 9—m(H+1/2)

H+jy  (H+3)

9—m
/ =12 10g(v) dv = —mlog(2)
0

Thus, we obtain

2 22H—1
m mal m m 4 —4mH
(E[A3 BAT™ (94 B)] ~ E[AT BAY (94 B)] ) ST
For 1 4—log(2)
PSR T

it holds that

o) 92H-1 AH+2
aH((H-i- 1)4> - (2H +1)5 ((2H 4+ 1)log(2) —4) <0,
2

and therefore

These results can now be used to show the next lemma.
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4.3 Paths of fBm and its derivative as rough paths

Lemma 4.3.9. Let k # 1 and ¢ € (0,%). Then
E[(AL, BADY 9y B) — A BAL (0u B))
(AR BAL (0 B) — AL BALT (04 B))]

__7\2H:-3
> 0}4_1274(m+1)H + 0 < (k 2425m )

Proof. Let k # 1. We have

E[(A3 T BAG (05 B) — AR BALH, (04 B))

(AR BAL T (05 B) — AT BALT (04 B))]
E[AGF BART (0 B) AL BAY M (04 B))
— E[ATH BATHY (9, B) AT BAT L (9 B)]
—E[AL BALT (0nB)AL T BAY M (04 B)|
Ef (OuB) (0uB)].

+1 +1 +1 +1
+ Ag’i BAgIchl aHB AgIL BAglL,l OHB

(4.31)

We use Isserlis’ theorem, also called Wick formula for Gaussian random vectors, to obtain
E[ALT BAD T (0p B) AL BA T (0 B)]
= E[ADT BADH (0 B)|E[AY T BALY (04 B)]
+E[AL BADTI BIE[AL (0 B) AL (0u B)]
+E[AL BADT (04 B) | E[AL (0n B) AL B].
Applying Lemma [4.3.2] and using stationarity yields
E[AL BAD T (0p B) AL BAL T (0 B)]

k—1 2H-—3

In the same way, we obtain
E[ALT BAD T 0y B) A BAL T (0 B)]
m+1 o Am+1 m4+1 A mAl (k —1)2H=3
= E[A] BATH (04 B)|E[AF T BAT (05 B)] + O i |-
E[AGT BALY (04 B) AL BAL (04 B)]
m+1 p Am+1 mA1 A mAl (k —1)2H=3
= E[A T BATH (04 B)|E[AT T BAT (05 B)] + O i |-

E[ALTBADAL 0y B) A BAL (0 B)]

m-+1 m-+1 2 (k B l)2H573

Plugging everything back into (4.31)) leads to

E[(ART BATZH (9 B) — AR BATA! (9 B))
(APHIBATT (9 B) — AR BAT (9 B))]
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4 Rough paths

= E[ATH BAT (9 B)]? — 2E[AP T BAT L (9, B)|E[AT T BAD Y (9, B))]

E Am+1BAm+1 8 B 2 0] (k_l)QHS 8
+E[A] "0 B)]" + T o4H.m

B m+1 m—+1 o m+1 m+1 2 w
= (E[ATT'BAT T (00 B)] — E[APT BAT (04 B)] ) + O~z |-

The assertion now follows from Lemma [£.3.8] O

This finally enables us to prove the main theorem of this section.
Theorem 4.3.10. Let H € (i, %] and p < 4. There is no stochastic rough paths Z €
GQ,(RY) such that

E[dy(Z(m),Z)] =% 0.

Proof. The iterated integral of fractional Brownian motion with respect to its derivative
in H is found on the off-diagonal component of Z(m)?. We therefore only consider the
component (Z'?(m)2;). By Lemma we have that

2m
1
Z"*(m+ 1), — Z"(m)§, = QZ(AQ}CHIBAWI(&HB) ATFTIBATAL (0 B)).
k=1

Let £ € (0,H — 1). We have

ZC Si | < 24Hm ZZ\k 1[2He=3 < com- 4HstFHs—3 o(1). (4.32)

k>l k=2 =1
This yields, using Lemma [£.3.9] that

E[ (22 (m +1)3, - 2" (m)31)°]

_l2HE 3

2m. 2m
— 1 Y E[(ARTBAL 0nB) - AL BAL (0u )
k=11=1
(A5 BAG (00 B) - Aj T BAG (04 B)) |
1
> 3 S B[ (AR BALT (0 B) - AR BALT, (0uB)
k>l
(AR BALT 04 B) - AL BAL (04 B)]

2m k—1 m—1

_% m+1)szl+O >CH 24msz+0)

k=2 1=1 k=1

(2m — 1)2m Fo(l) > %(1 B 27m(4H71)) +o(1)

= Ci2 " g =16

It follows that there exists no stochastic rough paths Z € G€,(R?) such that
E[ds(Z(m),Z)] =% 0

and therefore Z(m) does also not converge in expected p-variation distance for any p <
4. O
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4.3 Paths of fBm and its derivative as rough paths

For the
ractional)

D=

We like to give some intuitive understanding of this result in the case H =
approximated iterated integral of the derivative in H with respect to the (
Brownian motion itself, we have

—

1 1 2m
/0 (0uBu(m) — 8 Bo(m)) dBy(m) = 3 Z (0mBi + 0B ) (Bin — By ), (4.33)

k=1

where B(m) is the m-th dyadic approximation of the (fractional) Brownian motion B =

B2. If 0y B were an semi-martingale adapted to the natural filtration of (B).c(o,1], the
right-hand side of (4.33) would converge in L?(€2) to the Stratonovich integral

1
/ OB, o dB,.
0

However, it is easily seen from the integral representation of dy B that dy B, not only
depends on (Bi)e[o, but also on (Bi)i<o. Furthermore, the proof of Theorem
shows that the dyadic approximations of the second level paths do not converge in L*(f2)
at all. Therefore, it seems that we fail to find a sensible definition for the symmetric
integral that would appear as the limit of the terms in equation and would extend
the Stratonovich integral to this specific non-adapted integrand.

4.3.3 Control of some second level paths

The convergence of the first order paths was handled in Section [4.3.1] and we have seen in
Section that X(m) does not converge in expected p-variation distance. However, the
complications of Section only occur for elements X%/ (m)? with i mod d = j mod d,
where, with the same notation as above, we denote by X%/(m)? the elements of second
level paths of X(m)?2, i.e.

X(m)?, ={X"7(m)?,}ij=t,.2a:  (s,1) €A

So, our aim is to show that, for fixed i,j € {1,...,2d} with ¢ mod d # j mod d, there

exists a unique function X7 : A — R, which is given as the limit of X*J(m)? in §-variation.

The following is our adapted version of Proposition 17 in [4].

Proposition 4.3.11. Let H > %, min{2, 4} <p <4 ande € (0,H — %) Fori,j €

{1,...,2d} with i mod d # j mod d, there exists a constant C' depending only on d,p, H
and € such that

(i) form <n

EDX”(W + 1)?g_1,tg — X" (m) tn’p/Q] < 2yt

kE—1"k
(ii) for m >mn

E[|X90n+ 13y — X o 7?] < cammyp/iamei,

17k

where, as above H. = H — ¢. These inequalities also hold for i = j, where, for m > n, we
even have

E[}Xi,i(m 4 1)1:22_17152 ~Xi(m)2, tzlp/z} _o

k-1
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4 Rough paths

Proof. For m < n we have by (4.14))

E[[X9(m+ D3 g — X o]

< ¢or(m—n) (E[‘A%ﬁnX\p} + EDA?Zm)X}”D
< 02—np2mp(1—Hs)7

where [(m) and [(m + 1) are given by (4.13). Now let us consider the case m > n. By
Lemma [4.2.5] we have to control

2
Z A’gll-l—lle m+1Xj Am—l—le ® Am+1X]

. . . A 2
=3 (ARHXIAR X - ARTLXAGXT)
l
+23° (Ag}ﬂx%g;“xi — A;’;“X%g;jllxj)
r<l
x (ApEXIAZIXT - ARTIXTARELXT),
where 7,1 run from 2™ "(k — 1) + 1 to 2" "k. Using Lemma we have
A +1 +1 +1 vt +1yJ
APl —E [(Ag; IXTARTIXT - AR A XT)
x (Ag}ﬂx%gﬁ%i - Agﬁ*lxiAg';tllxj)}
< 02—4mH5 (l _ T)2H5_3.
Also using the first part of Lemma leads to

.. ; 2
o[t~ X ]

om-—n [_]
1
m—na—4mH. —4mH,
< C2mT" +C2 YN =
=2 r=1
< C2m—n2—4mH5
because
m—n m—n m—n
ZZ Z_THHEJ > e <2 e < C2T
=2 r= 1 r=1 r=1

By Holder’s inequality this yields

1,9 7 2
E[‘Xd(m_'_l)?z 1’k X’J( )tzfl’tz‘p/ :|
2,] A 2 p/4
<E[[X¥(m+ 13 g - X ol]

IN

C(men)p/427mpHE

for any p € (min{2, 4}, 4].
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4.3 Paths of fBm and its derivative as rough paths

This proposition allows us to finally prove convergence of the aforementioned components
of the second level path X (m)?.

Theorem 4.3.12. Let H > % and 2 < p < 4 with p > % Then, for i,5 € {1,...,2d}
with i mod d # j mod d, there exists a unique function X*J on A such that

%,] p/2
lim SUPZ‘X tz 1t sz 17tl| = 0.

m—r0o0 D

The result also holds for i = j.

Proof. Fixi,j € {1,...,2d} with i mod d # j mod d (or i = j). Note that the placeholder
constant C' might only depend on d, H,p and on the variables ¢, v,y introduced later in
the proof. Let v > £ — 1. By Remark we have

p/2

SlDlpZ |Xi7j (m + 1)%_1@ X”( )tl 1,t
l

0 2m
SCZnVZ‘XM(m%—l)?Z L — XM (m)d

1/2
n c(Zrﬂ X(m+ Dy~ Xl )

k
n=1 k=1
1/2
(Zmz\xmﬂ P+ X m tnptz}p) .

Fix an e € (0, H — ]%) and set H, :=H — ¢ € (%, H). Following Lemma we obtain

[nzlmng Lo } <c

and

on

va Z ‘X m + 1 tn 17t2 — X(m)tlz_l’tzlp
n=1

[e'e) 2m
- Z k-1t k—1'k Z Z t_15th k-1 17
n=1

n=1 k=1

where by (4.30) we have that

[ E n’y E ’X tn t’lrgL _thzfl’t’llé
n=1

It remains to consider the first summand which we will split into two parts. Fix an
€ (1,pH.), then there exists a constant C' such that n? < C2"*~1_ By using (i) in

Proposition we have

0o 2m
E[ Z nVZ‘Xi’j(m—Fl)?g Lt — X% (m )t;; Lt ‘p/Q]

n=m-+1 k=1

P:| < CQfm(pHgfl)/Q‘
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4 Rough paths

[e] 2™

< Z nvzcg—nPQmp(l—Hs):Cgmp(l—Hs) i npro—n(p=1)

n=m+1 k=1 n=m+1

< ¢gomp(1—He) Z 9—p—v) < comp(1-He)g—m(p—v)
n=m+1
< G mpH),

Further, applying (ii) in Proposition 4.3.11] yields

n=1

C2fmp(H571/4) Z 2n(1/fp/4) < CQfmp(HEfl/4)2m(pr/4)

n=1

IN

< g2~mpH—y),
Putting everything together yields
B[oup 30K+ 1, - X2 < 0 (a0 4 et
D
l

< C2—m(pH6—u)/47

and in particular we obtain

(o.]
E[ Z (Sljjl)pz ‘Xw(m_'_ l)i—lytl B Xm( )tl l’tl‘p/ ) ] =0
l

m=1

Therefore,

o0
.. . 2\ 2/p
Z (Sllljpz ‘Xw (m + 1)31_1,151 - X" (m)?l—latl }p/ ) < %0
m=1 l

almost surely. This yields, for k& > r that

Ea

-1

. . . . 2 2/p
X3 (k) =X (22 < D7 (sup D0 X (m o+ 107, =X (m)E o)
l

(e 10

. . 2 2/p

S <Sup Z }XZ’] (m + 1)?171,15[ - XZJ( )tl 1,t |p/ )
m=r D l

k,r—o0

— 0,

where

2)2/19

1Yl = (s%pz Yo l?/
l

60



4.4 Dependence of rough SDEs on the Hurst parameter

denotes the £-variation norm. So, (X% (m)?)men is almost surely a Cauchy sequence in
the L-variation norm. Since

{z: A — R: z continuous, [|z|,/2 < oo and xgo = 0}

endowed with the Z-variation norm is a Banach space, we have that (X“/(m)?)yen is
convergent and denote its limit by X*7. O

Let the Hurst parameter H € (%, %] and % <p<A4. Proposition and Theorem 4.3.12
imply that there exist multiplicative functionals B = (1, B!, B2?) and D = (1,D!,D?) i
T®)(RY) such that

1
lim d,(B(m),B) =0, lim d,(D(m),D) =0, P> —

m—o00 m—o00 H’

where B(m) and D(m) are the dyadic rough path approximations of Bf and D = 9y BY,
respectively. Thus, we have B,D € GQ,(R?) for p € (%,3). However, Section has
shown that fractional Brownian motion together with its derivative in H can not be lifted
as a joint rough paths in the same way. Nevertheless, the process might still be lifted to
a (potentially non-geometric) rough path using other methods, like for example the ones
used in [42].

We can conclude that the most natural way of lifting a multidimensional stochastic process
to a rough path might fail due to some non-trivial interdependence of its components.

4.4 Dependence of rough SDEs on the Hurst parameter

Lifting fractional Brownian motion to a rough path enables us to analyse the dependence
of the solution to a rough SDE driven by fBm on the Hurst parameter. The following
definition can e.g. be in found [IT].

Definition 4.4.1. Let A, B be two Banach spaces and v > 0. Amap F': U — V is -
Lipschitz if F' is |y]-times continuously (Fréchet-)differentiable and there exists a constant
M > 0 such that the supremum norm of its k-th derivative, k = 0,...,[vy] is bounded
by M as well as the (y — |7v])-Hélder norm of the |v|-th derivative. The smallest such
constant is denoted by |F|pi,v. The space of all y-Lipschitz functions F' : U — V is
denoted by Lip?(U, V') or simply Lip?(U) if U = V.

Let H € (3,3], & <p <~y <3and f € Lip”(R™,L(R%, R™)). We consider the rough

where yo € R™. This equation has a unique global solution (see e.g. Theorem 5.3 in [32])
but we will restrict ourselves to ¢ € [0,1]. Note that we sometimes use the same notation
for the process and the lifted rough path however the meaning should always be clear from
context.
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4 Rough paths

4.4.1 Local Lipschitz continuity

Let p€ (2,3), H € (%, %] and B be the fractional Brownian motion from Deﬁnitionm
lifted to a geometric rough path.

Lemma 4.4.2. Let p € (2,3), a € (;1), %] and BY be the lifted geometric rough path of

a d-dimensional fractional Brownian motion (BH)te[0,1]~ There exists a positive constant
C=C(w), we such that

d,(Bf,B") <C|H —-h|  H,he(a,1/2],
almost surley i.e.
(1/p,1/2] = GQ,(RY) : H s BH
1s almost surely locally Lipschitz continuous p-variation distance.

Proof. The following calculations hold almost surely and finite value of the positive con-
stant C' = C'(w) might change from line to line. Let H,h € (a,1/2], where, without loss
of generality, h < H. By Theorem [2.1.1 we have

sup |9 B [|pvar < C.
6€[h,H|

It further holds

1B — B"|[pvar < [H = h|_sup |04 B°[pvar < C|H — hl.
d€lh,H|

Let B¥ denote the second level path of B and B" its piecewise linear dyadic approxi-
mation (equivalently for h). Applying the Extension Theorem (cf. [32], Theorem 3.7), we
obtain

h . h : h
HEH - B Hgfvar = nh—>r20 HBHW - B 7an7VaI‘ S Cnh—>n<>lo ”BHJL - B 7nHP—var
<|H —h| sup | 105 B? || pvar < C|H — h|
d )
and the assertion follows. O

Let Iy be the solution or Ito-Lyons map that maps the driving signal to the solution of
the rough differential equation, i.e.

I : GQRY) — GQHR™) 1z — 2,
where z is the RDE solution to
dzy = f(z) day, 20 = Yo-

Since the Ito-Lyons map is locally Lipschitz continuous (compare e.g. [I1], Corollary
10.39) we obtain that

(1/p,1/2] = GQ,(R™) : H v YH = [;(BY),
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4.4 Dependence of rough SDEs on the Hurst parameter

where Y is the solution to (4.34) and GQ,(R™) is endowed with the p-variation distance,
is almost surely locally Lipschitz continuous as the composition of two locally Lipschitz
continuous functions.

As B is a stochastic process, one might also consider local Lipschitzness in a more
probabilistic sense. Therefore, we present a second approach by which we obtain local
Lipschitzness of the fractional Brownian rough path in expected p-variation. Before we
present this result, we introduce some notation that is needed to prove it.

Let (Xt)te[o,l] be a one-dimensional stochastic process and s,t,u,v € [0, 1], where s < ¢
and u < v. With the notation above, i.e. X;; = X; — X, we define

t
Rx <S, > = E[Xs,tXu,v]

U, V

and its two-dimensional g-variation on [s,¢]? C [0, 1] as

tk*la tx
Rx ||, 2= | sup RX< )
IR o = | p D2y

1/q

q
; q=>1,

where the supremum runs over all subdivisions D1 = {t;}, D2 = {t;} of [s,].

Proposition 4.4.3. Let p € (2,3), a € (%, %] and BY be the lifted geometric rough path

of a d-dimensional fractional Brownian motion (BH)tE[OJ]. We have that
E[d,(B?,B"] <C|H—h| Hhe(a1/2],
i.e.
(1/p,1/2] = GQ,(RY) : H s B
18 locally Lipschitz continuous in expected p-variation distance.

Proof. Let H,h > a > ;1) and without loss of generality we can assume H > h. Further-

more, let s,t,u,v € [0, 1], where s < ¢t and u < v. We denote by B the j-th component
of the d-dimensional fBm. We have

7t 7 i ,(2 ,(3
RBH’(“ (5 v) :]E[Bf{( )ng()] < \/E[(Bgf())2:|E[(Bgv( ))2} _ (t—S)H<’U —U,)H

)

< (t—s)%(v—u)?.

Using the calculations in the proof of Lemma [2.3.2} in particular (2.18]), we have that there
exists a constant C' depending only on « such that

s,t H,(i h,(i i i
Rpu.iy_pgh.) <u v) = E[(B&t( ) _ stt( ))(ng( ) BZ:}, ))}

)

< (H—h)2\/E[ sup (GHBg’t(i))z]E[ sup (8Hszq(f))2
0<[h,H] ’ 0clh,H]

< O(H — h)2(t — 8)*(v — )~
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4 Rough paths

Further, we have

st S IRpmo |l L sz < | sup D [te =t |t — s
: D1D2 7

2a
< supd ke —thal | < t—s*
D

where the supremum runs over all subdivisions Dy = {t;}, D2 = {t;} of [s,]. In the same
way we obtain

| Rpm.a ||2L

o -var,|

HRBh’(Z) Hi—van[&t]Z S ’t - S‘Qa’

||RBH,(i)7Bh,(i) ||i—var,[s,t]2 § C(H — h)2’t — 5‘204‘

As the p-variation on [0, 1] is bounded by the %—Hélder semi-norm, Theorem 10.5 in [10]
yields
E[d,(BY,B")| < C|H — |,
O

To infer local Lipschitz continuity of the RDE solution in expected p-variation, we would
need to prove an integrability condition on the constant, which would depend on w € €,
appearing in the local Lipschitz condition of the Ito-Lyons map.

4.4.2 A candidate for a derivative

Consider the rough SDE
avt = v dBy, YT =y,

with a suitable function f. We have seen that Y is locally Lipschitz in H. If YH is
differentiable in H, we would expect its derivative Z = 05 Y ! to satisfy a rough SDE of
the form

azf' = fv"z! aBf + f(v/)d(ouBl),  zi =o. (4.35)

However, this rough SDE relies on the existence of a joint rough path over BY and its
derivative in H. Section has shown that, with the method used here, we were unable
to construct such a rough path. Nevertheless, we are able to find a derivative in the rough
path sense in one very specific setting.

Let (&, ) € GQp(R??). Then, (Yt)iejo,1) is well-defined by setting

t
Z/t:/ §Sd7757
0

where the integral is understood in the rough path sense. Writing
d = = dé; + dny,
(yt> <§t dnt) <0 & I 0/ \uyt 1t
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4.5 Auxiliary results

this is a direct consequence of Theorem 10.52 in [11].

Therefore, letting H > % and p € (%, 3), the rough integral equation
XtH = WtHv

t 4.36

v = [witagl, (430
0

where B and W# are two independent fractional Brownian motions of the type defined

in Definition has a unique global solution. Furthermore, we have that

t t
ZH - / ouWH aBH + / WH d(0u BY) (4.37)
0 0

exists globally. Let BE™ WH™ be the sequences of dyadic or smooth approximations, i.e.
1-rough paths converging to (B, W) in d, distance. We have that Z H g the p-variation
limit of the (pathwise) ODE solution

¢ ¢
zn = / opwimaBi™ + / wHn oy BE™) = oy,
0 0
despite (BT W gy B 9 WH™) not converging to a joint rough path in expected
d, distance. The relationship between Z" and YH as well as their approximations is
displayed in the figure below.

" approximation "
Y Y ;1
t‘ convergence t
|
|
|
l
|
0 H ? | 19)z 1
|
|
l
- approximation
zH zn
t convergence t

Figure 4.1: This diagram displays the relations between Y defined in (4.36)), Z defined
in (4.37) and their smooth approximations for a fixed time point ¢ € [0, 1].

To sum it up, in section we obtained that Y is locally Lipschitz in H. Moreover,
we have that ZH™ is the derivative in H of Y for all n € N. Further, Z" converges
in the rough path sense to a limiting process Z#. Therefore, this limit might be called
a derivative in H of Y in an approximating rough path sense. Note that this does not
imply that the first level of the rough path Y} is differentiable in H for ¢ € [0, 1] with
derivative ZH.

4.5 Auxiliary results

In this section we present the proofs to two technical lemmas that were used in deriving
the results above.
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4 Rough paths

Lemma 4.5.1. Let T >0, t € [0,T] and € > 0. There exists a constant C > 0 depending
only on T, e and H such that the following points hold.

(i) Suppose € # H — % and let x € (0,T], then we have
|1,H—1/2| < Cfl,H—l/Q—.e7
’xH—l/Z log(x)\ < C.T}H_l/Q_E,
’(t_’_x)Hfl/Q o mH71/2| < C‘(t _'_‘,L,)Hfl/Qfs _ fol/Qfs ,
|(t + )12 log(t + x) — 212 log(x)| < O(t + 2) 71272 — g H=1/27¢,

(ii) Suppose e # 5 — H and let z € [1,00), then we have
‘xH71/2| < xH71/2+z-:

21/ 2 log(a)| < Ct1/24,
’(t —|—33)H_1/2 o .Z‘H_l/2| < C‘(t —|—3§‘)H_1/2+€ _ 3;‘H—1/2—1-5’7

(t +2) 772 log(t + x) — 22 log(x)| < O|(t + x)T 12T — H=1/2Fe|

Proof.

(i) We first note that for y € (0,7 there exists a positive constant C' depending only
on € and T such that

1<Cy, [log(y)| < Cy~.

Thus, the first two inequalities follow. Further, we have

H-1/2 _ _H—1/2 L[ g 1 i sae
|(t + ) - |=H -3 y dy < |H - 5|C y dy
‘H_ 1/2| H-1/2—¢ H-1/2—¢
= — t —
|H—1/2—5]C‘(+x) x |

< C‘(t + x)H—l/Q—a o xH—l/Z—a}

and

t+x
(¢ + 2)" 2 log(z + 1) — 2~ V/2 log(x)| < / yH=32 (| — 172][log(y)] + 1] dy

xT

t+x T+t
< C<|H _ 1/2| / yH—3/2—€ dy + / yH—3/2—€ dy)

t+x H-3)2 C
< Ay == ——————
—C/x v Y=TH 124

< C‘(t + $)H71/27€ _ xH71/275|.

‘(t + $)H_1/2_€ _ xH—l/Q—s}

(ii) We note that for y € [1,00) there exists a constant C' > 0 depending only on ¢ such
that

1<y, |log(y)| < Cy*.
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4.5 Auxiliary results

Therefore, the first two inequalities follow. Moreover, we have

1 t+xH32 1 t+$H32
2/ y_/dyS‘H—Q/ yH =32 dy
x x

< ’I}ffz/lz/ﬂg" b a)H-V/2re 2

|(t+$)H_1/2 —CCH_l/2| _ ‘H -

and

t+x
(¢4 )2 hog(a 1) — 2T VR log(a)| < [y | — 1/2]|og(w)| + 1] dy

< C/Ht yH—3/2+a dy < c ‘ (t + ) H 1/2+4e $H—1/2+a‘
- ~|H-1/2+¢|

< C‘(t+$)H—1/2+e - $H 1/2—&—5‘.

Lemma 4.5.2. Letb>a >0, u >0 and o € R. Then we have

((b +u)* — (a+ u)o‘) ((a + u)*log(a + u) — u® log(u))
< ((b+ u)*tog(b + u) — (a + u)*log(a +w)) ((a+u)* —u®).

Proof. We first make a preliminary observation. Let ¢; < ¢o < c¢3 be numbers in R, f, g
functions mapping from I D [c1, 3] to R. Further, we assume f(x) > 0, x € [c1,c3] and g
is monotonically increasing on [c1, ¢3]. Then, we have

(/ * fota) a)( e as) < (e | e a)( e )
<(/ e a)( et ).

((b +u)* — (a+ u)a> <(a + u)*log(a + u) — u® log( u))

b+u a+u
= (a/ zo! dx) (/ x” (a log(z dx)
at+u u
b+u a+u b+ a+u
= a2</ zo ! d:c> </ z* log(x ) + a( o1 da;) (/ ! dm)
a+u U a+u
b+u a+tu b+u +u
2(/ z log(x )d:z:)(/ T 1d:1;> a(/ T 1dx>(/ :z:o‘ldw>
at+u u
b+u
< 2% (alog(z) + 1) dx>< x*” 1dx>
U

(b—i—u log(b+ u) — (a +u)“ log(a—i—u))((cH—

Applying this result yields

| /\
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5 Directional Malliavin Calculus

This chapter is separated into three main parts. The first part covers the definition
and study of the directional Malliavin derivative, the second gives a characterisation of
independence, which is the main result of this chapter, and in the third part we extend
the chain rule of Malliavin calculus to the directional Malliavin derivative and a broader
class of functions.

5.1 Introduction

We consider an isonormal Gaussian process W = {W(h), h € H} associated with a separa-
ble Hilbert space H and defined on a probability space (2, F,P). Two types of directional
Malliavin derivatives are widely used in the literature and both are covered by the defi-
nition of directional Malliavin derivative that we will introduce later on. The first one is
given by

D"F = (DF,h)y, he€H,

for smooth random variables F', where (-, -) g denotes the inner product on H, and which
appears, among others, in [5 19, [38]. Further, letting B = (B:):>0 be a d-dimensional
Brownian motion, H = L?([0,T],R?) and W (h) = fOT h(t)dB:, h € H, we have that
DU the Malliavin derivative with respect to the j-th Brownian motion, is a directional
Malliavin derivative used e.g. in [39].

It is well-known that DF' = 0 is equivalent to F' being almost surely constant. This raises
the question whether the directional Malliavin derivative being zero also corresponds to a
different property of the random variable F'. To give an intuition, we take a look at the
result in the context of the example H = L?([0, T], R?), using d = 2. It is clear that if F is
measurable with respect to o(1) = O'(Bt(l) .t €10,7]), then DAF = 0. It turns out that
the converse also holds. This is done, in this example, by first proving that D@ F = 0
implies that F is independent of ¢(?) = O'(BF) :t €[0,7]). In a second step we show that
independence of (3 is close enough to measurability with respect to o(!) to allow for the
reverse statement. This result can be used to shed some new light on the characterisation
of independence of random variables. In [47] the authors have shown that (DF, DG) =0
a.s. is not sufficient to ensure independence of F,G € D2 and conjectured that the
conditions that imply independence have to be more complicated. We show that only
slightly stricter conditions suffice, namely, if there exists a closed subspace H of H such
that almost surely DF' € H and DG € H*, it follows that F,G € D! are independent.
These results are presented in Section [5.4

In Section [£.5 we derive a chain rule for our directional Malliavin derivative that also
extends the existing chain rule in standard Malliavin calculus. Letting p,d € N and
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5.2 Preliminaries

F = (F',...,F% be a d-dimensional random variable on (Q, F,P) where F’ € D'P, i €
{1,...,d}, the chain rule for Malliavin calculus states that, for a continuously differentiable
Lipschitz function ¢ : R? — R, we have ¢(F) € D'? and

d

De(F) =Y dip(F)DF". (5.1)
=1

Let L : H — H be a bounded linear operator. The directional Malliavin derivative
DY which we will define later on, extends the standard Malliavin derivative in the sense
that DYF = LDF, F € DY2. We obtain a chain rule for this directional derivative and
a less restrictive class of functions stating that, under certain conditions on ¢ and for
FieDbrE e {l,...,d}, we have

D*o(F) = dyp(F)D*F',
iceJ
where
J={1,...,d}\ {i | F" independent of o(W(h) : h € ker(L)*) }.

This helps e.g. to check Malliavin differentiability in the Heston model (see [2]) as the
square root is not globally Lipschitz but nevertheless an admissible function in our theo-
rem.

Some more elementary lemmata that we used can be found in Section But first we
introduce the notation and state some preliminary results in Section before defining
our directional Malliavin derivative in Section [5.3l

5.2 Preliminaries

Let H be a separable Hilbert space. A stochastic process W = {W(h),h € H} that is
defined on a complete probability space (2, F,P) is called an isonormal Gaussian process
(associated with or on H) if, for every n € N and all hy,...,h, € H, we have that
(W(h1),...,W(hy)) is a centred normal random vector with covariance given by

E[W (h)W (h)] = (hes ) e, K l=1,...,n.

From now on we assume that (€2, F,P) is a complete probability space, where the o-algebra
F is generated by the isonormal Gaussian process W.

The following definitions and conventions are in line with [38]. Denote by C5°(R?) all
functions f : R — R that are infinitely often differentiable, and f and all its partial
derivatives have polynomial growth. We define S to be the set of all random variables of
the form

F=fW(h),...,W(hn)),

where n € N, f € Cp°(R") and hy, ..., h, € H. This set is called the set of smooth random
variables. Similarly we define Sy to be the set of all smooth random variables where

feCP(R") :={g € C°(R") : g and all its partial derivatives are bounded}.
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5 Directional Malliavin Calculus

It holds that S, € S and both are dense in LP(€2). On S the Malliavin derivative is defined
as

DF = Z OGifW(h1), ..., W(hn))hi
i=1

and DM denotes the closure of S with respect to the norm

IFll1p = (E[|FP]+E[|DF|3])7.

The same definition can be extended to Hilbert space-valued random variables. Let H be
a Hilbert space and Sy a family of H-valued random variables of the form

F= zn:thj,
i=1

where Fj € S, hj € H for all j € {1,...,n}. Define DF =37 | DF; ® hj. We denote by
DYP(H) the closure of Sz with respect to the norm
1
1F1p2e = (EIIFI5] +ENDFIFg0]) 7

Note that Sy, is dense in L?(€2;H). This way it is possible to define higher order Malliavin
derivatives D¥ and their respective domains D*P.

Our first auxiliary result is the following small lemma.

Lemma 5.2.1. Let = {ej,j € I} be an orthonormal basis of H, where I ={1,...,N}
or I =N, depending on the dimension of H. Define

S ={F eSS :F=fW(e),...,W(en)),nel, feCR"}.
Then .7 is dense in Sy and therefore in LP(S).

Proof. We prove the result for infinite dimensional H. The proof for finite dimensional H
follows trivially.

Let F = f(W(h1),...,W(hm)) € S, i.e. f € C°(R™) and hi,...,hy € H. We have that

= g h’l;ej HE€j.

= >\z]

Because of the linearity of W, there exists some g, € C;°(R™) such that

F, = f(W(zn:)\ljej),...,W(Xn:)\mjej)> =gn(W(e1),...,Wi(en)).
j=1 J=1

So, F,, € .7 for all n € N. Since all W(h), h € H are normally distributed with mean zero
and variance |h||%;, there exists a constant ¢, > 0 only depending on p such that

HW(@—W(JZZ;AM@) z _IE“W( Z )\Z]ej>’ ] <c,,< Z A2 >

j=n+1
Because the right-hand side converges to zero as n — oo and f is Lipschitz continuous,

we obtain F, — Y . 0
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5.3 Directional Malliavin derivative

5.3 Directional Malliavin derivative

In this section we generalise the idea of Malliavin derivatives to the concept of directional
Malliavin derivatives. This section follows the work in [I].

Let ‘H be a Hilbert space and L : H — H a bounded linear operator. On the set S of
smooth random variables, we define the directional Malliavin derivative D as Lo D, i.e.

DYF =Y " 0if(W(ha),..., W (hm))Lh;,
=1

where F = f(W(h1),...,W(hp)), f € C*(R?), h1,...,hy € H. This implies that
DLF = LDF for all F € S.

Lemma 1.2.1 and 1.2.2 in [38] state the following: Let F,G € S and h € H. Then
E[(DF, h)y) = E[FW (h)] (5.2)
and
E[G(DF,h)g] = E[-F(DG,h)g + FGW (h)].
With the help of these result we can prove the corresponding statements for D
Lemma 5.3.1. Let F,G € S and h € H. We denote the adjoint of L by L*. We have
E[(DYF, h)y] = E[FW (L*h)] (5.3)
and
E[G(DYF, h)#] = E[-F(D*G, h)3 + FGW (L*h)). (5.4)
Proof. Using yields
E[(DYF, h)y] = E[(DF, L*h) ] = E[FW (L*h))].
To prove first note that by linearity of L we have
DY(FG) = L(D(FG)) = L(FDG + GDF) = FD*G + GD*F.
Using this result and we obtain

E[FGW (L*h)] = E[(DX(FG), h)y] = E[(FD*G, h)y + (GDYF, h)y,).

The next Proposition can be found in [I].

Proposition 5.3.2. The operator D¥ is closable from LP() to LP(2;H).
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5 Directional Malliavin Calculus

Proof. Let (F,)nen be a sequence in S converging to zero in LP() such that D*F,
converges to n in LP(€;H). By equation (5.4) we have for any h € ‘H and any

G e{F €S8,: FW(L*h) is bounded} =: B(h)
that

lim E[(D*F,,h)%G] = lim E[-F,(D*G,h)y + F,GW(L*h)] = 0,

n—oo n—oo

since (DG, h)3; and GW (L*h) are bounded. It remains to be shown that 3(h) is dense
in S, which is itself dense in LP(€2). Then, n = 0 in LP(€);H) and the assertion follows.

So, let G € S and set G, := Gexp (—M) for n € N. Then we have that (G,)nen is

()

a sequence in B(h) with G, ANYE) O

This proposition allows us to define DVPX as the domain of D¥ in LP(Q), i.e. DVPL is the
closure of & with respect to the norm

=

1F Nl p.z = (E[FP] +E[|[ D" F|[3,])>.
For p = 2, the space DL is a Hilbert space with the inner product
(F,G)191 = E[FG] +E[(D*F, D*G)y).
We remark that a different approach would be to define
DY : DY — LP(Q;H); F — L(DF).
In fact we have D'? C D'»L and DEF = DLF for F € D' but in general D'P #£ DLP.L,

Remark 5.3.3. Similar to the divergence operator ¢ in standard Malliavin calculus it is
possible to define 6 as the adjoint of D¥ and many properties of § carry over to 6%, for
example the following properties.

(i) Let G € L3(Q), u € L*(Q;H). If it holds for all F € S, that
then u € Dom 6% and 6% (u) = G.

(ii) We have Dom 6% = (L*)~!(Dom ) and § = § o L*. This implies that 6” is a closed
operator.

(iii) Let F € DY*L and u € Dom 6% such that Fu € L2(Q;#). Then Fu € Dom 6* and
6 (Fu) = Fol(u) — (DEF,u)y.

The next proposition shows that in some cases, which include the ones usually considered,

directional Malliavin differentiability implies Malliavin differentiability. This is to be ex-

pected as the Malliavin derivative is a kind of weak derivative. In some set-ups this might
make it easier to check for Malliavin differentiability.
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5.4 Characterisation of independence

Proposition 5.3.4. Let d € N and Hj, j € {1,...,d} orthogonal subspaces of H, such
that H = @?:1 H;. We denote by L; : H — Hj the projections of H onto H;. If
F e N, D'PLi, then F € D'? and
d
DF =Y DYF
j=1
o . LP(Q)

Proof. 1t is evident that there exists a sequence (F),),eny C Sp such that F,, —— F. We
have, for some m = m(n) € N, that

DY F, =" 0ifa(W (), .., W (hm)) Lihs,
=1

where f,, € Cp°(R™). Since Z;'l:1 L; is the identity on H, it follows that

m d

iDLan = [@-fn(W(hl), o W(hm))<ZLj>hl} — DF,.

i—1 j=1

Since the left hand side of the equation converges in LP(Q2; H) to Z;l:l DY F and the
operator D is closed, we obtain F € D'"? and

d
DF = Z DLiF
j=1

O]

The following is a common example of a directional Malliavin derivative. Let T" > 0 and
consider H = L?([0,T];R?) and the isonormal Gaussian process W = {W(h) : h € H}
that is defined by a Wiener integral over a d-dimensional Brownian motion (B).cjo,r] =

(B, ..., BE) ) icio.qy- Putting H = L2([0,T]; R) and defining
Lj:H—M; Lih =hj,  where h = (hi,...,hq)" € H

for j € {1,...,d}, we can understand D% := DU) as the (directional) Malliavin derivative
with respect to the ;' Brownian motion. If F € D!, then

(DF), DWF
DF = : = :
(DF)4 D@F

5.4 Characterisation of independence
In this section we present what could be inferred about F' € D'P-L if DL'F = 0. This result

allows us to formulate a condition on the Malliavin derivatives that implies independence
of the random variables.

The following lemma is a direct consequence of Lemma 1.2.4 in [38].
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5 Directional Malliavin Calculus

Lemma 5.4.1. Let o* denote the o-algebra generated by {W(h): h € ker(L)*}. Then
we have that Hi- = ker(L)L with the inner product of H is a Hilbert space and the set

T+ ={1,W(h)G — (DG, h)y :G € S;", h € Hi },
where
St i={F=f(W(hy),....,W(hn)) : f € CR™), hi,...,hy € Hi}

is a total set in L*(S, gkert ).

Proposition 5.4.2. Let F € DY If F ois measurable with respect to the o-algebra
ok .= o(W(h) : h € ker(L)), then DLYF = 0. On the other hand, DV'F = 0 implies that

F' is independent of ok Note that equality is meant in the L'(Q;H) sense.

ke

Proof. First we assume that F' is o*"-measurable. Then, there exists a sequence (F},),en,

where
E,=f(W(hi),...,W(hn)), f€C;R™), h1,..., "y, € ker(L)

for all n € N and F,, =% F in L'(Q). We have D*F, = 0 for all n € N and thus
DEF = 0.

Now we suppose that DXF = 0. It holds that L : Hi — im(L) is an isomorphism and
consequently so is L* : im(L) — H LL Let G € SbL be arbitrary and bounded by ¢ > 0 and
fix an h € Hi. There exists a g € im(L) C H such that h = L*g and we have

E[(DG, h)n] = E[(DG, L*g) ] = E[(D*G, g)n].

Let (Fy)nen C Sy such that Fy —2s F and E[||DEF, 5] — 0 as n — oo,

In addition, let ¢ : R — R be a bounded, measurable function. As the law of F', denoted
by P¥| is a Radon measure on the Borel sets of R, Lusin’s Theorem (see e.g. [§], Theorem
7.10) states that 1) can be approximated in L?(R, P by continuous, compactly supported
functions. The approximations can be chosen to be uniformly bounded by |¢|ec. A
mollifying argument yields that there exists a sequence (¢¥n)nen € Cp°(R) such that
Yy — ¢ in L2(R,PF), or, in other words,

E[(yn(F) — (F))?] 222 0.

For the moment let N € N be fixed. So, we have ¢y € Cy°(R) and, for all n € N,
F,,G € S, which implies ¥y (F,)G € S. It follows by equation (j5.3]) that

E[(D"(Yn (F0)G), 9)u] = E[Yn (Fa)W (L*g)G]. (5.5)

Note that, for X = (W (h1),...,W(h,)),Y =y(W(hi),...,W(hy)) € S, we have

DHXY) = 3 [a(W (). W ()2 (W (), .. W ()

+ 0z (W (h1),. .., W(hn))y(W(h1),..., W(hy))|Lh;
= XDy + YDX,
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5.4 Characterisation of independence

and

n

DH(n (X)) = Py (X) D 05a(W(ha),..., W (hn))Lhj = ¢\(X)D X, (5.7)

j=1

Using (5.5)-(5.7) and h = L*g, we obtain

ElYn (Fn)(W(R)G — (DG, h) )]
= E[Yn (Fo)W(L*g)G — (D" (¢n (Fn)G), g)3)]
+E[G(D" YN (Fn), g)#]
= E[GY/y (Fn) (D" Fn, g)#]

n—o0

< eyE[| DEFallad gl = 0,

where vy = sup,cg ¢y ()| is the Lipschitz constant of ¢ . In particular, using dominated
convergence and the continuity of ¢, we obtain E[¢n(F)(W (h)G — (DG, h)p)] = 0 for
all N € N, and thus

E[p(F)(W(h)G — (DG, h)m)] = 0. (5-8)

Let X be a bounded o -measurable random variable. Then X € L?*(Q) and by Lemma
there exist Y; € T+ and a; € R, i € N such that

n.—Za,Y—>X as n — oo.

The linear functional ¢ : L?(Q) — R, X — E[t(F)(X —EX)] is continuous and, by (5.8)),
we have E[¢(F)(X, —EX,)] = 0 for all n € N. Thus, E[¢(F)X] = E[¢(F)]E[X]. The

ker®

choices of the bounded, measurable function ¥ and the bounded ¢*** -measurable random

variable X were arbitrary. Consequently, F' is independent of oker™, ]

The following proposition provides a useful characterisation of independence of random
variables. This result, being of rather basic nature, was surely proven before but unfortu-
nately we were unable to find it or references to it in the literature.

Proposition 5.4.3. Let (2, .27, P) be a probability space and of = o(01Uos), where o1, 09
are two independent o-algebras. A random wvariable X € LI(Q,%P) s independent
of o2 if and only if there exists a o1-measurable random variable X € LY(Q,01,P) C
LY(Q, o/, P) such that X = X almost surely.

Proof. First, let X e LY(, .27, P) be a o1-measurable random variable and X = X almost
surely. For any bounded ogs-measurable random variable G and any bounded measurable
function h : R — R we have

E[h(X)G] = E[h(X)G] = E[h(X)E[G|o1]] = E[h(X)|E[G] = E[h(X)|E[G).

This implies that X is independent of o».

It remains to show the reverse implication. Assume X is independent of g and define
X := E[X|o1]. The properties of the conditional expectation give us X € L'(Q,4/,P)
and X is o1-measurable. We have that I1:= {ANB: A € 01, B € 03} is a m-system with
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5 Directional Malliavin Calculus

o(IT) = . To see this, we note that any A € o1 or B € o2 is clearly also an element of II
and therefore o1 U oy C II, which implies & = o(01 U og) C o(II). As finite intersection
of elements in &/ are also in &/, we have Il C &/, which implies o(Il) C <. We put
C:=ANB e€ll, where A € o1 and B € 02. Because X and X are both independent of
09, we obtain

E[lo(X — X)) = E[1415(X — X)] = E1B|E[14(X — E[X|o1])] =0

because E[14(X — E[X][o1])] = 0 by the definition of conditional expectation. Applying
Lemma yields X = E[X|o1] = X almost surely. O

Proposition [5.4.3| allows us to reformulate and improve Proposition |5.4.2| into Theorem
(.44 below. The Theorems [5.4.4] and 5.4.5 constitute one of the main results of this
chapter.

Theorem 5.4.4. Let F € DYYE. The following statements are equivalent.
(i) DVF =0 in LY(Q;H).
ker )

(ii) F is independent of o

(i4i) There exists a random variable G € LY() such that F = G a.s. and G is o"-
measurable.

Proof.
(i) = (ii) Let DL'F = 0. By Proposition we have that F is independent of o™

(13) = (i13) Let F' be independent of gker Tt follows from Proposition that there

exists a o¥"-measurable random variable G such that F = G almost surely.

(iii) = (i) Let X,Y € L'(Q2) with X =Y a.s., then X =Y in L!(Q). By the definition of
the operator D we have X € DVLE if and only if Y € DL and in case X € DLLE
it holds that DX = DY in L'(Q;H). Therefore, G € DYF and D*F = D*G =0
by Proposition [5.4.2

O]

From this theorem we can derive a condition on the standard Malliavin derivatives of two
random variables that implies independence of said random variables.

Theorem 5.4.5. Let F,G € DY!. If there exists a closed subspace H of H such that
DF € H a.s. and DG e H' a.s.,

then F' and G are independent.

Proof. Let L be the projection of H onto H. Then DYG = 0. Theoremyields that G
is independent of o%°r" and there exits a random variable G € L' () such that G=0Ga.s.
and G is o*"-measurable. In the same way we obtain F' is independent of o¥*' and it
follows that F' and G are independent. O

Using a result in [47], the reverse implication can be proven in the case of H = L?([0, T))
and under slightly stricter conditions.
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5.4 Characterisation of independence

Proposition 5.4.6. Let H = L?([0,T]) and W (h) = fOT h(t)dW;:. Suppose F,G € D2,

Then the following are equivalent:

(i) There exists a closed subspace H of H such that

DF € H a.s. and DG € H* a.s.

(i) The random variables F and G are independent.

Proof. Theorem proves (i) = (ii). Now let F,G be independent. The random

variables can be expanded into a series of multiple stochastic Wiener integrals

F=>"I(fn), G=) Iugn)
n=0 n=0

where f,, g, € L*([0, T|") are symmetric functions. For n € Ny, denote by .J,, the projec-
tion onto the n-th Wiener chaos. For n,m € Ny, we have

P(J,F € A, J,,G € B)=P(F € J, 1 (A),G € J,(B))
P(F € J, (A)P(G € J,' (B))
=P(J,F € A)P(J,,G € B)

for all A,B € B(R). Thus, J,F = I,(f,) and J,,G = I;;,(gm) are independent for all
n,m € N. Define

H o= {c,o e L2([0,T]) : H/OTgm(t, Yeolt) dt(

=0, Vm € N},
L2([o,7]m=1)

which is a closed subspace of H.

In what follows let - and e be placeholders for different variables. In iterated integrals we
always integrate over the variables represented by - and never over those represented by
e. The justification of the stochastic Fubini results used in this proof is given in Lemma
0.6.2)

Let m € N and ¢ € ‘H. Applying stochastic Fubini, we have almost surely
T
(DL(an) e oy =m [ Tucr(an(t)e(t)

T
= s ([ amt ot dt) =,
0
and it follows
DIy (gm) = mIn—1(9m(t,-)) € HE a.s.

for all m € N. Theorem 6 in [47] states that

an ®1 gm”L2([0’T]m+n72) =0

for any choice of n,m € N, where

T
Jn ®1 gm = /o Tn(t, )gm(t, ®)dt.
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Again applying stochastic Fubini, we obtain for any n,m € N that
T T
| Dibutgn(t ) dt =n [ La(hult Dm0 de
0 0
T
= nInl(/ Ju(t,)gm(t,e) dt) =0 a.s,
0

where the last zero denotes the zero function in L2([0, 7)™ 1). Thus,

DIL,(fn) =nlp_1(fn(t,)) € H a.s.

for all n € N. Since H and H' are closed subspaces it follows that
o
tr DyF =Y nly 1(fa(t,)) € H as.,
n=1

tr DG =Y mln 1(gm(t,-) € H" a.s.

m=1
L]

It might be conjectured that the statement above holds for general F,G € D%! and the
additional assumptions in Proposition [5.4.6] are only an artefact of the proof.

The following example shows that, for F,G € D2, the condition (DF, DG) = 0 a.s. is
not sufficient to imply independence of F' and G.

Example 5.4.7. Let W (h) = fol h(t)dB;, h € H = L%*([0,1],R) and B = (By)i>0 a
standard Brownian motion. Put

F = Oz(Bl =+ 1)
G= Oé(Bl - 1),

where v € C°°(R) is nonnegative function with support on the unit interval and [ o(z) do =
1. Then F,G are not independent as

E[FIE[G] > 0 = E[FG].
But using the chain rule, which is also presented in the next section, we obtain

DiF = o/ (By + 1)1 1y(t)
DG = o/ (B1 — 1)1y 1(2),

and therefore (DF, DG) 2 = 0.

5.5 Chain rule in Malliavin calculus
In this section let p,d € N, F = (F1,... ,Fd) be a d-dimensional random variable on

(Q, F,P), and let || - || denote the Euclidean norm on RY. We want to quickly restate the
standard chain rule in Malliavin calculus that can, e.g., be found in [3§], Proposition 1.2.3.
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5.5 Chain rule in Malliavin calculus

Proposition 5.5.1. Let ¢ : R — R be a continuously differentiable function with bounded
derivative and F* € DYP| i € {1,....d}, then p(F) € D' and (5.1)) holds, i.e.

d

De(F) =Y dp(F)DF".
=1

Our aim is to transfer this result to the directional Malliavin derivative and find a larger
class of function such that (5.1)) still holds. This chapter is based on [I], where similar
results are presented for the Malliavin derivative.

Let f:R* - R, I C {1,...,d} and ¢; € R? the vector that has a one in the i-th position
and zeros otherwise. We make the following definitions

(i) We say that f is Lipschitz continuous in direction I if there exists a constant v > 0
such that for all z € R? and h € R we have

|f(z + he;) — f(z)] < v|A], iel.

(ii) We say that f is locally Lipschitz in direction I if for every = € R? there exist positive
constants e(x) and 7(z) such that for all ||h|| < e(x) we have

|f(z+ he;) — f(z)| < ~y(@)|hll, i€l

(iii) For p € N, we say f € Cf(Rd) if, for all £ < p and 41,...,i; € I, we have that the
partial derivative 0;, ;, f exists and is continuous on R, Further, define

CPRY) = (1] CT(RY).

peEN

Let o € C*°(R?) be a nonnegative function with support on the unit ball and [, a(z) do =
1. Then, for n € N, we define

an : RT = R, 2 — na(nz).

This so-called mollifier function is needed in the proofs that follow. To simplify notation
for the rest of Section we make the following definition. If g : R? — R is not partially
differentiable at 2 € R? in the i-th component, we set d;g(z) := 0.

The proof of the following lemma is transferred to the end of this chapter and can be
found in Section

Lemma 5.5.2. Let f : R — R be a function and set f, = f * o, n € N with a,, as
defined above. The following properties hold:

1

(i) For alln € N we have / lz||cn () dz < —
Rd n

(ii) Let f be continuous at xo € R%. Then fn(z0) — f(x0) for n — oo.

(iii) Let f be continuous on R?. Then f, € C™(R?).
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(iv) In addition to the continuity assumption in (i), let f be Lipschitz continuous in
direction I C {1,...,d} with Lipschitz constant . Then, ||0;fnllcc < for alli € I.
Moreover, for higher partial derivatives of f, we have that for every k € N there
exists ¢ > 0 such that

sup [0,y fu(2)] < i
rER

foralliy,... ix € 1.
(v) Assume that f is locally Lipschitz continuous in direction I. Then
Oi(f *an) =0if *ap
almost everywhere for all i € 1.

As the following assumption will be needed in all the chain rule results that follow, we
state it here once and only refer to it henceforth.

Assumption 5.5.3. Let ¢ : R? = R and F = (F',..., F?) be a d-dimensional random
variable on (Q, F,P) with F* € DM»L 5 € {1,...,d}, and

J:={1,...,d}\ {i | F" independent of akerL},

where o5 = (W (h), h € ker(L)*) is the same as in Lemma above.

Note that it follows from Assumption and Theorem that DF* = 0 for all
i ¢ J. We now have the necessary notation to extend Proposition to the directional
derivative. The result is generalised step-by-step by making the conditions on ¢ less
restrictive, e.g. while the first proposition assumes ¢ to be bounded, the final result
(Theorem does not require boundedness.

Proposition 5.5.4. Under Assumption let ¢ be bounded, continuous and ¢ €
CY(RY) with bounded partial derivatives O;p, i € J. Then ¢(F) € DML and

D*o(F) =) dyp(F)D*F'. (5.9)
ieJ
Pmof. Because F' € DYPL| there exists a sequence (Fi)peny = (FL, ... ,F,f)T)keN with
(F)ken € Sy i € {1,...,d} and F}, converging component-wise in D'PL to F. We can
write
S W (h), .., W () Fy

W (), ., W (h)) F{

where hi,...,hy € H and fr = (f,i,...,f,f)—r € C;°(R™). We define ¢y, 1= ¢ * ap,
where a;, is the mollifier function from above. We have ¢, o fi, € C;°(R™) and obtain by
definition that

m

DLQOTL(F]C) = Z 8j(90n © fk)(W(hl)a R W(hm))th
j=1
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Z iPn fk ) ,W(hm)))a]fé(W(hﬁ,,W(hm))Lh]

1j5=1

I
M&

.
Il

Dipn (Fy) DL FL.

Il
.M&

s
I
—

By Theorem 4] the sequence (Fk)keN can be chosen such that F} C Sb , 1€ J, keN,
where S is deﬁned in Lemma This yields DYF} =0, i ¢ J, k € N and thus

D Pn Fk: Zaﬁpn Fk)DLFk
e
. . LP(Q) ; . .
Since F, — F" as k — oo, there exists a subsequence (F},)ien such that this subse-
quence converges almost surely to F'. We choose such a subsequence as our initial sequence
(Fk)ken, i.e. we can assume w.l.o.g. that Fj F7o00 B almost surely. It remains to show
that
lim lim {lon(E) = o(F)l1p, = 0.

n—oo k—

So, the limits in this proof, if not state otherwise, are obtained by first letting £ — oo and
then n — oco. Using the triangle inequality we obtain

[ (Fr) = (F)llLe@) < llon(Fr) = on(F)llLe) + lon(F) = o(F)llLr o)

Because ¢, is continuous and bounded by ||¢||ec, We have that |, (Fk) — ¢n(F')| converges
almost surely to zero as k — oo and applying dominated convergence yields that the first
summand converges to zero. By Lemmal[5.5.2{ii), we have that ¢, (F) converges pointwise
to p(F) as n — oco. Using again dominated convergence, we see that the second summand
converges to zero. Moreover, for ¢ € J, the triangle inequality yields

10spn (i) DYy, — 03p(F) D F'l| 1oy < 10ipn(Eie) (DT Fy — DYFY) || o)
+ (B (Fy) — Bipn(F)) DEF'| 1o
+ [(Bion(F) = 0ip(F)) D" F*|| 1o (2520 -
Note that |0;¢,| and |0;p| are bounded by some constant C. So the first summand is

bounded by 4 '
C||DVFf — D" F'|| 1o 0

which converges to zero as k — oo. The absolute value of the term inside the last norm is
bounded by 2C|D*Fi| € LP(Q2;H) and by Lemma ii)
Dispn(F(w)) === Oip(F (w))

for all w € . So the third summand converges to zero as n — oo by the dominated
convergence theorem. The absolute value of the term inside the norm of the second
summand is also bounded by 2C|DYF?| € LP(€;H) and since F, — F a.s., we have by
the continuous mapping theorem and dominated convergence that the second summand
converges to zero as k — oo. Thus, we have shown that

lim lm {lon(Fr) = @(E) 1,0 =0

n—oo k—

and the proof is complete. O
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Lemma 5.5.5. Under Assumption[5.5.3, let p be Lipschitz continuous in direction J with
Lipschitz constant . Further, suppose that there exists a set N € B(R?) with P(F € N) =
0 such that ¢ is bounded, continuous, and continuously differentiable in direction J on

RI\ N. Then, o(F) € D'PL and holds.

Proof. We set ¢, := @ * a,. By property (ii) in Lemma we have ¢, (F) = ¢(F) a.s.
and it follows by dominated convergence that

LP(Q)

on(F) p(F).

By property (iv) of Lemma we have that ¢, is continuously differentiable in direction
J and its first order partial derivatives are bounded by v. Now let w € Qy := {w € Q :
F(w) ¢ N} be fixed and ¢ € J. Property (v) in Lemma implies

Diipn(F(w)) = (9 % ) (F(w)):

Since 0;¢ is continuous at F'(w), property (ii) in Lemma yields

Dipn(F(w)) == Bip(F(w)).
Thus, we have 9, (F)D*F — 9;p(F)D*F' almost surely. Because |9;p,(F)| < v and
DEF? € LP(Q,H), the dominated convergence theorem yields

LP(

Oipn(F)DEFT M, o () DEF,

O]

Corollary 5.5.6. Under Assumptz'on let B € B(RY) with P(F € B) = 1. We
assume that on B the function ¢ is bounded and continuous as well as continuously par-
tially differentiable in direction J. Further, suppose “ 18 Lipschitz in direction J. Then

o(F) € DML and relation holds.

Proof. By Kirszbraun’s Theorem, see e.g. Theorem 2.10.43 in [7], there exists an extension
@ of Q|5 on R such that @ is globally Lipschitz continuous in direction .J with the same
Lipschitz constant as e Since Q \ B is a P¥-null set Proposition [5.5.5( yields that
holds for ¢. The result now follows from the fact that (F) = @(F) in LP(Q). O

Theorem 5.5.7. Under Assumption[5.5.5, let ¢ be locally Lipschitz in direction J on a
closed set B € B(RY), where P(F € B) = 1. Further, suppose that @ is continuous as well
as continuously differentiable in direction J on B\ N, where P(F € N) = 0. In addition,
we assume @(F) € LP(Q) and 0;p(F)D*F* € LP(Q;H) for all i € J. Then the chain rule

(@ holds.

Proof. The proof is divided into two steps. We first suppose that ¢ is also bounded and
show that (5.9)) holds and then extend this result to the more general setting stated in the
theorem.

Step 1: So, let ¢ be bounded and let (ay,)nen be a sequence in (0, 00) such that

P(F' +# a,, Vi€ {l,...,d}) =1, Vn € N
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and a, — 0o as n — 00. Set ¢, () = ¢(—an, Vx Aay), where the minimum and maximum
are understood component-wise, i.e.

hn(fl,'l) —Qp, Y < —an
—an VT A ay = , hp:R—=R; y— Sy, —ap <y < ap -
hn(24) A, Yy > an

Define

A ={ye B\ N|Vie{l,...,d} :yi # an}.
We have P(F € A,) = 1, ¢, is, on A,, continuous and continuously differentiable in
direction J, and 2. is globally Lipschitz in direction J. Thus, ¢, (F) € D" and
holds for all ¢,, by Corollary We have ¢,, — ¢ pointwise and ||¢n[lco < || co-
Therefore, by dominated convergence,

LP(Q)
n (F) EEE—

Moreover, we have |0;¢, ()] < |0ip(x)|, * € R? and |DFFY| € LP(Q,H) for i € J, and it
follows

o(F).

LP(

Bipn(F)DFFT H M, g (P DLF

for all 7 € J.

Step 2: We now drop the assumption of ¢ being bounded and let (by,),cn be a sequence
in (0,00) such that P(|o(F)| = b,) = 0 for all n € N and b, — oo as n — oo. With a
similar notation to above we set ¢, (z) := —b, V ¢(z) A by,. It follows that ¢, is bounded,
locally Lipschitz in direction J on B, and partially continuously differentiable in direction
Jforallz € B\ (NU{z: |¢(z)| = bn}). By step 1, the chain rule holds for all ¢,,. Using
the dominated convergence theorem we obtain

LP(Q) (H)

on(F) o(F)  and  &pon(F)DPE Y, 5 (R DLF

O

Note that choosing L as the identity operator, Theorem [5.5.7] also gives a more general
chain rule result for the standard Malliavin derivative.

In the context of an absolute continuous random variable F' on R, the function ¢, in
general, cannot be discontinuous for a chain rule to hold. Consider, e.g., ¢ : R = R, =+
T(—so,0(7) and F' = By = W(1gy)) in the setup of Example Asfor Ae F, 14 is
Malliavin differentiable if and only if P(A) € {0,1} (cf. e.g. Proposition 1.2.6 in [38]), we
have that ¢(F) = 1(_0(B1) = 1B, <0} is not Malliavin differentiable.

5.6 Auxiliary results

This section serves as an appendix for Chapter
Lemma 5.6.1. Let (2,97, P) be a probability space and Y € L'(,.o/,P). Further, we

assume that Il is a w-system, i.e. a non-empty family of subsets of Q that is closed under
finite intersection, with o(w) = <. If E[14Y] = 0 for all A € 11, then Y = 0 almost
surely.

83



5 Directional Malliavin Calculus

Proof. Let Yy = Yl(yspy and Y = —Y1(y.gy. Then ¥ = Y, — Y. and we define
measures vy, v on Il as

v1(A) =E[14Y;] and 1e(A) =E[L4Y_], Aell
For any A € II we have
0=E[14Y] =11(A) —1a(4)

and therefore v and vy coincide on a m-system that generates the o-algebra o7. It follows
that v1 = 19 on & (see e.g. Lemma 1.42 in [25]). Thus, we have

E[]lBY] :Vl(B)—Z/Q(B> =0, VB € o .
Plugging in B ={Y >0} € & and B ={Y < 0} € & gives us the assertion. O

As above we denote by I,(g) the multiple stochastic Wiener integral over g € L([0,T]P).
In what follows let - and e be placeholders for different variables. In iterated integrals we
always integrate over the variables represented by - and never over those represented by
e. To simplify notation in the following lemma we set L?([0, T]°) := R and Iy the identity
function on R.

Lemma 5.6.2. Let p,q € N and g € L*([0,T|P), f € L*([0,T)9). Then we have

=0 a.s.
L2([0,T)2~1)

H /oT Ty (g6, (t0) dt = Ty /OTg(t, )/ (t,e)dt)

Proof. We write L2, for L2([0,T]™). Let (¢™)nen ((f™)nen) be a sequence of bounded,
continuous functions approximating g (f) in L2 (L2) with |g"(x)| < [g(z)| for all 2 € [0, T
(|f™(z)] < |f(x)| for all z € [0,T]?) and all n € N. Stochastic Fubini (e.g. Theorem 64 in
[43], p.210) yields that, for fixed ¢t € [0,T] and n € N,

T

[ bt an o= [ aareea) (5.10)

almost surely. The continuity of f™, g™ together with a density argument yields that the

null set for which (5.10) does not hold can be chosen simultaneously for all ¢ € [0,7]. It
follows that

=0
L2,

H /oT Tp—1(g"(t, ) f"(t, @) At — I ( /OT g (t, ) f"(t,e) dt>

almost surely for all n € N. As L?(Q) convergence implies almost sure convergence along
a suitable subsequence, we consider such subsequences whenever we look at limits in the
remainder of this proof. By dominated convergence, we obtain

n—0

H/OTg”(t,.)f”(t,.)dt_/OTg(t,.)f(t,.)dt 0. (5.11)

2
Lp+q72

This implies with the help of the standard Fubini theorem that

o [ o]

T

g(t.)f(t.@)dt)]

2 }
Lgfl
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mE— H/ )dt_/OTg@,.)f(t,.)dtH? oy

and thus

s o) ([ aosae )|,

almost surely. It is easy to see that

La(g"(h) 25 L (g(t, ) aus.

as n — oo and therefore
T L371 T
/ Loi(g" () (o) dt =5 / Lo(gt, Nf(Ee)dt as.  (5.13)
0
as n — oo. Putting (5.11] - 5.13)) together yields
T T
| [ 5statonscoar - IH( | stenea)
0 0 L2([o,T]a~1)

:nlgngo"/ (g (8, ) F (E e )dt—fp_l(/OTgn(t, .)f"(t,o)dt>

=0 a.s.

2
Ly

O]

For the rest of this section we denote by B,(z) the ball around z € R? with radius 7 > 0
and by B,(z) its closure, i.e.

Bi(2) = {y e R': |z —y| < v},
Bi(7) = {y e R': [z —y| <1}

The proof of the next lemma can be found in standard text books on analysis. As the
reader might not be familiar with mollifiers, we nevertheless give its proof.

Lemma 5.6.3. Let 5 € C{)’O(Rd), i.e. an infinitely differentiable and compactly supported
function, and f : R* — R be continuous. Then f % B is continuous.

Proof. Fix q € R such that supp 8 C B,(0). Let (x,)nen be a sequence in RY converging
to r € RY. W.lo.g. ||x — 2, < ¢. For y € R\ By,(x) we have

ly = @nll =y = 2 — 2n + 2l = [y = 2] = lzn - 2]l > ¢
Thus, f(z, —y) = 0 for y ¢ Boy(x) and
)80 = 1)| < 1181l (1) L5155 0):

where the right hand side is integrable. By dominated convergence, we have

lim (f # ﬁ)(wn)—nlggo F()B(n — ) dy = / Fy) lim Bz, — y)dy
/ ()8 —y) dy = (f * B) ().
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Recall, letting o € C*°(R?) be a nonnegative function with support on the unit ball and
Jga a(z)dz =1, we define

an i R = R, = nla(nz), n € N.
The following lemma was given in the text.

Lemma 5.5.2. Let f : R? — R be a function and set f, = f * an, n € N with a,, as
defined above. The following properties hold:

(i) For all n € N we have / ||| cun (x) do <
Rd

S

(ii) Let f be continuous at xo € RE. Then fn(xg) — f(x0) for n — oco.
(iii) Let f be continuous on R?. Then f, € C™(R?).

(iv) In addition to the continuity assumption in (iii), let f be Lipschitz continuous in
direction I C {1,...,d} with Lipschitz constant . Then, ||0;fnllcc < v for alli € I.
Moreover, for higher partial derivatives of f, we have that for every k € N there
exists ¢, > 0 such that

sup |0s,,..i, fu()| < ci
rER
foralliy,... ix € 1.
(v) Assume that f is locally Lipschitz continuous in direction I. Then
8z(f * an) = 8zf * Oy
almost everywhere for all i € I.

Proof.

(i) We have

/ o) dz = / o () do < .
Rd {z:]|z||<1/n} n

(ii) Let € > 0. Since f is continuous at x( there exists an N € N such that

@) - fao) <e we {x €R?: |z — o] < }V}

Thus, we have for n > N that

(o) = f(wo)| = |(f * an)(z0) — f(z0)]

< /R (w0 —9) = Seo)lan(y)dy <

As ¢ > 0 was arbitrary, the assertion follows.
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(iii)

Let i € {1,...,d} and z,y € R%. We have for h < 1 that

h < Haia’nHoo]lBg(m)(y)a

an(x —y + hei) — an(z —y) ‘

where e; € R? denotes the vector that has a one in the i-th position and zeros
otherwise. Therefore, we obtain by dominated convergence that

0 *an)la) = Jim [ F0)5 (anle = y-+ heo) = e =) dy
= [ 70 Jim (oo =+ ed) = aule =) dy
= (f * O ().

So, by Lemma [5.6.3] and the calculations above f * a, is partially differentiable in
direction ¢ € {1,...,d} with continuous partial derivatives f * J;a,. For k € N and
i = (1, Jk) € {1,...,d}* we define the operator A; := ﬁ. Iterating the
calulation above then yields Aj;(f * ay,) = f * (Ajon).

To show the boundedness consider

U7 )] = Ji (7 )+ ) = (£ 5 0) o)
— |5 ([ fat v = mantidn = [ @ = santuyay )
<Jim [ (@t hei =) = fa =) o) dy

for all i € I. Replacing a,, by Ajay,, where j = (ji,...,Jk) € I* in the calculation
above yields

10;(A; (f % an)) ()] < ’Y/Rd |Ajan(y)] dy < oo,
forallz e I.

First note that a function that is locally Lipschitz continuous in direction [ is Lip-
schitz continuous in direction I on every compact set. Let z € R? be arbitrary but
fixed and ¢ € I. In the same way as in (iv) we obtain

(S +n)(a) = Jim [ (5o o+ hei =) = flo = 9)an(u) dy

For ||ly|| > 1/n the integrand is zero and for ||y| < 1/n (and assuming h < 1) we
have that x + he; — y,x —y € Ba(x). Since f is locally Lipschitz in direction I, f is

Lipschitz continuous in direction I on By (z) with some Lipschitz constant v(z) > 0.
It follows

(e — ) = o= ) () < (@)an(s),
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88

where the right-hand side is integrable with respect to y and independent of h. By
Stepanov’s Theorem (a consequence of Rademacher’s Theorem, compare [7] Theorem
3.1.9) 0; f exists almost everywhere and we obtain by dominated convergence

1
}1}—% » E(f@ + he; —y) — flz —y))an(y) dy

= / lim %(f(a; + he; —y) — f(x — y))an(y) dy
R

d h—0

= [, 0:f (@ = y)anly) dy = (:f + ) ).
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